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ABSTRACT

The recent launch of the Soil Moisture and Ocean Salinity (SMOS) satellite of the European Space Agency opens
the way to use a new type of satellite data very sensitive to soil moisture and ocean salinity. The European Centre
for Medium-Range Weather Forecasts (ECMWF) has developed an operational chain in order to monitor this new
type of remotely sensed data and incorporate it in their surface analyses. SMOS data will be assimilated in the
ECMWF Integrated Forecast System and it is expected to have an impact in the weather forecast at short-medium
range. Previous to assimilation, the quality of the data hasto be assessed. This can be done through monitoring
activities, which is the main purpose of this paper. Monitoring is a routinely task performed with all satellite
data, and among others it makes it possible to localize temporal (or spatial) bias or drifts in the real data, thus
providing almost near real time reports to the calibration teams which can act consequently. In this paper the
implementation of SMOS data in the Integrated Forecast System of ECMWF is discussed. Special emphasis is
given to soil moisture. The system was developed using a simulated file for the Level-1C data processor and it has
been tested with the first flow of available NRT Level-1C brightness temperatures from the commissioning phase.
Some preliminary results are presented in this paper.

1 Introduction

The successful launch of the Soil Moisture and Ocean Salinity (SMOS) satellite of the European Space
Agency [9] is already providing an unprecedented new source of remotely sensed data sensitive to soil
moisture in land and salinity in the oceans. Soil moisture has been extensively identified as a critical land
variable due to its strong influence in the exchanges of water, energy and carbon fluxes at the interface
between the soil, vegetation and the lowest level of the atmosphere. On the other hand, sea surface
salinity is needed to know the water density which in turn hasa strong influence on oceanic circulations.

While a good estimate of salinity over time in ocean re-analysis is important to address seasonal forecast
and climate change ([8]), a good estimation of soil moisture has a direct impact on precipitation and air
temperature predictability at short and medium ranges [6, 5]. Remotely sensed microwave observations
from 1 to 10 GHz are used to obtain information about water content of a shallow near surface layer [15].
In this microwave region, attenuation from clouds and vegetation is smaller than a higher frequency [16].
For example, C-band (5.255 GHz) active microwave data from the Advanced Scatterometer instrument
(ASCAT) on-board of the MetOp platform in synergy with time series of the European Remote Sensing
(ERS) 1/2 data is currently being used by the Vienna University of Technology to produce a global soil
moisture map product [1]. One of the main problems of active observations is that they are very sensitive
to local soil roughness changes. Comparatively, factors such as vegetation or soil roughness are less
significant in passive remote sensing. Satellite missions carrying passive instruments in microwaves
low-frequencies have demonstrated the potential to obtaininformation about soil moisture [12, 3] .
However, the information they provide is limited to the mostsuperficial soil layer and to areas of low to
moderate vegetation [11].
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Passive L-band measurements were identified as the most suitable ones for soil moisture retrievals [9].
Nonetheless, the heavy cost and technological challenge ofarranging a large antenna in L-band (the
satellite antenna size is directly proportional to the squared wavelength [17]) in a single platform has
prevented an earlier spatial L-band mission. For SMOS, an antenna of 8 m is required to comply with
the spatial resolution requirements of the mission. In SMOSthis problem is overcome by applying
the interferometric technique. Instead of one large antenna, sixty nine little receivers installed in three
Y-shaped arms collect the radiation emitted by the Earth’s surface between 1400 and 1427 MHz. The
phase difference measured between the individual receivers makes it possible to reconstruct an image
with the science requirements, i.e., volumetric soil moisture with 4% accuracy and spatial resolution
40-50 km and salinity in open waters with 0.1 psu accuracy fora 10-30 day average and an open ocean
area of 200 km x 200 km [9].

As a Numerical Weather Prediction (NWP) centre, the European Centre for Medium-Range Weather
Forecasts (ECMWF) is receiving a near real time (NRT) product (Level-1C brightness temperatures),
which is automatically recovered from the SMOS Data Processing Ground Segment (DPGS). To take
fully advantage of this NRT product, ECMWF has implemented this new data type in the Integrated
Forecast System (IFS). This is a challenging task due to several reasons: a) the multi-angular and multi-
polarized characteristics of the instrument measuring principle provides an unique dataset which has to
be treated independently from any other source of satellitedata, b) the high angular resolution of the
data provides a very large set of daily data which cannot be completely ingested in the NWP system.
Although the ultimate objective is to study the impact of SMOS data in the weather prediction, the
quality of the data has to be demonstrated first. A possible validated way is to routinely monitor the data
at global scale. This makes it possible to report preliminary strengths and weaknesses on first SMOS
data and contribute at key decision points during the commissioning phase. In this paper a review of
the main steps involved in the design of the SMOS data implementation in the IFS is presented. The
developed chain is tested with the first available data sets of real SMOS data.

2 Data product used at ECMWF

The product used at ECMWF is the NRT Level-1C brightness temperatures. SMOS Level-1C products
constitute reprocessed Level-1b and they differ with the latter in that they are geographically sorted
swath-based maps of brightness temperature. The geolocated product received at ECMWF is arranged
in an equal area grid system called ISEA 4H9 (Icosahedron Snyder Equal Area grid with Aperture 4 at
resolution 9) [14]. For this grid, the centre of the cell grids are at equal distance of 15 km over land, with
a standard deviation of 0.9 km. Over oceans the grid has coarser resolution, that is half of the resolution
over land.

The data is organized in messages. Each message correspondsto a snapshot where the integration time
is 1.2 seconds, as this is the time in which all correlations of a single scene are measured. Within each
snapshot a number of subsets are found which are referencingall the sensed point of the ISEA grid. In
average, each snapshot contains around 4800 subsets over land if the instrument runs at dual-polarisation
mode. At this running mode, data set records are generated alternatively each 1.2 seconds at horizontal
(H) and vertical (V) polarisation. In full-polarisation mode all receivers in the three arms are in the same
polarisation for the first integration, whereas in the next integration the receivers in an arm switch the
polarisation and two data set records are generated, thus doubling the information per snapshot.
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Figure 1: General organigram representing how SMOS data is implemented in the Integrated Fore-
cast System. The left box implies pre-processing of raw NRT Level-1C SMOS data. The middle
box represents implementations in model space. The right box represents operational monitoring
products.

3 Implementation

The introduction of a new type of satellite data in a NWP modelis a challenging task. Even more so
when the data comes from a new measuring technique which has never been tested before. This is the
case of the SMOS research mission, being the second Earth’s Explorer mission of the ESA Living Planet
Programme. In this section the main steps involved in the implementation of SMOS data in the ECMWF
IFS are addressed. The implementation of SMOS data in the IFScan be classified in two big sets of
tasks: Data pre-screening and model space computations.

In the first group of tasks, all the data is checked to be a consistent and valid set of values in the same
format as the data is received: the Binary Universal Form forthe Representation of meteorological data
(BUFR) format. All the data that goes through the first systemof filters is transformed in a format ac-
ceptable to the IFS structure, the so called Observational Data Base (ODB) format, and implementations
in model space are performed in preparation for comparison with a model simulation (see Fig.1).

3.1 Data pre-screening

Firstly, NRT raw data (see section2) processed at the European Space Astronomy Centre (ESAC) in
Madrid (Spain) is retrieved from the DPGS and slightly modified to feed the pre-screening tasks. The
resulting product is subsequently stored in ECMWF archive systems. SMOS data is extracted from these
archives to be used for consistency and quality checks. These checks are the following:

1. Generic checks: files which fail to contain crucial headerinformation are rejected: it is checked
that files are encoded in BUFR format, date and time are complete, geographic coordinates are
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not missing and instrument data corresponds to SMOS data,

2. The validity of data is checked; a) individual observations are checked to be in a correct geo-
graphical position and b) brightness temperatures are checked to be in the range of physically
reasonable values (not lower than 50 K and not greater than 350 K),

3. Data is thinned to reduce the size of SMOS files as input for the IFS.

Data thinning is a critical step in so far as it selects which data from the original files will be monitored,
but also which data has a potential input to correct the soil moisture state and the ocean salinity value
through an assimilation experiment. Thinning is a mandatory step in order to avoid any redundant data
in the assimilation system and also due to the large volume ofdata contained in a single orbit. The
reason is because for each grid point of the ISEA grid typically one hundred records of brightness tem-
peratures between 0 and 65 degrees are provided. That means that if the instrument operates normally,
more than 1 Gb of data would be provided for a timeslot of 6h in dual-polarisation mode, whereas this
quantity can be doubled if the instrument operates in full-polarisation mode. This amount of data cannot
all be introduced in the IFS just for a single satellite instrument, taking into account that many other
satellite data are used simultaneously. Thinning is therefore mandatory. Data thinning can be done in
many different ways. For monitoring purposes the thinned subset of observations should keep the same
statistical characteristics as the original set. Several experiments investigated the optimal configuration
of the thinning exercise (not shown). The conclusion was that a simple filter which keeps only one out of
10 subsets of a BUFR message was the best adapted for monitoring purposes as 1) the data volume was
reduced by∼ 90% but still keeping the statistical signature of the original data set and 2) there is still
the possibility of using any incidence angle for monitoringor assimilation experiments. At the end of
the pre-screening step, a reduced, consistent set of SMOS data keeping most of the angular information
is remaining for monitoring purposes.

3.2 Model space computations

The implementation of SMOS data monitoring can basically bedone either in observation or in model
space. Whether in observation or model space, surface heterogeneities need to be accounted for soil
moisture retrieval. In the case of SMOS, the implementationin model space adds several advantages
mainly in view of a future comparison with model simulationsand assimilation experiments: 1/ all
the background fields necessary to simulate brightness temperatures at the top of the atmosphere are
available in model grid point space. Thus, it avoids interpolating physical quantities to observation
location; 2/ other satellite data sensitive to soil moisture, as AMSR-E data in C-band, is also available
in model space, making it possible a comparison with other satellite data.

Fig.1 shows a general organigram about how Level-1C SMOS data received at ECMWF is implemented
in the IFS. Those observations which survive the pre-screening filters go (roughly) through a two-step
phase:

1. Observations are brought to model grid-point space at therequired resolution using the nearest
neighbour technique. Along with it a flag mask containing information of the grid point (mainly
whether it contains an observation) is created. The number of observations which will be moni-
tored depends on the model grid resolution and the distance limit parameter. At T799 (∼ 25 Km)
SMOS observations within the distance limit are found for all grid points (not shown),

2. Observations in model grid-point can potentially be coupled with background values simulated
with a forward model operator and thus, obtaining the innovation vector as input for an assimila-
tion scheme,
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Table 1: Number of observations rejected for 6 hours of data during the early quality checks phase.
Date snapshots subsets rejections % rejected

28-11-2009 17940 28203176 147185 0.52
20-12-2009 17592 28739029 58967 0.21
16-01-2010 15347 24322415 34386 0.14

Forward computation will be carried out in model grid-pointspace following the approach of [7]. To
this end, the passive microwave forward model operator CMEM(Community Microwave Emission
Model (CMEM), [4, 2]) will be applied. Additionally, the RTTOVS (Radiative Transfer for the ad-
vanced TIROS Operational Vertical Sounder)-CMEM interface will also be implemented (see Fig.1).
RTTOVS is the fast radiative transfer model used at ECMWF andelsewhere for the assimilation of
nadir microwave or infra-red radiances [10]. The RTTOVS version used is version 9. Information can
be exchanged between both codes. RTTOVS provides the atmospheric contribution to the total bright-
ness temperature at the top of the atmosphere for frequencies larger than 10 GHz. In turn, CMEM
provides the surface emissivity to RTTOVS, thus a more realistic emissivity for the lowest atmospheric
level.

4 Results with real data

The chain described in the previous section was tested with aseries of real data corresponding to the
two first months and a half of the commissioning phase. At thisearly stage, testing on the different
components of the system (instrument, data server, data processor, etc.) is frequent and data is not
always available. Hence, the data analysed in this paper wasselected mainly based on availability. The
comparison of these data sets makes it possible to observe a clear evolution on the quality of the data
still in a premature phase. The dates of the data sets are the following:

• Data set 1): 28th November 2009,

• Data set 2): 20th December 2009,

• Data set 3): 16th January 2010.

4.1 pre-screening results

The different quality checks listed in section3.1were tested with data sets 1), 2) and 3). Fig.2 shows the
number of individual brightness temperatures values rejected as a function of the first 18000 snapshots.
This corresponds to the first 6 hours of collected data for these days. Only snapshots with less than 5000
subsets are shown because they correspond to pure H or V polarisation integrations. Cross-correlated
polarisations are not shown here since they are not available for all files. This figure clearly shows how
the number of rejected radiances is maximum for the 28th of November, when still no calibration in the
data was applied, whereas they are significantly reduced the20th of December and 16th of January. In
table1 a quantitative comparison between the three data sets is presented. It shows how the quality of the
data is best in January 2010, with only 0.14% observations rejected after the first group of quality checks.
Although this percent is still small in November, it is relatively more significant than in December and
January.

It was also checked that the collocation of SMOS observations to a model grid is accurate and that only
one observation is associated to a grid point, independently for each polarisation and for several model
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Figure 2: Number of rejected observations at the pre-screening tasks for 6h of Level-1C SMOS data.

grid resolutions (not shown).

4.2 Preliminary assessment of NRT data

The multi-angular global maps of brightness temperatures are a very interesting product of the data
monitoring implementation. This data is currently being monitored for different incidence angles (0, 10,
20, 30, 40, 50 and 60) and for both H and V polarisations. Plotsare currently available at
http://www.ecmwf.int/research/ESApro-jects/SMOS/monitoring/smosmonitor.html. A simple inspec-
tion of time series of this data at global scale makes it possible to observe an evolution and localize
possible spatial or angular effects. This is specially important during the early stage of the commis-
sioning phase when calibration activities are needed. Figures3 and4 show the brightness temperatures
at 40 and 50 degrees incidence angle, respectively. Left panels correspond to H polarisation, whereas
right panels show the V polarisation. Figures are shown for days 1) (top figures), 2) (middle figures)
and 3) (bottom figures). Firstly, each figure shows a clear evolution on the quality of the data, from
day 1) (top) to day 3) (bottom). The day in November (top) is presented as to be very noisy. This is
data received within the two first weeks of the instrument switch on phase. At this stage no calibration
was carried out yet, radio-frequency interference was present in many areas, geolocalisation was not
accurate, the data processor was not fully operational, etc. In December a major calibration event took
place and the difference in the product is quite significant when comparing top with middle figures.
Improvements are present almost everywhere. The data is even better the 16th of January, although
this needs of a closer look-up and it needs of quantitative results to confirm it. Secondly, at this stage
of the commissioning phase it is important to check the correct functioning of the instrument. Days
in December and January have an expected behaviour for both polarisations: brightness temperatures
values getting colder with the incidence angle for H polarisation and an opposite behaviour for the V
polarisation, with both displaying values within an acceptable physical range, as confirmed in the pre-
screening phase. This confirms that the novel technique usedin SMOS is running successfully. Finally,
it is also an objective of data monitoring activities reporting on possible spatial or temporal effects on
the data: 1/ For both polarisations, at 50 degrees, it is observed a thin stripe away of the main satellite
track; 2/ For V polarisation, over oceans, the most outer sides of the satellite track look colder than
the inner part, mainly visible at 40 degrees. 3/ There is still residual RFI over Europe, Middle-East and
Asia, which is particularly straightforward to spot when the data looks very ”red” and noisy. However, in
January the data look apparently of good quality over the whole America, Australia and South of Africa.
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Figure 3: Brightness temperatures for real NRT Level-1C SMOS data at 40 degrees incidence angle.
The left panel corresponds to H polarisation whereas the right panel is V polarisation. Figures on
top are for the28th November 2009, middle figures correspond to the20th of December 2009 and
bottom figures to the16th of January 2010.
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Figure 4: Brightness temperatures for real NRT Level-1C SMOS data at 50 degrees incidence angle.
The left panel corresponds to H polarisation whereas the right panel is V polarisation. Figures on
top are for the28th November 2009, middle figures correspond to the20th of December 2009 and
bottom figures to the16th of January 2010.
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5 Summary and Perspectives

The chain described in this paper constitutes the first step towards a full operational monitoring of SMOS
data in NRT and the assimilation of SMOS data for soil moisture and ocean salinity analyses. The main
steps followed to implement a new satellite data type quantity in a complex system as the ECMWF
IFS were described. This is a challenging task for SMOS, since the individual attributes of the data are
very different to any other satellite data. The steps addressed in this paper demonstrate that the chain
developed at ECMWF runs successfully to fulfil data monitoring requirements, as it is the quality check
of each individual observation that enters the system and the collocation of the observations with an
atmospheric grid, where first-guess departures can be computed.

The data is still in an early premature stage and calibrationand adjustments are still being carried out.
Thus, rather than providing an exhaustive analysis of the data, this paper is more oriented towards
demonstrating that the SMOS data monitoring chain is efficient. In this paper several NRT files have
been tested and a clear enhancement in the quality of the datais observed. There are still a few issues
that the scientific teams have to cope with before the instrument enters in a fully operational phase. For
example, RFI is still present in Europe, North Africa and Asia and for high incidence angles a side-effect
in the satellite track is observed over oceans.

Although the thinning filter selected in the implementationphase is quite simple, at this stage it is
considered to be efficient for assimilation purposes. Future activities will investigate more deeply an
optimal system to remove noise and sources of RFI from the input data as well as to develop a thinning
filter which complies with assimilation requirements. After the quality of the data will be demonstrated,
assimilation experiments of SMOS data will be carried out. The main input for the Extended Kalman
Filter land surface assimilation scheme at ECMWF are the first-guess departures, i.e. the difference
between the observation and the model equivalent. In this sense, the monitoring will be completed by
providing the modelled value in the model grid point, where first-guess departures will be obtained. The
modelled value will be provided by interfacing the CMEM microwave emission model in the IFS and
by using a modular configuration based on the studies of [4], [2] and [13]. Daily, weekly and monthly
statistics will be provided for the raw brightness temperature values and the first-guess departures. Based
on these statistic reports, information about the observation and model error will be obtained. Finally,
the data will be put through another quality control system based on background departure values and
they will input the assimilation scheme.
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