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A B S T R A C T

The intertidal beach is very dynamic and is characterized by high sediment transport rates which may result in
large topographic changes. Measuring techniques are well developed for both sediment transport and beach
topography but the quantification of transport remains difficult. This paper provides an in-depth review of
studies that cross-checked sediment transport measured underwater to transport derived from topographic
change and/or predictive formulas to optimize future measuring campaigns in the intertidal zone. Based on these
studies it is strongly recommended to measure sediment transport at multiple locations in the intertidal zone,
although it is recognized that this is costly. When the suspended sediment is mixed and vertically stratified, it
should be gauged over the entire water column. Acoustic backscatter intensity can be used for this purpose but
needs to be corrected for grain size and turbulence. When cross-checking measured sediment transport rates with
beach volume changes topographic profiles may not be sufficient. Instead, laser scanning of the beach is re-
commended. Additionally, valuable insights can be obtained from continuously measuring the beach topo-
graphy. When beach topography is only measured during low tide, wind-driven transport should be taken into
account during energetic conditions. It is deemed necessary to improve sensors to measure bed load transport
and suspended sediment transport close to the bed and to further improve formulas to predict sediment trans-
port. With the suggestions given in this paper it is encouraged to perform field investigations of sediment
transport in the intertidal zone to improve our knowledge of the intertidal beach morphodynamics.

1. Introduction

The intertidal beach, the zone between low and high tide (Fig. 1), is
very dynamic. It is subject to most of the wave breaking and swash
action, resulting in high sediment transport rates. Besides the effect of
waves, sediment is also transported by tidal currents, residual currents,
and wind. If gradients in sediment transport exist, this will result in
either erosion or deposition of sediment, which in turn will influence
the hydrodynamics and sediment transport. This cycle of marine (and
aeolian) forcing, sediment transport, and beach morphology is referred
to as the beach morphodynamics (Masselink et al., 2011).

Sediment transport in the intertidal zone has been a topic of sci-
entific interest since the middle of the 20th century (e.g. Bagnold,
1947). Most of the research was directed to theoretical studies and la-
boratory wave tank investigations (Hails, 1974), but there were also a
few pioneering field studies in the 20th century (e.g. Inman, 1949;
Terry, 1951; Watts, 1953; Caldwell, 1956; Thornton, 1968; Komar and
Inman, 1970; Jaffe et al., 1984; Kraus, 1987). It was soon acknowl-
edged that restrictive physical factors, such as large waves and heavy
turbulence, limited in-situ measurements and that this was most likely
the cause of the poor correlations that were found between field data

and laboratory results and theoretical predictions (Hails, 1974). Tech-
niques to measure sediment transport evolved continuously and ad-
vanced sensors have been developed (e.g. Mikkelsen and Pejrup, 2001;
Turner et al., 2008). As a result, our qualitative understanding of se-
diment transport in the intertidal zone has greatly improved (e.g.
Aagaard et al., 2004; Aagaard et al., 2005; Houser et al., 2006).

The two main modes of sediment transport are bed load transport
and suspended load transport. Bed load transport is defined as gliding,
rolling, and saltating particles in close contact with the bed, while
suspended load transport is defined as the transport of particles in the
water column by turbulence-induced drag forces (Van Rijn, 1993).
Sediment transport rates are generally highest close to the bed (Kraus,
1987; Tonk and Masselink, 2005; Cartier and Héquette, 2015), but
energetic waves or strong tidal currents may mix the sediment through
the entire water column (e.g. Brand et al., 2019b). In general, it is ac-
knowledged that cross-shore sediment transport is controlled by the
balance between onshore transport due to wave skewness and offshore
transport by undertow, but the ratio of onshore/offshore transport is
determined by the wave energy (e.g. Voulgaris et al., 1996; Masselink
et al., 2008; Brand et al., 2019b). This difference between onshore and
offshore transport over individual waves builds up over a tidal cycle
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and may result in large topographic changes.
Quantifying net sediment transport remains difficult, while reliable

and accurate measurements of sediment transport rates are essential to
better understand intertidal beach morphodynamics, to manage the
beach, and to calibrate and validate sediment transport models. Field
measurements are often labour intensive, time consuming, and costly.
Thus, it is necessary to optimize field measurements to obtain accurate
results with limited resources. To our knowledge, no literature exists
that reports the advantages and disadvantages of techniques to measure
sediment transport in the intertidal zone of sandy beaches. Therefore,
this paper provides an in-depth review of measuring techniques, in
terms of their advantages, disadvantages, and performance in the field,
which leads to some recommendations for future measuring campaigns
in the intertidal zone. The accuracy of measured transport rates cannot
be determined or validated without cross-checking of sediment trans-
port rates from different methods or approaches. Therefore, this paper
mainly addresses studies that compared measured sediment transport
rates to transport rates derived from topographic change and/or pre-
dictive formulas.

2. Measuring techniques and predictive formulas to quantify
sediment transport

2.1. Suspended load

The first measurements of sediment transport in the intertidal zone
date back to the middle of last century. The first techniques that were
used are extensively described by Hails (1974). Fig. 2 illustrates the
evolution of the most common or promising techniques since then,
based on the references used in this section. Solid lines represent per-
iods of time when techniques were used for measurements in the in-
tertidal zone. Dashed lines indicate that techniques were upcoming or
that the use decreased. The main shift in sediment transport measure-
ments has been from manual sampling to the use of sensors. In this
section the techniques to measure suspended sediment transport will be
described, in the next section techniques to measured bed load or total
load are presented.

Suspended sediment transport can be quantified by combining
measurements of flow velocity and suspended sediment concentration,
assuming that sediment particles have the same velocity as the water
that carries them. Flow velocity measurements are most often carried
out with acoustic (e.g. Acoustic Doppler Current Profilers, ADCP, and
Acoustic Doppler Velocimeters, ADV) or electromagnetic current
meters (ECM). Techniques to measure suspended sediment con-
centrations are discussed below.

Taking water samples and filtering them is a classic technique to
determine suspended sediment concentrations. Many samplers, such as
simple bottles, trap samples, or more advanced samplers like pump
samplers exist. However, taking water samples is very time-consuming
and it is difficult to take water samples in the intertidal zone, especially
under breaking waves (Hails, 1974).

Since the eighties, optical backscatter sensors (OBS) are most
often used to determine suspended sediment concentrations (e.g. Jaffe
et al., 1984; Aagaard et al., 2004; Aagaard et al., 2005; Houser et al.,
2006; Masselink et al., 2009). These sensors were developed by
Downing et al. (1981). They emit an infra-red light and record its
backscatter, which is a measure for turbidity. They measure with a
frequency up to 10 Hz, so they are suitable to study very fast variations
in suspended sediment concentrations. They can be deployed in the
field for a long time (weeks to months). However, they are subject to
biofouling and thus need to be cleaned regularly or they need to be
equipped with a mechanical wiper. A limitation of OBS is that they only
perform point measurements, so multiple OBS are needed to measure a
profile of suspended sediment concentration over the water column.

Recently attempts have also been made to measure the suspended
sediment concentration in the intertidal zone based on acoustic
backscatter (Aagaard et al., 2012). Before, this method was only used
in river, estuary, and bay environments (e.g. Gartner, 2004;
Merckelbach and Ridderinkhof, 2006; Weiss et al., 2015). The major
benefit of acoustic sensors is that they provide a vertical profile of
suspended sediment concentrations. A limitation is that acoustic sen-
sors are not capable of detecting particles that are smaller than the
wavelength of the acoustic pulse, which depends on the type of acoustic
sensor.

Fig. 1. Schematized wave propagation across the different beach zones.

Fig. 2. Timeline of measuring techniques for sediment transport from the 1960s until now. Dashed lines indicate limited use.
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The response of optical and acoustic sensors strongly depends on
particle characteristics, such as size, shape, and colour. The sensors thus
need to be calibrated with samples from the study site to convert
backscatter to suspended sediment concentrations. A major problem
regarding this calibration is that it is specific for the particle size of the
sample. Both optical and acoustic sensors are not able to differentiate
between changes in concentration and changes in particle size dis-
tribution. Optical sensors are more sensitive to clay and their response
to particles of 2 μm is 50 times greater than to particles of 100 μm for
the same concentration (Battisto et al., 1999). Acoustic sensors, on the
other hand, are more sensitive to sand (Thorne et al., 1991).

Furthermore, acoustic sensors are sensitive to turbulence (Nauw
et al., 2014). Under strong turbulent conditions scatterers may no
longer be randomly distributed and the Kolmogorov wavelength can
become smaller than the wavelength of the acoustic pulse. In that case,
small scale turbulent eddies of Kolmogorov scale disturb the measure-
ments of suspended sediment concentrations. Therefore, an additional
calibration of acoustic sensors is needed under turbulent conditions, as
described in Merckelbach and Ridderinkhof (2006). Only a few studies
have used acoustic sensors to measure suspended sediment concentra-
tions in turbulent conditions (Nauw et al., 2014). An example of the
effect of turbulence on measurements of suspended sediment con-
centrations is given in Fig. 3, for which it is assumed that the OBS re-
sults are reliable, which was validated with water samples. It indicates
that acoustic sensors may significantly overestimate suspended sedi-
ment concentrations under turbulent conditions. It is uncertain to what
extent acoustic sensors can be used in the highly dynamic intertidal
zone.

2.2. Bed load and total load

From field measurements it is known that bed load transport can
make up more than half of the total load transport (Tonk and Masselink,
2005; Masselink et al., 2008). Measurements of bed load transport are
thus key when studying the intertidal beach morphodynamics. How-
ever, it is difficult to measure bed load transport in-situ. Instead, pre-
dictive formulas are often used to estimate bed load transport (e.g.
Sedrati and Anthony, 2007; Masselink et al., 2009). Both field techni-
ques and predictions to quantify bed load transport are discussed here.

2.2.1. Qualification of total load transport
Firstly, measuring techniques exist to get insight in the spatial

pattern of the total load transport. Grain size trend analysis is a re-
latively easy tool, suitable for marine environments in which there is no
a priori information on sediment transport (e.g. Masselink, 1992;
Pedreros et al., 1996; Delgado et al., 2002; Poizot et al., 2006). For this
analysis, invented by McLaren (1981), grain size, sorting, and skewness
in grain size are determined from sediment samples. It is assumed that
spatial variations in grain size parameters are the result of sediment
transport processes such as abrasion, selective transport and mixing of
sediment (McLaren, 1981; McLaren and Bowles, 1985; Gao and Collins,
1991; Le Roux, 1994). McLaren (1981) stated that sediment becomes
better sorted and either finer and more negatively skewed or coarser
and more positively skewed in the direction of transport. This theory
was later modified by Gao and Collins (1991, 1992, 1994) for multi-
directional sediment transport. This resulted in not two but eight pos-
sible cases of grain size trends (Gao and Collins, 1994). Le Roux (1994)
modified the method of grain size trend analysis method for sampling
locations that are not within a perfect grid. A limitation of this method
is that it is not quantitative. Furthermore, the period of time that is
represented by the calculated transport directions is uncertain (Gao and
Collins, 1992).

Sand tracer experiments can be used to monitor patterns of sand
transport on a shorter timescale. Beach sand is tagged with a fluorescent
paint and after a certain amount of time beach sediment samples are
taken for which the fraction of tagged grains is determined (Medvedev
and Aibulatov, 1956; Wright, 1962). Tracer experiments are usually
carried out over a few hours up to one tidal cycle, because the sand will
be spread too far afterwards. Although in some cases they can be used
to quantify sediment transport (Komar and Inman, 1970; Fernández-
Fernández et al., 2016), these experiments are often qualitative due to
low overall tracer recovery (Levoy et al., 1997; Voulgaris et al., 1998;
Stépanian et al., 2001; Tonk and Masselink, 2005; Sedrati and Anthony,
2007). Nevertheless, they provide valuable insights in the transport
direction and they can be used to support suspended sediment transport
and topographic measurements (Tonk and Masselink, 2005, Fernández-
Fernández, 2016). An example of this is Fig. 4, which illustrates how a
sand tracer experiment revealed changes in sediment transport direc-
tion across a beach. An added value of both grain size trend analysis
and tracer experiments is that they reveal total load transport, including
the bed load transport which remains difficult to measure (Tonk and
Masselink, 2005). Furthermore, they can be used in both calm and
energetic conditions. A downside is that sand tracer experiments are
time-consuming.

2.2.2. Quantification of bed load transport
Secondly, techniques exist to quantify bed or total load transport.

One of the oldest techniques to measure suspended and bed load
transport are streamer traps, or total load traps, developed by Kraus
(1987). These traps are made of a long, rectangular, sieve cloth bag that
can be mounted on a steel rack. In the past they were often used to
measure the vertical and lateral distribution of the sand transport rate
in the intertidal zone (e.g. Levoy et al., 1994; Hughes et al., 1997;
Masselink and Hughes, 1998). Nowadays their use is limited due to
some drawbacks associated with this method. For instance, the traps
need to be emptied manually every few minutes, which makes this
method labour intensive and unsuitable for long-term measurements
(Kraus, 1987; Tonk and Masselink, 2005). Also, the use of streamer
traps is restricted to the intertidal and lower swash zone and to calm
wave conditions because they need to be deployed manually (Kraus,
1987; Tonk and Masselink, 2005). Furthermore, streamer traps are
prone to oversampling due to initial stirring and undersampling due to
gaps between the bed and the sampler mouth and obstruction of bed
load transport (Masselink et al., 2009).

Conductivity sensors (Conductivity Concentration Meter: CCM)
were developed to measure high concentrations of sand (< 2 kg/l,

Fig. 3. Suspended sediment concentration derived from acoustic backscatter
compared to the suspended sediment concentration derived from OBS. These
measurements were carried out in a tidal inlet, the Marsdiep inlet (The
Netherlands). Black (grey) points represent data for which the depth-averaged
velocity < 0.5 m/s (> 0.5 m/s). Drawn is the linear fit through the black data
points (Nauw et al., 2014).
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Ribberink and Al-Salem, 1992) to quantify sediment concentrations in
the direct vicinity of the bed. These sensors have mainly been deployed
to study sediment transport under sheet flow in laboratory studies
(McLean et al., 2001; Lanckriet et al., 2013). Although these sensors
have been used in the field (Dohmen-Janssen and Hanes, 2002), they
are more suitable for laboratory experiments as their elevation above
the bed should be constant.

Another method to measure bed load transport is the bed-form
tracking of sand ripples, where acoustic profilers (side scan sonar)
measure bed profiles at successive time intervals. From these scanned
profiles the ripple migration is known from which bed load transport
rate can be computed. This is thus an indirect way to estimate bed load
transport based on the migration of bed forms and as a result the ob-
tained transport rates may not always be accurate. This method has
been tested in flumes (Simons et al., 1965; Thorne et al., 2009) and
river or estuary environments (Havinga, 1982; Bell et al., 1998) and has
more recently also been used in a beach environment (Masselink et al.,
2008).

2.2.3. Prediction of bed load transport
Besides measuring techniques, several predictive formulas for both

suspended and bed load exist (e.g. Inman and Bagnold, 1963, CERC,
1984, Bailard, 1984, Kamphuis, 1991, Van Rijn, 2014). Some of them
are based on wave characteristics (CERC, 1984), sometimes in combi-
nation with beach characteristics (Kamphuis, 1991). An advantage of
these formulas is that they can be used across the entire intertidal zone.
The main drawback of these formulas is that they should be calibrated
with empirical coefficients, so the quality of the results depends among
others on the quality of field data. In ideal conditions the CERC (1984)
formula has an accuracy of± 30–50% (Wang et al., 2002) and the
Kamphuis (1991) formula 40% (Schoonees and Theron, 1996). Other
simpler formulas assume that the sediment flux is related to the velocity
to a power, usually 3 or 5. The Bailard (1984) equation, based on
Bagnold's (1963) energetic approach to sediment transport is one of the
most widely applied formulas of this type. It has an accuracy of ap-
proximately 70% (Schoonees and Theron, 1995). It works best for en-
ergetic conditions (Thornton et al., 1996; Gallagher et al., 1998) but it
can also work for calm conditions (Hoefel and Elgar, 2003). Formulas
based on flow velocity are less applicable to the higher intertidal and
swash zone (Butt et al., 2005; Masselink and Russell, 2006).

2.3. Net transport reflected on topographic changes

Net sediment transport rates can also be derived from topographic
changes, hence the most common and most promising techniques to
measure beach volume changes are described in this section. Beach
topography has been measured for centuries, but the first measure-
ments with an accuracy in the order of centimetres date back to the
1960s. Fig. 5 presents a timeline of the measuring techniques that have
been used since then based on the references mentioned in this section.
Surveying profiles has been popular since the beginning. In the 1960s

rods were used to measure profiles of beach topography. Although still
functional, rods have largely been replaced by the more accurate and
time efficient Real-Time Kinematic GPS (RTK-GPS) and total station
since the 2000s. Recently, techniques to measure the topography with a
higher spatial or temporal resolution, such as the terrestrial laser
scanner, have been developed.

A broad range of methods exist to measure topography, but not all
are suitable for the intertidal beach. Emery (1961) proposed a simple
method to measure beach topography using two rods with elevation
markings. Their alignment and intersection with the horizon allows
determining differences in bed level. The principle has stayed the same
over time, although some improvements have been made (Andrade and
Ferreira, 2006). The measurement errors associated with rods are not
well documented, but they are less accurate than modern techniques.
However, thanks to the simplicity and the low cost, rods have long been
used to survey cross-shore beach profiles (e.g. Houser et al., 2006).
Nowadays, profiles are more often measured with a total station
(Masselink et al., 2008; Aagaard et al., 2012) or an RTK-GPS (Aagaard
et al., 2005). A total station has a vertical accuracy in the order of
millimetres. The accuracy of the RTK-GPS is 2–3 cm for the x, y and z
coordinates combined, but is more practical to use than the total sta-
tion. A GPS can also be mounted on a vehicle for faster surveys (e.g.
Parisot et al., 2009). Typically, these methods are used to survey cross-
shore profiles, resulting in 2D data.

It is popular to measure cross-shore profiles because it is relatively
easy and equipment is low-cost. Generally, one central profile with
additional profiles on each side is surveyed from the low water line to
the foot of the dune every day during low tide. However, large differ-
ences in topographic response to the incoming hydrodynamics may
exist alongshore (Eamer and Walker, 2013; Fernández-Fernández et al.,
2016; Cohn et al., 2017). Therefore, profiles may be insufficient to re-
present the beach morphology, especially when the profile spacing
is> 100 m (Swales, 2002; Bernstein et al., 2003; Pietro et al., 2008).
Theuerkauf and Rodriguez (2012) studied the impact of transect loca-
tion on the calculated volumes. They found that the profile-based vo-
lumetric change becomes inaccurate with the increase of along-beach
morphologic variability, such as the presence of beach cusps, beach
nourishments, or pockets of anomalous erosion/accretion.

The development of terrestrial laser scanning technology has en-
abled to collect high resolution, instantaneous, and accurate topo-
graphic data of large areas in 3D. The system composed of a transmitter
that generates a laser beam which is reflected back to a receiver after
hitting the bed surface. It can be mounted on a static or mobile plat-
form, like a vehicle (Incoul et al., 2014). When the laser is used stati-
cally an additional rotation axis can also make the sampling three-di-
mensional (Jaud et al., 2011; Vousdoukas et al., 2014; Vos et al., 2017;
Vos et al., 2019). Terrestrial laser scanners have been used to measure
beach topography profiles since the late 1980s (Huising and Gomes
Pereira, 1998). Major advantages of laser scanning are that the accu-
racy is a few millimetres and that high-density topographic measure-
ments are obtained. The main limitation is that data processing is time

Fig. 4. Contour plots showing the spatial distribution of sand tracers from a central injection point (dot) at different locations across a barred beach in Northern
France. The tracer migration is represented by the pink scale (Sedrati and Anthony, 2007). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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consuming, because large datasets are generated. With LiDAR (LIght
Detection And Ranging, airborne laser scanning) and satellite imagery
it is also possible to survey beach topography with a high point density,
but the high costs make these options less suitable for local scales and
rapid or frequently repeated surveys.

Recently, improvements have also been made in determining the
beach topography with photogrammetry, based on measurements
with a photo camera on an Unmanned Aerial Vehicle (UAV; J.A.J. Berni
et al., 2009b, Delacourt et al., 2009, Jaud et al., 2011, Westoby et al.,
2012). With UAV local scale, rapid, and frequent surveys are econom-
ically feasible for the coastal zone, but a drawback is that drones ty-
pically cannot be used in energetic wind conditions.

2.4. Advantages and drawbacks of the most common techniques

The most common measuring techniques to quantify sediment
transport in the intertidal zone were introduced in this section. Other
techniques exist for laboratory experiments or to measure beach topo-
graphy on a larger scale (e.g. LiDAR and Argus), but only techniques
that were previously used to quantitatively compare measured sedi-
ment transport and beach volume changes were included here. The
advantages and drawbacks of the techniques mentioned that are most
common or promising for measuring sediment transport in the inter-
tidal zone are summarized in Table 1.

3. Cross-checking suspended load measurements

Suspended sediment transport is generally measured with flow ve-
locity sensors and an array of OBS at the low water line. Many varia-
tions to this measuring set-up exist. To cross-check the measured
transport quantitatively it is usually averaged over a tidal cycle and
compared to volume changes observed in the intertidal zone. Most
studies that compared sediment transport and beach volume changes
found similar trends between the two, but they were often only related
in a qualitative way (Aagaard et al., 2004; Aagaard et al., 2005; Houser
et al., 2006; Sedrati and Anthony, 2007). Here, quantitative compar-
isons will be reviewed in order to determine the best set-up to quantify
suspended sediment transport.

Jaffe et al. (1984), a pioneer in this type of research, quantitatively
compared hourly bed level changes across a profile with changes pre-
dicted from convergences and divergences in cross-shore suspended
sediment transport. This was done based on observations with five OBS
at different elevations (0.1–0.6 m above the bed) during a high tide in
storm conditions. Their number of observations was limited to six and
only three of these observations were in the intertidal zone, the others
were located in the subtidal. The measured suspended sediment fluxes
were sometimes in a different direction and often of a different mag-
nitude than what the topographic changes suggest. Nevertheless, profile
changes and suspended sediment fluxes generally exhibited a similar
trend, which made Jaffe et al. (1984) among the first to prove the value

Fig. 5. Timeline of measuring techniques for intertidal beach topography from the 1960s until now. Dashed lines indicate limited use.

Table 1
Advantages and drawbacks of the most common techniques.

Advantages Drawbacks

Suspend load Water samples • Low cost

• Simple
• Time-consuming

• Inaccurate under breaking waves
Optical backscatter • Accurate • Only point measurements

• Sensitive to grain size
Acoustic backscatter • Full water column • Sensitive to grain size

• Sensitive to turbulence
Bed load or total load Grain size trend analysis • Relatively easy

• Gives general idea about the sediment transport pattern
• Not quantitative

Sand tracer experiments • Gives insight in transport patterns

• Total load

• Can be applied under all conditions

• Time-consuming

• Often not quantitative

• Result depends on the used material
Streamer traps • Gives insight in the vertical and lateral distribution of

sediment transport
• Time-consuming

• Restricted to low water levels

• Restricted to calm conditions

• Rarely quantitative
Conductivity sensors • Can measure high concentrations close to the bed • Needs to be at a constant elevation above the bed
Bed-form tracking of ripples • Measures (part of) the bed load transport • Has not often been used in the intertidal zone yet, needs

to be validated
Beach topography Rods • Simple

• Low cost
• Only profiles

• Not very accurate

• Limited to low tide
Total station • Accurate • Only profiles

• Limited to low tide
RTK-GPS • Accurate

• Easy to use
• Only profiles

• Limited to low tide
Laser scanning • Accurate

• Full beach topography
• Time-consuming

• Expensive

• Limited to low tide
Photogrammetry • Fast acquisition • Can only be applied in calm weather

• Limited to low tide
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of OBS in intertidal beach research. This was later reaffirmed by many
other studies, for example based on comparisons between OBS and
streamer traps (e.g. Tonk and Masselink, 2005).

Years later, Masselink et al. (2008) also quantitatively compared
measured sediment transport rates and beach volume changes. They
measured suspended sediment transport with OBS at five locations
across the intertidal zone and bed load transport with two sand ripple
profilers. Volume changes were derived from three cross-shore topo-
graphic profiles. Topographic changes were found to be 1.5 to 3 times
larger than the net sediment transport. Although this is not a perfect
agreement, it is in the same direction and order of magnitude. These
good results were attributed to the inclusion of the sand ripple profilers
and the use of 13 OBS over 20 cm at one of the frames. This high
coverage allowed to accurately estimate suspended sediment con-
centrations over this distance. Such a small array of OBS is easily rea-
lised and may be sufficient when suspended sediment transport is
concentrated near the bed. Recently, the Argus Surface Meter (ASM)
was developed which is even more convenient to measure suspended
sediment concentrations over a small water column. It has an array of
optical sensors embedded and is especially designed to measure several
decimetres of the water column with a centimetre interval. This
equipment has been used in rivers (Furgerot et al., 2016), lakes
(Vijverberg et al., 2011), estuaries (Albers and von Lieberman, 2010),
and laboratory experiments (Zhang et al., 2018), but has yet to be ap-
plied in the intertidal zone.

For macro-tidal beaches, where several meters of water can in-
undate the beach, the top part of the water column is more difficult to
survey. It is essential to survey the entire water column though when
the suspended sediment is mixed but vertically stratified. For these
beaches it is desired to further investigate the use of acoustic sensors,
that are often already deployed to survey the flow velocity, to de-
termine suspended sediment concentrations. Aagaard et al. (2012) were
among the first to also use acoustic sensors to measure suspended se-
diment transport in the intertidal zone and relate it to topographic
changes. They obtained a reasonably good correlation between sus-
pended sediment concentrations from acoustic and optical backscatter.
The difference in the means was only 5%, but the variance was sig-
nificantly larger. Similar trends in measured sediment transport and
observed topographic changes were found, but they were not related in
a quantitative way. Nevertheless, this study suggests that acoustic
sensors are able to quantify suspended sediment transport rates in the
highly dynamic zone. This was reaffirmed by the study of Brand et al.
(2019b) who quantified sediment transport over several meters of

water based on optical backscatter in the lower 50 cm of the water
column and acoustic backscatter in the upper few meters. They found a
75% agreement between cross-shore sediment transport and volume
changes measured in the intertidal zone. This relationship was espe-
cially good during calm conditions. However, there is still a need for the
validation of the accuracy of acoustic sensors and the effect of varia-
tions in grain size and turbulence on these sensors remains unclear.

Results from previous research thus suggest that net transport rates
based on optical or acoustic backscatter are reasonable, but not perfect.
One of the causes for errors in measured suspended sediment transport
rates is that transport is rarely measured very close to the bed. The
deployment of instruments in shallow water often results in either
burial of the instruments or them being too far from the bed (Hughes
et al., 1997; Masselink et al., 2009) due to high turbulence and sus-
pension levels as well as rapidly changing bed levels. As a result, swash
transport is rarely included in field measurements, resulting in large
errors (e.g. Emmanuel et al., 2009). Furthermore, measured sediment
transport rates may be inaccurate, because of variations in particle size
for example. Therefore, it is strongly encourages to measure particle
size simultaneously and to correct the measurements for variations in it.
Particle size distributions can be measured with water samples, but this
is very labour intensive. It can also be done with a sensor like the Laser
In-Situ Scattering and Transmissometry (LISST), that measures tur-
bidity and in-situ particle size distribution (e.g. Mikkelsen and Pejrup,
2001). As an example, acoustic backscatter is compared to optical
backscatter and particle size based on LISST measurements in Fig. 6
(Brand et al., 2019a). All were measured at 35 cm above the bed around
the low water line of a macro-tidal, sandy beach (Groenendijk, Bel-
gium). Acoustic backscatter was corrected for transmission loss due to
spreading and absorption. Optical backscatter was converted to sedi-
ment concentration based on a calibration with water samples. In this
example, the acoustic sensor clearly overestimated the suspended se-
diment concentration when the particle size was large (> 63 μm). It
was found that the acoustic backscatter measurements were barely af-
fected by turbulence. Hence, this example shows that measurements of
particle size are important when acoustic backscatter is used to de-
termine the suspended sediment concentration.

4. Cross-checking bed load and total load measurements

Bed load transport can make up more than half of the total load
transport (Tonk and Masselink, 2005; Masselink et al., 2008), but
measuring techniques for bed load transport are limited. Bed load
transport can be studied with streamer traps or sand tracer experiments,
but these methods are labour intensive and not very successful in
quantifying transport. For example, Hughes et al. (1997) tested the
streamer traps over one tidal cycle in relation to beach topography
measurements with rods. They found that the transport rates were 2–3
orders of magnitude larger than the observed topographic changes.
Masselink et al. (2009) measured sediment transport with streamer
traps in combination with topography measurements with ultrasonic
bed level sensors that continuously measure the bed elevation. In this
study, the transport fluxes derived from the bed level sensors were
larger than those from the traps. This was attributed to undersampling
of the bed load transport due to gaps between the bed and the trap and
obstruction of the bed load transport by the trap.

Recently, sand ripple profilers have been used to measure bed load
transport in the intertidal zone. Masselink et al. (2008) used one in
combination with measurements of suspended sediment transport and
topographic change. Thanks to the use of the sand ripple profiler a
reasonably good correlation between measured sediment transport and
topographic change was obtained, because the bed load transport made
up more than half of the total load. This technique is thus very pro-
mising, but more studies with this equipment are needed to reaffirm
these results under different conditions.

Since it remains difficult to quantify bed load transport, it is often

Fig. 6. The effect of particle size (colours) on acoustic backscatter intensity
based on measurements around the low water line on a sandy beach at
Groenendijk, Belgium (Brand et al., 2019a).
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predicted instead. Predictions of sediment transport have been tested by
comparing them to sand tracer experiments on many occasions. On low-
energy beaches the measured sediment transport rates can be three to
ten times larger than the predicted rates (e.g. Ciavola et al., 1997;
Nordstrom et al., 2003; Tonk and Masselink, 2005; Silva et al., 2007).
On high-energy beaches the measured sediment transport is a few times
lower than the predicted rates (Bertin et al., 2008). In general, mea-
sured sediment transport seems more often significantly over- or un-
derestimated than predicted correctly with any of the existing pre-
dictive formulas (Fernández-Fernández et al., 2016).

Sediment transport predictions have also been compared to mea-
surements of suspended sediment transport and topography measure-
ments (Tonk and Masselink, 2005; Masselink et al., 2008; Emmanuel
et al., 2009). Large differences were found when comparing them
quantitatively. Bagnold-type formulas predict considerably smaller
rates than the actual rates under calm wave conditions (Gallagher et al.,
1998; Masselink et al., 2008; Emmanuel et al., 2009). These type of
predictions work better under energetic wave conditions. This is mainly
due to the exclusion of the swash zone in these predictions (Masselink
et al., 2009; Emmanuel et al., 2009). Predictive formulas based on wave
characteristics (e.g. CERC, 1984; Kamphuis, 1991) can predict currents
rather accurately, but they perform less in predicting the cross-shore
variation in sediment concentration (Van Maanen et al., 2009). As a
result, their main application is for longshore sediment transport (Tonk
and Masselink, 2005; Rogers and Ravens, 2008; Esteves et al., 2009).
They are often far off when used to predict cross-shore sediment
transport, especially for storm, but also for calm conditions (Bayram
et al., 2001; Van Maanen et al., 2009).

In conclusion, predictive formulas are reasonably good in estimating
the direction of long- and cross-shore sediment transport. However, at
the moment they should be used with care when calculating sediment
concentrations and thus transport rates, because of them often sig-
nificantly over- or underestimating the transport. Under energetic
conditions sediment transport is often overpredicted. Under calm con-
ditions sediment transport is often underpredicted. The improvement of
predictive formulas is ongoing, which will allow to verify measured
transport rates or to calculate bed load transport in the future.

5. Matching the scale of different measurements

It has become clear that it is very difficult to accurately quantify
suspended sediment and bed load transport. However, differences in
net sediment transport and beach volume changes may also be due to
mismatches between sediment transport and topography measure-
ments. When comparing them, it is often assumed that sediment only
enters or leaves the intertidal beach by underwater transport across the
low water line, while wind-driven transport or gradients in alongshore
sediment transport may also result in topographic changes in the in-
tertidal zone. In addition, sediment transport and topographic change
are rarely measured on the same temporal and/or spatial scale (Fig. 7,
e.g. Sénéchal et al., 2011). Sediment transport is usually measured at
one or a few cross-shore locations in the intertidal zone, whereas to-
pography is often measured across, and sometimes along, the entire
intertidal zone. To get insight in the spatial pattern of sediment trans-
port some researchers install multiple measuring frames in cross- or
alongshore direction (e.g. Masselink et al., 2009). However, equipment
is costly, limiting the number of locations where sediment transport can
be measured. Grain size trend analysis and sand tracer experiments can
also be used to get some insight in spatial patterns in sediment trans-
port, but they are usually not quantitative.

Most studies in which sediment transport observations were com-
pared to beach volume changes used cross-shore topographic profiles to
quantify beach volumes. However, it was proven that a strong along-
shore variability in topographic response to hydrodynamic forcing may
exist (Theuerkauf and Rodriguez, 2012). This may explain why studies
in which the topography was measured with a high spatial resolution

(Masselink et al., 2009) perform better than studies with a low spatial
resolution (e.g. Hughes et al., 1997; Masselink et al., 2008) when
comparing measured sediment transport and topographic changes.
However, studies based on full beach surveys show even better corre-
lations between measured transport rates and beach volume changes.
Brand et al. (2019b) recently compared sediment transport measured
with optical and acoustic sensors to volume changes obtained from a
static terrestrial laser scanner. They found a good relationship between
the two, with 75% of the daily observations in the same direction and
within 2× over- or underestimation, especially during calm conditions.
Based on previous studies it is thus highly recommended to survey the
full beach topography with a laser scanner or with photogrammetry. If
this is not possible because of restrictions in time and resources, it is
recommended to survey many closely spaced profiles.

Apart from differences in spatial scale, there is usually also a mis-
match in the frequency of sediment transport and beach topography
measurements (Fig. 7). Sediment transport measurements are often
(quasi-) continuous, whereas beach topography is generally only mea-
sured once or twice a day during low tide. Measured topographic
changes in the intertidal zone thus reflect time-integrated sediment
transport. However, instantaneous transport rates can be highly vari-
able on a timescale of seconds and integrating them over time can be
problematic. Sediment transport rates can be large over a matter of
seconds and by averaging them over a tidal cycle errors are easily made
(Duncan, 1964; Masselink et al., 2009). Some studies succeeded in
measuring topographic change in the swash zone over individual swash
events (Waddell, 1976; Sallenger and Richmond, 1984; Baldock et al.,
2005; Turner et al., 2008). However, continuously measuring topo-
graphic change is difficult in the remainder of the intertidal zone.
Continuous bed level measurements can be carried out with acoustic
equipment (C. Berni et al., 2009a, Emmanuel et al., 2009), pressure
sensors (C. Berni et al., 2009a), or the newly developed ultrasonic
sensors (Turner et al., 2008). With such measurements the evolution of
the bed level over time can be revealed, which is illustrated in Fig. 8.
From this example, it becomes clear that topographic changes can be
large (> 15 cm in this case) over a period of seconds to minutes
(Masselink et al., 2009). A downside of this measuring technique is that
it measures the topography only very locally, however Masselink et al.

Fig. 7. Temporal and spatial scale of different measuring techniques. Methods
to measure sediment transport are in bold and to measure topography in italic.
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(2009) solved this by installing 45 of these sensors in an array of 3
cross-shore profiles. Continuous bed level measurements are thus a
valuable addition to intertidal measurements, especially when multiple
are installed along and across the beach.

Another drawback of only measuring the beach topography at low
tide is that topographic changes may also result from wind-driven
transport. Aeolian transport has been studied in the intertidal zone on
various occasions (e.g. Sarre, 1989; Anthony et al., 2009), but is rarely
considered as a part of the sediment budget together with topography
and underwater measurements. Brand et al. (2019b) found that wind-
driven transport was insignificant compared to underwater transport,
even during energetic onshore wind conditions. However, in other
studies significant erosion/accretion was attributed to transport by
wind (e.g. Almeida et al., 2012). Both studies did not verify their
findings with in-situ measurements of wind-driven transport though.
The contribution of aeolian transport thus remains an uncertainty in the
sediment budget of the intertidal zone.

6. Conclusion

The intertidal zone is among the most dynamic environments and
constantly grows and erodes in response to waves, currents, and wind.
Accurate measurements of sediment transport and resulting topo-
graphic changes are essential to understand the morphodynamics of the
intertidal zone. In general, field investigations in the intertidal zone
consist of measurements of flow velocity and suspended sediment
concentrations at one or a few locations across the beach and daily
topography measurements of several cross-shore profiles. However, it
appears to be difficult to relate sediment transport and topographic
changes with such a measuring set-up. Measured sediment transport
rates are often in a different order of magnitude or even in a different
direction than transport rates derived from topographic changes. To
improve sediment transport and topography measurements, it is re-
commended to:

1. Measure sediment transport at multiple locations along and across
the intertidal zone. It is recognized that this is very costly and that
research budgets do not always allow for this. However, it is very
valuable to know sediment transport rates at multiple locations in
the intertidal zone. Two measuring locations in the alongshore di-
rection already allow to investigate gradients in alongshore sedi-
ment transport and will result in a better approximation of the net
sediment transport to or away from the intertidal zone.

2. Measure suspended sediment transport over the entire water column
at beaches with strong mixing of the sediment, such as beaches with
strong tidal currents or energetic waves. This can be done with an

array of OBS or an ASM on micro- and meso-tidal beaches. On
macro-tidal beaches, the suspended sediment concentration over the
water column can be estimated based on acoustic backscatter.

3. Improve sensors to measure bed load transport and suspended se-
diment transport near the bed and improve predictive formulas for
sediment transport. It is currently difficult to measure sediment
transport close to the bed for both suspended and bed load trans-
port. Sand ripple profilers may partially solve this problem, but field
experiments with this equipment are still scarce. Meanwhile, pre-
dictive formulas are often used to estimate bed load transport, but
these appear to be highly unreliable. Hence, it is recommended to
improve both measuring techniques for in-situ near-bed transport
and predictive formulas.

4. Measure the full beach topography on beaches with alongshore
variability in beach topography, such as on beaches with cusps or
nourishments. This can be done, for example, with static or mobile
(airborne or terrestrial) laser scanning or photogrammetry from a
UAV.

5. Correct (especially acoustic) measurements of suspended sediment
concentration for grain size and turbulence. Measurements of sus-
pended sediment concentration with optical or acoustic equipment
are sensitive to grain size. Additionally, acoustic measurements are
sensitive to turbulence. These measurements can be greatly im-
proved when they are corrected for these parameters, especially the
measurements with acoustic backscatter.

6. Measure beach topography over time. Sediment transport is usually
measured continuously over a tidal cycle, whereas the beach topo-
graphy is only measured at low tide which results in mismatches
between the two. It is helpful to add continuous bed level mea-
surements to an intertidal campaign in order to obtain a better re-
lationship between them and to get a better understanding on the
intertidal beach morphodynamics on a small scale (seconds to
hours). If the beach topography is only measured during low tide, it
is advised to investigate aeolian transport if wind conditions are
energetic.
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