
sonar devices that remotely measure
subsurface currents. For all of the in-
struments in this report, measurements
of velocity were averaged for some
distance across the section. In princi-
ple, instruments that either profile or
integrate currents across a river should
better match the integral quantity
desired than would a spot measure-
ment. 

The Channel Master ADCP horizon-
tally profiles across mid-depth flows.
In addition to producing a more com-
plete data set, the Channel Master only
operates from one bank and has shown
to be less expensive to install and
maintain than earlier acoustic meth-
ods.

more flexible deployment and more
reliable connectivity, especially at crit-
ical times for river measurements. In
field trials measuring strong river
flows, RiverSonde data has been
demonstrated to provide a useful index
for average flow.  

The radar observes only surface cur-
rents. Understanding their correlation
with subsurface flows is critical in
using the radar data as an index of dis-
charge or transport. In this work, the
radar data was intercompared with two
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Automated measurement of river
discharge (i.e., the volume of

water transported) remains an elusive
goal for assessing and managing water
resources. 

Traditional discharge measurement
involves manually collecting a grid of
in-situ data, which makes it time con-
suming, labor intensive, data sparse
and inherently unsafe. Although many
of these limitations have been solved
using acoustic Doppler current profil-
ers (ADCPs) from moving boats,
some significant goals remain to be
reached: continuous monitoring of
discharge at non-ideal sites and im-
proved safety for field hydrographers,
particularly during floods. 

Improved safety for field workers
motivated the U.S. Geological Sur-
vey’s (USGS) Hydro 21 project to ex-
plore non-contact measurement of
river discharge

1
by means of radar, in-

cluding CODAR’s prototype River-
Sonde.
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Operating from a single site on one
bank, the RiverSonde radar continu-
ously profiles surface currents across a
specific section, giving a very detailed
view of space-time variability for a
broad range of river conditions. Com-
pared with in-water equipment, River-
Sonde offers reduced risk of loss,

(Left) The RiverSonde antenna mast.
Three 0.5-meter Yagi antennas are
arranged symmetrically in a tight sec-
tor. A weather station atop the anten-
na mast provides wind and meteoro-
logical data.

(Below) The RiverSonde surface cur-
rent vector field. These vector maps
are the intermediate data product
used to compute the velocity profile
across the river. One of these maps is
created every 15 minutes. 
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The coverage of the radar’s surface
current data resembles an unfolded
hand fan. This current map is com-
posed of a multitude of radial se-
quences. A given sequence has about a
dozen vectors, each at a different
range from the radar. The magnitude
of the radial vectors changes with the
intersection of the radar’s pointing
angle and the flow direction. The vec-
tors are largest near the banks, where
the radar is looking along stream. In
the middle of the map, where the radar
is pointing across stream, the angle of
intersection is perpendicular. That
results in the radial current vectors re-
ducing to zero.

In processing, these data are subdi-
vided into five-meter segments across
the river and parallel to the bank. For
each segment, a least-squares fit is
made to compute the average water
speed parallel to the bank. For an aver-
age surface current across the section,
the median value of surface currents in
the segments between 40 and 120
meters was used.

Time series of 15-minute River-
Sonde values were plotted together
with wind vectors from the collocated
weather station. These data were com-
pared with subsurface current data
from the USGS travel-time system, or
ultrasonic velocity meter (UVM). The
latter measures the average speed for
subsurface currents across the section.
The two independent measures of an
average current showed a striking
overall correlation, for the most part,
though deviations arose at times of
high winds.  

The average values used in this arti-
cle represent different spatial regions
depending on the instrument type. No
adjustments were made to the average
values, however, because the strong
tidal flows in Threemile Slough have
negligible lateral shear. 

Channel Master ADCP
A 600-kilohertz Channel Master

ADCP was deployed in this study. It is
a two-beam ADCP that measures the
time series of a horizontal profile of
two components of flow. In the case of
the river, these components are gener-
ally chosen to be along and across-
stream. The Channel Master is instal-
led at a depth suitable for measuring
currents at the middle depths of the
water column, which permits the long-
est measurement ranges. Measurement
resolution was set to five meters in
range and 10 minutes in time. The
ADCP burst sampled at three hertz for

RiverSonde Radar
RiverSonde is an ultra-high-fre-

quency (UHF) radar operating at
around 350-megahertz. Both hardware
and data processing are derived from
the established marine SeaSonde high-
frequency radar system, used for
ocean surface current mapping. River-
Sonde is a reasonably compact pack-
age that uses three 0.5-meter Yagi an-
tennas arranged symmetrically in a
tight sector. RiverSonde transmits one
watt of power from the central anten-
na, which results in a measurement
range of 250 meters that it receives on
all three antennas.

Surface current speed is determined
from the Doppler shift of radar energy
scattered by Bragg-resonant water
waves. For the RiverSonde UHF fre-
quencies, the relevant wavelength is
0.5 meters, which is quite common for
ripples on water surfaces affected by
slight winds or currents. In order to
achieve sufficient spatial resolution
across the river—five-meter-range
cells—RiverSonde uses a chirp fre-
quency sweep with a 30-megahertz
bandwidth.

The system determines the arrival
direction of the radar echoes in 1º
steps by means of the multiple signal
classification direction finding meth-
od. At this site, RiverSonde is config-
ured with a 16-hertz sampling rate,
and data are averaged every 15 min-
utes. The resolution of the water speed
is 2.5 centimeters per second.

Field Study
This article looks at data from a

field study in the California Delta that
compared the RiverSonde radar data
with two acoustic methods for collect-
ing a time series of river currents. The
study was conducted in the spring of
2005 at a USGS field site in the Three-
mile Slough, located 100 kilometers
upstream the Sacramento River from
where it enters San Francisco Bay. The
slough is 200 meters wide and 10
meters deep; it interconnects the Sac-
ramento and San Joaquin rivers and
sees strong tidal flows to one meter
per second.  

The USGS site had a pre-existing
acoustic measurement of discharge
that calculates the difference in the
travel time of signals aimed in recipro-
cal horizontal directions. This integral
measurement is interpreted to be a cal-
culation of average current. Deploying
a 600-kilohertz Channel Master
ADCP allowed for the recording of
subsurface conditions with a similar
space-time grid to that of the radar.
The Channel Master was deployed be-
low a small pier that housed the 350-
megahertz RiverSonde radar.

During most of the time at Three-
mile Slough, the RiverSonde data was
highly correlated with currents mea-
sured with the USGS acoustic travel-
time system.

3
Through periods of high

winds, however, the data diverges.
This article focuses on one week that
included stormy weather.

A time series of RiverSonde, ultrasonic velocity meter and wind data. Spatially aver-
aged values for surface and subsurface currents are overlaid with concurrent wind
vectors. Wind blowing to the north is directed up the page. Conditions during the
stormy period of March 22 are highlighted.



two through 12 (10 to 70 meters)
would create a representative index for
the average current in the region, seen
by the Channel Master. It is worth not-
ing that the PCA method provides an
objective answer to the burning ques-
tion: “What is the range of the hori-

20 seconds. The level measured was
four to five meters below the surface,
depending on tidal stage.

At the Threemile Slough site, a
strong tidal signal dominated the vari-
ability in both time and space. Chan-
nel Master profiles were matched to
the time grid of the radar data and
showed strong tidal variability and a
varying profiling range with tidal
stage and water conditions. The data
used for average flow are from a 70-
meter segment on the western side of
the slough, which is about one third of
the total width. ADCP boat surveys
indicate that currents in this segment
are similar to the rest of the section.

For ADCPs that profile horizontally,
measurement range is largely con-
trolled by water depth rather than by
instrument frequency. At Threemile
Slough, the Channel Master ADCP re-
ported data to 90 to 100-meter ranges.
The range for high-quality data, how-
ever, was about two-thirds the mea-
sured range. In the far reaches, the
acoustic beam has a greater vertical
extent that can intersect the riverbed.
The current data can, therefore, be
biased low when the signal processing
unavoidably includes echoes scattered
from the non-moving bed.

The Channel Master data were ana-
lyzed by using principal component
analysis (PCA). The factor weightings
indicated that averaging range cells

zontal profile before data quality
degrades?” The factor weightings of
the principal components can reveal
the range where the biased data be-
gins, caused by echoes returning from
the bed. Inspection of the much weak-
er across-stream component clearly
confirmed this statistical result.

Stormy Weather
Over the course of many months,

the RiverSonde radar data closely
tracked the mid-depth currents using
the acoustic systems. For this article,
however, only data from the week of
March 19 through 26, 2005 was fo-
cused on. 

This was a period of stormy weath-
er, a time when the radar currents are
expected to be less reliable. This week
was looked at to find symptoms of
poor quality data that might provide a
signature for screening the River-
Sonde radar data during high winds.

Even throughout this week of
unusually foul weather, the radar sur-
face currents and Channel Master sub-
surface currents track closely, for the
most part. It was only during times of
very strong winds that the most persis-
tent discrepancies occurred. At these
times, the subsurface currents reported
by the Channel Master and UVM still
tracked each other closely. Because
the average currents reported by the
RiverSonde radar were biased high,

Channel Master ADCP currents (in centimeters per second) during the week of
March 19 through 26. Elapsed time in hours since March 1, 2005, is increasing up
the page. Scales for the water speeds are shown at the right of each plot. Conditions
during the stormy period of March 22 are highlighted.

A time series of spatially averaged currents from the Channel Master ADCP and
RiverSonde radar. Deviations of the radar surface currents from subsurface values
are plotted in the bottom panel. 
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they would not be a representative
index for subsurface values at these
times. 

The bias, however, was not spatially
uniform; rather it showed much higher
values in a localized region adjacent to
the downwind bank. This effect creat-
ed very strong lateral shears in the
RiverSonde data that were not in the
Channel Master data. These anom-
alous shears, which were not found in
the radar data during the rest of the
study, provide a potential signature to
screen out poor quality radar data dur-
ing a time of strong winds.

The complete data set recorded at
Threemile Slough lasted for many
months. Spatially averaged values
extracted from the various data sets
track closely.

The RiverSonde radar’s usefulness
for remote sampling of average flow
speed across a specific section is very
encouraging. This performance is
expected to be representative for well-
mixed flow regimes. In addition, some
useful progress has been made in
defining the reliability bounds for the
radar data at times of high winds.

Acknowledgements
The authors would like to thank

Catherine Ruhl of the Bay-Delta Hy-
drodynamics Program of USGS
Sacramento, California, for help in
setting up the study and sharing the
concurrent USGS data, and David
Dalkin of Teledyne RD Instruments
and Jim George of USGS Sacramento
who provided generous assistance
with the ADCP fieldwork. 

The cooperation of the state of Cal-
ifornia Department of Water
Resources for permitting the use of
their pier on Threemile Slough for
research purposes is greatly appreciat-
ed by the authors. /st/

References
1. Costa, J. E., K. R. Spicer, R. T.

Cheng, F. P. Haeni, N. B. Melcher,
E. M. Thurman, W. J. Plant and W.
C.  Keller, “Measuring Stream Dis-
charge By Non-Contact Meth-
ods—A Proof-of-Concept Experi-
ment,” Geophysical Research Let-
ters, vol. 27 no. 4, pp. 553-556,
2000.

“Automated measurement of river discharge (i.e., the volume
of water transported) remains an elusive goal for assessing and
managing water resources.”

Peter Spain works as
research scientist in
technical marketing
at Teledyne RD
Instruments Inc.
Prior to joining RD
Instruments in 1990,
Spain obtained a
Ph.D. in ocean physics at the Applied
Physics Laboratory, University of Wash-
ington. After that, he worked at Scripps
Institution of Oceanography.

Don Barrick
received a B.E.E.,
M.S. and Ph.D. in
electrical engineer-
ing from Ohio State
University. He devel-
oped high-frequency
radar technology at
the Battelle Institute, at the National
Oceanic and Atmopheric Administration’s
Environmental Research Laboratory, and
then founded and led CODAR Ocean Sen-
sors Ltd. as the company’s president. 

Calvin Teague is a
senior scientist with
CODAR Ocean Sen-
sors Ltd., where he
helped to develop
RiverSonde. He has
been involved with
high-frequency radar
systems for measuring ocean currents and
waves for over 35 years at Stanford Uni-
versity, the University of Michigan and the
University of California, Santa Cruz.


