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Abstract Surfzone bathymetry often is resolved poorly in
time because watercraft surveys cannot be performed when
waves are large, and remote sensing techniques have limited
vertical accuracy. However, accurate high-frequency bathy-
metric information at fixed locations can be obtained from
altimeters that sample nearly continuously, even during
storms. A method is developed to generate temporally and
spatially dense maps of evolving surfzone bathymetry by
updating infrequent spatially dense watercraft surveys with
the bathymetric change measured by a spatially sparse array of
nearly continuously sampling altimeters. The update method
is applied to observations of the evolution of shore-
perpendicular rip current channels (dredged in Duck, NC,
2012) and shore-parallel sandbars (observed in Duck, NC,
1994). The updated maps are compared with maps made by
temporally interpolating the watercraft surveys, and with
maps made by spatially interpolating the altimeter measure-
ments at any given time. Updated maps of the surfzone rip
channels and sandbars are more accurate than maps obtained
by using either only watercraft surveys or only the altimeter
measurements. Hourly altimeter-updated bathymetric esti-
mates of five rip channels show rapid migration and infill
events not resolved by watercraft surveys alone. For a 2-
month observational record of sandbars, altimeter-updated
maps every 6 h between nearly daily surveys improve the
time resolution of rapid bar-migration events.
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1 Introduction

Surfzone bathymetry controls wave shoaling, refraction, and
breaking, and consequently affects wave-driven setup, near-
shore currents, and the transport of nutrients, biota, and sed-
iment. On energetic sandy coastlines, the seafloor can evolve
dramatically within several hours. Cusps and channels asso-
ciated with rip currents (Chen et al. 1999; Haller et al. 2002;
MacMahan et al. 2006; Austin et al. 2010; Dalrymple et al.
2011; and many others) migrate and flatten quickly in the
presence of wave-driven alongshore flows (Falqués et al.
2000; van Enckevort and Ruessink 2003; Garnier et al.
2013), and sandbars migrate rapidly offshore during storms
(Thornton et al. 1996; Gallagher et al. 1998a; Hsu et al. 2006;
and many others). Nearshore hydrodynamic model results are
sensitive to bathymetry (Plant et al. 2002, 2009), and often the
largest model errors are associated with poor temporal resolu-
tion of bathymetric changes (Wilson et al. 2010). Obtaining
surfzone bathymetry with sufficient spatial and temporal sam-
pling for developing, testing, and improving models, especial-
ly during energetic conditions, is challenging.

Watercraft with surveying equipment are used to map the
surfzone seafloor with high spatial resolution (Birkemeier and
Mason 1984; MacMahan 2001; Dugan et al. 2001; Lippmann
and Smith 2008), but these techniques usually are restricted to
calm conditions preceding and following storms, and thus the
temporal evolution of the largest bathymetric changes is not
resolved well. During times when waves and bubbles prevent
watercraft surveys, observations of evolving bathymetry may
be obtained by remote sensing techniques (Holman and Haller
2013). By taking advantage of the depth-dependence of wave
speed and dissipation (van Dongeren et al. 2008; Holman et al.
2013) and by assimilating in situ observations (Wilson et al.
2010; Birrien et al. 2013), video observations may be used to
estimate bathymetry at low cost and with reasonable vertical
accuracy (roughly 0.5 m, Holman and Haller 2013), which has
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allowed for long-term monitoring of changes in the position of
nearshore sand bars and rip current channels (Lippmann and
Holman 1989; Holman et al. 1993; Holland et al. 1997,
Ruessink et al. 2000; van Enckevort et al. 2004; Holman
et al. 2006; Gallop et al. 2011; and many others). However,
remotely sensed bathymetric inversion techniques usually are
limited to timescales of several days or longer and to spatial
scales of 10 m or greater (van Dongeren et al. 2008; Holman
etal. 2013), and for some studies video observations may not be
available or may not provide sufficient vertical accuracy.

In contrast, in situ altimeters provide accurate, nearly con-
tinuous estimates of the distance between the sensor and the
seafloor (Gallagher et al. 1996, 1998a, b). Usually, altimeters
are deployed at a limited number of locations, and thus may
not resolve the spatial structure of the seafloor evolution,
while watercraft surveys offer good spatial resolution, but at
a limited number of times. Combining the two data sets should
produce higher temporal resolution maps of the seafloor than
obtained with infrequent spatially dense watercraft surveys,
and higher spatial resolution maps than obtained with spatially
sparse altimeters. Data with irregular sampling and errors may
be combined with interpolation and mapping techniques
(Ooyama 1987; Plant et al. 2002) and data assimilation
methods (van Dongeren et al. 2008; Holman et al. 2013;
Wilson et al. 2010; Birrien et al. 2013). Here, a method is
presented that seeks an accurate estimate of a spatially
smoothed bathymetry by updating spatially dense watercraft
surveys with temporally continuous, spatially sparse altimeter
estimates of seafloor elevation change. The method is tested for
two datasets that span a wide range of variability in the surf
zone, including observations of migrating and filling shore-
perpendicular rip channels dredged on a sandy ocean beach
near Duck, NC in 2012, and observations of a migrating shore-
parallel sandbar near Duck, NC in 1994. The methods used for
measuring (Section 2) and mapping (Section 3) surfzone ba-
thymetry are described, and are tested and applied for the rip
channel (Section 4) and sandbar (Section 5) datasets, and the
results are discussed and summarized (Section 6).

2 Direct estimation of seafloor location
2.1 Vehicle surveys

Small personal watercraft can navigate effectively in shallow
water under moderate waves, and when equipped with GPS
and bottom-finding sonar can be used to map surfzone ba-
thymetry (MacMahan 2001; Dugan et al. 2001; Lippmann and
Smith 2008). A jetski (waverunner) was used in the 2012
Duck, NC experiment discussed in Section 4. Typically, wa-
tercraft surveys are performed along cross- and alongshore
tracks, with spacing between tracks and sample density along
tracks dependent on the experimental design and survey
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system. The horizontal accuracy of differential GPS systems
is about 0.25 to 0.50 m. The vertical accuracy from individual
bed-level estimates from acoustic pings is about 0.05 to
0.10 m (this includes 0.02-0.04 m errors in GPS vertical
estimates, and 0.03-0.06 m errors in the estimate of the
distance from the transducer to the bed, but does not include
the effects of short-horizontal-scale features such as wave-
orbital ripples and megaripples). Watercraft provide estimates
of the seafloor location over a wide area in a relatively short
time, but often are less effective in the surf zone because the
approximately 10 km/h speed precludes averaging (at any one
location) of many acoustic returns, some of which can be
obscured by breaking-wave induced bubbles.

In contrast with acoustic systems that are degraded by
bubbles, amphibious vehicles can be used to map the seafloor
even in an active surf zone. For the 1994 Duck, NC experi-
ment described in Section 5, the CRAB, a tall three-wheeled
vehicle that is tracked with a laser survey system (Birkemeier
and Mason 1984) was used to map the seafloor. The CRAB
operates from above the high-tide line to 8-m water depth in
waves up to 2 m high, travels at up to 4 km/h, has vertical
accuracy 0f 0.03 to 0.10 m, and has a horizontal resolution of
roughly 8 m (the spacing between the wheels) (Birkemeier
and Mason 1984).

2.2 Fixed altimeters

Fixed acoustic devices (altimeters) also may be used to find
the seafloor (Gallagher et al. 1996). Altimeters can be de-
ployed during calm conditions, and continue to sample during
large wave events when watercraft cannot operate. Moreover,
by sampling relatively rapidly at one location, the acoustic
returns from a fixed altimeter can be used to find the seafloor
even if bubbles obscure the signal most of the time or if the
transducer is coming in and out of the water in wave troughs at
low tide. Altimeters have been used to investigate sandbar
evolution (Gallagher et al. 1998a; Elgar et al. 2001; Hoefel
and Elgar 2003; Henderson et al. 2004; Hsu et al. 2006; and
many others), bottom roughness (Feddersen et al. 2003;
Gallagher et al. 2005), and bedforms (Gallagher et al.
1998b). Although fixed altimeters can find the seafloor in
the surf zone, it is difficult to deploy and maintain more than
a few dozen instruments (resulting in limited spatial resolu-
tion) for more than a few months. Altimeter estimates of the
seafloor location can be biased owing to survey errors in the
vertical elevation of the acoustic transducers (0.04-0.10 m). In
addition, there are randomly distributed errors owing to the
finite bin size of the acoustic returns and to the algorithm used
to detect the bottom in a time series of noisy acoustic returns.

In the 2012 Duck, NC experiment, single-beam acoustic
altimeters recently developed at the Woods Hole Oceano-
graphic Institution (WHOI altimeter, 1 MHz beam, 2 Hz echo
amplitude averaged to 1 min, 0.01 m vertical bins) were used



Ocean Dynamics

to monitor changes in the surfzone seafloor. During a perfor-
mance test, a WHOI altimeter deployed on a pipe in the surf
zone found the distance from the transducer to the bed (Fig. 1)
with roughly 0.05 m accuracy even in the presence of bubbles
in a saturated surf zone (offshore significant wave height of
2.5 m, surfzone wave height of 1.5 m). Older versions of the
altimeters (used in the 1994 Duck, NC experiment) performed
well during large storms with offshore wave heights greater
than 4.0 m (Gallagher et al. 1996, 1998a).

The backscatter strength from acoustic Doppler current
profilers (ADCP) also may be used to find the seafloor. For
example, a Nortek Aquadopp (three 2 MHz beams, 1-min-
average echo amplitude in 0.10 m bins averaged over the three
beams) sampling in a saturated surf zone (during the 2012,
Duck NC experiment) usually found the bottom within one
bin (Moulton et al. 2013), although the bottom signal was
weaker and less robust to bubbles than the signal from the
faster-sampling WHOI Altimeter.

3 Bathymetric mapping methods
3.1 Spatially dense watercraft surveys

The time to complete a watercraft survey is short relative to the
timescale of morphological evolution, and thus the bed-level
estimates are treated as a snapshot of the bathymetry at time g,
where £ is the time of the middle of the survey. At each survey
time #g, there is a spatially dense and irregularly sampled set of
bed-level observations. The observations can be interpolated to
form an estimate of the bathymetry Zg(x,y,ts) at a set of regu-
larly spaced spatial coordinates (x,y). If multiple surveys are
available, the time evolution of the bathymetry could be esti-
mated by interpolating in both space and time to form at
estimate of the bathymetry Zg(x,y,?) at a set of times ¢. Properties
(e.g., smoothness, agreement with observations) of the mapped
bathymetry Zg may be controlled by the choice of interpolation
weights in space and time (see Appendix).
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Fig. 1 Amplitude of acoustic returns from the WHOI altimeter (color
scale on right) as a function of depth below the altimeter (Az) and time
for (a) 7 days (black curve is seafloor location) and (b) 3 min of data. The
* on the time axis of (a) (between time=4 and time=>5 days) corresponds
to the time of the time series in (b)
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For the watercraft survey data presented here, spatial inter-
polation weights are chosen with a scale-controlled objective
mapping method (Ooyama 1987; Plant et al. 1999) to account
for unresolved features such as ripples and megaripples. The
interpolation weights are found assuming a Gaussian covari-
ance function with scales L, (in the cross-shore) and L, (in the
alongshore), a spatially and temporally uniform variance Vg
(the average variance estimated from all observations), and an
observation error o. The observation error €, includes the
measurement error in the bed level estimated by each acoustic
return, plus the root-mean-square (rms) amplitude of features
with length scales less than L, and L, (see Appendix). For
dense sampling (many observations within a radius L, or L,),
computation time may be reduced by binning the observations
prior to mapping, where the error for each binned value is
estimated assuming each bottom return is an independent
bathymetric estimate. A mean beach slope (computed from
all observations) is removed from the observations before
mapping, and added back after mapping, such that the esti-
mate approaches the mean profile far from observations (see
Appendix). The resulting maps are a smooth estimate of the
bathymetry resolving scales greater than or equal to L, and L,.
A map of the estimated errors ¢(x,),s) is computed for each
watercraft survey map (see Appendix). The bathymetry at an
arbitrary time Zg(x,),7) can be estimated by linearly interpo-
lating (inverse separation weighting, see Appendix) between
two surveys.

3.2 Temporally dense altimeter bed levels

Altimeters sample nearly continuously, providing temporally
dense estimates of the seafloor location. At each altimeter
location (x4,y,), where x4 and y 4 are the cross- and alongshore
coordinates of the altimeter, there is an estimate of the bed
level at a set of times. Interpolation is used to compute an
estimate of the bathymetry Z ,(x,y,7) on a regular grid (x,y) ata
set of times ¢, and properties of the bathymetric estimate are
controlled by the choice of the interpolation weights, which
are found with a scale-controlled objective mapping method.
To reduce computation time, the spatiotemporal interpolation
is separated into two steps by assuming space-time separabil-
ity of the covariance (effectively ignoring small and poorly
constrained space-time interactions in the covariance between
the widely separated altimeters) (Genton 2007). First, the
altimeter bed levels are interpolated in time to yield Z(x,,
y4,1). The interpolation is performed assuming a Gaussian
temporal covariance with timescale 7, a spatially and tempo-
rally uniform variance V7 (the average variance estimated
from all observations, equal to V), and measurement rms
error €., (the error in the estimate of the distance from the
transducer to the bed plus the rms amplitude of unresolved
scales). A linear trend is removed from the time series prior to
interpolating, and added back after interpolating. If the
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timescale 7 is chosen to be larger than the time between bed-
level estimates and larger than the period of migrating
bedforms, the temporal interpolation step leads to smoothed
time series with rms error € (x4, 4, ) <€;ms OWINgG to averaging
over random measurement errors and migrating ripples. A
bias error £y, (associated with measurements of the vertical
elevation of the transducer) is added to the error estimate for
the interpolated time series. Next, at each time, the time-
interpolated bed-level estimates are interpolated in space as-
suming a Gaussian spatial covariance with scales L, and L,, a
spatially and temporally uniform variance V¥, (equal to V),
and a measurement error £7(x4,V4,f)+Epias- A mean beach
slope (computed from all observations) is removed from the
observations before interpolation, and added back after inter-
polation, such that the estimate approaches the mean profile
far from observations (see Appendix). Ideally, altimeter arrays
are designed such that sensors are spaced more densely than
one half of the decorrelation scale of the features of interest,
but logistical difficulties often lead to undersampling, and thus
there are regions far from altimeters where insufficient bathy-
metric information is available (and interpolation weights
approach zero). The spatial interpolation yields a set of maps
Z4(x,y,f) and an error estimate € 4(x,, 7).

3.3 Update method for combining all observations

At the times of surveys, it is expected that the spatially
interpolated watercraft surveys are the best estimate of the
bathymetry, because the maps made from the spatially dense
survey data have smaller errors than the interpolated altimeter
data. In between the survey times, the temporally interpolated
surveys are a good estimate of bathymetry that changes rough-
ly constantly in time. However, nearshore bathymetric evolu-
tion can be highly variable in time, including rapid and large
changes during storms when watercraft surveying is not pos-
sible. The altimeter maps resolve variable (and rapid) rates of
change, but have larger vertical errors than the survey maps,
which have no bias and average bed-level estimates over a
small area. Alternatively, watercraft survey and altimeter bed-
level estimates can be combined to create a single set of maps
with known accuracy. One approach is to use space-time
objective mapping (Bretherton et al. 1976; Ooyama 1987;
Rybicki and Press 1992; Plant et al. 1999, 2002) of all the
bed-level estimates. Here, an alternative approach is presented
that “updates” infrequent watercraft surveys with altimeter
data. The spatial pattern of seafloor change is estimated using
altimeter data, and added to the mapped watercraft surveys to
yield an updated bathymetric estimate at another time. Unlike
space-time objective mapping, the maps made using the up-
date method are equal to the spatially mapped surveys at the
survey times, and by using the bed-level change estimated by
altimeters, rather than the bed level itself, bias errors in the
altimeter bed-level estimates are removed.
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To implement the update method, first the bed-level change
C, at each time ¢ before or after each survey time zg is
estimated from the time-mapped altimeter time series:

Ca(xXa,Y45t5,8) = Za(x4,54,1) = Za(X4,V 4, 5) (1)

The error in the change signal e (x4,14,7) 18 as-
sumed to be equal to the error in the mapped time
series, €cq(X4,Va,8)=€7(x4,V4,7). Next, at each time, the
change estimates are mapped in space assuming a
Gaussian covariance with length scales L, and L,, a spatially
uniform variance V¢ [estimated from the change C4(x 4,14, %5,
?) between tg and 7], and an observation error £c,. No mean or
trend is removed from C (x4, 4,1s,t) prior to mapping, so that
the change signal estimate approaches zero far from observa-
tions. This process yields a gridded estimate of the change
C(x,,ts,7) since each survey with estimated errors e(x,, fs,?).

Each mapped spatially dense survey is “updated” to other
times by adding the mapped change:

ZU(xayatSvt) :Zs(X,y,t5)+C(X,y,fS,t) (2)

The error of the updated map is estimated as a sum of the
errors of the survey and the change signal:

EU(xay7t51t) :ES(XJJS)‘FEC()C»)/JSJ) (3)

The method described in Eq. 2 “updates” a spatially dense
survey either forward or backward in time to form an estimate
of the bathymetry at another time. This method is referred to
as the forward-backward update method.

When multiple dense surveys are available, a weighted-
update method may be used. The bathymetry at each time
Zum(x,»,t) is computed as a weighted sum of the maps up-
dated from each survey:

ZUW(xvy’ t) = ZW[ZS(xvyv tS) + C<xay7 tSvt)] (4)

ts

where W are the weights. The errors are estimated as a weight-
ed sum of the errors of the updated maps:

EUW(X,% t) = ZW[Es(X,y, tS) + Ec(xvya tSat)} (5)

The weights chosen here are proportional to the time sep-
aration between the time of interest ¢ and the survey times ¢,
with the weights for the surveys immediately preceding and
following the time ¢ summing to one, and all other surveys
weighted zero. For this choice of inverse distance weighting,
the bathymetric estimate at survey times is equal to Zg(x,,s).
Between survey times, the bed-level estimate approaches the
mapped altimeter bed-level estimate at time ¢ plus a weighted
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offset between the mapped altimeter bed-level estimates and
the surveys at the nearest survey times [note that C(x,y, ts, )~
Z 4,0, 0)—Z4(x,,t5)]. The bathymetric estimate far (several
times L, or L,) from altimeters approaches a weighted sum
of the surveys (note that the mapped C(x,),%s,f) approaches
zero far from the altimeters).

3.4 Method assessment

In addition to comparing the estimated interpolation errors, the
methods are tested by comparing the mapped estimates with
an independent estimate of the true bathymetry. A mapped
survey at a particular survey time is set aside as independent
“ground truth” for the methods attempting to reconstruct the
bathymetry at that time. Comparisons are made only in the
region for which the surveys have errors below a specified
threshold (in regions with poor survey coverage, the mapped
survey may not be an accurate representation of the true
bathymetry). At each time, the differences (at the set of spatial
mapping coordinates) between the true bathymetry and a
mapped bathymetric estimate are referred to as the “recon-
struction residuals,” and the rms residuals are referred to as the
“reconstruction errors” ez. The average reconstruction error
over all comparisons is denoted €. For the forward-backward
update method (Eq. 2), only one watercraft survey is used with
the altimeters to estimate the bathymetry, and all other surveys
are used as ground truth. For the weighted-update method
(Eq. 4), as well as for temporally interpolating between two
dense surveys, the ground truth survey is one that was

obtained between two other surveys that are used to recon-
struct the bathymetry at any time between them. Thus, any
combination of three surveys can be used to test the weighted-
update and the temporal interpolation methods. The first and
last surveys are used to estimate the bathymetry at the time of
the middle survey, which is the ground truth.

4 Rip channel bathymetric estimates

4.1 Overview of field observations and mapping of dredged
rip channels

The propellers from a Vietnam-era landing craft were used to
dredge large shore-perpendicular channels in 1- to 3-m water
depth on a long straight Atlantic Ocean beach at the US Army
Corps of Engineers Field Research Facility near Duck, NC,
USA. Five channels were dredged in July and August 2012
(Fig. 2 shows two of the five channels). Pressure sensors
colocated with current meters (both sampled at 2 Hz) and
current profilers (1-min averages) were deployed near the
bed in and outside of the channels (Fig. 2), and bathymetric
evolution was recorded by a watercraft survey system and
altimeters. The channels were on average 2-m deep, 30-m
wide in the alongshore, and 50-m long in the cross-shore.
The ambient bathymetry was either a terrace (e.g., Fig. 2c, d,
e, f) or a small sandbar (0.5-1 m trough to crest) (e.g.,
Fig. 2a,b on the south side of the channel), and the average
tidal range was 1 m. Bedforms observed by divers and
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Fig.2 Contours of mapped water depth (relative to mean sea level, black
curves every 0.5 m in depth, the thick curves are —1.5 m) and estimated
interpolation errors (colors, scale on right) from watercraft surveys for
channels dredged on 18 July (top row: a, b, ¢) and 24 July 2012 (bottom
row: d, e, f) as a function of cross- and alongshore coordinate, with the
shoreline on the left side of each panel and north toward the top. The
survey times for the first dredged channel are a 18 July 18:00 EDT
(shortly after dredging), b 20 July 10:00, and ¢ 23 July 12:00. The survey

times for the second dredged channel are d 24 July 12:00 (shortly after
dredging), e 26 July 14:00, and £27 July 15:00. Crosses show positions of
altimeters, which were colocated with a pressure gauge and a current
meter or current profiler. Three other dredged channels (not shown) had
arrays similar to the channel dredged on 24 July (d, e, f). For all survey
maps, the errors usually are 0.01-0.05 cm, except near the shoreline
where the density of survey tracks (not shown) was reduced and errors
are as great at 0.3 m
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documented in detail for previous studies at this site included
small wave ripples and larger-scale megaripples with heights
of order 0.1-0.5 m (rms amplitude ~0.1 m), horizontal length
scales of order 1-10 m, and propagation speeds of 0.3—
1.2 m/h (Gallagher et al. 1998b, 2005). Significant wave
heights [4 times the standard deviation (std dev) of sea-
surface-elevation fluctuations in the frequency (f) band 0.05
<f<0.30 Hz] just offshore of the channels ranged from 0.5 to
1.5 m and wave directions (Kuik et al. 1988) ranged from
approximately —35° to +35° relative to shore normal. Both rip
current circulation patterns (0.1 to 1.0 m/s hour-averaged
jet speeds) and alongshore flows over the channels (0.1 to
1.0 m/s hour-averaged speeds) were observed, and the ba-
thymetry tended to evolve rapidly in response to the larger
waves and stronger flows (Moulton et al. 2013).

Surveys were performed daily with a personal watercraft
(waverunner) except when waves were too large for safe
operations. The 24 personal watercraft surveys for the five
channel experiments (three surveys each for the two channels
shown in Fig. 2, and six surveys each for the other three
channels) spanned roughly 200 m in the alongshore (centered
at the channels), and extended from the mean shoreline (sur-
veys usually were performed at high tide) to about 100 to
200 m offshore (Moulton et al. 2013). The 1- to 3-h-long
surveys were conducted along cross- and alongshore oriented
tracks, each separated by approximately 5 m with a sample
every 0.1 m along each track.

To study the coupled evolution of the channels and flows,
the survey data were mapped (Fig. 2) to a 2-m spatial grid (x,
y) spanning 100 m in the alongshore (centered at the channels)
and 100 m in the cross-shore (approximately from the mean
shoreline to 3-m water depth). The surveys were mapped as a
deviation from an average linear beach slope for each channel
location (average slopes found from a fit to all observations
for each channel location ranged from 0.019 to 0.025). To
speed the computations, raw survey data were averaged over
2x2 m bins prior to mapping. The error in each bin is esti-
mated as the sample error divided by the square root of the
number of observations in the bin. The binned data were
mapped using scale-controlled objective mapping with L,=
L,=9 m, Vs= 0.08 m?, and an observation error (prior to
binning) of €= 0.20 m. The decorrelation scales are found
from Gaussian fits to the autocovariance of cross- and along-
shore bathymetric profiles, and on average were 5 m in the
cross-shore (std dev=2 m) and 6 m in the alongshore (std
dev=2 m). Across the deepest channel cross-sections, the
alongshore decorrelation scale is on average 9 m (std dev=
2 m). Here, L,=L,=9 m are used in the mapping to resolve the
rip channels and smooth over smaller features (megaripple
wavelengths may be 1-10 m). The variance Vs is the average
variance of the deviations of smooth bathymetric estimates
from the mean beach slope (estimated using all observations).
The observation error £, was chosen to account for vertical

@ Springer

errors in the bed location (0.10 m) and for the amplitude of
unresolved features (0.10 m rms bedform amplitude). The
result is 24 bathymetric estimates (at the survey times) Zg(x,
y,ts) (Fig. 2, contours) and a corresponding set of error esti-
mates €g(x,),ts) (Fig. 2, colors). The errors for the surveys are
small (~0.02 m) except near the shoreline where survey tracks
are sparse or absent. An estimate of the bathymetry between
survey times on a 1-h time (¢) grid [Zs(x,),?)] spanning the
observational record was found using the temporal-inverse-
distance weighting described in Section 3.1. The error in Zg(x,
y,1) is expected to be equal to e5(x, ), ts) at the survey times and
increase quadratically with increasing time separation from
surveys, and thus to become larger than the signal variance
when more than one decorrelation time scale away from any
survey (e.g., Mastroianni and Milovanovi¢ 2008), but no
formal error estimate is made here.

Estimates of the seafloor elevation were obtained every
minute from an array of altimeters (as few as 6 and as many
as 14 sensors) with roughly 5 to 30 m spacing centered at the
channel (arrays for two channels are shown in Fig. 2, the three
channels not shown had 10-14 altimeters in an array similar to
that shown in Fig. 2d, e, f). The arrays were designed to
resolve the flows and bathymetry in the rip channels [expected
to have scales of O(10 m) in the cross- and alongshore direc-
tions] and on the adjacent cross-shore terrace and bar structure
[expected to have scales of O(10 m) in the cross-shore and
scales of O(50 m) or longer in the alongshore far from the
channels]. Sensors were spaced most densely across the chan-
nels, where the flows and bathymetry were expected to vary
most rapidly in space and time. Two types of acoustic altim-
eters were deployed. At most locations, the bed level was
estimated with the single-beam acoustic altimeters recently
developed at WHOI, and at a few locations the bed elevation
was estimated using a downward-looking Nortek Aquadopp
profiler mounted above the seafloor. The altimeter time series
are mapped in time to the 1-h grid ¢ with a scale-controlled
objective mapping method with 7= 6 h, V7= 0.08 m? (the
average variance estimated from all observations), and mea-
surement rms error &= 0.10 m (assumed the same for both
types of altimeters). The timescale 7'was chosen to resolve the
fastest migration events, and is large enough to average over
several periods of most migrating bedforms [although some
bedforms may take as long as 36 h to pass under each altimeter
(Gallagher et al. 2005)]. The temporal mapping step led to
smoothed time series with rms error e7~ 0.013 m <e,,s. This
error may be an underestimate if there are large megaripples
(the analysis assumes that the observation errors are correlated
on scales smaller than 7, which is not the case for long, slow-
moving bedforms). A bias error (error in the mean, owing to
GPS and hand-measurement errors) ep;.s= 0.10 m is added to
the error estimate for each mapped altimeter time series. The
time-mapped bed-level estimates are mapped in space (using
the same grid as the mapped surveys) as a deviation from a
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linear beach slope (same as the slope removed in the mapped
surveys) assuming a Gaussian spatial covariance with scales
L,=L,=9m,V,=0.08 m2, and measurement error [€ 7+ Epjas] ~
0.11 m. The resulting maps Z,(x,y,f) have estimated errors
e4(x,»,?) ranging from ~0.1 m near the altimeter locations to
~0.3 m far from the altimeters.

The survey and altimeter data are combined using the
weighted-update method described in Section 3.3, yielding
gridded (2 m, 1 h) estimates of the bathymetry ZyyAx,,) and
the associated error eyyAx,y,f). The weighted-update maps
have errors that are equal to the survey errors at survey times
eumx,ts)=es(x,),ts), and are smallest near the altimeter
locations at all other times. The size of the errors in the
updated maps increases with time since a watercraft survey,
and is scaled by the variance of the change since the nearest
surveys. To test the update method, all possible forward-
backward update maps Zi(x,),zs,¢) [and the corresponding
error estimate £¢A(x,),ts,7)] (Eq. 2, using each survey) and all
testable weighted-update maps (Eq. 4, using the first and third
survey for all possible sets of three surveys) are computed. For
comparison with the weighted-update maps, all testable time-
interpolated surveys are computed.

4.2 Assessment of rip channel maps

The accuracy of maps made with watercraft surveys alone
(Section 3.2), altimeters alone (Section 3.3), and surveys
updated with altimeter-estimated change (Section 3.4) is
assessed for the 24 watercraft surveys (three surveys for each
of two channels, and six surveys each for the other three
channels) of evolving rip channels. First, the forward-
backward updated maps are assessed and compared with the
altimeter maps. Next, the weighted-update maps are assessed
and compared with the forward-backward updated maps, the
altimeter maps, and time-interpolation of surveys. The errors
are computed in the region for which survey errors are smaller
than 0.05 m (regions near the shoreline with large survey
errors are excluded).

There are 51 pairs (and thus 102 test cases by going
forward or backward in time) of temporally separated water-
craft surveys, where one survey in the pair is used with Eq. 2
to estimate the bathymetry at the time of the other survey,
which is used as ground truth to test the estimate. In addition,
bathymetry estimated from altimeter bed levels at the time of
the ground truth survey was compared with the ground truth.
The forward-backward updated maps have smaller average
reconstruction errors (g = 0.14 m) than the altimeter maps
(er.4= 0.18 m). The average rms difference between the pairs
of spatially dense surveys is 0.15 m.

There are 62 sets of three temporally separated wa-
tercraft surveys, where the first and third survey are
used to estimate the bathymetry at the time of the
second survey (the ground truth), using inverse-time

weighting of the watercraft surveys or by updating with
altimeter information either forward in time from the
first survey (“forward updated map”), backward in time
from the third survey (“backward updated map”), or a
weighted combination (Eq. 4). In addition, at the time
of the second survey, an altimeter-based estimate of the
bathymetry was compared with the second survey. The
weighted-update maps have average reconstruction er-
rors (Egouw = 0.08 m) that are smaller than errors in
the forward and backward updated maps (ez =
0.12 m), the altimeter-interpolation maps
(€r4= 0.16 m), and temporal interpolation between sur-
veys (Ers= 0.09 m). The average rms difference be-
tween final and initial spatially dense surveys is 0.19 m.
As an example, the bathymetry surveyed on 26 July
(Fig. 3a) is estimated from a survey 2 days earlier (24 July
12:00, Fig. 2d) and a survey 1 day later (27 July 15:00, Fig. 2f)
using the weighted-update (Eq. 4) (Fig. 3b) and altimeter-
interpolation (Fig. 3c) methods. The weighted-update map
has smaller errors (Fig. 3b, colors) than the altimeter-
interpolation map (Fig. 3c, colors). The rms change between
the 24 and 27 July surveys was 0.29 m (Fig. 3d). The average
residuals (difference from the ground truth survey) for the
updated map (Fig. 3e) [0.11 m, similar to the average estimat-
ed errors (0.14 m) for the updated map] are smaller than the
average residuals for the altimeter map (Fig. 3f) [0.21 m,
similar to the average estimated errors (0.26 m) for the altim-
eter map]. The spatial pattern of the residuals (Fig. 3e, f,
colors) is not consistent with the error estimate (Fig. 3
b, ¢, colors), likely because the bathymetry varies more
rapidly in time (Fig. 3d) and space (Fig. 3a, compare
relatively uniform shoals with the channel) near the
channels and the shoreline than elsewhere, in contrast
with the assumption of a uniform signal variance. The
mapping methods and error estimates may be improved
by estimating a non-uniform spatial variance (larger at
the channel position). However, the channels migrate,
and thus a non-uniform spatial variance that is accurate
at one time may be a poor estimate at another time.
To study the evolution of the channels with higher
temporal resolution, channel cross-sections (depth versus
alongshore coordinate) are extracted from the two-
dimensional maps (at the cross-shore coordinate nearest
the densest cross-channel altimeter spacing) for each of
the mapping methods, resulting in an estimate of the
channel cross-section every hour for each channel and
each method. The cross-sectional profiles may have dif-
ferent error statistics than the two-dimensional maps,
because the sensor-spacing is denser on average, and
the bathymetry may vary more rapidly in space and time
for the cross-section of a deep section of the channel
than for the full two-dimensional domain. Similar to the
two-dimensional maps, the accuracy of the one-
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Fig.3 Contours of mapped water depth (relative to mean sea level, black
curves every 0.5 m in depth, the thick contours are —1.5 m) and errors
(colors, scale on right) on 26 July 14:00 for a a mapped watercraft survey,
b a weighted-update map (surveys at 24 July 12:00 and 27 July 15:00 are
used to form the estimate, see Fig. 2d, f), and ¢ an altimeter map. d The
mapped watercraft survey on 26 July 14:00 (black contours) and the

dimensional cross-section estimates was compared for
time-interpolation of surveys, mapping of altimeter data,
and the forward-backward and weighted-update methods.

For the 51 pairs of temporally separated watercraft surveys
(102 comparisons), the forward-backward updated maps have
slightly smaller average reconstruction errors (g = 0.17 m)
than the altimeter maps (g4 = 0.18 m). The average rms
difference between final and initial spatially dense surveys is
0.20 m. For the 62 sets of three temporally separated water-
craft surveys, the weighted-update maps have average recon-
struction errors Egym = 0.10 m) that are smaller than the
forward and backward updated maps (€z = 0.15), the altim-
eter maps (€z4 = 0.15 m), and the weighted surveys ez =

magnitude of change between the surveys on 24 July 12:00 and 27 July
15:00, and (e and f) contours of water depth (black contours) and
magnitude of residuals with the survey on 26 July 14:00 using (e) a
weighted-update map and (f) an altimeter map. All maps are a function of
cross- and alongshore coordinate, with the shoreline on the left side of
each panel. Crosses show positions of altimeters

0.11 m). The average rms difference between pairs of spatially
dense surveys is 0.24 m.

The three methods (weighted-update, altimeter-
interpolation, and time-interpolation of dense surveys) are
used to reconstruct the bathymetry on 30 June (Fig. 4). The
survey on 30 June (Fig. 4, solid black curve) has small errors
(Fig. 4, gray shading around black curve), and thus is a good
representation of the true bathymetry. The surveys completed
28 June (Fig. 4, dashed black curve) and 5 July (Fig. 4, dotted
black curve) are used with altimeter change estimates in the
weighted-update method (Eq. 4) to produce estimates of the
bathymetry (Fig. 4, blue curve) and associated errors (Fig. 4,
blue shading). Altimeter interpolation also is used to estimate

Fig. 4 Depth of seafloor across -1.2
the channel versus alongshore . === < e =
coordinate from watercraft E .41 = e
surveys on 28 June 13:00 (black @ N M ===
dashed curve), 30 June 07:00 8 RN Y
(ground truth, solid black curve), o~
and 5 July 12:00 (dotted black G -
curve), and estimated for 30 June g -1.8
07:00 using the weighted-update o
(blue curve), altimeter- o) 2
interpolation (red curve), and '%
time-interpolation of the 28 June ° 2 5[X Alimeter positions
and 05 July surveys (green curve). £ -~ Survey: 28 June 13:00
Shaded areas are 1 std dev errors A Survey: 05 July 12:00
for the estimated bathymetries. £ —2.49— survey: 30 June 07:00
Crosses show alongshore 8‘ — Altimeters: 30 June 07:00 /
positions of altimeters o —2.64{— Updated: 30 June 07:00

"~ |l— Survey Interp: 30 June 07:00 v

840 820 800 780 760 740
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the bathymetry on 30 June (Fig. 4, red curve) and associated
errors (Fig. 4, red shading). Interpolating between the sur-
veys on 28 June and 5 July (Fig. 4, green curve) is similar
to the weighted-update method (Fig. 4, blue curve). The
rms reconstruction error (rms difference with the survey
on 30 June) for the weighted-update map is 0.07 m (sim-
ilar to the average estimated error 0.08 m), for the altim-
eter maps is 0.15 m (similar to the average estimated error
0.22 m), and for the time-interpolation of surveys is
0.07 m. The rms difference between the surveys on 28
June and 05 July is 0.21 m.

4.3 Application of update method to rip channel cross-section
evolution

The cross-sections of the hourly updated maps can be used to
investigate the temporal evolution of the channels between the
spatially dense surveys. For the channel dredged on 18 July,
dense surveys show that the channel filled and moved north-
ward (toward larger alongshore coordinate) between 20 and
23 July (Fig. 2, compare panels b and c). However, these
surveys do not resolve the higher-frequency temporal changes
caused by the relatively large waves and rip current that were
observed during the several days between dense surveys. In
the absence of additional information, it must be assumed the
bathymetry evolved uniformly between the times of the dense
surveys. In contrast, the cross-sections estimated by updating
dense surveys with changes observed by the altimeters (Fig. 5,
gray curves are every 3 h) indicate that the rates of channel
infill and migration (Fig. 6) varied non-uniformly in time.

Gaussian fits to hourly updated cross-sections are used as a
proxy to determine the channel position (Fig. 6a, usually
within one grid cell of the location of the minimum of the
profile) and channel depth (Fig. 6b), and (not shown) channel
width and ambient bed elevation. Confidence intervals (gray
shading in Fig. 6) are found from the distribution of parame-
ters from a series of fits to 300 curves generated by summing
the updated maps with random errors drawn from a
Gaussian distribution with std dev given by the estimat-
ed mapping rms error.

Flows in the rip channel fluctuated with the tidal elevation,
with the highest flows occurring near low tide when wave
breaking was strongest on the shallow sides. When the chan-
nel center moved north of the mid-way point between the
center and the northern sensor (Fig. 6a, 21-23 July), the
maximum measured offshore-directed flow (not shown) also
moved north, from near the center of the channel (y=662 m)
on 21 July to the northern edge of the channel (y=674 m)
(Moulton et al. 2013). The channel filled by almost 1 m during
the 27 h that the channel center migrated north (from 21 July
12:00 until 22 July 15:00, Figs. 5 and 6). Significant wave
heights just offshore of the channel were between 0.5 and
1.0 m, and wave directions were within 15° of shore normal
between 21 July 15:00 and 22 July 06:00, but were more
obliquely incident (roughly 35° from the south) during
the previous and following 24 h. The channel may have
migrated owing to alongshore divergences in sediment
transport by alongshore flows over the channel, and the
coupled morphologic and hydrodynamic changes will be
the subject of a future study.
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X Altimeter positions

— Survey: 18 July 18:00

QO Channel position: 18 July 18:00
== Survey: 20 July 10:00

A\ Channel position: 20 July 10:00
===+ Survey: 23 July 12:00

¥V Channel position: 23 July 12:00
Updated maps: 3 hrs

— Updated map: 21 July 12:00

Y& Channel position: 21 July 12:00
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{) Channel position: 21 July 15:00
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Fig. 5 Depth of the seafloor across the channel versus alongshore coor-
dinate. The solid black curve is the cross-section from the watercraft
survey on 18 July 18:00, the dashed black curve is from the survey on
20 July 10:00, and the dotted black curve is from the survey on 23 July
12:00. Gray, red, green, and blue curves are cross-sections using the
weighted-update method every 3 h between 18 July 18:00 and 23 July
12:00. The channel fills and migrates northward most rapidly on 21 July

from 12:00 (red curve), through 15:00 (green curve), and until 18:00 (blue
curve). Crosses at depth=—1 m are alongshore positions of altimeters, and
the other symbols below the crosses are the alongshore position of the
channel (estimated by fit to a Gaussian) for surveys (circle and triangles)
and updated maps for 21 July 12:00 (red star), 15:00 (green diamond),
and 18:00 (blue square)
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Fig. 6 a Alongshore position of 674
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5 Sandbar profile estimates

5.1 Overview of field observations and mapping of natural
sandbars

To investigate sandbar migration, 24 spatially dense cross-
shore bathymetry profiles were obtained with the CRAB
survey system (Birkemeier and Mason 1984) between 25
August and 26 October 1994 at Duck, NC (Thornton et al.
1996; Gallagher et al. 1998a; Birkemeier et al. 2001; and
many others). The surveys extended from above the high-
tide line to roughly 4-m water depth (Fig. 7), with a sample
approximately every 1 m along the cross-shore track. In
addition, bed levels were estimated every 3 h at 10 locations
(crosses in Fig. 7) along the transect with altimeters (similar to
the WHOI Altimeters described in Section 2.2) (Gallagher
et al. 1996, 1998a). The altimeters were colocated with pres-
sure and velocity sensors. The sensor locations were chosen
based on estimates of the cross-shore variability of the near-
shore processes investigated. Offshore significant wave
heights ranged from 0.5 to 4.0 m. The sandbar was 30 to
80 m wide, 0.5 to 1 m high, and migrated both onshore (e.g.,
Fig. 7, between 7 and 30 September) and offshore (e.g., Fig. 7,
between 25 August and 7 September). The crest of the sandbar
migrated more than 100 m in the cross-shore, between 1.5-
and 2.5-m water depths (Fig. 7). Bedforms included small
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wave-orbital ripples and megaripples with heights of order
0.1-0.5 m (rms amplitude ~0.1 m), horizontal length scales of
order 1-10 m, and propagation speeds of 0.3—-1.2 m/h
(Gallagher et al. 1998a, b, 2005).

The 24 CRAB surveys are mapped as a deviation from a
smoothed mean profile (Plant et al. 1999) to a 5-m spatial grid
x spanning 350 m in the cross-shore from x= 100 m to x=
450 m. The data were mapped using scale-controlled objective
mapping with L,= 17 m, Vs= 0.10 m?, and an observation
error of o= 0.20 m. For cross-shore profiles, the alongshore
coordinate y is fixed. The decorrelation scales of the sandbars
are found from Gaussian fits to the autocovariance of the
bathymetric profiles, and on average were 17 m (std dev
7 m), a scale that resolves the sandbar, while averaging over
smaller features. The variance Vs is the average variance of the
deviations of smooth bathymetric estimates from the
smoothed mean profile (estimated using all observations).
The observation error £, was chosen to account for vertical
errors in the bed location (0.10 m) and the amplitude of
unresolved features (0.10 m rms bedform amplitude). The
result is 24 bathymetric estimates (at the survey times) Zg(x,
ts) (e.g., Fig. 7, curves) and a corresponding set of error
estimates eg(x,zs) (e.g., Fig. 7, shaded error bars). The errors
[es(x,5)] for the surveys are small (~0.05 m, Fig. 7), except for
a few cases when survey tracks did not fill the mapping
domain and the estimate approaches the mean profile. In those
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cases, the error is as large as, or larger than the signal variance
(e.g., Fig. 7, red shading near the most offshore 50 m of the 7
September survey). Bathymetry on a 6-h time grid ¢ between
survey times [Zg(x,?)] was estimated using the inverse-
temporal weighting described in Section 3.1. The error in
Zs(x,1) is expected to be equal to eg(x, fg) at the survey times
and to increase with increasing time separation from surveys
(Mastroianni and Milovanovi¢ 2008), but no formal error
estimate is made here.

The altimeter time series are mapped to the 6-h grid # with a
scale-controlled objective mapping method with 7= 6 h, V7=
0.10 m? (the average variance estimated from all observa-
tions), and measurement rms error &,,= 0.10 m. The time-
scale T'is short enough to resolve the fastest migration events,
and is large enough to average over migrating bedforms. The
temporal mapping step led to smoothed time series with
smaller rms error ez~ 0.03 m. A bias error (error in the mean,
owing to survey-equipment and hand-measurement errors)
Epias= 0.10 m is added to the error estimate for each mapped
altimeter time series. The time-mapped bed-level estimates are
mapped in space (using the same grid as the mapped surveys)
as a deviation from a smoothed mean profile (same as the
profile removed in the mapped surveys) assuming a Gaussian
spatial covariance with scales L,= 17 m, ¥,= 0.10 m? and
measurement error [e7+epi]~ 0.13 m. The resulting maps
Z4(x,t) have estimated errors € 4(x, ) ranging from ~0.1 m near
the altimeter locations to ~0.3 m far from the altimeters.

The survey and altimeter data are combined using the
weighted-update method, yielding gridded (5 m, 6 h)
estimates of the bathymetry Z,y{x,f) and associated errors
eumlx,t). To test the update method, all possible forward-
backward update maps Z(x, ts,f) [and the corresponding error
estimate £¢/(x,s,1)], weighted-update maps Zyp(x,f) (Eq. 4)

Cross—shore coordinate (m)

[and the corresponding error estimate €y pAx,?)], and time-
interpolated surveys are computed.

5.2 Assessment of sandbar profile maps

The accuracy of the sandbar profile estimates made with
CRAB surveys alone, altimeters alone, and surveys updated
with altimeter-estimated change is assessed using selected
CRAB surveys as independent ground truth. Forward-
backward updated maps are assessed and compared with the
altimeter maps, and weighted-update maps are assessed and
compared with the forward-backward updated maps, the al-
timeter maps, and time-interpolation of surveys. The errors are
computed in the region for which survey errors are smaller
than 0.10 m.

For the 276 pairs of temporally separated watercraft sur-
veys, the forward-backward updated maps have approximate-
ly the same average reconstruction errors (€g = 0.16 m) as
the altimeter maps (€z_4 = 0.16 m). The average rms difference
between final and initial spatially dense surveys is 0.38 m. For
the 2,024 sets of three temporally separated CRAB surveys,
the weighted-update maps have average reconstruction errors
€Er.uw = 0.12 m) that are smaller than the forward and back-
ward updated maps (g = 0.14), the altimeter maps (€z4 =
0.14 m), and the temporally weighted surveys g s = 0.21 m).
The average rms difference between final and initial spatially
dense surveys is 0.43 m.

The weighted-update and altimeter-interpolation methods,
along with the time-interpolation of surveys, are used to
reconstruct the bathymetry on 30 September (Fig. 8). The
survey on 30 September has small errors (Fig. 8, solid black
curve and gray shading), and thus is a good representation of
the true bathymetry. The surveys completed at 21 September

@ Springer



Ocean Dynamics

0.8 A
offshore
o 0.6 o
o 04 " 5
c 02 v N \/
[e) //—_~ %/ N
- / /
g 0 7
L -0.24 (a =
g Y X Altimeter positions =
= —0.41 -- Survey: 21 September
‘g ----- Survey: 4 October
Q -0.6{< — Survey: 30 September
— Altimeters: 30 September
0.8 — Updated: 30 September
e — Survey Interp: 30 September
150 200 250 300 350

Cross—shore coordinate (m)

Fig. 8 Depth of the seafloor (relative to a smoothed mean profile that is
removed from each map) versus cross-shore coordinate from CRAB
surveys on 21 September (dashed black curve), 30 September (ground
truth, solid black curve), and 4 October (dotted black curve), and esti-
mated for 30 September using the weighted-update (solid blue curve),

(Fig. 8, dashed black curve) and 4 October (Fig. 8, dotted
black curve) are used with altimeter change estimates in the
weighted-update method to produce estimates of the bathym-
etry (Fig. 8, blue curve) and associated errors (Fig. 8, blue
shading). The time-interpolated survey estimate using the 30
September and 4 October surveys also is shown (Fig. 8, green
curve), and altimeter interpolation also is used to estimate the
bathymetry on 30 September (Fig. 8, red curve) and associat-
ed errors (Fig. 8, red shading). The rms reconstruction error
(rms difference with the survey on 26 September) for the
weighted-update map is 0.08 m [smaller than the average
estimated interpolation error (Eq. 12) 0.25 m], for the altimeter
maps is 0.12 m (smaller than the average estimated error
0.21 m), and for the time-interpolation of surveys is 0.13 m.
The rms difference between the surveys on 21 and 30 Sep-
tember is 0.16 m, and between the surveys on 30 September
and 4 October is 0.14 m.

5.3 Application to sandbar migration

The weighted-update maps improve the temporal resolution
of the evolving cross-shore profile, both during rapid bar-
migration events and during times when conditions precluded
CRAB surveys (often simultaneous with rapid bar migration)
(Fig. 9). Gaussian fits (summed with a linear beach profile) to
6-h updated profiles are used as a proxy to determine the
sandbar crest position (usually within one or two grid cells
of the location of the maximum of a detrended profile, Figs. 9
and 10). Confidence intervals (gray shading in Fig. 10) are
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altimeter-interpolation (red solid curve), and time-interpolation of the 21
September and 4 October CRAB surveys (green solid curve) methods.
Shaded areas are 1 std dev error estimates (errors for 21 September and 4
October are similar to the gray shading shown for 30 September) and the
estimated bathymetries. Crosses show cross-shore positions of altimeters

found from the distribution of parameters from a series of fits
to 300 curves generated by summing the updated maps with
random errors drawn from a Gaussian distribution with std
dev given by the estimated mapping rms error. Infrequent
dense surveys show the sandbar migrated about 40 m offshore
between 25 August and 7 September (triangles in Figs. 9 and
10). Interpolating between the CRAB surveys assumes the
migration was constant in time. However, the updated maps
suggest that the offshore migration occurred rapidly between 2
and 6 September (Fig. 10) during a nor'easter storm [3 m
significant wave height in 8 m depth (Gallagher et al.
1998a)], and was preceded by more than 1 week of slow
onshore migration (Fig. 10, 25 August to 2 September). Sim-
ilarly, during a second nor'easter [14 to 17 October, 4 m
significant wave height in 8 m depth (Gallagher et al.
1998a)] the updated maps suggest more rapid migration on
15 October than would be inferred from interpolation of the
CRAB surveys on 14 and 18 October (Fig. 10). Between 15
and 17 October, large waves precluded CRAB surveys of the
sandbar.

6 Discussion and summary

Interpolating in time between two spatially dense surveys
produces accurate maps of the seafloor assuming the bathym-
etry changes uniformly in time (for some of the rip channels
and some of the bar migration events, e.g., compare green
with blue curves in Fig. 4). However, surfzone bathymetry
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Fig. 9 Depth of seafloor (relative to a smoothed mean profile that is
removed from each map) across the sandbar versus cross-shore coordi-
nate (the shoreline is near cross-shore coordinate 100 m). The solid black
curve is the initial watercraft survey on 25 August 1994, and the dotted
black curve is the survey on 7 September. Gray, red, green, and blue
curves are cross-shore profiles using the weighted-update method every
12 h between 25 August and 7 September. The sandbar migrated most

often evolves rapidly and non-uniformly when large waves,
strong currents, and breaking wave-generated bubbles pre-
clude spatially dense bathymetric surveys (e.g., with water-
craft), and temporal interpolation is not accurate [e.g., the

rapidly on 2 September (red curve), through 4 September (green curve),
and until 6 September (blue curve). Crosses at depth=1 m are cross-shore
positions of altimeters, and the symbols below the crosses are the bar crest
position (estimated by a fit to a linear slope plus a Gaussian) for surveys
on 25 August (upright triangle) and 7 September (inverse triangle) and
updated maps for 2 (red star), 4 (green diamond), and 6 September (blue
square)

migration of the channel (July 21.5 in Fig. 6) and the sandbar
(2 to 6 September in Fig. 10) in big waves]. In contrast, fixed
altimeters can estimate bed levels in the presence of large
waves and many bubbles. An array of altimeters sampling
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Fig. 10 Cross-shore position of the sandbar crest based on altimeter-
updated profiles every 3 h (gray curve with shaded 95 % confidence
interval) and on spatially dense CRAB surveys (black circles and
triangles) versus time. The shoreline is near cross-shore position 100 m.
Crosses along the y-axis are cross-shore positions of the altimeters. A

rapid bar migration event (also see Fig. 9) occurred from 2 to 6 Septem-
ber, between the surveys on 25 August (upright triangle) and 7 Septem-
ber (inverse triangle). The bar cross-shore position moved rapidly starting
on 2 September (red star), through 4 September (green diamond), until 6
September (blue square)
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continuously can be used to make spatially interpolated bed-
level maps at any given time, and may resolve the spatial
structure of the bathymetry with reasonable accuracy if altim-
eter spacing is smaller than the spatial decorrelation scales of
the features of interest. However, altimeter spacing can be
relatively sparse and the altimeter bed-level estimates can be
biased. Here, bed-level estimates from spatially dense, but
infrequent surveys were combined with accretion and erosion
estimates from spatially sparse, but nearly continuously sam-
pling altimeters to form a bathymetric estimate that is more
accurate than either temporally interpolating between two
dense surveys or spatially interpolating between the fixed
altimeters (e.g., Figs. 6 and 10). In studies for which the
bathymetric estimate does not need to be independent of
hydrodynamic measurements, additional improvements may
be made by assimilating hydrodynamic measurements
(Wilson et al. 2010; Birrien et al. 2013) along with altimeter
bed levels or change signals.

The accuracy of the mapped altimeter change (and there-
fore of the updated maps) and of the mapped altimeter bed
levels is sensitive to the trend removed from the observations
prior to mapping (and subsequently added back to the mapped
estimate), owing to the tendency of objectively mapped esti-
mates to approach zero far from information (Rybicki and
Press 1992, also see Appendix). This tendency can be
exploited to improve accuracy where there is insufficient
information. Here, the mapped altimeter bed levels far from
instrument locations approached a mean beach slope (for the
rip channels) or a smoothed mean profile (for the sandbars).
The mean slope and smoothed mean profile were found using
the dense survey data, so the altimeter bed-level estimates are
not strictly independent of the dense surveys. For the maps of
bed-level change from altimeters used in the update method,
no mean or trend was removed, and thus the estimated change
is zero far from altimeters. There are alternatives that may be
more appropriate in other applications, such as allowing the
change signal estimate far from sensors to approach the aver-
age change.

Although interpolation weights estimated assuming spa-
tially uniform and temporally constant Gaussian covariance
functions produced relatively accurate seafloor maps, the pat-
terns of the estimated mapping errors and the errors found in
the reconstruction tests did not agree, perhaps because the
bathymetry evolves more rapidly and with larger amplitude
near the shore and when waves are large. Choosing spatially
and temporally variable covariance functions may produce
more accurate bathymetric and error estimates. Further inves-
tigation of the sensitivity of the estimated and reconstruction
errors to the covariance estimates is needed to guide the
selection of interpolation weights.

Here, the observations of changes in bed level at the
locations of fixed altimeters were mapped and added to
maps made from occasional spatially dense surveys. When

@ Springer

multiple dense surveys were available, updated maps made
from each survey were combined in a weighted average.
For evolving dredged channels and natural sandbars in the
surf zone, the updated maps are a better estimate of the
bathymetry than maps made by spatially interpolating al-
timeter estimates of the bed level or by temporally inter-
polating dense surveys.
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Appendix: Interpolation and mapping of irregularly
sampled observations

Often, a set of bed-level observations z(x;,y;,4;), where x; and y;
are the cross- and alongshore coordinates of the jth observa-
tion made at time #;, are mapped using linear interpolation to a
regular spatial (x;,;) and temporal (¢,) grid:

Z(xi, i, ti) = ZWijZ(xjayj’tj) (6)
J

where Z is the linearly interpolated bed-level elevation esti-
mate at a set of “mapping coordinates” (x;,y; ;) and W, is the
weight of the jth observation at the ith mapping coordinate.

One common choice of interpolation weights is inverse
separation weighting, e.g., in time:

Wy = |t (7)

The factor 4 (which may be a function of the observation
and mapping coordinates) is sometimes set such that the only
observations with nonzero weights are those immediately
preceding and following the mapping coordinate, and may
be normalized by the sum of the weights such that weights at
each mapping coordinate sum to one.

Other mapping methods take advantage of knowledge of
the signal covariance to seek an estimate of the bathymetry
that minimizes the root-mean-square (rms) difference between
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the true and the mapped bathymetry (Bretherton et al. 1976).
Optimal weights are:

Wi=> [Pr] Ry (8)
j/

where P;;; is the covariance between observed elevations at
locations with indices ;' and j, R;; is the covariance between
observed and mapped elevations, and [ ] is the matrix
inverse. This method is referred to as objective mapping or
optimal interpolation. Often a Gaussian model for the covari-
ance is used for mapping either in space or in time, e.g., in one
dimension:

_ 2
Rmn = VeXP ( (meL};n) > (9)

where Vis the estimated signal variance, p is the spatial or time
coordinate, m and n are arbitrary indices, and L is a
decorrelation length or time scale. The covariance between
all observed elevations is:

Pjj=Ry;+ g (xjaij fj) 0y, (10)

where £o(x;,);,1) is the rms observational error associated with
the jth observation. It is assumed that observation errors are
uncorrelated with errors at other locations and times (the delta
function §;,=0 if j'#j,and 6;,=1 if j'=)).

Often a mean or trend M is removed before mapping and
then added back in after mapping (this can be considered a
scale separation):

Z(Xi,yi,li) = ZWU [Z(x‘/,yj, l‘j>_M:| +M (11)
J

The function M may be an estimate of the true signal mean,
a linear trend, a higher-order trend, or an ensemble-averaged
estimate of a mean state. The choice becomes particularly
important for data that are under-sampled because far from
observations the interpolation weights tend to approach zero,
and thus the bathymetric estimate approaches M (Rybicki and
Press 1992).

The estimated interpolation error is:

e(xiyiti) = V=) WyR; (12)
J

If there are small-scale features (e.g., ripples, megaripples,
cusps) that are not resolved by the surveys (e.g., there is
aliasing owing to undersampling) or are not desired in the
estimate of the bathymetry (e.g., considered noise), weights
may be derived to minimize the rms difference between the
mapped bathymetry and a filtered (e.g., smoothed) true ba-
thymetry (Ooyama 1987; Plant et al. 1999). When seeking the

optimal estimate of smoothed bathymetry, smoothed covari-
ance functions of the true bathymetry (Ooyama 1987) are
used. Here, the covariance function is assumed to be a Gauss-
ian (Eq. 10) with the scale L set to the smoothing scale (a
resolvable scale of interest) and the signal variance ¥ set to the
estimated variance of the smoothed bathymetry. In the pres-
ence of unresolved scales, €5 should include both the rms
measurement error and an rms estimate of the error associated
with unresolved scales (e.g., the rms amplitude of bedforms).
The results are optimal only if the covariance function is
chosen correctly (e.g., a spatially variable covariance function
could be used), but more detailed information about the true
bathymetry would be needed to improve the covariance func-
tion estimate, and it is expected that the interpolation errors are
not highly sensitive to errors in the choice of covariance
function (Rybicki and Press 1992).
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