
Estimating depth from SWOT measurements: 
A case study from the Rio Grande river

from 10 to 60 km on either side of the ground track. Revisit
times per orbit repeat period depend upon latitude, with
two to four revisits at low to mid latitudes and up to ten
revisits for an orbit repeat period of 22 days [21]. In order
to satisfy the science requirements and minimize tidal
aliasing, SWOT coverage will extend to 78! north and
south latitude, with a 3-day measurement subcycle [27].

The core technology for SWOT is the KaRIN SAR radar
interferometer (shown in Fig. 9), originally developed from
the efforts of the wide swath ocean altimeter (WSOA) [51],
[52]. KaRIN will be complemented with the following suite
of instruments: a Jason-type (C- and Ku-band) nadir-looking
conventional altimeter, a three-frequency microwave radi-
ometer, similar to the advanced microwave radiometer
(AMR) flown on the ocean surface topography mission
(OSTM), as well as global positioning system (GPS) receivers
and a DORIS (Doppler Orbitography and Radiopositioning
Integrated by Satellite; http://ids-doris.org/) transponder for
precise orbit determination. KaRIN will measure elevations
at high precision and spatial resolution. The OSTM payload
complement will be used for calibration and to obtain a cross-
calibrated data set with traditional altimeters.

Radar interferometry [53], [54] is a technique that uses
a measurement of the relative delay between the signals
measured by two antennas separated by a known distance
(Bbaseline[), together with the system ranging informa-
tion, to determine surface elevations in a cross-track
swath. Unlike nadir altimeters, which track the first return
and cannot measure points away from nadir, the interfer-
ometric triangle formed by the baseline B and the range
distance to the two antennas r1 and r2 can be used to
geolocate off-nadir points in the plane of the observation.

It is worth noting that the accuracy in the interferometric
approach is limited by the accuracy with which phase can
be retrieved (small fractions of a wavelength), whereas
conventional altimeters are limited by the system band-
width (50 cm) and the ability to track a power point in the
waveform leading edge, whose shape is assumed known,
but is distorted by speckle.

In practice, interferometric triangulation is used to
estimate the look angle ! to points in the swath. If two
consecutive pulses, one from each antenna, are used to
form the interferometric pair (this operation mode is com-
monly referred to as Bping-pong[), the range difference
between r1 and r2 is determined by the relative phase dif-
ference " between the two signals as given by the following
equation:

" ¼ 2kr1 # 2kr2 $ 2 kB sinð!Þ (3)

where k is the electromagnetic wave number. From these
measurements, the height h above a reference plane can be
obtained using the equation (for a detailed treatment of
mapping heights relative to a curved surface, see [54])

h ¼ H # r1 cosð!Þ: (4)

The interferometric technique is mature and has been
demonstrated from airborne platforms, and most notably
from space by the shuttle radar topography mission (SRTM),
where two interferometric SARs (at C- and X-bands) pro-
duced global data with an accuracy of a few meters. Most
importantly, years of experience with radar interferometry
have validated the error models for the retrieved height,
which are based on fundamental and understood physical
principles. It is with the benefit of this experience that we
can predict the unprecedented accuracy that KaRIN will
achieve.

To form the required baseline, KaRIn will deploy two
5-m-long and 0.25-m-wide reflectarray antennas [55] on
opposite ends of a boom; both antennas transmit and
receive radar pulses. The interferometer is a dual-swath
system, alternatively illuminating the left and right swaths
on each side of the nadir track. This is accomplished by an
offset dual-feed design operating with orthogonal linear
polarizations (V and H polarizations), which enables each
reflectarray antenna to generate two separate beams
scanned þ=#2.7! off-boresight, one for each polarization.
While SRTM made off-nadir (20!–60! look angle)
measurements at C-band and X-band, KaRIn will make
near-nadir measurements (roughly ranging from 0.5! to
4.5! look angle on each side of the nadir track) at Ka-band
(0.84-cm wavelength, 35.75-GHz center frequency). The
reduction in look angles entails a reduction in swath, from
220 km for SRTM, to about 120 km (from 10 to 70 km in

Fig. 9. Conceptual picture of the Ka-band radar interferometer.
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Progress in estimating discharge
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Progress: Manning from space

Le Favour & Alsdorf, 
GRL, 2005
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Progress: Effect of height errors
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Height errors will not be a 
controlling factor in 
discharge estimates

Rivers deeper than ~1.5 m,
uncertainty less than 25%

Biancamaria et al., JSTARS, 2010



Progress: Effect of depth errors

Durand et al, JSTARS, 2010



Progress: Effect of depth errors
Depth errors
Depth estimated by least-
square continuity algorithm

Durand et al, JSTARS, 2010

Includes errors due to 
SWOT height, baseflow 
depth, and temporal 
sampling



The depth problem: Another look
SWOT does not observe depth below 

the lowest height measurement



Hydraulic depth: Definition
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Goal: Estimate hydraulic depth from SWOT observations

A =

� xmax

xmin

y(x)dxD = A/T

T



A new project: Two approaches to depth

For more: See 
Larry Smith’s talk 

tomorrow

Hydraulic Geometry Data Assimilation



A new dataset: Rio Grande river



Data assimilation: Background



Trading time for space with SWOT

Durand et al, JSTARS, 2010



Hydraulics: Gradually-varied flow
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Spatial ensemble Kalman filter 



Parameterizing unseen bathymetry

Downstream Upstream

Goal: Estimate the optimal minimum depth



Results at a single cross-section

Downstream Upstream



Results at a single cross-section

Downstream Upstream

Observation



Hydraulic reasons for the correlation

Shallower bathymetry leads to lower height upstream

*

*



Estimating bathymetry from SWOT
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The correct hydraulic depth is obtained

True depth = 1.03 m



Rio Grande hydraulic depth
Bias Error 

Prior: 58 cm 
Posterior: 22 cm



Future and ongoing work

• Use spatial height sequence to update 
farther upstream

• Use sequence of height measurements 
(from high to low water) simultaneously to 
update bathymetry

• Sensitivity to measurement errors

• Application in 2-D (couple to instrument 
simulator)

• Introduce errors in discharge



Another approach to depth

Courtesy: Yeosang Yoon, see posters



Estimating bathymetry and depth

Courtesy: Yeosang Yoon, see posters

Results from a combined state-parameter EnKF



Are there any questions?


