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Abstract. Soil Moisture and Ocean Salinity (SMOS) L1c vegetation due to missing seasonal behaviour and a very high
brightness temperature and L2 optical depth data are anamean value. A fairly strong correlation between SMOS L2
ysed with a coupled land surface (PROMET) and radiativesoil moisture and optical depth was foungl £ 0.65) even
transfer model (L-MEB). The coupled models are validatedthough the two variables are considered independent in the
with ground and airborne measurements under contrastingtudy area. The value of coupled models as a tool for the
soil moisture, vegetation and land surface temperature conanalysis of passive microwave remote-sensing data is demon-
ditions during the SMOS Validation Campaign in May and strated by extending this SMOS data analysis from a few
June 2010 in the SMOS test site Upper Danube Catchmerdays during a field campaign to a longer term comparison.
in southern Germany. The brightness temperature root-mean-
squared errors are between 6 K and 9K. The L-MEB param-
eterisation is considered appropriate under local conditions
even though it might possibly be further optimised. SMOS1 Introduction
L1c brightness temperature data are processed and analysed
in the Upper Danube Catchment using the coupled modeldhe European Space Agency’'s (ESA) Soil Moisture and
in 2011 and during the SMOS Validation Campaign 2010 Ocean Salinity (SMOS) mission was launched in Novem-
together with airborne L-band brightness temperature databer 2009 to monitor surface soil moisture and ocean salin-
Only low to fair correlations are found for this compariséh ( ity globally with a temporal resolution of 2-3 days and a
between 0.1-0.41). SMOS L1c brightness temperature datapatial resolution in the order of 43km (Kerr et al., 2010).
do not show the expected seasonal behaviour and are poSoil moisture is derived from multiangular interferometric
itively biased. It is concluded that RFI is responsible for a passive microwave L-band brightness temperature measure-
considerable part of the observed problems in the SMOS datments at 1.4 GHz and delivered on an ISEA (icosahedral
products in the Upper Danube Catchment. This is consisten$nyder equal area projection) grid with a mean distance be-
with the observed dry bias in the SMOS L2 soil moisture tween grid points of 12.5km (Kerr et al., 2010). Potential
products which can also be related to RFI. It is confirmed thatapplications of spaceborne soil moisture products are nu-
the brightness temperature data from the lower SMOS lookmerical weather forecasting, land surface hydrology, agricul-
angles and the horizontal polarisation are less reliable. Thigural applications and climate research (Dirmeyer, 2000; En-
information could be used to improve the brightness tempertekhabi et al., 1999; Bolten et al., 2010). An accuracy tar-
ature data filtering before the soil moisture retrieval. SMOSget of 0.04 ii m~2 soil moisture random error is set for the
L2 optical depth values have been compared to modelled dat&MOS L2 soil moisture measurements (Kerr et al., 2010,
and are not considered a reliable source of information abouESA, 2002). A central question for the validation of SMOS is
whether, and under which conditions, this level of accuracy
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can be reached. This paper aims at contributing to answequality of the SMOS L2 soil moisture products in order to
this question. meet the mission target. Therefore, studies should be done
It is important to validate remotely sensed soil moisture where the problems in the SMOS L2 soil moisture product
products properly in order to ensure good product qualityoriginate from and how improvements could be achieved.
that is a prerequisite for the application of the data. This isEspecially the pronounced dry bias in Germany and other
especially important as SMOS follows a novel technologi- regions needs further investigation. It needs to be clarified
cal concept. Validation of passive microwave soil moisture whether it is RFI-induced or whether it has to do with radia-
products is challenging due to the mismatch in scale betive transfer modelling uncertainties or other retrieval prob-
tween satellite products and point scale in situ measurementems. Therefore, it is essential to validate and study the ra-
that are typically used for validation of remote-sensing basedliative transfer modelling in the L-band of the microwave
soil moisture products (Bartalis et al., 2008; Prigent et al.,domain on the SMOS scale. SMOS soil moisture products
2005). In situ measurements for satellite validation are usuare inverted through an iterative inversion method from L-
ally collected in field campaigns over extended areas and durband passive microwave observations (Kerr et al., 2010). The
ing short periods of time or over longer time spans at fewradiative transfer model used in the SMOS L2 soil mois-
selected measuring locations. In addition to other remoteture processor is the L-band Microwave Emission of the Bio-
sensing datasets, the outputs of spatially distributed envisphere (L-MEB) model (Wigneron et al., 2007) that serves as
ronmental process models can make a valuable contributioa forward model in the soil moisture inversion. Uncertainties
to the validation of remotely sensed soil moisture productsin the parameterisation of the radiative transfer model can
(Crow et al., 2005; Albergel et al., 2010; Juglea et al., 2010;result in errors in the retrieved variables (in most retrievals
dall’Amico et al., 2012a). These datasets can help to extendoil moisture and optical depth). As the L-MEB parameteri-
long-term validation activities to larger areas. sations used for the SMOS soil moisture retrieval have been
Some studies have thoroughly evaluated the SMOS LZerived mostly from studies with ground or airborne L-band
products so far. The performance of the products behavesdiometer measurements on the local scale it is possible that
differently from region to region and changes with time scaling issues introduce additional uncertainties. The vegeta-
(dal’Amico et al., 2012a; Albergel et al., 2012; Jackson tion optical depth, that is simultaneously retrieved with soil
et al.,, 2012; Parrens et al.,, 2012; Gruhier et al., 2012)moisture and delivered in the SMOS L2 product, could be
Generally the SMOS performance in Central Europe seems valuable source of information about vegetation character-
to be degraded compared to other regions of the worldistics. However, Jackson et al. (2012) concludes that it does
For the Vils test site in the Upper Danube Catchment innot contain reliable information in the US. This could point
southern Germany, that is also the area of interest in thigowards retrieval problems and should also be investigated in
study, Albergel et al. (2012), dall’Amico et al. (2012a) and other parts of the world.
dall’Amico (2012) have compared SMOS L2 soil moisture  Few studies have validated and analysed the SMOS L1c
products to in situ and modelled reference data. They findoroducts over vegetated surfaces which is important if the
mean correlation coefficients of 0.25-0.3 and a dry bias in theadiative transfer modelling abilities in the SMOS process-
order of 0.23Mm~3-0.267 ¥ m~2 for the comparison of ing are to be studied. Examples are Albergel et al. (2011),
SMOS data with in situ data in 2010. For the period April to Montzka et al. (2011), Parrens et al. (2012) and Bircher et
October 2011 these figures improve considerably with a coral. (2012). Albergel et al. (2011) and Parrens et al. (2012)
relation coefficient of 0.52 and a dry bias of 0.13mm 2 for have shown that there is still potential to improve soil mois-
the same comparisons (dall’Amico, 2012). For comparisondure retrievals from SMOS brightness temperatures in south-
between modelled soil moisture and SMOS soil moisture, theern France. They used calibrated statistical relationships
mean correlation coefficient in the Vils test site for 2011 is based on reference soil moisture values and additional in-
0.54, the mean bias 0.13m?. In Europe the performance formation like leaf area index (LAI) simulated by a land sur-
of the SMOS L2 soil moisture product was considerably af-face model to produce better soil moisture estimates. Bircher
fected by radio frequency interference (RFI) since the launctet al. (2012) have compared SMOS L1c and airborne bright-
of SMOS (Albergel et al., 2012; Balling et al., 2011), but the ness temperatures with modelled brightness temperatures us-
amount of contaminated data has exhibited a decrease dueg in situ data as input on different spatial scales on one
to RFI mitigation efforts and switching off of RFI sources day in Denmark. They developed an improved L-MEB pa-
(Oliva et al., 2012). In 2010, several RFI sources were obvi-rameterisation for local conditions. It has been reported, for
ous in SMOS L1c data in Germany that have disappeared irxample, by Bircher et al. (2012) and Panciera et al. (2009)
2011. Probably the improvement in SMOS performance inthat it is necessary to optimise the parameterisation under lo-
southern Germany can at least partly be attributed to an imeal conditions to obtain best results. Bircher et al. (2012) and
provement in the RFI situation. Improvements in the retrievalHornbuckle et al. (2011) report that brightness temperatures
algorithms may also contribute to this. at certain angles may be more reliable than at others. Other
Despite these improvements, the validation studies so fastudies rely either on ground-based or airborne radiometer
show that more work is still necessary to further improve the
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data as reference with the drawbacks of the mismatch in scalé&fterwards a longer term comparison with modelled bright-
between radiometer and SMOS footprint. ness temperatures from April to October 2011 is performed.
This study aims at assessing how coupled land surface an8MOS L2 optical depth is compared against model results
radiative transfer models can contribute to the validation andand the SMOS L2 soil moisture product before the main find-
analysis of passive microwave remote-sensing data. It is conings are summarised in the conclusions.
ducted in the highly instrumented Vils test site in the Upper
Danube Catchment in southern Germany that has been used
as a major SMOS callval test site since 2007 (Delwartetal.2  Study area and datasets
2008). Different extensive field campaigns have taken place
here that, amongst others, delivered time series of point-likeThe flowchart in Fig. 1 illustrates the context of the different
soil moisture station measurements. They are publicly availdatasets and comparisons in this paper. The coupled mod-
able over the International Soil Moisture Network (ISMN) els PROMET and L-MEB produce datasets (black) of soil
(Dorigo et al., 2011http://www.ipf.tuwien.ac.at/insit)/ In - moisture (SM), vegetation optical depth (Tau), and bright-
addition to that ground-based L-band radiometer measureness temperatures (BT) that are compared to SMOS data
ments and spatially distributed datasets of soil moisture, vegtred). In situ soil moisture (green) and airborne brightness
etation and airborne L-band radiometer measurements ar@mperatures (blue) are used for model validation. Additional
available (Schlenz et al., 2012a; dal’Amico et al., 2012b; comparisons of airborne brightness temperatures with SMOS
Schlenz et al., 2012b). The land surface model PROMETL 1c brightness temperatures as well as SMOS L2 soil mois-
(Mauser and Bach, 2009) has been coupled to the radiature and optical depth values are also carried out.
tive transfer model L-MEB to model land surface states in
the Upper Danube Catchment on a 1km grid as well as the.1  Study area and in situ data
resulting microwave emissions in the L-band. The coupled
model is used as a tool for the analysis of the SMOS passiv8he study area is the Vils test site in the SMOS test site
microwave satellite observations. Upper Danube Catchment in southern Germany. This re-
Possible explanations for the apparent problems in thegion has been the subject of a wide range of hydrologi-
SMOS L2 soil moisture data in southern Germany are as-<al, remote sensing and global change studies, e.g., Mauser
sessed. For this reason, SMOS L1c brightness temperatui@nd Scidlich (1998), Ludwig and Mauser (2000), Bach et
and L2 vegetation optical depth data are analysed with modal. (2003), Ludwig et al. (2003), Probeck et al. (2005), Loew
elled and airborne data. It is not the intention of this pa-etal. (2006) and Mauser and Bach (2009). The Vils test site is
per to study SMOS L2 soil moisture data as this has thor-roughly the size of the mean spatial resolution of SMOS and
oughly been done already by dall’Amico et al. (2012a) andis situated in the northeast of the Upper Danube Catchmentin
dall’Amico (2012). If RFI was responsible for most of the L2 an undulating terrain that is used agriculturally. It has a tem-
problems, this would be visible in the SMOS L1c brightness perate humid climate and is considered homogenous with re-
temperatures as well. And if SMOS L1c brightness temper-spect to terrain and land cover distribution. This is confirmed
atures would perform better than L2 data, this would pointby a very low variation of airborne measured brightness tem-
towards a problem in the soil moisture retrieval. Retrievedperatures in the area<(2 K) that are discussed in detail in
SMOS L2 optical depth values are analysed as they play aisect. 4.1. The test site does not contain large water bodies
important role in the soil moisture retrieval. To study if the or cities. The three most important agricultural land cover
parameterisation of the radiative transfer model used for theéypes are winter wheat, maize and grass. They cover more
SMOS soil moisture retrieval works reliably, the radiative than 60 % of the area. Based on previous studies (Strasser
transfer modelling is analysed with airborne data from theet al., 1999; Bach and Mauser, 2003; Loew, 2008), this test
SMOS Validation campaign 2010 as reference under locakite has carefully been chosen and used for SMOS calibra-
conditions. As the SMOS data perform considerably bettertion and validation (cal/val) studies since 2007 (Delwart et
in 2011 than in 2010 the study concentrates on 2011 data. lal., 2008). The test site has been instrumented with seven
addition to 2011 data, data from the SMOS Validation Cam-soil moisture profile stations that have been measured be-
paign 2010 are used for model validation and a brief SMOStween 2007 and 2011. Three additional stations are situated
data analysis as this is the only period with extensive groundutside the Vils test site. The stations are equipped with hor-
and airborne data available. izontally installed probes in several depths. Details about the
In Sect. 2, the study area and datasets as well as the modgtations and the related uncertainties can be found in Schlenz
els involved in this study are described. This is followed et al. (2012a). From the soil moisture stations the hourly 5 cm
by the description of the methodology. Section 3 detailsmeasurements from all available probes have been averaged
and discusses the results of the model validation, followedper station and are being used as reference on the local scale
by an analysis of the radiative transfer model parameterisain this study. Extensive field campaigns have been carried
tion. Next, SMOS L1c brightness temperature data are analeut here, the most comprehensive one being the SMOS Val-
ysed and compared with airborne brightness temperaturesdation Campaign from 17 May to 8 July 2010. Details of
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in situ and airborne measurements from the field campaigns

Airborne BT } c are considered to be representative for the whole Vils test
010 | B “‘\\\2010 site. Figure 2 gives an overview of the Vils test site.

Modelled BT

D .
................ 2.2 Airborne data
2011

During the SMOS Validation Campaign the airborne L-band
________ E radiometer EMIRAD 2 (owned by the technical University of
2011 . Denmark; Skou et al., 2010) was flown on five days onboard
| the Skyvan aircraft over the Vils test site to measure bright-
ness temperatures emitted by the land surface over roughly

F
20 % of the central SMOS pixel (dall’Amico et al., 2012b)
around SMOS morning overpass time. EMIRAD is a thor-

Modelled Tau

SM, Temp, LAL... 2011 |

dall’Amico et al. . . . X
2007 -2011 | A 2011 +2012 oughly validated radiometer that has been used in a variety of
. studies (Skou et al., 2010; Delwart et al., 2008) and is, there-
fore, used as reference in this study. EMIRAD has an antenna

system consisting of two Potter horns, one pointed nadir and
Fig. 1. A flowchart illustrating the different datasets (boxes) and One 40 aft and has a footprint size of about 1.5km for the
comparisons (dashed lines) in this paper. Black boxes depict modnadir antenna and 2 km for the4@oking antenna for an av-
elled datasets provided by the models PROMET and L-MEB, rederage flight altitude of 2 km above ground. The data process-
boxes represent SMOS data, the blue box airborne data and thigig is described in Schlenz et al. (2012a) and involved RFI
green box in situ data. The comparisons consist of: (A) land sur-fiitering with RFI flags that were provided with the data and
face model validation with in situ soil moisture (SM) from the years 4 threshold filtering using the same threshold values as for
2007-2011 on the local scale; (B) radiative transfer model Va”'the SMOS data (see Sect. 2.3). Due to the measurement prin-

dation with airborne EMIRAD brightness temperatures (BT) dur- _. . . .

ing the SMOS Validation Campaign 2010 on the SMOS-like scale;CIpIelt(.)f EMIRA[)thand thel:of\.N Ifcljlgf;t "?""t“?ﬁ. Ofdthte alic.ra];t
(C) analysis of SMOS L1c brightness temperatures with EMIRAD F€SU!UNG 1N a rather smail Tieid-ol-view, this dataset Is far
data during the SMOS Validation Campaign 2010; (D) analysis ofl€ss influenced by RFI than SMOS. After processing the data

SMOS Lic with modelled brightness temperatures throughout the/Vere available for the two look angles and 40 for vertical
vegetation period 2011; (E) analysis of SMOS L2 optical depth and horizontal polarisation. A detailed description of the air-
(Tau) with modelled optical depth Tau throughout the vegetationborne campaign dataset is given by dall’Amico et al. (2012b).
period 2011; (F) comparison of SMOS L2 optical depth and SMOS A systematic bias of 3.5 K was observed for the EMIRAD
L2 soil moisture throughout the vegetation period 2011. 40 vertical channel throughout the SMOS Validation Cam-
paign 2010 as reported in Bircher et al. (2012). As this bias
is only reported by one author and, therefore, needs further
investigation it is not corrected for but discussed in Sect. 4.1.
this campaign are given in dall’Amico et al. (2012b). Dur-  For further comparisons the distributed EMIRAD data
ing this field campaign airborne L-band radiometer measurefrom the flight lines were mapped onto the ISEA grid by av-
ments were performed together with more than 9000 soileraging for every ISEA grid point with the nearest neighbour
moisture and comprehensive vegetation parameter measureiethod. This dataset is referred to as a SMOS-like scaled
ments that were collected in five selected focus areas sizedataset in this study.
roughly 3 by 7km and distributed throughout the test site.
The datasets that are averaged and compared on basis pf3 SMOS data
the focus areas are considered as reference for the regional
scale in the Vils test site. Contrasting soil moisture, tempera-The operational SMOS L1c and L2 data, that are being used
ture and vegetation conditions were observed in the course df this study, are delivered on the ISEA grid with a mean
the campaign (focus area mean values of soil moisture vardistance between grid points of about 12.5 km, although the
ied between 0.17 Am~3 and 0.39 M m~3, air temperatures ~ data have a mean resolution in the order of 43km (Kerr et
during overflight were between° and 18C, vegetation al., 2010). SMOS L1c brightness temperatures are valid for
heights ranged between 7 cm and 79 cm). the whole SMOS footprint, which actual size is dependent
The analyses in this study concentrate on the ISEA gridon the incidence angle (0—%5and, therefore, changes from
point 2027099 that is located in the centre of the Vils testone observation to the other. The SMOS L2 soil moisture
site and the furthest away from any open water bodies. Twaand optical depth products are only considered valid for low
neighbouring grid points in the Vils test site have the IDs vegetation within the footprint. Only for this nominal land-
2026586 and 2026587 and are also subject to analyses icover class is the soil moisture retrieval carried out. Details
this study. Due to the homogeneity of the Vils test site theabout the geometry and other properties of the data products
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Fig. 2. The Vils test site with focus areas, soil moisture mea-

suring stations, SMOS ISEA IDs and EMIRAD TBV data from \where DTBy is the radiometric uncertainty related to ¥B

12 June 2010. _The small overview map in the upper left cornerrhis test is only reasonable in homogenous areas where

shows the location of the Upper Danube Catchment (black) and thgy s hiness temperature variations within one pixel do not

Vils test site (red) in Central Europe. arise from a large surface heterogeneity (e.g., coastlines).
Most of these threshold have been taken from Kerr et

can be found in the Algorithm Theoretical Basis Document@- (2011) while some are more strict than the values used

(ATBD) of the SMOS L2 Soil Moisture Processor (Kerr et I the SMOS L2 processing. They have been tested with air-

al., 2011). Only SMOS data from morning orbits (around borne and SMOS brlghtng_ss temperatu.res and proven to be
06:00 a.m. local time) are used to avoid uncertainties related@luable under local conditions (dall’Amico et al., 2012b).

to differences between morning and evening overpasses that L1¢ data are delivered as top of atmosphere (TOA) bright-
have been found by Rowlandson et al. (2012). ness temperatures in antenna geometry that need to be rotated

In order to make the SMOS L1c data usable a compre-to enable a comparison with brightness temperatures on the

hensive data processing chain has been developed and set Grth’s surface which is performed in the next step. The nec-
that helps to reduce the noise in the data by erasing unreafSSary rotations comprise a geometric rotation to correct for
istic outliers and makes it easier to interpret. The processlhe transformation from antenna to Earth surface reference
ing consists of filtering, geometric and Faraday rotation andT@me and the Faraday rotation to correct for the influence
an incidence angle based analysis. The processing has be8hthe atmosphere on the brightness temperatures. The rota-

adapted from the official SMOS L2 soil moisture processingtions are detailed in Kerr et al. (2011). After the rotations, the
described in Kerr et al. (2011). In a first step observationgvertical and horizontal polarised brightness temperatures are
that are RFI flagged or do not fulfil the spatial resolution re- 2veraged into 10bins that are centred around the designated

quirements because the footprint is too large or elongated ar@ndle to enable an incidence angle based analysis. A similar
filtered out by applying: appr(_)ach was c_hosen by Parrens_et 'c_ll. (2012). _

This processing reduces the noise in the data considerably,
ﬂSl - 15 ) but outliers that are probably related to RFI are still present in
axis2~ the data. The SMOS data is especially RFI-prone due to the

interferometric measurement principle and the large field-of-
view of SMOS that can lead to RFI sources disturb SMOS
V4 - axisl axis2> 3025 (2) dataover several hundreds of kilometres.

The SMOS L2 optical depth data have been processed
where axisl and axis2 are the half Iengths of the major anﬁnakjgue to the SMOS L2 soil moisture processing as de-
minor axis of the 3dB contour of the near elliptical SMOS scribed in dall’Amico et al. (2012a). It involves a filtering
footprint. Afterwards, several RFI filtering techniques are ysing the data quality index value (DQX) and the flags in-
performed to detect strong RFI. These include a threshold f||-d|cat|ng RFI, precipitation and whether a retrieval has been
tering deleting all brightness temperatures above 300K angyccessfully produced (ERFI_.ProneH, FL_RFI_ProneV,
below 200K as only land surfaces are considered. The upper_RAIN, FL_NO_PROD) (Kerr et al., 2011). This process-
and lower thresholds for the imaginary part of full polarised jng reduces noise in the data by deleting some unrealistic
brightness temperatures aré60K and 50K, respectively. outliers, but there are still outliers left in the data that are
Another test compares the amplitudes of the brightness temprobably connected to RFI that is not detected by the meth-
peratures to their expected range with: ods and flags used.

and
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3 Methods modelling and SMOS comparisons as the penetration depth
of microwaves in the L-band is typically 5cm (Kerr et al.,
3.1 Coupled land surface and radiative 2010). The model has been validated in different test sites
transfer modelling on different scales by Mauser and @&dtich (1998), Lud-

wig and Mauser (2000), Mauser and Bach (2009), Loew et
The hydrological land surface model PROMET (PROcessesl. (2006), Strasser and Mauser (2001), Pauwels et al. (2008)
of Mass and Energy Transfer; Mauser and Bach, 2009) anénd Muerth (2008) evaluated the soil temperature modelling
the microwave emission model L-MEB (L-band emission abilities of PROMET in the Upper Danube Catchment with
of the biosphere; Wigneron et al., 2007) have been coupleagneasurements and remote-sensing data.
to model land surface states (e.g., soil moisture, tempera- For the analysis of the 2011 dataset the dynamic vegetation
tures, vegetation parameters) and the resulting microwavenodel within PROMET was used. It models the vegetation
emission. Two publications have already validated the mod-development dynamically depending on the soil and weather
els and discussed the uncertainties related to this modellingharacteristics for all individual pixels. Plant development
approach thoroughly. While Schlenz et al. (2012a) have fo-is simulated with a 2 layer canopy model, which iteratively
cussed on the validation and uncertainties related to the landloses the energy balance for the sub-canopy soil surface and
surface modelling from point to SMOS-like scale in the each layer of the canopy and, thereby, produces a canopy
Upper Danube Catchment and brightness temperature modadiation temperature. Details are given in Hank (2008).
elling on the SMOS-like scale in the Vils test site, Schlenz etThe modelled vegetation parameters phenology, vegetation
al. (2012b) have analysed the radiative transfer modelling orheight, vegetation biomass and leaf area index (LAI) of this
the point scale in a test site roughly 100 km southwest of themodel, which evolve dynamically according to the course of
Vils test site. Therefore, it is referred to these publications forthe weather, have been compared to ground measurements
a more thorough discussion of the related uncertainties.  with very good results by Hank (2008). These comparisons

were carried out in the centre of the Upper Danube Catch-
3.1.1 Land surface model PROMET ment for several test sites on wheat, oat, maize and grass-

land during several years Hank (2008) assessed, for example,
In the present study, the hydrological land surface modethe modelled LAl with measurements resulting in a m&an
PROMET is used to simulate fields of land surface statesof 0.96 (0.96) and a mean Nash-Sutcliffe coefficient of 0.83
with an hourly resolution on a 1km grid in the Upper (0.87) for wheat (maize).
Danube Catchment. A detailed description of the model Schlenz etal. (2012a) have compared modelled soil mois-
physics is given by Mauser and Bach (2009) and Mauseture from PROMET with soil moisture measurements on dif-
and Scldlich (1998). The model describes all relevant waterferent scales. The measurements were conducted on the local
and energy fluxes related to the radiation balance, vegetatiorscale at seven soil moisture measuring stations in the Vils
soil, snow and land-surface-atmosphere exchange processdsst site and two additional ones outside the test site that
It is spatially distributed and based on high resolution spatialhave been measuring between November 2007 and Novem-
input data like land cover and soil maps and meteorologicaber 2010. On the regional scale measurements were per-
forcing data from station networks or regional climate mod- formed in the five focus areas that are considered represen-
els. In our case the meteorological station network deliveringtative for the central SMOS grid point in the Vils test site
the meteorological forcing consists of more than 130 stationsvith handheld probes during the SMOS Validation Cam-
operated by the Bavarian State Research Center for Agriculpaign 2010 on 8 days between May and July 2010 and av-
ture. The land cover map has been derived from high resolueraged per focus area (Schlenz et al., 2012a). They con-
tion satellite imagery and statistical information on commu- cluded that the uncertainties of the soil moisture modelling
nity level, the soil map is taken from a combination of the decrease from local to regional scale with a mean root-mean-
European and German soil map and regional soil informa-squared error (RMSE) of 0.0943m=3 on the local scale
tion supplied by the BK (1997). The soil moisture dynam- and 0.040 mm~2 on the regional scale. The me&mon the
ics modelling is done in PROMET with a 4-layer soil model local scale is 0.77. A bias leads to high RMSE values espe-
based on an explicit solution of the Richards equation forcially in wet conditions which leads to an underestimation
flow in unsaturated media (Philip, 1957) while the soil water in the reproduction of the seasonal soil moisture dynamics
retention model of Brooks and Corey (1964) is used to relatehrough PROMET.
soil suction head to soil moisture content. The 4 soil com- A detailed analysis of the soil moisture modelling uncer-
partments were selected to be situated at 0-2, 2—15, 15-5inties described by Schlenz et al. (2012a) showed that four
and 50-150 cm depth for this study. For all comparisons be-of the five stations with the highest RMSE values are located
tween modelled and measured soil moisture the second sodn the same soil type, silt loam. As the laboratory soil tex-
layer is used, as its depth corresponds to the depth wherture analysis from soil samples taken at these stations dif-
most soil moisture measurements were performed. The avefered substantially from the soil texture used in the model
age of the first two layers is used for brightness temperatur@arameterisation the soil parameterisation of the model was
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improved for this soil type. This was based on the laboratorya compilation of parameterisations of L-MEB based on ex-
results. The results are detailed in Sect. 4.1. perimental studies (J.-P. Wigneron, personal communication,
Loew and Schlenz (2011) have used an extended ver2007) that forms the basis of the SMOS L2 processor param-
sion of the triple collocation method (Miralles et al., 2010) eterisation. These parameters agree mostly with the default
to assess relative soil moisture errors of PROMET, the inparameters that are being used in the operational version of
situ measurements from the stations in the UDC and coarsthe SMOS L2 processor for Central European Crops (Kerr et
scale satellite soil moisture products. They conclude thatl., 2011).
the soil moisture random error of PROMET is better than As different authors have reported that it might be nec-
0.025n¥ m~3 on the SMOS scale which is consistent with essary to parameterise L-MEB locally to obtain optimal re-
similar findings of Schlenz et al. (2012a). sults (Panciera et al., 2009; Bircher et al., 2012), the radiative
For further comparisons with SMOS data the distributedtransfer modelling abilities of the coupled models PROMET
model data was mapped onto the ISEA grid by averaging forand L-MEB have been validated on the local scale by Schlenz
every ISEA grid point with the nearest neighbour method. etal. (2012b) near Munich over a rape field and on the SMOS
scale by Schlenz et al. (2012a) in the Vils test site.
3.1.2 Radiative transfer model L-MEB Schlenz et al. (2012b) have developed a new L-MEB pa-
. o o rameterisation for winter rape and tested the suitability of
The microwave emission model L-MEB, which is also part j o soil moisture retrievals from ground based multiangu-

of ESA's SMOS Level 2 soil moisture processor, is used 05| anq brightness temperature data of a ELBARA Il ra-
simulate L-band brightness temperatures from the continlyiometer (Schwank et al., 2009) situated in Puch near Mu-

ous soil vegetetion layer in the Upper Dan.ub.e Catchment oich in the Upper Danube Catchment. They also analysed
a 1 I_<m resolut_|on. A comprehensive de_scr|pt|on of the modely, sensitivity of L-MEB to different parameterisations un-
is given by Wigneron et al. (2007). This zero-order Tali (e ocal conditions. They conclude that the soil moisture re-
— Omega ¢) radiative transfer model uses PROMET sOil e, 5| with L-MEB works satisfyingly over rape and that the
moisture, §0|I surface temperature and I__AI fields as input foroptical depth parameterisation and the roughness parameter
the modelling. The polariseg(= 4, v) brightness tempera- jsaiion are crucial for the radiative transfer modelling. These
ture T_BP [K_] IS calculated through a sum of the three terms results are consistent with a variety of studies that stress the
(1) soil emission attenuated _(scatte_req and absorbed) by_ tr\ﬁwportance of correct optical depth and roughness param-
vegetation, (2) direct vegetation emission and (3) vegetationesation for radiative transfer modelling, e.g., Bircher et

emission reflected by the soil and attenuated by the vegetay| (2012) and Panciera et al. (2009). As ELBARA Il has a

tion again: footprint size in the order of 40-350°nmhese comparisons
—1_ _ _ are considered as local scale comparisons. The rape parame-

TBp = (1=0p)d=y))A+yprepTet 1 =repy, T (5) terisation developed by Schlenz et al. (2012b) has been added

wherey,, is the vegetation attenuation factor [-] ang is to Table 1.

the vegetation single scattering albedo [F3;andT¢ are the To test the suitability of the L-MEB parameters in the

effective temperature of the ground and the canopy [K], re-Vils test site (Schlenz et al., 2012a) have compared mod-

spectivelyrgpis the reflectivity of the rough soil [-] which is  elled brightness temperatures to airborne measurements of

typically described as a function of the Fresnel reflectivitiesbrightness temperatures from the airborne L-band radiome-

of a smooth surface, modified by a surface component. Theéer EMIRAD (Skou et al., 2010). This has been done on ba-

vegetation attenuation factgy, is described as a function of sis of the SMOS ISEA grid for the look angle$ Gnd 40

the vegetation optical depth at nadir and the observation for five days during the SMOS Validation Campaign 2010.

angle. The effective temperature of the groufig, is calcu-  They concluded that the model performs very well on three

lated from the surface and deep (50 cm) soil temperatures bgf the campaign days while on two days there are devia-

the approach of Wigneron et al. (2007) afig is approxi-  tions between model results and measurements. RMSE val-

mated by PROMET’s air temperature. The vegetation opti-ues for this comparison at the central ISEA ID in the Vils

cal depth is calculated using LAI values from PROMET and test site (2027099) are 16.52K and 13.14 K for horizontal

the parameters’ andb” with the approach of Wigneron et and vertical polarisation of the 40ook angle and 12.97 K

al. (2007). The optical depth of forests is fixed to a definedand 12.09 K for horizontal and vertical polarisation of tie 0

value. The roughness parametg over grass is chosen as a look angle, respectively. These comparisons are resumed in

function of soil moisture (Saleh et al., 2009). Together with Sect. 4.1 and thoroughly discussed in context with the new

Or, NR, and ti, it is part of the surface component used to results obtained from the improved land surface model using

modify the Fresnel reflectivity. a dynamic vegetation model.

The land cover specific L-MEB parameters used for the

modelling are summarised in Table 1, they are in line with

the parameters used by Wigneron et al. (2007), Saleh et

al. (2007) and Grant et al. (2007) and have been taken from
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Table 1. The land cover specific L-MEB parameters used for the radiative transfer modelling.

Hpg Or NRAINRv tthittv  whlov 4 b’
Bare soil 0.1 0 0+1 1/1 0/0 0 0
Crops general 0.15 0 on 1/1 0/0 0.05 0
Wheat 0.1 0 O+1 1/8 0/0 0.035 0
Corn 0.6 0 0+1 2/1 0.05/0.05 0.05 0
Grass 1.31.13-SM O 1/0 1/1 0/0.05 0.04 0.03
Coniferous 1.2 0 1.8/2 0.9/0.8 0.07/0.07tNAD=0.65 O
Deciduous 1. 0 1/2 0.6/0.5 0.07/0.07tNAD=1 0
Rape 0.93 0 (e7X1 1/1 0/0 0.09 0.08
3.2 SMOS data analysis 30, 40° and 50 for both polarisations. They are presented

and discussed in Sect. 4.2.2.
After the performance of the L-MEB parameterisation un-  To study whether the optical depth values in the SMOS L2
der local conditions has been analysed with a compari-soil moisture product that are obtained during the soil mois-
son between modelled and airborne brightness temperatureare retrieval contain valuable information, they are com-
these airborne brightness temperatures are also comparggred to modelled values of optical depth using vegetation
to SMOS L1c data during the SMOS Validation Campaign parameters from the dynamic vegetation model PROMET for
2010. Afterwards SMOS L1c data are compared to modelled2011. The time series for every ISEA grid point is compared
brightness temperatures for a range of look angles for theo SMOS optical depth values. To test whether there is a re-
year 2011. All SMOS data comparisons are done on the balation between retrieved SMOS L2 soil moisture and optical
sis of the ISEA grid to which the airborne and model datasetsdepth the correlation between both datasets for 2011 is cal-
have been mapped. culated. The results for the ISEA IDs in the Vils test site are
presented and discussed in Sect. 4.3.
3.2.1 Comparison of SMOS L1c with airborne
brightness temperatures during the SMOS

Validation Campaign 2010 4 Results and discussion

During the SMOS Validation Campaign 2010 airborne 4.1 Model validation and L-MEB parameterisation
brightness temperatures are available for the Vils test site under local conditions

from the EMIRAD radiometer for five days on which SMOS

morning overpasses have taken place. Unfortunately only oThrough the use of the new parameterisation and other model
two of those days SMOS L1c data with sufficient quality are improvements the deviation between modelled and mea-
available, and only on 17 June a value for tRédbk angleis  sured soil moisture decreased clearly. The mean RMSE of
available. Those datasets of EMIRAD and SMOS measurethe four stations with the highest deviations decreased from
ments are compared for the five campaign days at the centrdl.122 n¥ m—3 to 0.057 nf m~2 while the mearR increased
ISEA grid point in the Vils test site for the two EMIRAD from 0.72 to 0.84 for the same timeframe as the original
look angles © and 40. The EMIRAD data was averaged us- analysis. Overall this new parameterisation leads to a mean
ing a simple mean as this method was also applied by BircheRMSE over all nine stations that could be used for this anal-
etal. (2012) successfully for a similar dataset. The results argsis of 0.065mMm~2 and a meanR of 0.84 for the same

presented in Sect. 4.2.1. timeframe as the original analysis. Applied to the whole test
site this new parameterisation leads to a slightly improved

3.2.2 Comparison of SMOS data with modelled data RMSE of 0.039 M m~3 for the focus area averages on the re-
in 2011 gional scale. Figure 3 shows the comparison of the modelled

and measured 5 cm soil moisture mean of the five soil mois-
To enable a longer term analysis of SMOS L1c brightnessture stations that are within a 20 km radius around SMOS
temperatures under varying soil moisture and vegetation contD 2027099 for 2011. The meaR for this comparison is
ditions, they are compared to modelled brightness temperad.78, the mean RMSE 0.04Fm 3.
tures from April to October 2011. The terminology longer  Through the usage of the improved land surface model
term here stresses the difference to the short term analysisow using a dynamic vegetation model the error values for
that consisted of only several days during the SMOS Vali-the comparison of modelled and airborne measured bright-
dation Campaign. For the ISEA grid points in the Vils test ness temperatures from the SMOS Validation Campaign
site these comparisons are performed for the angle200, 2010 have decreased substantially to 8.39K and 8.98K for
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Fig. 4. A comparison of modelled (triangles) and measured (EMI-
RAD, circles) 40 brightness temperatures on the five campaign
days of the SMOS Validation Campaign 2010 based on the central
ISEA grid point in the Vils test site (2027099). For completion the
SMOS L1c brightness temperatures fof 40e also plotted for the
Fig. 3. A comparison of modelled and measured soil moisture in two days that are available (squares). All datasets are valid roughly
5 cm depth from April to October 2011. Shown are the mean valuegor 06:00 a.m. local time. The model and EMIRAD values repre-
of the five soil moisture stations that are within 20 km radius of the sent the mean value of the spatially averaged distributed data that
SMOS ID 20270994 one standard deviation are indicated for the were mapped to this ISEA ID. Error bars indicateone standard

in Situ data. deviation from the spatial averaging (models and EMIRAD) and
the SMOS data quality index (SMOS), respectively.

== PROMET 5o
= in Situ 5cm Mean

ol i i i i i i T
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horizontal and vertical polarisation of the“dl@ok angle and
6.80 K and 6.45 K for the horizontal and vertical polarisation would lead to a clear offset between model output and mea-
of the @ look angle, respectively. To illustrate these results, surements in all angles and polarisations, especially at the
Fig. 4 compares modelled brightness temperatures in the Vilbeginning.
test site on five days during the SMOS Validation Campaign On the last day there is a considerable deviation between
2010 with measurements from the airborne L-band radiomemeasurements and model output, that is also apparent for
ter EMIRAD for the 40 look angle. The error bars indicate the O look angle (not shown). While the measured bright-
the standard deviations from the averaging. ness temperatures decrease by about 15K, the modelled ver-
The vertically polarised brightness temperature shows aically polarised brightness temperature decreases by only
relatively constant offset in the order of 5-10 K while the hor- about 4 K and the horizontally polarised brightness tempera-
izontally polarised brightness temperature does not. Thesture increases by about 5K. It is not possible to give a sim-
deviations are considered small considering the uncertaintieple explanation for this deviation between model output and
related to the modelling, the airborne measurements and posneasurements. Modelled soil moisture and temperatures do
sible scaling effects. Possibly the L-MEB parameterisationnot show any abnormality (soil moisture deviations between
could further be optimised. No systematic bias is observednodel and field measurement for the whole Vils test site are
for the @ look angle (not shown), the RMSE is largely deter- below 0.03 i m~2 as for most of the other days, too). When
mined by deviations on the last day. compared to the earlier days the vegetation growth is consid-
It is considered promising that on four of the five days the erably smaller between the last two days, all of the three most
model works reliably despite contrasting soil moisture, tem-important plants wheat, maize and grass grow less than 8cm
perature and vegetation conditions. This leads us to the ovemen average in this time frame. A feature that is different on
all conclusion that the coupled models work reliably and thethe last day in comparison to all other days is that the upper
parameterisations chosen for L-MEB are appropriate undesoil layer is very wet and that standing water is present in the
the local conditions. Especially the roughness and vegetaarea due to considerable precipitation events shortly before
tion optical depth parameterisations seem to be appropriatthe EMIRAD overflight. Possibly interception is still present
as the model performance does not change significantly durand the soil moisture gradient in the upper soil layer is high.
ing the first four days even though vegetation grows stronglyThis may be part of an explanation for the distinct behaviour
during this time. For example, the mean vegetation heightof the brightness temperatures on this day. It is known that
of all wheat fields in the focus areas increases from 40.2 cnhigh soil moisture gradients in the upper soil layer, stand-
to 77.9 cm during those four flight days. Growing vegetationing water and interception after precipitation events can lead
increases the importance of correct vegetation parameterisae problems in the radiative transfer modelling which has
tion through an increase in vegetation optical depth (Wood-also been reported by Jackson et al. (2012) and Rowland-
house, 2006). An incorrect soil roughness parameterisatioson et al. (2012). Therefore, the observed deviation does
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Fig. 5. The time series of modelled and SMOS L1c brightness tem-Fig. 6. The time series of modelled and SMOS L1c brightness tem-
peratures for April to October 2011 for the 2ok angle and  peratures from April to October 2011 for the®4dok angle and
horizontal polarisation for the central ISEA grid point in the Vils horizontal polarisation for the central ISEA grid point in the Vils
test site. Error bars indicate one standard deviation for angular test site. Error bars indicate one standard deviation for angular
(SMOS) and spatial (model) averaging. (SMOS) and spatial (model) averaging.

not necessarily po.int tovyard a parameterisation problem, bufarger area than the EMIRAD data. But as the Vils test site
should be further investigated. Overall the L-MEB parame- o very homogenous concerning soil, land cover, climate and

terisation works very well under contrasting conditions andtopography it is assumed that this difference of geometries

Is considered appropriate under local conditions so that ngy ..o 5 \ery small role. In addition to that the centre of the
furth.er. investigations on the parameterisation are performedg),~g foofprint contributes more to the SMOS brightness
Yet_, |t'|s possible that the pgrameterlsatlons could further becemperature value than the edges due to the antenna pattern.
optimised under local conditions. The homogeneity of the test site is confirmed by the low
variation of EMIRAD brightness temperatures and standard

4.2 Analysis of SMOS L1c data deviations of the neighbouring ISEA grid points. If a mean

4.2.1 Comparison with airborne brightness value of the three Vils ISEA grid points 2027099, 2026586
temperatures during the SMOS and 2026587 is calculated the deviation of this value from the
Validation Campaign 2010 2027099 value never reaches 2 K. The homogeneity of the

area is also the justification for the assumption that the EMI-
All 40° SMOS observations in Fig. 4 are larger than their RAD data are representative for the whole area even though
EMIRAD counterpart while the Dobservation is lower. The the EMIRAD flight lines do not cover the whole area. The
RMSEs are 17.02 K and 28.05 K for the horizontal and verti- flight pattern was planned carefully in order to best represent
cal polarisation of the 40angle, respectively. For the @n-  the variability present in the Vils test site.
gle (not shown here) the RMSEs are 11.12K and 11.55K for
the horizontal and vertical polarisation, respectively. SMOS4.2.2 Comparison with modelled brightness
data show the expected behaviour with vertically polarised temperatures for the year 2011
brightness temperatures being higher than the horizontally
polarised ones for £0and both being essentially the same for To study SMOS L1c brightness temperatures in different sea-
0°. But a RMSE between 11.12K and 28.05K can be con-sons a longer term comparison of SMOS L1c brightness tem-
sidered a substantial deviation that may be attributed at leagteratures with modelled brightness temperatures has been
partly to RFI problems. Due to the small sample size thisperformed for the central ISEA grid point for April to Oc-
comparison is not considered reliable enough to draw furtober 2011. The corresponding statistics are summarised in
ther conclusions. Of course this comparison involves someéTable 2 for the look angles 2020°, 3C°, 40° and 50 and
approximations related to the different geometries of the twoboth polarisations, respectively.
datasets. As the SMOS L1c data are valid for a larger area It is apparent that the correlations between both datasets
than what is being mapped to each ISEA grid point in a near-are only low to fair § between 0.1-0.41) with RMSE val-
est neighbour mapping approach, they are also valid for aies around 11-22 K. For horizontal polarisation correlations
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Fig. 7. The time series of modelled and SMOS L1c brightness tem-Fig. 8. The time series of modelled and SMOS L1c brightness tem-
peratures for April to October 2011 for the2M@ok angle and ver-  peratures for April to October 2011 for the4dok angle and ver-
tical polarisation for the central ISEA grid point in the Vils test site. tical polarisation for the central ISEA grid point in the Vils test site.
Error bars indicatet one standard deviation for angular (SMOS) Error bars indicatet one standard deviation for angular (SMOS)
and spatial (model) averaging. and spatial (model) averaging.

get better with increasing look angle, except for theé 40-  deviation of the spatial (models) and angular (SMOS) av-
gle. The vertical polarisation behaves similarly. These cor-eraging of the data. The model standard deviations are rel-
relations are generally lower than the correlations betweeratively large due to the high spatial resolution of the mod-
PROMET and SMOS L2 soil moisture which is 0.57 for els which leads to very different land cover classes being
the ID 2027099 in 2011 (dall’Amico, 2012). Concerning re- averaged (e.g., bare soil and forest). The model standard
gressions (gain) and RMSE values the vertically polariseddeviations are smaller in the summer months from around
brightness temperatures perform better than the horizontallynid-June to mid-August because the optical depth varia-
polarised ones. The bias for the horizontal polarisation in-tions are smaller during this time as most crops have rela-
creases with increasing look angles. The regressions for thévely high LAI values (compare Fig. 13). In August, win-
vertical polarisation improve with increasing angles, this ister wheat is being harvested leaving bare soil fields while
not as pronounced for the other polarisation. Following ra-maize shows very high LAI values, therefore, the standard
diative transfer theory, the horizontally polarised brightnessdeviation increases substantially. The behaviour of the ad-
temperatures are expected to decrease with increasing loatitional look angles, that were modelled, is analogue to the
angle, while the vertically polarised ones are expected to b&0° and 40 comparisons (not shown). Due to orbit geome-
generally higher and increase with increasing look anglestry there are less SMOS observations available fértB@n
The expected behaviour is only observable for the verticallyfor 40°. For the angles T0to 3C in the horizontal polar-
polarised observations. The model data shows the expecteadation the SMOS brightness temperatures are considerably
behaviour. lower than the modelled ones for the summer months be-
In general the horizontally polarised brightness temperatween end of May and end of August. For the other months it
tures seem less reliable than the vertically polarised ones anid the other way round for all angles. For the angle% &td
the lower look angles perform inferior to the higher angles.50° both datasets have comparable mean values for the sum-
One has to keep in mind that the significance of the results fomer months. For vertical polarisation the behaviour is simi-
the angles below 30s lower due to the smaller sample size. lar. If the other two ISEA IDs in the Vils test site 2026586
The lower performance of SMOS data for the lower look an-and 2026587 are considered the big picture for the bright-
gles is consistent with findings of Bircher et al. (2012) and ness temperature comparison is very similar but the perfor-
may be related to the SMOS interferometric imaging tech-mance concerning correlation, RMSE and regression tends
nique. to be lower (not shown), which is analogue to SMOS L2 soil
Figures 5 to 8 show both time series for the 2(d 40 moisture data performance.
look angles for both polarisations from April to October 2011  The seasonal behaviour of SMOS is not as expected. The
and Figs. 9 to 12 show the scatter plots for the same comparrexpected increase of brightness temperatures in summer due
isons. The error bars in Figs. 5 to 8 represent the standartb higher soil temperatures is not clearly visible due to a
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Table 2. The statistics for the comparison of SMOS L1c and modelled brightness temperature for different look angles and both polarisations
for the central ISEA ID in the Vils test site (2027099) for April to October 2QR is the correlation coefficient, RMSE the root-mean-squared

error, gain and bias are the parameters from the regression lin¥ @&the sample size.

Look R RMSE Gain Bias(SMOS- Mean (STDV) Mean (STDV) N
angle [-] K] [F] PROMET)[K] SMOS [K] PROMET [K]

TBH10 0.7 1209 0.14 —4.13 24524 (7.86)  249.37 (8.97) 35
TBH20 0.13 13.14 0.13 1.0 248.97(10.24) 247.97 (9.47) 67
TBH30 0.29 1246 0.27 4.04 249.68(9.79) 245.64(10.39) 99
TBH40 0.3 17.69 0.27 11.58 254.08 (10.82) 242.50(11.91) 130
TBH50 0.41 21.82 0.33 17.94 256.85(11.05) 238.91(14.20) 77
TBV10 0.29 1050 0.25 273 252.97(8.21) 250.24 (8.65) 35
TBv20 0.1 1271 0.11 235 255.66(9.93) 253.31 (8.60) 67
TBV30 0.3 11.38 0.38 1.05 259.03(10.63) 257.98 (8.40) 99
TBV40 0.39 1099 0.56 0.94 264.69(11.30) 263.75(7.83) 130
TBV50 0.36 12.77 0.66 —5.52 264.57 (12.32) 270.09 (6.77) 77
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brightness temperatures for the look angle H20 brightness temperatures for the look angle H40

sharp drop in brightness temperatures at the beginning ofetrieval problem would mainly be visible in the L2 data, but
June. This seasonal behaviour is not observable in the modeilot in L1c data, if the radiative transfer modelling works re-
data that serve as input for L-MEB. Soil moisture modelling liably. As it was shown in Sect. 4.1 that the radiative trans-
for example seems to work equally well before and after thefer modelling works reliably under most conditions in the
drop (Fig. 3). The drop in brightness temperatures coincidestudy area, this points towards an RFI issue because it affects
roughly with the increase in soil moisture at end of the pro-both L1c and L2 data. The mean positive bias in the SMOS
nounced drying period in April and May, but obviously the brightness temperatures (compare Table 2) adds to this ar-
model data does not react as extreme to the increase in sajumentation (Oliva et al., 2012) state that RFI can produce
moisture as the SMOS data. higher SMOS brightness temperatures which would lead to
As the correlations between SMOS Llc and modelleda dry bias in the soil moisture retrievals. The mean positive
brightness temperatures are inferior to the correlations bebias in the SMOS brightness temperatures can partly explain
tween SMOS L2 and modelled soil moisture, the problemsthe observed dry bias in the SMOS L2 soil moisture prod-
in the SMOS L2 soil moisture product are considered toucts, that were found by dallAmico (2012). A more pro-
originate not exclusively from a retrieval problem. A pure nounced overestimation of brightness temperatures would be
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necessary to explain it entirely. However, as the SMOS L1c
data processing described in Sect. 2.3 uses stricter filtering.3 Analysis of SMOS optical depth Tau
techniques than the official SMOS processor, it is possible
that the bias is decreased due to a more efficient filtering ofAs the vegetation optical depth plays an important role in the
RFI. Of course other factors can also add to the RFI inducedSMOS soil moisture retrieval and could prove to be a valu-
problems. These comprise unresolved scaling issues in thable source of information about vegetation characteristics,
radiative transfer modelling, non-RFI induced retrieval prob- it has been analysed for the year 2011. Figure 13 shows the
lems or even sensor accuracy, or calibration issues. As théme series of the comparison between modelled and SMOS
SMOS soil moisture performs very well in other parts of the L2 optical depth for low vegetation for April to October 2011
world these factors are considered to play a minor role hereat the central ISEA ID in the Vils test site. Error bars in-
Of course this comparison involves the same approximadicate the data quality index value (DQX) for SMOS and
tions that are mentioned in the previous section that are rethe standard deviation of the averaging for the models. Ana-
lated to the different geometries of the datasets comparedogue to the brightness temperatures, the model standard de-
But due to the already demonstrated homogeneity of the Vilsviations are relatively high due to the high spatial resolution
test site (see Sect. 4.1), this is not expected to have a substaaf the models. The correlation coefficient for this compari-
tial impact. son is 0.33 and the bias (SMOS — model) 0.18. When con-
For the interpretation of these results it is important to keepsidering the additional two ISEA IDs in the Vils test site,
the uncertainties in mind that are related to the modelling ap-SMOS values are generally too high although the correlation
proach. In Sect. 3.1.1 it is shown that the uncertainties of thecoefficients differ for the IDs (correlation coefficient0.27
land surface model have been assessed thoroughly and aamd 0.03 for ID 2026587 and 2026586, respectively; bias:
considered to be small. Soil moisture, temperature and vegd.10 and 0.13 for ID 2026587 and 2026586, respectively)
etation modelling work reliably. The radiative transfer mod- (not shown). The seasonal behaviour is different from ID to
elling uncertainties are assessed in Sect. 3.1.2 in May antD, while some features are similar. The seasonal pattern of
June 2010 in the study area. Under contrasting soil moistureyegetation optical depth for a temperate region with a high
vegetation and temperature conditions the model works relipercentage of crops consists of an increase from spring until
ably with brightness temperature RMSE values between 6 Ksummer during the crop growth phase and a decrease in fall
and 9 K. The comparisons in this section show considerablyduring ripening and harvesting. This is not clearly apparent
larger deviations during the same time of year. As both re-in the SMOS data. The increase in April and May seems to
sults were obtained under similar conditions in the same areghe captured as well as a decrease in October, but the variabil-
the radiative transfer modelling uncertainties are consideredty of SMOS optical depth appears very high with several
to play a minor role here. peaks throughout the year compared to typical vegetation
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values are valid for the nominal land use class (low vegetation).
Error bars indicatet the DQX value for SMOS and the standard
deviation for the spatial averaging for PROMET.
5 Conclusion and outlook

phenology. The mean value of 0.40 is relatively high whenThe land surface model PROMET and the radiative trans-
compared to model simulations and typical values found infer model L-MEB have been coupled and used as a tool for
literature that range between maximum values of 0.3 and 0.4he analysis of SMOS passive microwave satellite observa-
for low vegetation (Wigneron et al., 2007; Saleh et al., 2007).tions. The coupled models have been shown to work well
A visual comparison to MODIS NDVI data from (ORNL- in determining the L-band microwave emission under vary-
DAAC, 2012) did not deliver any similarity with SMOS op- ing soil moisture, vegetation and temperature conditions dur-
tical depth either. It does not seem to have a physical meaning the SMOS Validation Campaign 2010. Their output has
ing which was also found by Jackson et al. (2012) in thebeen compared to ground data and airborne L-band bright-
US. The high variability, the unclear seasonal pattern and theess temperature measurements. The brightness temperature
high values of optical depth could indicate that SMOS optical RMSE is around 6 K-9 K. Therefore, the L-MEB parameter-
depth also depends on other parameters than vegetation. Tsations used in this study are considered reliable enough to
test whether there is a relationship between SMOS retrievethe used for SMOS validation activities. However, a further
soil moisture and optical depth, both datasets were compareaptimisation under local conditions may still be possible. A
Although a visual comparison of the time series does not alknown uncertainty factor that should further be investigated
low any conclusions, the scatter plot (Fig. 14) shows a cleaiis the brightness temperature behaviour shortly after precipi-
relationship with a correlation coefficient of 0.65, which is tation events.
similar for the other Vils IDs. This is the largest correlation  SMOS L1c brightness temperature data have been com-
coefficient determined in the whole study per se and surprispared to airborne brightness temperatures on two days during
ing as soil moisture and optical depth are considered indethe SMOS Validation Campaign 2010 from which no reliable
pendent variables in our area. Modelled soil moisture andconclusions can be drawn due to the small dataset.
optical depth show no significant correlatia® £ 0.053) for An extensive comparison of SMOS L1c with modelled
the same comparison. brightness temperatures from April to October 2011 was per-
Obviously the retrieval does not work reliably. Whether formed in the Vils test site. SMOS L1c brightness tempera-
this is only due to the RFI problems in the L1c data, causingtures do not show the expected seasonal behaviour and are
retrieval problems in any case, or also to additional factorspositively biased. SMOS L1c data do not perform better than
remains unclear. Possibly parameters in the radiative trand-=2 soil moisture data in the Vils test site, which could have
fer modelling that are compensated by Tau could play a rolepointed towards a pure retrieval problem. It is concluded that
here. RFI most probably contributes considerably to the observed
problems in the SMOS L2 soil moisture product. This is con-
sistent with the observed dry bias in the SMOS L2 soil mois-
ture products which can be related to RFI as stated by Oliva et
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