RIDGE-RUNNEL MIGRATION
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The recovery of beaches after a storm can be influenced significaniyjgeyrunnelmigration. Ridges are made up

of largevolumes of sandvhich is important for theoastalsedimentudget.The experiment described in this paper
gives an insight into theomplexhydrodynamics and sediment transport mechanisms related to onshoneiridge
migration. Detailedvaterfree surface elevatiofiluid velocity and sediment transport rate measurements weza tak

in amobile bed wave flume with a focus tme effect of water ponding and runnel drainage on the profile evolution.
The measured resultsave beerused to calibrateéhe time-averaged numerical crosbore modelCSHORE The

model has the capalilito deal with the effect of a pronounced profile depresgiaterfilled runnel) forming on

the intermittently wet and dry zone of the beach. Results of the experiment compared with the corresponding
numerical model computations show thizé¢ rapid onsbre migration of a ridgeunnel system under fairly energetic

wave conditions can be computed with CSHORE but further improvements of the model are necessary.

Keywords:beachrecovery beach morphology; moveable bed experimsatliment transport; numeritanodeling;
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INTRODUCTION

Background

This paper deals with coastatige-runnel migrationwhich can play a significant role in beach
recovery after stormfidgerunnel systems comprise shegparallel sanatrests and water filled troughs
and are visible on nTaaysre pesenttinhthe intermittdntly dvet ant dryazonke e s .
of the beach profile where fluctuating water levels and waves constantly reshape their appearance.
Ridgerunnel systemare dynamic coastal morphology features with important implicationsnlyfor
beach recovery after storntmit also forthe coastal sediment budget in general due to their large
volumes of sand being set in motion by wave action.

Several processes cabute to the migration of ridgaunnel systems. The ridge crest is overtopped
by waves and moved onshore as water and sedemedeposited inside the runndlhe runnel acts as
a settling basin for the incoming sediment since the flow velocities irutireel are small compared to
the velocity of the overtopping waves on the ridge crestthe water level in the runnel increases, an
offshore return flow out of the ridge is initiated allowing water and sediment to exit the runnel. The
offshore return ofvater and sediment can occur over the ridge crest or through rip channels intersecting
the ridge at specific locationst becomes evident that the simultaneous occurrenddeobnshore
directed overtopping flow initiated by waves atme offshore returrflow out of the runnetreates a
highly complex sediment transport situation.

Existing Capabilities and Literature Review

The complicatedsediment transport processes responsible for #idgeel evolution are still only
poorly understood and modeling chpiies remain limited. This may be attributed in part to the
complex interaction of the hydrodynamic forcing and the morphological response, but also to the
limited amount of associated field and laboratory daspeciallythe collection ofhydrodynamicdata
on ridge crests with only intermittently occurring, very shallow water fisvehallenging.

Hence, quantitative field and laboratory data on rdgenel migration are scarchlost existing
field investigations are confined to a specific locatiod ahort time periods (not more than a few tide
cycles). Numerous qualitative observations of related phenomena have been reported but detailed
measurements of wave motion, flow velocities, sediment transport rates and profile changes are rare.
Ridgerunnd systems appear in the literature under various names mostly related to intertid@hbars.
common feature of these sand waves and bars is that at some point during the tide cycle the crest
becomes exposed and a rigdg@nel system formsMasselink et al (2006) gave an overview of
available field observations. They categorized intertidal bars into three different regimes according to
their scale.Slip facebars are the largest intertidal bar feature and make up the first regime. Low
amplitude ridges are ane subdued morphological forms and fall into the second regime. Sand waves
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represent relatively marginal repetitive features making up the third regime. Therumtos
experiment carried out in the present investigation pertains to théastipcateggr. Masselink et al.
(2006) pointed out the dominant importance of tidal water level variations and wave processes in
shallow water depths for the evolution of such features. They qualitatively described hydrodynamic and
sediment transport processes andr tterphological response.

Several authors discussed field measurements of onshore migrating intertidal bars. Robin et al.
(2009) measured morphological changes, hydrodynamics and sediment tracer movement for one
intertidal bar located in an ebb delta intystem. They carried out four short experiments (one tide
cycle each) under different wave and tide conditions. Their observedrtidgel system (sliface bar
type) exhibited onshore migration on the orderlam/min during highenergy wave conditian No
movement was registered during calm periods. The migration occurred at times in the tide cycle when
the ridgerunnel system was located in the shoaling, surf, and swash regimes. Houser and Greenwood
(2007) reported onshore migration of a ridgganelsystem (swash bar) during a storm on the Danish
coast (two tide cycles). They explained the migration by the gradient in the fluid acceleration skewness.
Aagaard et al. (2006) observed onshore migration of an intertidal bar over four tide cycles and
compaed the difference in sediment transport and circulation patterns before and after the runnel had
filled. Vincent and Green (1990) measured suspended carantration profiles and velocities near
the crest of a ridgeunnel system on an English beach.oT¥2-min time series were recordedamon
breaking wave regime where onshsk®wed wavenduced flows close to theed were found to be
responsible for the shoreward flux of sand.

Numerical approaches to ridgennel migration varied tremendously degierg on desired detail
and represented time scale. Since our main interest peitaing daily to monthly evolution of beach
profiles and related engineering applicatioves will not focus on detailed wawvesolving models. A
review by de Vriencet al. (L993) shed light on several mathematical approaches tetdomgcoastal
morphology modeling. They explained models based on statistical extrapolatipasbfcoastal
behavior, sermempirical models, and models using formally integrategresentations oihherent
smallscale processes. The common goal is to redoogputational effort by eliminating details that
may not be important fotongterm morphology predictions. This leads to the creation of more
transparent andtable models. Masselink (2004), fexample, introduced a morphodynamic maoidel
predict the behavior of multiple intertidal bars. They employed a sinusoidal sedrangsgort shape
function shifted along the beach profile with regard to the lgdel. In their formulation the runnels
actal asa sediment transport barrier whichdapposed to simulate attenuation effettse cited work
shows that ridgeunnel systems are in fact an importardrphological feature because they affect the
sediment transport patterns in theermittently wetand dry zone significantly.

Scope of this Study

We conducted a ridgainnel physical modelexperimentin a movablebed wave flumeto
investigate thamigration of these morphological features in a controlladoratory settingFor the
present study, twiaboratory tests representing two different return flow scenarios were conducted. Fig.
1 displays schematic drawings and photos of the two scenarios. Scewmanasidts of a ridge runnel
system in which water and sediment collected in the runnel canaditlaém via offshore backflow over
the ridge or through a rip channel (top left panel and bottom left photo ofl}idzor scenario 2,
offshore return flow of sediment and water are only possible via backflow over the ridge (top right
panel and bottom rig photo of Figl).

Measurements of highesolution profile changes, overwash transport rates, shallow water flow
velocities and free surface elevation along the flume and in the intermittently wet and dry zone allowed
for the creation of a unique ridgannel migration data set and formed the basis for numerical
comparison.The experimental resultbave beenused to calibrate the procdsasedcrossshore
numerical model CSHORE whidmas beerextended to a ridgeunnel systemThe experiment was
designed specificallyo reproduce onshore migration of the mpsinounced ridgeunnel type (slip
face bar) under fairly energetic wave conditiodice evidence from field measurements suggests that
active ridge migration occursainly while the crest is emergent (e.g. Roét al., 2009), a constant still
waterlevel seaward of the ridge was adopted in the experiment.

Figlus et al. (2012) provided a dé&al analysis of the experimedata and the numerical model
comparison. This paper is intendadsupplement that infonation bygiving further detail abouthe
experimensetup the data analysendthe numerical model extension for ridgennel migration.
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Figure 1. Top left panel: Schematic of ridge-runnel scenario 1 with possible offshore return flow of water
and sediment over the ridge crest and via rip channels intersecting the ridge. Bottom left panel: Photo of a
ridge-runnel system intersected by a rip channel at Vero Beach, FL (photo by NOAA). Top right panel:
Schematic of ridge runnel scenario 2 with possible offshore return flow of water and sediment over the ridge
crest only. Bottom right panel: Photo of a longshore uniform ridge-runnel system at South Bethany, DE
(photo by DNREC).

EXPERIMENT DESCRIPTION

Flume Setup

Two different initial ridgerunné profiles were constructed with fireand ¢so= 0.18 mm) in a 23
m long and 1.15m wide section of the University of Delaware's Sand Tank before being exposed to
identical irregular wave conditionsSimulating the two scenarios displayed in Fign an essntially
two-dimensional wave flume requires a few simplificatidfig. 2 shows a side view of the two initial
profiles in the sand flume with a fixdteight back wall to represent thgo scenarios. Theligh Ridge
(HR) setup in the left panel mimi¢ee combinedrunnel drainagéhrough rip channeland backflow
over the ridgeoy allowingwave overtopping over the vertical wall at the landward end of the piofile
additionto the offshore flow of water and sediment over the ridge ckéghridge pertais to the fact
that the initial ridge crest is higher than the vertical waedlst. The LR or Low Ridge test (right panel),
onthe other hand, simulates the secendnario by preventing wave overtopping over the vertical wall.
In this case only offshore tign flow over the ridge is possibl&he entire profilencluding the water
level was lowered in the LR test to prevent wave overtopping over the vertical wall.
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Figure 2. High Ridge (HR) and Low Ridge (LR) initial setup. The initial HR (LR) ridge crest is situated 4 cm
above (below) the vertical wall crest.

A schematic of the general setup for the ridgenel experiment is given in Fig. 3. It should be
noted that only a section of the entimave tank(L = 30 m, W= 2.5m, H = 1.5 m) was used for the
experment to reduce the amount of required sand and to limit the development of seiching Anodes
pistontype wave maker generated 4€0ursts of irregular waves corresponding to a TMA spectrum.
Each test comprised a number of the same bursts, each bursieiddayt its run number starting from
run number O for the initial profile. The spectral significant wagight and peak periotieasured for
the combination of incoming and reflected wave traiege 18cmand 26 s, respectively.

Along the centerline oftie flume section, ght capacitance wave gauges (W@®G8) measured
the free surface elevatialh above the still water level (SWL). The vertical coordinatis positive
upward withz = 0 at SWL and the origin of the onshore coordinaig chosen at the WGlocation.

Wave gauge®VG1-8 were located ax = 0.0, 0.25, 0.958.3, 14.9, 17.0, 18.5, and 1:% Gauges

WG7 and WG8 were placed inside the runnel of the initial HR and LR profiles to medsang the
changing runnel water level (RWL) at these crsissre locations during the onshore migration of the
ridge. These locations in particular showed rapid profile changes as indicated by preliminary test runs
which is whyWG7 and WG8vere partially buried in the sand to avoid possible exposure to air.

Two 20 Hz Sontek acoustic Doppler velocimeters (ADV) and an additional 2@0Nortek
Vectrino for the LR test recorded flow velocitias strategic locations front and on top of the ridge
and in the runnelThe additional Vectrino probe was placed in theermittently wet and ver shallow
water region on the passing ridge crest for the LR téddV1 was a downward looking 3D probe
positioned next to WG5 at 2/3 of the local water depth below SWL and ADV2 was-aiieg 2D
probe at the WG8 crosshore loction with its measuring volume half of the local water depth below
RWL or approximately lcm above the local bottom on the sloping beach after the runnel had
disappeared. The Vectrino was a dioeking 3D instrument next to WG7 where water depths were
very small over the passing ridge crest. Its measuring volume was Alauabove the local bottom.

All instruments were sampled at 3@ except the Vetrino which was sampled at 26z and used only
for the LR test.

As detailed m Fig. 2, he HR and LR tests had similar initial ridgennel shapes with est and
trough elevations of 16m aboveand 10cm below SWL, respectively. Ridgerest and runnel trough
were 1m apart in the crosshore direction and a leareged vertical wallwas located th landward of
the trough. Welbkorted fine sand with a median diamedgy= 0.18 mm was placed on top of a 1/30
plywood slope with a sanidyer thickness of at least 8dn outside the runnelThe measuredpecific
gravity of the placed sand w&.§ its porositywas 0.4 and itfall velocitywas2.0cm/s

For the HR test thevater depth irfront of the wave maker was 1@®n ard the initial ridge crest
was 4cm higher than the wall at the landward end of the runnel. Thus, the drainage effechieaec
by wave overtopping and sediment overwash of the wall once the runnel was filled with overtopped
water from the incident waves. Water and sediment transported over the vertical wall during emch 400
run were collected in a basin and measured afieh run. A sand trap made from polyester fabric mesh
with a micron rating of 74 retainegrain diameters exceeding 0.0i¥m and allowed water to pass
through. The collection basin included a water recirculation system consisting of a pump, a flow meter,
pipes, and a valve to maintain a constant SWL in thex®ide wave tank during each run.
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Figure 3. Schematic side view of the ridge-runnel experiment setup for the LR test including wave paddle,
beach profile on top of plywood slope, laser line scanner on motorized cart, collection basin with sediment
trap, water circulation system and measurement instrument locations.

In order to simulate thadgerunnel scenario without rip channels, the LRfpe and SWL were
lowered by 8cm compared to the HR test. This prevented wave oveirigpgver the vertical wall at
the landward end of the runnel and ensured runnel drainage by offshore return current over the ridge
only. The initial rdge crest in the LR test wascdn lower than the vertical wall cresthe first run of
each testtarted at with the RWL being equal to the SWEven though at the end of each run the
runnel had to be drained for laser profile measurements, the continuity of the entireunidgle
migration test was accomplished by starting the RWL at the same level agededising the end of
the previous runEach test stopped after the ridgmnel system had completalyssolved into anear
equilibrium profile. In fact, for the LR test, equilibrium was reacherd the HR profile was still in an
erosive statat the endf the testue to continued overtopping and overwash of the vertical wall. Since
ridge migration was much faster in the HR test because of the drainage effect, only-serud90
(4,000s total) were required comped to thirtyfive runs (14,00Gs total) for the LR testOn average,
the reflection coefficient R was on the order of 10% for both t&stsle 1 gives a summary of the HR
and LR tests

Table 1. Summary for HR and LR tests.

Test HR LR
number of runs 10 35
Hmo (cm) 18.2 17.8
Hrms (cm) 12.8 12.6
Hs (cm) 17.9 175
To () 2.6 2.6
Ts () 2.3 2.3
R 0.11 0.10

Bottom Profiling

Sand bottom evolution was measured using two different profiling systerokass Il Acuity
AR4000LIR laser line scanner systemounted on a motorized cart reded longshore transects at 2
cm crossshore ntervalsyielding 3D morphology information of the entire subaerial portion of the bed.
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This portion was artificially extended to the rangexef 67 20 m by lowering the water level in front
of and inside theunnel after each rufhe laser system obtaidistance measurements via a tiofe
flight measurement of the emitted laser beaftected from a target. The main components of the
AR4000 line scanner systeane the horizontally mountetBOnm IR laser dide with an optical power
outputof 8 mW and a rotating mirror assembly which deflects the outgoing and reflasercdbeam by
90° to allow for a 2D scan of the vertical-g) plane during a fulB60° sweep of the mirror around its
horizontal axisPerformace and measurement accuracy depend on a variety of factodislizace
from the target, amplitude of the return signal (reflectivity of the target), three types of noise
including detector thermal noise, laser diode noise, and noise related tm$es campling resolution.
The line scanner has a maximuamge of9 m but is configured with a close focus optics option which
yields thegreatest measurement sensitivity arodnich from the sensor, consistent with tregjuired
range 0f0.57 1.5 m in theexperiment.

Fine sand has good diffuse reflective propertgzlingto high returnsignal amplitudes in the
detection photo diode. This ensures very accurate reallinighie three types of noise that can affect
the standard deviation of the return sigmaty depending on the sampling rate. The AR4000 line
scanner is connected to a Ri@ a high speed interface card capable of sampling distance measurements
at a rateof 50,000Hz. For the present application the sampling rate was 4&Q060Hz which yields a
rootmeansquare noise value of approximatdlyp mm mainly relatedo drift and fluctuation of the
emitted laser beam (laser diode noise)rder to create 3D images of the surface scanned byithg (y
line scannenthe line scanner systemwasumot ed on a motori zed ®axist movi ng
on a set of firacks. Care was taken to arrange the line scanner in such thavdale axes of mirror
rotation and emitted laser beam coincide with the centeptiais) of the flume so that orssveep of
the mirror yields distance measurementarmfilongshore slice of the flume topography.

The cart is equipped with a servo motor and control unit capable of mitvérme scanner back
and forth in the crosshore direction with continuously adpablespeeds up td0 cm/s per second.
The xcoordinate of the 2D slice scannggithe line scanner at any point along the flume is provided by
a stationaryAR1000 distanceensor. This laser range finder emits a horizontal beam of visible red light
(650 nm) with optical power output of mW. It measures the distance from its fixed positient to
the collection basin to the moving cart. A portion of the light scatteoad a reflective target mounted
on the motorized cart is collected and focused ghoto detector inside the AR1000 to calculate the
distance of the target from tfiged position of the range finder via the tiro&flight method.

During a scan the cart is moving at a constant speédwof's while the linescanner does sweeps
of alongslore slices in a fraction of a second at set esbgge increments controlled by the AR1000
distance sensor. The scanned alongshore slieegractically perpendicular to theaxis since the slow
translatory motion of theart during an entir860° sweep of the line scanner is negligible compared to
thehigh speed rotation of the mirror. For this experiment the line scanner hasdodignred to collect
500 data points per alongshore slice at a sampling frequent®,@d0 Hz which corresponds ta
measurement time @05 s per slice. Alongshorglices are measured eveérgm over a length af4 m
in this experiment which leads an overall time of 20 minutes required for one complete $tign4
shows 3D laser scan resduitisthe zone of major pfile changeat various time steps during the HR and
LR tests.

An array of three submerged ultrasonic risglucers recorded three cra$mre transects of the
remaining underwater portion of the profile. Profile changes were clearly discernible landward of
15.5 m. For the analysis, the 3D morphology data whgcked thorougy to verify longshore
uniformity beforeredudng the datdo an average 2D crossoreprofile.

DATA ANALYSIS
The mean value of the free surface elevafiorand its standard deviatialy were extracted from

the time series recorded by WGMWGS for every 406 run. WG7 and WGS8 were initially located

inside the runnel but entered the intermittently wet and dry regime as the ridge crest migrated onshore
and the runnel was filled with siasent. A modified analysis procedure for WG7 and WG8 allowed for
additional information on runnel water degthand wet probability?,, at these locations with rapidly
changing profile elevatiornis additin to the usual free diaice elevationThe velocity time series from

the two ADVs and the Vedho probeprovide a better understanding of the complicated flow patterns
over the ridge crest (very small water depths) and inside the runnel (water pond).
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Figure 4. Measured nearshore portions of 3D bottom scans for the HR and LR test at select time steps.
These detailed scans were recorded via the AR4000 laser line scanner system.

In the left panel of Figs the WG and ADV placements for the HR and LR testshosvn for the
nearshore region which indudes the area of major profile changehe ridgerunnel evolution is
visualized by three profiles measured during the HR (top panellL.Bnfbottom panel) tests. These
major profile changes required adjustment of iheical position of the velocityneasuring volumes
(circles) in order to capture flowelocities in very small water depths.

The image in the right panel of Fig. 5 shows ttigal instrumentation setup fdheLR test. WG7
and the Vectrino probe are located near the shoreward end of the runnel whereas WG8 and ADV?2 are
located closer tdhe landward end of the runndlhis crossshore placement ensures hydrodynamic
measurements on timeigratingridge crestend in the runnel all the way up to its complete infilling with
sediment.

Bottom Profile Evolution and Overwash

In both experiment test cases the obserwdgeniunnel migratiorwas orshore. However, the speed
at which the ridge advanced onshore and closed up the runnel varied significantly between HR and LR
The ridge shape was modified bgveral mechanisms. Sediment eroded from the seaward ridge slope
and ridge crest by wave up andwh rush, offshore flow out of the runnel and undertow current.
Deposition on the seaward end of the runnel was much more pronounced compared to deposition in
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other parts of the runnel. The ponded water acted as a settling basin for the incoming seimbat o

ridge crest. The settling asymmetry in the runnel caused the apparent onshore migration of the ridge and
the subsequent infilling of the runn®later and sediment could exit the runnel by offshore return flow
over the ridge (HR and LR) or througfave overtopping and sediment overwash of the vertical wall at

the landward end of the runnel (HR only).
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Figure 5. Left panel: WG and ADV placement during HR (top) and LR (bottom) tests. Cross-shore locations
of WGs (red vertical lines) and ADVs (circles) remained fixed. The vertical position of the ADV measuring
volumes varied with bottom profile elevation. Right panel: Photo of initial LR test setup showing WG7
together with the Vectrino and WG8 together with ADV2 all located inside the runnel.

The left panels irFig. 6 show themeasured ridgeunnel profiles in the zone of major profile
changes (15.5 < x < 191) in front of the vertical wi for the HR and LR tests. Profile changes
offshore of this zone were negligible. Bottom elevations are in reference to the respective SWL for each
test. Colorsfrom green to redndicate the evolution from initial to final profile. A total of eleven HR
profiles were scanned before the test and after each runi(HR1.0) to capture the rapid ridgeinnel
migration. Twelve profile measurements captured the slower morphological evolution in the LR test
(LRO, 1-4, 6, 9, 13, 17, 23, 29, 35).

As the ridye is lowered by wave action and the runnel fills up with water, the offshore directed
backflow over the ridge increases in importaridee right panel of Fig. 6hows the overwash transport
rate gps the wave overtopping ratg and their ratio for the HR test at thecédion of the vertical wall.

Initially, 0psis very smallbut shows a sudden increasedtd cnf/s after passing the 2006 marksince

at that point the runnel has been almost completely eliminated and cannot act as a sediment sink any
more. Subsequentlyall the sediment transported landward passed the vertical Melice,the final
overwash transporate may also serve as an estimate for the sedimesptrdmate over the ridge. The

do evolution is initially influenced by the crest height of the ridge since a high ridge limits offshore
backflow. As the crest height diminishes, so dggsA minimum of 10 cn¥/s is reached in run HR4,
followed by a slight increase i up to a constant level of approximate dnf/s until the end of the

test. The steady decrease from HR1 to HR4 is related to the changing elevation difference between the
ridge crest and fixed vertical wal

During the initial run waves overtopped the ridge, increased the RWL and caused maximum crest
lowering and onshore ridge migration. Once the runnel was filled with water, the morphological
evolution for HR and R started to differ significantly due to the different boundary conditions at the
landward end of the runndin the HR test a terrace formed at the foot of the seaward ridge slope
migrating onshore at a rate ofcin/min The ridgerunnel feature maintaideits relative shape but the
distance between the crest and trough reduced until it merged completely into a 1/14 beach slope in run
HR6. A step formed at the foot of the seaward LR ridge slope. The seaward ridge slope flattened before
merging into a 1/1%each as the ridge crest was lowered during onshore migration. The characteristic
slip-face at the seaward end of the runnel steepened up to a slope of 1/5 in LR17 mainly due to the
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strong influence of the offshore flow out of the runnel which limited ditjom at the landward end of
the runnel.We chose three distinct phases of ridgenel evolution based on the measured profile
shapes.
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Figure 6. Left panels: Ridge-runnel evolution in the zone of major profile changes measured for HR (top) and
LR (bottom). A color map from green (initial) to red (final) indicates the profile changes over time. Right
panels: Measured sand transport rate qps (bedload + suspended load) in red and water transport rate qo in
blue as a function of time t for the HR test. Their ratio is depicted in the bottom plot (magenta). Data points
are averages over the respective 400-s run. By design no significant wave overtopping and sediment
overwash occurred during LR.

Phase 1 The seaward ridge slope adjusts to the forcing conditions by forndogaave beach profile.
Waves overtop hte ridge crest, fill up the runnel, lowéhne crest elevation significantly, and
transport a relatively large amount sédiment into the runnel, leading to rapid onshore ridge
migration. Offshordlow over the ridge is initiated after the runnel is filkgol(HR1, LR1)

Phase 2:0nshore migration and progressive reduction of the fidgeel crossectionalarea. The rate
of the ridgerunnel profile evolution is influenced lilie waveinduced water flow into and out of
the runnel. The runnel is alwafided with watefHR27 HR5, LR2i LR33).

Phase 3:Profile evolution of a sloping beach in front of the wall after the ridgmel system is
completely smoothed o@iiR617 HR10, LR34i LR35).

Fig. 7 gives a visual display of the Hf®op panel)and LR (bottom panel)measured profile
separating the three phades each test, respectivelyt becomes apparent that the ridge migration
phase 2 is significantly longer in the LR test due to the increased offshore backflow of water and
sediment over the ridge compared to the HR tastact, the ridge migration during HR is five times
faster than during LR.

Measured Hydrodynamics

Free surface elevatiahand the three components of the flow veloéityv, W were measuredia
wave gauges and ADVs as explained in the experiment setup sdc¢tetimeseries used to calculate
the mearand standard deviation of these values consisted of individuas 4@@s. For each ruecord
the initial 206s rampup period was disrdedto eliminate its effect on theydrodynamicstatistics Free
surface kevation is given byg (b + z) whereh is the instantaneous water depth apis the local
bottom elevation which is negative below SWL. The time series from WGB allowed us to
separate incident and reflected signals at the location of WG1 andneedhfrun repeatability. The
spectral significant wave heiglit,o, the rootmeansquare wave heightl,s, and the spectral peak
period T, were derived from the incident wave energy spectrum whereas the significant wavedheight
and the significant periods were calculated usinthe zero upcrossing methoeixplained byGoda
(2000). Table 1 lists the average value of these incident wave paraowetesd! the runs in each test.

WG1 through WG4 records vealedsetdown (negativef7 ) in all runs whereas WG6 through

WG8 recordsalways showed setupWG7 and WGS8 yieldedarger wave setup values up tocih
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because the two gauges were located in the intermytterl and dry zone of the migrating ridge
runnel system and the measured free surface elevation included RWL fluctuations and rapid profile
changesWaves wer@bserved tde breakingin thevicinity of WG4 and WG5
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Figure 7. Measured HR (top panel) and LR profiles (bottom panel) separating three evolution phases.

Fig. 8 shows the measured free surface elevation, runnel water level and bottom elevation at the
WG7 and W@ crossshore locations for the entire HR téstgive a detailed example of the recorded
data and deducted statistical valdesing the ridge-runnel experimenfThe displayediataindicatethe
evolution ofthe waveand runnehydrodynamicsn conjunction with rapid bottom changas observed
at a fixed crosshore location.

Measured free surface elevatig() is split up into wet duration and dry duration. The wet duration
signal is showras a dark blue fluctuating signal with integers denoting run numbers. The dry duration
signal indicates the bottom elevation dsdepresented by green dots. The inii@s rampup period
is removed from allruns as explained aboveYellow diamonds represent the mean free surface
elevations during the weturation in each runin order to place the dry duration measurements in
perspective, the measurbdttom elevation at each gauge lagatis plotted as red circles. Red lines
interpolatingprofile measurements from the laser line scanner and dry duration elevationghe
wave gauge records match well. Estimates for runnel water level (RWdtdined by spline
interpolation ofg(t)are presented as cyan colored dashed fored/G7 and WGS8. The spline boundary
condition att = 0 is set to zero since theitial RWL is equal to SWL. Rapid RWL increase is
characteristic for the first ruphase 1) and is apparent in the WG7 and W&®rds.For the HR test
RWL peaked in the middle of HR&hen therunnel was completely filled by wave overtopping. At this
point the ridge crestlevation was already reduced to half its original height ofn®.4And the ridge
migrated onshore near WGHurther ridge crest reduction lowered the RWL. Afie#R1, WG7 was on
the seaward ridge slope. Starting in HR4, WG7 was submeafgegs with no dry duration. At the end
of HR5 the runnel was filled in with sand. This can be observed in the WG8 time se€ies thvh
measuredottom elevations (red circles) match up with tieasured dry duratiofgreen dots). During
HR6 - HR8 multiple outliers in the WGS8 record had toreenoved, which explains the reduced wave
peaks in those three runs. The outlieesecaused by several high wave crests hitting the gauge.

The measured velocity databtained from the BVSs in this twodimensionalwave flume
experimentwas dominated by the creshore component as was to be expediedront of the ridge
(seaward side) an undertow current directed offshore was always present as indicated by the mean
crossshore current values maaed by ADV1 at x = 14.9 m.
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Figure 8. Measured free surface elevation (wet and dry duration, respectively), runnel water level, and
bottom elevation at WG7 (x = 18.52 m) and WGS8 (x = 19.46 m) locations for 10 runs of the HR test. Initially
both gauges are located inside the runnel with water level equal to SWL. The initial 20-s ramp-up period in
every run has been removed to create a gap between successive runs. The mean free surface elevation is
displayed as yellow diamonds at the center of each 380-s data interval.

ADV?2 (x = 19.5m) waslocatedinside the runnetiuring phases 1 and 2 before being subjected to
intermittent exposure to air iphase 3.With the exception of HR1 where the initially empty runnel
filled in rapidly, the mean vetities remained rather low, fluctuagj slightly around zero with
magnitudes on the order of 1 cmris result shows théeceleratioreffect of the poned water on the
flow velocity. After the runnel had disappeardbe mean crossshore velocity became positive
(onshore) and increasedysificantly to a maximum of 8.8m/s These measurements are consistent
with the measured net onshdransport due to overwash in the HR test. For the LR test ADV2 was
submerged inside the runnel during LRLR32. Mean crosshore velocities were slightly negative
with magnitudes rarely exceedingcth/s possibly related to a small return flow iohs the runnel At
the end of the LR testn offshore directed mean crestsore velocity was detected the location of
ADV2 due to thefact that the runnel had disappeared and the instrument was now located on the
sloping beach fae in front of the wall. The wall prevented overtopping flow in the LR vdsich
explains thisneasureaffshore return flow.

As indicated irthe lower left panel oFig. 5 the Vectrinoprobe atx = 18.5m started out inside the
runnel. The probe then encountered timshore migratingidge requiring tke probe to be adjusted
vertically before each run.The most adverseneasuringcondiions occurred with the probe being
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positioneddirectly on top of the ridge cresthere it was exposed to air up to 75% of the tand on

the seaward ridge slopenere it was exposed to air up to 50% of the time. Only the data during the wet
duration were usedlhe mean crosshore velocitywas predominantly directedfshore and ranged
betwea 0.5and-9.4cm/s The largest offshore current was detected at the end w@fithRhe Vectrino

being located in the swash zone of the sloping bedohgeneral,the longshore mean velocity
componenmeasured by the Vectrinasan order of magnitudewer than its crosshorecounterpart

NUMERICAL TREATMENT OF RIDGE-RUNNEL EXPERIMENT

The sediment transport module of the numerical esbs®e model CSHORE (Kobayashi et al.,
2009)has beenextendedhasedon the presented experimetasnclude the capability to compute beach
profile changes and transport rates when a fidgeel system is preserdA modified continuity
equation now takes into account the effect of ponded water in the r&nmlermorethe net onshore
sediment transport in the runnel is reduced via an exponential reduction factor to mimic sediment
settling in the runnedn its seawrd end The model has been successfully employed to compute beach
profile changes includg dune overwash evenfSiglus et al., 2011and also shows promising results
for the computation of ridgeunnel migrationFiglus et al., 2012)n the following further information
on the CSHORE upgradeelated to ridgeunnel migration isgiven to supplement the information
suppliedby Figlus et al.(2012)

The extension of the timaveraged model CSHORE includes ponding effects as created by a
runnel forming on the beach. Such a dip in the profile collects wateeffeuds thelocal sediment
transport dynamicsA more indepthdescriptionof the program madéications is givenin the report of
Figlus et al.(2010). CSHORE is used to predict the cratwore variations of the mean free surface

elevation /7, the free srface standard deviatioly, the deptraveraged crosshore currentU , the

crossshore velocity standard deviatiaky, the wet probabilityP,, the crosshore bedoad transport
rate g,, and the crosshore suspended sediment transport cgten an arbitrarybottom profile. It
combines a model for the wet zone based on the Gaussian probability distribufiancbfinear wave
theory Kobayashi et al2009) with a model fothe intermittently wet and dry zone above SWL based
on the timeaveraged continuity and momentum equations derived from nonlinear shedkawwave
equations Kobayashi et al.2010). Probabilistic averaging is performed only during- 0. The
probability density function of the water deptthin the wet and dry zone is assumed to be exponential
and the wet probability,, is defined as the probability &f > 0. Figlus et al.(2011) included wave
overtopping and sediment overwash of dunes in CSHORE befféw of ponded water was neglected
for lack of data.

The CSHORE definition sketch in Fi§.shows the transition from the wet model<( x,) below
mean water level (MWL) to the wet and dry modeb(x;) above SWL including storm tid@whereS
= 0 in thHs experiment. In the runnel between the ridge crestzf) and landward endky, z,), water is
ponded in the zone of, < x < x, with RWL at z = z, wherez, is assumed to be horizontal and
independent ok. The fine sand beach is assumed to be imperime@be time averaged volume flgx
over the ridge crest and landward end is denoteg asdq,, respectively. In the ponded zogearies
linearly withx using the continuity equation of water for the ponded water zone

dz, dq

— == for ¢ x¢x 1

dt  dx K ? .
with

g=d, for 0¢ x<x,

a=q,- (22)(a, - ,) for x, exex, ?)

g=4q, for x, <x¢x,

whereq is equal tag. andq,, seaward and landward of the ponded water zone, respectively.
The volume fluxg in the wet and dry zone is given by

o — .05
q:%aﬁgg +U_h 3)
4 2,9

whereU = 1.6 is calibrated for wave overtopping of sand durféglys et al.2011) and the steady
velocity Us is included to account for offshore return flow on the seaward slope and downward velocity
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increase on the landward slope. The conditiolof 0 on he ridge crestq= x;) and at the landward
end & = X, is imposed to estimatg anddq,, if no overflow occurs at the peaks of the bottom elevation.
The ponded water leve), is computed usingz,/dt = (q. T 0m)/(X T X,) derived from Egs. (1) and (2).
The computed, is adjusted to allow overflow at= x. or X,,, depending on the elevationszfz,, and

Z,. If overflow occurs ak = x., z, = z. andq. = g, with Us = 0 atx,, only. If overflow occurs ax = X,

Zy = Zn andqp, = g with Ug = 0 atx = X, only. For the hydrodynamic computation the ponded water zone
is treated as a part of the wet and dry zone apart from the spatial variagigiven by Eq. (2).

o 7l
upslope downslope upslope
f >

Figure 9. CSHORE definition sketch including the transition from wet model (x < x;) to wet and dry model (x
> x1) and water ponding (Xw < X < X2) with runnel water level (RWL) at z = z, where the ridge crest and the
landward end point are located at (Xc, z¢) and (Xm, zm), respectively.

The sediment transport ratep and gs are predicted usinghé same formulas in the entire
computation domain so thgtandgsare continuous at the SWL shorelidbayashi et al2010). The
continuity equation of bottom sediment is solved numerically to obtain the bottom elevation at the next
time level.Figluset al.(2011) added an overwash term with an empirical overwash parasmétethe
formula for suspended sediment transport over a sand dune during major wave overtopping and
overwash. The calibrated valueafwas approximately 3.3 arad = 3.3 is usedhere

The probability P, of sediment movement is obtained for the probability distribution of the
instantaneous velocity as explained by Kobayashi et al. (BD1The movement of sediment particles
represented by the median diamelgris assumed to oac when the instantaneous bottom sheteess
given by 05/ fu?exceeds the critical shear streggy(s- 1)d,  With the Shieldsparameter

¥ . =0.05. The probabilityP, of sediment movement is then the same as the pifiyaif \U\ >U,
with U, =|2g(s- dyy . f,;*|**and is given by

R =P, for U,>U,
— e Pw(Ucb_ Us)zﬂ
R =P, expg = —=ly for U ¢U,
e agh g @
£ e ‘g e -U. )4
P = owl- expé —PW(UC*ZJ +_US) U+ expé —Pw(UCS _US) $ for -U,>U
| e agh g & agh g

where the upper limit oP, is the wet probabilityp,, because no sediment movement occurs during the
dry duration. On the other hand, sedimengépgsion is assumed to occur when the instantaneous

turbulent velocity estimated a(sfb /2)1’3\U\exceeds the sediment fall velocy. The probabilityPs of
sediment suspension is then the same as the probability| s where U_ =w, (2/ f))V. The
probability Pgis given by Eq. (4) withJ., replaced by,






