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Abstract

Contracted by the European Space Agency (ESA), the Eurdpeatre for Medium-Range Weather Fore-
casts (ECMWF) is involved in global monitoring and data adsition of the Soil Moisture and Ocean
Salinity (SMOS) mission data. For the first time, a new inivéaremote sensing technique based on radio-
metric aperture synthesis is used to observe soil moistteeamntinental surfaces and ocean salinity over
oceans. Since SMOS was launched in November 2009, ECMWF leasrbenitoring SMOS brightness
temperatures, and in near real time since November 2010e $ecent technical developments have also
made it possible to incorporate SMOS data within the ECMWHF#Bfrad Extended Kalman Filter (SEKF)
for the analysis of soil moisture.

This is the final report of the ESA contract 20244/07/I-LGjethis the phase-I of the monitoring-assimilation
study of SMOS brightness temperatures at ECMWF. The obgddito provide a summary of the main
achievements reached in phase-I. An extended descrigtibe technical implementation of SMOS data in
the ECMWF SEKF scheme is provided too.

1 Introduction

The launch of the Soil Moisture and Ocean Salinity (SMOS) satellite of thedearo Space Agency (ESA)

opened the door to use a new type of satellite data very sensitive to soil redisturumerical weather pre-

diction applications. The European Centre for Medium-Range Weathec&sts (ECMWF) has developed
an operational chain which makes it possible to process SMOS obsaigbthbss temperature in Near Real
Time (NRT) and compare it with a model equivalent. This process has l@grtiallenging, given the very

particular characteristics of the Microwave Imaging Radiometer using Ae®tynthesis (MIRAS) instrument

on board the SMOS platform. Indeed, this is the first time that a 2D-interférmmadiometer is used to pro-

vide information of the amount of water stored in the most shallow layer of carnttihsurfaces.

The objective of this report is to provide a summary of the main technical milest@ached in phase-| of this
study. They enable the ECMWF system the possibility to monitor SMOS brighteegeratures in NRT, and

assimilate this data in the Simplified Extended Kalman Filter (SEKF) for the analys@lahoisture.

Tablel provides a list of the workpackages and deliverables of PhaséASITN-P1 [? | the Global Emission
model used to simulate SMOS brightness temperatures was described. Udterstdeveloped within the
Integrated Forecasting System (IFS), used as interface between 8M&&nd the IFS, is extensively described
in MS1TN-P2 [? ]. Details about the operational pre-processing chain, the collocatiomese development
and the offline monitoring suite is given in MS2TN, parts 1/223 ], respectively. A first analysis of the
monitoring statistics and an extensive description of the monitoring prodwcarided in P ]. The analysis

of the statistics during the period November 2010- November 2011 is relgorfe ]. In this report a summary
of these activities is given, and an overview of the technical implementatidghdassimilation of SMOS data
in the SEKF is provided too.

2 Global Emission Model

One of the main components necessary to monitor and assimilate SMOS Leas¢d-thata is the forward
model operator, which is able to bring the observations and a model &qiied the observation to the same
space for comparison purposes. In this context ECMWF developeditien@nity Microwave Emission Mod-
elling Platform (CMEM), as the ECMWF forward operator for low-freqag passive microwave brightness
temperatures from 1 to 20 GHz. The modularity of this code makes it specid@ifbkufor implementation
within the IFS. Four different modules for the soil, vegetation, snow andsihreric microwave emission are
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Workpackage name Deliverable

MS1TN-P1 Global Surface Emission Model

MS1TN-P2 IFS Interface

MS2TN-P1 Collocation Software Development

MS2TN-P2 Operational Pre-Processing Chain

MS2TN-P3 Offline monitoring suite development
MR1 Continuous Monitoring Report - Part ||
MR2 Continuous Monitoring Report - Part ||

Table 1: Summary of the workpackages and correspondingeatables of Phase-I, of the ESA-ECMWF study on SMOS
monitoring and data assimilation.

used in CMEM. In P ] a wide overview of the CMEM main physical parameterisations and othetecela
technical documentation is provided. Relevant results compiled from tliffeeadt intercomparison studies
are included too, using L-band observations from the NASA Skylab missi#f73-1974 P ], in situ L-band
observations of the SMOSREX (Soil Monitoring Of the Soil Reservoir Expent) site in South-West France
[? ], and C-band observations provided by the Advance MicrowaverfingfiRadiometer on Earth Observing
System (AMSR-E) on the NASAs AQUA satellite over the AMMA area in Weétiéa [? ]. As an example,
Fig. 1 represents the time-latitude diagram of the horizontally polarised brightmapettatures at C-band from
AMSR-E and using 8 different land surface models coupled to CMEMeutite ALMIP-MEM framework §

]. A wet patch shown by AMSR-E is well captured by the eight models caupl€MEM, but the amplitude is
either overestimated or underestimated. However it emphasizes the geednegit between the observations
and the model-based simulations. These studies validate the skill of CMEM ucagely represent the soil
emission under different conditions. It also proposes the most adeppiatmeterisations to be used for each
component of the soil contributing to low frequencies microwave emissiomrégent, CMEM is interfaced
with the IFS [? ], and is providing the first-guess for comparison to SMOS observatibtieaime of the
observations.

ECMWF has also developed a website with lot of complementary informatiort #ECMEM model. All the
different versions of the code are freely available to the entire scientiftvwinity at the following website:
http://ww. ecmwf.int/research/ ESA projects/ SMOS/ cneni crrem i ndex. htni .

3 Acquisition and data pre-screening

The SMOS NRT products are processed at the European Spacedksyr@entre (ESAC) in Madrid (Spain),
just a few minutes after the Earth’s surface is sensed by the SMOS insttue@WF pull this data from the
Data Processing Ground Segment (DPGS) in Binary Universal Farthédrepresentation of meteorological
data (BUFR) format. Then a small format conversion is operationally caoig¢ at ECMWF to produce a
BUFR version compatible with the IFS software, just before the data is storda: internal ECMWF File
Storage system (ECFS).

SMOS data is then fetched from the archive for monitoring and/or assimilatigpopes. The first important
processing step consist on pre-screening the data to avoid redwndamtupted data to enter the IFS. In the
pre-screening task it is checked that all the data contain the cruciahiafmm (latitude, longitude, date, etc.)
and that the data is not corrupted. The physical value of each individhservation is also checked at this
step. Data thinning is performed at this stage too. In the case of SMOS, fpiisnéncrucial step given the
large volume of data. In? ] the evolution of the thinning approach used at different cycles of tiseisF
described, until the current one implemented in cycle 37R1. This adopty 8esdble approach in regards to
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Figure 1: Time-latitude diagram of the horizontally polseid brightness temperature observed by AMSR-E and sirdulate
by ALMIP-MEM.

the configuration of the observations (number of incidence anglesjgadlans, field of view, etc.) and steered
by an unique namelist. More details about the acquisition and pre-proge$sim can be found ir?[] and [?

]. They correspond to the left box of Fig. Note that the pre-processing of SMOS data in the IFS is performed
in several processors in parallel, being the first type of satellite data thésngonfiguration in the IFS.

4 Observational Data Base and collocation software

In order for the IFS to be able to handle SMOS data in an efficient way f@nany other source of data),
the pre-screened dataset is mapped into an Observational Data BaBg (i3 database contains all the
information about each observational register and about the modebéznti The IFS is then ready to perform
other tasks in model space. The first of all of them is collocating the oféeng to the model grid at the
required model resolution, using the nearest neighbour techniqueiniiesmenting approach resembles that
one used for all-sky radiances for AMSR-E and SSMI d&ta] [ (currently, the all-sky radiances follow a
different implementing approach in the IF8 [). However, a major difference is that the number of SMOS
observations found per timeslot in model space is notably larger than fasftbther microwave sensors. This
has been a major obstacle in the operational implementation and thereforgtangiabre-structuration of the
SMOS managing routines was undertaken in order to efficiently collocatpracdss SMOS observations in
model space. Details about these tasks were given in sectior?q afd in Part Il of [? ]. They correspond to
the right box of Fig2.
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I ___________________________ I
: /| |
L1C-NRT BUFR product '| Flag SMOS data in grid point |! :
. | || =call smos_process ;
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| I i
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» Parallel data thinning | per processor l | v 5t I
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perangdizkine o T——— I : Compute departures I
N - *call hop
BUFR files I |
ODB data |

Figure 2: Organigram of the SMOS offline monitoring chaineleped at ECMWF.

5 SMOS offline monitoring suite

The previous technical developments summarized in secBpBsand4 made it possible to achieve one of
the main milestones with SMOS data at ECMWF: the monitoring of SMOS data in NRT,fbioland and
oceans, at different incidence angles (multiples of 10) and two polarisstides (XX, YY). This, as well as it
is done for any other source of satellite data used at ECMWF, consistngputing a series of temporal and
spatial statistics with the most recent data, providing information about tleati®ns, the model equivalent
of the observations and the first-guess departures. These statistipslated daily or weekly depending on the
statistical product used and they are a robust method to identify systemé&ieddes between model values
and observations, or deficiencies in the model or the observations.

In[? ] and [? ] the technical details of the implementation and a description of the statisticalqisoare
given. In the former, some examples of results obtained with the monitoringageitthown. Time series of
area averages are currently being also produced in NRT for seradicdtion sites distributed, mainly, between
Europe and United States. In the first monitoring repditthe location of these sites, and a few examples with
results, are provided. There is also a preliminary assessment of the msdmsdor large first-guess departures.
In [? ] a more exhaustive report covering the first year of Near-Real Timatoring (Nov-2010/Nov-2011)

is provided. Fig3 shows the angular distribution of the mean bias from August to Novembédr &0dlobal
scale, for the North and South hemisphere, and for XX and YY polarisatiéor the XX polarisation, the
bias show quite different behaviour depending on the hemispherestigdiéhe important weight of the snow
covered areas in the computation of bias. At this polarisation, the trend e&asing bias (in absolute value)
with increasing the incidence angle, being in most of the cases maximum ag@edeThe behaviour of the
YY polarisation is different and bias are maximum around 30 degrees mmdangle. At this polarisation
the snow influence in the soil emission is lower than for the XX polarisation. cblaur bar in these figures
represents the number of observations for each level of bias. Ités\@abthat there is also a significant amount
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of bias with high values, which is mainly due to the RFI effect, but this is not tinereason as explained if? [

].
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Figure 3: Mean bias as a function of the incidence angle forp@¥arisation (left column) and YY polarisation (right
column). The period considered spans from 1 August to 31b@ct®011. Only continental surfaces are considered in

these figures.
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6 Implementation of SMOS data in the SEKF

Although SMOS brightness temperatures have been monitored in NeariReahBnks to the technical bench-
marks reached and described™|[[? ] and [? ], the use of these data within the Simplified Extended Kalman
Filter (SEKF) was also a subject of challenging technical developmengsimiBin objective was to develop the
structure necessary to accommodate SMOS data in the ECMWF version ke &d make it compatible
with the monitoring suite and other data used for the soil moisture analysis (reersted data and screen level
variables).

6.1 Technical developments

Integrating SMOS data in the SEKF has been a very challenging technicabéaly because the assimilation
of SMOS data needs information provided by some of the tasks performédtel@DB and the monitoring
suite. This involves interacting and make compatible two spaces which alg imespendent (atmospheric
4DVAR space where the atmospheric variables are analysed, and $aB&where soil moisture is analysed).
The 4DVAR structure is governed by high-level routines and it rungrpmiel time step. In this space most of
the observations are distributed between processors, stored anctteesred per time slot. Decisions about
which (previously thinned and quality controlled) SMOS observations ssendated, and flagged as active
observations, are undertaken in 4DVAR space per model time step. this atage that the ODB for SMOS is
filled with information which will be needed in the SEKF. This will permit to match the titaenp of the ob-
servations flagged as active with the model time step, and the location of theatien with model grid-point
location. Without this information all the SMOS data in the SEKF would be accepteasimilation.

On the other hand, the SEKF runs independently of the atmospheric aradgstdoes not run per model time
step. The SEKF equations are solved per model grid point (and peksbfigrid points) using parallel direc-
tives. Firstly, the SEKF generates perturbed runs (one per analgsedble) which are generated by forcing
small perturbations of the analysed variables. For each perturbed naew simulated brightness temperature
is computed by CMEM, and only for those observations which were flaggexttive in 4DVAR space. The
new model equivalents are temporally stored and later retrieved in the SE¢Gfripute the Jacobians. The
Jacobians evaluate the sensitivity of the model to small perturbations of teeetaor. In the ECMWF SEKF,
the Jacobians are computed in finite differences in order to linearise teevatien operator. Finally, the gain
and the increments are computed to adjust the predicted value of soil moisture.

Based on the above explanation, the implementation strategy to ensure thdibiitygzetween 4DVAR and
SEKEF spaces (for the assimilation of SMOS brightness temperatures) implitaditheng main steps:

1. Within the atmospheric model first integration (the 4DVAR atmospheric asal/an iterative process
involving several model integrations at different model resolutionsjtorg a new column in the ODB
containing information of the model time step at which each observation belongs

2. In the SEKF, for each perturbed run, re-evaluate which obsengtice active and for each of them
compute a model equivalent with the L-band forward operator.

3. Store the perturbed simulations at the time of the observations, and rétigeirdgormation in the SEKF
for the soil moisture analysis.

The main disadvantage of this strategy is that active observations (poteasaliyilated in the SEKF) have
to be re-computed again for each perturbed run. However, the assbeidra cost of re-evaluating active
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observations for each run is negligible. Another implementation strategy wt&sl teo, but with the risk of
increasing the complexity of the code. Therefore, the above mentionéebstr@as chosen for implementation.

Figs.4 and5 show in a schematic way, how the 4D-VAR and SEKF spaces are coupledlite¢he assimilation
of SMOS data. Figd summarizes the main steps of the SEKF flow for SMOS data. They run perand p
and in a sequential manner:

1. Initialization of soil moisture analysis,

2. Opening of ODB to retrieve information of the SMOS observations, magigvalents, time step and
location,

Perturbation runs and storage of simulated perturbed variables,
Collocation of observations location with model grid and model time step,
Filling of observation vector,

Filling of first-guess vector,

Retrieval of sensitivity to perturbations,

Jacobian computation,

© © N o o &> W

Gain computation,

10. Computation of increments at analysis time

In Fig. 5 the corresponding routines for each of the previous tasks are detaikedbserved that the coupling
between both spaces is produced at the high-level managing routinde fSEKF. The organigram of Fi§.
shows a whole picture of the implementation of SMOS data for both, monitorin@ssithilation purposes.
For each experiment, all the different tasks necessary to run the mogitorassimilation of SMOS data are
controlled by the Supervisor Monitor Scheduler (SMS). In Fig. snapshot of a SMS including all the tasks
processing SMOS data is shown. It is observed that the preparatioa dath is done in thebsfamily, the
computation of the first-guess in the fiifstraj task, and the assimilation of SMOS data in sedf

6.2 Main technical challenges in the implementation

The implementation of SMOS data as being part of the soil moisture analysis t@aelrécal challenge. All
the technical developments were started in CY36R4, and later on all thee®utare transferred to the newer
cycles CY37s. This is important in order to benefit from the latest modelldpments and for being up to date
with the scripting tasks. However, in CY37s a systematic failure of all expeti#iendling SMOS data took
place, very difficult to trace back. The "SMOS failure” in cycle 37R1 andg was due to a cleaning aiming to
remove duplicated code. The removed code did direct memory copy afvalisa data to model space arrays
in the case that the data was already on the right processor. Instebdevation data was message passed to
model space. Most observation types in IFS are randomly distributegoodegssors, but the SMOS observa-
tions are co-located with the model grid. So although the cleaning was firdhfer data types, for SMOS it
introduced an unbalanced memory requirement for message passing tirthef grashing the tasks with the
most SMOS observations. Testing to understand and solve this probletonvgaand slow and it required a
significant amount of time.
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LR S R -

| compute increments at analysis times |

SEKF space

Figure 4: Organigram of the sequential steps of the SEKR fek). The perturbed runs for the Jacobian computation,
requires of the interaccion with the 4DVAR space.

The integration of perturbed runs for the Jacobian computation requires several times the L-band forward
operator. As mentioned previously, the information of the model time step ahwhcobservation is assimi-
lated needs to be stored, however this information was lost when runnirigriterd model from the surface
analysis. Some developments were then necessary in order to extendBren@hclude this information, so
it could be retrieved within the surface analysis.

It is often the case to come across some bugs in the code with new implement&mrthe SMOS man-
aging routines two complex bugs were found. In particular, it was fouatittie time step of some SMOS
observations was not exactly matching that of the model time step. This resufiatts [observed brightness
temperature-model equivalent] at different times, often comparing agnaison with a missing value. This
problem was solved by using the extended ODB for SMOS. Concernirgettand bug, the observations cor-
responding to the first model time step were missing. This was due to a compkdgmrof the ODB software
and an incorrect array allocation.

The implementation of SMOS data in the SEKF also provided an opportunity teerelgarts of the code.
Two changes are proposed:

1. The current operational SEKF for soil moisture analysis is only tregyérthe water content of soil is
greater than @1mm~2. The reason for that was to prevent the system to produce a negahixe of
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ODB tasks + merge
ASCAT and SMOS databases| _v
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Figure 5: As Fig.4, but this snapshot details the routines used in the IFS f@ISBKF analysis.

soil moisture if a negative perturbation in the Jacobians computation wasdpplithe case a chess-
like perturbation method was chosen. This could happen if the size of therlpaion is larger than
0.01m°m~2 when the soil water content is lower tharDm®m—3. Hence, the analysis was prevented
for being active in areas where SMOS data can potentially bring a largdibe@urrently, only positive
perturbations are applied and therefore to allow analysis of soil moistukesifg dry soil conditions, it

is proposed to substitute this test by a land-sea mask condition; if the lardeunfisk indicates more
than 50% of the pixel to be land, then the soil moisture analysis is triggered.

2. The size of the perturbation should be strictly the same for all grid-paictequal to the value specified
in a namelist. This was not strictly true for the current implementation, and soniedsffieaences were
observed. In order to get the right size of the perturbation, the unpedwand perturbed forecasted soil
moisture for the first model time step is retrieved from the SEKF and the differassociated to the size
of the perturbation.

6.3 SMOS data in the SEKF

In the current operational system, the state vector of the SEKF is compyggbeé soil moisture of the three

first layers of the operational land surface scheme H-TESSBLH-TESSEL predicts a value (or first-guess)
of soil moisture for each grid point and layer, as well as other land seifeocesses such as the evolution of
the surface temperature or the snow cover extension. Screen leleddlgan2-metre temperature and relative
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Figure 6: Scheme showing the acquisition and pre-procgsgeit box), monitoring (middle box) and assimilation frtg
box) of SMOS data in the IFS, and their relationship.
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Figure 7: Schematic presentation of the different Superdisonitor Scheduler jobs where SMOS data is processed. Note
that most of the pre-processing tasks take place within thies” family, the computation of the first-guess departure
within the ifstraj and the assimilation of SMOS data in thkfsask of the surfinal family.
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humidity) are used operationally to adjust the soil moisture value predicted TyFEEL using the equations
of the SEKF. Optionally, active data in C-band from the ASCAT (Advar8€dTterometer) sensor on MetOp
can also be used in research mode to analyse soil moisture. The implement&MOS8 data in the SEKF

adds the potential of using passive remote sensing data, more sensitigevarititions of soil moisture, to

provide a more accurate value of the soil moisture analysis.

Soil moisture is updated twice per 12h cycle, at 0000 and 0600 UTC forltbe @ 0900 UTC cycle, and at
1200 and 1800 UTC for the 0900 to 2100 cyck? ]. At eachi analysis time (0000, 0600, 1200 and 1800
UTC) the soil moisture of the first 3 layers of the HTESSEL land surfaceemedipdated for each grid point
according to:

X2 =xP; + K yPBS+ Hi(x?)] (1)

with j the soil layer and th@, b and OBSsuperscripts standing for analysis, background and observations,
respectively.

The vector of observationsdepends on the observations used to analyse soil moisture. If screbvdgables
and SMOS brightness temperaturég)(@re used, then for the 2100-0900 UTC assimilation window:

yOBS— [T2M T2 RH2M RHAM, T (01, X X), ..., Ta(6n, XX), Ta(6n, YY)] 2)

with 6 the incidence angle of the SMOS observation artkde number of SMOS observations assimilated for
this grid point during the 12h assimilation window. Note that for this cycle, theesclevel variables are only
available at synoptic times (0000 and 0600 UTC) and for SMOS we only esgutte polarisation modes XX
and YY.

The Kalman gain matriX depends on the linearised observation opernd{pand on the backgroun®) and
observationsR) variance-covariance error matrices according to:

K=[B1+H R 'H] HIR™! ©)

Note that the variance-covariance error matrices do not depend on theftiheeanalysis or the observations,
but on the contrary a fixed error value for each observation is assdored) the whole assimilation window.

With SMOS data in the SEKF, the observation error maifor the 2100-0900 UTC assimilation window
takes, for each grid point, the following form:

- 2
Trzr -+ ORHgnOTg Oy (6, YY) I
2 .
o
T
2
Tregy
O‘TZmO—R}_@m . O"%Hgm
R — 00 6 6 (4)
: 2
OTa(61,XX) o OT(6,, YY) 0T (81X X)
2
OTa(LYY)
2
OTa(6n,XX) ,
L 913 OTa(60 YY) OTa(61.XX) OTa (6n.YY) Ohenyy)
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In the operational soil moisture analysis this matrix is a diagonal matrix, with th@eqoot of the diagonal
terms the standard deviation of the screen level variables & 2K, ogem = 10%). The background variance-
covariance error matriB is also static and diagonal, and accounts for the background erranatssito the
state vector.

The non-linear observation operatdrmaps the model state vectointo the observation space. In an Extended
Kalman Filter, the observation operatdris linearised, because then the solution of the analysed state at time
i is analitically obtained byt [? ]. A possible way to evaluate the tangent linear observation operator matrix is
in finite differences, by forcing small perturbations of each comportethiecstate vectordx;) and evaluating

the impact of the individual perturbations on each observed variablas Ih2 and4, we suppose only screen
level variables and SMOS observations for the 2100-0900 UTC assimilaiimaiow, the linearised observation
operator is computed as:

oTEn oTEn aTEn ]
o(smy) o(snp) o(sms)
oTEn oTEn oTEn
o(smy) o(snp) o(sm)
ORHZY ORHZY ORHZY
o(smy) o(smp) o(sms)
IRH3D IRH3D IRHZY
o(smy) o(smp) o(sms)
H— | 9Ta(1.XX) 0dTg(61.XX)  9Ta(61.XX) (5)
o(smy) o(smp) o(smg)
OTe(61,YY)  9Te(6LYY) dTs(6LYY)
o(smy) o(smp) o(sms)
OTa(6n,XX)  0Ta(60,XX)  9Te(60,XX)
5(smy) 5(snp) o(sm)
OTa(6,YY) dTa(6hYY) ITa(6YY)
L d(sm) o(snp) o(sms) |

wheredy, is H(x? + 6xP) — H(xP). After the analysis step the state vector evolves from iirwetimei + 1
according to:
XPy1 = Mi[xf] (6)

with M the non-linear forecast model.

6.4 Experiments

The implementation of SMOS data in the SEKF was technically tested by runninglibwihg three experi-
ments:

e CTRL: This is the control experiment which assimilates oiff, RH*™ observations.

e SMOS40XX-YY: Bi-polarised SMOS configuration, which assimile®’, RH>™ and SMOS brightness
temperatures at 40 degrees incidence angle and XX and YY polarisatioéxX (40YY),
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e SMOS20-50XX: Bi-angular SMOS configuration, which assimilaié8, RH*™ and SMOS brightness
temperatures at 20 degrees incidence angle and XX polarisation (2@XX)5

The main goal of this exercise is testing that the technical implementation is wditkind he scientific impact
of these experiments, the bias correction and the CMEM global calibratiobevdlddressed in future reports
corresponding to the next phase of the study.

6.4.1 Experimental setup

The observations were only assimilated over Australia (free from Raéiguency Interference), from the 01
April 2011 O0UTC to 30 April 2011 12UTC analysis cycles. This is a pewbdiydrological recharge for
Australia, when some substantial variations in the soil water content ocBM®S brightness temperatures
were assimilated to an approximate horizontal model spatial resolution of 4fkng very close to the spatial
resolution of SMOS observations, and avoiding in this way large undeksogdontal correlations between
observations if a higher model resolution was used. The assimilated pisdibe standard NRT. The config-
uration of the model forward operator was that of the monitoring suite doas¢he research works o? [, [?

] and [? ]. However, more recently the CMEM forward operator has been céditbrat global scale, and the
results will be reported inq] and [? ]. With the current configuration, low sensitivity is found for some areas,
mainly caused by a lack of sensitivity of the Choudhury roughness madel$ed in CMEM. The Jacobians
are computed by increasing inddm®m3 the soil water in the three first layers of the surface model and com-
puting each term of the Jacobiansinin order to avoid too large, unrealistic sensitivity of the Jacobians terms,
the maximum sensitivity allowed for tHE*™ andRH?™ observations is set to Bm*m~3 and 500%m®m3,
respectively, and for SMOS brightness temperatures tokk56°m~3. The background error matri is not
cycled and is for each grid point a diagonal matrix. The standard devietitihe three layers of soil moisture
is set to 001m®m 3. For theR matrix the error standard deviation of thé™, RH2™ observations is fixed
and equal to 2 K and 10 %, respectively, whereas for the brightnesetatapes observations the radiometric
accuracy of each individual observation is used.

These type of experiments are quite expensive to run as the land sonfaied is coupled to the atmospheric
analysis. To reduce the computational expense, a degraded obsabsygtem was chosen for the atmospheric
analysis, and consisting only of conventional observations which #&d@bonstrain the meteorological state
of the atmosphere in a reasonable accurate position. Moreover, byaudegraded observational system, the
impact of assimilating SMOS observations on the forecast skill can be mamdycdwaluated than if the whole
ECMWEF observational system is used.

6.4.2 Quality control

Each observation goes through a standard quality control processplamed in § ] and [? ], consisting on
routine checks and a Radio Frequency Interference (RFI) hard filt@rder to prevent too much unnecesary
data in the surface analysis, data are also thinned in the early processgjag at the resolution of the analysis.
Only the closest observations to the model grid points are ingested in thatlFS11 this makes SMOS a much
lighter dataset (see section 2.5 8f]). Snow and frozen masks are applied to each observation, basedwn s
depths and 2™ forecasted fields. The top panel of F&shows the geographical distribution of the number of
observations which enter the soil moisture analysis for experiments SMOSXY (left) and SMOS20-50XX
(right), after the quality control and thinning steps. The bottom paneéspands to the histogram of number
of SMOS observations in the SEKF. The histograms show that a larger nafndlgservations are assimilated
for the 40XX, 40YY configuration than for the 20XX, 50XX. For SMOS40-YY, the number of grid-points
assimilating between 45-50 observations are maximum, in contrast to the 2680 experiment SMOS20-
50XX. Itis also observed, than at least 19 observations are assimitatedfid-point in SMOS40XX-YY and
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a minimum of 9 for SMOS20-50XX, since the lattest observational configuraises observations at 20 and
50 degrees incidence angle, less numerous than 40.

Several quality checks are also applied within the SEKF. Among them the mosttanpis the first-guess
departure check, in other words, the maximum disaggrement allowed le®8¥M6OS observations and the
model equivalent. In these experiments the first-guess limit is arbitrarely ®eli6K. Fig.9 shows the number

of observations rejected by the first-guess check. They are maximugigmsevhere the observations showed
stronger variability. This is caused by a combination of a low sensitivity of &R configuration used in
this study for this region and period, and an approximate bias correctimhwbes not account for the spatial
variability of the observations (s€e4.3. Further quality checks prevent too large sensitivity of the Jacobians
or too large analysis increments. Almost no observations were rejected bgiigitive Jacobians.

40XX,YY 20,50XX

Number assimilated SMOS observations 2 I NuLnbez asgimilgtequMS)S gbse'[vati‘?ns .

20|

20|

o)

1200 1600

[19,62]

900 1200

€00 800

200! 400

$

Figure 8: Geographical distribution of the number of SMOSe@tlvations in the SEKF for the soil moisture analysis (top),
and the histograms (bottom). Left column corresponds tat@3X, 40YY configuration, right column for the 20XX, 50
XX.

6.4.3 Bias correction

An approximate bias correction method was applied to each observationbdsétl on removing to each
observation the mean bias computed for the whole of Australia and month bf Apis approach makes the
hypothesis that each grid point is affected by the same mean bias duringpthe period of investigation. In
average the mean bias behave quite stable for April, however signifegional differences were found. In
Table 2 the mean bias obtained for both experiments using SMOS data is shown. tutheaes, the model
overestimates the observations. Fi@and 11 show the bias for each polarisation and incidence angle before
and after bias correction, respectively. In general, bias are rddarmbare closer to zero for grid points with a
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Nu:nbe: assirnikfted SM(_DS qbsen.aticns ]

Figure 9: Geographical distribution of the number of obsaions rejected by the first-guess check for the 40XX, 40YY
SMOS observational configuration (left) and for the 20XXX%{right).

mean bias close to the mean bias of Tablélowever, since this is not a scheme based on a grid to grid point
analysis, areas with initial large bias still are affected with strong bias gifdyiag this approximate method.

Table 2: Mean bias for Australia in April-2011, using the CMEonfiguration of the monitoring suite.

| MeanBias | 20XX | 40XX | 40YY | 50XX |
SMOS40XX-YY - [ -19K | -21K | -
SMOS20-50XX -15K | - - [ -32K

6.4.4 Analysis increments

Fig. 12 shows the soil moisture increments for the three first layers and for theedlkpriments. These incre-
ments are integrated values over the depth of each layer. Left colunespornds to the control experiment
(without SMOS data), middle column for the bipolarised configuration (40X0¥Y) and right column for
the biangular configuration (20XX, 50XX). The main differences awmtbfor the top layer, where the remote
sensing data is sensitive, although the general patterns are very simithau\SMOS data, soil moisture is
adjusted only by the screen level variables, which contains an indirermation of soil moisture. In this
case most of the time the analysis adds water. This picture changes by Mg iBformation, more directly
linked to soil moisture. In this case, some drying is produced in large afeasstralia which were not pro-
duced in the control run. It is also interesting that over the North of Alistfahich was very wet at this time
of the year) the analysis adds some water by using SMOS information, irasbtdrthe control experiment.
As we go deeper into the soil, the link with remote sensing data is weaker, whi@smreatives increments on
the second and third layer smaller. The increments for the third layer arsiveaitar for the three experiments.
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Figure 10: Mean bias over the whole of April before bias catien (left column) and after bias correction (right colujnn

Although these results show an influence of SMOS data in the soil moistugsisnghey have to be taken with
caution, as these experiment have as objective only to demonstrate thiedaeapproach developed. Many of
the variables and parameters influencing the SEKF are not calibrated énetkgsriments. In the next contract
4000101703/10/NL/FF/tk, the impact of assimilating SMOS data in the soil moishalysas (including a
calibrated system, forward model and observations bias corrected)evdlithressed.

7  Summary

This document reports on the technical milestones reached and implementedr® thvhich have permitted
to attain two of the main objectives of this study: the monitoring of SMOS brighteesgeratures in NRT, and
the incorporation of SMOS data as a part of the ECMWF soil moisture anallisesoffline monitoring suite
monitors in a statistical way the spatial and temporal behaviour of SMOSwathisers, the model equivalent
and the first-guess departures. Each day hundreds of new plotsponating the last observations, are made
freely available to the entire scientific community. On the other hand, the ECMBWF$as now new fea-
tures, which permits the assimilation of only screen level variables, or otilyeand passive remote sensing
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Figure 11: As Fig.10 but for the SMOS biangular configuration.

data, or any combination of them, for the analysis of soil moisture. To this emivadatabase was created,
opening the door to accommodate future satellite data in the SEKF, such asodatad future Soil Moisture
Active Passive mission or the projected future continuation of the SMOS missio

The experiments and results presented in this document are not intendedittepobust scientific results, on
the contrary they are mainly intended to test the technical developmentsbéesaiong this document and to
demonstrate that the system is ready to assimilate SMOS data. Other essénii@ssforming part of a well
calibrated data assimilation system, such as a point-by-point bias corregstems or a global calibration of
the observation operator, along with experiments intended to study the dloéassimilating SMOS data in
the surface and atmospheric fields, will be addressed in the next dooittats study.
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Figure 12: Analysis increments integrated over the first kgiers; 0-7 cm (top row), 7-28 cm (middle row) and 28-100
cm (bottom row). Left column is for the control experimeritidie column for the bipolarised SMOS configuration and
right column for the biangular configuration.
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