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1 Introduction

1.1 Purpose

The purpose of this Algorithm Theoretical Basis Dment (ATBD) is to describe the physical
and mathematical basis for the science data primgeatgorithms that are used to generate the
SWOT Level 2 KaRIn high-rate lake single pass ve@@ HR_ LakeSP) science data product
[1], as well as Level 2 KaRIn high-rate pixel clouector attribute (L2_HR_PIXCVec) science
data products [2]. These algorithms are appliethenSWOT Level 2 KaRIn high-rate lake tile
vector (L2_HR_LakeTile) science data software (SABY in the L2_HR_LakeSP SAS.

For detailed information on the product file typattribute definitions, and metadata fields,
the reader is directed to the production descmptiocuments [1] [2] [3].

1.2 Scope
The scope of this document is to:

1. Identify the list of primary functions that compadbe processing steps within the
L2 _HR_LakeTile and L2_HR_LakeSP SASs and their fldtvese functions are
broken down by the primary functional steps invdlve the processing.

Describe the purpose of each of the functions.

Describe the input data to each function.

Describe the output data from each function.

Describe the mathematical basis of the algoritheich function.

Describe the expected accuracy and/or limitatidrieealgorithm in each function.

N o gk~ wbd

Provide the relevant references for the algoritdescribed in this document.

1.3 Document Organization
Section 1 provides the purpose and scope of tlaardent.

Section 2 provides the background and contextefthgorithms described in this document,
as well as the functional flow of the primary fuoacis.

Section 3 provides the algorithm description fazheaf the functions shown in the flow
diagrams, including input data, output data, matiteral basis, and expected accuracy.

Section 4 summarizes the overall accuracy of theHR2 LakeTile and L2_HR_LakeSP
processors

Section 5 provides references for the algorithnsedieed in this document.
Appendix A provides a listing of the acronyms usethis document.
Appendix B describes the simulated data used fouracy assessment.

12



SWOT-NT-CDM-1753-CNES Initial Release
July 26, 2023 SWOT Algorithm Theoretical Basis Document: L2_HR_LakeSP

2 Overview

2.1 Background and Context

The Surface Water and Ocean Topography (SWOT) amssia partnership between two
communities, physical oceanography and hydrolagghtare high vertical accuracy topography
data produced by the payload, whose principalunsént is the Ka-band Radar Interferometer
(KaRIn). The details of SWOT mission objectives aagluirements can be found in the SWOT
Science Requirements Document [4]. The broad sfieegbals can be summarized as follows:

Oceanography: To characterize the ocean mesoscale and submesagcalation
determined from the ocean surface topography dtaspasolutions of 15 km (for 68% of the
ocean).

Hydrology: To provide a global inventory of all terrestriatface water bodies whose
surface area exceeds (2581fgoal: (100m), threshold: 1kr) (lakes, reservoirs, wetlands) and
rivers whose width exceeds 100m (goal: 50m, thigsi@0m). To measure the global storage
change in terrestrial surface water bodies at sabthhy, seasonal, and annual time scales. To
estimate the global change in river discharge latrsanthly, seasonal, and annual time scales.

To accomplish these science objectives for Oceapbgrand Hydrology, the KaRIn
instrument produces and downlinks low-rate (LR}aard-processed SAR data everywhere,
and high-rate (HR) raw data mainly over terressiafaces. The high-rate data is of primary
interest for hydrology studies.

The lowest level high-rate data product availablsdience users is the L1B_HR_SLC
product [5], which represents single-look compI8k ) synthetic aperture radar (SAR) images.
The L1B_HR_SLC product, however, is likely to beusk to only a few specialized hydrology
investigations because it represents mainly ragecic quantities and is not precisely
geolocated. The water mask pixel cloud (L2_HR_PI¥@duct [6] is the first level of HR
products that has several quantities that arettiireseful for hydrology (primarily geolocated
water heights). L2_HR_PIXC products are then ueggkherate standard vector products
specific to rivers (L2_HR_RiverSP [7], L2_HR_Riverd\[8]) and lakes (L2_HR_LakeSP [1],

L2 _HR_LakeAvg [9]), as well as raster products (HR_Raster) [10], which are easier to use
and likely better suited for most hydrology apptioas.

This document describes the algorithms that ard tesgenerate the L2_HR_LakeTile
intermediate products [3] and the L2_HR_LakeSRafid L2 HR_PIXCVec [2] standard
products. First, an algorithm overview is providadd thereafter a description of the functional
flow of the algorithms of the L2_HR_LakeTile and I2R_LakeSP SASs. Section 3 contains
more detailed descriptions of these algorithmsti®ed presents the overall accuracy
assessment.

2.2 Conceptual Processing Description

The handling of input pixel cloud [6] [11] tiles§4x64 kn?) and tile boundaries represents a
considerable part of the processing to generat2ahlR_LakeSP product [1] covering an entire
continent-pass (left and right half swaths acrossrdinent [12]). Especially the fact that large
lakes may cover more than two consecutive tilesemékcomplex. However, it is done in a way
that should give the same final result as if al itput tiles were simply concatenated and
processed together (in practice this is not feadielcause it would require too much memory).
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In this overview section, we place ourselves is thmaginary case and let all the along-track tile
handling logistics aside, and we also skip the ifipd@andling of near-range and far-range tile
boundaries, to provide a conceptual descriptiotmefprincipal algorithm steps to generate the
three shapefiles of the L2_HR_LakeSP product djvell as L2_HR_PIXCVec products [2]:

1. Information from the pixel cloud vector attribuiear (L2_HR_PIXCVecRiver)
intermediate products [11] are used to eliminatéageL2_HR_PIXC pixels from
further lake processing, i.e., pixels that therp®cessing has assigned to reaches
defined in the Prior River Database (PRD) [13],eptdor reaches that are so-called
“connected lakes” (lakes connected to the rivewnst).

2. The remaining water pixels are segmented into feafu.e., distinct, connected
groups of pixels in radar geometry [12] [14]. Nttat there is not necessarily a one-
to-one relationship between these features andldekes, nor lakes represented in
the Prior Lake Database (PLD) [15] (there may leefavater detection in the
L2_HR_PIXC product, errors in the PLD...).

3. For each of these features
a. Height-constrained (further regularized) pixel geaitions [16] are computed.

b. A concave hull polygon is computed based on thghteaionstrained
geolocations of the edge pixels.

c. Attributes are computed (average water surfaceagtay, area...).

d. The polygon of the feature is compared to the paiggof the PLD (illustrated
as dashed polygons in Figure 1 (a)), and the feasuassigned to one or more
PLD lakes in case of overlap.

4. Features assigned to one or more PLD lakes arergatim the L2_ HR_LakeSP_Obs
shapefile, as shown in Figure 1 (b), and thoselthaé not been assigned to any PLD
lake constitute the L2_HR_LakeSP_Unobserved shepéliistrated in Figure 1 (d).

5. The assignment to PLD lakes is done at the pixelJeso when a detected feature
(connected group of water pixels in radar geomesrgssigned to several PLD lakes,
each of its pixels is only assigned to one PLD Jdlesed on distance. To populate the
L2 _HR_LakeSP_Prior shapefile, illustrated in Figlirge), we consider each set of
water pixels assigned to the same PLD lake (omease connected regions) and
compute:

a. Its observed geometry (one or more polygons)
b. Its attributes (overall average water surface ¢iemaoverall area...)

c. Water storage change w.r.t. a reference statedlmasaformation in the PLD
(storage change is only available in the L2_HR_ISdkePrior shapefile)

6. PLD lakes covered by the input data, but not okesrare added to the
L2_HR_LakeSP_Prior shapefile with no geometry amig prior data attributes
populated.

7. Foreachinput L2 HR_PIXC and L2_HR_PIXCVecRivenquict, the river and lake
identifiers, height-constrained geolocations etdhe pixels are written to the
corresponding L2_HR_PIXCVec product.
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Figure 1. lllustration of how L2_HR_LakeSP [1] (and L2 _HR_LakeTile [3]) products are organized
in three shapefiles. (a) Example of observed featur  es (solid polygons) and PLD lakes (dashed
polygons) in an area. Different colors indicate dif ~ ferent observation identifiers or PLD identifiers.
(b) Polygons of the observation-oriented lake shape  file. (c) Polygons of the PLD-oriented lake
shapefile. The unobserved PLD lake is an empty geom  etry with only prior attributes, here shown
as a filled polygon. An observed lake intersecting two PLD lakes (red and dark red) is split into
two polygons. Two observed lakes intersecting the s ame PLD lake (yellow) are grouped in a

multipolygon. (d) Polygons of the observation-orien ted unassigned features shapefile.

2.3 Functional Flow

Figure 2 summarizes the overall flow of the L2_HRkéTile and L2_HR_LakeSP
processors. Each L2_HR_LakeTile intermediate prof8}as generated from the corresponding
L2 HR_PIXC standard data product [6] and L2_HR_P¥¢CRiver intermediate product [11],
as well as the LakeDatabase (or PLD) auxiliary gatauct [15]. Thereafter, an
L2 _HR_LakeSP product [1] is generated from allltBeHR_LakeTile intermediate data
products (left and right half swaths) of a continpass [12]. The L2_HR_LakeSP processor also
generates one L2_HR_PIXCVec standard product [Rinpait L2_HR_LakeTile product.
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Figure 2. Overall flow diagram for the L2_HR_LakeTi

2.3.1 L2 HR_LakeTile

le and L2_HR_LakeSP processors.

Table 1 provides a high-level description of eatthe processing functions that are used to
generate the L2_HR_LakeTile intermediate produdtkigure 3 illustrates the flow of these

processing steps.

Table 1. High level description of the functions us

ed to generate the L2_HR_LakeTile product.

Function Name

Description

proc_pi Xc_vec.
conput e_pi xc_to_reject

Select pixels to reject from lake processing, i.e., those
processed by river processing, except connected lakes

| ocalize_regions_wt tile

proc_pi xc. Select pixels to use in lake processing

extract _from pi xc

proc_pi xc. . Compute water mask and label separate water regions
conput e_separ at e_r egi ons

proc_pi xc. Separate labels of detected water regions entirely inside

the tile, from labels of those located at along-track edges
of the tile

conput e_| ake_f eat ures

proc_pi xc. Get pixels corresponding to water regions crossing the
conput e_edge_pi xel s along-track edges of the tile
proc_| ake. Compute lake features corresponding to the list of water

regions not crossing the along-track edges of the tile
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Figure 3. Flow diagram of the L2_HR_LakeTile proces sing steps (functions) used to generate the
L2_HR_LakeTile product.

The L2_HR_LakeTile processing begins with the sedawmf the water pixels of
L2_HR_PIXC product that it should handle. Basedndormation in the L2_HR_PIXCVecRiver
product, water pixels already assigned to reachie¢séoriver processing (except for reaches that
are connected lakes) are discarded. The use dfygflags to discard pixels from lake
processing remains TBD and will only be implemeresdt-launch.

Then, the remaining water pixels are gatheredsefarate features through segmentation in
radar geometry [12] [14], where we have a regulat @nd therefore a notion of connectivity (as
opposed to the pixel cloud in ground geometry)eRikelonging to features at along-track
L2_HR_PIXC tile boundaries (i.e. at the edge betwibe current and the previous and/or next
tile) are put apart and written to the L2_HR_LakeTEdge file for further handling in the
L2_HR_LakeSP SAS. This processing organizationddemecessary by the fact that large lakes
can span several tiles along-track.

Afterwards, each remaining feature (entirely inditetile granule in the along-track
direction) is processed separately. They will papaithe L2 HR_LakeTile_Obs and
L2 HR_LakeTile_Unassigned shapefile layers, illattd in Figure 1 (b) and (d), respectively.

» First, a height-constrained geolocation is compuBgdaveraging the pixel heights at
the scale of the feature, and using it to constitengeolocation, it becomes far less
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noisy. This updated geolocation is stored in theHIR LakeTile_PIXCVec file.

» Then, concave hull polygons, delineating the ohtemdary of the detected water
feature, and inner boundaries in case of islarmésgxdtracted from the water edge
pixels, assigning height-constrained geolocatiorth¢ nodes.

» The attributes of the feature are computed from_theHR_PIXC variables.

* The next step is to establish the link betweerotheerved feature and PLD lakes: if
the polygon of an observed feature intersects omeooe PLD polygons, it will go
into the L2_HR_LakeTile_Obs shapefile; otherwiseilt go into the
L2_HR_LakeTile_Unassigned shapefile.

The identifier of the observed feature and theftifien of the associated PLD feature (if
any), are stored for the corresponding pixels éititermediate L2 _HR_LakeTile_PIXCVec
file. Although some detected features are linkeseteeral PLD polygons, each pixel is linked to
a single PLD lake: in case of two or more interisgcPLD polygons, a given pixel is assigned to
the closest PLD lake (based on influence zones@@fin the PLD, see Section 3.6.3.3 for more
details). This enables the processor to popul&éeh HR _LakeTile Prior shapefile layer,
illustrated in Figure 1 (c).

* For each observed PLD lake:

o One or more patches of pixels assigned to it aed ts compute its geometry
(a single polygon or a multi-polygon) and attritsite

o Prior information from the PLD are used to popukadeitional attributes.
0 Water storage change w.r.t. a reference is computed

2.3.2 L2_HR_LakeSP

Table 2 provides a high-level description of eatthe processing functions that are used to
generate the L2_HR_LakeSP product and Figure gtiites the flow of these processing steps.

Table 2. High level description of the functions us ed to generate the L2_HR_LakeSP product.

Function Name Description

proc_pi xc_sp.
swat h_gl obal _rel abel i ng

Gather edge pixels in separate regions for all the tiles of
the continent-pass for one swath

proc_| ake.
conput e_I| ake_f eatures

Compute lake features corresponding to the list of water
regions crossing the along-track edges of the tiles of the
continent-pass for one swath

proc_pi xc_vec_sp.
updat e_pi xcvec

Update the L2_HR_LakeTile_PIXCVec variables of the
pixels related to water regions crossing the along-track
edges of the tiles of the continent-pass for one swath

| ake_db. Initialize L2_HR_LakeSP_Prior layer with the attributes
init_prior_Ilayer of the PLD lakes located over the continent-pass granule
ny_shp_file. Gather all features of several shapefiles into a single

ner ge_shp shapefile

| ocnes_product _shapefile.

nerge_duplicate_features

Merge attributes of PLD lakes observed by both swaths
into a single feature
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Figure 4. Flow diagram of the L2_HR_LakeSP processi  ng steps (functions) used to generate the
L2 _HR_LakeSP and L2_HR_PIXCVec products.

The main steps of the L2_HR_LakeSP processing are:

* For each swath (Left or Right):

o0 Process detected water features situated at thg-alack boundaries between
consecutive L2_HR_LakeTile products (i.e. corresjpog to pixels present in
the L2_HR_LakeTile_Edge files) into polygons aniiilatites.

o Update each input L2_HR_LakeTile_PIXCVec file witiformation on the
pixels related to these features to generate thiesmonding L2_HR_PIXCVec
product.

* Merge these edge lake polygons and attributes tivitbe already present in the input
L2 _HR_LakeTile products into L2 _HR_LakeSP_Obs|fdonassigned shapefile
layers. The L2_HR_LakeSP_Prior shapefile layerldessn previously initialized with
the attributes of the PLD lakes located within tdoatinent-pass granule; therefore,
PLD lakes covered by the input L2_HR_LakeTile tilegt that have not been detected
as water, are included in the L2_HR_LakeSP_Priapsfile layer with no geometry
and only prior data attributes populated.

* Forthe L2_HR_LakeSP_Prior shapefile layer, metgéates of PLD lakes observed
by both swaths into a single feature.

19



SWOT-NT-CDM-1753-CNES Initial Release
July 26, 2023 SWOT Algorithm Theoretical Basis Document: L2_HR_LakeSP

The L2_HR_LakeSP processing begins with the hagdifrthe L2_HR_LakeTile_Edge files
of the continent-pass, i.e., all features crosaingg-track tile edges. The left and right half gwga
are processed independently. First, we relabektfestures for the entire continent-pass. Then,
each feature is processed separately, in the saayeaw in the L2_HR_LakeTile processing
detailed in the previous  section. Temporary L2 H&kdSP_Obs and
L2 _HR_LakeSP_Unassigned shapefile layers (illustrat Figure 1 (b) and (d), respectively) are
created, and thereafter the L2_HR_LakeSP_Prioredtepayer (illustrated in Figure 1 (c)) and
the L2 HR_PIXCVec file.

After the processing of L2_HR_LakeTile_Edge filds results of the two half swaths are
merged. Then, they are gathered with the L2_HR_T#ddiles containing water features entirely
inside the tile granule in the along-track diresti®LD lakes covered by both half swaths are
merged into a single feature (for ex. two sepgratggons become one multi-polygon). We obtain
the final L2_HR_LakeSP product.

Likewise, one standard L2_HR_PIXCVec product isegated per input L2_HR_LakeTile
product, by combining L2_HR_LakeTile_PIXCVec filasth height-constrained geolocations,
identifiers etc. obtained from the L2_HR_LakeTilelge files.

2.3.3 lllustrative Example

An example based on data generated with the SW@JelLacale simulator [17] is presented
here to illustrate the data as they propagate tirdoe L2 _HR_LakeTile and L2_HR_LakeSP
processors. While all the tiles of an entire cagrtinpass are simulated, only a small extract of a
tile, and the boundary with the previous tile, sihewn. The simulation is based on a synthetic
water mask (Figure 5 (a)) containing a river aneesa lakes, some of them identified in the
PLD (Figure 5 (b)).

Figure 6 shows the input products of the L2_HR_[Maleeprocessor, which are the
L2_HR_PIXC and L2_HR_PIXCVecRiver products. Figdr#lustrates the main output:

« The L2_HR_LakeTile_Obs shapefile contains the olexkfeatures that intersect at
least one PLD lake. An observed lake may intersextor more PLD lakes, for
example if the observed water stage is higher thammne reflected by the PLD.

 The L2_HR_LakeTile_Prior shapefile contains the Rakes covered by the tile,
including those that are not observed (detected® dr more PLD lakes may
correspond to the same observed lake, which wah the split into several features,
one per PLD lake. Inversely, two or more obseraé@$ may intersect the same PLD
lake and be grouped in a single feature, with glsigeometry (multi-polygon) and
summed or averaged attributes (area, water suelagation...).

 The L2_HR_LakeTile_Unassigned shapefile contaiesottserved features NOT
linked to any PLD lake.

Recall that the L2_HR_LakeTile processor does aotlke water bodies situated at the
along-track edges of the tile. Instead, pixeldhatalong-track edges are stored in
L2_HR_Lake_Tile_Edge files, which are further haatlin the L2_HR_LakeSP processor.

Figure 8 illustrates the L2_HR_LakeTile_PIXCVecmuitfile, which includes the additional
information on river pixels contained in the L2_HRXCVecRiver input product (Figure 5 (b))
as well as the equivalent information for the waiegels processed by the L2_HR_LakeTile
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processaor.

Figure 9 (a) illustrates the L2_HR_LakeTile_Edgedurct, containing pixels of water
features located at the along-track tile edges.

The edge pixels of all tiles of the continent-pgsule are then handled by the
L2_HR_LakeSP processor, leading to temporary L2_E#ReSP_Obs_tmp,
L2 _HR_LakeSP_Prior_tmp and L2_HR_LakeSP_Unassigngashapefiles. Figure 9 (b) and
Figure 10 illustrate the results over the studiedhaAfterwards, these temporary files are
combined with their corresponding L2_HR_LakeTilagéfiles (Figure 11).

Figure 12 illustrates the L2_HR_PIXCVec output,fihich includes the additional
information on pixels contained in the related LR HakeTile_PIXCVec file (reach and lake
identifiers, height-constrained geolocations eis.jvell as the equivalent information for the
water pixels at the along-track edges processdtéy2 HR_LakeSP processor.

lake_id
v/ 2320000012
v| [l 2320000022
v| [ 2320000032
v! [l 2320000042
v! [l 2320000052
v [ 2320000062
v| [ 2320000072

-~ .| A

Water mask » ey PLD lakes e
(a) (b)

Figure 5. (a) Water mask of the synthetic scene (on ly a small extract is shown): the top-right water
body corresponds to a river, the others to lakes, m  ost of which are identified in the PLD. (b) PLD
over the same area: the lake_id identifiers of the PLD lakes are shown in the lege  nd. The
rectangles in pale yellow correspond to L2_HR_PIXC tiles. We will mainly focus on the principal
tile (228R), although a small part of the previous tile (227R) is also shown. The water feature
corresponding to the green PLD lake crosses the far range edge of the tile, whereas the water
feature corresponding to the pink PLD lake crosses the along-track edge of the tile.
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pixc classif

L<< <

°
-]
]
<]

B WN =

L2_HR_PIXC — L2 HR_PIXCVecRiver

(a) (b)

Figure 6. Input products of the L2_HR_LakeTile proc  essor. (a) The L2_HR_PIXC product. The
classification of the pixels is shown in the legend : 1=land; 2=land-near-water; 3=water-near-land,;
4=open water (refer to Section 3.1.4 for a complete  list of classes and information about which
classes used in the lake processing). (b) The L2_ HR _PIXCVecRiver product indicates the pixels
that have already been processed by the river proce  ssor, and those assigned to river reaches
(except for connected lakes) will be excluded from the lake processing.
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obs lake_id
v D 232228R000001 v 2320000012
,/Slf v . 232228R000002 lake_id:2320000032 v! [l 2320000022
\?J v! [ 232228R000004 obs_ig:232228R000006 7 2320000032
v| [l 232228R000005 v/ [l 2320000042

v [l 2320000052
v! [ 2320000062
v| [l 2320000072

} v! [B 232228R000006
lake_id:2320000022;2320000032
obs_id:232228R! 06

lake_id- 0062
obs_id:2. R000005

lakeid: 2320000062 Jake_id3320000572 lake_id:232 lake_id:2320000072
obs_i02327228R000001 obs_,ﬁw 000( obs_id:232 2228R000005 obs_id:232228R0000(
e ,vf" Iake_idwOSZ . Iake_ldwmsz
e obs_id:23 000002 / = obs_id:23 000002
L2 HR_LakeTile_Obs L2 HR_LakeTile Prior
(a) (b)
obs_id

v . 010228R000003

L2 HR_LakeTile_Unassigned
(c)

Figure 7. Output of the L2_HR_LakeTile processor (1  /3). (a) The L2_HR_LakeTile_Obs shapefile
contains the observed features linked to at least o ne PLD lake. The pink and green features are
stored as two distinct features (with their own geo metry and attributes) in the shapefile, even

though they are related to the same PLD lake (lake_  id=2320000062). (b) The L2_HR_LakeTile_Prior
shapefile contains the observed PLD lakes covered b vy the tile. The purple observed feature is
therefore split into two prior features in this sha pefile, one for each intersecting PLD lake.
Inversely, the pink and green observed features are stored as one single prior feature, with a
multi-polygon geometry and aggregated attributes (a  rea, water surface elevation...). PLD lake
2320000012 (in pale green in Figure 5 (b)) has not  been observed. It is therefore not stored in the
L2_HR_LakeTile_Prior shapefile (but will later be a  dded by the L2_HR_LakeSP processor). PLD
lake 2320000042 (in pink in Figure 5 (b)) is not pr ocessed by the L2_HR_LakeTile processor as the
observed geometry attached to it crosses the along- track edge of the L2_HR_PIXC tile (but it will
be processed later by the L2_HR_LakeSP processor).  (c) The L2_HR_LakeTile_Unassigned
shapefile contains the observed features not inters ecting any PLD lake (and that have not been
assigned to a river reach by the river processing).
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Figure 9. Output of the L2_HR_LakeTile processor (3  /3): The L2_HR_LakeTile_Edge file contains
pixels belonging to water features located atthe a  long-track edge of the L2_HR_PIXC tile. (a) For
tile 228R only. (b) For tiles 227R (blue dots) and  228R (green dots).
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o _HR_Lake SP_Obs_tmp

lake_id:

obs 23 05%2“7\1_\2\_4:11Qake SP_Prior w_tmp

(@)

\L\Z\_\HR:take&D_\Enassigned _ﬁnp

(©)

Figure 10. Temporary output of the L2_HR_LakeSP pro
along-track edge of tiles 227R and 228R is related

(b)

cessor. The water feature located at the
to a PLD lake. It is therefore assigned to the

temporary L2_HR_LakeSP_Obs_tmp (a) and L2_HR_LakeSP _Prior_tmp (b) shapefiles, whereas

the L2_HR_LakeSP_Unassigned_tmp (c) shapefile here

remains empty.
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Figure 12. Output of the L2_HR_LakeSP processor (2/

information on river pixels from the L2_HR_PIXCVecR

with information on pixels belonging to lakes and u
L2_HR_LakeTile_PIXCVec intermediate file or compute

(b)

2): The L2_HR_PIXCVec file includes

iver intermediate product and is completed

nassigned water features from
d by the L2_HR_LakeSP processor, which

have both an obs_id identifier (a) and a lake_id identifier (b). Note that the L2_HR_PIXCVec
products are split in tiles and perfectly match the L2_HR_PIXC products.
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3 Algorithm Descriptions

This section describes the algorithms in the L2_HikeTile and L2_HR_LakeSP
processing flows. Each of the following subsectidascribes a module in one of the flow
diagrams.

e Subsections 3.1 to 3.6 describe the L2_HR_Lakdtitetions illustrated in Figure 3.

e Subsections 3.6 to 3.11 describe the L2_HR_Lake8€&tibns illustrated in Figure 4.
They first gather pixels corresponding to wateiaeg localized at the along-track
edges of a pixel cloud tile (Section 3.7), and tbempute for each of them the lake
geometry and attributes (Section 3.6). Both fumgtiare called independently for the
left and right swaths. In the end, lake featurevijously computed by the
L2_HR_LakeTile processor are gathered with thoseprded by the
L2 HR_LakeSP processor to form the L2_HR_LakeSHEywb[1] (Sections 3.9 to
3.11) and the L2_HR_PIXCVec products [2] (SectidB).3

3.1 proc_pixc_vec.compute pixc_to_reject

3.1.1 Purpose

The L2_HR_PIXCVecRiver product identifies pixelstire L2_HR_PIXC product which
have been processed by the river processor. Thvesls pre related to river reaches defined in
the PRD [13], but note that some of these reacteekes that are connected to rivers.

The objective of this function is to identify pisetio remove from the list of pixels to process
as lakes, i.e., those related to river reachegpXor those assigned to connected lakes.

3.1.2 Input Data

Description Source

Indices of pixels in the L2_HR_PIXC product (pixc_index variable) and L2_HR_PIXCVecRiver
identifier of the reach to which each pixel has been assigned by the river
processing (reach _id variable)

3.1.3 Output Data

Description
Indices of pixels in L2_HR_PIXC that have been assigned to a reach by the river processing and that
should be excluded from lake processing (i.e., except for those assigned to connected lakes)

3.1.4 Mathematical Statement

The water body type codes [13] [15] used by therrand lake processors are indicated in
Table 3. Areach_idending with a type code set to 3 correspondsctonaected lake. Therefore,
all pixels present in the L2_HR_PIXCVecRiver prodwhosereach_idends with a digit other
than 3, should be excluded from the lake procesdiote that there cannot be pixels with type
code 2 in the L2_HR_PIXCVecRiver product.
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Table 3. Water body type codes for river and lake p  rocessing.

Type Code Water Body Type River Processing Lake Processing
1 River Yes No
2 Disconnected lake No Yes
3 Connected lake Yes Yes
4 Dam Yes No
5 No topology Yes No

3.1.5 Accuracy

The lake processing depends strongly on the rak@/assignment of the river processing. If
the river processing erroneously assigns partdi$@nnected lake (or all of it) to a river reach,
only the remaining part of that lake (or none dfaitll be included in the lake processing.

3.2 proc_pixc.extract_from_pixc

3.2.1 Purpose

The L2_HR_PIXC product contains all detected wpteels, pixels flagged as “dark water”,
as well as a buffer area of land pixels around tfieth The purpose of this function is to select
and extract the pixels and associated variablkeep for the lake processing based on this pixel
classification, and to exclude those already agssida a river reach as described in Section 3.1.

3.2.2 Input Data

Description Source

Pixel cloud product L2 HR PIXC

Indices of pixels in L2_HR_PIXC that have been assigned to a river proc_pi Xc_vec.

reach and that should be excluded from lake processing conput e_pi xc_to_reject

3.2.3 Output Data

Description
Subset of L2_HR_PIXC product in terms of selected pixels and needed variables for lake processing

3.2.4 Mathematical Statement

Pixels already assigned to a river reach (accortiniige list produced by the
proc_pi xc_vec. conput e_pi xc_t o_rej ect function) are first removed.

Second, the quality flags are considered to exchatee more pixels from further
processing. The list of flags and their associatedk are given by the parameters
PIXC_QUAL_LIST and PIXC_QUAL_MASK in the parametide [18]. The current baseline is
to consider all pixels, whatever their quality v@forinterferogram_qualclassification_qual
andgeolocation_qualbut this will evolve post-launch. Theight_land_flagmay also be
considered (parameter EXCLUDE_BRIGHT_LAND in [18)yt the current baseline is to keep
these pixels. The use of these flags remains TBDwalh be decided post-launch based on what
we observe in real SWOT data.
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Then, theclassificationvalue is considered to select which of the remngjixels to use in
the lake processing. The classification flags ténest are given by the parameter
CLASSIF_LIST in the parameter file [18] and chosanindicated in Table 4. Only “Land”
pixels are excluded from lake processing.

Table 4. List of classification flags values and na  mes, indicating water detection results for

L2_HR_PIXC [6].
Classification flag Name Kept for lake processing
1 Land

Land near water
Water near land
Open water
Dark water
Low coherence but bright water
Low coherence but bright open

Nloja| b wlN
X[ X|X| X[ X| X

3.2.5 Accuracy
This operation does not introduce additional errors

3.3 proc_pixc.compute_separate _regions

3.3.1 Purpose
The purpose of this function is to identify all aeqte water regions in the water mask
previously computed.

3.3.2 Input Data

Description Source
Range and azimuth indices of pixels kept for lake processing | proc_pi xc.
extract _from pi xc

3.3.3 Output Data

Description
Label of separate water regions for all pixels kept for lake processing

3.3.4 Mathematical Statement

First, all pixels retained for lake processingheir oc_pi xc. ext ract _from pi xc step
are represented in radar geometry, using theige_indexandazimuth_indexttributes, to
obtain a binary water mask (Figure 13 (a)). Themgithe
sci py. ndi mage. neasur enent s. | abel function and 4-connectivity, a unique label isegiv
to each separate water region (Figure 13 (b)).
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(@) (b)

Figure 13. (a) Example of water mask (in radar geom etry) based on the pixels retained for lake
processing, and (b) segmentation into separate wate  r regions with their labels (colors).

In a second step, an additional segmentation baséeight is performed to handle lakes
that are mixed in radar geometry. Indeed:

« Two or more lakes with different heights alignedhe range direction may be partly
overlapping in SAR geometry because of layover.

» Two nearby lakes at different heights can also appe one single water region
because they are marginally connected through 8 sw&a segment (that may not be
identified in the river database and thereforehaotdled by the L2_HR_RiverTile
processing).

To separate such mixed lakes with different heights Otsu method [19] is used to perform
automatic height histogram thresholding. This athar determines a threshold that separate
pixels into two classes, by minimizing the intrass variance and maximizing the inter-class
variance. A split in two classes (A and B) is paried if

PA + 20 < uB - 208

wherepa andus are the average heights of the two classes (asgumi< ug), andoa andog

their standard deviations, and provided that tigregated area of the pixels assigned to each
class is larger than MIN_SIZE, the smallest alloweae for a lake feature [18]. Each of these

two classes is then analyzed in the same way as&llpp split, so that a maximum of four

classes can be defined. Note that each class caspond to several spatially separate groups of
pixels in radar geometry, so that the observed mmtdy may be split in more than four regions.
Each resulting region must be larger than MIN_Sl@Berwise it is regrouped with the

neighbor region having the highest number of neaglglixels. The implementation of this

method in the L2_HR_LakeTile processing usest#tiarage. fi |l t er s library.

As an illustration, Figure 14 (a) shows the heighé detected water body in slant range
radar geometry, composed of two separate lakesoimg geometry. One part of it, in dark blue,
has an estimated water surface elevation of ~6&ite\he other part, in green, has a computed
water surface elevation of ~72 m. There is alsayagart with an estimated water surface
elevation of ~77 m. Figure 14 (b) shows the restthe segmentation, giving two different
labels. These two resulting water bodies will besidered as two different lakes in all further
lake processing. The small part of the lake witlestimated height of ~77 m has not been
labelled separately as its area is smaller than_NSIXE.
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Figure 14. (a) Water surface elevation of a detecte d water body in slant range and (b) resulting
lake segmentation. The water region in (a) has been  extracted from a L2_HR_PIXC product
computed on a pair of L1IB_HR_SLC images simulated by the HR Science Simulator.

3.3.5 Accuracy

This operation may introduce over-segmentationijwsrated in Figure 15. This may occur
in case of real height variations across very akg$, land/water layover, etc.

115

i
f x 105
} -

1

l 85

i 80
(@ (b)

Figure 15. Example of over-segmentation. (a) Water  surface elevation of a detected water body in
slant range and (b) resulting lake segmentation. Th e water region in (a) has been extracted from a
L2_HR_PIXC product computed on a pair of L1IB_ HR_SLC  images simulated by the HR Science
Simulator. There are two separate lakes in reality, but they are observed as connected in radar
geometry because part of them are at the same dista  nce from the radar (water/water layover).
However, there are also other observed height varia  tions that could be due to effects such as
land/water layover, and that here lead to over-segm  entation into altogether 5 regions.
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3.4 proc_pixc.localize_regions_wrt_tile

3.4.1 Purpose

The purpose of this function is to separate labttietected water regions entirely inside the
tile, from labels of regions located at along-tradges of the tile. The former will be processed
by the L2_HR_LakeTile processor, whereas the laitkbe processed by the L2_HR_LakeSP
processor (see Section 3.7). Regions intersectiiyl&es located at along-track edges of the
tile are also identified, and will be discardednfréurther L2_HR_LakeTile processing.

3.4.2 Input Data
Description Source
Label of separate water regions for all pixels kept for lake proc_pi xc.
processing conput e_separ at e_r egi ons

Azimuth index of pixels kept for lake processing

azimuth_index of L2 HR_PIXC

Pixel cloud rare radar grid line index to TVP index mapping

pixc_line_qual of L2 HR_PIXC

List of identifiers and geometries of very large PLD lakes LakeDatabase
ogr.MultiPolygon of the PLD lake polygons intersecting the | ake_db.

along-track edge at the beginning of the tile bui | d_border_geonetry
ogr.MultiPolygon of the PLD lake polygons intersecting the | ake_db.

along-track edge at the end of the tile bui | d_border_geonetry
ogr.MultiPolygon of the PLD lake polygons crossing the tile, i.e. | | ake_db.

intersecting the along-track edges both at the beginning and at | bui | d_bor der _geonetry

the end of the tile

3.4.3 Output Data

Description

List of labels of water regions intersecting the line having azimuth_index=pixc_first_line_index or linked
to a PLD lake intersecting the along-track edge at the beginning of the tile (but NOT those also
intersecting the opposite along-track tile edge).

List of labels of water regions intersecting the line having azimuth_index=pixc_last_line_index or linked
to a PLD lake intersecting the along-track edge at the end of the tile (but NOT those also intersecting
the opposite along-track tile edge).

List of labels of water regions intersecting both the line having azimuth_index=pixc_first_line_index and
the line having azimuth_index=pixc_last_line_index, or being linked to a PLD lake intersecting the
along-track edges both at the beginning and at the end of the tile.

List of labels of water regions NOT intersecting the line having azimuth_index=pixc_first_line_index
NOR the line having azimuth_index=pixc_last_line_index, NOR being linked to a PLD lake intersecting
the along-track edges both at the beginning and at the end of the tile.

3.4.4 Mathematical Statement

While the L2_HR_PIXC product contains pixels thiag @ithin its tile boundaries, it is
important to note that treezimuth_indexariable extends beyond the along-track tile boteda
as it inherits the overlap of the L1B_HR_SLC tilas,illustrated in Figure 1 of [6]. This implies
that the first and last lines within the L2_HR_PIXl@ do NOT correspond tazimuth_index0
andazimuth_indexinterferogram_size azimuth but need to computed. They correspond to
the first and the last indices of thixc_line_qualvariable of thevp group for which the
not_in_tilebit is set to O [6], and are hereafter calpext _first_line_indexand
pixc_last_line_indexrespectively.
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First, labels of water regions having pixels wathmuth_indexpixc_first_line_indeare
added to a list, and those having pixels vaitimuth_index=pixc_last_line_indexe put in a
second list. Labels of water regions having bo#elsi withazimuth_indexpixc_first_line_index
and pixels withazimuth_index=pixc_first_line_indexte stored in a third list.

Then, the bounding box of each separate watermagicompared with the collection of
PLD lakes that intersect the along-track edgekeabeginning and/or end of the tile. If they
intersect, the label of the water region is adaetthé corresponding list among those cited above
(unless already present). Any overlap betweenviloditst lists and the third one is eliminated.

A fourth list is composed of all the region lab#lat are not in any of the three other lists.
These are the regions that are fully within the itil the along-track direction and that can
therefore be fully processed by the L2_HR_Lakepiecessor.

As a special case, water regions related to vegeIBLD lakes, spreading over more than
MAX_NB_TILES_FULL_AZ tiles (see [18]), are removéabm the first three lists and added to
the fourth one. These water regions are therefdhe ffrocessed by the L2_HR_LakeTile
processor, and will later be gathered by the L2_EHReSP processor (see Section 3.7). This is
slightly sub-optimal, but necessary to limit themwey usage.

3.4.5 Accuracy
This operation does not introduce additional errors

3.5 proc_pixc.compute_edge_pixels

3.5.1 Purpose

The purpose of this function is to retrieve theiged of pixels corresponding to detected
water regions located at along-track edges ofiklaear linked to PLD lakes at along-track tile
edges, and to associate them with their label vahaea location flag. These pixels will be
written in the L2_HR_LakeTile_Edge file, to be et processed by the L2_HR_LakeSP
processor (see Section 3.7).

3.5.2 Input Data

Description Source

Label of separate water regions for all pixels kept for lake proc_pi xc.

processing conput e_separ at e_r egi ons
List of labels of water regions intersecting the line having proc_pi xc.
azimuth_index=pixc_first_line_index or linked to a PLD lake | ocalize_regions_wt _tile

intersecting the along-track edge at the beginning of the tile (but
NOT those also intersecting the opposite along-track tile edge).
List of labels of water regions intersecting the line having proc_pi xc.
azimuth_index=pixc_last_line_index or linked to a PLD lake | ocalize_regions_wt _tile
intersecting the along-track edge at the end of the tile (but NOT
those also intersecting the opposite along-track tile edge).

List of labels of water regions intersecting both the line having proc_pi xc.
azimuth_index=pixc_first_line_index and the line having | ocalize_regions_wt _tile
azimuth_index=pixc_last_line_index, or linked to a PLD lake
intersecting the along-track edges both at the beginning and at
the end of the tile.
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3.5.3 Output Data

Description

Index of pixels related to detected water regions located at one or both along-track edges of the tile.
Label of the water region corresponding to each of these pixels.

Location flag of the water region corresponding to each of these pixels.

3.5.4 Mathematical Statement

Based on the list of region labels for all pixedtained for L2_HR_LakeTile processing, and
the three lists indicating the labels of all regi@ssociated with along-track edges as described
in Section 3.4, lists are created containing tliexnof each pixel associated with a region at one
or both along-track edges, as well as its label,afocation flag which takes the following
values:

« 0 if the water region intersects the line havazgmuth_indexpixc_first_line_inder
is linked to a PLD lake along-track edge at theitn@gg of the tile (but NOT
intersecting the opposite along-track tile edge)

« 1 if the water region intersects the line havazgmuth_indepixc_last_line_indexr
is linked to a PLD lake intersecting the along-kradge at the end of the tile (but
NOT intersecting the opposite along-track tile dge

« 2 if the water region intersects both the line hgvi
azimuth_indexpixc_first_line_indexand the line having
azimuth_indexpixc_last_line_indexor is linked to a PLD lake intersecting the
along-track edges both at the beginning and agigeof the tile.

Thereafter, the L2_HR_LakeTile Product Generatimadttable (PGE) retrieves the subset
of the L2_HR_PIXC product corresponding to the @edicomputed by this function and writes
it in the L2_HR_LakeTile_Edge file, along with ttteee output variables described above.

3.5.5 Accuracy
This operation does not introduce additional errors

3.6 proc_lake.compute_lake features

Due to its complexity, this function is split inseveral sub-functions that are shown in Table
5 and Figure 16. The objectives are to compute fie&tires for all the water regions that have
been retained for L2_HR_LakeTile processing (ixeept those assigned to river reaches, or
situated at the along-track edges), to separate thi® L2 HR_LakeTile_Obs,
L2_HR_LakeTile_Prior, and L2_HR_LakeTile _Unassidisdapefiles, and to populate the
L2_HR_LakeTile_PIXCVec variables for all the copesading pixels.

Note that while the proc_lake.compute lake featfuestion handles a tile, the sub-
functions address individual water regions witlta tile, as indicated in Figure 16.

Only pixels of the water region that are insidgacific cross-track range are selected as
input for the following steps. This cross-trackgans given by the parameters MIN_XTRACK
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et MAX_XTRACK provided in the parameter file [18l.its size is consequently reduced, then
the water body is considered as partially obserard,itspartial_f flag set to 1.

Table 5. High-level description of the sub-function

s within the proc_lake.compute_lake_features
function.

Function Name

Description

update_pixcvec_with_ids

proc_lake. Compute the height-constrained geolocation of the
compute _hconstr_geoloc pixels composing the observed water region.
proc_lake. Update the L2_HR_LakeTile_PIXCVec variables with
update pixcvec_with _hconstr_geoloc the height-constrained geolocation of these pixels.
proc_lake. Add the observed feature to the

add _obs_feature L2 HR LakeTile Obs shapefile layer.

proc_lake. Update the L2_HR_LakeTile_PIXCVec variables of

the pixels composing the observed water region with
the identifier of the observed feature and, eventually,
of the PLD lake(s) related to them.

proc_lake.
add_prior_feature

Add the prior feature to the L2_HR_LakeTile_Prior
shapefile layer.

L2_HR_PIXC

Labels of water regions
not crossing the along-
track edges of the tile

'
proc_lake.

LakeDatabase

roc_lake.

|| proc_lake. p
compute_hconstr_geoloc | If area > MIN_SIZE’

add_obs_feature

proc_lake.

Y

For each obsefved PLD lake

L2_HR_LakeTile_Obs L2_HR_LakeTile_Prior

If obs_feature 1 PLD = &

L2_HR_LakeTile_Unassigned

|_.|

update_pixcvec_with_hconstr_geoloc

update_pixcvec_with_ids

L2_HR_LakeTile_PIXCVec

Figure 16. Flow diagram of the sub-functions within

the proc_lake.compute_lake features
function.

3.6.1 proc_lake.compute hconstr_geoloc

3.6.1.1 Purpose

The purpose of this function is to reduce the geation noise of the pixels, by exploiting the
fact that lakes are generally quite flat. The hisgii the pixels are constrained with the average
value computed over the water region [16], whicduhes in a more regular projection of the
pixels into geographical coordinates, as illusttateFigure 17. On big lakes, a sliding window
is used to compute a local average height, to didvwglow height variations across the lake.

3.6.1.2 Input Data

Description Source
Indices of the pixels related to the observed water region, having proc_pi xc.
their cross_track between MIN_XTRACK and MAX_ XTRACK conput e_separate_regi ons
Total area of this water region proc_|I ake.

comput e_| ake features
Pixel cloud L2 HR_PIXC
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Description

Height-constrained longitude, latitude and height of each pixel of the water region
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ixels of a lake in the L2_HR_PIXC product, and (b)

up in the L2_HR_ PIXCVec product).

3.6.1.4 Mathematical Statement
The first step of this method is to compute theyhtsharget that will be used to constrain the

geolocation of the pixels of the water region:

» If the ground-projected area of the water regiobel®w BIGLAKE_MIN_SIZE
given in [18], the uncertainty-weighted averageghe[20] of the region is used for

all its pixels.

e_PIXCVec product (that will ultimately end

» Ifitis larger, possible height variations acrttes water region need to be accounted
for. The baseline algorithm is to fit a second-@egdoi-dimensional polynomial model
to the pixel heights over the entire water regib®|[ The parameters of the method

are given in [1

8].

The geodetic coordinates of each pixel of the akeskregion (i.e. longitude, latitude, and
height) are converted into Cartesian coordinatesXj y, z). The distance from the satellite to
each pixel center is computed based on informatidghe L2_HR_PIXC product:

R[i] = near_range + range_index[i] * my_var.GEN_RANE_SPACING

where:

* near_ranges the slant range for the first pixel

» range_index[i]is the range index of pixel
 my_var.GEN_RANGE_SPACINS&the range spacing (~0.75m)
The height-constrained geolocation can now be coaapwith the function
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geol oc. | i b. geol oc. poi nt cl oud_hei ght _geol oc_vect [16].
The inputs of the function are as follows:
» Coordinatesy, Yy, 2 of the pointN corresponding to the noisy pixel geolocation
e Corresponding sensor positiag; and motion vectov,,,;
« Constrained height of the pixiahrget

* Range distance from pixel to sensor
e Doppler valueZgsopcorresponding to the plane perpendiculardg containingN

Z A Pl

, Usat
L

Tsat
htarget N Zdo/)
h
“
>,.
5 =
oy

Y

X

Figure 18. lllustration of the geometry of the heig  ht-constrained geolocation problem

For a given pixel, the noisy geolocation of itsteeN is defined by its rang®, DopplerZqop
and heighh, as illustrated in Figure 18. The rarigelescribes a sphere, whereas the Doppler
defines a cone. Their intersection describes #egiso that the height-constrained geolocation
problem becomes 1D: We browse the range/Dopplelledianglex) to find the pointM whose
height projected on the ellipsoid has the valdgeh The latitude, longitude and heightf:of
the pointM represent the height-constrained geolocationeptkel.
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The full analytical description and resolution loétproblem is described in [16].

3.6.1.5 Accuracy
The error introduced by this algorithm is giver{i6].

3.6.2 proc_lake.update_pixcvec_with_hconstr_geoloc

3.6.2.1 Purpose

The purpose of this function is to add the heigiistrained geolocation coordinates of the
pixels of the current observed feature (computetiéprevious step) to the
L2 HR_LakeTile_PIXCVec structure.

3.6.2.2 Input Data

Description Source

Indices of the pixels related to the current observed water proc_|I ake.

region, having their cross_track between MIN_XTRACK and comput e_| ake_features
MAX_ XTRACK

Height-constrained longitude, latitude and height of each pixel proc_pi xc.

of the water region comput e_hconst r_geol oc

3.6.2.3 Output Data

Description
Updated longitude, latitude and height of each pixel related to the water region in the
L2 HR LakeTile PIXCVec object.

3.6.2.4 Mathematical Statement

For the pixels of indices specified in input, thegitude vectorprodatitude_vectorprogc
andheight_vectorprowariables of L2_HR_LakeTile_PIXCVec are updatethwvtine
corresponding input values.

3.6.2.5 Accuracy
This operation does not introduce additional errors

3.6.3 proc_lake.add_obs_feature

Due to its complexity, this algorithm is split inilee different sub-algorithms as shown in
Table 6 and~igure 19. The objectives of this algorithm arétidd the geometry (polygon) of
the observed water region, compute its commorbates (water surface elevation, area,
uncertainties, etc.), retrieve the PLD lake(s)teglao it (if any), and add the resulting feature t
the L2_HR_LakeTile_Obs shapefile layer (if the teatis related to at least one PLD lake) or
the L2_HR_LakeTile_Unassigned shapefile layer@ tbserved feature is not related to any
PLD lake).
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Table 6. High-level description of the functions wi thin the proc_lake.add_obs_feature  function.

Function Name Description
ny_hul I . Build the geometry of the observed feature.
conput e_| ake_boundari es
proc_| ake. Compute its common attributes.
conput e_common_attri but es
| ake_db. Link the observed geometry to PLD lake geometries.
link to db
L2_HR_PIXC LakeDatabase
| my_hull. .| proc_lake. lake_db. If obs_feature nPLD
compute_lake_boundaries compute_common_attributes link_to_db
Height-constrained == Bule — - N L2_HR_LakeTile_Obs
longitude and latitude If obs_feature mPLD = &F

of selected PIXC
L2_HR_LakeTile_Unassigned

Figure 19. Flow diagram of the sub-functions of the proc_lake.add_obs_feature function.

3.6.3.1 my_hull.compute_lake_boundaries

3.6.3.1.1 Purpose

The purpose of this function is to build the polggepresenting the boundary of the feature.
The external ring and potential internal rings iftting islands inside the lake) are built in
radar geometry, and thereafter projected into ggagcal coordinates.

3.6.3.1.2 Input Data

Description Source

Height-constrained longitude and latitude of each pixel related to the proc_pi xc.

feature, having their cross_track between MIN_XTRACK and conput e_hconstr_geol oc
MAX_ XTRACK

Azimuth and range indices of each pixel related to the feature L2 HR PIXC

3.6.3.1.3 Output Data

Description
Polygon delineating the boundary of the feature

3.6.3.1.4 Mathematical Statement

First, a binary mask of the water region is fornmedadar geometry, using the L2_HR_PIXC
range and azimuth coordinates of the pixels related Then, the
ski mage. neasur e. fi nd_cont our s function builds the external and potential internal
contours (concave hull) of the region from thisevahask. At last, the resulting contours, are
projected in ground geometry, using their heighistined longitude and latitude coordinates.
Only the classification values listed in the CLABSAHULL parameter [18] contribute to the
feature boundary. Given the pixel classes includete water mask, as described in Section
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3.2.4, the polygon node positions correspond t@émer of thavater near landpixels (those
next toland near watepixels if the layer ofvater near lancpixels is more than one pixel wide).
An example of a water region and the resulting gotyis given in Figure 20.
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Figure 20. Polygon of a water region (in pale blue) , whose nodes correspond to the center of the
height-constrained water near land pixels (in red).

For very large water regions, the processing tie@lnes prohibitive with this approach.
Therefore, water regions containing more than SDfRels are split into sub-regions.
Boundaries are first computed over these sub-regaod then merged.

3.6.3.1.5 Accuracy

The resulting polygons are intended to give a gadatation of the actual extent of the
lakes. However, because of mixed pixels, and afirblutrring due to the limited coherence time
of water, the exact position of the water/land latary is not precisely known. There can also be
errors in the water/land classification. We havesimplicity chosen to use the center of the
outerwater near landpixels (see Table 4) as node positions for thggmois. It should be noted
the computation of lake water surface area is basdtie areas of the underlying L2_HR_PIXC
pixels, and includes water fraction estimates fouridary pixels, so that the area of the polygons
will not be fully consistent with the water surfaamesa attribute.
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3.6.3.2 proc_lake.compute_common_attributes

3.6.3.2.1 Purpose

The purpose of this function is to compute the cammttributes (water surface elevation,
area, uncertainties...) of the feature related tgythien water region.

3.6.3.2.2 Input Data

Description Source
Pixel cloud L2 HR_PIXC
Indices of the pixels assigned to the given feature, having their proc_| ake.
cross_track between MIN_XTRACK and MAX_ XTRACK conmput e_| ake_f eat ures
partial_f flag proc_| ake.
conput e_| ake_f eat ures

3.6.3.2.3 Output Data

Description
Computed common attributes

3.6.3.2.4 Mathematical Statement

3.6.3.2.4.1Median date time

Thetime andtime_taiattributes correspond to the mean values ofitheandtime_tai
variables of the pixels of the feature.

Thetime_strattribute corresponds to thiene attribute, written as a string.

3.6.3.2.4.2Measured hydrology parameters

The water surface elevation is first computed ftepixel related to the given feature as
follows:

wseg = height, — geoig@ — solid_tidg — load_tide_fes— pole_tidg
The following attributes of the L2_HR_PIXC prodat involved [6]:

* heighp is the geocentric height of the water surface wagpect to the reference ellipsoid
after applying corrections for media delays (duprtmpagation in the atmosphere)

* geoid is the geoid height above the ellipsoid

» solid_tide is the solid Earth tide height

» load_tide_fegis the geocentric load tide height (FES)
» pole_tidg is the geocentric pole tide height.

The water surface elevatiovseof the lake is the uncertainty-weighted averageeWwsg of
the pixels with the classifications listed in theASSIF_4WSE parameter [18]. The current
baseline is to only use open water pixels (i.essfecation 4) to computerse but this may
evolve post-launch (TBD). The weights are compuaigdbllows:

wp = 1 /height_stg? whereheight_std = phase_noise_sgd dheight_dphase
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These two variables are also available from theHR_PIXC product [6]:
» phase_noise_sids the phase noise standard deviation

» dheight_dphasgs sensitivity of height estimate to interferogrphase.

The total uncertainty in lake water surface elerats given by:

1 Ypef f_num_medium_looks,/ef f_num_rare_looks,
wse_u = - * -
nb_pixels nb_pixels

Y, w, * (height, — height_mean)
*
ZpWp
Yp Wy * height,

XpWp

with  height_mean =

and:
o eff_num_medium_lookss the effective number of medium looks
» eff_num_rare_lookss the effective number of rare looks

* nb_pixelds the number of pixels involved in the water body.

The random-only component of the uncertainty inlthe water surface elevation is given
by:
Y.p dheight_dphase] * wy,
Ypdheight_dphase, * w),

wse_r_u = ,/phase_var *

where:
» phase_vais the phase noise variance of pixels involvethenwater body

e Wy are the normalized weighis,.

wse_stds the standard deviation wie of interior water pixels, after excluding ouligre.
values beyond than 2-sigma of the mediesg).

The total estimated water surface aaesa_totalof the lake is computed by summing the
ground-projected areas of the individual pixgligel_areain the L2_HR_PIXC product [6].
Water near land pixels (Table 4) are weighted leyr tbstimated water fractiomater_frac[6].

The actual SWOT-detected water surface area_detciis computed similar tarea_total
except that dark water pixels are excluded.

For further details on how these hydrological pagers and associated uncertainties are
computed, refer to [21].
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layover_valcorresponds to the mean value of lly@ver_impactariable of the pixels
related to the feature (outliers excluded).

xtrk_distis the mean value of tleeoss_trackvariable of the pixels belonging to the feature
(outliers excluded).

3.6.3.2.4.3Quality indicators

Thedark_fracattribute is the fraction of the feature thatle&gyfed as dark water, computed
as follows:

dark_frac= (area_total-area_detct/area_total* 100.

Thequality_fflag depends oalassification_quabndgeolocation_quabf the pixels
involved in the water body. If the ratio betweea tltumber of good pixels (i.e., having
classification_quat0 andgeolocation_quat0) and the total number of pixels is above
THRESHOLD_4NOMINAL (typically 70%; see [18]), thehe lake is considered as good, and
guality_fis set to 0. Otherwise, the lake is consideresbiapect anduality_fis set to 1.

Theice_clim_fandice_dyn_fflags are directly retrieved from the PLD [15].

The quality of the cross-over calibratiotsvr_cal_qdirectly depends on the value of the
geolocation_quaflags of the pixels involved in the water body:

e xovr_cal_g= 1 if geolocation_qual = xovercal_suspg6t
» xovr_cal_g= 2 if geolocation_qual = xoverqual_missifig]
e xovr_cal_g= 0 otherwise

3.6.3.2.4.4 Other attributes

The other common attributes of the feature are ctegpfrom their counterpart in the
L2 HR_PIXC product (Table 7).

Table 7. Variable name in the L2_HR_PIXC product fr om which the corresponding attribute name
in the lake product is computed.

Attribute name in the lake product Counterpart in the L2_HR_PIXC product
= [lake_att] = [pixc_att]
geoid_hght geoid
solid_tide solid_earth_tide
pole tide pole tide
load_tidef load_tide fes
load tideg load tide got
dry tropo ¢ model_dry tropo_cor

wet_tropo_c model_wet_tropo_cor
iono_c iono_cor_gim_ka
xovr_cal ¢ height_cor_xover

The aggregation algorithm used for these attribisteguivalent to the one used for the
computation ofvse(see Section 3.6.3.2.4.2). As for wse, the five fattributes are computed by
considering only pixels with classification listedthe CLASSIF_4WSE parameter [18] (see
section 3.6.3.2.4.2). On the contrary, the othteibates are computed using all pixels retained
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for lake processing as described in Table 4.

3.6.3.2.5 Accuracy
The uncertainties are expressed for the attritnelesed to the elevation and area. The way to
compute them is given above.

This operation does not introduce additional erforghe other attributes.

3.6.3.3 lake _db.link_to_db

3.6.3.3.1 Purpose

This function establishes the link between an oleskwater region and the PLD (i.e., the
global database of known lakes). Any PLD lake s#eting the polygon of the water region, and
whose overlap is above a threshold, is considesdihleed to it. In this case, the water region is
considered as a lake, and the corresponding feailiree stored in the L2_HR_LakeTile_Obs
shapefile (and in the L2_HR_LakeTile_Prior shajegfilf not, it will be stored in the
L2 _HR_LakeTile_Unassigned shapefile.

3.6.3.3.2 Input Data

Description Source
Water region polygon geometry ny_hul | .
conput e_| ake_boundari es

Height-constrained longitude and latitude of each pixel related to the | proc_pi xc.
water region conput e_hconstr_geol oc

PLD lakes polygons, identifier, and polygons of their influence area LakeDatabase

3.6.3.3.3 Output Data

Description

List of the identifiers of the PLD lakes intersecting the observed water region, ordered by decreasing
overlapping area

List of the fractions of observed polygon covered by each intersecting PLD lake, ordered by decreasing
overlapping area

List of the identifiers of the PLD lakes for each pixel related to the water region

3.6.3.3.4 Mathematical Statement

The first step is to determine which PLD lakes isightly overlap the observed polygon to
be linked to it. To do so, only PLD lakes intergagtthe polygon of the observed water region
are selected (as explained in section 3.6.3.1paohgon is based on height-constrained
geolocations of the pixels in the observed regi®hgn, an intersecting PLD lake is retained
only if the ratio between the area of the intelisecof the PLD lake and the observed polygon,
and the total area of the observed polygon is abtile OVERLAP (typically in the order of
2%) [18]. The prior attributes of the observed lake set to the values corresponding to the PLD
lake having the largest overlapping area.
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10123812 {?2132172 42%2123812
(a) (b)

Figure 21. Association of observed water regions (a ) to PLD lakes (b). PLD lakes 232142722 and
232132172 are not observed. The observed polygon on  the left is linked to no PLD lake: therefore,
this feature will end up in the L2_HR_LakeTile_Unas signed shapefile. The upper-right observed
polygon is linked to both PLD lakes 232008092 and 2 = 32009412: therefore, it will become a single
feature in the L2_HR_LakeTile_Obs shapefile, and tw o distinct features in the
L2 _HR_LakeTile_Prior shapefile. The observed featur e related to PLD lake 232123812 will be
identical in the L2_HR_LakeTile_Obs and L2_HR_LakeT ile_Prior shapefiles. The zoom (c)
illustrates how the pixels of the upper right obser ved water region are split between two

overlapping PLD lakes based on their influence area  s.

The second step is to attach each pixel relatéuetonput water region to its corresponding
PLD lake. This is directly set if a single PLD lakeattached to the input water region. If there
are two or more PLD lakes, the “influence area’ygohs of these PLD lakes are retrieved. One
influence area polygon corresponds to a single RkB and delineates a region around it. These
polygons have been precomputed based on Vorongriaghies and are available in the PLD [15].
The polygons are distinct (Figure 22) and enticayer the continents. Each pixel of the input
water region is associated with the PLD lake cqesling to the influence area polygon it falls
in (Figure 21 (c)). In the rare cases where thereiinfluence area polygon (for example, badly
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geolocated coastal pixels that fall in the oceaemlthere is no influence area polygon), the
pixel is associated to the PLD lake with the cloggffuence area polygon, in terms of Euclidian
distance from pixel geolocation.

Figure 22. PLD lakes (deep green) and their related  influence area polygon (light green).

3.6.3.3.5 Accuracy

The link between an observed water region and ti2i® based on polygon intersection.
Therefore, it is highly dependent on the accurddh® detected water mask and the geolocation
of its pixels, and also on the accuracy of ther@ad geolocation of the PLD lake polygon.
Such errors may lead to assignment errors.

In the same way, the correspondence between teésmkthe water region and one single
PLD lake is highly dependent of the constructionhef lake influence area polygons, which
depends itself of the accuracy of the PLD lake gohs (location, shape, etc.). Moreover, these
Voronoi diagrams are purely geometrical, and daei¢ct the actual catchment basins.

Missing river reaches in the PRD [13] may also hawtrong impact on the assignment of
pixels to lakes: pixels that actually correspondyers, but that are not assigned to a PRD reach
during river processing (because that river reactot included in the PRD), will not be
eliminated from further lake processing as desdribesection 3.1, and may therefore be
erroneously assigned to a connected PLD lake, lilyategrading its estimated water surface
area, WSE, etc.

3.6.4 proc_lake.update_pixcvec_with_ids

3.6.4.1 Purpose
The purpose of this function is to store, in the HR _LakeTile_PIXCVec structure, the
PLD and observation identifiers of all the pixefdlee current observed feature.

3.6.4.2 Input Data

Description Source
Indices of the pixels related to the current observed water proc_| ake.
region comput e_| ake_features
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Observation identifier of the current observed feature proc_|I ake.
compute_| ake features
PLD identifier of the pixels of the current observed feature | ake_db.
link to_db

3.6.4.3 Output Data

Description
Updated obs_id and lake_id of each pixel related to the water region in the L2_HR_LakeTile_PIXCVec
object.

3.6.4.4 Mathematical Statement
For the pixels of indices specified in input, thtes_id andlake_idvariables of
L2 HR_LakeTile_PIXCVec are updated with the cormespng input values.

3.6.4.5 Accuracy
This operation does not introduce additional errors

3.6.5 proc_lake.add_prior_feature

Due to its complexity, this function is split intiee sub-functions shown in Table 8 and
Figure 23. It is equivalent to tipe oc_| ake. add_obs_f eat ur e function described in Section
3.6.3 and reuses some of its sub-functions, wifleréint input parameters. The objectives of this
algorithm are to build the (multi-) polygon for avgn PLD lake, to compute its common
attributes and its storage change, and to adcethéting feature to the L2_HR_LakeTile_Prior
shapefile layer.

Table 8. High-level description of the functions wi thin the proc_lake.add_prior_feature function.

Function Name Description

proc_| ake. Build the geometry of the prior feature.

bui I d_pri or_boundary

proc_| ake. Compute its common attributes.

conput e_common_attri butes

proc_| ake. Compute storage change values for this prior feature.
conput e_st or age_change

LakeDatabase
L2_HR_PIXC l

k4

| proc_lake. | proc_lake. proc_lake.
“| build_prior_boundary "| compute_common_attributes compute_storage_change

LZ_HR_LakeTile_Prior

Indices of PIXC related
to prior feature

L2_HR_LakeTile_Obs

Figure 23. Flow diagram of the lower-level algorith  ms within the proc_lake.add_prior_feature
function.
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3.6.5.1 proc_lake.build_prior_boundary

3.6.5.1.1 Purpose

The purpose of this function is to build the geamef the prior feature, from the pixels
related to it or directly from the observed featrgkated to it if it is linked to only one PLD lake

3.6.5.1.2 Input Data

Description Source
PLD lake object | ake_db.
Pri or Lake
All L2_HR_LakeTile_Obs features linked to the PLD lake proc_| ake.
conput e_| ake features
Indices of the pixels related to the prior feature proc_| ake.
conput e_| ake features

3.6.5.1.3 Output Data

Description
Polygon delineating the external and potential internal boundaries of the prior feature

3.6.5.1.4 Mathematical Statement

The processing depends on the correspondence letineeeurrent PLD lake and its
associated observed lake(s):

e If the PLD lake corresponds to a single L2_HR_Lalkebs feature:

o Ifthis L2_HR_LakeTile_Obs feature is only relatedhis PLD lake, the
geometry of the prior feature is the geometry eft2 HR_LakeTile_Obs
feature

o If not, the geometry of the prior feature is congalivith the function
nmy_hul | . conput e_| ake_boundari es (Section 3.6.3.1), with, as input,
the height-constrained longitude and latitude, arichuth and range indices
of each pixel related to the prior feature (comgutethe
| ake_db. | i nk_t o_db step described in Section 3.6.3.3).

» |If the PLD lake corresponds to two or more L2_HRkédEle _Obs features, the
processing is the same as described above, foroddlobse L2 _HR_LakeTile_Obs
features, and the resulting geometries are storadsingle ogr.MultiPolygon
geometry.

3.6.5.1.5 Accuracy

Refer to Section 3.6.3.1.5 concerning the accuoétlye polygon nodes, and Section
3.6.3.3.5 concerning the accuracy of the assignoifguikels to PLD lakes.

3.6.5.2 proc_lake.compute_common_attributes
This function is already described in Section 3%&.3he only difference here is that the
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input pixel indices correspond to pixels assigreethe prior feature.

3.6.5.3 proc_lake.compute_storage_change

3.6.5.3.1 Purpose

This function computes the storage change betweenlserved state of a PLD lake (water
surface elevation and area) and a reference state.

3.6.5.3.2 Input Data

Description Source
PLD lake object | ake_db.
Prior Lake
Attributes of the prior feature related to the PLD lake proc_|I ake.
add_prior_feature
List of observed features linked to the PLD lake proc_|I ake.
compute_| ake_features
Indices of the pixels related to the prior feature proc_|I ake.
compute_| ake features
Pixel cloud L2_HR_PIXC

3.6.5.3.3 Output Data

Description
Storage change values computed with linear and quadratic equations, and associated uncertainties

3.6.5.3.4 Mathematical Statement

The volume of a lake is highly dependent on ithyatetry. As the bathymetry is unknown
for the large majority of the lakes in the worlgpaoximate bathymetry models are used to
compute storage change. Two models (i.e., linedmaadratic) are considered. Furthermore,
two approaches (i.e., direct and incremental) asglio compute storage change, as described
below. This leads to four different storage chaesgmates which are added to the _Prior
shapefile layer.

3.6.5.3.4.1Direct approach

With the linear hypothesis, the volume change maxmated by the volume of a trapezoid
(Figure 24). This formula is appropriate to lakesttare narrow or landlocked in relief.

h
Volume = - . (B, + B,))

Figure 24. Volume of a trapezoidal prism.
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This hypothesis leads to the following equationtfe volume change between the state of the
observatiort; and a reference statef (Figure 26):

wse—wserer

AV, (t;) = « (area_total + area_total,.s) [EQ. 1]

wherewse(in m) andarea_total(in kn¥) are the observed water surface elevation antidota
of the prior feature at timge (Section 3.6.5.2), angiseer andarea_totales the corresponding
reference elevation and area from the PLD.

With the quadratic hypothesis, the volume changgoximated by the volume of a
truncated pyramid (Figure 25) [22]. This formulajgpropriate to lakes having a convex shape.

Volume = g.(Bl+BE+VE|*BQJ

Figure 25. Volume of a truncated pyramid.

This hypothesis leads to the following equationtf@ volume change between the state of
the observatioh and a reference statef (Figure 26):

wse—wserer
—_— %
3

AV, (t;, ref) = (area_total + area_total,.; + \/area_total * area_totalref)

[Ea. 2]

Thedelta_s_landdelta_s_cpttributes should indicate the storage changedsithe current
observatiort; and the first valid observation by SWOT at titheather than with respect to the
reference state mentioned above (Figure 26).

51



SWOT-NT-CDM-1753-CNES Initial Release
July 26, 2023 SWOT Algorithm Theoretical Basis Document: L2_HR_LakeSP

Bathymetry of the lake

ds_10]
SE

Figure 26. lllustration of the different states tha  t occur in the storage change equations for the
direct approach.

Note that the storage change attributes are givémt, whereasvseare given in m and
area_totalin kn?. Therefore, the attributes available in the L2_H&keTile_Prior shapefile
layer are derived as follows:

A .
delta_s_[1ld1(tg ref) = "1/ 00 as c
whereds_t0is the storage change between the first valid @lasen by SWOT and the
reference state, which will be added to the PLDmihés updated post-launch [15] (up to then

ds_tOis set to zero and the storage chargdtéd s lordelta_s _§is given with respect to the
reference state).

The corresponding uncertainty is given by:

oAV

wse,? (—)
owse

ds_u_[llq] =

+ tot_u? ( oav )2 + total,.¢)? oav 2
area_tot_u P O—— o(area_tota _—
~ =" \Qarea_total ( - ref) darea_total,.r

P

wherewse_uandarea_tot_uare attributes of the prior feature (Section 3%.5

With the linear hypothesis:

A\’ O0AV
Owse  OWSeref

oAV OAV
darea_total  darea_total,ef

= %(area_total + area_total,..¢)

= %(wse — WS€ ()

With the quadratic hypothesis:
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I\ I\ 1
=— = =(ar ]+ ar | J r l*ar |
Gwse = “Fwses 3 (area_total + area_total s+ |area_total * area_total,.f)
oAV 1 1 |area_total
— = —(Wse—w, 145 [T Cref
darea_total 3 (wse Sref) ( + ZJ area_total

oAV _ 1 (wse —wse. ) 1 +1 area_total
darea_total,or 3 ref 2 area_totalref

3.6.5.3.4.2 Incremental approach

The second approach uses llypso_curveable that will be added to the PLD [15]
approximately one year into the SWOT mission. Taide will contain discrete points on a
curve fitting the Wse area_tota) pairs observed so far, allowing an incrementéve
computation, as illustrated in Figure 27. In thase, the volume change equations [Eg. 1] and
[EQ. 2] become:

N=ref-1

AV, (&) = Z AV (t41,t7)

j=i

wherej indicates the states of thgpso_curveable that are between the stiaté the
observation and the reference state All other equations above are applied in the sesang

Bathymetry of the lake

Figure 27. lllustration of the states j to compute storage change using the hypso_curve table, for
the incremental approach.

Note that the results of this approach will bec@wailable during the first reprocessing
campaign, projected approximately one year aftandh.

3.6.5.3.5 Accuracy
The accuracy depends on the method used to complut@e change.
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If the difference in water surface elevation betw#ee observation and the reference is
small, the results obtained with the direct apphca® expected to be good approximations, but
for higher elevation differences, and if the linaad quadratic models do not well reflect the
bathymetry, the estimated storage change will &g decurate.

The incremental approach is expected to be mongratec Indeed, the stepwise computation
between the observation and the reference, bast#tebgpso_curveable of the PLD, is thus
less sensitive to the shape of the bathymetry,ciaduhe error.

3.7 proc_pixc_sp.swath_global_relabeling

Some detected water bodies are divided into twoare parts because they are situated at the
border between consecutive L2_HR_PIXC tile gran{6gsPixels related to them have been put
aside in L2_HR_LakeTile_Edge files [3] for furth@mocessing.

The objective of this function is to gather thesee|s, so that pixels belonging to the same
connected region have a unique label, at the cemtipass scale and for one swath (left or right).

Due to its complexity, this function is split inseveral sub-functions that are shown in Table
9 and Figure 28.

After the processing of pixels at the edge of tvemsecutive tiles, and thereafter at the
continent-pass scale (for one swath) with thesefgnttions, the height-based lake segmentation
is run (as for LakeTile, see section 3.3.4).

Table 9. High-level description of the sub-function s within the
proc_pixc_sp.swath_global_relabeling function.

Function Name Description

proc_pi xc_sp. Compute near range variation of the first pixels
conput e_range_vari ati on_between_til es | between two consecutive tiles.

proc_pi xc_sp. gat her _regi ons_at _edge Identify regions split at the edge of two

consecutive tiles.
proc_pi xc_sp. gat her _regi ons_of _swat h | Gather split regions at the continent-pass scale
(for one swath).

|, | proc_pixc_sp. | proc_pixc_sp. | | proc_pixc_sp. R
compute_range_variation_between_tiles | gather_regions_at_edge y " | gather_regions_of_swath

L2_HR_LakeTile_Edge

| 7 St jions Labels of regions
t d crossing the along-
track edges of the tile

Figure 28. Flow diagram of the sub-functions within the proc_pixc_sp.swath_global_relabeling
function.

3.7.1 proc_pixc_sp.compute_range_variation_between_ tiles

3.7.1.1 Purpose
The purpose of this function is to compute theedéhce between the first pixels in range
between two consecutives tiles (tile “N” and tild+1" hereafter).
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Description

Source

nominal_slant_range_spacing
L2 HR LakeTile Edge product

global

For both tiles, slant range to the first range bin and spacing between
range samples in the underlying 2-D arrays upon which the 1-D pixel
cloud samples are taken; these correspond to near_range and
attributes of

L2 HR_lLakeTile_Edge files
related to tiles “N” and “N+1"

the

3.7.1.3 Output Data

Description

Near range variation between the two consecutive tiles

3.7.1.4 Mathematical Statement

At the connection between processed tile “N” argd dbnsecutive tile “N+1”, the range

variation is computed by:

near_range;,, — near_rangeg,, .,

Anear_range =

3.7.1.5 Accuracy

nominal_slant_range_spacingge

This operation does not introduce additional errors

3.7.2 proc_pixc_sp.gather_regions_at_edge

3.7.2.1 Purpose

The purpose of this function is to gather deteegtater regions that are split across the edge

between two consecutive tiles, i.e. establishtafisorresponding region labels.

3.7.2.2 Input Data

Description

Source

rangex_index, azimuth_index, and edge_label of
pixels at the edge of both tiles “N” and “N+1"

L2_HR_LakeTile_Edge files related to tiles “N” and
“NT1"

pixc_last_line_index of tile “N”, i.e. azimuth index
corresponding to the last slant range interferogram
line that is inside tile “N”

L2 _HR_LakeTile_Edge file related to tile “N”

pixc_first_line_index of tile “N+1", i.e. azimuth
index corresponding to the first slant range
interferogram line that is inside tile “N+1”

L2_HR_LakeTile_Edge file related to tile “N+1”

Near range variation between the two consecutive
tiles

proc_pi xc_sp.
conput e_range_vari ati on_between_til es

3.7.2.3 Output Data

Description

two consecutive tiles

List of LakeTile_Edge labels that correspond to the same detected water region across the edge between

3.7.2.4 Mathematical Statement

Pixels at the last line of L2_HR_LakeTile_Edge tiW¥¢ (i.e. with azimuth_index
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pixc_last_line_indexand at the first line of L2_HR_LakeTile_Edge til+1" (i.e. with
azimuth_index pixc_first_line_indexare first aligned by making the@nge_indexcompatible,
using the near range difference computed in theique step (this is necessary to make pixels in
the same column correspond to the same distancetifre radar in the merged mask). The
obtained binary water mask (in radar geometryhéntprocessed to identify connected water
regions, as explained in Section 3.3.4. Howevés,dtep is here applied only to the last azimuth
line within tile “N” and the first azimuth line wiin tile “N+1".

The last step identifies labels on both sides eftille edge that belong to the same detected
water region. Three cases may occur (see exampligume 29):

» Case 1: No label of tile “N” corresponds to a labdile “N+1” or reversely. This
happens when a lake is entirely located at the danynof one tile, but does not cross
the border. In this case, the label of tile “N™bi+1” is the single element of the list
added to the output list. This is the case of lalelFigure 29 (a) and (b).

e Case 2: One label of tile “N” corresponds to orieelaof tile “N+1". In this case, the
list composed the old label of tile “N” and the dédbel of tile “N+1” is added to the
output list. This is the case of labélandsin Figure 29 (a) and (b).

* Case 3: Several labels of tile “N” match one or enlabels of tile “N+1”, or
reversely. This case rarely occurs. It means the ‘lmeanders” along the border
between two tiles. In this case, we obtain a lishaltiple matches. This is the case of
labelsc, d, u, andv, and label®, f andw in Figure 29 (a) and (b).

In this example, we first identify separate regions as illustrated in Figure 29T(ag.
matching labels for the two tiles are shown infdilwing list: [[a], [b, 5], [c, 1], [c, u, d, V], [e,
w, f]]. Region3 and Region both contain labat. Therefore, sub-listx[t] and [, u, d, v] are
gathered to obtain the resulting output listi,[[b, 5, [c, d, t, u, V], [e, w, f]]. We can notice that
the region with label, corresponding to a PLD lake crossing the tileee@ad therefore present
in LakeTile_Edge (see Section 3.4), is not takeém account here, as it is not located at the tile
border.

Casel Case 2 c c Case 3a Case 3b
ElE | E
GlE|e|E d d e 8
a a a b cHlNch Nel el e d d d e e i | i
Tiles a a a a b b b c c d d d d e e e |
edge s s t uou u Y W W W W W W W
Azimuth buffer border=1 s G RN Bt uu v W W W W W W W
S i (E ] u ‘u W W W w w
i [l Bl [ [ W W w w
o (RS RN (] IR BV (N T N T w
ALY Rt
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Case 1 Case 2 Case 3a Case 3b
Tiles a a a a b b b c c il i ki [t e e e £ F
edge s s t u u ]ul v v W W W WWW W
Azimuth buffer border = 1
(b)
Case 1 Case 2 Case 3a Case 3b
Tiles il | (| [ 6 ARIE 3 4 4 4 4 4 3553 5 5
edge 2 2 3 4 4 4 4 4 515 |5 'si |5 '51 5
Azimuth buffer border = 1
(c)

Figure 29. lllustration of LakeTile labels of conse
tiles, and (b) at the along-track edge. (c) A new s
tile edge permit to identify labels that belong to

3.7.2.5 Accuracy
See Section 3.3.5.

cutive tiles “N” and “N+1”, (a) at the scale of the
egmentation and temporary relabeling ( 1-5) at the
the same detected water body (e.g. b and s).

3.7.3 proc_pixc_sp.gather_regions_of swath

3.7.3.1 Purpose

The purpose of this function is to reorganize alké&Tile_Edge labels at the scale of the
continent pass (for one swath), gathering alsomatgons covering more than two tiles.

3.7.3.2 Input Data

Description

Source

Lists of LakeTile_Edge labels that correspond
to the same detected water region across
consecutive tiles

proc_pi xc_sp.
gat her _regi ons_at _edge

LakeTile_Edge label for each pixel contained in
features at the edges of all tiles of the continent-
pass (edge label variable)

L2_HR_LakeTile_Edge
related to all tiles of the continent-pass (for each swath)

3.7.3.3 Output Data

Description

Updated labels for each pixel with new labels gathering pixels by regions within whole swath

3.7.3.4 Mathematical Statement

This function groups previously obtained labelsesponding to the same waterbody at the
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swath scale and add LakeTile_Edge labels of featuoedirectly involved into a tile edge.
Then, a new label is given for each separate featur

In the example shown in Figure 3fBt her _regi ons_at _edge (Section 3.7.2) has
provided matching labels for all along-track tidges in the continent pass (for one swathy; [[
[b, 9], [c, t], [d, u], [t, K]]. Labelt belongs to two sub-lists. Labelandl are not directly involved
in any tile edge. Therefore, the final list becorf{es, { b, s}, { ¢, t, k}, { d, u}, {r}, {1}]. Finally,
LakeTile labela is relabeled, b ands are relabele@, and so forth, as shown on Figure 30 (b).

@)

w w w w w

w w w w w

w w w w w
w w w w
w w w w

(b)

Figure 30. lllustration of (a) the original LakeTil  e_Edge labels at the continent-pass scale, for one
swath, and (b) their new labels. (Connected groups of pixels are shown with the same colors.)
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3.7.3.5 Accuracy
This operation does not introduce additional errors

3.8 proc_pixc_vec_sp.update_pixcvec
3.8.1 Purpose

The purpose of this function is to update eachtij@uHR_LakeTile_PIXCVec file with
height-constrained geolocation, and PLD and obsiervalentifiers of the pixels related to
water regions crossing the along-track edges ofilds to prepare the L2_HR_ PIXCVec
standard products.

3.8.2 Input Data

Description Source

Pixel cloud vector attribute products for rivers, lakes and unassigned L2 HR_LakeTile_PIXCVec
features inside each tile of the swath

Height-constrained longitude, latitude, height, PLD and observation proc_pi xc.

identifiers of each pixel related water regions crossing the along-track | conput e_| ake_f eat ures
edges of the tiles

3.8.3 Output Data

Description
Updated longitude, latitude, height, obs_id and lake_id of each pixel related to these water regions in
the L2 HR__ PIXCVec objects.

3.8.4 Mathematical Statement

For the pixels related to water regions crossimgalong-track edges of the tiles, the
longitude_vectorprodatitude_vectorprocheight_vectorprocobs_idandlake_idvariables of
L2_HR_PIXCVec objects are updated with the corragptg input values.

3.8.5 Accuracy
This operation does not introduce additional errors

3.9 lake_db.init_prior_layer

3.9.1 Purpose

The purpose of this function is to initialize th2 IHR_LakeSP_Prior shapefile layer with
prior attributes of the PLD lakes located overdbatinent-pass granule.

3.9.2 Input Data

Description Source
PLD lake object | ake_db.

Pri or Lake
Continent-pass granule Input parameter
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3.9.3 Output Data

Description
L2 _HR_LakeSP_layer initialized with the prior attributes of the PLD lakes located over the continent-
pass granule

3.9.4 Mathematical Statement

The PLD lake object is reduced to the continensgaanule, and needed prior attributes are
passed to the L2_HR_LakeSP_Prior shapefile layer.

3.9.5 Accuracy
This operation does not introduce additional errors

3.10my_shp_file.merge_shp

3.10.1 Purpose

The purpose of this function is to merge L2_HR_ LTl [Obs|Prior|Unassigned] and
L2_HR_LakeSP_[Obs|PriorlUnassigned]_[R|L] inputpstide layers into a single shapefile
layer.

3.10.2 Input Data

Description Source

L2 HR LakeTile [*] shapefile layer L2 HR LakeTile product
Both L2 HR_LakeTile [*]_R and L2_HR_LakeTile_[*] L shapefile | proc_I ake.

layers comput e_| ake_features

[¥] means one among (Obs, Prior, Unassigned).

3.10.3 Output Data

Description
Shapefile layer containing all features from input shapefile layers

3.10.4 Mathematical Statement
The input shapefile layers are combined usingytia¢ . ogr 2ogr library.

3.10.5 Accuracy
This operation does not introduce additional errors
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3.11locnes_product_shapefile.merge_duplicate_featu res

3.11.1 Purpose

A PLD lake can be observed in both swaths (L andaRq in rare cases more than once per
swath (for example a large PLD lake shaped asther I'C”, where the middle part is in the left
half swath, and the two ends are in the right s\afith, but in different tiles in the along-track
direction). This initially leads to separate featim the L2_HR_LakeSP_Prior shapefile layer.

The purpose of this function is to combine theséuies into a single one.

3.11.2 Input Data

Description Source
L2 _HR_LakeSP_Prior shapefile layer ny_shp_file.
ner ge_shp

3.11.3 Output Data

Description
Updated input shapefile layer, with duplicate features merged

3.11.4 Mathematical Statement

The first step is to identify thake_idattributes that occur more than once in the input
shapefile layer, and retrieve their correspondirigrnal feature identifier (FID).

Then, the input features related to each identfkeD lake are merged:
* The resulting geometry is the union of the inpudrgetries.

* The outpubbs_idlist is the aggregation of the inpaibs_idlists, removing
duplicates. The inpudverlaplists are merged in the same wayoverlapis the
resulting number of elements in each of these lists

 Theareaqarea_totalandarea_detctttributes)the storage change attributes
(ds[1]2]_[l|q] attributes) are the sum of their correspondingirgitributes.

» The flags quality _f ice_clim_fice_dyn_fpartial_f attributes) are the maximum of
their corresponding input attributes.

» All other attributes (e.gvse are the weighted average of their correspondipgti
attributes. The weights; are defined as:
area_total;

w =
' Y;area_total;

3.11.5 Accuracy
This operation does not introduce additional errors
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4 Accuracy of L2 HR_LakeTile/SP Algorithms

This section summarizes the overall accuracy ot theHR_LakeTile and L2_HR_LakeSP
algorithms.

Table 10 describes the performance statisticsedtte level, for all PLD lakes in the
simulated representative dataset to which the seiegquirements [4] are applicable. We refer to
Appendix B for further information on the repressive dataset and how it is used for
L2_HR_LakeTile/SP performance assessment, by cangpaominal products to the so-called
“truth” (reference) products. Note that only lakeighin the nominal swath (10-60 km) and
larger than 250x250 Hare considered with respect to the science remeinés, and that
completely unobserved lakes are not taken intowatdco

Table 10. Summary statistics for the L2_HR_LakeSP | ake-level performances based on simulated
data from the representative dataset.

Metric Lake size | 68%ile | (sci. req.) 50%ile | Lake count
area_total (%) >250%x250 m? 20.6 (<15) 11.9 8783
area_detct (%) >250%x250 m? 16.7 (NA) 10.2 8783
WSE (m) >250%250 m?, <1 km? 0.066 (<0.25) 0.041 8239
WSE (m) >1 km? 0.067 (<0.10) 0.042 544

We see from Table 10 that the measuredal |68 percentile|) relative water surface area
error (based on therea_totalattribute) is not within the science requiremg@& 6% > 15%),
whereas thed WSE error is well within the science requiremdté cm < 25 cm and 6.7 cm <
10 cm, respectively).

4.1 Water Surface Area

Figure 31 shows theslrelative error| in total water surface area &resal lake size
categories (see Appendix B for further details owlit is computed). While lakes larger than 1
km? are within the requirement (<15%), smaller lakageherrors above this limit, especially
those between 250x25F mnd500x500 M. The result of this, together with the fact thwee t
smaller lakes are more numerous (see Figure 3®peAdix B), is that the overalb]relative
error| in total surface area reported in Table2Dg%) is above the requirement. Although there
iS no science requirement attached to it, we atsoputed the & |relative error| for the detected
water surface area (i.e. before adding surfacggdd as dark water, both in the nominal and the
truth water mask). The error is significantly low&6.7%), though still above the requirement.

Figure 32 represents as a dot plot the individelaltive errors in total area as a function of
cross-track distance, and lake size category (éiftecolors as indicated in the legend). While
these signed errors have a lower bound (-100%% keno upper bound, so we have clipped
values above 200% to make the graph more read&blexpected, larger lakes generally seem
to have smaller relative area errors than smatiespbut all size categories have strong outliers.
The dependency of the errors on the cross-tra¢érdis is not easy to see in this graph.

Figure 33 shows the median (50 percentile) valub@ftelative errors in total area for cross-
track distances ranging from 10 to 60 km (nomimath). Here we see a clearly falling trend
with distance. All the median values are positiveich probably reflects the fact that there is a
lower bound on the relative error (lake not detg)tbut no upper bound (the observed, i.e.
detected and dark-water-flagged area may becomé bigger than the actual lake).
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|Relative error| in total water surface area (10) as a function of lake size
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Figure 31. |Relative error| in total surface area (  10) as a function of lake size.
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Figure 32. Relative error in total surface area as  a function of cross-track distance from nadir, and
for different lake size categories.
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Figure 33. Median relative error in total surface a  rea as a function of cross-track distance from
nadir.
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A comprehensive discussion of the area errorseak2h HR_PIXC product level are given in
[14]. Important error sources are related to theewdetection accuracy (risk of false detection
and missed detection) and to the uncertainty oétltienated water fraction for water/land edge
pixels. The water detection has a regularizatiom tinat reduces the risk of missed detection
within the water bodies, but that may also smootloeer-regularize) the water body edges.
Small lakes have a larger proportion of edge pigals$ are therefore more exposed to errors in
both water detection and water fraction estimation.

When part of a waterbody cannot be detected beadissecalled “dark water” (very weak
backscattering of the water surfaces at winds spbelbw ~2 m/s), they are tentatively
completed through dark water flagging based ona prater occurrence map [14]. However,
the dark water model used in the current versioth@isimulated data makes dark water more
probable close to the boundaries of the lakes ithéime middle of it, and this is something that
makes it more difficult to flag dark water succedlgf The fact that the relative error of the
detected water surfaces is lower than for the wtefaces, indicates that the dark water flagging
is part of the problem.

Assignment errors are an even more important eooarce when going from the pixel
level to the lake level: these can be related ascnracies in the PLD (lake polygons, influence
area polygons), but also in the PRD. In particol&sing river reaches in the PRD can cause
over-attribution of pixels to a spatially connectakie.

4.2 Water Surface Elevation (WSE)

Figure 34 shows thesllerror| in average WSE for several lake size caiteg} As indicated
in Table 10, the results are well within the regments both for lakes <1 Krand lakes >1 ki
but while the expected trend is lower error addke size increases, Figure 34 reveals an
anomaly for lakes >4 kfnfor which the & WSE |error| is bigger than for smaller lakes, isnd
slightly above the requirement (< 10cm).

The dot plot of the individual signed lake WSE esrim Figure 35 has been clipped to £1 m
for improved readability. Larger lakes generallydamaller WSE errors than smaller ones, as
expected, but all size categories have strongesstliThis graph does not reveal any strong
dependency of the errors on the cross-track distanc

Figure 36 displays the median (50 percentile) valutae WSE errors for cross-track
distances ranging from 10 to 60 km (nominal swafthge median errors are mm- or cm-scale,
and there are both negative and positive valuesteTis no strong trend with distance in the first
half of the swath, but then the median errors iaseeowards far range (60 km).

The WSE error sources inherits those of the watdase area described above, except that
pixels flagged as dark water are not used to coenBE. There are also specific errors related
to phase unwrapping and the computation of geadacaeights (depending on the accuracy of
the reference DEM, random phase noise, impactyof/ir...).

In addition, assignment issues play an importaletiroWSE errors, in combination with
other error sources. An example is shown in Fi@Iewhere the river reach downstream of a
PLD lake is not present in the PRD. As the trudtigirence) water mask has a higher resolution,
the connectivity between the lake and the rivechaa preserved, and as the river reach has not
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|Error| in water surface elevation (10) as a function of lake size
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Figure 34. |WSE error| (1 o) as a function of lake size.
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b i

Figure 37. Example of assignment differences betwee  n the truth L2_HR_LakeSP product (left) and
the nominal L2_HR_LakeSP product (right). The under  lying L2_HR_LakeTile tile numbers are
indicated in red. A lake and a connected river reac  h (not present in the PRD) are assigned to a
PLD lake (lake_id 7310042752) in the truth product, = whereas only the observed lake is associated
with the PLD lake in the nominal product (river not detected in the simulated SWOT image).

been assigned to a PRD reach through the rivér pmaicessing, it is assigned to the PLD lake
(together with the actual lake). In the nominaldarct, however, as the resolution is coarser and
the observability of the river weaker, the lakadt connected to the river reach (in radar
geometry), so only the lake itself is assignech®oRLD lake. In this particular case, the impact
on the relative water surface area is relativelglenate (-11.4%), whereas the WSE error is large
(21.5 m) compared to the science requirementsthier cases, we inversely have large area
errors and minor WSE errors.

In the case described above, the assignment isgyeancerns the truth water mask, but in
many cases it also concerns the water mask ofahenal product, and the general problem is
that there may be assignment differences betweetwih masks that increase the measured
errors.

As explained in Appendix B, it is not practicallyafsible to filter out all such spurious cases
based on visual inspection, because of the largbeuof simulated lakes. Improvements in the
PRD and PLD throughout the SWOT mission will redtieassignment errors and thereby also
the water surface area and WSE errors.
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Appendix A.  Acronyms

AD Applicable Document

API Application Interface

ATBD Algorithm Theoretical Basis Document
CNES Centre National d’Etudes Spatiales
JPL Jet Propulsion Laboratory

NASA National Aeronautics and Space Administration
OBP On-Board Processor

PGE Product Generation Executable

RD Reference Document

SAS Science Algorithm Software

SDS Science Data System

SWOT | Surface Water and Ocean Topography
TBC To Be Confirmed

TBD To Be Determined

SLC Single Look Complex image

SAR Synthetic Aperture Radar

SNR Signal-to-noise ratio
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Appendix B.  Simulations

The performance assessment of L2 _HR_LakeSP prosuotsed on a representative
simulated dataset of L2_HR_SLC products, processé@ HR_ PIXC products as described in
[14] (Appendix B), thereafter to L2_HR_RiverTilechh2_ HR_RiverSP products as described
in [20] (Appendix B), and eventually to L2_HR_LakksTand L2_HR_LakeSP products as
detailed below.

The representative dataset contains a total oh&fue simulated scenes in the United
States, Canada and France, yielding 598 scenetifmsembinations in total (~64x64 Krtiles).
When intersecting these simulated data with the PIE), the representative dataset contains
11606 unique lakes and 21521 lake-passes in @tahese, there are 4027 unique lakes and
8783 lake-passes that meet filtering criteria basethe applicability of the science
requirements for SWOT [4]:

* Simulated lakes must be located between 10 km @rairbcross-track. That is, if a
portion of the lake is outside these limits, théstps not considered in the
performance statistics. Lakes outside this nonsnath are excluded from the very
beginning in the above figures.

« They must meet a minimum area of 250x25Qarbe included in the lake
performance statistics. This criterion discards®8bthe 21521 lake-passes within
the nominal swath (note that detected lakes smihigar 100x100 fhare excluded
from the very beginning). Figure 38 illustrates hitne number of lakes continue to
diminish with increasing lake size.

» Lakes that are not observed at all are let out@ftatistics. This criterion eliminates
4092 PLD lake-passes, of which 769 lakes were bitjgan 250x250 f

Number of lakes as a function of lake size (8783 lakes in total)
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Figure 38 Number of PLD lakes (lake-passes) inthe  representative dataset as a function of the
lake size (only lakes larger than 250250 m 2 are shown here).

Performance assessment based on simulated SWOTedatee both “truth” and
nominal processed data. River and lake “truth” degee generated by evenly distributing
(resampling) water observation pixels over thentruaiter masks and assigning WSESs to each
pixel from the truth heights (based on airbornaididata) used as inputs to the simulation, in
order to form an artificial L2_HR_PIXC “truth” prodt [14]. Directly mapping “truth” heights
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to pixel heights eliminates sources of error dueRoHR_PIXC or L1_HR_SLC processing.
These artificial L2_HR_PIXC products are then pesesl through L2_HR_RiverTile processing
to create “truth” L2_HR_RiverTile products [20], ieh allows us to exclude pixels assigned to
river reaches (except connected lakes) from theesyuent L2_HR_LakeTile and

L2 _HR_LakeSP processing used to generate L2_HR Tlilekend L2_HR_LakeSP “truth”
products.

While there may be discrepancies between the stronlanputs (and thus the “truth”
products) and the PRD and PLD, and also non-phlyaititacts or inaccuracies in the “truth”
data themselves, it has not been judged practifedlyible to visually inspect the 4027 unique
PLD lakes (8783 lake-passes) covered by the daafset filtering), to eliminate such spurious
cases. The result is an increase in the measurad es discussed in section 4.

The two main error metrics for lakes with respediie science requirements [4] are
computed as follows:

* The b |relative error| in total surface area is compungdirst subtracting the reference
total area from the observed total area of theviddal PLD lakes, based on the “truth”
and nominal L2_HR_LakeSP products, respectivebn tividing by the reference total
area and taking the absolute value of the resuit fimally computing the d value (68
percentile), either globally or separately for eifint lake size intervals.

* The I |WSE error| is computed in a similar manner, ekteq it is simply based on the
difference between the SWOT-observed WSE and teesrece WSE.

Signed individual errors and their median valuesaso computed and displayed in section 4.
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