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Abstract

Contracted by the European Space Agency (ESA), the Eurdpeatne for Medium-Range Weather Fore-
casts (ECMWEF) is involved in global monitoring and data lasisition of the Soil Moisture and Ocean
Salinity (SMOS) mission data. For the first time, a new inrimgaremote sensing technique based on ra-
diometric aperture synthesis is used in SMOS to observersmgture over continental surfaces and ocean
salinity over oceans. Monitoring SMOS data (i.e. the corigoar between the observed value and the
model equivalent of that observation) is therefore of spénterest and a requirement prior to assimilation
experiments. In this report a simple but effective apprdaaateduce observational noise from SMOS data
is addressed. This report is the technical note, phase tkpaakage number 1300 of the ESA Request for
Quotation RfQ 3-13053.

1 Introduction

SMOS provides multi-angular measurements of polarizeghbmess temperatures, i.e. a region on the Earth’s
surface is being observed under different viewing andgssPepending on the location of the observed area
within the Field Of View (FOV), the number of views can vargifin a few units/tens up to 160. In general, the
observed areas furthest from the centre of the satellitk tiee sampled less times than those located near the
center. The geometry of the observation is complex, a campieage of the surface emission is produced by
inverting the visibilities associated to the interferorigetechnique. Errors in the reconstructed image should
be expected due to innacuracies in the antenna patternagistimthe algorithm which reconstruct the image
and the Noise Injection Radiometers (NIR) brightness teatpees measurements. This is translated into a
potential degradation of the radiometric sensitivity inmie of a higher noise. Another source of noise comes
from the nature of the radiometers. Any imaging radiometefact, is affected by three types of noisg:[

a) the radiometric resolution (temporal standard deuiatb the zero-mean random error due to the finite
integration time) §], b) the radiometric bias (spatial average of all the systi@rerrors) and c) the radiometric
accuracy (spatial standard deviation of the sum of all tis¢esyatic errorsio]).

Although the previous sources of noise are linked to theunstntation and measurement technique used for
SMOS, another new potential large source of noise is emloeiddbe measurements. In SMOS, the same area
of the Earth surface can be observed at different viewingrgioes, and that can turn into quite different pixel
shapes and sizes, specially at large incidence anglesiniplies that even at slightly different viewing angles,
the surface contribution to the final measurement value da@ fiom very different areas and land cover types.
This is especially important when looking at inhomogene@ugets, such as the Earth’s surface. Therefore it
is expected a significant angular noise contribution dubédaliverse nature of the Earth’s surface.

The objective of this workpackage is to develop, test andlasd a methodology to reduce the random noise in
the observations and the number of observations enterenddta assimilation system by sampling the multi-
angular measurements.
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2 Methodology

There are different possible approaches of diverse nangecamplexity aiming at reducing noise from the
observations. In order to make it usable in the operatiomiggrated Forecasting System, the methodology
used in our case should be rather simple and efficient.

The natural microwave emission of the soil depends on skseartace variables. For electromagnetic waves
polarised horizontally, in general, the observed brigbsrtemperatures decrease with increasing the incidence
angle, whereas the opposite behaviour is observed for ttiealepolarised component. The ratio of increase
or decrease with the incidence angle depends criticallyhersoil state (soil moisture, soil temperature), type
of vegetation cover and soil properties (mainly soil rouggs). However, as a first approximation, the angular
signature of a target at a given time can be fitted to a n-thrqudlynomial. In this study only polynomals
of second and third order were used. The method employedcbhesasts of fitting all the observations of the
same DGG (Discrete Global Grid) node (corresponding toiapateraged values centered on the node) and
orbit to 29 and 3¢ order polynomials. If the polymonial regression model iscad representation of the
observed brightness temperatures then the coefficienttefrdimation (2) will have a high valuer? explains
what percent of the totalglvariance is explained by the polynomial regression modéhamies from 0 to 1.
The rest of the variance (B is the variability of the observations from the model. Thenslard deviation

of the residues to the fitted curve (STD) provides an appraténindication of the noise associated to the
observations. By averaging the observations in angular diiifferent size it is expected to reduce the value
of the residues to the curve and hence the noise associatitetent viewing geometries. On top of that, the
number of entries for the soil moisture analysis is reducediributing to a practical data thinning scheme as
detailed in B].

The simple methodology applied in this study can be usednthédollowing considerations:

e As brightness temperatures measured at the top of the at@m@spre very sensitive to the soil state,
the polynomial fit will be representative of these obseoratiif only measurements acquired during a
single orbit pass are considered. Otherwise the naturapbgsical variability of the signal could be
embedded in the estimated level of noise of the observatiemsexample, if over a certain target it rains
between two satellite passes, the observed brightnesetatapes will be very different, yielding wrong
conclusions of the noise affecting the observations. lessvorbits are wished to be used, then areas
which have demonstrated to be very stable in time (Antgratiessert) may be used.

e In order to avoid mixing up with the Radio Frequency Intezfare (RFI) contamination on the signal,
only Australia, South America and North America were anadyseparately. Although these continents
are not free from RFI, at least the RFI effect is less seribaa bver Europe and Asia.

e Averaging over relatively small angular bins should be ptaigle to reduce observational noise due to
surface heterogeneities, but over large bins (5 degreesom)rthis method could mistakenly not only
reduce the random nature of the noise affecting the obsemngatbut also the natural variability of the
signal, becauseglcan quickly change with the incidence angle (specially &ogé incidence angles).

e The data used in this report are not re-processed data, bows\single orbits are considered and not
temporal trends are accounted for, the conclusions shauétbivalent.

Based on the previous considerations, data acquired dtwiagsingle days representing two distinguished
seasons were selected: 1 December 2010 and 1 June 2011.didgcand descending orbits were analysed
separately, as well as the XX and YY polarisations. Firgtlithe observed brightness temperatures recorded
over the same node of the SMOS DGG grid, and for the same galimm and type of orbit, were fitted to a
2"d and 39 polynomials. The minimum number of observations per nodessary to compute a fit was set up
to 10. As the size of the angular bin increases, then the nupfa@bservations available for the fit is lower.
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Data was averaged in bins of 0.5, 1, 2 and 3 degrees. Largesizsa were avoided because there is a risk
to mix with the angular natural variability of the obseraais, specially for large incidence angles where the
angular gradient can be large. In order to consider onlifstgnt correlations, the Pearson’s r coefficient with
5% significance level was evaluated at each time. In this casdigurations where the p-value was larger than
0.05 were rejected and not accounted for in the statisticheacorrelation value is from the statistical point of
view a pure coincidence].

2.1 Examples for single-points

To better understand how this method works, some singlesnsiti@ving different geophysical characteristics
and type of soil cover the 1 December 2010 were selected aalgisaial. The following figures show the
observations fitted to only arf2order polynomial, by using all the observations colleatedr the node and
by averaging them in bins of 0.5, 1, 2 and 3 degrees, respctiThese points are located in South East of
Australia, North West of South America and North of North Aioa, as shown in Figl.

Figure 1: Location of the single points analysed in this srtt
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2.1.1 Australia, grid point id 8167123

This grid point is located in South Australia [lat=29.017&=143.001 E], and corresponds to a dessert area.
The relation between grand incidence angle is very well described by"d @rder polynomial regression
model (see Fig2). For this particular case and the particular soil condgiof this day of December 2010, the
YY polarisation (right panel) has a wider dynamical rangeadanction of the incidence angle than the XX
polarisation (left panel), but in both cases the polynorfitalwell the observations. In both cases, the small
incidence angles seem to be more affected by noise, whiotsakams to be the case for the highest incidence
angles of the XX polarisation. The binning method is effextt removing large noise (see figures from top
[no binning] to bottom [3-degrees binning]), and at the efthe process a reduced dataset with lower noise is
remaining.
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Figure 2: Australia grid id 8167123. Observations (plugsasd the2"d order polynomial fitted curve (solid line) the 1
December 2010. Left panel is for the XX polarisation and frigéinel for the YY polarisation. In the top figures all the
observations acquired at this grid point are included, thens of 0.5, 1, 2 and 3 degrees are applied, respectively, to
average the observations. STD shows the standard deviatitne residues to the fitted curve.
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2.1.2 Dense forest, grid pointid 1136747

This grid point [lat=1.279 N, lon=73.565 W] analyses the @wag signature of brightness temperatures in an
area heavily forested, in particular this point is locatedhie Amazon forest of South America. As expected
the signal is very flat for both polarisations and with refatiow noise for the YY polarisation (see Fig). In

contrast, the XX polarisation suffers of significant noisznf 10 to 35 degrees, which is only partially reduced

about 5 K by averaging the observations in angular bins.
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Figure 3: As in Fig.2, but for the grid pointid 1136747 (Amazon forest).
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2.1.3 Shallow snow depth, grid point 111836

This grid-point is located in North America [lat=56.319 MnE117.879 W], with a shallow forecasted value
of snow. The snow depth value forecasted for this grid-paimt date was 3 cm. In this case the signal is less
flat that for the Amazon case, but the dynamical range gfsTlower than for a standard case (see RBig.
The signal looks very noisy specially for low incidence asgland the binning method makes a good job by
removing the strong noise of the lowest incidence angles.
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Figure 4: As in Fig.2, but for the grid pointid 111836 (North America point withedlow snow layer)
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2.1.4 Large snow depth, grid point id 23165

If the snow depth is increased (in this case the forecasted depth value was 0.42 m), then the signal seems
to be more stable with lower STD (see F&), as it happens for this location [lat=69.599 N, lon=154.9¥]

the 1 December 2010. This result is in agreement with othgulan signatures presented at other locations, as
it is the case of the very stable time series observed oveDtime-C site in the Antarctica (see for instance

[3)).
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Figure 5: As in Fig.2, but for the grid point id 23165 (North America point with ./ of forecasted snow).
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2.1.5 Coastal point, grid point id 140644

This grid-point [lat=56.765 N, lon=89.018 W] correspondsat point near the coast of the Hudson Bay in
Canada, with some snow (0.12 m according to the IFS firstgjuekhe coefficient of determination is very
good for the XX polarisation and very bad for the YY polarisat which means the polynomial fit is poor
for YY. The same is found in some coastal points in the Caghlislands. The signal for the XX polarisation
is quite stable, whereas it is very noisy for the YY polaimat(see Fig6). Binning is effective at removing
noise for the YY polarisation, by almost 5 K, whereas a shightduction (around 0.5 K) is achieved for the
XX polarisation. A possible reason for this dual behaviauthie higher sensitivity of the YY polarisation to
the amount of water content in the pixel.
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Figure 6: As in Fig.2, but for the grid point id 140644 (North America point neaettpast).
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3 Maps of the binning effect

The left panel of Fig7 shows the? maps of SMOS brightness temperatures fitted t8%o2der polynomial
model, for the different angular bins used in this studyasrending orbits over Australia, on 1 December 2010
for the XX polarisation. Each? value is computed individually per node. The right panel igf # shows the
equivalent maps of the variability of the residues (STDhfitted curve. In sectiofi the same results shown
in this section are presented for the YY polarisation for tfalg. Also section7 shows the results obtained
the 1 June 2011, and for North America and South Americagisely. The analysis of these maps show the
following:

e As expected, the edges of the satellite track are the mosy reoeas of the FOV. This can be clearly
observed in the? and STD figures when all the observations are used. Theseddarmance areas
correspond to the extended-alias FOV (EA-FOV), mostly aimithg incidence angles greater than 45
degrees. A P-order polynomial regression model is not a good represientaf this area of the FOV,
which seems to be very noisy. By increasing the size of thellandin where the observations are
averaged, the most outer parts of the edges of the satedlitk inove progressively from large STD to
very low, in fact zero STD. This effect has no physical megnihis an artefact. This is because in the
plots the data including grid points with only 2 observasi@re automatically included too, whereas in
the mean statistics these points are filtered out. If only peimts are available to compute an order-2
fitting, it is always possible to find a perfect curve matchingctly these two points, and hence a zero
STD andr? = 1. As the size of the angular bin increases, then the numbesdss with only two points
increases, thus the STD arfdseem to increase, when what it really happens is that thareiisufficient
number of points to produce a significant fit. This happensipait the edges of the satellite track where
less data is available.

e Many pixels near the coast, picking up contribution from, s@w very high correlation whereas the
opposite behaviour is found for YY polarisation (see fotamge the Australia maps for XX polarisation
in Fig. 7 or the South America maps in secti@h This behaviour is common either for ascending
or descending orbits. By increasing the angle of the ob#ervéarger areas contribute to the signal,
and near the coast this means larger contribution of the ¥¢hile the XX polarisation behaves as
theoretically expected, the signal of the YY polarisatidalys quite noisy and flat instead of growing
with the incidence angle. This effect might be explainedh®sy¢ombination of the proximity to oceans
(which compensate an increase of brightness temperatutiesnereasing the incidence angle) and a
lower sensitivity to water bodies.

e In general it is found that there is very low correlation aadyér noise in areas with snow (see North
America figures in winter, sectiorns1and8.1) and this is stronger for YY polarisation than for XX po-
larisation. This is caused by a lower sensitivity of the YYarisation to the snow water content, which
produces flatter signals and therefore the presence of quiskly reduces the coefficient of determina-
tion. The same behaviour occurs for very dense forests artazons (see South America figures in
sections7 and8), but in this case some areas present stronger noise at th@oMXsation. These areas
present flat angular signatures and the presence of noisesntiadx coefficient of determination reduce
quickly.

e In general it is found that a2 order polynomial represents better the angular behavibtirecobserva-
tions in the XX polarisation than in the YY polarisation, bese the last one is slightly more noisy. A
guantitative analysis can be found in sectibn

e The December and the June cases show equivalent results. gdmgraphical changes are mainly found
in North America, which is likely due to the differences irosncovered areas. A" order polynomial
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regression model should not be used as a reference modelsmbenor dense canopies are present. In
any case, for assimilation experiments these types ofidaver will be flagged and rejected, as the
sensitivity to soil moisture is lost.
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Figure 7: Coefficient of determinationqrand STD of the residues (in K) between the SMOS TB angulaasige and
its 24 order polynomial regression model for the XX polarisatite 1 December 2010, ascending orbits.
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4 Mean statistical results over continents

In this section the average of theand the STD statistical variables are computed indepelydesit continent,
type of orbit, polarisation, bin size and type of regressioordel. Only significant correlations are considered
(p-value lower than 0.09)). Tables1, 2 and3 group the mean statistics, fitting the observations t8%afd

3 order polynomial, on 1 December 2010 for Australia, Nortld &outh America, respectively. Tablés5
and6 show the same averaged values but only fof%a2der polynomial function and on 1 June 2011. From
the values shown in these tables it can be observed that:

e The STD of the residues to the fitted curve consistently daa® with increasing the size of the angular
bin. The geographical averaged noise of the observatiomssviiom 5.4 to 6.4 K without any binning
to 2.3 to 2.8 K when the maximum bin size of 3 degrees is usedhrDecember case. The June
case shows very similar results except for the ascendirits@bNorth America which show larger STD
values. By averaging the observations in bins up to threeeésg potential noise reduction around 3.5 K
could be achieved. However, in 86 % of cases (and all of tharsemeases), averaging the observations
in bins of 3 degrees does not result in bettétthan for bins of 2 degrees. In most cases 3 degrees
averaging is even worse. This is an indication that when aessive binning is applied, the natural
variability of the observations is included, and thus thiypomial fit is no longer a better representation
of the observations. Higher order polynomials change the ef the gradient several times and they
have the potential to better fit the noise, which is not theedibje of this methodology. Therefore,
averaging the observations in bins of 2 degrees should badxenum acceptable to reduce noise from
the observations. It was checked (not shown) that by usimggetaangular bins (4, 5 and 6 degrees) the
r? is slowly getting worse. Thereafter, only &%rder polynomial regression model will be used for
further analysis.

e In most of the cases studied, the polynomial fit represerterbhe XX polarisation than the YY po-
larisation, except for some orbits over South America whkesbehaviour is found to be more alike.
Likewise, the STD is, in general, also lower for the XX modarttior the YY mode. Although the XX
polarisation is more sensitive to the soil water content stmalvs greater dynamics, according to these
results the larger dynamics does not necessarily mearesy laojse. After averaging the observations in
angular bins of 2 degrees, the noise difference between XiXrahpolarisations is lower than 1 K, often
less than 0.5 K, except for the ascending case over North idenehere the difference is 1.16 K.

e While the STD of the residues is larger in ascending than steleding orbits, the trend is that the
polynomial regression model explains better the distidloudf Tg for ascending orbits. However, these
results change for continent, polarisation and period efythar. For Australia and South America, in
general,r? is better for ascending than for descending orbits, howdescending orbits show lower
STD. The North America case seems to be more dependent ortiioel pf the year, which it is likely
associated to the snow covered area during the winter pdridtiis case, the? values are significantly
higher for the YY polarisation in the June case.
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model: A2 + Bx+C model: Ad + BX2 +Cx+ D
ASCENDING DESCENDING ASCENDING DESCENDING
XX YY XX YY XX YY XX YY

bin r2 | STD| 2 [ STD| 2 | STD| r2 | STD| r2 [ STD| 2 | STD| r?2 | STD| r? | STD
no-bin | 0.65| 5.16 | 0.56 | 6.23 | 0.58 | 4.65 | 0.48 | 5.46 | 0.68 | 5.39 | 0.61 | 6.39 | 0.63 | 4.98 | 0.55 | 5.63
05 | 0.66| 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| 445 | 063 | 3.38| 055| 391 | 0.75| 3.95| 0.70 | 4.54 | 0.70 | 3.61 | 0.63 | 4.02

2 0.73| 3.10 | 0.66| 3.54 | 0.63| 255 | 056 | 2.94 | 0.77| 3.13| 0.71| 3.52 | 0.65| 2.58 | 0.58 | 2.87

3 0.73| 2.73| 066 | 2.98 | 061 | 2.14 | 053 | 2.40 | 0.73| 2.65| 0.68 | 2.87 | 0.60 | 2.06 | 0.55 | 2.26

Table 1: Mean f and STD between the SMOS observed brightness temperahgekgasignature and it2" and 3
order polynomial fitted curve, for Australia, on 1 Decembeiq.

model: AX2 + Bx+C model: A¢ +BxX2 +Cx+D
ASCENDING DESCENDING ASCENDING DESCENDING
XX YY XX YY XX YY XX YY

bin 2 | STD| r2 [ STD| 2 | STD| r2 | STD| (2 [ STD| r2 | STD| 2 | STD| r?2 | STD
no-bin | 0.40 | 5.80 | 0.32] 8.15| 0.42| 542 | 0.32| 6.07 | 0.45| 656 | 0.37 | 9.16 | 0.47 | 5.85 | 0.38 | 6.65
05 | 043| 487 | 0.35| 6.80| 0.45| 446 | 0.35| 489 | 0.49 | 548 | 0.42| 7.67 | 0.52| 4.80 | 0.43 | 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
051 | 3.10 | 0.45| 4.26 | 053 | 2.89 | 0.44 | 3.09 | 0.56 | 3.32 | 0.50 | 459 | 0.57 | 2.96 | 0.50 | 3.31
3 052 | 254 | 0.46| 3.34| 053 | 2.41| 0.45| 253 | 054 | 2.64 | 0.50 | 3.60 | 0.55| 2.42 | 0.50 | 2.67

N

Table 2: As in Tabld, but for North America.

model: AX2 + Bx+C model: AX¢ +BxX2 +Cx+D
ASCENDING DESCENDING ASCENDING DESCENDING
XX YY XX YY XX YY XX YY

bin r | STD| 2 [ STD| 2 | STD| 2 | STD| (2 [ STD| 2 | STD| 2 | STD| r? | STD
no-bin | 0.41] 7.06 | 0.42] 6.09 | 0.33] 521 | 0.28| 468 | 047 | 7.87| 049 6.40 | 0.40| 5.62 | 0.37 | 5.51
05 | 043|595| 044| 512 | 0.35| 442 | 029 | 3.80| 0.50| 6.75| 0.52| 5.52 | 0.44 | 4.83 | 0.41 | 4.68
0.47 | 4.96 | 0.48| 4.30 | 0.40 | 3.77| 0.33| 3.13| 0.55| 5.61 | 0.56 | 4.63 | 0.48 | 4.02 | 0.45| 3.83
0.48| 357 | 050 | 3.22 | 040 | 262 | 0.32| 2.19| 053 | 3.96 | 0.55| 3.36 | 0.44 | 2.80 | 0.40 | 2.66
3 0.47 | 2.83 | 0.48| 2.60 | 0.38| 2.08| 0.30| 1.69 | 0.50 | 3.15| 0.53 | 2.69 | 0.41| 2.18 | 0.36 | 2.04

N -

Table 3: As in Tabld, but for South America.
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model: AX¢ + Bx+C

ASCENDING DESCENDING
XX YY XX YY
bin r2 | STD| r2 [ STD| 2 | STD| r?2 | STD
no-bin | 0.63 | 4.64 | 0.50 | 555 | 0.59 | 4.65 | 0.52 | 5.63
05 | 0.64| 3.93| 0.53| 4.72| 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| 222 | 057 | 251 | 0.60| 2.07 | 0.55 | 2.43

Table 4: Mean f and STD between SMOS observed brightness temperaturesasignature and it"? order polyno-
mial fitted curve, for Australia, on 1 June 2011.

model: AX2 + Bx+C

ASCENDING DESCENDING
XX YY XX YY
bin r2 STD | r2 STD | r2 [ STD| r?2 | STD
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| 4.91 | 0.48 | 5.51
1 0.38| 6.91 | 0.34| 856 | 0.53| 4.23 | 0.52| 4.63
2 041| 481 | 0.37| 556 | 056 | 3.18 | 0.56 | 3.52
3 041| 3.76 | 0.37| 433 | 056 | 2.64 | 056 | 2.91
Table 5: As in Table but for North America.
model: AXZ + Bx+C
ASCENDING DESCENDING
XX YY XX YY
bin r2 | STD| 2 [ STD| 2 | STD| r? | STD
no-bin | 0.44 | 532 0.36| 552 | 0.37 | 6.49 | 0.39 | 6.44
05 | 046 | 454 | 0.38| 4.67| 0.39| 554 | 0.41 | 5.43
1 0.51| 3.94 | 0.41| 3.95| 0.44 | 4.81 | 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

Table 6: As in Tablé but for South America.
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5 Results by soil type, vegetation cover type and incidencagle

In order to study the potential influence of the soil and vaty@h cover type on the angular signature of the
observations, mean statistics were computed indepegdenteach type of soil texture and vegetation cover
type used in H-TESSEL1]. According to this classification, up to seven differentl sextures are allowed,

all of them with their own wilting point and field capacity ahaateristic values: coarse, medium, medium-fine,
fine, very fine, organic and tropical organic. For vegetatidiTESSEL uses the classification of the Global
Land Cover Characterization (GLCC) database which has theved using one year of Advanced Very High
Resolution Radiometer (AVHRR) data and ancillary inforim@t([4]; http://edcdaac.usgs.gov/glcc/glcc.html),
being the nominal resolution 1 km. The vegetation covergygre split in high and low vegetation type. High
vegetation types are evergreen needleleaf trees, decdaemadleleaf trees, deciduous broadleaf trees, evergreen
broadleaf trees, mixed forest/woodland and interruptedsts. Low vegetation classes include crops/mixed
farming, short grass, tall grass, tundra, irrigated crgesnidesert, bogs and marshes, evergreen shrubs and
decidious shrubs.

5.1 Soil type influence

Fig. 8 (left) shows the map of the soil texture for the orbits swathering Australia 1 December 2010. In F&).
(right) the number of SMOS observations for each soil tygestwown. This figure shows that for these orbits
the soil is dominated by coarse and medium textures, butaatsgnificant contribution of fine and medium-
fine textures is present too. The averagéand STD mean values of it§%Qorder polynomial fit for the XX
polarisation are shown in Fi@ and for the YY polarisation in Figl0. Results are presented separately for
ascending and descending orbits and for all angular birgsinghis study. These figures show that all types of
soil texture show similar statistics, except the very firniktsgture type. However, the very fine texture statistics
are not significant as the number of observations colledethis type were very low (see Fig.right). There

is a good fit between observations and the polynomial reigressodel, slightly better for ascending orbits
and exceeding? = 0.7 when the observations are averaged in angular bins. Thed®es are obtained when
angular bins of 2 degrees are used. The STD is in agreemdntheistatistics presented in TalileThis figure
also shows the advantages of averaging the data in bins of 2ipegrees, reducing in all cases the noise level
by 3 K. In sectior the results obtained for North and South America are shownthe North America case,
the correlation of the observations with the polynomialresgion model are lower for all soil types, which is
also due to larger soil heterogeneities of North Americapamd to Australia. However, after binning up to 2
degrees the levels of noise are quite close to those of thealascase, being slightly lower for the descending
orbits. While for North America these results show a sligaht to decrease the noise of the observations with
decreasing the size of the soil particles, the contrarydtisrobserved for South America. Therefore, these
results do not provide any evidence of any type of soil textawer which observations are more noisy than
over the others. So the soil texture type is not the domiretof in the production of noise in the observations.
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Figure 8: Soil type map and number of observations per spié tyie 1 December 2010 in Australia. Legend color texture
code: 0=Sea, 1=Coarse, 2=Medium, 3=Medium-fine, 4=FineVBry fine, 6=0Organique, 7=Tropical-organique.
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Figure 9: Mean ? and STD (in K) per type of soil texture class for Australiajvibesen SMOS g and its 2" order
polynomial fit, for the XX polarisation, the 1 December 2010.
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Figure 10: As in Fig9 but for the YY polarisation.
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5.2 \Vegetation cover types

The vegetation cover type was also studied as a possibte fafiiencing the noise of the observations. Statis-
tics were computed independently for each type of vegetativer type used in H-TESSEL, as it was done in
section5.1 For Australia, the semi-desert and tall grass types arenthst representative for the area covered
by the SMOS overpasses on 1 December 2010 (seelBig Australia obtains the best scores in terms?of

as a significant fraction of bare soil is commonly presentixal, and the angular signature can be explained
quite well by a 29 order polynomial, being the ascending orbits of the XX piektion those obtaining the
best results (see Fig$2 and13). In terms of STD, the results are quite equivalent for bgges of orbits
and slightly better for the XX polarisation. Both, North aBduth America have a wider range of vegetation
types over which significant correlation values than Audistrare available. For South America (see Figto

46) quite similar levels of noise are observed for each typeegfetation cover type. No evidence of different
behaviour between high or low vegetation types were founodrrelation values are a bit lower for the high
vegetation type as the angular signature in this case isrflatid small deviations from the flat behaviour has a
significant impact on the? values. It was also found higher noise levels for the XX pségion and slightly
larger for ascending orbits. Anomalous behaviours can badavhere very few number of pixels with sig-
nificant correlation values were present, because fromtiatital point of view they are not representative of
the whole type. See for example the abnormal hiigalues for the evergreen needleleaf trees classe of South
America in Figs45and46. For North America (Figs47 to 49), a larger representation of evergreen forests is
present. In this case slightly larger noise is found for ad®y orbits as for the South America case, however
the YY polarisation is more noisy than the XX polarisatiorneTresults obtained for the June case are similar
for Australia and South America (see Figflto 52 and Figs.53 to 55, respectively), with small differences
reflecting the different areas covered by the orbits in Ddmmand June and the changes on the soil cover
characteristics. The North America case seems a bit mor@leaniFigs.56 to 58), mainly for the ascending
orbits with large values of noise when all the observatioesuaed.
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Figure 11: Number of measurements per vegetation coverthg# December 2010 in Australia.
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Figure 12: Mean £ and STD (in K) per type of vegetation type in Australia, betm8MOS & and its2"? order polyno-

mial fit, for the XX polarisation the 1 December 2010.
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5.3 Angular noise

For data assimilation purposes is important to understametiver some incidence angles are more affected by
noise than others. In this context, the mean residues oftibereed brightness temperatures to a second order
polynomial fit were computed per incidence angle, groupingeovations in angles of 2 degrees. E&gshows

the results separately per continents and per type of ofbi. left panels corresponds to the XX polarisation
and the right panel to the YY polarisation. Overlapped toXbepolarisation plots are also the number of
observations collected for each angular bin of 2 degrees.albserved that the bin [42-44] degrees has in all
cases the maximum number of observations, as 42.5 degnbesiicidence angle with the maximum number
of views. The smallest incidence angles are in all casesthéiscted with larger noise. A trend is for the
observed noise to increase for the largest incidence angkasy of which are within the EA-FOV, an area of
lower quality.
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Figure 14: Mean STD of the observations fitted t@"d order polynomial as a function of the incidence angle of the
observations, the 1 December 2010. Left panel is for the Xatisation, right panel for the YY polarisation. Top figures
are for Australia, middle figures North America and bottonufes for South America. The number of observations as
a function of the incidence angle are also overlapped on ¢ffteplanel figures, for ascending (empty vertical bars) and
descending orbits (black vertical bars).
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6 Conclusions

This report demonstrates the ability of the angular binia@ simple but effective method for reducing noise
from the SMOS observed brightness temperatures. This mietdo be validated through a two-step process:
1/ a pixel-by-pixel polynomial fit to all observed brightseemperatures collected over a single satellite pass,
2/ repeat step 1 but averaging observations in angular bididferent size. The key statistical variables to be
analysed are the coefficient of determination of the polyiabfit and the standard deviation of the residues to
the fitted curve. In this study, Europe and Asia were avoidetthey are strongly contaminated by RFI and the
results could be misleading. Mean values over continemdsawere computed in order to obtain statistical
representative values and to filter out local outliers, f@maple caused by local sources of RFI. A second order
polynomial regression model was chosen as reference toildesbe angular behaviour of the observations.
Higher order polynomials can obtain slightly better restittan a second order polynomial, but this is due to a
better fit of the noise to the regression model. Thereforg sheuld be avoided.

It was found that by averaging observed brightness temyesbver the same node in angular bins of different
size, the noise of the observations was reduced. The ogtimalze is 2 degrees, as for this bin the polynomial
regression model explains better the angular signaturieeoblbservations while decreasing the noise. From a
general perspective, this method has the potential to dsemoise from SMOS observed brightness tempera-
tures by 3 K. Another advantage is that this method reduasdlume of data and also eases an operational
implementation, which makes this method suitable to beemginted within the Integrated Forecasting System
of ECMWF.

In general it was found better results for the XX polarisatibut some differences are found in North Amer-
ica, likely linked to the differences of soil covered by snbetween December and June. Although the XX
polarisation is more sensitive to soil moisture variatjats higher variability is not caused by a larger noise.
It has greater skill to capture soil moisture variationsntiize YY polarisation. However, the difference in
noise between both polarisations is reduced after binnbsgivations and varies from a few tenths of kelvin
to more than 1 K when a 2 degrees bin size is applied. Near thetcgpurious signals are obtained, as the
contribution from open water surfaces is embedded in the SMBservations. The results presented in this
study also indicate that, in general, ascending orbits am@moisy than descending, whereas this conclusion
may change if snow covered areas are included in the conmaat

This study showed that there is not any evidence of any tygeibfexture or vegetation cover type over which
observations are more noisy. Slightly better represemtatf the low vegetation types by &%order poly-
nomial was shown, as over these pixels a greater sensitiviye soil water content is present in the angular
L-band signal. It was also found that incidence angles bélOvdegrees are the noisiest ones, but also the
largest incidence angles are more noisy too. This infoinat important for data assimilation studies, as only
the best observations should be assimilated. Also, therftailar signature obtained for snow covered areas
and dense vegetated forests (therefore losing the sétysitvthe soil moisture) produces low correlation and
in many cases large noise values. For the soil moisture siealyese areas will also be masked out prior to
assimilation, and a snow and dense forest mask will be apfwi¢he observations.

Finally, the introduction of the RFI flags in the BUFR produsteived at ECMWF (se€]) and the use of qual-

ity flags of the observations, will help to further enhance d#fficiency of the binning approach by rejecting
contaminated or low quality data before binning the obderma.
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7 Appendix 1: Maps of the binning effect for ascending orbits
7.1 December case
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Figure 15: Coefficient of determination®qrand STD of the residues (in K) between the SMOS TB angulaasige and
its 24 order polynomial regression model for the YY polarisatitve, 1 December 2010.
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Figure 16: As in Fig.15, but for North America and the XX pol.
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Figure 17: As in Fig15, but for North America and the YY pol.
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Figure 18: As in Fig.15, but for South America and the XX pol.
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Figure 19: As in Fig.15, but for South America and the YY pol.
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7.2 June case
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Figure 20: Coefficient of determination?rand STD of the residues (in K) between the SMOS TB angulaasige and
its 2" order polynomial regression model for the XX polarisatitivg 1 June 2011.
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Figure 21: As in Fig.20, but for YY pol.
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Figure 22: As in Fig.20, but for North America and the XX pol.
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Figure 23:

As in Fig.20, but for North America and the YY pol.
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Figure 24: As in Fig.20, but for South America and the XX pol.
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Figure 25: As in Fig.20, but for South America and the YY pol.
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8 Appendix 2: Maps of the binning effect for descending orbis.

8.1 December case
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Figure 26: Coefficient of determination®qrand STD of the residues (in K) between the SMOS TB angulaasige and
its 2" order polynomial regression model for the XX polarisatithve 1 December 2010.
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Figure 27: As in Fig 26, but for the YY pol.
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Figure 28: As in Fig.26, but for North America and the XX pol.
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Figure 29: As in Fig 26, but for North America and the YY pol.
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Figure 30: As in Fig.26, but for South America and the XX pol.
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Figure 31: As in Fig.26, but for South America and the YY pol.
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8.2 June case
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Figure 32: Coefficient of determination?rand STD of the residues (in K) between the SMOS TB angulaasige and
its 2" order polynomial regression model for the XX polarisatitivg 1 June 2011.
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Figure 33: As in Fig.32, but for YY pol.
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Figure 34: As in Fig.32, but for North America and the XX pol.
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Figure 35: As in Fig.32, but for North America and the YY pol.
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Figure 36: As in Fig.32, but for South America and the XX pol.
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Figure 37: As in Fig.32, but for South America and the YY pol.
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Figure 38: Soil type map and number of observations per gpi the 1 December 2010 in North America. Legend color
texture code: 0=Sea, 1=Coarse, 2=Medium, 3=Medium-fineride, 5=Very fine, 6=0rganique, 7=Tropical-organique.
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Figure 39: Mean £ and STD (in K) per type of soil texture class for North Amertoetween SMOSgTand its2"? order

polynomial fit, for the XX polarisation, the 1 December 2010.
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Figure 40: As in Fig.39 but for the YY polarisation.
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Figure 41: Soil type map and number of observations per gpé the 1 December 2010 in South America. Legend color
texture code: 0=Sea, 1=Coarse, 2=Medium, 3=Medium-fine;ite, 5=Very fine, 6=0rganique, 7=Tropical-organique.
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Figure 42: Mean f and STD (in K) per type of soil texture class for South Ametieaween SMOSgTand its2"? order
polynomial fit, for the XX polarisation, the 1 December 2010.
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Figure 43: As in Fig.42 but for the YY polarisation.
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10 Appendix 4: Vegetation cover types results

10.1 December 2010
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Figure 44: Number of measurements per vegetation biomselde 1 December 2010 in South America.
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Figure 45: Mean # and STD (in K) per type of vegetation classe in South Amebieayeen SMOSgTland its2" order

polynomial fit, for the XX polarisation the 1 December 2010.

Contract Report to ESA

52



CCECMWF

Des

53

Asc

ESA report on SMOS Noise Filtering

Des

2
2

QXY

Asc

| |
X
Sk

| I |
&$ OO,
XN
.
»,);9
7

16 |-

14 |
b
10 |

8 -

6¢

o o) aLs

N

Figure 46: As in Fig.45but for the YY polarisation.
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Figure 47: Number of measurements per vegetation biomselde 1 December 2010 in North America.
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Figure 48: Mean ? and STD (in K) per type of vegetation classe in North Ametieaween SMOSgTland its2™ order

polynomial fit, for the XX polarisation the 1 December 2010.
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Figure 49: As in Fig48 but for the YY polarisation.
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10.2 June 2011
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Figure 50: Number of measurements per vegetation biomselde 1 June 2011 in Australia.
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Figure 51: Mean # and STD (in K) per type of vegetation classe in Australiayeen SMOS g and its 2" order

polynomial fit, for the XX polarisation the 1 June 2011.
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Figure 52: As in Fig51 but for the YY polarisation.
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Figure 53: Number of measurements per vegetation biomselde 1 June 2011 in South America.
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Figure 54: Mean # and STD (in K) per type of vegetation classe in South Amebieayeen SMOSgTland its2" order

polynomial fit, for the XX polarisation the 1 June 2011.
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Figure 55: As in Fig.54 but for the YY polarisation.
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Figure 56: Number of measurements per vegetation biomeelde 1 June 2011 in North America.
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Figure 57: Mean # and STD (in K) per type of vegetation classe in North Ametieaween SMOSgTland its2™ order

polynomial fit, for the XX polarisation the 1 June 2011.
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Figure 58: As in Fig57 but for the YY polarisation.
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