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Executive Summary

This paper is the final report of the SMOS project activities conducted at ECMWF between 2007 and 2018
to use SMOS brightness temperature (TB) observations in the ECMWF Integrated Forecasting System (IFS)
for monitoring and data assimilation purposes. These activities were conducted in two phases. The first one,
(contract 20244/07/1-LG) focused on the implementation of the SMOS TB data in the IFS and the develop-
ment of the SMOS TB monitoring system. It included the development of the SMOS forward model CMEM
(the Community Microwave Emission Modelling platform) as well as a number of technical tasks such as
the SMOS BUFR specification, the SMOS Observation Data Base, and the set-up of the SMOS monitoring
pages. The second phase (contract No 4000101703/10/NL/FF/fk) was dedicated to SMOS TB data assimi-
lation. It included the implementation of the SMOS TB data in the Simplified Extended Kalman Filter data
assimilation system, further developments of the forward model CMEM, bias correction, long term moni-
toring, tuning and specification of the background and observation errors specification, and evaluation and
SMOS TB data assimilation in the IFS. Activities conducted in 2016-2018 also included the SMOS neural
network developments and offline data assimilation as well as ocean activities (sea ice and wind speed),
which are reported separately and therefore not included in this paper. Both contracts included technical
support activities like the definition of the SMOS DPGS interface and Interface Control Document (ICD)
and support to ESA with ECMWF products and changes related to new IFS cycles, resolution and format
changes. Long term monitoring results over land showed that SMOS and ECMWF reanalysis-based bright-
ness temperature agreement steadily improved between 2010 and 2016, indicating improvement of SMOS
products quality through the SMOS lifetime. Data assimilation results showed that the soil moisture state
benefits from the direct assimilation of SMOS TB, especially in better representing the temporal variations
of soil moisture in time. The forecasting skills of low level atmospheric variables remains mainly driven by
the screen level observations. Despite the clear benefits on the soil state, remote sensing data needs to be
used with screen level variables to add value on the state of the atmosphere, pointing to inconsistencies in
the physical coupling between the land and near-surface components of the ECMWEF Earth system. These
activities demonstrated the relevance of the SMOS observations for numerical weather prediction modelling
and assimilation developments.
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1 Introduction

Satellite based soil moisture observations from space are of high interest for Numerical Weather Prediction
(NWP) applications. They have the capability to provide in Near Real Time (NRT) consistent information
across all continental surfaces. The Soil Moisture and Ocean Salinity (SMOS) mission, launched in November
2009, was designed for soil measurements from space purposes. It provides L-band (1.4 GHz) passive mea-
surements which are optimal, both in terms of accuracy and sampling depth, for soil moisture remote sensing
(Kerretal., 2001). SMOS is the second Earth’s Explorer mission of the European Space Agency (ESA) Living
Planet Programme, exploring an innovative remote sensing technique based on radiometric aperture synthesis
to observe soil moisture over continental surfaces and ocean salinity over oceans (Kerr et al., 2010; Mecklen-
burg et al., 2016).

Contracted by ESA, the European Centre for Medium-Range Weather Forecasts (ECMWF) has developed and
implemented global monitoring and data assimilation of the Soil Moisture and Ocean Salinity (SMOS) mission
data. In a first phase project (2007-2010), the ECMWF operational Integrated Forecasting System (IFS) was
updated to acquire, process, and archive SMOS NRT brightness temperatures, and the NRT SMOS brightness
temperature data monitoring was implemented. In NWP systems, monitoring is mainly focused on the com-
parison between the observed variable and the model equivalent simulating that observation, because this is the
quantity used in the analysis. The Community Microwave Emission Modelling platform (CMEM) was devel-
oped for this purpose in the context of this contract. The resulting framework made it possible to obtain daily
statistics of the observations, the model equivalent, and the difference between the two quantities (first-guess
departures). In the second phase project (2010-2018), ECMWF developed SMOS brightness temperatures (TB)
data assimilation in their land surface SEKF (Simplified Extended Kalman Filter). The main objectives were
(1) to produce, validate, and disseminate a SMOS Level-3 root zone soil moisture product, and to exploit the
SMOS NRT brightness temperatures, (2) to quantify the impact of the SMOS observations, and compare it
to that of other soil moisture related observations, on the predictive skill of the forecasting system, and (3) to
provide long term assessment of the SMOS data quality based on reanalysis based-long term monitoring.

This paper is the final report of the SMOS activities conducted at ECMWF between 2007 and 2018 for SMOS
TB data monitoring and assimilation over land surfaces. Activities conducted in 2016-2018 also included the
SMOS neural network developments and offline data assimilation as well as ocean activities (sea ice and wind
speed), which are reported separately and therefore not included in this paper.

The contractual context of this work is presented in the next section, completed by an inventory provided in the
appendix with all the reports, technical memorandum, newsletter articles, peer reviewed articles produced un-
der this contract. Section 3 gives a summary of the main results of the SMOS activities conducted at ECMWF
to use brightness temperature over land. It highlights the main outcomes of the research and operational imple-
mentations. Section 4 concludes.

2 Contractual context and deliverables

The first phase of the SMOS TB study over land was conducted at ECMWF from August 2007 to June 2010
(35 months) under the ESA/ESRIN Contract 20244/07/1-LG. The total funding provided to ECMWF by ESA
corresponded to 27 person-month. Under this contract the operational Integrated Forecasting System (IFS) has
been updated to acquire, process, and archive SMOS near real time (NRT) brightness temperatures. The work
accomplished during this first phase comprised:

The definition of the Level-1C Near-Real-Time product, SMOS BUFR specification (de Rosnay et al.,
2012),
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The development and implementation of the Community Microwave Emission Model, MS1TN-P1 (de Ros-
nay et al., 2009b)

The operational acquisition of SMOS data at ECMWF;

The implementation of the SMOS data in the Integrated Forecasting System (IFS) through the SMOS
Observation Data Base (ODB), MS1TN-P2 (Mufioz-Sabater et al., 2009)

The test and validation of the acquisition and pre-processing of the SMOS data in the IFS, MS2TN-P1/2/3
(Mufioz-Sabater et al., 2010)

The implementation of SMOS monitoring system (now at https://www.ecmwf. int/en/forecasts/
charts/obstat/?facets=Instrument, SMOS) and provision of SMOS continuous monitoring
report partl (Mufioz-Sabater et al., 2011c).

The list of deliverables, including Milestone (MS) Technical Notes (TN), provided under this contract is given
in the top part of Table 1. SMOS data was implemented in the IFS for the purpose of SMOS monitoring
activities. SMOS data implementation in the IFS has been a challenging task due to the characteristics of this
new type of data combined to its large volume. The amount of SMOS data had to be reduced by 90%, based on
a random selection of the data (and also filters out non-physical brightness Temperatures values below 50K or
above 350K). This data thinning approach has proved to be efficient enough to enable to put SMOS data in the
ODB as the angular signature is maintained. It made it possible to use SMOS data in the IFS very soon after
the first SMOS data was made available.

The second phase of the SMOS TB study at ECMWF was conducted from October 2010 to December 2018
(99 months) under the ESA/ESRIN contract 4000101703/10/NL/FF/fk. The total funding provided to ECMWF
by ESA for land surface activities corresponded to 63 person-month, of which 50 person-month related to
brightness temperature activities over land summarised in this report. The main objective of this phase was
to focus on scientific analysis of SMOS monitoring results and investigations of the SMOS data assimilation
impact on the forecasts skills. It included CMEM configuration, bias correction, the development of a flexible
data thinning, noise filtering approach, implementation of the SMOS data in the SEKF soil analysis, sensitivity
study of the SMOS Jacobians, tuning of the observation and background error specifications and evaluation
of the data assimilation impact for different configuration of the observing system, using SMOS TB data with
and without other sources of information used in NWP land analysis systems such as the ASCAT soil moisture
product and the screen level observations. This second phase followed a progressive approach structured with
several Contract Change Notices (CCN).

Main contract (28 peron-month), following the Request for Clarification (RfQ) 3/13053/09/NL/FF/FK,
to focus on SMOS NRT processing Mufioz-Sabater et al. (2011a), bias correction de Rosnay et al. (2018),
implementation of SMOS data in the SEKF Mufioz-Sabater and de Rosnay (2011); Mufioz-Sabater et al.
(2011d), data assimilation tests and production of a SMOS Level-3 root zone soil moisture Mufioz-
Sabater et al. (2014a, 2013).

CCN1 (14 person-month) from November 2012 to December 2013, CCN2 (January 2014 to February
2014) and CCN3 (March 2014 to 15 September 2014) supported operational monitoring activities, root
zone soil moisture activities and configuration of the data assimilation system Mufioz-Sabater (2015);
Mufioz-Sabater et al. (2018), with in particular a study of the error matrices structure Mufioz-Sabater
etal. (2016a).

CCN4 from 16 September 2014 to 15 March 2016, and CCN5 from 16 March 2016 to 15 June 2016,
started to look at SMOS phase 11 activities: Toward ocean applications. This CCNs represented 8 person-
month for ESA support and a comprehensive SMOS TB data assimilation study Mufioz-Sabater et al.
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Phase I, Contract 20244/07/1-LG, August 2007 - June 2010

MSI1TN-Part 1
MS1TN-Part 2
MS2TN-Part 1/2/3

Monitoring Report

de Rosnay et al. (2009b)
Mufioz-Sabater et al. (2009)
Mufioz-Sabater et al. (2010)

Mufioz-Sabater et al. (2011c)

Global Surface Emission model
IFS interface
Operational Pre-processing chain, Collocation soft-

ware development and Offline monitoring suite
SMOS continuous monitoring report partl

Phase 11, Contract 4000101703/10/NL/FF/fk, October 2010 - December 2018

Monitoring webpage
TN-PI1I-WP1100
TN-PI-WP1300
TN-PI11-WP1200
TN-PI-WP2000-2100

TN-PI1-WP2300
TN-PI1-WP3401-3402

TR2PI11-WP4020

TRA4PI11-WP4050
TRS5PI1-WP4060
TR1PINI-WP4010

MS3TN-Part2

TR3PI11-WP4040

Final Report

https://www.ecmwf.int/en/forecasts/charts/obstat/?facets=Instrument,SMOS

Mufioz-Sabater et al. (2011a)
Mufoz-Sabater and de Rosnay (2011)
Mufioz-Sabater et al. (2011d)
Mufioz-Sabater et al. (2014a)

Mufioz-Sabater et al. (2013)
Mufioz-Sabater et al. (2016a)

Mufioz-Sabater et al. (2016b)

Tietsche and Balmaseda (2016)
De Chiara and English (2016)
Rodriguez-Fernandez et al. (2017a)

de Rosnay et al. (2018)

Mufioz-Sabater et al. (2019)

This report de Rosnay et al. (2019b)

SMOS Monitoring Report Number 2

SMOS Report on noise filtering

SMOS Report on data thinning

Report on Level 3 root zone soil moisture and DA

Impact
Hot Spot Analysis

SMOS Report on background and observation error

scenarios ] ) )
SMOS Near-Real-Time Soil Moisture processor:

Operational chain and evaluation

Sea-ice thickness from SMOS

SMOS Hurricane wind speed analysis

SMOS Neural Network Soil Moisture Data Assimi-

lation
SMOS brightness temperature forward modelling,

bias correction and long term monitoring at

ECMWEF : :
Assimilation of SMOS brightness temperature in the

ECMWF Integrated Forecasting System
Final Report on SMOS brightness temperature activ-

ities over land: Monitoring and Data Assimilation

Technical tasks to support to the ESA SMOS mission

Level-1C NRT product
SMOS DPGS interface
SMOS QWG

IFS dissemination

BUFR Specification (de Rosnay et al., 2012)
ICD document (Flati et al., 2013)
Contribution and participation to the SMOS QWG
Continuous support to ESA with new IFS cycles products

Table 1: SMOS ECMWEF delivered reports during the first phase contract 2007-2010 and the second phase contract
2010-2018, and support tasks. Reports in the shaded grey lines are on ocean and neural network activities which are not
summarised in this final report.
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S ECMWF ECMWEF Final Report on SMOS brightness temperature activities over land

(2019); de Rosnay et al. (2019a). It also included 13 person-month for other land activities for SMOS
Neural Network (NN) implementation for ESA Mufioz-Sabater et al. (2016b); Rodriguez-Fernandez et al.
(2016, 2017b) and SMOS NN offline assimilation Rodriguez-Fernandez et al. (2017a), and 9 person-
month for ocean sea ice and wind activities Tietsche and Balmaseda (2016); De Chiara and English
(2016) not reported here.

CCNG6 (01 June 2016 - 31 December 2018) focused on SMOS ocean activities (not reported here).

The list of deliverables of the Phase Il of the contract is given in Table 1. The list of reports, technical mem-
orandum, newsletter articles, peer reviewed articles produced during the two phases of the contract is given at
the end of the paper as an appendix. As indicated above, this Final Report gives an overview of the SMOS
TB activities conducted over land. SMOS neural network activities and SMOS ocean activities are reported
separately.

Results allowed defining the best data assimilation system configuration in the current IFS to use for future
data assimilation experiments. They showed that the combined effect of doubling the error of the SMOS
observations and a B matrix as a function of soil texture are expected to produce best results both, in terms of
lower RMSD and higher R with in-situ data. In terms of atmospheric impact, combining the SMOS brightness
temperature observations with screen level observations in the data assimilation system was shown to provide
the best results in terms of combined impact on soil moisture and atmospheric forecasts. These findings were
used to define the set-up of SMOS brightness temperature data assimilation experiments.

Beside the provision of deliverables directly related to the contract, a number of continuous tasks were con-
ducted to support the SMOS mission and ESA SMOS activities (Table 1, bottom). These activities include
regular interactions with ESA regarding the SMOS BUFR specification, the definition and maintenance of
the SMOS DPGS interface and Interface Control Document (ICD), the maintenance of the SMOS monitor-
ing pages, contribution and participation to the SMOS Quality Working Group (QWG), and support to ESA
regarding new IFS cycles implementation and provision of test (e-suite) sets of files.

3 Results and highlights

3.1 SMOS global surface emission model

The SMOS activities started at ECMWF in 2007 with the development of the Community Microwave Emission
Model (CMEM). CMEM was later renamed (during the second phase of the project) to become the Community
Microwave Emission Modelling platform which refers to its modular and multi-parameterisation specificities.
CMEM was developed to be used as the forward operator for low frequency passive microwave brightness
temperatures (from 1GHz to 20 GHz) of the surface. CMEM’s physics is based on the parameterisations used
in the L-Band Microwave Emission of the Biosphere and Land Surface Microwave Emission Model. CMEM
modularity allows considering different parameterisations of the soil dielectric constant as well as different soil
approaches and effective temperature, roughness, vegetation and atmospheric contribution opacity models.
Figure 1 shows the CMEM code structure as developed during the first phase of the contract and as imple-
mented in the IFS. Figure 1 also illustrates results obtained with CMEM at C-band for different precipitation
forcing with the land surface model ORCHIDEE, compared to AMSR-E observations over West Africa in
summer 2006 de Rosnay et al. (2009a). L-band observations from the SMOSREX (Soil Monitoring Of the
Soil Reservoir EXperiment) field experiment were also used to calibrate the soil roughness parameterisations
of CMEM as described in Mufioz-Sabater et al. (2011b). Furthermore, the Skylab observation were used to
compare CMEM'’s parameterisations using the few orbit swaths available providing space-based L-band obser-
vations Drusch et al. (2009a).

6 Final Report ESA/ESRIN Contract 4000101703/10/NL/FF/fk
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CMEM code structure (v3.0)

cmem_main. F90 Variable declaration
MEM setup
the ascii file "input” is red to define options chosen in the namelist fil Kind definition:
call cmem_setup.F90 parkind1.F90

Get Input data files informations (for I/O format):
and check input data consistency in term of dimension

call rdememgribexinfo. F90 Declaration:
call rdememegribapiinfo. FO0
call rdememasciiinfo.FO0
call rdemem netcdfinfo.F90

yomememgribex.F90

ibapi. F90
(Allocate variables J yomememnetedf.FOO
yomemempar.F90
Read Input data files yomememfield.F90

yomemematm.F90
yomememsoil. F90
yomememveg.F90
yomlun_ifsaux.FO0
yomlun.F90

call rdememgribex.F90
call rdememgribapi.FO0
call rdememascii.FOO

call rdemem netedf.FO0

Initialize the simulation
call cmem_init. F90
Atmospheric module call cmem_atm. F9O
Tiling, roughness and vegetation parz

Radiative computation

soil module (call cmem_soil.F90)

vegetation module (call cmem_veg.F90)

snow module (call cmem_snow.F90)

comput TOV TB (call cmem_rtm.F90) and TOA TB

CMEM output
call wrememgribex.F90
call wrememgribapi.FOO
call wrememascii.FOO
call wrememnetedf.FO0

[Deallocate variables )

(a) CMEM code structure

a AMSR-E b ALMIP-MEM EXP2 € ALMIP-MEM EXP1

0° 0°N 290

] ] 270

o 16N 16°N 4 250
g 4 4

212N 12°N 230

" g g 210

&N &N 190

4°N 4N 170

0° 10°E 20°E 30°E  20°W 10°W 0° 10°E 20°E 30°E  20°W 10°W 0° 10°E 20°E 30°E
Longitude Longitude Longitude

20°W 10°W

(b) C-band observations and CMEM simulations on 20-21 July 2006

Figure 1: Top panel: CMEM code structure as available at the end of the first phase of the project. Bottom panel: C-band
brightness temperature at horizontal polarisation on 20-21 July 2006 observed by AMSR-E (left), simulations in ALMIP-
MEM for different precipitation forcing (middle and right panel). Figure from MS1TN-Part 1 (de Rosnay et al., 2009b).
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CMEM was released on the ECMWF web site under tagged versions from December 2007 onwards and it has
been used by a number of users for SMOS and SMAP applications, such as for example studies from Carrera
et al. (2015) or Lievens et al. (2015), benefiting the NWP and hydrological communities. Further develop-
ments of CMEM, mainly related to the optimisation of CMEM’s configuration using SMOS observations, were
conducted in the second phase of the project as summarised in Section 3.10.

The development of CMEM was largely supported by this project before the SMOS launch and led to a ded-
icated report delivered in the project Phase | (MS1TN-Partl, see Table 1) by de Rosnay et al. (2009b) and a
number of related publications (Holmes et al., 2008; Drusch et al., 2009a; de Rosnay et al., 2009a; Mufioz-
Sabater et al., 2011b).

3.2 IFS interface

The technical implementation of the SMOS data in the Integrated Forecast System (IFS) started before the
SMOS launch using simulated Level 1 NRT test data provided by ESA. The SMOS NRT products are processed
at the European Space Astronomy Centre (ESAC) in Madrid (Spain) and sent to ECMWF via the SMOS
Data Processing Ground Segment (DPGS) interface. The product used at ECMWEF is the NRT product which
are geographically sorted swath-based maps of brightness temperatures. The geolocated product received at
ECMWEF is provided on an equal area grid system called ISEA 4H9 (Icosahedron Snyder Equal Area grid with
Aperture 4 at resolution 9). A significant activity during the SMOS project at ECMWF was to implement the
SMOS data at ECMWF, with the main objective being to be ready for SMOS monitoring as soon as possible
after the launch. The main steps to achieve this were:

To put in place an operational acquisition of the SMOS data at ECMWEF, and archive the data on
ECMWEF’s File Storage system (ECFS),

Conversion of NRT test Binary Universal Form for the Representation of meteorological data (BUFR)
product to internal ECMWF BUFR format,

Pre-screening of BUFR data (preliminary thinning and consistency checks),

Conversion of SMOS BUFR data to the ECMWF Observational Data Base (ODB) format for use in the
IFS,

Computations in model space of observations with model fields.

The technical implementation is illustrated in Figure 2 which shows the dedicated SMOS tasks in the IFS
observation family on the left, and preliminary maps of SMOS TB in the ODB obtained using simulated Level
1 NRT test data provided by ESA before the SMOS launch. The detailed documentation of the IFS interface
with SMOS data is provided in the report (MS1TN-P2, see Table 1) delivered by Mufioz-Sabater et al. (2009).

3.3 Operational Pre-processing chain, Collocation software development and Offline monitor-
ing suite

Further to the IFS interface developments, quality checks were implemented both in the ECMWF acquisition
and in the IFS. These included generic checks on the SMOS data file format (e.g. checks on the BUFR headers,
date and time, and structure), as well as preliminary data quality check in the pre-processing to ensure that
brightness temperatures are in the range of physically reasonable values, concretely not lower than 50 K and

8 Final Report ESA/ESRIN Contract 4000101703/10/NL/FF/fk
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“simulated SMOS data for 2010-12-17, 90% thinned"
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(a) SMOS preprocessing tasks in the IFS (b) Example of prototype SMOS data in the IFS

Figure 2: Implementation of SMOS in the IFS before the SMOS launch. Left panel show the IFS suite with the introduction
of dedicated SMOS tasks in the observation family. Right panel shows preliminary maps obtained from the IFS ODB using
simulated Level 1 NRT test data provided by ESA before the SMOS launch. Figure from MS1TN-Part 2 (Mufioz-Sabater
et al., 2009)
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not greater than 350 K. In this way observations affected by hard Radio Frequency Interference (RFI) are
rejected. A simple data thinning was also introduced at the early stage to the mission, in IFS cycle 36r4, to
make it possible for the IFS to cope with the large data volume provided by SMOS. The method used was to
filter out 9 out of 10 subsets in each BUFR message, equivalent to thin the volume of the initial data set in about
90%. All SMOS data that go through the pre-screening jobs are presented to the IFS. The approach developed
was to map the SMOS data into model space. It is in this space where SMOS data is collocated to the model
grid at the required model resolution using the nearest neighbour technique (specific Fortran routine in the IFS,
provided in the appendix of MS1TN-Part 1/2/3 by Mufioz-Sabater et al. (2010)). Figure 3 left shows the SMOS
workflow in the IFS, including acquisition, BUFR reformatting, archiving on the ECMWF ECFS and MARS,
preprocessing, conversion to ODB, colocation, interface to CMEM and computation of first guess departure,
and feedback to the ODB for monitoring. The SMOS TB monitoring was then developed for both XX and YY
polarisations and for six incidence angles (10 , 20 , 30 , 40 , 50 , 60 ) and implemented very shortly after the
SMOS launch, providing global maps with statistics and publication at the SMOS offline monitoring webpage
that was put in place from January 2010 as shown in Figure 3 (right).

This work is fully described in the report (MS2TN-P1/2/3 , see Table 1) by Mufioz-Sabater et al. (2010) and
further details on monitoring statistics and preliminary monitoring results were reported by Mufoz-Sabater
et al. (2011c). These reports concluded the first contract (20244/07/1-LG) that focused on the implementation
of the SMOS TB data in the IFS and the development of the SMOS TB monitoring system.

SCECMWF
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Figure 3: SMOS monitoring implementation during the commissioning phase: organigramme of the SMOS offline mon-
itoring running from January 2010 (left), SMOS initial monitoring web page (right). Figure from MS2TN-Part 1/2/3
Mufioz-Sabater et al. (2010).

10 Final Report ESA/ESRIN Contract 4000101703/10/NL/FF/fk



ECMWF Final Report on SMOS brightness temperature activities over land S ECMWF

3.4 SMOS real time monitoring

The framework developed during the Phase | contract, made it possible to obtain in NRT daily statistics of
the observations, the model equivalent of the observations computed by CMEM in the IFS, and the difference
between the two quantities, the so called first-guess departures. SMOS TB monitoring results include global
maps, Hovmoller diagrams, time series and angular scatter plots on land surfaces as fully described in TN-
PI1-WP1100 (Murfioz-Sabater et al., 2011a) which provided a full annual cycle monitoring report. Note that a
preliminary SMOS TB monitoring over ocean surfaces has also been provided, although not explicitly part of
the contract, using a smooth surface emission not accounting for wind effects. Figure 4 gives an example of
time series monitoring plots obtained at global scale over land pixels, for the period November 2010 to Novem-
ber 2011. The left panel is for XX polarisation and right panel for Y'Y polarisation. For Y'Y polarisation an
almost systematic negative bias was observed the whole year, increasing between April and May around 4 K
in absolute value. These differences were explained by snow melting impact on both the SMOS observations
and the CMEM simulated TBs. At this stage of the project the snow covered areas were not filtered out and the
monitoring results pointed out that they are challenging for both monitoring and assimilation. This effect was
stronger for XX polarisation because CMEM is more sensitive over snow for this polarisation. A slightly larger
variability of the bias is also observed on the Y'Y polarisation.

Since the implementation of the SMOS monitoring at ECMWEF nine years ago in January 2010, statistics have
been continuously computed using several weeks of data. The SMOS monitoring has been a very robust way
to identify systematic differences between modelled values and observations. Furthermore it also set the basis
to investigate and understand the new observations before they become active in the ECMWF land assimilation
scheme.

3.5 SMOS data thinning

The daily volume of SMOS data arriving at the ECMWF archives in NRT can be more than 8 Gb, which is
among the greatest sources of satellite data received at ECMWF. This amount of data cannot all be introduced
in the IFS for just one single satellite instrument, taking into account that data from many other satellites is
used simultaneously. For SMOS, it is estimated that only 5 to 10% of the initial data volume can realistically
be ingested in the IFS. Data thinning is therefore a mandatory step and also prevents redundant and poor
quality observations to go through the assimilation system. In the project Phase I, a simple thinning approach
was implemented in the IFS as a practical solution, consisting of keeping only 1 out of 10 observations (see
Section 3.3). The SMOS data thinning was later on replaced by a flexible approach implemented in IFS cycle
37r2, which accounts for thinning configuration parameters for the input dataset in the IFS for both monitoring
of brightness temperatures and assimilation experiments. Figure 5 shows resulting data volume obtained for
different thinning configurations based on a 12h assimilation window. It shows that with a 6 incidence angles
monitoring suite, less than 7% of the original data volume is used. Although the data reduction is important,
there is still a significantly large number of observations in the SMOS ODB. By using the monitoring suite but
rejecting pixels with more than 50% water content (so only keeping land points), only 4% of the total original
volume remains in the IFS. If on top of that, only data within the alias-free FOV is used (of better quality)
then the percentage is further reduced to 3%, corresponding to about 9% of the total data over land. This
approach permits the investigation of assimilating different multi-angular configurations of the observations for
the accurate access to soil moisture. It is fully described in the TN-PII-WP1200 report (Mufioz-Sabater et al.,
2011d).
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Figure 4: Global scale, time series from November 2010 to August 2011 over continental surfaces, at 40 incidence angle,
of mean bias (top figures), mean standard deviation of bias (second top row), comparison between observed brightness
temperatures and the CMEM modeled equivalents (third row), and number of observations (bottom figures). Each value
is an averaged value per ECMWF 4DVAR 12h cycle. Left panel is for XX polarisation, right panel for YY polarisation.
Figure from TN-P11-WP1100 (Mufioz-Sabater et al., 2011a).
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Water pixels + HHV / HVV 97.024.125 (62.85%)
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Figure 5: Influence on several thinning configurations in IFS cycle 37r2, on the SMOS data volume (number of values and
percent) based on SMOS data between 21h00 on 30 November 2010 and 9h00 on 1 December 2010, from TN-PI11-WP1200
(Mufoz-Sabater et al., 2011d).
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3.6 SMOS noise filtering

SMOS provides multi-angular measurements of polarised brightness temperatures, i.e. a region on the Earth’s
surface is being observed under different viewing angles Kerr et al. (2010); Mecklenburg et al. (2016). Depend-
ing on the location of the observed area within the Field Of View (FOV), the number of views can vary from a
few units to several dozens. The geometry of the observation is complex, and inaccuracies in the antenna pat-
tern estimation, radiometric resolution, bias and accuracy lead to noise in the SMOS angular observations. In
addition, the same area of the Earth surface can be observed at different viewing geometries, and that can turn
into quite different pixel shapes and sizes, specially at large incidence angles. Therefore a significant angular
noise contribution is also due to the diverse nature of the Earth’s surface. So, a crucial step in the development
of SMOS TB data assimilation in the IFS was to develop, test and validate a methodology to reduce the random
noise in the observations entering the data assimilation system.

The SMOS noise filtering method developed and implemented at ECMWF is based on the data angular binning.
The relation between TB and incidence angle was shown to be very well described by a 2nd order polynomia. It
was evaluated for the raw data as well as for data angular bins of 0.5 , 1 ,2 and 3 for points located in several
areas of the world (RFI free areas in South East of Australia, North West of South America and North of North
America). The impact of soil texture and vegetation characteristics was also investigated and showed that there
is not any evidence of any type of soil texture or vegetation cover type over which observations are more noisy.
Figure 6 gives an example of the angular dependency of TBs for different angular bins for a grid point located in
South Australia corresponding to a desert area. Averaging observed brightness temperatures over the same node
in angular bins of different size, the noise of the observations was reduced. Based on a larger scale analysis we
found that the optimal bin size is 2 s (+/- 1), as for this bin the polynomial regression model explains better
the angular signature of the observations while decreasing the noise. From a general perspective, this method
decreases noise from SMOS observed brightness temperatures by 3 K. Another advantage is that this method
reduces the volume of data and also eases an operational implementation, which makes this method suitable
to be implemented within the Integrated Forecasting System of ECMWEF. It has been used since 2011 for both
monitoring and data assimilation activities at ECMWF. The method is fully described in the TN-PII-WP1300
report (Mufioz-Sabater and de Rosnay, 2011) and in the peer reviewed article by Mufioz-Sabater et al. (2014b).

3.7 Level 3 root zone soil moisture and DA Impact

A SMOS level 3 root-zone soil moisture product was developed based on the SMOS level 1 Near Real Time
(NRT) brightness temperatures assimilation in the ECMWF Simplfied Extended Kalman Filter (SEKF) (Drusch
et al., 2009a; de Rosnay et al., 2013). This required significant technical work to include the SMOS data in the
ECMWF SEKF. The SMOS TB data was introduced in the observation vector, with the SEKF using a block
diagonal observation error with standard deviation set to the SMOS radiometric accuracy. This preliminary
implementation is described in Mufioz-Sabater (2015) that presented the very first data assimilation results
obtained at ECMWF with the SMOS data, using a global mean bias correction. For the root zone product a
point-wise bias correction was used based on a monthly matching similar to the one described in section 3.10,
but based on only 2.5 years of SMOS data and using a five month moving window to account for the seasonal
cycle. These developments led to the SMOS TB data assimilation system available in IFS cycle 38r2, able to
use direct satellite radiances to constraint soil moisture. Two long-term numerical experiments were conducted
at a resolution of 40km (TL511), closest to the SMOS resolution for the period from 1 May 2010 to 31 October
2012, with SMOS TB assimilation (to produce the root zone product) and without SMOS assimilation (used
a control experiment to evaluate the impact of SMOS). Figure 7 shows the impact of SMOS data assimilation
on both soil moisture (verified against in situ data) and atmospheric forecasts (verified against own analysis).
The soil moisture validation has been a key component of the soil moisture activities at ECMWF. As illustrated
Figure 7 a number of soil moisture networks were used to validate the ECMWEF soil moisture analysis and
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Figure 6: Relation between TB data and incidence angle for a pixel in Australia (grid id 8167123). Observations (plusses)
and the 2nd order polynomial fitted curve (solid line) the 1 December 2010. Left panel is for the XX polarisation and
right panel for the YY polarisation. In the top figures all the observations acquired at this grid point are included, then
binsof 0.5 ,1 ,2 and 3 are applied, respectively, to average the observations. STD shows the standard deviation of the

residues to the fitted curve. Figure from TN-PI1-WP1300 (Mufioz-Sabater and de Rosnay, 2011).
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forecasts. We do not provide the detail of the individual networks in this final report as thorough descriptions
of the networks and the validation method are provided in papers by Albergel et al. (2012b,a, 2013).

Figure 7 shows that, although the system was not fully optimised yet, these results showed relatively good
performances of the root zone product. The atmospheric scores suggested a decrease of the forecast error for
air temperature and air humidity in the Southern Hemisphere, but an increase in the Northern Hemisphere. The
overall conclusion of this important developement was to show that ECMWF had developed a functioning data
assimilation system able to produce a new soil moisture product, that is based on assimilating SMOS data. It
showed interesting and preliminary results, with a clear impact of SMOS data on land surface and near surface
atmospheric variables. It also emphasised that deeper investigations were needed to optimise the use of these
data in the IFS in synergy with other conventional and remote sensing data already used at ECMWF-.

The production algorithm and the architecture of the production chain, is based on the land surface model
Hydrology Tiled ECMWF Scheme for Surface Exchanges over Land (Balsamo et al., 2009), CMEM (de Rosnay
et al., 2009b) and the IFS SEKF (de Rosnay et al., 2013). Detailed descriptions of assimilation system, the root
zone product and preliminary assessment of SMOS TB assimilation in the IFS are provided in TN-PI11-WP2000-
2100 (Muhoz-Sabater et al., 2014a).

CTRL-DA SMOS-DA

network MB | RMSD | R N MB |RMSD | R N
SMOSMANIA | -0017 | 0.067 | 0.77 | 9 -0.017 | 0.063 |0.74 | 10

AMMA -0.117 | 0.131 | 056 | 1 -0.082 | 0.09 [045]| 3
SCAN -0078 | 0.132 | 053 | 119 || -0.072 | 0.129 | 0.53 | 119
USCRN -0078 | 0.116 | 0.66 | 69 | -0.077 | 0.117 | 0.67 | 68
MAQU 0.027 | 0067 | 0.75 | 16 | 0.027 | 0.067 [0.74 | 16

SWATMEX | -0077 | 0091 | 082 | 9 -0.081 | 0.097 [0.79 | 8

VAS -0075 | 0086 | 072 | 2 -0.084 | 0.098 [058 | 1
OZNET -0.103 | 0.121 | 0.67 | 31 | -0.103 | 0.121 | 0.70 | 31
REMEDHUS | -0065| 0.092 | 057 | 17 || -0.071 | 0.094 |0.59 | 18

UMBRIA -0.153 | 0.159 | 065 | 2 -0.152 | 0.158 |[0.67 | 2
HOBE -0052 | 0075 | 0.70 | 29 | -0.033 | 0.067 |0.69 | 30
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Figure 7: Results of SMOS TB assimilation in IFS cycle 38r2. Top panel: Soil moisture verification statistics of IFS
experiments with (right) and without (left) SMOS TB data assimilation, against different soil moisture networks. Bottom
panel: Normalized root mean square 1000hPa air temperature forecast error difference between experiments with and
without SMOS TB assimilation, for June to August 2010. Forecast errors are computed against the own experiment
analyses. Vertical bars show 95% confidence intervals. Left column is for the Southern Hemisphere extra tropical region,
middle column for tropics and right column for Northern Hemisphere extra tropical region. Figure from TN-PI1-WP2000-
2100 (Mufioz-Sabater et al., 2014b).
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