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Direct 4D-Var assimilation of all-sky radiances. Part Ipiementation ECMWF

Abstract

This paper describes a new radiance assimilation schenmeiéoowave imager observations which unifies
the treatment of clear-sky, cloud and precipitation-a#fdcsituations, giving an ‘all-sky’ approach. The
previous approach assimilated radiances in clear skieserielvals of total column water vapour in clouds
and rain. In March 2009, the new approach became operaiiotiaé Four-Dimensional Variational As-
similation (4D-Var) system of the European Centre for MadiRange Weather Forecasts. This approach
employs moist physics parameterizations and a full matgaattering radiative transfer model in the ob-
servation operator for all microwave imager observati@isservation operator accuracy, observation error
definition and bias correction, basic observational imp#lotVar linearity and stability as well as compu-
tational cost are described. Because of careful qualityroband relatively large observation errors, the
all-sky system produces a weaker observational constaimioisture analysis than the previous system.
However, in single-observation experiments where the oagiens are given the same weight as before,
the all-sky system is able to produce 4D-Var analyses thatlaser to the observations than the previous
approach. Despite the nonlinearity of rain and cloud preegs4D-Var minimises successfully through the
use of an incremental technique. Overall the quality of tbeVr minimisation, in terms of number of
iterations and conditioning, is unaffected by the new appho

1 Introduction

Today’s forecasting models operate at 15-25 km on globdescand 1-3 km on regional scales, with an
unprecedented accuracy of temperature and wind forecas#ilb limited accuracy when forecasting precip-
itation. The spatial scale at which numerical models extabceptable precipitation forecast skill is much
coarser than the nominal model resolution and even thdtisKiighly dependent on how localised the rain
structures are (Roberts and Dean, 2008).

In global Numerical Weather Prediction (NWP) systems, Ii&®bservations provide 90-95% of the actively
assimilated data. However, over 75% of satellite obseymatiare discarded due to cloud contamination and
unknown land, snow and sea-ice surface emissivity. Cldfatted data is difficult to deal with because of
the limited accuracy of moist physics parameterizationsumerical models and the need to model radiative
transfer through clouds and precipitation. Modern datarakgion approaches such as Four Dimensional
Variational Assimilation (4D-Var) and ensemble methods geared towards clear-sky data. In particular, the
modelling of dry processes and their error characterigtiosuch better developed than for moisture and cloud
processes.

Over the last 20 years, the assimilation of precipitatios Ieen developed from physical initialisation (Krish-
namurtiet al., 1984) to four-dimensional variational assimilation stles (e.gZupanski and Mesinger, 1995).
Rainfall observations are assimilated at a number of ojoei@t centres, with Japan Meteorological Agency
(JMA) assimilating ground-based radar data into a regiom@adel using 4D-Var (Tsuyulét al., 2002) and the
National Centre for Environmental Prediction (NCEP) adlsiting satellite retrievals into a global model using
3D-Var (Treadoret al,, 2002). At the European Centre for Medium-Range Weathezdasts (ECMWF), the
assimilation of rain-affected microwave radiances becapwrational in 2005 (Bauezt al., 2006a,b). The
latter represented the first global 4D-Var system in whidh observations were routinely assimilated.

Errico et al. (2007) summarise the most important issues related to Himiegtion of cloud and precipitation
observations and conclude that since there is very litiieeg&nce with data assimilation of observations related
to moist processes, much fundamental evaluation of sliitabnd performance of existing data assimilation
systems will have to be performed. One prominent probleimeisibn-linearity (and non-continuity) of models,
i.e. the sensitivity of the parameterizations to input pater perturbations is strongly state dependent. In the
case of strong non-linearities, data assimilation may ygrederroneous analysis increments in model state
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variables. This in turn may affect balance and stability. oter problem is the lack of investigation into
observation and background errors in cloudy and rainy titogs.

In an idealised modelling framework, Vukicevic and Posg08) evaluated the dependence of the data assim-
ilation solution on model non-linearity (and non-monotiity) and emphasised the risk of finding non-unique
solutions (i.e. non-optimal analyses). This risk is gseattreased if model errors are significant but it can be
decreased by the cumulative impact of independent obgamgatAn explicit test of the correspondence be-
tween non-linear and linearised model physics has beearpeeti by Amerauléet al. (2008) with a meso-scale
model. They concluded that the tangent-linear approxomatvas sufficiently accurate for forecasts up to 1
hour. For global models this range and therefore the asssggfithe validity of the tangent-linear approxima-
tion is more complicated due to the general use of differesdehresolutions and time steps as well as different
physical parameterizations in outer-loop (non-linear) amer-loop (linearised and regularised) calculations
employed at most operational centres (Andersstaal,, 2005).

Observation and background errors are difficult to quardifg to the complexity of the processes involved.
Also the errors may be strongly state dependent and may ndresented by general Gaussian statistics.
Observation (operator) errors are mainly driven by theasgntativeness error and the fundamental assump-
tions used in radiative transfer (RT) modelling (AmeraultlZou, 2003). The representativeness errors relate
to the spatial representation of sub-grid-scale varighiti the model versus that of observation. Often, for
computational performance reasons, very simple paraipatiens have to be used, e.g. defining an effective
cloud/precipitation coverage fraction that minimisesiatide transfer errors when validated against observa-
tions (Geett al,, 2009).

Moreauet al. (2004) and Baueet al. (2006a) have shown that for global models it is preferablassimilate
microwave radiances rather than rain rates because:

¢ the observation operator always produces non-zero gradierthe absence of signal saturation) whether
a scene contains clouds or not;

e an observation operator which combines moist physics atidtige transfer model behaves more con-
tinuously over its dynamic range than does moist physiasealo

e the statistics of observed-minus-modelled radiance tiegsr have mostly Gaussian characteristics, and
this also facilitates bias correction;

e observation operator errors can be derived from spatiartie@ covariance statistics.

The background error definition depends on the control kbesaused in the assimilation scheme. In earlier
studies on 1D-Var retrievals of hydrometeor profiles frogtigace observations where the observation operator
consisted only of the RT model, hydrometeor backgroundrecould be calculated from the state-dependent
temperature and humidity background errors to which thestaiysics operator was applied (Moreztal.,
2003). The temperature and humidity background errors.ekiery did not take account of the presence of
clear skies or cloud. Amerault and Zou (2006) derived bamlkgd error statistics at the meso-scale from the
statistical difference between parameterization schers®sming that those represent realistic parameterization
errors. The main challenge here is to define a simple yet ateegscheme that allows a state-dependent error
definition in an operational environment. In the future,eamble data assimilation may be one way to obtain
more realistic background errors than currently availafileese methods are currently being developed and
promise to provide better statistics and a more balancedghvbetween model forecasts and observations in
the analysis.

This paper and its companion (Gesral, 2010b) describe improvements in the use of microwavelgatel
observations in the ECMWF forecasting system. Since Maff)92the operational system has assimilated
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all-sky microwave radiances directly into 4D-Var. The euntrpaper describes the rationale behind the all-sky
approach and the technical details of the implementatidrexamines the system using single-observation
test cases and looks at issues such as the non-linearity afotbervation operator, and the convergence and
numerical performance of the full system. The second pax@mimes the use of all-sky observations in the

context of the full ECMWF operational system by looking aalysis and forecast skill.

2 Assimilation system

2.1 Overview

Rain and cloud assimilation is incorporated within the ECM8WD-Var system (Rabiegt al., 2000), along-
side the assimilation of many other conventional and setelbservation types. 4D-Var seeks to make the best
estimate or ‘analysis’ of the atmospheric stafi) at timety by minimising a cost-function:

()] = S[(to) ~x*(t0)] o x(to) ~X°(to)]
+ %_idiTRildi (1)

For full definitions see Idet al. (1997); for more explanation see Kalnay (2003). A first gu&ss) model
forecas®(tp) provides a background. Observations are distributed mitime window (in our case 12 hours)
divided inton discrete timeslots In each timeslot, observatioy$ are compared to the corresponding model
estimates to calculate the ‘departure’ of model from olestéa:

di = y? — Hi[Mi[x(to)]] )

H; is a non-linear ‘observation operator’ that, for exampleyudates observed brightness temperature (TB)
given input values from the atmospheric moddj[x(to)] represents running the non-linear atmospheric model
from timestepty to ti. The weighting between background and observations andpiteading of the obser-
vational information in space are determined by the chofceackground and observation error covariance
matrices B andR;.

It is useful to distinguish between the ‘control vectorg.ithe part ok(tp) that is varied in order to minimise
the cost function, and other atmospheric or surface staigbkas, which may either be held fixed or be derived
from the variables in the control vector. In the ECMWF systéine control vector contains only quantities
related to winds, temperature, moisture and surface pesse. there is no cloud or precipitation in the
control vector. Some other quantities, such as sea sudaggeratures and surface parameters, are held fixed.
However, cloud and precipitation are derived from the clarospheric variables by the application of moist
physics operators as part of the atmospheric mblednd hence cloud and precipitation must still be optimised
in 4D-Var if cloud- or rain-affected observations are asisitad.

To make the cost function into an ‘easily’ soluble quadrédian, the non-linear operatotd; andM; in Eq. 2
are replaced by tangent linear operatdrand M, which are the matrices of the partial derivativedhfand
M;. Whether the linear solution is valid depends on the validftthe tangent linear hypothesis, for example
for M:

Mi[X(to) + Ox | ~ Mi[X(to)] + M; X, 3)

and similarly forH. for The cost function, once in quadratic form, can be misgdiusing an iterative algorithm
which, at each step, requires a calculation of the cost fomend its gradient. Calculation of the gradient
requires the use of ‘adjoint’ operators, which are the pasesH™ andM .
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In practice, the basic version of the cost function is exéehith various ways. Quality control is applied by
scaling the cost function according to each observatiawbability of gross error (Variational Quality Control,
VarQC,; Ingleby and Lorenc, 1993; Andersson and Jarvin@88)L The control vector is augmented to allow
the estimation of parameters for the correction of obsemwdiiases (Variational Bias Correction, VarBC; Dee,
2004; Aulignéet al., 2007).

ECMWF also use an incremental formulation for the minim@a{Courtieret al, 1994), based around a non-
linear ‘outer-loop’ update and a linearised ‘inner-loopiimisation. After each outer-loop, the linearisation
point about whichH andM are calculated is updated. The idea is that the linearisgi@nt gets closer to
the eventual analysis and the tangent linear assumpticomnieEsc gradually more valid. The outer loop steps
are run with the atmospheric model using a spectral resolwtf T799 (or sometimes T511 for computational
efficiency in our tests here). There are three runs of theriloop, all at a reduced resolution, the first at T95,
the second at T159, and the third at T255. We will explaindglemcepts in more detail later.

2.2 Observations

Microwave imagers typically have a number of channels betw®0 GHz and 89 GHz. Outside of heavy
precipitation and cloud, the atmosphere is usually seamsjparent at these frequencies. Due to the difficulties
of modelling land surface emissivities and temperaturespnly use these observations over ocean surfaces.
Here, observed TBs are sensitive to the sea surface (skipetamare and wind speed) and the atmosphere
(water vapour, cloud and precipitation). The emissivitytlod sea surface is typically much less than 1 and
so the surface typically provides a cool background agaimith water vapour, clouds and rain show up as
warm emitters. However, at higher frequencies, TBs canedeser with increasing moisture or cloud, either due
to scattering from frozen hydrometeors or to the weightimgcfion moving to higher, relatively cool parts of
the atmosphere. Microwave imagers use a conically-scgrteithnique where all observations have the same
zenith angle and (for a particular frequency) footprinesiz

The ECMWEF all-sky system uses observations from Specia@avicrowave / Imager (SSM/I) and Advanced
Microwave Scanning Radiometer for the Earth Observing @gfAMSR-E). SSM/I instruments have been
flown on the Defence Meteorological Satellite Program (DMS&tellites from 1987 until the present day
(Hollinger et al,, 1990). Here we use observations from DMSP-F13 and F15. B4/ seven channels
from 19 GHz through to 85 GHz, labelled by their frequencyspiuv’ or 'h’ depending on their polarisation
(vertical or horizontal): 19v, 19h, 22v, 37v, 37h, 85v anch8 AMSR-E (Kawanishiet al., 2003) provides
channels 7v/h, 10v/h, 19v/h, 24v/h, 37v/ih and 89v/h, buetvee avoid the 7 and 10 GHz channels due to
problems with our surface emissivity modelling at low frequies and the 89 GHz channels since they are not
spatially co-registered with the lower frequency channels

Tropical Rainfall Measuring Mission (TRMM) Microwave Imeag(TMI) and Special Sensor Microwave Im-
ager Sounder (SSMIS) were assimilated in the previous ECMY¢Eem but to save computer resources, their
use has been temporarily discontinued (Sect. 6.3).

2.3 Observation operator

RTTOV-SCATT (Bauett al,, 2006c) provides multiple-scattering radiative transfaculations at microwave
frequencies as part of the RTT®gackage (Eyre, 1991; Saunders, 2008). Scattering catmsaire performed
using the delta-Eddington approach (Josephl, 1976), which gives reasonable results when simulating the
radiances measured by microwave radiometers (Setit., 2002). Scattering parameters are pre-calculated

1Radiative Transfer model for Television Infrared ObsepraSatellite Operational Vertical sounder
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using Mie theory and tabulated as a function of frequenegptrature, and hydrometeor type and density. The
most important inputs to RTTOV-SCATT are the surface skingerature and winds, and vertical profiles of
pressure, temperature, moisture, cloud liquid water aadr&in and snow fluxes, and cloud cover. We use the
revised cloud overlap approach of Getral. (2009), which results in substantially more accurate ¢joaid
rainy radiative transfer than with previous versions of RMFISCATT.

3 Previousapproach: 1D+4D-Var

The system that was implemented at ECMWF in June 2005 (Betual, 2006a,b) consisted of two stages.
First, SSM/I radiance observations were used to constraimeadimensional variational (1D-Var) retrieval of
total column water vapour (TCWV). Then, the TCWV was assiigitl as a pseudo-observation in 4D-Var. This
was known as ‘1D+4D-Var'. Separately, clear-sky SSM/I olgtions were assimilated directly into 4D-Var.
Further developments to the 1D+4D-Var system were destiiyeGeeret al. (2008) and in June 2008, rain
and cloud-affected observations from AMSR-E and TMI werdtided.

What distinguishes 1D-Var from an ordinary variationaliestal is (a) it uses the same background state and
temperature and moisture background errors as the 4D-\afdrihe observation operator uses the same lin-
earised moist physics package as the 4D-Var. The contrtbveonsists of temperature and moisture profiles.
Fixed information includes the background temperatureranisture tendencies, latent and sensible heat flux
at the sea surface. With this as input, the observation teransists of (i) linearised moist physics parame-
terizations (Tompkins and Janiskova, 2004; Lopez and Blor2005), which are used to derive the cloud and
precipitation profiles and (i) RTTOV-SCATT, which is useamldalculate the microwave radiances. An advan-
tage of doing a 1D-Var retrieval is that it allows an additibstep of quality control before assimilation into
4D-Var.

One of the main recent improvements was the correction adsihithe linearised moist physics parameteriza-
tions, which were producing excessive rainfall compareti bmthe non-linear parameterization on which they
were based, and compared to independent rain observa@Gaesdt al., 2008). This highlights the importance
in rain and cloud assimilation of using a model that is abladecurately predict rain and cloud amounts.

Geeret al. also noted a number of limitations of the 1D+4D-Var approdsbst, the TCWV pseudo-observation
was not bringing that much new information: much of the 4D-®aalysis humidity increment is inferred
indirectly from other observations, such as temperatatgding radiances. The unique information content of
the microwave imager observations was in their cloud andirdormation. Rather than discard this, it would
be better to make use of it in a direct 4D-Var assimilationagfiances. Second, the separate treatment of clear-
sky and cloud/rain-affected observations created an anbatl sampling. Cases with clear observations but a
cloudy first guess went through the clear sky route, usingredky radiative transfer in the observation operator.
This meant that (a) there was quite a large sampling biasiifh4D-Var stream and (b) an opportunity was
being missed to correct the erroneous FG cloud when cleas skere observed. An all-sky approach was
proposed, where the treatment of clear and cloud-affe@sdscis unified in a single data stream with a single
observation operator. This is what is implemented in thjzepa

One final problem was that near saturation the backgrourmd éefinition tends to penalise positive moisture
increments more strongly than negative increments. Thansithat the assimilation of rain and cloud affected
data causes a net drying effect on the moisture analysiselfmwhis issue is not addressed by the new system,
and remains a problem (Geet al,, 2010b). In the future, it can only be overcome by extendirey4D-Var
control vector and background errors to include condersate
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4  All-sky approach

4.1 Introduction

The all-sky approach is best introduced by explaining hodiffers from the treatment of clear-sky radiance
data. At ECMWEF, the following steps usually take place:

=

. Observations are thinned by scan-line and scan-position

2. Model fields are interpolated to observation locations;

3. Observations are simulated using a clear-sky radiatarester model,

4. A bias-correction is applied, based on the VarBC estirfrata the previous analysis;
5. Cloud-affected observations are removed;

6. A FG departure check (BgQC) is performed for quality colntr

7. Data is further thinned by time slot onto a latitude-lande grid to avoid spatial and temporal correlation
of observation (operator) errors;

8. Observation errors are pre-defined and remain constamighout the analysis. They are not model-state
dependent.

9. VarQC operates through the minimisation for further gyalontrol;

The all-sky approach is completely different except fopsté, 6, 7 and 9.

There is no spatial interpolation in the all-sky assimdati Interpolating fields from the moist physics model
output to observation locations was considered inappaitgodue to the large horizontal variability and the po-
tential loss of physical consistency among profiles of teraoee, humidity, hydrometeor contents and surface
parameters. Consistency is only guaranteed at each mad@iagnt. The difficulty comes particularly from the
high sensitivity of convection parameterizations to inpatturbations. In the all-sky approach, the radiative
transfer model (and its tangent-linear and adjoint) is raly @t grid point locations. In order to reduce the
geographical mismatch to a minimum, we only use observatibat are less than 10 km from the grid points,
and (for each sensor) only one observation per grid pointcklethere is no need for further thinning or in-
terpolation, so steps 1 and 2 are eliminated. As previousgtioned, step 3 now uses a scattering radiative
transfer model to allow computations in cloud and precijuta

The all-sky treatment unifies clear-sky and cloud-affeabdervations and has a single observation operator.
Thus, there is no longer any cloud detection involved, elating step 5. This gives the major advantage of a
balanced sampling. Figure 1 shows histograms of FG departor the seven channels on SSM/I. Individual
curves have been drawn for those data samples where botH aratl®@bservations contain clouds (dotted,
37%) or only clear-sky (solid, 35%), where the observatiomstain clouds but the model is cloud-free (dash-
dotted, 11%) and vice versa (dashed, 17%). Figure 2 showsthesponding geographical distribution of the
samples.

The clear-sky approach allows the sum of the solid and dashetples into the analysis, the latter being
about half the size of the former. The geographical distiibusuggests that many areas in which cloud
is different between observations and model are located fr@ats and convective systems that are slightly
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Figure 1: Histograms of SSM/I first-guess radiance depasuor samples where both model and observations contain
clouds (dotted) or only clear-sky (solid), where the obadons contain clouds but the model is cloud-free (dashedi)t
and vice versa (dashed) for channels 19v (a), 19h (b), 22v3@@) (d), 37h (e), 85v (f), 85h (g). Data drawn from a
12-hour assimilation on 15 September 2007 00 UTC.
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Figure 2: Geographical distribution of SSM/I data from a h@ur assimilation on 15 September 2007 00 UTC for
samples where both model and observations contain clodds)(br only clear-sky (yellow), where the observations
contain clouds but the model is cloud-free (red) and vicaaégreen).

misplaced by the model but where the cloud extent is wellesgmted by the model. In those cases, the clear-
sky radiance assimilation would introduce increments amlythe side of the system where the observations
are clear. However, the all-sky system is able to developahdduds where there are none in the first guess
and to dissipate model clouds if there are none in the obisenga In total, 65% of observations are affected
by cloud either in the model or observation, and many of tineaieing 35% of supposedly clear observations
may be affected by small amounts of cloud.

Figures la-g also suggest that the biases in radiance spacenall for the samples where both model and
observation agree in terms of cloud. This suggests thatddeéin-sky and cloud observation operators perform
well across all SSM/I channels and that the bias correciaoirectly adjusting for any remaining systematic
differences on a global basis.

Steps 4 (bias correction) and 6 (FG departure check) arimedtdéor the all-sky system and are described in
Secs. 4.3 and 4.4 respectively. In the all-sky system, leiarahat observation errors are likely to be larger in
rain and cloud affected areas, due to the increased diffiofitnodelling these phenomena. Thus a completely
new approach to the definition of observation errors (step Bgeded. This is described in Sec. 4.2. Itis also
necessary for the first time to really consider the spat@megentativeness of observations (Sec. 4.5).

4.2 Observation errors

Observation errors are allowed to vary through the minitiieaand are scaled depending on: (a) the total
hydrometeor amount in the FG; (b) the distance of the obsenvérom the nearest model grid point. From
previous work we know that observation errors are genetaftyer in cloud and rain. The true instrument
noise is irrelevant here; it is representativity (or lacktpind observation operator error that is important. For
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Figure 3: (a) Histogram of observation errors for channelM3Before inflation; (b) Histogram of the additional inflatio
term, proportional to the square of the distance from thel gmint (r /rc)?), which changes depending on the resolution
of the minimisation. Sample is all assimilated SSM/I obesiows at 00Z 22nd August.
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Figure 4: Map of SSM/I observations (squares), outer-lobpIrgrid-points (dots) and final inner-loop T255 grid-pa@int
(crosses). SSM/I observations are selected on the baswmg kess than 10 km from the outer-loop grid-point, but only
every second grid-pointis used, to help thin the data. Glirates are latitude and longitude in degrees. The squares a
symbolic and do not represent the observation resolution.

example, the accuracy of scattering radiative transferpially lower than for clear sky (see e.g. Getral,
2009, errors could be 10 times bigger in cloud). For eachmglaa clear sky erraoS" and a cloudy/rainy sky
errorog'OI are defined. The nominal observation erggy, is determined from:

Oon = €oS" + (1—c)os™ (4)
but with the clear and cloudy errors providing upper and lolainds:
ol" < Gon < 0 (5)

Herec is the total column hydrometeor amount in the model, in kgfniThis is the sum of cloud water path
(CWP), ice (IWP), rain (RWP) and snow (SWP). The model regmesssnow and rain in terms of fluxes, so the
densities needed to calculate RWP and SWP are derived usiagséormation described by Gesdral. (2008).
The nominal error is allowed to vary through the minimisatithus accounting for the potential generation and
dissipation of clouds. Figure 3a shows a typical histogramominal observation errors for channel 37v.

Observation errors for SSM/I were calculated as in Bateal. (2006a) from spatial departure covariance
statistics and were defined in clear skieygé =3,4.5,4, 3.5, 4K (19v, 19h, 22v, 37v, 85v) and in cloudy skie
089 =3, 6, 3, 150, 300 K. At high frequencies we artificially infldithe observation error in cloudy situations
to prevent assimilation. This is because, compared to lfn@gquencies, there is increasing sensitivity to frozen
precipitation, which is less well modelled by the moist phygparameterizations. Also, the optical properties
of frozen hydrometeors are less well known, making radgatiansfer more difficult. For this reason Bauer
et al. (2006a) only assimilated channels at 19.35 and 22.235 GHeitD+4D-Var system. Channels 37h and
85h were found to be too strongly affected by surface emigsivodelling biases and were therefore excluded
in both clear and cloudy skies. The smaller error at 22.23% @Gtlouds is explained by the much reduced
dynamic range of radiances due to water vapour absorptiote tHat it is assumed that errors are spatially and
spectrally uncorrelated.

To the nominal observation error is added an ‘inflation tetonaccount for the distanaebetween the obser-
vation and the model grid-point. This is needed because theehresolution changes at each inner-loop of
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4D-Var and is different from the outer-loop resolution. Fimeans that will also change (e.g. Fig. 4). We
assume that asincreases, the observation becomes less representatitie gfid-box in which it is being
assimilated. The nominal observation error is inflated caigzhlly so that the final observation error is:

Oo = Oon+ (r/rc)%. (6)

Here,r. =10 km is a critical radius, at which the inflation term is 1 K.

The inflation of error with distance means that while the sanmaber of observations is retained throughout the
minimisation, the observation weight is adjusted. Whenighdr model resolution the observations are more
likely to be close to a grid-point, so the observational weigcreases. Figure 3b shows histograms of the
inflation term at the three different minimisation resadas. Observations are typically given very large errors
during the first and second minimisations. This reducesisikeof too strong increments in the initial coarse-
resolution minimisations where the tangent-linear apipnation with active moist physics is most likely to be
false.

4.3 Quality control

It is important to screen out bad or outlying observationsctvimight otherwise significantly degrade the
quality of the analysis, and this process is known as quatitytrol (QC). With rain and cloud-affected obser-
vations, QC is challenging, since it is perfectly normalftw,example, find a situation with a rainy FG and a
clear-sky observation. In such cases, FG departures caslty ée as large as 50 K. In a traditional clear-sky
QC approach, a large FG departure indicates a bad obseryvatioch would be rejected. In our initial im-
plementation of the All-Sky approach, this problem remabecause we apply the standard Background QC
(BgQC Jarvinen and Unden, 1997) which actually does rejech ‘valid’ observations.

BgQC rejects observations where the FG departure is gréstera factor times its estimated error standard

deviation, i.e:
d> ay/02+ o2 (7)

Here,d represents one scalar element from the departure vdc(&y. 2). This check is applied during the
FG trajectory. For all-sky observationg, is the observation error (Eq. 6 is set to 2.5, in common with
many other observation typesy, is an estimate of the background error in observation spéhis is based
on the temperature field and is of order 1K, which is extremulgealistic in cloudy and/or rainy areas. In
further work we will make this more realistic, but for the memt, this very smalby, is used to provide an
overly stringent QC of the observations. This has the p@siienefit of helping to avoid cases with strong
nonlinearity, and represents a conservative initial aggindo using the cloud and rain affected observations.

As mentioned earlier, a second procedure (VarQC, Anderasdrdarvinen, 1998) operates during the 4D-Var
minimisation. This is applied to most observations in theMB&ZF system, including all-sky observations.
VarQC applies a weight to each observation in the minimasagiccording to how well it agrees with surround-
ing data, as represented by the evolving analysis stataglthie minimisation. Observations are never truly
‘rejected’, but merely downweighted to the point where they no longer relevant. As well as losing weight,
observations may regain it again if the analysis (basedIynostother observations) starts to agree with the
observation. Technically, this method is implemented bylifying the observation error distribution assumed
in 4D-Var from a pure Gaussian to a Gaussian plus a constargsenting the possibility of erroneous data.

Figure 5 shows histograms of SSM/I channel 19v FG departiaresne analysis, divided into the samples
that pass QC checks and those that are rejected. About 20tB@0vations pass QC. BgQC acts essentially
to reject all observations with FG departures greater thmoutal0K: this is about 800 observations. The
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Figure 5: Histogram of SSM/I channel 19v FG departures fram analysis cycle, 00Z on 1st March 2009, showing the
numbers that were rejected by BgQC or actively assimilati@d (ine); rejected by BgQC (thick line); rejected by VarQC
(dashed line).

observations rejected by BgQC are almost exclusively &ssatwith rain and cloud systems, where the result
of disagreement between observation and model can be argB terms. Observations which pass BgQC
may still be affected by VarQC. Observations are flaggedadled’ if they have been downweighted by at least
75%. VarQC ‘rejects’ a further 100 observations accordatpis measure. Again, these rejections tend to be in
rainy and cloudy areas. Overall, our QC approach eliminaiasge proportion of the observations in strongly
rainy and cloudy areas. However, 95% of observations dideihg used, which is a much larger proportion
than in traditional ‘clear sky’ microwave imager assimat(roughly 50% at ECMWF were considered clear).
Hence, we can still justifiably refer to our approach as arsia)’ system.

We have so far only considered channel 19v, where the oligemerror is always quite small. The channel
19v results are valid also for 19h and 22v, where the observatror is similar. Channels 37v and 85v are
given much larger observation errors in rain and cloud. ldeBgQC does not reject many rain and cloud
affected observations for these channels, but the higihsemean these observations have little impact.

4.4 Biascorrection

Bias correction in the all-sky system is done by VarBC (D&84 Aulignéet al,, 2007), which estimates bias
correction coefficients as part of the 4D-Var assimilatiéior the all-sky implementation we used the same
predictors as the original clear-sky assimilation of micage imagers. These are a constant, skin temperature,
TCWYV, surface wind speed, plus a 4-order polynomial of thenguosition that accounts for scan biases. The
second part of this paper (Geet al, 2010b) finds that globally, the VarBC system is capable otradling

the bias. However, at a local scale there are many biasesiagsbwith cloud and precipitation systems. To
correct these we would need to add predictors based on thé olorain amount. For the first implementation
of the All-Sky approach, we judged that these uncorrectedes could be tolerated, and they are generally
much smaller than were found in the 1D+4D-Var system. This both to the more-accurate moist physics
used in 4D-Var, and recent improvements in the treatmenbafidraction in the radiative transfer model (Geer
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et al,, 2009). Nevertheless, improving the bias correction igga lpiriority for the future.

4.5 Spatial representativeness

Representativity issues are largely neglected in cleaaskymilation, but in cloud and rain they become much
more important. The SSM/I field of view (FOV) is 45 km 70 km at 19 GHz and 25 km 35 km at 37 GHz.
The model grid box size is roughly 25 km 25 km at T799. These are all close enough that the SSM/I field
of view and model grid-boxes are assumed to be equivalenis dppears to have worked well both for the
1D+4D-Var rain assimilation and for the new system.

AMSR-E has a much smaller field of view than SSM/I, being 16kr7 km at 19 GHz and 8 knx 14 km at

37 GHz. Using AMSR-E in the 1D+4D-Var system we ignored tiid found no problems in doing so. We tried
to do the same in the all-sky 4D-Var system, but we found fasescore degradations at short ranges (T+12
to T+48) in trade cumulus areas in the N. and S. Atlantic arttiénPacific. These areas can exhibit scattered
cloudy, rainy and clear areas with variations on scalesdratoo small to be represented by the model, let
alone forecast accurately. It appeared that by attemptiagdimilate some of this variability, we were bringing
unwanted noise into the analysed moisture and temperaglds.fiHence we introduced a ‘superobbing’ of
AMSR-E data.

Superobbing, as implemented here, simply averages thesied observations to the outer-loop grid point,
with no observation allowed to be further than 20 km from thid goint. The AMSR-E superob is intended
to have a spatial resolution closer to that of SSM/I. We fotlrat when superobbing was implemented, the
forecast degradations in trade cumulus areas were largelgwved.

We are aware that even with the superobbing of AMSR-E, oatritent of representativity is currently quite
superficial. Improvements in this area may bring substilbéaefits to the system and we aim to revisit this in
the future.

5 Single-observation tests

5.1 Introduction

To illustrate the way the new system works, we can run a fulMéD analysis, but assimilate only one obser-
vation. The FG is the same in all cases. We present the fallpekamples:

e A: Convection in the inter-tropical convergence zone (ITGZydel has too much rain compared to the
observation (Tab. 1);

e B: Midlatitude cold front: model has too little moisture andwll (Tab. 2).

e C: Convection in the ITCZ: a near neighbour to case A, but chesélustrate a situation with poor min-
imisation quality. No table is given, but the case is examhiimeSec. 5.3. Coordinates: LM, 24.2°W.
Time: 18:47 Z 30 Sep 2007.

For both FG and analysis, the tables list the departures ZEgnd the values of TCWV and total column
hydrometeor amount at the observation point and time. Eash kbas been run with three different assimilation
methods:
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Table 1: Single-observation case A (1N 24.2°W, 18:47 Z 30 Sep 2007.).
FG Analysis
All-sky-1  All-Sky-2 1D+4D-Var
Departures [K]

19v -6.9 -5.7 -1.5 -1.8
19h -12.6 -10.4 2.1 -2.7
22v -3.3 -2.7 -1.5 -1.8
37v -9.3 -7.3 -8.4 -12.4
37h -26.8 -22.3 -18.6 -26.4
85v 14.6 14.8 4.3 4.8
85h 9.7 10.8 0.2 -4.5
Total columns [kg m?]

TCWV 59,5 59.2 57.7 58.0
CwWP 0.19 0.17 0.21 0.28
IWP 0.19 0.16 0.10 0.12
RWP 0.35 0.32 0.18 0.17
SWP 1.07 1.06 0.22 0.23

Table 2: Single-observation case B (40N§ 52.6°W, 20:40Z 30 Sep 2007.)
FG Analysis
All-sky-1  All-Sky-2 1D+4D-Var
Departures [K]

19v 7.6 7.4 3.3 5.6
19h 10.4 9.9 2.3 6.5
22v 9.8 9.1 0.8 5.2
37v 9.3 9.1 6.4 8.1
37h 16.2 15.7 8.8 13.0
85v 10.4 10.4 8.8 10.3
85h 22.2 21.5 11.3 17.0
Total columns [kg m?]

TCWV 17.3 17.7 23.6 18.9
CwWP 0.01 0.01 0.03 0.02
IWP 0.19 0.19 0.23 0.23
RWP 0.00 0.00 0.00 0.00
SWP 0.45 0.49 0.80 0.67
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e All-sky-1: Uses the exact operational implementation;

e All-sky-2: As above, but ‘unrestricted’ - inflation of observation ervath distance (Eq. 6) has been
turned off, as has quality control (both BgQC and VarQC);

e 1D+4D-Var: Uses the previous operational system, but again qualityraomas been turned off. The
departures given in Tabs. 1 and 2 are based on 4D (not 1D) mabbeilations, for consistency with the
All-Sky experiments. Bias corrections from the All-Sky-fipoach have been applied to these depar-
tures, since the 1D-Var bias corrections would not be apjatep

5.2 Analysisquality

In the ITCZ example (case A, Tab. 1), FG TBs are too high coeg#y observations and there are negative FG
departures in channels 19v to 37h. Thus the model has too WC&HV, cloud or rain. In All-Sky-1, All-Sky-2
and 1D+4D-Var approaches, the nominal observation erasreHannels 19v, 19h and 22v are set to 3, 6 and
3K respectively. 1D+4D-Var does not use the higher frequart@nnels at all. In the all-sky approach, the
presence of heavy precipitation and cloud in the FG leaddsemwation errors for the 37 GHz and 85 GHz
channels greater than 100 K, meaning these channels aotiveffe unused (see Sec. 4.2). In no case does
BgQC reject the observation. Hence, observation errorschadnel usage are identical in all three methods,
except that All-Sky-1 adds an inflation term for the obseoraterror (Eqg. 6).

In the analysis, all three approaches reduce the depgrhureis the new operational approach (All-Sky-1), the
reduction is not large. The impact of the observation is naafer in All-Sky-2 and the analysis departures
become quite small. A good fit to observations has been asthiby decreasing water vapour in the model
(TCWV goes from 59.5 to 57.7 kg m) and rain (RWP goes from 0.35 to 0.18 kg fi This has been
achieved by reducing the strength of convection in this fgrofFigures 6b, ¢ and d show how the vertical
profiles of humidity, cloud and rain have been changed at fiservation point. Snow is also reduced (SWP
goes from 1.07 to 0.22 kg m) and the impact of this is seen in the high-frequency chan(@dv and 85h)
where scattering from falling snow typically depresses . TiBare, positive FG departures indicate excess snow,
which is then corrected in the analysis. To achieve reducemtection at the observation time, the 4D-Var
analysis has adjusted moisture in the lower and mid tropaspht the start of the analysis window (09Z,
Fig. 6a).

The lack of observational impact in the All-Sky-1 approaomes from using much larger effective observation
errors than in All-Sky-2. As the inner loop resolution ireses from T95 to T159 to T255, the distance of this
observation from the nearest model grid point is 99, 65 arkh88spectively. As a result, observation error is
inflated by 98.2 K, 41.7 K and 15.6 K respectively. Itis cldattvery little weight will be given to an individual
observation in this case.

The 1D+4D-Var approach produces a very similar result teSkif-2. One justification for moving to a 4D-Var
approach was that assimilating just a TCWV pseudo-obdervatight not be sufficient to change the cloud
and rain fields appropriately. For this case at least, thedIbVar approach is perfectly effective, and directly
assimilating TBs provides little improvement. In fact, hase of the error inflation with distance in All-Sky-1,
a single observation will typically have much lower weighthe new system than in the old. However, in the
normal operational context, this 1D-Var observation wadtlally have been removed by quality control, due
to an excess of falling snow compared to rain (Gataal., 2007).

Case B (Tab. 2) illustrates a midlatitude frontal situatiorhe front is indicated by a band of high TCWV
running from SW to NE across a section of the N. Atlantic. Lo@WV to the NW indicates cold, dry air
behind the front. At the observation point, the FG has tdtelivater vapour and cloud, resulting in positive
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Figure 6: Single-observation case A: Vertical profiles offidity and cloud water increments at the observation point:
(a) Specific humidity at 09Z; (b) Specific humidity at 18Z;aloud water mixing ratio at 18Z; (d) Rain flux at 18Z. Cloud
and rain increments at 09Z are so tiny that they are not woltbveng. Thin solid line: All-Sky-1; Thick solid line:
All-Sky-2; Dot-dash line; 1D+4D-Var
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Figure 7: Single-observation test case B, using the All-Skpproach: (a) 09Z and (b) 21Z wind increments at 670 hPa
(white arrows) over FG sea-level pressure (black lines, & b&ntour spacing) and TCWV (coloured contours, blue =
low; red = high); (c) 21Z TCWYV increments (red is an increabkje is a decrease; extremes are approximately +2kg
m2 and -1kg n2) over FG TCWV (black lines, 4 kgt contour spacing; this is the same field that is shown in panel
b). Colour bars have been omitted in order to simplify thegdgan. X marks the location of the assimilated observation,
which was valid at 20:40Z. 09Z TCWYV increments are so smatlttiere is no point showing them: the principal change
at 09Z is in the winds, temperature and pressure .
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FG departures. TCWV and CWP are increased in the analysisasariodelled TBs become higher and the
analysis departures become smaller. Again, observatipadiis small in All-Sky-1 and it is necessary to turn
off the observation error inflation (All-Sky-2) in order teesthe maximum potential impact of the observation.
However, this time 1D+4D-Var has less impact than All-Skyshich may happen because a direct radiance
analysis must adjust both cloud water and humidity to fit theeovations, whereas in 1D+4D-Var, the analysis
only needs to adjust the humidity.

Figure 7 shows the increments in the All-Sky-2 analysis.dntrast to the tropical case (A), where increments
were localised and limited to the moist variables, case Bluas changes to the large-scale wind fields and
(not shown) temperature and pressure. Winds near the @aeeriocation are roughly NW (not shown). Wind
increments act to decrease the wind speed by roughly I’natsthe beginning of the assimilation window
(panel a), thus slowing down the progress of the front anceaming the humidity at the observation time and
location (panels b and c). There is virtually no humidityremment at the beginning of the assimilation window.
Because the background error formulation includes a cainsto ensure that any increments are in geostrophic
balance, the local decrease in the wind field is associatddandipole change in the pressure fields, filling in
the low pressure area and reducing the high pressure areahmen). Another result is that these pressure
changes are also associated with an increase in wind spebd ontside of the dipole.

TCWV changes near the observation time (Fig. 7c) are agsdcigith the steep gradients in the TCWYV field.
Where the progress of the front has been retarded, thistseéauhn increase, and where it has been speeded
up, this results in a drop in TCWV. There are smaller decieasthe TCWYV on the forward side of the front
where the TCWV gradient is steep. The ‘tracer effect’ of mdsiting observations sensitive to humidity has
also been shown by e.g. Peubey and McNally (2009).

In summary, the single-observation tests show that difl@evar assimilation is able to adjust dynamical, mois-
ture and cloud and precipitation fields in order to match theky observations. The inflation of observation

error with distance from the grid points means that the imideeof any single observation will be quite low

in the All-Sky-1 approach. Nevertheless, when all microsvanager observations are assimilated in the full
system, the dynamical impact matches the previous appr@achthe humidity constraint is roughly half as

strong (Geeket al,, 2010b).

5.3 Minimisation quality

Single-observation tests also help illustrate the peréoree of the 4D-Var minimisation in the presence of
the strong nonlinearities associated with cloudy and rainservations. As we will see, incremental 4D-Var
generally works well.

First we must outline how the incremental method is impletegrat ECMWF. The outer-loop starts with a
run of the non-linear forecast model from the backgrountesta give M;[x°(to)], the state about which the
linearisationdH andM; are calculated. The inner loop is a variational minimigatidhich solves a linearised
version of the cost function shown in Eg. 1. The inner loopssoh is taken as the starting point for the
next non-linear outer loop run. This is usually expressetkims of an incremendx which is added to the
original background state so the new outer loop calcubsk@e(to) + 6x]. Whether the linear solution is valid
depends on the validity of the tangent linear hypothesis BEqTypically, the smalledx, the more valid this
assumption. The idea of the incremental method is that timelinear ‘outer-loop’ state becomes closer to
the solution of the non-linear cost function and each swheesncremendx is smaller than the last. In the
operational system there are three steps in the outer labpemce also three inner loop minimisations.

We will examine only the All-Sky-2 single-observation tegtere, i.e. those performed without the usual
restrictions of observation error inflation and QC, knowraasunrestricted’ approach (see Sec. 5.1). Hence,
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Figure 8: Channel 19v first guess departures through the 4bDfinimisation for single-observation test cases A, B
and C using the All-Sky-2 approach. Squares indicate depsstcalculated using the nonlinear T511 forecast model in
the ‘outer loop’; crosses indicate the departure at the ef@ach minimisations or ‘inner loop’, calculated using the
incremental method. We do not show the intermediate deartiuring the inner-loop minimisation; the straight solid
lines are simply illustrative.
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the observations have a much larger impact than they uswallyd.

Figure 8 follows the channel 19v departures through themigdtion process. Looking at Case A, we see FG
departures of -7K (see also Tab. 1), which have been geddrata a run of the full nonlinear model at T511.
Then, an inner-loop is run using the tangent-linear (TL) adjdint models at T95. After a preset 70 iterations,
the departure has been reduced to -1 K. This depadiuhas been computed using the incremental approach,
i.e. itis based on the TL model and observation operdtbendH:

di =Y’ —HMPX(to)]] —HM %1 ®)

For notational simplicity we have dropped the timestepdattri from the modeM. We are thinking about
just a single observatioy’, i.e. this is a scalar here, as is the nonlinear observatpenatorH. dox; is the
increment generated by the first inner loop.

A second full-resolution nonlinear trajectory (outerfpanow runs to compute the cost function with this
increment. The corresponding nonlinear departliris:

ch = y° —H[M[(to) + ox4]] ©)

Figure 8a shows that this is -6 K. This suggests that the Tlwrapton (Eq. 3) is invalid, although the resolution
mismatch between outer loop and inner loop (T511 vs. T95¢ig large and likely also causes problems. In
geophysical terms, the incremait; is able to reduce TCWYV, cloud and rain at the observationtpairen fed
through the T95 TL model, but it is largely ineffective in thB11 nonlinear model. However the incremental
approach exists in order to deal with such non-linearities.

A second inner loop is run, which reduces the departure ta Ths is based on a new incremeadx;:
djy = y° — H[M[x°(to) + 8x41]] — HM 8xo. (10)
This time the nonlinear departure,
dr = y° — H[M[X®(to) 4 Ox1 + OX2]], (11)

is much smaller, also approximately -2 K. This shows thatribelinearity has lessened. It is also likely that

the increase in resolution of the TL model to T159 has help&e. final inner loop is run at T255 and manages
to reduce the departure a little further, to -1 K, and the amalysis departure, computed using a final run of
the nonlinear model, is relatively close, at -1.5 K. Henhis &xample shows the incremental 4D-Var approach
can deal quite successfully with the nonlinearities inhene a convective situation.

Case B (Fig. 8b; Tab. 2) illustrated a midlatitude front&liation. This appears to suffer far less from nonlin-

earity or resolution effects, with the linear and nonlindapartures being relatively close. Most of the work
appears to be done in the first minimisation. We would not eixibe departure to go to zero, as the assimilation
will strike a balance between the background and obsenatioformation. Again, incremental 4D-Var seems

to work well.

Case C has heen chosen to illustrate a more problematidigitud his is a convective case with heavy rain
and cloud in the FG (4.2 and 4.0 kg frespectively). The observation disagrees, and a FG depavfu
-18 K shows that rain and cloud amounts should be much lowke fiFst inner loop is able to reduce this
departure, but when these increments are fed into the m@mlimodel, convection is switched off and cloud
and precipitation nearly disappear (not shown). The nevadere is +32 K. Further inner loop minimisations
are unable to reverse this, and the analysis departure asgesds the FG departure, but with opposite sign.

However, in the normal All-Sky system, we place greaterriggins on the use of rainy and cloudy obser-
vations. In practice, Case C would have been rejected by @€ 4S8) because the FG departures are much
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Figure 9: Taylor diagram showing statistics of inner looppdeturesd; versus outer loop departurel in observation
space from a single 12-hour 4D-Var assimilation cycle at@QIC 1 April 2009. Each observation type and measured
variable is shown with a different symbol, as described slégend. Correlation is measured in azimuth while standard
deviation ratio is shown in the radial direction. The peifetatch would be found at the point for which correlation and
standard deviation ratio are both equal to 1. The further svfi@m this point, the worse the agreement betwaeand

d; and the less valid is the tangent linear assumption.

larger than would be expected given the observation effresuch an observation did get through BgQC, VarQC
would act to downweight its influence in the analysis due &dbntinuing large departures.

These test cases suggest that incremental 4D-Var usuatksweell at dealing with nonlinearity and that in
situations where it might not, observations will be rejedby quality control.

6 Convergence and performancein full system

6.1 Nonlinearity in observation space

We can also investigate nonlinearity in the context of thie dbserving system. Here we look at a single
12-hour 4D-Var assimilation cycle at 0000 UTC 1 April 2009ngsthe ECMWF operational configuration.
For illustrative purposes we have also included some exyrial, passively monitored surface rain radar
observations.

Figure 9 displays a Taylor diagram comparing the inner logpedturesd) (Eq. 8, vectorized) with the corre-
sponding outer loop departurds (Eq. 9) after the first minimisation for the main observatigpes assimilated
inthe ECMWF 4D-Var. Essentially, this comparison représeartest of the tangent linear hypothesis, including
the use of a lower resolution in the linearised model. Eachbsy} represents a given observation type and its
location on the diagram gives both the correlation (in azitpand the standard deviation ratio (radial distance;
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Table 3: Acronyms of satellite observation types in Figsn@ 40

Acronym Description

HIRS High Resolution Infrared Radiation Sounder
AMSU-A Advanced Microwave Sounding Unit A
AMSU-B Advanced Microwave Sounding Unit B

MHS Microwave Humidity Sounder

AIRS Advanced Infrared Sounder

IASI Infrared Atmospheric Sounding Interferometer
QUIkSCAT Quick Scatterometer

SDR hereafter). Ideally, a perfect match would be obtairedafcorrelation and an SDR value both equal
to 1 (inner loop departuresly, being chosen as the reference here). It should also be tiwed Fig. 9 all
assimilated channels of a given instrument have been caulinthe statistics. Observation types consist of
polar orbiting satellite measurements (SSM/l, AMSR-E, BIRMSU-A, AMSU-B, MHS, AIRS, IASI TBs,
QuikSCAT wind - see Table 3 for acronyms not yet defined), gdiomary satellite wind vectors (SATOB-uv),
radiosonde temperature, specific humidity and wind measemés (TEMP-T, TEMP-q and TEMP-uv), surface
pressure data (SYNOP-Ps) and aircraft temperature re@IREP-T).

Figure 9 clearly demonstrates that all observation typaisaie not directly affected by clouds and precipitation
exhibit an SDR between 1.05 and 1.45 and a correlation cgfficanging between 0.7 and 0.93, which
is far from perfect but still reasonable. For most obseovatypes, the correlation is around 0.8, while the
highest values are obtained for AMSU-A TBs (mainly sensitio temperature) and temperature and wind
radio-soundings (TEMP-T and TEMP-uv). On the other handSeM/l and AMSR-E TBs, which are often
strongly affected by clouds and precipitation, the cotretacoefficient drops to about 0.46 and SDR increases
to 1.7, some distance away from all other observation tygesfurther evidence of the degradation of the
validity of the linear assumption for precipitation obs#igns, the statistics for hourly rain rate observations
from the network of ground-based precipitation radars dkerU.S.A. (NEXRAD-RR) are also plotted in
Fig. 9. For these observations, the match between increnfiemh minimisation and trajectory becomes even
worse since correlation drops to 0.35 while SDR reaches 3.25

As a general remark, Fig. 9 shows that for all observatioresySDR values are always larger than 1, which
points towards a systematic underestimation of incremeas $n the linear computations of the minimisation
or a systematic (spurious) amplification in the nonlinedcwdations of the trajectory. It is also found that

the linearity assumption in observation space becomesvidiss for most observation types away from the

beginning of the assimilation window (not shown).

The Taylor diagram for the third (and final) minimisation ismlayed in Fig. 10. It shows that statistics are im-
proved compared to the first minimisation as a result of tdeced resolution gap between third minimisation
and trajectory, and also because of the usually smaller iuagnof increments/departures.

An additional Taylor diagram is plotted for individual cheets of SSM/I and AMSR-E in Fig. 11. The highest
correlations and SDR values closest to unity are obtainechiannels 22v of SSM/l and 24v and 24h of AMSR-
E, which are mainly sensitive to moisture. The worst matahrédation below 0.4; SDR higher than 2.25) is
found for the 37v channels of SSM/l and AMSR-E, which are higiensitive to clouds and precipitation and
therefore more subject to nonlinearities. Channels 19vi&hdie in-between those two extremes as a result of
their mixed sensitivities to moisture and hydrometeors.

This statistical comparison therefore confirms that foreobestions affected by clouds or (worse) precipitation,
increments produced in the minimisations are quite oftentramslated into consistent increments in the fol-
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ESSMI-TB A AMSRE-TB +HIRS-TB I AMSUA-TB ¥ AMSUB-TB
<OMHS-TB AAIRS-TB OIASI-TB XQSCAT-uv V SATOB-uv
Y TEMP-T +TEMP-q XTEMP-uv O SYNOP-Ps OAIREP-T

4 NEXRAD-RR

1.2

Standard deviation ratio

0.6 0.8
Standard deviation ratio

Figure 10: As for Fig. 9 but for the third and final minimisatio

HMSSMI19v A SSMI19h +SSMI22v Y SSMI37v ¥ SSMI 85v
OAMSRE 19v AAMSRE 19h & AMSRE 24v X AMSRE 24h V AMSRE 37v

=
o

Standard deviation ratio

1.0 15
Standard deviation ratio

Figure 11: As for Fig. 9 but for individual AMSR-E and SSM/aaohels.
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Table 4: Number of iterations in each inner loop minimisat{mean for September 2007).
Outer loop Control All-Sky Difference significant at [%]

1st 70.0 70.0 (fixed)
2nd 28.8 28.5 94
3rd 32.1 31.6 92

lowing high-resolution nonlinear trajectory. Howeveristproblem becomes much smaller as the outer loop
progresses, showing the incremental formulation appeavsitk reasonably well in reducing non-linearity. We
would conclude that while the all-sky microwave imager obatons are more non-linear than typical clear
sky observations, they are sufficiently linear that it isc/é assimilate them operationally.

It is interesting to contrast this with the results of Maand Mahfouf (2003) who performed single-observation
tests with rainfall observations in incremental 4D-VareYlobserved big jumps in the value of the cost function
between inner and outer loops (the departures, of courdee npapart of the cost function - see Eq. 1) which
they also ascribed to the inherent non-linearity of theasitun. They concluded that direct 4D-Var of rainfall
observations would be very tricky. However, the results eéfet al. (2010b) show that direct 4D-Var appears
to be working well. This is likely for the following reasons:

e All-sky microwave imager observations are not ‘pure’ raioservations - they are also sensitive to more
linear quantities like TCWYV and cloud;

e We have the benefit of moist physics parameterizations tinat been carefully linearised (Tompkins
and Janiskova, 2004; Lopez and Moreau, 2005), specifitalyoid the kind of problems encountered
by Marécal and Mahfouf;

e The analysis includes the full observing system, which radhat the large scale wind and temperature
fields are strongly constrained. This helps guide increadetD-Var towards the right solution, and
means that in later inner loops, the size of the necessangrirentsox is relatively small, i.e. the tangent
linear approximation will become increasingly valid.

e A very cautious quality control eliminates contentiousearations (see Sec. 4.3).

6.2 Minimisation quality

We can also examine whether the nonlinearity inherent hslkall observations affects general measures of
minimisation quality. The number of iterations needed ioheimner-loop is shown in Tab. 4. The number is
fixed to 70 in the firstinner-loop but flexible in the second #nicdt; these minimisations stop when convergence
criteria have been satisfied. Here we use the Control an8illexperiments described by Getial. (2010b),
which were run for a period of several months. The effect afigdrom Control to All-Sky is very small and,
surprisingly, the number of iterations is reduced to astiatlly significant degree. Practically, we would say
that 4D-Var is working just as well as before.

Another thing to examine is the condition number, which & titio of the largest to the smallest eigenvalue
of the Hessian of the cost function. This is a measure of theiiditioning of the inversion problem that is
solved in the analysis. As shown in Fig. 12 it is in generdkeliaffected by the move to all-sky assimilation.
There are isolated cases in the 2nd and 3rd trajectoriesevfberone or two cycles the condition number
is much higher than normal. However, these are just as liteelye found in the Control as in the All-Sky
experiment, and they are probably associated with a p&atisynoptic situation on these days making it hard
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Figure 12: Condition number of each minimisation, agairey.dThick line is Control; Thin line is All-Sky.

Table 5: Computer billing units for variational assimilati (mean for September 2007).
First trajectory Inner loops Other trajectories

All-Sky 352 4002 1157
Control 661 3496 1208
No microwave imagers 327 3460 1101

for the minimisation to converge. All-Sky shows one paitcly large peak in the 3rd minimisation, on 19th
September. However, in our experience this can sometirseshappen in Control-type experiments, so we do
not believe it is significant.

6.3 Numerical performance

The all-sky 4D-Var approach needed to be computationafigiefit to be included as part of the ECMWF
operational assimilation system. Table 5 shows the mearpetational cost of variational assimilation for
the All-Sky and Control experiments and for an experimerhwil microwave imager assimilation switched
off. Compared to this, the first trajectory of Control is mugtbwer, since this is where the 1D-Var retrievals
were run. However, 1D+4D-Var required little extra compioia elsewhere, and direct assimilation of clear
radiances was comparatively fast. In contrast, most of ds¢ af the All-Sky approach is in the inner loop
minimisations. This is due to the use of scattering radigttignsfer in the observation operator, and by the need
to use a message-passing approach to move observationsebgivwocessors. Overall, All-Sky is only a little
more expensive than Control. Microwave imager assimifaiioAll-Sky has a cost equal to 13% of that of the
no-imager reference, compared to 10% for Control.

Many actions were taken to make the cost of All-Sky comparablthat of Control, with the most significant
being:
e A decision not to actively assimilate TMI and SSMIS obseora. This was justified in part by the

additional difficulties involved in using these particuilastruments (Geest al, 2010a; Belket al.,, 2008).

¢ In the minimisations, TL and adjoint radiative transfercceéitions are turned off for channels where the
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observation error is greater than 50 K. Tangent-linear mimidgradients are set to zero in this case.

e General code optimisation, such as improving the orderfrrgeanory access.

Another action was to turn off scattering radiative transfe‘clear sky’ situations. However, because the
moist physics parametrisations almost always produce # batkground level of cloud or rain, very few first
guesses are truly ‘clear sky’ and this approach saved fittie overall. We hope to revisit this in the future,
since there are a significant proportion of atmospheri@sans where full scattering radiative transfer should
not be necessary, particularly at lower microwave fregigsnc

7 Conclusion

A new system has been developed at ECMWF to assimilate @&safinrom passive microwave imaging ra-
diometers such as SSM/I, AMSR-E and TMI. For the first timexiploits the sensitivity of these radiances to
temperature, water vapour, sea-surface wind, clouds asaipitation in all sky conditions. This is achieved
through the use of a multiple-scattering radiative trangfedel and the full set of moist physics parameter-
izations at all stages of the 4D-Var assimilation, i.e. weler the cost function or its gradient is required.
The unified treatment of radiances in clear-sky and clofelgdd regions permits a much improved balance of
observational data usage in the analysis because it all@ective generation, dissipation and modification of
clouds and clear sky conditions in consistency with the NWieleh and the observations. It also overcomes
the lopsided data usage towards clear-sky areas that igdpplmost other satellite data types.

This paper presents the technical implementation of thieesysnd a performance analysis focusing on the
main issues related to radiance assimilation in clouds aacigitation: observation operator accuracy, obser-
vation error definition and bias correction, basic obsémmal impact, 4D-Var linearity and stability as well as
computational cost. The companion paper (Gaeal., 2010b) addresses the impact of the new system in the
full operational assimilation and prediction context.

Compared to a clear-sky data assimilation system roughlyetihe number of observations are used. How-
ever, due to the difficulty of dealing with frozen precipitat at higher frequencies, only channels at 19 and
22/24 GHz are actively assimilated in cloud-affected arddme new system dynamically adjusts observation
operator errors as a function of the mass of hydrometeotsiatmospheric column and the distance between
observation and model grid point location. Along with the o$VarQC, this gives a dynamic weighting of the
observational impact as a function of atmospheric statght&r quality control and larger observation errors
reduce the weight of microwave imager data in the assimitatiompared to the previous system. However,
the new approach is more balanced in terms of observatioplsem

Single-observation experiments demonstrate the mechanis the all-sky approach. Examples are shown
both with and without the error inflation as a function of diste from the grid point. With error inflation, the
observations have a weaker impact in the all-sky approaah ith the previous 1D+4D-Var assimilation for
cloudy and rainy areas. However, without error inflatiom, iwith identical observation errors used in each
test, the all-sky analysis is closer to the observations thas possible with 1D+4D-Var. Even with a single
observation significant wind increments can be produceaspanse to a disagreement between first-guess
and observed moisture and cloud. Direct 4D-Var of rain aonddlaffected observations allows a physically
consistent adjustment of model dynamics with temperatadehamidity increments, due to the sensitivity of
the atmospheric state to radiance observations throughaimbdined radiative transfer model and the moist
physics parameterization.

The concern that minimisation performance would be poomt®ngly non-linear models were employed ap-
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pears unfounded. The incremental approach efficientlyalle-linearisation by running non-linear model up-
dates between lower resolution minimisations. The siofigervation tests demonstrated that the re-linearisation
enables the minimisation to converge in most cases. Quadityrol is able to pick up situations where non-
linearity remains an issue. The degree of non-linearityhef full 4D-Var operator has been calculated for
all active observation types in the ECMWF assimilation eyst While linearity of the operator for all-sky
radiances is clearly inferior compared to other clear-skglite and also conventional observations, this dis-
crepancy reduces between successive inner-loop minionsafThis is helped by the increase in spatial model
resolution with each inner-loop and by the adjustment afdescale dynamical structures in previous minimi-
sations. The overall performance of the 4D-Var analysisaismmunchanged, as indicated by the condition
number and the number of iterations.

The new approach has a computational cost that is only a 3%ehidpan the previous system. This was
achieved through the elimination of unnecessary observalperator calls, by reducing the number of satellites
assimilated, and by computer code optimisation and péisat®n. The system has been run actively in the
ECMWEF forecasting system since March 2009.
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