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1 Introduction

The European Space Agency (ESA) Soil Moisture and Ocean SalinityO&Mnission was successfully
launched in November 2009. SMOS measures the surface emissivityad (8.4 GHz), providing direct in-
formation on surface soil moisture-({top 5cm of the soil) over land and salinity over oceafer( et al. 2010].
However, for most hydrological and climate applications, knowledgeatfzone soil moisture (defined as the
top 1 metre of soil moisture) is required, which it is not directly available frat0OS measurements. Current
space sensors do not have the capabilities to sense soil moisture begndréquently less than that. Data
assimilation systems are, however, an already tested alternative to piffagahallow information contained
in the remote sensed signal to deeper layers.

The main objective of the SMOS level 3 root-zone soil moisture productriteesl in this report, is to provide
root-zone soil moisture analysis which benefit from the assimilation of SMCSunements. To achieve this
objective, the root-zone soil moisture retrieval algorithm developed bitihepean Centre for Medium-Range
Weather Forecasts (ECMWF) optimally combines SMOS level 1 Near Real TWR&)(brightness temper-
atures observations with ECMWF forward modelled brightness temperattioesn Extended Kalman Filter
(EKF) based data assimilation systeDrijsch et al. 2009ale Rosnay et al. 201 8/ufioz-Sabater et al. 2012
Muifoz-Sabater et al. 201BbSimulated brightness temperatures provide information on the model soil mois-
ture and surface parameters. The model soil moisture accuracy bé&oafithie global data assimilation system
that leads to accurate atmospheric and precipitation estimates. Observedit8giness temperatures are di-
rectly related to surface soil moisture and surface characteristicst@tiege soil texture, solil type, etc.). In
the data assimilation system the information in large parts of the globe is assimilat@dogragated in time
and space by the model, having the potential to modify the vertical soil moistofiiep The EKF algorithm
accounts for the model and SMOS observations uncertainties, so thaialysed soil moisture, i.e., the level
3 soil moisture, in a perfect system, constitutes an optimal combination of bo@®SSahd the model soil
moisture estimates.

The assimilation of SMOS data influence the state of the soil, which in turn atfecexchange of energy and
water fluxes between the soil and the near surface atmosphere, wittiglateplications in the time evolution
of atmospheric variables. The impact of assimilating SMOS data in the ECMWHe [i&6F, from which the
level 3 root-zone soil moisture product is constructed, is assesseajthtioe impact on complementary land
surface and atmospheric variables. To this end, quality controlled in-sitonsisture observations belonging
to the International Soil Moisture Network (ISMN) were compared to themsoilsture analyses at analysis
time. The comparison was undertaken for the summer of 2010, a period yédihevhen the evaporatranspi-
ration fluxes are stronger, and therefore it is expected that the assimid&t&WOS data provides the largest
impact on the atmosphere. Additionally, surface temperature and 2 m tenrpevagervations available in
USA were compared to the analyses. The impact on atmospheric varialdevabaated through computation
of the forecast skill at different forecast lead times, and comparedctm#ol experiment which did not use
SMOS data assimilation.

This report presents a first version of a data assimilation system whicthedirst time, is able to use direct
satellite radiances to constraint soil moisture. This is an important step toth&rdisture operational use of
remote sensed data to extract useful information on soil moisture. Thiésrpeesented in this report should
be considered as a further step towards a well refined system whicls thekieest possible use of SMOS data.
Every optimal system at ECMWF benefits of many years of researchramtlifiing. Concerning SMOS, lot of
technical work has been dedicated to make the assimilation of raw brightnmgssrtgures in the ECMWF EKF
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feasible, and to solve many of the issues arising in a complex system as is EGNhWégrated Forecasting

System (IFS). The assimilation system is not yet optimal and it will take adyamtdeeper investigations of

each component of the assimilation system. Conclusions based on the surthatmospheric impact showed
in this report, should then be taken with some caution.

In this document we report on both, the SMOS level 3 root zone soil meiptaduct developed and generated
by ECMWEF, and the impact on the new state of the soil in surface and atmaspheables. The report
includes the following components:

¢ A description of the production algorithm and the architecture of the ptaxuchain, based on the land
surface model Hydrology Tiled ECMWF Scheme for Surface Exchaoggrsand Balsamo et al. 2009
H-TESSEL), the Community Microwave Emission Modelling platform (CMBEMusch et al. 2009b
(de Rosnay et al. 2009ale Rosnhay et al. 2009lMuioz-Sabater et al. 201)lcand the ECMWF EKF
land surface data assimilation systesie Rosnay et al. 2018/ufioz-Sabater et al. 2018b

e A presentation of the product characteristics, including resolutions, timplsay, timeliness and format,

e Results of root zone soil moisture product verification and accurdioyaes based on validation results
against data from in-situ soil moisture networks, following the approampqzed byAlbergel et al. 2012g

e An assessment of the gain/degradation in the forecast skill on seegratiospheric variables.

This work has been conducted as part of the ESA/ESRIN Contract mu40B8101703/10/NL/FF/fk which
supports the ECMWF SMOS data assimilaton study. Although the report is&laly self-contained, it relies
on the following other documents produced in the framework of the SMOSatstianilation study. They
are refered in this report for further details on SMOS data implementatio®&IVIZF, monitoring and data
assimilation developments:

e MS1TN-P1: SMOS Global Surface Emission Model, November 20@%Rosnay et al. 2009b
http://ww. ecmwf.int/publications/library/do/references/show?i d=89525

e MS1TN-P2:IFS Interface, November 2009 {fioz-Sabater et al. 209
http://ww. ecmwf.int/publications/library/do/references/show?i d=89524

e MS2TN-P1/2/3 Operational Pre-processing chain, Collocation softdarelopment and Offline moni-
toring suite, December 2018Ufoz-Sabater et al. 2010
http://ww. ecmnf.int/publications/library/do/references/show?i d=89972

e TN-PII-WP1100 SMOS Continuous Monitoring Report - Part 1, Fetyr@@11 (Muioz-Sabater et al. 2011Lb
http://ww. ecrwf . i nt/publications/library/do/references/show?i d=90041

e TN-PII-WP1200 SMOS Report on data thinning, August 20lijoz-Sabater et al. 2011d
http://ww. ecmwf.int/publications/library/do/references/show?i d=90042

e TN-PII-WP1300 SMOS Report on noise filtering, November 2Mffoz-Sabater and de Rosnay 2p11
http://ww ecmnf.int/publications/library/do/references/show?i d=90361

e TN-PII-WP1100 SMOS Continuous Monitoring Report - Part 2, Decar@bél Mufioz-Sabater et al. 201)la
http://ww. ecmwf . i nt/publications/library/do/references/show?i d=90375

e FR-PI-Pl: SMOS Data Assimilation Study, Phase I, Final Report, Jarfidr§ (Muioz-Sabater et al. 2018b
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TN-PII-WP1100 SMOS Continuous Monitoring Report - Part 3, April2ZQMuioz-Sabater et al. 201Ba

TN-PII-WP2300 SMOS report on Hot-Spots, December 2043f(0z-Sabater et al. 2018c

e TN-PII-WP1100 SMOS Continuous Monitoring Report - Part 4, Japg@i4 Muioz-Sabater et al. 2014

TN-PII-WP1400: SMOS report on Bias correction, in preparata@Rosnay et al. 20}4

ECMWF-SMOS web page for further information
http://ww. ecmnf.int/publications/library/do/references/show?i d=90041
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2 Root-zone soil moisture algorithm and production chain

The ECMWF SMOS level 3 root-zone soil moisture algorithm relies on an Beéikalman Filter (EKF)

soil moisture data assimilation system, which is part of the ECMWF Integratezt&sting System (IFS)

(Drusch et al. 2009ade Rosnay et al. 2013Muinoz-Sabater et al. 2013b The EKF system merges SMOS

level 1 NRT brightness temperature observations with the H-TESSEL-CMiEMIated brightness tempera-

tures. H-TESSEL describes the soil moisture vertical transfer as & of$and surface processes interactions

with the atmosphere. For the soil heat budget, the Fourier diffusion laned @slsamo et al. 2009 H-

TESSEL constitutes the surface module of the IFS and it benefits from thalgl®-VAR data assimilation

system used for the upper air analysis, which provides high quality atransptonditions for land surface

model integrations. In particular, good quality precipitation is highly reletargimulate soil moisture dy-

namics. CMEM is interfaced to H-TESSEL in the IFS and used in the EKF asfdrobservation operator

to simulate L-band brightness temperature, as seen from SNdQSc¢h et al. 2009kde Rosnay et al. 2009a
Mufioz-Sabater et al. 201LdCCMEM has been used for NRT SMOS brightness temperatures monitamicey s

2010 Muhoz-Sabater et al. 201Puiioz-Sabater et al. 201 1klufioz-Sabater et al. 201 sluiioz-Sabater et al. 2013a
Mufoz-Sabater et al. 2014nd it is a key component of the SMOS data assimilation sysWum¢z-Sabater et al. 2018b
In this section we describe the different components of the data assimilasimmswhich constitute the SMOS

level 3 root-zone soil moisture product algorithm, H-TESSEL, CMEM ardBKF, along with a description

of the main characteristics and setup of the Level 3 product. The IFS8§ds used for these investigations.

21 H-TESSEL

H-TESSEL is the ECMWF land surface model, used for operational wefaiteeasting Balsamo et al. 2009
H-TESSEL is a point-wise model that describes soil moisture vertical @ffussing the Richards equation.
On each grid point the vertical soil column is discretised on four layerskfibgses 7 cm, 21 cm, 72 cm and
1.89 m). H-TESSEL uses the dominant soil texture class for each gridp®ims. information is collected
from the FAO (Food and Agriculture Organization). Soil types are éérivom the FAO/UNESCO Digital
Soil Map of the World, DSMW, which exists at a resolution of 5'x5’ (ab&Qtkm). FAO DSMW provides the
information on two levels of soil depth namely 0-30 cm and 30-100 cm. Sina®thieone is most important
for the water holding, the 30-100 cm layer is selected for H-TESSEL. fEopnlate to model target resolution,
the dominant soil type is selected. This procedure has the advantagesefying hydraulic properties when
moving across various model resolutions. The climate field used by the maderhindex from 1 to 7
corresponding to the soil textures as shown in Fidureoarse’ (1), medium’ (2), 'medium fine’ (3), 'fine’ (4),
very fine’ (5), 'organic’ (6), and 'tropical organic’ (7).

Each grid box in the model is divided in up to 8 vegetation tiles (bare grouncaihal high vegetation without
show, exposed snow, snow under high vegetation, interception o&secean/lakes, and sea ice). In each grid
box two vegetation classes (high and low) are present. Twenty vegetapes, tyncluding deserts, ice caps,
inland water and ocean, have been defined from an external datd8&S 1999). Each vegetation type is
characterized by a set of fixed parameters for the minimum canopy resistpatial coverage, and leaf area
index, a sensitivity coefficient describing the dependence of the garsjstance on water vapour deficit, and
the root distribution over the soil layers. The fraction of a grid box ceddry each of the tiles depends on the
type and relative area of low and high vegetation, and the presencewfasid intercepted water.

An extensive description of the H-TESSEL land surface model is availahitee IFS online documentation
(IFS documentation 20)2
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Climate; Soil type; T1279_0.25x0.25

I ' e |
coarse M medium ™ med-fine M fine very-fine M organic B wop. organic

Figure 1: Soil type classes as used in H-TESSEL (from theehhiS documentatiolS documentation 20)2

22 CMEM

A crucial component of the SMOS brightness temperature data assimilati@msigsthe forward model op-
erator, which is able to bring the observations and a model equivalerg observation to the same space for
comparison purposes.

CMEM is the ECMWF forward operator for low-frequency passive mi@ee brightness temperatures from
1to 20 GHz. Itis a highly modular code, written in Fortran language, all thismgak specially suitable for
implementation within the IFS (Fi@). Four different modules for the soil, vegetation, snow and atmospheric
microwave emission are used in CMEM. All possible combination of parameierisamplemented in CMEM

are presentedint t ps: // sof tware. ecmwf . i nt/wi ki / di spl ay/ LDAS/ CMEM+Docurment at i on.

In (de Rosnay et al. 2009la wide overview of the CMEM main physical parameterisations and otheedela
technical documentation is provided. Relevant results compiled from tlferedt intercomparison studies are
included too, using L-band observations from the NASA Skylab missioni841®74 Drusch et al. 2009hin

situ L-band observations of the SMOSREX (Soil Monitoring Of the Soil ReseExperiment) site in South-
West France Nlufloz-Sabater et al. 201)lcand C-band observations provided by the Advance Microwave
Scanning Radiometer on Earth Observing System (AMSR-E) on the NASA$ satellite over the AMMA
area in West Africade Rosnay et al. 2009aThese studies validate the skill of CMEM to accurately represent
the soil emission under different conditions. They also propose the meguate parameterisations to be used
for each component of the soil contributing to low frequencies microwenissgon.

CMEM was recently introduced and interfaced to the IMuijoz-Sabater et al. 2009CMEM input data is
provided by H-TESSEL integrations, and a monthly value of LAl per typeegfetation, based on a MODIS
climatology Boussetta et al. 20)3along with other auxiliary data, is used to provide the first-guess for com-
parison to SMOS observations, at the time of the observations and at thégridde

ECMWEF has also developed a website with lot of information about the CMEMeinothe code is freely
available to the entire scientific community at the following website:
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https://software. ecmwf.int/w ki/display/ LDAS/ CVEM

CHMEM modules
Soil Module Yegetation module Snow module Atmospheric moduole
cmem_soil.FI0 cmen_vegs Fo0 cmem snow.F90 cmem_atm F0
Dielecttic madels wegetation T—w imodel Atimosphetic BT mmodels
diel ice_sub, 90 veg_sub.F20 atim_sub. F90
diel wat_sub. 0 Dpaity iodels Shaw HUT imodel attpelarie F20
.dlel_wat.FQD vegwigh 0 afwilicha F0
ioh_conduct. B90 vegfack F0 airerlaby D
dielszi |_sub. RO g we gt SN0
dictdobson. F9O vegkisd. F30
dislwang. £
diclmtirorar F0
L ~ -
Effective teinpetatote inodels
teff_sab FI0
.
Simoath sotface teflectivy models
Fraseal FO0
\ wilkeii P
Roughhess imodels
tghichon F3H0
\ el wegtt SR

Figure 2: CMEM modular structure. For each module, the défe parameterisations available are shown.

2.3 EKF

The ECMWF soil moisture analysis is based on a point-wise EKF which combifexkground state and
screen level variables (2 m temperature and relative humidity) and satefitevaltions to obtain a soil moisture
product of better quality than the pure model based estimation. The analg$edoisture state vectot, is
computed at timg for each grid point as:

x3(t) = x2(t) + Ki[y°(t) — Hi(x”)]

with superscripts a, b, o standing for background, analysis andvatiisers, respectivelys the model state
vector,y the observation vector and the non-linear observation operator. The Kalman gain magrixs
computed at timg as:

Ki=[P *+H R HR?

whereH; is the linearised observation operat®iis the error covariance matrix associated withndR is the
observation errors covariance matrix. SMOS data were incorporateis tectieme, allowing observed bright-
ness temperatures being part of the observation vector, along with ttii@gagon of its uncertainty in th&®
covariance matrix of observation errors, and influence the soil moistatgsas Muioz-Sabater et al. 201Bb

In this section, the main characteristics of the Level-3 SMOS root zone s@stume product, along with the
configuration of the SMOS observations and the set up of the EKF usegpacified.
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2.3.1 Product specifications

The spatial resolution of SMOS observations ranges from 35 to 50 knkr¥8n average over the field of
view), depending on the incidence angle and the geographical locatitre @bservation. Nonetheless, the
NRT product, as received at ECMWEF, is processed onto a fixed baghgrid with approximately 15 km node
separation. Although this resolution is very close to match the ECMWF T12¥@rspresolution, in this con-
figuration two observed brightness temperatures in consecutive nbtles 8MOS grid are found to be very
correlated horizontally. These correlations are not desirable in a damailasion system if they do not account
for correlated observations. Consequently, the ECMWF spectral figgliiced Gaussian grid (approximately
equivalent to 40 km horizontal grid) was selected to process the roat 2oil moisture product, because it
matches better the original resolution of the SMOS observations. This dbesean that SMOS observations
will be free from horizontal correlations, but in this case they will be smdiker&fore, the soil moisture product
will be produced and delivered at global scale in a T511 ECMWF reti@Gaissian grid.

The production period spans from the post-comissioning phase until thefehe satellite nominal life, i.e.,
from 1 May 2010 to 31 October 2012. The analysis are produced rbutagy at synoptic times; 0000, 0600,
1200 and 1800UTC, and it is available at the three first layers of the lafets model, i.e., from 0-7 cm, 7-28
cm and 28-100 cm. The L3 root zone soil moisture product will be detves an integrated value over the first
100 cm, but it is also flexible in the way it will be processed for delivery té\ EiStegrated over the first metre
of soil, separated for each layer, etc.). Concerning the format of iheetsture product, it will be produced
in grib format.

2.3.2 Observations configuration

The configuration in which the observations are assimilated in the EKF to gedtla L3 root zone soil mois-
ture product is based on previous reports findings (see links in sejtion

Prior to assimilation, SMOS observations were bias corrected by using avpis@ CDF matching, where
the observations monthly mean and standard deviation were linearly resgateatch that of the reference,
which in this case was the model simulating brightness temperatures at the tapatithsphere. The CDF
matching technique was applied using data from the years 2010, 201 hkod the year 2012. Then, a set of
two monthly correction coefficients (one correcting for the mean value aoither one for the standard devia-
tion) were obtained individually for each month and used to eliminate systematibdtiaeen observations and
model equivalent. Although the CDF matching period may seem very shdstaondCDF monthly coefficients,
a sliding window of [-2.5, +2.5] months around the middle value of each monghused, increasing the min-
imum number of observations necessary to obtain statistically significantsvalbiés approach demonstrated
to be superior than using single coefficients for the whole year (see ratailsdn (e Rosnay et al. 20)%

Only three incidence angles are being assimilated; 30, 40, and 50 degdkklesugh there is no technical
limitation preventing the assimilation of more incidence angles, the CDF monthly line#fatents were op-
timized only for these three angles. Future versions of the L3 produdtribed in this report, may include
larger number of incidence angles. Furthermore, the use of only threkime angles assures a volume of
observations per 12h cycle worth of data acceptable for the currerguting capabilities and structure of the
IFS. These angles are also less affected by angular ndisigaz-Sabater and de Rosnay 2Ppahd more data
is available at intermediate incidence angles than at low incidence angle<ofiiigned use of these three
angles also guarantees the radiative transfer model to account anichdisdor the vegetation effect.

8 Contract Report to ESA



ESA report on Level 3 root-zone soil moisture & DA impact SECMWF

The margin around each incidence angle was fixed to 1 degree, i.e.yatises in the bins [29-31], [39-41]
and [49-51] are considered. For each node of the SMOS grid (tha e of the NRT product delivered
to ECMWEF) and angular bin, the observations were averaged which jbetiob of reducing angular noise.
Then, all the observations belonging to a node, which is the closest to pajnicbf the ECMWF T511 reduced
Gaussian grid, were only considered.

The pure XX and YY polarisations are used and assimilated in the anterataneé¢ frame, for which the
model equivalents are rotated to be in the same reference than the ¢ibsstv@nly observations of highest
quality should be assimilated, hence, in this product, only observationsddodte alias free field of view are
considered. The RFI flag contained in the BUFR product is also useddardisodes affected by RFI. This
filtering method based on flags does not guarantee to use observati® RFI, but at least some of the most
contaminant sources will be filtered out. Finally, it is worth mentioning that tiseations are extracted from
the NRT product of the reprocessed campaign, covering the whole gétrs 2010 and 2011. To fill the gap
until October 2012, the NRT v5.05 is used too, and this will not affect ttadityuof the retrievals because is
the same version in which the reprocessed product was created.

2.3.3 SEKF setup

In any assimilation system, the observations and the model equivalentsnaparea. The latter (for L-band
brightness temperatures) is obtained through interface of CMEM with théNffoz-Sabater et al. 20D9
The parameterisations of CMEM to simulate brightness temperatures weredelsthose matching best the
reprocessed SMOS NRT product, in terms of minimum Root Mean Squaréatddite (RMSD), minimum
mean bias (MB) and best correlation (R) valude Rosnay et al. 2014 The key CMEM parameterisations
meeting these requirements weWdang and Schmugge 198for the dielectric model, Wigneron et al. 200)7
for the vegetation emissivity andMigneron et al. 200i1for the soil roughness. The effect of the soil tem-
perature and the atmospheric contributions in the simulated brightness termgeratue also accounted for
using the parameterisations aligneron et al. 200Land Pellarin et al. 2008 respectively. These combi-
nations of parameterisations are also used operationally since 19 Novaoiifor monitoring purposes
(Muinoz-Sabater et al. 2014

The SMOS components of the Jacobian matrix were also calibrated and madepitible with the secreen
level variables. It was found that a soil moisture perturbation value eet@805m°*m—2 and 001m*m~—2 was

the most suited to compute the sensitivity of brightness temperatures to soil rgistturbations. To make it
compatible with the operational values used for 2 m temperature and relatividity, this value was set up to
0.01mm~2. Furthermore, the maximum sensitivity allowed of model brightness tempesatueesoil mois-
ture perturbation of @1m®m~2 was set up to 230/m*m~3 in absolute value. Most grid points show negative
jacobian values, reflecting the fact that, in general, an increased amiowater in the soil decrease the soil
emissivity. Larger negative values than B5@n*m~—3 were found in the interface between snow and snow free
areas, whereas large positive values where also found in some desgidits.

The covariance matrix of the observations errors was simplified and evaditb be diagonal, with the squared
pure radiometric accuracy of the observations as the variance of thendiaglements. In this case, the corre-
lation between different incidence angles was considered zero, afieresality it is expected some degree of
correlation.
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In this study, the full observational system for the upper air analysisetis operations, was used aiming at
providing the best possible quality atmospheric and related land surfadéioas for surface integrations.

2.3.4 Experiments

Based on the above configurations, two 2.5 years experiments weradalinkhe first one has as objective to
produce the SMOS L3 root zone soil moisture product. It assimilates 2m tatopes and relative humidity
from synoptic stations at synoptic times (00, 06, 12 and 18UTC), along WitB S observations in 12h win-
dows, without doing any distinction between ascending and descendiitg. diereafter, the analysis of this
experiment will be referenced as SMOS-DA.

The second experiment has exactly the same configuration than SMOBRBANIy difference is that SMOS
observations were not used in the EKF. It has the same configuratiothtn&CMWF operational suite but at
different horizontal and vertical resolution. The latter will be, for th&t i this document our control experi-
ment, and it is used as a reference to analyse the atmospheric impact of &isgji8iMOS observations in the
IFS. Hereatfter, it will be named as CTRL-DA.
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3 Data Assimilation Impact

The impact of assimilating SMOS data in the ECMWF EKF was evaluated by inviéstjghe impact on land
surface and atmospheric variables. A particular effort was put in estignitenimpact on the soil moisture
field, being this one of the two key variables measured by the SMOS platfamnthé& atmospheric impact, the
emphasis was put in to those variables with strong link to soil moisture, i.e., air tatupeand humidity at
high pressure levels. In this section, firstly, a brief description of thear&swsed for soil moisture validation
are described, followed by the soil moisture validation results and discudsiaddition, observations of soil
and air temperature are used to validate the SMOS-DA analysis feedba&ekparature. Radar precipitation
data is also used in the USA to evaluate the precipitation forecast erroh isfiiee main driver of soil moisture
dynamics. Finally, an extensive verification of SMOS-DA in the foreckitis presented.

3.1 Soil Moisture

It is expected that the assimilation of SMOS observations have an impact gualhigy of the soil moisture
field. The strategy used to check the quality of the SMOS-DA soil moisturigsieaompared to CTRL-DA
soil moisture analysis, is by comparing to independent in-situ soil moistuenaimns of several networks
distributed around the world and incorporated to the International SoiltMeisNetwork (ISMN) database.
The better spatial coverage in terms of available ground stations is found lSA. In Fig.3 a map of the
networks available for validation activities at ECMWF is shown. In this valigaggercise, in-situ data is
considered as the "truth”, even if in-situ observations can also betedfedgth significant errors, depending on
the method used to measure it.

3.1.1 Description of the in-situ networks

SMOSMANIA SMOSMANIA is a long-term effort to acquire soil vertical profiles of smibisture from 12
automated weather stations in Southwestern France. It was developdil&teveemote sensing and model
soil moisture estimates. SMOSMANIA is based on the existing automatic weatkiensiatwork of Meteo-
France. The stations were selected as to form a Mediterranean-Atlangec¢tdollowing the marked climatic
gradient between the two coastlines. The locations of the chosen stateimsratatively flat areas and the
altitude of the highest station is 538m MSL. The three most eastward stat®nspaesentative of a Mediter-
ranean climate. Observations from this well-monitored network have beéensively used for the validation
of modeled and satellite-derived soil moisture, including ASCAT and SM@8aéh station, four soil moisture
probes were horizontally installed at four depths: 5, 10, 20, and 30 bmThetaProbe ML2X of Delta-T De-
vices was chosen because it has been used successfully durimmupriewng-term campaigns of &o-France
and because it can easily be interfaced with automatic devices.

AMMA Three meso-scale sites were implemented in West Africa in the framework AMIMA (African
Monsoon Multidisciplinary Analysis) project, which aims at improving the ustigrding and modelling ca-
pabilities of the effect of land surface processes on monsoon interaiigipility and predictability The three
sites are located in Mali (4 stations), Niger (3 stations) and Benin (3 statimmsjiding in this way informa-
tion along the northsouth gradient between Sahelian and Soudanianste§@ihmoisture and other data are
collected at different stations within the three meso-scale sites. The sanliafiastgrotocol is used for all the
soil moisture stations, where Time Domain Reflectometry sensors are usegf€laCS616). TDR measure-
ments are based on the relationship between the dielectric properties ohsbileea moisture content. When
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they were not suitable (e.g. due to soil texture), Delta-T ThetaProbesused. Data were collected at a depth
of 5cm.

NRCS-SCAN A total of 177 stations from NRCS-SCAN network were used in this studyis matwork
(http: // www. wee. nrcs. usda. gov/ scan/ ) spans over all US, and provides comprehensive informa-
tion of soil moisture and climate, designed to support natural resouressmssnts and conservation activities
with a focus on agricultural areas in the United States. Climate modeling andlagdt studies have benefited
from this network. Long data records of soil temperature, soil moistuse\adral depths, soil water level, air
temperature, relative humidity, solar radiation, wind, precipitation, andhibetric pressure, among others, are
available for this network. The vegetation cover at those sites consistihef ratural fallow or short grass.
Concerning soil moisture, data are collected by a dielectric constant rirgpderice, and measurements are
typically made at 5, 10, 20, 50, and 100cm. For this study, observatiotts Lim depth were used to build a
weighted average proxy of root zone soil moisture, and used to evahga8MOS-DA soil moisture analysis.

USCRN The U.S. Climate Reference Network National from the Oceanic and Atmds@dministration’s
National Climatic Data Center (USCRN NOAAs NCDC) consists of 114 stati@veldped, deployed, man-
aged, and maintained by the National Oceanic and Atmospheric Administrat@AAN This network was
build with the purpose of detecting the national signal of climate change. Soitureisrobes were installed
at five standards depths; 5, 10, 20, 50 and 100 cm.

Maqu The Maqu soil moisture and soil temperature monitoring network was establishiily 2008 in
the source region of the Yellow River to the south of Maqu County in Gansurnre, China. The network,
consisting of 20 stations, monitors the soil moisture and soil temperatureiaivaepths (from 5 to 80 cm
below the surface) at 15-min intervals. In this study, soil moisture obsengaat 5 cm were used.

SWATMEX In 2008, the SMOSMANIA network was extended Eastwards, with nine stafwons, all of
them located in an area of Mediterranean climate. The new stations are intieehglfiat terrain and at
different altitudes, being the "Mazan-Abbaye” station that located at armuax altitude of 1240 m. During
the installation of soil moisture probes, soil samples were collected at thedptins (5, 10, 20 and 30 cm), of
the soil moisture profile in order to calibrate the probe.

VAS The Valencia Anchor Station is located towards the North-West part ofdlenvia region, in the Utiel-
Requena Plateau, at about 80 km from the city of Valencia. The main olgiéstio define and characterise a
large, reasonably homogeneous and flat area, mainly dedicated tordsiegsreference for Cal/Val activities
in low-resolution large-scale pixel size satellite sensors. Soil moisture isuneebthrough Delta-T probes at
different depths. In this study, the measurements at 5 cm were used.

OzNet The OzNet network (http://www.oznet.org.au) is composed of 38 stations, tbeatiein the Mur-
rumbidgee experimental catchment in southern New South Wales, Austréfizat€variations in this catch-
ment are primarily associated with elevation, varying from semiarid in the Vagti@e from 50m MSL) to
temperate in the East (altitude up to 2000m MSL). The highest station is lo¢&8dra MSL. Land use in the
catchment is predominantly agricultural with some forested areas in the isfegfseof the catchment. Each
soil moisture site of the Murrumbidgee network measures the soil moistur® an®with a soil dielectric
sensor (Stevens Hydraprobe) or at [0-8], [0-30], [30-60H g80-90] cm with water content reflectometers
(Campbell Scientific). As the sensor response to soil moisture may vary eiitthsracteristics (e.g., salinity,
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density, soil type, and temperature), the sensor calibration was uneleriakng both laboratory and field mea-
surements. Reflectometer measurements were compared with both field gravsar@iples and time-domain
reflectometry (TDR) measurements.

REMEDHUS REMDHUS is a Spanish network located in a central sector of the Duen, ln#sich benefits
of a semiarid continental Mediterranean climate. In total, twenty stations froREMEDHUS network are
available through the ISMN website. This area is mainly flat, ranging front@900m MSL, and the land use
is predominantly agricultural with some patchy forest. This network providesly measurements of surface
soil moisture. Each station was equipped with capacitance probes instalieontally at a depth of 5 cm. It
has already been used for the evaluation of both remotely sensed ankdsoiemoisture estimates

UMBRIA This in-situ soil moisture network was set up in central Italy using portablR TDme Domain
Reflectometry) sensors to observe soil moisture. The catchment is haed by a Mediterranean climate
with average annual precipitation of about 930 mm. Soil moisture data areleztevery 30 minutes

HOBE This is a network of 30 stations located within the Skjern River Catchment im2gqg chosen to
find representative locations for the individual network stations landrcdihe stations were aligned along the
long-term precipitation gradient, and placed to cover the HOBE agriculitmalind) and forest (Gludsted)
field sites, as well as the more loamy area in the east of the catchment. Fotithresstaagriculture fields, the
most frequent crop types, hamely barley, grass, wheat, maize, artdgmtavere considered. At each station
Decagon 5TE sensors were installed at 0-5, 20-25 and 50-55cm déptke sensors simultaneously measure
soil moisture, temperature and electrical conductivity. The data is logg#iratnutes interval.

75°N

35°N

5°S

45°S

85°S

140°W 100°W 60°W 20°W 20°E  60°E 100°E 140°E

Figure 3: Soil moisture database available at ECMWF for @ation activities.
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3.1.2 Validation results

The period of validation in this study is the boreal summer of 2010 (June ahdyAugust). Following the
approach of Albergel et al. 2012g three different metrics were used: MB, RMSD and R. The p-value test
(a measure of the correlation significance) was also computed, and @ay wédere the p-value was below
0.05 (i.e., 95% of probability that the correlation coefficient is not a coimudewere retained. Stations with
nonsignificant R values can be considered suspect and were exdlode the computation of the network
average metrics.

CTRL-DA SMOS-DA

networ k MB | RMSD | R N MB | RMSD | R N
SMOSMANIA | -0.017| 0.067 | 0.77| 9 | -0.017| 0.063 | 0.74| 10

AMMA -0.117| 0.131 | 056 1 || -0.082| 0.096 | 0.45| 3
SCAN -0.078| 0.132 | 0.53| 119 || -0.072| 0.129 | 0.53| 119
USCRN -0.078| 0.116 | 0.66| 69 || -0.077| 0.117 | 0.67| 68
MAQU 0.027 | 0.067 | 0.75| 16 || 0.027 | 0.067 | 0.74| 16

SWATMEX | -0.077| 0.091 | 0.82| 9 | -0.081| 0.097 | 0.79| 8

VAS -0.075| 0.086 | 0.72| 2 || -0.084| 0.098 | 0.58| 1
OZNET -0.103| 0.121 | 0.67| 31 || -0.103| 0.121 | 0.70| 31
REMEDHUS | -0.065| 0.092 | 0.57| 17 || -0.071| 0.094 | 0.59| 18

UMBRIA -0.153| 0.159 | 0.65| 2 | -0.152| 0.158 | 0.67| 2
HOBE -0.052| 0.075 | 0.70| 29 || -0.033| 0.067 | 0.69| 30

Table 1: Mean Bias (MB), Root Mean Square Difference (RMSid)@rrelation coefficient (R) values between CTRL-
DA soil moisture analysis of the first seven cm of soil (usinly acreen-level variables) and in-situ data (in general
available at, 5 cm), and between SMOS-DA soil moisture amayusing screen-level variables and SMOS observations)
and in-situ data, averaged for the period June to August 2010

Tablel presents the MB, RMSD and R values between the CTRL-DA soil moistutgsigaf the first seven cm
of the soil (using only screen-level variables) and in-situ data (leftpaand between SMOS-DA soil moisture
analysis (using screen-level variables and SMOS observations) aitd itiata (right panel), averaged for the
period June to August 2010. The validation was carried out in a daily,hasieach day the mean in-situ soll
moisture value per station was computed (generally available at hourlyefieguand compared to the daily
mean analysis value (available at synoptic times). The number of stations Wislicaly significant values for
all the period of study (according to the p-value test) is also included in TaBlihough MB and RMSD are in
general quite similar, the R of the CTRL-DA analysis with in-situ data is, in @esrglightly better for CTRL-
DA than for SMOS-DA (R=0.67 for CTRL-DA against R=0.65 for SMO&DHowever, these numbers have
to be taken with caution, as the comparison, as displayed, is not fair. @berrés that the stations used in
each network to compute statistics are not the same, and this has a strah@\edfethe averaged statistics.
Thus, for example, for the SMOSMANIA network, the station stamped asNMgenalizes strongly the mean
correlation of SMOS-DA, because the mean R over the three months is @ 35rast used for CTRL-DA. The
same occurred for the SCAN network, where the "Vermillion” (R=0.30)afidam” (R=0.27) and "Silverswork
(R=-0.57)" stations were not used in CTRL-DA, as they were not statilstisignificant. For the SWATMEX
network, the station "MJC” obtains for CTRL-DA a R value of 0.99 with onlytiservations. And the same is
valid for other networks. Consequently, to obtain a fair comparison, ttaddses were harmonized to use only
the same stations with significant correlations for both data assimilation expésinidre harmonized results
are shown in Tabl@. This table clearly shows the benefits of assimilating SMOS data for the upfdtte o
soil moisture field. The R value for 8 out of the 11 networks used in this siwedg improved with SMOS-
DA. Only SWATMEX and MAQU showed slightly worse correlation values. AWEX stations are located
in a zone with strong slope. Many SMOS data in this area are rejected thbiaglorrection or first-guess
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check, and the impact is rather indirect. Thus, this result is not surprisingverage over the 11 networks
of this study, with 284 stations with statistically significant values, the R (MB am&B) of SMOS-DA is
improved from 0.65 (0.078®m~2 and 0.106m°m~2) for CTRL-DA to 0.68 (0.060m*m 3 and 0.101m*m~3)

for SMOS-DA. The analysis of SMOS-DA are chiefly overestimating theenlaions (except for the MAQU
network), but they are closer to the observations than CTRL-DA. Tlye$aimprovements are produced in
stations of REMEDHUS, OzNet, VAS and AMMA networks, all of them havihg common feature of being
located in semiarid climates, with long dry periods, where soil moisture retffiesal space is known to be
more efficient.

In order to have an estimation of the statistically significance of these resutifidience interval estimates of
the R values were computed for each network and experiment. I g averaged R value (for the period
June-August 2011) between analysis of SMOS-DA and in-situ datahetmeeen CTRL-DA analysis and in-
situ observations, for each network, is shown. Overlapped are the®bfitlence intervals computed by using
the Fisher Z transform as irA(bergel et al. 2012a This figure shows that, for all networks, the confidence
intervals overlap for both data assimilation experiments. This means that, degpiteral better representation
of soil moisture by SMOS-DA, the difference of correlation is statistically-sigmificant. Longer evaluation
periods will likely decrease the size of the confidence bars and inctieasegnificance of these results.

CTRL-DA SMOS-DA

networ k MB | RMSD | R N MB | RMSD | R N

SMOSMANIA | -0.017| 0.067 | 0.77| 9 || -0.015| 0.064 | 0.78 | 9

AMMA -0.118| 0.131 | 056 1 || -0.093 | 0.102 | 059 | 1

SCAN -0.079| 0.133 | 0.54| 115 -0.074 | 0.130 | 0.55 | 115

USCRN -0.080| 0.116 | 0.67| 66 || -0.074 | 0.115 | 0.68 | 66
MAQU 0.027 | 0.067 | 0.75| 16 || 0.027 | 0.067 | 0.74| 16

SWATMEX | -0.080 | 0.095 | 080| 8 | -0.081| 0.097 | 0.79| 8

VAS -0.082 | 0.105 | 047 1 || -0.084| 0.098 | 059 | 1
OZNET -0.104| 0.121 | 0.67| 31 || -0.103 | 0.121 | 0.70 | 31
REMEDHUS | -0.065| 0.093 | 0.57| 17 || -0.067 | 0.091 | 0.61 | 17

UMBRIA -0.153| 0.159 | 0.65| 2 | -0.152 | 0.158 | 0.67 | 2
HOBE -0.054| 0.078 | 0.73| 28 || -0.032 | 0.068 | 0.73| 28

Table 2: As Tablel but each network database was harmonized to compare exaetlgame stations. Bold numbers
indicates that the metric is better for this experiment.

As explained in sectiod, for most hydrological and climate applications, the variable of interest isotbie
zone soil moisture, which controls processes such as the evapotaiospiin this study, soil measurements
at 5, 10, 20, 30, 50 and 100 cm over the SCAN and USCRN networks MwSe available too during the
period of study. The averaged vertical value of in-situ observatiosaapared to the averaged soil moisture
analysis of the three first soil layers of the soil (0-100 cm), weighted bgwits thickness. The results are
presented in Tabl8. For both networks, the R values were improved when SMOS data was agsimildis
proves the ability of the assimilation approach to propagate information oredisers. However, it should
bear in mind that this validation exercise is not trivial, as in-situ observatibogalg 5 different depths are
considered to sample the first meter of soil.

3.2 Soil and 2 metretemperature

Soil temperature is also an important land surface variable, with close link tp gemphysical processes such
as the representation of surface heat and evaporation fluxes, seil phease change or the parameterisation
of the ecosystem respiration and gross primary production, which heset dnpact on the carbon pools
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Figure 4: Averaged R value (for the period June-August 2@iEt)veen analysis of SMOS-DA and in-situ observations,
and between CTRL-DA analysis and in-situ observationsallanetworks used in this study. Overlapped are the 95%
confidence intervals.

CTRL-DA SMOS-DA

network | MB | RMSD | R N MB | RMSD | R N
SCAN | -0.044| 0.113 | 0.71| 80 || -0.044| 0.116 | 0.72| 80
USCRN | -0.022| 0.097 | 0.69| 54 || -0.023| 0.097 | 0.72| 54

Table 3: Mean Bias (MB), Root Mean Square Difference (RMSid)arrelation coefficient (R) values between CTRL-
DA soil moisture analysis averaged over the three first sgiets of soil (0-100 cm) and averaged in-situ data over the
first metre of soil (left panel). Right panel shows the sam&kOS-DA soil moisture analysis.

estimation. The ECMWF CMEM Platform, simulating L-band brightness tempemtuses also as input file
the profile of soil temperature. Although SMOS observations reflect peimnéne signal of soil moisture and
vegetation state, it also contains information about soil temperature. Updaérsgate of soil moisture also
feedbacks the soil temperature state; Hourly soil temperature obses/faidche summer months of 2010 are
also available over the SCAN network (s@4.]). The ground team installed soil temperature probes at five
different depths: 5, 10, 20, 50 and 100 cm. These data can be usatbpendent dataset for soil temperature
validation. Hence, soil temperature analysis of CTRL-DA and SMOS-D#esarents were compared to soil
temperature observations at 5 cm. In total 136 stations distributed from aNey& used, with correlation
values at 95% significant level (p-value test) for both experiments. @hdts showed very small impact: R=
0.803, RMSD=4.20 K and MB=-1.01 K for CTRL-DA and in-situ data, and@804, RMSD= 4.21 K and
MB=-1.05 K for SMOS-DA and in-situ data.

The same exercise that in the previous section was done for 2 m tempgevéthrebservations belonging to
the USCRN network. A weak impact was also found (not shown).
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3.3 Atmospheric impact
3.3.1 Precipitation

As it was showed inNluiioz-Sabater et al. 2018cseveral zones around the world have the potential to im-
prove the forecast of precipitation using information provided by SMOfs€ zones are characterized by a
strong seasonal dynamic of brightness temperatures and a good #grditiie model brightness tempera-
tures to perturbations of soil moisture. Among them, the US where used in thig ssiradar observations
were available during the period of this study; the high-resolution NEXRXE&X{-Generation Radar) network
of Doppler weather radars distributed across all US was used to vepibgsible impact on precipitation. In
particular, observations of precipitation data were accumulated for @ugelEach model forecast was initial-
ized at OOUTC and only 24h forecasts were considered. The modgh@stic precipitation was accumulated
for slots of 6h, from 00 to 06UTC, 06 to 12UTC, 12 to 18UTC and 18 to 0BUThen the forecast error of
SMOS-DA compared to CTRL-DA was computed as:

RMSOPPOBS— ppSMOS DAl _ RMSPPOBS— ppTRL-DA)

where PP accounts for the total accumulated precipitation (large scal@avettve) in the forecast slot from
t; toto. Negative values means that the RMSD of CTRL-DA is greater than SM®Sbd in consequence
an improvement by assimilating SMOS data. Positive values are a sign ofitagoipforecast degradation.
Fig. 5 shows the 6-hour accumulated precipitation forecast error diffetegteeeen SMOS-DA and CTRL-DA,
averaged for June 2010. The strongest impact is observed durifigstnE2 hours of forecast, in the Center
of the USA, in an area where the accumulated increments of soil moisturdaxgee (not shown). However,
there is not a clear pattern where precipitation forecast is improved oadied) Beyond 12 h forecast, little or
no impact is observed in precipitation, which suggests a very quick resprsurface fluxes to the assimila-
tion of satellite data.

3.3.2 Mean change in the forecast field

Fig 6 shows the absolute mean impact of assimilating SMOS data, on the forecasteshperature from 2
to 5 days forecast. It is observed that up to forecast day 3, the impacisy concentrated into continental
surfaces. This is expected because the assmilation of SMOS data is aidyg cart over land. After day 3, the
impact starts extending to other domains, notably close to the poles. In bignarebe observed a warming of
the atmosphere in the USA, East of South America, North of Asia and Eaststfalia. On the contrary, some
cooling is produced in Canada, Eurasia and some areas of Africa aitld Smerica. These patterns match
well and are consistent with the mean assimilation increments (not shown)ugtifibe values showed in this
Figure are relatively low, in general, those areas where the soil is dpietlie to the assimilation of SMOS
data, the atmosphere is warmed up, whereas the contrary is observedvatiee is added to the soil. This first
assessment needs however further investigation, as to understangjth@bpossible systematic increments
in certain areas.

Fig. 7 shows the same but for air humidity. The patterns are very similar to those .06,Higit showing a
clear anticorrelation with air temperature, i.e., drying of the atmosphere whdartiperature is increased, and
making it more humid where is cooled down.

The propagation of the mean change in the forecast into the vertical dimasasibown, for both variables, in
Figs.8 and9, up to 5 days forecast. For air temperature, only after forecast dayné smnean changes reach
high atmospheric levels, but non of them was statistically significant. For thieatalomain (from 20 degrees
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Figure 5: 6 hour accumulated precipitation forecast errdifeirence between SMOS-DA and CTRL-DA (in mm), averaged
for June 2010, for 4 different forecast times. Negative &almeans that the RMSD of CTRL-DA is greater than SMOS-DA,
and in consequence an improvement by assimilating SMOS laséive values are the opposite.
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South to 20 degrees North), there is not any impact. For air humidity the \Jgrtimpagation of the mean
changes are rather noisy and faster, and they do not follow any mpakexin.

3.3.3 \Verification

The forecast impact with soil moisture initialized from SMOS-DA compared tortiialization from CTRL-
DA, in terms of objective verification scores against the own analysesusnmarised in the scorecards shown
in Figs.10and11. The score card provides a quick visual overview over the perfaamahSMOS-DA scores
compared to CTRL-DA. Each symbol indicates for given time step whetheottEMOS-DA is significantly
better or worse than CTRL-DA. These card shows the anomaly correkatidrthe root mean square (RMS)
forecast error for air temperature (t) and air humidity (r) at differémicespheric levels (1000 hPa, 850 hPa, 700
hPa, 500 hPa and 200 hPa) and different domains: Northern Hermgs@@wrthern Hemisphere, East of Asia,
North America, Europe, Australia-New Zealand and the tropics. Tdldbows the geographical boundaries
of these areas.

Domain North | West | South | East
Northern Hemisphere| 90.0 | -180.0| 20.0 | 180.0
Southern Hemisphere -20.0 | -180.0| -90.0 | 180.0

East Asia 60.0 | 102.5| 25.0 | 150.0

North America 60.0 | -120.0| 25.0 | -75.0

Europe 75.0 | -125 | 35.0 | 425

Australia-New Zealand -12.5 | 120.0 | -45.0 | 175.0
Tropics 20.0 | -180.0| -20.0 | 180.0

Table 4: Geographical boundaries of the domains used toysttuelimpact of SMOS-DA on the forecast skill

The forecast error for CTRL-DAeSTRE"PA) and SMOS-DA €595 PA) experiments are defined as:

CTRL-DA _ ¢ CTRL-DA CTRL-DA
&i = fcy —an;

SMOS-DA __ ¢ .SMOS-DA SMOS-DA
& = fcg — an;

being fcy; the forecast of variabla at forecast step, andany; the own analysis of variable at timei. In
Figs.10 and11 the anomaly correlation difference and the RMS difference betwg¥RS PA and S TR-DA

is shown. Green squares means that the anomaly correlation of SMOSHi2Atés than that of CTRL-DA,

or that the RMS forecast error is smaller than that of CTRL-DA, yet igptiicant, whereas red squares have
opposite meaning. Small green triangles means that the improvement in the isciggistically significant at
95% confidence level, whereas the big green triangles means that is sttibiglaly significant (the confi-
dence bar is above zero by more than its height). Red triangles have similaingpéat they point towards
degradation of SMOS-DA compared to CTRL-DA. The impact is shown up days forecast in 24 h time
step, because only one daily medium-range forecast was run at 00UsE@d@omputing time. In total, each
score averages 92 forecasts. Fip8and11 show that with the data assimilation configured as explained in
section2.3.2and2.3.3 an impact of assimilating SMOS data in air temperature and air humidity forecast is
obtained, mainly at the highests pressure levels, i.e., close to the surface sadme impact may particularly
be expected. However, the sign of the impact is very different depgiadithe domain under study. In general,
the impact is positive in the Southern Hemisphere, whereas is negative ittteeNh Hemisphere. Australia
and New-Zealand, a zone very little affected by RFI, shows the besisashereas North America obtains the
worst scores. The tropics show neutral impact. In the appendix (se&tiprFigs.17 and18 show the same
scores for autumn 2010. As expectec, they show much reduced impapaced to the summer period in the
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Northern Hemisphere, although the results points towards the same direetidtigs.10and1l.

In Figs.12and13the RMS forecast error for air temperature and air humidity, normalizedebgwim analysis
RMS, is shown up to five days forecast, in steps of 24h, for three lavgeuhs: Southern Hemisphere extra-
tropics region (left column), tropics (middle column) and Northern Hemispkgtra-tropics (right column),
and for atmospheric levels of 1000 (bottom), 850 hPa (middle bottom), 50(htiBdle top) and 200 hPa (top).
The period of verification is summer 2010 (June, July and August). Tplesge are complementary of those
shown in Figs10andl11l, as they show the strenght of the forecast skill improvement or detipaddNega-
tive values in these plots mean a reduction of the RMS forecast error fSMIA compared to CTRL-DA,
whereas positive values show degradation. Exghows a slight improvement of air temperature forecast in the
Southern Hemisphere, although these values are mostly non significaniskdbe error bars cross frequently
the zero line. Only a significant improvement of 0.8% in air temperature is obitain® days forecast range
and medium atmospheric pressure levels. This figure also shows neuteddtimghe tropics, whereas the
forecast error is significantly increased in the Northern Hemisphere yrein 000 hPa, from 0.5% to 1.4%.
For air humidity (Fig.13) most scores are not significant, as most of them cross the zero linee &ppendix
(section6.2) the same figures are presented for the vector wind speed and gd@ofEhese two variables
are also affected by interactions with air temperature and air humidity. In théa&o Hemisphere, the vector
wind speed and the geopotential are significantly improved, for the lowassaheric levels after forecast day
4, up to 1% and 1.3% , respectively. On the contrary, in the Northern Hamrispa slight degradation for the
geopotential, up to 1%, can be observed.

In Fig. 14 maps of the root mean square forecast error difference betweenSabAOand CTRL-DA are
shown, for 2 m temperature. These maps complement previous figurdgyanake it possible to localize
those regions where the largest improvements or forecast degradatioiosind for air temperature in the very
near surface. They are shown from 24 hto 120 h forecast, i.e., ftord tlays forecast. Negative values means
decrease of the error forecast using SMOS data assimilation. It is sthavin general the impact is small,
frequently below 1 K, even after 5 days forecast. Some few consistembverpents can be observed in the
Southern Hemisphere, although they are confined to small regions. Thelearssignal is a slight increase of
the air temperature forecast error in center of USA, which is consistémtprevious figures. For the rest of
the globe, patchy small improvements or degradations were found, margnofribin statistically significant.

The atmospheric vertical profile of the normalized RMS forecast erréardifice, for air temperature and air
humidity, as a function of the latitude, is shown in Fi@s.and16. They are shown from 12-hour to 5 day
lead forecast time. Blue values show an improvement of SMOS-DA fareshgreas red values present a
degradation. Crosses within the plots means statistically significant improvenaegradation. The Southern
Hemisphere, for air temperature, is dominated by blue colour, especiallyfafézast day 4. This reflects
progresively improvement, however these values are statistically not sagriifiFor the Northern Hemisphere,
the general trend is degradation, with some significant values close tortaeestin the band extending from
30 to 60°N latitude. This is an area which in 2010 was heavily affected by Radio Ereyunterference. The
scores for the air humidity are very little affected, showing most of the time aldoipact (Fig.16). Figs.21
and22 of the appendix (sectiod.3) shows the same plots, for vector wind speed and geopotential. Thest refle
some significant improvement in the Southern Hemisphere for both variftolesnear surface level up to 400
hPa, after forecast day 4.
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Difference in time-mean T (fzol - fzo5), 1-Jun-2010 to 31-Aug-2010

From 92 to 92 samples. Verified against xxxx.
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Figure 6: Absolute mean change difference in the forecaatraEmperature between SMOS-DA and CTRL-DA, at 1000
hPa, averaged for the period June to August 2010. "fzo1” nsakéerence to SMOS-DA, whereas "fz05” makes reference
to CTRL-DA. Positive values means that SMOS-DA is warmirgpuppared to CTRL-DA, whereas negative values points
towards SMOS-DA cooling down compared to CTRL-DA.
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Difference in time-mean R (fzol - fzo5), 1-Jun—2010 to 31-Aug-2010

From 92 to 92 samples. Verified against xxxx.
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Figure 7: As Fig.6 but for air humidity at 1000 hPa.
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Difference in time-mean T (fzo1-fzo5), 1-Jun-2010 to 31-Aug-2010

From 92 to 92 analyses.
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Figure 8: Absolute mean change difference in the forecasiirofemperature between SMOS-DA and CTRL-DA, as a
function of the atmospheric pressure level, averaged fergériod June to August 2010. "fzol” makes reference to
SMOS-DA, whereas "fz05” makes reference to CTRL-DA. R&sitalues means that SMOS-DA is warming up compared
to CTRL-DA, whereas negative values points towards SMOS&eabAng down compared to CTRL-DA.
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Difference in time-mean R (fzo1-fzo5), 1-Jun-2010 to 31-Aug-2010
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Figure 9: As Fig.8 but for air humidity.
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Figure 10: Score card providing an overview over the perfante of the SMOS-DA scores compared to CTRL-DA. Each
symbol indicates for a given time step whether or not theréxyeat is significantly better or worse than the control; @ne
squares means that SMOS-DA is better than CTRL-DA, yet gioifisant. Red squares have opposite meaning. Small
green triangles means that the improvement in the scoreBI&fSS DA is statistically significant at 95% confidence level,
whereas big green triangles means that is statisticallynlyigignificant (the confidence bar is above zero by more than
its height). Red triangles have similar meaning but theywpmwards degradation of SMOS-DA compared to CTRL-DA.
No colour means neutral impact.
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Figure 11: As Fig.10 but for tropics and Southern Hemisphere domains.
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Normalised difference Normalised difference Normalised difference

Normalised difference

Figure 12: Normalized root mean square air temperature ¢ast error difference between SMOS-DA and CTRL-DA,
averaged for the period June to August 2010. Forecast eamromputed against the own experiment analyses. Vertical
bars show 95% confidence intervals. Left column is for theltf&on Hemisphere extra tropical region, middle column
for tropics and right column for Northern Hemisphere ext@pical region. Top row is for 200 hPa, middle top is for 500

1-Jun-2010 to 30-Aug-2010 from 87 to 91 samples. Confidence range 95%. Verified against own—analysis.
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Normalised difference Normalised difference Normalised difference

Normalised difference

1-Jun-2010 to 30-Aug-2010 from 87 to 91 samples. Confidence range 95%. Verified against own—analysis.
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Figure 13: As Fig.12 but for air humidity.
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Figure 14: Root Mean Square 2 m temperature forecast errfareince between SMOS-DA and CTRL-DA at 24h (top
left), 36h (top right), 48h (middle left), 72h (middle righ®6h (bottom left) and 120 (bottom right) forecast leadetim
Forecast errors are computed against the own experimeniyaiza Values are averaged over the period June to August

2010.
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Change in error in T (fzo1-fzo5), 1-Jun-2010 to 30-Aug-2010

From 87 to 91 samples. Cross—hatching indicates 95% confidence. Verified against own-analysis.
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Figure 15: Normalized Root Mean Square (RMS) air tempeeatorecast error difference between SMOS-DA and CTRL-
DA, as a function of the pressure level. Forecast errors ammjguted against the own experiment analyses. Values are
averaged between June and August 2010. Negative valuesriedrthe RMS forecast error is smaller for SMOS-DA,
whereas positive values means increase of RMS forecast Hatched values are significant at 95% confidence level.
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SCECMWF

Change in error in R (fzo1-fzo5), 1-Jun-2010 to 30—Aug-2010

From 87 to 91 samples. Cross—hatching indicates 95% confidence. Verified against own-analysis.
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Figure 16: As Fig.15but for air humidity.
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4 Discussion

This report describes the system that is used to generate a new recs@bmoisture product, based on the
assimilation of screen level variables and SMOS data. The new produbendtilivered as a 2.5 years product,
covering the nominal life of the SMOS mission. SMOS data is only sensitive tonsagture variations of the
first few cms of soil, however, advanced data assimilation systems, as thaugd€ in this study, makes it
possible to propagate SMOS information into deeper layers through thieidagoatrix and data assimilation
cycling. In this way, not only the most shallow surface benefits from resmising data, but also the root-zone
layer.

This is the first time that a long assimilation experiment using SMOS data hasuweahECMWEF. It is also
the first time that satellite radiances, at global scale, are integrated in flagesanalysis. The quality of
the product described in this study depends on the ability to separate twatins of only highest quality,
but it is also very sensitive to the configuration of the assimilation system. Tiee lavolves an accurate
knowledge of the uncertainty assigned to the observations and the staig @ascwell as knowledge of the
acceptable quality control limits of the difference between the observedSSiMightness temperature and its
model equivalent simulated by CMEM. The EKF configuration used in thisysbedefits from previous in-
vestigations which optimize several components of the EKF, as the SMOS cenipai the Jacobian matrix
and a dedicated monthly CDF matching removing systematic bias and variabilitydme80S observations
and model equivalents. It also makes better use of SMOS observatoegaimple, by averaging observations
in angular bins of 2 degrees prior to be assimilated. However, the systemh fislly optimized yet. Further
refinement and deeper investigation of each of the EKF componentiradfédue analysis will very likely lead
to improved results. Therefore, the quality of the soil moisture produciepted here, as well as the atmo-
spheric impact on several atmospheric variables presented in the apaesfishould be interpreted with some
caution, as they are obtained with a first version of the data assimation systaume investigations will target
to make better use of SMOS data in the EKF, through a better quality contréthemayh optimization of each
component of the assimilation system.

The atmospheric impact shown in this study presents some positive and sigihiésults for the Southern
Hemisphere, whereas some are negative in the Northern Hemispherartitular, some statistically signifi-
cant degradation was found close to the surface in the latitudinal bamtiexgefrom 30 to 60N North. This

is the band of latitude most affected by RFI, and it might partly explain the bais presented in some of
the figures. However, this problem cannot fully explain the negativeesaabtained in some domains, in par-
ticular in the USA. Here, model aspects or non optimized components of tineilaisn system might affect
negatively the influence of the new state of the soil on the forecast of ptrads variables. It should also be
taken into account, that the period of verification uses SMOS observatidhe reprocessed dataset. While
the reprocessed dataset in 2010 removes much of the strongest Rfélssencountered during this early stage
of the SMOS mission, it does certainly not remove all of it, and significanaenimation could be found in the
data.

Finally, it is important to understand how the atmospheric scores are verifigtis study, an analysis valid
at the same time of the forecast is considered to represent the "truthiyvange each experiment’s "own
analysis” as the reference to compare against. In this way we avoid makirgrassumption about which
analysis (SMOS-DA or CTRL-DA) is best. However, this way of verifyatgnospheric scores has to be taken
with caution, as they are in no way independent of the system being t€ted €t al. 201)0and may change
the level of variability which unfairly can be interpreted as negative impadiiléVin this study, this choice
does not seem to affect the computed scores, it does certainly needd¢odasted for in the interpretation of
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the results.

5 Conclusions

This document reports on 1) the system used to produce a new roosaibmaoisture product assimilating
screen level variables and SMOS data and 2) the impact of SMOS-DArtatswand atmospheric variables.
The system benefits from the coupled HTESSEL-IFS and the CMEM igesimucture, which makes it possi-
ble to compare SMOS observations and the model equivalents at the time dk#mwations. Previous works
(see references sectid), permitted to solve some issues and make the use of SMOS data in the IFS more
optimal.

An extensive validation of the impact of assimilating SMOS data in the ECMWF BK&od moisture, was
done. To this end, independent in-situ soil moisture observations freena@etworks around the world were
used. The period of validation was June, July and August of the yed. 2During this period, a stronger
impact of the new state of the soil on atmospheric variables may be expectedNottnern Hemisphere. The
soil moisture validation exercise showed that, over the eleven networks weitlalzle soil moisture observa-
tions used in this study, eight obtained better averaged R values when 8M&®®as assimilated than without
them. Besides, the three networks where R was not improved presgatifgadifficult conditions, as being in
areas of extreme climate of strongly contaminated by RFI. Consistenly, RM8DMB were also decreased in
the experiment using SMOS data, but RMSD values remains in many cased higimight be a consequence
of representativeness issues (for example using a different soitedrtthe analysis than the in-situ station),
topography, vegetation, pedotransfer functions, which reflects the tiegration of the meteorological forc-
ing or the hydrological state of the soil, as well as the analysis. They aggeem@ment with previous validation
studies conducted at ECMWEF. It also emphasizes the fact that the trueatfon content in modelled soil
moisture not necessarily relies in their absolute magnitudes but in their time varjatiergel et al. 2012p
The general trend of the soil moisture analysis increments during summemaldrying the soil up. This
may be an indication of the usefulness of SMOS information, as previougstiedind systematic errors in the
ECMWEF land surface model, resulting in too wet soil conditions. Howewethér investigation is needed to
understand a possible systematic sign of the increments in certain aretisr &&a correction, the assimila-
tion increments are deemed to correct only for random errors and neystematic biases.

In this study, some observations up to 100 cm deep were available oveilSthddd. The averaged in-situ
observations were compared to the averaged soil moisture analysis @¥iesttimetre of soil, and either for the
SCAN or USCRN networks, the R was improved too. The impact on soil tefyserand 2 m temperature did
not show significant differences.

The impact of SMOS-DA on the forecast skill of several atmospheriabtes was evaluated too. It was found
that the mean change in air temperature and humidity fields was mostly limited to theunfeae atmosphere
over continental surfaces. This result was expected as the assimila8M©@$ data is made only over land.
A warming of the near surface atmospheric level was observed in ateae wn general, the soil was dried
up. Similarly, a cooling of the lowest atmospheric levels was produced if meistas added to the soil.
Nonetheless, the absolute mean changes values remained low. For air humédd@gposite sign was found,
as air temperature and air humidity are anticorrelated. These results shaeat link of the soil moisture
state with air temperature and air humidity. Indeed, this has been the reasoarfp years (given the lack of
reliable remote sensing data sensitive to soil mositure) to operationally assimifater@perature and relative
humidity to constrain soil moisture. It was also found that the propagatioreahttan changes in air temper-
ature were slow in higher atmospheric levels, with almost no changes in thestdipmain. Tropical regions
are dominated by high dense vegetated canopies, where SMOS has veim|ititd.
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Although the scores here presented suggested a decrease of tastereor for air temperature and air humid-
ity in the Southern Hemisphere, and an increase in the Northern Hemispieseof these scores were shown
not to be statistically significant. Just in a few cases an improvement/degradétip to 1% was found for
air temperature, but also for the vector wind speed and the geopotentisle Hiter variables are also affected
for changes in temperature and humidity. It may be necessary to run lexygerments to ensure statistically
significant results.

This report showed that ECMWF has developed a functioning data assimisythbem able to produce a new
soil moisture product, that is based on assimilating SMOS data. It showeeésititgy and preliminary results,
with a clear impact of SMOS data on land surface and near surface atemmspériables. However, deeper
investigations are needed, which will permit to optimize the use of these datalifShm synergy with other
conventional and remote sensing data.
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6 Appendix

6.1 Scorecardsfor Autumn 2010 (September, October and November)

Figure 17: As Fig.10 but for the period 1 September to 30 November 2010.
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Figure 18: As Fig.17 but the tropics and Southern Hemisphere domains.
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6.2 Normalized RM Sforecast error for vector wind speed (VW) and geopotential (Z).

Normalised difference Normalised difference Normalised difference

Normalised difference

0.010
0.005F

0.000
-0.005}
-0.010}

-0.015}
-0.020

0.005

0.000

-0.005}

-0.010¢}

-0.015¢

-0.020

0.005

-0.005

-0.010¢}

-0.015¢

-0.020

0.005

-0.005

-0.010¢}

-0.015¢

-0.020

1-Jun-2010 to 30-Aug-2010 from 87 to 91 samples. Confidence range 95%. Verified against own—analysis.

VW: -90° to —20°, 200hPa

VW: -20° to 20°, 200hPa

VW: 20° to 90°, 200hPa

VW: -90° to —20°, 500hPa

VW: -20° to 20°, 500hPa

0.010 0.020
0.005 1 0.015
0.010
0.000
0.005
-0.005 1 0.000
. . . . . 1-0.010 . . . . . 1-0.005 . . . . .
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5

VW: 20° to 90°, 500hPa

VW: —-90° to —20°, 850hPa

VW: —20° to 20°, 850hPa

0.010 0.015

0.005 0.010}

0.000 0.005

1-0.005 0.000
- . . . doo0ot. . . . ,Jw0005L._. . . .
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5

VW: 20° to 90°, 850hPa

0.008 0.015
0.000F-NL - f 0.006 1 0.010
0.004
1 0.002 { 0.005
1 0.000 0.000
-0.002
1-0.004 170005
.. .. .. .00t .. .. . . ,do0m0b_ . . . . .
0o 1 2 3 4 5 0o 1 2 3 4 5 0o 1 2 3 4 5

Forecast day

Forecast day

fzol - fzo5

VW: -90° to —20°, 1000hPa VW: -20° to 20°, 1000hPa VW: 20° to 90°, 1000hPa
——————————— 0.008 ——————————— 0.020 ———————————
0000k b L] 0.006 0.015
0.004 1 0010
1 0.002
0.005
1 0.000
-0.002 | 0.000
1-0.004 -0.005
coovov v 1-0006 e e v e v ., 1-0010 A
0o 1 2 3 4 5 0o 1 2 3 4 5 0o 1 2 3 4 5

Forecast day

Figure 19: As Fig.12 but for the vector wind speed.
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1-Jun-2010 to 30-Aug-2010 from 87 to 91 samples. Confidence range 95%. Verified against own—analysis.
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Figure 20: As Fig.12 but for geopotential.
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6.3 Normalized RM Sforecast error asa function of the atmospheric level, for VW and Z.

Change in error in VW (fzo1-fz05), 1-Jun-2010 to 30-Aug-2010

From 87 to 91 samples. Cross—hatching indicates 95% confidence. Verified against own-analysis.
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Figure 21: As Fig.15but for the vector wind speed.
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Change in error in Z (fzo1-fzo5), 1-Jun—-2010 to 30—Aug-2010

From 87 to 91 samples. Cross—hatching indicates 95% confidence. Verified against own-analysis.

T+12
s 200 T
e
CI; 400 7
5
2 600 3
o
o 800 E
1000L i
-90 -60 -30 O 30 60 90
Latitude
T+48
g 200 g 1
a T
g 400f ;
2 600f
Q
o 800F
1000 |
-90 -60 -30 O 30 60 90
Latitude
T+96
c 200
o
N
" oof | |
=1 [
@ 600
g |
& 800 \ |
1000 ‘ ‘ ﬂ
-90 -60 -30 O 30 60 90
Latitude

Pressure, hPa Pressure, hPa

Pressure, hPa

T+24
200k -
400 F
600
800 F
1000 :
-90 -60 -30 O 30 60 90
Latitude
T+72
200 1
400 i
600 1
800 A 1
1000
-90 -60 -30 O 30 60 90
Latitude
T+120

200 T
400
600

-90 -60

Latitude

Figure 22: As Fig.15 but for geopotential.
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