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AbstractÑ Long-term, non-contact ri ver velocity measure-
ments have been made using a UHF RiverSonde system for
several months at each of two locations having quite differ ent
ßow characteristics. Observations were made on the Cowlitz
River at Castle Rock, Washington fr om October 2003 to June
2004, where the unidir ectional ßow of the ri ver ranged fr om
about 1.0 to 3.5 m/s. The radar velocity was highly correlated
with the stageheight which was continually measured by the U.
S. Geological Survey. The proÞle of the along-channel velocity
across the water channel also compared favorably with in-situ
measurementsperformed by the Survey.

The RiverSonde was moved to Thr eemile Slough, in central
California, in September 2004 and has been operating there
for several months. At Thr eemile Slough, which connects the
Sacramento and San Joaquin Rivers, the ßow is dominated by
tidal effects and reverses dir ection four times per day, with a
maximum speedof about 0.8 m/s in each dir ection. Water level
and water velocity are continually measured by the Survey at the
Thr eemile Slough site, with velocity recorded every 15 minutes
fr om measurementsmadeby an ultrasonic velocity meter (UVM).
Over a period of several months, the radar and UVM velocity
measurementshave been highly correlated, with a coefÞcientof
determination R2 of 0.976.

I . INTRODUCTION

The RiverSondeis a compact, low-power radar system
which allows non-contactriver velocity measurement[1]. It
is basedon the SeaSondenormally usedat high frequencies
(HF) to measureoceansurfacecurrents,and operatesin the
ultrahigh frequency (UHF) range with a wavelength near
1 m with a radiatedpower of less than 1 W. The dominant
scatteringprocessis Þrst-orderBraggscattering[2], with water
waves of about 0.5-m wavelength providing the dominant
scatteredenergy. Since the wavelengthof the resonantwater
wavesis known, andassumingthatthewavesarein deepwater
(more than 1/4 of their wavelength), the Doppler shift due
to the phasevelocity of the scatteringwaves also is known.
The water velocity is deducedfrom the differencebetween
the measuredDopplershift and that expectedfrom the phase
velocity of the resonantwaterwaves.

A frequency-modulatedchirp signal allows the rangeto a
scatteringpatch to be determinedwith a rangeresolutionof
5 or 15 m, dependingon the bandwidthused.Direction of
arrival of the echoesis determinedby usingMUSIC direction
Þnding[3] appliedto a three-yagiantennaarray. Usually the
radar is installed on one bank of a river, with the antennas
looking broadlyacrossthe waterßow asin Fig. 1. The center
yagi is usedfor transmissionandall threeyagisareusedfor
reception.Thearrival directionof theechois determinedwith
a resolutionof 1◦.

Data processingis done in real time on a small laptop
computerwhich usually is accessiblevia a dial-up modemor
dedicatedinternetconnection.Plotsof radial velocity vectors,
velocity proÞlesandtime seriesof velocity areavailableeither
hourly (at Cowlitz) or every 15 minutes(at ThreemileSlough).
TheRiverSondeequipmentandlaptopcomputerareshown in
Fig. 2.

I I . COWLITZ RIVER

In October 2003 the RiverSondewas installed on the
Cowlitz River at Castle Rock in central Washington,USA,
about 28 km north of the conßuenceof the Cowlitz and
ColumbiaRivers.It remainedthereuntil June2004.The river
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Fig. 1. Experimentgeometry. The radartypically is installedon one bank
of the river. The wide Þeld of view of eachantennais acrossthe river. The
antennasare shown schematically;the 3 yagis are displacedalong the river
axiswith a spacingof about0.5wavelength,andthetwo endyagisarerotated
about30◦ outward.
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Fig. 2. RiverSondeequipmentand laptop computer. The equipmentis
installedin a weather-resistantenclosure.

Fig. 3. RiverSondeantennaon theCowlitz RiveratCastleRock,Washington.
Energy was transmittedon the centeryagi andreceived on all 3 yagis.

was about 3 m deep at the start of the experiment,and it
was about 88 m wide. The antennawas about 30 m from
the near bank. The antennaarray is shown in Fig. 3. Stage
height data are routinely recordedevery 15 minutesby the
U. S. GeologicalSurvey. Several times during the courseof
the experiment,the Survey also measuredthe bottom proÞle
usinga ground-penetratingradar(GPR)andthewatervelocity
asa functionof distanceacrossthechannelanddepthusingin-
situ acousticinstruments.Wind speedanddirectionandother
weatherdatawererecordedevery 10 minutes.Finally, several
microwave radars (not discussedhere) were in operation
during the experiment.

Radardatawere processedin 2.5-minuteblocks and aver-
agedover an hour. Radial velocity vectorswere computedat
intervals of 5 m in rangeand 1◦ in angle.An exampleof a
radial velocity vector map averagedover one hour is shown
in Fig. 4. From the radial vectors,estimatesof the variation
in the along-channelvelocity asa function of distanceacross
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Fig. 4. Radial ßow vectorsaveragedover one hour on 10 February2004.
Vectorsare plotted betweenthe river bankswith 1◦ resolutionin angleand
5 m in range.A velocity of 1.0 m/s is plotted with an equivalent length of
10 m.
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Fig. 5. ProÞlesof along-channelvelocity vsdistanceacrossthechannelfrom
USGSmeasurementson 22 January2004 andRiverSondemeasurementson
16 February2004 for very similar river stages.USGS measurementswere
taken at a bridgedownstreamof the radarandat a cableslightly upstreamof
the radar.

the channelwere madeby two methods.One methodwas to
combinevectorssymmetricallydisplacedin angle about the
perpendicularto the mean ßow direction; the other was to
computea least-squaresÞt to all of the radial vectorsfalling
in strips 5-m wide and parallel to the meanßow direction.
Fig. 5 shows the resultof the lattermethod,alongwith in-situ
acousticvelocity measurementsat two locationsin the radar
antennafootprint.

Finally, a singlemeanvelocity estimatefor eachhour was
made by calculating the median of the individual median
velocity proÞleestimatesover thestripsfrom 40 to 80 m from
the radarangenna(10 to 50 m from thenearbank),for which
theßow generallywasstableandtheradarsignalswerestrong.
A time seriesof the meanvelocity estimatesfor a two-week
period is shown in Fig. 6, along with the river stageheight
dataandhourly wind vectors.The relative scalesof the radar
velocity andwaterheighthave beenadjustedbasedon a least-
squaresÞt betweenradarvelocity and water height,and it is
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Fig. 6. Time seriesof radarvelocity (points),river stageheight(solid line),
andwind vectorsfor 28 Januaryto 18 February2004.Wind vectorsvertically
upward indicateßow upstream(opposingthe waterßow).

clear that the radar-inferred water velocity and stageheight
arehighly correlated.A linear regressionof radarvelocity on
waterheightaloneyieldedamodelcoefÞcientof determination
R2 of 0.926.Including the squareof the waterheightandthe
along-andcross-channelwind raisedthe modelR2 to 0.933.

Also obvious is a roughly periodic variation in the radar
velocity, on theorderof 10 cm/s,which is not reßectedin the
height data,and which doesnot appearto be relatedto the
wind. A Fourier analysisof the radar time seriesindicates
peaks near 1 and 2 cycles/day. Including the major tidal
componentsin the linear regressionanalysis above results
in a model R2 of 0.936, with signiÞcantdiurnal and semi-
diurnal terms.Although there is very little tidal signaturein
the stageheight data at CastleRock, there is a strong tidal
height signal at the conßuenceof the Cowlitz and Columbia
riverssome26 km away, andapparentlythatgeneratesa small
but detectabletidal signaturein the watervelocity upstream.

For comparisonwith the USGS estimatesof total water
volumedischarge,thedischargewasestimatedusingtheradar
velocity estimatesandin-situ stageheightdata.Estimationof
discharge volume involves both the velocity and the cross-
sectionalarea.The radar surface velocity proÞle acrossthe
channelwas multiplied by 0.85 to give an estimateof the
depth-averagedvelocity. The factorof 0.85hasbeenobserved
in many experimentsusing acousticinstrumentsto relatethe
depth-averagedvelocity to thesurfacevelocity [4]. Thecross-
sectionalarea was estimatedfrom the GPR bottom proÞle
obtainedon 30 October2003 with a stageheight of 9.68 m,
plus an areaestimatedfrom the differencebetweenthe in-
situ stageheight observation and the referenceheight, times
the width of the water surface (88 m) at the time of the
GPR measurement.The velocity proÞle and depth proÞle
were both interpolatedto 1-m intervals and the product of
velocity anddepthwasintegratedacrossthechannelto obtain
a total volume discharge each hour. Fig. 7 comparesthe
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Fig. 7. Time seriesof discharge estimatedfrom radarvelocity, in-situ stage
height, and GPR proÞle (red points), and USGS discharge estimates(blue
curve) for 25 December2003 to 11 March 2004.

radar estimateswith the USGS estimatesderived from the
stage height measurements.The two estimatesagree quite
well. A regressionanalysisgivesQr = −36.0+1.08Qu m3/s,
with a coefÞcientof determinationR2 of 0.977,whereQr is
the discharge estimatedfrom the RiverSondemeasurements
and Qu is the discharge estimatedby the USGS.The RMS
differencebetweenthe two estimatesis 22.9 m3/s

I I I . THREEMILE SLOUGH

TheRiverSondewasmovedto ThreemileSlough,in central
California, in September2004 and has beenoperatingthere
for several months.At ThreemileSlough,which connectsthe
SacramentoandSanJoaquinRivers,theßow is dominatedby
tidal effectsand reversesdirection four timesper day, with a
maximumspeedof about0.8m/sin eachdirection.Waterlevel
andwatervelocity arecontinuallymeasuredby the Survey at
the ThreemileSlough site, with velocity recordedevery 15
minutesfrom measurementsmadeby an ultrasonicvelocity
meter(UVM). The UVM determinesthe watervelocity from
two-way acoustictravel time-differencemeasurementsmade
acrossthe channelat approximately45◦ from the meanßow
direction.Theinstallationis shown in Fig. 8. Theradarantenna
has an unobstructedview of the water with no intervening
trees. The UVM installation is immediately to the left of
Fig. 8. The water depth typically is 7 m, and the UVM
transducersare about2.4 m from the bottom of the channel.
The UVM measurementis an index velocity andis indicative
of the velocity a few metersbelow the surface,althoughnot
necessarilyat the exact height of the acousticsensors.The
radarmeasurement,on the otherhand,representsthe velocity
within the top 3 or 4 cm of the surface,at an effective depth
of about8% of the waterwavelength[5], [6]. The channelis
about200 m wide at the measurementsite.

Data processingat ThreemileSlough is similar to that at
Cowlitz, exceptthat 15-m rangecells areusedinsteadof 5-m
cells becauseof the wider channel,and ßow estimateswere
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Fig. 8. RiverSondeinstallationat ThreemileSlough.TheRiverSondeantenna
is mountedon the left sideof the walkway and is over the waterabout4 m
from thebank.Theweatherstationsensorsareabove theantenna.Thesmaller
antennais for USGSdatatelemetry. The USGSand RiverSondeequipment
are inside the shelter.
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Fig. 9. Radialßow vectorsaveragedover 15 minuteson 21 March 2005at
18:30PSTat ThreemileSlough.Vectorsareplottedbetweenthe river banks
with 1◦ resolutionin angleand15 m in range.A velocity of 1.0m/s is plotted
with anequivalentlengthof 10 m. Themeandirectionof ßow is alignedwith
the horizontalaxis. The sharpangularcutoff at the right side of the plot is
due to dataprocessinglimitations.

madeevery 15 minutesinsteadof hourly becauseof the vari-
ability of the ßow. An exampleof radial vectorsobtainedon
21 March 2005is shown in Fig. 9. The antennawasoriented
about13◦ counterclockwisewith respectto the perpendicular
to the channeldirection, and signalswere processedwithin
±86◦ from its broadsidedirection,so vectorsare not plotted
beyond that directionon the right. The radarcoveragevaried
dependingon the wind andßow conditions,but usually there
were sufÞcientwaves to producegood backscatteredsignals.
However, if the wind was very low so that the water surface
was very smooth,with no Bragg-resonantwaves present,it
wasdifÞcult to get a goodmeasurement.

Fig. 10 shows the variation in the along-channelvelocity
as a function of distanceacrossthe channelfor the dataset
correspondingto the radial vectorsof Fig. 9. The proÞlewas
generatedby Þtting an along-channelvelocity to all of the
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Fig. 10. Along-channelRiverSondevelocity vs distanceacrossthe channel
for 21 March 2005 at 18:30 at ThreemileSlough.The distanceorigin is at
the radarantenna,andpositive velocity representsßow toward the north.The
blue asterisksshow the medianof 9 measurementstaken over a 15-minute
interval, andthe redsymbolsshow thesamplemeansandstandarddeviations
of the samemeasurements.Velocity estimatesaremadeevery 5 m acrossthe
200-mwide channel.

radial vectors within 5-m-wide strips parallel to the mean
ßow direction.At the time of this measurement,the ßow was
changingrapidly, and the proÞleshows that the changewas
not uniform acrossthe channel.At other times, the change
was nearly uniform acrossthe channel.As at Cowlitz, the
medianvelocity estimatestendedto bemorestablethanmean
estimates,and the medianswere used for subsequentdata
processing.

The medianvelocity proÞle values for positions from 40
to 120 m from the nearbank were averagedto give a single
meanßow value for each15-minuteinterval. Fig. 11 shows
the radarsurfacevelocity estimates(redpoints)andtheUVM
index velocity estimatesat depth(bluecurve) alongwith wind
vectorsfor a one-weekperiodstartingon 20 March 2005.No
correctionsto relatevelocity at thesurfaceto a depth-averaged
mean have been applied to either data set. The agreement
betweenthe two instrumentsis striking. A formal regression
analysis,relating radar velocity to UVM and wind velocity
givesvr =−0.009+0.937va−0.002we+0.015wn wherevr is
the RiverSondevelocity, va is the UVM acousticvelocity, we
is the eastward wind at the anemometer(about 8 m above the
watersurface)andwn is thenorthwardwind, with a coefÞcient
of determinationR2 of 0.976 and an RMS difference of
0.093m/s.Thechannelrunsalmostdirectly north-southat the
site,andthenorthwardwind is in thedirectionof thechannel.
The regressionwas applied to 7985 datapoints covering 83
days.

Usually the effect of the wind on the velocity was very
small. However, its effect could be seenon a few occasions,
suchas the beginning of 22 March 2005when the wind was
over 20 m/s. In Fig. 11 the radar data points are clearly
displacedupward(highervelocity to thenorth)duringthetime
of strongwinds to the north. Suchconditionshave beenseen
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Fig. 11. Time seriesof meanwater velocity inferred from the RiverSonde
measurements(red) andfrom in-situ ultrasonicvelocity metermeasurements
(bluecurve) for theperiod20March2005to 27March2005.Wind vectorsare
shown at the top, with a vectorvertically upward representingwind blowing
toward the north (in the positive water velocity direction). The radar error
bars indicateone standarddeviation of 9 individual measurementsfor each
15-minuteinterval.

on only a few occasionsso far, but they do provide evidence
of a wind-relatedvertical velocity shear. The UHF radar is
sensitive to water velocity at the topmost3 or 4 cm of the
watercolumn[5] which is stronglycoupledto the wind. The
UVM measurementis madeseveral metersbelow the surface,
wherethe effect of wind-inducedvertical shearis expectedto
be quite small.

IV. SUMMARY

The RiverSondesystemwasin nearlycontinuousoperation
at CastleRock for eight monthsfrom its installation on 28
October 2003 to its removal on 30 June 2004, and for a
similar period at ThreemileSloughfrom 16 September2004
throughmid-2005.Data processingis donein nearreal time
on a laptop computer, and data are available either via a
dedicatedhigh-speedor dial-up telephoneconnection.Raw
dataarearchived to small portabledisks in casereprocessing
is desired.At the Cowlitz site at CastleRock, there was a
high correlationbetweenßow velocity andstageheight,with
a very small tidal signal visible in the radar data that was
not seenin the stageheight data.At ThreemileSlough, the
velocity is dominatedby the tidal effects, and the velocity
and stageheight were nearly in phasequadrature.The radar
velocitydatawerehighly correlatedwith in-situacousticUVM
measurementswith R2 = 0.976.
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