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ABSTRACT

A common method for estimating mean flow speeds in studies of surface runoff is to time the travel of a dye cloud across a
measured flow path. Motion of the dye front reflects the surface flow speed, and a correction must be employed to derive a
value for the profile mean speed, which is always lower. Whilst laminar flow conditions are widespread in the interrill zone,
fewdata areavailable withwhich toestablish the relationship linkingsurfaceandprofilemean speeds,and there are virtually
none for the flow range 100< Re< 500 (Re = Reynolds number) which is studied here. In laboratory experiments on a
glued sand board, mean flow speeds were estimated from both dye speeds and the volumetric flow relationv = Q/wdwith d
measured using a computer-controlled needle gauge at 64 points. Inorder to simulate conditions applicable tomany dryland
soils, the board was also roughened with plant litter and with ceramic tiles (to simulate surface stone cover). Results
demonstrate that in the range 100< Re< 500, there is no consistent relation between surface flow speeds and the profile
mean. The mean relationship isv = 0�56 vsurf, which departs significantly from the theoretical smooth-surface relation
v = 0�67vsurf,andexhibitsaconsiderable scatterofvalues that showadependenceonflowdepth.Given the inapplicability of
any fixed conversion factor, and the dependence on flow depth, it is suggested that the use of dye timing as a method for
estimatingvbe abandoned in favour of precision depth measurement and the use of the relationv = Q/wd, at least within the
laminar flow range tested. Copyright# 2001 John Wiley & Sons, Ltd.
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INTRODUCTION

Studies of overland flow hydraulics commonly require information on flow depths and speeds, to calculate
friction coefficients or to use as independent variables in studies of soil loss. Often, these variables are
calculated from the simple volumetric flow relation:

Q� wdv �1�

whereQ is the volumetric flow rate (discharge) and w, d and v are the mean width, depth and speed,
respectively. Given three of these values, the fourth can be estimated by substituting the known terms into
Equation 1, and this makes for economy in field measurements. For example, on bounded runoff plots where
flow width is predetermined or can be measured and where flow depth can be measured at sufficient test
points, together withQ at the plot inlet and outlet, an estimate of the mean flow speed can be derived (e.g.
Abrahams and Parsons, 1991). Measuring depth is in principle straightforward and can be done at as many
points as are required, whilst flow speed is more difficult and may require a flow path of at least 20–50 cm in
order to be able to time the motion of a dye cloud. In the case of flow speed, this restricts observations to
‘zone’ measurements rather than point observations, since there is no way to record speed variations that
occur within the timed flow path. The measurement of flow speeds using dye has been refined by the division
of the flow into multiple ‘partial sections’ within which flow conditions are relatively uniform; results from
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thesearethenaggregated(Abrahamsetal., 1986).Dyespeedmeasurementsin principleallow anestimateof
themeanflow depthto bederived(e.g.Katz et al., 1995).Lesscommonly,bothdepthandflow speedhave
beendetermined(e.g.DunneandDietrich 1980).

Thispaperfocusesontheuseof dyetracingto estimatethemeanflow velocityv (asrequiredfor theuseof
Equation1 to estimated) in laminar flows that arisein certaintemporalandspatialrealmsduring surface
runoff, andwhicharediscussedshortly.Onecrucialdifficulty with thisapproachis thattheonly distinctpart
of thedyeplumethatcanreadilybetimedis thedyefront (dyearrival time).Giventhatthefastestwaterflow
is at thewatersurface,a correctionfactor is requiredin orderto deriveanestimateof themeanflow speed,
and this factor dependsupon the form of the vertical velocity profile. Very few dataof goodquality are
availablewith which to determinethe appropriatevaluefor this correctionfactor,which is known to vary
with flow state.Thesurfacevelocity considerablyexceedstheprofile meanin laminarflow but in turbulent
flow, eddymixing ensuresthat thesurfaceflow speedexceedstheprofile meanby a lesseramount.

Here,carefulmeasurementsof all four flow parameters�Q; w; d andv� arereportedfrom a laboratory
experimentwherelaminarflow waspassedoveraboardroughenedwith sandgrains.Thus,meanflow speeds
canbeestimateddirectly usingEquation1, without relianceon dyetiming. Dye timing wasused,however,
andthevalidity of usingthestandardcorrectionfactorto yield v is examined.Thegoalis to establishwhether
conventionalapproachesto the estimationof meanflow speedin laminar flow arevalid, and to evaluate
appropriatevaluesfor the factor linking surfaceandmeanflow speeds.

Velocityprofiles in laminar flow

Thevertical velocity distributionin laminarflow of depthd is givenby thequadraticequation:

u� gsin�
2v

y�2dÿ y� �2�

whereu is thevelocity,y is thedistancefrom thebedandv is thekinematicviscosity(RobersonandCrowe,
1975).Thisequationapplieswherethesurfaceis smoothandhasano-slipboundarycondition,andwherethe
downstreamflow trajectory is unobstructedfor moleculesat all distancesfrom the solid surface.For a
parabolicprofile whereu = 0 at thebedandreachesamaximum(vsurf) at thewatersurface,theprofile mean
velocity v is reachedat 0�33 of thedepth,andthe relationshipbetweenv andvsurf is:

v� 0 � 67vsurf �3�

Wherethe solid surfaceexhibitsgrain roughness,and the grainsextendupwardto partially obstructflow
paths,thereis anambiguityin thedefinition of the‘bed surfaceelevation’from which depthsaremeasured.
Emmett(1970)resolvedthisby usingablunt tip onaneedlegauge,someasuringtheelevationof thetopsof
grainsrougheningthe bed.Othershaveaddedto the measureddepthat averagegrain-topelevationsome
fraction of the grain diameter(0�25 diametersin the caseof Woo and Brater 1961) to allow for the
unmeasurablecrevicesbetweengrains on the bed. Leaving this issueto one side for the moment,the
observationremainsthatprotrudinggrainsobstructflow paths,andmustretardflow in theregionof thegrain
tops.Detailedflow observationsby Phelps(1975)haveshownthatvsurf is loweredrelatively little (but to an
extent that is a function of the relative roughness)for flow over fully submergedsandgrains,and that
significantflow retardationoccurswithin the body of the flow abovethe grains.As a result,the transition
from retardedflow nearthe grain tops to maximumspeedat the surfaceoccursover a narrowerrangeof
depths,and the vertical velocity gradient (assumedto be parabolic in Equation 3) is modified. The
experimentalconditionsusedby Phelps(1975)includedonly widely spacedgrainswhoseprojectedcover
fractionwas0�1,andthereappearto benocorrespondingdatafor surfacescompletelycoveredby grains,like
manydrylandsoils.Clearly, however,the presenceof protrudinggrainsaltersthe vertical velocity profile
from thesmoothparabolicform onwhich therelationof Equation3 depends,andits validity in laminarflow
overroughsurfacescomesinto question.Wemightanticipatethatageneralrelationshiplike thatof Equation
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3 would apply,but takethe form:

v� �vsurf �4�

wherea is a coefficientwhosevaluemaydependuponpropertiesof thesolid surfaceincludingmeasuresof
relativeroughnessandthespacingof theroughnesselements,andtheeffect that thesehaveon theshapeof
thevelocityprofile. Theexperimentsreportedhereevaluatea for fully submergedgrainroughnessin laminar
flow, suchasariseson surfacesinundatedby shallowoverlandflow, andalsofor flow throughdistributed
plant litter andprotrudingsurfacestones.Both of thesefeaturescommonlyoccurat field researchsites,and
arefeaturesroutinelyaffectingsurfacerunoff in drylands.

Prior evaluationsof thevalueof a
A setof carefully deriveddataon quasi-uniformlaminarflow on a laboratorysandboardof fixed width

wasderivedby Emmett(1970).Hemeasureddepthusingamicrometergaugeandalsosurfacevelocityusing
dye-arrivaltiming overmeasuredflow distances.UsingEquation1 with Q, w andd explicitly determined,
Emmettsolvedfor meanflow speed.He thencomparedthis with surfacespeedsfrom the dye timing, and
derived a from the ratio of these speeds(Equation 4). His 37 data for the range 200< Re< 2000
(Re= Reynoldsnumber)showthevaluea = 0�576(stddev.0�11:my calculation;notethatall originalvalues
of Rederivedin thepresentstudy,andthosederivedfrom the literature,havebeenbroughtto thecommon
form indicatedby Equation5). Emmett(1970)notedthat the valuea = 0�67 derivedfor laminar flow on
smoothsurfacesprovidedonly anupperenvelopelimit for hismeasureddata.Emmett(1970)did notdefinea
meanvalueof a for the flows exhibiting a< 0�67, sincethe valueof a appearedto declinefor shallower
flows.However,thevalueslie in therange0�365< a< 0�825(thatis,somevaluesexceeded0�67).Certainly,
a did not adopttheconstantvalue0�67,andindeedfew valuesnear0�67 wererecorded.Emmettspeculated
that extremeflow retardationarising from surfacefriction in very shallow flows might accountfor the
departurefrom the behaviourknown to apply in flow over smoothsurfaces.However,even amonghis
‘smooth’ surfacetests,on a boardwithout addedsand-grainroughness,valuesin therange0�37< a< 0�59
were found. Therefore,comparedto the glassor metal surfacescommonlyregardedas ‘smooth’, perhaps
eventheboardsusedin thetestsby Emmett(1970)exhibitedsignificantsurfaceroughness.Thesedataspan
both subcriticalandsupercriticallaminar flow, so that the samelowering of the apparentvalue of a was
exhibitedin both regimes.

Additional experimentsexaminingthe value of a were performedby Li et al. (1996) and by Li and
Abrahams(1997),for bothclearwaterandwatercarryingsaltatingsedimentgrains.Onceagain,it wasfound
thata did notexhibitavalueof 0�67for laminarflow, nordid it adoptthetheoreticalvalueof 0�8 for turbulent
flow. Li andAbrahams(1997)foundthata waslowestin laminarflow (wherenodistincttrendwith Recould
be shown),rosesteeplythroughthe transitionalrangeof Re, andcontinuedrising slowly in the turbulent
range.Interestingly,for the assumedlaminarrange(Re< 2000),Li andAbrahams(1997)found the mean
valueof a to be0�37,whichis muchlowerthanthevaluesreportedby Emmett(1970).Themediansandgrain
sizecontributingsurfaceroughnessin the testsof Li andAbrahams(1997)was0�74mm, whilst Emmett
(1970)usedsandgrainsof 0�5 mmmediandiameter.This raisesthepossibilitythatthevalueof a declinesas
surface grain roughnessincreases.To my knowledge, this possibility has not been systematically
investigated.However, if it is real, then such a marked dependenceof a on grain size posessevere
difficulties for theuseof dyetracingto estimateflow speedsonnaturalsurfaceswheregrainroughnessheight
is markedlyvariable.

A furtheruncertaintythatremainsis howa behavesin thelowerrangeof laminarflows, far from theregion
of transition to turbulence.The presentstudy attemptsto fill that gap by concentratingon the range
100<Re< 500. Thoughsuch flow Reynoldsnumbersare commonin overlandflow on gently sloping
dryland surfaces(Dunkerley, unpublisheddata), no studiesof flows in this range, apart from a few
observationsby Emmett(1970),havebeenpublished.To put this rangeof Re in perspective,on a strip of
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slopingterrain1 m in width, andtaking a representativemeanoverlandflow speedof 5 cm sÿ1, if rainfall
intensityis 30mm hÿ1 andsoil wateruptakeis 15mm hÿ1 (reasonablevaluesfor drylandsof westernNew
SouthWales,Australia)(Dunkerley,in press),aslopelengthof 30m wouldberequiredto reachRe= 500;a
runoff fetchof 6 m is neededevento reachRe= 100.Thus,oversignificantpartsof theinterrill realm,flows
will haveRe values< 500. On the assumptionthat the thresholdvalue of Re marking the beginningof
turbulentflow was1200,Woolhiseretal. (1970)concludedfrom rangelandexperimentsin SouthDakotathat
laminarflows persistedfor flow lengthsof up to 170m. Thus,it is importantthatthebehaviourof a in these
widespreadflows be examined.Conditionsin the early stagesof overlandflow would be affectedby the
impactof raindrops.Variation in the magnitudeof this disturbancewould vary with flow depths,andwith
dropsizesandrainfall intensities.Thesefurtherpotentialeffectson thevalueof a arenot consideredhere.

Despitetheearlyfindingsof Emmett(1970),andlaterLi et al. (1996)andLi andAbrahams(1997),there
hasbeenwidespreaduseof the valuea = 0�67 in the processof estimatingmeanflow speedfrom surface
valuesfor flows in thelaminarrange.Forexample,thiswasdonein thefield for flows thatincludedlaminar
regimeflows overgravel-coveredsurfacesby Abrahamset al. (1986)who useddyespeedsmeasuredover
flow lengthsof 25cm. The valuea = 0�67 wasalsoadoptedfor the conversionof surfacevelocitiesin the
laboratoryflume testsof Guyet al. (1990),whereflows werepassingoverasandytestsoil, by Rouhipouret
al. (1999)for field trials in apineapplefarmwherewaterwastrickledontothetopof testfurrows,andby Fox
andBryan(1999)in a laboratorystudyof interrill erosionin soil boxesexposedto artificial rain. Similarly,
for turbulent flows, the correspondingtheoreticalvalue a = 0�8 hasbeensystematicallyadopted(e.g. by
Nearinget al. (1999)in a studyof rill flow hydraulics).Dye timing hasalsobeenusedin a rangeof flow
roughnessstudies,in somecases(e.g.Roels1984)without anyconversionto profile meanspeed.In noneof
thesecaseswherea valuefor thecoefficienta wasadoptedwasevidencepresentedthat thevaluehadbeen
justifiedexceptby extrapolationfrom theknownbehaviourof viscous(or turbulent),sediment-freeflows on
smoothsurfaces.

To my knowledge,thereareno studiessystematicallyinvestigatingthe effectsof protrudingroughness
elements,or organic litter, on the value of a applicableto laminar flows. If dye tracing is to be usedto
estimatemeanflow speedsonnaturalplots,it mustbeestablishedwhetheror notthereis anappropriatevalue
for a for usewhentheeffectsof protrudingobstaclesandlitter arepresent.

MATERIALS AND METHODS

Experimentswere conductedon glued-sandboardsof 0�6� 1�2 m, madeby applying a heavy coat of
waterproofvarnishand sprinkling this with sandwhile still wet. The excesssandwas then removed.By
sievingandcalculationof themass-weightedmeandiameter,themeangrainsizeof thetwo sandsusedwas
foundto be0�4 mmfor mediumsandboardand0�67mmfor coarsesandboard.Thecoarsesandwaslesswell
sortedthanthe mediumsand.Sidewalls 2 cm in height,androughenedwith sandin the sameway, were
attachedto eachsideof theflow boards,to makea confinedchannel0�5 m wideand1�2 m long.Eachboard
wascarefullylevelledlaterallyandinclinedataslopeof 1�2° by theuseof wedges.Thisgradienttypifies the
slopeof runoff–runonlandscapesin arid Australia (e.g.DunkerleyandBrown (1995)studiedthe banded
vegetationof westernNew SouthWales,Australia,thathasdevelopedon slopegradientslying in therange
0�5–2�1°).

Waterwasrecirculatedfrom atankusingavariable-speedpump,andfed to thetopof theboardthrougha
perforatedpipehavingeightoutlet holesspacedevenlyacrossthewidth of theboard.Unit flow rateswere
variedin the range0�25 to 1�14cm2 sÿ1; thesewereassociatedwith flow depthsrangingfrom about0�8 to
2�7 mm.Flow passingfrom thebottomof theboardwascaughtin agutter,atwhoseoutletpipeflow ratewas
measuredvolumetrically every 2 min during testswhich lastedabout 15min. Water temperatureswere
recordedat the sameintervalsusinga platinumresistancethermometerandrecordedto thenearest0�1 °C,
andkinematicviscositycalculatedusingthepolynomialrelationshipsof Weast(1979).

Foreachtestconditionandflow rate,dropsof fluoresceindyewereaddedto theflow andthesurfaceflow
speedsrecordedfrom traveltimeof thedyeatthreelocationsacrossatestsectionof 50cmmid-wayalongthe
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board.In anattemptto minimizeerrorsarisingfrom thereactiontimeof theobserver,anticipationwasusedin
judgingwhento operatethestopwatchcontrols.Thatis, in releasingdye,anattemptwasmadeto depressthe
syringeandthestopwatch‘start’ buttonsimultaneously.Likewise, the dye front wascloselyobservedasit
approachedthe lower boundaryof the flow pathmarkedout for timing so that the watchcould be stopped
simultaneouslywith thearrival of thedyefront. Whena mistakewasmade(beginningor endingtiming too
soonor too late) thedye testwasdiscardedandthe testrepeated.

In eachof the surfacetreatments,describedbelow, four to six different flow rateswere appliedto the
boards.

All surfacetreatmentswereappliedto themediumsandboard.Onesetinvolvedplacingobstacleson the
sandboardto simulatesurfacestonesprotrudingthroughthe shallowoverlandflow. In order to avoid the
complicationof irregularobstaclesthatmightnot touchthesurfaceexceptat theirextremities,andfor which
arealcoverfractionwould thusbeof limited use(e.g.irregularnaturalpebbles),glazedceramictiles of two
sizeswereused.Thesehadsurfacesof thesamesmoothnessasis typically foundfor thestoneslittering the
desertsurface,which aremostlyof glassyvein quartzor otherresistantmaterialscarryinga desertvarnish.
Theceramictiles weresetout randomlyon theboardto yield coverfractionsof 5, 10 and20 percent.The
tiles usedhada thicknessof 6 mm, sufficient to ensurethat they wereneverovertoppedby the flow, and
remainedasobstacleswhichgeneratedalargerupslopewettedareaasflow depthswereincreased.Tileswere
all placedwith their upslopefacenormalto the flow, soasto presentthemostblunt obstaclepossible.

Theothertreatmentinvolved theapplicationof plant litter collectedfrom theBrokenHill regionof arid
westernNew South Wales. Three loadings were used (20, 40 and 80g mÿ2) with the litter sprinkled
uniformly over theboard.Theseloadingslie within the rangesfoundby variousworkersin dry shrublands
andgrasslands,wherelitter covercanreach20–70per cent(Woolhiseret al., 1970;JohnsonandGordon,
1988).As measuredby grid counting,theselitter loadingsprovidedapproximatelythe samearealcover
fractions(5, 10and20percent)asemployedin theceramictile experiments.Exceptfor someof thesmallest
litter fragments,whichmovedepisodicallywith theflow, thelitter wasimmobile in therangeof flows used.

To allow flow to reachequilibriumspeeddowntheboard,andto avoidedgeeffectsat thedownslopelip
(wheresurfacetensioneffectscausewaterto pondbeforespilling over),all depthmeasurementsweremade
in acentraltestareaof theboardlocatedat themid-pointof its length,andmeasuring50cm� 50cm.Within
this area,depthsweremeasuredon a grid of 64 points,usinga computer-controlled gantrythatwaslevelled
abovethe sloping board.Steppermotorswere usedto move a measuringcarriageto nominated(X, Y)
coordinateson this grid, andat eachpoint an electronicneedle-gaugewasloweredby a precisionstepping
systemuntil a circuit was closedwhen the needletip contactedthe water surface.This Z probe had a
resolutionof 0�025mm (<0�001inch).To mapelevationsacrossthedry board,thesameZ probecarriedan
opto-electronicswitch that was activatedwhen a solid object was touched.This had the same0�025mm
resolution,and the needlepoint probehada diameterof 0�35mm (smallerthan the diameterof the sand
grains)andwasadditionallydrawnto anarrowpointedtip. Waterdepthsateachgrid pointwerethenderived
by subtractingtheelevationof thedry boardat thatpoint from theelevationof thewatersurfaceat thesame
grid point onceflow hadbeenturnedon. TheX–Y systemreturnedto eachgrid point within a toleranceof
0�25mm. Datawereloggeddirectly ontoa laptopcomputerlinked to themotorcontrolelectronics,andthe
time andcoordinatesof eachpoint recorded.In addition,thedatafile recordedwhethertheneedleprobehad
touchedthewatersurfaceor whethertheoptical switchhadbeenactivatedby a solid object.In this way, it
waspossibleto decodefrom thefile thosepointswherearoughnesselementlay beneaththegrid point.These
non-submergedpointswereexcludedwhenmeandepthswerecalculated(AbrahamsandParsons,1990).

Calculationof flow parameters

Flow Reynoldsnumberswerecalculatedfrom the relation:

Re� 4vd
v

�5�
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andtheFroudenumberwasdeterminedfrom:

F � v������
gd

p �6�

To characterizeretardationof flow, theDarcy–Weisbach relation

f � 8gdS

v2 �7�

wasemployed,with Sbeingtheboardslope.Thefour to six differentdischargeratesemployedallowedthe
samenumberof valuesof f to be derived.Thesewere thenusedto deriveda roughnessvalue,K, for the
surfacetreatment,usingthe relation:

f � K
Re

�8�

RESULTS

Dyetracingsconfirmedlaminarflow onthebaresandboards,with nomixing of adjacentflow filaments.Dye
pathslikewise showedthat flow wasdivertedin smoothlycurving pathsto passbetweenandaroundthe
ceramictiles,whichrestedflat ontheboardsurfacesothatnoflow passedbeneaththem.Areasof stalledflow
upslope,andareasof flow separationdownslope,werenotedto arisefrom thesquaretilesplacedwith leading
edgenormalto the flow. Flow wasnot steady,but acceleratedthroughconstrictionsbetweenneighbouring
tiles, andslowedwherelessof the boardwidth wasoccupiedby theseobstructions.Similarly, evenin the
presenceof thehighestlitter loadings,flow pathsdowntheboardweresmoothlycurvedandof low sinuosity.
Owingto theangularshapesof twigs,thornsandflower parts,flow wasableto passbeneathlitter particles,or
throughgapsin clumpedlitter. Absenceof mixing of adjacentfilamentsagainindicatedthat laminar flow
conditionsweremaintainedat all discharges.

Thenumericaldescriptionof laminarflows on themediumsandboardis consideredfirst, sincethis board
was studiedin greaterdetail than the coarsesandboard,and was usedfor all subsequenttile and litter
treatments.The five dischargeratesusedresultedin 103�8< Re< 410�2 (Table I), while all flows were
subcritical.Meandepthsdirectly measuredby theprobesystemlay in therange0�85–1�22mm,while mean
flow speedscalculatedfrom Equation1 usingthesedepthslay in therange2�98–8�23cm sÿ1. Surfaceflow
speedswere 5�28< vsurf< 14�19cm sÿ1. The Darcy–Weisbach f was 1�56 at the lowest flow rate, and
declinedto 0�29 at thehighest.Overall, thevalueof K for this board(Equation7) was138.Fromlowestto
highest discharge,values of a lay in the narrow range 0�56–0�61, showing no tendency to change
systematicallywith thevalueof Re.

On the coarsesandboard,resultsweresimilar in all respects,thoughflow speedswere lower, and the
derivedvalueof K (Equation8) for thisboardwashigher,at199,asexpectedin view of thecoarsersandgrain
size.

The litter andtile treatmentsresultedin complexpatternsof changein depth,velocity, Darcy–Weisbach
roughness,andotherflow parameters(TableI). Thesearenotpursuedin detailhere,in orderto focuson the
behaviourof a. For largetile tests,0�53< a< 0�64 (mean0�561),andfor small tile tests0�47< a< 0�69
(mean0�574).In thelitter tests,0�50< a< 0�61(mean0�543).In comparison,themeanfrom bothbaresand
boardswasa = 0�579.Thereis nostatisticaldifferenceamongthesepopulationsatp� 0�01(small-samplet-
test;Freund1974).In view of this, theresultscanbepooledandacrossthetestedrange100< Re< 500this
yieldsa meanvalueof a = 0�56.

Thereis norelationshipbetweena andRein thepresentdata.However,in theplot of a versusRe(Figure1)
it is notablethatthelowestvaluesof a seemto beassociatedwith theheaviestlitter loadingandwith the10
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percentcoverof small tiles; in bothcasesthesetreatmentsresultedin high valuesof theDarcy–Weisbachf.
Thehighestvaluesof a arosefrom someof thelargetile tests,andthesewereassociatedwith low valuesof
theDarcy–Weisbach f. Thebaresandboardflows lie in aboutthemiddleof this range.Theseobservations
suggest,rathertenuously,that theremaybean inverserelationbetweena andtheDarcy–Weisbachf in the

Table I. Rangesof key testconditionsandresultingflow propertiesfor baresandboard,ceramictile andplantlitter tests
usinglaminarflow

Boardtreatment K (Eqn8)

Rangeof Q
tested

(cm3 sÿ1)
and(number
of increments

of Q)
Rangeof Re

(Eqn5)
Rangeof d

(mm)
Rangeof v
(cm sÿ1)

Rangeof a
(Eqn4)

Meanerror
in using

v = 0�67 vsurf
(%)

Baremediumsand 138 12�6–50�1 (5) 103–410 0�85–1�22 2�98–8�23 0�56–0�59 14�4
Barecoarsesand 199 22�5–56�4 (4) 190–485 1�11–1�74 4�05–6�67 0�43–0�58 26�5
5% coversmall tiles 142 16�0–53�5 (5) 137–465 0�91–1�33 3�69–8�41 .63–.69 1�35
10%coversmall tiles 233 13�3–53�6 (5) 119–478 0�98–1�68 3�01–7�08 0�47–0�57 30�9
20%coversmall tiles 211 13�9–48�3 (4) 141–490 1�00–1�64 3�47–7�34 0�55–0�61 15�8
5% coverlargetiles 171 12�3–49�3 (5) 106–423 0�88–1�35 2�91–7�69 0�54–0�59 20�4
10%coverlargetiles 133 12�7–50�8 (5) 107–429 0�84–1�33 3�37–8�48 0�53–0�64 16�5
20%coverlargetiles 177 14�8–40�0 (4) 141–380 1�02–1�38 3�62–7�25 0�54–0�62 17�3
20g mÿ2 plant litter 264 12�9–47�2 (4) 106–385 0�96–1�59 2�68–5�93 0�54–0�61 17�7
40g mÿ2 plant litter 288 13�4–39�8 (4) 108–319 1�06–1�54 2�53–5�18 0�54–0�61 18�3
80g mÿ2 plant litter 1015 13�3–53�3 (6) 103–410 1�51–2�67 1�76–4�00 0�50–0�59 26�5

Figure1. Relationshipbetweentheratioof surfaceandmeanflow speeds,a (Equation4), andthemeanflow Reynoldsnumberfor the
laminarflow experiments

Copyright# 2001JohnWiley & Sons,Ltd. Earth Surf.Process.Landforms26, 363–374(2001)

LAMINAR OVERLAND FLOW 369



range100< Re< 500. Statisticaltestsof significancedo not supportthis contention,but it is notedasa
hypothesisthat maybeworthy of further testing.

A statisticallysignificantrelationshipwasfoundbetweena andmeanflow depth(Figure2). This relation
wasbestfitted asa powerfunction taking the form:

� � 0 � 587d
ÿ0�165 �9�

Forthis relation,r2 = 0�27andp = 0�0001.This indicatesthatthereis asignificantdeclinein thevalueof a in
deeperflows, regardlessof thetreatment(baresandboard,smallor largetile cover,or litter loading)although
thescatterin therelationshipremainslarge.In veryshallowflows, thevalueof a approachesmostcloselythe
theoreticalsmooth-surfacevalueof 0�67,andthevaluefalls asflow depthrises.Thisrelationshipis concealed
whenusingReastheindependentvariable,suggestingthatchangesin depthandflow speedto someextent
offseteachotherin waysthat requirefurther study.

DISCUSSION

In all of thetestsmade,theadoptionof a = 0�67 to estimatemeanflow speedsfrom surfacedyearrival times
resultsin overestimatesof v, themeandifferencebeing18�7 percentandthemaximumnearly31 percent.
This is a sizeableerror,but possiblemeasurementproblemsthatmight arisein observingthin flows mustbe
eliminatedaspossiblecauses.

Theobservationof vsurf usingthestopwatchis thefirst potentialsourceof difficulty. It is unclearjustwhat
errorsof judgementremainedin thestopwatchtiming despitethecarefuluseof anticipationnotedearlier.It
seemssafeto deducethat theuseof anticipationwould reducethenormalreactiontime thatwould apply in
respondingto aneventoccurringwithoutwarning,which is commonlya few hundredmilliseconds(Welford

Figure2.Relationshipbetweentheratioof surfaceandmeanflow speeds,a (Equation4),andthemeanflow depthfor thelaminarflow
experiments.Thesolid line representsthe least-squarespowerfunction regressionmodelfitted to thesedata
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1980).If, therefore,thetraveltime of thedyefront wasmisjudgedby say200ms(half of aplausible400ms
arisingpartlyat themomentof dyereleaseandpartly atdyefront arrival downslope),thentheerroramounts
to <5 percentfor slower,shallowflows, but up to 13 percentfor thedeepestandfastestflows. However,
severalrepeattimingsweremadefor eachflow condition,andthemeantravel time taken.Judgementerrors
shouldinvolvebotherroneouslyshortandlongtraveltimes,sothatresultingerrorsin themeanshouldbeless
than thoseof the individual dye observations.Furthermore,it is known that practicegreatly reducesthe
reactiontime (Welford 1980),andanticipatorystopwatchtiming wasusedrepeatedlyandunderidentical
conditionsthroughouttheexperiments.In orderto accountfor a 30 percentspeederror in a testwherethe
traveltimeof thedyefront wasnear6 s(acommonvalue),thetiming errorwouldhaveto benearly2 s,which
doesnotappearlikely, thoughtiming errorsof 13percentwouldneverthelessbeof concernin theveryfastest
flows. Evidenceagainsta major role for timing errors in even theseflows is, however,providedby an
examinationof the relationshipbetweensurfacedye speedsandthe discharge.In all casesthe relationship
wasextremelystrongacrossall observationsfrom lowestto highestdischarge(coefficientsof determination
in the regressionrelation betweenvsurf andQ were in all cases>0�99). Had increasinghaphazardtiming
errorsbeenaffecting the dye timing, theserelationshipswould be expectedto show increasingscatterat
highervaluesof Q, andthiswasnotobserved.Therefore,it doesnotseemprobablefor timing errorsto bethe
causeof the 15–30per centdifferencebetweenthe speedsbasedon dye timing andthosecalculatedusing
observedflow depthstogetherwith Equation1, andindeed,given the very tight regressionmodelslinking
vsurf andQ, it would appearthat substantialerrorsarisingfrom timing arenot presentin thedata.

Considerationmustnow be given to the potentialerrorsin the instrumentalobservationof flow widths,
depthsandflow rates.

Flow width wasfixed at 50cm in all testsandcannotbein error,at leastfor thebaresandboards.For the
tile experiments,obstaclesize was uniform and the appropriatereductionin flow width to allow for the
protrudingobstacleswasapplied.In thecaseof litter, thereis muchmoreambiguityabouthow flow width
oughtto bedetermined.In view of theobservationthatnoflow pathalongtheboardwastotally obstructedby
litter (theflow passingabove,underor throughlitter particlesandlitter clumps),width wasin all casestaken
to be 50cm. Likewise, Q was timed repeatedlyusing a stopwatchand graduatedlaboratoryvessels,and
acrosstheseveralhundredmeasurementsreportedcannotconsistentlyhavebeenunderestimatedby nearly19
percentaswouldberequiredto accountfor thediscrepancybetweenv andvsurf. Rather,it wouldbeexpected
thaterrorswould besmall,andabouthalf too low andhalf too high.

This leavesonly depthmeasurementerror, andthis is perhapsthe mostproblematicof the variablesto
observewith extremeprecision.However,depthwouldhaveto beconsistentlyoverestimatedby about23per
centto accountfor thediscrepancyin flow speedcalculations.In fact, theprobemechanismusedto measure
depthis more likely to underestimateflow depth,ratherthanoverestimate,for two reasons.Not eventhe
narrowtip of theneedleprobecanpassinto thesmalldepressionsbetweencloselyspacedsandgrains,sothat
theapparentelevationof theroughenedsurfacewouldbetoohigh.But theerrorherecannotexceedabout0�5
grain diameters,sincethe grainsarepackedcloselytogetherandwould touchat about0�5 grain diameters
abovethevarnishedsurfaceof theboard.Further,thiserroris compoundedbecauseof themodeof operation
of theprobesystem.Thesteppermechanismmovestheneedleprobein stepsof fixed size(0�025mm).This
incrementalsteppingmechanismresultsin worst-caseerrorswhenadownwardstepbringstheprobetip very
near to the water surface.The next downwardstep would then carry the tip below the surface(i.e. an
overshoot),sincethesmallestdownwardstepof theprobeis 0�025mm.Giventhatwaterdepthis determined
from the distancebetweenthe downwardtravel distanceto the bareboardandthe downwardtravel to the
watersurface,theslight overshootpossiblein this worst-caseanalysistendsto resultin depthsthat aretoo
low. Giventhismaximumerrorof 0�025mm,thelargestdeptherrorarisingfrom needleprobeovershootfor
flows 1 mm deepis an underestimateof 2�5 per cent,and 1�25 per cent for flows 2 mm deep.However,
consistentlyworst-caseerrorscouldnot arisesystematically,andmostdepthmeasurementswould certainly
haveinvolvedlesserror.If theinability of theprobeto sensetiny gapsbetweenthesandgrainsis added,and
estimatingthis to havea meanof 0�2 graindiameters,the total underestimateof depthon themediumsand
boardcouldamountto 0�105mm,or 10�5 percentin flows 1 mmdeep,and5�25percentfor 2 mmflows.But
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theseare underestimates,and overestimatesof depthare requiredto accountfor the speeddiscrepancy.
Therefore,it seemsalmostimpossiblefor deptherrorsto be responsiblefor the results.

Finally, thediscrepancyin speedcalculationscouldbeaccountedfor by acombinationof consistenterrors,
suchasmeasurementsof Qconsistentlytoolow by nearly10percentandmeasurementsof depthconsistently
too high by 10 percent,but this againseemsimprobablethroughmorethan3000depthobservationstaken
duringthestudy,andseveralhundredcarefulmeasurementsof Q. Theconclusionis that thediscrepancyin
flow speedestimatesis realandnot a measurementartifact.

Having ruled out artifactsof the measurementsystem,we canobservethat the meanvalueof a = 0�56
closelyresemblesthevaluederivedearlierfrom Emmett’s(1970)data,of a = 0�576.Emmett’svaluesspan
severaldifferentslopeanglesandarangeof roughandsmoothsurfaces,butwith roughnesselementsall fully
submerged.Theseconditionsareidenticalto thoseusedin thepresenttestson thebaresandboards,but are
distinctfrom boththetile andlitter tests.Li andAbrahams(1997)alsofoundvaluesof a to lie below0�67 in
thelaminarrange,but their resultwassomewhatlower,with a meanof 0�37.Li andAbrahams(1997)found
no clearsupportfor any relationbetweena andRefor laminarflow, andthis is consistentwith thepresent
results.

The resultsconfirm the findings of earlier workers,cited previously, that the behaviourknown from
viscous‘smoothflow’ cannotbetransferredto roughartificial or naturalsurfaceswithout incurringerror.The
mismatchbetweenmeanflow velocityestimatedusingEquation1 andconvertedsurfacevelocitiesestimated
from dye timing reachesa maximumof 30�9 percent(TableI). Whilst this is a substantialerror,whenthe
resulting erroneousvaluesare carried into subsequentcalculations,the errors can be compounded.For
example,whentheresultingestimatesof meanvelocity areusedto estimatetheDarcy–Weisbach roughness
coefficient f (Equation7) (e.g. Dunneand Dietrich 1980), the errorsare increasedbecausea term in v2

appearsin thedenominator.Thus,avelocity in errorby 20percentproducesanerrorin v2 of morethan30per
cent,andan equalunderestimateof the surfaceroughness.In contrastto the moderateerror in flow speed
estimation,this error in roughnesscoefficientcanbecomesevere,andcouldswampdetectionof roughness
variability arisingfrom different surfacesunderinvestigation,leadingto a failure to achieveexperimental
objectives.

Thevaluesof a derivedherearenotablyhigherthanthosederivedby Li andAbrahams(1997),whofound
valuesapproaching0�3 for Re= 500(thelowestRevalueexaminedby them).Thedataof Li andAbrahams
(1997,figure2) showa risingsteadilyfrom thisminimumin thelaminarregion,andthroughthetransitionto
turbulence.It seemsunlikely thatthecurverisessteeplyoncemoreat lower valuesof Reto reacha meanof
0�56asfoundherein therange100< Re< 500.Therefore,it is difficult to reconcilethepresentresultswith
thoseof Li andAbrahams(1997).It is worthemphasizingthatthecoarsesandboardusedherehasaboutthe
samemeangrain size as that employedby Li and Abrahams(1997), whilst the litter treatmentstested
providedatestconditionwith adramaticallyhigherDarcy–Weisbachf. Despitethefact thattherangesof Re
testedin thesetwo studiesdo not overlap,theynonethelessabutoneanother,andthedifferencein a values
warrantscloserinspection.

Li andAbrahams(1997)foundfrom trialsonaglasssurfacethata wasloweronthissmoothersurfacethan
on their sandboard.Theyalsofoundthat their useof concentratedsaltasa tracerin measuringflow speeds
wasassociatedwith underestimationof a, possiblybecausethedensesalinesolutiontravelledatthebottomof
thewatercolumnwhereflow speedsarelower. On glassat Re= 1056,thevaluea = 0�30 derivedfrom salt
tracingwaslessthanhalf of thevalue(a = 0�61)derivedthroughtheuseof apointgaugeandsolvingfor v in
Equation1. This is a considerablediscrepancy,and it is notablethat the value derivedby needle-gauge
measurementof depthis very similar to thevaluesderivedin thepresentstudy.

Whilst in thepresentstudynogoodrelationwasfoundlinking a andRe,averystrongonewasestablished
linking a and meanflow depth.Given the formula for Re (Equation5), and the negligible variation in
kinematic viscosity during the experiments,this is informative. It suggeststhat flow depth is involved
physicallyin settingthevalueof a, but thatthis is concealedwhend is enteredasatermin theformulafor Re.
Thus,co-variationin v mustnullify the effect of changingdepth,so that their productremainsrelatively
unaltered.For example,while flow depth increasesin the presenceof protrudingobstaclesin the flow,
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velocity is not sensitivelyaffected.Dunkerleyet al. (unpublisheddata)showedthat for obstaclesprotruding
throughlaminarflow, meanflow speedscaneitherbe increasedor decreased,dependingon the geometric
arrangementof the obstacles.Narrowingof the flow pathsoffsetsthe obstacledragbecausein the laminar
range,thedeeperresultingflow pathsareassociatedwith highervaluesof Reandthereforeloweroverallflow
resistance.In thepresenceof litter, flow depthsarenotablyincreased,but correspondingly,flow speedsare
reduced.Thus,again,thevalueof Recanchangelessthanthevaluesof thedepthandspeedtermsusedto
deriveit (Dunkerleyet al., in press).

CONCLUSIONS

In view of thescatterof valuesfor a derivedhere,it is suggestedthatestimationof meanflow speedsby the
conversionof leading-edgedyearrival timesdoesnot providea suitablebasisfor researchinvestigations,at
leastwithin the range100< Re< 500,which encompassesthe rangeof at leastsomeoverlandflows (see
earlier discussion).Natural soil surfaces,in particular, have a wider rangeof roughnesselementsthan
laboratory sand boards, and may have surface stones, litter, faunal mounds and other kinds of
microtopography. All of thesewill perturb the flow and the vertical velocity profile, and so modify the
valueof a. It doesnot appearfeasiblefor a workerundertakinganexperimentalprogrammewheredataon
runoff speedsareneededto be able to characterizeboth the surfaceroughnessandother featuresin great
detail, merely to estimate v. Instead, it is the writer’s recommendationthat either direct velocity
determinationsbe made(e.g. using laser doppler or hotwire methods)or that flow depthsbe observed
usingcarefulneedle-gaugeobservations.Failing this, it appearsthatdataof doubtfulvaluewill begenerated
whenadoptinganyvaluefor a whoseapplicabilityto theparticulartestconditionshasnotbeendemonstrated.

An importantissuenotaddressedin thepresentwork is whatpropertyof theroughsurfaceoverwhich the
viscousflow passesis responsiblefor thesettingof theappropriatevalueof a. It seemslikely thatthis is the
heightanddensityof theroughnesselementsthatprotrudesignificantlyinto thebodyof theseshallowflows,
or through them in the caseof litter clumps or surfacestones.However, this is an areawhere further
investigationis required.
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