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AbstractN Long-term, non-contact river velocity measure-
ments have been made using a UHF RiverSonde system for
several months at each of two locations having quite different
Row characteristics. Obserwations were made on the Cowlitz
River at Castle Rock, Washington from October 2003 to June
2004, where the unidir ectional Bow of the river ranged from
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 proble of the along-channel velocity
across the water channel also compared favorably with in-situ
measulements performed by the Survey.

The RiverSonde was moved to Threemile Slough, in central
California, in September 2004 and has been operating there
for several months. At Threemile Slough, which connectsthe
Sacramentoand San Joaquin Rivers, the Row is dominated by
tidal effects and reversesdirection four times per day, with a
maximum speedof about 0.8 m/s in each direction. Water level
and water velocity are continually measured by the Survey at the
Threemile Slough site, with velocity recorded every 15 minutes
from measurementsmadeby an ultrasonic velocity meter (UVM).
Over a period of several months, the radar and UVM velocity
measurements have been highly correlated, with a coefpbcientof
determination RZ of 0.976.

|. INTRODUCTION

The RiverSondeis a compact, low-power radar system
which allows non-contactriver velocity measuremenfl]. It
is basedon the SeaSondenormally usedat high frequencies
(HF) to measureoceansurface currents,and operatesin the
ultrahigh frequeny (UHF) range with a wavelength near
1 m with a radiatedpower of lessthan1 W. The dominant
scatteringorocesss brst-ordeBraggscattering2], with water
waves of about 0.5-m wavelength providing the dominant
scatterecenepgy. Since the wavelengthof the resonantwater
wavesis known, andassuminghatthewavesarein 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 measuredoppler shift and that expectedfrom the phase
velocity of the resonantwaterwaves.

0-7803-8989-1/05/$20.00 ©2005 IEEE

85

RalphT. Cheng CatherineA. Ruhl
U. S. GeologicalSuney U. S. GeologicalSuney
345 MiddlebeldRoad 6000J Street,PlacerHall
Menlo Park, CA 94025 SacramentoCA 95819
(650) 329-4500 (916) 278-3129
rtcheng@usgs.go caruhl@usgs.go

A frequeng-modulatedchirp signal allows the rangeto a
scatteringpatchto be determinedwith a rangeresolutionof
5 or 15 m, dependingon the bandwidthused. Direction of
arrival of the echoeds determinedby using MUSIC direction
Pnding[3] appliedto a three-yagiantennaarray Usually the
radaris installed on one bank of a river, with the antennas
looking broadlyacrossthe waterf3ow asin Fig. 1. The center
yagi is usedfor transmissiorand all threeyagis are usedfor
reception.The arrival directionof the echois determinedwith
a resolutionof 1°.

Data processingis done in real time on a small laptop
computerwhich usuallyis accessiblevia a dial-up modemor
dedicatednternetconnection Plots of radial velocity vectors,
velocity problesandtime seriesof velocity areavailableeither
hourly (at Cowlitz) or every 15 minutes(at ThreemileSlough).
The RiverSondesquipmentand laptopcomputerare shavn in
Fig. 2.

Il. 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 conRuenceof the Cowlitz and
ColumbiaRivers. It remainedthereuntil June2004.Theriver

: Radar Field of View
River Mean Flow
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Fig. 1. Experimentgeometry The radartypically is installed on one bank
of the river. The wide Peld of view of eachantennais acrossthe river. The
antennasare shavn schematicallythe 3 yagis are displacedalong the river
axiswith a spacingof about0.5 wavelength,andthe two endyagisarerotated
about30° outward.
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Fig. 2. RiverSondeequipmentand laptop computer The equipmentis
installedin a weathefresistantenclosure.

Fig. 3. RiverSondeantennaonthe Cowlitz River at CastleRock, Washington.
Enegy was transmittedon the centeryagi andreceved on all 3 yagis.

was about3 m deepat the start of the experiment,and it

was about 88 m wide. The antennawas about 30 m from

the nearbank. The antennaarray is shovn in Fig. 3. Stage
height data are routinely recordedevery 15 minutesby the
U. S. GeologicalSuney. Several times during the courseof

the experiment,the Surwey also measuredhe bottom proble
usinga ground-penetratingadar(GPR)andthe watervelocity
asafunctionof distanceacrosghe channelanddepthusingin-

situ acousticinstrumentsWind speedanddirectionand other
weatherdatawererecordedevery 10 minutes.Finally, several
microvave radars (not discussedhere) were in operation
during the experiment.

Radardatawere processedn 2.5-minuteblocks and aver-
agedover an hour. Radial velocity vectorswere computedat
intenals of 5 m in rangeand 1° in angle.An example of a
radial velocity vector map averagedover one hour is shavn
in Fig. 4. From the radial vectors,estimatesof the variation
in the along-channeVelocity as a function of distanceacross
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Fig. 4. Radial Bow vectorsaveragedover one hour on 10 February2004.
Vectorsare plotted betweenthe river bankswith 1° resolutionin angleand
5 m in range.A velocity of 1.0 m/sis plotted with an equialentlength of
10 m.
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Fig.5. Problesof along-channeVelocity vsdistanceacrosghe channelfrom
USGSmeasurementen 22 January2004 and RiverSondemeasurementen
16 February2004 for very similar river stages.USGS measurementsvere
taken at a bridge downstreamof the radarandat a cableslightly upstreanmof
the radar

the channelwere madeby two methods.One methodwas to
combine vectorssymmetricallydisplacedin angle aboutthe
perpendicularto the mean Bow direction; the other was to
computea least-squaredbt to all of the radial vectorsfalling
in strips 5-m wide and parallel to the mean3ow direction.
Fig. 5 shows the resultof the latter method,alongwith in-situ
acousticvelocity measurementat two locationsin the radar
antennafootprint.

Finally, a single meanvelocity estimatefor eachhour was
made by calculating the median of the individual median
velocity probleestimatever the stripsfrom 40 to 80 m from
the radarangenng10 to 50 m from the nearbank),for which
theBow generallywasstableandtheradarsignalswerestrong.
A time seriesof the meanvelocity estimatedor a two-week
period is shovn in Fig. 6, along with the river stageheight
dataandhourly wind vectors.The relative scalesof the radar
velocity andwaterheighthave beenadjustecbasedon a least-
squaresbt betweenradarvelocity and water height,and it is
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Cowlitz Radar Velocity and River Stage
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Fig. 6. Time seriesof radarvelocity (points), river stageheight(solid line),
andwind vectorsfor 28 Januaryto 18 February2004.Wind vectorsvertically
upward indicate Bow upstream(opposingthe water 3ow).

clear that the radarinferred water velocity and stageheight
are highly correlated A linear regressionof radarvelocity on
waterheightaloneyieldedamodelcoebcientof determination
R? of 0.926.Including the squareof the water heightandthe
along-and cross-channelind raisedthe model R? to 0.933.

Also obwvious is a roughly periodic variation in the radar
velocity, on the orderof 10 cm/s,which is not reRectedn the
height data, and which doesnot appearto be relatedto the
wind. A Fourier analysisof the radartime seriesindicates
peaksnear 1 and 2 cycles/day Including the major tidal
componentsin the linear regressionanalysis above results
in a model R? of 0.936, with signibcantdiurnal and semi-
diurnal terms. Although thereis very little tidal signaturein
the stageheight data at Castle Rock, thereis a strong tidal
height signal at the conBuenceof the Cowlitz and Columbia
riverssome26 km away, andapparentlythatgenerates small
but detectabldidal signaturein the water velocity upstream.

For comparisonwith the USGS estimatesof total water
volumedischage,the dischage wasestimatedusingthe radar
velocity estimatesandin-situ stageheightdata. Estimationof
dischage volume involves both the velocity and the cross-
sectionalarea. The radar surface velocity proble acrossthe
channelwas multiplied by 0.85 to give an estimateof the
depth-@eragedvelocity. The factorof 0.85hasbeenobsered
in mary experimentsusing acousticinstrumentsto relatethe
depth-aeragedvelocity to the surfacevelocity [4]. The cross-
sectionalareawas estimatedfrom the GPR bottom proble
obtainedon 30 October2003 with a stage height of 9.68 m,
plus an areaestimatedfrom the differencebetweenthe in-
situ stageheight obsenation and the referenceheight, times
the width of the water surface (88 m) at the time of the
GPR measurementThe velocity proble and depth proble
were both interpolatedto 1-m intervals and the product of
velocity anddepthwasintegratedacrossthe channelto obtain
a total volume dischage each hour Fig. 7 comparesthe
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Fig. 7. Time seriesof dischage estimatedrom radarvelocity, in-situ stage
height, and GPR proble (red points), and USGS dischage estimates(blue
cune) for 25 December2003to 11 March 2004.

radar estimateswith the USGS estimatesderived from the
stage height measurementsThe two estimatesagree quite
well. A regressionanalysisgives Q; = —36.0+ 1.08Q, md/s,
with a coebcientof determinationR2 of 0.977,whereQ;, is
the dischage estimatedfrom the RiverSondemeasurements
and Qy is the dischage estimatedby the USGS. The RMS
differencebetweenthe two estimatesis 22.9 m3/s

I1l. THREEMILE SLOUGH

The RiverSondevasmovedto ThreemileSlough,in central
California, in September2004 and has beenoperatingthere
for several months.At ThreemileSlough,which connectshe
Sacrament@nd SanJoaquinRivers,the Row is dominatedby
tidal effects and reversesdirection four times per day, with a
maximumspeedf about0.8 m/sin eachdirection.Waterlevel
andwater velocity are continually measuredy the Suney at
the Threemile Slough site, with velocity recordedevery 15
minutesfrom measurementsade by an ultrasonic velocity
meter(UVM). The UVM determineghe watervelocity from
two-way acoustictravel time-differencemeasurementsade
acrossthe channelat approximately45® from the meanfRow
direction.Theinstallationis shovn 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 measuremernis anindex velocity andis indicative
of the velocity a few metersbelow the surface,althoughnot
necessarilyat the exact height of the acousticsensors.The
radarmeasurementn the other hand,representshe 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 measuremertgite.

Data processingat Threemile Sloughis similar to that at
Cowlitz, exceptthat 15-mrangecells are usedinsteadof 5-m
cells becauseof the wider channel,and RBow estimateswere
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Fig. 8. RiverSondenstallationat ThreemileSlough.The RiverSondeantenna
is mountedon the left side of the walkway andis over the water about4 m
from thebank. Theweatherstationsensorsareabore the antennaThe smaller
antennais for USGS datatelemetry The USGS and RiverSondeequipment
areinside the shelter
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Fig. 9. RadialBow vectorsaveragedover 15 minuteson 21 March 2005 at
18:30PST at ThreemileSlough.Vectorsare plotted betweenthe river banks
with 1° resolutionin angleand15 m in range.A velocity of 1.0 m/sis plotted
with anequialentlengthof 10 m. The meandirectionof Row is alignedwith

the horizontal axis. The sharpangularcutof at the right side of the plot is

dueto dataprocessindimitations.

madeevery 15 minutesinsteadof hourly becauseof the vari-
ability of the Bow. An exampleof radial vectorsobtainedon
21 March 2005is shavn in Fig. 9. The antennawas oriented
about13’ counterclockwiseawith 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 and Bow conditions,but usually there
were sufbcientwaves to producegood backscatteredignals.
However, if the wind wasvery low so that the water surface
was very smooth,with no Bragg-resonantvaves present,it
was difbcultto get a good measurement.

Fig. 10 shaws the variation in the along-channelelocity
as a function of distanceacrossthe channelfor the dataset
correspondingdo the radial vectorsof Fig. 9. The problewas
generatedby btting 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 Threemile Slough. The distanceorigin is at
the radarantennaand positive velocity represent8ow toward the north. The
blue asterisksshav the medianof 9 measurementsaken over a 15-minute
interval, andthe red symbolsshav the samplemeansand standardieviations
of the samemeasurementd/elocity estimatesare madeevery 5 m acrossthe
200-mwide channel.

radial vectors within 5-m-wide strips parallel to the mean
Row direction. At the time of this measurementhe Rowv was
changingrapidly, and the proble shows that the changewas
not uniform acrossthe channel.At other times, the change
was nearly uniform acrossthe channel.As at Cowlitz, the
medianvelocity estimategendedto be more stablethanmean
estimates,and the medianswere used for subsequentata
processing.

The medianvelocity proble valuesfor positionsfrom 40
to 120 m from the nearbank were averagedto give a single
meanRow value for each15-minuteinterval. Fig. 11 shovs
the radarsurfacevelocity estimategred points)andthe UVM
index velocity estimatesat depth(blue curwe) alongwith wind
vectorsfor a one-weekperiodstartingon 20 March 2005.No
correctiondo relatevelocity at the surfaceto a depth-aeraged
mean have beenapplied to either data set. The agreement
betweenthe two instrumentsis striking. A formal regression
analysis,relating radar velocity to UVM and wind velocity
givesv; = —0.009+ 0.93A/; — 0.002We + 0.015n, wherey; is
the RiverSondevelocity, v, is the UVM acousticvelocity, we
is the eastvard wind at the anemometefabou 8 m above the
watersurface)andw;, is the northwardwind, with a coebcient
of determinationR? of 0.976 and an RMS difference of
0.093m/s. The channelrunsalmostdirectly north-southat the
site,andthe northwardwind is in the directionof the channel.
The regressionwas appliedto 7985 data points covering 83
days.

Usually the effect of the wind on the velocity was very
small. However, its effect could be seenon a few occasions,
suchasthe bgginning of 22 March 2005whenthe wind was
over 20 m/s. In Fig. 11 the radar data points are clearly
displacedupward (highervelocity to the north) duringthetime
of strongwinds to the north. Suchconditionshave beenseen
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TMS Radar Velocity and USGS Velocity
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Fig. 11. Time seriesof meanwater velocity inferred from the RiverSonde
measurementfed) andfrom in-situ ultrasonicvelocity metermeasurements
(blue curwe) for the period20 March2005to 27 March2005.Wind vectorsare
shavn at the top, with a vector vertically upward representingvind blowing
toward the north (in the positive water velocity direction). The radar error
barsindicate one standarddeviation of 9 individual measurementfor each
15-minuteintenal.

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

V. SUMMARY

The RiverSondesystemwasin nearly continuousoperation
at Castle Rock for eight monthsfrom its installation on 28
October 2003 to its removal on 30 June 2004, and for a
similar period at ThreemileSloughfrom 16 Septembe2004
throughmid-2005. Data processings donein nearreal time
on a laptop computer and data are available either via a
dedicatedhigh-speedor dial-up telephoneconnection.Rawv
dataare archived to small portabledisksin casereprocessing
is desired.At the Cowlitz site at Castle Rock, there was a
high correlationbetween3ow velocity and stageheight, with
a very small tidal signal visible in the radar data that was
not seenin the stageheight data. At Threemile Slough, the
velocity is dominatedby the tidal effects, and the velocity
and stageheight were nearly in phasequadratureThe radar
velocity datawerehighly correlatedwith in-situ acoustidJVM
measurementwith R2 = 0.976.
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