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Change Record
Issue Revision |Date Description Approval
Draft 1 14-06-2005 | Initial version at Software
Requirement Review
Draft 2 17-06-2005 | Minor updates before SRR
Draft 3 24-06-2005 | Updates before Preliminary Design
Review
Draft 4 7-11-2005 | Major revision after Preliminary
Design Review
Draft 5 20-12-2005 | Revision before Critical Design
Review
Draft 6 23-01-2006 | Update after CDR
Draft 6.4 3-04-2006 |Update after Mid Term Review
Page # Section # Comments Date
issue 1.0 1.2 Updated list of variables 30-06-2006
38 3.5 Updated mathematical description of sunglint
and bistatic scattering coefficients
121 4.14.2.3 Section on parameter update duringtive
retrieval scheme.
145 5 Update of the secondary neural network
retrieval algorithm
194 Annex Updated table of TBD / TBC
issue 1.0b|4 1.2 Changed sea state flags 21-07-2006
6 1.2 Definition of Resolution confirmed
7 1.2 oTh_modell, 2 and 3
14 1.2 Added Fg and Tg for high TEC gradient
14 1.2 Changed names for variab@&;as Keas Teas
TbGAS DTGAS
16 1.2 Changed numbers of referred AGDP tables
(error coming from old version)
17,18 1.2 Corrected name of variables
Dg_quality SSSX (underscore missing)
17,18 1.2 Corrected units in Tg and Dg for SSS
20 211 Two-scale is the default model
21 2.13 Corrected “decision tree” in figure
24 3.1 New flags for sea state development
39 4 Removed reference to non-standard document
(its contents is in annex)
52 4.2.3 Removed reference to ECMWF current speed
88 4.8.2 Defined Fg and Tg for high TEC gradient
89-94 4.9 Major update of atmospheric section
117 4.14.2.2 Corrected name of variables
Dg_quality SSSX
118,120 4.14.2.2 Added X to SSS variables names
122 4.15 Updated section on Th42.5° computation
132 6 Updated description of Th42.5° fields
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133 6 Added Fg_quality SSSX to UDP
134 6 Added Fg_TEC_gradient
136 6 ECMWF value and 999 for sigma in DAP
when a parameter has not been retrieved
136 6 Added Thgal, TBatm and tau to DAP
several Comments on text removed (except in AGDP)
and transfered to Pending Actions list when
necessary
issue 1.1 | v-vii Table of False titles purged throughout the document1 5-09-2006
contents
10 1.2 Fg_outsideLUT_M1 added.
18 Fg_quality SSSX description updated.
Tg_quality SSSX removed.
52 4212 Definition of Fg_outsideLUT_M1 added.
82 4.6.1 Sentence added to introduce the new sky
glitter corrections annex
97 4.10 Introduced void section for numbering
coherence
111-112 4.141.1 Definition @fry, model 12dded.
121 4.14.2.2 New definition of Fg_quality SSSX.
133 6.1 units for SST set to °C instead of K
134 6.1 Fg_quality _SSSX description updated.
195-233 Annex New annex on celestial sky glittarections
issue 1.1b|1 1.1 New Reference and applicable documents| 14-12-2006
section
3 1.2 Reference to SO-L2-SSS-ACR-013 for
acronyms
3 1.2 New References list to Definitions section
19 1.3 Fm_RSC_FLAG removed from variables list
82 4.6.1 Sentence modified
87-124 4.7 Galactic noise 2 annex moved to newlaegy
section
126 4.8 New Reference list to Faraday rotationi@eqt
135 4.10 New cardioid model section
144-145 413.1.1.1 Pseudo-Stokes instead of aogteation
149-152 41411 Two cases considered in the iterat
convergence approach (yes/no model error
153 414.1.2 Text corrected accordingly
158 4.14.2 Introduced model uncertainty computation
166-169 4.17 New section on auxiliary data biasemiion
179 6 Dg_QIX removed from UDP
182 6 Thgal substituted by Thgal_refl in DAP
183 6 Fm_RSC_FLAG removed from DAP
190 Annex 2 New Reference list to Annex 2
issue 1.1¢ 13-14 1.3 Variables from 4.7 added to list 1-02-2007
15 1.3 Variables from 4.10 added to list
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52 4.2.1.2 Interpolation method updated for model 1
LUT, as well as out of LUT range flag
issue 1.1d many several All grid point flag names modifiedriolude | 1-6-2007
class (Fg_ctrl_..., Fg_sc_...)
5, 28, 30 1.3,3.2,33 L1c flags names modified
7 1.3 a_factor changed to nsig
8 1.3 Tm_angle_sun removed from variables lisf]
8,11,13,14 | 1.3 Out of LUT range flags in varésblist
10 1.3 Thresholds for foam and roughness
corrections added to variables list
11 1.3 Duplicated Tm_high_gal_noise removed
18 1.3 New cardioid variables
23 3 Explanation of code for flags classes
32 3.4 a_factor changed to nsig
40 3.543 Flags for out of Sunglint LUT range
55, 66, 73, 83|4.2.2,4.3.3, Switch for foam and roughness correction
84 443,455 based on a threshold for wind speed value
55 4.2.1.2 Flags for out of Roughness 1 LUT range
66 4.3.2 Flags for out of Roughness 2 LUT range
83 4.5.4.3 Flags for out of Foam LUT range
90 4.6.2.3 New exception handling subsection
116 4.7.9.3 Exception handling for galactic noise 2
128 4.8.2 Corrected names for Fg and Tg_TEC_gradien
137-138 4.10 Modified cardioid model section
138 411 Comment on SBC implementation
148 4.13.1.2 Sentence modified
159, 161 4.14.1.2 New definition of Dg_chi2 and Dg_chi2_P
4.14.2.2
164 4.14.2.2 Dg_quality _SSSX definition updatechwit
respect to Fg_sc_sea_state X
181,182,184 6 Acard parameters in UDP
183, 184 6 Fg_sc_sea_state X (1 to 6) in UDP idstéd
Fg_young_seas and Fg old seas
184 6 Fg_num_meas_low, min moved to confidehce
flags list
186 6 Acard parameters in DAP
186 6 Fm_L1c sunincluded in DAP
187-188 6 Out of LUT range flags included in DAP
195 Annex Added pending action on section 4.3 upda‘t
Two actions removed
issue 2.0 | 4, 26, 184 13,31,6 Fg_sc_in_clim_ice introduced 15-6-2007
6, 28, 30 1.3,3.2,3.3 Tg_DT ice changed to Tm_ibg _
18, 138 1.3,4.10 Thresholds for cardioid ice d&tac
20, 159 1.3,4.14.1.2 Tg_lambda_diaMax introduced
20, 160,183 | 1.3,4.14.1.2,6 Fg_ctrl_marq intredlc
137,190, 196{ 4.10, Annexes | Numbered to Annex-1, 2 and 3
197
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152 414.1.1 Added sentence on cardioid paramitdrs
retrieved
160-161 4.14.1.2 Further explanations on Dg_chiX P_
196 Annex-2 Slot to add Boutin et al. paper
197 Annex-3 New action on Out-of-LUT-range
issue 2.04 iv-v Change log Issues 2.0, 2.0a, 2.0b renumberdditc, 19-07-2007
1.1d, 2.0 for coherence with delivery to ESA
18, 188 13,6 J corrected to T_eff
20-22 1.3 New cardioid variables and flags listed
27 3.1 If no ECMWEF data, grid point not processqd
162 4.14.2 The same iterative retrieval method tsed
SSS will be applied to cardioid model
182-183 6 Small typos corrected
183 6 All Fg_ctr from DAP moved to UDP
183 6 Process descriptor flags moved here
183 6 New Fg_ctr_no_aux_data
183 6 New flags for cardioid model
184 6 New quality descriptor for cardioid model
185 6 Process descriptors table removed
185 6 New Diff TB_Acard[NM]
186-188 6 Placeholders for seven retrieved parametd
for 3 roughness and cardioid models
188 6 T _eff and T_eff_sigma removed (included
now in placeholders for cardioid model)
188-189 6 Grid point descriptors and Out-of-LUTgan
flags moved to general DAP table
196 Annex 3 New action aded to update section bl 4
pseudo-dielectric constant inversion
issue 2.0n 3-4 1.3 New specific ECMWF flags for missing date8-10-2007
General flag removed
21 1.3 Tx and Ty at 42.5° in variables list
22 1.3 New flags for out-of-range values in AGDR
LUTs
28 3.1 Tg_num_meas_valid is used only for warnjng
28 3.1 Control on missing ECMWF data separatefd
for the 4 retrievals
29 3.2 Measurements outside AF_FOV might not|be
used for retrieval
31-32 3.3 Modified measurement selection diagrams
169 4.15 Th at 42.5° at antenna level will be cotegu
Explanation on surface Tb study modified
174 4.17 Introduced new OoR LUT AGDP flags
184 6 ECMWEF flags for missing data in UDP
184 6 Tx and Ty at 42.5° in UDP
190 6 OoR LUT AGDP flags in DAP
198 Annex New action added to establish a method fq
not using or weighting points in the EAF-FQV
198 Annex New action on changing 5 thresholds namgs
198 Annex New action on missing flags for Th_42.5
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| 198 Annex | Removed redundant action item on 4.17 |
issue 2.1 |198 Annex New action to confirm use of 9-10-2007
Fg_ OoR_LUTAGDPT_ param
issue 2.2 |5,30,32,191| 1.3,3.2,6 Fm_sun_limit introduced 10-12-2007
5,28,31,184| 1.3,3.1,3.3,6 Fg_ctrl_valid idwoed 31-1-2008
5,6,7,28,30{1.3,3.1, 3.2, | Measurement discrimation due to polarised 29-1-2008
32, 186,187, (3.3,6 galactic noise
192
7,30, 32 1.3,3.2,33 Updated measurement sefedtie to 12-12-2007
galactic noise error (wind speed dependent
20, 185 13,6 Fg_ctrl_marq repeated 4 timesttéexals) | 12-12-2007
21,169,185 | 1.3,4.15,6 Introduced Fg_ctrl_ndfaser 10-12-2007
22,183 13,6 Introduced 3rd coordinate of gritchpo
28 3.1 Dg_num_outliers shall be divided by 10-12-2007
Dg_num_meas_Il1c to compare with
Tg_num_outliers_max%
29 3.2 L1 RFI flag : « TBD by L1 » removed 24-1-200
30 3.2 Definition of Fm_valid referred to diagram | 10-12-2007
page 32
71 4.4.1.2 Fg_ctrl_foam_M3 removed from text as it | 10-12-2007
not used
169 4.15 Typo corrected 10-12-2007
184 6 3" coordinate of grid point (altitude) in UDP| 12-12-2007
185 6 Fg_ctrl_no_aux_data removed (not used sji&12-2007
issue 2.0b)
186 6 Excessive explanation removed from UDP | 12-12-2007
198 Annex TBD/TBC column re-introduced in table 22008
198 Annex New action on generation of sky map 2008
Page # Section # Comments Date
issue 3.0 |i,ii, all cover, headings Formatted to ARGANS vens 9-6-2008
Vi change log Annotated missing change in iss@e 2. 20-5-2008
1 1 Change in annexes description 11-5-2008
1 11 Updated applicable and reference documents-5-2008
5,6,27,28, (1.3 Several variables changed from percentagg#eb-2008
29 fraction
8 1.3 New variables listed from 3.6 and 3.7 11-880
12, 69, 189 1.3,4.3.2.3,6| Fg_OoR_Rough2_dim5_ Q@uegf dim4 20-5-2008
17,19 1.3 Added missing units 11-5-2008
17 1.3 Removed 4.11 variables from list 12-5-2008
18 1.3 Introduced ECMWEF codes in variables list 225-2008
19,159,184 | 1.3,4.4.1.2,6| Dg_num_iter is diff¢rfer the 4 retrievals 20-5-2008
20, 162 1.3,4.14.2.2 Names for coefficients inticet in Th 7-2-2008
sensitivity to SSS adjustment
several 1.3,4.14,4.17) AGDP renamed ECMWF Pred3sing 7/12-5-2008
21, 22 1.3 Completed variables list for 4.17 and 5 11-5-2008
22,182 13,6 Grid point altitude removed from UDP 26-5-2008
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29 3.2 A switch to be implemented to optionally | 14-5-2008
discard data outside the AF_FOV
43 3.6 Method to class sea state development 1068-2
43, 44 3.7 Method to flag SST and SSS fronts 1D@82
74 4.4.1.2 WC_U, WC_V changed to WSx, WSy 22-5-2008
89 4.6 Galactic noise model 0 mentioned 8-2-2008
142 411 Scene dependent bias section removed 200%-
154 414.1.1 Computation of theoretical uncertagfor | 12-5-2008
retrieved parameters
155,170 4.1.4.1.1.1, 4.1 Reference to SMOS ECMWF Pre-proc. do¢.  11-5-2008
156 414.1.2 Equation referred by number 12-5-2008
173 4.17.3 New practical considerations section 5-PB08
184 6 Typos corrected in Dg_quality SSSX 13-2-2008
186 6 Lat, Long added to DAP 30-5-2008
several 6 Merged cells in table (just aesthetics) 1-5-2008
[, I-XVI, | 3 annexes Pages renumbered to stagah annex 20-5-2008
Al-l Annex 1 Substituted by reference to Technidate 20-5-2008
A2-1 - XVI Annex 2 Added technical note on cardioibdel 9/14-5-2008
A3-1 Annex 3 New action to define Dg_quality Acard 13-2-2008
A3-l Annex 3 Several pending actions closed 11/12D68
A3-l Annex 3 New action on cross-checking ATBD-DPM| 18-5-2008
variables names
9, 46 13,4111 Dielectric constant is expressed a&st+je” 10-6-2008
23 1.3 Dg_X_swath included in variables list 15aB8
100, A3-I 4.7.2.2, A3 Removed TBD by N. Floury 12008
173 4.17.3 New section on other auxiliary paranseter | 1-7-2008
bias removal (to match with TGRD)
A3-1 Annex 3 Removed action on checking SSA model | -7-2008
A3-l Annex 3 New action on updating section 4.17 -627008
A3-l Annex 3 Removed two completed actions and one | 27-6/1-7-2008
comment
Al, A2, A3 Annex 1, 2 & 3| Added prefix to Annex pagumbers 4-7-2008
A3-1 Annex 3 Added new actions from AlgoVal#11 72008
53,99, A2-1 | 4.2, 4.6, AnnexCorrected missing references 8-7-2008
2
1 1 Reference to annexes in introduction 30-9-2008
145 413.1.1.1 Changes in text for coherence (woegpshot] 22-9-2008
146 413.1.1.1 Strategy for Stokes 1 computatidalirpol | 19-9-2008
155 414111 Modified reference to ECMWF document | 19-9-2008
166 4.14.2.2 Dg_quality_Acard setto 0 19-9-2008
166 4.14.3 Reference updated 22-9-2008
A3-1 - VI Annex 3 New annex on Stokes 1 in fulllpprevious | 30-9-2008
Annex 3 becomes Annex 4
Ad-| Annex 4 Removed three pending actions 19-98200
173 4.17.3 Added table of additional AGDP parangeter 30-9-2008
Ad-| Annex 4 Removed two pending actions 01-10-2004
Ad-| Annex 4 Section 5: secondary Algorithm Destiagp | 17-10-2008
(neural network) moved to Annex 4; Annex|4
becomes Annex 5.
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A5-| Annex 5 Empty sections 4.7.9.2, 4.7.10 & fpanding| 17-10-2008
(obsolete) actions removed
175 5 SPH Quality Information Specification added7-1D-2008
175 5 Edited SPH Quality Information Specificatipf7-10-2008
Page # Section # Comments Date
issue 3.1 |147-150 4,13.1.1.2, Corrections for galactic noise models behind?4-01-2009
4.13.1 switch, updated dependencies table
Page # Section # Comments Date
issue 3.2 22 1.3 Corrected Mean_Acq_Time definiforase:| 12-05-2009
now calledMean_acq_time, as in IODD,
code & product spec.
issue 3.2 11, 67,182 1.3,4.33,5 Corrected fg roogh2_dim1..5 flags to | 22-05-2009
match IODD LUT
issue 3.2 4,27,31,176 1.3,3.1,3.3,|5 Correctedning of fg_ctrl_ecmwf 27-05-2009
Page # Section # Comments Date
issue 3.3 18 1.3 Updated definitions of U* & WS 62009
Page # Section # Comments Date
issue 3.4 71-73 4.4.1 Roughness model 3 extendeubio 01-12-2009
dependency on incidence angle
Page # Section # Comments Date
issue 3.5 Annex 6 Added new Annex for OTTs 09-06
Page # Section # Comments Date
issue 3.6 4.4 Complete rewrite of roughness mddel 07-12-2010
4.3 Updated roughness model 2, especially 4.3.2
1.3 Renamed Fg_Oor_Roughx_xxx flags to
Fg_Oor_Rough_dimx
In the current issue
Page # Section # | Comments Date
issue 3.7 3.4 Splitinto 3.4.1 (General approactotitiier |27-04-2011
detection) and 3.4.2 (RFI detection/mitigation)
3.1 Setting Fg_ctrl_suspect_RFl.true from 27-04-2011
Dg_RFI_L2
1.3 Added Tg_num_RFI_max, RFI_std 27-04-2011
RFI_nsig
3.3 Added Dg_RFI_L2, Fg_ctrl_suspect_RFI & 27-04-2011
Fm_L2 RFI; removed Dg_eaf fov
3.3 Replaced Dg_L2_RFI by Dg_RFI_L2, JCD| 15-06-2011
comment 9b(i)1 & 9d(i)
184 1.3,3.2,tablel Removed Dg_eaf fov, JCDment 9b(i)2 | 15-06-2011
1.1 Changed test to “pertaining to this 15-06-2011
distribution”, JCD comment 9c(i)
See Appendix of FAT minutes for JCD 22-06-2011

comments referenced above.
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29 3.2 Updated setting Fm_L1c_sun (DPM 22-06-2011
PRP_1 3-4)
Annex 5 Added pending actions from DPM Table 2| -0822011
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1. Introduction

The purpose of this Algorithm Theoretical BaselDmument is to establish the procedure
that will be used in the SMOS mission to generaéeSea Surface Salinity data from
brightness temperatures (Tb) recorded by the MIR#&ttometer. The output product (SMOS
SSS Level 2 product) will consist on files contaghalf-orbit data (from pole to pole) on
the ISEA grid defined at Level 1.

As it is not possible to transform the Tb into SB®ugh a univoque mathematical
expression, two different approaches are propaseettieve SSS values from SMOS
measurements. In the first one the L-band emissidine sea surface is computed using a
series of mathematical models that have as indeménvariables the different geophysical
parameters (including SSS) that determine this ®oms These parameters are obtained from
sources external to SMOS, and for SSS a guessed iatonsidered. The computed Tb, for
all angular configurations that correspond to thecHic satellite passage, are compared to
the measured ones, and then the independent \exriald modified in an iterative process
until reaching the maximum similarity between bdthvalues. The SSS that corresponds to
this situation is considered to be the value re¢riefrom SMOS.

In the second approach, the relationship betweeasuaned Th and sea surface conditions is
established empirically through a neural netwodhteque from a wide training data set.
Once the method is efficiently operational, SS& grid point will be retrieved from Tb
angular measurements at each satellite passage.

In section 2 an overview of the algorithm is preésdnwith a scheme of its application in the
case of iterative retrieval. Section 3 describestéists that have to be performed every time
that the SSS retrieval is attempted, to selechtbéasurements that are suitable to be used and
flag any special conditions that may occur. Secdios a detailed description of all the parts
of the algorithm, the different modules or sub-nisdeat are used to compute the different
contributions to sea surface Tb as well as theqaores to compare it with the measured Tb
and the iterative convergence method. Section &ithes the alternative approach based on
neural networks. Section 6 presents the contentsi@muacture of the output information after
SSS retrieval. Five annexes provide additionalrimftion, as the geometry convention to
relate Earth and satellite reference frames, thmeimentation of a pseudo-dielectric constant
using the cardioid model, the possible strategietmpute the first Stokes parameter in full
polarisation mode, the secondary algorithm, arabketsummarising the parts of the ATBD
that are still to be completed.

1.1 Reference and applicable documents

See the Software Release Document SO-RN-ARG-GS-pértaining to this distribution.

1.2 Definitions, acronyms and abbreviations

* Measurement brightness temperature measured in one MIRAS aléoin mode,
along with relevant information (radiometric noisbservation conditions,
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contributions as computed by the model, flags, ngd&on direction). A
measurement is associated with one Grid point Ssragshot, one WEF and one
Footprint .

Grid Point: point on Earth surface where Measurements areadailn SMOS L1c
product.

Dwell line: ensemble®f Measurements at the same Grid Point availab&&MOS
L1c product.

SSS Sea Surface Salinity. Salinity of the upper fractof the ocean that contributes
to L-band emission (approx. 1 cm)

SST: Sea Surface Temperature. When measured by SMO®8é temperature of the
upper fraction of the ocean that contributes taademission (approx. 1 cm)

SSS spatial resolutior{(or equivalent footprint diameterpiameter D of the
equivalent circle, centred on a Grid Point, whe®&$s retrieved. The area of the
equivalent circle is equal to the mean area ofdb#print ellipses of the Dwell line
Measurements deemed valid for SSS retrieval Daagd((axisl*axis2))

WEE: 2D weighting function derived from synthetic antargain of MIRAS
interferometer, apodization function used at retocion and fringe wash factor.
Also termed synthetic antenna pattern or equivaenaty factor. The two dimensions
are differential cosines in the antenna refererammé.

Footprint: 3db contour of WEF once WEF has been projectedasthEBurface.
Footprint is centred on a Grid point and definedvigjor and minor axes of an
ellipse. Axes lengths are provided by SMOS L1c pobd

DGG: (Discrete Global Gridgnsemble of Grid Pointson Earth Surface. Position of
Grid Points are computed using hexagonal ISEA fanawith aperture 4 and
resolution 9.

Snapshot Ensemble of measurements acquired at the sameDRistenction of
shapshots per polarization is done.

Polarization direction: axes of the polarization framdd:andV for the MIRAS
antenna polarization frame (H is along SX axiss\long SY axis of the figure in
section 4.12)E4 andEy for the target polarization frame at surface.

MIRAS Polarization mode: MIRAS measures brightness temperatures in four
polarization modes:

= HH along polarization direction H.

= VV along polarization direction V.

= HV: one arm set to H, the two others set to V.

= VH: one arm set to V, the two others set to H. HV ¥rRdmode
produce complex brightness temperatures that anplex conjugates.
In L1C product, both HV and VH modes feed the Higbmess
temperature data field with real and imaginary pésee SO-TN-
DME-L1PP-0024 and SO-IS-DME-L1PP-0002).

MIRAS operating mode: MIRAS has two operating modes:

» Dual polarization mode measurement sequence is - HH — VV — HH
-V -HH-VV -...
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Full polarization mode: Measurement cycle is - HH - HV — VV — VH

+ Retrieval Polarization mode to derive SSS, one can use

» Modified Stokes vector Full polarimetric set of temperatures proporticioa

—HH-HV-VV—-VH-HH - ... (see SO-TN-DME-L1PP-29)

Stokes 1 parameter, i.e. the sum of brightnesseeatyres in H and V
polarization directions3tokes 1 retrieval modé.

Brightness temperatures in H and V polarizatioeations (ual pol

retrieval mode).

Brightness temperatures in H and V directions &adl and imaginary

part in HV full pol retrieval mode).

modified Stokes parameters as defined by Ulab¥0g6

» Prior values: Values of the geophysical parameters, obtainau #xternal sources,
that are introduced, with their uncertainties,hia tost function, as reference
information of the variability range during theraéve retrieval

« First guessesinitial values of the geophysical parametersdadirieved that are
introduced in the first step of the minimisatiomgess, and that will be successively
modified during the iterations until achieving &ieved value

See the Software Release Document for a list @ingons.

1.3 List of variables

The modified Stokes vector in the antenna referendeame is [Al, A2, A3, A4] instead
of [Txx, Tyy, Txy] in level 1, with:

Al = Ty
A2 =Ty
A3 = 2 Re(Ty)
A4 =2 1m(Ty)
Variable name Descriptive Name Units ATBD Comme
reference |nt
General
SSS Sea surface salinity psu
SST Sea surface temperature K
TEC Total electron content Tecu =
1016 m-2

Th,p Brightness temperature at p polarization K

(HV)
Th Brightness temperature at H polarization in | K

Earth reference frame
Tv Brightness temperature at V polarization in | K

Earth reference frame
T3 3rd Stokes parameter in Earth reference K

frame
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Variable name Descriptive Name Units ATBD Comme
reference |nt

T4 4th Stokes parameter of Tb in Earth K
reference frame

Al Brightness temperature, H pol, in antenna | K
reference frame

A2 Brightness temperature, V pol, in antenna |K
reference frame

A3 Third Stokes parameter in antenna K
reference frame

A4 Fourth Stokes parameter in antenna K
reference frame

3. Measurement

discrimination

Fg_sc_land_sea coastl |land/sea Y/N 3

Fg_sc_land_sea_coast2 |coast/no coast Y/N 3

Fg_sc_ice Presence of sea ice in grid point Y/N 3

Fg_sc_suspect_ice Grid point suspect of ice contamin. Y/N 3

Fg_sc_in_clim_ice Gridpoint with maximum extend of sea ice |Y/N 3
accordy to monthly climatology

Fg_sc_rain Heavy rain point Y/N 3

Fg_sc_low_SST Low SST Y/N 3

Fg_sc_high_SST High SST YIN 3

Fg_sc_low_SSS Low SSS Y/N 3

Fg_sc_high_SSS High SSS Y/N 3

Fg_sc_low_wind Low wind speed Y/N 3

Fg_sc_high_wind High wind speed Y/N 3

Fg_sc_sea_state 1 Sea state development class 1 Y/N 3

Fg_sc_sea_state_2 Sea state development class 2 Y/N 3

Fg_sc_sea_state_3 Sea state development class 3 Y/N 3

Fg_sc_sea_state_4 Sea state development class 4 Y/N 3

Fg_sc_sea_state 5 Sea state development class 5 Y/N 3

Fg_sc_sea_state 6 Sea state development class 6 Y/N 3

Fg_sc_SST_front Presence of a temperature front Y/N 3

Fg_sc_SSS_front Presence of a salinity front Y/N 3

Fg_ctrl ECMWF_1 No missing ECMWF data for SS1 retrieval |Y/N 3

Fg_ctrl ECMWF_2 No missing ECMWF data for SS2 retrieval |Y/N 3

Fg_ctrl ECMWF_3 No missing ECMWF data for SS3 retrieval |Y/N 3

Fg_ctrl ECMWF_4 No missing ECMWF data for Acard Y/N 3
retrieval

Fg_ctrl_num_meas_low | Grid point with number of valid Y/N 3
measurements below threshold

Fg_ctrl_num_meas_min | Grid point discarded due to very few Y/N 3,4.14.3
measurements

Fg_ctrl_many_outliers Grid point with number of outlier Y/N 3
measurements above threshold

Fg_ctrl_sunglint Grid point with number of measurements | Y/N 3
flagged for sunglint above threshold

Fg_ctrl_moonglint Grid point with number of measurements | Y/N 3
flagged for moonglint above threshold

Fg_ctrl_gal_noise Grid point with number of measurements | Y/N 3
flagged for galactic noise above threshold




Doc: SO-TN-ARG-GS-0007

& LOCIEA':AI\];:S?AI/%ETP Al it hOSTIB2 retical'SSue: 3ReV: 7
gorithm Theoretica A '
ARGANS IFREMER Baseline Document 22;2252 June 2011
Variable name Descriptive Name Units ATBD Comme
reference |nt
Fg_ctrl_gal_noise_pol Grid point with number of measurements | Y/N 3
flagged for polarised galactic noise above
threshold
Fg_ctrl_valid Grid point used in the retrieval Y/N 3
Fm_out_of_range Tb out of range Y/N 3
Fm_resol Measurement with spatial resolution (i.e. Y/N 3
major axis length) above threshold
FmL1lc eaf fov Measurement outside EAF _FOV Y/N 3 From L1
FmL1lc_af fov Measurement outside AF _FOV Y/N 3 From L1
FmL1lc_ border_fov Border measurements Y/N 3 From L1
FmL1lc RFI Marked RFI by L1 Y/N 3 From L1
Fm_suspect_ice Measurement above threshold in test for Y/N 3
possible ice detection
Fm_outlier Outliers measurements Y/N 3
Fm_L1lc sun L1C information on sun contaminated Y/N 3
measurements
Fm_low_sun_glint After Sun glint IFREMER model Y/N 3
Fm_high_sun_glint After Sun glint IFREMER model Y/N 3
Fm_sun_limit Sun contamination above threshold Y/N 3
Fm_moon_specdir Moon glint Y/N 3
Fm_gal_noise_error Error in galactic map above threshold Y/N 3,4.6
Fm_high_gal_noise Measurements with specular direction Y/N 3,4.6
toward a strong galactic source
Fm_gal_noise_pol Measurements with specular direction Y/N 3
toward a polarised galactic source
Fm_valid Measurement is valid Y/N 3
FmL1lc_sun_tails Flag comming from L1 Y/N 3 From L1
FmL1lc sun_glint_area Flag comming from L1 Y/N 3 From L1
FmL1lc_sun_glint_fov Flag comming from L1 Y/N 3 From L1
Tg_dland1 Distance 1 (short) to land Km 3
Tg_dland2 Distance 2 (long) to land Km 3
Tg_ice_concentration Threshold (fraction) in ECMWF ice dl 3
concentration
Tg_low_SST ice Value of SST under which to perform ice K 3
test
Tg_suspect_ice Minimum fraction of measurements where |dI 3
ice test is positive to flag point
Tg_max_rainfall threshold of maximum rain accepted mm/h 3
Tg_low_SST Upper limit for very low SST K 3
Tg_medium_SST Boundary between ‘low SST’ and ‘medium |K
SST
Tg_high_SST Boundary between ‘medium SST’ and K 3
‘high SST’
Tg_low_SSS Upper limit for very low SSS psu 3
Tg_medium_SSS Boundary between ‘low SSS’ and ‘medium | psu 3
SSS
Tg_high_SSS Boundary between ‘medium SSS’ and psu 3
‘high SSS'’
Tg_low_wind Upper limit for very low wind speed m/s 3
Tg_medium_wind Boundary between ‘low wind’ and ‘medium | m/s 3
wind’
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Variable name Descriptive Name Units ATBD Comme
reference |nt
Tg_high_wind Boundary between ‘medium wind’ and m/s 3
‘high wind’
Dg_num_meas_l1c Number of measurement available in L1C | dI 3
product
Dg_num_meas_valid Number of valid measurements dl 3
Tg_ num_meas_valid Threshold of number of valid dl 3
measurements to flag
Tg_num_meas_min Minimum number of valid measurements | dI 3,4.14.3
to perform retrieval
Dg_num_outliers number of outlier measurements dl 3.1,3.2
Tg_num_outliers_max minimum fraction of outlier measurements |dI 3.1,34.1
to flag a grid point
Tg_num_RFI_max minimum fraction of RFI outlier dl 3.1,34.2
measurements to flag a grid point
Tg_sunglint_max minimum fraction of measurements dl 3
flagged for sunglint to flag a grid point
Tg_moonglint_max minimum fraction of measurements dl 3
flagged for moonglint to flag a grid point
Tg_gal_noise_max min. fraction of measurements flagged for | dl 3
galactic noise to flag a grid point
Tg_gal_noise_pol_max | min. fraction of measurements flagged for |dl 3
polarised galactic noise to flag a grid point
Tm_out_of range threshold for Tb out of range K 3
Resolution length of major axis of the measurement Km 3
footprint
Dg_num_high_resol number of measurements exceeding dl 3
maximum allowed resolution
Tg_resol_max_ocean maximum footprint resolution (i.e. major Km 3
axis length) to be accepted for
measurements in ocean points
Dg_af fov counter on number of measurements in dl 3
alias free FOV
Dg_border_fov counter on number of measurements on dl 3
the border of FOV.
Dg_RFI_L1 number of measurements discarded due to | dI 3
being flagged RFl at L1
Tm_DT ice threhold for test on possible presence of K 3
ice
Dg_suspect_ice number of measurements suspect of being | di 3
contaminated by ice
Dg_sunglint_L1 number of meas. with L1 sunglint flag dl 3
Dg_sunglint_L2 number of meas. with L2 sunglint flag dl 3
Tm_high_sun_glint upper limit for very low sun_glint K 3
Tm_medium_sun_glint boundary between ‘low sun glint’ and K 3
‘medium sun glint’
Tm_low_sun_glint boundary between ‘medium sun glint’ and |K 3
‘high sun glint’
Tm_sun_limit limit of sun glint, between to process or not | K 3
Dg_sun_fov number of measurements affected by L1C | dI 3
flag SUN_FOV
Dg_sun_tails number of measurements with SUN TAILS | dI 3
flag raised
Dg_sun_glint_area number of measurements with dl 3
SUN_GLINT_AREA flag raised
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Dg_sun_glint_fov number of measurements with dl 3
SUN_GLINT_FOQV flag raised
Dg_moonglint N. of meas. with L2 moonglint raised dl 3
Tm_angle_moon angle between Target to Moon direction deg 3
and specular direction
Tm_max_gal_noise_error | Threshold of the galactic noise error K 3
Tm_high_gal_noise Definition of strong galactic source K 3
Q_CSWeF Second Stokes parameter map weighted K 3
by a centrosymmetric WeF
U _CSWeF Third Stokes parameter map weighted by | K 3
a centrosymmetric WeF
Tm_gal_noise_pol Definition of polarised galactic source K 3
Tg_WS _gal Minimum WS to discard measurements m/s 3
contaminated by erroneous galactic noise
Dg_gal_noise_error Number of measurements with galactic dl 3
noise error flag raised
Dg_gal_noise_pol Number of measurements with specular dl 3
direction toward a polarised galactic
source
Dg_sky Number of measurements with specular dl 3
direction toward a strong galactic source
nsig Factor to multiply oTb in outliers detection |dI 3.4.1
RFI_std Factor to multiply std_theory in RFI dl 3.4.2
detection
RFI_nsig Factor to multiply radiometric_noise in RFI | dI 3.4.2
detection
oTb_radiometric_noise Radiometric noise of a single meas. K 3
oTb_modell Model error estimate in outliers detection K 3 roughne
ssl
oTb_model2 Model error estimate in outliers detection K 3 roughne
Ss 2
oTb_model3 Model error estimate in outliers detection K 3 roughne
ss 3
3.5 Sunglint
contamination
dA Area illuminated by sun glint m? 35
A, direction (incidence and azimuth s) of sun | dl 35
radiation at the considered earth surface
position and time.
fi direction (incidence and azimuth angles) of | dl 35
' observation from MIRAS at target.
Tss radiometric temperatures of scattered solar | K 35
energy in area dA.
O h O w, O by, O vh, @lSO bistatic scattering coefficients of the sea | dI 35
called 0 qq0 surface
R scattering elevation angle deg 35
Bsun 2* angular radius of the sun as viewed deg 35
from the earth.
Tsun brightness temperature of the sun at K 35
1.4GHz in the direction i, and time t.
T(o.t) position on the earth surface (degN,d | 3.5
egE,s)
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[0) longitude of the observer deg E 3.5
] latitude of the observer degN |35
t a given time S 35
Ok, Qi vertical projections of the wave vectors Radm* |3.5
Baag geometric functions of the dielectric dl 35
constant
h surface elevation signal m 3.5
p correlation function of roughness m? 35
Qaun solid angle intercepting the sun as seen Sr 35
from the earth
by wind direction deg 3.5
8 @ local sun angles (incidence and azimuth) | deg 35
at the considered earth surface position
and time
Bs, @& local observation angles (incidence and deg 35
azimuth) from MIRAS antenna at target
Dsi angle of the difference between the deg 35
scattered and incident wavevectors
Fg_OoR_Sunglint_dim2_ | ThetaSun went out of LUT range during Y/N 3.5.4.3
ThetaSun retrieval
Fg_OoR_Sunglint_dim3_ | Phi went out of LUT range during retrieval |Y/N 3.5.4.3
Phi
Fg_OoR_Sunglint_dim4_ | Theta went out of LUT range during Y/N 3.5.4.3
Theta retrieval
Fg_OoR_Sunglint_dim5_ | WS went out of LUT range during retrieval | Y/N 3.5.4.3
WS
3.6 Sea state developm.
Hsw Significant wave height of wind waves m 3.6
Tg_swell Threshold for classification of sea state dl 3.6
between swell or not swell dominated
Tg_old_sea Upper limit of inverse wave age for old dl 3.6
seas
Tg_young_sea Lower limit of inverse wave age for young |dI
seas
3.7 SST and SSS fronts
Radius_front Radius to search for SST and SSS fronts | km 3.7
Tg_SST_front Threshold in SST gradient around a grid K/km 3.7
point to flag the presence of a SST front
Tg_SSS_front Threshold in SSS gradient around a grid psu/km | 3.7
point to flag the presence of a SSS front
4.1 Flat sea
Tb flat, p Brightness temperature in H and V pol due | K 4.1, 4.13
to a flat sea; p is polarization
Tb rough,p Brightness temperature due to the 4.1, 4.13
roughness of the sea surface.
0 Incidence angle deg 4.1
Vector of parameters that describes the 4.1
P rough roughness of the sea
e Emissivity of the sea dl 4.1
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My Reflection coefficient in h / v polarization dl 4.1,
42,434,
4
Rhy Flat sea reflection coefficientin h /v dl 4.1,
polarization 4.2,4.3,4.
4
€ Complex dielectric constant dl 4.1
3 real part of dielectric constant dl 4.1
g” imaginari part of dielectric constant dl 4.1
£, Electrical permittivity at very high dl 4.1
frequencies
£ Static dielectric constant di 4.1
T Relaxation time s 4.1
o] lonic conductivity Siemen |4.1
S
o Permitivitty of the free space Farads/ 4.1
m
m Coefficients vector for & dl 4.1.1.2
t Coefficients vector for T dl 411.2
S Coefficients vector for o dl 411.2
4.2 Roughness model
1: Two-scales
[0) Azimuth angle rad 4211
a Sea surface absorptivity 42.1.1
Q Second Stokes parameter K 42.1.1
U Third Stokes parameter K 42.1.1
\% Fourth Stokes parameter K 42.1.1
Ao Radiometer wavelength m 4211
Ac Cutoff wavelength m 4211
Sy Slope along the azimuth (Earth surface dl 421.1.1
frame)
Sy Slope across the azimuth (Earth surface dl 42111
frame)
P(5«Sy) Probability density function of large waves |dI 42111
S Surface slope along the radiometer dl 42.1.1.1
azimuth observation direction (radiometer
frame)
Sy Surface slope across the radiometer dl 42111
azimuth observation direction (radiometer
frame)
Th Local brightness temperature for a large K 42111
wave
) local incidence angle rad 42111
Q local azimuth angle rad 42111
Rss reflectivity of small-scale roughness dl 421.1.1
covered surface
Rc coherent component of Rss dl 42111
Ri incoherent component of Rss dl 42.1.1.1
Ymnpa Incoherent bistatic scattering coefficient, dl 42111
with (m,n,p,q)=(h,v) polarisations
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Wi sea surface power spectrum of small-scale | dl 42111
roughness
k Wavenumber m* 421.1.1
Ko Radiometer wavenumber m™ 42111
ke Cutoff wavenumber m™ 42111
Rpp” Fresnel reflection coefficient (p=(h,v)) dl 42111
ORss correction to Fresnel reflectivity induced by | dI 42111
small-scale waves
ORss,0 omnidirectional component of dRss dl 42111
ORss,2 second harmonic amplitude dRss dl 42111
Op functions (p = v, h, 3 or 4) that account for |dI 421.1.1
both coherent and incoherent contributions
to ORss
f cosine function for Tv and Th, sine function | dl 42.1.1.1
for T3 and T4
Ck, @ 2D surface curvature spectrum dl 421.1.1
b3 Ratio of k and k,. Scattering weighting dl 421.1.1
function given by Johnson and Zhang
(1999)
9'pin Ratio of g, , and &. Scattering weighting dl 421.1.1
function given by Johnson and Zhang
(1999)
Wk, 9) 2D surface power spectrum dl 42112
Irough First Stokes parameter due to the K 42.1.1.2
roughness of the sea surface
z Altitude m 4211.2
Ue Surface velocity ms™’ 42112
K von Karman’s constant dl 421.1.2
z0 roughness length m 42112
L Monin Obhukov length m 421.1.2
Y function of the stability parameter z/L dl 421.1.2
Co drag coefficient dl 42.1.1.2
WSn Neutral equivalent wind speed ms™ 42112
Qu wind direction, counted counterclockwise |rad 4212
[0 azimuthal observation angle of radiometer |rad 4212
look direction, counted counterclockwise
0N azimuth angle, counted counterclockwise, |rad 4212
between wind direction and the azimuthal
observation angle of radiometer look
direction
TpO omnidirectionnal signal component (p K 42.1.2
polarization) of Through
Tpl first harmonic component (p polarization) |K 42.1.2
of Through
Tp2 second harmonic component (p K 42.1.2
polarization) of Through
Ul first harmonic component (3" Stokes K 42.1.2
parameter) of Through
u2 second harmonic component (3" Stokes K 42.1.2
parameter) of Through
Vi first harmonic component (4™ Stokes K 4212

parameter) of Through

10
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V2 second harmonic component (4" Stokes | K 4212
parameter) of Through
O7Tb model uncertainty of the model K 4.2,4.3,
4.4
Tg_WS roughness M1 | min. WS to apply roughness correction ms* 4.2
Fg_ctrl_roughness_M1 roughness correction applied Y/N 4.2
Tg_WS_foam_M1 minimum WS to apply foam correction ms™ 4.2
Fg_ctrl_foam_M1 foam correction applied Y/N 4.2
Fg_OoR_Rough_diml1 Prior or retrieved SST went outside of LUT | Y/N 42.1.2
range
Fg_OoR_Rough_dim2 Prior or retrieved SSS went outside of LUT | Y/N 42.1.2
range
Fg_OoR_Rough_dim3 Prior or retrieved WS went outside of LUT | Y/N 4212
range
Fg_OoR_Rough_dim4 Prior or retrieved Theta went outside of Y/N 4212
LUT range
4.3 Roughness model
2: SSA
K surface wavenumber vector radm? |4.3
Wk, sea surface directional waveheight m* 4.3
wavenumber spectrum
gy electromagnetic weighting functions m 4.3
[0) Azimuthal direction relative to wind deg 4.3
direction
Aey wind-excess emissivity Stokes vector dl
Ney ™ nth azimuthal harmonics of the wind- di
excess emissivity stokes vector
y represent h, v, U or V depending on the dl
case
Aeg residual Stokes vector of roughness di 4321
impact
Eew relative permittivity of sea water dl
Tg_WS _roughness_M2 | min. WS to apply roughness correction ms™ 4.3
Fg_ctrl_roughness_M2 roughness correction applied Y/N 4.3.
Tg WS foam_M2 minimum WS to apply foam correction ms™ 4.3
Fg_ctrl_foam_M2 foam correction applied Y/N 4.3
Fg_OoR_Rough_dim1 Prior or retrieved WS went outside of LUT | Y/N 4212
range
Fg_OoR_Rough_dim2 Prior or retrieved Omega went outside of | Y/N 42.1.2
LUT range
Fg_OoR_Rough_dim3 Prior or retrieved Theta went outside of Y/N 4212
LUT range
Fg_OoR_Rough_dim4 Prior or retrieved SSS went outside of LUT | Y/N 4212
range
Fg_OoR_Rough_dim5 Prior or retrieved SST went outside of LUT | Y/N 42.1.2
range
4.4 Roughness model
3: Empirical
WS Wind speed m/s 4.4
[0) Azimuthal direction relative to wind deg 4.4
direction

11
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Hs Significant wave height m 4.4
Q Inverse wave age dl 4.4
Cp Phase speed m/s 4.4
g Gravity of the earth m/s 4.4
T, Mean period of wind waves dl 4.4
u* Wind friction velocity m/s 4.4
Cq Coefficient of drag dl 4.4
MSQS Mean square slope of waves dl 4.4
Tg_WS roughness M3 | min. WS to apply roughness correction ms’ 4.4
Fg_ctrl_roughness_M3 Roughness correction applied Y/N 4.4,
Fg_OoR_Rough_dim1 Prior or retrieved Theta went outside of Y/N 4412
LUT range
Fg_OoR_Rough_dim2 Prior or retrieved WS went outside of LUT | Y/N 44.1.2
range
Fg_OoR_Rough_dim3 Prior or retrieved phi_wsn went outside of |Y/N 4.4.1.2
LUT range
Fg_OoR_Rough_dim4 Prior or retrieved Hs went outside of LUT | Y/N 44.1.2

range

4.5 Foam contribution

F

Fraction of sea surface area covered by dl

whitecaps
h thickness of the white caps m
d thickness of the typical sea foam layer m
Ts physical temperature of foam K
" (am emissivity of typical sea foam-layer dl
r radius of the coated bubbles m
€a permittivity of the core of the bubbles dl
made of air
Ew pz);ermittivity of the surrounded area (region | dl
ENa effective permittivity dl
d thickness of the layer called region 1 m
] attenuation factor dl
Ry " Fresnel reflection coefficient between dl
region 0 and 1, for p pol
R, Fresnel reflection coefficient between dl
region 1 and 2, for p pol
N volumetric concentration of bubbles dl
a complex polarizability of a single bubble dl
k packing coefficient or stickiness parameter | dl
o normalized probability distribution function |dl
q distribution of the bubble’s filling factor dl
f distribution of coating thicknesses dl
A parameters of the distribution dl
B parameters of the distribution dl
A dl
B dl
fa fraction of volume occupied by air bubbles | dI

12
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Fc coverage of actively breaking crests or dl
active foam
Fs coverage of passive foam or static foam dl
O¢ constant for ‘crest-foam coverage’ dl
Bc constant for ‘crest-foam coverage’ dl
Os constant for ‘static-foam coverage’ dl
Bs constant for ‘static-foam coverage’ dl
AT air-sea temperature difference °C
Ta temperature of air °C
e” & 2272727227777 dl
Fg_OoR_Foam_diml W |WS went out of LUT range during retrieval | Y/N 45.4.3
S
Fg_OoR_Foam_dim2_Ts | TseaAir went out of LUT range during Y/N 4543
eaAir retrieval
Fg_OoR_Foam_dim3_S |SSS went out of LUT range during retrieval | Y/N 4543
SS
Fg_OoR_Foam_dim4_S |SST went out of LUT range during retrieval | Y/N 4543
ST
Fg_OoR_Foam_dim5_Th | Theta went out of LUT range during Y/N 4543
eta retrieval
4.6 Galactic noise
contamination
P power W 46.1.2.1
k Boltzmann constant JK? 46.1.2.1
AB bandwidth Hz 46.1.2.1
v velocity ms* 46.1.2.1.
a
c Light speed ms* 46.1.2.1.
a
v Frequency associated with velocity v Hz 4.6.1.2.1.
a
Vo Center frequency Hz 4.6.1.2.1.
a
Pint Integrated power w 46.1.2.1.
a
ABsmos SMOS radiometer bandwidth Hz 46.1.2.1.
a
g incidence angle of one radiometer deg, rad |4.6.1.2.2
measurement
o} azimuth angle of one radiometer rad 46.1.2.2
measurement (O towards the north;
positive westward)
Yigal Incidence angle of the incident galactic ray |deg, rad |4.6.1.2.2
specularly reflected towards the
radiometer
Re earth radius km 46.1.2.2
Nrag altitude of the radiometer km 4.6.1.2.2
el elevation angle (0 towards the horizon and | deg 46.1.2.2
positive above the horizon)
d declination deg 46.1.2.2
a right ascension deg 46.1.2.2
T sidereal time deg 46.1.2.2

13




) LOCEAN/SA/CETP | Algorithm Theoreticalysote oo o'
ARGANS IFREMER Baseline Document|s .-
ge: 14
Variable name Descriptive Name Units ATBD Comme
reference |nt
H sidereal angle deg 46.1.2.2
Thgal_refl Galactic noise reflected towards the K 46.1.2.2.
radiometer a
Thgal Effective brightness temperature of the K 46.1.2.2.
galactic radiation a
Rrough Roughness contribution to the reflection dl 46.1.2.2.
coefficient I b
oopp bistatic reflection coefficients (p=(h,v)) dl 4.6.1.2.2.
b
Tbgal_refl_lobe reflected brightness temperature K 46.1.2.3
integrated over the antenna pattern
Plobe normalized power pattern of the antenna | W 46.1.2.3
Fg_OoR_gaml diml_de |Out of range flag raised if at least one of dl
c the measurements of a dwell has a
declination value which falls outside the
acceptable interval limits.
Fg_OoR_gaml dim2_ra |Out of range flag raised if at least one of dl
the measurements of a dwell has a right
ascension value which falls outside the
acceptable interval limits.
4.7 Galactic noise 2
Ah_0 symmetric H-pol component K
Ah_2 COE{2¢"’V) harmonic amplitude H-pol K
Av_ 0 symmetric V-pol component K
AV_2 COE{2¢"’V) harmonic amplitude V-pol K
Bh_2 S|r(2¢"”) harmonic amplitude H-pol «
Bv_2 S|r(2¢"”) harmonic amplitude V-pol )
dec Declination corresponding to specular °
reflection direction
Fg_OoR_gam2_dec[Ngp] | Out of range flag raised if at least one of dl
the measurements of a dwell has a
declination value which falls outside the
acceptable interval limits.
Fg_OoR_gam2_psi[Ngp] | Out of range flag raised if at least one of dl
the measurements of a dwell has a psi
angle value which falls outside the
acceptable interval limits.
Fg_OoR_gam2_ra[Ngp] |Out of range flag raised if at least one of dl
the measurements of a dwell has a right
ascension value which falls outside the
acceptable interval limits.
Fg_OoR_gam2_theta[Ng | Out of range flag raised if at least one of dl
p] the measurements of a dwell has an
incidence angle value which falls outside
the acceptable interval limits.
Fg_OoR_gam2_WSn[Ng | Out of range flag raised if at least one of dl
p] the measurements of a dwell has a wind
speed value which falls outside the
acceptable interval limits.
G Sideral angle °

14
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h_hat_c[3] Celestial basis vector. h component. dl
h_hat_u[3] Upper hemisphere basis vector dl
(topocentric frame). h component.
h_tild_u[3] Upper hemisphere basis vector after Tac | dI
transformation. h component.
LUT_th_hc A(2) , K
A COE{2¢W) harmonic amplitude H-pol
LUT_th_hs R(2) i , K
B; Slr(2¢w) harmonic amplitude H-pol
LUT_th_symm Ago) K
symmetric H-pol component
LUT tv_hc A2 | K
- - A§ ) COE{2¢W) harmonic amplitude V-pol
LUT_tv_hs R(2) sj ; K
- - B Slr(2¢w) harmonic amplitude V-pol
LUT _tv_symm No) . K
symmetric V-pol component
nut Nutation angle °
psi_uh Orientation angle °
ra Right ascension corresponding to specular | °
reflection direction
TB_gal[4] Galactic TB contribution K
TB_gal_flat[2] Galactic TB contribution given for a wind K
speed equal to 0 m/s
TB_gal_rough[2] Galactic TB contribution given for a wind K
speed of 3 m/s
TB_roug[4] Roughness TB contribution. TB_roug(1), K
TB_roug(2), TB_roug(3) and TB_roug(4)
are respectively H, V polar and St3, St4
v_hat_c[3] Celestial basis vector. v component. dl
v_hat_u[3] Upper hemisphere basis vector dl
(topocentric frame). v component.
v_tild_u[3] Upper hemisphere basis vector after Tac | dI
transformation. v component.
¢ _relat Wind speed direction given from incidence | °
plan frame for one measurement.
e Zenith angle of target to sensor direction °
4.8 Faraday rotation
WEga Faraday degrees |4.8.1.2
TEC, Total Electron nadir columnar Content 1TEC ([4.8.1.2
unit =
1016 m-2
B Magnetic field vector nanotesl | 4.8.1.2
a
Us Unitary vector giving the direction of the dl 48.1.2
line of sight (from target to spacecraft)
04 Elevation away from the Oz axis degrees |4.8.1.2
dn Azimuth from origin Ox (counter clockwise) | degrees | 4.8.1.2
Fg_sc_TEC_gradient TEC gradient along dwell line for a grid Y/N 4.8.2
point is above threshold
Tg_TEC_gradient Threshold for TEC gradient TECu 4.8.2
4.9 Atmospheric effects
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Thbp, measured brightness temperature K 49.1.1.1
Ths upwelling brightness temperature from the |K 49.1.1.1
surface
& surface emissivity dl 49.1.1.1
Tbyp brightness temperature self-emitted by the |K 49.1.1.1
atmosphere upwards
Tbgown brightness temperature self-emitted by the |K 49.11.1
atmosphere downwards
surface reflection coefficient dl 49.1.1.1
equivalent optical thickness of the dl 49.1.1.1
atmosphere
K lineic absorption coefficient dB/km [4.9.1.1.1
z Altitude km 491.12
P(2) Pressure of the gas at the altitude z hPa 49.1.1.2
T(2) temperature of the gas at the altitude z K 49.1.1.2
Kox lineic absorption from oxygen at f=1.413 dB/km [4.9.1.1.2
GHz
f frequency GHz 49.1.1.2
fo absorption line frequency GHz 49.1.1.2
y line width parameter GHz 49.1.1.2
Yo line width GHz 49.1.1.2
Ku20 water vapor absorption coefficient dl 49.1.1.3
Koz 22.235 GHz absorption line dl 49.1.1.3
Ky residual term dl 491.1.3
Py water vapor density gm® 49113
Vi line width parameter GHz 49.1.1.3
Tbam brightness temperature self-emitted by the |K 49.1.2.1
atmosphere
Tatm total optical thickness of the atmosphere dl 49121
oz thickness of a slice of atmosphere km 49.1.2.1
OTgas elementary optical thickness for each slice |dl 491.21
and for each component (G is replaced by
either O2 or H20)
Keas lineic absorption coefficient (G is replaced |dI 49121
by either O2 or H20)
[ incidence angle deg,rad |4.9.1.2.1
Taeas total optical thickness (G is replaced by dl 49.1.2.1
either O2 or H20)
Thgas radiative contribution (G is replaced by K 49.1.2.1
either O2 or H20)
TO Surface atmospheric temperature K 49.1.2.1
PO Surface pressure hPa 49.1.2.1
DTgas difference between the equivalent layer K 49.1.2.1
temperature and the surface temperature
(G is replaced by either O2 or H20)
Toz 02 total optical thickness dl 491.22
DTo, difference between the equivalent layer K 49.1.2.2
temperature and the surface temperature
for 02
TH20 H20 total optical thickness dl 491.22

16




Doc: SO-TN-ARG-GS-0007

@ ICM-CSIC SMOS L2 OS lssue- 3 Rev: 7
LOCEAN/SA/CETP | Algorithm Theoretica A '
ARGANS IFREMER Baseline Document Ezte.'zz June 2011
ge: 17
Variable name Descriptive Name Units ATBD Comme
reference |nt
DTw20 difference between the equivalent layer K 49.1.2.2
temperature and the surface temperature
for H20
wvC Total precipitable water vapor kgm? [4.9.1.2.2
4.10 Cardioid model
Acard A coefficient for cardioid model dl
Bcard constant for cardioid model dl
Ucard U coefficient for cardioid model °
T eff Effective temperature retrieved with K
cardioid model
Fg_sc_ice_Acard Flag for ice detection with cardioid model | dl
Tg_SST_ice_Acard SST threshold for cardioid ice detection K
Tg_ Acard_ice Acard threshold for cardioid ice detection | dI
Tg_lat_ice_Acard Latitude threshold for cardioid ice detection |©
4.12 Transport ground
to antenna
0 angle defined in 4.12 deg 412
[0) angle defined in 4.12 deg 412
] angle defined in 4.12 deg 412
@ angle defined in 4.12 deg 412
a rotation angle deg 412
4.13 Sum of
contributions
6_mean mean incidence angle deg 413
Ox incidence angle acquired in x deg 413
ey incidence angle acquired in 'y deg 413
Tb goa Th at bottom of the atmosphere, at earth K 4.13
reference frame
Tb refiected All the tb contributions that are reflected at | K 4.13
the sea
Throa 01 Tb at top of the atmosphere, at earth K 4.13
reference frame
Tp ANTERNA Same as [A], Tb at antenna reference K 4.13
frame
Tb toam Contribution of brightness temperature due | K 4.13,4.5
to foam
F Fraction of sea surface area covered by dl 413,45
whitecaps
4.14 lterative scheme
Tb ™ Tb computed by a model K 4.14
Th M Measured Th K 4.14
X Value of the cost function dl 4.14
OT meas Variance of measured Tb given at different | K 4.14
incidence angles
OTb_model Variance of modelled Tb given at different |K 4.14,4.2,4
incidence angles 3,4.4
opiz A priori variance of different parameters to | (several |4.14
be retrieved )
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Variable name Descriptive Name Units ATBD Comme
reference |nt
P A priori information of the value of the (several |4.14
parameters to be retrieved )
P first guess Value of each parameter that will be used | (several |4.14
in the first iteration in the inversion )
algorithm
0% retrieved A posteriori variance of retrieved (several |4.14
parameter )
P retrieved A posteriori value of the retrieved (several |4.14
parameter )
SST Sea surface temperature. ECMWF MARS |K 414.1.1.1
table 128 code 34
WSx 10 m neutral equivalent wind zonal m/s 414.1.1.1
component. ECMWF MARS table 228
code 131
WSy 10 m neutral equivalent wind meridional m/s 414.1.1.1
component. ECMWF MARS table 228
code 132
(0] Wind direction computed from WSx and deg. 414.1.1.1
WSy met
conventi
on
u* Wind friction velocity derived by ECMWF | m/s 414.1.1.1
pre-processor from codes 245 and 233
(table 140)
Q Inverse wave age derived by ECMWF pre- | ND 414.1.1.1
processor from codes 245 and 236 (table
140)
WS 10 m wind speed from wave model. m/s 414.1.1.1
ECMWF MARS table 140 code 245
Hs Significant wave height. ECMWF MARS m 414.1.1.1
table 140 code 229
MSQS Mean square slope of waves. ECMWF ND 414.1.1.1
MARS table 140 code 244
Np Number of retrieved parameters dl 414
Nm Number of different observations of a grid | dI 414
point
Cp Variance-Covariance matrix of data dl 4.14
Chj Variance-Covariance matrix for prior dl 4.14
parameters
X Data and priori parameter vector (several [4.14
)
X_mod vector of modeled Tb and parameter value | (several |4.14
at each iteration )
a vector of parameters to be retrieved dl 414
d gradient matrix dl 4.14
D Hessian matrix dl 414
a matrix derived from d dl 4.14
B matrix derived from D dl 4.14
A Marquardt’'s diagonal amplifier dl 414
Nini Initial Marquardt’s diagonal amplifier dl 4.14
Kq Factor for multiplying Marquardt's diagonal | dI 414
amplifier
Sy Chi variance ratio for convergence test dl 414
Tb_lambda_diaMax Threshold for Marquardt increment dl 414
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Variable name Descriptive Name Units ATBD Comme
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Fg_ctrl_marq_SSS1 Iteration stopped due to Marquardt Y/N 414
increment too big for roughness 1
Fg_ctrl_marq_SSS2 Iteration stopped due to Marquardt Y/N 414
increment too big for roughness 2
Fg_ctrl_marq_SSS3 Iteration stopped due to Marquardt Y/N 414
increment too big for roughness 3
Fg_ctrl_marq_Acard Iteration stopped due to Marquardt Y/N 414
increment too big for cardioid
Tg_it_max Maximum number of iterations allowed dl 4.14
Fg_ctrl_chi2_1 Poor fit quality using roughness model 1 Y/N 414
Fg_ctrl_chi2_2 Poor fit quality using model 2 Y/N 4.14
Fg_ctrl_chi2_3 Poor fit quality using model 3 Y/N 4.14
Fg_ctrl_chi2_Acard Poor fit quality using cardioid model Y/N 414
Tg_Qx Threshold to check the quality of the SSS | dI 4.14
retrieval
Dg_num_iter_1 Number of iterations using model 1 dl 414
Dg_num_iter_2 Number of iterations using model 2 dl 4.14
Dg_num_iter_3 Number of iterations using model 3 dl 414
Dg_num_iter_Acard Number of iterations using cardioid model |dI 4.14
Fg_ctrl_reach_maxlter_1 | Maximum number of iteration reached Y/N 414 Roughn
before convergence ess 1
Fg_ctrl_reach_maxlter_2 | Maximum number of iteration reached Y/N 414 Roughn
before convergence ess 2
Fg_ctrl_reach_maxlter_3 | Maximum number of iteration reached Y/N 414 Roughn
before convergence ess 3
Fg_ctrl_reach_maxlter_A | Maximum number of iteration reached Y/N 414 Cardioid
c before convergence model
Tg_SSS_max Maximum value of valid retrieved salinity psu 414
Tg_SSS_min Minimum value of valid retrieved salinity psu 414
Tg_sigma_max Maximum value of sigma of the retrieved psu 414
salinity
Tg_Acard_max Maximum value of valid retrieved Acard dl 4.14
Tg_Acard_min Minimum value of valid retrieved Acard dl 414
Tg_sigma_Acard_max Maximum value of sigma of the retrieved dl 414
Acard
Fg_ctrl_range_1 Retrieved SSS is outside range Y/N 414 Roughn
ess 1l
Fg_ctrl_sigma_1 Retrieved SSS sigma overpasses the Y/N 414 Roughn
accepted value ess 1
Dg_chi2_1 Retrieval fit quality index dl 414 Roughn
ess 1l
Dg_chi2_P_1 chi2 high value acceptability probability dl 4.14 Roughn
ess 1l
Dg_quality_SSS1 Descriptor of SSS1 uncertainty psu 4.14.2
Fg_ctrl_quality SSS1 At least one critical flag was raised during | Y/N 4.14.2 Roughn
SSS1 retrieval ess 1
Fg_ctrl_range_2 Retrieved SSS is outside range Y/N 4.14 Roughn
ess 2
Fg_ctrl_sigma_2 Retrieved SSS sigma overpasses the Y/N 4.14 Roughn
accepted value ess 2
Dg_chi2_2 Retrieval fit quality index dl 414 Roughn
ess 2
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Dg_chi2 P 2 chi2 high value acceptability probability dl Roughn
ess 2
Dg_quality SSS2 Descriptor of SSS2 uncertainty psu 4.14.2
Fg_ctrl_quality_SSS2 At least one critical flag was raised during | Y/N 4.14.2 Roughn
SSS2 retrieval ess 2
Fg_ctrl_range_3 Retrieved SSS is outside range Y/N 414 Roughn
ess 3
Fg_ctrl_sigma_3 Retrieved SSS sigma overpasses the Y/N 414 Roughn
accepted value ess 3
Dg_chi2_3 Retrieval fit quality index dl 414 Roughn
ess 3
Dg_chi2 P_3 chi2 high value acceptability probability dl Roughn
ess 3
Dg_quality SSS3 Descriptor of SSS3 uncertainty psu 4.14.2
Fg_ctrl_quality SSS3 At least one critical flag was raised during | Y/N 4.14.2 Roughn
SSS3 retrieval ess 3
Fg_ctrl_range_Acard Retrieved Acard is outside range Y/N 414 Acard
Fg_ctrl_sigma_Acard Retrieved Acard sigma overpasses the Y/N 414 Acard
accepted value
Dg_chi2_ Acard Retrieval fit quality index dl 414 Acard
Dg_chi2_P_Acard chi2 high value acceptability probability dl Acard
Dg_quality_Acard Descriptor of Acard uncertainty dl 4.14 Acard
Fg_ctrl_quality_Acard At least one critical flag was raised during | Y/N 414 Acard
Acard retrieval
Tg_chi2_P_max Maximum admisible value for Dg_chi2_P | dI
Tg_chi2_P_min Minimum admissible value for Dg_chi2 P |dI
Fg_ctrl_chi2 P_1 Poor fit quality from test chi2_P Y/N 414 Roughn
ess 1l
Fg_ctrl_chi2_ P_2 Poor fit quality from test chi2_P Y/N 414 Roughn
ess 2
Fg_ctrl_chi2_ P_3 Poor fit quality from test chi2_P Y/N 414 Roughn
ess 3
Fg_ctrl_chi2_P_Acard Poor fit quality from test chi2_P Y/N 414 Cardioid
ds dT Sensitivity of salinity to Th psu/K 414 Quality
index
dT_dS X X=0,1 Coefficients for sensitivity adjustment Ki/psu, |[4.14 Quality
1/psu index
4.15 Brightness
temperature at surface
level
Tbaz 51 Computed surface Th at 42.5 K 4.15
Thas 5v Computed surface Tv at 42.5 K 4.15
OTha2.5H Uncertainty of Tbao s5H K 4.15
OTb42.5v Uncertainty of Tb2 5v K 4.15
Thaz 5x Computed Tx at 42.5 K 4.15
Thas 5y Computed Ty at 42.5 K 4.15
OTb42.5x Uncertainty of Ths2.5x K 4.15
OTha2.5Y Uncertainty of Tbaz 5y K 4.15
Fg_ctrl_no_surface No 42.5° angle along the dwell line Y/N 4.15
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4.16 Measurements
selection
Fm_lost_data Flag for measurements not used in SSS Y/N 4.16
retrieval due to lack of complementary
polarisation
4.17 Geophysical
parameters bias
correction
W, True wind speed m/s 417
@ wind direction deg 417
a, Wind speed gain dl 417
'gi Wind speed bias m/s 417
n., N, Normally distributed noise with zero mean | dl 4.17
o and unit amplitude
o Amplitude of the normally distributed m/s 417
' random noise
A Scale parameter dl 417
C Shape parameter dl 417
Fg_OoR_LUTAGDPT _lat | At least one measurement went outside of | Y/N 4.17
acceptable latitude limits
Fg_OoR_LUTAGDPT lo |Atleast one measurement went outside of | Y/N 4.17
n acceptable longitude limits
Fg_OoR_LUTAGDPT_m | The month value went outside of Y/N 4.17
onth acceptable limits
Fg_OoR_LUTAGDPT_pa | The parameter value went outside of Y/N 417

ram

acceptable limits

5. Secondary algorithm

P Auxiliary data vector

g Functional to be described with the NN
algorithm

X Input layer

Y Network response

w Weights matrix

bo Bias value associated to a single output
neuron

of Interpolation angles

ﬂk Regression coefficients

K Epanechnikov kernel function that assigns
weights to each point

h Bandwidth that controls the smoothing
procedure

I(t) Step function

Nc Number of algorithms (or classes)

Ns Number of fixed angles

6. O Incidence angles that characterise a class

b3

Inverted of (p+1,p+1) matrix XWX

21




Y ICM-CSIC SMOS L2 0 [0C: ST N-ARG-GS-0007
LOCEAN/SA/CETP | Algorithm Theoretical>orc > [V
ARGANS IFREMER Baseline Document Egte.'zz June 2011
ge: 22
Variable name Descriptive Name Units ATBD Comme
reference |nt
6. Output Product
Grid_Point_ID Unique identifier of Earth fixed grid point. | dI
Latitude Geodetic latitude of grid point (WGS84) dl
Longitude Geocentric longitude of grid point. dl
Mean_acq_time Mean time of acquisition for all valid TB s
measurements of a DGG point. Expressed in
EE CFI transport time format, defined as days
since 2000/01/01.
Equiv_ftprt_diam Equivalent footprint diameter km
SSS1 Sea surface salinity using roughness psu
model 1
Osss: Theoretical uncertainty computed for SSS1 | psu
SSS2 Sea surface salinity using roughness psu
model 2
Osss: Theoretical uncertainty computed for SSS2 | psu
SSS3 Sea surface salinity using roughness psu
model 3
Osss: Theoretical uncertainty computed for SSS3 | psu
A card Sea surface salinity using cardioid model | dl
OA card Theoretical uncertainty computed for dl
j A_card
Diff TB_1/3[NM] Difference between Tbh measurements K
and result of forward model 1 to 3. NM=
Dg_num_meas_l1c <= 256. for two
polarisations
Diff TB_Acard[NM] Difference between Th measurements K
and result of cardioid model. NM=
Dg_num_meas_l1c <= 256. for two
polarisations
Param1/7_prior_M1/3, Ac | Prior of 7 parameters for retrieval with P " in
forward model 1 to 3, cardioid model 4.14
Param1/7_sigma_prior_ | Sigma of prior of 7 parameters for retrieval Similar
M1/3, Ac with forward model 1 to 3, cardioid model in4.14
Param1/7_M1/3, Ac Retrieved value of 7 parameters using
forward model 1 to 3, cardioid model
Param1/7_sigma_M1/3, |Theoretical uncertainty of 7 parameters
Ac retrieved with forward model 1 to 3,
cardioid model
Dg_X_swath Distance between satellite track and grid km 6
point

22




ICM-CSIC SMOS L2 0s  |[Poc: SO-TN-ARG-GS-0007

] . . _lIssue: 3 Rev: 7
LOCEAN/SA/CETP | Algorithm Theoretica Date: 22 June 2011

IFREMER Baseline Document Page: 23

ARGANS

2. Algorithm overview

In the primary algorithm approach (iterative retah a series of physical models (separate
modules 4.1 to 4.10 in this ATBD) are applied taibary data (SST, wind, etc.) and a first
guess SSS, to compute the brightness temperatatrehbuld be measured at a specific
polarization and geometric configuration. Theseigalare transported to SMOS antenna
level (module 4.12) and then compared to actuatgsared Th. An iterative process
(considering all measurements/views of a singlé gaint obtained in consecutive snapshots,
module 4.14) allows minimization of the differertmetween modeled and measured values,
until identifying a retrieved SSS for this grid ptiThree different models are proposed for
the effect of ocean surface roughness in L-bandswiiy (modules 4.2 to 4.4) and then
three retrieval processes will be run in paraflel] three SSS values provided in the L2
Output Product. A selection of the optimal meth®éxpected to be achieved during SMOS
commissioning phase and then implemented in theatipgal L2 processor.

An alternative approach (section 5) uses the newwtaork technique to retrieve SSS from
SMOS measurements and a previous training data set.

The SSS retrieval algorithms described in this ATBID be applied to all ISEA grid points
included in a SMOS L1c product (half-orbit swath).

2.1 Sea Surface Salinity retrieval scheme

2.1.1 Ilterative approach

Per ISEA grid point (once selected as coast/oceacaan) on each SMOS half-orbit:
» Get preprocessed auxiliary data (SST, wind, ...)
* Forall L1c Tb measurements available
— Decision on processing/flagging according to sevtesis
— Forward model for Tb at each angular measureent
* Emissivity of flat sea & with auxiliary SST and guessed SSS
* Add roughness effects (3 model options + foam)
* Add external noise (reflected signals: atmosplgagctic, sun effects)
e Add atmospheric atenuation and emision to antenna
— Transport modeled Th from TOA to antenna level
e Compare modelled with measured Tbh
» lIterative convergente to retrieve SSS and adjimrqgiarameters
* Output values: SSS, SST, roughness descriptors,(@i&iznding on model options)
corresponding to this specific gris point

As three different options are being studied tacdbs the effect of surface roughness on Tb,

three SSS values will be retrieved at the end ®@pitocess. In some submodels, reference
values for Tb are needed to compute flags. Indase one of the three roughness models will
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be used as default for the computation. At Qualtfan Review 1 (19 July 2006) it was
decided that Two-scale will be the default model.

2.1.2 Neural network approach

The iterative inversion is flexible and easy toelep and implement. However the main
drawback is the need of a direct emissivity moAslany model, it simulates imperfectly the
real brightness temperatures (many sources ofagly lknown impact), and through the
iterative process it directly affects the retriesadinity. In order to avoid this dependency, a
neural inversion can be developed just after lawmtinout any need for direct models. The
neural network algorithm will provide the best teda between SMOS measured brightness
temperatures and collocated in-situ salinities &lso a proper way to deal with remaining
calibration errors. In the preparation phase ofntigsion, it is necessary to determine the
structure of the algorithm, replacing SMOS briglssyeemperatures with simulated ones.
Once SMOS in-flight, one only needs to update tgerahm coefficients to provide an
accurate salinity. As there are different possied for direct models, different inversion
method can be implemented in the L2 processorbased on physical background (forward
method+iterative inversion) with possible re-analys each geophysical source function
and one purely empirical (NN method based on SM&t& dlone versus collocated in-situ
salinities and auxiliary data). It could be antatigd that a combination of both methods shall
provide a robust algorithm with minimisation ofkgsfor SSS retrieval accuracy.

2.1.3 General description

Aux Data SMOS Lie
(static/dynamic) product Th

flags noise
b A
Auxiliary Data .
projoction l Pre-processing
Prior values and 1 Contaminations
constraints J (land, glitter, other)
L 2
. 7 Measurements
et Tols 8 discrimination
Forward | .| Convergence |
™ Models |* " Module |
1 Regression . 1
Convergence or NN Retrieva

criteria

Quality assessment
Theoretical errors

Post-processing
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3. Measurement discrimination

The purpose of the measurement discrimination chéxk the conditions of all the grid
points and measurements coming from L1c to dedidegssing them or not to retrieve
salinity. Additional information will be providechithe Output Product in terms of flags to
describe some particular conditions that can rigenimgs for some L3 applications or
indicate that future specific reprocessing couldnyglemented.

A simple convention is proposed for naming flags:
Fx_class_name_of flag
e F: the variable is a flag.
* x =9m/gl/f: Flag applies tenaphot,measuremengrid point,full half orbit.
» class= ctrl for control flag, sc for science flag
* name_of_flag.

A flag is a boolean (true/false). Numbers are dptmns (computed by the processor), named

Dx_name_of_descriptor or thresholds (availableuixilary/configuration files), named
Tx_name_of_threshold.

A series of tests, with defined threshold valuasehto be run consecutively before applying

the SSS retrieval algorithm to it:

3.1 Applied to grid points

Subject Test Threshold Decision

Classification of | Applying land 1) Land: grid point inside | 1) Land point. SSS retrieval i
grid points with | mask based on | land (coast line) not performed

respect to distancedistance of grid | 2) Coast/Land: grid point | 2) SSS retrieval is not

to land (4 point to land. between coast and performed and grid point is
categories) Tg_dlandl flagged as land contaminated

3) Coast/Ocean: grid point3) SSS retrieval performed,
between Tg_dlandl and | grid point flagged as Coast/

Tg_dland2 Ocean
4) Ocean: grid point 4) SSS retrieval performed
outsideTg_dland2 This classification will be

implemented using two
booleans for four states:
(Fg_sc_land_sea_coastl
Fg_sc_land_sea_coast?
with

(false;false)=Land
(false;true)=Water, with
distance to coast <=
Tg_dlandl
(true;true)=Water, with
distance to coast <=
Tg_dland2 and >Tg_dlandl
(true;false)=Water, with

UJ

distance to coast
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>Tg_dland2>Tg_dlandl.
Fg_sc_land_sea_coastl
defines the land contaminatig
of the grid point and
Fg_sc_land_sea_coast2
coastal grid points

Note: both flags are compute
offline and stored in an
auxiliary file. If Tgdlandl and
Tg_dland2 are modified too
often, they will become
processor configuration
parameters and the processq
will set both flags on the fly.

Presence of ice

Applying sea ice
mask (evolving
info.. ECMWF
sea ice
concentration +
fixed info.:
monthly extent
climatology)

» 1) Grid point with ice
concentration >
Tg_ice_concentration
2) Grid point with ice
concentration below
threshold but within
monthly climatological
maximum extent of sea
ice Fg_sc_in_clim_ice
and (in case SSTprior <
Tg_low_SST ice)
positive test for possible
ice in at least
Tg_suspect_iceof
measures

3) Other grid points

1) Ice present. SSS retrieval
not performed

(Fg_sc _ice.trug

2) Potencially sea ice
contaminated. SSS retrieval i
performed but point flagged
(Fg_sc_suspect ice.trge

3) No ice. SSS retrieval is
performed

n

=

Heavy rain

Intense rainfall is
reported in at leas
one of 4 ECMWF
cells around the
grid point

Rainfall above threshold
t Tg_max_rainfall

Process and flag as point
affected by heavy rain
(Fg_sc_rain.true

Sea surface types

Build a descript
(or several flags)
to indicate
different ocean
surface conditions

ot) SST. Four ranges of
SST (very low, low,
medium, high) can be
defined using
Tg_low_SST,
Tg_medium_SSTand
Tg_high_SST
2) SSS. Four ranges of
SSS usingg_low_SS$
Tg_medium_SSSnd
Tg_high_SSS
3) Wind speed. Flag
according to WS
below/above neutral wind
Tg_low_wind,
Tg_medium_wind or

Tg_high_wind

1) Two booleans for SST
range Fg_sc_low_SSTand
Fg_sc_high_SSY
(false:false) SST <= Tg_low |
SST

(true:false) Tg_low_SST <
SST < =Tg_medium_ SST
(true:true) Tg_medium_ SST
< ST <=Tg_high_SST
(false:true) SST >
Tg_high_SST

2) Same for SSS range using
(Fg_sc_low_SSand
Fg_sc_high_SSB

3) Same for wind speed
classification using

(Fg_sc_low windand
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4) Sea state developmen
To distinguish between 6

.Fg_sc_high_win()
4) Sea state development

different classes accordingdescribed (see section 3.6) by
to altimetry and ECMWF | Fg_sc_sea_state_X.true
WAM model (see SMOS | (X 1 to 6)
ECMWEF PreProcessor) | 5) Two flags (see section 3.7
5) Presence of SSS and/o-g_sc_SST_front
SST fronts in (or around) | andFg_sc_SSS_front
the grid point
Number of valid | Use the counter of If number of Flag grid point with
measurements | measurements | measurements used Fg_ctrl_num_meas_low.true
accepted for SSS| Dg_num_meas_valick if below Tg_num_meas_valid
retrieval in this threshold (just for warning)
grid point Tg_num_meas_validflag | andFg_ctrl_num_meas_min.
grid point true if retrieval not performed
If < Tg_ num_meas_min
do not perform retrieval
Number of outlier| Use the counter of If number of outliers Flag grid point
measurements measurements Dg_num_outliers / (Fg_ctrl_many_outliers.true)
flagged as outliers Dg_num_meas_l1c >
in this grid point | Tg num_outliers max
Number of RFI Use the counter of If number of RFI outliers | Flag grid point
outlier measurements Dg_RFI_L2/ (Fg_ctrl_suspect_RFl.true)
measurements | flagged as RFI Dg_num_meas_l1c >
outliers in this Tg_num_RFI_max
grid point
Number of Use the counter of If Dg_sunglint_2 / Flag grid point
measur. flagged | measurements Dg_num_meas_l1c > (Fg_ctrl_sunglint.true)
for sunglint flagged for Tg_sunglint_max
sunglint in this
grid point
Number of Use the counter of If Dg_moonglint / Flag grid point
measur. flagged | measurements Dg_num_meas_l1c > (Fg_ctrl_moonglint.true)
for moonglint flagged for Tg_moonglint_max
moonglint in this
grid point
Number of Use the counter of If (Dg_gal_noise_error + | Flag grid point
measur. flagged | measurements Dg_sky) / (Fg_ctrl_gal_noise.true)
for galactic noise | flagged for Dg_num_meas_l1c >
galactic noise in | Tg_gal_noise_max
this grid point
Number of Use the counter | If Dg_gal_noise_pol / Flag grid point
measur. flagged | of measurementy Dg_num_meas_l1c > (Fg_ctrl_gal_noise_pol.true)
for polarized flagged for Tg_gal_noise_pol_max
galactic noise polarized galactic
noise in this grid
point
Missing ECMWEF | Check that all the| 1) Some parameter neded1) SS1 retrieval not performed
data ECMWEF data for SSS1 retrieval is (Fg_ctrl_ECMWF_1.false)
necessary for the | missing in the grid point | 2) SS1 retrieval not performef
four retrievals are| 2) Some parameter neded(Fg_ctrl ECMWF_2. false)
made available to| for SSS2 is missing 3) SS1 retrieval not performefd

the OS processor

3) Some parameter nede

d(Fg_ctrl. ECMWEF_3. false)
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for SSS3 is missing
4) Some parameter nede
for Acard is missing

4) SS1 retrieval not performe
d(Fg_ctrl_ ECMWF_4. false)

[®N

All grid points that have successfully passed #ststdescribed in 3.1 will be flagged with

Fg_ctrl_valid

3.2 Applied to each measurement on a grid point

Subject Test Threshold Decision
Tb out of Based on first Abs(Th measure — Tb Discard measurements
range comparison default model) (h or v) > thresholdflagged
model vs. measure (Tm_out_of_range) then | (Fm_out_of range.true)
flag
See note 1
Footprint size| Check resolution (i.e. | Only measurements with | SSS retrieval is performed
major axis length) of Resolution < with selected measuremen

footprint

Tg_resol_max_oceanare
used in the retrieval. Flag
others

(Fm_resol.falsg

Set counters for the
measurements not used d
to this excess of resolution
Dg_num_high_resol

ue

L1 flags: Grid
points

Grid points are
classified by L1 as

Three counters will allow
knowing how many

1) Grid points outside EAF
_FOV will not be processe

e

position belonging to Alias Free| measurements of each typ€if any)
within Field | FOV, Extended AF have been recorded for a | (FmL1c_af fov.true)
of View FOV and (being inside)| grid point 2) Measurements outside
near the border of it Dg_af fov AF_FOV may not be used
The definition of border| Dg_border_fov (FmL1c_af fov.false) A
will be configurable. switch is to be implemente
First approach considers for activation in case these
30 km measurements appear to
of too poor quality
3) Border measurements 3
rejected
(FmL1c border fov. true)
L1 flag: RFI L1 will not apply a RFI | Affected measurements | Measurements will be
static mask (difficult will be flagged and a marked with L1_RFI flag
due to being angle counter for the grid point | (Fm_L1c_RFl.true) but
dependent) but build a | incrementeddg RFI_L1 | this will not be considered
table that will be further to discard data (done
filled through outliers detection)
Possible Test applied to measuredf Th > Tbflat + The measurement is flagge

presence of
ice

on grid points within
monthly climatological
maximum extent of sea
ice and SSTprior <
Tg_Low_SST _ice

Tm_DT icethen the
measure is considered as
possibly contaminated by
ice

(Fm_suspect_ickand a
counter for the grid point is
incremented
(Dg_suspect_icgto be
used later in the percentag
comparison to the threshol
Tg_suspect ice

Outliers

See description of test

in For each autlie

Outliers are flagged and n¢
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section 3.4 measurement a counter is| processed
incremented for the grid | (Fm_outlier.true)
point (Dg_num_outliers)
Sun L1C will provide At L2 Sun glint IFREMER | Measurements flagged wit

contamination

information on sun
contaminated
measurements through
the Fm_sun_fov and
Fm_sun_point flags.
These issummarized in
unique
Fm_Ll1c_sun.trueand
counters set for the
point Dg_sun_tails,
Dg_sun_glint_area,
Dg_sun_glint_fov

model will be applied and
measurements will be
classified as no glint, low
glint, medium glint, high
glint using two booleans
&m_low_sun_glint
Fm_high_sun_glintand
three thresholds
(Tm_high_sun_glint,
Tm_low_sun_glint,
Tm_medium_sun_glind

Fm_L1c_sun.truewill not
be processed
Measurements classified a
L2 as sun glint
contaminated with intensity
aboveTm_sun_limit (that
can coincide with the low,
medium or high thresholds
will be flagged
(Fm_sun_limit.true) and
not processed

Counters for discarded
measurements as flagged
Llc and L2
Dg_sunglint_L1,
Dg_sunglint L2

=

in

Moon glint

Check angle between
Target to Moon
direction & specular
direction

Flag if angle less than
Tm_angle_moonand
increment a counter
Dg_moonglint

Not process flagged
measurements
(Fm_moon_specdir.trug

Galactic noise

Check galactic
background error maps
(potential error due to
strong sources and errg
due to the
centrosymmetrical WER
assumption), check
convoluted polarization
maps (Q_CSWeF &
U_CSWeF)

1) If quadratic sum of all
errors greater than
Tm_max_gal_noise_error
r2) If galactic noise greater
thanTm_high_gal_noise

- 3) If |Q_CSWeF| greater
thanTm_gal_noise_polor
|U_CSWeF| greater than
Tm_gal_noise_pol

1) If wind speed is below
Tg_WS_gal, flag and do
not use measurement in th
retrieval
(Fm_gal_noise_error.
true) and increment a
counter

Dg_gal noise_error

2) Flag
(Fm_high_gal_noise.trug,
and countDg_sky)
measurements with
specular direction toward 3
strong galactic source

3) Flag
(Fm_gal_noise_pol.trug
and count
(Dg_gal_noise_pal
measurements with
specular direction toward 3

|

|

polarized source.

All measurements that have successfully passetstie described in 3.2 will be
flagged withFm_valid (see diagram in page 32) and used for the SS8vatin the

concerned grid point. When the Measurement disoation concludes that in a grid point no

retrieval is performed, the corresponding fieldshie Output Product will be set to default
(clearly differentiated) values.
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Note 1 In the three cases (Tb out of range, possiblsgmee of ice, outliers detection) where
measured Tb has to be compared with modelled valogsr the same configuration
(viewing geometry, sea surface conditions) we Hawkeal with values at antenna level
(measured) and values at surface (modelled). Tpldgynthe tests we can just perform the
tests with Th+Tv (first Stokes parameter) and usimegdefault roughness model plus
simplified corrections (atmospheric, galactic) thdlt allow a clear identification of
measurements to be discarded, although not prayidgh quality modelled Th and Tv for
SSS retrieval

3.3 General diagram

In the following diagram the conceptual applicatafrihe measurement
discrimination is schematised.
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Classification of grid point:
grid point |
gLand: glee: ,

g Ocean: c 0 ] inside land ECMWF_|_ce_concentrat|_on

' ' ' &) IS TEEIL OEZEN - > Tg_ice_concentratiof
grid_point outside Tg_dland2| | poyveen Tg_dlandl and Tg_dland? Fg_sc_land_sea_coastl.falsd 19_lce_
Fg_sc_land_sea_coastl.true| | £y s jand sea_coastl.true Fg_sc_land_sea_coast2.falsdg Fg_sc. ice.true
Fg_sc_land_sea_coast2.fa Fg_sc_land_sea_coastz.trl | -

—— No retrieval

g Coast_Land : — — _
between coast and Tg_dland]| No retrieval || 9 Missing auxiliary data :

g suspect _ice :

if (grid point within monthly climatological maxinm extent of sea ige issi
argg SSF')I'prior<Tg_Iow_SS¥I'_ice and g']I'b>beIat +Tm_DE it Fg_sc_land_sea_coastl falsg Eg I\c/l::/r\llFEgi/le\/?/?:d )? ?atl?semlssmg
Tg_suspect_ice% of cases) Fg_sc_land_sela_coastz.true _Cti_ _| .
Fg_sc_suspect_ice.true I No reireval No retrieval X
g Heavy rain - -
If ECMWF rain in 4 ECMWF pixels > rainfall_threstubl Keep in output produc_t desc_rlptors on number ofsueaments used
Fg_sc_rain.true = or examinated for the inversion:
- I Dg_ af fov
g Sea surface type Dg_ border_fov (counts measurements not used inr&i88val)
several flagson SST, SSS, wind, sea state develop Dg_num_high_resol (not used)
[ Dg_num_outliers (not used)
_Select measurements  to Dg_RFI_L2 (not used)
inverted (see Inext figure) Dg_RFI_L1c
Number of measurements used in the inve Dg_suspect_ice
Fg_ctrl_num_meas_lowif low number Dg_ gal_noise_error (not used)
Fg_ctrl_num_meas_mintoo low, no inversion Dg_gal_noise_pol

Dg_ moonglint (not used)

[

Number of flagged measure above thres Dg_sunglint_L1 (not used)

Fg_ctrl_many_outliers Dg_sunglint_L2 (not used)

Fg_ctrl_sunglint Dg_sky

Fg_ctrl_moonglint Dg_num_meas_valid

Fg_ctrl_gal_noise

Fg_ctrl_gal_noise_pol Grid points used for inversion are flagged with _ctrl_valid.true
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Selection of measurements to be inverted:

g Ocean:

grid_point outside Dland2

m:
If
Resol>Tg_resol_max_ocean
Fm_resol.true

m:
If
Resol<Tg_resol_max_ocean
Fm_resol.false

g Coast_Ocean :
grid point between
Tg_dlandl and Tg_dland

L4

m:
If

Resol<Tg_resol_max_ocean
Fm_resol.false

m:
If
Resol>Tg_resol_max_ocean
Fm_resol.true

Im not used in the inversion|

\Out of range :

Fm out of range.true

lnot used in the inversion

If

Point inside border
Fmllc_border_fov. true
(Point outside AF-FOV
FmL1c_af fov.false
not used or weighted)

Sunglint :
Fm_high_sun_glint.true

|
Outlier :
Fm_outlier.true
Fm_L2_ RFl.true

Sun L1 :
Fm Llc sun.true

Galactic noise error

Moon contaminated :
Fm_moon_specdir.true

if GN_error>Max_GN__error
and WS below threshold
Fm_gal_noise_error.true

/

32

Inot used in the inversion

Fm_out_of range.false
Fm_resol.false
FmL1c border_fov.false

m_outlier.false & Fg_ctrl_suspect_RFl.true
Fm_L2 RFl.false & Fg_ctrl_suspect_RFl.false
Fm_L1c_sun.false
Fm_sun_limit.false
Fm_gal_noise_error.false
Fm_moon_specdir.false

thenFm_valid.true

Flags to be kept in the product but not used faelsior
decision (baseline):

FmL1c af fov true or false

Fm_low/high_sunglint true or false

FmL1c_ RFI true or false

Fm_high_gal_noise true or false
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3.4 Outliers detection

3.4.1. General approach for outlier detection

Measurement out of range: Detection of erroneoussarements (Tb) in a grid point.

Test : Comparison of each Tb measurement to onelnaod removal of Tb if:
abs((Tbmeas-Tbmodel) - median (Tbhmeas-TbmodehpigoTb

With: median computed using all Tb measured at saoteisation in the grid point
nsigtypically equal to 5 (may be adjusted)

oTb=V [(oTb_radiometric_noiséij2 + (oTb_modeI)**z]

oTb_model being an estimate of the error on the iinode

(first try: oTb_model =0.5 . Through at nadir i.e. 50% errorrmughness component; about
2K noise at 10m/s; a 0.2K increase gt b for a 2.5K radiometric noise)

Advantages of this method:

-median is a robust estimator even with small nunobeneasurements

-mean biases (model or intrument biases) removed

-Take into account corrections for atmosphere,agi@laoise, incidence angle variations
etc...

-When detecting Tg_num_outliers_max% of bad Th gnid point, flag the grid_point as
‘possibly contaminated by land, ice or rain etiout do the SSS retrieval with the remaining
Tb

3.4.2. RFI detection/mitigation

RFI over ocean areas (DEW line around the Arctrcl€j emissions from Island military
bases such as Ascension Island, long range cordationirfrom land based sources, etc) can
have considerable impact on BT values. DetectidrRFidfoutliers in the L20OS processor is
performed by a two-step algorithm which first idéas grid points at risk of RFI
contamination, and then applies a reduced outiir@shold to all measurements on these grid
points. This algorithm is known to be sensitivetber sources of contamination (eg land and
ice), and is therefore applied only in ocean afaafom land (>200 km). The RFI detection
algorithm is applied independently for each measerd polarisation.

The standard deviation is computed over the whalelldine and compared to 1.2 times of
the theoretical standard deviation (i.e. the swey all measurements included in the dwell
line, of the radiometric noise and the modelle@®rThe factor 1.2 corresponds to the 99%
confidence interval. In case there is a risk ofieytif the difference between the measured
TB and the modelled TB are higher than 3 time efrddiometric noise, this measurement is
discarded from the retrieval.

33



@ | IcmcsIc SMOS L2 0 [0C: ST N-ARG-GS-0007
il LOCEAN/SA/CETP | Algorithm Theoretica ” '
ARGANS IFREMER Baseline Document EZ;%:Z?’ZArJune 2011

Step 1: identify for each grid point whether thesra risk of RFI outliers.
std_theory¥ (sum(radiometric_noide+ error_on_Th_mod®&l/ number_meas)
risk_of RFI = std(Tbmodel-Tbmeasuremen®RBl_std* std_theory

whereRFI_std= 1.2 (estimated assuming we have 100 measurentieat39%
confidence interval on std_theory computed frons¢éh#00 stds would be 0.18
std_theory so putting a factor=1+0.2 seems reasenab

Step 2: if risk_of RFI:

for each measurement
if abs(TBmodel[pol] - TBsmos[pol]) RFI_nsig* radiometric_noise
Fm_L2_ rfi.true

whereRFI_nsig= 3 (nsig is reduced from 5, non-RFI outlier détetthreshold)

Dg_RFI_L2 = count(Fm_L2_rfi.true)
if (Dg_RFI_L2/Dg_num_meas_L1c)Bg_num_RFI_mathen
Fg_ctrl_suspect_rfi.true

whereTg_num_RFI_max 50%

Following application of the RFI detection algonthmeasurement discrimination makes use
of one of two outlier tests — this avoids falseedébn of RFI in areas where BT values are
noisy (eg rain, near ice):

if Fg_ctrl_suspect_rfi.true then
if Fm_L2_rfi then
Fm_valid.false
else use non-RFI outlier test
if Fm_outlier then
Fm_valid.false

When detecting Tg_num_RFI_max% of bad Tb in a gaiht, flag as ‘possibly
contaminated by RFI’ but do the SSS retrieval it remaining Tb.

34



ICM-CSIC SMOS L2 0s  |[Poc: SO-TN-ARG-GS-0007

] . . _lIssue: 3 Rev: 7
LOCEAN/SA/CETP | Algorithm Theoretica Date: 22 June 2011

IFREMER Baseline Document Page: 35

ARGANS

3.5. Sunglint contamination
3.5.1. Theoretical description

3.5.1.1. Physics of the problem

Beyond geophysical sources of error, Yueh et dlngliced that the solar radiations pose a
significant challenge for the remote sensing ofancgurface salinity. The sun is indeed an
extremely strong radiation source at L-band, eximgpia time-dependent blackbody
temperature that ranges between 100000 K and 1i@m#, depending on the solar activity
[2] and the next solar maximum is expected in 2048 is 3 years after SMOS launch.

Two distinct mechanisms may contribute to the s@dration intercepted by a radiometer
antenna: one is the reflection of sun radiationthieyearth-surface (sunglitter effects) and the
other is the direct leakage into the antenna. Heespnly focussed on the modeling for the
reflected contamination over the ocean, directamimations being addressed by the Level 1
processor.

In [3a, 3b], it was shown that the centre of the'sglitter pattern will never be located in the
area of SMOS' synthesized field of view. However ¢ixpected range of surface wind speeds
(zero wind is very uncommon) will cause the sulitteg pattern to spread within the alias
free field of view which might contamine the usefutasured signals. More specifically,
frequent pixel contaminations are expected arouintewsolstices when the the centre of the
sun's glitter pattern will lye close to the righard border of the FOV.

Experimental evidences of the sunglitter strongdotp on the passive microwave sensing of
the ocean using L-band radiometers was first gbyeBwift [4] in 1974, who analyzed the
forward scattering of sun microwave radiations fribie Cape Code Canal in Massachusetts.
Data were collected at 1.4, 4.0, and 7.5 GHz foizbatal and vertical polarization at a fixed
nadir viewing angle of 40°. As the sun passed thindhhe main beam of the antennas, Swift
found that the excess temperature due to reflestitzat radiation increased dramatically with
decreasing frequency and was polarization dependibatsun was found to be such a
dominating source at 1.4 GHz that the horizontadijarized component saturated the
radiometer.

As shown by Wentz [5], these sun-glitter effectgimibe modelled using approximate
scattering models to compute the forward scattesfrige sun radiations from the rough
water surface. Sun glitter does not occur freqyentpractice. However, when it does, this
phenomenon may have severe effects on the brighteegperature signals measured by
spaceborne L- band radiometers.

If an incremental rough sea surface atAdocated within the MIRAS antenna field of view
is illuminated by the sun radiations along the ctian of the unit vector, , part of the

intercepted energy might be scattered in the doeg, i.e., toward the radiometer antenna.
The solar energy scattered d¥ in the directionn, at timet is represented by the
radiometric temperatureg (i, t , yiven for h and v-polarization respectively by:
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where c°m,c°w,0%n ando’n, are the bistatic scattering coefficients of the serface at
1.4 GHz for HH, VV, VH and HV polarizations, respigely, at scattered direction, and
incident directionn, . The scattering elevation angle is denofedThe integration limits is
over the solid angle subtented by the sun WWe%f is the angular radius of the sun as

viewed from the earth. At 1.4 GHzé?,sun/2 =0.293°, which is 10% greater than the optical

angular radius [6]T . (i t, )Js the brightness temperature of the sun at 1.4 @khe
direction i, and at time.

Equations (1) show that in order to estimate th@amination due to sunglint temperature at
a given SMOS pixel with node corresponding to posil on the earth surface, determined

by the latitudepand longitudey of the observer, and at a given titnéhe following
parameters are needed:

1) n :the direction (incidence and azimuth angleswf radiations at the considered
earth surface position and time Tgaf ,t),

2) f, :the direction (incidence and azimuth angles)ladfervation from MIRAS at
target T=qy ,t)

3) T..(A,t):the brightness temperature of the sun at 1.4 @Hze directionn, and at
timet, and,

4) o°m,0°0°%n ando’n, : the bistatic scattering coefficients of the sedace for
HH, VV, VH and HV polarizations, respectively, @&astered directiori,, incident
direction i, and corresponding to the sea state conditioteaget T=@y ,t).

Parameters 1) can be obtained from accurate epltas@nd parameters 2) are easily
deduced from SMOS observation geometry. The méificulties in estimatingT (r, t, )
therefore consist in providing accurate estimabestfe brightness temperature of the sun at
1.4 GHz and for the sea surface bistatic coeffisian L-band. The brightness temperature of

the sun at 1.4 GHz being considered here as ahayparameter, we ony focussed on the
physical description of the bistatic coefficientsodel.

In the present algorithm, the bistatic scatteriogfficients of the rough sea surface needed in
Equations (1) are estimated using the Small Slgparéximation theory ([7], [8]), which is

known to work well from moderate to high inciderarggles (100 <6 <80 ). The lower
order-approximation (referred to as the SSA-1)sisdihere and is appropriate for both large-
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(the Kirchhoff regime) and small scale (the Braggime) roughness within a single
theoretical scheme.

The calculation yields the following expression dodimensionless scattering cross section

" aa, for scattering of the wave of polarizatiéninto the wave of poIarizatioﬁO:
_ l e—(qk +q| )zp(o)J-J‘{e{(qk +q| )zlo(r)} _1} e{—i (ﬁs_ﬁl ) ‘r}dr (2)

T

zqkqi o
B (A_,A.)
qk +q| 0’0’0 S 1

where (q,,q, )represent the vertical projections of the waveaamscand the kernel

%%, (71, 1)

functions Baa (ﬁs,ﬁi) are given in Appendix of [9]. These kernels azergetric
0

functions of the dielectric constant: we used tha&rKand Swift's model [10] to estimate the
dielectric constant of sea water at L-band.

Here, the functiop(r) is defined by the relation:

(exdiQ(h(ry) ~h(r,)]) = exd-Q*(0(0) - p(r, - 1,))

where <...> means averaging over the space homogeséatistical ensemble of sea surface
roughness, described by the surface elevationlsiig) , andQ = g, + g, . For Gaussian
statisticsp represents the correlation function of roughnesscan be expressed strictly in
terms of a roughness spectrum:

27T

o(F) = j j W(K) exp[i IZ[F] ok

whereW(K) is the directional wavenumber spectrum of the hosgp surface at surface
wavenumber vectok .

In the present work, sea surface statistics isnasduGaussian ang is obtained from the
sea surface spectrum model of Kudryavtsev al. [[bl¢ur approach, the calculation of
0 °aa, is performed using an azimuthal harmonic decomjawsifor the autocorrelation

function. Moreover, to calculate accurately theoaatrelation function, we introduced a
sufficiently dense net on the surface wavenumbetoveplane within the range

107 < k <10° rad/m, applying a uniform step with respectag(k) rather than td.

3.5.2. Mathematical description
3.5.2.1 Simplified scattered solar radiation cdnttions

An additional model simplification is used to esdite the amount of solar energy scattered
by the sea surface and impinging the MIRAS anteWwmassumed than within the solid
angle subtended by the sun as seen from any ofoterved terrestrial targets, the local sun

direction i, is almost constant, so that, at any taiigehe radiometric sunglint temperatures
T (A, a) of a sunglint Stokes vector component, can becqupiated locally at polarization
a, by:
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(1) Q

Tss(ﬁs,t,a) :M[ana (ﬁs,ﬁi)+0'0(mo (ﬁs’ﬁi )] (3)

471C0SH,

where s and ™ are the local MIRAS observation and sun illuminatibirections at target T,
respectivelyQsun is the solid angle intercepting the sun as Beemthe earth, and with

ﬂSUn
420.293° at 1.4 GHz:
Q. = 2/1[1— cosCe, )} =82x107° s

To evaluateT (fi,,a )using equation (3) at a given earth position ame tone need the
following parameters as inputs:

1) [9i : ¢{] the local sun angles (incidence and azimuth ahglethe considered earth
surface position and time, given by Tgf ,1);

2) [HS ws] the local observation angles (incidence and attirangles) from MIRAS
antenna at target Tg ,t)

3) T,,(t): the brightness temperature of the sun at 1.4 &tdizat time,

4) the following ocean surface parameters at targéigli=t).:

a) the prior sea surface salinity SSS [psul],

b) the sea surface temperature SST [°C],

c) the wind speed velocity at 10 meter height[m/s], and,
d) the wind directionp, [in rad].

Assuming that the main factors influencing the agrand intensity of the sunglint pattern
will be the sun brightness temperature, the wirdbeity and direction, we assume for the
processor algorithm constant values for SSS=3%pduor SST=15°C.

3.5.2.2 Efficient Implementation of Bistatic scaittg coefficients at L-band

Bistatic scattering coefficients are functions ofeSiables:

« incoming radiation incidence angé

* incoming radiation azimuth anglg

* outgoing azimuth angle,

* outgoing incidence anglé,

» wind speeduo

» wind direction ¢w (towards which the wind is blowing)

In the Level 2 processor, bistatic scattering doedifits are calculated based on Look-Up
Tables (LUT). From LUT size and generation pergpest it is impractical produce a LUT
directly as a function of the six previously listeariables. Therefore, we make use of an
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efficient implementaion of the lookup table forthaisc scattering coefficients in which we
have separated the dependency on wind direction fine@ dependencies on other variables,
without introducing further approximations. As digd in [13], the 2-fold integration (2) can
indeed be reduced to a 1D integral using azimutaahonics decomposition of the integrand
in polar coordinates. Using harmonic decompositmirthie bistatic scattering coefficients,
we can write

Umo(ﬁs,ﬁ,wo,m)ziagg (i 1 FO2M(Dsi—gh), (4)

where we have explicitly included the dependenabdefinal scattering coefficients on
the wind speedto and wind directionpw and where the scattering coefficient harmonics

oM (6,¢z—@BG\wo) are independent of wind direction. Moreover, thesenonics only depend

on the incoming and scattered radiation incidemgges, the wind speed, and difference
between the incoming and scattered radiation anirangles. The angl®si is the angle of
the difference between the scattered and incidemewectors, and can be written as

. o Oy \_, 4 sinésing+sindsing
®si(Bg)tan '(quj—tan l(sin&cos;msin&cosrp)’

Thus, switching from vector notation to angles,caa write the scattering coefficients
as

Oaao (O G0 ,@@,mo,m):iagpo (82—, 8s 0 LOLM(Psi—gh), (5)

For processing issues, we provide a four dimensiokup table for the harmonic
coefficients gi)) (6,—@& o ) for even azimuthal wavenumbers m=0 through 10 on a

discrete grid.

An interpolation method is then needed to inferlitstatic scattering coefficients
harmonics from the LUT. It is found that linearargolation introduces artifacts in all
dimensions, but especially in incidence angle dsiers whereas a cubic Hermite
interpolation method remove these problems. Thelidsa behind the method is to ensure
continuity of the first derivative of the interptitag function. To accomplish this, a four point
stencil along each dimension surrounding the imt@tpon point is required, so in four
dimensions we obtain a 256 point stencil, but thieire of the method is such that one can
compute the coefficients once for all harmonics ane the weights, saving a large amount
of processing time.

To implement the method, we apply the interpolaioheme separately along each of
the four LUT dimensions and then combine all ofwheghts into a set of 256 weights. In a
given dimension, we consider the four nearest pdirg., the stencil) surrounding the point
at which we desire a value, say We assume that these points can be writtexx-asx,

X1, and X2, wherex is betweenx and x-1. Next, we assume that our interpolating
function is a cubic of the form

p(u)=a+bptcpetdis, (1)
where

X—Xk
'u_ Ai+1—Xk (2)

and the coefficients depend upon the discrete inmetalues at lookup table grid
points. In the actual implementation, for a giveterpolation location, a weight for each the
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four stencil points is computed based on the vafug , which by definition ranges from 0 to
1. If we define

20=2 ,u3—3,uz+1
3 2

3 2
=2+ 3
then the weights for the four surrounding poines ar

\Nk—lz—%éh
w=ao-La

2 4
Whi=a+5a

V\k+2:%82

and the final expression for the interpolated vaupoint x is
k+2

pOO= > Wy, (5)

=1
wherey; are values from the lookup table along the giviemedision.

Near boundaries, where the stencil exceeds thedaoyiof the lookup table, zero
normal gradient extrapolation is applied along eafcie four LUT dimensions, so that it is
assumed that lookup table values extend beyonthlie boundaries with the values at the
boundaries.

As a final step, one need to implement the sum theeharmonics, given specific
values for the incoming and scattered azimuthssand direction. As it has been found that
only the first few harmonics contribute significlgrio the scattering coefficients, the sum is
over only the first six even harmonics (includingwegnumber 0), so that the processor shall
computes

Ouco (Qo@q&,&,wo,m):iagﬂo (63—, o LOL2M(Dsi—w).

3.5.3. Error budget estimates
Main sources of errors in the estimationTof(ri,,a using Eq. (3) will be

v Errors on the estimation of the bistatic scattedagfficients of the sea surface at L-
band, and

v Errors on the estimation of the sun brightness teatpre at 1.4 GHz the SMOS time
of acquisition.

An estimate of the errors on the modelling of tistdtic scattering coefficients of the sea
surface at L-band can be based on the errors asstmaptotic electromagnetic, namely the
SSA-1 approximation. SSA-1 gives qualitatively eatr3D bistatic scattering coefficient
when compared to exact numerical simulation udnegMethod of Moment with a general

40



ICM-CSIC SMOS L2 0s  |[Poc: SO-TN-ARG-GS-0007

] . . _lIssue: 3 Rev: 7
LOCEAN/SA/CETP | Algorithm Theoretica Date: 22 June 2011

IFREMER Baseline Document Page: 41

ARGANS

agreement between SSA-1 and MoM within 3dB in VM arnthin 1.5 dB in HH

polarizations [12]. In average, SSA-1 overestintéittand underestimates VV so that SSA-1
systematically overestimates the H/V ratio with @am of order +20%. The errors on the sea
surface roughness statistics are difficult to eatenbut will clearly have an important impact
as well.

A complete error budget estimate can not be praWvdighout any estimate of the error on
the auxiliary sun brightness temperature data4aGHz. If it comes out of L1 processor, we
need an error budget on the estimate of that pdearftem L1.

3.5.4. Practical considerations

3.5.4.1. Calibration and validation

Dedicated CAL/VAL activities should be envisagedttte SMOS sunglint model with two
main components:

-an earth-based campaign aiming at measuring pigdise sunglint scattering at L-band
(e.g., experiment similar to [4]), with high-quglitoncomitant auxiliary solar fluxes
measurements at 21 cm as well as surface roughriesmation to calibrate and validate the
bistatic-scattering coefficient models.

-a SMOS-data based analysis. Re-analysis of gitjéld pixels and brightnesses for which
good quality (close in time and space) co-localizexlliary wind and solar flux data at 21
cm are available shall be performed to assesdfibercy of the model.

3.5.4.2. Quality control and diagnostics

Assuming the major source of error in the modell flethe estimation of the sun brightness
temperature at 1.4 GHz, quality control and diagnssvill strongly depend on the accuracy
for that auxiliary data.

If it comes out of L1 processor (without a prioeigphysical input), a complementary quality
check shall be performed for that auxiliary datamgsearth-based solar flux measurements
available at 1.4 GHz. These are available fromtsacker radiometers by the US Air Force,
at Sagamore Hill (Massachusetts), since 1966. Thaybe obtained through the National
Geophysical Data Center at Boulder, Colorado. Tkesa sets also include other solar fluxes
measurements conducted at 1415 MHz since 1988ridiameters in Palehua (Hawaii), San
Vito (Italy) and Learmonth (Australia), and 1GHata are also collected daily at Nobeyama
Radio Observatory (Japan). If high temporal resotusolar fluxes can be obtained, the
closest data in time from SMOS acquisitions shalubed to monitor quality controls, as sun
brightness temperature values might evolve vemyisogintly over short time scales. The so-
called R-components of the sun brightness temperatdeed consist of the second and
minute-duration bursts produced by the active amponents: sunspots (manifestations of
magnetically disturbed conditions at the sun'sdoléssurface), flares (huge explosions on the
surface of the sun) and other transient activityshigh-temporal varaibility of the sun
signals might strongly affect the quality of theviard model estimates.

3.5.4.3. Exception handling

If there is no estimation of the sun brightnessperature at 1.4 GHz output from L1
processor (e.g., sun eclipsed by MIRAS), therensed for other source of that auxiliary
data.
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If some parameter goes out of LUT range during ¢heeval, a flag
(Fg_OoR_Sunglint_dim2_ThetaSun, Fg_OoR_Sunglint3diahi, Fg_ OoR_Sunglint_dim4
_Theta, Fg_OoR_Sunglint_dim52_WS) is raised. Noagxtiation is done and the boundary
value is taken.

3.5.5. Assumption and limitations
First assumption in the model is that within thiédsangle subtented by the sun as seen from
any of the observed terrestrial targets, the |lsgaldirectionn, is almost constant. This is

not a strong assumption. However, it is as welliagsd that the sun brightness temperature
at 1.4 GHz is not polarized and homogeneous witkensolar disc. This is known to be
unrealistic [2] and certainly will limitate somehdte applicability of the predicted sunglint
pattern polarized features.

Another source of limitation is the bistatic coeiint modeling. The SSA-1 approximation is
by essence a first-order small slope perturbatpgr@ach so that it is not expected to
correctly estimate the roughness impact for sefases exhibiting large slopes and most
importantly, large curvature. Therefore, is it estigel to fail in strong frontal conditions
(strong wave-wave, wave-current or wind-wave irdtBoam conditions) and does not account
for breaking wave and foam impacts. Moreover, teesurface state model (i.e. Kudryavtsev
et al) is only accounting for wind seas and shdé@dalid only for wind seas generated by
winds stronger than about 2 m/s and less than $5@ut of these limits, it is not expected
that the physics of air-sea interaction is corgeaticounted for.

Therefore, we do not expect the model to perforrh weresence of either strong swells,
strong currents, very small and unsteady windsedkas stormy conditions. We expect
however that accounting for the impact of waveshendrag coefficients will help better
characterizing the impact of these parameters oghmess.
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3.6 Sea state development

The classification of sea state development at gadhpoint in 6 classes
(Fg_sc_sea_state X, X = 1to 6) is indicated iniged.1 to be done from altimeter data and
ECMWEF wave model. At present there is no estabtisirdested methodology to derive this
information and will be investigated in the frametvof SMOS reprocessing.

As first approach the SMOS SSS L2 processor witllament a flag computation
derived only from ECMWEF data, using three of theikary variables: significant wave
height (Hs), significant wave height of wind waeksw), and inverse wave age)(

For each grid point the fraction of swell will beraputed as (Hs-Hsw)/Hs. The
highest value (1) would mean that there are no wiades, then all the waves are due to
presence of swell. The lowest value (0) correspdodsgnificant wave height only due to
wind waves, then no presence of swell. Establishitfgeshold valu&g_swell for example
equal to 0.5, allows classifying all grid pointssagell dominated (fraction above threshold)
or wind waves dominated (below threshold).

For the inverse wave age two thresholfig (0ld_seaandTg_young_seawill allow
classifying the wave age in three ranges: old, mmadaind young according to the parameter
Q being lower than Tg_old_sea, between Tg_old_sddagnyoung_sea, or above
Tg_young_sea.

Finally the combination of the two criteria allowee definition of the six classes of
sea state development. The corresponding flagseate true according to the table:

Flag set to true Fraction of swell Inverse wave age

Fg_sc_sea_state 1 below Tg_ swell below Tg old_sea
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Fg_sc_sea_state 2 above Tg_swell below Tg old sea
Fg_sc_sea_state 3 below Tg_swell between Tg_old_sea and
Tg _young_sea
Fg_sc_sea_state 4 above Tg_swell between Tg_old_sea and
Tg _young_sea
Fg_sc_sea_state 5 below Tg_ swell above Tg _young_sea
Fg_sc_sea_state 6 above Tg_swell above Tg_young_sea

3.7 Temperature and salinity fronts

The classification of grid points using sciencgé$ldsee 3.1) requires a method to
decide whether a grid point is on the vicinity deanperature or salinity surface front.
Different approaches can be used, and no prefeteasbeen selected during the
development of the SMOS L2 SSS prototype processor.

A provisional solution is proposed in this sectfoom the SST and SSS prior values
used in the iterative convergence step (sectiofh)4.1

A length scale is defined to calculate the horiabgtadient around each grid point
(Radius_front) and two thresholds will indicate a strong gradierSST and SSS values
(Tg_SST frontandTg_SSS_fronj.

1) Point flagged with presence of temperature front

For each grid point, the SST priors correspondinglitthe DGG nodes, which centres
are at less than Radius_front from the concerned, e collected. The differences |$ST
SSTj| for all i,j pairs of collected values are gauted and divided by the distance between
centers gl If at least one of these gradients is above T@_&8nt then the grid point is
considered to be near a temperature front anddbged=fj_sc_SST front is raised.

2) Point flagged with presence of salinity front

The same procedure is applied collecting SSS vandsising Tg_SSS_front as
threshold. The points that have at least one diffee above the threshold are classified as
affected by a salinity front and Fg_sc_SSS wilt&ised.
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4. Algorithm description

In the following sections it is necessary to tak® iaccount that polarised brightness
temperature (of a plane wave measured by a radeshretn be described through the
polarisation vector [d] = [Thn, Thv Tun, Tw] In the Earth reference frame andy{TTyy, Tyx,

Tyl in the antenna reference;

or through the Stokes vector [I, Q, U, V], where:

| first Stokes parameter, is the sum of both perjperfatly polarised §, H-pol + V-pol
(ThntTw oOr T+ Tyy, depending on the reference) and represents tidlgotmwer transported
by the wave

Q, second Stokes parameter, is their differenc@®N-gH-pol (Ty-Thn Or Tyy-Txy), and
represents the linear polarisation oriented inréierence direction

U, third Stokes parameter, is the difference betweear polarisation components oriented
in +45° and -459%; it is related to cross-polarmagiby U = Ty+Tyx = Tavt+Tun

V, fourth Stokes parameter, is interpreted as ifierdnce between left-hand and right-hand
circularly polarised brightness temperature; alaswements indicate that it is negligible at
L-band, so for most applications V is assumed t6.be

Most of times, instead of the Stokes vector, thelifrexd Stokes vector [T Tz, Ts, T4] ([Thn,
Tw, Ugarth Veart] OF [Txx, Tyys Uantenna Vantennd) IS Used, as it is composed by the quantities
actually measured by a fully polarised radiometer:

[modified Stokes vector] #/kBy [<|Exf>, <|E/[>, 2Re<Ey Ey >, 2m<Ey Ey >]

wherel is the radiometer’s wavelengththe Boltzmann constanB thebandwidth, ang the
medium impedance (air).4Eand E are the two orthogonal components of the planeewav

To avoid any misunderstanding with other parametersused throughout
this document we will designate the modified Stokegector by [Al, A2, A3,
A4] in the antenna reference (instead of Level 1 dput[T ., Ty, Ty,]. With
Al=T,,, A2=T,,, A3=2Re(T,,), A4=2Im(T,,)) and [T, T,, T3, T, in the
Earth reference (instead of [Tn, Ty Ugarn, Vearn]). This convention was
adopted as part of the harmonisation activities irL.2 processors
development (see annex: SMOS Ll1c product requireménfor sea surface
salinity retrieval at level 2, 28/4/05%.

45



@ ICM-CSIC SMOS L2 OS Doc: SO-TN-ARG-GS-0007
; j . . _llssue: 3 Rev: 7
LOCEAN/SA/CETP | Algorithm Theoretica _
ARGANS IFREMER Baseline Document E:te.'zz June 2011
ge: 46
4.1. Flat sea

4.1.1. Theoretical description

4.1.1.1. Physics of the problem

The brightness temperature can be expressed aarthef two terms; the brightness
temperature in the case of completely flat seatlh@cdditional brightness temperatuddf)
due to the surface roughness, as follows:

[4-llb]|319! SST SSSI::’rough) = Tb Flat,p (9! SST SSS + ATb (e’ SS-I: SSSI::’rough)

rough, p

The first term is Tb due to the emission of a $la& surface, which is well described by the
Fresnel equations and is polarization dependent @ second term is the increment of
brightness temperature due to sea roughness, waiche described through several
parameters (Rign related to processes that modify this roughrtessthe angle under which
Tb is measured, SST is the sea surface temperidr8SS the sea surface salinity. ,

The brightness temperature is defined as:

T,(60) =e(6) [BST [4.1.2]

where ef) is the surface emissivity at L-Band which carties major information regarding
SSS. Assuming thermodynamical equilibrium, the Kaf€ laws applies and emissivity is
considered equal to absorption, and equal to flectwity.

It can be written, as follows:

e(d,¢)=1-T (@,&,¢,roughnesy [4.1.3]

wherel is the reflectivity, which is dependent on theident radiation nadir angk on the
complex dielectric constant of sea weatde’'+j€”), the azimuth anglep, the roughness and
the polarisation.

In the case of a smooth surface sea, the reflgctiain be calculated straighforward using the
Fresnel reflection laws, and providing an accudigectric constant model.

The Fresnel reflection coefficients R, for eachapghtion, are defined as function of the sea
water dielectric constant and the incidence aragdpllows:
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cosf —+/ & —sin’® 0|2
cosf ++/€ —sin? 9‘
£cosf -+ € —sin’ 6|2
£cosf ++/ € —sin® 6?‘

Therefore Th and Tv for a flat surface are compuaied

ARGANS

Rh=

[4.1.4]
Rv=

Th,, (6, SST SS9 = (1- R(B,£)) [SST

TV, (6,SSTSSS = (1- RV, ¢£)) [BST [4.1.5]

The complex dielectric constant of the sea watdef@endent on temperature and on the
concentration of salt. It can be calculated atfaaguency, within the microwave band, from
Debye (1929) expression:

(s &) _ o
1+iwr GE,
in whichi is the imaginary numbeg,, is the electrical permittivity at very high frequzes,
&5 IS the static dielectric constamtis the relaxation timeg is the ionic conductivity, ang is
the permittivity of free spaces, T ando are functions of the temperature and salinityeaf-s
water, and have been evaluated by Klein and ST T), Ellison et al. (1998) and Blanch
and Aguasca (2004).

E=¢,+ [4.1.6]

After some comparisons and analysis (Camps 2@04; Wilson et al., 2004), the Klein and
Swift dielectric constant model has been agredzktthe model that better expresses this
parameter and is the one presented here.

The termATbyougnis described by 3 different models in sections 4.2,and 4.4.

4.1.1.2. Mathematical description of algorithm

Some of the parameters in eq. 4.1.4 can be expréssmigh polynomial functions of
salinity (SSS in the case of SMOS) in psu (pratseénity units, UNESCO, 1978) and
water temperature in °C

& = (m(O) + m(l)T + m(2)T2 + m(3)T3)

(m(4) + mE)T (5SSFM(E)SSSHM(7)SSS + M(©@)SSS) [4.1.7]

r=(0) +t@T +tQT* +tBT?)

(t4) +tE)T BSSH(6)SSSH(7)SSE +1(8)SSS) [4.1.8]
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o = $S$5(0) + S1)SSS+5(2)SSS +5(3)SSS)
exp(T - 25)(s(4) +s(5)(25-T)+s(6)(25-T) [4.1.9]
—SSgs(7) + s(8)(25-T) +s(9)(25-T)?)))

The values of these parameters are provided in SMGISD document. The present version

considers the model provided by Klein and SwiftAZp but this will be modified if a more
accurate model is available before SMOS launch

The dielectric constargtis computed following equation [4.1.6] and a coaxplalue results.

4.1.1.3. Error budget estimates (sensitivity anga)ys
£, has an error of 20% but this is negligible at Intha

Cox quotes that the ionic conductivity of the seden,o, has an error af 0.03% for
salinities between 30 and 40 psu, which is alsdigibte.

The static permittivitygs, has a maximum per cent error of 0.49 with resfiect
measurements, and an average per cent error of 0.11

The relaxation timet, has been derived from measurement with an acgofaz. 12*10"
and this is the assumed error for that parameter.

Ho’s estimated error fa@' is 0.2%.

Takinge =75 + j42, which is the approximate value of tieettric constant of the sea water
at 1.43 GHz when SSS=20 psu and T=20°C, it théowvislthat the error associated with this
particular choice is:

d¢ 011.15@¢'+de)10

Using the above mentioned valués, = 0.15 ande” = 0.13. Hence, the error in the
brightness temperature with T=293K is

oTb =de*T J0.09 K

4.1.2. Practical considerations

4.1.2.1. Calibration and validation

S. Blanch, from the Polytechnic University of Catah (UPC), is preparing a new laboratory
experiment to compute the parameters that desttrébdielectric constant following the
Debye expression. Results of this experiment vllbed to validate the Klein and Swift
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model. If any change or tuning of the parameteretessary this should be applied to the
model, and the corresponding coefficients file rfiediaccordingly.

4.1.2.2. Quality control and diagnostics

We expect that the SMOS Cal/Val activities will pide, after commissioning phase, further
information on the quality of the model, and if assary new values to improve it

4.1.2.3. Exception handling
There is no particular exception handling in theéhmamatical algorithm except if the
following auxiliary data are not provided by the@pessor or exceed the ranges: SST, SSS,
incidence angles at SMOS pixel. In that case tmepcation could not be done.

4.1.3. Assumption and limitations

The measurements on which the Klein & Swift moded heen based, were obtained from
NaCl solutions and some from real sea water samipéeg measurements were done on the
salinity range from 30-40 psu, which are the mashimon values in the world’s ocean.
However the authors confirm that the model shoeldddid for sea waters that have a
salinity range between 3 and 35 psu. However, amgw model is established and
validated, the SMOS and Aquarius communities agogedsing Klein and Swift.
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4.2. Surface roughness 1: two-scale model

4.2.1. Theoretical description
For a complete description of the model, the reatleuld refer to (Yueh, 1997).

4.2.1.1. Physics of the problem

By definition, sea surface brightness temperaflisen the direction defined by the incident
angle@ andthe azimuth angleis:

Th(B, @) = SST- e(6, @),

wheree is sea surface emissivity aB&$Tis sea surface temperature. Assuming
thermodynamical equilibrium, the Kirchhoff law agd ande =a =1 - I, wherea andl’

are sea surface absorptivity and reflectivity reigely. The so-called modified Stokes
vector is written as

Th 1

— | TV 1 =

Tb = =SsT|| |-T 1)
T3 0
T4 0

whereTv andTh areTb in vertical and horizontal polarisations (herealteland H-pol)
respectively, related to first and second Stokeamaters by =Tv + ThandQ =Tv-Th
respectively, and3 andT4 are the third{) and fourth ¥) Stokes parameters respectively.
Due to the sea surface not being flat, scattendgaed by sea waves slightly modifies the
reflectivity from Fresnel's equations. Consequeritlglepends not only on incidence an@le
and sea water dielectric constant (and in tur®8MandSS§ but also orp and shape of the
surface, i.e. the roughness.

The sea surface is never flat, with roughness gt diéferent scales being created by local
and instantaneous wind and/or distant wind (indyeivell), as well as by wave interactions.
Roughness at sea surface scatters impinging eteatjoetic waves and consequently
modifies reflection from Fresnel’s equation. Numatirigorous solution of Maxwell’s
equations is not considered as they cannot bevextelxplicitely. There is two widely-used
approximated models, the two scales model andafsaked one-scale small slopes
approximation. A simpler approach based on geomepiics (GO) $togryn(1967),Prigent
and Abba(1990)) is discarded for use at low frequency. éijevhereas at high frequencies
(i.e. in the millimeter domain) waves smaller thar(the radiometer wavelengthpve a
negligible contribution and all ocean waves cardigsidered as large-scale, simulations at
21 cm showed that a significant signal is inducedrall scales and that a large part of
roughness-induced signal is not predicted by G@drat et al, 2002b)Noticeably, GO
predicts very small roughness effectTdnat nadir and moderate incidence angles, in
contradiction with observations frorpllinger (1971),Swift(1974),Webster and Wilheit
(1976),Camps et al(2004a) andetcheto et al(2004), as well as those froBtume et al.
(1977) at 2.65 GHz. Note that it is very unlikeiat the observedb variations correlated
with wind speed variations are due to foam onlgaose they were observed also at small
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wind speedVS and the trend was close to lineaWs (in the limit of measurements
precision).

4.2.1.1.1. Electromagnetic model

In the two-scale model, surface is modelled asthperimposition of small waves upon large
waves, roughness scales being parted into smalbagel scales by a cutoff wavelength
Small scales are sea waves whose height is srmapjax@d to\o and large scales are waves
whose curvature radius is large comparekhtoBelow we summarize main elements of the
two scale model oYueh(1997). The reader should refer to the originalgpdpr a complete
description.

To deriveTn, one combines both large and small scales byrnatieg contributions of all

large waves over the slopes domak, (Sy) and weighting contributions by the slopes
probability density function (PDF) of the large veauWP(Sx, Sy)). It follows that

Tksead, ¢) = j j T, 6.9P(S,,S,)1- S, tand)dS ds,

whereP is assumed to be Gaussian, and its width depentleeanean square slope (MSS)
of the large-scale waves, S’x and S’y are the sar&opes along and across the radiometer
azimuth observation direction, respectively. Ldmaghtness temperature for a large wave
(T..) differs fromTo fiat because (1) incidence and azimuth angles are mddcause of the
large wave’s tilting, resulting in local incidenaad azimuth anglgd, ¢), and (2) diffracting
small-scale roughness is present on the large viismce,To is expressed as

Tb,|(a, W) = SST (1 - R’SS(Q, W)) . (6)

whereRss = RctRiis reflectivity of small-scale roughness coveredasie, separated into a
coherentRc) and an incoherenR() component. The incoherent term, that accounts for
waves impinging from non specular direction andtscad toward the radiometer, according
to first order small-perturbation method (SPNRIge(1951)) is written as:

Vonrn T Vivny

ni/2 ) 2n COSH y + y "
9 , = S|n€adga _ I a VW vhv
R ( | ¢f) ,([ -([4I'I cosb, 2Re(yvhhh + ywhv)

2 Irn(yvhhh + yvvhv)

wherey functions are the bistatic scattering coefficiedependent on sea surface power
spectrum of small-scale roughnessjw

The coherent terrRc, that expresses reflection and scattering of tvegp impinging from

specular direction, is modeled using a second anehal perturbation method (SPM2ueh
et al.(1988)). Coefficients derived from SPM2 axugh,1997):

dg, (2)

RY ZRj or g2
o ., % — 2ReRY g7
R.(6.9) = \F%(v) + j dg, j KK Wes(:)| 1 RO (o)*;g(?] dK, (3)
0 | 2im{(R” +RY” Jo P
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Johnson and Zhan@.999) introduce the unified equation that unifg&nd R:

[R[" 0] [RE.)
Ry, = ‘F%(g) + Kk, 'dk," [W(k,"¢) gv Ay = Rv(%‘”') FR. @
0 g, 0
- &,

where the first term is the reflectivity of a fiega W is the surface power spectruka=
2I/Ac is the cutoff wavenumber angfgnctions (p = v, h, 3 or 4) that account for both
coherent and incoherent contribution®Rss, the correction to flat sea reflectivity induced
by small-scale waves. Expanding physical quantitiesFourier series with respect to
azimuth direction, and under the assumption of eyemmetry for surface roughness, one
has:

ORss = ORss,0 + ORss 2 f(2@) (5)
C(k, @ = Co(k) + C2(k) cos(2@) (6)
Op=gpo+ gn.2 f(2() (7)

wheref is cosine function fofv andTh and sine function fof 3 andT4, C(k,¢) = k*W(k,®)
is the 2D surface curvature spectrum. Therefoeepthnidirectional componendiss,0) and
second harmonic amplitud@Rss,2) result from weighted integrals of the respective
harmonics of the curvature spectrum:

_glh,O
) I glV’
R, = [Colk,)| " |dé 8)
kc/kO g 30
_9'4,0_
and
(¢ I
0 I glV’
R, = [Cylk,)| "7 |dé 9)
kc/kO g 32
_9'4,2_

where&= k/ko andg’p,n = gp,n/ are scattering weighting functions givenJdnhnson and
Zhang(1999).

Dinnat and Drinkwate(2004) assessed the relative influence of the uarszales offib

from above weighting functions. Similarly to thelea case, there is a specific range of
wavelengths (i.e. typically arourdd) that contributes most v, particularly wher® is

small. However, significant additional contributsoarise also from various scales especially
at largef. Therefore, good knowledge of roughness is requireaver a wide range of

scales (typically from 1 m to 2 cm).

4.2.1.1.2. Sea surface roughness model

In the following Tb is decomposed as:
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Where Tb flat is Tb modelled for a flat sea andr@iagh is the signal induced by the
roughened sea.

Sea surface roughness is described using a 20ceystaver spectrum/(k,, @), i.e. a
Fourier transform of the autocorrelation functidrsea surface height, that appearRaand
Rssequations and implicitly iRRi, or using 2D curvature spectrudk,¢ that appears in
ORss 0andodRss2 equationsy is also used in the composite model to computetaogle
MSS that defines the slopes probability densitycfiom (PDF) of the large waves (P) used in
Tb equationThere exists in literature many very different wapectrum models (e.g.
Durden and Vesecky985),Donelan and Pierso(i1987),Apel (1994),Yuel{1997),
Elfouhaily et al.(1997),Lemaire(1998),Kudryavtsev et all1999)...). In the following we
focus on DV model as it has been widely used takita Torough at L-band and it simulates
Tbrough in good agreement with campaign measurenpeavided it is multiplied by a
factor2. Table 1 summarizes Irough (=Tb rough,v#digh,h) sensitivity to wind speed, as
found from 2-scale model and DV2 spectrum and eéerivom various campaigns:

Table 1 : Irough sensitivity to wind speed, for win speed above 3m/s: theoretical models without foam
and measurements

dli/dws Incidence angle| Reference
SPM model + 2x 0.45K/m/s 0-50° ESA 14273/00/NL/DC
Durden and Vesecki study
wave spectrum
Hollinger 0.35K/m/s 20-70° (Hollinger 1971)
measurements
WISE measurements 0.4K/m/s 25-55° (Etcheto, Dinnat et al.
May decrease to 2003; Camps, Font et al.
O.3K/m/_s at 55° _ . 2004)
depending on wind height
corrections Camps et a.
2004)
Eurostarrs 0.5K/m/s 21.5 and 38.4° (Etcheto, Dinnat et al.
measurements Assuming 2004)

Mediterranean transit | dTh/dWS=dTvidws
(NB: if it is not true,

dI/dWS should be larger

Cape Cod Canal 0.5K/m/s 23° (Swift 1974; Sasaki,
measurements Assuming Asanuma et al. 1987)
dTh/dWS=dTv/dWS
(NB: if it is not true,
dI/dWS should be lower)

JPL Gulf Stream 0.6K/m/s 40° (Yueh, West et al. 2001)
Flights

TheDurden and Veseckyt985) (hereafter DV) model is a semi-analytic $peu, that relies
onwork byPierson and Moskowitd964) for gravity waves ranges, Bhillips (1977) for
general form in equilibrium range, and that isfitto HH-pol radar data at 13.9 GHz in order
to account for deviation from the Phillips spectrdrhe model is tuned to agree witiox

and Munk(1954) (hereafter CM) measured M%1eh(1997) proposes to multiply the DV
model by a factor 2 (hereafter DV2) to accountdossible underestimation of MSS
measured bZox and MunK1954), as suggested Bpnelan and Pierso(iL987) andApel
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(1994), and to better fit data at 19.65 and 37 GtH&hould be noted however that, if needed,
the multiplying factor is quite uncertain, and Tbgb is directly proportional to this factor.
Upwind/downwindTbr asymmetry is uncertain at L-band: using the emalimeodel for
roughness asymmetry developedueh(1997) from high frequency radiometric data, it is
estimated to be up ©0.4 K at® = 60 andWS = 8 m/s, and very small at moderate
incidence angles. Upwind/crosswind asymmetry iy dependent on the spectrum model.
Elfouhaily et al. (1998) model predicts asymmettyn3es larger than DV2 model (and hence
6 times larger than DV), but still at mas0.3 K forwWS = 10 m/s.

Sensitivity to roughness and model uncertaintyisgidre reported iDinnat et al.(2003a).
In this model, influence of roughness on Tb depeatidhtly onSSTandSSSUsing a
constantSSTover the global ocean for estimating roughnesseffeuld induce an error on
retrievedSSSf the order of 0.5 psu between regions having &8é&ring by 30°C (the SSS
effect is less important as a variation of 7 psib&$ leads to a less than 0.1 psu error on
retrievedSSS (note that in reality, roughness and SST may Ibeeladed especially close to
fronts). Therefore, Tb rough dependence orSST should not be neglected in case &S
retrieval in the context of largely variable SST , as for example for global ocean
measurementswvhere there is a risk to introduce regional biases

05

03 : i i i i i
Vol e

i wmm =

/O (K f(m/)s))
AT o/ (K (i /s))
b

[

_{121'.] 1 20 an 4 30 i) ,U i 20 i) 40 50 a0
incidence angle (%) incidence angle ()

{a) (b)

Figure 1: Sensitivity of omnidirectiondlb to wind speed for (a) V-pol and (b) H-pol and SSI>C, SSS =36
psu, andWsS = 8 m/s. Note that this sensitivity depends/é8, particularly for small wind speeds. Respective
contribution of (dashed line) small and (dottecklimarge scales to (plain line) total signal arkigtrated.

Model for sea spectrum is twice Durden and Vesérégs).

Whatever the sea-surface spectrum model is, wicréased v andTh for most incidence
angles, by the order of a few tenths of a Kelvinrpeter per second (see fig. 1 derived from
DV2 spectrum). Sensitivity ofv varies very slightly witt® up to 30, where it starts to
decrease to reach O close to,%/md to become negative above. Sensitivityloincreases
with incidence angle. These large sensitivity défeces between V- and H-pol are due to the
combination of large- and small-scale effect. Fegliralso report$o roughSimulated taking

into account only one of the two scales domain. Wh®the effect of small scales is an
increase of roughly the same amountvandTh up to 50, the effect of large scales is
opposite in V and H-pol, and very dependenBomherefore, the increase Tiln sensitivity

with 0 results from the addition of both scales effectsengas the decreaseliv sensitivity

at larged translates the increasing relative importance rgfe@cales effects that counteract
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small scales effec@ ~55 being the incidence angle at which both scalestffeancel each
other.

Nevertheless, it is of interest to note thaér most of the incidence angles measured by
SMOS, the major contributors to Tb rough are the snall scales.

In the studies mentioned above, these small sbales been parametrized using WS
assuming a neutral atmosphere (no air-sea tempewifterence), i.e. a unique relationship
between the friction velocity, U*, and WS. Howeieis is usually not the case in the real
world and atmospheric instability may create vasia on the order of 5-10% on U*. Wind
speed, WS, at an altitude z, and U* are classicalbted using the Monin-Obukhov
equation:

WS(2) -u, = 2 {In(ij " w} (11)
K Z0

where y is the surface velocity (i.e. the surface currenty von Karman’s constant
(normally assigned to a value of 0.4), z0 is thegfmess length (often parametrized as a
function of U* and possibly dependent on wave ageyeters), an® is a function of the
stabiility parameter z/L where L is the Monin Obbukength that classically depends on
temperature difference between air and sea, ona®8Dn relative humidity,

-or using a drag coefficient:
U*?/ WS(10mY = G (12)

that depends on the above mentionned parameters.

In Dinnat’s model, when looking at Tb rough as action of WS or as a function of U* for
variations of Cd of 5 to 12%, we observe that Tiiglobetter correlates to U* than with WS :
on Figure 2 Tb rough simulations are presentea f80° incidence angle (for which we
expect the largest influence of both WS and U* beeaof the competitive effect of small
and large scales (Fig.1)): nevertheless the caiwalavith U* is still much better than with
WS and the scatter induced by the varying Cd isgdadess than 0.1K for a given U* (which
is not true for a given WS).

Cd variation of 5 and 12 percent Cd variation of 5 and 12 percent
50deg 50deg
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Figure 2: TbroughO (omnidirectional) at 50degresdance angle in Vpol (bottom points) and Hpol(pamints)
as a function of wind speed (left) and as a fumctibU* (right) simulated for neutral conditiondile points)
and for Cd varying by 5% (yellow and light blue)damny 12% (red and brown).
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Therefore, instead of parametrizing Tb rough vamat as a function of WS only, we
propose to relate them to U*, and to introducertbetral equivalent wind speed parameter
that is the parameter usually retrieved from soatteter measurements.

Since scatterometer is primarily sensitive to Uneaitral equivalent wind speed, WSn, has
been introduced in the scatterometer community éind Tang 1996) that represents the
wind speed that would be measured at 10m heigheiitmosphere were neutral and if the
surface speed was zero:

WSn= u* {In(l—oﬂ (13)

K Zz0

Given air-sea temperature differences and rel&tiveidity observed over various regions of the open
ocean, systematic differences of 0.5 to 1m/s oemresparticular regions may occur between WS and
WSn(Liu and Tang 1996)(e.g. in the equatorial Pacific)

4.2.1.2. Mathematical description of algorithm

Since the model computation is very heavy, a talaf Tb rough will be provided.
Tb rough is decomposed as the sum of an omnidrewail signal plus first and second
harmonics:

ThO+Thlcos,) + Th2cos@e,)
TVO+Tvicosg,) + Tv2cos@y,)
Ulsin(g,) +U 2sin(2¢,)
V1sin(g,) +V2sin(2¢,)

Tbrough= (14)

whereq, is the azimuth angle between wind directigg) (@and the azimuthal observation
angle of radiometer look directiop): @, = @y-@ with all these angles counted
counterclockwise, with origin on x axis (mathemalticonvention).

Tabulations of ThO, Th1, Th2, TvO, Tvl, Tv2, U1, U2 and V2 will be provided, as
functions of incidence angle, SSS, SST, wind spssdming a neutral atmosphere, WSn.
We will assume that Tb rough can be entirely dégcriusing WSn In future versions,
depending on:

-accuracy of ECMWF WS

-possibility of deducing a reliable U* from ECMWFS\and Tair-sea

-sensitivity of Tbrough to WS/U*

we could add dependency on WS.

It is proposed to use WSn components WSx and W8y ECMWF to initialize the
inversion. Wind speed and direction used to init&alld"* values are deduced from WSx
(positive eastward) and WSy (positive northward) as

WSn= /WSX +WSy

@y = arctan(WSy/WSx)

The tabulation will be provided for SSS betweeraB€@ 40 psu, SST between 0 and 30°C,
WSh between 2 and 30 thsand an incidence angle between 0 and 56 degkiéke

Tb rough are set to 0 for WSn=0. For the interpotaof the table, a switch allows to choose

57



ICM-CSIC SMOS L2 0s  |[Poc: SO-TN-ARG-GS-0007

] . . _lIssue: 3 Rev: 7
LOCEAN/SA/CETP | Algorithm Theoretica Date: 22 June 2011

IFREMER Baseline Document Page: 58

ARGANS

between a linear interpolator (following the metltas$cribed in TGRD) and a Hermite
interpolator. The Hermite interpolation resultsainontinuous theoretical error on SSS, but is
computationally heavy. The linear interpolatioraster, but it results in a discontinuity of

the theoretical error on SSS, linked to the noediity of the model for wind speeds of 7

m/s.

If one of the prior values of the retrieved geoptgisparameters is out of the LUT range, or
if any retrieved geophysical parameters goes out)df range during the retrieval, different
flags (Fg_OoR_Rough_dim1, Fg_ OoR_Rough_dim2, Fg_@uRgh_dim3,
Fg_OoR_Rough_dim4) are raised. No extrapolatialore and the boundary value is taken.

4.2.1.3. Error budget estimates (sensitivity angjys

The advantage of retrieving WSn is that it is corapke to scatterometer derived wind speed.
It would be of interest, before launch, to compa@MWF WSn with scatterometer WS, in
order to validate ECMWF WSn, and to decide the oofienagnitude of differences between
retrieved (from SMOS inversion) and first guess BEMWSn that are acceptable.

4.2.2. Practical considerations

4.2.2.1. Calibration and validation

It is likely that the factor 2 applied to the DVesprum will need to be adjusted during the
comissionning phase. Since Tb rough is proportibtmthis factor, the possibility of
adjusting it should be kept.

Extrapolation of the tabulated values must be coptgpwith model outputs to validate the
extrapolation method.

4.2.2.2. Quality control and diagnostics

Values outside the min/max ranges given in theoligh tabulations should be deduced from
a linear extrapolation of the two edge values eftdbulations (since most of the
dependences are close to linear), except for lavdspeed where Tb rough at WS between 0
and 2m/s should be deduced from a linear interjpolddtetween 0 and Tb rough (2m/s). By
default, the roughness correction is always apied ctrl_roughness_M1.true). There is
also the possibility (controlled by a switch baseda minimum wind speed
Tg_WS_roughness_M1) that no roughness correctiapptied in these low wind cases (due
to lack of confidence in the model), and in suckeca flag will be raised
(Fg_ctrl_roughness_M1.false)

By default, no foam correction is applied and g flaraised (Fg_ctrl_foam_M1.false).
However, there is the possibility, controlled bgvétch, that the foam correction is applied
(Fg_ctrl_foam_M1.true). If wind speed is above @shold (Tg_WS_foam_M1) the
correction will be applied.

4.2.3 Assumption and limitations

In the present approach, surface spegdguneglected while studies likE¢lly et al.,2001]
evidence that current speed has an impact on smakéer measurements in case of strong
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currents gradients (equatorial Pacific); this isstilebe studied in the future, including the
best source for this auxiliar information.

Roughness is not necessarily related to local mstémt wind only, and wind effects also
imply its duration and action distance, as wellreespresence of swell. These effects are not
included in the present model but may be includeld* computation.

Additional phenomena are likely to cause noticeatdelification of Th. The first one is
foam, that appears above a threshold wind speéldihase permittivity largely differs from
the one of sea water. During experimental campatgavery difficult to separate roughness
and foam effect so that it is possible that théoiaof 2 applied to DV spectrum is slightly
overestimated but it was not possible using WISE Emrostarrs data to demonstrate that
dependence of Tb with respect to WS was non linegalying that foam effect was weak.
The second one, still to be investigated for L-beatiometry, is the presence of surface
slicks of natural or non-natural origin. Slicks &rewn to damp roughness at specific scales,
and their permittivity different from that of seater might changéo.
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4.3. Surface roughness 2: Empirically modified SS&APM
4.3.1. Theoretical description

4.3.1.1. Physics of the problem

Polarimetric passive remote sensing involves measent of all four modified Stokes
parameters of the microwave thermal emission:

T, 1-r,
T, _T 1-r, )
T - 3
T4 -

whereT, andT, are the brightness temperatures measured by htalzoand vertically

polarized antennas respectively, dadandT, are proportional to the real and imaginary
parts of the correlation between fields in horizbaind vertical polarizations respectively [1].
The second equality follows from Kirchhoff's Lawhigh relates the emissivity of a medium
at constant temperature to the corresponding tefigc(ry, ry, rs andr,) multiplied with the
surface physical temperatufe Reflectivities are calculated as an integral ofdtis

scattering coefficients over the upper hemisphetbe reciprocal active scattering problem

2].

Particular interest in sea surface salinity rensatesing is given to brightness temperature
variations with surface salinity and temperaturewkhe sea surface is assumed smooth. In
that case, it is straighforward to calculate rdflettes in Equation (1) at a given incidence
angle using Fresnel reflection laws provided anueate dielectric constant model is
available at L-band. However, in the various disauss of the Sea Surface Salinity (SSS)
retrieval schemes applied to spaceborne L-bandmseter data ([3]-[5]), it is clear that the
major uncertainty in the required modelling is #ffect of the wind and wave-generated
roughness on the emissivity of the ocean's sudateband. The purpose of this section is to
document one of the three forward models, namay3PM/small slope approximation
(SPM/SSA)” that will provide roughness impactreations in the version of the SSS
retrieval algorithm used at launch of the ESA'd Stwisture and Ocean Salinity (SMOS)
satellite mission.

Analytical and numerical models for the calculatadrihe rough ocean surface polarimetric
thermal emission have been developed [6]-[11], anipthrough application of standard
surface scattering approximate methods to calcslatece emissivity using Kirchhoff's law.
Models based on both the small perturbation me(B&iM) and the physical optics (PO)
approximation has been presented. The physicalsofRO) approximation was shown to
clearly underestimate the sea surface emissivisgations at L-band [12, 13], particularly
in the low incidence angle range (less than ab0t8®). This is mainly because such model
does not account for scattering on small roughakseents. Recent works [8-10] has further
revealed that use of the SPM for emission calcutatresults in a small slope, rather than
small height, emission approximation identicalitattwhich would be obtained from the
small slope approximation of [14], so that the S&av provide accurate emission predictions
even for surfaces with large heights in terms efdlectromagnetic wavelength. Numerical
tests of the SPM for a set of canonical periodifages have confirmed this statement [15].
Moreover, the success of the SPM/SSA in matchingsomed brightness temperature [6,16-
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19] has shown that the technique should be appéidabrough ocean surface brightness
temperature predictions. These results motivatetifee SPM/small slope approximation
(SPM/SSA) for the prediction of ocean polarimethermal emission at L-band.

The Stokes vector of sea surface brightness temypesaobserved at radiometer frequeficy
incidence anglé and azimuth angle relative to wind directigrcan be written:

T(ha.@]  [[1-ROF.8) | [2e(f.8.4)
T.(f.8.9) _T 1_‘R/v(0)(f’6i)‘2 Ae,(f.8.9) )
TL(f.a.q| ° 0 T Dey(.8,9)
T.(1.8.4) 0 ne,(f.8,9)

whereTs is the sea surface temperattRﬁ‘”(f ,8) are the Fresnel reflection coefficients at
polarizationy, and theAe, (f,&,¢) are the first prediction of emissivity changes thuthe

rough sea surface. The physics of the forward proliiere is to estimate accurately the
wind-excess emissivity Stokes vectbe, (f,8,¢ aff=1.4 GHz for the range 48], )

values encountered in L1C SMOS data and for a rahgend and sea state conditions
representative of the global ocean.

The SPM/SSA applies standard small perturbatioarthe predict the bistatic scattering
coefficients of a rough surface, and integratesdtseattering coefficients over the upper
hemisphere to obtain the reflectivities and herrgghiness temperatures. The resonance
behaviours observed in the critical phenomena reffl6] produce a significant sensitivity of
emission harmonics predicted by the SSA to oceagtiescales of order equal to the
electromagnetic wavelength. However, these emidsimmonics are also sensitive (with the
exception of the fourth Stokes parameter) to arepgtin ocean length scale much larger
than the electromagnetic wavelength. Use of thd/SBA up to 2nd order produces an
expansion in surface slope, with zero order tempsaducting flat surface emission results,
first order terms identically zero, and second otdems providing the first prediction of
changes from flat surface brightnesses.

The second order terms take the form of an integfralset of weighting functions over the
surface directional spectrum, so that the wind-sx@missivity Stokes vectdre, (f,8,g )

can be expressed as follows using the second Sklgr¥Small Slope Approximation theory
(e.g., see [19]):

e, 9.(f.8. 960K 9
De, | _tF 9,(f.8.9.6.:k 9
De, _H Kwik.a 9:(f. 8. 9.6,k 9) O
Ae4 g4(f’0i'¢?;€sw;k)¢)

wherek = k @ )is a surface wavenumber vectdt(k, ¢ ) is the sea surface directional
waveheight wavenumber spectrug, is the sea water dielectric constant andghleernels
are electromagnetic “weighting” functions giverphsitly in [19].
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Note, that when deriving an asymptotic solutionEd scattering on the rough ocean
surface, a key issue is to determine a tractahtesstal description which specifies the sea
surface geometry on a very wide range of scal@%200 m). In most practical and/or
theoretical studies, Gaussian statistics are agtudraler such assumptions, the solution will
then only depend upon the definition and the sludiplee correlation function. Under
Gaussian statistics assumption, which is used dsntbe present SPM/Small Slope
Approximation theory, the result can be expressectly in terms of a roughness spectrum.
In the present algorithm, we used the Kudryattesd model [21] to estimate the sea surface
roughness spectrultv(k, ¢ ) in Equation (3), which was recently developedeolasn

available field and wave-tank measurements, alatigpiysical arguments concerning the
dynamics of short-gravity waves. These scales imhdegresent particularly important surface
components for emissivity at 1.4 GHz, since thegtgto the so-called “critical
phenomena” regiof20] within which surface components are dominatterers at L-band.

It is important to note that this spectral modeswlaveloped without any relation to remote-
sensing data. Moreover, by using the Kudryattead spectral model, we avoided some
deficiencies of the Elfouhaily et al spectral modglfound by other (problems at the low to
moderate wind speed transition).

In [19], it was shown that using a Fourier expansioEq (3), the wind-excess emissivity
components can be separated out in individual eomsszimuthal terms as follows:

Be,| | 2e,” +2e,” coseqy)

Be, | _| be,” +1e,? cosRy) @

De, - 0e,? sing)

Ne, - 0e,? sin2g)
where theAey‘”) terms represent theh azimuthal harmonics of the wind-excess emissivit

Note that due to the assumption of gaussianitiiensea surface statistics, the solution can be
expressed strictly in terms of a roughness spectRroperties of a directional spectrum

result in no first azimuthal harmonic variationsrigeobtained; introduction of non-
gaussianity is required to obtain first azimuthalrhonics. As second azimuthal harmonics
were measured to be already very small at L-baBdZ2], only the second order SSA/SPM
expansion is considered here and no first azimdntlaahonic variations are neglected.

4.3.1.2. Mathematical description of theoreticah&E3’M algorithm

Thenth azimuthal harmonics of the wind-excess emissiti¢, ™ terms in Eq (4) can be

determined numerically by calculating integralghed products of theth azimuthal
harmonics of the surface curvature spectrdt (k, ¢ ) by thenth azimuthal harmonics of the

electromagnetic weighting functiap .

Typically, the Kudryavtsev curvature spectrum mdd#V(k, ¢ ) is determined as function of
the following geophysical parameters:

e The wind friction velocity U* [m/s],
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* The inverse wave age paramdmxvc\:/—s [dimensionless] for the wind seahereWs
P
is the wind speed module at 10 meter height [mid]@, is the phase speed at the

peak of the wind-sea spectrum [m/s]. Note matVCLS = 27N'S

p g p
acceleration of gravity [m7k andTyis the peak period of wind-sea [s].

where g is the

The electromagnetic weighting functiogiscan be determined as function of
* the incidence anglg at SMOS pixel, and,
* &, the complex sea water dielectric constant, wigdtself function of Sea Surface
Temperaturdsand Sea Surface SaliniB8S

Therefore, the mathematical description of the 3&#&hness brightness temperature
corrections includes 4 major parts:

(1) A five-dimension Look-Up Table (LUT) of thae,™ coefficients.

Two options for the look-up table are possibled®ivs:

Option T LUT1 as function of
» the neutral equivalent wind speed WSn [m/s],
» the inverse wave age parameer
e the incidence angl§ at SMOS pixel,
* the real part o, and,

sw?

» the imaginary part ot,,.

Here the neutral equivalent wind speed is relatetie friction velocity U* by

*
WSn= U—{In(%ﬂ where k is the von Karman constant and z0 isdabghness length.
K z

Or

Option 2 LUT2 as function of
» the neutral equivalent wind speed WSn [m/s],
» the inverse wave age parameer
e the incidence angl§ at SMOS pixel,
e the sea surface temperatdidK] and,
» the prior sea surface salinity SSS [psul].
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Since¢,,, will be already calculated by the flat-sea surfexeule of the processor, it may
seem advantageous to use the LUT dimensioned hjigtextric constant. However, the

relationship of the dielectric constant to SSS 884 is such that for typical distributions of
SSS and SST a large portion of the LUT will be waliand therefore it is not practical to use
this approach. Therefore, for the processor we shoption 2 and discretize by SSS and
SST, and use the same dielectric constant modglused in the processor.
Parameter or variable ranges

* For the neutral equivalent wind speed WS#: 80 [m/s],

« For the inverse wave age parameter for windxe@d5->2.5 [m/s],

* For the incidence angl@ at SMOS pixel [degrees]-® 75°

» For the sea surface temperatiige 269.15> 309.15 K

» For the prior sea surface salinity SSS 2> @0 psu

* For the azimuth angle relative to wind directipifin rad] : 0> 2mt
» For the real part of the dielectric constelg} [no unit]: 65> 90

* For the imaginary part of the dielectric const&}, [no unit] 0>100

(2) A multi-dimensional interpolation step.
Given the four values of the "geophysical” auxyjigrarameters estimated at a given SMOS
pixel, namely WSp Q;, Real(g,,), Imag(g,,) where Real and Imag denote real and

imaginary parts (respectively, u;, Ts; and SSS), plus the series of incidence angles
(8-=1,...n) associated to the L1C product considered, eatimterpolation is performed from

LUT2 to evaluate the values dfeyi:l__.’N(”) , the underlying multidimensional functions

Ae ™ at the pixel considered.

(3) Total roughness-induced emissivity correction.
From the value of azimuth angle relative to wincediiong estimated at the pixel [in rad],

the total wind-excess emissivity Stokes vectomiswated using Equation (4).

(4) Total roughness-induced brightness temperaiomection.

From the estimated values of the total wind-exessssivity Stokes vectors for each L1C
incidence angles, the corresponding brightnesseeayre changes are derived by
multiplying the results by the sea surface tempeeadt the pixels; [K].

4.3.1.3. Error budget estimates

In Figure 1, we show the comparison between cugrentilable experimental data collected
at L-band over water surfaces [4; 13; 22; 25-2%] tre SSA/SPM model predictions of the
wind speed sensitivity of surface emissivity atrdl & polarization. The figures reveal that
the model emissivity dependencies with wind speedraagreement with the data to roughly
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about +5 x1d, in both vertical and horizontal polarizationsisitranslates into an error in
brightness temperature of about 1 K at SST=15°CVéB8d7 m/s. Note that this is a very
maximized error estimate. In general, the mod&usd to correctly reproduce the averaged
trends observed at both polarization also it ofieghtly underestimates the data, particularly
in V-polarization and around nadir. Discrepancieghhbe due to either foam, currents,
slicks and swell impacts not accounted for in tleelet or to radiometric uncertainties in the
experimental data (see error bars given for sontkeoflata). It is however expected that
using auxiliary wind friction velocity data, a meas of wind stress that implicitly carries a
response to near-surface phenomena, instead ofspe®t at 10 meter height, shall improve
the error budget estimate.

There is no evidence of clear azimuthal/wind digettelated signatures in the few available
measured brightness temperature signals at L-E#®B] so that it is now very difficult to
estimate errors due to the wind stress directipnali

Therefore, we estimate an overall error budgeterréughness correction facthe(d , gs
predicted by the SSA/SPM model (without accountorgvind direction impacts), of about:
Ne (8
Error & (4] +5x107* U, ,
De,(8)

An additional error will be introduced by the mutimensional interpolation scheme from
the LUT table. The error is not provided yet in thafdATBD but will be given later.

Note that no error budget can be estimated fottind and fourth Stokes parameters as no
data as function of wind speed are currently al&elfor validation.
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Figure la : for legend see next figure.
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Figure 1b Comparison between measured and calculatesensitivities of the sea surface emissivity at L-
band to wind speed at 10 meter height as functiorf incidence angle. Figure 1a: horizontal polarisatin;
Figure 1b: vertical polarisation. (*): Cape Code Canal data [13]; M): Data from Skylab S-194 [25]; ¢):
WISE 2000-2001 [22], [26]; 4) : Argus Island Tower data [27]; (¥): Bering Sea Experiment [28]; O):
JPL experiment [4]; (@)EuroSTARRS [29]; (--): predictions from the SSA/$M model at SST=15°C and
SSS=35 psu. Error bars show uncertainties in the da of [13] and [27].

4.3.2. Practical considerations and introduction oempirical method

4.3.2.1. Calibration and validation

Calibration and validation of the forward SSA/SPMissivity model for roughness
correction will be done during the commissioninggd and later-on by perfoming residual
analysis of the future SMOS measurements andg asfarmalism proposed for and applied
to NASA scatterometer (NSCAT), Special Sensor Mi@aee Imager (SSM/I) and ESA/ERS
scatterometer measurements [see 30].

Using in situ SSS, SST and wind (TAO, Argo driftesatellite SST and winds and ECMWF
model winds) and SMOS co-localized data, the fitsp will be to remove the flat sea
surface contribution from the SMOS surface brighsnmperature data (i.e., corrected for
atmospheric, ionospheric, galactic and sunglintrdoution) in order to estimate the residual
Stokes vector of roughness impdst, (6 . The in situ and satellite SSS, SST and wind data
will be the chosen reference. In addition, ECMWA&lgsis winds will be used as a thrid data
source to completely determine the errors via dipielcollocation analysis. The main
objective will be to present observed correlatibasveen regional and seasonal model
roughness correction factofse,; (6 ejrors and nonwind oceanic and atmospheric factors
such as the surface current and sea state. Fotjdtvanmethodology applied in [30], we shall

explicitly take into account the errors in the refece datasets as well as in the roughness
correction factors retrieved estimates. The gaall iome in more accurate assessment of
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bias and variance and less possible systematiawamition that can obscur geophysically
driven impacts not accounted for by the SSA/SPMehod

EMPIRICAL ADJUSTMENT OF ALGORITHM

On the basis of SMOS brightness temperatures aatdrom March-October 2010, we have
undertaken an initial evaluation of the SSA/SPM glatéscribed above, and on the basis of
this evaluation we have introduced a new versiamefroughness emission lookup table. In
doing so we have maintained the same lookup tahletare with the exception of replacing
the friction velocity with the neutral equivalening speed at 10 m above the surface.

To perform the evaluation of the theoretical mode,collected a set of several hundred
Pacific Ocean passes from March through Octobe® 28id we identified all snapshots for
which boresight latitude lies between 55 degS @ahdey)N. We then extracted all SMOS
brightness temperatures within the extended ateesffeld of view for which the x-
component of the director cosine coordinates idlem#an 0.1 in magnitude and for which
the y-component is equal to or larger than theevalunadir. This provides a manageable
subset of data for which the polarization basiatron required to transport the instrument
basis brightness temperatures into surface basipaoents is generally small. More
importantly, this subset of data can be transpdadedte surface basis in dual-pol mode away
from nadir.

We used GPS-derived total electron content to ceeniine Faraday rotation and transported
all brightness temperatures into the surface pa#dn basis. As the period considered
included dual-pol and full-pol mode data, we chwsperform the rotation on (Tx,Ty) only,
assuming that the third Stokes parameter in thlaseibasis is identically zero.

Before performing the rotation to the surface hasessubtracted from the full brightness
temperatures (Tx,Ty) our best estimate of all abations to brightness except for surface
roughness emission. These contributions includadhr@urface scattered celestial sky noise
evaluated using the model described in this doctiaesh evaluated at a wind speed of 3 m/s.

Assuming that the residual brightness tempera@am@sssociated zith surface roughness
emission, we then binned the data by incidenceeaaugil by surface wind speed. We used
bin sizes of 5 deg for incidence angle and 1 m/sviad speed. For neutral equivalent wind
speed we used both ECMWF and NCEP winds in ordebtain a measure of possible
uncertainty in the results. One might supposeubatg buoy winds would yield better
results, however in this case the aim is to okldainughness correction for SMOS as a
function of the surface winds used in the processor

The following figure shows the median residual btigess temperatures as a function of
ECMWEF and NCEP 10-m neutral equivalent wind speedhe smallest incidence angle bin.
The solid curves show results for ascending pashés the dash curves show results for
descending passes.

For comparison we have also plotted the isotropmomonents of the 2-scale model (green
curves; Th=solid, Tv=dashed) and of the SSA/SPM rhdescribed here (black curves;
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Th=solid, Tv=dashed). The median residual curveskgatly concave up with an overall
impact of about 8 K at 25 m/s, so the overall geitsi to wind speed of Th and Tv, based on
the Pacific SMOS data, is about 0.3 K/(m/s) nealim

There is a slight difference between the NCEP a@BM®/F results that amount to about 1 K
at 25 m/s. Note that we have adjusted all curveto roughness emission at zero wind
speed. More important differences exist betweerrading and descending passes, with
differences reaching 2 K at 25 m/s. This cannatelteted to Faraday rotation because at this
incidence angle Th and Tv are nearly equal for lasttending and descending passes (and
they are exactly equal in the isotropic componehtie theoretical model results).

Ascending/Descending Pass Roughness Emission at o°
15—
14—
<13/ Th ECMWF
= 12— Th NCEP
£ 14 —Tv ECMwF
€ 2~ TvNCEP _
2 7
3 6
3
5 3
» 2
2 1
c 0
= -1
2 -2
S -3
4
5

0 5 10 15 20 25
10-m wind speed [m/s]

The results at 32 deg incidence angle, shown bedatibit stronger sensitivity to wind

speed (up to 10 K for Th at 25 m/s) than at naatiiTh and unchanged sensitivity for Tv.

The increased sensitivity to wind speed for Th wittreasing incidence angle and the
unchanged sensivity in Tv is expected based upsthikoretical results shown earlier.
However, we still see strong differences betweeerading and descending passes (up to 2 K
in Th at 25 m/s wind speed).

Both theoretical models clearly overestimate thegghmess emission for Th and Tv below 10
m/s and underestimate roughness emission beyond<20
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Ascending/Descending Pass Roughness Emission Th at 32°
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At a higher incidence angle, 61 deg, SMOS residsiabsv weak sensitivity of Tv to wind
speed up to about 10 m/s followed by a linear imseefrom 0 to 6 K from 10 to 25 m/s. By
contrast, Th increases nearly linearly from 0 td1f8Bom 0 to 25 m/s, so the sensitivity of Th
to wind speed reaches 0.5 K/ (m/s). Both theasktimdels greatly overestimate roughness
emission in Th below 15 m/s and the 2-scale modéétrestimates roughness impact in Tv at
all wind speeds.
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In order to examine the stability of the roughnessduals over time we have evaluated the
residuals on two independence set of SMOS datd: palsses from March through May

2010 and ‘new’ passes from August through OctoB&02The residuals at 61 deg incidence
angle are shown below and reveal less than 1 i€réifice between the two sets of data at 25
m/s wind speed. This, along with the comparisowbeh NCEP and ECMWF winds,
provides an indication of the uncertainty of thegbness residuals.
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Ascending Pass Roughness Emission at 61°
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To assess the impact of using the empirically deteed roughness residuals instead of the
theoretical residuals, we collected a set of sévhumdred Pacific Ocean passes and
evaluated the bias between the SMOS brightnessetatypes and the complete theoretical
and empirical models averaged over the alias-iede 6f view. We collected these biases in
terms of (Tx+Ty)/2 and plotted them as a functidrtime and boresight latitude, and the

results for descending passes from March 1 to Nbeermh 2010 are shown below for the

theoretical SSA/SPM model. Aside from the largeatieg bias in June and July, we can see
areas of large negative biases associated wittmstan the southern hemisphere. These
biases correspond to roughness emission overegiimiay the sum of the SSA/SPM and

foam models.
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When we replace the SSA/SPM+foam model solutiorth Wie empirical model described
above, we obtain the following plot of bias in (Th#/2 as a function of time and latitude.
Aside from an overall change in the bias level, ldrge biases associated with the high-
latitude storms are less evident, which refleatsase accurate modeling of high wind rough
surface excess emission.
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Although the empirical model does generally produmcge accurate estimates of rough
surface emission, the effectiveness of this appragatmited in situations in which the link
between the sea surface roughness and model weed $p affected by the strong temporal
and spatial variations of wind speed, such asanvtbinity of midlatitude cyclones and
hurricanes. In these situations two problems aFsst of all, in these situations the surface
wind fields produced by the numerical weather prgain models such as ECMWEF can suffer
from significant errors in both the positions o tstorm centers (and associated fronts) as
well as the distribution of winds around the stor®escondly, sea state can vary strongly for
any given surface wind speed where the wind chasigesgly in space and time, so that the
emission prediction can be incorrect even if themo error in the wind speed.

Finally, it should be noted, as discussed in tliti@e describing the theoretical model, that
there may be a dependence of the roughness emasi@bative angle between emission
direction and wind direction, but we have not bable to see a consistent azimuthal signal in
the SMOS data as of this writing, and so we cursehtall azimuthal harmonic coefficients to
zero identically.

4.3.2.2. Quality control and diagnostics

As explained in section 4.3.3 below, the SSA/SPMIeh@s not expected to provide correct
results for wind seas generated by winds lessadbant 2 m/s and larger than 15 m/s . This
corresponds roughly to wind friction velocity u*skethan 0.6 cm/s and larger than 0.5 m/s.
The model can be applied as it is at launch foditams out of this range however, we
expect that the CAL/VAL activities will provide &it commissioning phase a variability
estimate at low winds and a residual foam impabigit winds which will be used to
correctly tune the model.

4.3.2.3. Exception handling

There is no particular exception handling in thetreeatical algorithm except if the
following auxiliary data are not provided by th@pessor or exceed the ranges anticipated
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» the neutral equaivalent wind speed [m/s], (whiah lsa estimated fromthe wind
speed magnitude at 10 meter height, the rougheagth, and the auxiliary parameter

“Coefficient of drag with waves C'defined by : u*=,/C, x|U,,|)
» the inverse wave age parame@efor the wind segwhich can be deduced from

. , : 2
estimates of bothJ,, and the mean period of wind wavigs Q =%),
P

» the incidence angle§ at SMOS pixel,
» the sea surface temperatlie
» the prior sea surface salinity SSS, and,

* the azimuth angle at SMOS pixel relative to wingkdiiong.

If one of the prior values of the retrieved geopbgisparameters is out of the LUT range, or
if any retrieved geophysical parameter goes olldbf range during the retrieval, different
flags (Fg_OoR_Rough_diml, Fg OoR_Rough _dim2, Fg_@aRgh_dim3,
Fg_OoR_Rough_dim4, Fg_OoR_Rough_dim5) are raisedxtrapolation is done and the
boundary value is taken.

4.3.3. Assumption and limitations

As discussed above, the empirical model describedeais expected to fail in strong storm
and frontal conditions (strong wave-wave, wave-eniror wind-wave interaction

conditions). Furthermore, we do not expect the rhtmdperform well in presence of either
strong swells, strong currents, very small andeady winds where the link between surface
roughness and wind speed is not direct. We expmeéver that accounting for the impact of
waves on the drag coefficients will better chanapgeimpact of these parameters on
roughness.
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4.4. Surface roughness 3: empirical
4.4.1. Theoretical description

4.4.1.1. Physics of the problem

The brightness temperature can be expressed aarthef two terms; the brightness
temperature in the case of completely flat seath@dbrightness temperatusT(,) due to the
surface roughness:

—_—

[4.4.1] T 0.0(8 1 SSTSSSP ) =T e p(6,, SSTSSS + AT, 6,,SST,.SSSP,uqn)

rough, p (

where the first term isyldue to specular reflection, which is well desadilby the Fresnel
equations. The second term is the increment ohbwegss temperature due to sea roughness
indicated here by a vectofRn, which includes the effect of some of the paransctieat
modify the surface roughness, like wind speed (V¥igpificant wave height (Hs), inverse
wave ageQ)... Furthermore, Jis polarization dependent.

Several models describe this increment gimTa theoretical basis as in the modules 2 and 3.
However, these theoretical models are not fullyl walidated.

This module proposes to use an empirical modelri#sg AT, through several physically
measurable parameters and coefficients which areedefrom measurements.

The most important parameter that affects the roagh of the sea is the wind speed, due to
the stress on its surface and then this is the (aaith usually the only) parameter used in the
description of the sea roughness. However, thisohg not linear with all wind speeds as
shown in several works (Etcheto et al, 2004, laldera et al., 2003).

Miranda et al. (2003), using several wind speediseges recorded during WISE 2000 and
2001 campaigns (Camps et al, 2004, Camps et a2) 2faund large differences between
measured spectra and theoretical fully-developedtsp obtained with the measured local
wind speed. This can produce errors gmflabout a fraction of a Kelvin in both
polarizations with opposite sign (therefore, thegers could be minimized by using the first
Stokes parameter).

This is the case when swell is present, where sarapts of low local wind speed and high
wave height are possible and therefore roughnesaatebe properly described only by the
wind speed.

In Gabarré et al, 2004a, a new empirical modetippsed to describe the increment f T
due to the roughness of the sea as function of gfp@@d and also significant wave height.
That model is derived from WISE 2001 campaign mesasents. Gabarrd, 2004b compares
the behaviour of this model with respect to othedsis which are only dependent on WS,
and better performances are observed when the ggdpuodel is used.
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In Camps et al., 2004 authors have observed tivau#zal variations of the measureg T
during WISE 2000 at 25°, 35°, 45°, and 55° incideangles, and at both polarizations, are
within 0.5 K. However, they can be due to differemibetween calibrations, and the authors
do not think there is any measurable azimuthaladige below 10 m/s. Only during very
large storms (as the case of WISE2001, with a wpekd of 11m/s and very large waves (3
m < Hs < 5 m)), the azimuthal signature has beaemed. However in Yueh et al. 2010,
authors show a dependency @f; &nd Ty on the wind direction at relatively high wind
speeds (more than 14m/s) has been observed ild @dimpaign in North Atlantic. They say
it can represent an increment of 1K at 14m/s ané&&4m/s.

A LUT is proposed to describe thg {dughas function of the parameters. This LUT depends
on 4 parameter$: (incidence angle), WSn (neutral wind speed frommWS components),
@ WS (wind direction) and Hs (wave height).

The model regression analysis will be performedh\aitxiliary data coming from ECMWF
models since such data are globally availablegit temporal frequency and can therefore
maximize the collocation dataset of SMOS and aamilinformation. A comprehensive
analysis of the different error contributions (nyameasurement and auxiliary data errors,
and fitting errors) will be carried out, as wellasorrelation analysis among the different
parameters (notably the roughness ones), to ddrevenost suitable model.

The Tb information to create the LUT is obtainashirSMOS L1b and transformed to sea
surface brightness temperature. The ve@aran comprise any relevant geophysical
parameters, for the implementations that we consiaefollwing parameters will be used,
namely incidence angle, wind speed (WS), wind dimad) and signicant wave height (Hs).

To diminish the impact of yet-unsolved processimmpfems owe to to first levels (correction
of galactic noise, land contamination, TEC, Faraddation, etc) a very restrictive dataset of
valid TB's will be considered; this gives more gatiey and stability to our results, so
diminishing the expected impact on the GMF wheepmacessing is done. However, this
also restricts the range of valid values for oufTl.dnd implies the necessity of
implementing an extrapolation strategy to exteralitof the sampling range.

The tabulation of the LUT will be provided by inetdce angle between 0 and 75°, WSn

between 0 and 50 m/s, wind directipbetween 0 and 360° and HS between 0 and 15m. The
outputs of the LUT areyf, Ty, third stokes vector (U) and fourth stokes ve{¥r

4.4.1.2. Mathematical description of algorithm

To permit a rapid computation of the Th due to tags a LUT has been created to
determine the Tbrough empirically from SMOS L1badahd the geophysical parameters that
describe this Tbrough.

The parameters used as input to the LUT are:
- Incidence angléi at SMOS pixel
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- Neutral wind speed, WSn , computed from its comptby:

WS = WS +WS

- Wind direction, obtained from the neutral composeyt :g=arctan(W$/ WS%)
- Wave Height (HS), obtained from the ECMWF wave niode

The outputs are:
Tbrough_h

Tbrough v
U
\%

Tbrough:

where U is the thirds Stokes parameter and V thetidStokes parameter.

The parameters range as follows:

Dimension Number of Values Units Coordinate Values
Radiometric 76 Deg [0,1,2,3,....A 6 =1
Incidence angle ...73,74,75]
Neutral Wind speed 111 m/s [0 .AWS=0.25 ...
WSn 20][21
AWS=1...50]
Wind direction 36 Deg [0...A¢=10.....360]]
Significant Wave 40 m Hs (m) = [0
height - Hs ...AHs=0.25
8][9 ... AHs=1...15

Since the model is empirical the effect of foamlready included in the computed Thb, so the
foam correction described in module 4.5 is nevdrd@pplied to roughness model 3.

Practical derivation of the empirical TB modulation

In spite of the apparent cumbersome mathematiggaictice the computation of E[]J]is
very easy: for each fixed value @f (vector of the geophysical parameters), all tHaasof

Tb associated to that value pf are averaged together. This implies that an uaicgytor
guantization range on the vectpr must be given, as we cannot expect a precise wlyz
to be exactly repeated ever. Hence, a suitabletigaéion vectorAp must be constructed,
which is defined as the quantization range for edche components ip .

The discretization shown above is based on coretides about the probability distribution
of the geophysical parameters as well as aboutakeoff between lookup table size and
resolution of nonlinear variations of emissivityri@rtions.
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The values shown define the discretization rangesdch geophysical parametérye
consider the n-th range of values afﬁga , given by:

C’, =|p -ap;, pi +op2]
where p?is the n-th value that the parame@ can take, n = 1,..., NandApn,= (pr — ph-1)/2

(when sampling is not uniform this denition is nmemito avoid overlaps). Given this
discretization, the empirical estimate of the Thdulation (i.e., empirical histogram) is then

defined for those representative vall®s We will denote the empirical Tb modulation by
'fb( p); itis given by:

~ 1

o(p,) = N > Tb

i pacy

wheren designates the vector of discrete indexes fagedphysical parameters, and,
stands for the number of points such tigaf Cg

Uncertainty on the empirical TB modulation

The quantization on the geophyisical vecfoi(that allows to pass from continuogisto a
discrete collectionp,) will forcefully impact our estimate of Tb modulati. We can

evaluate the impact of the quantizations by conmgutihe conditioned standard deviation of
Tb by p, denoted byo;,, § )which is theoretically given by the following faula:

o’n(Py) = [dTb Tb p(THP) - E[THp|

Again, the practical computation of the conditioségndard deviatiow, p( 5
straightforward, as it just requires to computezlgtandard deviation of TB dbg , hamely:

() =— S Tb-To(p,)’

i pocy

This conditioned standard deviation provides an mtelestimate of the marginal uncertainty
on the value of the Tb as retrieved using the GMH Litmay happen, however, that the
uncertainty is larger than what we would like. Thisuld imply the necessity of improving
the uncertainties of the geophysical variablesid¢phowever, that even if the uncertainty
on Th may be large, as far as the amount of averdgteds large enough and the sampling
errors are unbiased and independent, the qualityeof UT may still be good. So the key
point is to know the signicance of the LUT.
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4.4.1.3. Error budget estimates (sensitivity ang)ys

In Camps et al., 2004, authors observe that thertainty of the brightness temperature
sensitivity to wind speed is on the order of 0.{nk5) for all incidence angles, when using
the model only dependent on WS. Therefore, for WiB=n1s, the uncertainty of the
brightness temperature & about 1 K. Taking into account the brightnessperature
sensitivity to SSS (0.35-0.8 K/psu at V-pol, an8030.6 K/psu at H-pol), it translates at 10
m/s into aASSS within 1.2-5 psu.

4.4.2. Practical considerations

4.4.2.1. Calibration and validation

Roughness model 3 will be validated comparing SME3S retrieved maps with this
roughness model with SSS maps created with intetpdlARGO data.

4.4.2.2. Quality control and diagnostics

Because of its empirical derivation, the model'suaacy will be degraded for exceptional
geophysical conditions, such as winds above 15ndsaave height above 8m, for which
very few SMOS observations are available.

4.4.2.3. Exception handling

There is no particular exception handling in trgoathm except if the following
auxiliary data are not provided by the process@axmeed the ranges of the LUT

* the wind speedyVS

» the significant wave heighHs

» the incidence angléd at SMOS pixel
If one of the prior values of the retrieved geoptgisparameters is out of the LUT range, or
if any retrieved geophysical parameter goes ol bif range during the retrieval, different

flags (Fg_OoR_Rough_dim1, Fg_ OoR_Rough_dim2, Fg_@uRgh_dim3,
Fg_OoR_Rough_dim4) are raised. No extrapolatialore and the boundary value is taken.
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4.4.3. Assumption and limitations

When a significantly strong rain is present in #@V, the model cannot be applied. This
information will be known from the ECMWF data. Algothe case of presence of surface
slicks, from natural or not natural origin, the rebdill not work properly.

There is the possibility (controlled by a switchat no roughness correction is applied in
wind speeds below Tg_WS_ rougness_M3 (due to lackwfidence in the model), and in
such case a flag will be raised (Fg_ctrl_roughnigisfalse). Elsewhere, the flag is set to
true (Fg_ctrl_roughness_Ma3.true).
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4.5. Foam Contribution
4.5.1. Theoretical description

4.5.1.1. Physics of the problem

Although foam generated by breaking waves typicatlyers only a few percent of the sea
surface, it has a profound effect on the averageawave brightness of the ocean surface [1-
8]. For surface wind speeds greater than 15 masnfmduced effects may provide as much
as half of the total sea surface signature to hitiog microwave radiometer [9;10].

At L-band, WISE [11] and FROG [12] experiments havevided detailed L-band emissivity
measurements of the sea foam over a wide rangeidence angles and salinities at both
polarizations. Although foam as a weaker impadt.4tGHz than at higher frequencies, it
was shown that the presence of foam also increasemmitted brightness temperature at L-
band, since it acts as a transition layer that tsdhe wave impedance of the two media:
water and air. The increase depends on the fraofitme sea surface covered by foam and its
thickness, which can be parameterized in termiefdcal wind strength, but it depends as
well on other factors, such as the air-sea temperalifference, the sea water temperature,
the fetch, etc... FROG 2003 experiments revealedathatsalinity of 37 psu, the foam-
induced emissivity increase is ~0.007 per mm ofrfdhickness (extrapolated at nadir),
increasing with increasing incidence angles atcarpolarization, and decreasing with
increasing incidence angles at horizontal polaopat According to the model developed by
[13], for a 12 m/s wind speed, one should expeetverage a coverage-weighted foam
thickness of about 0.5 cm: this translates to aremse in brightness temperature of about 0.2
Kat an SST of about 15°C. At 20 m/s, the calcafapredicts a 0.5 K increases: this might
have a non negligible impact for salinity retrieaaturacy.

In [12], it was shown that the emissivity modelposed by [14] correctly predicts the
measured foam emissivities at L-band provided saaxdiary parameter describing the
foam-water system are tuned. The purpose of tleisoseis to document this forward foam
emissivity model, which is used here to providenfidenpact corrections in the version of the
SSS retrieval algorithm used at launch of the ESAi§ Moisture and Ocean Salinity
(SMOS) satellite mission.

As proposed by [13], foam formations contributéhte total sea surface brigthness
temperature measured by a radiometer as functimmd speed WS following:

Totoan(f1 0.6, WS =T, [ €amy (, p,§,h) (FWS h)dh (1)
where

« f,pand{ are the receiving electromagnetic frequency, Ea#on and incidence
angle of the radiometer respectively,

*  F(WS, h)is the fraction of sea surface area covered byawaps with thicknedsat
wind speedVS

* Tsis the physical tempearture of foam, usually agsithe same as the bulk sea
surface temperature and,

« e .nis the emissivity of typical sea foam-layer witlickness 4
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This model is used in the present algorithm to pl®@¥oam impact corrections for SMOS. It
contains two submodels: one to parametrize thesivtisof typical sea foam-layer with
thicknessh and the second to model the fraction of sea sudee® covered by whitecaps
with thicknesdh at wind speedVS Both of them are successively detailed hereafter.

4.5.1.2. Emissivity modeling of the foam-water syst

Following Guo et al. [6], it is assumed that foamtbe ocean surface is composed of nearly
spherical coated bubbles described by an outeusadmade of an air core with permittivity

&,, surrounded by a shell of sea water with thickrdessd permittivitye, . The foam

covered ocean is modeled by the succession of theeka: the air (region 0), a foam layer
defined as a region of effective permittivity, with a layer thicknesd (region 1), and the

underlying seawater with some air bubbles (regjowith permittivitys, . Boundaries
between each region are assumed flat.

The emissivity of a typical foam-water system aidence anglé and polarizatiomp= h
(horizontal) or v (vertical) is given by:

etypfoam;p = 1"Rp(6| )‘2 (2)

where the coefficienR, is the spectral reflection coefficient of the folayer medium with
the effective dielectric constaaj, and is given by
Ry (g)e™ +Ry(8)

B> R R (g)R7 ()
p i D i

®3)

wherey is an attenuation factor that depends on the fager thicknessl, the
electromagnetic wavelengthy, and the effective permittivity,,, :

e nd«/ ,—sin* @, 4)

O

Note that for the foam-covered ocean, Stokes 35akies 4 = 0.
In Eq.(3),RY" are the Fresnel reflection coefficients betweendin (region 0) and the foam
(region 1)'
2
RY(8)= cos -sin“ g, (5a)

cos +~/5Na s’ g
and

RY (0) 2 €08(8) =/ &y, —sin’ 6 (5b)
' » cos( +«/£Na sin’@

and R} are the Fresnel reflection coefficients betweemfdregion 1) and water (region 2):
RY(4) = \/E‘Na —sin’(8) —/&, —sin’
" \/s,va —sin? () +4/&, —sin § ’

(6a)

and
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12 Ey Ena —SIN° (8) — Eyan/E, —SIN* 6
RE(8)= : — . (6b)
EyEna —SIN*(8) + EyuE, —SIN° E

Region 2 consists of air bubbles embedded in teammbackground and is assumed to be
absorptive. To solve the previous equations (26 needs to define an effective
permittivity for region 1, namely,, , and for region 2, namely, .
The main parameter of the previous multi-layer entisy model for foam is the effective
permittivity ¢,, of the foam-layer considered. To define this pat@m the well-known
Lorenz-LorentandHulst equations can be used and modified for the polyedsed system
of bubbles. The first formula takes into accodipiole interactiorof bubbles in a close-
packed dispersed system (the quasi static apprawimaThe Hulst equations describe the
contribution of thenulti-pole momendf bubbles into effective permittivity of the syste
Spectral calculations by Cherny and Raizer [15stiat first resonant electromagnetic
effects by Hulst's mechanism occur for bubblesusa#A,/4. At L-band (4,=21 cm), this
corresponds to bubble diameters on order of 10Stroh very large bubbles are extremely
rare at the sea surface and therefore, the mukiypechanism may be neglected at L-band
for which the dipole term might be considered oitythe present work, we use the dipole
approximation model developed by Dombrovskiy anz&g16] to describe the effective
permittivity of the system. It involves the useaomodification of the Lorenz-Lorentz
equation and yields to the following simple formidathe complex effective permittivity
&,, Of a foam-layer [15, 16]:

1+8 e
Ena =%’ (7)

1—5 TiNa

where
o KJA:a(r)pf (r)ar
§Ir3pf (r)dr

andN is the volumetric concentration of the bubble$r) is the complex polarizability of a

single bubble with external radiusk is the so-called packing coefficientsiickiness
parameterand p, (r) is the normalized probability distribution functiofithe bubbles’ size.
In natural media such as foam, the densely pacidaties can have adhesive forces that
make them adhere to form aggregates. This effextasunted for in the model by the

stickiness parametex, which is inversely proportional to the strengthhe attractive forces
between bubbles [17].

: (8)

According to Dombrovskiy and Raizer [16], the coaxppolarizability depends on the
external radius of the bubblesthe complex permittivity of the shell medium (sahter) ¢, ,

and the bubble's filling factar=1-9/r following
-1)(2¢, +1)(1-¢°
afr)=r o )10

(g, +2)(2e, +1)(1—q3)+9£wq3 ' ©
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Experimental measurements on stable foam revealhbaffective permittivity might be
dependent on the vertical position within the fdager, i.e,¢,, =¢,,(z). In the simplest

case, the foam-water system may be modeled asassion of elementary foam-layers,
each of them having a homogeneous effective drdeminstant. However, the exact
dependence of such function with the vertical pmsjtwhich depends on the vertical
distribution of the bubble's size, is very poorhokvn. It is very likely that the vertical
distribution of the bubble's size(r,z) is a function of the intensity and scale of the

underlying breaking event. Moreover it will certigistrongly evolve during a transient
breaking event. Nevertheless, in order to keep@able number of parameters in the present

model, we choose to consider a uniform verticaritlistion of bubbles sizes, (r,z) =p, (r)

within the foam layer.

The foam void fraction (i.e., the ratio of the vwla of air to the total volume of the foam)
depends on the distribution of the bubble's filliagtorg. Therefore, the distribution of
bubbles radip:(r) together with the distribution of coating thickeesf(d) determine the
foam layer void fraction. In the present simplifiesdel, we fixed the value of the shell
thicknessd, but the outer bubble radiuss randomly distributed. According to Dombrovskiy
[18], this approximation reflects an experimenta&$tablished fact for an emulsion layer of
foam (young foam), but it requires verification Bofoam with honeycomb structure (aged
foam). Numerous observations of oceanic bubbledisteibutions are reported in the
literature based on acoustic, photographic, optarad holographic methods [19]. Currently,
it is not clear how to parameterize the ocean sarfaibble size distribution. Following
Bordonskiy et al. [18] and Dombrovskskiy and Rajji€i], we used a Gamma distribution
for the size distribution function of the bubbles

AB+1 5 —a (10)
r(B+1) ’

pi(r)=

whereA andB are parameters of the distribution defined withA/B being the most
probable radius. Finally, to calcul&te a simple physical model based on induced difisles
used. Lets» denote the permittivity of the seawater at L-barif, the fractional volume

occupied by the air bubbles. Then, the effectiveniigivity v, is given by the Maxwell-
Garnett mixing formula [6]:
1+2f y

=¢ , 10
w Sw 1_fay ( )
where
1-&
= _Sw 11
V= v2e, (11)

Note that the effective permittivity, here does not include scattering extinction, wilisch

small due to the fact that the seawater is healasorptive.
According to our simplified model, the emissivityduced by a typical sea foam layer at L-
band is a function of:

e = functiond, p.T,,r,.d.k, f,,d, SSSSST) (12)

a’?

where g is the radiometer incidence angbas the polarizationT, is the foam physical
temperaturer, is the most probable radiug,is the bubble's water coating thicknessis
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the bubble's packing coefficientjs the foam layer thickness, is the void fraction beneath

the foam layer, and finally, SSS and SST are thesagace salinity and temperature
respectively.

4.5.1.3. Foam coverage Model

In [13], it was shown that the fractional sea stefaovered by foam-layers with thicknesses
betweerh andh+dh at wind speedlVS,namely, the terrk(WS,h)dhn Equation (1), can be
decomposed as follows:

dF(WS,h)=F(WS,h)dh= dfWS,h)+ d5(WS,h) (13)
wheredF(WS,h)anddF{WS,h)are the contributions to the coverage of actibegaking
crests or active foam and of the passive foamtaticsfoam formations (see [7] for detailed
terminology), respectively.

The model which is used for these two terms is difisal form of that described in detail in
[13], where the following empirical expression fdF(WS,hwas derived:

dF, (WS h) = [2.9 x10° WSvh Ee_“"‘&mdhj x gt (14)

whereWSis the 10 meter height wind speed,andf; are numerical constants afd is the
air-sea temperature difference. Instead of usirggftiim directly, however, we begin with
empirical distribution functions for foam-generafinreaker length per unit area per unit
breaker speed interval as derived in [13] and teareralize these equations to accommodate
improvement in the foam coverage distributions.

The breaker length distribution function is a madifform of that derived from
measurements of Melville and Matusov (2002),

~ 3 -p4B| &
NA(WSc) = A(vlv_osj x33x107 [& (WS)

where A and B are constants to be specified. This distributiomction differs from the
empirical form of Melville and Matusov (2002) inaihthe exponent is a function of wave age
rather than breaker phase speed.

Using the preceding formulation of the crest lerdjtribution function, we can write the
crest and static foam incremental coverages inderfimvind speed and breaker phase speed
as

dF,(WSc) = {%ﬁi c’A(WS c)dc} x gl@ATAs)
and

dF,(WSc) = {%ﬁz c*’AWS c)dc} x @(@bT=4)
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respectively. The final exponentials in the twovioes equations are stability correction
factors, which have a significant impact on thenfc@verage. The free parameters in these
correction factors are given fixed values. The tamisa, anda, in the above equations are
constants that reflect the persistence time ofdam layers, which is typically much larger
for static than for crest foam.

In the modified formulation, we note that the imoental foam fractional coverage for both
static and crest foam is a function of

* generating breaking front speed c,
* the 10 m wind speed, and
» the air-sea temperature difference.

The parameters andp of the thermal correction factors were determimed. 3] for both
‘crest-foam' and 'static-foam’ by best fitting thedel to Monahan and Woolf [1989]'s
empirical laws [19]. Using a least-square methbd,determined numerical values farand
B are:a. =0.198 andB. =0.91 for ‘crest-foam coverage', and= 0.086 andBs= 0.38
for 'static-foam coverage'.

To compute the total contribution of foam to theaswered brightness temperature, we must
determine the distribution of foam as a functiortlodracteristic foam thickness, from which
time dependence has been removed by assuming#matlayers associated with fronts
moving at a given speed have equal probabilitysifdp at any stage of development. Using
this assumption together with a simple model ferttme dependence of foam layer depth,
we obtain for crest foam the depth

2
g_r* (©) = 04c ,
g

and for static foam we obtain

_ - (2/m-5)
J,(c) = 0dc| 5C | l1-g o .
29

2m

In the above equations, g is the accelerationafigr and c is the breaker phase speed, and
' is the exponential decay time of the foam deptérdhe mean duration time of the
breaking events (nominally taken to be 3.8 s fitngater). These expressions can be used to
transform the differential foam coverage expressioto expressions for the incremental
coverage per unit foam thickness.
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4.5.2. Mathematical description

The total contribution of foam formations to thea seirface brigthness temperature measured
at L-band as given in Eq. (1) will be mathematigabpressed for implementation into the
processor using:

1) Three Look-Up tables (LUTshat will provide (1) the foam-induced sea surface
brigthness temperature (one LUT1 for H and LUT2\fgrolarization) and (2) an additional
LUT (LUT3) that will also provide the total foam-eerage.

LUT1 and LUTZ2 will be provided as function of th@lbwing parameters (with associated
ranges):

e the incidence angl§ at SMOS pixel [deg], ® 75°)

« the sea surface temperatidK], (269.15> 309.15 K)

e the prior sea surface salinity SSS [psuiX310 psu)

* the wind speellvVS at 10 meter height [m/s],© 30 m/s) and,

» the temperature difference between air at 2 m heigth sea surface :
AT=Ts T, [°C] ],(-30 > 30°C*)
LUT3 will be provided as function of the followingarameters (with associated ranges):

e the wind speellVS at 10 meter height [m/s],and,

* the temperature difference between air at 2 m heigt sea surface :
AT=Ts T, [°C] ],(-30 > 30°C*)

LUT1 and LUT2 will provide directly Tb_foam (H or)V expressed as the result of the
integral in Eqg. 1 times SST. The reason why we @i UT3 as well is that in Eq 1, only
incremental foam coverages dF as function of treskrare included and NOT the total foam
coverage, namely F(U). However the processor we#ichthe later to evaluate the total
surface contribution including foam and no-foanfate contributions (flat+rough), as
follows:

Tbsurface(1-F)(Tbfat Th rougk)'*' Tbroam

Note that in the mathematical expressionef®Ps; the numerical values for, the most

probable bubble radius, fa¥, the bubble's water coating thickness, &qrthe bubble's
packing coefficient, and for,, the void fraction beneath the foam layer willassigned

constant values derived by best-tunning the madtie data observed during FROG
campaign [12]. These values are not provided y#terdraft ATBD but will be given later.

2) _Multi-dimensional interpolation schemes

Given the four values of the "geophysical” auxyjigrarameters estimated at a given SMOS
pixel, namelyTs;, SSSWSandAT, plus the series of incidence anglés; (.. n) associated
to the L1C product considered, a multi-dimensidimaar interpolation scheme will be

applied to LUT1 ands LUT2 to evaluate, the valok¥,, ,_, ™, at both Hand V
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polarization. An additional 2D cubic spline intelgmon scheme will be applied to LUT3 as
function of WSandAT, to determine the total foam coverage.

4.5.3. Error budget estimates

Inter-comparison between the FROG measurementoflftje foam emissivities scaled at
100% coverage and the theoretical values compuitixtine model described above &Y7g;
using as inputs the measured foam parameters le@vegerfomed in [12]. The values of the
stickiness parameter, which were not measured during FROG, used imtbéel are the
optimum ones found at each salinity, which in gahgrcreases with SSS as the bubbles are
more densely packed.

The rms error between the measured data and tbeetloal foam emissivity model was
found to vary from 0.008 to 0.017 at H-polarizatiand from 0.011 to 0.033 at V-
polarization. In general the agreement is muclkebett H-polarization than at V-polarization.
At V-polarization, the measured values show a lavgeiation with the incidence angle than
the model predictions, which requires further asialyand refinement of the model. At H-
polarization the agreement is excellent, excefuvaisalinities, where there is a bias between
the measured and predicted emissivites at all @mad angles.

A much higher uncertainty source in the model &\lhnitecap coverage model. Indeed, the
model derived by [13] to parameteriZ@J,h) is constructed to match the empirical laws
derived by [20]. Is is well known that extremelayde scatter in the whitecap coverage data
as reported from one author to the other, whichhitnygeld to uncertainties of 100% to 600
% on empirical fits foF(U,h). However, being the only source of validation wedyatiese
empirical fits shall be used here as the basisfmdeling.

Accounting for an error of 100% in the foam coveragd assuming a maximum coverage of
10%, we expect a maximum rms error budget ondhmfemissivity contribution modelling
of about:

MaX(Rmserror)Hewafh(ei)D < {1'7 xlo_s}

e%s(8) | | 33x10°

This transaltes into about 0.5 K and 0.9 K maxierabrs at H and V polarization,
respectively.

4.5.4. Practical consideration

The model is not expected to provide significanttabution for wind speeds less than about
10 m/s. We could practically consider to performtttorrection only for wind speeds more
than that threshold value, using the measuremeatidiination.

Note as well that when foam correction is apple&MOS Tbs, the foam-free surface
contribution (i.e. flat sea surface+ roughnessexdion) as to be weighted by 1-F(U), the free
foam fractional surface so that F is an outpuhefpgresent forward model.

4.5.4.1. Calibration and validation
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Calibration and validation of the forward foam esivity model for roughness correction
will be done during the comissionning phase, atetdan, by perfoming residual analysis of
the future SMOS measurements and using a formgreposed for and applied to NASA
scatterometer (NSCAT), Special Sensor MicrowavegendSSM/1) and ESA/ERS
scatterometer measurements [see 21].

Using in situ SSS, SST and wind (TAO, Argo driftesatellite SST and winds and ECMWF
model winds) and SMOS co-localized data, the ftsp will be to remove the modelled flat
sea surface and free-foam roughness contributrons the SMOS surface bightness
temperature data (i.e., corrected for atmosphemmspheric, galactic and sunglint
conribution) in order to estimate the residuahfiadenpact. This shall be done in selected
ocean area with strong winds (southern ocean amth Neas). The in situ and satellite SSS,
SST and wind data will be the chosen referencadttition, ECMWF analysis winds will be
used as a thrid data source to completely deterthaerrors via a multiple collocation
analysis. The main objective will be to presentesbaed correlations between regional and
seasonal model predictions of the foam correctatofs errors and nonwind oceanic and
atmospheric factors such as the surface currensemdtate. Following the methodology
applied in [30], we shall explicitely take into acmt the errors in the reference datasets as
well as in the foam correction factors retrievetineates. The gain shall come in more
accurate assessment of bias and variance anddssible systematic contamination that can
obscur geophysically driven impacts not accountedy the foam model.

4.5.4.2. Quality control and diagnostics

As explained in section 4.5.5 below, the foam adro® model based on fixed geophysical
parameters (bubbles radius, stickiness factors,)ethich might generate biases on the
estimated correction.

The model can be applied as it is at launch buexpect that the CAL/VAL activities will
provide after commissioning phase a possible tufonghese parameters.

4.5.4.3. Exception handling
In presence of very stormy conditions (Hurricake Kituations) it is likely that high foam
coverage will be associated with high rain ratemrf correction in that case would be non-
physical if no atmospheric correction to accoumtréon absorptivity is also provided by the
processor.

If some parameter goes out of LUT range during ¢heeval, a flag
(Fg_OoR_Foam_diml WS, Fg_OoR_Foam_dim2_TseaAirDB& Foam_dim3_SSS,

Fg_OoR_Foam_dim4_SST, Fg_OoR_Foam_dim5_ThetajsisdaNo extrapolation is done
and the boundary value is taken.

4.5.5. Assumption and limitations

*: Note that there is no impact of stratificatiomen atmopshere is stable, i&T, <0 so that,
the tables will be computed only for ranges wheteas an impact and where the model is
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thought to be valid, i.eAT: 0 = 15°C. Out of this range, the LUTS will duplicatelwes at
extreme borders of the validity range.
A strong limitation may come from the fact that themerical values for, , the most

probable bubble radius, fér the bubble's water coating thickness, Agrthe bubble's
packing coefficient, and fof;, the void fraction beneath the foam layer aregaesi constant

values derived by best-tunning the model to tha daserved during FROG campaign [12].
This is a strong assumption, as these parametsad\yckvolve as function of the synoptic
wind and wave forcing conditions.

This foam contribution can be applied to the Thglmess correction modelled according to
modules 4.2 or 4.3 (it has no sense in the empotion 4.4). A switch will be established
for selection (based on a threshold for wind speed)a flag raised to describe if foam
contribution has been taken into account (Fg_adnf MX.true, X=1,2).
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4.6. Galactic noise contamination 1

4.6.1. Theoretical description

This section has been written with the helpL&f\{ine and Abrahan2004] and Delahaye et
al., 2002]papers.

A new approach (Galactic noise 2) to the celesksglglitter correction has been proposed in
September 2006 and included as section 4.7. Thalistio case of a constant galactic noise
of 3.7 K (Galactic noise 0) is also used in a mdliist model (see section 4.10).

4.6.1.1. Physics of the problem

At L-band, radiation from celestial sources is str@and spatially variable; they have been
reviewed byDelahaye et al(2002),Le Vine and Abraharf2004), and associated corrections
needed to interpret L-band radiometric measurentes been thoroughly describedlzy
Vine and Abrahan2004). Radiation originates from three types afrses. The hydrogen
line emission corresponds to a hyperfine atomigsiteon in neutral hydrogen: the radiation
Is maximum around the plane of the galaxy, mosheftime less than 2 K. The cosmic
background is a remnant signal of the origin ofuh&/erse and is almost constant in space
and time (2.7 K). In addition to the almost constasmic background, a very variable (in
space) continuum radiation (up to more than 10skKjue to emissions from discrete
radiosources.

As in the case of atmospheric emission, the coba&ground adds a contribution to the
radiometric temperature that depends on the incelangle linked to the reflection of the
signal on the sea surface.

The two other types of sources add a signal th@saccording to the incidence and
azimuth angle of the measurement.

4.6.1.2. Mathematical description of algorithm

4.6.1.2.1. Data conversion

The common practice in passive microwave remotsisgrof the earth is to consider
equivalent brightness temperatures. Thence, foptingose of L-band radiometry, it is
common to present data from radioastronomy surivetfse form of equivalent black-body
temperatures, i.e., as if they were from an eqaiMathermal source with total power:

P = kTbAB Q)
where k is the Boltzmann constant a8l is the bandwidth of the receiver used for the
survey, or as a total power integrated over a aqu range as in the case of the hydrogen
line emission.

a) Hydrogen Line emission:

The line emission has a relatively narrow spectraon.hydrogen at rest, it occurs at a
frequency associated with the hyperfine transiéib1.106cm. However the line is shifted
by the motion of the hydrogen relative to the otase(Doppler shift) and spread by thermal
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energy of the gas (collisions and vibrations). Nthadess the spectrum is relatively narrow:
Leiden/Dwingeloo survey (Hartmann and Burton 198&he Northern hemisphere and IAR
survey in the southern hemisphere (Arnal, Bajag.e2000) cover the velocity range from -
450 to +400km/s which corresponds to a frequencgeaf 4.025MHz (see below) about the
center frequency of 1.42GHz of hydrogen at resé iftegrated power reported in
radioastronomy survey, P, is given in Kelvin kilders per second (K-km/s). In order to
convert it to a brightness temperature that wiltdesorded by a radiometer having a
bandwidthAB, it is necessary to convert it in Kelvin-MHz ugithe line emission bandwidth
and then to calibrate it with respect to the raditanbandwidth.

Given the standard form for Doppler shift:

V=vyl-v/c) (2)

with vo the center frequency (1.42GHz)the frequency associated with the velocity v and ¢
the light speed, a velocity range from -450 to #40( corresponds to a frequency
bandwidth of 4.025MHz.

Thence the integrated power reported in radioastrgnsurvey corresponding to a velocity
range of 850km/s, Pint, can be converted in KeMidz using:

Pint(K-MHz)=Pint(K-km/s) . 4.025/850 = Pint(K-km/s}.735 16 (3)

Since the SMOS radiometer bandwidi8smos in MHz, is well above 4MHz, this value can
be converted to get an equivalent Tb for SMOSpHa\i's:

Tb=Pint(K-MHz)/ABsmos=Pint(K-km/s) . 4.735 f0ABsmos 4)

b) Continuum radiation and cosmic background

These radiations are usually given in terms ofagiffe brightness temperature, Th, i.e. they
include the correction for the bandwith of the syrye.g. Reich and Reich maps). Thence, as
these radiations are supposed to be homogeneouthevieequency range of SMOS
bandwidth, there is no need to correct Tb dedud fadioastronomy surveys.

4.6.1.2.2. Galactic noise reflected towards thé&radter

In the following we will call the effective brighttss temperature of the galactic
radiation, Tbgal, as the sum of the hydrogen emmmskne plus the continuum radiation plus
the cosmic background.

First it is necessary to determine the locatiothencelestial sky from which incident
radiation will be reflected from one point in theldl of view into the antenna. Given and
¢; respectively the incidence and the azimuth (O td&#he north; positive westward) angles
of one radiometer measurement at this point, tbielémt galactic ray that will be specularly
reflected towards the radiometer comes from arderate angledigar:

. (Reth_, .
S = Arcsw(R—eradsm(zZ )j (5)
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where Re is the earth radius ang Is the altitude of the radiometer.
The elevation angle (in degrees; 0 towards thezborand positive above the horizon)
is defined as:

el = 90-8i93| (6)
Usually celestial maps are given in celestial cowats system (declinatiod, and
right ascensiom). It is therefore necessary to derdvanda from the latitude, lat, longitude,
lon, sideral time, T9; andd; This can be done by solving the following impliequations:

_ —-sin(H)
tan) = tan(@) cos(at) — cosH ) sin(at) 0
sin(el) =sin(lat)sin(Jd) + coslat)cosid)cosiH) (8)

where H is the sidereal angle (see for instanceeAgix C ofLe Vine and Abrahar(2004))
defined as:
H= T-lon-a
In the following we consider two cases:
a) a simple case assuming a rough sea and an hoetmgesky
b) a more complicated case where we take into axt¢ba sea surface roughness and
the sky inhomogeneity.

In the following we will distinguish two polarizains for Tbgal. At present, existing
galactic maps do not distinguish between V and Hopbthere is suspicion about a possible
polarization dependency.

a) Assuming an homogeneous sky:
In that case the contribution of roughness to #fiectance coefficierit, Rrough, computed
for estimating Tbrough, can be used:

Thgal_refl(lat,lon, TS , ¢i,p) =Tbgald,a,p).(R@iga, SSS, SST,p) +Rroughfa , SSS,
SST.p)) 9)
where Rrough=-Tb rough/SST (Rrough is negative) (20)

If the sky were homogeneous, it is expected thatritroduction of the roughness would
have a small effect in most cases: for instanaea fbOm/s wind speed, (the reflection
coefficient is modified by about 2.5% (at nadimdaa galactic noise of 5K, neglecting the
roughness effect would introduce an error of lass 10.08K.

b) Assuming an inhomogeneous sky:
Introducing bistatic reflection coefficients thatrcbe extracted from 2-scale or from SSA
models,gy, in theorythe galactic noise over the whole sky should bergluted with these
scattering coefficients. However since they arecetgul to decrease rapidly outside of the

specular reflection, the integration could be dower an interval +/-8liga) Which value will
be specified in the TGRD
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1
4rrcosg)
P (S0 (00,(94 5.8, 01 TDGNI, B, v) + (5.5, 4 TTDGaDs, s )Sin(Ee) iS5
1
4rrcosg) (11)
2 (J01 7% (0 (9, 413, Togas B, ) + 08056 4 3 4 TDGA5 s, ) in(S:) ISl

igal

Thbgal_ref(lat, lon,T,&,¢;,v) =

Thbgal_ref(lat, lon, T, ,¢; ,h) =

Both cases a) and b) should be kept. A switchallidiw to select the desired case.

4.6.1.2.3. Integration over the antenna beam

In addition it is necessary to integrate the réflddrightness temperature over the antenna
pattern to obtain Thgal_refl_lobe, which is the mpitg measured by the radiometer:

Thgal_refl lobe(s;,¢;) = [ d@; [5 1 120, [ Tbgal_refi, )Pope(S) -3, #;) (12)
where Plobe is the normalized power pattern ofattitenna. In case Plobe is an axially
symmetric pattern, according lt@ Vine and Abraharf2004) it is possible to make the
integration o anda and thence to precalculate galactic maps integ@atedthe antenna
pattern before computing the reflection over thee s&face. Since the SMOS lobe varies
accross the FOV and is not symmetric, it will beassary to test if such an approximation is
acceptable.

4.6.1.3. Error budget estimates (sensitivity ang)ys

The main uncertainty is expected to come from ineages of the galactic noise maps.
(Reich and Reich 1986) estimate the accuracy anrniaps (due to the calibration of the
instrument) of 0.5K. From SRS study, a constard biec0.5K on galactic noise map will
induce a mean bias on retrieved SSS of 1psu.

In addition to a constant bias, uncertainties i&edyt to appear on these maps close to the
equatorial galactic plane. Comparisons betweemidyes derived from the Stokert survey,
commonly called the Reich and Reich map, and tles deduced from the Effelsberg survey
are in progress to better apprehend the erroresetmaps. Both maps include the continuum
radiation and the cosmic background; Stockert suwas performed with a 34mn angular
resolution instrument while Effelsberg used a 9mgudar resolution instrument. Stockert
map for the northern hemisphere and Effelsberg raepavailable on the http://www.mpifr-
bonn.mpg.de/survey.html site; the Stokert map dotlsern hemisphere was provided by
ESA. Stockert maps are global but region aroungiGpsia is excluded (no data) and strong
sources are suspected to be underestimated; Effglshrvey is concentrated close to the
equatorial plane (Cygnus excluded).
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4.6.2. Practical considerations

4.6.2.1. Calibration and validation

As suggested before, it may be necessary to intedicalibration factor proportional to
Tbgal during the Cal/Val phase to correct for aailon and saturation problems of the
existing surveys.

4.6.2.2. Quality control and diagnostics

Looking towards North (azimuth=0) with an incideracggle equal to the elevation of the
observer, one looks towards the celestial Nortle pdiich location is invariant.

4.6.2.3. Exception handling

If a parameter goes out of LUT range during theeeal, a flag (Fg_OoR_dim1_gaml_dec,
Fg_OoR_gaml ra) is raised. No extrapolation is @omtethe boundary value is taken.

4.6.3. Assumption and limitations

Depending on the reliability we can put on galanticse maps, it could be necessary to
discard some SMOS Tb affected by radiation comiamfthe galactic plane if it is
demonstrated that this radiation is very badly knoWests are in progress to estimate the
impact of radiation errors in the galactic plang €atimated from the difference between
Effelsberg and Stockert surveys) on the retriev88.9vleasurements affected by errors in
the determination of the galactic noise will begfiad by Fm_gal_noise_error (if the error is
above Tm_max_gal_noise_error). For further anglylsimecessary, measurements with high
galactic noise (above Tm_high_gal_noise) will lzgfled with Fm_high_gal_noise.
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4.7 Galactic noise contamination 2

4.7.1. Overview of the Problem

Estimation of the down-welling celestial sky radatat L-band that is scattered by the sea
surface and sense by earth viewing radiometersalter referred to as tisky glitter
phenomenon, is of particular concern for the renseinsing of sea surface salinity (SSS)[1],
[2], [3]. At L-band, celestial sky radiation origites from the uniform Cosmic Microwave
Background (about 2.7 K), hereafter dendi@dB, the line emission from hydrogen and a
continuum background [3], [4]. Sea surface scattsky radiation might hamper accurate
SSS retrievals from spaceborne measurements otliimgvsea surface brightness
temperatures at L-band mainly because of threerfsict

First, the expected dynamical range of sea sutfagbtness temperaturds( change at L-

band due to SSS variation is relatively small, gemaverage smaller than about 4 K for

open ocean conditions. THe sensitivity to salinity indeed ranges from aboz R to 0.8 K
per psu in that microwave bafal (depending on ocean surface temperature, condidere
incidence angle and polarization), and the opeamsalinities are generally in the range
between 32 and 37 psu.

Second, although the sky glitter contribution te #ffective brightness temperature measured
by an L-band radiometer antenna depends on theesountensity, the surface conditions, the
observation geometry and the antenna characterigtig., beam width, gain pattern), it can
be of the same order or even greater than thecgustinity impact. For instance, it was
found by [3] that the total effective backgroundiedion (sum of line emission, continuum
and CMB weighted by the antenna gain pattern)eatdbus of the reflected rays on the sky,
assuming a surface reflectivity of 1 and for a synehronous orbiting antenna with a beam
width on the order of 10°, an orbit inclination@8° and a 6 A.M./6 P.M. equatorial crossing
time, changes from a little less than 4 K to mtwant9 K. The potential changes within that
range are functions of the orientation of the sertbe spacecraft location along the orbit and
the time of year. Accounting for the fact that #wtual ocean surface reflectivity may range
from about 306 to 80% at 1.4 GHz (depending on the sea surfagsigal state, the
polarization and bistatic configuration consideredjestial sky glitter contribution is
expected to vary between about 1 to more thanwhhkgh is very significant with respect to
the surface salinity signature.

Third, the line emission from hydrogen and the cantm background exhibit sources that
are spatially varying, being strongest in the dicecof the plane of the galaxy and at several
localized strong spots (Cassiopeia A, Cygnus A, Given the relative motion between the
sun-synchronous satellite's orbit, the earth ardctestial sky during a year, sky glitter
contamination is expected to be geographicallyseasonally variable. Corrections
strategies for this contamination are therfore Bedd be able retrieving unbiased large scale
seasonal and geographical features of the globalfiefl using the iterative optimization
method.

For the SMOS mission, the multi-directional chagacif the surface brightness temperature
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sensing and the large spatial extent of the svettiarce the need to make accurate
corrections for this contribution in the salinitsitd processing. Ideally, in order to reach 0.1
psu accuracy on the Level 2 retrieved salinitg, Ry glitter contribution would need to be
estimated with an uncertainty better than aboui @ 0However, this represent a drastic
constraint with regard to the respective accurd@jitber the future SMOS radiometric
measurements or the available sky brightness teatyermaps. Rough sea surface-
microwave interaction models at L-band is anothgyartant source of uncertainty in
evaluating such contribution. Nevertheless, a glajly based forward model is required to
anticipate all major expected dependencies of kigegktter contamination anith fine
minimize potential biases in the SSS retrieval.

To correct for reflected sky noise in radiometratadacquired during scientific campaigns
performed in the frame of the SMOS and Aquarius/gA@ission preparation, the perfectly
smooth ocean surface assumption has been extgnssed by authors ([11]-[14]). Same
assumption was used in [2], [3] and [15] to provpdeliminary estimate of the expected sky
radiation contamination for the future Aquarius/SPRGnd SMOS missions, respectively. In
such approach, the locii on the celestial sphetbetpecular rays with respect to the
radiometer observation direction within the antepatiern are first determined. The high-
resolutionTsymap is then weighted by the considered sensor aatgain pattern, multiplied
by the flat sea surface reflectivity computed fribra observed Earth target salinity and
surface temperature, polarization and incidencéeagtd finally integrated over the antenna
pattern.

Over a flat sea surface, the L-band reflectivityiemfrom about 58 to 80% for incidence
angles below 60°. Combining available radiometataccollected at L-band in that incidence
angle range over water surfaces [12]-[14] (seeréigun the ATBD section describing the
SSA/SPM roughness correction), the absolute sudatssivity (and therefore reflectivity)
sensitivity to wind speed is never observed to edabout 2x18/m/s at L-band. This
translates, for a 10 m/s increase in wind speed ameflectivity decrease by less than 2%
compared to perfectly flat sea surface. Thereibtbe sky sources were assumed spatially
uniform, sea surface roughness impact on the teflesky contamination would be relatively
small. However, sky radiation are not spatiallyform and as observed during the airborne
LOSAC campaign [11], optimal correction of the x@dietric data involved removing
reflected galactic noise with an effective reflenticoefficient varying between 0.6 and 0.9
times Fresnel coefficients for wind speeds fromi@0 m/s, respectively. This effect, which
might correspond to up to a 40% decrease in reftksignal intensity compared to a flat sea,
is mostly a consequence of the angular spreadid@ssociated attenuation of directional
reflectivity in presence of roughness. Accountiagthe roughness impact on the estimated
reflected sky contamination is therefore an impurtssue for SSS remote sensing. In the
following, we describe an efficient method for atewnal implementation of a correction
taking into account the rough sea surface scatj@mpact.

We first recall the generation of the L-band Skypn@be used for SMOS data processing.
This is basically a reproduction of the note byAMwury. (This part might latter go in the
TGRD section).

In order to place the scattering calculations integt, and to reveal any assumptions made in
the development, in a second section, we firsetthe path of the galactic radiation from the
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source through the atmosphere to the scatterifgcgjrand then back up to the radiometer.
We summarize all of the transformations requiredaiculate the expected impact at the
radiometer in terms of the incoming signal for gpecific case of assumed unpolarized sky
map. We then discuss integration of the signal dvelantenna gain pattern. As part of this
discussion, we review formulations of the sky glittontribution for SMOS at antenna level
assuming the surface is either rough or flat, smspecific transport processing is required
for each case.

Next, we detail the rough surface and electromagseattering models we employ in the
calculations and review the geometry involved & ¢alculation. This is a key aspect of the
development of the proposed efficient method faraponal implementation of the
correction.

The representation of the scattered signal, gikergeometry of the problem is further
described. In this context, we introduce a paramadton in terms of an orientation angle,
{un, which, roughly speaking, is the orientation of fitattering upper hemisphere in the
celestial frame. With this new variable, we degaiast method of calculating the surface
scattered signal in terms of zeroth and second t@ins of the wind direction given as input
to the processor in precomputed Look up Tablesdeksonstrated, due to the spatially
nonhomogeneous sky, the latter wind direction haiosocan indeed have significant impact
on the azimuthal behaviour of the overall L1C sigidée present an overview of the
structure of the lookup tables to be used for loeegssing. The generation method for the
LUTs is described in detalil in the associated TGRDBument.

Detail analysis of the sky glitter model featuresmparison with flat sea surface model
predictions for SMOS, accuracy of the approximatd processing method, and expected
seasonal and geographical contamination derived tnbit propagation simulation over a
year are given in an Ifremer technical note thditlva provided to the team soon (reference
shall be updated as soon as done).

4.7.2. Generation of an L-band Sky map to be usedrf SMOS data processing

4.7.2.1 Overview

In [3], @ method was presented to produce assumgolarized map of the equivalent
brightness temperature of radiation at L-band ftbelCMB (herafter denotedcws ), from

the Hydrogen line Tni ), and from the continuum backgrountf:), based on recent radio
astronomy surveys ([5]-[10]). In the following, wlenoteTs« the sum of the three
contributions. Such map fdkky includesTn and Teont contributions with sufficient spatial
resolution (0.25°x0.25°) and radiometric accuracie relevant for remote sensing
applications. Note that authors of the continuudiaastronomy surveys used in [3]
mentioned that some strong sources were not indlirddeir continuum map. This is for
example the case of Cassiopeia A which peculiar{tigh power flux) made it impossible to
be measured accurately through the standard prozddavertheless, it was shown in [4]
that to first order, the model given in [3], is smtent with measurements made with several
modern remote sensing instruments directly pointingards the sky, although the data
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suggest a slight polarization signature. The ages¢ns particularly good (RMS differences
of 0.05-0.10 K) if small changes in the level (Diakthe radiometer measurements are
permitted. Without such adjustments, agreemernitigined to within 0.5 K even in the worst
case.

In the general context of the SMOS data processirs§gy brightness temperature map at L-
band was generated using an approach similar tdi8king data (e.g. Cassiopeia A area)
and other strong sources into the Reich and Reaintirmium map might however induce
underestimation of the reflected sky noise coroaxsj particularly over calm sea surfaces. To
alleviate this problem and flag associated potéati@rs in the estimation of the sky noise
contribution, an additional error map using higresolution surveys identifying celestial
sphere position and values of sources, which iitiease under evaluated in the sky map is
generated. The complete sky map and associatedfieicogenerated to flag missing strong
sources is described in the following.

Three components are required to build a map ofklgeemission at L-band [3]:

« the hydrogen HI line: this strong emitting lireedentered at 1420.4058 MHz# (additional
Doppler). It is usually rejected by a band-stofefiin surveys of the continuum,

* the continuum at ~1.4 GHz includes a varietyrafssion mechanisms (other lines than Hl,
synchrotron, free-free, thermal, blended emissiagistrete radio sources ...), and,

« the Cosmic Microwave Background (quasi constahier of 2.725 K)

The equatorial system of coordinates (right ascensleclination) is used here to define the
domain covered by existing surveys. The referegstem used here is B1950.

4.7.2.2 Main sources of data

To provide a coverage of the whole sky, the dasasetst combine observations from both
the North and the South hemispheres. It is assuhataxperts took care of all the issues
related to this combination (cross calibration,rtag angular resolution, etc ...)

Continuum

The dataset identified here is a combination ofNbeh Sky survey made with the Stockert
radio telescope ([5]-[7]) and the South Sky sure&de with the radio telescope of the
Instituto Argentino de Radioastronomia [9]. Whea bBandwidth of the receiver was
overlapping the HI emission, a stop-band filterteezd over the HI line and 2MHz wide was
applied to the measurement to reject it. Data amgpded with a 0.25°x 0.25° resolution in
declinationx right ascension (equatorial coordinates, B195€gys The sensitivity

(defined as 3x rms brightness temperature noise) of the mergeseiis 0.05K. In the
following, this dataset will be referred as the dkednd Testori map.

It is assumed that the "continuum” signal is br@amband does not vary in this region of the
spectrum. Thus, one can combine surveys madeayéatlgldifferent center frequencies and
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with slightly different bandwidths. The "continuurdataset includes the 2.725K cosmic
background.

Hydrogen line

The Leiden-Argentina-Bonn (LAB) dataset was usew fizl]. The LAB survey contains the
final data release of observations of 21-cm emisBimm Galactic neutral hydrogen over the
entire sky, merging the Leiden/Dwingeloo Survey{)lof the sky north of —30° with the
Instituto Argentino de Radioastronomia Survey ([@]jhe sky south of —25°. The velocity
spans a range between -450 km/s and +400 km/sawéhkolution of 1.3km/s. The rms
brightness temperature noise of the merged data®e17-0.09K (for each 1.3 km/s layer).
Data are sampled with a 0.5° x 0.5° resolutioratitude x longitude (galactic coordinates).
This dataset will be referred in the following bs HI map.

Integration of HI into the continuum map

SMOS measures a bandwidBavos of 19MHz that includes the HI line (1420.4058 MHp)
that the latter has to be integrated into the oortn map in the context of SMOS data
processing. The continuum signal is broadband, alitiost constant brightness levels,
herafter denotedcont, over SMOS bandwidth. It is understood that thia da(Reich&
Testori) includeslcont as well as the 2.725K cosmic backgrouieds , while HI data ([21])
does not includdcws.

To derive HI-line contribution over SMOS bandwitbrh HI line velocity range data, we
used a Doppler relation between velocity rangefeagliency shift. The HI line frequency is
fo=1420.4058 MHz. The relation between frequerfcyand velocityv is given by the
Doppler shift

—filc
f_fo(m) (1)
with ¢ the speed of light and the speed of the source relative to the obsepasitive

away from observer). The stopband filter appliethReich & Reich measurements is
centered onfo and isBw =2MHz wide. This corresponds to a velocity rang¢211.2 km

s1, +211.4 km st]. Over this bandwidth, the contribution of HI sajns:

T Hz— 1 211.4kn13_|_ d 6
e T T 42T 2Y o g™ (I (6)

Finally, the resulting sky noise to be taken intoant in SMOS measurement is
Tsky:TCMB+Tconr+mMH%. 7)

MOS

Gaps in the continuum survey: use of alternative surveys and source catalogs for
missing data integration

Some areas of the Reich and Testori continuum guakevoid of data; this is for example

the case of Cassiopeia A which peculiarities (lpgtver flux) made it impossible to be
measured accurately through the standard procefSumdarly, it may be that some strong
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punctual sources are not properly taken into adciouthe continuum survey. Higher
resolution surveys are available that can allewiateproblem by providing auxiliary 1.4GHz
flux measurements for these problematic areas.eTtamsets usually come in two forms:

* higher resolution local sky maps where for a giaeza of the sky a radio flux is associated
to each [right ascension, declination] cell. Tmalgles to assess the slow variations of the
background flux when it results from the combinatad minor sources that cannot be
individually identified. Once rescaled and convertie the proper geometry, these datasets
can be used to patch the continuum map where slatéssing.

« source catalogues that identify strong sources svithll angular extensions and provide

their total flux. These datasets can be usefudeatify strong sources in otherwise quiet

areas of the sky. Unfortunately, these high regmugurveys have still not been compiled

into a global map of the radio sources of the Slgueral databases have thus been used here,
with the related issues in terms of format / cooati system / projection / units (main beam

or full beam) and homogeneity of the available data example, the density of
measurements available for the northern sky islattan for the southern sky. See Appendix
A for a discussion on the data from auxiliary sys/écatalogs used to generate the sky map.

1) Cassiopeia A aredn Reich and Testori map, the area around Cassidas been left
blank. There are two problems linked with this area

« this remnant of a recent supernova presents a érgelar extension, with a complex
structure of its flux component,

 the measured flux varies in time Effelsberg suf&3], [24] was used here to give an idea
of the spatial structure of the radio flux, but toenplexity of this area and its temporal
variations makes it unsuitable to accurate comestwithout spending more effort on the
analysis of the properties of this area (data eaélable on the temporal variation of the
emission but are not considered in this algorithbonsequently, the Reid Testori map is
complemented by the Effelsberg survey of the Casssoarea, rescaled (to the Tb for a 35
arcmin beam as in the ReiéhTestori survey) and resampled (to the 0.25° piizal)s
Moreover, an error Tb fields for the sky map wasegated in which the Cassiopeia area is
set to the rescaled and resampled value to flagsue.

2) Other strong source®ne objective here is to check whether strong ssuace properly
taken into account in the Reich and Testori mapplig authors mentioned that some strong
sources (Orion A, Cygnus A, Taurus A, ...) wereinoluded in the continuum map. In
addition, it could be that measurement limitationprocessing issues would reduce the
intensity of some strong radio sources in the mapcheck that the input of strong sources is
well quantified, a map of strong sources is gemrerftom L-band source catalogues [25],

[26] and the corresponding brightness temperathagsvould be collected by the
Stockert/IAR radiotelescopes (35 arcmin beamwidtltpmputed. These sources were
extracted from the NVSS (North) and from the PalSzsuth) catalogues. Here, individual
sources stronger than 0.3 Jy are selected (suak ewéuld contribute to around 0.015K error
in the Reich and Reich map). It is anyway expettiatisources of this strength or fainter are
taken into account in the continuum measuremerd.rébulting brightness temperatures
were compared to the combination of the Reich a&tdri and HI map. Most sources

exhibit a Tb that is equal or smaller to the onéhefcontinuum (as the sources are embedded
into a strong emission area which is preponderatiie relatively large beam of the
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telescope). However, some strong sources (Casaidpgican be identified. It is difficult to
do a sensible modification of the Reich an Reiclp m&because of the large beamwidth - the
angular area around the sources should also bected:

Hence, the values of Reich and Testori are letbugtied in the final map for the sake of
consistency.Most differences in flux are quite draatl are expected to be smoothed out
when SMOS beam is applied. The strongest discregm(geveral 100s of K) occur for
Cygnus A and the area of Cassiopeia A. In the skg denerated for SMOS, the sky map
itself is not corrected, but the value of the seuin K) is reported in the error field of the
corresponding pixel, where a Stockert/Testori beas approximately applied (resolution 35
arcmin, sampling 0.25 deg). Hot celestial souressradiate downwards radiation with
effective brigthness temperature up to about 4@@ K-band.

Some approximations had to be used at that stagienfwify the implementation. Note also,
that as in [3], the sky map generated for SMOSum®dl here for the present version of the
algorithm assumed unpolarized radiation.

4.7.3. Formulation of the Sky glitter contribution at surface level

1
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Z
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Field of view
Figure 2: Geometry of the sky-glitter problem

Figure (1) depicts a radiometer antenna of circodsrmwidth/ , viewing the surface at a

boresight observation angt®, and azimuthal anglé®: . An incremental sea surface area
dA, located within the field of view, is illuminatdyy the sky along all direction$=(&,®.)
within the solid angleQs subtended by the upper hemisphere seen ttAnfin Figure (1),
only one particular sky illumination direction itotied for illustration). Part of the
intercepted energy is then scattered in the doecié=(&Ps), i.e., toward the radiometer
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antenna. The sky energy scattereddyin the directionri is represented by the radiometric
temperaturel,(is) . Theunpolarized sky brightness temperature incident in the diogcti

is the sky brightness temperatuig(iv) , and is further attenuated along its downward path
across the atmosphere. Assuming that the rougbusésce can be described by the surface
wind speed vector alone, namelyo( ¢ ), the surfacasky glitter brightness temperaturie

the directionfis and at polarizatiop, T5(fs), can be related t@sk(i) by the following

integral equation:

s 712 0277 _rse )
To(Gsauap=g o | [ low(Oup6s) + oo s @[Tl Brgp)e ™ sinébdgad &, (4)

where theopq M )are the bistatic scattering coefficients of the serface at scattered

direction s and incident directiofio . The notation is such that the first subscpipefers to
the polarization configuration of the scattered evand the second subscriptefers to that
of the incident wave. Note that the dependenceettoss sections on the wind speed and
direction is implicitr is the atmospheric opacity at L-band.

Note also importantly that if the sky brightnesmperatures were assumed polarized, i.e.,
Tsio(fb)=Tk(b) , the expression in (4) would be no more valid eled], one would then need to

additionally consider (i) polarisation basis ratatof the sky brightness temperatdgg(r)

signal between celestial frame and altitude-azinfuaime at earth target, (ii) Faraday rotation
during the downward path across the ionosphere(ignthe use of a fully polarized Mueller
scattering matrix to describe surface scattering.

Nevertheless, assuming unpolarized sky brightrexaperature, equation (4) can be rewritten
in Matrix form as follows:

TH Oty jQS(M A )Ty Qs

whereT; (s )is now the Stokes vectdvlsis the so-called Mueller scattering matrix for

unpolarized incomming signals, in which all compatisebut the upper left 2x2 matrix of
entries are zero, so that we have

Ohh(BogrB58)Oh (Bog Fs g2 )0
Ms= th(quhes,(@)aw (Hoc?)ﬁs,@x(g .

0 0 )
and whereq is a downward path atmospheric attenuation matugrgby

ai000
0ai0o
A= 00ai0
000ad

with af =¢™® . Therefore, in our formulation of the sky glitfgoblem, only the first and
second Stokes parameterTin s &r¢ non zero.

For later reference, it is also useful to define tibtal reflectivity at polarizatiorp by
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712 0277 ]
M= |, 10w 6:8) 0006 sin dgad . (5)
For a perfectly flat sea surface, this expressaaluces to
2
Coh—e(ST)~sir?e:

() S Teg) =
Fon (STs%5) COLB e ST —sirF 6

. (6)
RO(sTsts) =S Lo/ e STy sirté|

£ou STs Lo+ £ ST -sirP& |

where &w(STs) is the dielectric constant for seawater givenhgyKlein and Swift modelS

is the salinity andrls is the sea surface temperature. Note there isass-pol reflectivity in
the flat-surface case, and the reflected signal is
T

T (@)=[ | R (STs) A B-Gua— T Bl ™ SinR Al ™)

which simplifies to

T (B)=RP(STs ) Tool Buga70 ™ (®)

For typical ocean values of SST (0-&) and SSS (20-40 psu), the sensitivity to SShef t
flat sea surface reflectivity at L-band vary froboat 0.5x10/psu to 3.5x18/psu and its
sensitivity to SST vary from about 0.2x¥0C to 2x10%/°C, considering both linear
polarizations and all incidence angles betweend)&i. Despite some previously listed very
localized bright spots (Cassiopeia A, Orion A, Qygi\, Taurus A, ...) for which the
downwelling signal can reach up to about 400 K,gkyebrightness temperature at L-band
vary in general from 2.75 K to around 10 K. Assugnan10 K bright source, the sensitivity of
the specularly reflected celestial brightness teatpee signals to SSS and SST might reach
around 0.03 K/psu and 0.02 K/°C. These valuesegreesentative of an average worst case
scenario since the surface reflectivity drops gigantly in presence of roughness. To make
possible the operational implementation of theglkyer calculation, we nevertheless make
the assumption that the sky glitter results at zemo wind speed weakly depend on these two
surface parameters. We therefore selected oceaagavealues ofs =18C and S=35 psu.

For the flat sea surface cases, we however acéouexpected variations in these
parameters.

4.7.4. Transport to antenna level and Integration wer the Antenna Pattern

Although the focus of that part of the ATBD is @apresenting the sky scattered signal at
surface level, we also discuss here issues refatdet transport from the ground to the
antenna and to the integration over the antenrtarpags different processing are required
wether the surface is rough or flat.

4.7.4.1. Tracing the galactic noise from surface to antenna level
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Having derived the scattered signal at the surf@eethen must apply attenuation on the
upward path to the radiometer. We obtain

T | (agQoo(T) (T

Tvs, Oa_,l 0 0 Tv TvS

U [H 00ai0 [U° =AU
ve || 000al|vel [ve

(9)

where A, is the upward path atmospheric attenuation matitixa¥ =exp(-rse@) . The

upward signals are then subject to a Faradayioatatounterclockwise by anglkew , across
the ionosphere,

Tr, co§azu sirfwu  —cowusine0Y T, Tr,
Tvs,, sin o Oga}u COSuuSincwu 0 Tv Tvs,
us F S|n(2mu)—5|n(2a)ru) cof2wu) O|U° FMuU*® | (10)

and then rotation into the Ludwig-3 basis to cdiyegroject the polarization basis onto the
MIRAS antenna polarization basis vector,

Tr, co§‘H sif¥ —cosHsino) Tr, Th,

T, sifH¥  cod¥ cosHsinW 0| T, T,

us H S|n(2lH)—S|n(2‘H) cog2¥) O US =Mifu® | (11)
Vs O O 1 VS VS

Letting T@—(ThE,Tvé Ue Ve% being the upward sky glitter brightness tempera8iokes
vector at the antenna level, and combining alheftransformations from source to
radiometer, we have for an unpolarized sky

TE=MIM wA[ (MAT,,0Q (12)

It is usual to combinéMiM . into one rotation matrixMe« , SO we have
=MoA jQ (MsA)T,,dQ (13)
The Faraday rotation angle is a function of thaltetectron content (TEC) as well as the

Earth's magnetic field, so thddo=Ma(6s@TEC), but we will use the notatioM«(6s¢@) for
simplicity.

4.7.4.2. Integration over the Antenna Pattern

To recapitulate the above results, accountingferrbugh surface, the total upward scattered
power normal to a unit aredA of sea surface impinging the antenna in the tioed 6s@) ,
after all transformations of the radiation from swrce to the antenna, is as a function of
angle (&,¢@) in the antenna spherical coordinate system,

T3 Ba,qa):(MaA)F;f:m(MaAj)Ls(M A )T, Qs (14)
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whereT,, is the unpolarised sky brightness temperaturengiveéhe celestial frame. But this

is the flux in some direction. To obtain the tqialver at a classical radiometer antenna, we
must integrate this over all incident directionshivi the antenna pattern and weight the
impinging signals by the antenna génso that the total antenna temperature vector is

Timd{, G)TH(Q)d0s], G(QMeANTdO:
(15)

where Qp is the vector antenna pattern solid angle, whiictply normalizes the gain pattern
weighting functionG:

Qo= jQ GdQa. (16)

In the SMOS case, the antenna temperature igstdh by an equation of the form (15),
however, owing to the interferometric processihg, tetrieved brightness temperature in
direction (&,¢@) corresponds to an integral over a synthetic gattemn centered at that
direction.

Switching to director cosine coordinates, with

£=sinécosa,
17)
n=sinésing,
and with
: dédn _ dddn

dQ=sindddg—— ————. 18

! coh’  [1-E—no (18)
the synthetic antenna pattern, or Equivalent ARagtor (EAF), is
ARa(EEN)= 23dZZZ)N(unn,vmn)r‘(—%o"m”@jejzmumnmf—f)+vmn@7—f7')) (19)
where

* W is the apodisation function
* 1 is the fringe-washing factor (FWF) which accouieisthe spatial decorrelation between
antennas.

* u,Vv are the baseline coordinates in the frequency doma
 d is the antenna element spacing (= 0.875)
» fo is the central frequency (1413 MHz)

« £,n are the central director cosines (DC) coordinafeg’ are running DC coordinates.

Defining D={$n‘:€2+/72<]} as the domain of integration, the rigorous expoes®r the

polarized sky-glitter temperature contribution atesmna level expressed in the director
cosines (DC) coordinates is given by

ToEm=( [ 2 (Mo mAEmNTEEmagdn 20)
°\1-(E-&~(17-1)

The variations in atmospheric attenuation and geacaétotation are sufficiently small

within the narrow (2-3°) synthetic beam that thisg#ors can be approximated by their

values at the central director cosines (DC) co@tdis €/ ), so that we have
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THED=Mo(EDAE)], \/1—'??;;(5— D _TEmaeds 1)

As demonstrated in Ifremer’s technical note, inspreee of roughness, it turns out that the
impact of the narrow synthetic antenna patterregligible assuming homogeneous
roughness within the pixel. This is mainly duehie much larger angular spreading of the
contributing part of the scattering coefficientsngmared to the narrow synthetic beam, which
induces spatial uniformization of the scattereahaigvithin the beam. Therefore, in the
present algorithm, we neglect the array factor ichfar rough sea surface conditions so that
finally, the polarized sky-glitter temperature adlmition at antenna level for rough sea
conditions reads:

T o(EN=Ma(EMAEMTS(ER) (22)

where Ty is given in equation (4).
However, as revealed in [15], in the case of agutlyf flat sea surface, i.e., wind speed equal
zero m/s, th&AF factor impact is no more neglible considering2b0 resolution sky map.

Ts is indeed replaced by (&), and the integral becomes

TrEm=MaEMAE], Jl-?igi ! ;?fmz T (€ magdr. (23)
But
To =IR3 (STs&) Tsk G587 (24)
and so
TrEn=MaEnaEn)]], Jl_’(*?jgi PR ST-AEMN Tl Mz
(25)

It turns out that the Fresnel power reflection @ordnts, like the atmospheric attenuation and
geometrical rotation effects can be assumed towagkly over the significant portion of the
synthetic beam, so that

R ST =RY (S,Tsﬂs(fﬂ))lz, (26)

and

To(EMN=Ma(ENAEMIRR STAENNX|[ eI _1y(em)dedy.
JI(E-8°~(7-1)

(27)

As derived in [15], further simplification can beade by noting that the Array Factor is a
rather narrow, centro-symmetric function, indepeniaé the location of the viewing point in
the field of view, time independent 2-D patterneTbllowing analytical approximation has
been tuned to the EAF with no FWF effect:

AR(EEDT)" =chw(ffnn'))=ma>{0[3i£§,m’} %kgl@kh} 28)
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where ,0=\/(g"—g‘)2+(/7'—/7)2 is the distance in director cosine coordinatesy 3.30,
ks=524.5, kv=2.1030and kk=1.4936 Thus, switching to polar coordinates, we have

To (&) ~Ma(ENAEMRRSTAENK]]. \/S(—Z)Tsky(fnp@dwdp (29)

where Dp={p,¢z(5(p,¢))z+/7,((p,¢))z<l} is the polar coordinated domain correspondin@to

Equations (22) and (29) are the two quantities hlaae to be calculated by the processor to
be used as final correction to the modelled Tken&nna level. Equation (21) shall be used
in the rough sea surface cases, while Equationg[28l) be used in the purely flat sea surface
cases.

In the flat sea surface case, we see that the sippvmighted by the centro symmetric WEF,

used in (29), namely sy, can be precomputed using:

Too= | \/ﬂTsky(p Adedp (30)

4.7.5. Modelling the Scattering Cross Sections

A key submodel in the skyglitter evaluation in mese of roughness is the model for bistatic
scattering coefficients of the rough sea surfadelznd. As anticipated, the intensity and
spread of the skyglitter contamination will depemd only on the measurement geometry but
also on the sea surface roughness conditions. Kgptlhiet SMOS multi-angular capabilities
range from 0° to about 60°, we seek to model scagi®f radiation at directions varying
almost from specular to grazing directions.

As mentioned, to compute the scattered signaleaEtrth's surface, we need to obtain
expressions for the scattering cross sectigndogbs@) in terms of known quantities.

Clearly, these cross sections will depend on charatics of the incident radiation and of the
rough surface. In this section we briefly review tbhugh surface and electromagnetic models
used in the algorithm.

4.7.5.1. Modelling the Rough Surface

In order to employ the electromagnetic scatterirglefs, we need a model for the rough
surface itself, in order to compute the correlafiamctions required for the scattering models.
The choice for the sea surface spectrum modelinsb@ calculation of the sky glitter is
certainly an important issue. The surface cormhetunction p K )is defined by

pxy)=[ [ WE&)edsds, (31)
whereW(&x&y) is the directional wavenumber spectrum of the hosgg surface as a function

of surface wavenumber vector in cartesian numbeesgaced =(&&) . The sea surface
elevation function is assumed here to be a Gausaraom process and is obtained from

the inverse Fourier transform of the sea surfaeetspm as computed using the models of
Kudryavtsev al. [1999]. This wave model producescsia that depend primarily on the 10 m
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wind speeduo and inverse wave a@e, so that

W=W(SxSyilhol2). (32)

In the present algorithm, we only consider windespdependence, assuming the wind sea is
fully developed 2=0.81) and we therefore refer to the spectrum utsiagiotationV(éxéy) ,

and we refer to the corresponding correlation fiamcby o(xy) . Also, since the directional

wavenumber spectrum exhibits simpler structureoilampcoordinates than in cartesian
coordinates, and since the electromagnetic saagt@roblem is naturally expressed in
spherical coordinates, it is expedient to introdpekar coordinates for both physical space
and surface wavenumber space.

In cylindrical coordinates, the correlation functis decomposed into a zeroth and second
harmonic:

P ®)=po(r)-p2 ¢ Lo2(P-¢hw), (33)
where ¢w is the wind direction (towards which the wind lewing), and where the isotropic
part is given bym(r) and the anisotropic azimuthal wavenumber 2 pagivisn by ox(r) .

These harmonics are used directly in the electromiggscattering model to compute
harmonics of the scattering cross sections.

4.7.5.2. The Asymptotic Electromagnetic Scattering Models

Having introduced the generic approach for reprasgihe rough surface, we now introduce
the electromagnetic scattering models, the Kirch{toA) model [] and the lowest-order
model (SSA-1) based on the Small Slope Approxinmati@ory []. The validity of KA
approach is restricted to surfaces with large dures and to large Rayleigh parameters. The
SSA has been proposed by Voronovich as an altgengtiefficiently bridge Small
Perturbation Model (SPM) and KA models. In partagylSSA at strictly meets SPM as the
roughness goes to zero. Analytical expressiongagsanciple available for the SSA at all
orders in slope. In practice, however, only thstfiwo orders are tractable. The first-order
SSA (SSA-1) implies the same single integral dasAto determine a particular Fourier
coefficient of the surface elevation coherencecstme function with a different geometrical
factor. The second order approximation (SSA-2), éwmv, is a double oscillating integral,
that is found very difficult to compute accuratedgpecially in the dielectric case where
convergence problems and computational time demiaectsme prohibitive. For the present
algorithm, we thus consider first-order SSA (SSAafjl the Kirchhoff approaches These two
approaches can be considered to provide the astimiaaits within a consistent framewaork
of scattering slope expansions. Importantly, theseapproaches lack taking into account
directly the surface geometrical properties to jmtetthe level of polarization. In particular,
with the proposed models, this polarization leveliadependent of roughness states. SSA-1
is expected to exaggerate the polarization eff@bite KA will minimize them. Note as well,
that at order 1, SSA-1 meets SPM only at ordehilelKA converge asymptotically up to
second order in SPM. At the specular direction,clvhg the dominant contributor, both
models gives however the same asymptotic solution.

To facilitate discussion we introduce a local csigte coordinate systelfk ¥,z With basis
vector X pointing eastward, basis vect§rpointing northward, and basis vectbipointing

upwards normal to the horizontal surface. For carerece of notation, we use incident and
scattered wavevectors interchangeably with direstio
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Application of either SSA-1 or the Kirchhoff apprmation for scattering from the slightly
rough ocean surface yields the following expres$fiora dimensionless bistatic scattering

cross sectiorug,  for scattering of the incoming wave of polarizatia into the outgoing
wave of polarizatioro :

Uaao(@ﬁo)%‘ cz]sc_'ﬁ))-raao( _.ks,lZo) e_(oﬁ-l-q’)zp(o)[lk

(35)

where Tua(ksko) is a polarization-dependent kernel that is diffiefer SSA-1 and the

Kirchhoff models.l« is often referred to as the Kirchhoff Integral asdiven in cartesian
coordinates by

o J_Z{e[(qs+qo)2p(2)]_1}4—i(I%—Ro)[zLxdy -

where we use the notatiohto denote the horizontal displacement vector aedritegral is
evaluated over all possible displacements in thizbiotal plane. In Egs. (35) and (36),

(o0p)=(2Ks— ) represents the vertical projection of the wavemectAs the kernel

depends on the dielectric properties of the seageurface, we use the Klein and Swift's
model to estimate the dielectric constant of satemat L-band at SSS=35 psu and
SST=15°C.

Using the harmonic decomposition of the correlafiorction as derived from the surface
models, we can decompose the Kirchhoff integral iidrmonics as well, so that in
cylindrical coordinates we obtain

I =2njo’°[Jo(qH r)(r)+lo(a)Jo( b)eq%p‘)(r)}rdﬁil Kco2m(Psi—gu), (37)

where @si is the angle of the difference between the s@ttand incident wavevectors, and
can be written as:

_ o Ohy _. o SINAsing+singsing
s(Gopgr)=tan ’(quj—tan (sin&coswsin&coxa)‘
and where, fom from 1 to o,

m_ © quo(r)
|K_4nj0 Im( @) Jzm( D)€ rdr, (38)

is the coefficient of harmoni2m in a cosine series decomposition of the Kirchiatgral.
If we further let

| E=2nj:[Jo(qH 0)(r)+o(a)dof b)eq%po(r)}rdr (39)
then we see that
k=1 k(Psi=g)= | FCOLIT(Dsi—ha). (40)

In the abovea(r)=c¢o:(r) andb(r)=g-r . Jm is the Bessel function of the first kind and order

m, and Im denotes the modified Bessel function of the #ratl and ordemm. We can
incorporate the polarization-dependent coefficientdtiplying the Kirchhoff Integral into
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the sum over the Kirchoff Integral harmonics toambt
Guao (Koo )= Ot (s o FOLM(Psi—gh),  (41)
m=0
where we have explicitly included the dependendabefinal scattering coefficients on the

wind speeduo and wind directionpw (towards which the wind is blowing), and where

2
02M(Keo)= L 2B T, . (i) e~(Ch+0)2(0) Ty

C+0p

(42)

Note that the scattering coefficient harmonicsiagependent of wind direction. Moreover,
these harmonics only depend on the incoming arttesed radiation incidence angles, the
wind speed, and difference between the incomingsaatiered radiation azimuth angles.
Thus, switching from vector notation to angles,acaa write the scattering coefficients as

00

Taco (BogprBs@Uiodu)=> TETY 58—, Buho FOLM(Psi—h),

4.7.6. Representation of the Scattered Galactic Ns& Signal

As mentioned before, to obtain the total sky scattsignal in a given direction toward the
radiometer defined by& , @ ), we must integrate the brightness temperaturé&iboitions

from waves incident at the target from all diressaver the upper hemisphere, so that at
polarization p, the total scattered signal is

Ts( ng@,wo,m)mj; S[U ppt0] PQ]Tsk;(QS) dQs (44)

where Qs refers to angular position in the upper hemisphere
Now, since the noise distribution over the uppeanisphere is a function of target position
on Earth and time, the rough surface scattereactt@aksignal at polarizatiorp, Tg, is a

(43)

function of latitudes, , longitude gy, and timet as well as scattering incidence and azimuth

angles, wind speed and wind direction, so thaeimegal we have
T;?ZTE( 799 ¢g I,Hs,(@,tho,¢w) . (45)

The portion of the sky covered by the upper henespls only a function of target latitude,

longitude, and time. Moreover, changing the timéhertarget longitude only alters the right

ascension of every point in the upper hemisphersobye constant independent of position in

the upper hemisphere.

The upper hemisphere pole corresponds to the antta to the Earth surface at the target
latitude and longitude. Denoting the right ascemsiod declination of the projection of this

point in the celestial frame byon,d) , we can remove the explicit dependence on tin{é5n
by introducing and) as independent variables and expressing the sedhtgalactic noise as

T o( @ nInBs@liogdh)

However, this parametrization is not optimal fqonesenting the functional dependence of
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the scattered signal, since we know that the domiisaurce of scattered signal is associated
with noise in the specular direction. Therefore,sgek to represent the scattered signal in
terms of the location in the sky of the speculaeation, which we denotfdispesOsped . In

order to represent the scattering solution in tesfrikese variables, we must find a mapping
between(aspesdsped and (andn) . This mapping will necessarily involv@ and @, so that we
can write the mapping function as

T:(an,én,es@) - (aspeqépeqespeq(//uh), (46)

where Gpec is the incidence angle of the specular directiothe upper hemisphere altitude-
azimuth frame, and where we have introduced théeang, which represents the orientation
of the upper hemisphere at the specular fot;osped . The mapping operatdr can be

seen to be that function which rotates the unitmaivector in the upper hemisphere frame
into the unit vector in the specular direction.

¢rnmust be defined so as to allow construction ofraeiise mapping operat®dr' that maps
a specular directiofmrspesOspeg UNiquely into an upper hemisphere unit nor@ldy) . To
facilitate a definition ofifun, we first establish alt-azimuth coordinate systamd associated
basis vectors in both the upper hemisphere andtadl&ames along the line of sight in the
specular direction. Detailed definitions of refazerirames and associated transformation
used in the derivation afun are given in Appendix B. These transformation lsan

performed with the use of CFI. The basis vectoesamalogous to horizontal and vertical
polarization basis vectors used to describe elewigmetic plane waves. In the upper
hemisphere frame, which is the topocentric framesehorigin is the surface target, also

called the earth alt-azimuth frame, we define tlogizontal' basis vectdﬁu:ﬁuX?/]|ﬁu><f|| ,
wherefu is the unit normal to the surface at the target fams directed outward towards the
specular direction from the target. Next, we defireertical’ basis vector bXa:ﬁuxr“4 Fwﬂ‘ :

If we let @pec and Gpec be the specular azimuth and altitude, respectiwély in the upper
hemisphere frame, then we have
h'=—Sin@pe+COIRped",

(47)
Ou:_COXQpeGi rﬁspec)’iu —Si n(@peGi n@pecyu'f'Si ngspeéu,

where %, Yu, and Z: are basis vectors for the topocentric Earth fréamae determines the
upper hemisphere. Analogous basis vectors canfireeden the celestial frame as

he=-si rUspec)’Zc'*'COS)' specyc,

(48)

Oc:—ComspeSi n@pec)’zc—Si MSpeGi n&pecyc‘FSi n@peéc,

where aspec and Ispec are the specular right ascension and declinatespectively, off in
the celestial frame.

If we denote the components of a vector normahédine-of-sight in the upper hemisphere
alt- a2|muth(hvu) frame by(VhVVw) , then its components in the celes(b:lvc ) foame,
denoted by(VhcVyvo) , are
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(49)

It turns out that the preceding matrix is just &tion matrix, SO we can write this
transformation as

he\ [ CO%Muh —SiNun V4 ,hu
@j: | Q’,j (50)
S|n,[/uh COﬂ/uh
where {unis the angle one must rotate a vector definedaruffper hemisphere alt-azimuth

frame counterclockwise about the line-of-sighthia specular direction to obtain the vector
components in the celestial sphere alt-azimuth écaaguivalently, it is the angle one must
rotate the alt-azimuth basis vectors at earth taigekwise to obtain the basis vectors for the
celestial alt-azimuth frame. This angle is analagmuthe Claassen angle in radiometry, and,
referring to the previous equation, we see thabqoiicit expression for it is

Wmtart 6@) 51
' ta”'( hed (1)

cllu

whereh. and V. are basis vectors for the upper hemisphere fraamsformed into the
celestial frame by applying the transformation malkc defined in Appendix B:

ﬁu :Tach’\u,

o (52)
Vu=Tady,
For convenience we repeat here the definitiofiaof the transformation from alt-azimuth

frame on earth, with origin at geodetic latitu@e and geodetic longitudgg , to the Celestial

frame at time:

Tac( 799 ,¢g ,t):Te(( H )Tae( 799,¢g) , (53)

where Tecand Tae are transformations from the Earth fixed frame® €elestial frame and

from the alt-azimuth frame to the Earth fixed framespectively. Both transformation are

also completely defined in Appendix B is the Earth rotation angle, which in turns is the

sum of G, the Greenwich sideral angle and a nutation gmgls shown in Apendix B, these transforn

can be easily evaluated using Earth Explorer CFI.

Given the specular location in the celestial sph@ree;dsed , and given the incidence angle
in the specular directiofpecat the earth target in the upper hemisphere alatigtie
orientation angle/un, rotating a vector from the specular direction@y. in the direction

{un brings it into the direction normal to the tardet, which the position in the celestial
spherical coordinate system(igndn) . Once this normal is computed, the latitude and
longitude of the target is easily derived usingtihee t, and from this location together with
the specular location in the sky given @pesdsped , the specular azimutigeec can be
computed. Therefore, at some specific acquisiiime t, the inverse mapping operafbt
maps a specular directiOmspesOsped Uniquely into an upper hemisphere unit norrf@iodn)

and the complete representation of the scattemogngtry is uniquely determined by the
following set of variables

{aspeq&peqespe#/uh} (55)
where we have omitted the geophysical variablesand ¢w that obviously enter into the full
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scattering problem. A usefull representation offtirectional form of the scattered signal in
some scattering directioftsg) is then

TpS N Tpf‘( aspeqépeqespeq(//uh,ljlo,m). (56)

4.7.7. Fast Implementation Method for Calculating $attered Signal

Neglecting surface salinity and temperature depecids in the rough sea surface
reflectivity, we have seen that we can uniquelyespent the scattered noise as a function of
six variables:

Tﬁ — TE( aspeq&pquspe(#/uh,lho,¢w) . (57)

The total scattered signal, can, in turn, be repreesl as an integral over the upper
hemisphere of the incoming noise,

7T, T .
o (Gs@uopudapot)= g | Zf [o0(Gag2658) + Toa(BosBs @) [Too Bo@) e ™*®sinGh dgad &, (58)

where the portion of incomming sky is determinedjualy by the se{aspeq&peqé?speqt//uh}.

To allow efficient implementation of the above eftipm, it is further assumed here that the
atmospheric attenuation of celestial radiationmyithe downward path toward the surface is
uniform within the upper hemisphere and set equéktvalue at the specular direction, so
that the ternexp(-rse@) can be pulled out of the integral using:

s e—rse(ﬂs 712 0275 .
To(Gsauap=E | [ low(Oup6s)+0ra( Ougpbs @ (Gogp)sinGhdad &, (59)

Now, we recall that the bistatic scattering crassisns have the form
5

Oaap (qutbﬂs,(@,wo,WFZJg{)n( G6,3—qa,6: o LOLm(Dsi—gw). (60)

=0
where the variables have the standard meaningtharehgle®si is the angle of the

difference between the scattered and incident westevs, defined in (38). As amplitudes for
bistatic scattering cross sections harmonics grélaée two have magnitudes at least about a
factor of ten lower than the second harmonic, Heewe only consider the zeroth and
second harmonics. Retaining only the zeroth andreEbarmonics, and using the
trigonometric identitycoga+tb)=cosacod—sinasinb to factor out the wind directiogw from

the above expression, we obtain :
o (0 AL Pw)=0 o (Oagi—asLio)
+[ngo(eq@_@es,UlO)COS(ZDSi)JCOS(%N)

(61)
+[G(%o(eo,@—@es,uj.0)8in(zpsi):|5in(2¢vv).
As demonstrated in Appendix C, a usefull propemieshe angledsi is :
Dsi (Gt E)=Dsi( O, 3—3,0° B) +@=DU( O, s~ )+ (62)

since
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PDsi—pu=Dsi—@—~(Po—), (63)
and with ds—@=d3 , we have
Dsi—=Po—( pu—@) =P~ (64)

where ¢w is the now the wind direction (towards which thegvis blowing) relative to the
radiometer azimuth. Using this result, we can rettgvthe scattering coefficients in terms of
®% and ¢l = gu—@, so that the modified scattering cross sectiocsine

o (0 AL Pw)=0 e (Oagi-aDsLio)

+[G%O(qug—¢z,eswo)cos(ZDSi)JCOS(%)
(65)

+[c%o(6qqﬁ—¢z;eswo)sin(2tl)§i)}sin(2¢Jv).
For convenience, we now let
ol OO0 Bug-pBu),
&2 OupapBa=0% B0 FOL20Y),  (66)
62 G 0= 0 G- @ sin(252)
By introducing®3 and the wind direction relative to the radiometeimuth ¢, we have
shifted all of the dependence on absolute radianaaienuth and wind direction into the

cog2d?%) andsn(2d% ) factors, and that the coefficients of these fagta® andb® , only
depend on the relative azimugh ¢ .

The total scattering coefficients can now be wniths

T (GogppBittog)=a D +alDcog2 gty +0\Dsin(24t). (67)
Since we will be concerned with the polarized seaty of unpolarized incident radiation,
we define the combined scattering cross sectiofficisats (including co-pol and cross-pol
terms):
2 (Gaga—a i Uio)=abn( Guga—ga, B ko) +aba( Baga—gaBito),
a5 (ogga,sio)=ald (Fogaga Bulho)+al (Gogagiiio), (68)
b5 (Bogga,6410)=h53 (Bogga,8:10) +Hi3 (Bogagabitno),
and the combined scattering cross section as
o (Gog g lhodn)=07( Gaga— G ho)
HoA - pog20Y) kog240) (69)
+[0€(9q(@—@%wobin(2d>2i)]sin(2¢5v).
Now when we consider calculating the total scattsignal in the directiori&s@) , we must
integrate the product of these scattering crossosescwith the incident power (assumed here
to be unpolarized with brightness temperaflikg) over the entire upper hemisphere, so that
at polarizationp the scattered signal is
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Tps( 7.99,¢g 1,93@,w0,¢w):%£);sky (Q s) OJp dQs (70)

where Qs refers to solid angle in the upper hemispheres Thn be written more explicitly
as

TS ot Buunag)=2RCTCB) (1 (g 5 o piso put SirBic (71)
where
P (H 0(017.9 g¢ g,gs,@,UlO,¢w,t):Tsky (90,@,199,¢g ,t) Op (HQ(ﬂa,Hs,(B,Lho,m), (72)

and where the dependence of the incoming noise lapitude 5% and longitudegy of the
target and time is shown explicitly. Also,

o (B Bulio )= +a cog 2+ sin(24%). (73)

Since the dependence of the scattering cross seatiogn occurs alone as multiplicative

harmonic factors, this dependence can be factaredfall integrals, so that we can write the
total scattered signal at polarizatignas

Ts (OsgaIa o togw)=e P A (OsgaIa ot o)+ AL (Bsgade ot o LOL280)+BY (BsgaFs Po,tho)siN(2 %) J
(74)
where

71 T .
A= L[ Ty (GopaguasinBidd,

712 0271 .
A== [T oo (Gopdogpoalsinthdad &, (75)

7120277 .
8= gl I, T G sinaidgd,

As noted previously, the above representation @sttattered signal harmonics is still not
sufficiently convenient for fast implemenationn& much of the variation in scattered
signal is expected to be related to changes ispkeular location in the celestial sphere, and
this specular location can change dramatically withnging radiometer incidence and
azimuth angles. However, we can use the previalskgloped transformation involving the
angleyun, and express the harmonic coefficients in ternth®fpecular location in the

celestial sphere along with the orientation angle so that we obtain the representation
Tps(aspez;d,pquspe#/uh,wo,m :e_rse(ﬁspe‘[p‘()o)(aspeqépquspeqlﬂuh,UlO)
+A$()2)( aspeq&peq&peq(//uh,l,llo ):Oi2¢\;v) (76)
+B;(JZ)(aspeqépquspe#/uh,Lhoﬁin(2¢\;v)]

where the methodology to determine the anglas detailed in the previous section 6.
Equation (76) provides a very usefull representatibthe sky noise scattered signals at
surface level to allow fast operationnal processigking use of pre-computed Look up
tables for the coefficient#y’ , AY and BY’ . Readers may wonder why it is needed here to
consider second wind direction harmonics of thesdattered signals when it is already
known that the second wind direction harmonicshefrbugh sea surface emissivity alone is
relatively small at L-band. In fact, as demonstlatelfremer’s technical note, it turns out
that depending on the specular location in thestielesphere, the amplitude Af and BY

can be as large as the surface emissivity secamadmécs amplitude but with a phase that
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can be very different due to the exitence of tB€ term in (76), that is always zero for
surface emissivity while it can be significant tbe sky glitter signals. Although it needs
further investigation, that term might be a plalesithysical cause for wiggles observed
during the airborne campaign LOSAC.

Making use of LUTS for the coefficient” , A and BY , the processor will only have to
perform the following processing to evaluate swefacattered signals:

1) determine the following parameters for a givdiCldata:

Parameter Description

Q'spec Right ascension of the specular direction with eespo
the radiometer look direction [deg]

Ospec Declination of the specular direction with respecthe
radiometer look direction [deg]

Bopec Specular Incidence angle at target, which is diyebe
radiometer incidence angle at target

(un Upper Hemisphere orientation angle

Lo 10 meter height wind speed at target

P Relative angle between the direction towards whheh10
meter wind is blowing and the scattering direction
towards the radiometer.

T Atmospheric attenuation coefficient evaluated ejet.

2) Interpolate the coefficientsy , AY and BY’ from the LUTSs using a dedicated Hermite
interpolation method described in detail in apprmali

3) Evaluate the sum in equation (76)

The methodology we used to pre-compute the LUT$HeISky glitter Harmonics

coefficients, namely,A” , AY and BY is described in detailed in the companion galactic
noise TGRD note.

To construct these lookup tables, we discretizkfival dimensiongaspesdspesBspeatunio) Of

the coefficients. By analyzing the dependence @h éamension, and weighing the accuracy
constraint with constraints imposed by computatioesources, we have determined that a
reasonable discretization is the following:

wo={3,5,7,10,5,23 s,
Ged=0°,10°,20°,25°,30°,35°,40P,45°,50°,55°,60°, 70°, 80},

The grid for¢un is regular and defined (in degrees, mathematmayention) by the set
{~yun}={22.5},
where n is a integer ranging from 0 through 16. @he for the specular right ascensiogpec

is regular and defined (also in degrees) by the set
{aspet}:{-?) . 75‘]},

120



ICM-CSIC SMOS L2 OS Doc: SO-TN-ARG-GS-0007
1 : . __llssue: 3 Rev: 7
LOCEAN/SA/CETP | Algorithm Theoretica

. Date: 22 June 2011
IFREMER Baseline Document Page: 121

ARGANS

where n is a integer ranging from 0 through 96alnthe grid for the specular declination
Ospec 1S regular and defined (in degrees) by the set

{Fped={3. 73},

where n is a integer ranging from 0 through 96htiuld be noted that the lookup table is
defined in B1950 celestial coordintes, not the I2€@ordinate system. The lookup tables are
stored in a MATLAB Version 7 file. The followingltée lists the correspondence between
variable names and quantities described above.

Table 2:Mapping Between MATLAB Variable Names and PhysiQalantities in the Lookup Tables

MATLAB Variable Physical Quantity Independent

Name Variables

dec_b1950 B1950 declinationdspec [deg] Ospec

ra_b1950 B1950 right ascensiotrspec [deg] Q'spec

WS 10-m wind speed [m-s] Lho

eia radiometer incidence angle [deq] Bopec

psi Upper Hemisphere orientation angle - ¢
{un[deg]

th_symm A : symmetric H-pol component [K] (specispeqUio,Gped/iin)

tv_symm AP symmetric V-pol component [K] (OspesQispeqUiio,Grpeqn)

th_hc A®: cog2g@) harmonic amplitude H-pol (Gpestspestho,Gpectfiun)
[K]

th_vc AP cog2@) harmonic amplitude V-pol  (GpesspecthoGpedfin)
[K]

th_hs B®: sin2@) harmonic amplitude H-pol  (pesispestio,rpecifin)
[K]

th_vs B2 sin(2g) harmonic amplitude V-pol  (Sspesspegtho,Gspeqtfiun)
(K]

The Luts were derived for both the Kirchhoff or tB8A-1 scattering asympotic model, since
it is not known which model perform the best atth@ment. However, for the first
operationnal implementation of the algorithm, weslwio employ the Kirchhoff approach as
it minimizes errors in the predicted polarizatiatios.

The scattering model is not expected to work prgperthe range of wind speed strickly
greater than zero and less than 3 m/s. In thaerahwind speed, a “drop off” transition
occurs in the scattering mechanism between pupagusar reflection and rough sea surface
scattering. It is expected that the threshold vepeled at which this drop off occur will be
highly variable, depending on the low wind speetlized roughness variability within
SMOS pixel. Therefore, the processing shall be dasethree wind speed conditions based
on the decision tree outputs:

1) if wo=0 m/s, than purely flat reflection

model shall be implemented to evaluate surfaceatsgnmith associated

transport at antenna level (equation (29) above).
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2) If O<uwo< 3 m/s, although it is certainly
not a physically based solution, we suggest dttfirperform a linear
interpolation between predictions of the flateeflon model at 0 m/s and the
scattering model outputs at 3 m/s. Transport trara level

shall then be perform using the rough sea casdiegquaquation (22) above).

3) If wo=>3 m/s, apply the rough sea surface
processing (equations (76) plus (22)).

In addition to the proposed corrections, a flagighan be defined based on the the wind
speed value conditions detailed above.

4.7.8. Error budget estimates

Main sources of errors in the estimation of the glidger contribution will be

v Errors on the estimation of the bistatic scattedagfficients of the sea surface
at L-band, and

v Errors on the estimation of the sky brightness &naipire at 1.4 GHz

An estimate of the errors on the modeling of treabic scattering coefficients of the sea
surface at L-band can be based on the estimaters$ efrthe asymptotic electromagnetic
models, namely the SSA-1 and KA approximation. €tes approaches can be considered
to provide the asymptotic limits within a consigttamework of scattering slope
expansions. Importantly, these two approachestidakg into account directly the surface
geometrical properties to predict the level of pakion. In particular, with the proposed
models, this polarization level are independenbafjhness states. SSA-1 is expected to
exaggerate the polarization effects while KA wilinimize them. SSA-1 overestimates HH
and underestimates VV so that SSA-1 systematicakyestimates the H/V ratio with a mean
of order +20%. The errors on the sea surface roegghstatistics, particularly those
associated with the mean square slope and curdattgls within the spectrum are difficult
to estimate but will clearly have an important iroipas well.

In 90 % of the future SMOS measurements, we fobatlithe numerical implementation
method proposed here is in error with the exaatngsgtic calculation with an error less than
0.1 K. Therefore errors associated with the ussuofsimplified numerical approach are
expected to be of this order.

A specific case of importance in the scattering ed@dror budget is very low wind speed
conditions (O<ko< 3 m/s), where (i) the reflected signal energg expected to be the
highest, (ii) the surface variability will be velarge and (iii) the proposed linear
interpolation model is not physically based.

Another source of error might be the unpolarizegassumption. Although the polarization
signatures of sky radiations at L-band are expetcidd less than about 0.1 K, we neglected
signal polarization basis transformation and Fayadtation during the sky radiation
downward path as well as the complete polarizettestag mechanisms at the surface.
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4.7.9. Practical consideration

4.7.9.1. Calibration and validation

Dedicated CAL/VAL activities should be envisagedttte SMOS skyglitter correction
model with two main components:

- an Earth-based campaign aiming at measuringgalgdhe skyglitter scattering features at
L-band (e.g., experiment similar to CoSMOS) witgHiguality attitude control
measurements as well as surface roughness infematicalibrate and validate the bistatic-
scattering coefficient models.

- a SMOS-data based analysis given the fact tleagkiz glitter will exhibit a predictable
seasonal and geographical contamination. Re-asaly$he correction terms and measured
brightnesses as function of position within the F@We of year, ascending or descending
passes and wind speed for which good quality (dlosiene and space) co-localized auxiliary
wind and surface roughness data are available Isbdgéerformed to assess the efficiency of
the model.

4.7.9.3. Exception handling

If any parameter goes out of LUT range during #teeval, different flags
(Fg_OoR_gam2_dec, Fg_OoR_gam2 ra, Fg_ OoR_gam2 RgS®oR _gam2_theta,
Fg_OoR_gam2_psi) are raised. No extrapolation iedmd the boundary value is taken.
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Appendix A: Auxiliary datasets used in the generatn of the sky map

A. The Effelsberg survey

The Effelsberg survey [23,24] was conducted overGhalactic plane between 57<95.5

and -4'<b<4’ with the Effelsberg 100-m radio telescope. Thiwsy covers the
surroundings of the galactic plane. This survespiscifically used to complement the
continuum survey around Cassiopeia A. Effelsbergesudoes not include any data for
Cygnus A.
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Data provided in the Effelsberg survey can be cdedeo fit into the Reich continuum map.
Indeed:

* The resolution of the 100m Effelsberg telescdleEW of 9.4") is higher than the one of
the Stockert telescope used for the Reich continsunvey

« Data for Effelsberg survey are provided in ma#ain brightness temperature whereas
Stockert data are provided in full beam brightrtessperature.

An associated catalog of strong sources also exist

B. The NRAO VLA Sky Survey (NVSS).

Conducted by the National Radio Astronomy Obseryathe NRAO VLA Sky Survey
(NVSS) is a 1.4 GHz continuum survey covering thire sky north of -40 deg declination.
A detailed description appears in [26]. In additiorthe images, a source catalog was
extracted by fitting elliptical Gaussians to afjrsificant peaks. For more information, see
http://www.cv.nrao.edu/nvss/. The sources flux psgad in NVSS are given an accuracy of
3%.

C. The Parkes survey

The Parkes database [25] consists of radio andaltata for 8264 radio sources. It covers
essentially all the sky south of declination +2gmes but largely excludes the Galactic
Plane and the Magellanic Cloud regions. This sursessed for strong sources in the
Southern sky.

D. Cross comparison NVSS-Effelsberg catalogues

A first check of the validity of the approach candione by comparing integrated NVSS flux
to the Effelsberg survey of sources in the galgaane. The NVSS sources are extracted for
the coordinates identified in the Effelsberg cajal® and their flux is integrated. Comparison
in Figure 6 shows a rms error of around 0.5 Jy5Qy2if the strongest source is not
considered). This corresponds to approximatelyKOrgs at the scale of the Reich and Reich
continuum map and to 0.005 K at the scale of SM@#heam. Some of the observed
discrepancies come from the lack of compatibilégvieen the protocols that describe the
extraction of the sources from the catalogues @gular or square box). Only a few sources
may contribute to a noticeable error at the scaMOS beam. For an error threshold
selected at 0.05K, sources where discrepancidarger than 5 Jy must be carefully
considered.

E. Strong sources: Cassiopeia A, Cygnus A, Taurus A, Virgo A

Some very strong sources are present in the skighvilax was measured at a range of
frequencies. Among these, Cassiopeia A is charaeteby a strong variation of its flux with
time. Consequently, even if an estimation of it ftan be provided, it is not advised to use
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it in any correction procedure. Virgo A is a snsdurce which is surrounded by a halo which
is a strong contributor in emission at low frequeac

F. Calibration sources

An other set of sources is usually used for cdiibngourpose as their angular extension is
very small and their flux is stable in time. Thespion / intensity of all these sources is found
in literature and can be used to check the valtidsessources extracted from the catalogue,
as seen below where NVSS output is compared to whatind in literature. Discrepancies
are mostly caused by the presence of a strongwtatdh is a strong contributor in emission;
this is the case of Cassiopeia A and of Virgo Al¢at frequencies).

Appendix B: Reference frames and transformation maices

A. Reference frames

We begin by establishing several reference frames.

Earth Fixed Reference Frame

The first is the Earth Fixed Reference Framekorcentered at the center of the Earth
Reference Ellipsoid, with cartesian bafissZ) .

¥e points outward along the equatorial plane tow#ndsGreenwich meridian,
Ye points outward along the equatorial plane tow&@fsE, and

Z points towards the North Pole.

Altitude-Azimuth frame

The second frame is the so-called alt-azimuth frame\, with cartesian basi€x, {,z) , with

% pointing eastward,
%t pointing northward, and
Z pointing upward (zenith).

This frame is the same as the topocentric framael@in the EE CFl Mission Convention
Document and is the natural frame in which to exptle surface scattering problem since
the scattering geometry is typically defined refatio the local surface orientation. Since this
coordinate frame is defined relative to the locatm the Earth's surface, the projection of
the cartesian basis vectors for this frame in thgtEFixed Coordinate System depends on
latitude and longitude.

True of Date (TOD) Celestial Frame
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The third frame is the True of Date (TOD) Celestiedme, orC, with cartesian basis

(X5 Y,Z) , in which the galactic noise map is provided. Thasne is aligned with the Earth
Fixed Frame except for a time-dependent rotatio(Xg¥e) relative to(Xs ) . The center of
the frame coincides with the center of the Eantid, thhe x-axis coincides with the direction of
the true vernal equinox of date. This coordinattey's orientation accounts for the nutation
of the Earth owing to a periodic effect of the gtatvon fields of the moon and other planets
acting on the Earth's equatorial bulge. Using énminology in the EE CFI MCD, to
transform a vector from the TOD Celestial FraméhwEarth Fixed Frame we apply a
rotation about thee-axis by the Earth rotation anglkl,, which in turn is the sum of the
Greenwich siderial angl& and a nutation anglg .

B. Frames transformation

The transformation from one frame to another cawiigen as a3<3 matrix, and we denote
the transform from frame to frameJ asTu . The matrices are built with the help of EE
CFI. As mentioned above, the transformation fromHEarth Fixed Frame to the TOD
Celestial Frame, denotel, is a rotation about th& -axis by an angléd . Introducing the
rotation matrixR. for a counterclockwise rotation by angieof the coordinate system about
the z=Z-axis

(cos;osinqﬂ}
R(@= —singcos |

0 01

we can write theE to C transformation as

Te=R(—H)=R(-G—1), (8)
Its inverse is
Tee=Tec =R{H)=R(G+1). (9)

G is a third-order polynomial in time. Whe is expressed in degrees ahdis the so-

called Universal Time (UT1) expressed in the Maaifdulian Day 2000 (MJD2000) date
convention, the formula fo6 is

G=99.9677946+360.985643662860 +0.2907X1012T 2. (20)

Universal Time, UTL1, is very close to the commorofdimated Universal Time (UTC), but
differes slightly from it in that it does not differom actual atomic clock time (TAI) by a
constant integer number of seconds, whereas UT€dimes. Since both UT1 and UTC are
defined to be consistent with the mean diurnal amtf the Earth relative to the stars, they
must be adjusted periodically, but the adjustmeiaiccomplished differently in the two
systems. For UT1 time this is done smoothly, whefea UTC time this is accomplished by
inserting leap seconds at scheduled times into Wheén it is predicted to lag behind UT1
time by a threshold (.9 s). This introduces distgwiities in UTC. In UT1, no discontinuities
exist since the adjustment is continuous.

In the Modified Julian Day 2000 (MJD2000) date convention time, either in the UT1

system or in the UTC system, is expressed as theval of time in days (including fractional
days) since midnight January 1, 2000. It diffemirtrue Julian datds by a constant value
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of 2451544.5 decimal days, so that in decimal deyfave
Ja=Im+2451544.5. (12)

As previously mentioned, the transformation betwienalt-azimuth frameéd and another
frame is complicated by the fact that the alt-azlmftame depends on location of the origin
on the surface of the Earth, so thetA(J.@q) , whered is geodetic latitude ands is the
geodetic longitude. Here we take the geodetic longito be equal to the geocentric
longitude. The geodetic latitude is the angle betwthe equatorial plane and the local
normal to the Earth's surface at the point in qaestt is related to the spherical coordinate
latitude & by the relation

&=tan {((1-e:Yans,) (12)

where

@\/A@Tj, (13)

is the eccentricity of the ellipsoidal Earth= 63381m is the Earth's major axis
(equatorial) radius an&=6356752.31 4@ is the Earth's minor axis radius. To determine
explicitly the transformation fronA to E we introduce a second rotation matrix that rotates
the coordinate system counterclockwise aboutdthexis,

Rx(@:((]j cggpsi%w} (14)
O-singcosy

To compute the composite transformation fréto E, we rotate the local alt-azimuth
frame about thex -axis by the anglqazz?g——g to align z with z, and then we rotate the

resulting intermediate (primed) frame about the rieaxis z by the angle—¢g——g to align

% with Xe. The resulting composite transformation frofnto E can be written as

T Supo=Rl-go-2 Rl (15)
and its inverse, mapping vectors frdinto A, is simply
TSR0 E R ) (16)

To organize the results of the scattering calonetiand to compare results with specular
reflection calculations, it is also useful to béeaio compute the specular direction for a
given incidence/azimuth angle. This can be accahpti by applying a transformation
matrix Tret Which rotates a vector by 180° about theaxis in the alt-azimuth coordinate
system:

Ter=R{71) (17)

The fourth frame is the Instrument Reference Framd3y our convention, cartesian basis
vectors for this frame, denotéd, y,2) are such thak points to the right of instrument

motion, normal to the orbital plang, points in the direction of spacecraft motion, and
points upward normal to the instrument plane coimagi x and ¥ . The sign convention we
adopt here forx and ¥ is opposite that in EE CFl, in which is directed along spacecraft
velocity vector towards the rear, whife is directed normal to the orbital plane to the ¢éf
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the spacecraft velocity vector. This reference #rasncomplicated by the fact that the
spacecraft position and orientation, or attitude,fanctions of time irg, so the
transformation matrix betweeh and E is a function of time. Using CFl, at a particuliane
t (expressed in UTC) we obtain the transformatiotrimndie(t) transforming a vector from

the instrument frame to the Earth Fixed Fralh@nd the inverse transforifai.

To find the transformation from the alt-azimuthnfrato the celestial frame C, we first
transform from alt-azimuth to the Earth Fixed Fraane then transform the resulting vector
from the Earth fixed Frame to the celestial fraifige resulting transformation matrix is thus

Tac=Ted: ae, ( 1 8)
and its inverse, going from celestial coordinatealt-azimuth coordinates, is
Tea=Tac l:Tez;r ce ( 1 9)

In each of the above frames we can represent \&eict@ spherical coordinate system, related
to the corresponding cartesian coordinate systethdyelations

X=IkCOSACOFK,
W= COFASINg, (20)
A= Siné,

wherek refers to the coordinate systesh, is the altitude (or latitude)p is the azimuth, and

Ik is range. In the Instrument Frame, we follow carivn and introduce the additional
director cosine represention of the spherical coatds,

&ssinécoss,

n=sin@sing, (21)

where ag:g—a is the angle from boresight. In considering théd beamwidth of the

synthetic antenna we will need to integrate overdblid angle

dQ=sindd@dg=sindJ (&,¢d&dn subtended by the beam, where J is the Jacobitue of

transformation from(&,¢) to (¢17). The Jacobian is

J(a,,@z(fn)(@,@zﬁ@fﬁj:‘m&%c?% ?'ina’s""ﬂ:coa%sineo: 1-E-rfsing, (22)
1@ |coghsingsinécosy

and so the transformed solid angle increment is

- dédn _ dé&dn
dQ=sindd&d ; : 23
! coh 71_52_,72 (23)

It should be noted that in the above transformatiwa are concerned about transforming
directions rather than absolute positions, sincasgime that the galactic signal is at such a
large distance that origin shifts by distanceshendrder of the Earth diameter do not alter
significantly the direction of a particular galactiource.

A fifth frame is termed the geographic frant&, This frame is related to the instrument
frame by a rotation about the axis by a tilt anglé to align the instrumenk axis with the
z axis of the topocentric frame at the satellitepmibt O=(Sp@sp) , A=A(FpPsp)=G . Thus,

A

% is parallel toX{Hsp@sp) .

As mentioned above, the alt-azimuth frame is thiarahframe in which to perform bistatic
scattering calculation, since in this frame relévaaidence and azimuth angles are readily
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computed. Therefore, in performing scattering dakoons for SMOS, we must establish a
local alt-azimuth frame for every point in the F@Wwhich we wish to compute the scattered
signal in the antenna frame. To this end, for e@@) in the director cosine coordinate
system, we use CFI to determine the satellite iogah E and we then determine the
location on the Earth Reference Ellipsoid at whiah line of sight (LOS) intersects the

Earth. We let(x,y,z) be the unknown target location on the Earth'sse@inE, (Xs %) be

the instrument locatioE , and we let(dxdydz) be the unit vector in the instrument look

direction inE. Then if we letR be the range from instrument to the target, thgeta
location is(x+Rdxys+Rdyz+Rd;) , and it must satisfy the equation for an ellipsoid

2 2 2
(erRAY (e RAY (@4RA
Expanding this equation and letting

A—d2,df_ d?

mpg;% Bgz-d
_2 X vy, 274
B=m TR TR
c=X DL -1,

A pe B2 (25)
the solution for R, the distance to the target, is

(24)

Re-B VB 2AC ‘4A (26)

If B —4AC<O or if R<0 then the line of sight does not intersect thelEautrface, in which
case the instrument receives radiation directlynfepace. In the case of multiple positive
solutions, the smaller one corresponds the theifitersection of the line of sight with the
Earth surface, and the other is on the other dideecthe Earth.

Appendix C: Properties of the Angle ®si

Recalling the definition ofbsi,

sinésing+sinésing 4 d
Su(Oppbtan| S oot e &) (27)
where
dx=SinG:COgE+SINGCOSp, (28)
dy=sin@sing+sinésing

Now consider a change i@ by some amounfA@. Now let @ change by some amount,
Ag@. Then the new value dbsi is

singsin( @+A@)+sinGsin( @+A @)
Psi=Ps(h@rApErAp)=tan l(sm&c,cos( @+A@)+sindcog @+A @)

—tari _( sin@singcos\ @+cosasinA @)+sin@(singcosh @+cogesin/ g)
sin@{cosacoN @-sin@sinA@H+sin@d(cogaco\ @-singsinAg@) |

Now if we chooseA@=Ag@, then we obtain

bu'=tari siné(sin@cosh @+cosesinA @hsind(singcos @+cosesinA @) (30)
s=tan sin@{cosaco @-sin@sinA@+sind(cogacoN @—singsinAg) /

Collecting coefficients otofd@ andsinAg, we have

(29)
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Diztart co\@sindsing+sindsing)+sinA g(sindcosa+sindcoss) (31)
=N | cosh@(sinAicoga+sinGcogs)-sinA @(sindsing-+sindsing) |
or
4 CoD@dy+(SinAg)dx
‘Ds"ta”'( Cob@d- (SN )y | (32)

Now defining
dx =Co\ gs) dx—(SiNA¢)dy,

dy =(SinA@)dx+ Cos\@)dy, (33)
we have

qasi'=tan-‘[%x%j, (34)
where

i co@-sinA@ 4

(jy;): SinA@ cod@ (j;) (35)
But this is just a counterclockwise rotation(df,dy)’ by Ag, and so
Ds'=Psi+Aga, (36)
or

Dsi( Bh@+A @ @E+A @ B)=Dsi(Bappra ) +A @, (37)
or

Psi (O p A)=Dsi( b @—-A@pE-A @A) +A . (38)

In words, this equation states that the function at (o) is identical to the same
function @si evaluated a{&,@-A@@E-A@é), except that it will be everywhere shifted in
value by+Ag@. If we let A@g=@, then

@si(Baprp, &)=Psi( Bh@—@,0 )+, (39)

so that®si(fugpn@a &) may be obtained frondsi evaluated at zerg merely by evaluating
@si at @-@.

Now let us define a referenebsi, say

DYU(Bop,B)=Dsi(6,8,0 A), (40)

which is @si evaluated at zero radiometer azimuth. Then fraanghtranslation property of

®si we have just established,

Dsi (G B)=Dsi( G a—38,0 A) +=DS( G B-R )+ (41)
Recalling that the joint dependence of the secamthbnic on®si and ¢w is of the form
co2(dsi—¢gw) , we have

Psi—pu=Dsi—@—(Pv—@), (42)
but since®s—@=d3 , we have
Dsi—gw=DS—( Pu—¢a). (43)

Appendix D: Multi-dimensional Hermite Interpolation

Denote four successive gridpoints in one dimenbioifx, x,»,xs) , and consider the problem
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of interpolating some discrete functidn, whose values are given at these gridpoints by
(FoF,F) , on the interva[ x,x] . We wish this interpolating function to be contiois and

to have continuous first derivatives on this in&grWoting that a cubic polynomial provides
the freedom to enforce these contraints, we choos@terpolating function to be a cubic
polynomial, and we determine coefficients for ghadynomial to satisfy our contraints. Let

= (a4
and define the interpolating function on the intifu x| by
p(S)=0Ss+ S+ GStHCa, (45)

We wish this cubic interpolating polynomica(s) to pass through and x, so we must
have

ps0)=c=F,

p(s=l)=a+e+cte=F.
Additionally, we want the first derivatives gb s (tp be contrained such that they are
identical to the first derivatives of the corresgmy p(s) functions on the neighboring
intervals. One way to accomplish this is to useerea differences to the define the
derivatives ata and x=. Noting that

(46)

PS= PXXS(Xo—X1) PX. 47
we see that
ps(s=0)=cs=a(R—Fo),
(48)
ps(s=1)=Ba+2c+c=F(F—F)
where
a— XZ_Xl,
—Xo—Xi
B Xa—x'
Arranging the preceding four constraints into anraquation, we have
MiR=M:q, (50)
where R =(FoF,F,F)r and c=(q,eac)r, and
0 100
0 010
Mi=| —-a0a0 (51)
0 —-bOb
and
oooL
un
M2= Q010 | (52)
10
Now we can write the interpolating polynomial as
o]
H9=(ses1) & (53)
C
But since
G=M2"MiF, (54)
we have
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K9)=(s.25)M>"MiF, (55)
or
—-a+t202—as =
_ (2_:@53'*'(18_3)52'*'1 = 56
PO (a-2)s+(32a)s+as | | B (56)
A=) E

Note that the weights are independent of the #atand depend only on the desired

interpolation locatiors and the location of gridpoints on which the discrete function is
defined.

To interpolate in more than one dimension we sinaplyly the above formula along each
dimension separately and then multiply the appadgniveights along each dimension to
obtain the weights for a given point at whithis defined. The number of points in the

interpolation stencil i€, where n is the number of dimensions of the fumcff .
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4.8 Faraday rotation computation from geomagneticiéld

4.8.1 Theoretical description
4.8.1.1 Physics of the problem

The Faraday rotation is due to the effect of iohesje electrons on the propagation of
electromagnetic waves.

4.8.1.2 Mathematical description of algorithm

The Faraday angl®r, for each view is provided by L1c data (field #0940 in tables 26 or
27 of SO-IS-DME-L1PP-0002, depending on polarizatiwode), using auxiliary TEC
(Total Electron nadir columnar Content) values.réfare the description below need only
be implemented when introduced in the direct madehe case where TEGs retrieved.

Making use of the magneto-ionic theory and usirggghasi longitudinal approximation as
well as assuming a plane parallel ionosphere rastite following expression for L_band
((Le Vine andAbraham2002; Waldteufel, Floury et al. 2004)):

oFa = 6950 * TEG, * (B.ULs) / cos@y) (°) Eql

Where:
« TEG,is the totavertical electron content (TEC units; 1 TEC unit =461); it is
obtained from L1c field #15 for each view.. Thegarof TEG, is about 5 to 50.
If the TEG, is retrieved, then a unique value for the DGG nisdiefined as initial
value by selecting the median of the values forevieew. Otherwise, every
individual TEG, value can be selected for computimg,.
e (B.ULs) is the scalar product of the magnetic field ve&doy the unitary vector
U,s giving the direction of the line of sight (fronrget to spacecraft).
* The magnitude |B| @ (teslas) is obtained from L1c field #16 (expresised
nanotesla). The range of |B| is about 2 to B Tésla.

The vector8 andU_s must be expressed in the same Euclidian refereaneet
» ConcerningB: The L1c provides (fields #17 and #18) the detiovadec_B and
inclination inc_B of B in a local geographical frar®xyz (Ox towards East, Oy
toward North, Oz upwards)
In L1c data, dec_B is understood as the angk afvay from geographic North Oy,
counted positive eastwards (clockwise); inc_B idarstood as the angle Bfaway
from the local horizontal plane Oxy, counted pesitiownwards.
Every individual |B|, dec_B and inc_B value carsbkected for computingg.
« ConcerningJ.s: let us define polar geographical coordindgéelevation away
from the Oz axis) andi, (azimuth from origin Ox, counter clockwise).
Then :
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B =[ (cos(inc_B) sin(dec_B), cos(inc_B) cos(dec_Bjin(inc_B) ]
Uis = [ sin@y) cosn), sin®y) sin@n), cosOy) 1;

(Note thatp, differs from the relative azimuth defined in anfralinked to the
spacecraft and introduced in the SM ATBD).

It is expected that the EE CFI may provide dire¢tlyand@y. Alternatively,8y could
be inferred from the incidence angle (providedhsy lt1c) through adding the Earth
center anglep, could be computed from the DGG node coordinatsjraing the
coordinates of the subsatellite point are proviogthe EE CFI.

The mg, Faraday angle value is positive clockwise.

4.8.2 Assumptions and limitations

A single average magnetic field vector is usedaathan altitude dependent values when
carrying out an integration over the line of sigrte optimal value corresponds to altitudes
which may vary between 350 and 400 km, dependinth@monospheric altitude profile.
Considering the variation of B with altitude, resu errors are not significant.

The TEC value is assumed constant over the areto @ipout a 500 km size at ionospheric
altitudes) concerned by a SMOS dwell line. Thsuasption may not be fully satisfactory in
regions of strong ionospheric gradients.

It is useful to add an output flag (Fg_sc_TEC_grat)iin the User Data Product to warn
against strong variations of the measured TEC awkwell line. Every snapshot coming from
L1 will carry its TEC value, but only a value (madifrom all snapshots) is used in the L2
computations at grid point level. When the differetmetween the maximum and minimum
TEC values affecting a given DGG node is aboveestiold (Tg_TEC_gradient) the flag

will be rised. It is necessary to check if TEC daéae the spatial resolution adequate for
feeding such a flag.

References

DEIMOS Engenheria (2005) SMOS L1 Product FormatcBigation, SO-1S-DME-
L1PP-0002 issue 1.4, 30 August 2005
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4.9. Atmospheric effects

4.9.1. Theoretical description

This section of the ATBD takes advantage of thdyaimreported in an ESA study [1:
Peichl et al, 2004].

4.9.1.1. Physics of the problem

4.9.1.1.1. The radiative transfer equation

This section assumes a bare surface, and ignoskyheontribution as well as ionospheric
effects. The geometrical rotation from the surfexcthe SMOS antenna is not considered
either.

Several components of the atmosphere are radiatetive, which generates effects to be
accounted for in theadiative transfer equation (RTE).

In the absence of atmosphere, the measured brgghtemperature This simply the
upwelling brightness temperature from the surfaog T

Thm = Ths=SST e (1)

Where
» SST is the sea surface temperature
* e isthe sea surface emissivity

Introducing the atmosphere, the RTE is written:

Tbm = Ths €™ + Thyp + T Thgown €™ (2a)

Where

* Thypis the brightness temperature self-emitted byatheosphere upwards and attenuated
along upward path

*  Thgown is the brightness temperature self-emitted byatheosphere downwards and
attenuated along downward path (In real case, wdiléng into account galactic noise,
there is two terms (see sum of contribution equalip

» T is the surface reflection coefficient, with= 1 — e, where e is computed for a rough
surface e=(Thu+Tbroug)/SST;

*  Tam iS the equivalent optical thickness of the atmesph

Comparing both equations, it is seen that the ghtmere will generate 3 corrective terms,

which are best seen when writing equation (2) Hevis:

Tbm = TQ + Tbs (e-Tatm = 1) + Tbup + r deown e-Tatm (2b)

There are 4 atmospheric components to be considéngdtmosphere, water vapor, clouds
and rain. Ideally, the quantities to be known inaén (2) €am , Thup , Thiown ) are the sums
of the 4 corresponding contributions.
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In every case, the basic quantity from which atrhesig contributions can be estimated is
normally thelineic absorption coefficientk, generally expressed in dB/km.

4.9.1.1.2. Dry atmosphere

The radiatively active component in dry atmosphgmolecular oxygenOxygen molecules
have a permanent magnetic moment; therefore alhsom@otd radiation in the microwave
region occur due to magnetic interactions withitteedence field. This interaction produces
a family of rotation absorption lines in the viginof 60GHz (known as the oxygen complex)
and an additional isolated line at 118.8GHz [Crdr®g,1]. Due to pressure characteristics of
the lower part of the Earth’'s atmosphere, presBtoadening causes the complex of lines to
blend together to a continuous absorption bancecedtaround 60GHz.

The oxygen absorption and radiation change dubdages in the meteorological
parameters, and are dependent on the pressurarél(f)e temperature T(z) of the gas as a
function of the height z.

A model for the absorption by oxygen for lower fueqcies is described in [2: Ulaby, 1981].
For frequencies below 45GHz, the contribution fribva 118.75GHz oxygen absorption line
can be neglected, and thereby we only have theibotbn from the 60GHz absorption line.
Then the lineic absorption from oxygenfat.413 GHz can be written in dB/km as:

.o P Y300V 1 1
Koy = L1107% (1013)( = j y((f S +f2+y2j (3a)

where

» fisthe frequency (1.413 GHz)

» fois the absorption line frequency (60 GHz)

e Pisthe pressure in hectoPascal (hPa)

* Tis the physical temperature in K

» vyis the line width parameter written in GHz as:

B i ﬂ) 085
y=n 0[1013j( T j (30)

Where the line widtly, is pressure dependent:

According to [1]:yo = 0.59 above P = 333miz; = 1.18 below 25mby, = 0.59 [1+3.1 18 (333-P)] in between.
However, more recent spectroscopic measurementsgMjetter described when choosjng 0.59 over the
whole pressure range.

4.9.1.1.3. Water vapor
In the microwave region, water vapor has rotati@teorption lines at 22.235 GHz and at
183.31 GHz. Furthermore there are also some alisoiptes above this region, which
contributes to the microwave absorption spectruon.calculation of the absorption at L
band one can, according to [Ulaby, 1981], groupcth@ributions from the 183.31GHz and
all the absorption lines above in a residual tédrmugh the use of low frequency
approximation. The resulting absorption coefficirgio can then be written as a sum of the
contribution from the 22.235 GHz absorption liag and a residual termy:
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According to [Waters, 1976]:

I
(4944-12)" +4 122

(4a)

|

5/2
k, =21 pv(@j e_w(
Where

T
py is the water vapor density (gin
y: is the line width parameter (GHz):

P

0626
.= 2.85(mj(¥j (1+ 0018%) (4b)

Concerning the residual term, according to [2: y)d®81]:

3/2
K, = 2410 ?p, (g)j Vi (4c)
And finally:
Kh2o = K22 + K¢ (4d)

49.1.1.4. Clouds

When electromagnetic radiation interacts with s such as those in snow, clouds, fog
and rain, it involves absorption and scatteringt iBanly drops, which have a diameter much
smaller than the wavelength, are considered — wikittie case for 1.4GHz - then scattering
Is unimportant, and the absorption coefficient barcalculated from the Rayleigh
approximation.

The patrticles are assumed to be randomly distribwithin the volume, and therefore the
contribution of the individual particles can be sued assuming an incoherent process.

Furthermore, it is also assumed that the partenlespherical, which is a reasonably
assumption for most atmospheric water and ice dtspl'he scattering and absorption
characteristics of a spherical particle are gowinethree factors: electromagnetic
wavelength, index of refraction, and particle radiu

Clouds are complex phenomena, which consists avedther in liquid or in frozen form.

The amount of water and the phase of the watdrdrcioud depend on the altitude, the
temperature and indirectly of the pressure. Thaddare described by cloud base, cloud top,
the mass density of the liquid water in the cloaod principal composition of the cloud. The
water content of a cloud is according to [Ulaby81Ptypically less than 1g/n

Radiative effects of ice clouds are negligible &dnd. Concerning liquid water clouds,
according to [1] and [2], empirical expressionsdnaeen developed by [5: Benoit, 1968] for
the lineic absorption coefficient. It appears it only cases where the overall radiative
effect at L Band might not be negligible conceresm cumuli. However there is no reliable
auxiliary data allowing select a depth for thesmudk. In addition, they are mostly associated
with rain events, which are dealt with next.

49.1.1.5. Rain
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Physically, rain occurrence is similar to cloudswéver the problem is complicated by

several factors:

. Due to the size of raindrops, the Rayleigh appratiom is no longer strictly valid,
hence a dependence appears with the granulometaynofvhich is variable and not
accurately known;

. Large raindrops are not spherical

. While ice particle do not contribute to atmosphesitinction, there is often a melting
zone (just below the 0°C isotherm which is verynhopredicted and may not be
negligible in terms of radiative effects

. Finally the rain is often expressed in rainfaleimsity, whereas the relevant quantities
are lineic densities (liquid water content) in #iemosphere.

For all these reasons, it does not seem practicarrect for rain. According to [1], rain in
the atmosphere producing a non negligible radiatorg@ribution when the rain intensity
exceeds about 10 mm/hr; this is estimated to hajgssrthan 0.2% of the time over all
latitudes, up to less than 0.65% of the time ogeratorial areas (these figures may be
pessimistic for a 06h local time).

One should also mention the more in depth anatgsised out by Schultz [6].

Therefore rain occurrences are a matter for flagygather than correcting. As stated above,
the heavy clouds should be associated with raintsve

However, there are obviously cases for which raenaiation effects will be significant. This
will deserve further studies, including an attengpbuild and a forward model for the rain
contribution, an special attention for calibratmperations. This is all the more true since
rain is a major component of the global water cyiclevhich the SMOS mission is expected
to bring improved insights.

4.9.1.2. Mathematical description of algorithm

4.9.1.2.1. Ratiative transfer for gaseous components
From section 1.1, it is concluded that atmosphasittribution should be computed for
oxygen and water vapor.
Numerical simulations show that, for L band, thgyldnd Thow, radiative contributions are

extremely close one to each other and can be assegual to a single value Fhin
equation (2). Therefore what is needed is:

Tatm = To2 + TH20 (5a)
Tbatm = Tho2 + Thu2o (5b)
Equations (2a) and (2b) can be written again:

Tbm = Ths €™ + Thym (1 +T €™™) (5¢)
Tom = Ths + Thy (€™ - 1) + Thym (1 +1 €°7) (5d)

Contributions to absorption come from the wholekhess of the atmosphere. However, for
oxygen it is not necessary to consider altitudgbén than a level ZM 30 km, where
absorption becomes completely negligible. For wedgor, the altitude range to be
considered is limited to ZM 10 km.
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4.9.1.2.1.1 Multilayer model

Although this model will not be used in the profmy we recall it here before describing the
approximations that we will use (monolayer model).

Over the required altitude range, the exact contimntaequests knowledge of altitude
profiles for T and P; then, the atmosphere is d@iglith slicez. For each slice and for each
component, the elementary optical thickn&sss (where GAS is replaced by either O2 or
H20) is computed from the lineic absorption coédiit (expressed in dB KM Kcas:

5TGAS =1- 1/1d(GAS & /10 (Ga)

The effect ofincidence angla on optical thickness must be introduced in thevabo
equation:

(1) = o | COS() (6b)

The total optical thicknesssas is obtained by summing tR&cas over the relevant altitude
range:

TGas=  2.0rgas(2) (6¢)
Z=0-2ZM

The radiative contribution ™as is (taking the upwelling case) computed as follows

Thoas= 2 T(2) drgas(z) expl- X.0rgas(Z)] | (gq)
Z=0_ M Z'=7 _ ZM

This formulation yields the upwelling oxygen cobtriion. As mentioned earlier, the
downwelling contribution is found very close, widlfferences well below 0.01K.

Assuming the attenuation through an elementary lsyeery small, and that the physical
temperature variation at this scale is linear gigmate for the physical temperature T(z) in
(6d) can be taken as thgeragebetween T values for the bottom and the top of the
elementary layer.

4.9.1.2.1.2. Monolayer model

For the purpose of SMOS data inversion, we showrthdtilayer model is not necessary to
simulate atmospheric effects at L-band and we mepegressions to easily computgs
and Thsas .

From equation (5c¢), it is seen that the 2 quastiiigked to atmospheric radiative
contributionstam and Thm are fixed during the retrieval. Looking at equat{dd), it is seen
however that the atmospheric contribution will vargh Ths andrl™; therefore, strictly
speaking, this contribution cannot be considereal fased additive correction.
Theoxygenoverall contribution is by far the largest atmosypt contribution. It may reach
up to 6 K and beyond, as described in [1]. As shalove, after some simplifications,
integrations along the vertical still remain neeggsn the equations. Three ways are
identified to comput&cas and Tlhyas :
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1. Carry out thentegrations as indicated in equations (6). The estimated sacgsltitude
range ZM are 20 km for £10 km for HO; the necessary resolution along the vertical is
better than 100 m.

2. Tabulate thetgas and Tlgas as functions of some parameters (e.g. surfacesgineoic
temperature TO, the surface pressure PO, some paradescribing the structure of the
temperature profile, surface humidity,...) and thaeipolate from these tables.

3. Build empirical laws to computergas and Tlhas.

The most efficient (and physically meaningful) waydo this consists in writing the

emission of each component as the product of dghicgkness by aequivalent layer

(physical) temperature which is conveniently defined by its differenc& ith the surface

air temperature TO:

Tbeas = (TO - DTgas) Teas (7)

For dry atmosphere,quadratic fit to results obtained using the whole radiatransfer
computation has been found necessary:

Toz = 10° x (kO_tau_02 + kTO_tau_O2 x TO + kPO_tau_O2 x PO +

kT02 tau_O2 x TO+ kP02_tau_02 x PG KTOPO tau_ 02 x T0O x P0) / c6¥( (8)

DTo2= k0 DT _0O2 + kTO_DT_02 x TO + kPO_DT_O2 x PO + RTDT_O2 x ©)
TO? + kP02_DT_02 x PO+ kKTOPO_DT_02 x TO x PO

where
* 0Ois the incidence angle (radian)
* TOis the near surface air temperature (Kelvin)
* PO is the surface pressure (hectoPascal)
* Tozis obtained in neper; @} is obtained in Kelvin

For the water vapour contributionliaear fit is found adequate:

Troo = 10° x (kO_tau_H20 + k1_tau_H20 x PO + k2_tau_H20 x \}Y/€bsP)

10
TH20 = MaxXy2o, 0) ( )

DTho0 = kO DT _H20 + k1 DT _H20 x PO + k2 DT_H20 x WVC | a1 |

where
« WVC is the total precipitable water vapour contentifk9), available from ECMWF
data.
* TupoiS Obtained in neper; Qo is obtained in Kelvin

From values obtained for the DT anduantities:
*  Thoz and Thyyo are obtained using eq. (7) respectively for O21HAQ;
* Atmospheric term Thy, andtam are obtained using eq. (5a) and (5b).

The numerical values for coefficients in eq. (8), (10) and (11) are supplied in TGRD.
These formulas were first written for land. For,4bé@ required accuracy is better than 0.05
K and this could be achieved using the same forsnnla restricting the surface pressure
range to [900 1100] hPa.
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4.9.1.3. Error budget estimates (sensitivity analysis)

The method selected for computing gazeous radiatwéributions has to be selected in such
a way that the resulting error on upwelling brigigs temperatures due to approximating the
effect of physical atmospheric properties (press@m@perature, water vapor concentration)
never exceeds 0.05 K for SMOS operating condititins.expected that this goal is
compatible with computing power/time requirements.

Then, the major error source will be due to estasatf absorption cross sections, which in
turn reflect the uncertainty on spectroscopic mesments. This uncertainty is estimated
around 5% .

4.9.2. Practical considerations

4.9.2.1. Calibration and validation

Since the uncertainty on absorption cross sectiangot be overcome, the resulting error
will have to be corrected within the overall SMO&idgation process. However, the variation
with incidence angle offers a possibility to disesimate among other effects.

Assuming one succeeds in determining correcthatisrption cross sections, the resulting
uncertainty would be permanently eliminated.

4.9.2.2. Quality control and diagnostics

In case a simplified algorithm is applied, care thesapplied, based on considering a
representative sample of experimental atmosphate ar analyses, in order to ensure that
either tables or empirical laws cover the wholegesnof physical situations.

4.9.3. Assumption and limitations

Assumptions are related to laboratory knowledgepetctral properties of atmospheric gases.

Limitations concern the presence of liquid (clowdain) water in the atmosphere, for which
a flagging approach is suggested rather than acoon.
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4.10 Cardioid model

As shown by Waldteufel et al. (2004), simultanemigeval of the reak’, and imaginary
part,€"”, of dielectric constant from SMOS Tb is an illggal problem as the cost function,
rather than a single minimum, exhibit a minimumleAal that can be represented analytically
using a modified cardioid model. After carrying ol following change of variable:

€' =A card (1 + cos(U_card) ) cos (U_card) + B_card

[4.10.1]
€"=A card (1 + cos(U_card) ) sin (U_card)
which is equivalent to:
A_card = mcard?®/ (m_card +&' — B_card) Ucard = taff(e"/(e'-B_card) ) (4.10.2]

with: m_card = ( €-B_cardf + "2 )2

with B_card = 0.8, it is possible to retrieve tle@gmeter A_card with good accuracy: a
minimum of Chi2 is seen as a vertical line correspig to a constant value of A_card and
various values of U_card. Local minima of Chi2 also observed for unrealistic negative
values of A _card; as it will be described in thikdwing, retrieval of such negative values
are avoided by taking an error on prior A_card dterocean of 20 units or by initiating the
retrieval with low A_card value as low A_card araah better constrained.

With these definitions and considering direct emissmodels described above: for sea ice,
A_card=1.2 (U_card=0); over a flat sea, A_card eangetween 48 and 67 depending on SSS
and SST values and U_card between -0.9 and -Oi&dnsad

It is clear that the minimization of Chi2 paramedees not allow to retrieve a single pair of
(€', €") while it allows to retrieve a single value of éard, U_card remaining undetermined.
We found that initiating the retrieval with low Aa prior value (A_cafd® =1) and large
error on A_cardda card=50) allows to avoid retrieval of negative A_caadues while
avoiding biases on low A_card values and gives#me result over ocean pixels as taking
A_card"” deduced from mean SSS and SST.

Details on cardioid computation over the oceangaren by Boutin et al (submitted, see
Annex-2).

We suggest by default to use a minimalist modelitidudes the flat sea model plus
atmospheric and constant galactic noise corre¢Gd=3.7K) reflected by a flat sea in order
to minimize bias between effective A_card and Adaaymputed from retrieved SSS and
SST. The relevance of including galactic noise @amiosphere correction in this minimalist
model will be checked during AlgoVal tests.

Retrievals using the cardioid model use all the masarements available (including

outliers, those affected by ice, sky radiation, suglint, etc.). This implies the bypass of
the measurement discrimination step.
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In cold water, the use of the cardioid model shaiffetiently allow the detection of sea-ice:
a flag (Fg_ice_Acard) is raised if the effectivenpeerature T_eff<Tg_SST _ice_Acard and
Acard<Tg_Acard_ice and abs(latitude) >Tg_lat_icearc
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4.11. Bias correction

This section has been removed (issue 3.0) anébletihe Reprocessing ATBD. The scene
dependent bias correction will not be applied befoaving examined how it is corrected or
mitigated at L1.

4.12. Transport ground level Tb to antenna level

4.12.1. Theoretical description

4.12.1.1. Physics of the problem

The iterative process to retrieve salinity from S$1deasurements requires comparing the
measured data with Tb modeled through the algosttiescribed in this ATBD. All the
different sub-models are describing the procedssscbntribute to sea surface L-band
emission (flat sea, roughness, foam, ...), the effettncoming radiation that need to be
added to this emission (atmospheric, cosmic amacgalbackground, ...), plus the
modifications to this radiation in its transit thugh the atmosphere. The result is the modeled
value of Tb on top of the atmosphere expresseldriEarth reference frame.

The next step is to transport this Tb to the SM@@rna reference frame, considering both
the change in geometry and the ionospheric eff€etsaday rotation), to allow the
comparison with the measured Th.

4.12.1.2. Mathematical description of the algorithm

With the viewing geometry as defined in ACRI Redi2Draft-2.doc (see figure and annex)
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Faraday
_ frotation
r’ - - “ w

that follows the conventions described in EarthIBsgr CFI Software Mission Convention
Document (Deimos), we introduce the mathematicptessions for the angles to be used in
the transport from ground to antenna referencedsam

0= Arccos[sirtsiné?g sin% + costcosﬁg]

_[ —sintcosf, +costsing, sing, |

=-Arcsi
¢ rL sin@
) [costsiné?g — sint cosg, sin%}
Y = - Arcsin -
sin@

for—-m2< @ <1w2:

for 12 < @y < 31W2: @has to be replaced by— @ andy by rt— vy

We define the rotation angle= - ¢ - v — o, beingw the Faraday rotation angle. Then,
following ACRI Reqts_L2Draft-2.doc

Dual polarization mode:

Direct transformation from surface reference framantenna reference frame is

148



@ ICM-CSIC SMOS L2 OS Doc: SO-TN-ARG-GS-0007
: / ; . _fIssue: 3 Rev: 7
LOCEAN/SA/CETP | Algorithm Theoretica _

ARGANS IFREMER Baseline Document E:;%zzligune 2011

52 ) _ .

- cos (a) sin“(a) -—cos@)sin(@) | Ty TH

AZ} = sinz(a) cosz(a) cos@)sin(@) | Ty :[MRZ] Ty
i T3 T3

If T3 is assumed to be zero then the equation besom
Al in’ T T
_ c9522(a) sin®(a) [T | _ (MR2] ™
A2| |sin*(a) cog(a)| T, T,
There is a singularity problem if cad sin(a), i.e.a== 174 orx 3174. In such a
configuration, A1 = A2 = (f + Ty)/2 and it is not possible to derivggand T, from Al and
A2.

Full polarization mode:

ALl |cos(a) sin?(a) —cos@sin@o0|T, T,
A2| |sin’(a) cos’(a) cos@)sin@) 0| Tv - [MRd] T,
A3| |sin(a) -sin(2a) cosRa) O Ts T
A4l |0 0 0 1T, T,

No singularities appear in this mode.

As it has been shown by simulation studies andraxeatal data that over the ocean Fhv
Tvh = 0, the third Stokes parameter at Earth refereraced is considered also to be 0 at first
approximation. However, theoretical models prowide zero T3 and T4 so we recommend
to keep the possibility of taking into account remmo T3, even in dual pol mode. Then the
different sub-models provided in this SSS ATBD aad either for dual-pol or full-pol
formulation.

If the first Stokes parameter is used for the tteearetrieval | = A1 + A2 =Th + Tv and
there is no need to apply any of the above desttitamsformations.
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4.13. Sum of contributions

4.13.1. Theoretical description

4.13.1.1. Physics of the problem

This module consists in the addition of all the-sutidels used to compute the brightness
temperature of a specific ocean grid point at amdavel. Then it includes the forward
model for L-band emissivity of a flat sea, plusregtion for surface roughness (3 different
options are considered by now, that can incorpadtitional terms for foam, swell effects
or others), the introduction of galactic noise emnination, atmospheric effects, and finally
transport from ground level to antenna level. Whith present development, measurements
affected by sun glint and moon contamination aagdged and discarded for retrieval.
However, if in the future algorithms to adequatebyrect for these effects can be obtained,
the measurements will be kept and the corresporatinmgctions will be introduced in the
sum of contributions.

The input to module 13 are the equations providecthbdules 1 to 12 and will be applied to
those grid points that have been selected as ateffusSSS retrieval in the Measurement
discrimination step.

4.13.1.1.1. Note on first Stokes parameter comjurtat

As information to the rest of modules, we indidaéee the detail of the first Stokes parameter
(I=Th+Tv=A1+A2) computation from a complete SMOSamarement (2.4 s), in fact a pair
of two consecutive measurements in orthogonal @aléons:

As Al and A2 are measured in two consecutive (#ead dual-pol) 1.2 s snapshots, the
incidence angle for a specific grid point is noaetky the same for both, but will differ (in
case of dual-pol) in some 0.6° (approx. 8 km disgni@ent at 756 km height). A little bigger
in case of full-pol.

Then a correction was assumed to be done routineshifting both measurements to a value
that corresponds to the angle that is just in tidgla of 6x andby (“mean angle”). To do

that, we planned to add to each A the differen¢eden modelled values for the two angles.
However, the modelisation of both polarisationthatantenna reference frame requires
introducing the Faraday rotation angle. And thithes step we want to avoid by computing
the first Stoke parameter. Moreover, this correctimuld be for sure much below the noise
of the measurement, and then was not expectedreoahaery significant impact.

Consequently it was decided (October 2006) noetfopm any correction to A1 and A2 but
to compute directly a ‘Pseudo’ First Stokes paramet
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[(6_mean)=A1¢x)+A2(0y)
wheref _mean=x+0y)/2

We call it ‘pseudo’ first Stokes, since both measuents have not been acquired at the same
time and therefore with the same incidence andies parameter will be a little bit sensitive
to TEC but it does not represent a significant b

The way to extract proper measurements is deschibe Measurements Selection section
(4.16).

In case of full polarisation mode, the generatibthe ‘pseudo’ Stokes parameter is not so
straightforward, and a specific strategy has tdiagvn (see Technical Note by ACRI,
15/09/08). According to « SMOS L1 Full Polarisatidata Processing » (reSO-TN-DME-
L1PP-0024. Issue : 1.6. Date : 16/07/07. ESA/DEINI®® measurement cycle consists on
26 steps spread over four 1.2 s snapshots

Snapshot|  Step arm pol measurements
1 1 XXX XX

2 YYX YY, XY, YX repeated 4
2 3 XYY YY, XY, YX } times

4 YXY YY, XY, YX
3 1 YYY YY

2' XXY XX, XY, YX repeated 4
4 3 Y XX XX, XY, YX } times

4 XYX XX, XY, YX

Three different strategies to compute the pseuale-proposed for implementation in the
processor to be further tested during commissiophmgse to make a decision on the optimal
one:

1) To use the closest Al (XX) and A2 (YY) pairs, aslual pol case, even they have
different integration times (1.2 s in snapshotsid &, 0.4 s in 2 and 4) and
consequently very different radiometric noises dratway will be added in the
quadratic form explained in section 4.16. If thediinterval between the two
members of a pair is above a specified threshald {d missing measurements) the
pseudo-I will not be computed.

2) To add all XX and YY measurements of a full cydlais way both components are
acquired during 4/3 of a snapshot integration timease of absence of one
measurementither the measurements of the whole cycle argmatssed (and then
discarded), or else they are processed followiffgréint procedures according to the
missing measurement within the cycle (see detaitee TN mentioned above).

3) To use only Al and A2 acquired respectively in siaps 1 and 3. This third strategy

discards measurements made when the three armestarethe same polarisation, to
avoid problems that may arise during these comgtiegs of the full pol mode.
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4.13.1.1.2. Sum of modules

The iterative method for salinity retrieval req@ir@mputing Tb with expected SST, SSS and
roughness descriptors values at the adequate mo@dmngle, add the effect of all envisaged
contaminations (galactic, sun, moon and atmosphea transport the resulting value to
antenna level for comparison with the measuredd@ue| 1c) previously corrected for bias, if
necessary. This series of computations will be nfaliteving the different sub-models
described in sections 4.1 to 4.12 of this ATBD.

When an angular dependence is present, the congnaare made fdr_mean.

1- Tb_1=Tb_flat computed with equation described.ih

2- Tb_2=Tb_1 + Tb_rough computed with surface ro@gsrsub-model described in
4.2, 4.3 or 4.4. It is clear that from this stegethversions of the Tb exist in parallel

3- Tb_3 =Tb_2 with corrections for foam if applicapbiellowing sub-model described
in4.5

4- Tb_4 =Tb_3 modified for reflected galactic noismt@mination as described in 4.6
or 4.7, which is attenuated by the atmosphere, vdo@m-welling (described in 4.9).

5- Tb_5=Thb_4 modified by the reflected down-ward @spheric emission as described
in 4.9.

6- Tb_6=Tb_b5 attenuated by the atmosphere when tirayellong the antenna-surface
path (described in 4.9).

7- Tb_7=Tb_6 modified by the atmosphere self emisdioect to antenna (described in
4.9).

8- Tb_8 =Thb_7 transported from ground to antennal laselescribed in 4.12 (geometry
and Faraday rotation)

This Th_8 is the brightness temperature that hae toacluded as “Tb mod” in the iterative
convergence module (4.14) where it is compared thgh'Tb meas” measured by SMOS

We have to indicate that the choice of retrievil@pSusing | or using Th and Tv separately
does not affect modules 4.1 to 4.11, that are madltieally described using Th and Tv. Itis
only in step 8 above when either the Tb to be prarted is Th+Tv (then equal to A1+A2) or
both components are transported separately andhkdraraday rotation has to be taken into
account.

4.13.1.2. Mathematical description of algorithm

The Sum of contributions can be expressed matheatigtas follows:
Firstly the brightness temperature of the seaeabtiitom of the atmosphere is computed.

Latter the atmosphere and extraterrestrial sowameapplied, and finally the transport from
ground to antenna is considered.
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The brightness temperature at the ground level (B to sea surface emissi@h BOA
there is also the reflection of atm. signal + gadlasignal etc)is as follows (steps 1 to 3):

Tbsea = (belat +Tbrough)(1_ F) +Tb [4131]

foam

Thxae is the Tb for a flat sea, as described in modubndl Thyygnis the contribution of the
roughness of the sea, with 3 different options diesed in 4.2, 3 and 4. F is the fraction of sea
foam coverage that mainly depends on the wind sp&&) and is given in module 5. gh,

is the brightness temperature due to the foam aadrithed also in module 5. If flag
Fg_ctrl_foam_MX is set to false, then F and.dfmust be set to 0. This will always happen
with the empirical roughness model since it takesaay indirectly into account the foam
effect. The effect of foam is only appreciablefond speeds higher than 12 m/s. However,
the terms envolving the foam contribution (F ang gk should be applied always, unless
otherwise specified through a switch (see secdosand 4.3), and it is already considered in
the definition of F and Tiymin module 5. When roughness models 4.2 and 4.3p@pked,
Through and Thyam can be set to 0 according to sea surface condifloehind a switch).

Then atmosphere and extraterrestrial sources aedayed (steps 6 and 7)
Thuon = Th, + Theieueq = Theo + (Tho I + (Tgal_refl)e ™M) [4.13.2]

where TherecteqiS the radiometric temperature from the sky amtlogphere scattered by the
surface, which is the addition of two terms; thevdeard emitted atmospheric radiation
(Thpn) and the brightness due to extraterrestrial ssuitiee extraterrestrial sources
considered here (Tgal_ref) are the hydrogen limecbsmic and galactic contribution already
reflected on the sea surface, as explained inasedtt and 4.7 of this document. Tgal isef
multiplied by an attenuation factor due to the apitere, since its formulation is at top of the
atmosphere. A switch will be available to choosevieen galactic noise contamination 1
(section 4.6) or 2 (section 4.7) to computed thiected noise (at the moment, the semi-
empirical model will only use the galactic noisentaomination 1 module). The atmospheric
contribution term (Thy) is multiplied byl", that is the reflection coefficient

To compute Tb at top of the atmosphere (withous@maring Faraday rotation, for practical
reasons) in the Earth reference frame (steps ®pand

TOR™ =Thyo, €7 +Th,, [4.14.3]
where Tlyp is the atmospheric self emission direct to themma (but computed at TOA and

with Earth reference frame) ad™™ is the attenuation produced by the atmospherdidBec
4.9 specifies that TJp and Tlpy are very close, and considered equal to Thatngiwiki
defined in that section.

Finally to compute this temperature at the antegeference frame, the geometrical
transformation and the ionospheric effect shoulddresidered, following module 12, as
(step 10):

ThANTENNA — [MR4] [ThR™ [4.13.4]
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where MR4 is the matrix that describes the geogattransformation plus the Faraday
rotation

4.13.1.3. Error budget estimates (sensitivity asia)y

The addition of the different modules implies aalgsis of the impact of the individual
errors on the overall error budget. This was pldnnghe ESL proposal as WP2600 and
expected to be finished by the end of the study.

4.13.2. Practical considerations

4.13.2.1. Calibration and validation

The validation of this module can be done by rugrsame tests cases with exactly the same
configuration (in terms of sub-models switched ad ase of auxiliary data) with the
summation module used in the SRS study and thevalgut used by UPC from SEPS, to
check that the result is the same

4.13.2.2. Quality control and diagnostics

The range of validity of this module comes from ittikersection of the corresponding ranges
for all sub-models.

4.13.3. Assumption and limitations

The module has to be applied to all grid pointeceld as good for salinity retrieval at the
Measurement discrimination.

Dependencies table

The following table describes the dependencies &&twnodules. In particular, what
modules should be applied or not to the differenghness models. In some cases, a switch
will be required to allow using or not the modwded therefore to test if using the module is
beneficious or not.

Roughness model 1| Roughness model 2| Roughness model 3
-2-Scales -SSA - empirical

Flat sea Y Y Y
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Rough mod 1 Y N N

Rough mod 2 N Y N

Rough mod 3 N N Y

Foam contrib. S S N

Galactic noise 1 S (by default) S (by default) Y (by default)

Galactic noise 2 S S N

Galactic noise 0 S S S

Atmos. Effects Y Y Y

Bias corr S S S

Tranport ground to Y Y Y

antenna

Sum of contributions Y Y Y

Iterative scheme Y Y Y

Y = Yes, apply
S = Behind a switch
N = Not apply
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4.14. Iterative Scheme

4.14.1. Theoretical description

4.14.1.1. Physics of the problem

The iterative Levenberg and Marquard method is sbondo be used in the inversion
algorithm. This method was already implementededimulator for soil moisture study and
gives very similar results to thddckson 1972] method used in SR1600. The mathematical
problem is described below in detail.

Two cases are considered here: in case 1 the randelis neglected, while in case 2 it is
taken into account.

» Case 1 — Model error neglected
In this case the model error is considered nedégind not taken into account.
The set of measurements are brightness temperdi¥8° observed for a single grid point

at different incidence angle8;. These data need to be fitted into a direct mtwiéhd the
solution of the parameters.

T," = f(6,SSSSST, P ougn)

where Ruugnis a vector that includes the parameters usedcin e@del to describe the sea
roughness.

This implies minimization of the following constrad cost function :

= meas _ - mod 2 Np1 . prior |2
)% zh;l[-rbi Ty _ ®, P)] _,_i[Pl P'2 ] [4.14.1]

Ti i=0 UPJ»

being R, the j parameters that influence the $SS, SST, WS (or other wind descriptors),
and depending on the cases, also significant waightHs, wind direction, inverse wave-
ageQ, and TEC parameter in case of not using first &pktcH is the incidence angle of
measurements from nadir. In case of cardioid redtjghe P parameters are Acard and the
surface temperature.

Pi prior IS @ value of parametey Ehown a priori to the measurements with an unoesta@ p;
(Waldfteufel, 2003, Gabarrd, 2004). The uncertaoftgach parametes, p; could change
depending on the area of observation.

o7’ is the uncertainty of the measurement used fdr gmidence angle:
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o'Tb_iz = o'Tb_meas_zi
where the value afTb_meas_ziis given in the L1 output product.

For model 1, a global figure will be given as ahn function of auxiliary parameters (SST,
SSS, wind speed — room must be kept for othersnteas that might be needed) and of
polarization, considering the assumptions and éitiahs specified in each module of the
model.

Some experiments (Sabia et al., 2005) advise niog BSS as one of the constrained
parametersPas the retrieved value tends to the a prioriealintil this is clarified we
propose using this term with a very laig (e.g. 100) to remove its impact on equation 4.14.1

e Case 2 — Model error taken into account

For a single measurement, the variance-covariamtaxnfor Ty (Cearr™) is diagonal in
the Earth reference frame

2
aTh _model O O O
2
C mod - 0 JTv _model 0 0
Fart 0 O 0-1? 3_model O
2
0 O O UT 4_model

Whereo?m_modet 021y model 0273 model 0274_moderare the variances of thg™® components
(Tpmed 1,/mod Tmed T,mod) i the Earth reference frame. The correlatiothefmodel error
between different measurements are neglected here.

The value of the model uncertainty is given byabgl figure that takes into account the
assumptions and limitations specified in each medfleach model. In this version of
ATBD, it is assumed to be constant and indepenadigmblarization. Its value is given in the
TGRD in the Earth reference frame.

In the future oTy,_modeicould be given as an analytical function of aaxyliparameters (SST,
wind speed — with room kept for others parametaas might be needed), incidence angle
and polarization.

The method of transport of the error variancesiéoantenna reference frame is detailed
below.

The variance/covariance matrix in the antenna eefee frame (&%) for Ty"is given in

the antenna reference frame by:
C™%pe = (MR4) C™%artn (MR4)'

where MR4 is the rotation matrix described in 4112 and represents the transposition
operation.
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c™%; is then given by:
2
aAl_modeI C12 C13 C14
2
Cmod _ C21 JAZ_modeI C23 C24
Ant T 2
C31 C32 UA 3_model C34
2
C41 C42 C43 UA 4_model

with the variances:

Al_model = 02Th_modelCOS4 (@) + c)'2Tv_mode| Sin4(a) + 02T3_mode|CO§ (@ sir?(a)
0" A2_model= 02Th_modeISinA'(a) +02Tv_modeICOS4 (a) + 0-2T3_m0de|C0§(a) sirf(a)
0 A3_model= (02Th_model+ 0-2Tv_m0de) Sinz(za) +0-2T3_modeIC0§(23-)

O A4_model= 02T4_mode|

0)

N_N_ODNCON

and the covariances:

C1= (OzTh_model+ o'2Tv_model— 02T3_m0de) cos (a) Siﬁ(a)

Ca1= o'2Th_mode|(:0§(a) Sin(za) ‘02Tv_modeI5ir‘2(a) sin(2a) ‘02T3_modelcos(a) Sin(a) COS(Za)
Cs1=0

Ciz=Ca

C32= O°Th modelSIM(a) SiN(2a) 01y modeiCOS(@) SIN(2a) 40°T3_modelCOS(A) Sin(a) cos(2a)
Csi2=0

Ci3= G

Co3=GC32

Cs3=0

Cis=0

Cou=0

Cas=0

Note that this matrix is not diagonal, leading torelated model errors in the antenna

reference frame.

As the measurement error is assumed to be uncmdetathe antenna reference frame, the
variance-covariance matrix fopT°(C™?j is diagonal in the antenna reference frame

ail_ meas 0 0 0
Cmeas - O JiZ_meas . O O
0 0 JAS_meas 0

0 0 0 Ji4_ meas

Whereo2a1 meas 0%a2_meas 02a3_meas O2a4_meas@l€ the variances of thg™F**components
(A17°% A% A% AL in the antenna reference frame. The value ofrtbasurement
uncertainty is given in the L1 output product.
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Finally, since errors are assumed to be Gauss$ianjariance covariance matrix of Tbhr{C
in the antenna reference frame is given by:

Crp = C™*%+ C™ %y

In a first approach, the correlations are negleatatithe G, matrix is assumed to be
diagonal:

2 2
JAl_ meas + JA 1_model O O O
2 2
C - O JAZ_meas + UA 2_model O O
™ 0 0 2 +0° 0
UAS_ meas UA 3_model
2 2
0 0 0 JA4_ meas + UA 4_model

The cost function to be minimized is then the séma@ in eq. 4.14.1, with
0-2Tb = 0-2A_meas"' 0-2A_modeL

The theoretical erravp; on the geophysical parameteid’computed by the Levenberg and
Opm

Marquardt algorithm as follows:
=\Idiag‘M "l).

Opm
M is the pseudo-Hessian, with:
M =F'Cy'F,
where G is the a posteriori covariance matrix (see above),

Tk

2
O AN

mw@0=az
P10

2
LI PMmoO

mod
F= a)
0P Jn=1..N

i=1..M
and the superscriptis the transpose operator.

F is the Jacobian,

4.14.1.1.1 Parameters to be retrieved:

Depending on the forward model used for the rougsiedfect different parameterscBn be
adjusted/retrieved (SSS + up to 5) in the iteratimevergence. We list here those that for
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each case are (or can be) adjusted during theidtenarocess, with a different impact on the
SSS retrieval that depends on the weight (assacater) introduced in the cost function.

Roughness Dual pol Dual pol + Full pol Full pol +
model Stokes 1 Stokes 1
1. Two-scale SSS SSS SSS SSS
SST SST SST SST
TEC WSx TEC WSx
WSx WSy WSx WSy
WSy WSy
2. SSA SSS SSS SSS SSS
SST SST SST SST
TEC u* TEC U*
u* Q u* Q
Q ® Q )
P )
3. Empirical SSS SSS SSS SSS
TEC WS TEC WS
WS Hs WS Hs
Hs Q Hs Q
Q u* Q U*
U* MSQS u* MSQS
MSQS MSQS

The exact definition of these parameters, in tesfnghat auxiliary data (see ECMWF SMOS
DPGS Interface, XSMS-GSEG-EOPG-ID-06-0002) willused in the retrieval process, is
indicated in the variables list (section 1.2 o&tAITBD).

The User Data Product (see section 6) will confaneach grid point, three salinity values
(SSS1, SSS2, SSS3) retrieved through iterativeargewce using the three roughness
models, as well as one SST and one WS value tiidienvinitially obtained from the
ECMWEF auxiliary data files, but that after analysighe output quality (commissioning
phase) can be substituted by the best retrievecksal

In the Data Analysis Product (see section 6) @lr#trieved parameters in addition to SSS
(e.g. SST, TEC, U, ...), and their associated thiakuncertainties, will be listed as
ParamX_MY with X 1 to 5 and Y 1 to 3 (the threeghness models).

Note: As mentioned in section 4.4 roughness modeliBearly dependent on the incidence
angle. Then it is only possible to retrieve twogbness parameters for each polarisation. In
the case of using H and V polarisation indepengletitt maximum number of retrieved is 4.
If the first Stokes is used, then only 2 parametarsbe retrieved. These 2 or 4 retrieved
parameters will be selected from the roughnessigesis included in the table above.

In all these explainations we suppose that thesqootarisation measurements are used in the

full polarisation mode. This can be modified in thaure if they finally appear not to be
usable due to being too noisy.
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4.14.1.2. Mathematical description of algorithm

Mathematically equation 4.14.1 (including modebeyican be written as follows:

XZ — (-I-bmeas _ Tbmod (e, E))T C'F:(Tbmeas _ Tmed (9’ E)) + (Pjprior _ F)j )T C;Jl( Pjprior _ Pj ) [4 142]

Where the §"**are the I, observations performed at different incidence esg|
represents the transposition operation, apdshe variance/covariance matrix fq. The
diagonals of this matrix are the quadratic sunhefradiometric sensitivity of,T
measurements and of the model error. In thisdjpgiroach, off diagonal elements are
neglected in the antenna frame.

P, are different parameters that should be retrieRed;" are the a priori knowledge of the
parameters (obtained from models or satellitesathdliary information), and & is the
variance/covariance matrix of these parameters.didgonal of the matrix are the
uncertainties on the a priori parameters.

Finally the above equation can be expressed asafsil
X? =(X=Xmod) C;*(X - X mod) [4.14.3]

Where G matrix is built by aligning along the main diagbtise matrixes &, and G, the
vector X has a Nm+Np length and consists on:

X = (1) [4.14.4]

p prior ( N p)

Where Biior is the a priori information of the parameter; X_ntas the same length as X and
is defined as:
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T,"(1, p)
Tmed (2’ p)

X _mod=| To " (Nm p) [4.14.5]

Where Hs the parameter to be retrieved that will charigeaah iteration. It is the first guess
value at the first iteration.

Let’s calla the vector of Np parameters to be retrieved (kanaple a= [SSS, SST, WS, Hs,
Q).

Sufficiently close to the minimum the cost functisrapproximated by a quadratic form:

x’(@=y-d m%mmm [4.14.6]

Then jumping from current trial parameters; (equal to a first guess value for step 0) to a
minimizing oneani, is done by the inverse Hessian method:

amin = acur + D_l Eh_ D)(z (acur)] [4147]
But if the minimum functions couldn’t be approxiredtby a quadratic form,sieepest
decent methoHbas to be used:

anext = acur + ConStanEXZ (acur) [4148]

The gradient (d) and the Hessian (D)bheed to be calculated:

2 2,,2
-0 S ¢ [4.14.9]
0a, 0a, 04,
Let,
1 1
a =1p - _14 4.14.10
=5 B 5 [ ]
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Theinverse Hessian methadn then be written as:

Nm-1

. auda, =y [4.14.11]

And thesteepest decentethodcan be rewritten as:

da, = constank S, [4.14.12]

With da=anin-acur Or 0a=aexracur and KI[0:Np-1]

The Levenberg & Marquardt method put forth a metfowdrarying smoothly between the
extremes of thénverse-Hessian metha@ihd thesteepest descent methasing a facto.
This factor will replace the constant term in theepest descent method:

dak:%ﬂk with kO[0: Np-1] [4.14.13]
a

kk

and then if we define a new matak by the following prescription:

Tim i [4.14.14]
aw=a, (j#k) o
the two methods can be expressed as:
Nm-1
> a'y da = [4.14.15]
i=0

WhenA is very large, the matrie’ is forced into being diagonally dominant, so nogths
like steepest descent metharald as\ approaches 0 method is likkessian gradient method

Given an initial guess for the set of fitted parétenga, the iterative method consists of:

Computex? (a).

Select an initial modest value fdini, sayAini = 0.001.

Solve the linear equations fda and evaluatg? (a+da).

If x*(a+da)= x?(a), increasa by a factor Kd and go back to 3.

If A becomes greater than a threshold Tg_lambda_didiMeiteration should be
stopped and a flag Fg_ctrl_marq raised.

A OWDNBRF
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5 If x%(a+da) <x*(a), decreask by a factor Kd update the trial solution ada+and go
back to 3.

(Press, 1986; Marquardt 1963). (See also ‘Retri€aaicept and Architecture for Sea

Surface Salinity Retrieval for SMOS Mission’ documh&om the CNN2 of contract

16027/02/NL/GS):

This iteration loop should be stopped when botthe$e convergence tests are acomplished,
logical ‘AND’:

« Convergence test 1: ¥ is decreased with respect the previous iteratjoless
than a threshold, as an absolute value:

abdy?, - %22 <3,
where i is the iteration.

» Convergence test 2: If the relative parameter tiandrom one iteration to
another is lower than the threshalg, (i is the iteration):

max[abs(p.1-pi)/cprior] < Jsig

where i is the iteration.

These thresholds should be easy modifiable anddheucalibrated once the satellite will be
flying.

Also the step at the first iteration, thishisi, can be adjusted to better values, to optinttiee
computing time.

The maximum number of iterations allowed to theesysis Tg_it_max, and should be also
modifiable. It could be changed once the compuiimg for each grid point will be better
known. If the number of iterations Dg_num_iter_Jaches Tg_it_max then the flag
Fg_ctrl_reach_maxiter_X (X =1, 2, 3, Acard asaih de different for the three forward
models plus cardioid) should be set to true anatiprt value of the process, should be set
to the value obtained in the last iteration.

No boundaries will be applied in the inversion mes therefore the retrieved parameters
should be considered as effective values, singedbeld result in physically impossible
values (i.e. negative wind speeds).

A test of retrieval quality will be performed, bgraparing the value of the normalised cost
function at the last iteratiox? with a threshold Tg_ If Dg_chi2_X (where X is 1,2 or 3
for the 3 different roughness modelsy#¥NFD < Tg_Qx then the flag Fg_ctrl_chi2_X
should be set to 0 (good quality). Elsewhere iugthte set to 1 remaking the low quality of
the retrieval. NFD is the number of freedom dedMeD = number of measurements —
number of parameters to be retrieved).
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Another test to be performed {Shi2_P, main goodness of fit indicator; is thehigh end
acceptability probability. This is the probabilityat no anomaly occurred about the fit.

This figure is given by:

Dg_chi2_P_X=GAMM(NFD/2, Dg_chi2_X*NFD /2)

where GAMM, is the upper tail of the incomplete gamma function

With NFD in the range of several tens, Dg_chi2_RBhxuld go down to a small number of
percent when Dg_chi2_X exceeds a figure aroundiol134. Note that very high values of

Dg_chi2_P_X (when Dg_chi2_X is "too small") are@asus also, as they raise the
possibility of correlated noise which would be ulyditted by the direct model.

The table below illustrates the values of Chi2_&irsx*/NFD (cost function normalized by
the number of degrees of freedom) values.

2

K“/:D 0.50|0.55|0.60 |0.65|0.70|0.75/0.80|0.85/0.90|0.95| 1.0 1.0% 1.10 1.15 1.p0 1{25 1.30 1.3%0 1|1.451.50
NFD

8 .857|.819|.779 |.736|.692|.647|.603 | .558|.515|.473| .433 .395% .359 .326 .2p4 .265 .238 219 .|.17(.151
10 |.891)|.855|.815 |.772|.725]|.678|.629|.580|.532|.485| .44Q .398 .358 .320 .285 .253 .224 1973 .|.151.132
12 |.916|.883|.844 |.801|.753|.703|.651 | .598|.546 | .495| .446 .399 .355 .314 .2y6 .241 .210 [1BZ7.|.135%.116
15 |.942|.913|.878 |.835|.787|.735[.679|.622|.564 | .507| .451 .399 .350 .304 .23 .225 .192 [1B37 .|.115.095
20 |.968|.946|.916 |.877|.830|.776[.717 | .653|.587 | .522| .458 .397 .341 .289 .242 .401 .166 [1B3O .|.088.070
25 |.982|.966|.941 |.907|.863|.809|.747|.679|.607 | .534| .464 .394 .331 .275 .2p4 .181 .144 1088 .|.06§.052
30 ].990(.978].959 |.929|.888|.835|.772|.700|.623 | .544| .46 .391 .323 .261 .2p8 .163 .126 |09A2 .|.053.039
35 ].994/.986|.970 |.945|.908 |.857|.794|.719|.638 | .553| .46 .388 .314 .249 .1p3 .147 .110 ,|.058 |.041.029
40 |.997].991|.979 |.957|.923]|.875|.812|.736|.651 | .561| .47Q .384 .306 .238 .180 .134 .097 |.048 |.033.022
45 1.998|.994|.985 |.967|.936|.891|.829|.752|.663 | .568| .47 .381 .298 .227 .1p8 .121 .085 |OBEO . |.026.017
50 ].999|.996|.989 |.974|.947|.904|.843|.765|.674| .574| .473 .37y .291 .217 .1p7 .110 .(.050|.032 | .02D013
60 |1.00[.998].994 |.984|.963|.925|.868|.790|.693|.586| .47 .371 .277 .199 .188 .4.059)|.037| .022 | .01307
70 [1.00[.999.997 |.990[.973|.941|.888|.810[.711 | .596| .478 .364 .265 .183 .1p1 .4.047|.027| .015 | .00804
80 [1.00[1.00|.998 |.994|.981|.954(.904 | .828|.726 | .606| .479 .358 .253 .19 .1p7 .Q65 .0p37 0201 .|.00%.003
90 |1.00{1.00].999 |.996|.986|.963|.918|.844|.740| .615| .480 .352 .242 .156 .0|.054|.029| .015 .007| .00802
100 | 1.00/1.00|.999 |.997|.990|.971|.930|.858|.753|.623| .481 .346 .232 .145 .0|.046|.024| .011 .005| .00RO1
110 |1.00/1.00|1.00 |.998|.993|.977|.939|.870/.765|.630| .482 .341 .223 .134 .0Oy5 .Q39 .019 0084 .|.001.001
120 |1.00|1.00|1.00 |.999].995|.981|.948|.881|.776|.637| .483 .33¢ .214 .125 .067 .Q33 .0p15 0D@3 .|.001.000

For example, for NFD=120 and/NFD=1.25, the probability of a correct fit (with a
Gaussian noise on the sample) amounts to 0.0338e Hne 96.7% of chances that a problem

happened during the retrieval.

Then the following test will be done to control tpgality of the retrieval: If Tg_chi2_P_min
<Dg_chi2_P_X < Tg_chi2_P_max then the flag Fg_ctil2_P_X should be set to 0 (good
quality). Elsewhere it should be set to 1 remarkhglow quality of the retrieval.
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4.14.1.3. Error budget estimates (sensitivity asia)y

The algorithm will iterate untix® decreases less than a threshold between two adiveec
iterations and the change in the parameter betsgeressive iterations is lower than a
threshold. Another reason to stop the iterative@ss is if the number of iterations is higher
than a previously defined Tg_it_max .

Therefore it is impossible to obtain better resifilesy of the two conditions described above
have been accomplished.

4.14.2. Practical considerations

An external file will provide what first guesses want to use (maybe prior values +
something else specified in this external file)

If the two polarizations are used in the retrietad, vector Tf***should contain first the

measured Tbh in different incidence angle andr#tie Tbv for the differenli. The same
for Th™mo%e!

In the case of performing the retrieval with tifeStokes, then TH**is a vector that
contains the %t Stokes (Tbh+Tbv) for the different incidence asglEhe same for T8B!
The model uncertainty is then given by:

2 _ 2 2
0"sT1_model™ O Th_model™ O Tv_model

The uncertainty is assumed to be the same in thé Ederence frame and in the antenna
reference frame.

In ATBD issue 2.0 a new module has been introdicedtrieve a pseudo-dielectric constant

using the cardioid model (see section 4.10). Adlphocedures described here for the SSS
retrieval will be also applied to this new variable

4.14.2.1. Calibration and validation

The adjustments to be done to the model oncenibr&ing with real values, as it is explained
in 4.14.1.2, will have to do with:

o first value ofAini;

o thresholdd;
0 maximum number of iterations, Tg_it_max.
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4.14.2.2. Quality control and diagnostics

If convergence is not achieved after Tg_it_mavatiens, this is, if once Tg_it_max
iterations are performed the conditiog.(>-Xi°)/Xi* < 8 is not true, then the flag
Fg_ctrl_reach_maxiter_X should be raised, and #rarpeters given by the algorithms
should be the value obtained in the last iteration.

For each of the roughness models run in paraléefahowing test should be done and raise
the appropriate flags, which will be reported ia thser Data Product:

1) Check if SSS retrieved is in the expected range $85_max, Tg_SSS_min). If
the retrieved salinity value is outside the rarigmntraise the flag Fg_ctrl_range X
(where X is 1, 2 or 3, for each roughness model).

2) ComputeosssretOf the retrieved SSS. Compare tbissrewith a threshold,
Tg_sigma_max. [6sssreiS higher than the threshold then the flag
Fg_ctrl_sigma_X should be raised.

3) Compare the value of at the last iteration, Dg_chi2_X, with the threlsho
Tg_Qx. If Dg_chi2_X > Tg_Q (bad quality retrieval) then the flag
Fg_ctrl_chi2_X should be raised.

4) Compare the value Dg_chi2_P_X, with the thresh@dchi2_P_max and
Tg_chi2_ P_min. If Dg_chi2 P X< Tg_chi2_ P_minorBgi2 P X>
Tg_chi2_P_max (bad quality retrieval) then the frag ctrl_chi2_P_X should be
raised.

An overall quality assessment for the three difiésalinities retrieved for each grid point
(SSS1, SSS2 and SSS3) is needed to decide whibbkrofis the best. It may happen that a
unique performance ranking can not be establistiade the behaviour of the roughness
models might depend on regional or temporal charstics (sea state, temperature, distance
to coast, quality of auxiliary data ...). Generaality descriptors (Dg_quality SSS1,
Dg_quality_SSS2, and Dg_quality SSS3), incorporatedthe User Data Product, are
defined as follows:

We consider the following error categories:

» Effect of radiometric noise aralpriori uncertainties
» Instrument, calibration, reconstruction

» External sources (galactic noise, sun, RFI, ...)

* Forward models.

For each model, a quality index Dg_quality  SSSKust by combining error contributions
Ci, using scaling coefficients SCi. Errors in teroid'b are accounted for using the
sensitivity function dSSS/dTb, noted dS_dT, estaddtom nadir simulations with Klein and
Swift model (Figure 3). Only the SST dependena®issidered. We use a linear fit for
dTb/dSSS, which results in:

dS_dT = 1/(dTh/dSSS) = 1/(dT_dS_0+ dT_dS_1*SSTh T _dS_0 = - 0.224, and
dT_dS_1=-0.0157
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dSS3/dTb ; dTh/dSSS (nadir)

Klein and Swift model

d555,/dTb [psu/degrek}

05 o *

*
0...
0...

--0.4

0.4

{nsd /zubep) sSSp/A1p

--0.3

--0.3

--0.2

T 1
1 2 3

LI
LI N

T T T T T
4 56 &8 7 8

55T {Celsius deqress)

d885,/dTh
dTb/d5S8

T T T T T T T T T T T T T T T T T T T T
8 10 11 12 13 14 156 18 17 18 18 230 21 22 23 24 25 28 27 28 2@ a0

-0.2

Figure 3 - Sensitivity functions dSSS/dTh and dTh/8SS vs. SST at nadir from Klein and Swift model

. Contribution Ci |Init :
(L)Jr?ciirtamty Driver D to SCi ﬁr(l‘;tl Eigzd/ Comments
9 Dg_quality SSSjvalue
Sr?grlomATB & D=0sssx SC11*D 1 dl R
Instrument Unknown for now | SC21*dS dT 1 K B?
D= i K 5

Instrument abs(Dg_X_swath) SC22*D*dS _dT | 0 ki B~
Calibration Unknown for now | SC23*dS dT 1 K B?
Reconstruction Unknown for now | SC24*dS dT 0.2 K B?

. ID= Mean over dwell * s
Reconstructlon(l_1C T25 field #22) SC25*D 0 dl B~
Position in D=Dg_border_fov/ . 5
FOV Dg_num_meas |1c SC26"D*dS_dT | 0 K o
Position in D=Dg_af fov/ A 5n
FOV Dg _num_meas |1c SC28*D*dS_dT | 0 K o

SC31/D*dS_dT " f?:)b
Goodness of fitDg_chi2_P_X (watch division |0.05 | K R of n(F)J
sign!)
anomaly
: D=Dg_num_outliers A 1 K for

Outliers /Dg_num_meas_l1<:SC32 D*dS_dT | 10 K R 10%
RFI Unknown for now
Various L1C | Unknown for now
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flags

SUN in front

D= Dg_sun_fov/
Dg_num_meas_l1c

SC33*D*dS_dT

0.5

To be
implement
ed in
version 2

Sun glint

D=Dg_sunglint_L2/
Dg _num_meas |1c

SC34*D*dS_dT

10

1K for
10%

Moon glint

D=Dg_moonglint/
Dg _num_meas |1c

SC35*D*dS_dT

10

1K for
10%

Sky

D=Dg_sky/
Dg _num_meas |1c

SC36*D*dS_dT

0.5 K for
10%

TEC

Unknown for now

Coast

D=1 if
Fg_sc_land_sea cq
t1=T and
Fg_sc_land_sea cqg
t2=T, D=0 otherwise

as
SC41*D*dS_dT
as

K R?

Rain

D=0/1 if Fg_sc_rain
=F/T

SC42*D*dS_dT

0.2

K B?

Ice

D=Dg_suspect_ice/
Dg _num_meas |1c

SC43*D*dS_dT

10

K B?

1K for
10%

High wind

D=1 if

Fg_sc_low_wind = F
and Fg_sc_high_wind
=T, 0 otherwise

SC44*D*dS_dT

0.5

K ??

Low wind

D=1 if
Fg_sc_low_wind=F
and
Fg_sc_high_wind=F,
otherwise

SC45*D*dS_dT
)

0.5

K ??

High SST

D=1 if
Fg_sc_low_SST=F ar
Fg_sc_high SST=T, (
otherwise

SC46*D*dS_dT

K ??

Low SST

D=1 if
Fg_sc_low_SST=F ar
Fg_sc_high SST=F, (
otherwise

SC47*D*dS_dT

K ??

High SSS

D=1 if
Fg_sc_low_SSS=F ar
Fg_sc_high_ SSS=T,
otherwise

EcageDrds_dT

K ??

Low SSS

D=1 if
Fg_sc_low_SSS=F ar
Fg_sc_high_SSS=F,
otherwise

Eca9+Drds_dT

K ??

Sea state 1

D=1 if
Fg_sc_sea_state 1-=1
0 otherwise

[SC50*D*dS_dT

K ??

Sea state 2

D=1if

SC51*D*dS_dT

K ??
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Fg_sc_sea_state 2=T,
0 otherwise
D=1 if
Sea state 3 Fg_sc_sea_state_3=TSC52*D*dS_dT | O K ?7?
0 otherwise
D=1 if
Sea state 4 Fg_sc_sea_state_4=TSC53*D*dS _dT | O K ??
0 otherwise
D=1 if
Sea state 5 Fg_sc_sea_state 5=TSC54*D*dS_dT | O K ??
0 otherwise
D=1 if
Sea state 6 Fg_sc_sea_state_ 6=TSC55*D*dS _ dT | O K ??
0 otherwise
D=0/1 if
SST front Fg_sc_SST_front=R6C56*D*dS_dT | O K ??
T
D=0/1 if
SSS front Fg_sc_SSS front=R5C57*D*dS_dT | O K ?7?
T

Table 1 — Contributions to the global salinity quaity index Dg_quality SSS

The global salinity quality index Dg_quality SSSXgiven by the quadratic sum of all
contributions listed in Table 1.

Dg_quality SSSX= /Zc:i2

SCi coefficients values are given in the TGRD ariltllve updated during the mission.
The SSSX with lowest value for this index will bensidered the best one.

In addition to this global quality index in psuflag (Fg_ctrl_quality SSSX) will be raised in
case at least one of the following ‘critical flagsraised:

- Fg_ctrl_range_X

- Fg_ctrl_sigma_X

- Fg_ctrl_chi2_X

- Fg_ctrl_chi2_P_X

- Fg_ctrl_many_outliers

- Fg_ctrl_sunglint

- Fg_ctrl_moonglint

- Fg_ctrl_gal_noise

- Fg_sc_TEC_gradient

- Fg_sc_ ice

- Fg_sc_rain

- Fg_ctrl_num_meas_low

- Fg_OoR_RoughX_Y
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A similar global quality index has to be built fitlwe cardioid model case. Unitil this is not
defined, the descriptor Dg_quality Acard will be &e0.

4.14.2.3 Parameters update

In the iterative convergence process several paeamare retrieved depending on the
roughness model used (see section 4.14.1.1.1gnergl we will assume that retrieved
parameters are not correlated; thence guesseds\atisgep n can be updated with parameters
retrieved at step n-1.

In case of roughness model 1, retrieved wind coraptsnWSx (positive eastward) and WSy
(posigive northward) will be used to update win@egb and direction in order to estimate
Tb™, as:

WSn= \WSX +WSY

@ = arctan(WSy/WSx)

4.14.3. Assumption and limitations

Assumptions:

We are assuming that all the measurement erroiGaussian and that all the parameters
follow a Gaussian distribution.

Limitations:

If the number of measuremerig_num_meas_validof a grid point (observed with different
incidence angles) is less thagm num_meas_min then the inversion process cannot be
performed (see section 3, Measurement discriminatithis is because with not enough
measures, the inversion process could lead teveulivalues with an unacceptable precision.
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4.15. Brightness temperature at surface level

One of the outputs of the SMOS SSS L2 processobeda provide, for each grid point, the
set of brightness temperatures measured by MIRAGhdve been used to compute salinity.
But, unlike in L1c product, these have to be valiesurface level (not antenna level) that
can be used for example for assimilation in gengratlation models, in validation exercises
or in cross-calibration with Aquarius. Due to thegsilarity points and cross-correlated errors
we do not transform measured Tb from antenna kevelirface, but compute, with the
forward models that correspond to the selectedopthe different components of the Tb at
surface level with the SSS and final auxiliary paeters as obtained during the retrieval.

Then the values will be those contributing tasdb, as explained in section 4.13.1.2
TbBOA = (Tbﬂat + Tbrough)(l_ F) + beoam + (Tth I+ (Tgal_ refl)e_Tatm)

Due to operational constraints (size of the SMOSudut files), only one value (Thsyand
Tha2 5y, With their associated uncertainties) correspomtiina fixed incidence angle
(L2a_angle, 42.5°) will be regularly provided teerssand using the default roughness model.
The uncertainties will be computed using the thicskbuncertainties associated to the
default forward model.

For a comparison between modeled and measuredsy#ih@se Th syand Tha sy will be
transported to antenna level with the same proeedsed during the SSS retrieval, and the
resulting Thz sxand Th, sy values will be put in the UDP.

If the 42.5° angle is not included in the dwelkElifor the given point and given satellite pass,
it will not be possible, due to model contraintscompute these Thsqand Th,sy. Then a
flag will be raised (Fg_ctrl_no_surface.true) anglaaning value (999) will be put instead in
the UDP.

The full set of modelled surface Tb values, andherdifferent modelling options, can be
recovered by using processing tools based on tHe92 Prototype Processor made available
by the SMOS Project

Note The need for a complete set of measured (not healdb at surface is considered a
key point for calibration/validation activities, agsessed by several participants to the First
SMOS Cal/Val Experimenters Meeting (Avila, NovemBO05). This issue requires further
attention and a satisfactory solution should bevigiexd. An ESA funded study has been
carried out by CLS, and results reported to L2 Wieim Review on 19 Sept 2007. The
decision at MTR was to keep the possible implentemtaf this TOBOA computation for a
further stage, and do not introduce it in the pssoe before launch.
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4.16. Measurements selection (polarisation)

This module describes how to select the succe®4iRAS measurements for the
computation of SSS, according to the polarisati@denchosen.

To perform the iterative convergence, brightnesgerature has to be taken in couples of H
and V polarisations if the™1Stokes parameter is used, otherwise the two galiohs are
included independently in the computations. The Wegxtract proper measurements is as
follows:

In case of Dual Polarisation: In a specific gridnpall the snapshots that include it should be
used, and this will include consecutively perpeuldicpolarisations. However, some of them
can be invalid for SSS retrieval (either classifiescbad by L1 or discarded in the L2
measurement discrimination) and as a consequence gairs of horizontal (A1) and vertical
(A2) measurements will not be formed.

In case of using the™Stokes parameter, and if the Scene Bias Corre(EBE, see module
4.11) is applied, the H+V pairs have always to tganised by taking first an H measurement
and its immediately consecutive V. Then if thetfgsapshot that includes a grid point
provides a V measurement, this will not be proagskecase of lack of one or more
measurements in the sequence, the order shoultkraitanged and continue by coupling
first A1 and then A2. With this selection methodnight happen that some measurements are
not used, in spite of providing good data.

The following figure represents a couple of examgtgid points with very small number of
measurements, for simplicity) from the first to thet view in a satellite overpass:

= — a4
A1A2 A1A2 A1A2 Bl INUNUNCNCNT NI A1A2 A1A2 AR S
*

BB A1A2 A1A2 AIA2 M INPNTN A1A2 ATA2 A1AZ NIBRALA2 A1A2 ALA2

The brackets show the formed pairs of perpendiqdé&arisations in the most restrictive case
(SBC with £' Stokes), whilé’N means invalid measurementsjgihdnarks measurements
that will be lost due to the measurement seledtexck of companion polarisation). If SBC is
not applied, only measurements marked with * indkamples above are lost witfi $tokes
option (end of a string with odd number of goodajlads the order of complementary
polarisations in a pair is not relevant. When thie polarisations are used separately, no
good data have to be discarded, as pairs formetioat needed.

When a correct measurement is not used in thevatrdue to this selection method, a flag
on the measurement should be raised (Fm_lost_data).

In case of Full Polarisation mode: do the sameuas gblarisation, but taking into
consideration only HH and VV measurements, nottihesd ones.

The first Stokes value (I) is computed as described13.1.1.1 and? | = 0® Al+ 0 A2
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4.17. Auxiliary geophysical parameters bias correain

A separate document (SMOS ECMWF Pre-Processor, I$GWV-GS-4405) describes the
geophysical auxiliary data needs of the L2 OceaffaBe Salinity Processor, and details how
the data will be obtained from ECMWF and transfadriréo information usable by the
inversion algorithm. A first version (at that mom@amed SMOS Level 2 Ocean Salinity
Auxiliary Geophysical Data Processor Specificativereafter AGDP) was incorporated as
an annex to the OS L2 ATBD from draft 4 in OctoB865, but from issue 1.1b the annex
was removed and only a section dealing with biagection is kept here.

Given the sensitivity of surface emissivity at LAdao SST and surface roughness, it is clear
that we must ensure, to the extent possible, thaliary data be free of bias. Below we

outline approaches to bias correction for SST aimdi wpeed. Figure 1 shows the flow of
data through the bias correction module.

- =
== 4
==

Figure 1: Schematic showing data flow through tias lsorrection module.

4.17.1 Sea Surface Temperature

Most SST analyses (including those obtained fronVIlAG-) are derived from much of the
available in-situ and satellite observations, amhynof these analyses have already been
processed by bias-removal schemes. We proposealingla lookup table of SST bias as a
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function of latitude, longitude, time of year, a88T. The lookup table will be discretized
into bins of 1.0° x 1.0° in space, monthly in tiraad 2°C in SST (0 — 30°C). The table will
consume 50 Mb assuming a 4 byte representatiormsfalues. Multilinear interpolation
from this lookup table to the location and SSTdach retrieval shall be performed using all
4 coordinates.

Table 1: Lookup Table for SST Bias Removal

LUT Dimension | Starting Value | Ending Value Interval Number of

Values
Latitude -90°N 90°N 1° 181
Longitude 0°E 359°E 1° 360
Time of year January December 1 month 12
SST 0C 30C 2C 16

4.17.2 Wind Speed

In general it is difficult to estimate error chaexistics of numerical model output. In the IFS
system, error variances and covariances for asgidilquantities are required to build
covariance matrices for the variation data asstroitesystem. How to obtain such error
covariance matrices is an area of active researittisatime, however ECMWF routinely
computes them using information from past forecd&itss removal in assimilated
observations is also an integral part of the IFSnaitation system, but methods to obtain
required bias adjustments are generally very apprabe.

One approach to determining error characterissi¢te compare ECMWF 10 m wind speed to
that derived from other sources, such as buoyseatterometers. Such comparisons have
been performed in the past by various investigators

One problem with such comparisons is the factalaibservation systems are potentially
contaminated by random error and bias, and so simpldel-buoy or model-scatterometer
comparisons may not yield useful information on eldadas and error variance. One of the
more promising techniques that attempts to addhesgroblem involves simultaneously
comparing three noisy systems, which, with somarapsions, allows one to estimate the
noise amplitude of all three and the bias in twthefsystems.

One such “triple-collocation” technique is thatrogilich and Vanhoff (1999). In order to
compare scatterometer, radiometer, and buoy devived speeds, they introduced the
nonlinear noisy wind speed model

W2 =[(aW, + B) cos@) + an,]° +[(aW, + B)sin(@) + 5n,]°,
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which maps a given true wind speéf and wind directionp to an observed wind speed for
observation system. a; is the wind speed gai is the wind speed bias,; and
n, represent normally distributed noise with zero maaah unit amplitude, and is the

amplitude of the normally distributed random nagglied to each wind component. As
shown by Freilich and Vanhoff, if we introduce 3sebving systems and if we assume that
the true wind speed follows a two-parameter Weibigribution of the form

where Aand C are free parameters
W\ known as the scale and shape parameters,
PW,) = ch‘lA‘C ex;{— [_tj } respectively, then it is possible to

.uniquely resolve all of the calibration

parameters as well as the Weibull scale
and shape parameters, so long as one of the obgeystems has known bias and gain
(typically assumed to be zero and 1, respectivdlye above error model together with the
Weibull distribution yields the expressions for #exond and fourth order moments and
cross moments, which can be used to extract tlieraabn coefficients for three systems. In
our case, since we are interested in obtainingpredion coefficients for ECMWEF, we use
ECMWEF IFS wind speed as one of the observing systemd we use buoys and QuikSCAT
as the other two.

Figure 2 shows the distribution of true wind fagigen small range of ECMWEF wind speed.
The blue curves show the true wind speed distbutvithout adjusting ECMWF for bias

and gain, while the red curves show the true wpekd distribution after adjusting ECMWF
for bias and gain. The standard deviation of thiesewind speed distributions are a measure
of the uncertainty in the true wind speed.

True 10 m(ﬁé Wind Speed Distribution for 6.9 < ECMWF WS <7.1m s1 True10m l@E)Wind Speed Distribution for 11.9 < ECMWF WS <121 m s (c)

051 T 0.5

T T T T T T so-

— Uncorrected ECMWF — Uncorrected ECMWF = noisy ws binned by true ws

— Corrected ECMWF L — Corrected ECMWF _| | r = true ws binned by noisy ws
a0 g

o
~

o
w

PDF (s m'y
isy wind (m s™)

o
)

01

3 4 é (; 7‘ E; é 10 1 8 9 10 1 1é 1‘3 1;1 15 16 s 3

True 10 m NE speed (m s™) True 10 m NE speed (m s™) true wind (m s”)
Figure 2: (a) Probability density function of tliae 10 m neutral equivalent wind speed {(fhfer ECMWF
IFS wind speed between 6.9 and 7.1 Blue curve shows the PDF for the uncorrected B¢fwind speed
with noise, gain, and bias derived from the triglealysis. Red curve shows the distribution derimged
retaining the noise but setting the gain to unitgt bias to zero. Standard deviation of the trusdveipeed is
shown. (b) Same as (a) except for an ECMWF winédpange of 11.9 to 12.1 rit.gc) Scatterplot of an
idealized simulation in which a sequence of Weiblidtributed true wind speed is used to generai@sy
sequency with a component noise level of 4'mRed curve shows average bias of noisy wind reddt true
wind averaged in true wind speed bins of 1'mMagenta curve shows difference between true wirdinoisy
wind averaged in noisy wind speed bins of 1'm s

Note that there remains a residual bias associgtedhe noise in ECMWF wind speed, and
it is anticipated that we may introduce a biasedion module to adjust for this. Figure 18c
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illustrates how noise in an unbiased but noisyesystan lead to an apparent bias in the noisy
system when the true wind data are binned by tisy miata.

We anticipate providing bias correction as a funcof space, time of year, and 10 m NE
wind speed. The following table summarizes thecstime of the lookup table. Assuming that
the values are represented as 4 byte floating panbles, the lookup table will consume
approximately 50 MB. Multilinear interpolation frothis lookup table to the location and
wind speed for each retrieval shall be performedguall 4 coordinates.

Table 2: Lookup Table for 10 m NE Wind Speed Biasnval

LUT Dimension | Starting Value | Ending Value Interval Number of
Values

Latitude -90°N 90°N 1° 181

Longitude 0°E 359°E 1° 360

Time of year January December 1 month 12

10 m NE wind 0 m/s 30 m/s 2m/s 16

speed

4.17.3 Other parameters

Besides sea surface temperature and wind speest, aiRiliary parameters (wind direction,
TEC, inverse wave age, mean square slope of wdreson velocity, significant wave
height) can be also affected by bias problems.

Then the processor has to be prepared to applg $aeior and offset corrections to these
parameters. An approach based on Look-up Tabledasito the one described for SST and
wind speed, is expected to be used if necessagyT(GRD section 2.3.1.3). These additional
parameters are:

LUT Dimension Start value | End value | Interval | Number
of values
Mean square slope (MSQS) 0 0.05 variable 16
Inverse wave age (omega) 0 12 variable 16
Neutral wind direction (phi_WSn)| 0° 360° 5° 72
Sea surface salinity (SSS) 30 psu 40 psu variapl®d 1
Friction velocity from surface layerO m/s 1m/s 0.1 11
module (UST)
10 metre neutral equivalent wind|-© m/s 30 m/s variable| 16
zonal & meridional componenis
UN10, VN10
Total electron count (TEC) 0 TECu 80 TECu variab|el6
Wave height (HS) 0 15m 1m 16
Cardioid model (Acard)
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4.17.4 Practical considerations

It might happen that during the computations soaiges in a grid point went out of range of
the values defined in the LUTs above. In such casering flags will be raised:
Fg_OoR_LUTAGDPT_lat (if at least one measurementtwatside of the acceptable
latitude limits in the auxiliary file), Fg_OoR_LUT@DPT lon (same for longitude),
Fg_OoR_LUTAGDPT_month (if the month value went adgsof acceptable limits),
Fg_OoR_LUTAGDPT_ param (same for value of the comegparameter) and the
parameter in the grid point will not be computed.

With the present information it is very difficutt evaluate the existence of these potential
biases and their impact on the ovreall salinityiegal. This will have to be analysed during
the Commissioning Phase and beyond. Then, in #ept configuration of the SMOS SSS
L2 processor this auxiliary data bias correctiol mot be implemented and it will be
addressed in the reprocessing ATBD.
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5. Output Product

Two L2 Salinity Output files will be provided fomeh SMOS half orbit: a User Data Product
(UDP), including information to be distributed tb asers, and a Data Analysis Product
(DAP), with auxiliary information on data procesgifor specific users working on
algorithms improvement and products validationltlovaanalysing problems in the SSS
retrieval. Both files have a unique Headers seqtias a series of Binary fields (one per
ISEA grid point, maximum 82257).

The Specific Product Header of both the UDP & DA @ontain information about
retrieval quality. Each grid point will be classifi as ocean, coast, or sea ice. Ocean grid
points will be further classify by SSS, SST anddvapeed into 27 (3 x 3 x 3) sub-classes:
low, normal, or high SSS, SST & wind speed.

Grid points in each of these classifications mayehaoor quality flags set before retrieval is
attempted, due to too many outliers, too much saofmglint, high galactic noise, possible
sea ice, heavy rain, low number of measurementse&ah grid point class & for each
roughness model, the SPH will contain a set ofeshlescribing retrieval:

number of grid points
number flagged as poor quality
for grid points not flagged as poor quality:
number of successful retrievals & average sigma
for failed retrievals, number failing because of:
poor SSS quality: outside valid range (Fg_ctrl_gng
poor SSS quality: sigma too high (Fg_ctrl_sigma)
poor fit quality: Fg_ctrl_chi2 or Fg_ctrl_chi2_Pottarge
lambda grew too large during iterations (Fg_ctrirgma
maximum number of iterations reached (Fg_ctrl_re&dxiter)
out-of-LUT range critical flag(s) raised
for grid points flagged as poor quality:
number of successful retrievals & average sigma

Additionally to this, information on intermediateggessing steps, as the modelisation of the
different components of Th, will be accessible tlgio the Breakpoints Reports that will
allow recomputing these intermediate values withglototype processor and
complementary software tools

User Data Product

Origin Name Description Units
Latitude Geodetic latitude [deg]
L1c data Longitude Longitude [deg]
. |Equiv_ftprt_diam Equivalent Footprint diameter [m]
L2 SSS processing Mean_acq_time| Mean acquisition time [dd]
. SSS1 Sea surface salinity using roughness model 1 psul|[
L2 SSS retrieval Osss: Theoretical uncertainty computed for SSS1 [Asu]
SSS2 Sea surface salinity using roughness model 2 psul|[
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Origin Name Description Units
Osss? Theoretical uncertainty computed for SSS2 [psu]
SSS3 Sea surface salinity using roughness model 3 psul|[
Osss: Theoretical uncertainty computed for SSS3 [psu]
. A card Effective_Acard retrieved with minimalist del
L2 A_card retrieval - -
~ OA carc Theoretical uncertainty computed for Acard
L2 Auxiliary WS Equivalent neutral wind speed as derived fronvIEG- [m.s’]
Sr%%%?grcal Data Ows Theoretical uncertainty associated with WS [fh.s
L2 Auxiliary SST Sea Surface Temperature as derived from ECMWF °C] [
Sﬁ)(::%?gfal Data OssT Theoretical uncertainty associated with SST [°C]
Brightness Temperature at surface level derivetl deéfault
L2 SSS retrieval anfl'b,, sy forward model and retrieved geophysical paramekérs, K]
default forward polarisation direction. Value is 999 if not possiltb compute
model Theoretical uncertainty computed for 3y Value is 999 if K
OTbaz.5H not possible to compute [K]
Brightness Temperature at surface level derivetl deéfault
L2 SSS retrieval anflb,, sy forward model and retrieved geophysical parametérs, K]
default forward polarisation direction. Value is 999 if not possiltb compute
model o Theoretical uncertainty computed for,5b,Value is 999 if K]
Tb42.5V not possible to compute
Brightness Temperature at antenna level derivel aafault
L2 SSS retrieval anfb,, sx forward model and retrieved geophysical parameers, K]
default forward polarisation direction. Value is 999 if not possilth compute
model o Theoretical uncertainty computed for Th42.5X. Vaki899 if K]
Tb42.5X not possible to compute
Brightness Temperature at antenna level derivel aafault
L2 SSS retrieval anflb,, sy forward model and retrieved geophysical parametérs, K]
default forward polarisation direction. Value is 999 if not possiltb compute
model Theoretical uncertainty computed for Th42.5Y Vaiki899 if K
OTbaz.5v not possible to compute [K]

Note: After commissioning phase WS and SST valo&sDP can be the retrieved values
(using default model) if they are proven to be drethan ECMWEF information

Product confidence descriptor

Origin Description

Note |Size

(bit)

Confidence flags
L2 \l,:vg_ctrl_num_meas_lc Number of measurements valid for SSS retrievaivs | 1
:jneas_ur_em_ent Fg_ctrl_num_meas_n Not processed due to too few valid measurements 1
iscrimination |n

Fg_ctrl_valid Grid point used in the retrieval
Fg_ctrl ECMWF 1 No missing ECMWF data for SS1 etail 1
Fg_ctrl ECMWF_2 No missing ECMWF data for SS2 etail 1
Fg_ctrl ECMWF_3 No missing ECMWF data for SS3 etail 1
Fg_ctrl ECMWF_4 No missing ECMWF data for Acardieatal 1

L2 roughness - - -

models Fg_ctrl_roughness_M{Roughness correct!on appl!ed W!th model 1 1
Fg_ctrl_roughness_MPRoughness correction applied with model 2 1
Fg_ctrl_roughness_MBRoughness correction applied with model 3 1
Fg_ctrl_foam_M1 Foam correction applied to model 1 1
Fg_ctrl_foam_M2 Foam correction applied to model 2 1
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Origin

Fg_ctrl_range 1

Description

Retrieved value outside range usirvgard model 1

Note

Size
(bit)
1

Fg_ctrl_range 2 Retrieved value outside range usirvgard model 2 1
Fg_ctrl_range 3 Retrieved value outside range usirvgard model 3 1
Fg_ctrl_range Acard | Retrieved value outside rarsjiegucardioid model 1
Fg_ctrl_sigma_1 High retrieval sigma using forwarddel 1 1
Fg_ctrl_sigma_2 High retrieval sigma using forwarddel 2 1
Fg_ctrl_sigma_3 High retrieval sigma using forwarddel 3 1
Fg_ctrl_sigma_Acard | High retrieval sigma using @aicdmodel 1
Fg_ctrl_chi2_1 Poor fit quality using forward model 1
Fg_ctrl_chi2_2 Poor fit quality using forward model 1
Fg_ctrl_chi2_3 Poor fit quality using forward moa@el 1
Fg_ctrl_chi2_Acard Poor fit quality using cardigmbdel 1
Fg_ctrl_ chi2 P 1 Poor fit quality from test Chi2using forw.model 1 1
Fg_ctrl_ chi2 P 2 Poor fit quality from test Chi2using forw.model 2 1
Fg_ctrl_ chi2 P_3 Poor fit quality from test Chi2using forw.model 3 1
Fg_ctrl_chi2_ P_Acard Poor fit quality from test €hP using cardioid.model 1
Fg_ctrl_quality_SSS1 At I(_aast one critical flag was raised during SSS1 1
retrieval
Fg_ctrl_quality_SSS2 At I(_aast one critical flag was raised during SSS2 1
retrieval
L2 retrieval | Fg_ctrl_quality SSS3 ,rAettIrieea:/sa':lone critical flag was raised during SSS3 1
post-processing — - -
. At least one critical flag was raised during pseudo
Fg_ctrl_quality_Acard di . ; 1
ielectric constant retrieval
Fg_ctrl_marq_SSS1 Iteration stopped due to Marduacdement too big 1
Fg_ctrl_marq_SSS2 Iteration stopped due to Marduacdement too big 1
Fg_ctrl_marq_SSS3 Iteration stopped due to Marduacdement too big 1
Fg_ctrl_marq_Acard | Iteration stopped due to Marduarcrement too big 1
Fg_ctrl_reach_maxiter Maximum number of iterations reached before 1
1 convergence using forward model 1
Fg_ctrl_reach_maxiter Maximum number of iterations reached before 1
2 convergence using forward model 2
Fg_ctrl_reach_maxiter Maximum number of iterations reached before 1
3 convergence using forward model 3
Fg_ctrl_reach_maxiter Maximum number of iterations reached before 1
Ac convergence using cardioid model
Fg_ctrl_many outlier§ High number of outlier measnents 1
Fg_ctrl_sunglint High number of measurements flalgipe sunglint 1
Fg_ctrl_moonglint High number of measurements feafipr moonglint 1
Fg_ctrl_gal noise High number of measurements #ddgr galact. noise| 1
Fg_ctrl_gal noise_pol High number of meas. flagigegolarised galact. noise 1
Fg_ctrl_no_surface 42.5° angle not available topam Th at surface
spare 21
Confidence descriptors byte
Dg chi2 1 Retrieval fit quality index with forwardodel 1 1
Dg _chi2 2 Retrieval fit quality index with forwardodel 2 1
Dg_chi2_3 Retrieval fit quality index with forwardodel 3 1
Dg _chi2_ P_1 x* high value acceptability probability with model 1 1
L2 .SSS Dg_chi2_P_2 x2 high value acceptability probability with model 2 1
retrieval post- . — p_ e
processing Dg_ch|2__P_3 X° high yalue acceptability prc_)babmty with model 3 1
Dg_quality SSS1 Descriptor of SSS1 uncertainty
Dg_quality SSS2 Descriptor of SSS2 uncertainty
Dg_quality SSS3 Descriptor of SSS3 uncertainty
Dg_num_iter_1 Number of iterations with forward rebd 1
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Dg_num_iter 2

Description

Number of iterations with forward rebd

Note

Size

Dg_num_iter_3 Number of iterations with forward rebd 1

Dg_chi2_Acard Retrieval fit quality index with caml model 1

Dg_chi2_P_Acard x* high value acceptability probability with cardioid 1

Dg_quality Acard Descriptor of Acard uncertainty 1

Dg_num_iter_Acard Number of iterations with cardionodel 1
L1c data Dg_num_meas_l1c Number of measuremeniisialeain L1c product 1
lvllea§ur.em¢nt Dg_num_meas_valid | Number of valid measurement aviglfor retrieval 1
discrimination

Number of measurements with BORDER_FOQV flag

Dg_border_fov raised. 1

Dg_af fov Number of measurements with AF_FOV flaiped. 1

Dg_sun_tails Number of measurements with SUN_TARS raised. 1
L1c data and Dg_sun_glint_area Number of measurements with SUN_GLINT_AREA 1
measurement - == flag raised
discrimination Not

. Number of measurements with SUN_GLINT_FOV flag in
Dg_sun_glint_fov : 1
raised. L2
SM

Dg_sun_fov Number of measurements with SUN _FOY flsed 1
Ir‘nzo(sjldlneglmt Dg_sunglint_L2 Number of measurements with L2 sumdllag raised 1
Ir_nZO(rjnu(?gngllnt Dg_moonglint Number of measurements with L2 moanghised 1
Measurement |Dg_suspect_ice Number of measurements suspea obitaminated 1
discrimination |Dg_gal noise_error Number of meas. with galactisserror flag raised. 1

Dg_gal_noise_pol Number of meas. with polarised iyaise flag raised. 1

Science flags

Description

L2 auxiliary |Fg_sc_land_sea_coastland / sea 1
data Fg_sc_land_sea_coastoast / not coast 1
Fg_sc_TEC gradient| High TEC gradient along dwellafgrid point 1
Fg_sc_ice ECMWEF give ice concentration > Tg_ice cenitration 1
. Lo Grid point within monthly climatological maximum
Fg_sc_in_clim_ice . 1
extent of sea ice
Fg_sc_in_clim_ice.true and SST <Tg_low_SST ice
Fg_sc_suspect_ice |and number of measurement with possible ice i®targ 1
than a threshold (Tg num_suspect _ice)
Fg_sc_rain Rain rate is above the threshold.
Fg_sc_high wind High or low wind condition. 1
SMOS Fg_sc_low_wind Low wind condition. To be combined with 1
ECMWF Pre-| °—"—""'— Fg_high_wind.
Processing |Fg_sc high SST High or low SST condition. 1
Fg_sc_low_SST Low SST condition. To be combined with 1
— == Fg_high SST.
Fg_sc_high SSS High or low SSS condition. 1
Fg_sc_low_SSS Low SSS condition. To be combined with 1
— == Fg_high SST.
Fg_sc sea state 1 Sea state class 1 1
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Description

Note

Size
(bit)

Fg_sc _sea state 2 Sea state class 2 1
Fg_ sc_sea state 3 Sea state class 3 1
Fg_sc _sea_ state 4 Sea state class 4 1
Fg_sc sea state 5 Sea state class 5 1
Fg_ sc_sea_ state 6 Sea state class 6 1
Fg_sc SST_ front Presence of a temperature front
Fg_sc_SSS front Presence of a salinity front 1
Fg_sc_ice Acard Ice flag from cardioid 1
spare 21
Science descriptors byte
L2 Count measurements with specular direction toward|a
measurement|Dg_sky . 1
discrimination strong galactic source.
Data Analysis Product
Origin INETLE Description Units
Grid_point_ID Unique identified of the grid poimt the DGG [dI]
L1c data Latitude Geodetic latitude [deg]
Longitude Longitude [deg]
L2 preprocessin Flags of measurements, see next table below. NM=
andlerz: data ’ Fm_flags{NM] Dg?num_meas_llc < 256. [d]
Difference between measurements and result of fakwa
Diff TB_1[NM] model 1. NM=Dg_num_meas_l1c <= 256. for 2 K]
polarisations
Difference between measurements and result of fakwa
Diff TB_2[NM] model 2. NM=Dg_num_meas_|1c <= 256. for 2 K]
L2 retrieval polarisations
Difference between measurements and result of fafwa
Diff TB_3[NM] model 3. NM=Dg_num_meas_l1c <= 256. for 2 K]
polarisations
Difference between measurements and result ofadrdi
Diff TB_Acard[NM] model. NM= Dg_num_meas_l1c <= 256. for 2 K]
polarisations
Paraml1_prior M1
Paraml_sigma_prior_M{1
Param2_prior M1
Param?2_sigma_prior_ M1
Param3_prior M1
Param3_sigma_prior_M{1
SMOS ECMWF |Param4_prior_ M1 Prior and sigma of seven parameters for retrievtdl w

Pre-Processing

Param4_sigma_prior_M

Tforward model 1. Seven placeholders.

Param5_prior M1

Param5_sigma_prior_M

1

Param6_prior M1

Param6_sigma_prior_M

1

Param7_prior M1

Param7_sigma_prior_M

1

Paraml_prior M2

Paraml1_sigma_prior_M

frior and sigma of seven parameters for retrievtl w

Param2_prior M2

orward model 2. Seven placeholders.
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Description
Param2_sigma_prior_M2

Param3_prior M2
Param3_sigma_prior_M2
Param4_prior M2
Param4_sigma_prior_M2
Param5_prior M2
Param5_sigma_prior_ M2
Param6_prior M2
Param6_sigma_prior_M2
Param7_prior M2
Param7_sigma_prior_ M2
Paraml1_prior M3
Paraml_sigma_prior_M3
Param2_prior M3
Param2_sigma_prior_M3
Param3_prior M3
Param3_sigma_prior_M
Param4_prior M3
Param4_sigma_prior_M
Param5_prior M3
Param5_sigma_prior_M3
Param6_prior M3
Param6_sigma_prior_ M3
Param7_prior M3
Param?7_sigma_prior_M3
Paraml_prior_Ac
Paraml_sigma_prior_A¢
Param2_prior_Ac
Param?2_sigma_prior_A
Param3_prior_Ac
Param3_sigma_prior_A
Param4_prior_Ac
Param4_sigma_prior_A
Param5_prior_Ac
Param5_sigma_prior_A
Param6_prior_Ac
Param6_sigma_prior_A¢
Param7_prior_Ac
Param7_sigma_prior_A¢
Paraml M1
Paraml_sigma M1
Param2_ M1

Param2_sigma_M1 ) )
Param3_M1 Value and theoretical uncertainty of seven pararsete

retrieved with forward model 1. Seven placeholdSes.
ParamX_sigma_M1 to 999 if parameter has not been
Param4_sigma M1 retrieved, and the ECMWF prior value put for _

= = ParamX_M1. For the field names, “Param3” will be

Param5_p_r|or_M1 replaced by parameter name whenever it is known, e.
Param5_sigma_M1 SST. WS. etc

Param6_M1
Param6_sigma_M1
Param7_prior M1
Param7_sigma_M1
Paraml M2
Paraml_sigma M2

%rior and sigma of seven parameters for retrievtl w
gorward model 3. Seven placeholders.

L4

SMOS ECMWF
Pre-Processing

"Prior and sigma of seven parameters for retrievl w
 cardioid model. Seven placeholders.

L4

Param3_sigma_ M1
Param4_M1

L2 SSS retrieval

L2 SSS retrieval

Same as above for forward model 2.
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Origin

Name
Param2_M2

Param2_sigma_ M2

Param3 M2

Param3_sigma_ M2

Param4_M2

Param4_sigma_ M2

Param5_M2

Param5_sigma_M2

Param6_M2

Param6_sigma_M2

Param7_M2

Param7_sigma_M2

Description

Units

Paraml M3

Paraml_sigma M3

Param2_M3

Param2_sigma_M3

Param3 M3

Param3_sigma_M3

Param4_M3

L2 SSS retrieval

Param4_sigma_M3

Param5 M3

Param5_sigma_M3

Param6_M3

Param6_sigma_M3

Param7_M3

Param7_sigma_M3

Same as above for forward model 3.

Paraml_Ac

Paraml_sigma_Ac

Param2_Ac

Param2_sigma_Ac

Param3_Ac

Param3_sigma_Ac

Param4_Ac

L2 Acard retrieva

Param4_sigma_Ac

Param5_Ac

Param5_sigma_Ac

Param6_Ac

Param6_sigma_Ac

Param7_Ac

Param7_sigma_Ac

Same as above for cardioid model

Atmospheric
contribution

Thbatm

Nadir atmospheric emissivity (only in polar 1)

tau

Nadir optical thickness

Thgal refl[NM]

Galactic noise reflected towards tlagliometer

Grid point descrip

tors

Measurements
discrimination

Dg_num_outliers

Number of outlier measurementsaded

Dg_num_high_resol

Number of measurements discarded due to excessive
resolution

Dg_RFI_L1

Number of measurements discarded due to beingethgg
RFl at L1

Dg_sunglint_L1

Number of measurements discarded due to sunglint
contamination at L1
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Dg_X_Swath

Description

Distance (km) between satellite track and grid foin
computed using stat vector of first measuremeqtidt
point

Out of LUT range

flags

Fg_OoR_Sunglint_dim2
ThetaSun

| ThetaSun went out of LUT range during retrieval

Fg_OoR_Sunglint_dim3
Phi

| Phi went out of LUT range during retrieval

Fg_OoR_Sunglint_dim4|
Theta

| Theta went out of LUT range during retrieval

Fg_OoR_Sunglint_dim4|
WS

|WS went out of LUT range during retrieval

Fg_OoR_Roughl_diml
SST

| Prior or retrieved SST went outside of LUT range

Fg_OoR_Roughl_dim2
SSS

| Prior or retrieved SSS went outside of LUT range

Fg_OoR_Roughl_dim3
ui10

| Prior or retrieved U1 went outside of LUT range

Fg_OoR_Roughl_dim4
Theta

| Prior or retrieved Theta went outside of LUT range

Fg_OoR_Rough2_dim5
SST

| Prior or retrieved SST went outside of LUT range

Fg_OoR_Rough2_dim4
SSS

| Prior or retrieved SSS went outside of LUT range

Fg_OoR_Rough2_dim3
Theta

| Prior or retrieved Theta went outside of LUT range

Fg_OoR_Rough2_dim1
Ust

| Prior or retrieved Ust went outside of LUT range

Fg_OoR_Rough2_dim2
Omega

| Prior or retrieved Omega went outside of LUT range

Fg_OoR_Foam_diml1_V
S

WVS went out of LUT range during retrieval

Fg_OoR_Foam_dim2_T|
eaAir

§'seaAir went out of LUT range during retrieval

Fg_OoR_Foam_dim3_S
S

SSS went out of LUT range during retrieval

Fg_OoR_Foam_dim4_S
T

SST went out of LUT range during retrieval

Fg_OoR_Foam_dim5_T|
eta

fTheta went out of LUT range during retrieval

Fg_OoR_gaml dec

Dec went out of LUT range duritriesal

Fg OoR_gaml_ra

Ra went out of LUT range durinderesi

Fg_OoR_gam?2_dec

Dec went out of LUT range duritiigsal

Fg_OoR_gam?2_psi

Psi went out of LUT range duringereal

Fg OoR_gam2_ra

Ra went out of LUT range durindenei

Fg_OoR_gam?2_theta

Theta went out of LUT range dustrieval

Fg_OoR_gam2_WSn

WSnh went out of LUT range duritigeneal

Fg_OoR_LUTAGDPT i
t

al atitude went out of LUT range in auxiliary file

Fg_OoR_LUTAGDPT |
n

nLongitude went out of LUT range in auxiliary file

Fg_OoR_LUTAGDPT_n
onth

nMonth value went out of LUT range in auxiliary file

Fg_OoR_LUTAGDPT_{

The value of parameters went out of LUT range in

aram

auxiliary file
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List of Measurement flags

Origin

Description

Measurement flags

Note Size
(bit)

Difference between measured brightness temperatutdlat

Fm_suspect_ice sea model is greater than a threshold. L
Preprocessing Difference between measured brightness temperatte
Fm_out_of range |that derived with default forward model is gredtean a 1
threshold
Fm resol Length of major axis of the footprint ellipse isgter than a 1
— threshold.
Fm_Llc sun 1
FmL1c border fov 1
FmL1lc eaf fov 1
FmL1c af fov 1
L1c data Flec_sun_ta_|Is 1
FmL1lc_sun_glint_ar 1
ea
FmL1c_sun_glint_fag 1
v
FmL1lc RFI 1
Preprocessing | Fm_outlier Measurement is an outlier 1
Fm_high_sun_glint | High or low sun glint condition. 1
. . Low sun glint condition. To be combined with
Sunglint moduleFm_low_sun_glint : . 1
Fm_high_sun_glint.
Fm_sun_limit Sun contamination above threshold
mggzlgelmt Fm_moon_specdir | Specular direction close to tambtoon direction 1
Galactic noise |[Fm_gal noise_errof Uncertainty on galactic noisg@®is large. 1
module Fm_high_gal noise| Galactic noise is high 1
Fm_gal_noise_pol Polarised galactic noise is alloneshold 1
Measurement |Fm_valid Measurement is valid 1
discrimination Fm_lost_data Measurement not used due to lackrapaaion polarisation 1
spare 14
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ANNEX-1: Technical note on geometry conventions faSMOS

This annex aims at clarifying the conventions athulae used for angles transformation in
the SMOS L2 SSS ATBD, especially relevant in cdigesFaraday rotation and change of
coordinate frame from Earth to antenna.

The technical note has been generated as an indspesocument (smos-geom-jt-
20080519.pdf) that will not be integrated in thed/working versions of the ATBD, but
only in the formal PDF deliverables.
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ANNEX-2: Technical note on the use of an effectivie-band pseudo-
dielectric constant for qualifying SMOS measuremerg over the ocean

L-band passive microwave radiometers provide infdrom about surface soil moisture over
land and about sea surface salinity (SSS) oveodkan. In case of the SMOS (Soil Moisture
and Ocean Salinity) interferometer instrument,rétaeval of the geophysical parameters
will be performed through the inversion of multiahey brightness temperatures (Tb)
(typically 120 at the center of the swath). Theiegtal of geophysical parameters is based on
a minimization process between measured and modBieand a knowledge (with some
errors) of auxiliary parameters (e.g. sea surfangerature and wind speed over the ocean).
However, the modelling of the radiometer signaias straightforward: Tb reconstruction is a
complex process, modelling of the sea surface éntiss not completely under control (in
particular roughness effects (Dinnat, Boutin eRD3)), external signal such as galactic
noise reflected at the sea surface is still notaletaly understood (Vine, Abraham et al.
2004), auxiliary parameters may be poorly knowagbd)... In addition the nature of the
sea surface may be unknown at high latitude ingmess of sea ice or drifting icebergs.
Because of all these issues, a pseudo-cardioid InfiMaddteufel, Vergely et al. 2004) has
been developed to retrieve from SMOS multiangulaaBingle parameter, Acard, that
synthesizes available information about surfackedigc caracteristics, thus avoiding the
modelling of the link between geophysical paranseserd surface dielectric properties.

In this paper we study to which extent the retrdi@fdhis parameter over the ocean could be
used 1) to detect the presence of ice and 2) sxtd@aws in Tb, direct emissivity models or

in auxiliary parameters.

The modelling of SMOS signal and the retrieval cbAd were performed using the SMOS
Retrieval Simulator (SRS) described in (Boutinntet al. 2005). Main characteristics

relevant for this study are described below.

Forward modeling of SMOS apparent temperature

The apparent temperature measured over sea subfates SMOS radiometer is affected by
four main processes:

-the emission of the surface
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-the emission and attenuation by the atmosphere

-the emission of the sky reflected at the sea sarfa

-the Faraday rotation

Once all these contributions are modelled in hariaband vertical polarizations, Tb are
computed in SMOS antenna geometry according to ggantransformations described in
(Waldteufel and Caudal 2002).

Sea water emissivity:

Dielectric constant of sea water is modelled adogrtb (Klein and Swift 1977). Typical real
and imaginary parts of sea water dielectric cotstanountered over the open ocean are
indicated on (Figure 1).

dielectric constant of ice and sea water

70

@ pure ice

u first year sea ice
multiyear ice

Atypical ice

50 4 @ snow

M sea water at 20T 35psu

M sea water at 0C 33psu

60

40 -

30 4

20 A

10 4

T
1 10 100
'

&

Figure 1: Imaginary and real parts of dielectriostants over various ice types and sea water

Brightness temperatures over a flat sea are dedum@ddielectric constants using Fresnel
equations. Additional signal coming from sea swefamughness is simulated using the two-
scale model described in (Dinnat, Boutin et al.308 which thewave spectrum is modeled
using Durden and Vesecky parameterization (Durden\eesecky 1985) multiplied by 2.
With these models, for SST around 15°C and at ndw#rsensitivity of ocean Th, Tb_ocean,

to SSS is typically -0.5 K p8yto wind speed (WS) 0.2 Kfrs, and to SST close to 0 K°C
1
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Sea ice emissivity:

At 1.4GHz, the penetration depth of sea ice rahgéseen 0.2 and 0.8m for first-year sea ice
and between 0.8 and 2m for older sea itkalpy et al.,1990], Figure E.24); for pure ice it
reaches about 60m. In order to ease computatiahgiaan that the penetration depth
increases with ice age, that the typical thickri#ssebergs is several tens of meters and the
typical thickness of first-year sea ice is typigdlim in winter (see for instance (Schodlok,
Hellmer et al. 2006)), in the following we will alws consider that the ice thickness is
greater than the penetration depth (monolayer model
Seaice Th, Tb_ice, are simulated using Fresnalioalships and ice dielectric constant,
We recall below values of iceas reviewed byJlaby et al.,1990]:
-for pure ice :
£=3.15+j1C
-for sea ice, numerical values depend slightly Wweett is first year sea ice or multiyear sea
ice at -10°C :
€ =3.3-0.25 (first year sea ice) and

€ =3 - 0.03 (multiyear)
Given the strong contrast between sea water angeelelectric constants (Figure 1), in the
following we will model dielectric constant of iselecting values intermediate between
various sea ice dielectric constants:
€=3.17+j0

We will also neglect presence of snow; in presaricmow, the contrast between sea water
and snow is greater than between sea water arfdaed-igure 1 where snow value has been

taken as the minimalist value given by (Nedeltchi&ch et al.)).

Atmosphere and cosmic background

The atmospheric attenuation and emission are testrising Liebe (Liebe, Hufford et al.
1993) model. The atmospheric attenuation of sdacaiTb is 0.7K at nadir. The
atmospheric and cosmic background emissions aréaimenant signal. Downward
atmospheric emission and cosmic background emissmnreflected at the sea surface. The
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total contribution (atmospheric + cosmic backgrouaghges from 5.5K at nadir to 7K at 50°
incidence angle. This contribution is not stronaffected by atmospheric parameters, in the

absence of heavy rain.

Galactic Noise

In contrast to atmospheric emission and cosmicdpackd emission (2.7K), which are
homogeneous in space and time, galactic noise mmssare very inhomogeneous and they
generate a signal reflected by the sea surfacerthptstrongly vary inside the SMOS swath.
Galactic noise reaching the sea surface are cowhjpisiag a model developed at CETP
(Delahaye, Golé et al. 2002). It makes use of RaichReich charts for the galactic sources
at 0.25° resolution (Reich and Reich, pers. comihis map was weighted by weighted by
an average of the synthetic antenna lobe weiglfitingtions over the alias free field of view
(Boutin, Font et al. 2004).

For this angular resolution, galactic sources ¥eogn about 0.7K to more than 15K close to

the galactic centre. These signals are reflecttieatea surface assuming a flat sea.

Retrieval of a pseudo-dielectric constant

As shown in (Waldteufel, Vergely et al. 2004), sitaneous retrieval of the real, and
imaginary partg", of dielectric constant from SMOS Tb is an illggal problem as the cost
function, rather than a single minimum, exhibit mimum valley, that can be represented
analytically using a modified cardioid model (Fig@, left)). After carrying out the

following change of variable:

€' =A card (1 + cos(U_card) ) cos (U_card) + B_card

Eqn. 1
€"=A card (1 + cos(U_card) ) sin (U_card)
which is equivalent to:
A_card = mcard?/ (m card +¢' — B _card) Ucard = tart(e"/(e-B_card) ) can o
gn.

with: m_card = ( €-B_card} +¢"2 )2
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with B_card = 0.8, it is possible to retrieve tlgmeter Acard with good accuracy, as
indicated on (Figur@, right): a minimum of Chi2 is seen as a vertloa corresponding to a
constant value of Acard and various values of Ud@rd(Figure2, right), local minima of
Chi2 are also observed for unrealistic negativeeslbf Acard; as it will be described in the
following, retrieval of such negative values areided by taking an error on prior Acard
over the ocean of 20 units or by initiating theiesal with low Acard value as low Acard are

much better constrained.

log{chizy log{chizy
150 7

100

50

o
Ucard iradian)
o

-50

dielectric constant {imaginary par)

-100

_150 I L . L L I L I ) _ I L L . L . L '
-40 -20 i} 20 40 B0 &0 100 1200 140 -&0 -60 -40 -20 1} 20 40 (] =]
dielectric constant {real part) Acard

Figure 2. Chi2 (log value) in case of retrievalgfe") over sea water (left) plotted as function &f £"); the
green cross indicates the true value of the dieteconstant. The yellow curve corresponds to astaomt
A_card with U_card varying between 0 and 360 9ht) plotted as a function of (Acard, Ucard).

With these definitions and considering direct emissmodels described above: for sea ice,
Acard=1.2 (Ucard=0); over a flat sea, Acard rarggsveen 48 and 67 depending on SSS
and SST values (Figure 3) and U_card between f@9@5 radians (not shown).

Or

S5T=0
— 555
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B51 ———53T=15
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——S55T=25
G0 _/// S55T=30
55  /
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32 33 34 35 36 37 33
355

Figure 3: Variation of Acard as a function of SS8l &ST
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From Figure2, it is clear that the minimization of Chi2 parderaloes not allow to retrieve a
single pair of §', €") while it allows to retrieve a single value of #&d, Ucard remaining
undetermined.

The retrieval is performed through the iterativerérgberg and Marquard (Marquardt 1963)
algorithm. Minimization is done over Th measured amodelled at the antenna level, using

the following cost function:

2 prior ret |2
Nm—l{r meas_1modg pj p2 ] [P -P ]
chi2(PLP2)=yN Y, 2 bi (2 JI Y 5 Eqn. 3
i=0 I, P1P2 Op

where (P1, P2) are (Acard, surface temperature)jd\ive number of measurements in the

mod

, radiometer measurements,

meas

pixel, T, modelled Tb andry, , radiometric errors;

p PO p e andgp are a priori value, retrieved value and a peoror on P1 and P2

parameters. The error on surface temperature ts 4e5°C. Over the ocean, Ac& is
deduced from mean SSS and SST, @qdq is taken as 20% of Acard a priori value (about
10). In case of sea-ice retrievals, several aipradues of Acard andacarg Were tested in
order to avoid retrieval of negative Acard valudslgvavoiding biases on low Acard values.
We found that initiating the retrieval with low Achprior value (Acart® =1) and large
error on Acarddacara =50) meets this goal and gives the same resuitangan pixels as
taking Acard™ deduced from mean SSS and SST.

Two kinds of retrievals were performed: academideeals and semi-realistic retrievals:

Academic retrievals:

These retrievals were performed in order to loothatperformance of the Acard retrieval, in
case of ocean-ice heterogeneous pixels or in ddsiases on auxiliary parameters or on Th.
Tb, entering in the retrieval, is modelled consiggonly parts of the direct model that are

impacted by these biases. Atmospheric effectscgialaoise reflection and Faraday rotation

are neglected.

VI
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In case of sea-ice heterogeneous pixels, Th anecdedas:

Tbh=fr_ice.Tb_ice + (1-fr_ice).Th_ocean

where fr_ice is the ice fraction determined follagithe same formalism as in (Zine, Boutin
et al. 2007) for land fractions; Tb_ice and Th_acase deduced from fresnel equations using
e givenin llA.1 and Il.A.2. SST is taken equal t&®C2and ice temperature equal to -10°C. We
consider a linear boundary between ice and oceamharetrieval performed for pixels

spaced every 4 km along a line perpendicular solibundary (Figure 4).

latitude

2

05 04 03 02 %q( o 01 02 03 04 05
longitude

Figure 4 : Sea-Ice heterogeneous pixels : conftguraf academic case. Retrievals are performedyetiam
along grid nodes perpendicular to sea-ice boun@dng points). Arrow represents sub-satellite track

In order to look at the effect of wind speed vaitigh Tb were simulated with the direct
model including the roughness contribution for S$P20°C, SSS of 35psu and wind speed
varying between 0 and 10m/s, while a flat seassi@®d in the retrieval (see below).

The effect of a bias on SST was investigated atd@if€€20°C with biases ranging between
0°C and 10°C.

In order to simulate a systematic bias in imagemstruction or coming from a drift of Noise
Injection Radiometer, we add constant biases toeftexti Tb with the flat sea model.

The retrieval is performed from these theoretidaliter adding (or not) them a gaussian
noise (1.5K) in order to look at the effect of @uietric noise and adding a random noise
(1.5°C) on surface temperature. Retrievals areopmed assuming homogeneous ocean
pixels and a flat sea; a priori surface temperatitaken equal to noisy SST (even in case of

mixed sea-ice pixel in order to simulate unexpegi@edence of ice).

Vii
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Semi-realistic retrievals:

In order to look at the effects of biases overaasioceanic conditions, we perform retrievals
over 462 selected pixels along a semi-orbit crastie Pacific Ocean (Figure 5).

latitude (%)

langitude (%)

Figure 5 : Location of pixels used in retrievalghie semi-realistic case (stars represents subisatieck).

Data sources for SSS retrieval simulations are:

» for SSS: monthly climatological 1° Levitus fielda@uary month) (Antonov, Levitus
et al. 1998)

» for SST: weekly 1° Reynolds analysis (30decembfE Zanvier 2002) (Reynolds
and Smith 1994)

» for wind components: daily 1° QSCAT map (02 Jan®i@d2) generated from JPL-
nudge level 2 wind product (25km resolution) usingjmple objective analysis
(Boutin and Etcheto 1997).

» for Total Electronic content (TEC): Internationaf@rence lonosphere (Floury pers.
comm.) years 1989, January.
with one simulated half orbit over the central Ra@cean.

The selected data sets for the simulations arehtgugpresentative of geophysical

conditions encountered at global scale (see Tgble 1

Global ocean Simulated SMOS ascending orbijt
mean standard mean standard
deviation deviation
SSS (psu) 34.67 1.56 34.84 0.89
SST (K) 291.37 9.95 294.31 6.71
wind speed (m:§ |7.87 3.00 6.77 2.02

Vili
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Table 1: Mean and standard deviation of distrimgiof SSS, SST and wind speed selected for thdations
and over the global ocean

Tb entering in the retrieval are simulated withcahtributions described in section 2 in the
direct model; a realistic Gaussian radiometric @@ssadded (see (Zine, Boutin et al. 2007)
for a complete description).

Acard is retrieved, either assuming a flat searseglecting galactic noise reflection

(minimalist model) or taking into account all cobtrtions.

Results

Heterogeneous sea-ice pixels:

The retrieved Acard is very sensitive to the i@fion present in the pixel (Figure 6, top).
Retrieved Acard are much more noisy over the o¢RAaard error equal to 2) than over the
ice (Acard error equal to 0.06) as the accuraddaaird deteriorates as Acard increases
(Waldteufel, Vergely et al. 2004). In case of altnmsre pixel (sea fraction or ice fraction
between 0.9 and 1) surface temperature is verycgektrained by the retrieval: even in case
of pure ice pixel, retrieved temperature is clas2@3K (true value) while the retrieval was
initiated with a temperature of 275K (Figwemiddle). The presence of heterogeneous ice-
ocean pixels is clearly demonstrated by low Acealdies, very low surface temperature, and
anomalously high Chi2 values (above 1.4) (Figureddtom). The latter is a consequence of
the radiative model being non linear ; for a mixeckl, the retrieval attempts to adjust
measured Tb using a "mean" dielectric constanty@d®eTb is actually the sum of two Tb
estimated using two dielectric constants). Heneegtiality of the fit deteriorates, as
illustrated on Tb at the antenna level weightedh®yantenna gain, adjusted over a mixed and
pure pixel Eigure).

It is interesting to note that maximum of Chi2 served for sea fractions around .8 and .2.
In cases where sea and ice fractions are clos®toh@ best indicator of the presence of ice

(in addition to Acard) is the surface temperature.
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Figure 6: Top) Retrieved Acard as a function ofiseafraction. Middle) Retrieved surface temperatBottom)

Chi2 as a function of sea-ice fraction.
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Sensitivity of ‘effective’ pseudo-dielectric constat to

geophysical variability and radiometric biases:

Academic case

A 1m/s wind speed variation is roughly equivalen@17 unit bias on ‘effective’ Acard
(Figure 8 top); in case a low noise is put on Tie, ftaw due to the assumption of a flat sea is
clearly detectable on Chi2 value (Figure 8 middi&)wever, in case a more realistic noise
(1.5K) is put on Th, the flaw is no longer detettatn Chi2 (Figure 8 bottom); thence the
bias will be detectable on individual retrievaldyoifithe Acard bias is larger than the error
on retrieved Acard (typically 2 units over the ageea.g. if the wind speed bias is larger than
3.5m/s. Lower biases could be detectable only eneayed Acard.

Retrievals performed with a bias on SST show thatdias on ‘effective’ Acard is weak
(always less than 0.2units per degrees of SST bashown) and greatly depends on SST
value; in case a noise is put on Th, the flaw dug $ST bias is not detectable on Chi2 nor
Acard values.

In case a bias is put on Tb (as it could arise feoradiometer drift or from an imperfect
knowledge of mean galactic noise impacting thelpixetrieved Acard is biased by about
1.2unit per Kelvin of Tb bias (not shown). Howewehen a realistic noise (1.5K) is put on
Tb, biases smaller than 5K are not detectable tthi2 values; above 5K, chi2 is slightly

overestimated (chi2 above 1.14).

Xl



ICM-CSIC SMOS L2 OS Doc: SO-TN-ARG-GS-0007
: . _lIssue: 3 Rev: 7
LOCEAN/SA/CETP | Algorithm Theoretica

. Date: 22 June 2011
IFREMER Baseline Document Page:A2- XII

&
ARGANS

GBS e RIS B R TIIIIEFERRNTeS JRRTRRRR B SRR

SEE i [ERTTR U R TE T PP FRRTNE R s

555k R .........

[1:1 Lo U .........

545_

Acard
*

S35 L e ......... T R g IOUPTUS SR T

53_ RN .........

[l P ........ ......... ...................... ..... T .* ........ :

52 i i i i i i i i i )
1}

Wind speed (m/s)

4 5 B
Wind speed (m/s)

Chig
*

08

Y I S S S O N N S

Wind speed {m/s)

Figure 8: Top: Retrieved A _card as a function aidvspeed bias; Red star is Acard value correspgriditrue
wind speed. noise on Th is set to 0.1K in ordevidence biaises; middle: Chi2 as a function ofdxgpeed
bias ; noise on Th set to 0.1K; bottom) Chi2 asrecfion of wind speed bias with a realistic noisegn Tb.

Semi_realistic case:

When roughness effect and galactic noise are kenhtato account, ‘effective’ Acard is low

biased on average by 7 units (Figure 9, left) (Aadose to 1 on that figure correspond to

Xl
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sea ice pixels) which is clearly above the noisestneved Acard over the ocean (typically 2
units). Chi2 parameter gives very poor informattout flaws in the direct models as Chi2
simulated with the minimalist model is very closehi2 simulated with the whole model
(Figure 9, right).

‘Effective’ Acard retrieved with a minimalist model
chiZ from the minimalist model

0.8F

i i i ; i ;
1} 10 20 a0 40 a0 60 0.6 L 1 L i L i
True scard 0 0.8 1 12 14 16 1.8

chiz fram the whole direct mode!

Figure 9: Left: Acard retrieved with a minimalisbdel (no roughness, no galactic noise) versus Acsrigved
with the whole direct model. Right) Chi2 of Acaetnieved with a minimalist model (no roughnessgatactic
noise) versus Chi2 of Acard retrieved with the vehdirect model.

Discussion and Conclusion:

In order to accurately retrieve SSS from SMOS measants, it will be essential to well
model the direct radiometric signal, characteriaew$é coming from instrumental drifts and
from auxiliary parameters inaccuracies and to deétecpresence of surface heterogeneities
in pixels like presence of sea ice.

A main difficulty for SMOS calibration/validationxercise will arise from the processing and
the analysis of a great number of multiangular mesments performed in each pixel. In this
paper we concentrate on the use of a pseudo-dieleonstant parameter to synthesize
information contained in multiangular Th. The rewal of this parameter could be easily
processed in parallel to the SSS retrieval andpdwameter could be easily delivered
together with retrieved SSS, contrary to all Tb sueaments.

In order to stay as close as possible to the measnts and not to introduce errors coming
from imperfect auxiliary parameters or from impetfdirect models, we choose to make the

retrieval of Acard assuming a flat sea surfaceddition, given the linearity between SSS

Xl
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and Acard, retrieving Acard with the whole direabael is rather equivalent to computing
Acard from SSS and SST retrieved with the wholeaimodel. Given that the flat sea
assumption is not valid over much of the oceanptirameter such retrieved is biased
towards high values (see Figure 9): on the halit alerage, Acard is biaseb by 7.3 units
when neglecting galactic noise and wind roughnessrefore, it rather represents an
‘effective’ pseudo-dielectric constant. As with theédition of a roughness effect Tb no longer
follows a Fresnel law, Chi2 values are as largé.4swhile there is not necessary anomalies
in the measurements nor in the direct model.

Without any correction for geophysical effectsfeetive’ Acard values should only allow to
detect anomalies leading to very large positivgel. mean bias on Tb larger than typically
10K) or to negative Tb (since all geophysical effateglected in ‘effective’ Acard retrieval
add a Tb signal). In order to use ‘effective’ Acéwd detecting other anomalies, it will be
first necessary to correct it for geophysical efe€rom the dependency of ‘effective’ Acard
with wind speed seen in academic tests (Figure®, e anticipate that it should be
possible to find the appropriate correction byrfgt'effective’ Acard with geophysical
parameters (like wind speed), after sorting Acatdevals by dwell lines, eliminating large
galactic noise events flagged in SMOS data prododtaveraging Acard over numerous
retrievals to decrease noise. These empiricasfitaild also allow to validate the direct
model used to retrieve salinity: if the model isrect, the dependencies of ‘effective’ Acard
obtained by direct comparison with geophysicalatalas should be very close to the
dependencies of the differences between ‘effecthazird and Acard computed from SSS
and SST retrieved using the complete direct maudéh, geophysical variables. Additional
constraint could come from comparisons with Acaedwted from SSS and SST independent
of SMOS retrieval (e.g. climatology).

In presence of a sea-ice heterogeneous pixel, ptogrortion of ice or of ocean is larger than
10%, 1)Acard decreases by more than 15 units wghect to the expected ocean value, 2)
retrieved surface temperature decreases by manel®f& with respect to the true value; 3)
the quality of Acard retrieval strongly deteriosit€hi2 parameter becomes larger than 1.4
thus being in most cases larger than the one dietcomputation of an ‘effective’ Acard.

All these indices should allow to retrieve a rawa-g& fraction from ‘effective’ Acard in cold
waters; in case roughness effects are correctegresence of sea ice could be flagged from

Acard and Chi2 values even in pixels containingddce.

XV
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Given the above discussion, it is recommended timpe the retrieval of an ‘effective’
Acard in the SMOS processing chain over the ocegparallel to the SSS retrieval, as it
appears as a powerful tool for testing and assg$sevalidity of SMOS measurements and

retrieved parameters.
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ANNEX-3: Technical note on the calculation of Stoke 1 parameter in full
polarisation mode

Introduction

The purpose of this technical note is to proposatesjies which could be used for the
calculation of Stokes 1 from the MIRAS full polaatron measurement mode.

In next section, the sequence of available measmtsmin full polarization mode is
described. The following section we present waysxfloiting this sequence and shows
various possible strategies for computing StokeBidally the Stokes 1 radiometric noise
computation is explained.

Polarisation sequence in full polarisation mode

Recalling dual polarization mode, correlations al#ained of antenna pairs in the same
polarization state. This acquisition mode only wHBoderiving XX and YY brightness
temperature maps from correlation products.

In addition to measuring temperatures in polaraatKX and YY, full polarization mode

includes measuring the cross-correlation of antgaies in different polarization states. In
the latter case, three temperature maps are obitéioeone snapshot): XX or YY, XY and
YX.

A cycle in full polarization mode exists of 26 stegpread over 4 snapshots:
1. step 1: XX measurements, as in dual pol mode
2. repeat 4 times:

* step 2: YY, XY and YX measurements

* step 3: YY, XY and YX measurements

* step 4:YY, XY and YX measurements
3. step 1': YY measurements, as in dual pol mode
4. repeat 4 times:

» step 2: XX, XY and YX measurements

» step 3: XX, XY and YX measurements

» step 4’: XX, XY and YX measurements

Snapshot|  Step arm pol measurements

1 1 XXX XX
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2 YYX YY, XY, YX repeated 4
2 3 XYY YY, XY, YX } times

4 YXY YY, XY, YX
3 1 YYY YY

2' XXY XX, XY, YX repeated 4
4 3 YXX XX, XY, YX } times

4 XYX XX, XY, YX

These steps concern MIRAS acquisitions and noffBigroduct itself. The latter one is an
aggregation of information coming from several asigjons.
Figure 1 shows the sequence of polarization measnts and the different steps.

[t A pEkEbbepe

T

Figure 4 : Steps in one full polarization mode cyel.

In steps 2, 3 and 4, one third of the (u,v) domsicovered at each step for YY, XY and YX
polarizations. At the end of the three steps (sg@®and 4), the full (u,v) domain is covered

for YY, XY and YX polarizations.
Figure 2 presents, for a configuration close to tfié&sMOS, the first four steps.

If Tis the nominal integration time equal to 1.2 gjrdyione full polarization mode cycle the
different steps have the following duration:

e steplrx

e step2:4x/12 =1/3

o step3:4x/12 =1/3

o step4:4x/12 =1/3

e stepl't

e step 2 :4x/12 =1/3

o step 3 :4x/12 =1/3

o step 4 :4x/12 =1/3

During step 1, on the full (u,v) domain, XX is obssd duringe
During the step 2, 3 and 4, on full (u,v) domairy, ¥ observed during/3, XY duringt/3

and YX duringt/3.
Because of the hermitian property XY=YX*, Stokear®l 4 are observed during/2 during

one cycle.
Thus, during the steps 1, 2, 3, 4, 1', 2', 3'pd'the full (u,v) domain and for the period 4
(complete cycle), this yields:

* XX s observed during +t/3=4:/3

e YY is observed during +t/3=4¢/3

e XY is observed during/3 +t/3=2t/3

e YXis observed during/3 +t/3=2t/3
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Consequently, during one complete cycle, XX, YY &t temperatures are obtained with
the same integration time.

In the L1c product, after aggregation, we obtaimfémir consecutive snapshots representing a
full cycle:

e snapl: TB_XX1 (real number) -> corresponds to dtep

e snap2: TB_YY2 (real number) -> corresponds to &epand 4 (repeated 4 times)

e snap2: TB_XY1 (complex number) -> corresponds &p <2, 3 and 4 (repeated 4

times)

e snap3: TB_YY1 (real number) -> corresponds to &tep

* snap4: TB_XX2 (real number) -> corresponds to &tef’ and 4’ (repeated 4 times)

e snap4: TB_XY2 (complex number) -> corresponds &p &', 3' and 4’ (repeated 4
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Figure 5: Four steps (1',2",3' and 4’) in full pokrization mode. Top: the receivers of the three ars
switch to Y polarisation. In the corresponding visbility domain, all baselines are YY. Middle and botom:

the receivers of two arms are in opposite polarisan as the receivers of the third arm.

baselines are XX, YY, XY or YX.

Stokes 1 computation strategy

In section 2, we noted that:

In such ca&s,

« A full cycle is described on ar4ntegration time, contrary to dual polarization deo

which is described on a cycle of. 2

« In contrast to dual polarization, polarizations dXd YY (integrated over a period of

T) are never adjacent but are always separated by
The radiometric noise associated to XX and YY a@ecording to the integration

time by a factox/3.

Three different strategies are suggested to confftotes 1:

1.
2.
3.

to use measurements from a full cycle (i.e. fo@mpshots),

to use measurements coming from step 1 and 1’ only,

to use successive measurements without taking astmunt the cycle which is
associated to them.

1. Use of measurements of a full cycle.
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In this strategy, all the TB’s in XX and YY polagittons are added during one full cycle in
order to obtain a value of Stokes 1 per cyclehtngame way the Stokes 1 radiometric errors
(quadratic sum) are obtained (Figure 6).

XX1 YY2[YX XY YY1 XX2 | XY | YX -
¢ Y Y Y Y "
T T T T

Figure 6: All measurements in XX pol (green) and a&lin YY pol (yellow) are summed up to yield Stoke4.

In case of the absence of one measurement, eitbeneéasurements of the whole cycle are
not processed (and then discarded), or else tleegracessed as follows:
* If the missing measurement is TB_XX2 or TB_YY2,yiB_XX1 and TB_YY1 are
used.
* If the missing measurement is TB_XX1 or TB_YY1,pmB_XX2 and TB_YY2 are
used.
In the case of the absence of two measurementer éite measurements of the whole cycle
are discarded, or they are processed as follows:
e If the two missing measurements are TB_XX2 and TB2,Yonly TB_XX1 and
TB_YY1 are used.
* If the two missing measurements are TB_XX1 and TBlYonly TB_XX2 and
TB_YY2 are used.
e If the two missing measurements are TB_XX1 and TB2Yor TB_XX2 and
TB_YY1, measurements of the whole cycle are notgseed.

In case of one or more measurements missing from wnole cycle, a test could be
implemented to decide whether different measuresneart be added up:

A comparison between TB XX1 and TB _XX2, TB_ YY1l andB_YY2 or
TB_XX1+TB_YY1 and TB_XX2+TB_YY2 could be done. lh¢ comparison yields results
below a certain threshold the considered cycleér of measurements) is rejected.

2. Use of measurements from step 1 and 1'.
In this strategy, only step 1 and step 1’ measunggng@<X1 and YY1) are used in order to

compute Stokes 1 without using snapshots in croksipation mode (Figure 7). It allows
adding measurements which have the same originithdunal polarisation mode.

XX1 YY2 [YX XY YY1 XX2 | XY | YX -
¢ Y Y Y Y o
T T T T

Figure 7: Only step 1 measurement (XX pol in greenand successive step 1' measurement (YY pol in
yellow) are summed up to yield Stokes 1.
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If one measurement is missing (step 1 or steptié) cycle could be shifted in order to loose
the less possible of measurements.

3. Use of successive measurements

In this strategy, we do not consider a full cycke the time basis of the measurement
aggregation.

XX and YY are measurements separated by a maximal interval between them. If the
time interval between XX and YY or YY and XX is ¢@r than some threshold, Stokes 1 is
not calculated (Figure 8).

XX1 YY2[YX XY YY1 XX2 | XY | YX -
¢ Y Y Y Y "
T T T T

Figure 8: In this example, only successive XX and ¥ measurements (not necessarily from the same
cycle) are selected to yield Stokes 1.

This strategy is similar to what is done in dualapa@ation mode, except that polarizations
XX and YY can have a very different radiometric s&i depending from which step they
originate (for instance, TB_XX1 could be combinedhwiB_YY2 and YY1 with XX2). No
overlapping is considered.

Stokes 1 radiometric noise computation.

For all strategies, the Stokes 1 radiometric n@ssomputed using XX and YY radiometric
noises added in a quadratic way:

Osry =[O + 02, + 02, + 02, , in Nominal case of strategy 1

O =+ Oayy + 05y, in nominal case of strategy 2
Ol ¥+ Oy, OF Ogr, =+|0%y, + 0% , in NOMInal case of strategy 3

where og,,,,0,, 0, ando,,, are respectively the radiometric noises of XX1, X¥'1
and YY1 coming from L1c product.

Because no overlapping is considered, no erroelaions are expected between successive
Stokes 1.

References

« SMOS L1 Full Polarisation Data Processing ».: 180-TN-DME-L1PP-0024. Issue: 1.6.
Date : 16/07/07. ESA/DEIMOS.

VI
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PhD thesis: « Calibration, Validation and Polatimén 2D Aperture Synthesis: Application
to MIRAS » , Serni Ribo Vedrilla, Univesitat Politeica de Catalunya, 05/05
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ANNEX-4: Secondary algorithm — empirical neural netvork

The following outline proposal for an empirical m&lunetwork is retained in this ATBD for
future reference. There will not be an implementabf the algorithm in the Level 2 OS
processor before launch.

1 Physics of the problem

One of the critical issues for SMOS ground segnieetite inversion algorithm which can be
used to retrieve the sea surface salinity (SS$®) ftee SMOS brightness temperatures. Most
of the scientists have chosen an inversion proogdmssed on a forward model, developed
with theoretical or semi empirical models. ThisWward model allows simulating brightness
temperatures, given a triplet of geophysical patarsgsea surface salinity, sea surface
temperature and wind speed). The iterative methesl to minimize the cost function
between the SMOS measured brightness temperanuadbasimulated ones. One of the
main drawbacks of such a method is the use ofveaim model. We know that this model
does not reproduce perfectly all the physics, aafigthe influence of the sea surface
roughness (foam effects, swell...). All the studiesfgrmed with simulated data give errors
which meet the GODAE requirements but, all thergdie community acknowledge that,
once SMOS in-flight, the retrieval algorithm bageda forward model will provide
inaccurate salinities. The improvement of the sigliretrieval can be performed only by
improvement of the physics modelling in the forwarddel. This task represents a large
amount of work and can not be achieved in reaserddihys in order to release SMOS
products to the users, at the end of the commisgjgrhase.

In order to estimate realistic SSS, it could bdulde develop an empirical inversion
algorithm. For that purpose, an algorithm usingrakmetwork methods could be built with
SMOS data co-located with in-situ salinities. Tieeiral network (NN) approach is well
suited for such retrieval because of the large arhofibrightness temperatures used for one
retrieved SSS [1].

The aim is to retrieve salinitysG$ for each simple grid point, based on the brigbsne

temperatureg h™*available at all incidence angl@s i=1,Nmin the surface reference and
with auxiliary data described by the vediaf sizeNp.

SSS=g(Th™*,P), i=1Nm 1)

The vectoP will contain, at least, the sea surface tempeeat86T), the wind speed (WS)
and the salinity (SSS) plus all the sea surfacergeers available in the L1 processor.
The aim is to describe the functiomglith the NN algorithm. The error made on the
retrieved SSS is also provided.

The algorithm is given for the SSS retrieval aneldlssociated error but the number of
retrieved parameters can be increased later.
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2 Mathematical description of the algorithm

For the salinity retrieval, we use the multiplaperceptron (MLP) network which is a
nonlinear mapping model composed of parallel premesscalled “neurons”. These neurons
are organised in distinct layers. The first laysgaives the input data X (input layer). The
final layer (output layer) provides the networkpesse Y. The intermediate layers are called
the “hidden layers”. Any neuronsandj between two consecutive layers are connectedawith
synaptic weightv;. A transfer functiorf is associated to each neuron and, for each néuron
of the hidden layers, the outpsiis computed taking into account the output ofgrecedent
layerj, containingn neurons:

§=F(ws)+b @

Equation (3) gives the general formulation for thenputation of the response Y, given an
input vector X of size, in the case of a single hidden layer, formeadhImgurons.

n p
Y‘E""iﬁ[.% Wijxj+b|OJ+bO (3)

=1 =1
bio are the bias values associated tortineurons of the hidden layer abgthe bias value
associated to the single output neuron.
In our case, X is a vector containing the input BBd the vector P. Y is a scalar containing
the retrieved SSS. The NN algorithm will be geneseal for a MLP of several hidden layers.

One specific feature in the SMOS processing istti@at/alues of the incidence angles will
vary from a grid point to another, without any refdee configuration. The NN algorithms
cannot cope with such input variations and needydwixed inputs. Therefore, before doing
the NN retrieval, a first step is performed in aortteinterpolate the TBs on fixed incidence
angles.

The objective of this step is to transform theesenf TBs corresponding to the grid point
anglesé,i =1,Nm into a series of TBs corresponding to the ang|eg§ =1, Ns, so that they
are used as inputs of the network [2]. The inteappoh method used is a locally weighted
polynomial regression of order3]. It also acts as a smoother, which will be uted

reduce the high noise level on the SMOS TBs.

For every interpolation angte we search for the regression coefficightsk=1,p by

minimizing the expression :

2
3= Z(Tb“eate,) —[Zp:,@ i —a)kD K (9;”] [n( 4 ;”
i=1 k=0
Where:

» Th™==(g,) is the grid point SMOS brightness temperature @H-@r V-pol. or H+V
pol) for the angley, .

» K is a kernel function which assigns weights tohepeint. Here, we chose the
Epanechnikov Kernel :

K(t):%(l—tz) for -1<t<1
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K(t)=0 forjt|>1
*» h is a positive real number, known as the bandwidlitontrols the smoothing

procedure.

= | is defined by :
I(t) =1 for0O=st<1
I(t)=0 fort>1

This means that we only take into account the angl¢hat are in the intervabfh ; a +h].

It is more convenient to work with matrix notatiand the minimisation of J can be written
as:

Min (Y - xp)" wW(Y - Xp)

whereW= diag{KH (o, —a)} is the (Nm x Nm) matrix of the weights

K., (6, —a)=%K(9'g“j=4—i{1—(e'g“j } 06, Ofa-h,a +h]

B=(5,.06 ,...,ﬂp)T is the vector of the polynomial coefficients whishequivalent to
the estimate of the derivativ@s= (Th,,, Th. ,...,B3”)"

nt

Y = (T T™,....,ThT=*)" is the vector of the grid point Tbs

and

1 6-a - (6-a)°
1 6,-a - (6,-a)°

1 eNm_a (eNm_a')p

The solution vectog is provided by the weighted least squares theotytiaa first

component containing the interpolated value forftBefor anglea is given by the following
equation:

T (@) = B, =&l (X"WX ) "X WY
wheree] is the (p x 1) unit vectore] = (1,0...0)

Another specific feature is that the grid point tenseen by different series of incidence
angles: one extreme is all the range between 06@nhébr pixels originally located on the
dwell line or just a few angles between 50° andf60pixels far away from the dwell line. In
order to deal with such a wide range of situati@eseral NN algorithms are provided. Their
number has been determined with a classificatiothatkeand is defined in the external file
describing the weights and biases for each NN #lgor
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The NN inversion consists in 4 major steps, whiehgerformed for each grid point:
1. Choice of the NN algorithm.
2. Formation of the input vector with interpolatedgbriness temperatures at fixed
incidence angles.
3. Retrieval from these interpolated TBs with the Njbaithm (SSS).
4. Retrieval from these interpolated TBs with the Ndbaithm (SSS error).

STEP 0 - Acquisition of the algorithms description

Each algorithm is characterised by:

« A series of fixed incidence angleé, k=1LNc, j=1LNs
Ncis the number of algorithms (or classes).

Nsis the number of fixed angles. It is different &ach algorithm and can vary from 1
up to 50.

* A series of bandwidth valuds’, k =1, Nc, j =1 Ns

* NN architecture and coefficients (Mean and Std ealior the input/output normalisation,
weights, biases).

STEP 1 - Determination of the class of the NN alg@ghm

For each grid point, the NN algorithm is chosenetgjing on the values of the minimum and
maximum values of the incidence angle serts, (8,.,) available for the grid point.

The class of the algorithmis defined for the grid point characterised y,(, 8,..,) with the

following test:
Find cD[l NC] such that:

a, is the closest angle &,,and §,,, = a; and
ay.is the closest angle 8, andd, ., < ax,

max —

ax

STEP 2 - Calculation of the interpolated Ths

For each fixed angle;, j =1 Nsof the algorithnre, the brightness temperature is calculated
with the following equation:

T (a) = B, = €] (X "WX ] "X WY

which can be written under the simplified form:

To"(a) = B, =e] EX"WY

where the matrit is the inverted matrix of size (p+1,p+1) with elems g;; . The different

steps are detailed below.

1. Calculation of matrixX WX
Since it is a symmetric matrix, only the diagonad aipper elements need to be calculated.
We recall the equation for the calculation of theight associated to ea¢h for a giver; :

2
0 —-a, 0. —a.
N T T - B P R B
h, h, ah h

J J J

Oi=LNm 6 UOfa; -h;;a; +h;]
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2. Calculation of matrixz by inversion of the (p+1,p+1) matriX WX
The matrix X "WX will be either a (2x2) or a (4x4) matrix (p=1 or3)=
3. Calculation of Tb at angle with Tb™ () = B, =e] EXTWY

TO (@) = 0, Ko (6 ~@) T0(6) 40, ). Koy (6 ~ @) TH(O) {8, ~a) +--
+ 0,0 > K,y (6, ~a) TD8) 4G ~)°

STEP 3 - SSS retrieval
The input of the NN retrieval is the vectéxy formed by the interpolated TBs and the
auxiliary parameterB, X, = (Th", Th™ ..., Th;, P,,..., P,) " of sizeNi=Ns+Np.

1) Input normalisation

XNOfrT(l) - XNN (I) B Mear(l)
Std(i)

WhereMeanandStdare provided in the NN description.

i =2, Ni

2) Hidden layers
Initialisation with the input data: A[0:Ni-1]=XNorm][0:Ni-1]

NbNeu[0]=Ni
For all the hidden layets=1,NbHiddenLayer
Acquisition of the number of neurons for the laker Nb=NbNeul[k]
Acquisition of the number of neurons for the prexdayer: Nb_ir= NbNeu[k-1]
Acquisition of the weights between the current fayeurons i) and the previous one
(input j): W
Acquisition of the neuron biases for the layer: Bias[0:Nb-1]
Input data for the considered neuron: Dataln[0:Nb_in-1] =A

For all the neurons<£0, Nb-1) of the current layer
Templi]=0
Nb_in

Tempi] = Biagi] + ZWijk [Datalr j]

Ai] = atanHc Temi])
(the values for a and c are provided in the algoré description)

3) Output layer
Y =B+) W, [A®)
i=1
whereW is the weights vector between the last hiddenrlagée the output neuron.

n is the number of neurons in the last hidden layer
B is the bias associated to the output neuron

4) Ouput in the salinity range
SSS= (Y * StdSSH+ MeanSSS

\Y,
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WhereMeanSS&ndStdSS&re provided in the NN description.

STEP 4 — SSS error retrieval

The input of the error retrieval algorithm is thectorXyar formed by the vectoXyy and the
SSS retrieved by the NN algorithiq,,; = (Th,, Th ,....Th.P...., PNp,SSST of size
Ni=Ns+Np+1.

The specifications are the same than the oneséosdlinity retrieval except for the

calculation of the output layer which uses an exptial function instead of the simple sum.
The algorithm uses the NN coefficients specifith® error (variance) algorithm.

3 Practical considerations

If the two polarisations are used in the retrietta, vectoX yy should contain first the
measured Tbs in H polarisation at the differenidence angles and then the Tbs in V
polarisation at the same angles.

In the case of full polarimetric retrieval, the t@cXyy should contain the sum of H and V
Tbs.

An external file will provide the auxiliary paraneesP and the associated errors to be used
in the NN inversion.

Another external file will provide the values fdret smoothing parameters (bandwidth values
for each algorithm and each fixed angle) and theptete description of all the NN
algorithms, for salinity and error retrieval.

The input and output data for the NN inversionammarised below.

Input data
For each grid point of the Level 1c:

» Brightness temperatures in the surface referemeedy corrected for all effects.
» Error on the brightness temperatures (Instrumergagnstruction errors...).
e Incidence angles
e Azimuth angles
* Grid point location (latitude, longitude)
* Grid point time tag
External file (Static Auxiliary Data):
» Auxiliary data P (or the a priori knowledge)
» Errors associated to the auxiliary data P
* NN description for all the algorithms
o Number of algorithmsNc)
o For each algorithm:
= Degree of the polynomial for the interpolatigm) (
= Number of fixed angle valuebl§)
= Values of interpolated angles, j =1, Ns

= Values of bandwidth,;, j =1,Ns

= NN description for the SSS retrieval
= Number of layers
= Number of neurons per layer

VI
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= Coefficients for the transfer functioa &ndc)

= Weights and biases

= Coefficient for the inputs and output normalisation
= NN description for the SSS error retrieval

= Number of layers
Number of neurons per layer
Coefficients for the transfer functioa &ndc)
Weights and biases
Coefficient for the inputs and output normalisation

Output data
For each grid point of the Level 1c:

* Retrieved salinity
» Error on the retrieved salinity

4 Calibration and validation

For pre-launch studies, the feasibility of neurtwork inversion could be demonstrated with
simulated data sets. This simulation phase is wepprtant because it allows fixing the
architecture of the network and helps to identify tritical issues to build a reliable

algorithm. Once SMOS is in-flight, the work will msist in two steps. First, the constitution

of the database, using a suitable editing to malepr@sentative dataset. In a second step, the
coefficients of all the algorithms will be updatéegeping the architectures and strategy
defined during the pre-launch study. The bandwidiines will also be tuned on SMOS data.

5 Quality control and diagnostics

The following tests should be performed and rdigeatssociated flags, which will be

reported in the User Data Product:

e Check if the retrieved SSS is in the expected réd8&S Min,SSS_Max). If the retrieved
salinity value is outside the range then raiseafsociated flag.

» Check if the error on retrieved SSS is in the etgubcange
(SSS_Error_Min,SSS_Error_Max). If the error sajinalue is outside the range then
raise the associated flag.

6 Assumptions and limitations

Assumptions
N/A

Limitations

« If the number of measured Ths for a grid poinesslthan a threshold (which can be
different from the one used in the iterative schenieen the inversion process (steps 0 to
4) is not performed.

VI
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e Check if the measured Tbs are in the expected r@rigeMin, Tbh_Max). If there is a
percentage of the measured Tbs, for a given giiiat pwhich are outside the range and
this percentage exceeds a given threshold (Pergcthigb)nversion process is not
performed.

» Check if the interpolated Tbs are in the expectedye (Tb_Min_Interp,Tb_Max_Interp).
If there is a percentage of the inetrpolated Taasafgiven grid point, which are outside
the range and this percentage exceeds a givernthdeg®erc_Tb_Interp), the SSS
retrieval is not performed.
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ANNEX-5: Pending actions on ATBD

Section Details Due date
3.1 Method to flag presence of SST and/or SSSdront
3.2 Method to weight (or not process) measuremautiside
AF_FOV
4.3 Define Grpmode-
4411 Define Grpmode-

Colors indicate action required from ESLs: ICM, HRER, IPSL, ACRI or ARGANS

After closing actions, the variables list (sectioB8) and change log have to be updated if
necessary, as well as TGRD when applicable
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ANNEX-6: Ocean Target Transformation (OTT)

ESL analysis of L1c and L20S during commissiongvwstth that TBs from L2 forward
models do not match those from L1c input produthe mis-match appears to be systematic
in the xi-eta antenna frame, at least in regiondrtan land, such as the Pacific Ocean. To
correct for these errors in order for the L20S pssor to retrieve salinity, ESL proposed and
ESA agreed that an Ocean Target Transformationldhme generated and applied to L1c
TBs during L20S processing. Each OTT contains TiBet$ in a 2D array in xi/eta: during
processing the L1c TBs are transformed into thetaiframe and the offset applied:

Tb used for retieval = L1c Th — OTT offset

Before implementation, it was considered that th€T® would be model dependent.
Therefore a series of new ADFs were specified,foneach of the 3 retrieval configurations
(surface roughness models). It was assumed thdioahrretrieval will use one of the other
OTTs. For dual polarisation, OTTs are needed taecorTB in HH and VV; for full
polarisation it was not known in advance if anytteg snapshot OTTs would be the same, so
OTTs are specified for HH, VV, short HH, short VVWYH real and imaginary components,
and HHV real and imaginary components. See the I0@QDAUX_OTTxD/F_ file format
specifications, and the TGRD for generation details

OTT generation is perfomed by averaging snapshot eifferences between each forward
model and the L1c measured TBs, in the xi/eta aatérame:

OTT offset = L1c measured Th — forward model Th

Averaging is performed over a large range of ld&t far from land, using snapshots from
one or more half-orbits.



