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Noise filtering of SMOS observations SECMWF

Abstract

The 2D-interferometric radiometer on board SMOS has beewiging a continuous dataset of
brightness temperatures, at different viewing geometdestaining information of the Earth’s sur-
face microwave emission. This dataset is affected by skseusces of noise, which are a combina-
tion of the noise associated with the radiometer itself &ieddifferent views under which a heteroge-
neous target, such as continental surfaces, is observea résilt, the SMOS dataset is affected by
a significant amount of noise. For many applications, asmsoisture retrieval, reducing noise from
the observations while keeping the signal is necessarythendccuracy of the retrievals depends on
the quality of the observed dataset. This paper invessghteaveraging of SMOS brightness tem-
peratures in angular bins of different size as a simple nietbaeduce noise. All the observations
belonging to a single pixel and satellite overpass werelfitbea polynomial regression model, with
the objective of characterizing and evaluating the assettiaoise. Then the observations were aver-
aged in angular bins of different size and the potential fieokthis process to reduce noise from the
data was quantified. It was found that if a 2-degree angufaishiised to average the data, the noise
is reduced by up to 3 K. Furthermore, this method complemestessary data thinning approaches
when a large volume of data is used in data assimilation sysste

1 Introduction

The Soil Moisture and Ocean Salinity (SMOS) satellite of the European $mecy (ESA), launched
in November 2009, is providing a large amount of data sensitive to soil meister continental surfaces
(2). The instrument on board the SMOS platform is the Microwave Imaging Reatier by Aperture
Synthesis (MIRAS). This is the first time that a 2D-interferometric radiometeeiisg used to measure
soil moisture and ocean salinity from a space sensor. The crossatiomenf the signal collected by a
series of antennas equally distributed along three arms makes it possibteittepsbservations with a
spatial resolution between 35 and 50 km over continental surfaces tangea accuracy of .04m*m—23

(2; 3, 1).

The challenges the SMOS mission face are multiple. Not only is a new instrumiegttested, but also
a new type of observation. SMOS provides multi-angular measurementtaoispd brightness temper-
atures, i.e. a region on the Earth’s surface is being observed unteredifviewing angles producing
different pixel sizes and orientations, as well as different noise aadgion for each pixel?). De-
pending on the location of the observed area within the Field Of View (FO¥)nthmber of views can
vary up to 160. The observed areas furthest from the centre of teditrack are sampled fewer times
than those located near the centre. The geometry of the observation is kpangdenplete image of the
surface emission is produced by inverting the visibilities associated to thecirterétric techniquedj.
Errors in the reconstructed image should be expected due to inaccurettiesantenna pattern estima-
tion, the Noise Injection Radiometers’ (NIR) brightness temperature measute b) and the algorithm
which reconstructs the image. The latter is as a first approximation an irveusier transform®) or a
more sophisticated G-matrix inversior7(g8)), with a potential degradation of the radiometric sensitivity
in terms of a higher noise. Another source of noise is the radiometer itsgffindaging radiometer, in
fact, is affected by three types of noif®:(a) the radiometric resolution (temporal standard deviation
of the zero-mean random error due to the finite integration tirh@) ©) the radiometric bias (spatial
average of all the systematic errors) and c) the radiometric accuraajalsgptandard deviation of the
sum of all the systematic error$l)). Although these sources of noise are linked to the instrumentation
and measurement technique used for SMOS, another new potentially damge f noise is embedded
in the measurements. In SMOS, the same area of the Earth’s surface obadreed under different
viewing geometries, and that can turn into quite different pixel shapesiaesl, especially at large inci-
dence angles. This implies that even at slightly different viewing anglesutti@ce contribution to the
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final observation value can arise from very different areas anddamer types, all of them with very
different emission properties. This is especially important when lookindhaimogeneous targets, such
as the Earth’s surface. Therefore, a significant angular noiseilwatidn is expected due to the strong
inhomogeneities of the Earth’s continental surfaces.

This paper aims at; (i) characterizing the angular noise of SMOS brighteesgeratures. To this end,
the observations were fitted to a polynomial regression model, which wdsassereference model of
the observations angular distribution, (ii) filtering noise of the observeakdg while still retaining the
signal. For this purpose, a simple method consisting in averaging SMOS lsghtemperatures in an-
gular bins of different size is proposed and tested, and (iii) validate faeti®keness of angular binning
the data to filter noise. For that, the same type of polynomial regression modelyeahio characterize
the noise of the observations, was used. Applications which use SMO8nwss temperatures, such as
soil moisture retrievals, drought monitoring or Numerical Weather Predg{iNiVP) systems, benefit
from filtering noise of the original dataset. For NWP applications, noiseifitiefiorms part of a set of
preprocessing activities (such as bias correction, thinning, qualityaipetisuring that data assimila-
tion systems make optimal use of satellite and model data. Indeed, any data #éissirajfatem aims
at assimilating only observations of high quality, carrying signal rather tiogse. They are able to use
observations more effectively if noise is removed at this stage. Furthermogular binning the data is
computationally affordable and simple enough to be implemented in a complex N¥W#hsysuch as
the Integrated Forecasting System (IFS) of the European Centre fdiuiMeRange Weather Forecasts
(ECMWEF). As pointed out by12), the implementation of SMOS data in the IFS is a big challenge and
methods that reduce complexity are preferable.

After the description of the observations used in this study (segtijnthe methodology employed to
investigate the noise affecting the observations and the benefits of engethg data in angular bins
is described (sectiorn.2 and 2.3) and analysed (sectids). The sensitivity of the noise affecting the
observations to different types of soil texture and vegetation coverehss to the incidence angle and
the radiometric accuracy of the observations, is also investigated in sdctinrsection5 a case study
shows the benefits of binning the data as input in a real analysis experiRieaity, section6 provides

a brief summary of the methodology presented in this paper and the most immomnatusions.

2 Material and Methods

2.1 Observations

The product used at ECMWEF is the near-real-time (NRT) brightness tetpesa It is a reprocessed
sub-product of level-1b data and they differ from the latter in that theygapgraphically sorted swath-
based maps of brightness temperature. The geolocated producettaeiZCMWEF is arranged in an
equal-area grid system called ISEA 4H9 (Icosahedron Snyder Bgealgrid with Aperture 4 at reso-
lution 9) (13). For this grid, the centres of the cell grids are at equal distance ofrl&vikh a standard
deviation of 0.9 km. This constitutes the SMOS Discrete Global Grid (DGG). fifésgrid has been
adopted in order to provide the correct sampling for the measurementgpatia sesolution of 30 Km
according to the Nyquist criterid 4).

The data is organized in messages. Each message corresponds tsheswéiere the integration time
is 1.2 seconds, as this is the time in which all correlations of a single scene asenmn@@. Each snapshot
contains a number of subsets, each providing an observation at a htiueISEA grid. On average,
each snapshot contains more than 4500 subsets if the instrument rurad-pothrisation mode. In this
running mode, dataset records are generated each 1.2 secondsXxt éimel YY polarisations alter-
nately. In full-polarisation mode (current operational mode) all recgiire the three arms are in the
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same polarisation for the first integration, whereas in the next integratiaedbeers in an arm switch
the polarisation and two dataset records are generated, thus doublinéptingation per snapshot. The
NRT product reaches ECMWEF archives with a few hours of delay sitfitee the sensing time. This
makes it possible to ingest the data in the IFS soon after they are genévagadble SMOS brightness
temperatures to be monitored operationally and produce first-guessutepat?). It also opens the

possibility to produce an NRT soil moisture analysis.

2.2 Angular noise characterization and validation strateg

The natural emission of the soil in the lower-frequency microwave domagiardks on several surface
variables. In general, for electromagnetic waves polarised horizontladlypbserved brightness tem-
peratures decrease as the incidence angle increases, wheregsasieedpehaviour is observed for the
vertically polarised component. The ratio of increase or decrease withdideinte angle depends criti-
cally on the soil state (soil moisture, soil temperature), type of vegetatiaer emd soil properties (soil
roughness, soil texture, density of the vegetation canopy, etc.). Howasa first-order approximation,
the angular signature of a target at a given time can be characterized'bgrder polynomial. In this
study only polynomials of second and third order were used. The methdddhere to validate the
angular binning approach consists in fitting all the observations of the sM@SI GG node (corre-
sponding to spatially averaged values centered on the node) and origtomials of 29 and 39 order.

If the polynomial regression model is a good representation of the aasérightness temperature dis-
tribution, then the coefficient of determinatiarf)will have a high valuer? explains what percent of the
total brightness temperature variance is explained by the polynomial segreaodel, and varies from
0 to 1. The remaining variance (%) is the variability of the observations from the regression model.
The standard deviation of the residues to the fitted curve (STD) providag@roximate indication of
the noise associated with the observations. Averaging the observatiamgilabins of different size is
expected to reduce the residues to the fitted curve and hence the nocataskwith different viewing
geometries. Note that the polynomial fit does not lead to noise filtering or iwedsary angular relation-
ship, but is just a tool used here to validate the binning approach asti&cataa@y of reducing noise,
while retaining the signal of the data. As an indirect thinning scheme, binninddta also reduces the
number of entries for assimilation. The added value compared to early thisinatggies ((5; 12)) is
that it avoids excluding useful data at early stages. This simple validatategyrcan be used under the
following considerations:

a) As brightness temperatures measured at the top of the atmosphereyaensgitive to the geophysi-
cal characteristics and meteorological conditions of the soil (soil moidemgerature, vegetation cover,
surface roughness, etc.), the polynomial fit will be representativeesttbbservations only if measure-
ments acquired during a single orbit pass are considered. Otherwiggtthral geophysical variability
of the signal could be embedded in the estimated level of noise of the otisasvd-or example, if over
a certain target it rains between two satellite passes, the observed sgytengperatures will be very
different, thus mixing natural variability and noise of the signal. If severhits are to be used, then
areas which have demonstrated to be very stable in time (e.g. Antarctic,r§ desgbe used.

b) In order to avoid contamination of the signal due to Radio Frequencyfdréace (RFI), only Aus-
tralia, South America and North America were analysed separately in this gilidgugh these conti-
nents are not free from RFI, at least the RFI effect is less serionsotrex Europe and Asia.

c) Averaging over relatively small angular bins should be acceptablalt@eeobservational noise due
to surface heterogeneities, but over large bins (5 degrees or morg)dtiied could mistakenly not only
reduce the random nature of the noise affecting the observationsisbuha natural variability of the
signal, because brightness temperatures can change significantly witcittenoe angle (specially for
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large incidence angles).

d) The data used in this study are not reprocessed data (not avail&detiame of the study); however,
this is not an issue as in this paper only orbits contained in 24 h and two dextsEsasons were consid-
ered.

Based on the above considerations, data acquired during two singlesgiagsenting two different sea-
sons were selected: 1 December 2010 and 1 June 2011. In particdd&QMWF analysis cycles of
12 h (as in the operational suite) were used, so data analysed is froW2C lon 30 November 2010
to 21 h UTC on 1 December 2010, and from 21 h UTC on 31 May 2011 to 2T® @h 1 June 2011
(16). Tests with more recent data and different orbits were also carriedwoiuthe conclusions found
in this paper were similar. Each observation was quality checked d®)inAscending and descending
orbits were analysed separately, as well as XX and YY polarisationslyFak the observed brightness
temperatures recorded over the same node of the SMOS DGG grid, aiek feeme polarisation and
type of orbit, were fitted to polynomials of2and 3¢ order. The minimum number of observations per
node necessary to compute a fit was arbitrarily set to 10. This criteridndedbetween 25 to 35% of
nodes (with incidence angles mostly comprised between 42 and 48 dedgrfeegver, the population
of each incidence angle was well represented in the total averagesrlangsizes were avoided because
there is a risk of mixing the angular natural variability of the observatioregiafty for large incidence
angles where the angular gradient can be very large. In order tadeomsly significant correlations,
the Pearsons coefficient with 5% significance level was evaluated fatieze In this case, configura-
tions where the p-value was larger than 0.05 were rejected and notéeddar in the statistics, as the
correlation value is from the statistical point of view a pure coincidefa@ge Then the mear? and STD
per continent were analysed for all the different cases, as examisedtion3.

2.3 Pre-analysis of singular grid points

Several nodes of the SMOS DGG grid representing different soilitond (bare soil, dense forest, soil
covered by a shallow layer of snow, soil covered by a large amouriaf sind a coastal node) were
chosen for a specific day. The aim was to understand the charactegisticibur in one dimension of the
brightness temperatures as a function of the incidence angle for theserstitions, and how averaging
the data in angular bins could affect this behaviour. This will support teegretation of global maps.
The validation strategy described in secttbBwas applied to these nodes. Figshows the geographical
location of the selected points. Figshows all the observations collected for each of these grid points
(as crosses) and overlapped on them is tHeo2der polynomial fitted curve using all the observations
(left panel) and a 2-degree angular averaging (right panel), foytheolarisation. This figure shows
that under bare soil (top panel), the regression curve fits the obieeivaery well, reducing the residues
from 4.5 K when all the observations were used to 2.6 K when a 2-degmeéaa bin was used. It also
shows sensitivity to the incidence angle (between 70 and 60 K using all gesvattions or a 2-degree
angular bin, respectively). For dense canopies a weak sensitivityigifthess temperatures with the
incidence angle should be expected. Indeed, the signal is much flattey theemasking effect and the
emission of the vegetation canopy itself at all incidence angles (Begand d). For this type of surface,
averaging the data in angular bins does not significantly reduce the esgilthe polynomial fit. The
effect of snow on the L-band emission depends on many variables, gsatfi@arity, density, depth or
age, but even wet and dry snow have different dielectric properfibat makes Figs2e to Fig.2h to
present a noisier angular distribution. Note that shallow and deep sn@ang@trarily defined: less than
20 cm shallow snow, more than 20 cm deep snow. Although, in both casgagang the data in bins
of 2 degrees seems to be relatively effective, this type of grid point witelcted in an assimilation
context as the sensitivity to soil moisture is lost and not well known. Gridtpoiear the coast present
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the highest noise due to the mixed area of land and ocean signal in the ssemeatibn (Figs2i and
2)). In this case, the polynomial regression model did not fit the obsenstie.

4
[}

Figure 1: Location of the single points analysed in sectit¢Bl Their geographical coordinates are displayed

with the format [lat/lon]; (1) bare soil [-29.017,143.003(2) dense forest [1.279,-73.565], (3) shallow snow layer
[56.319,-117.879] (based on 6 cm snow depth forecast), éépdnow layer [69.599,-151.914] (based on 73 cm
snow depth forecast) and (5) coastal node [56.765,-89.(0b8hted at approximately 3 miles of the Hudson Bay).
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Figure 2: 2"9-order polynomial fitted curve (solid line) to all obsenats (left panel) and to observations averaged
in a bin of 2 degrees (right panel) for the YY polarisatiorg i§ the brightness temperatures of the observations,
and STD is the standard deviation of the residues to the fitede.
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3 Noise filtering and validation results

3.1 Qualitative analysis

The left panel of Fig3 shows the? maps of SMOS brightness temperatures fitted t6eo2der polyno-
mial regression model, for the different angular bins used in this stud¥Xgolarisation and ascending
orbits over Australia, on 1 December 2010. Eatlvalue was computed individually for each node of
the SMOS DGG. The right panel of Fig.shows the equivalent maps of the variability of the residues
(STD) to the fitted curve. Equivalent maps (not shown) were obtainetléoth America and South
America, for ascending and descending passes, for both polarisatidredso for the June case. As an
example, Fig4 shows the equivalent maps for South America and for YY polarisation asdetding
orbits, and Fig5 is for North America, XX polarisation and ascending orbits, but for thes gdlksim-
plicity only the maps using all the observations and only 2-degree bins avenshrhe analysis of all
these maps shows the following features:

(a) As expected, the edges of the satellite track are the most noisy aitbasF@V. This can be clearly
observed in Fig3a, where all the observations were used, because there was a pddhétobserva-
tions to the polynomial curve at the edges of the ground track and large B¥Epolynomial regression
model is not a good representation of this area of the FOV, which is quitg. noideed, the limits of
the (extended) alias-free zone are due to replicas of the Earth visibility(28)) and therefore of lower
quality. This low-performance area is the extended-alias FOV (EA-Fang mostly contains incidence
angles greater than 45 degrees. If an insufficient number of oliegryavere available within an angular
bin to carry out a regression fit, then this grid point was filtered out ahtholuded in the statistics. This
explains the fact that as the size of the angular bin increases (andtieeadbwer number of available
observations), the ground track gets progressively smaller, as shdvigs. 3g to 3.

(b) The behaviour near the coastline is very different for the two pe@itviss analysed here. Whereas
the XX polarisation shows very high correlation with the regression model the coastlines, the op-
posite behaviour is found for YY polarisation (see for instance &ifpr YY polarisation in contrast
to Fig. 5 for XX polarisation). This behaviour is common for both ascending andatebng orbits.
By increasing the incidence angle of the observations, larger areaghatato the signal, and near the
coast this means, in many cases, a larger contribution of the sea surtheestgnal (which is a weaker
signal). While the XX polarisation behaves as theoretically expected, thal sifjthe YY polarisation
stays quite noisy and flat instead of growing with the incidence angle. Tieisté$ a combination of
the proximity to oceans (which compensates for an increase in brightnessregorp with increasing
incidence angle) and a lower sensitivity to water bodies.

(c) It was also found that the angular signature in areas coverediy(see Figb) presents large noise,
as was also shown in secti@3. For these grid points the correlation of the polynomial regression
model to the observations is very poor, and worse for YY polarisationftraXX polarisation. Snow
characteristics present a large variation in time and space, with strongor@sian terms of solid and
liquid water content, as well as in snow cover area. These strong hetsitigs contribute to increase
the noise of the angular signal. The YY polarisation presents flatter argjglaals and, therefore, the
presence of noise quickly reduces the correlation with a relatively ftaecOhe same behaviour occurs
for very dense forests such as the Amazon, but in this case some egsaststronger noise at the XX
polarisation. These areas present flat angular signatures and skaggef noise also causes the coeffi-
cient of determination to be reduced quickly.

(d) In general it was found that &®order polynomial represents better the angular behaviour of the
observations in the XX polarisation than in the YY polarisation, because the liattea lower angular
sensitivity to soil moisture. A quantitative analysis can be found in se@ti&n

(e) The December and June cases showed equivalent results. Sognapiécal changes are mainly
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found in North America, which is due to the differences in the area coveyeshow. A 29%-order
polynomial regression model should not be used as a reference mbdalsmow or dense canopies
are present. In any case, for assimilation experiments these typesadesadver will be flagged and
rejected, as the sensitivity to soil moisture is masked or unknown.

©0-055 ©055-0.6 ©0.6-0.65
©065-0.7 ©0.7-0.75 ©0.75-8

©0.8-0.85 « 0.85-0.9 ©09-0.95 e0-101-2 ©2-3 #3-404-5
©095-1 ®5-6 #6-7 7-8 #8-909-20
a) All observations b) All observations

¢) Bin 0.5 d) Bin 0.5

e

e) Bin 1

h) Bin 2

i) Bin 3 j)Bin3
i Sl ~

-

Figure 3: Coefficient of determination{rleft panel) and STD of the residues (in K, right panel) beméhe SMOS
brightness temperature angular signature and2t8-order polynomial regression model for the XX polarisation
and ascending orbits, on 1 December 2010. In a) and b) all th&eovations are used (no binning), whereas
observations are averaged in a bin of 0.5 degrees (c,d), feédg@,f), 2 degrees (g,h), and 3 degrees (i,j).
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©0-055 @055-06 ©0.6-0.65 e0-1 ®1-2 02-3

©065-0.7 ©#0.7-0.75 ©0.75-8 ®3-4 04-5 @5-6
0.8-0.85 0.85-0.9 ©#0.9-0.95 6-7 7-8 #8-9

©095-1 ® 9-20

a) All observations b) All observations

Figure 4: As Fig.3, but for South America, YY polarisation and descendingterlm a) and b) all the observations
are used (no binning), whereas in c) and d) observations aezaged in a bin of 2 degrees.

3.2 Quantitative analysis

The mean value of the? and the STD statistical variables were computed independently for eatih con
nent, type of orbit, polarisation, bin size and type of regression modekpdaieed in sectior2.2 Only
significant correlations were considered (p-value lower than A.0%. (Tablel presents the mean statis-
tics, by fitting the observations to &%and 39-order polynomial, on 1 December 2010 for Australia,
North America and South America, respectively. Tablshows the same averaged values for 1 June
2011, but only using as regression model"&@rder polynomial function. It was found that: (a) The
STD of the residues to the fitted curve consistently decreases as the ieeaafjular bin increases. For
the winter case, without any binning the continental averaged noise ob®\ations varies from 5.4

K to 6.4 K using a 2%-order polynomial regression model, and from 5.6 K to 7.1 K usinéf'eo8ler
polynomial. If a 3-degree maximum bin size is used, these values fluctuate2f®K to 2.8 K (with

a 2'9-order polynomial) and from 2.5 K to 2.8 K (with d&%3order polynomial). The June case shows
very similar results, except for the ascending orbits of North America, wéliow larger noisy values.
According to Tabled and 2, in a significant amount of cases a potential noise reduction larger than 3 K
could be achieved by averaging the observations in bins up to 3 degtessver, in 86% of cases (and
all of the summer cases), averaging the observations in bins of 3 detidesst result in better? than
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®0-0.55 ®055-06 ©06-065 ©0.65-0.7

®0.7-075 @0.75-8 0.85-0.9 0.8-0.85 00-1 ©1-2 ©2-3 ©3-4 @4-5 @5-6
©09-095 @095-1 6-7 7-8 ©8-9 @9-20
a) All observations b) All observations

c) Bin2 d) Bin 2

Figure 5: As Fig.3, but for North America. In a) and b) all the observations ased (no binning), whereas in c)
and d) observations are averaged in a bin of 2 degrees only.

for bins of 2 degrees. Indeed, in most cases 3-degree averagiogss.\W his is an indication that when
excessively large bins are applied the natural variability of the obsengitsoincluded, and thus the
polynomial fit is no longer a better representation of the observationseHmier polynomials change
the sign of the gradient several times and they have the potential to fit betteoide, which is not the
objective of the methodology presented in this paper. Therefore,gingrtne observations in bins of 2
degrees should be the maximum acceptable to reduce noise from theadiosstvit was checked (not
shown) that with larger angular bins (4, 5 and 6 degrees)thecame slightly worse. Hereafter, only a
2"d_order polynomial regression model will be used for further analysis.

(b) In most of the cases studied, the polynomial fit represents better thgo¥Xisation than the YY
polarisation, except for some orbits over South America where the befasitound to be more alike.
Likewise, the STD is, in general, also lower for the XX mode than for the YY enddthough the XX
polarisation is more sensitive to the soil water content and shows great@mibs (L9)), these results
suggest that a stronger dynamical signal does not necessarily irevdérger associated noise. After
averaging the observations in angular bins of 2 degrees, the noiseddféebetween XX and YY polari-
sations is lower than 1 K, often less than 0.5 K, except for the ascendiagear North America, where
the difference is 1.16 K. Again, this is due to the higher sensitivity of the smat@r content of the XX
polarisation, which produces larger differences between the two patiarismodes used in this study.
(c) While the STD of the residues is larger in ascending than in descendiitg, dhe trend is that the
polynomial regression model explains better the distribution of brightnessetaitnpes for ascending
orbits. However, these results change for continent, polarisation arwt pd the year. For Australia
and South America, in generaf,is better for ascending than for descending orbits; however, deisgend
orbits show lower STD. The North America case seems to be more depeamdia period of the year,
which is associated with the snow covered area during the winter peridbisinase, the? values are
significantly higher for the YY polarisation in the June case.
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Table 1: Mean # and STD (in K) between the SMOS observed brightness terapemgular signature and it8"4 and 3-order polynomial fitted curve, for
Australia, North America and South America on 1 Decembef201

model: AXZ + Bx+C model: A +BxZ +Cx+D
ASCENDING DESCENDING ASCENDING DESCENDING
XX YY XX YY XX YY XX YY

bin rZ | STD| 2 [ STD| 2 [STD| 2 [STD| 2 [ STD| rZ [STD| r? [STD| r?2 | STD
no-bin | 0.65| 5.16 | 0.56 | 6.23 | 0.58 | 465 | 0.48 | 5.46 || 0.68 | 539 | 0.61 | 6.39 | 0.63| 4.98 | 0.55| 5.63
05 | 066| 433| 059| 521 | 059| 391 | 051| 461 0.71| 456 | 0.66 | 5.36 | 0.65| 4.27 | 0.59 | 4.82
1 0.70 | 3.80 | 0.63| 4.45| 0.63| 3.38| 055| 3.91 || 0.75| 3.95| 0.70 | 454 | 0.70 | 3.61 | 0.63 | 4.02

2 0.73] 3.10 | 0.66| 3.54 | 0.63| 255 | 0.56| 2.94 || 0.77 | 3.13 | 0.71 | 3.52 | 0.65| 2.58 | 0.58 | 2.87

3 0.73] 273|066 2.98 | 0.61| 2.14 | 053 | 2.40 || 0.73| 2.65 | 0.68 | 2.87 | 0.60| 2.06 | 0.55| 2.26

no-bin | 0.40 | 589 | 0.32| 8.15 | 0.42 | 542 | 0.32| 6.07 || 0.45| 6.56 | 0.37 | 9.16 | 0.47 | 5.85 | 0.38 | 6.65
0.5 043 | 487 | 035| 6.80 | 0.45| 446 | 0.35| 4.89 || 049 | 548 | 042 | 7.67 | 0.52| 4.80 | 043 | 5.44
1 0.48| 4.18 | 0.40| 5.76 | 0.50 | 3.81 | 0.39| 410 || 0.55| 4.60 | 0.48 | 6.40 | 0.57 | 4.04 | 0.48 | 4.52
2 051| 3.10| 0.45| 426 | 0.53| 289 | 0.44| 3.09 || 0.56 | 3.32 | 0.50 | 459 | 0.57| 2.96 | 0.50 | 3.31
3 052 | 254 | 046 | 3.34 | 0.53| 241 | 0.45| 253 || 0.54| 264 | 0.50 | 3.60 | 0.55| 2.42 | 0.50 | 2.67

no-bin | 0.41 | 7.06 | 0.42 | 6.09 | 0.33| 521 | 0.28 | 4.68 | 0.47| 7.87 | 0.49| 6.40 | 0.40 | 5.62 | 0.37 | 5.51
0.5 043 | 595|044 | 512 | 0.35| 442 | 0.29| 3.80 || 0.50| 6.75 | 0.52| 552 | 0.44 | 4.83 | 0.41 | 4.68
1 047 | 496 | 048 | 430 | 0.40| 3.77| 033 | 3.13| 0.55| 561 | 0.56 | 463 | 0.48| 4.02 | 0.45| 3.83
2 0.48 | 3.57 | 050 | 3.22 | 0.40| 262 | 0.32| 219 | 053 | 3.96 | 0.55| 3.36 | 0.44 | 2.80 | 0.40 | 2.66
3 0.47| 283 | 048 | 260 | 0.38| 2.08 | 0.30| 1.69 || 0.50 | 3.15 | 0.53 | 2.69 | 0.41 | 2.18 | 0.36 | 2.04

Australia

North America

South America
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Table 2: Mean f and STD (in K) between SMOS observed brightness temperang@alar signature and its
2"d_order polynomial fitted curve, for Australia, North Amexiand South America, on 1 June 2011.
model: AX? 4+ Bx+C
ASCENDING DESCENDING
XX YY XX YY
bin r> [ STD| r> | STD || r> |STD| r? | STD
no-bin | 0.63| 4.64 | 0.50| 5.55 || 0.59| 4.65| 0.52| 5.63
05 |064| 393 |053| 472 | 0.60| 3.89| 0.54| 4.78
1 0.68| 3.38 | 0.57| 4.00 || 0.65| 3.32 | 0.59| 3.98
2 0.68| 2.60 | 0.59| 3.08 | 0.64| 2.46 | 0.59 | 3.01
3 0.66| 2.22 | 0.57| 2,51 || 0.60| 2.07 | 0.55| 2.43

no-bin | 0.30| 11.44| 0.26 | 14.11|| 0.46| 5.79 | 0.45| 6.53
0.5 | 0.33| 877 | 0.29| 10.94| 0.48| 491 | 0.48| 5.51
1 0.38| 6.91 | 0.34| 856 || 0.53| 4.23| 0.52| 4.63
2 0.41| 481 | 0.37| 556 || 0.56| 3.18 | 0.56 | 3.52
3 0.41| 3.76 | 0.37| 4.33 || 0.56| 2.64 | 0.56 | 2.91

no-bin | 0.44| 532 | 0.36| 5.52 || 0.37| 6.49 | 0.39| 6.44
05 |0.46| 454 | 0.38| 4.67 || 0.39| 5.54| 0.41| 5.43
1 0.51| 394 | 041| 395 | 0.44| 481 | 0.45| 4.60
2 0.53| 2.98 | 0.43| 2.92 || 0.46| 3.61| 0.48| 3.55
3 0.52| 250 | 0.43| 2.33 || 0.45| 2.98 | 0.47| 2.91

Australia

North America

South America

4 Sensitivity to soil texture, vegetation cover type, incidence anglend
radiometric accuracy

4.1 Sensitivity to soil texture

The potential influence of the soil texture on the angular signature of theradttions was also investi-
gated. Mean statistics were computed independently, separating theatloserover each type of soil
texture used in the land surface module of the IFS model, H-TES3@L According to this classifica-
tion, up to seven different soil textures types are allowed (coarse, mediedium-fine, fine, very fine,
organic and tropical organic), all of them with their own wilting point and fiedghacity characteristic
values. The left panel of Fig shows the map of the soil texture for the orbits covering Australia on
1 December 2010. The right panel shows the number of SMOS obsa&wddioeach soil texture type.
This figure shows that for these orbits the soil is dominated by coarse atidmxtures, but fine and
medium-fine textures also make a significant contribution. The averdgedl STD mean values of the
2"d_order polynomial fitted curve to the observations per soil type are sfavthe XX and YY polari-
sations in Fig7 and Fig.8, respectively. Results are presented separately for ascendingseehding
orbits and for all angular bins used in this study. These figures show siradlalts for all types of soll
texture, except for the very fine soil texture type, in particular for eieding orbits. Although for this
type of saoil texture the statistics are significant according to the p-valugtesitumber of observations
collected was very low (see Fig.right), and therefore not representative of this texture type. There is a
good fit of the polynomial regression model to the observations, slightlyrdettascending orbits and
exceeding? = 0.7 when the observations are averaged in angular bins. The bes$ seene obtained
when angular bins of 2 degrees were applied to the observations. The&des were in agreement
with the statistics presented in Talle This figure also shows the advantages of averaging the data in
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bins of up to 2 degrees, reducing the noise level by between 2.1 K andi&iénding on the continent,
and similarly for ascending and descending orbits, as well as for bothigailans. Similar figures were

obtained for North America and South America. For North America, the letiwa of the observations

with the polynomial regression model were lower for all soil types, whick alao due to larger soil

heterogeneities of North America compared to Australia. However, aftaifgrup to 2 degrees the
levels of noise were quite close to those of the Australia case, being slightly fondescending orbits

(not shown). While for North America these results showed a slight trenlédcease the noise of the
observations with decreasing the size of the soil particles, the oppositeviteshobserved for South
America. Therefore, these results do not provide any particular esédefrany type of soil texture over
which observations are noisier than over the others, and all of themiettiélsame characteristics in
terms ofr? and STD statistical values.

Soil type

® Coarse ® Medium @ Medium-fine
Fine © Veryfine ® Organic ® Tropical-organic
—Sass.a = s oo 10000
S
= " & ~ 9000 - = Ascendent
= = = Descendent

8000 |-
fE 7000 -
8 6000 |
© 5000 -
3
£ 4000 -
Z 3000 |-

2000 |-

v 1000
0

Coarse Medium Medium Fine ~ Very Organic Tropical
fine fine Organic
Soil type

Figure 6: Soil type map (left) and number of observationsgwéirtype (right) for ascending and descending orbits
on 1 December 2010, in Australia.

4.2 Sensitivity to vegetation cover type

The vegetation cover type was also investigated as a possible factor gifigéime amount of noise in the
angular signature of the observations. As in sedlidnstatistics were computed independently for each
type of vegetation cover used in H-TESSEL. It uses the classificatioredbkbbal Land Cover Charac-
terization (GLCC) database which has been derived using one yeatvainded Very High Resolution
Radiometer (AVHRR) data and ancillary informatio21); http://edcdaac.usgs.gov/glcc/glcc.html), the
nominal resolution being 1 km. The vegetation cover types are split in highoandegetation types.
High vegetation types are evergreen needle-leaf trees, deciduodie-tess trees, deciduous broad-
leaf trees, evergreen broad-leaf trees, mixed forest/woodland amcuptted forests. Low vegetation
types include crops/mixed farming, short grass, tall grass, tundragtedgrops, semi-desert, bogs and
marshes, evergreen shrubs and deciduous shrubs.

The semi-desert and tall grass types are the most representative tadliausHowever, a significant
amount of grid pixels over short grass, crops, ever-shrubs anetiofgcal forest types were also present
in the satellite overpasses the dates used in this study. Australia obtainedtteedres in terms of as

a significant fraction of bare soil was commonly present in a pixel, asethansectior?.3. Indeed, the
angular signature of the observations was explained quite well B§-ar8ler polynomial model, with
the ascending orbits of the XX polarisation obtaining the best results (aatghin terms of noise level,
the results were very close for both types of orbit and slightly better foX¥polarisation. Both North
and South America have a wider range of vegetation types over which sagnifiorrelation values are
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Figure 7: Mean coefficient of determinatior?(itop panel) and STD (in K, bottom panel) per type of soil textu
for Australia, between SMOS brightness temperature ar@ft®rder polynomial fit, for the XX polarisation and
for ascending (left panel) and descending (right paneljtsrlon 1 December 2010.

available compared with Australia (see F8). For South America quite similar levels of noise were
observed for each type of vegetation cover, as observed irlBifpr XX polarisation and Figl1 for

YY polarisation. No evidence of different behaviour between high orvegetation types was found.
Correlation values were a bit lower for the high vegetation type as the argigieature in this case was
flatter and small deviations from the flat behaviour had a significant impettiso? values. Noise levels
were higher for the XX polarisation and slightly larger for ascending arlfitgery few number of sig-
nificant observations were found for a vegetation cover type, then@naous behaviour was obtained.

In this case, from the statistical point of view, the statistics are not reqiase of the whole class. See,

for example, the abnormal higi values for the evergreen needle-leaf trees class of South America in
Figs.10and11, or the very large noise found for irrigated crops of XX polarisationaswending orbits.
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Figure 8: As in Fig.7 but for the YY polarisation.

For North America a larger representation of evergreen forests veasmt In this case slightly larger
noise was found for ascending orbits than for South America (not shdwewever the YY polarisation
was noisier than the XX polarisation. The results obtained for the Juneansasesimilar for Australia
and South America, with small differences reflecting the different statexaldpment of the vegetation
canopy and the changes on the soil cover during the two dates studiedpajpleis The North America
case exhibited a larger complexity, mainly due to the contrasted portion of¢eedex! by snow between
December and June. In the North America case, the ascending orbéstactarger noise when all the
observations were used.
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Figure 9: Number of SMOS observed brightness temperat@esqgetation biome type on 1 December 2010 in
South America.
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Figure 10: Mean coefficient of determinatiorf (top panel) and STD (in K, bottom panel) per type of vegeatatio
in South America, between SMOS brightness temperatures2tiorder polynomial fit, for the XX polarisation
and for ascending (left panel) and descending (right paagd)ts, on 1 June 2011.

4.3 Sensitivity to the incidence angle

Data assimilation benefits most from those observations of higher quality ereddte it is important to
understand whether some incidence angles are more affected by neissthbes. In this context, the
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Figure 11: As in Fig.10 but for the YY polarisation.

averaged standard deviation of the observations grouped in bins gf@aavas computed as a function
of the incidence angle. Fif2 shows the results separately per continent and per type of orbit. The left
panels corresponds to the XX polarisation and the right panel to the YYigatian. Overlapped on the
XX polarisation plots, the number of observations collected for each aniginl®f 2 degrees is shown.
It is observed that the bin [42-44] degrees has in all cases the maximmimenwf observations, as 42.5
degrees is the incidence angle with the maximum number of views. In all ¢hsesnallest incidence
angles were those affected with larger noise, as should be expectsbdor low incidence angles the
signal to noise ratio is lower than for larger ones. A gradually increaseigerwas also observed for
the largest incidence angles, many of which were within the EA-FOV, am @fréower quality. Also,
Australia showed the lowest level of noise, something which is consistentpngthious findings, as
Australia has a large portion of bare soil or lower vegetation density, anddt affected by snow. The
case of North America also exhibited larger noise than the others, whichoissegquence of the snow
cover during December.

4.4 Correlations with Radiometric accuracy

The radiometric accuracy of the observed brightness temperaturegésineldhe antenna, receiver and
baseline errorsg). To some extent, the averaged radiometric accuracy of all the obsewvatia pixel
should be related to the STD of the polynomial fitted curve of the observatidhat pixel. Partly, the
STD value should be explained by the averaged radiometric accuradggh(abcounts for systematic
errors), while the rest of the STD of the polynomial fit (under the hymithef the observations being
explained by a %-order polynomial model) is associated with other noise contributions, asithaa
noise or the noise associated to RFI signal contamination. 1Bighows the STD of the fitted curve
to the observations (after a 2-degree binning) as a function of the pirehged (over all observing
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Figure 12: Averaged standard deviation of the observatiarsns of 2 degrees as a function of the incidence angle
of the observations, on 1 December 2010. Left panel is fokx¥polarisation, right panel for the YY polarisation.
Top figures are for Australia, middle figures for North Amarand bottom figures for South America. The number
of observations as a function of the incidence angle is alserlapped on the left-panel figures, for ascending
(empty vertical bars) and descending orbits (black vettizas).

angles for that pixel) radiometric accuracy for 1 December 2010. Asagd, in most cases pixels
with the worse averaged radiometric accuracy are correlated with lafggrigflecting the fact that the
STD contains information of the observations radiometric accuracy. Atsd,les been discussed in
previous sections, the STD for ascending and descending orbits aeesingitar over the Australian
continent, compared with North and South America. Due to the instrumentotbastics, ascending
and descending views of a same surface pixel are not reconstruateddentical fields of view of the
interferometric antenna. These differences are less significant if tivediscene is more homogeneous.
This could explain the more similar STD values for both ascending and d#sgesrbits over Australia,
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SCECMWF

given the larger number of homogeneous views. It can also be olisthiateascending orbits are clearly
noisier than descending orbits in North and South America. In most casesafter a 2-degree binning,
the STD of the polynomial fit is greater than the averaged radiometric agctonascending orbits.
These differences between ascending and descending orbits aa#lyparplained because the noise
contributions to the signal (e.g. RFI contamination, open water bodiesparenessarily the same for
both type of orbits. Although not shown in this paper, when all the obSensawere used without any
binning, the STD of the polynomial fit (containing information of the systematiorerand the angular
noise) was always greater than the averaged radiometric accuracy.
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Figure 13: Mean STD of the observations fitted t8"&-order polynomial (with an angular binning of 2 degrees)
as function of the pixel averaged observations radiometccuracy (Ra), on 1 December 2010. Left panel is for
the XX polarisation, right panel for the YY polarisation. pTigures are for Australia, middle figures for North
America, bottom figures for South America. Results for therding orbits are plotted as filled circles, for the
descending orbits as empty triangles.

5 Experimental case

The binning approach was tested in a real analysis case: SMOS brigénegeratures, at incidence
angles of 30, 40 ad 50 degrees and pure XX and YY polarisations, pegréhrough the ECMWF
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Simplified Extended Kalman Filter (SEKR2Z; 23)) along with 2 m temperature and relative humidity
observations, using a simple framework as detailed®#). ( The resolution of the analysis was set to
T159 spectral resolution (approximately 120 km). The period of the asapanned from 01 July to
31 August 2012. Two experiments were run: In exp-A, SMOS data imgested in the SEKF, without
binning the data. In exp-B, the data were binned and put through thes@afstem using exactly the
same conditions as in exp-A. The size of the angular bin was set to 2ededriee differences between
both experiments can be attributed to the binning effect. In both experiments thor 25 million
observations over land surfaces were available for use in the SEF,fétering and basic quality
controls, as explained irLR). The left panel of Table 3 shows the percentage of rejected olisgrya
in exp-A and exp-B for XX polarization (Table 4 for YY polarization). IxpeA, more than 73% of
the initial number of available observations were rejected for all regioddsrandence angles, mainly
due to the required criteria of one observation per model grid point, pieleince angle and polarization
(12), as imposed by time and computational constraints. A maximum of 81.9% of the mitiaber
of available observations were rejected in exp-A for use in the SEKFAwstralia. However, in exp-
B, the data were binned prior to the analysis, and in most cases less thamb%eo/ations were only
rejected, frequently below 3% of the initial number. So on the contrary tefexpexp-B very few useful
observations are wasted and instead, indirectly through binning, thd sfgmanuch larger amount of
observations is used to analyse soil moisture (and ocean salinity). lagayenore than 300.000 extra
observations per day, at global scale, with averaged reduced raviseded to correct the water state
of the soil. The right panel of Table 3 shows the mean standard deviatitve oémaining observations
of brightness temperatures at XX polarization (Table 4 for YY polarisatimed for the analysis, for
the two months period, per incidence angle, polarisation and continent, vadttvitmout binning. For
almost all cases, it can be observed a moderate but consistent @dordasvalue of the mean standard
deviation after binning. This decrease is below 1 K for 30 and 40 degmeseas is larger than 1 K for
most cases at 50 degrees, where angular noise is stronger. Tloades Australia at 50 degrees and
YY polarization, with a decrease of 1.78 K. This means a reduction closé#tooffhe mean variability
of the observations, which in an area free from RFI can be attributededution of the angular noise.
Although not shown in this paper, it was checked that over certain dgretations, time series of soil
moisture analysis in exp-B during the two-month period presented more dyalastable behavior and
lower increments of soil moisture, when compared to exp-A, which are gjas of better behavior of
the retrievals. Longer experiments will be needed to confirm this improvenmeler all meteorological
conditions.

6 Summary and conclusions

In this paper, the ability of the angular binning as a simple but effective methaiuce noise from the
SMOS observed brightness temperatures, while retaining the signal, wasfigal and demonstrated.
The accuracy of soil moisture retrievals or numerical estimations of nefaes variables benefit from a
dataset with reduced noise. Firstly, the angular noise of the observataansharacterized by fitting all
the observations to a polynomial regression model. The key statistical eari@bbe analysed are the
coefficient of determination of the polynomial fit and the standard deviafitimeoresidues to the fitted
curve. They provide information about the representativity of the maskd to explain the angular be-
haviour of the observations, and the associated noise. In order to shdtistical representative values
and to filter out local outliers (e.g. caused by local sources of RFl)nmakues over continental areas
were computed. A-order polynomial regression model was chosen as reference mathalracterize
the angular behaviour of the observations. Higher-order polynomialdgbe avoided, as they better fit
the noise to the regression model. Although"&@rder polynomial is not perfect at characterizing the
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angular distribution of SMOS brightness temperatures, it showed to be@nizle good approximation
in a wide variety of conditions. Secondly, the observations were avérageins of different size to
reduce the angular noise of the observations. Finally, the effectivef#se angular binning as a simple
method to filter noise from the observations was validated, by using the sdymepdal fit used to
characterize the angular distribution of the observations.

It was found that averaging observed brightness temperatures ifeabgs of different size effectively
reduced the noise of the observations. The optimal bin size is 2 degeets, this bin the polyno-
mial regression model characterizes better the angular signature ofsieations while decreasing the
noise. From a general perspective, this method has the potential tasec@se from SMOS observed
brightness temperatures by between 2 and 3 K. Other benefits are thagtiarebinning is computa-
tionally affordable and simple to implement in an operational system. It also corapts data thinning
approaches by contributing to reduce the volume of data in the originakdaid®e latter makes it pos-
sible to investigate the influence of a single or several incidence anglesainadysis context, as more
observations can be used at early stages of the analysis. In geasudtl were better for the XX polar-
isation, but some differences were found in North America, which werelyndire to the differences in
the portion of soil covered by snow between the winter and summer caltlesugh the XX polarisation
is more sensitive to soil moisture variations, its larger dynamical range ditheags temperatures as a
function of the incidence angle is not caused by a larger noise. It kasagskill to capture soil moisture
variations than the YY polarisation. The difference in noise levels affe¢tiagobservations between
both polarisations is reduced after binning the observations and, in nees,czaries from more than
1 K to a few tenths of kelvin when a 2 degree bin is applied. Near the coasting®us signals were
observed, as the contribution from open water surfaces is embeddeel 8MBS observations. The
results presented in this study also indicate that, in general, ascendingaoghiisisier than descending,
but this conclusion may change if snow covered areas are included ionifgutations.

This study did not show any particular evidence of soil texture or vegetativer type over which ob-
servations presented a noisier behaviour with the incidence angle. Sligtity bepresentation of the
low vegetation types by a'?-order polynomial was shown, as over these pixels a greater sensitivity to
the soil water content is present in the angular L-band signal. It wad@lsal that incidence angles
below 20 degrees are the noisiest ones, as they are affected by asigna&lrto noise ratio, but in the
other extreme, the largest incidence angles can present larger naisehisonformation is important
for data assimilation studies, as only the best observations should be assimilse, the flat angular
signature obtained for snow-covered areas and densely vegetadsts fitherefore losing the sensitivity
to soil moisture) produced lower correlation with the regression model andiny cases large noise val-
ues. For the soil moisture analysis these areas will also be masked oubpgsimilation, and a snow
and dense forest mask will be applied to the observations. A good d@mreleetween the observations
radiometric accuracy and the STD of the polynomial fit to the observatioasisa found, reflecting the
strong link between both variables. In this respect, the differences eetastending and descending
orbits responds largely to the different areas observed by both tymebits, and they are particularly
strenghtned over very heterogeneous pixels. If a 2-degree binrapglied to the observations, the total
estimated noise of a pixel can be reduced below the initial radiometric agcatdeast for descending
orbits. In the ECMWF SEKF, binning the data has also very significantezprences over the number
of observations used to monitor the data and correct the state of the soil. uMiinming, the signal
of many useful observations is lost. A real case study showed modezatteage in the observations
standard deviation for a 2-month period, but is especially significantlaxge incidence angles, which
are more affected with angular noise, as it would happen at very low imugdangles.

Finally, the introduction of RFI and quality flags in the SMOS NRT product walphto further enhance
the efficiency of the binning approach, by rejecting contaminated or lalitgulata before binning the
observations, especially important in areas strongly affected by RRl@p& or Asia.
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Table 3: Global and regional statistics of SMOS data usagéop@mance at XX polarisation, for exp-A (without
binning, NB) and for exp-B (with binning, B). Left panel slsaive percentage of observations rejected for use in
the analysis system, per incidence angle. Right panel stimuwsiean standard deviation of the remaining SMOS
brightness temperatures (in K).
% of rejection STD observations
30 40 50 30 40 50

NB | B | NB| B | NB | B NB B NB B NB B
Global || 75.3| 25| 78.6| 24| 77.7| 2.4 | 30.09| 29.45| 30.58| 28.89| 31.50| 30.60
N.Amer || 745 19| 77.9| 19| 77.2| 1.9 29.12| 28.66| 30.04| 29.42| 31.76 | 31.06
S.Amer || 78.2| 5.1 | 81.1| 4.7| 80.4| 4.8 23.90| 23.49| 24.97| 24.25| 26.81| 26.18

Africa 73.8|15|77.3|15|76.5| 15| 23.11| 22.65| 23.40| 22.73| 23.06| 21.61
Europe || 740 15| 775| 16| 76.7| 1.6 || 33.87| 33.12| 34.77| 33.76| 36.13| 35.06
Australia| 79.9| 7.2 825| 0.1 | 81.9| 6.7 || 21.22| 20.73| 21.72| 20.92| 21.88| 20.92

Table 4: As Table, but for YY polarisation.
% of rejection STD observations
30 40 50 30 40 50

NB | B |NB| B |NB|B NB B NB B NB B

Global || 75.3| 25| 785|2.4 | 77.7| 2.4 | 30.99| 30.29| 30.88| 30.17| 29.45| 28.37
N.Amer || 74.5| 19| 779| 19| 77.2| 19| 28.15| 27.82| 27.37| 27.39| 24.76 | 23.98
S.Amer || 78.2| 5.2| 81.0| 4.7 | 80.3| 4.8 || 22.52| 21.90| 21.52| 21.15| 18.15| 17.06

Africa 737115772 15| 76.5| 15| 24.28| 23.56| 24.51| 23.97| 24.33| 22.88
Europe || 74.1| 15| 774 16| 76.6 | 1.6 || 35.33| 35.04| 34.92| 34.58| 33.55| 32.44
Australia| 79.8| 7.1 | 82.5| 6.4 | 81.8| 6.6 | 21.20| 20.94| 20.68| 20.69| 19.97| 18.19
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