
A Bayesian analysis scheme for estimating river 
depth and discharge using SWOT measurements

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.

Durand et al. : The Surface Water and Ocean Topography Mission

Vol. 98, No. 5, May 2010 | Proceedings of the IEEE 775

Authorized licensed use limited to: The Ohio State University. Downloaded on May 28,2010 at 15:08:29 UTC from IEEE Xplore.  Restrictions apply. 

Michael Durand, Kostas 
Andreadis, Doug Alsdorf, 

Greg Baker
Ohio State University

Larry Smith, Matt Mersel
UCLA

American Meteorological 
Society

January 25, 2011

Funding: Physical Oceanography



SWOT measurements of rivers
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monly referred to as Bping-pong[), the range difference
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ference " between the two signals as given by the following
equation:
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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])
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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.
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• Launch date: 2019

• Will measure water 
elevation via Ka-band 
radar interferometer

• Spatial resolution: 
2m-50m

• Temporal resolution:  
day - week

• Given water heights, 
find discharge



Discharge via data assimilation 

Andreadis et al, GRL, 2007

• Hydrology model (e.g. VIC) gives prior discharge

• Hydraulics model (e.g. LISFLOOD-FP) relates 
discharge to height measurements: wildly expensive



Doing hydraulics backwards

• Remove hydraulic model (reduce computational 
expense)

• Simplified mass and momentum conservation: 
apply to a reach, in between SWOT overpasses

• Solve using Bayesian Metropolis MCMC algorithm
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Conservation of mass
∂Q
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Apply to a reach for 
period      between
overpasses
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This equation is exact for the average quantities



Conservation of momentum

Apply between two overpasses for one reach:

Q2
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Two time-invariant unknowns per reach
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Application to two reaches
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At     :t2
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Write two equations per reach, four total

After four overpasses, more equations than unknowns

Qt12s1 −Qt12s2 = L1τ1
−1T r1 (ht2 − ht1)

Qt12s2 −Qt12s3 = L2τ1
−1T r2 (ht2 − ht1)
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A Bayesian approach

p(y|z) ∝ f(z|y)π(y)
Posterior proportional to likelihood times prior:

y

z
Unknowns: Discharge, bathymetry, roughness
Observations: Water heights

1. Generate a new candidate
2. Accept candidate with probability 

yi+1

r =
f(z|yi+1)π(yi+1)

f(z|yi)π(yi)

log f(z|y) ∝ −(
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π(Q) ∝ −(Q− Q̄)C−1
Q (Q− Q̄)

Using Gaussians for both:



Testing the algorithm

Durand et al, JSTARS, 2010



OSSE setup

• Generate “true” water surface heights 
using hydraulic model and true Q, z, n

• Corrupt true water surface heights using 
white noise (get synthetic measurements)

• Estimate Q, z, n for three reach system of 
Kanawha River using ten observations

• Reaches are 15 km in length

• Chains are 10,000 iterations, burned in 
after 2,000 iterations



Results: Bathymetry

• Prior and first guess: 
~50 cm too low

• RMS error: 9.7 cm

• Posterior standard 
deviation: 7.7 cm



Results: Roughness
• Prior and first guess: 

0.025, 17% low

• RMS: 0.00077 (2.5%)

• Posterior standard 
deviation: 0.0021 (7%)



Results: Discharge

• Prior and first guess: 
Q=1000 m3/s

• Bias = -127 m3/s (~8%)

• Standard deviation = 79 
m3/s

Between March 14-15:



Results: Discharge

Reach #2

• Prior and first guess: Q=1000 m3/s

• RMS = 156 m3/s (16.9%)

• Standard deviation = 94 m3/s



Conclusions

• Estimation of discharge to within 17 % RMS

• Simultaneous estimation of roughness, 
bathymetry

• No hydraulic model used

• Caveat: SWOT spatio-temporal sampling 
and true error structure not considered

• Improvement: Include more prior 
information on discharge



Extra 
slides



Trading time for space with SWOT

Durand et al, JSTARS, 2010



Checking diffusive assumption
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Linear momentum equation:

Calculate magnitude of momentum terms, verify 
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Discharge and river cross sections
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The depth problem
SWOT does not observe depth below 

the lowest height measurement



Assumptions for a new algorithm
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Apply for a reach without lateral inflows



Conservation laws
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Unsteady algorithm: Conveyance

s1, s2Apply to a reach from averaged from t1, t2
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Application to a single reach

At      two equations, four unknownst2

At      four equations, six unknownst3

Qt12s1 +Qt12s2 = 2Kr
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At      six equations, 
eight unknowns...
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Application to two reaches

s1
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s3

r12
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At      add these equations:

We now have eight equations

We have six discharge unknowns but the same two time-invariant 
conveyance unknowns per reach: ten total
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