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All-sky assimilation of microwave humidity sounders SCECMWF

Abstract

A main aim of humidity, cloud and precipitation assimilatio global weather forecasting is to infer
winds and other dynamical variables directly in the datangitstion system. This ‘model-tracing’
effect helps improve dynamical initial conditions and le&ol improved forecasts. Recent improve-
ments in radiative transfer modelling (particularly in theattering from frozen particles) and in
surface emissivity over land and sea-ice mean it is now ssb assimilate microwave humidity
sounding observations in all sky conditions over a large phathe globe, adding observations in
many of the most interesting meteorological areas. Theopmetational version of the ECMWF sys-
tem will assimilate all-sky humidity sounding observagsdrom four Microwave Humidity Sounders
(MHS) and one Special Sensor Microwave Imager / Sounder (SEMhese observations give sig-
nificant improvements to dynamical forecast scores in thdiume range in the midlatitudes, along
with benefits to wind and temperature fields around the tedpiopopause. Single observation test
cases and single-observing system experiments helpagbatmechanism that improves forecasts in
the midlatitudes: 4D variational assimilation can indeféri dynamical initial conditions from the
humidity, cloud and precipitation features in the radiaobservations. The benefit is greatest in the
southern midlatitudes, where the storm-tracks providalidenditions for model-tracing. Here, the
impact of all-sky humidity channels on upper-tropospheiiicds approaches that of the microwave
temperature sounding instruments, which can use geosgtrbatance to infer winds in the assimila-
tion system. All-sky assimilation has roughly doubled tmpact on forecast scores and observation
fits compared to clear-sky assimilation. For example, esggrassimilation of microwave humidity
sounding observations improves day 5 forecasts in the soutiemisphere by abodt hour; all-
sky assimilation by about¥® hours. Cloud- and precipitation-affected radiances aveassimilated
from both microwave imagers and microwave humidity sousideis hoped to add infrared humidity
sounding observations in future.

1 Introduction

Satellite humidity observations are sometimes thought to have limited impact on wiattasts. In
the ERA-40 reanalysis, humidity observations gave apparently no bé@effigjtsson and Hodges, 2005)
and worse, biases between model and observations led to excesgivaltpoecipitation (Uppala et al.,
2005). In these pioneering efforts to assimilate satellite humidity data, a lange gee impact (for good
or ill) came through systematic changes in the humidity analysis (&€gar@and Saunders, 1999). Per-
haps these early difficulties encouraged a pessimistic view of humidity Gltigers that persists to this
day. Numerical weather prediction (NWP) is often thought to benefit anipfwind, temperature and
pressure information (following e.g. Smagorinsky et al., 1970) from inagitth satellite measurements
(e.g. English et al., 2000); in this view wind is mainly inferred from the tempegdiald by including
geostrophic balance in the background error covariances, givak aflairect observations. However,
this significantly underestimates the potential of humidity observations, befr@estroposphere humid-
ity features are principally driven by winds. The great hope of humidigjnaitation is to infer winds
directly in the data assimilation system, using the adjoint of the forecast modéé(gson et al., 1994).
For many years, sequences of water vapour images have been udedupjrer tropospheric wind fields
(e.g. Velden et al., 1997) and the possibility of inferring winds from trdieéds using data assimilation
has been studied with both Kalman-filter and variational approaches ([1&i@y; Riishgjgaard, 1996;
Peuch et al., 2000; Allen et al., 2013, 2014). In the absence of cladigratipitation, and away from
the surface, humidity is a tracer and governed by a continuity equationolitvisus that wind can be
inferred if it is aligned with a strong gradient in the tracer field. But even umiform tracer field, the
tracer concentration can be increased or decreased through gemveror divergence. In a theoretical
setup representative of the stratosphere, it is possible to almost complatstyain the dynamics with
error-free tracer observations, even without using dynamical whsens (Allen et al., 2014).
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After many developments in data assimilation, models and observations, incthdingpve from three
to four dimensional variational assimilation (3D-Var to 4D-Var), Andensstal. (2007) demonstrated a
combined impact from all humidity observing systems of 2%—4% on temperatdreviad forecasts at
day 4 in the extra-tropics. In the context of a state of the art NWP systetis thaubstantial beneficial
impact. However, that study did not examine the mechanism behind the dyhampeet of humid-
ity observations and discussed mainly: (a) direct improvements to the humidiityHag could lead to
improvements in the dynamical forecast, for example, through modifyinggiteton and changing la-
tent heat release and (b) deriving temperature information from bawgkdrerror correlations between
temperature and humidity (e.g.6hin et al., 2002). However, Peubey and McNally (2009) were able
to separate the effects of 4D-Var humidity tracing, background ermseledions and the impact of im-
proved humidity fields on subsequent forecasts. They identified humidiipgras the main mechanism
by which geostationary water vapour observations improve the wind fiettie BECMWF system.

What applies to water vapour can also apply to clouds and precipitatiarring winds from the motion
of clouds has a longer history than humidity tracing though it has always fee®gnised that clouds
are far from pure tracers, i.e. they are driven by more than a continyigten (e.g Fujita et al., 1975).
However, modern data assimilation systems represent many of the mechaintsmsl and precipitation
in the forecast model. In the ECMWF system, convective and large-sicald and precipitation is
represented in the tangent linear and adjoint models used by 4D-Var Kiresrgnd Janiskady, 2004;
Lopez and Moreau, 2005; Janiskosnd Lopez, 2013). So just as the 4D-Var tracer effect follows from
the adjoint form of the continuity equation, a much broader ‘model tracifigtecomes from all the
physical processes modelled inside 4D-Var. This should be able to infer aspects of the dynamical
description of the atmosphere. For example, an observation of convettiad be able to generate
convection in a model where it is lacking, perhaps through changes in hyma&mperature profile
(i.e decreased stability) or low-level convergence. ECMWF has béeg tiés broader ‘model tracing’
operationally for over five years in the assimilation of all-sky microwave imeagiances (Bauer et al.,
2010; Geer and Bauer, 2010). In testing that work, a single clowsttefi observation could be used
to shift the position of a front, generating increments to surface preasgravinds. One of the biggest
remaining issues with assimilating cloud and precipitation-affected obsersdtamparallels with the
early days of humidity assimilation: large biases between model and obsasvat&an that data usage
has to be quite cautious in certain areas, e.g. maritime low cloud situations (Kazatmlo, 2014).

Microwave water vapour sounding observations, like microwave imagisgrghtions, are ideal for all-
sky assimilation because of their relatively smooth and linear response tovapeir, cloud and precip-
itation (e.g. Bauer et al., 2010; English et al., 2013). However, operdtaisky assimilation has had
to wait for improved fast radiative transfer models that can more actysiteulate scattering effects
from the frozen particles that dominate cloudy radiative transfer at threrhigrowave frequencies used
for humidity sounding (Liu, 2008; Geer and Baordo, 2014). With this ingladl-sky assimilation of
Special Sensor Microwave Imager/Sounder (SSMIS) humidity soundiiagrels over ocean produced
beneficial impacts on wind forecasts and is now part of the operatiosi@myat ECMWF (Geer, 2013).
The impact appeared to come from the broader ‘model tracing’ effe¢be¥ar, from humidity, cloud
and precipitation, with the all-sky giving roughly twice the impact of a clegragiproach. This moti-
vated work to transfer all microwave humidity sounding channels to the alfrakyework at ECMWF.
The bulk of that information comes from the Microwave Humidity Sounders 8yibh four operational
polar meteorological satellites. These are already assimilated over lan@aicbsand this capability
was missing from the all-sky framework at ECMWF and needed to be ad#ddo and Geer, 2014).
This report describes the all-sky assimilation of one SSMIS and four Mii#Sa's over ocean, land and
sea-ice. With such an amount of data it is easier to see its impact, to explore théainggoof ‘model
tracing’ of humidity, cloud and precipitation, and to critically examine benefitatheky approach.
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The successful assimilation of cross-track and conical scannars@@n, land and sea-ice and in clear-
skies, cloud and precipitation relies on a large amount of scientific infcsteu In this technical report
we examine and briefly justify much of this, providing detail that should béulse ourselves and
colleagues working on similar activities at other NWP centres. We hope tidera briefer summary of
the work in a journal publication.

2 Method

2.1 Overview

All-sky microwave radiances are assimilated directly alongside many otheewrtional and satellite
observation types in the ECMWF 4D-Var data assimilation system (Rabier 20@0) with background
error covariances coming from an ensemble of data assimilations (EDAgviearet al., 2012). The
atmospheric control variables are transforms of surface pressi#b (eeld), and humidity, the two
horizontal wind components and the temperature (3D fields). There is ud otoprecipitation control

variable, but in the minimisation, cloud and precipitation are diagnosed froulytiemic and humidity

fields every timestep including the first (see Sec. 2.8). The currenbagiprallows the analysis to fit
all-sky observations by modifying cloud and precipitation in the model but ultimateadjusting the

dynamical and humidity control variables at the beginning of the window.

This study examines the combined results from summer and winter experimgatingosix months:
August—October 2013 and January—March 2014. A month’s spinuglheasdy been excluded from
the beginning of each experiment. The resolution is T511 (around 40 kch}heugh this is lower
than the operational T1279, it is sufficient to generate realistic cloud eeuibgtation fields and is the
normal resolution for testing at ECMWF. The assimilation window is 12 h long withrten-overlapping
windows per day: 21UTC to 09UTC and 09 UTC to 21 UTC. The experimesestiie cycle 40r2
version of the ECMWF system but with the satellite assimilation configurationaé @0r3, including
the all-sky assimilation of SSMIS and MHS. From this configuration, some ettp@ariments have been
derived (for example by denying the microwave humidity observationgvarting to the old clear-sky
assimilation) but these will be introduced as we go along.

2.2 Observations

In this work we are examining the assimilation of 183 GHz humidity sounding @isrfirom two in-
struments, MHS (Robel, 2009) on two American and two European satelldeS2MIS (Kunkee et al.,
2008) on Defense Meteorological Satellite Programme satellite F17 (DM3P-Hie former are cross-
track scanners with a variable size field of view and zenith angle, wheredetter is a conical-scanning
imager, with fixed field of view and zenith angle. Table 1 gives more detailsataf dsage, which is
affected by instrument differences in some areas (such as thinnirggodilging and cloud identification,
mentioned later) but at a broader level the processing of the two instruieemiisied. Both instruments
have similar channels, summarised in the table, though the exact details wérmgand polarisation
differ. The 90 GHz and 150 GHz window channels are used for emissafitievals over land and sea-
ice but are not actively assimilated. Note that channel 17 on SSMIS (2] 8His assimilated over
oceans as part of the all-sky microwave imager assimilation (e.g. Bauer 20H0; Geer and Bauer,
2011; Kazumori et al., 2014), but that is not affected or tested in thi& worthe humidity sounding
channels, where channel 18 (91 GHz, H) is used for emissivity relsieVhe three 183 GHz channels,
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Table 1: Satellites, instruments and channels used in this work. Polarisatoveical; H = horizontal.
NOAA (National Oceanic and Atmospheric Administration) satellites are USatipeal polar orbiters;
Metop satellites are the operational European polar orbiters.

Instrument SSMIS MHS
Satellites DMSP-F17 NOAA-18

NOAA-19

Metop-A

Metop-B
Channel usage Channel Frequency [GHz] Channel Frequency [GHZ]

number and polarisation number and polarisation

Emissivity retrievals over land 18 91.655H 1 89.0V
Emissivity retrievals over sea-ice 8 150.0H 2 157.0V
Upper tropospheric humidity 11 18321 H 3 183.31%1H
Mid-upper tropospheric humidity 10 18338 H 4 183.31%#3H
Mid-lower tropospheric humidity 9 183.316.6 H 5 190.311V

with weighting functions spanning the troposphere, are what we wanstmiéete actively and will of-
ten be referred to as ‘upper’, ‘mid’ and ‘lower’ tropospheric humidityehels, unless we are referring
to a specific instrument, in which case the channel number or frequenchenssed.

Note that there are many other sources of free-troposphere humiditynddie global observing sys-
tem, including geostationary and polar orbiting infrared sensors, diamdfradiosonde data. There is
also one remaining microwave sensor, Advanced Technology Micro@@weder (ATMS) with actively
assimilated 183 GHz channels that have not yet been transferred to gl alpproach. All of these
sensors, including ATMS, remain actively assimilated in all of our experinteaged on the full observ-
ing system. The only sensors for which data usage is altered in our fldlhobg system experiments
are SSMIS and MHS, and only the 183 GHz channels on those sensors.

2.3 Observation operator

Radiative transfer simulations are provided by RTTOV-SCATT, which iash fnodel designed for as-
similating microwave radiances in all-sky conditions (Bauer et al., 2006) altiamponent of the wider
RTTOV package (Radiative Transfer model for Television Infrardasévation Satellite Operational
Vertical sounder; Eyre, 1991; Saunders et al., 2012). The raglimsimsfer equation, including scattering
from cloud and precipitation, is solved using the delta-Eddington approxim@tuseph et al., 1976).
Transmittances for oxygen and water vapour are computed from sagmneéables driven by atmospheric
predictors. Bulk optical properties of hydrometeors are taken fronupaébles, with the optical prop-
erties of cloud water, cloud ice and rain hydrometeors generated usin&tiey (Bauer, 2001) and the
optical properties of snow hydrometeors from discrete dipole calculafions2008; Geer and Baordo,
2014). Ocean surface emissivity is computed by version 6 of FASTEMI{&nand Hewison, 1998; Liu
et al., 2011; Kazumori and English, 2014). Land-surface and seantssivity comes from a mixture
of retrievals and atlas that is described in Sec. 2.7. The all-sky brightmeggerature is computed as
the weighted average of the brightness temperature from two indepesuteoblumns, one clear and
one cloudy. The weighting is done according to the effective cloud fractidseer et al. (2009) which
accounts for the effects of sub-grid variability in cloud and precipitation
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2.4 Observation errors

In cloudy and precipitating situations, the dominant source of randomiarttae first guess (FG) depar-
tures is (broadly speaking) representivity, not instrument noise daitheel transfer inaccuracies (Geer
and Bauer, 2011). Practically, the model cannot simulate cloud and patioip with a precise enough
intensity or location to give a good fit to observations. There is some deb&berdether this could be
treated as background or model error, but in practice operationddyalissimilation works when these
‘representivity’ errors are treated as observation error. For mavevimagers, the problem of spatial
representivity is partly addressed through superobbing, i.e. spatialtgging the observations to scales
more representative of the model’s cloud and precipitation (see e.g.tRabdrLean, 2008). The SSMIS
observations used here are superobbed in roughly 80 km by 80 kes fGeer and Bauer, 2010). MHS
has a raw field of view running from about 17 km diameter at nadir (R&@&19) to around 30 km at
the edge of swath (see Fig. 3 of Bennartz, 2000). A decision was made sugperob MHS, mainly due
to the technical difficulty of combining observations with different zenithlesgrollowing the logic of
the microwave imagers, the MHS observations would ideally have beenokineet, but this has been
left for future work.

The second stage in treating representivity error, as well as the othdersswurces of error, is to
apply an observation error model. Here we use the error model of @deBauer (2010, 2011) which
inflates observation errors as a function of symmetric ‘cloud’ amount, i.eavtiege amount of cloud or
precipitation in the model and observations. As a measure of cloud amarriaod, we use a scattering
index (SI, e.g. Baordo et al., 2012):

Sl = TBgo— TB15s0, 1)

where TBy or TBis5g is the brightness temperature of the nearest channel to 90 GHz or 150gBidz

in Tab. 1. Brightness temperatures at 150 GHz are strongly depregsedtbering from precipitation-
sized ice particles but the effect of scattering is less at 90 GHz. Hehgge&er than a few Kelvin
tends to indicate the presence of scattering. An Sl of 50K indicates venygsscattering, usually
associated with deep convection. Sl is computed separately from otigesvéhys or from model first

guess brightness temperatures that have been bias-corrected ttveantiservations (§¢) so that the

symmetric cloud predictdCsyy can be computed as:

Csym = (Slobs+ Slrg) /2 (2

Over ocean, Eq. 1 is sensitive not just to scattering, but also to wateuwvapsorption, which causes up
to 50 K variation between 90 GHz and 150 GHz brightness temperatureSSWIS it is most straight-
forward to continue computing the symmetric cloud amount from the 37 GHzigafimn difference, as
used for assimilation of the imager channels (Geer, 2013). This is nabf8s MHS, so we use the
‘ocean SI’:

Slocean= (TBgo — TB1s0) — (TBS — TBSKy). 3

Here the first term is just the SI from Eq. 1 and it can be computed from lledd® observed brightness
temperatures. The second term is the clear-sky Sl, which removesdieeadfivater vapour absorption.
Itis always simulated from the model and we assume that lower troposphe@isture is reasonably well
forecast, at least compared to the cloud and precipitation. With most of tiee vegoour signal removed,
Sloceanhas similar properties to SI computed over land and is mostly a measure ofiagdtiam frozen
particles. A symmetric cloud predictor is constructed from observed andaggduS)ceanin the same
way as over land.

Over sea-ice, the frequency dependence of surface emissivitpdieprongly on the depth and proper-
ties of the snow cover, so it is impossible to use a scattering index to uniquelyfydeozen particles
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Table 2: Parameters of the observation error model for MHS. All unit&ahan.

Channel Jelr Jeld Carr Cald
Ocean 3 2.0 10.0 0.0 37.0
4 2.0 20.0 0.0 34.0
5 2.2 32.0 0.0 30.0
Land 3 3.0 18.0 0.0 245
4 3.0 40.0 0.0 24.5
5 3.0 60.0 0.0 22.4

in the atmosphere. Instead, for both SSMIS and MHS, we abandon thevadabservation error model
and just used a fixed observation error across clear or cloudy SKiesis justified by the relative lack
of strong cloud and precipitation effects on the brightness temperatugeseice. The lowest-peaking
channel we assimilate over sea ice is 4835Hz. In this channel, over sea-ice, the effect of cloud and
precipitation on model simulated brightness temperatures is greater than 1 k i6%rof cases; it is
greater than 5K in only 0.2% of cases. This can be contrasted with the s K in convective
precipitation that are the main driver for the variable observation erroehatdower latitudes. A fixed
observation error is a reasonable starting point over sea-ice.

The land and ocean observation error models for SSMIS 183 GHz elsdmave been examined in Geer
and Bauer (2011); Geer (2013); Baordo et al. (2012, 2013)rd@eand Geer (2014) so here we concen-
trate on the specification of MHS observation errors. Figure 1a andwb fleonumber of observations
over ocean and land binned by the appropriate symmetric cloud predistasual the vast majority of
microwave observations are associated with little scattering, i.e. they are maatfigated by cloud and
precipitation. Itis also clear that the ocean Sl and the land Sl are not idemicremoving the majority
of clear-sky (i.e. water vapour) and surface influences from therdifice between 90 GHz and 150 GHz
brightness temperatures, the ocean Sl gives a much tighter distributiardazero.

The other panels on Fig. 1 show the standard deviation of FG departieefiaction of symmetric Sl
with small values for clear-sky scenes (small Sl) and larger valueddadyg scenes (large positive Sl,
see the dot-dash lines). The adaptive error model makes a fit to this distnilaund uses it to predict
the total error of FG departures as a function of cloud amount (the déisies). Until now the increase
in error has been modelled as a linear function of the symmetric cloud predithet would still be
possible over land (panels d,f, and h) but over ocean the increaséuast®mn of ocean Sl is better
modelled by a quadratic fit. For simplicity a quadratic fit has been used for bth$®rvations over
both land and sea. For land observations this is possible becauseattosesrwithCsyy > 20K, which
would have benefitted from a linear error model, are removed by qualityat¢eee later). The quadratic
formulation is:

Yelr € Csym < Corr (4)

2
9(Csym) = Gerr + (Geid — Gorr) <%) € Cor < Csym < Caid ®)
Jeld € Csym = Ceia. (6)

Table 2 gives the fixed parameters of the MHS error model. The Geeraunel B2011) model acknowl-
edges that the standard deviation of FG departures, referred to dsttiestror’, is explained by both
background errors and observation errors (representivityseai@ included within the observation er-
ror). The model gives a possibility to remove a background error caitito from the total error so
that the assigned observation errors are smaller than the standard devidti® departures. However,
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Figure 1: (a-b) Number of observations binned by symmetric ‘cloud’ amyda¥j) Standard deviation
of MHS FG departures, along with the applied observation errors. Basedsample of 6 months of
observations.
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given that representivity error dominates the error budget, this aspedteen ignored for the MHS and
SSMIS error models and the assigned observation error is equgCtqw), the total error. As will
be seen later, this is fine for cloudy-skies but less good in clear-skyisitsawhere large background
errors can still occur (Bormann and Bonavita, 2013) and assigneshation errors could potentially
be smaller. Fig. 1 shows the observation errors resulting from the gicfiréthe dashed line) are not
perfect at higher Sl, for example in panels e and g. However, the nushbbservations with high Sl is
small, the observation errors are large, so we need not worry too moct @at. It is more important
to ensure the error model works well for the bulk of observations, wduietfound at lower values of S,
and for this the quadratic fit works well. The fit has been made by haridgesn the side of caution,
so for the lower channels over land the modelled observation error is 3kan skies, larger than the
standard deviation of FG departures (panels f and h).

Figure 1 also distinguishes the standard deviation of FG departures disalivations after basic quality
control (for e.g. snow surfaces, high altitude orography etc., ddt-ilas) and for the sample actually
assimilated, after the first guess check and Variational QC (VarQC, soéid lee next section). The
application of the first guess check and VarQC create a sample that hersstandard deviation of FG
departures than the sample used to fit the error model. The calculation ddistateviation used for the
error model is certainly influenced by outliers that are removed by QO sdternative fit based on the
filtered observations might produce smaller standard deviations. Nelesghthe differences that would
result in observation error would not be large. The results of the proalel are examined further in the
next section.

2.5 Quality control

Before any QC, the observations are thinned to a spacing of arounkh, 0@ avoid the possibility
of horizontally correlated errors but more pragmatically to reduce the catipoal cost of assimila-
tion. This is achieved by keeping only the nearest observation to the girnd-@f an 80 km reduced
Gaussian grid (T255-N128) and then eliminating every second remaingag\ation. Quality control is
then applied to remove situations where (a) it is impossible to accurately simuksdevations, due to
problems in the observing system, the forecast model or in the radiatisédrahat can be predicted in
advance; (b) where a first guess departure is larger than expecedliamg to the predicted observation
and background error; (c) where an observation does not agteeotier observations. These steps
can be referred to respectively as ‘Basic’ QC, first guess chéekifin and Unden, 1997), and VarQC
(Andersson andalvinen, 1998). Table 3 summarises the screening of 6 months of MHS ellfanb-
servations. This is the lowest peaking humidity sounding channel that simitde and it is partially
sensitive to the surface. Quality control of MHS channel 5 is dominated dydled to avoid snow-
covered surfaces and sea-ice, where surface emissivities aeetprerror. Higher peaking channels are
less affected by the surface and some QC checks are relaxed, huetbagives an example of the full
range of checks.

Snow-covered surfaces and sea-ice are removed through chetkitwde, model sea-ice and surface
temperature (rejecting temperatures lower than 274 K over ocean and @#8 kand). Being sensitive
to boundary layer cloud, channel 5 is also affected by a longstandinglrdeficiency over high latitude
oceans: a lack of supercooled liquid water cloud known as the ‘coldrsectablem (e.g. Geer et al.,
2009; Kazumori et al., 2014). None of these checks are applied tomelsad and 4, which peak high
enough to be mostly unaffected by snow, sea-ice or boundary layet pfoblems. Over land, there is
also an orography check intended to avoid situations where the surfasgi@n becomes too important
(rejection for altitudes higher than 1,500 m, 1,000 m and 800 m in channels&@)d45). The final
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Table 3: Quality control of MHS channel 5 for six months of observatiddasic QC checks are not
exclusive: many can be failed simultaneously.

Remaining Removed
Total Percentage Total Percentage

After thinning 82,149,578 100

Surface temperature too low 28,538,104 34.7
Latitude greater than 60 27,493,436 33.5
Cold sectors 2 (TCWV less than 8 kgR) 13,455,416 16.4
Inhomogeneous surface 11,376,632 13.8
High orography 10,919,939 13.3
Sea-ice 9,057,382 11.0
Cold sectors 1 (shallow maritime convection) 7,976,470 9.7
Emissivity retrieval failed 756,986 0.9
Last model timestep 732,131 0.9
Excessive Sl over land 210,088 0.3
Observed value missing 4,863 0.0
Negative humidities in model 278 0.0
Surface emissivity too variable 159 0.0
After basic QC 34,422,618 41.9

First guess check 958,670 1.2
VarQC 336,197 0.4
After all QC 33,127,751 40.3

important check is for inhomogeneous surfaces, which rejects locatibesevihe model grid-point
contains a mixture of water and land. This is applied to all channels but ceuldlidéxed in the future
for the higher peaking channels, given how many observations ar®libgaround 14%).

Less significant groups of rejections come from the failure to generatmissivity (0.9%; land and
sea-ice surfaces only; see Sec. 2.7) and when (over land only)oigeassimilating strongly convective
situations. Here we remove observations with a symmetric S| greater thantR€d€; situations exhibit
mean FG departure biases around +20 K, suggesting a problem withé¢sasomodel or the observation
operator (0.3% rejected, see Baordo et al., 2013). There are alsoteenof essentially technical issues
that cause small amounts of data rejection, the most significant (at 0.9%) clsornthe last 15 minutes
of the assimilation time window, where for performance reasons the modsigghg switched off and
hydrometeor inputs to the observation operator are not available.

Figure 2 (left column) examines the histograms of FG departure after *f@€icafter the first guess
check and after VarQC. There are FG departures as large as 150 & fumhidity sounding channels;
these are situations where convection is present in the model and abtbenliservations, or vice-versa.
Most of these situations are excluded by the first guess check whidhsrarmalised departures greater
than 3 (MHS channels 3 and 4) or 2.5 (MHS channel 5 and all SSMISetsnmore consistency would
be desirable). In MHS channel 3, where the highest possible assidpsedvation error is about 10K
(Fig. 1) that means all FG departures greater than around 30 K argerkjédkely as a result of this tight
first guess check, VarQC does not eliminate much additional data and tbgrhaiss before and after
VarQC are nearly on top of each other. This is a mixed sign: it means thabimgstvations that got past
the basic QC and first guess check were in good agreement with othewatisns and with the final
analysis. However, it also motivates further work on the first guesskciwed observation error model.
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Figure 2: Histograms of MHS FG departure in terms of absolute brightnes®tatape (left column)
or normalised by the observation error (right column). The thin black linerialf observations passing
basic QC checks; thin red line after the first guess check (left column anly}hick black line after
VarQC, i.e. the observations actually assimilated. On the right column onlyotteddine shows the
Gaussian distribution with a standard deviation equivalent to that of the sgagsang basic QC checks.

The sample is 6 months of MHS observations.
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The right column in Fig. 2 shows the FG departure normalised by the oliserearor, after basic QC
and after first guess check and VarQC. This second histogram @heilated data) is truncated within
the range imposed by the first guess check. The symmetric observatiomerdel is broadly doing its
job, which is to transform a highly non-Gaussian PDF (left column) into a iBagssian PDF to satisfy
the requirements of data assimilation algorithms for Gaussian error modelsPOWeas not perfect,
being overly peaked and also having large tails which are thrown awayebfjréh guess check. The
excessive peaking suggests our data usage is too cautious, as abeepfations are probably getting
less weight (i.e. they have a larger observation error) than they magvde&SMIS results look similar
(Geer, 2013). Particularly in the upper-tropospheric channels, dieplents in humidity features can
cause brightness temperature signals larger than many cloud and precigstgtials. The Sl-based
error model is not perfect because it assumes convection is the manalrerror. We are capturing the
dominant source of error, but clear-sky humidity errors are also impioaitad are not yet treated in this
error model. Possibly they can be addressed in the future as backgeoon using estimates from the
EDA (Bormann and Bonavita, 2013). In the lower channels it might alsoskéulto better model the
errors coming in cloud and precipitation in non-convective frontal argligh are not perfectly captured
by a scattering predictor.

2.6 Bias correction

Biases are corrected adaptively using VarBC (Dee, 2004; Aaligral., 2007), though there is no at-
tempt to correct cloud and precipitation-related biases. Cloud and préicipitdases are best addressed
through improvements to the radiative transfer or the forecast modeladimd fthat, quality control
should be applied to prevent the biased observations being assimilatebiagtier the humidity sound-
ing channels is modelled as a constant offset plus a linear function oftligknesses (1000 - 300 hPa;
200 - 50hPa and 10 - 1 hPa) and a fourth order polynomial in scan positisis the configuration that
has been used in clear-sky humidity sounding for many years. For MidS cbrrections in the lower
two sounding channels are very small (well with®.5 K) and map onto air-mass and scan-dependent
components (not shown). The upper humidity sounding channel hasi@@dias around 1 K with
strong pole-to-tropics variation, i.e. an air-mass dependence that migggstuinstrument calibration
issues or biases in the upper-tropospheric humidity in the forecast modelevdr, the biases are not
consistent with SSMIS, which might suggest instrumental biases in either &I3SMIS. The 90 GHz
and 150 GHz channels are bias corrected as microwave imager chammgtsmeans the bias is mod-
elled as a function of skin temperature, total column water vapour and wietsjn addition to the
scan-bias. Generally the MHS and SSMIS bias correction is stable in timeaimduch affected by
changing from clear-sky to all-sky assimilation.

2.7 Surface emissivity from atlas and retrievals

Accurate surface emissivity (and/or skin temperature) is important in atyrgimulating the lower-
peaking 183 GHz channels. For example, over land, after quality cah&idhcludes the removal of high
altitude and snow surfaces (Tab. 3) MHS channel 5 has surfageat® ransmittances a greater than 0.2
in roughly 5% of situations. These situations are caused by low relative liyriidhe troposphere
and they are just as prevalent in the tropics as the midlatitudes. With this legeirfaice-to-space
transmittance, the emissivity needs to be known to withinl to limit the errors in simulated brightness
temperatures to below 1 K (following English, 2008). Ocean surface aityssiodels are very accurate,
but the same accuracy is not possible over land or sea-ice. To géhassemissivity for land and sea-ice
we attempt an emissivity retrieval (e.g. Jones and Vonder Haar, 19@@enPet al., 1997; Karbou et al.,
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2005). If that fails we use emissivities from the TELSEM atlas (Aires et 8112, though that is not
possible over sea-ice.

Over land, we retrieve emissivity in a 90 GHz channel and apply that to tB&H2 channels, assuming
that the spectral variability of emissivity is minimal (see Tab. 1). The retriamdl quality control of
all-sky land surface emissivities will be fully documented in Baordo and G&¥4) following initial
work described in Karbou et al. (2008); Baordo et al. (2012, 2003} all-sky emissivity retrievals
use the first guess atmospheric profiles and skin temperature and takedntm@acloud absorption
but not scattering. Hence, errors in the FG skin temperature and atmiaspiadile lead to errors in
the emissivity retrievals. The most obvious retrieval errors are associdtie cloud and precipitation.
The retrievals are subject to errors when either the model has much mackthln the observations
(leading to unphysical emissivities greater than 1) or when the obsersdtame much more cloud than
the model (leading to unphysically low land emissivities, e.g. less than 0.4xeHarmguality control is
applied to the retrievals, which are used only when the difference betthheeamissivity retrieval and
the equivalent value from the TELSEM atlas is less than 0.09 (SSMIS) @rMBIS). These limits are
roughly three times the standard deviation of differences between bpissfteened clear-sky retrievals
and the corresponding atlas values. A further check ensures thegtyissiess than or equal to 1 and
greater than 0.55. If the retrieval is rejected, the TELSEM atlas valueBf®GHz is used.

Over sea-ice, the atmosphere is transparent enough to use a 150 &hfelcfor emissivity retrieval
(e.g. Di Tomaso et al., 2013). This is useful because the spectrabiityiaf surface emissivity over
snow and ice can be very large (e.g. Hewison and English, 1999). \owhere is no emissivity atlas
for backup or quality control. Any retrieval between 0.65 and 1.0 is us#Erwise the observation is
rejected. Overall the emissivity retrieval is much less reliable than over lzhthare are obvious biases
over sea-ice in the FG departures of the lowest peaking 183 GHz di{armeMHS channel 5). For this
reason, these channels are not used over sea-ice.

Generally the mean FG departures of assimilated observations show nd pigiblems coming from
inaccurate land or sea-ice surface emissivities. Aside from the inclusaoua effects in the emissivity
retrieval, the surface emissivity treatment broadly replicates the framewgertk in the previous clear-
sky assimilation of humidity sounding channels, which has been well-provepdrtional clear-sky
assimilation (Krzeminski et al., 2009; Di Tomaso et al., 2013). There ae ieMications (e.g. Baordo
and Geer, 2014) that the all-sky approach slightly reduces FG depdniages over land compared to
clear-sky assimilation.

2.8 Moist physics modelling: nonlinear and linearised

As explained in the introduction, moist physics modelling is crucial to using @Gnadorecipitation from
all-sky radiances. There are three types of moist physics model in the/BESstem. The first level
runs in the high-resolution forecast model, using complex and highly namladgorithms (e.g. Forbes
et al., 2011; Bechtold et al., 2013). Prognostic variables are usedde-$zale cloud and precipitation,
but the convection scheme is diagnostic. This package can be termed thenflihear physics (FNL).
For data assimilation, a simplified non-linear (SNL) physics scheme is requitedte minor processes
are discarded and particularly nonlinear behaviour is smoothed (Tomahkéhdaniskod, 2004; Lopez
and Moreau, 2005; Janiskaand Lopez, 2013). The tangent linear and adjoint of the simplified non-
linear scheme form the third level; these are used in the 4D-Var minimisationh kare is taken to
ensure the SNL and FNL schemes produce similar results, both in the ébandrtangent-linear sense;
generally this can be achieved remarkably well out to forecast rarigdmat 48 h.
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To understand all-sky data assimilation, the diagnostic nature of the SNimedkeémportant. Essen-
tially, cloud and precipitation is diagnosed at each timestep from the tempeaattinmoisture profile
(plus some surface quantities such as moisture and heat flux). Cloudesigitation is not advected
and it does not persist until the next model timestep. The 4D-Var cordmbw (surface pressure, wind,
temperature and humidity only) is valid at the beginning of the first model time$tiye dD-Var win-
dow. The diagnostic moist physics operators then generate cloud arigifatton fields valid at the
same time. Hence it is possible to adjust cloud and precipitation to fit all-skywabEms even at the
beginning of the assimilation window, but only by adjusting the temperature arslureprofile at the
observation location. Background error correlations can of couassfer these adjustments into other
variables and other locations.

Cloud-tracing wind sensitivity develops in the second timestep after the dyabmaézlel timestep has
been run and the humidity field has been advected. In an adjoint (rpgersse, the process works as
follows: (a) cloud and precipitation gradients are generated from thénadjahe observation operator;
(b) these are passed (along with contributions from any other coloclatied or precipitation sensitive
observations) into the adjoint of the SNL physics, which generates gitadie the temperature and
moisture field at the same time and location; (c) these temperature and humidign¢gade added to
all other gradients (coming from later timesteps and from other observaindgpassed into the adjoint
of the dynamical model, which translates them into gradients in humidity, tempenatndeand surface
pressure at the beginning of the first timestep; (d) the adjoint of the domriable transforms (e.g
Bannister, 2008) converts these dynamical variables into the uncodglatameters that are the true
control variable for 4D-Var.

Note that a cloud control variable is still an important goal of cloud assimilatfonte at ECMWF and
is necessary when the moist physics in the data assimilation is fully prognastityebviability of the
current all-sky assimilation shows it is not essential. As has been seegvioys single observation test
cases (Bauer et al., 2010), 4D-Var is capable of modifying wind and figdds at the beginning of the
time window to better fit cloud and precipitation observations. The incremesrtaulation of 4D-Var
is particularly important, meaning that the tangent-linear and adjoint modelecaglibearised against
a steadily improving model trajectory. Further single observation casehane in this study that also
clearly demonstrate the adjustment of winds and synoptic structures to fitahalprecipitation features
in the observations.

3 Understanding the observations

Figure 3 shows the observations from the microwave humidity sounder jdii®e European Metop-B
satellite. These are the observations available in the 00 UTC assimilation wind&® August 2013,
during the southern hemisphere winter where synoptic activity in the soutbam track is at its height.
The top panel shows MHS channel 3 (at 33GHz), sensitive to upper-tropospheric humidity (e.qg.
Buehler and John, 2005) and ice cloud and precipitation (e.g. Sreeetkdh., 2008; Hong et al., 2005).
In the absence of cloud or precipitation, low relative humidity corresptmdsigh observed brightness
temperature and vice-versa. The climatological subtropical high peessgions are marked by high
brightness temperatures indicating a very dry free-troposphere. Imithéatitudes and in the inter-
tropical convergence zone (ITCZ) there is much higher relative humiddytlze brightness temperatures
are relatively low. Also, in the mid-latitudes there is great variability and a mixtfirgry and moist
air masses. The main intention of assimilating the humidity sounding channels isehabtlement,
position and water amounts of these air masses can be used to infer infororatiom wind fields and
ultimately on the large-scale synoptic structures of the atmosphere. They &liightness temperatures
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Figure 3: Observed brightness temperatures from Metop-B MHS in theTdd &$similation window
on 15 August 2013: (a) Channel 3, at #88 GHz, sensitive to upper-tropospheric humidity, cloud
ice and frozen precipitation; (b) Channel 5, at 190 GHz, sensitive totropbspheric humidity, cloud
ice and frozen precipitation. High brightness temperatures correspdod ttumidity; low brightness
temperatures correspond to high humidity, cloud ice or frozen precipitdyipitélly deep convection).
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include cloudy and precipitating scenes. These are hard to distinguishfigthe, at least in a global

view. At the microwave frequencies used by MHS, cloud ice and frozecigitation cause scattering,
which reduces brightness temperatures. High relative humidity also redhicgrtness temperatures:
without additional information it is hard to distinguish cloudy or deep-cotimeareas from those which
just have high relative humidity. In channel 3 the effect of humidity on linghs temperature is often
larger than that of cloud and precipitation.

Figure 3b shows MHS channel 5 (at 190 GHz), which peaks lower intthesphere, sometimes low
enough to observe the surface. Again humidity is the main factor controllingltberved brightness
temperature, but cloud and precipitation are more easily distinguished ethaimsarmer clear-sky back-
ground: spots of localised low brightness temperature (the dark bluerspiodicate deep-convective
systems or broader areas of thick ice cloud, for example in the ITCZ and Hatitigde frontal zones.

For the set of observations that are assimilated, Fig. 4 shows the normelliség first-guess depar-
tures (first-guess departure divided by observation error) quresng to the observations from MHS
channels 3 and 5. This is a fundamental quantity in the data assimilation systansbgewhen squared,
it gives the contribution of that observation to the 4D-Var cost functiarother words, the normalised
first-guess departure is a guide to the influence of that observation iratheagsimilation, though its
ultimate effect in the analysis is also controlled by the background error t&€hm.largest normalised
departures are in the mid-latitude storm tracks and in the ITCZ: hence tlestbe@reas where we might
expect to have greatest influence on the analysis.

Given that only active observations are shown in Fig. 4, and as alesslyin Sec 2.5, in the lower-
peaking channels the quality control removes a lot of data. Overall, we eMgktt the upper-tropospheric
channel to have the greatest impact on the data assimilation because it hels greater geographical
coverage. Looking closely at the departures in the tropics, there aitd/p@nd negative regions corre-
sponding to displacements in the position of large convective systems in t&e Ifli€still very hard for
the model to simulate these features in the right place and at the right time, etvenlif h first-guess
forecast. In the mid-latitudes, there are elongated regions of negatiymaitive departures with a width
of the order 100 to 300 km and lengths up to 1000 km. These correspatisplacements and inten-
sity variations in the mid and upper-tropospheric humidity and cloud fields. i e information we
hope will lead back to the wind fields and ultimately to improvements in the analysie ddirdpe-scale
synoptic situation.

One of the key advantages of the all-sky approach is likely to be its enth@ogerage in meteorologi-
cally interesting areas. Figure 5 shows the number of MHS channel Balisas that can be assimilated
using either a clear-sky or an all-sky approach. In either case, agwés lowest in the northern hemi-
sphere, mainly because high altitude and snow-covered land surtsegrbe discarded. But polewards
of 5(0°S, across the southern hemisphere storm tracks, the all-sky technayiggsraround double the
number of observations. In the clear-sky technique, cloud screesmingves a majority of observations
in the southern high latitudes. Comparing the number of all-sky observassimitated to the number
available also highlights a remaining challenge for microwave soundingwaiiers: filling in the gaps
over high-altitude and snow-covered land surfaces, which are neponsible for the majority of data
rejections.

Figure 6 shows the mean FG departures of assimilated observations ov@mtbhath experimental
period, presented either raw or normalised by the prescribed obsereatar. The forecast model lacks
liquid water in boundary-layer maritime cloud and its diurnal cycle is not real{&t&zumori et al.,
2014). Hence there are systematic negative FG departures in the stddtaeans in the 190 GHz
channel (Fig. 6e and f), when the free troposphere is very drysease deep enough into the troposphere
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Figure 4: Normalised, bias corrected first-guess departures fromphBetdHS in the 00 UTC assim-
ilation window on 15 August 2013: (a) Channel 3, sensitive to the uppeosphere; (b) Channel 5,
sensitive to the mid or lower troposphere. Normalised first-guess degmete computed as the obser-
vation minus the first guess divided by the observation error. Squihiesk would give the observation’s
weight in the 4D-Var cost function; as they are, they retain information erdtrection in which the
analysis should move: either moistening or drying the model. The sample isialllatsd observations.
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Figure 5: Number of MHS channel 3 observations actively assimilatecg®datitude bin, in 6 months
of combined winter and summer experiments (solid, 37 million obs). Also shosvthartotal available
observations after grid-based thinning to 100 km separation (dotted, 82mniltis) and if clear-sky
quality control had been applied to remove cloudy scenes (dashed, 27 ralbsn

to observe the maritime boundary layer. The same biases affect the miermayer channels and drive
the model to create more humidity and cloud. Experience with the microwave imsgjarilation shows
that these systematic changes in the subtropics have surprisingly little @ffércipical and midlatitude
forecasts; in other words, they do not trigger growing errors in thectst and they are not dangerous to
forecast scores (Geer and Bauer, 2010).

Another obvious feature is the systematic positive departures in the loeaking channel in the mid-
latitudes (Fig. 6e) that are not visible in the normalised departures (Figwbigh at least means they
cannot affect the forecasts. Because of the way the observatmns are generated, this indicates that
the bias is limited to areas with high assigned observation errors, which in thditoaka means frontal
regions. The version of the forecast model used in these experimastgstically overestimates liquid
water path in frontal areas. This problem has been corrected in the hadelst cycle, 40r3, and the
systematic departures in frontal areas in microwave imager and humidityeyonimgkrvations are much
reduced.

A second area of positive departures is present in all channelscatbeirAndes. Note that assimilation
is not done in the highest parts of the Andes; quality control removes\&igms where the surface
altitude is high (see Sec. 2.5). An obvious but incorrect inference isthieabias is associated with

surface visibility. In the areas where this bias is present, even in the lp@aking channel, a surface to
space transmittance of 0.01 is extremely rare. Further evidence agaiistgbthesis is the fact that the
bias is quite consistent in all channels. A second incorrect hypothesitiththbias is associated with
deep convection. If the deep-convective and heavy cloud obseargati® removed, the positive bias
around the Andes remains (not shown, this is done by eliminating all scerere wither observed or

modelled scattering index exceeds 5 K). Most likely there is a small moist biae upiper troposphere

in the forecast model in these areas.

Finally, there are negative biases in tropical convective regions dairgéhe western equatorial pacific.
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Figure 6: Mean of FG departures for actively assimilated MHS obsengatioer the combined 6 month
period, based on a total of 37 million observations in the highest-peakingnehbaut fewer in lower
peaking channels. The blue diagonal lines indicate areas where noagab@én assimilated. Left col-
umn: absolute FG departures in K; Right column: FG departures normajisbd bssigned observation
error.
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One part of this bias probably comes from under-scattering in the aligamoperator: frozen particles
in the upper parts of deep convective clouds should cause more scgtmohso they should ideally
produce lower simulated brightness temperatures. In choosing a partiqgle &hrepresent scattering
from frozen hydrometeors that produced good results at all frexegifrom 10 GHz to 183 GHz, Geer
and Baordo (2014) had to make compromises that they acknowledge ddéaudtslight under-scattering
at high frequencies in deep convective areas. However, most & foadtering areas are assigned high
observation errors. The remaining scattering biases are small in redpleetobservation error and are
not too important in the data assimilation. So it is curious the negative biasewdaitee equator become
more obvious in the normalised departures, particularly in the upper-pbpos channel (panel b). The
explanation is that negative biases also occur around the tropicalatimeveystems in regions that are
apparently free from significant cloud, in model or observations. Hbeeassigned observation error
is small. There are three hypotheses that could explain these biaseghdinstpdel may be deficient
in cirrus detrainment and there should be more high ice cloud near theativaveystems; second,
scattering from this ice cloud may not be strong enough in the observataatop, third, these truly are
clear-sky areas and the model humidities surrounding convective rmi@asot well modelled. These
negative biases (first guess too warm means too little moisture in the model)=aiplained by too
much dry detrainment in the tropical upper troposphere, but much mokewvead be needed to confirm
this. As shown in later sections, these uncorrected tropical upper pbesbiases, when assimilated,
do have an impact on the mean state of the model, but verified against odevations the impact
is strongly positive. The impact is visible in all temperature and wind obsewsystems in the upper
troposphere and lower stratosphere. That would perhaps favothittiénypothesis, on dry detrainment.
However, a major caveat is that biases can change with model resolutdamtarevery new version of
the model convection scheme (e.g. Bechtold et al., 2013). Hence, it issa&geo monitor these biases
closely and in collaboration with model physics developers. This is a strétaghas been applied for
many years to the cold-sector bias in the microwave imager channels, ara nvajcsoon lead to an
improved model representation of supercooled liquid water in high-latituakoshcumulus (Richard
Forbes, personal communication). Such improvements to the forecast aneda additional benefit of
all-sky assimilation.

4 Improving the clear-sky assimilation of microwave humidity soundng
channels

This study seeks to separate the clear-sky and all-sky contributions teghmilation of microwave
humidity sounders. The clear-sky assimilation produces useful fareeasfits but that has not always
been the case. Before cycle 39r1, microwave humidity sounders pddecy little impact on forecast
scores at ECMWEF. At the time, the only information at 183 GHz came from MH&qp-A,B NOAA-
18,19) and assimilation was restricted to land and ocean surfaces. Reeeldpments have increased
the amount of 183 GHz observations used in clear-sky conditions, erdiaen the potential to do so:

e Extension of MHS assimilation to sea-ice surfaces and cold oceans, i.surdaee temperature
less than 278 K (Di Tomaso et al., 2013).

¢ Ability to assimilate SSMIS humidity channels over ocean (Geer, 2013), laaor({® et al., 2013)
and sea-ice.

e Allowing the assimilation of the 18 outermost scan positions of MHS. These presgously
blacklisted because of fears for their quality that turned out to be udémin
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Figure 7: Normalised change in RMS of geopotential (Z) forecast €mdren clear-sky microwave
humidity assimilation is added to the otherwise full observing system. Erroribdicate statistical
significance at the 95% confidence level. Results are based on a totalmbsths experimentation,
winter and summer, and are based on 322 to 360 forecasts dependirgyforettast range. Verification
is against own analysis.

The latter two changes were made as part of all-sky developments descei® In other words, try-
ing to implement the all-sky assimilation has shown us how to do a better job ofsigassimilation.
The complete package of microwave humidity assimilation updates in cycle 40u8éscchanges that
simply improve the use of clear-sky humidity information, but these are a signiffzart of the pack-
age. To test the all-sky contribution specifically, the appropriate refererthe best available clear-sky
assimilation, not the less-capable version used in the previous operatystern. Because it will not be
examined elsewhere, this short section explores the forecast impacienitimprovements to clear-sky
assimilation.

Figures 7 and 8 illustrate forecast impact compared to a control from whiowave humidity sound-
ing channels have been excluded, called ‘No Microwave WV'. The mxaat titled ‘Original’ replicates
the pre-39rl version of 183 GHz assimilation, using four MHS instrumergs land and ocean. This
is enhanced by adding cold ocean surfaces (‘Original + cold ocaad'sea-ice areas (‘Original + cold
ocean + sea-ice’) as described in Di Tomaso et al. (2013). Finally|riyréved’ clear-sky experiment
adds the 18 outer scan positions of MHS (bringing about 50% extra\@tsers) and the 183 GHz
channels of SSMIS F-17 over ocean, land and sea-ice. This lastirmemt was created in the all-sky
framework by turning off the cloud and precipitation radiative transferiamposing the quality control
checks necessary to remove cloud-affected scenes. There arenmmamydifferences in data usage be-
tween clear-sky and all-sky frameworks (Bauer et al., 2010) so the aasop to ‘Original + cold ocean
+ sea ice’ is not completely clean. The most important of these minor diffesesaround 10% addi-
tional observations that are assimilated in ‘Improved’, because the gsiedbthinning selects slightly
more data than the more ‘random’ thinning algorithm used for clear-skynadtgens. The grid-based
thinning gives around 100 km distance between neighbouring obsersatial there has been no attempt
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Figure 8: Standard deviation of (a) AMSU-A and (b) HIRS first guessagitures, given as a percentage
relative to the control, and based on a global sample of assimilated obsesvdiwor bars indicate the
95% confidence range. Control is without microwave humidity sounddrstharwise contains the full
observing system, and it sets the 100% line on this figure.

to make this exactly consistent with the old approach. Overall, ‘Improvedt-dky roughly doubles the
number of assimilated 183 GHz observations compared to ‘Original + colkhoesea-ice’'.

The ‘Improved’ clear-sky configuration has roughly twice the impact@figinal’ on forecast scores
(Fig. 7) and short-range tropospheric temperature fields (e.g. fits to tmevmaiee temperature sounder
AMSU-A in channels 5 to 9, Fig. 8a). However, there is only 50% more impathe short-range
moisture fields (the upper-tropospheric water vapour channels 112apéithe infrared sensor HIRS,
Fig. 8b). The forecast impacts are statistically significant out to day 4 &aH)6 (NH). It is harder to
measure the forecast impacts of the incremental improvements in data ugdgas adding cold oceans
and sea-ice. The six-month period of experimentation is not long enougttme the error bars to
the point where these experiments can be reliably distinguished from atieean However, there is
statistical significance in the observation fits, where the ‘Improved’ verisi@learly best, suggesting
that doubling the number of observations (without changing the geodgedgioverage) is probably the
most significant development.

5 All-sky impact in the absence of other observations

5.1 Single-observation experiments

To illustrate how 4D-Var assimilates the all-sky observations, fourteen sofxgervation test cases have
been chosen (Fig. 9). The sample was picked by hand, looking fouahsituations with large first guess
departures. These are good examples because the analysis has toticaiedle changes like shifting a
precipitation event or adjusting the position of an airmass boundary. Athpbes have been taken from

Technical Memorandum No. 741 21



SCECMWF All-sky assimilation of microwave humidity sounders

a
12 [ T T T T T T T T T T T é T T 7]
§ C First guess o + .
5 1o ~ . =
E e —
S C /<< ) < ﬁ\ AN .
S 0.8 Single obs AN —
ST o7 \(stagndard) O\ o o .
2 06 LQ Q/_....@\ / K —
: E soeon A : f .
- ingle obs . . . d -
2 04 (un?estricted)\ / \ / =
2 - . : ]
é 02—  Full system =
o) = -
0.0 L N N m
A B C D E F G H | J K L M N
Case study
b
80
O O [ J O O @] [ J ([ J [ J [ ] [ J [ J [ J O
60 Old clear or cloudy flag (157 GHz)

Observed

N
o

Scattering index
N
o
IIIIIIIIIIIIIII

A B C D E F G H | J K L M N
O XA LD o S D & & © Y o
SIS R R R R S R AN
S R S A\ N LN e R SR L AR R )
: 2 o o o T > 8T & e 2°
. 3 & . \ NS
o O O & R B AL S ES Q$© <§~ o
& § o 2 O Q> 9 & \ @
¢ & LT FEFFTFTFFE S
N 9 & < R S N
o . N N N S
& @Q\ @b&\ (\\'Z}\ (j\\oﬁ\ 660 X RS 0\$f0 $ I é\o@ \é\o ‘\o°® ,\ootb &\é‘
QL RO NP ey & & &
o © ) S & Q
N & @ X & & & &
N & @) O

Figure 9: Summary of single observation test cases: (a) Observation imi$88 GHz channels nor-
malised by the misfit at first guess; (b) Scattering index in observationfirahduess, plus the results
that of the cloud detection in the old clear-sky approach (open circle iregdicelear’ and filled circle
‘cloudy”).
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the Metop-B observations assimilated in the 00Z analysis on 15th August ZbE3experiments have
been ordered by scattering index (the maximum of the observation andstrguféss, Fig. 9b) so that the
first are typical of clear-sky and smaller cloud and precipitation amoutisteas the last involve strong
convection in the model or observations. There is a mix of land and ocsas eaross the tropics and
midlatitudes.

Globally, the features with the largest 183 GHz FG departures fall into ttetegories:

e Displacements in upper-tropospheric airmasses in the extratropics, Velngeedepartures are
found along sharp upper-tropospheric humidity (UTH) boundariese&a-D);

¢ Displacement and intensity errors in ice cloud and large-scale precipitasociated with fronts
in the extratropics (cases F-K);

e Displacement and intensity errors in snowfall in convective areas, nmegalpnt in the tropics
(cases E and L-N).

Three configurations are available for each test case. The reéerenfiguration is the analysis generated
by the full observing system. Then single observation experiments havepgeeformed either with the
usual observation errors and QC ('standard’), or with relaxed @Cnarninflation of observation errors
in cloudy situations (‘unrestricted’). These latter experiments use the foklpadaptations:

e The first guess check has been relaxed to 5 times observation erdo¥&dpC has been turned
off;

e Screening of some difficult situations has been deactivated: high scatiediex situations over
land and cold-air outbreaks over ocean are now assimilated.

e Observation errors are always set to clear-sky values, even in alaligrecipitation (over ocean,
2K in channels 3 and 4 and 2.2 K in channel 5; over land, 3K);

Figure 9a quantifies the fit to the MHS observations in terms of a norm of H83dBannel departures,

J= Obs — FG)?. 7
i:ZA,S( s—FG) ()

wherei is the channel number. What is actually plottedligaysis/ Jrc, i.€. the fractional reduction
in error between FG and analysis. The norm is reminiscent of the olisereast-function in 4D-Var

but it ignores the observation error. In most of the examples, the fudrelmgy system improves the
fit to observations by 70% to 90%. This is not representative and it résoittsdeliberately choosing

cases where the full observing system was successful in fitting the Mid&ations. However, two
convective examples (K and N) have been chosen to represent nfaneltsituations where the analysis
from the full observing system did not improve the FG, and other exam|gledllastrate the limitations

of the system as well as its benefits.

The examples span clear-sky and all-sky cases. Figure 9b showsthis @ the old cloud screening,
based on a 5K threshold for clear-sky FG departures in channel7ZZ3#Z2). This can be compared to
the scattering index, which indicates the presence of cloud ice or snail.dases where the observed
scattering index is greater than 10 K (G-M), cloud-screening would age tdentified cloud and would
have thrown out the observation. However, there are cases wha®tliescreening would have failed
to identify significant cloud contamination (cases E and F, with observettsog indexes of 3.5K and
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Table 4: Single observation case C (Metop-B, 36,9112.6W, 05:54 UTC 15 Aug 2013.) Channels
1 and 2 are only monitored, not assimilated. TCWV, CWP, IWP, RWP and 33/ to total column
amounts of water vapour, cloud water, cloud ice, rain and snow.

Analysis
FG Single-obs (normal) Full system

Departures [K]

1: 89 GHz 2.43 0.39 1.28
2: 157 GHz 2.39 1.38 1.63
3: 183+t1GHz 2.96 1.99 1.54
4: 183+3 GHz 1.38 0.25 0.40
5: 190 GHz 1.03 0.16 0.14
Total columns [kg m?]

TCWV 13.1 12.8 13.0
CWP 0.03 0.05 0.03
IWP 0.04 0.03 0.02
RWP 0.00 0.00 0.01
SWP 0.07 0.06 0.04

5.7 K respectively). In retrospect, the scattering index could have lsshas an additional, more pre-
cise test of ice cloud and snow contamination in the mid- and upper-tropisjfié channels (channels
3 and 4). The 157 GHz clear-sky departures (channel 2) arergsitige to low-level cloud and precipi-
tation features invisible in the upper channels and (b) affected by comjemerrors, such as a cloudy
observations masked by excessive relative humidity in the FG. Signififfarttvweould be required to try
to improve MHS cloud detection algorithms (e.g. Zou et al., 2013) but one aidentages of all-sky
assimilation is that we can abandon cloud-screening and along with it abiepre of residual cloud
contamination. A second advantage is demonstrated in cases E, F andrN thdre are clear sky ob-
servations but significant cloud or precipitation in the model. The all-skyosmh gives a mechanism
to remove the unwanted cloud or precipitation from the model.

Cases A - D illustrate the capability of 4D-Var to adjust dynamical fields to fitidity features in the
upper troposphere. Cases A and B feature clear-skies in model aadvation but they are interesting
because the ‘normal’ single observation tests do not produce so muchtinpacase A, channel 3
was downweighted by VarQC and channel 5 was lost to the cold-aireaklscreening. In case B, all
channels (3-5) were lost to the first guess check or downweighteclfy . Removing QC in the ‘un-
restricted’ experiments (note that observation errors were not affetttese being clear-sky examples)
the single observation results are much closer to those of the full systenes Baand B are typical
examples of big FG departures (order 5K to 10K in TB) in channels 3 anbetendistinct humidity
boundaries are displaced in the first guess compared to observathere i$ no cloud or precipitation
and no gross error in the observations: the observations are goathanld not have been rejected. For
the future it would be good to investigate improved specification of obsenvatid background errors
to enable the observations to pass QC and remain in the analysis.

Cases C and D illustrate humidity features where small amounts of cloud oraegwesent in model
or observations, indicated for example by the scattering index. In bots dhe single observation
produces a reasonable analysis with the normal settings and the reltékegss@re not needed. Case C
gets the closest to the full observing system solution; detailed informationen @i Tab. 4 and Figs. 9
and 10. The hydrometeors are well forecast and the scattering indexilersn FG and observations.
The model has an ice water path (IWP) of 0.04 kefrand a snow water path (SWP) of 0.07 kgfn
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Figure 10: Increments in single observation test case C through the assimiatidow; (a-c) UTH;
(d-f) u-component wind at 400hPa. 00 UTC is the start of the assimilatiodomirso at 12 UTC and
18 UTC we are seeing the ‘evolved’ increments. The cross shows th@locd the observation, which
was made at 05:54 UTC.

and these are slightly reduced from the first guess to analysis. Thdse ia eeduction of 3% in upper
tropospheric humidity at the observation location (from 43% to 40%; Fig. Hmwever, these changes
in moist quantities have been generated in 4D-Var through a modification tgnlenical fields, not the
moist fields, at the start of the assimilation window (compare Figs. 10a afidhid)is a robust pattern in
all the midlatitude frontal or UTH boundary test cases: at the beginningeofithdow, changes to wind
and geopotential, not humidity, generate the required changes in watarryajpud and precipitation at
the observation time. This is clear evidence of the model tracing effect ia4D-

Figure 10 also demonstrates an important (and for some surprising)deztaimgle-observation test
cases in the ECMWF system: the increments at the beginning of the windowcalédohe observation,
but the evolved increments (e.g. at 00 UTC and 06 UTC) are not at all [bea background term keeps
the increments reasonably local at the beginning of the window (there issoalenoise globally, not
shown). However, the evolved increments are not constrained eatépe time and location of the
single observation, so there is nothing to stop them varying freely. Inasintvith a full observing
system, the evolved increments are constrained globally and throughdiméweindow. To create the
final analysis, the increments computed using a relatively low resolution imedel are added into the
higher-resolution nonlinear model (T511 in this case) and evolved fdrimatime, so natural chaotic
error growth will also start to add features into the evolved increments.
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Table 5: Single observation case J (Metop-B, 4M1159.3W, 08:00 UTC 15 Aug 2013.) Channels 1
and 2 are only monitored, not assimilated.

Analysis
FG Single-obs Full system
(unrestricted)
Departures [K]
1: 89 GHz -5.71 2.00 -6.36
2: 157 GHz 16.45 4.63 2.11
3: 183+t1GHz -0.22 -0.63 -0.86
4: 183+3 GHz 3.67 1.09 0.00
5: 190 GHz 15.72 6.57 3.5
Total columns [kg m?]
TCWV 30.5 29.3 30.2
CWP 0.11 0.04 0.13
IWP 0.19 0.08 0.07
RWP 0.06 0.03 0.03
SWP 0.97 0.48 0.42

Cases F to | are midlatitude frontal situations with a significant amount of clopieoipitation in model
or observation (Fig. 9b). In case G, the full observing system has fitteedbservations well by creating
ice cloud and snow, mainly in the lower- and mid-troposphere, but the sitgereations were not
successful. In the normal case, all channels were lost to VarQC bgliess check, but even in the
‘unrestricted’ case channels 4 and 5 were still eliminated by the more refiageduess check. These
channels have sensitivity to lower-level cloud and snow; channel 3 awitsdoes not, and it cannot
move the analysis. This illustrates the importance of the lower-peaking dsanreensing snow and
cloud ice, and it again gives an incentive to find ways to get the scretmlagmore good data through.
In cases H and | the observations did not move the analysis too much in tmalrepproach because
of inflated observation errors in cloudy areas. In the ‘unrestrictegt@arh they caused the model to
create ice cloud and snow to fit the observations better. This is one ofrtliauiag difficulties in all-sky
assimilation: with sufficiently low observation errors, we can usually fit theeokations quite well, but
this can degrade forecast quality (Geer and Bauer, 2011). This é&sarrdor inflated observation errors
in cloudy situations. Normally the observations provide only a push in the digattion, not a firm
constraint. For example in case H, the normal approach improves thevatiserfit by 20% but with
smaller observation errors the improvement is increased to 40%. As moddistter at representing
and forecasting cloud and precipitation, we will slowly be able to increasevéight given to cloud
and precipitation in the analysis. However, it should be noted that even withottmal constraints, and
in some quite extreme situations, 10 of the 14 single observations improve tlgsisuhg at least 9%.
Even with high observation errors and tight quality control, the obsenatioove the analysis in the
right direction; used in bulk the observations have much greater impadtoas $n the next section.

Case J is another frontal case, where snowfall occurs ahead afghtio the N. Pacific (Fig. 11). The
channel 5 (190 GHz) departures are +16 K, indicating that the firsisgareow amount at the observation
time and location is too high (Tab. 5). Interestingly the channel 3 depaitl88s1 GHz) are very small
and are not significantly changed between FG and analysis: as mentiantied this channel is high
enough that it is often insensitive to midlatitude precipitation features. With neetizngs, neither the
first guess check nor VarQC are triggered and the single observatoides a useful push in the right
direction, improving the fit to observations by 25% (Fig. 9). With reducesolation errors, the analysis

26 Technical Memorandum No. 741



All-sky assimilation of microwave humidity sounders

SCECMWF

a) 21:00 UTC b) 00:00 UTC c) 09:00 UTC 1.0
-170 -160 -150 -170 60 -150 -170 -160 -150 0.8
,,,,,,,,,, 0.6 E
L L o
o
0.4;
,,,,,,,,,,,,,,,, 3
0.2
-170 -160 -150 -170 -160 -150 -170 -160 -150 0.0
d) 21:00 UTC e) 00:00 UTC f) 09:00 UTC 0.6
-170 -160 -150 -170 -160 -150 -170 -160 -150 04 T
=2 2 T £
em T ‘ e T ‘ s T ‘ 02 ¢
= | R U S SN | 12, I | Bt ey el S U N 0
‘ fhOR e -0.0
Q B =], . i AR —0.22__
2]
| | | | | | ‘ | | -0.4=
-170 -160 -150 -170 -160 -150 -170 -160 -150 -0.6
g) 21:00 UTC h) 00:00 UTC i) 09:00 UTC 0.4
-170 -160 -150 -170 -160 -150 -170 -160 -150
; & ‘ & ‘ & 0.2

50
T—

40

-170 -160 -150

0S
50

(014
40

-170 -160 -150

0S
50

oy
40

-170 -160 -150

| o
© o
N
SWP increment [kg m™]

|
©
~

Figure 11: Case J through the assimilation window (21 UTC - 09 UTC) with theesiricted’ approach,

i.e. with relaxed QC and smaller observation errors than usual: (a-c)gkiess mean sea-level pressure
(line contours, in hPa) and snow water path (filled contours); (d-felments in mean sea-level pressure;
(g-i) Increments in SWP. The cross shows the location of the observeinech was made at 08:00 UTC.
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improves the fit to observations by 80%, principally by reducing SWP frahkdgnt 2 to 0.5 kg n1?,
which reduces the scattering index from 37 K to 18 K, close to the obsealad of 15 K. Figures. 11c
and 11i show that the SWP was reduced along a 700 km length of the Aksnisual, the adjustments
at the beginning of the time window were mainly dynamical and they are bestalledtby the 0.5 hPa
increase in the pressure (Fig. 11d) at the centre of a small area of éssye (Fig. 11a) that goes on to
become a trough 12 h later (Fig. 11c). The intensity of the trough is recarmtience the intensity of
precipitation in the front that develops 12 h later is also reduced. Thistieefuevidence of the ability of
a 4D-Var system without a cloud-control variable to generate cloud egxigitation increments in the
trajectory.

Case K is a frontal case with similarities to J, only it demonstrates the ability of gtemsyto create

cloud and precipitation, as well as to remove it. However, in the normal agatign the observation
is rejected. With relaxed QC and smaller observation errors, the obseriatised successfully in the
‘unrestricted’ test with a 95% improvement in the fit to observations (Fig. Bais is one of the cases
where the full observing system analysis fails to fit the all-sky observéiidrihe observation can be
fitted when all other data are excluded.

Finally, cases E, L, M and N illustrate convection over land and oceanteTdre a number of issues
here: The observation in case N is rejected due to the check on exedtesisg index over land. We
could try relaxing this check in the future, given that the ‘unrestrictedinaigation works quite well
in this case. More worrying, in cases L and M the single observations d@ke much impact when
assimilated normally. In case L, giving extra weight to the observations niakef#t to observations
worse, rather than better. These results are reminiscent of thoseaf&aal. (2010), who also tested all-
sky assimilation in convective areas, with variable results. Convection isuliffo assimilate because
in some cases it can be unpredictable over the 12 h timescales of the assimilatiowwn other words
it may not be possible to determine any change in the control variables thausdessfully generate
convection in a precise location later in the model trajectory. Even when thasssble, the increments
generated in a low-resolution, simplified, linear model may not work whefheapi a high-resolution
nonlinear model. Increments which affect convection at one location in thenisation may not affect it
in the same place in the outer-loop. This can come from the changes in resglutiee differences in the
precise details of the forecast model, or simply from the invalidity of the tarigerar approximation.
Nevertheless, as demonstrated in Bauer et al. (2010) and in this warkniantal 4D-Var is usually able
to adjust convection in order to fit a single all-sky observation when thereéson errors are small.

5.2 Single-cycle experiments

When assimilating a single observation, there is no observational consxaet at the chosen time
and location. Even if the analysis is improved at the observation locatioVa¢@euld be degrading it
elsewhere. It is important to demonstrate that the increments are meteorijogiabstic globally and
through the whole assimilation window. However, we cannot expect thisingleobservation test case.
Instead we can assimilate the observations globally from the five availablewaisedumidity sounders
(i.e. MHS on Metop-A, Metop-B, NOAA-18, NOAA-19 and SSMIS on DM$R7) but in the absence
of any other observations. As a reference, we will use the analysistfre full observing system, being
by definition the best possible estimate of the atmospheric state. The expesmerformed for the 00
UTC assimilation window on 15 August 2013, the same date as the observeximméed in previous
sections.

On its own, the all-sky humidity sounder assimilation can generate mid-tropospherements that
replicate a substantial portion of those from the full observing system.résgl? and 13 show the
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Figure 12: Increments in relative humidity on model level 95 (the closesti@®®0 hPa) at 06 UTC on
15 August 2013: (a) assimilating only the all-sky microwave humidity obsemgtity) assimilating the
full observing system, including all-sky humidity channels. The first giseskentical in both cases and
is created using the full observing system. Correlation between panelsddb) is 0.72.
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Figure 13: Increments in meridional wind component on model level 95 (dsest level to 500 hPa)
at 06 UTC on 15 August 2013: (a) assimilating only the all-sky microwave hitynatbservations; (b)

assimilating the full observing system, including all-sky humidity channels. Tsiedfiess is identical
in both cases and is created using the full observing system. Correlatwadrepanels (a) and (b) is
0.58. Increments in the zonal wind component show qualitatively similar pattern
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humidity and meridional wind increments 9 hours into the assimilation window atB@0The humidity
increments resemble the normalised departures from Figure 4 in terms ofieearsl morphology,
though they cannot be compared quantitatively because the satellite atiiseshare valid at different
times through the assimilation window and are sensitive to a broad layer of humiditjust a single
model level. These humidity increments are being generated specifically te &tltbky observations.
The morphology of the wind increments is qualitatively consistent with those ifiutheystem, on

similar 100-400 km scales, and in similar areas of the globe: these wind intiemid be associated
with displacements, stretching and compression of the humidity field to make it Gbdervations.

It is surprising how well the all-sky-only increments resemble those frorfuthebserving system. The
correlation between the two is 0.72 and 0.58 for the wind and humidity incrememtmsn Figs. 12
and 13. Figure 14 examines the correlations at the beginning of the time wilod@wange of levels
and parameters. Correlations are generally a little smaller than those later imtl@w{not shown),
suggesting that some of the correlation 9 hours into the window is beingajeddsy the patterns of
large-scale advection, which are similar in both experiments. Howeveglatons at the beginning of
the window still reach 0.5 in the upper troposphere for the dynamical field€®& in relative humidity.
The all-sky-only assimilation does not replicate the full system very well irstregosphere and lower
troposphere, but between about 250 hPa and 750 hPa, correlatoqsite high. All-sky assimilation
on its own can generate mid and upper-tropospheric wind, temperatureiamdity increments that are
reasonably consistent with those from the full observing system.

5.3 Cycled, reinitialised experiments

To gain a more representative sample, the single-cycle, single-obsepstegm experiments were re-
peated twice-daily for short periods in summer and winter (15 to 31 Audlis? and 15 to 31 January
2014) and were used to generate a total of 68 forecasts. In this fratnéweofirst guess was always
taken from the full-observing system experiment (the assimilation is ‘reinitéd}iserhis avoids the
problem of cycling the assimilation system with a restricted observing systeargwttie quality of the
first guess would drop over a number of days. Cycling an assimilationmsysth a limited observing
system is often referred to as a ‘low-baseline’ experiment (e.g. Kelly, &G8). However, low-baseline
experiments are problematic because they do not represent a realisicigarutside of special appli-
cations like early-20th century re-analysis (e.g. Compo et al., 2006}héfuin a 4D-Var context, and
without a costly re-run of the ensemble data assimilation to correctly specifgatieground errors,
the background errors in a low-baseline experiment will be represantata much higher quality first
guess, leading to a sub-optimal analysis. Hence we prefer to use ‘reiati@mtisexperiments with a
high quality first guess. One way to think of these experiments is that they thsleoaverage change in
forecast quality if, in just one 12 h assimilation cycle, we were to lose allreagens except the all-sky
microwave humidity channels.

The lower bound in this set of experiments is the quality of forecasts whehservations are assimilated
for one cycle. The upper bound is the quality of forecasts where thelia#rving system is assimilated.
We can create a metric that puts these points at 0% and 100% impact reslpedtiz can define RM&p
as the root mean square of forecast error in experiment EXP, wheRMI$ error is computed across all
forecasts and a chosen set of model points, for example midlatitude posa6 BPa. As a verification
reference we use the operational analyses for these experimentsthEhimpact can be defined as:

RMSexp — RMSyo oBs

| =100x .
RMSryLL —RMSyo 0Bs

(8)
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Figure 14. Global correlation of increments between a system assimilatinglisly microwave hu-
midity observations and a system with all observations assimilated. Correlat@stown at 21 UTC

14 August 2013, at the beginning of the assimilation window: a) zonal wihdk) meridional wind
(V); c) temperature; d) relative humidity (RH).
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Here, EXP is an experiment assimilating a single observing system, FULL islthab§erving system
and NQOBS is no observations. If forecast quality were degraded compatbd tw observation case,
this ‘impact’ would be a negative number. This metric could be criticised fotitgdorecast errors
as if they combine linearly when random errors usually sum in quadratlowever, the differences in
RMS error between experiments (outside of the low-baseline scenarisjaiyymuch smaller than the
absolute RMS error, so an impact factor computed from squared &nonsch the same as the one de-
fined above. A more important feature in practice is that forecast impactsi{aages in forecast error)
combine neither linearly or in quadrature because impacts are often ¢edrelor example, different
observing systems often bring similar information on the large-scale strugittine atmosphere. With
these caveats, Fig. 15 shows the impact of assimilating only microwave humidityels, through the
all-sky approach.

Humidity errors are reduced in the mid and upper troposphere by 40% tooB@& error reduction
generated by the full observing system. Temperature errors aresakyaip to 40% in the SH, though
outside of the mid and upper troposphere the impact is negative in placéise Antarctic, these ar-
eas are below the true surface which can be around 600 hPa andthsnisgust an artefact of using
fixed pressure levels in this comparison. Elsewhere, a possible explaisatiat microwave humidity
observations cannot constrain the low-level temperature field and in Hemed of other observations,
so the assimilation system is free to make spurious changes to the temperdaweser, vector wind
errors are improved throughout the troposphere, by 50% in the SH midkgitudere the 4D-Var tracing
effect is expected to be largest. Impact is smaller in the NH where snogrembland surfaces and high
orography reduce the coverage of the satellite data. However, in sbttdre Antarctic, there is some
impact at very high northern latitudes because observations can be assiroitar the Arctic ocean.

Figure 16 compares the impact of clear-sky and all-sky assimilation of migsotvamidity channels
on forecasts of relative humidity and as a reference, also includes thetimpealear-sky AMSU-A
and ATMS temperature-sounding observations, which are perhaps gtémmpmrtant single observing
system for weather forecasting. In the midlatitudes, in the short-range2Tetear-sky and all-sky as-
similation have similar impact on humidity forecasts and substantially more impact fi&wAA in the
mid and upper troposphere (70% versus 30% in the SH). This is a cleanfsiiga direct sensitivity of
183 GHz channels to mid and upper-tropospheric relative humidity. Hanievéne three-day forecasts
(T+72) the humidity channels have a smaller impact on relative humidity than doithewave temper-
ature channels on AMSU-A and ATMS (40% versus 60% in the SH). At Ioreygges, improvements
in humidity forecasts come from better prediction of the large-scale dynamitslimately from the
direct temperature sensitivity of AMSU-A and ATMS.

Figure 17 shows impacts on vector wind errors. The all-sky approaels @i stronger impact on wind
scores than the clear-sky approach. The SH is where the all-skyaabpiboings the greatest increase in
observational coverage (Fig 5). At 500 hPa in the SH, the all-sky assimilaitttumidity channels brings
almost the same amount of wind information as AMSU-A and ATMS, with an imdadiaut 45%. The
wind impact is more uniform across the vertical extent of the troposphareisithe humidity impact.
As seen in the single-observation tests, broad changes in the dynamictlrss of the atmosphere are
required to improve humidity and cloud forecasts in the mid and upper-tropospin the day-3 wind
forecasts in the SH, the all-sky humidity observations reach a 50% impactexakts compared to 40%
from clear-sky humidity and 65% from temperature-sounding obsergtibnthe SH, the dynamical
impact of humidity sounding observations is beginning to approach that dethperature sounding
observations.

An important question is whether the benefits of all-sky assimilation come throoig$training the
water vapour fields in the presence of clouds or through the cloud fieddssilves. A crude way to test
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Figure 15: Impact on forecast errors at T+12 when all-sky microvaweidity sounders are assimilated
in a framework where all analyses start from a high quality first guessre,H0% corresponds to no
observations being assimilated and 100% corresponds to the full oligepgtem: a) relative humidity;
b) temperature; c) wind.
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this is to turn off the adjoint and tangent linear sensitivity to cloud and pretigoitin the observation
operator used in 4D-Var. Having done this, the assimilation system can mabjlg improve the fit to
all-sky observations by changing the moisture fields at the observatidioleche assimilation system
is prevented from directly adjusting clouds and precipitation to fit the obens, though this may be
a natural secondary result of improving the humidity. The impact of this isdedun the wind figure
(Fig. 17) but not in the relative humidity one (Fig. 16) where it is hard to disfiish it from other lines.
The wind figure shows that turning off the cloud and precipitation sensitimithe minimisation has
relatively little impact in the midlatitudes. It looks like the majority of impact in going frdear-sky to
all-sky assimilation comes from a better constraint on relative humidity in thepcesof cloud, rather
than directly through the sensitivity to cloud and precipitation. Neverthettesgloud and precipitation
sensitivity is clearly beneficial, bringing up to an additional 4% forecait sk

So far we have not mentioned the tropics, where in Figs. 16 and 17 the rai@dwmidity assimilation
has a smaller impact in the all-sky approach than in the clear-sky appréacther, turning off the
tangent-linear and adjoint sensitivity to cloud and precipitation actually imprthe forecast quality,
bringing it closer to the clear-sky approach. In the context of the fulleoling system the picture is
quite the opposite (see the results in the next section). We can speculadéfitaities in the tropics
come from trying to assimilate observations of deep convection. As showre igirtilgle observation
tests, this is a much harder problem than assimilating mid-latitude cloud and prgmipit®o fit the
observed deep-convection, the analysis may be forced to make adjustmbutridity and dynamical
fields that may not be consistent with the true atmosphere. The full obgesystem probably helps
better constrain the humidity and dynamical fields in the tropics to prevent spes®us adjustments.
In the tropics, it is only in the context of the full observing system that thelallapproach can have a
positive impact.

6 Impact in the full observing system

6.1 Impact on dynamical fields

Here we examine the impact of SSMIS and MHS humidity sounding channels icotitext of the
full observing system. All-sky or clear-sky microwave humidity observatiaresadded to a control
which contains the full observing system minus humidity sounding observdtmnghese instruments.
Figures 18 and 19 show the change in forecast error in vector wirglinijpact of all-sky is bigger than
clear-sky assimilation and there is a maximum impact around forecast day8)THere, the impact is
significant and greater than 1% in most of the troposphere and stratesgie impact reaches 4% in
the SH upper-troposphere, where we expect the greatest berafita/fnd-tracing, but it is greater than
2% in most of the NH extratropics, too. Impacts are significant at least aayd (T+96) but they are
starting to tail off at day 6 (T+144).

The only area where microwave humidity sounders apparently increaddaw@tast errors is in the trop-
ics at around 400 hPa, early in the forecast range. However, ttoginderrors are significantly reduced
in the medium range (Fig. 18) and first-guess fits to other wind observatiensproved at all levels in
the tropics (see later) so this is a curious feature. The feature is moreughmithe clear-sky approach
and at T+12 where it extends into the mid-latitudes (Fig. 19). By constryttierchange in T+12 own-
analysis scores is equal to the change in the RMS of the analysis incredssitsilation of microwave

humidity observations makes analysis increments slightly larger in the tropicatopdsphere. Look-

ing at maps of the impact in either framework (not shown) the effect issamyer parts of central Africa
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Figure 18: Normalised change in RMS of vector wind forecast erroesweli-sky microwave humidity
assimilation (MHS and SSMIS) is added to the otherwise full observing sy&eductions in errors are
desirable and are shown in blue. Cross-hatching indicates statisticalcago#iat the 95% confidence
level. Results are based on a total of six months experimentation, winter amdesuand are based on
322 to 360 forecasts depending on the forecast range. Verificatigaiissh own analysis.
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Figure 19: As Fig. 18 but for improved clear-sky humidity sounding v@rsumicrowave humidity.

and the equatorial Atlantic. It is a feature most clearly of the ITCZ or its immediaieity. There are
few signs of mean changes in forecast winds fields aside from a redurctibe equatorial easterly flow
of around 0.1 ms! and even this is restricted very much to the equator and to the 400hPa ahB&00
levels (see later). Previous sections have shown the difficulty of inéewind and moisture increments
in the vicinity of deep convection. With the assimilation of the microwave humidity dets we may
be making additional increments to fit transient convective features. Indhigxt, it is a good sign that
the issue is reduced in the all-sky approach compared to the clear-sioaapp

Figure 20 examines the changes in RMS errors in dynamical fields ast@ofuntforecast time, giving
a summary for the main regions of the globe. In the extratropics, microwawéfiy assimilation im-
proves wind, temperature and geopotential scores by 1% — 2% with statsgjiodiicance out to at least
day 6 in both hemispheres. All-sky assimilation has roughly double the impattafsky assimilation
in the shorter forecast range, and the improvement over clear-skyniicagt out to around day 5 in
the SH and day 3 in the NH (the hemispheric differences and the exactaapéhsignificance is lost
should not be taken too literally because in previous runs with no diffeeeapart from an older com-
piler version the situation was opposite: day 3 in the SH and day 6 in the NHjo&kgh comparability
to other studies, these figures can be converted to a gain in forecaitleddr the same level of skill.
Taking the SH scores at day 5, there is aro@mdour improvement in wind and geopotential forecast
skill for the clear sky approach and abodt hours for the all-sky approach.

In the tropics, all-sky assimilation has a particularly strong impact at 100rkBraging errors by 2% in

wind and 3% in temperature. However, the strong tropical improvementgiP8 in geopotential and
smaller degradation in temperature at 850 hPa are not important. Thesedeappear neither in fits
to temperature-sensitive observations nor when looking at changesstatigard deviation of forecast
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Figure 20: Changes in RMS error as a function of forecast time: geofatat 500 hPa (top row),
temperature at 100 hPa and 850 hPa (middle rows), and vector wind aPa0énd 850 hPa (bottom

rows).
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error instead of the RMS. These features are caused by small chianjesnean analysed temperature
in the tropics. In the tropics the absence of fast growing random drrdhe temperature fields makes
changes in RMS temperature and geopotential errors tricky to interpret.

First-guess fits to observations give an alternative measure of the qualityl@ forecasts. Figure 21
shows that fits to wind observations are improved by the assimilation of miceowamidity data,
whether in clear-sky or all-sky. The additional benefit of all-sky assimitaisoseen in the tropics in
the improved fit to conventional wind observations around the tropommgeto the stratosphere. The
impact peaks at 150 hPa, where the FG fit is 1.5% better. The SATOB vatmdsgpheric motion vec-
tors) have negligible coverage at 150 hPa so they do not contradicbtivertional observations. In
the midlatitudes, the SATOB winds show all-sky bringing twice the impact of dkgrassimilation,
whereas the conventional winds show all-sky and clear-sky having simitect. Certainly in the maps
of forecast impact (not shown) the additional benefit of all-sky istgrda ocean areas: these are better
covered by the SATOB winds than the conventional data.

Fits to temperature-sensitive observations show a similar picture (Fig. 2®#)e ltropics, all-sky has a
pronounced impact around and above the tropopause. The greatastisgeen in channel 9 of AMSU-
A, which has a weighting function peaking at around 80 hPa, in the radliletemperatures at 100 hPa to
200 hPa, and in the radio-occultation (GPSRO) bending angles at 16 Krkto @0 hPa to 100 hPa). In
the midlatitudes, all-sky assimilation is significantly better than clear-sky assimiléiongh the most
pronounced impact is in AMSU-A channel 6, which has a weighting fungieking at roughly 8 km
or 300 hPa. Given the greater impact on satellite fits compared to convdrihms®vations, this again
suggests the additional benefit of all-sky assimilation is greatest in the receda areas that are only
observed by the satellites. This is consistent with the spatial coverage ofith@vave observations,
which is severely restricted over cold or high land surfaces.

From the forecast scores and observation fits, we can see that mierbwaidity observations help to
infer large-scale, dynamical information that brings substantial benefietium-range forecast scores.
Previous sections have illustrated how this can be generated through txar4facer effect. Going
to all-sky assimilation roughly doubles the observational coverage atmigtitedes and it leads to a
rough doubling of the impact on forecasts, at least in the shorter rarByesomparing mean, RMS
and standard deviations of the forecast scores (not shown) wdicanate any possibility that forecast
improvements in the midlatitudes have been generated by systematic changesdddtion in forecast
errors is a genuine improvement in day-to-day weather patterns.

In the tropics, the all-sky approach does not greatly increase the nwhbbservations but it leads to
a disproportionate impact on the quality of the dynamical forecasts of theatdmppopause and lower
stratosphere. This impact may come through 4D-Var tracing if the uppelr¥énds in the vicinity
of deep convective systems are particularly important. However, assgistgun section 3, there are
remaining systematic biases between model and observations (up to halfehaf sie observation
error) in and around the convective areas. Figure 23 shows the lsgthahange in forecast errors
in temperature and vector wind at 100 hPa. The impact of microwave humidityittion is broadly
spread between 3N and 30S, though the greatest impacts are in the Indian Ocean and Western Pacific,
where RMS errors are locally improved by over 10%. Looking at chaumgeonal mean fields, Fig. 24
shows that all-sky humidity assimilation cools the tropical upper tropospheaedund 0.01K (panel
a) and slightly retards the Hadley circulation (panel e) and the equatastdréy flow (panel c). This
systematic impact is relatively small. A question is whether the 10% impacts on R®IS at 100 hPa
come from systematic changes like this, or from improved forecasts ofoddsty weather variability.
However, maps of the difference in error standard deviations (netrshare very similar to those for
RMS, so day-to-day variability is definitely being improved. However, ection moves around and
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Figure 21: Standard deviation of FG departures for wind observati®mrsercentage relative to the
control. Error bars indicate the 95% confidence range. Control is with@rowave humidity sounders

but otherwise contains the full observing system. Conventional olifmrsanclude u and v component
winds from profilers, radiosondes and aircraft. SATOB winds are gthmersc motion vectors derived

from satellite images. Only tropical and NH fits are shown; results in the Skimitar.
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Figure 22: Standard deviation of FG departures for temperature-senditservations (TEMP-T is ra-
diosonde). Other details as for Fig. 21
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if we were to follow the convection, it is quite possible that the changes in thelnaidht look more
systematic.

The microwave humidity assimilation does cause two systematic changes in dyhéatdsa both in
the lower troposphere and visible in the temperature fields but not the widd.fi€igure 25 shows
the change in the temperature field at 850 hPa. There is a systematic warnairagiiodl 0.2 K over the
sea-ice areas that is slightly smaller in the all-sky approach, compared tte#resky approach. The
issue was already present after the extension of clear-sky assimilaties-toesareas but it was tolerated
because of improved fits to Antarctic radiosonde humidity and temperatuikegionostly on the edge
of the sea-ice Di Tomaso et al., 2013). The channels assimilated ovareseag. middle and upper
183 GHz channels, show no systematic departures in these areas (Fogd)6hut it may be that the
whole system (bias-corrected observations and model) has moved to stalel temperature.

The other systematic change is a cooling of the subtropics peaking atid@abik in regions of maritime
stratocumulus and trade cumulus, in the western parts of the subtropiesoc@&his cooling goes
with a moistening in similar areas (next section) and it is similar to the impact of migmwwaager
assimilation, which come from model biases in cloud liquid water (including a giwnal cycle) in
boundary-layer maritime cloud (Kazumori et al., 2014). However, thegoree of cooling even in the
clear-sky assimilation suggests that either the observations containgdatedecloud or that the lack of
cloud liquid water is associated with too-low relative humidities in the boundary.laye

6.2 Impact on humidity and precipitation

Humidity forecast scores are shown in Fig. 26. In both clear-sky anskglassimilation of humidity
sounders, there are increases in RMS forecast error, particutashoet forecast ranges. As explained
previously, T+12 own-analysis scores are equivalent to a measureirite change in the RMS of the
humidity increments. The biggest early-range impacts are over the sezgioas and they do not seem
to persist into the medium-range forecast. These effects are linked to thmengaver sea-ice examined
in the previous section. In mean terms, relative humidity is increased by citnin the mid and
lower troposphere and decreased by around 1% in the upper tragresphboth clear-sky and all-sky
assimilation (Fig. 27). The regions of moistening are clearly bounded withiretinéce regions (maps
of mean changes, not shown) and go with the warming described in thetdisi's As mentioned, this
feature is tolerated because it produces improved fits to observations.

Outside of the sea-ice regions, the relative humidity forecast impact is dtedibg increased RMS
errors persisting many days into the forecasts. But in the all-sky assimilai@tast to see RMS errors
being reduced significantly, particularly later in the forecast range rddhgction in all-sky RMS error is
associated with a general moistening of around 0.5% relative humidity in the whidwaar troposphere
(Fig. 27) that makes the analysis and forecast more consistent anel inakes the own-analysis RMS
errors smaller. Clear-sky observations generally dry the tropospltereas the all-sky impact is more
balanced. Over the same levels, FG biases towards humidity radiosordals@reduced by going
to all-sky assimilation (not shown), so this may be a genuine improvement. Tiésrp&s consistent
with one hypothesised drawback of clear-sky assimilation: the data seledgtldre skewed towards
dry areas. This selection bias is worth further study when we apply th&yalifgproach to the infrared,
where the current ‘hole hunting’ approach is likely to cause a greaydsids.

The standard deviations of FG departures for humidity observations stuyes uniformly favourable
results than the forecast scores and help put the apparent degnadatmperspective (Fig. 28). Both
all-sky and clear-sky humidity assimilation improve fits to radiosonde humiditie&4:2% in the upper

44 Technical Memorandum No. 741



All-sky assimilation of microwave humidity sounders SCECMWF

(a) Temperature

0.10

-135 -90 -45 0 45 90 135

o
o
o
Normalised difference in RMS error

-0.05

-0.10

— - ‘ -
135 =90 =25 0 25 S0 35

-135 -90 -45 0 45 90 135

malised difference in RMS error

[o]

z

Figure 23: Normalised change in T+12 forecast errors at 100 hPskyathicrowave humidity assimila-
tion minus no microwave humidity assimilation. No significance testing has beendgpheever, the
noisiness of the field should be an indication that small-scale featurestasigmificant.
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Figure 25: Mean change in T+12 temperatures at 850 hPa. This is theedd&between experiments
with and without microwave humidity assimilation, in the context of the otherwis®hderving system.
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Figure 27: Mean change in T+12 relative humidity: with minus without microviweidity assimilation
for (a) for all-sky assimilation; (b) clear-sky assimilation.

troposphere and (with a more oceanic coverage) by up to 6% in HIR®ielsahl and 12, also sensitive
to mid and upper-tropospheric humidity. Lower levels (channels 6 and TR&tdnd 500 hPa—1000 hPa
in the radiosondes) show smaller improvements in humidities. Going from dga&o-all-sky generates
a proportionately lower impact in the humidity fields than in the dynamic fields @sn&kMSU-A
channel 6, Fig. 22) which might suggest the all-sky observations haygmgionately more dynamical
impact.

Since ERA-40 the impact of satellite humidity assimilation on the ECMWF precipitationdgpvn

in the ECMWF system has been of concern, so Fig. 29 checks the situatfoamnd without all-sky
microwave humidity sounding channels. Even without these observatiensydbel gives 13% more
precipitation in hours 3—6 and 6-9 than at 0—3. All-sky humidity soundingrebions boost this slightly
to 16%. Geer et al. (2010) show that all-sky microwave imagers also havéntifikect on the spin-down.
The precipitation spin-down is a broader problem in the ECMWF system. Stilkithation is much
better than in the days of ERA-40, when short-range precipitation wasestienated by at least 50%.

7 Conclusion

All-sky assimilation of 183 GHz microwave water vapour sounding channats five instruments (four
MHS and one SSMIS) will be part of the next ECMWF operational systeretonplemented in early
2015. These humidity sounding channels have 1% — 2% impact on dynamieah$ts out until at
least day 6 across the tropics and midlatitudes. At day 5 in the southern henmgsghe total benefit
of microwave humidity sounding channels is now equivalentoHours of forecast skill. Hours of
forecast skill do not sound much but developments across obsemjatissimilation and models have
gained ECMWF a total of about 1 day of forecast skill over the lastdimcao this is still a useful
contribution. It is very hard to improve the skill of the full system, with all afvagons included. How-
ever, in a set of ‘reinitialisation’ experiments, all-sky microwave water uagounding on its own can
replicate 50% of the impact of the full global observing system on day-8l férecasts in the south-
ern hemisphere. In comparison, eight microwave temperature soundingniests (seven AMSU-A
and one ATMS) replicate 65% of the global observing system impact. Allkskyidity sounding con-
tributes real medium-range dynamical forecast skill and it is catching upthgétimpact of microwave
temperature sounders, currently the most important single observingsiyst&/V/P.
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Figure 28: Standard deviation of FG departures for humidity-relatednaditsens as a percentage rela-
tive to the control. Error bars indicate the 95% confidence range. Gastrthout microwave humidity
sounders but otherwise contains the full observing system; contraligadent to 100% on these figures.
Only tropical and NH fits are shown; results in the SH are similar. TEMP-€rsab radiosonde humidi-
ties; HIRS channels 7, 11 and 12 are the main channels sensitive to humidite (imwer, mid-upper
and upper-troposphere respectively) while others are more sensitemperature or ozone.
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Figure 29: Mean accumulated precipitation in the tropicsKRO20°S) as a function of forecast time,
for the summer experiments (August to October 2013) converted to avadentiin mm per day. In the
first 12 h, precipitation is accumulated in 3 h periods; in the next 12 h it is inégiogs. For the rest of
the forecast time, precipitation is accumulated every 12 h.

The impact of of the humidity sounders comes through the model tracing of wagteur, cloud and
precipitation. Single observation test cases demonstrate that:

¢ In the midlatitudes, 4D-Var adjusts dynamical initial conditions to better fit therobd water
vapour, cloud and precipitation. Generally, adjustments to humidity initial condiwe a less
significant part of the response;

e Even without a cloud or precipitation control variable, 4D-Var is capabler@ating cloud and
precipitation in the 12 h assimilation window to fit the observed cloud and pretipita

e Although quality control is stringent and observation errors in cloudgrsrare inflated, there is
useful impact from cloud- and precipitation-affected observations.

We wanted to critically investigate the benefit of the all-sky approach, lsecaiclear-sky approach
(where clear-sky observation operators are used and cloudyssaandiscarded) provides forecast ben-
efits with less complexity. Recent developments in clear-sky assimilation haweth@or doubled the
amount of clear-sky data available to assimilate from MHS and SSMIS. Inthisrhas doubled the
impact of clear-sky humidity sounding observations, now roughly a 1% ingpamedium range fore-
cast scores. Why not just continue to refine the clear-sky appraatthanld humidity sounding data
from new instruments in clear skies? The new clear-sky developments aseamip but all-sky assim-
ilation of humidity sounding channels doubles the impact again, to around 28tedver, cloud and
precipitation-affected data observe areas that clear-sky cannot) tings a disproportionate impact:

e All-sky brings 10% more observations in the tropics, mostly around and igsideective precip-
itation. These make improvements of 1% to 3% in forecasts and in the fit to indieperbserva-
tions at the tropical tropopause. However, this may be related to systematE @ssociated with
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modelling of tropical convection (either in the forecast model or the obsiervoperator) so it is
important to monitor and better understand these issues.

¢ In the high midlatitudes, cloud-screening removes a high proportion ohedigens in the most
dynamically active areas. All-sky assimilation doubles the number of olifmrsavailable where
model-tracing is likely to be most effective and most useful, in the midlatitude dtacks. This
directly benefits midlatitude synoptic forecasts through improved dynamical icGtialitions.

Although the all-sky approach requires a more complex radiative traasféicareful attention to the
observation error model, complexity is reduced in other areas. All-skynédason allows us to move
away from unreliable and hard-to-maintain cloud-screening algorithirisgiuwe do not have to worry
about the sampling biases towards dry conditions that clear-sky scoydésaily introduces.

It is important to understand the mechanism behind the impact of cloudy anippation assimilation.
This has been investigated by removing the tangent-linear and adjoint @gnsgiticloud and precipi-
tation at the input to the observation operator. This reduces the impacutmeso hemisphere day 3
forecasts from 50% to 46% in reinitialisation experiments, suggesting that alediprecipitation sensi-
tivity in the assimilation is not the dominant factor. Instead, based also on tjle simservation tests, the
primary impact comes from being able to do water vapour tracing in areagwiloeid or precipitation is
present. Expectations about the current impact of cloud and precipitssimilation in operational sys-
tems need to be realistic. Given the size of cloud and precipitation reprégesttiors in forecast models
it is impossible for a global, full observing system analysis to fit every defailoud and precipitation
in the observations. However, cloud and precipitation sensitivity is still an itapbsecondary effect
and it is likely to become more important as the quality of cloud and precipitatiecdsts improves.

There are areas where all-sky assimilation of microwave humidity channdts$ loe improved:

¢ Quality control is over-active, removing good observations that coutd haiseful impact.

e Using a scattering index predictor, the observation error model repgssbe dominant source of
random error, which is the representivity of heavy precipitation in theciast model. However,
we need to deal with large background errors in clear-sky water vapou observation errors
might currently be too large in clear areas. Also there might be benefit regepting frontal
cloud contributions to the error budget in the lower peaking channels.

e The most significant remaining causes of microwave humidity sounder datdioa are high
altitude and snow-covered land surfaces. Hence the greatest pdi@néidting more data is now
in these areas, though it must be noted some of these regions can be ddrinhigh pressure
and may not be as useful for model-tracing of synoptic features as thignmesstorm tracks.

There are biases between model and microwave humidity observationdlitinaiga they do not have
a negative impact on the current all-sky assimilation, need to be addmnegibeichprovements both to
forecast models and observation operators:

e There is insufficient scattering from frozen particles in deep conve{@eer and Baordo, 2014).

e Areas surrounding the tropical convection appear to be too dry, ppdbkilbugh excessive dry
detrainment, though there is a possibility of missing ice cloud effects - eitharghrize cloud
missing in the model or if the observation operator is not sensitive enoudbud ice.

52 Technical Memorandum No. 741



All-sky assimilation of microwave humidity sounders SCECMWF

e Over sea-ice, there is a 0.3 K warming and 1% moistening of the lower tropaspaused by as-
similating humidity sounding channels. This improves fit to observations argistency between
analysis and forecasts, but it must indicate a limitation in data assimilation or in thel iteedf.

Based on the success of all-sky humidity sounding with MHS and SSMIS, d@ipgedto further expand
the all-sky assimilation approach to ATMS humidity sounding channels andeamynicrowave humid-

ity sounding instruments that are added to the ECMWF system. Further, dsdgoint by Chevallier

et al. (2004), the easiest starting point for all-sky assimilation of infrateskrvations is the upper-
tropospheric humidity sounding channels. These share many similarities wittetfuévalents in the

microwave. Applying the all-sky technique to the infrared should bring additibenefits to forecasts
through model-tracing of the humidity, cloud and precipitation fields.
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