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Intro

Multiespectral, passive microwave and Visible and . .
SAR (active microwave) sensors Infrared sensors SWOT MIsSSion
(e.g. MODIS, Landsat, AlosPALSAR)
Interferometer sensor

Active and passive
’ microwave sensors

3 “

(e.g. SWOT mission)

dar and Laser altimeter sensors
. JASON-1,2,3, ENVISAT, IceSAT-1,2)

-
Interferometer Interferometer

: Land cover change, Antenna 1 Antenna 2
Muluespectral | sspended Sediments Precipitation ot 4
Passive gwgz;wave { Surface water extent (e.g. orographic, convective) (e.9. GRACE and GRACE F.0,)
an .g. 0.

*(2200 mm yr ')

River hydrodynamic Ty ,’ T ¢ A \\
(water level, slope | X & S P 4 ¥ 80 \
T and bathymetry) £ | L p A \
\ 4 > I X N e \
N \ > / A Y. . 7 \
Evapotranspiration SWOT ; = / X e N, \
b * 5 j - swath Altimetry Interferometer \ /’\ /\\ !/ Interferometer
. * (1100-1500 mm yr-) ground track ! lonSwath X \ /K Right Swath
Surface ., ~x —w 7% J SRRy ‘ s / >\ VO o e \
runoff R Precipitation \ \
» = & recycling

Base flow "(25-35%)

-

Surface Water Elevation )

main Amezon river amplitude  ' _Sediment transport ; % : i Cross-track
st CO, (~4-12m) (~1100x10¢ ton yr') Ocean y £ Resolution

= \ from

wildfire 70m to 10m

— Topograph ~7.. Topography - -
e pography z7y TopOgraphy-,

Floodplain / Inundation \
"(20% of the basin)

River discharge

\ \ q '(~206x1 o m? s/-’) H-Pol Interferometer Swath , V-Pol Interferometer Swath
\ & 10 - 60 km Nadir 10 - 60 km

: Altimeter
N / s

o) ~ Terrestrial Water Storage
Q variation

*(1800-2700 km? yr')
Surface water storage (~49%)

Root zone soil moisture (~27%)
Ground water (~24%)

cH4t from Wetlands
"(~22 TgC yr')

—

Fassoni-Andrade, A. C., Fleischmann, A. S., Papa, F., Paiva, R. C. D. D., Wongchuig, S,
Melack, J. M., ... & Pellet, V. (2021). Amazon hydrology from space: scientific advances
and future challenges. Reviews of Geophysics, 59(4), e2020RG000728.

3

m— = Il 2K im == = B Em ¥ > THE EUROPEAN SPACE AGENCY

li

- == 4 ]I - 10 0l




Intro

Article  Open access Published: 20 March 2024

Global prediction of extreme floods in ungauged
watersheds

Grey Nearing El Deborah Cohen, Vusumuzi Dube, Martin Gauch, Oren Gilon, Shaun Harrigan, Avinatan

“5,680 streamflow gauges”

Hassidim, Daniel Klotz, Frederik Kratzert, Asher Metzger, Sella Nevo, Florian Pappenberger, Christel

Prudhomme, Guy Shalev, Shlomo Shenzis, Tadele Yednkachw Tekalign, Dana Weitzner & Yossi Matias

Nature 627, 559-563 (2024) | Cite this article

130k Accesses | 316 Citations | 473 Altmetric | Metrics

Abstract

Floods are one of the most common natural disasters, with a disproportionate impact in
developing countries that often lack dense streamflow gauge networks®. Accurate and timely
warnings are critical for mitigating flood risks2, but hydrological simulation models typically

must be calibrated to long data records in each watershed. Here we show that artificial

intelligence-based forecasting achieves reliability in predicting extreme riverine eventsin

Total Reaches: : SWOT Passes Per Reach

213,485 R S4 BE 1o

Altenau, E. H., Pavelsky, T. M., Durand, M. T, Yang, X., Frasson,
R. P. D. M,, & Bendezu, L. (2021). The Surface Water and
Ocean Topography (SWOT) Mission River Database
(SWORD): A global river network for satellite data products.
Woater Resources Research, 57(7), €202 WR030054.
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Problem overvie

Water surface elevation

* Timeseries for non-gridded (lat, lon) locations e c
‘%ﬁ) o)
Sources
o {“T
« SWOT: 2023-2026, dense in space / sparse in time
* Classical altimetry: 1993-2026, sparse in space & time
* HydroWeb: ERS-1, Topex/Poseidon, ERS-2, GFO, Jason-1, Envisat, Jason-2, - )
Saral/Altika, Jason-3, Sentinel-3A, Sentinel-3B, Sentinel-6A and SWOT \ m ]'/H\ fj\ ﬂ/\\ /\ /A\ /}\ /
* In-situ gauges: 1922-2026, very sparse in space / dense in time - Continont Digit (Pfafstattor L)
B - Pfafstetter Basin Codes (L2-L6)
R - Reach Number
N - Node Number
* From Brazilian ANA AP . = Ty

74298200010021 (node id)
74298200011 (reach id)

* SWORD: static river database with topology

74298200020011 (node id)
74298200021 (reach id)

Level 6 Basin Code

~\ / X :
" ht Y st b4
fl o S
Pfafstetter { ;
.'"__\_';

https://www.theia-land.fr/en/blog/product/water-levels-of-rivers-and-lakes-hydroweb/ - 2. ,
Normandin, C,, Frappart, F., Diepkilé, A. T., Marieu, V., Mougin, E., Blarel, F., ... & Ba, A. (2018). Evolution of the performances of radar altimetry downstream upstream 74238200030041 (”O‘_je id)
missions from ERS-2 to Sentinel-3A over the Inner Niger Delta. Remote Sensing, 10(6), 833. 74298200031 (reach id)
https://www.ana.gov.br/hidrowebservice/swagger-ui/index.html#/ 5
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Problem overview® /

SWORD Reaches for amazon

All Data: Reaches, Classical Stations, and In-Situ Gauges

s- i > LRI Satistics:
) ) ' . - 17K /19K SWORD reaches
are observed by SWOT
- 10K pass our quality filters
- 3K classical altimetry virtual
stations
- 100-300 insitu gauges
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Problem overview

2016-2023 2023-...

All Data: Reaches, Classical Stations, and In-Situ Gauges All Data: Reaches, Classical Stations, and In-Situ Gauges

Classical OPERATIONAL - Matched
Classical OPERATIONAL - Unmatched
Classical RESEARCH - Matched
Classical RESEARCH - Unmatched
Insitu Unmatched

Insitu Matched

Latitude
C9)
€]
Latitude

—10 - —10 A

_15 il —15 =

—-20 A e}

—20 1

=70 —-65 —-60 =55 =50
Longitude

—-65 -60 =b5 =50 -80 =75
Longitude

-80 —715 -70

v
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L2 HR RiverSP — Reach Ver
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SIQn
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C

SWOT vs Classical altimetry

Classical VS #106869 vs SWOT reach 62226000301

\.’An

Classical VS #103941 vs SWOT reach 62228700151

306 A

-54.4178°E o

Classical: -11.2520°N, -33.7668°E Classical VS #106869 (mean-shifted +7.38 m) Classical: -13.8763°N, : Classical VS #103941 (mean-shifted -1.74 m)
284 o [peach: - M1.2537°N, -53.7655°E o  ® SWOTreach 62226000301 son Reach: . 1a5 703Ny -34.4160° e SWOT reach 62228700151
T ®
PY a e @ °®
o /v 302 Lo S N
i 0 © ° -
280 - ~ - J\/\L/j /\/\\’lﬁ’ ’
- . a
£ T 300 - N/ ° .
L.;j 278 - g . ¥
= = 298 A . L
276 4 ° o®
® 296 - ..o .
274 . . . .
* ° 294 4 *
272 4 ®
L ] e L ]
T T T T T T T T T 292 - T T T T T T T T T T T T T T T T T T
¥ S S S\ S S\s S P S ¥ S S S\ S S\s S P
In-situ #13610001 vs SWOT reach 62292600151 In-situ #12510500 vs SWOT reach 62296700591
135 ;
In-situ: -9.5819°N, -67.5281°E — In-situ #13610001 (mean-shifted +109.64 m) In-situ: -7.7994°N, -72.6211°E —— In-situ #12510500 (mean-shifted +157.26 m)
130 - Rech: 50 00 N, -67.3264°E e SWOT reach 62292600151 Reach: | 1ea 4N, -72.01821E e SWOT reach 62296700591
! .. . 170 - . .
125 o . .o
120 1 : 1051 Toe
_ L ] ® —_— L L ]
£ ® £ -
w1157 ) . = 160 - . il o I
v ° ° v o ° ]
= 110 - o = e ®o o
° 155 o . ®
105 - ® o ® o
e ® i o ®
100 - L . W 150 .
[ ]
95 ] T T T T T T T T T T T . T . T T T T 145 i T T T T T T T T T T T T T T '. T T T
S ¥ S S S\ S S\s S P S ¥ S S S\ S S\s S P
https://www.earthdata.nasa.gov/data/catalog/pocloud-swot-I2-hr-riversp-2.0-2.0
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SWOT vs Classical altimetry

Classical VS #106869 vs SWOT reach 62226000301

Classical VS #103941 vs SWOT reach 62228700151

Class::Lcal: -11-252'3:"- -53-7553:E ° Classical VS #106869 (mean-shifted 4+0.02 m) 304 - Class::Lcal: -13-9753:N- -54-4173:E | Classical VS #103941 (mean-shifted -0.60 m)
280 4 [peach: - J33-2537°N, -53.7655°E e SWOT reach 62226000301 Peach: — -13-9763%Ny -34.4160° e SWOT reach 62228700151
™ ® o0 oo.
- 302 -~ Tage > , 7 N
..
E 276 - £ 3001 e
Ll Ll
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274 - /\ 298 -
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In-situ #13610001 vs SWOT reach 62292600151 In-situ #12510500 vs SWOT reach 62296700591
122 In-SiFW -9.5819:N, -57-5231:E —— In-situ #13610001 (mean-shifted +106.21 m) In-SiFW -?.7994:N, -72-9211:E ® —— |n-situ #12510500 (mean-shifted +167.87 m)
Reach: 853 00 N -67.3264°E e SWOT reach 62292600151 Reach: | 1ea 4N, -72.0182°E e SWOT reach 62296700591
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° * °
[ ]
118 - 180 A
[ ]
. i . a
E 116 E
5 5 1731 R
114 -
= =
° [ ]
112 - 170 A ~ ot g
L ] o ®
[ ] L ] [ ]
110 4 se o @ ° e o ... Oo.
[ ] [ 1]
165 - “ ° .
108 A .
S ¥ S S S\ S S\s S P S ¥ S S S\ S S\s S P
https://www.earthdata.nasa.gov/data/catalog/pocloud-swot-l2-hr-riversp-d-d
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SWOT quality filtefing

* Filters inspired by (Andreadis et al., 2025)

* Estimated observed precision derived from dark_fraction, minimum width, reach/measurement quality flag, random component of uncertainty, cross-over

calibration flag, distance to nadir, reach topology

Delta-RC reach=62221200091 (pairs=50) Delta-RC reach=62221200041 (pairs=50)

fit: y=0.0008088x+0.1295

fit: y=0.00116x+0.1804

zmax=3.00 ° inlier pairs 1.4 | zmax=2.50 . o inlier pairs
out_pairs=4 e outlier pairs out_pairs=11 e outlier pairs
1.50 A — robust fit — robust fit
° ° ’ ®
* Rat filter: width vs. WSE
ating curve ftiiter: wi VS. 0
1.25 -
1.0 A
°
1.00 - 0.8
o v
g g ] ]
< 0.75 - =0
0.6 e
° e® ° o’ . ° o
og
0.50 - . 0.4 - ®
o o ¢ e
80 @ ® @ L] ® ,
° L]
0.25 A ° L e ° = 0.2 — . ° o
° - 2 L] o o
of L ] ® ™
0004 ¢ ° 0.0 - : o ° o ° o
0 50 100 150 200 20 40 60 80 100 120 140
[Awidth| [Awidth|
Time Time
station 15320002 / reach 62265900011 | matched_days=22 | bias_med=73.58 station 19090000 / reach 62232300121 | matched_days=20 | bias_med=81.53
- 3000
’b.-----"@b&"‘w. Tepe e TEX | g A T ee, 55400
&~ 500
[ o "/xt 80 -
80 - 2500
450
60
N 60 - 2000 E y 400 E
9 £ 2 g
= =
i = 407 350 =
40 - 1500
20 300
- 1000
20
Ko } - 250
D .

2023-05 2023-09 2024-01

Andreadis, K. M., Coss, S. P., Durand, M., Gleason, C. J., Simmons, T. T., Tebaldi, N, ... & Yadav, B. (2025). A first look at river
discharge estimation from SWOT satellite observations. Geophysical Research Letters, 52(9), €2024GL114185.

2024-05 2024-09 2025-01 2025-05 2025-09 2026-01
Time

2023-05 2023-09 2024-01 2024-05 2024-09 2025-01 2025-05 2025-09 2026-01

Time
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SWOT quality filtefing

esa o-laly

[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
* Setting filter threshold values by maximizing correlation with insitu gauge timeseries
Filter calibrator: correlation and drobped fraction Filter calibrator: correlation and dropped fraction Filter calibrator: correlation and drobped fraction
DELTA_RC_ZMAX —e— Correlation -=-- Fraction dropped OBSERVED_PREC —e— Correlation -=-- Fraction dropped MIN_WIDTH —e— Correlation -=-- Fraction dropped
1.0 1.0 1.0 1.0 1.0 1.0
50
—_— ez JEE o34 LI o o5 . . 60 oL o2 2 %
0.8 1 - 0.8 0.8 - 66 = = - 0.8 0.8 - - 0.8
68 70 71 o2
n
\\

0.6 ‘\ - 0.6 0.6 - - 0.6 0.6 - - 0.6
5 AN ) 5 2 5 2
= A c = < = c
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0.0 T T T T T T T T 0.0 0.0 T T T T T 0.0 0.0 T T T T T T T 0.0
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 0.01 0.02 0.03 0.04 0.05 40 50 60 70 80 90 100
Parameter value Parameter value Parameter value

Station 360004 — N/A (-3.137, -60.027) Station 772005 — N/A (-7.799, -72.021)
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Model & training #

B 1 p B
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® e °
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@ .C‘ * [ ]
®
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o0 . 3
@
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. . & Spatial slice ~ ® o "o
I-dim o s *4 o P
) - ° ® o e »
® L R =]
Nig it b Ra X, o Ny ol °
@
]
Decoder o i ® . . 4 o .
* Sees non-masked and masked inputs " P o ¥ 3 o o
* Projects masked inputs to predicted VVSE o o o > Y
o # @ o 3 *
p - & ]
:. o L . ... ]
[92-dim « ° 4 ° © o ©°*° o
b . ! . ETEEETE . 4

Temporal slice

Add query/placeholder vectors

Add metadata: lat/lon, timestamp, position
on river graph, (sub)basin

2022/03/02 00:27:24

60 Water Surface Elevation
192-dim A | 7 ¥l
[]

Apply mask

I-dim | | i/ |

L] L]
Sparse water level timeseries :
— e . i P L e -
2016/08/0102:03:00 2018/10/22 16:57:45 2021/0112 07:52:30 2023/04/04 22:47:15 2025/ 3:42:00

T
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|
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Model & samples/

f
l
A

Y
:
v
. 4
- i

"= Model can see [upstream and prior in time] and . WA
optionally [downstream and posterior in time] VAN e

* Parallel transformer / autoregressive transformer
= XLNet inspired architecture (Yang et al., 2019)

* Following [prior = posterior in time]

» and [upstream > downstream] order

* (Bidirectional) LSTM

Yang, Z., Dai, Z., Yang, Y., Carbonell, J., Salakhutdinov, R. R,, & Le, Q. V. (2019). Xinet: Generalized autoregressive pretraining for language
understanding. Advances in neural information processing systems, 32.
13
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Metadata encodin@f temporal .« : * ;

= Month of the year: |2-cyclical sine/cosine

= Relative day differences: sine/cosine (Vaswani et al,, 2017)

= Measurement wit

= Measurement wit

N lowest date: 0

n N-th lowest date: N

- — i, —

350

300

250

200

150

100 ~

50 +

, I

T T T
0 25 50 75 100 125 150 175

D(t4, tz) = +80 days

/

Vaswani, A., Shazeer, N., Parmar, N., Uszkoreit, J., Jones, L., Gomez, A. N,, ... & Polosukhin, I. (2017). Attention is all you need. Advances in
neural information processing systems, 30.
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Metadata encodin@: spatlal

Latitude / longitude: linear project ° 9

W.r.t. to river outlet + w.r.t. sampled anchor

Sub-basin from SWORD: C BBBBB RRRR T
Using (Shiv & Quirk, 2019): encode path from root to node

r = 0= [O 0 O 0 0 0 0 0 0} Geographic Schematic (Location Graph)

T = DUO _ [l U 0. 0 O 0 0 0 0} - Nodes: 14, Branch entries: 3187, Unique branch IDs: 2
y — D2DUO — [0 0 1 1 O 0 0 0 0} =3.6 1 0010

z = D1DyDy0 = []|[]0011]0}

—3.8 1

102094
287 -
p= B A fiUuon 1

Latitude

_4'2 .

Path from anchor to sampled locations: C BBBBB RRRR T

—4.4

Through river topology taken from SWORD

~4.6 -

_4’8 -

—64.0 —63.5 ~63.0 —62.5 —62.0
Longitude

Mean WSE - proxy for elevation / topography

Shiv, Vighnesh, and Chris Quirk. "Novel positional encodings to enable tree-based transformers." Advances in neural information processing systems 32 (2019).
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Metadata encodingyf

= As positional encoding embeddings

=  As metadata tokens

= Ablation experiments: combination works best

Elementwise sum

J i J 21 d ]
t
1920m (i 1 B N
| 92-dim )
:
192-dim 1 g8 O OO0

t
A A J dJ 21 B Bl ]

T Il A d A d A d Il B ]
t

Metadata +

8 O OO0
t
J A A d A 4 ] iy ]
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| | | \ ' :
3 v ' Non-Masked Measurements (Visible to Model)
re I I I l I | l a ry re S l l S - ' < N ’ Dataset: test_classical_location, Sample: 0, Total points: 554

Bi-LSTM:

" Nash-Sutcliffe model Efficiency (NSE) [-inf, 1.0]: 0.92 '
» RMSE [0.0,inf:  0.9Im

= XLNet transformer:

1 | 1 1 1 1] L] L L}
; ; 3 W el o Gl o’ 0'\ 7 :f,
i 1\ S o S o S S o 5 ~
[ ) [ ]

> > > > >
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Time

Predictions vs Measurements

u RM S E. I 3 4 RMSE: 0.4212, MAE: 0.2830 (targets: 365, predictions: 365)
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Preliminary resultsiy

2022-05-01 — 2022-07-3 1

Classical altimetry

sparse — 2022-05-01

Densified version

dense — 2022-05-01

5 51
F2.5
- 1.5
- 2.0
0+ 0
15 1.0
_5 - _5 -
1.0 _
L] 2
g £ g o> g
2 o 2 o
7 W 7 o
0.5 g g
-10 4 -10 4
0.0
0.0
=15 + —15 - —0.5
—-0.5
—-1.0 -1.0
—-20 -20
—80 —]II"5 —I?l‘.] —|65 —IISG —|55 —IEO —80 —|?5 —]II"U —IISE —Iﬁﬂ —|55 —IEG
Longitude Longitude
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Preliminary results

2024-10-01 —2024-12-31

Classical altimetry + SWOT Densified version

dense — 2024-10-01

sparse — 2024-10-01

- 12.5

- 10.0

7.5

=H1)

Latitude
WSE norm. (g)

Latitude
WSE norm. (o)

2.5
—10 -
_10 -
0.0

. —15
—15 A —-2.5

-5.0

Longitude Longitude
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What's next

= Other major basins
* Amazon, Mississippi, Volga, Amur, Ganges, Congo, Danube

" 45K SWOT reaches, 14K classical altimetry virtual stations

SWORD Reaches — All Rivers

80 A

60 -

40 A

20 A

]
o0
2 0
©
-
_20_
-40
~60 Amazon
Mississi ppi
Volga
Amur
Ganges
—80 Congo
Danube
-150 -100 -50 0 50 100 150
Longitude
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What's next

" Incorporate other variables:
" River geometry: width

" Water cycle: precipitation

= Compare to statistical / physical model baselines

= Don’t take into account river branches

= Halicki, M., Niedzielski, T., Schwatke, C., Scherer, D., & Dettmering, D. (2026). Daily river water levels from multi-mission
altimetry: A reach-based regression method using the unique SWOT data geometry. Available at SSRN 6037735.
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Find me ©

For suggestions, questions, to collaborate, ...

* ruben.cartuyvels@esa.int
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