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Abstract

For the development of climate-resilient coastal management strategies, which focus

on challenges in the decades to come, it is critical to incorporate spatial and temporal

variability of coastline changes. This is particularly true for the mud-dominated coast-

line of Suriname, part of the Guianas, where migrating subtidal mudbanks cause a

cyclic instability of erosion and accretion of the coast that can be directly related to

interbank and bank phases. The coastline hosts extensive mangrove forests, provid-

ing valuable ecosystem services to local communities. Recent studies on mudbank

dynamics in Suriname predominantly focused on large-scale trends without account-

ing for local variability, or on local changes considering the dynamics of a single

mudbank over relatively short time scales. Here we use a remote sensing approach,

with sufficient spatial and temporal resolution and full spatial and temporal coverage,

to quantify the influence of mudbank migration on spatiotemporal coastline dynam-

ics along the entire coast of Suriname.

We show that migration of six to eight subtidal mudbanks in front of the Suriname

coast has a strong imprint on local coastline dynamics between 1986 and 2020, with

an average 32 m/yr accretion during mudbank presence and 4 m/yr retreat of the

coastline during mudbank absence. Yet, coastal erosion can still occur when

mudbanks are present and coastal aggregation may happen in the absence of

mudbanks, exemplifying local variability and thus suggesting the importance of other

drivers of coastline changes.

The novel remote sensing workflow allowed us to analyse local spatial and temporal

variations in the magnitude and timing of expanding and retreating trajectories. Our

results demonstrate that it is essential that all coastal behaviours, including changes

that cannot be explained by the migration of mudbanks, are included in multi-decadal

management frameworks that try to explain current variability, and predict future

coastline changes in Suriname.
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1 | INTRODUCTION

Coastal wetlands provide a livelihood for local communities and simul-

taneously provide services that include coastal protection, enhanced

carbon storage and habitats provision for both wildlife and ocean life

(Kirwan & Megonigal, 2013). Yet, these economically and ecologically

important ecosystems, including mangroves, saltmarshes and tidal

flats, are under constant pressure from climate change, natural
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disturbances and increasing anthropogenic activities (Friess

et al., 2012). Variable responses of coastal ecosystems to forcing

mechanisms pose challenges for the development of climate-resilient

management strategies that need to account for changes in coastal

zones that might occur in the coming decades (Dolan et al., 1991).

Mangrove forests are (sub)tropical ecosystems typically located in

sheltered coastal environments such as estuaries and tidal embay-

ments, where climatic drivers, tidal currents and sediment dynamics

control their distribution, abundance, diversity and dynamics (Osland

et al., 2017; Woodroffe et al., 2016; Xie et al., 2020). At the same

time, mangroves can also occur along open coasts, changing the forc-

ing mechanisms that determine the long-term fate of these ecosys-

tems compared to sheltered mangrove forests. In such open settings,

mangrove forests can expand seaward when waves are low and sedi-

ment availability is sufficiently high, or retreat when the opposite is

true (Pardo-Pascual et al., 2012). On top of that, variability in coastline

positions can occur gradually or episodically, with alternating phases

of stability, retreat and progradation (Stive et al., 2002). This is

because the driving processes operate at varying spatial and temporal

scales, like the redistribution of sediment, anthropogenic interference,

sea level rise or hydro-meteorologic forcing mechanisms

(Ellison, 2015; Luijendijk et al., 2018).

The coastal zone of the Guianas, stretching from the mouth of

the Amazon River to the Orinoco delta in Venezuela, shows exactly

this spatiotemporal variability in coastline dynamics (Anthony,

Gardel, & Gratiot, 2013; Toorman et al., 2018). Earlier work already

linked this to the migration of subtidal mudbanks, consisting of fine-

grained sediments that originate from the Amazon River and are

transported along the coast (Augustinus et al., 1989; Eisma & van der

Marel, 1971). A mudbank is for the most part a muddy subtidal fea-

ture, obliquely attached to the coast through its subaerial intertidal

extension (Wells & Coleman, 1981b).

Migrating mudbanks are only found in a few places around the

globe, including India (Samiksha et al., 2017) and the United States

(Taylor & Purkis, 2012). In the Guianas these mudbanks are longer

and wider and migrate more quickly; they can therefore be identified

by their irregular and triangular shape that can extend up to 20 km

offshore and on average 30 km alongshore (Chevalier et al., 2008).

Conceptually, where a mudbank migrates alongshore under the

influence of waves and currents, coastal accretion can be initiated.

This is due to enhanced wave damping and increased sediment

deposition near the coastline that is associated with these mudbanks

(Winterwerp et al., 2007). Consequently, mud flats form and pioneer

mangrove species colonize these flats, further enhancing mud deposi-

tion and attenuation of waves (Baltzer et al., 2004; Balke et al., 2011;

de Jong et al., 2021). Finally, when the mudbank after 10–15 years

has migrated further, the coastline and mangrove ecosystems are

again susceptible to enhanced erosion as a result of increased wave

activity (Anthony et al., 2010; Toorman et al., 2018).

The conceptual model of mudbank migration has been studied

extensively, including field observations of mangrove development

and coastline evolution (Augustinus, 2004; Wells & Coleman, 1981a).

Also, studies using a variety of publicly available remote sensing

observations, including radar, medium-resolution multispectral satel-

lite observations and aerial photographs, show that coastlines of the

Guianas are changing due to migrating mudbanks (Baghdadi

et al., 2004; Vantrepotte et al., 2013; Walcker et al., 2015). In fact, it

was pointed out that a variety of mechanisms may affect mudbank

dimensions, migration speeds and thus coastline changes. Especially

waves, but also other controlling factors such as variable trade wind

regimes (Augustinus, 2004), the 18.6-year nodal tidal cycle (Gratiot

et al., 2008), coastline angle and coastal currents (Lefebvre

et al., 2004) are deemed important. This implies a degree of complex-

ity at local scales, going beyond relatively simple alternating phases of

erosion and accretion that, despite the attention, are not well

understood.

As coastline changes reflect the complex interplay between con-

trolling factors (Boak & Turner, 2005), it is necessary to interpret

changes from datasets that have high temporal and spatial resolution,

cover large stretches of coastline and go back at least one complete

cycle of mudbank migration, including a bank and interbank phase

(Li & Gong, 2016). This avoids masking of trends, due for example to

changing water levels (Klemas, 2013), and allows capturing subtle

local effects within a broader regional context (Almonacid-Caballer

et al., 2016). Yet, it also remains challenging to differentiate between

subtidal mudbanks, which can extend to intertidal parts of the coastal

area, and other coastal landcover classes. Especially when preferred

3D observations, for example from LiDAR, GNSS or terrestrial laser

scanners, are lacking or have insufficient spatial and temporal cover-

age, we rely on two-dimensional interfaces that are visible in images

(Moore et al., 2006). In particular, the Landsat archive can be consid-

ered a consistent source of long-term observations, with an unprece-

dented combination of global coverage and a high temporal (16-day

return period) and spatial (30 m) resolution (Mondal et al., 2018;

Xu, 2018).

The aim of this study is to quantify the effect of mudbanks being

present or absent on long-term spatiotemporal dynamics of local

coastline changes in Suriname from medium-resolution Landsat imag-

ery. We used an unsupervised decision tree (UDT) that has the ability

to extract coastline positions and estimate spatiotemporal differences

in mud gradients (de Vries et al., 2021) on the available Landsat

images between 1986 and 2020. This series of decisions incorporates

a linear spectral unmixing (LSU) model, necessary to estimate sub-

pixel coverage of the three dominant types of landcover in muddy

coastal ecosystems: water, vegetation and bare consolidated mud.

The sub-pixel approach is required because medium-resolution pixels

often contain mixed spectral signals, especially in inter- and subtidal

regions due to the presence of diffuse boundaries between different

land-use classes (Odermatt et al., 2012). This especially hampers the

identification of mudbanks in the upper water column, which are rap-

idly changing as a result of wave climate, tidal flow and river outflow

(Zorrilla et al., 2018). Meanwhile it is the detection of mudbanks’ pres-

ence that is required to separate their effect on coastline changes

from other forcing mechanisms.

2 | STUDY AREA

The sparsely populated coastal region of Suriname can be divided into

three regions that are intersected by the Suriname River near

Paramaribo and the Coppename River (Figure 1). This area receives an

average of 2–3 m of annual rainfall, of which most falls in the wet sea-

sons between December–February and April–July. Despite high pre-

cipitation, the rivers in Suriname have relatively low discharges
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(�150 km3/yr) and suspended loads (1–130 mg/L), especially com-

pared to the total alongshore sediment transport and the mud supply

originating from the Amazon River (Willems et al., 2015). Nearshore

brown waters, between 0 and 20 km offshore, have a high turbidity

that can be associated with the suspension of muddy sediments or

the presence of mudbanks (Figure 1).

The dominant wind direction at the coast is northeast to

southwest during all months of the year. The majority is coming from

northeast to eastern directions, with average speeds ranging from

3 to 9 m/s. Relatively stronger winds between December and April

coincide with the most energetic offshore waves, up to 2 m significant

wave height and periods of 6–10 s (Anthony et al., 2010). This

wave-dominated coastal regime shows variations in wave height at

timescales ranging from annual to multi-decadal, caused by North

Atlantic Oscillation phases and other large-scale atmosphere–ocean

interactions (Walcker et al., 2015).

Tides along the coast of Suriname are semi-diurnal, with a micro-

to mesotidal scale, ranging from 1.5 to 3 m (Rine & Ginsburg, 1985).

The resulting tidal currents are orientated perpendicular to the coast-

line, which is especially relevant for sediment transport in the mouth

of rivers (Augustinus, 2004). All along the coast, the Guiana current

runs parallel to the coast, with a velocity varying between 0.2 and

0.6 m/s in the nearshore zone (Pujos & Froidefond, 1995) and

between 0.5 and 0.9 m/s outside the coastal boundary (Wells &

Coleman, 1981b). The nearshore currents, directly related to residual

currents due to wave breaking and tidal flow, contribute to the along-

shore migration of mudbanks (Allison et al., 1995; Gratiot et al., 2007).

Although coastal dynamics in Suriname are mainly driven by natural

processes and interactions between waves, currents, sediment

transport and mangrove growth, anthropogenic activities interfere

with these natural processes and can locally modify coastal behaviour

(Nijbroek, 2014). This includes the building of dikes, removal of

mangroves, conversion to agriculture, and the development of

aquaculture.

3 | METHODS AND DATA

We studied the spatial and temporal dynamics of the Suriname

coastline between 1986 and 2020, in relation to alongshore migrating

mudbanks. We therefore first applied a UDT (de Vries et al., 2021)

inside the Google Earth Engine (GEE) environment (Gorelick

et al., 2017). Afterwards, intermediate outputs from the UDT, con-

sisting of binary land masks and mud abundance maps (Figure 2, steps

a–c), were analysed for the presence or absence of mudbank bound-

aries in relation to estimates of coastline positions (Figure 2, steps d

and e). All steps, including a short summary of the UDT, are described

below.

3.1 | Pre-processing and UDT

In this work we applied the UDT and subsequent workflow on all top

of atmosphere (TOA) images collected over the coastal area of

Suriname between 1986 and 2020 by Landsat 4, 5, 7 and 8. These

tier-1 products are corrected for atmospheric, illumination and

viewing geometry effects, with estimated spatial accuracy sufficient

for time-series analysis (Vos et al., 2019).

Due to high cloud cover throughout the year in the study area,

the pixel assessment bands were first used to mask out clouds and

shadows in all images. To minimize false detection of coastline

changes, biased estimates of spectral indices and inaccurate represen-

tation in mud abundance maps due to undetected shadows, an addi-

tional masking step was implemented (Figure 2, step a). By using the

pixels that were initially indicated as clouds and the image metadata

describing the solar azimuth, different shadow paths were estimated

on a range of pre-defined cloud heights. Within these paths, pixels

that reflected low in near infrared (NIR) and two shortwave infrared

(SWIR1 and SWIR2) bands were considered shadow pixels (Housman

et al., 2018).

F I GU R E 1 The coastal area of Suriname with the different coastline sections. The eastern section is situated between the Maroni and
Suriname rivers, the western section between the Corantijn and Coppename rivers, the central section between the Coppename and Suriname
rivers. The field sites near Weg Naar Zee (2�) and Braamspunt that are used for the validation are also shown. The image is an RGB median
composite of all Landsat observations available between 2017 and 2019, clearly showing the high concentrations of sediment that are associated
with the presence of subtidal mudbanks
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For the non-cloud pixels, the normalized difference water index

(NDWI) and the normalized difference vegetation index (NDVI) were

calculated as follows:

NDWI¼GREEN�NIR
GREENþNIR

ð1Þ

NDVI¼NIR�RED
NIRþRED

ð2Þ

The NDWI uses the reflection in both green and NIR wavelengths

to maximize the difference for water features compared to non-

water features (McFeeters, 1996). As a result, vegetation and mud

usually have low or negative values, whereas water has positive

NDWI values. Similarly, the NDVI uses the difference in NIR and

red reflectance to indicate vegetated pixels with positive values

(Tucker, 1979).

The NDWI was first utilized to detect the interface between land

and water (Donchyts et al., 2016). A Canny edge detection algorithm

was used to detect local edges based on gradients in the NDWI image

(Liu & Jezek, 2004). After filtering these edges on a minimum length,

and buffering the remaining edges, a set of spatial neighbourhoods

remained (Figure 2, step b). The bimodal histograms resulting from

pixels in these neighbourhoods reflect the difference in spectral prop-

erties between land and water that is contained in the NDWI

(Donchyts et al., 2016). An Otsu thresholding algorithm was applied

to separate these two dominant lobes in the resulting histogram (Lu

et al., 2011), to simultaneously separate terrestrial vegetation and

bare ground from water pixels, resulting in a land and water mask

(Figure 2, step b).

The NDWI and NDVI were then used to detect image end-

members required for linear unmixing the fraction cover of mud in

each image pixel. Therefore, image histograms, extracted from the

Canny edge neighbourhood zones and water masks, were defined to

select image end-member candidates (de Vries et al., 2021). By

selecting the most abundant NDVI value in the coastal zone, the driest

mud pixels in the intertidal zone and the most abundant NDWI value

from water pixels, mean spectral signatures were derived for each

end-member group. By applying a fully constrained standard linear

mixture model, the reflectance signatures were used to derive frac-

tions of landcover type for each pixel in separate bands (Figure 2,

step c). These fractions represent the proportion of each active

F I GU R E 2 The applied workflow
used to extract coastline positions and
simultaneously determine the presence or
absence of mudbanks in Landsat
observations. The steps from the UDT
used are indicated with the blue dashed
line (steps a–c). The resulting binary land
mask and mud abundance map were then
used to estimate the presence of
mudbanks simultaneously with the
coastline position (steps d and e)
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component to the signal per pixel, with a cover always between

0 (absent) and 1 (full cover) and the sum of all landcover fractions not

exceeding 1 (Alcântara et al., 2009).

In order to simultaneously characterize the coastline change rate

and mudbank extents along the coastline, transects are defined. As

opposed to an area-based method, this transect-based method facili-

tates analysing rates of coastline change with respect to the presence

or absence of mudbanks (Xu, 2018). Therefore, a series of �380

transects with a spacing of 1000 m was defined perpendicular to a

baseline spanning the coastal zone of Suriname. The baseline is a

manually digitized line that is always landward of historic coastlines

that are included in the time series of satellite images.

3.2 | Mudbank detection

The presence or absence of mudbanks was determined by detecting

abrupt changes in sediment fractions in abundance maps of mud,

resulting from the UDT method (Figure 2, steps d and e). The

rationale behind using abrupt changes is that resuspension at the

leeward side and deposition at the front side of mudbanks, associated

with the migration of mudbanks, results in highly variable mud

abundance (Zorrilla et al., 2018). Abrupt changes in mud abundance

are thus considered as fuzzy transitions that correspond to diffuse

mudbank boundaries. To limit the effect of noise and simultaneously

preserve and enhance the changes in sediment fractions in these

active migration areas, we opted for a bilateral filtering approach

(Figure 3, step 1).

The bilateral filter is a non-iterative technique that uses the

weighted average of intensity in nearby pixels, thus taking the local

difference in intensity into account while eliminating noise but simul-

taneously preserving edges (Tomasi & Manduchi, 1998). The filter has

two kernels (radius 2): one spatial filter to smooth the image, based on

a Gaussian function in the neighbourhood, and a second to highlight

the similarity in intensity of the pixel value, compared to other pixels

inside the kernel (Asokan & Anitha, 2020):

F I GU R E 3 The applied steps,
following the UDT, to
simultaneously determine the
exact position of the coastline
and the absence or presence of
mudbanks. On the right-hand
side, the extraction of coastline
position and consequential outlier
detection to define median annual
coastline positions is displayed, as
was applied on the binary land
masks that resulted from the
UDT. Steps 1–4 on the left-hand
side show the sequence of steps
that were taken to determine the
presence of mudbanks for each
year from the mud abundance
maps that resulted from the UDT
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IX x¼ pð Þ¼ 1
wp

�
X
qεS

gs kp�qkð Þ � fr Ip� Iqð Þ � Iq ð3Þ

where p represents the selected pixel and q the coordinates in the

neighbourhood S, Gs the spatial Gaussian function needed to reduce

the influence of distant pixels and fr the range that reduces the pixels

in the neighbourhood when their intensity values differ from pixel

p with value Iq. The normalization factor Wp can be computed as

wp ¼
X
qεS

gs kp�qkð Þ � fr Ip� Iqð Þ ð4Þ

The weight assigned to neighbouring pixels (e.g. with coordinates k, l)

to denoise a certain pixel (i, j) can be calculated according to

w i, j,k, lð Þ¼ exp � i�kð Þ2þ j� lð Þ2
2σ2d

� I i, jð Þ� l k, lð Þj jj j2
2σ2r

 !
ð5Þ

with σd (set to 1) and σr (set to 5) the smoothing parameters that con-

trol the intensity and spatial behaviour of the filter.

The resulting filtered fractions of mud are analysed along each

of the intersecting cross-shore transects. In general, these

two-dimensional representations show a discontinuous decrease in

sediment abundance over the subtidal parts of a mudbank, with

abrupt changes being associated with diffuse mudbank boundary

(de Vries et al., 2021). Therefore, the smoothed bilateral filter output

and a smoothed approximation of the original mud fraction are

extracted at each pixel intersecting the transect (Figure 3, step 2). The

smoothed approximation is used to define the range of decreasing

mud fractions that coincides with this active migration area of subtidal

mudbanks, containing the mudbank boundary (Zorrilla et al., 2018).

We thereby exclude significant changes in mud fractions that are not

related to mudbank boundaries, but to high mud fractions often found

in wetlands. Transects with insufficient valid intersecting pixels

(<70%), mainly due to clouds and shadows, were also excluded from

the analyses.

Within the estimated active migration area, abrupt changes in the

mud fractions are extracted from the filtered mud abundance resulting

from bilateral output [see Equation 5]. These discontinuities are

defined as local maxima that are extracted from the zero crossings of

the first-order derivatives of the filtered mud fractions. Local maxima

are then selected based on different criteria associated with their frac-

tion value and position along the transect. In this way we ensured that

the positions: (1) are farther offshore than the land boundary; (2) are

not associated with cloud and shadow remnants; (3) represent an

abrupt change in mud fraction; and (4) have a sufficiently high fraction

to be associated with mudbanks. Then, for each transect three max-

ima were selected, associated with the largest absolute decrease, larg-

est relative decrease and quickest decrease (slope), and exported from

GEE for further analysis (Figure 3, step 2). These decreases in sedi-

ment fraction were considered potential mudbank boundaries as they

indicated abrupt changes in mud abundance.

An annual frequency of mudbank presence was computed to

compare coastline changes with the presence of mudbanks during a

given year. This indication was defined for all transects in individual

images. First, we determined along each transect the average increase

or decrease in mud abundance. Second, we labelled transects with an

offshore increasing mud abundance as no mudbank and excluded the

observations concerned from further analysis (Figure 3, step 2). Third,

we defined an alongshore-orientated search window and used it to

identify local clusters of previously defined abrupt changes, with rela-

tively low mud fractions and thus not considered to be a mudbank

(Figure 3, step 3). Finally, a mudbank was considered present when at

least 60% of the observations for a given year contained an indication

of a mudbank (Figure 3, step 4).

3.3 | Coastline change detection

For each image the binary land mask, resulting from the UDT

(Figure 2, step B), was used in this research to extract the last transi-

tion from land (1) to water (0) on each individual transect (Figure 3).

We then implemented a modified end-point rate method to estimate

rates of coastline change from the median coastline distance for a

given year, compared to the median distance in the year before

(Dolan et al., 1991). By doing so, we avoided omitting important

trends in dynamic areas on longer timescales and were still able to

separate annual from decadal trends. Even though taking a median

value already reduced the effect of random error introduced by our

methodology (Boak & Turner, 2005), we applied an outlier test to also

exclude systematic erroneous observations (Figure 3).

Systematic errors were mainly related to inaccurate thresholding

(Figure 2, step B) and data gaps that result from, for example, clouds,

shadows and Landsat 7 ETM Scan Line Corrector (SLC)-off striping.

Due to hampered visibility of the actual coastline, when no observa-

tion was available, potential false-positive detection of land–water

transitions occasionally occurred. These erroneous coastline observa-

tions in the time series, measured in metres from the origin of the

transect, were removed with the use of Rosner’s hypothesis test

within time windows of 3 years (Rosner, 1983). The time window was

extended by a maximum 2 years when the observation density was

lower than 10 observations. This allowed us to detect several unusu-

ally large or small coastline distances for each individual transect. The

testing is performed in R’s EnvStats package (version 2.3.1), with the

function rosnerTest implemented (Millard, 2014).

3.4 | Coastline validation

Due to the complexity of coastal morphology in muddy coastal areas

and the errors associated with the interpretation of coastline proxies

from remote sensing images, we opted to compare our coastline esti-

mates with different coastline interpretations (Moore et al., 2006; Li &

Gong, 2016). These coastline proxies were manually digitized, based

on visual clues in high-resolution orthophotos that we retrieved from

different unmanned aerial vehicle (UAV) campaigns. When present,

mature vegetation was considered a robust indicator of the coastline

(Gratiot et al., 2008). Yet, when vegetation was sparse, the contrast

between dry and wet pixels, also referred to as the high water line

(HWL), was considered a more suitable indicator (Boak &

Turner, 2005). Alternatively, the mean high water line (MHW), a more

static estimate, was based on visible features, including cliffs, scarps,

washed-up brushwood and human constructions. It is important to

mention that these different proxies of coastlines may overlap.
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Three orthophotos were created for three highly dynamic sites

(see Figure 1): two at Weg Naar Zee and a sandy Chenier at Bra-

amspunt (Anthony et al., 2019). Therefore, we used a DJI Mavic

Pro 2 UAV, with a L1D-20C camera model which acquires

20-megapixel photographs that can be used to construct high-

resolution orthophotos (Westoby et al., 2012). We collected these

photographs at different flying heights with a forward and side

overlap of 80 and 60%, respectively (Table 1). During low tide, six

to nine separate flights were planned and executed in Litchi soft-

ware, aimed at collecting alternating nadir and off-nadir pictures to

minimize doming (Carbonneau & Dietrich, 2017). Markers and natu-

ral terrain features, measured with Emlid Reach+ RKT GPS, were

used as ground control points to process the photographs in Agisoft

Metashape version 1.5 into point clouds and ultimately orthophotos

with a downscaled resolution of 50 cm. The accuracy of these

orthophotos ranged between 0.02 and 0.1 m (Table 1), substantially

smaller than the uncertainty associated with the acquisition of

Landsat images.

Satellite images taken within 100 days of the orthophoto acquisi-

tion date were considered for validating the coastline position. This

selection resulted in 12 unique satellite images for which coastline

positions were estimated, following the procedure described in previ-

ous sections (see Figure 3). As opposed to using transects with

1000 m spacing like we did for the entire coast of Suriname, we used

transects with a spacing of 50 m for the validation. Euclidean dis-

tances between the resulting position estimates and the different

manually delineated coastline proxies (vegetation interface, MWL and

MHW) were calculated as indicator for the overall accuracy of posi-

tion estimates.

4 | RESULTS

4.1 | Mudbank dynamics

The alongshore variation in mud fractions can be associated with the

presence or absence of six to eight mudbanks of varying length in

front of the Suriname coast between 1986 and 2020 (Figure 4). Espe-

cially in the western part of Suriname, between 0 and 120 km, three

or four clearly distinguishable alongshore migrating mudbanks can be

seen. Also, in the middle section it is possible to distinguish segments

associated with the front of one migrating mudbank between 2000

and 2010. Finally, in the eastern section, two segments that are asso-

ciated with mudbanks are visible. All these segments show a clear

shift from east to west, associated with their migration direction and

speed. The seemingly smaller east-to-west shift for each segment

between different years in the western sector, compared to the mid-

dle and eastern parts of Suriname, suggests slower migration rates of

mudbanks towards the Corantijn River (Figure 1).

In general, high mud fractions, ranging from �0.4 to �0.8, indi-

cate the presence of mudbanks because continuous transport of mud

towards the front of mudbanks causes a higher turbidity. Mud at the

T AB L E 1 Characteristics of the different surveys, including the XY error representing the average horizontal offset computed from a set of
independent ground control points (n). The Landsat images column indicates the number of Landsat images that are validated with the
corresponding orthophoto

Date Location Substrate Images (flights) Flying height [m] Area [km2] XY error [m] Landsat images [n]

2019-06-20 Weg Naar Zee (W) Mud 1102 (6) 50 0.51 �0.02 (n = 21) 8

2019-07-13 Weg Naar Zee (E) Mud 1192 (6) 30 0.21 �0.02 (n = 13) 5

2019-07-24 Braamspunt Sand 1188 (9) 75 1.16 �0.1 (n = 10) 6

2020-02-19 Weg Naar Zee (W) Mud 1385 (9) 75 0.63 0.04 (n = 9) 3

2020-03-03 Braamspunt Sand 885 (8) 100 0.73 0.06 (n = 37) 4

2020-03-04 Braamspunt Sand 478 (6) 100 0.63 0.02 (n = 22) 4

F I GU R E 4 Mean values of
the peaks of mud fractions and
position estimates of mudbanks,
distributed along the coastline of
Suriname for all years between
1986 and 2020. The peaks of
sediment fractions were
calculated as described in the text
and Figure 3, step 2. The
presence of mudbanks was
estimated for each transect based
on the steps explained in the text
and Figure 3, step 3. Masked-out
values are related to transects
that are in the mouth of the
Suriname and Coppename rivers
(Figure 1) or missing satellite data
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coast, especially near the back of mudbanks and in the interbank

zones, is consolidated and therefore not easily resuspended, causing

lower mud abundances in the water column (Vantrepotte et al., 2013).

This can, for example, be illustrated by the band of lower mud frac-

tions (�0.05 and �0.3) in the eastern sector between 300 and

350 km (Figure 4).

4.2 | Validation of coastline position

Coastline positions, derived from Landsat images, are compared to

different coastline interfaces digitized in the UAV images acquired

over Weg Naar Zee at 2019-06-20 (Figure 5, panel A). Coastline posi-

tions retrieved from the Landsat images that were acquired 72 days

(2019-08-31) and 80 days (2019-09-08) after the UAV acquisition

date (2019-06-20) show significantly larger mean distances compared

to the digitized coastlines (Figure 5, panel b).

We developed similar comparisons between the automatically

derived coastline positions in all the selected Landsat images and the

defined coastline proxies in the different high-resolution UAV images

(see Appendix A, Figures A1–A4). Overall, position estimates agree

with the observations, indicating on average <50 m distance (<1.67

Landsat pixels) to the different reference lines (see Appendix A,

Figure A5). The median Euclidian distance from each coastline posi-

tion to the nearest line is <30 m. The coastline position estimates pre-

dominantly agree with the lines corresponding to the MHW and HWL

(see Appendix A, Figure A6). Exceptions are the MHW acquired in the

Weg Naar Zee UAV image of 2020-02-19 and the vegetation inter-

face acquired at Braamspunt in 2019-07-2 (Figures A2 and A3). Com-

parisons between Landsat-derived coastline positions and the

coastline proxies retrieved from the UAV images acquired over Bra-

amspunt show 8–12 significant outliers, with distances of up to

600 m. These offsets can be attributed to the spit that has formed,

with a width sometimes smaller than the size of one Landsat pixel

(Figure A4).

4.3 | Coastline dynamics

The annual rate of coastline changes between 1986 and 2020, in

relation to the presence of mudbanks in front of the Suriname

coastline, is shown in Figure 6 (panel a) and video S4. Of all coast-

line position changes, 90% range from �125 m/yr of erosion to

150 m/yr of accretion. Overall, there are no clear trends with domi-

nant accretion or erosion rates between 1986 and 2020 for the

entire coastline (Figure 6, panel b). Yet, years of erosion and

F I GU R E 5 Validation results of the Landsat images acquired within 100 days of the high-resolution UAV campaign near Weg Naar Zee west
(2019-06-20). Panel a shows the digitized shorelines in the UAV image that are used for validation. The panels on the right show the different
Landsat images that are used, together with their automatically derived shoreline positions. The coloured boxplots in panel B summarize the
difference for each of these Landsat-derived shoreline positions compared to the different digitized shoreline positions visible in panel A (MHW,

HWL and vegetation interface). The Landsat 7 image acquired at 2019-08-31 shows missing data related to SLC-off striping
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accretion are alternating, with on average erosion in the last 7 years

(2014 - 2020). Especially in the western region (Figure 6, panel c),

alternating zones with on average accretion or erosion are visible,

although no single transect shows continuously erosion or accretion

for the studied period 1986–2020.

Figure 7 supports the general observation that Suriname has an

accreting coastline with an averaged total of 310 m between 1986

and 2020, yet there is strong alongshore variability. More

specifically, the western section is characterized by erosion, with a

mean coastline position change of 88 m, but also with occasional

accretion compared to 1986. The eastern section has an average

accretion in coastline position of 212 m compared to 1986. Finally,

the middle section shows overall accretion for each transect, with

an average coastline change of 1004 m compared to 1986. For the

studied period, a significant part of the total accretion in Suriname

occurs in the central region, with the majority of it between 2002

and 2011. From the year 2000 onwards accretion reduces, first

from km 200 and then shifting in the western direction (Figure 6,

panel a).

Both accretion and erosion occurred at relatively local scales

(i.e. difference in order of magnitude change within 10–30 km

alongshore distances; Figure 6, panel a). This suggests that spatial

zones can be defined, where either accretion or erosion of the

coastline was dominant in a specific period (Figure 6, panel c). For

each year, inversion points along the coastline can be seen where

this accretion changes to erosion or vice versa (Figure 6, panel a).

Not only do these inversion points mark the accreting zones under

influence of mudbanks, but their position changes between years

are a good indication of migrating mudbanks (Froidefond

et al., 1988).

F I GU R E 6 The presence and absence of mudbanks in relation to observed coastline changes in Suriname between 1986 and 2020 (panel a).
Panel b shows ranges of annual coastline changes, where green indicates mean accretion and purple mean erosion for the given years. In panel c,
the alongshore distribution of coastline changes is given for every 10 transects. Panel d shows the coastline of Suriname with the coastal sections
indicated by east, centre and west. The positions of the selected example transects are indicated with I, II and III. Note that the x-axis of panel d
(in units of longitude degrees) is not the same as the x-axis of panels a and c (in units of alongshore distance)

F I GU R E 7 Changes occurring in coastline
position between 1986 and 2020 in the eastern,
central and western sections of the Suriname
coastal area (Figures 1 and 6). The y-axis values
correspond to the number of observations in each
bin of normalized coastline position estimates. The
solid and dashed lines indicate the mean values for
each section and the entire coastline, respectively.
For each transect, all coastline positions are
compared to the first observed valid coastline
observation
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Examples of variability in these inversions at local scales are visu-

alized in Figure 8, where the coastline position in the eastern region

(transect III, panel c and video S3) changes from roughly 100 m in

2002 to almost 1350 m, 2 years later, and eventually �1100 m in

2009. A mudbank was already present from 1997 and completely pas-

sed in 2009. From 2009 the coastline eroded slightly to 1200 m, with

stabilization from 2015 onwards. Also, between 160 and 230 km

alongshore a phase of coastal accretion can be observed, with occa-

sionally accretion rates surpassing 150 m/yr (Figure 6, panel a). As

opposed to transect III, the accretion of the coastline for this location

(transect II, Figure 8, panel b and video S2) starts within 1 year of the

arrival of a mudbank. Also, between 275 and 400 km alongshore,

westerly deflecting strips of accretion are clearly distinguishable

(Figure 6, panel a). Under the influence of a mudbank, the coastline

remains stable between 1999 and 2004, with rapid accretion of

�300 m until 2011 (transect I, Figure 8, panel a and video S1). Then

erosion rates rapidly go up to, or sometimes even surpass, 125 m/yr

between 2012 and 2015, followed by stabilization of the coastline

and the appearance of a new mudbank in 2018. These differences in

the magnitude and timing of coastline responses to appearing

mudbanks exemplify the spatiotemporal variability present in the

system.

Overall, accretion zones coincide with the presence of mudbanks,

and erosion zones can be linked with the absence of mudbanks

(Figures 4 and 6a). As supported by Figure 9, mudbanks tend to be

associated with accretion rates of 32 m/yr. Vice versa, the absence of

mudbanks is in general associated with mean erosion rates of 4 m/yr.

The difference between the two skewed groups (Shapiro–Wilk test,

p-value < 0.0001) of coastline changes, affected by the presence or

absence of mudbanks (Figure 9), is significantly different (Wilcoxon

rank test, p-value < 0.0001). Relatively smaller erosion rates are also

observed when a mudbank is present, or moderate accretion rates

when a mudbank is absent.

5 | DISCUSSION

5.1 | Mudbanks

Our semi-automatic methodology allowed us to visualize the along-

shore variation in mud abundance between 1986 and 2020, link it to

the presence or absence of mudbanks, and identify likely mechanisms

that dominate nearshore variations (Figure 4). The satellite-derived

estimates of mud abundance in shallow waters indicated the presence

of six to eight migrating mudbanks along the coast of Suriname. These

mudbanks show strong spatial and temporal variations mud abun-

dance. Previous research already coupled the local variation of mud

abundance in the upper water column to active resuspension and

migration of an individual mudbank (Vantrepotte et al., 2013; Zorrilla

et al., 2018).

F I GU R E 8 Development of the coastline position between 1986

and 2020 of the three transects (I, II and II) indicated in Figure 6.
Coastline position is expressed as distance of the last land–water
transition compared to the origin of the transect. The median values
are connected by the black line. Note the different y-axis ranges for
each subplot

F I GU R E 9 Annual rates of coastline change
between 1986 and 2020 for transects that are
either fronted by a mudbank or not. The
distribution of change is indicated by the density
plots and the median, interquartile ranges and
outliers are indicated by the boxplots in the
bottom panel. For visualization purposes, the
x-axis range is limited to �800 to +800 m/yr
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Variations in mud fractions clearly exist when looking at multi-

ple mudbanks simultaneously at different moments in time. This

illustrates the link between the changes in the footprint of

mudbanks that are visible in remote sensing images and variability

in hydrodynamic forcing mechanisms such as waves, tides, currents

and river flow (Orseau et al., 2020). This is because so-called

wave–bank interactions constantly affect the migration rate, shape

and mud budget of these banks (Anthony, Gardel, & Gratiot, 2013;

Gardel & Gratiot, 2005). This suggests that spatiotemporally

variable mud fractions can be associated with the presence or

absence of a mudbank. Also, within the footprint of these

mudbanks, variable mud fractions are observed (Figure 4), probably

associated with wave–mud interactions that control resuspension

at the leeward and deposition at the front side (Zorrilla

et al., 2018). This not only limits the use of generic thresholding

on sediment fraction or concentrations to separate mudbanks from

their surroundings, but also indicates that these interactions

enhance variability between separate mudbanks and consequential

coastline dynamics.

5.2 | Implication for foreshore changes

For the first time we were able to identify hotspots of contrasting

behaviour, overall trajectories of coastline change and related to

these, the presence or absence of mudbanks (Figures 4 and 6). In

general, the Suriname coast accretes with an average of 32 m/yr

when a mudbank is present (Figure 9), comparable to the previously

reported range of 13–100 m/yr in French Guiana (Plaziat &

Augustinus, 2004). Occasionally rates up to 400–800 m/yr were

detected (Figure 6), which is significantly higher than the previously

reported upper limit of 200 m/yr (Allison et al., 2000;

Augustinus, 2004; Proisy et al., 2021). We show that the coast

erodes by 4 m per year on average under mudbank absence,

reaffirming that coastal erosion prevails when a mudbank has

migrated further alongshore and no longer protects the coast

against incoming waves (Allison et al., 1995; Anthony et al., 2010;

Gardel & Gratiot, 2006).

Coastline positions in the different sections along the coast of

Suriname showed variable responses to the presence or absence of

mudbanks, between 1986 and 2020 (Figure 7). One explanation for

the regional difference comes from cheniers, sand ridges created by

sand supplied from local rivers, such as the Suriname and Corantijn

rivers, together with winnowing of sand from deposits by constant

wave reworking. Especially in the western sector the cheniers, if pre-

sent at all, are smaller and thus provide less protection against erosion

than in the east (Augustinus et al., 1989), potentially explaining the

difference in erosion.

Exceptional accretion rates in the central section of Suriname

suggest, however, that this is at best only part of the explanation

(Figures 7 and 8, panel b). Observerd changes in the orientation of

coastlines and the presence of sufficiently large coastal features, such

as mudscapes and small islands, provide shelter against incoming

waves and might even promote accretion. Together with the slowing

down of the mudbank approaching the mouth of the Coppename

River from 2008 onwards (Figure 6, panel a), caused by the hydraulic

groyne effect (Anthony, Gardel, & Gratiot, 2013), this might explain

the enhanced sedimentation and coastline accretion east of the river

mouth (�km 140). Consequently, sediment deposition downdrift

becomes limited, thus promoting enhanced erosion west of the river

mouth (�km 100), starting from 2013 onwards (Figure 6, panel a). This

example clearly highlights the difference in coastline response to a

passing mudbank, but also the different magnitude of changes

induced by a single mudbank on different stretches of coastline with

the passing of time.

Our results further highlight the episodic, rather than uniform,

nature of the coastline position changes on local scales, with rapid

coastline accretion and retreat as response to changes in forcing

mechanisms, including mudbank migration (Augustinus, 1989). Yet,

variability in timing can occur, as coastal accretion can immediately

follow the arrival of a mudbank (Figure 8, panel b), lag several years

(Figure 8, panels a and c) or not happen at all. This again emphasizes

the importance of other factors such as the variation in topography of

the intertidal area (Anthony et al., 2008; Proisy et al., 2009). As a

result, differences in submersion time, flooding frequency and drying–

wetting cycles cause mud cracks and development of mud bars, alter-

ing conditions for successful seed trapping and thus mangrove growth

(Gensac et al., 2011).

Previous research has shown that shoreline trends lasting multi-

ple decades occur, as opposed to the alternating phases of accretion

and erosion that the conceptual model of migrating mudbanks

describes (Fromard et al., 2004; Plaziat & Augustinus, 2004). Our

results (see Figure 6, panel a) can now indicate where erosion,

despite the presence of mudbanks (e.g. around km 350 after 2012),

and accretion can occur, even when mudbanks are absent (e.g. km

150). The former are examples of potential new shoreline trends of

prolonged and persistent erosion, due for example to polders or man-

grove removal (Brunier et al., 2016). Also, observations of mudbanks

not promoting coastal accretion (e.g. km 35 and 180), despite

enhanced wave damping, suggest additional factors are playing a role

in successful mangrove colonization and establishment. Previous

research indicated that this can be related to reduced material

exchanges between mudbanks and shorelines, especially at leading

and inner edges of mudbanks (Anthony, Gardel, Proisy, et al., 2013).

This streaming of mudbanks, a process where mudbanks are discon-

nected from the shoreline, results in reduced material exchange,

smaller intertidal mudflats and thus less accommodation space for

mangrove colonization and coastal accretion (Gensac et al., 2011;

Proisy et al., 2009). It is estimated that these long-term processes

may involve local changes in wave–bank interactions as well as

coastal mud budget adjustments alongshore (Anthony, Gardel, Proisy,

et al., 2013).

In general, we can see that the extent to which the shore-

welded part of a mudbank is preserved from erosion in interbank

phases determines the degree of coastal progradation in the follow-

ing mudbank phase (Allison & Lee, 2004; Anthony et al., 2010).

However, complex patterns of erosion and accretion confirm again

that the coastline positions and their trajectories are not only

influenced by mudbank dynamics. The average erosion or accretion

rates should therefore be considered more as a mid-term (e.g. one

full mudbank cycle) tendency on local to regional scales, rather than

a definitive indicator of what may happen on a longer timescale.

Yet, additional research on the extent of intertidal areas and factors

that control successful mangrove colonization, in relation to forcing
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mechanisms such as wind-wave regimes (Augustinus, 2004) and cur-

rents, is required to quantify the potential impact of each individual

aspect.

5.3 | Coastline accuracy

The different coastline definitions, namely HWL, MHW and the vege-

tation interface, as mapped in the high-resolution UAV imagery

(Figures 5 and A1–A4), are in good agreement with the coastline posi-

tion estimates. These estimates from 12 Landsat images, acquired

within 100 days of the UAV acquisitions, are on average within 50 m

of the reference lines (Figure A5). Disparities in error between the

Landsat observations and the different coastline proxies exemplify

the uncertainty associated with the selected point-based method for

estimating coastline position from land–water transitions along a tran-

sect. This method is a computationally efficient way of analysing spa-

tiotemporal variation in coastlines, yet the accuracy depends on the

orientation and location of the transects, as the spatial context of the

coastline estimate is one dimensional. As a result, information from

adjacent pixels is not incorporated in the estimation of coastlines,

resulting in the potential detection of incorrect land–water transitions.

Variation in the average error for the different UAV images also repre-

sents the difficulty in consistently mapping land–water boundaries

over complex, heterogenous landscapes. This can be seen, for exam-

ple, in the larger error estimates of Braamspunt, a sandy chenier with

relatively complex landcover and coastline shape, compared to the

two sites at Weg Naar Zee (Figure A6).

When the true coastline position cannot be determined due to

missing data, offsets in accuracy can be large. This is, for example,

indicated by the outliers found in the Braamspunt UAV images

(Figures A3 and A4). As the most seaward land–water transition is

obstructed from sight by clouds, the detected transition behind it is

classified as coastline. This can also occur in coastal areas where

coastlines are often backed by wetlands, resulting in an incorrect

land–water boundary classified as coastline. For this reason, we

implemented an outlier detection workflow, ensuring that significantly

deviating observations are excluded from further analysis. This

ensures that our coastline estimates for the entire coast of Suriname

are on average within 50 m of the land–water boundary found across

the heterogenous coastal landscape. Especially median annual coast-

line positions should therefore be used to analyse mid- to long-term

coastline changes on a regional scale in a complex heterogenous mud-

dominated landscape, where annual changes are frequently exceeding

30 m.

The difference in error estimates between the sites (Figure A5)

also indicates that coastline indicators are not uniformly applicable

along the Suriname coastline. Coastal stretches show differences in

agreement between the observation and coastline proxies, suggesting

that our method is not overly sensitive to different types of transi-

tions between land and water that can naturally be found along the

Suriname coastline. This indicates that the applied method can be

used in heterogenous and complex landscapes for the consistent esti-

mate of coastline positions.

False-positive detection of coastline position estimates, when the

true coastline position is not visible, manifested due to the applied

transect method. Especially when the morphology of the coastline is

more complex or is not approximately aligned with the defined base-

line, land–water transitions are falsely detected as coastline positions.

For coastline detection we therefore included both temporal and spa-

tial context to improve the accuracy of position estimates, by compar-

ing the position with other position estimates on the transect within a

time window. Rosner’s outlier detection was chosen for its possibility

of simultaneously detecting multiple outliers.

5.4 | Limitations and improvements

The standardized and objective end-member extraction technique

applied here resulted in comparable estimates of mud abundance,

useful to derive indications of subtidal mudbank presence and

absence. Yet, due to image artefacts, cloud and shadow contamina-

tion, this estimated presence or absence required filtering and outlier

detection. Most of the steps to do so required finetuning and parame-

terization to make the methodology applicable for the Suriname

coastline. These steps ensure that: (1) spectral unmixing results are

applied consistently; (2) cloud and shadow contamination is mini-

mized; (3) bilateral filtering on the abundance maps is applied; (4) dis-

continuities along transects are consistently selected; and (5) annual

changes in coastline positions, in relation to the presence or absence

of mudbanks, are determined with reasonable accuracy.

Despite the implemented filtering steps, mudbanks were occa-

sionally falsely detected (Figure 4). This is because automatically esti-

mating the exact mudbank boundary locations is hampered by high

sediment concentrations, related to high river discharges near river

mouths and the observed natural variability in mud abundance. In

order to optimize the parameterization of the workflow, it is therefore

necessary to validate the mudbank positions with field observations.

Consequently, it is necessary to determine the extent of mudbanks

and simultaneously relate that to the extent of mudbanks that can be

detected from remote sensing images (Zorrilla et al., 2018).

With respect to the estimated coastline positions, uncertainty in

estimates is related to the observation frequency, obstruction of visi-

bility by clouds and accuracy of the applied UDT, used here to sepa-

rate land and water by means of Otsu thresholding. Only for the latter

source of error is it possible to improve the accuracy by, for example,

including the definition of sub-pixel coastlines (Pardo-Pascual

et al., 2018) and the use of a water frequency index to perfect the

estimation of the annual coastline position (Xu, 2018).

Although our coastline change analysis for Suriname quantified

rates and directions of change with unprecedented spatial coverage

and temporal resolution, further analysis can shed light on coastal sys-

tem behaviour. This can be achieved by analysing mudbanks beyond

the presence and absence estimates as presented in this paper.

Demarcating mudbank footprints from observations with high tempo-

ral resolution can then shed light on migration rates, sediment storage

and changes therein. When linked with information regarding other

external forcing mechanisms like land use, wind data, coastline shape

and morphology that govern the coastal dynamics in all the Guiana

coast countries, it becomes possible to truly support decision-makers

in their task to untangle subtleties in coastline behaviour for coastal

wetlands. Variable responses of coastal ecosystems to ever-changing

forcing mechanisms can then be incorporated in climate-resilient man-

agement strategies.
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6 | CONCLUSIONS

By analysing all available Landsat images in our autonomous workflow,

its temporal and spatial resolution are fully utilized to estimate, for the

first time, coastline changes for the entire coast of Suriname between

1986 and 2020. These changes are then linked to the presence and

absence of migrating subtidal mudbanks. We show that regional-scaled

forcing mechanisms caused by these mudbanks have a strong imprint

on the local coastline trajectories, with on average 32 m/yr accretion

during mudbank presence and 4 m/yr erosion during mudbank absence.

Yet, significant spatial and temporal variation in these trajectories exists

on local scales. This suggests that linear and large-scale approaches to

analyse annual to decadal coastline dynamics in Suriname, and other

Guiana countries, should be handled with caution.

We reaffirm that currently at least six mudbanks are migrating

along the coast of Suriname and that when mudbanks are present,

coastal accretion or stabilization of erosion generally occurs. Due to

the use of all available Landsat images, we are now also capable of

showing where the effects of mudbanks are minimal or even opposite

to what the conceptual mudbank model prescribes. This suggests it is

evident that not every mudbank phase results in the same amount of

coastal accretion at each location it passes, or alternatively not every

interbank phase results in the same amount of coastal erosion.

These timescale dependencies might reflect combined effects of

natural and anthropogenic factors that control both the mudbank and

hydrodynamic forcing on the coast of Suriname, illustrating the diffi-

culty of attributing all observed coastline changes to forcing imposed

by mudbank migration alone. Although it is likely that mudbanks will

continue to migrate alongshore in the decades to come, the variability

in coastal morphology, sediment concentration and especially struc-

tural intervention (both anthropogenic and natural) will exert a com-

plex influence on erosion and accretion of coastline positions. This

implies that predictions of change for management purposes should

be conducted with extreme care as they might create a false sense of

security on short to medium timescales.

Our results further suggest that the potential for erosion during

an interbank phase can be significantly larger than accretion rates in

the mudbank phase before, especially when local settings including

hydrodynamics, land use and other forms of anthropogenic interfer-

ence are altered. This suggests that local coastal behaviour, not cap-

tured by linear rates of change, should be included in theoretical

frameworks that are used to support decision-makers and coastal

managers. For that purpose, quantitative information on coastline

position changes from satellite observations spanning multiple

decades are needed to supplement scattered, incomplete and poor-

quality field observations and further refine modelling efforts that aim

at predicting future changes in Suriname.

6.1 | SUPPLEMENTARY INFORMATION

Supplementary videos S1–S3 display the time series of coastline

changes related to three selected transects displayed in Figure 8.

Supplementary video S4 shows the spatiotemporal dimensions of

coastline changes also found in the Hovmoller plot (Figure 6, panel a).

For visualization purposes, the indication of mudbanks has been

excluded in video S4.
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APPENDIX A

F I GU R E A 1 Validation results of the Landsat images acquired within 100 days of collecting the high-resolution UAV images near Weg Naar
Zee east (2019-07-13). Only Landsat images are shown on the right that are not obstructed from sight by clouds or missing data. Panel A shows
the digitized shorelines in the UAV image that are used for validation. The panels on the right show the different Landsat images that were used,
together with the automatically derived shoreline positions. The coloured boxplots in panel B summarize the difference for each of these
Landsat-derived shoreline positions compared to the different digitized shoreline positions visible in panel A (MHW, HWL and vegetation

interface). The Landsat 7 image acquired at 2019-08-31 is an example that illustrates missing data-related SLC-off striping
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F I GU R E A 2 Same as Figure A1 but now for Weg Naar Zee west in 2020

F I GU R E A 3 Same as Figure A1 but now for Braamspunt in 2019
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F I GU R E A 5 Average offset between Landsat
position estimates and the different coastline
proxies from UAV orthophotos. The average
offset on the y-axis is linked to the acquisition
date of the corresponding Landsat image, defined
as the number of days it differs from the
acquisition of the UAV image (x-axis). The dots
represent mean offsets, computed for each
Landsat observation compared to the selected
coastline proxy in each UAV image. The dashed
lines correspond to the overall mean offset of all
position estimates from the used Landsat
observations, separated for the different coastline
proxies used in this analysis

F I GU R E A 6 Variability accuracy for the
different coastline proxies defined in the selected
UAV orthophotos. Each boxplot compromises all
Landsat position estimates that are compared to
the coastline proxies as defined in the different
UAV images. The acquisitions over Braamspunt
(2019-07-24 and 2020-02-03) contain relatively
more and larger outliers compared to the
acquisition over Weg Naar Zee. Especially, the
acquisitions at Weg Naar Zee west (2019-06-20
and 2020-02-19) have a relatively large offset
between the coastline position estimates and the
different coastline indicators, which can be related
to the more complex and heterogenous coastal

morphology

F I GU R E A 4 Same as Figure A1 but now for Braamspunt in 2020
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