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SWOT SWOT Basics

 The SWOT mission is a joint NASA/CNES
miIssion
— Within the last month, NASA and CNES have

reached an understanding on partnering and
launch date

 The estimated launch date is 2019
* Mission lifetime: 3 years (5 years goal)
« 970 km, 78° Inclination orbit

— ~3 day fast sampling phase 15t 3 months
— ~22 day repeat cycle for nominal mission

1-2 é OSTST Lisboa
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SWOT

Mission Science

Oceanography: Characterize the ocean

mesoscale and sub-mesoscale circulation at
spatial resolutions of 10 km and greater.

The SWOT Mission and Payload

Interferometer i Interferometer
Antenna1_ “" , __Antenna 2
Hydrology: To provide a global inventory of all \ b  /
terrestrial water bodies whose surface area NS T Nadir <
exceeds (250m)? (lakes, reservoirs, wetlands) I W N ARERCICe // /7 \\
and rivers whose width exceeds 100 m ,’ \\\\ N 7 /// \
(requirement) (50 m goal) (rivers). ! \\\ \\\ // ¥ 7 X
» To measure the global storage change in fresh E / \ \\ \; < / // \\
water bodies at sub-monthly, seasonal, and o ,’ \\ \ o | / / \
annual time scales. &> | X -4 7 \
 To estimate the global change in river discharge at /’ /\( \ / /’(\ \\
sub-monthly, seasonal, and annual time scales. /I /// \\ \\ // / g " \
/ % \
Mission Architecture
« Ka-band SAR interferometric (KaRIn) system with
2 swaths, 50 km each (goal of 60 km)

» Produces heights and co-registered all-weather
imagery

» Use conventional Jason-class altimeter for nadir

S 2 Intrinsic
Surface Water..- =~ Resolution
" Topography - from2mx70 m
Rozim g ; 4 R to2mx10m
coverage, radiometer for wet-tropospheric delay, "SR il T o St
and GPS/Doris for POD. hm rEm
» On-board data compression over the ocean (1 km?

: Orbit: 970 km Alt, 78 deg Incl, 22 day repeat
resolution). No land data compression onboard.

SJPL &
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SWOT Baseline Payload Concept (l)

Instrument GPS

Spacecraft

‘~
§~~

Direction =~~~
of Flight

~
-~
S

KaRIn Feeds

Payload Module

Altimeter LRA

Radiometer

KaRIn Reflectarray

1
1
1
1
1
1
1
1
1
v

Nadir
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SWOT

Radar Spatial Resolution

SAR Altimeter
Azimuth Resolution

. Interferometer
: Azimuth Resolution

Nadir
Track

X-Y
Projection

illliiilIlllllllllllllllllll.
H

A
=
-
3 NEERNRARRARENSRANENENEN

Altimeter Range
Azimuth Resolution
Ambiguous Cells
Returns

D) i b i S R
e - - S

X-Z
Projection

iPulse Limited;
ie— Circle —i

Conventional real-aperture
altimeter spatial resolution
Is determined by iso-range
annuli and antenna
beamwidth
— Left/right/front/back
ambiguity
— Pulse limited circle gives
geolocation
Synthetic aperture
processing narrows the
along-track (azimuth) cell
size
— Left/right ambiguity is not
resolved
— Clutter from land is
reduced
Interferometer resolves
left/right ambiguity by
illuminating only one side
of the swath

SJPL &

é cnes
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SWOT Interferometric Measurement Concept

- Conventional altimetry measures a single range
and assumes the return is from the nadir point

 For swath coverage, additional information about
the incidence angle is required to geolocate

* Interferometry is basically triangulation
» Baseline B forms base (mechanically stable)

* One side, the range, is determined by the
system timing accuracy

*The difference between two sides (Ar) is
obtained from the phase difference (®) between
the two radar channels.

d=2n Ar/A = 2nB sin ®/A
h=H-rcos®

1-7 é OSTST Lisboa
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SWOT KaRIN Interferometry: Nominal Mode

Step 1.
Transmit 1
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SWOT KaRIN Interferometry: Nominal Mode

Step 2
Receive 1

Delay 1: 2 r;/c
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SWOT KaRIN Interferometry: Nominal Mode

Step 3
Transmit 2

Delay 1: 2 r,/c r,

1-10 é OSTST Lisboa
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SWOT KaRIN Interferometry: Nominal Mode

Step 4
Receive 2

Ar=Bsin®

Delay 1: 2 r,/c
Delay 2: 2 r,/c

1-11 é OSTST Lisboa
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SWOT KaRIN Interferometry: Nominal Mode

Step 5

neBsng Form
=bSin

) ., Phase
Difference

Delay 1: 2 r,/c
Delay 2: 2 r,/c
Differential delay: dt = 2 (r,-r,)/c = 2Ar/c
® = wdt = k(2Ar)

1-12 é OSTST Lisboa
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SWOT Example SWOT Image

Color represents
Interferometric phase
(modulo 2m)

Brightness is radar
normalized cross
section

Spatial resolution:

Land: 2.5m x 10m —
70m

Ocean: 1 km x 1km

. OSTST Lisboa
i' cnes October 22, 2010
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SWOT

The SWOT Error Spectrum

The driving requirement is to measure sea surface heights at all scales, from 10 km to
basin scale. The requirements are derived by requiring that the errors be one order of
magnitude smaller than the extrapolated Jason spectrum.

1.0ES5

1.0E4

1.0E3

1.0E2

1.0E1

Power density (cm?cycle/km)

1.0E0

1000 100 10 km

Instrument |

. noise
—_—

e
-
e
-

30

0.0010

» O, ,totalvariance
e at 1x1 km?

——— 1 cm?at 5x5 km?
(from science requirement)

0.0001 / 0.1000
Wavenumber (cycle/km) 10 km
JPL @/ 1-14 scn es OSTST Lisboa
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SWOT

KaRIN Interferometry:
Near-Nadir Mode

Step 1.
Transmit 1

. OSTST Lisboa
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KaRIN Interferometry:
SWOT Near-Nadir Mode

Step 2
Receive 0

Delay 1: (ry+ry)/c
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KaRIN Interferometry:
SWOT Near-Nadir Mode

Step 3
Transmit 2

Delay 1: (ry+ry)/c
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KaRIN Interferometry:
SWOT Near-Nadir Mode

Step 4
Receive 0

Delay 1: (ry+ry)/c
Delay 2: (r,+ry)/c

1-18 é OSTST Lisboa
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KaRIN Interferometry:
SWOT Near-Nadir Mode

Step 5
Form
Phase
Difference

Delay 1: (ry+ry)/c
Delay 2: (r,+ry)/c/c
Differential delay: dt = (r,-r,)/c = Ar/c
® = wdt = k(Ar)

The effective baseline i1s Y2 nominal baseline

1-19 é OSTST Lisboa
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There is enough KaRIn
power in the near-nadir direction?

Gl

Return Power/Thermal Noise
= &

[ )
=

10

boresight: 0.0 deg
boresight: 0.2 deg
boresight: 0.4 deg
boresight: 0.6 deg
KaRIn Power

*Getting appropriate
signal to noise ratio over
the swath up to and past
10 km probably requires
separate tilted feeds for
each (right/left) swath.

* There is significantly
more power in the near
swath compared to
KaRIN nominal mode

* However, there is only
Y, the baseline

11 20 30 4l i £l
Cross-Track Distance (km)

JLg -
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SWOT

KaRIN

Near-Nadir Mode Performance

KaRIN Near-nadir Performance

Height Noise (cm)

boresight: 0.0 deg
boresight: 0.2 deg
boresight: 0.4 deg
boresight: 0.6 deg| ... . . ...l ..

w

I

2 4 6 8 10
Cross-Track Distance (km)

KaRIN Altimeter Performance

. L AliiKa |- .....................................................................
E 35 == Poseidon
D ".}ﬂ - T . ...........................
(.I'-'.'l p I R R R ; ..........................
% L 1] TR TR o g
':% 1.5 :-__“.- ............... ......................................................
l.ﬂ I e e L '. ......................................................................
05 1 2 3 4 i 7 &
0.40 : : r
0351 =— boresight: 0.0 deg
E E"Z’” | — boresight: 0.2 deg
E 0.21; — boresight: 0.4 deg
I p15/| — boresight: 0.6 deg
-:.lgn 0.10 ; ;
ﬂu:] ... R ] , ......................................................................
000, 1 2 3 4 i 7 8

Estimation Interval: 1 second

SJPL &
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SWOT

What are the Basic KaRIN

Products?

Hydrology

» Water surface elevation for all
water bodies

— Geolocated elevations reported
on an irregular grid conformal to
the water body shape

— Order of magnitude resolution:
o0m

« Water extent gelocated mask on
irregular grid conformal to water
body shape

 Elevation and classification
updated every revisit (~10 days)

« DEM of floodplain derived over

Oceanography

* SSH In repeat pass along-track
grid

* Allows automatic pass-pass
differencing

 Grid spacing: 1km x 1km

» Co-registered radar cross section
« SWH estimate

« SSH random error estimate

« Wind speed estimate

the mission
SJPL &

OSTST Lisboa
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WEDDELL SEA
SHELF

Courtesy D. Alsdorf, OSU




SWOT Tidal Aliasing: i = 78°

Tidal Alias Freguency (cpy)

78 degrees

Courtesy S. Nerem et al.
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22-Day Repeat, 3-Day Subcycle

l

|

I
|

I
|
I
1
[
[
|
= pes
|
|
|
|

Base Interval
~25 or ~3000 Courtesy S. Nerem et al.
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3-Day Repeat
!
/
N

!
'ﬁ
'f

|
I
1
[
[
|
= pes
|
|
|
|

Base Interval
~25 or ~3000 Courtesy S. Nerem et al.
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SWOT 22-Day Repeat Aghulas

n mummmo

TN 4 H‘OH IHQO COH
R A HH‘CWO'O 0‘0’0‘:’0’0‘0’0‘&‘1‘:’0‘0’0
gHHHHNHHHHHHHH HHHHHHH
;Iilllil!#iilii!%!i0##6tiilliliiiiiiil##li#il#iitii
gilnttltiiililii#l&t#i#iitilitiiiiiiltll*#liiilltll
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30 E Longltude (deg) 60°E
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Number of Observations/Cycle
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SWOT 10 days of 22-Day Repeat, Aghulas

30°8 [

chatitude (deg)

1 2 3 4 5 &6
Number of Observations/Cycle
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SWOT 4-Days of 22-Day Repeat, Aghulas

Jhatitude (deg)

I
wun

60°S

30°E Longitude (deg) 60°E

N -
1 2 3 4
Number of Observations/Cycle
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SWOT

0.4

0.3

pdf

0.2

0.1

0.0

22-Day Repeat, Aghulas

al

*300

M 1l
300

200 500

0
Revisit time (hours)
1.0 . . T
oslh J_’_/_,_,_/—'JI
0.6}
S
9]
0.4}
0.2}
005 100 200 300 200 500
Revisit time (hours)
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22-Day Repeat, Amazon

' mmwvww

N*“ﬂ

:Ju\N ’v“#«'
\M’M JC
| ‘h WY M"W‘

Number of Observations/Cycle
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10 Days of 22-Day Repeat, Amazon

[
4
[Cycl

3

Number of Observations/Cycle
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4-Days of 22-Day Repeat, Amazon

60°W

15°S

3

2
Number of Observations/Cycle

1
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October 22, 2010

CENTRE NATIONAL D'ETUDES SPATIALES

)
o
-




SWOT

22-Day Repeat, Amazon

0.25F
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Revisit time (hours)
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0.6
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0.0

100
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22-Day Repeat, Lena

123456 78910
Number of Observations/Cycle
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10

19 F44:5 6 T8 910
Number of Observations/Cycle
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N
1234548678910
Number of Observations/Cycle
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SWOT

22-Day Repeat, Lena
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SWOT

22-Day Repeat

20
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Latitude: 0 deg

Latitude: 20 deg
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SWOT Wave Effects (10 km Cross-track)

Height (m)

Cross-Track Distance: 10 km oc=0.5 m

1.5 l l | '
1.0 b ‘. — '120
0.5} fq iy 1

2
— 60 <
0.0 -4 HO )
(V)]
—0.5f, * J —60 ig
(al
—-120
~1.0 g4 ! i
]
-1.5 | | |
—-200 —100 0 100 200

p—po (M)
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SWOT Wave Effects (35 km Cross-track)

Cross-Track Distance: 35 km o=0.5 m

Height (m)

| I |
1.0+ -
120
0.5F L o
- ()
60 >
0.0} | Ho O
©
—60
—0.5 - .
-120
-1.0}F -
| | | | |
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SWOT

Wave Effects (60 km Cross-track)

Height (m)

0.5

O
O

|
O
U

|
-
o

Cross-Track Distance: 60 km ¢ =0.5 m

|
—20

|
—10

0
p—py (M)

10

20

120 __
0
60 o
0 W
S
—60 éf
—120
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SWOT Effect on Interferometric Correlation

Pierson-Moskowitz Simulation

g o
=)} o
T T

Geometric Correlation
=
N
|

0.2

D n | | | ]
0 10 20 30 40 50 60 70

Cross-Track Distance (km)
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Radar Layover

SWOT and its Effect on Interferometry

roROaraphic
layqver

Vegetation
layover

Points on dashed line arrive at the same time

Correlation Ratio (land less correlated than water)

<V1V >x<2> = PWateJ/WatereXp[icDWater + PLandyLand eXp[iq)Land]

SO = arol 1+ PLand Yiand eXp[i(cDLand _ cDWater ]

Water yWater

Brighthess Ratio (land darker than water)
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Vegetation Effects

Canopy attenuation:
weaker signal but no
height bias

Canopy Layover: no
attenuation, but height
bias.
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Effect of Exponentially

SWOT Attenuating Trees

p—py (M)
| | | |
15} =
10 4 HM120
r— (@)]
£ st | e, o
=B , 0 o
— = 7 Q
E‘? sl - | H-60 ﬁ
s =5l
] i
_15_ | —

| | | | | |
—600 —400 =200 O 200 400 600
p—po (M)

XD = arg| 1 + LJ(exp[ixZ(T —z) e —explix (T —zz)]e_&z/T)

b +ik
kBT
" Hsino B: attenuation constant. T: tree
v= p height. u: brightness ratio.
—e
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SWOT

Effects of a tall stand of trees

Height Error (cm)

Height Error (cm)

Height Error (cm)

N W p
o

o

-
L O

Forest Stand Width: 50 m

Nadir distance: 60 km

o

[ J | ‘ | ’ [ :

— Tree/Water Contrast: -10 dB
— Tree/Water Contrast: -15 dB
—— Tree/Water Contrast: -20 dB
| . | . | 1 l |

400 600 800
Nadir distance: 35 km

1000

CLaNWAOION
\ 1

—

I ' I ' | ! [ '

l 4 L o | l "l

00 400 600

Nadir distance: 10 km

200 400 600

Range Distance to Tree Line (m)

800

Height errors as a function
of cross-track distance
(from near swath (bottom)
to far swath (top)),
tree/water brightness
contrast, and distance
between the water pixel
and the start of the
vegetation patch along the
range direction. The tree
stand has a range extent of
50 m and was assumed to
be 50 m tall.
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Amazon Tree Layover Simulation

RMXS«ecr , ' 'okr'

i ' l - TST Li
Amazon vegetation/water mask p @/ 1-48 é cnes oC(t)o?)efzz Egig
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SWOT Amazon Tree Layover Simulation

1e+08 T T T I T | T T T T E
- — Contrast: 10 dB: RMS error: 2.8 cm . ¢ Assumed '[I’ee
- — Contrast: 15 dB: RMS error: 1.1 cm T .
[ 1 height: 20 m
1e+07 = E
F 1« Fraction of land
fes06 which is tree
g covered: 100%
8 L
1e+05 3
10000 &
113()930 J -Elﬂ J -‘IIG | l‘!‘! l 1]1.) L EIU l 30

Height error (cm)
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SWOT Cross-Over Calibration Concept

* Roll errors are the dominant error source for

WSOA and must be removed by calibration.
Calibration Residual range and phase errors are also
Bodlone-2 removed.

*Assume the ocean does not change
significantly between crossover visits (<5
days)

«( N / 47
_ '\ DN, 7/ « For each cross-over, estimate the baseline
\.‘ d \
X)
%%

; e, i
Region 1 - \\ Region 2 - 4 roll and roll rate for each of the passes using

3 5
.\ S altimeter-interferometer and interferometer-
/’ % \\ Calibration

interferometer cross-over differences, which
&
9,
% K2 Region 1-4
N\

define an over-constrained linear system.

JPL % @cneso” oSTST o

CENTRE NATIONAL D'ETUDES SPATIALES

* Interpolate along-track baseline parameters
between calibration regions by using optimal
interpolation given gyro drift correlation
function (similar for phase)
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SWOT Cross-over Calibration
Results without ocean motion

« Cross-over technique Error represents swath average error
demostrated for WSOA o Nooceanmotion
* New orbit has new geometry ol
and longer repeat times *|
between cross-overs 8 0|
« Results show that changes in o]
cross-over geometry have not Qe 1
affected the calibration | o HehtEmor(m)

accuracy

 Results also show that
iInterferometer only calibration
IS sufficient for roll restitution

» Interferometer-Altimeter cross-
calibration required for range
calibration to altimeter global
frame

0.005 0.010 0.015 0.020 0,025 0.030 0035 0.040
|Height Error| (cm}
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SWOT Simulations with ocean meotion

« Ocean motion between cross-
over revisits is the dominant

Error represents swath average error

contributor to the roll calibration e WithOcean motion
error budget 040
 In general, the calibration -
parameters are well behaved, but 507
the distribution has large tails 015
- 68% error<1.5cm ooel

. 80% error < 2.0 cm 000 =6 =0 10 0 10 20 30 0 50

Height Error (cm)

e 90% error < 5.0 cm

» These large tails are due to cross-
overs with long time separations
or over active regions

* Improved estimates can be
obtained by editing and optimal
|nterp0|at|on |Height Error| {cm)
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Correlation

PSD (arcsec’ /cycle/sec)

Ocean Calibration Propagation Across

SWOT Cross-Qvers ofF Land

« (Ocean cross-over calibration leads to roll
calibrations over the ocean at each
cross-over point

» Gyro+star-tracker may have absolute
errors or drifts, but the errors are slowly
varying, so once calibrated over the
ocean cross-overs they have a long

0.05 20 70 60 80 100 memory
10° Time (minutes) « Worst case example: assume that land
11;!? E crossing is bracketed by only two ocean
107 points, roll is estimated (with error) and
10” propagated using optimal interpolation
os| (correlation function based) over land
ig ' GyrosStar Tracker * In practice, additional ocean information
1

10 10° 10?7 100 10° 10 could be used to estimate gyro drift, etc.
Frequency (Hz)

o
in
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SWOT

How long are the land crossings?

Cumulative Density Function

SWOT Land/Ocean Crossing Lengths

0.8

0.6

0.2

T T TTTT]J T T 17T T T T T TTITT

— Longest Land Crossing: 8877 (km)
— Longest Ocean Crossing: 16525 (km)

Lo 1 L1l L L1 1011

LK1}

SWOT Land/Ocean Crossing Times

L8

0.6

04

Cumulative Density Function

0.2

T T TTTT] T T T T TTTT] TTTTT

— Longest Land Crossing: 23.1 (min)
— Longest Ocean Crossing: 43.0 (min)

L1l 1 L1 or a1l L L1111

LIR1]

10# 1t 10° i 10 1" 1t 1
Distance (km) Time (min)
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SWOT How does the error grow?

Error at coast: 2.0 cm. Apriori error: 5.0 cm

5

[*9]

Error (cm)

J

L

— 20% duration: 1 minute

1
— 40% duration: 2 minutes
— 60% duration: 3 minutes
—— 80% duration: 4 minutes
— max duration: 23 minutes
8.0 0.2 0.4 0.6 0.8 1.0
Time/(Pass Duration)
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SWOT How does it look globally?
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Optimal interpolation can reduce roll RMS errors by 1-3 cm
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Expected Error (cm)
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SWOT A challenging meseoscale eddy

ROMS MSLA
N [ [

: l |
00 20 40 60 80 100 120

SSH contours are 1 cm
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A bad case...
smT Effective roll 10x worse than expected
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SWOT Smoothing does not help much...

Uncorrected SSH, 9 km Blackman
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SWOT

Separating the signals

— Cross-track slope. STD: 0.34 arcsec
- - Bootstrap cross-track slope. STD: 0.04 arcsec
® Roll Noise. STD: 0.05 arcsec

10-4 ;

Power Density (arcsec® /cycle/km)

107

10°®
107 101

Spatial Frequency (cycle/km)

Spectra from high-resolution ROMS
ocean model at 1km sampling.

10°

Cross-track surface slopes have very
small power at high density

The effective roll angle (roll + phase)
can be estimated for each range line by
removing a best guess a priori surface
and estimating from the flattened
Interferogram (or fitting a slope)

The resulting estimate of effective roll is
contaminated by the unknown height.

However, the high-frequency part of the
correction can be extracted and applied
with little surface contamination.

SJPL &
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But removing the estimated higlh
SWOT frequency roll does...

0 20 40 60 80 100 120

When the errors are smaller than 10x, it works even better...
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