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Abstract: The rapid advance of remote sensing technology during the last few decades provides
a new opportunity for measuring detectable estuarine spatial change. Although estuarine surface
area and convergence are important hydraulic parameters often used to predict long-term estuarine
evolution, the majority of automated analyses of channel plan view dynamics have been specifically
written for riverine systems and have limited applicability to most of the estuaries in the world.
This study presents MorphEst, a MATLAB-based collection of analysis tools that automatically
measure estuarine planform geometry. MorphEst uses channel masks to extract estuarine length,
convergence length, estuarine shape, and areal gain and loss of estuarine surface area due to natural
or human factors. Comparisons indicated that MorphEst estimates closely matched with independent
measurements of estuarine surface area (r = 0.99) and channel width (r = 0.92) of 39 estuaries along
the South Korean coast. Overall, this toolbox will help to improve the ability to solve research
questions commonly associated with estuarine evolution as it introduces a tool to automatically
measure planform geometric features from remotely sensed imagery.

Keywords: land reclamation; estuarine planform geometry; South Korea; toolbox; convergence;
estuarine surface area

1. Introduction

Estuaries exhibit a wide range of human impacts as many of the world’s ports and
cities are located in close proximity to an estuary [1,2]. Large engineering projects such as
industrial and urban development of estuaries have led to severe degradation of ecosys-
tems [3,4], and changes to shoreline location, river discharge, tidal characteristics, as well
as sediment dynamics throughout the last century [5–9]. The shape and size of modern-day
estuaries therefore represent the adjustment to longer-term, larger-scale effects together
with more recent, anthropogenic impacts from urban development and engineering struc-
tures [10]. As sea level is predicted to rise between 0.3 and 1.0 m within the next century [11]
and the coastal population is anticipated to reach approximately six billion by 2025 [1],
engineering structures and land reclamation projects are also expected to further increase
within estuaries globally [12,13]. To determine how current and future anthropogenic
alterations influence estuarine evolution, it is essential to understand estuarine systems
that have already undergone such changes and their processes.

Estuarine processes are largely controlled by the interaction between climate-related
changes in sea level, environmental factors, such as the oceanographic regime, sedi-
ment availability, and tectonics, as well as anthropogenic impacts [14–19]. The interplay
of these factors results in a variety of different estuarine settings, ranging from wave-
dominated, microtidal estuaries to macrotidal estuaries with extensive gently sloping
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coastal plains [14]. In particular, estuaries are widely considered to reflect the relative
importance of wave, tide, and river forcing [20–25]. For example, tide-dominated estuaries
tend to widen downstream [24] and, therefore, exhibit a funnel-shape [26], whereas wave-
and river-dominated estuaries are more likely to be straight as occasional large fluvial
floods transport sediment to the mouth [27]. Other work suggests that the size and geome-
try of the estuary mouth are the main factors in determining water levels, tidal currents,
wave action, sediment transport, and estuarine evolution [28]. Here, funnel-shaped es-
tuaries with a narrow mouth tend to be flood-dominated, whereas upstream-widening
estuaries with a narrow mouth are expected to be ebb-dominated. Estuaries with a wide
mouth are generally affected to a larger degree by waves compared to estuaries with a
narrow mouth. However, the shape and position of an estuary mouth may change due to
anthropogenically accelerated deposition and erosion [29] to the effect that humanly altered
estuarine dynamics may deviate from their natural conditions. In fact, anthropogenic im-
pacts have already exceeded the forces of natural factors on estuarine planform geometry
in many parts of the world [15,19,30,31]. Easy and quick measurements of estuarine size
and shape have therefore become essential in order to predict long-term estuarine spatial
evolution, hydrodynamics, and the effects of human alterations on them.

Estuarine shape and size as well as the extent of local land reclamation are commonly
measured based on remotely sensed imagery [26,32]. In addition, an emerging number of
image-processing methodologies have been developed to directly quantify channel width
continuously downstream and channel dynamics [33–40] as well as automatically measure
channel erosion and accretion [41,42], which has increased our ability to understand
channel geometry from space [43]. Even though estuarine surface area and shape are
important hydraulic parameters often used to predict long-term estuarine spatial evolution,
the majority of automated analyses of channel plan view dynamics have been specifically
written for riverine systems and are not suitable for most of the estuaries in the world.
So far, remotely sensed measurements of estuarine size and shape are limited to only a
few selected sites [26], and there is no global areal change or convergence shape dataset.
Furthermore, there is not one that differentiates between natural and human drivers
of change. The implementation of new estuarine planform geometry tools therefore
remains crucial to characterize the impacts of present and future human alterations on
estuarine systems.

This study introduces Morphology of Estuaries (MorphEst), the first toolbox that
automatically measures estuarine spatial features with minimal user input. It includes
a collection of modified and new functions written for rapid determination of estuarine
length, convergence length, shape, and surface area change due to human or natural factors.
Moreover, its advantage is its automation that requires no additional manual processing
or post-editing. MorphEst was tested with 39 South Korean estuaries which are well-
known for their wide range of human alterations such as land reclamation and estuarine
dams as well as various tidal ranges from microtidal to super-macrotidal. In particular,
the extent of anthropogenic alterations and their effects on estuarine surface area change
and shape were quantified. Section 2 describes the general attributes and functions of
the toolbox, while Section 3 validates its output and discusses potential implications of
estuarine planform geometry change in the Anthropocene.

2. Material and Methods
2.1. MorphEst
2.1.1. MorphEst Overview

The inputs, workflow, and outputs of MorphEst are shown in Figure 1. MorphEst is the
first set of tools that automatically measures estuarine spatial features including estuarine
length, convergence length, shape, and estuarine surface area change due to natural or
anthropogenic factors. MorphEst includes a collection of three modified and four newly
developed functions (Table 1) that can be applied to a pre-defined channel mask without
additional processing or post-editing. In particular, the toolbox is specifically designed
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to be easily used for temporal analyses of estuarine planform geometry for large datasets.
The toolbox was tested with MATLAB versions 2018a and 2019b.

Figure 1. MorphEst workflow. Bold, red fields indicate newly developed functions implemented
in MorphEst (Tables 1 and 2). Methods for centerline creation, area change, convergence length,
and shape are displayed in Figures 2–4, respectively.
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Table 1. Overview of modified and newly developed functions to measure estuarine planform geometry. Superscripts indi-
cate modified functions from RivMAP [42], and bold description indicates added modification. Bold functions indicate
newly developed functions.

Functions Description

Modified

centerline_from_mask_MorphEst a Automatically identifies location of start and end point of channel
mask and generates centerline

banklines_from_mask_MorphEst b Creates buffer to eliminate side branches outside of the main
channel and draws channel bank lines

width_from_mask_MorphEst c Calculates width between bank lines along transects and enables
width calculations along N-S directed transects as well

New

Est_Length Calculates the upstream limit of an estuary based on the depth at the
estuary mouth and the M2 tidal amplitude

Est_AreaChange Calculates areas of surface gain and loss as well as area at time 1 and 2

Est_AreaChange_Land Calculates estuarine surface area lost due to natural (i.e., forest,
baren land, grassland) or human (agriculture, urban) causes

Est_Shape Calculates the length over which the estuarine width decreases,
and defines the shape of an estuary (i.e., straight, or funnel-shaped)

Modified from RivMAP’s a centerline_from_mask, b banklines_from_mask, and c width_from_mask functions.

Several tools and methods measure various channel properties based on remotely
sensed imagery. Table 2 includes a detailed overview of representative channel analysis
methods, their metrics, and objectives. Table 2 highlights the newly developed analy-
sis tools for estuaries introduced by MorphEst. The majority of previous methods were
specifically written for the quantification of channel width and plan view dynamics of
riverine systems to automatically create large-scale width datasets or to identify the extent
of channel migration [38,41,42,44]. Thus, these methodologies have limited applicability to
most of the estuaries in the world because, unlike rivers, estuarine spatial and hydraulic
processes are commonly driven by the complicated interaction between tides, waves,
and river discharge. For example, tidal amplitude, river flow, and bathymetry generally
control the nature of the saline intrusion in an estuary, determining its upstream extent [10].
River-based methodologies generally lack the necessary functions to limit the upstream
channel extent to the maximum reach of the saline intrusion. Furthermore, previous work
commonly developed channel analysis engines under the assumption that human interven-
tions are absent. In contrast, estuaries are hotspots of environmental change [45], with more
than 7000 km2 of the intertidal area within and around estuaries, being lost due to land
reclamation in the Yellow Sea alone over the last five decades [32]. Therefore, a new toolbox,
MorphEst, was developed to account for these unique features of various channelized
coastal environments.

The details of functions in MorphEst are described in the following sections. Section 2.1.2.
MorphEst Input defines the necessary input files. Section 2.1.3. Extraction of Channel
Centerline explains the automated creation of the channel centerline. Section 2.1.4. Calcula-
tion of Estuarine Surface Area Change between Two Time Intervals describes calculations
of estuarine length, estuarine surface area at time 1 and 2, as well as estuarine surface
area change due to human and natural factors. Then, Section 2.1.5. Measuring Estuarine
Convergence Length and Shape depicts the creation of channel bank lines, along-channel
width measurements, and the estimation of estuarine shape. Finally, the output files are
shown in Section 2.1.6. MorphEst Output.
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Table 2. Summary of representative channel analysis methods and metrics. Red-colored metrics indicate newly developed functions. Metrics are based on [41].
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Morphology S S S/M S S/M S/M S/M S/M S/M S/M S/M S/M

Target
system R R R R R R R R R D R E

Linear rates of channel
migration X X — — — X — X — — — —

Channel erosion/
accretion — — — — X X — — — X — X

Change as % of channel
area — — — — X – — — — — — X

Cause of erosion
(natural vs. human) — — — — — — — — — — — X

Channel width X X X X X X X X X — X X [42]

Centerline curvature X — — — — — — X — — — —

Bank lines and
dynamics — — — — X X — — — — — X [42]

Channel elongation X — — — — — — — — — — —
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Table 2. Cont.
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Sediment bar
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Estuarine length * — — — — — — — — — — — X

Convergence length * — — — — — — — — — — — X

Estuarine shape * — — — — — — — — — — — X

S—single-threaded channel; M—multi-threaded channel; R—river; D—delta; E—estuary; Dyn. = Dynamics; Morph. = Morphology; * Applicable only to estuarine systems.
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2.1.2. MorphEst Input

MorphEst requires the input of three to four text/ASCII files. One or two text files
include the coordinates (in meters) of the lower-left corner of the channel mask raster extent
as well as the overall areal extent of the channel mask at time 1 and time 2 in binary code.
If area change calculations are desired, two channel mask text files (i.e., same estuary at two
time steps) are required, whereas one channel mask text file suffices for shape calculations.
The remaining two text files include the coordinates (one text file in meters and one text
file in decimal degrees) and width (in meters) of the estuary mouth. The generation of
channel masks is beyond the scope of MorphEst, but can be obtained by using previous
image classifications and water masks extraction methods [46–57]. Here, channel mask
pixels have a value of 1, while all non-channel mask pixels have a value of 0. Finally,
MorphEst requires the input of a bathymetry, M2 tidal amplitude, and land cover dataset
covering the area of interest (see Section 2.1.4. Calculation of Estuarine Surface Area
Change between Two Time Intervals).

2.1.3. Extraction of Channel Centerline

To extract a centerline, MorphEst uses the previously developed RivMAP center-
line_from_mask tool and modified it to centerline_from_mask_MorphEst [42]. The pre-modified
version of the tool requires the manual input of a two-character variable that represents
the cardinal directions of the channel entering (upstream) and leaving (downstream) the
raster edges (e.g., ‘NW’, ‘WS’, etc.) (Figure 2). The modified centerline_from_mask_MorphEst
tool now automatically determines the sides where the channel enters and leaves the raster
edges. Here, MorphEst defines the location of the estuary mouth within the overall estuary
extent. The raster perimeter for the columns and rows that do not contain any channel
mask pixels are then removed so that estuary starting and end points directly intersect with
the raster edges (Figure 2a). The cardinal direction of the mouth is then defined within the
estuary raster extent by dividing the raster extent into four triangles, where each triangle
represents one cardinal direction (blue lines in Figure 2b). If an estuary mouth lies exactly
on the intersecting line between two triangles, MorphEst prioritizes ‘West’ and ‘East’ over
‘North’ and ‘South’.

Based on the direction of the starting point, MorphEst determines all possible di-
rections of the end point under the assumption that an estuary does not enter and leave
the raster on the same side. In Figure 2b, the start point is located on the west so that
the possible end points are located on the ‘N’, ‘E’, and ‘S’ direction as indicated by end
points 1, 2 and 3, respectively. MorphEst then obtains a centerline for all three possible
end point cases by generating the shortest path from the starting point to each end point.
The cardinal direction of the most likely estuary end point (upstream) is then extracted
at the intersection point of the raster edge and the longest and widest (for estuaries with
multiple branches) channel mask.

2.1.4. Calculation of Estuarine Surface Area Change between Two Time Intervals

To limit the upstream extent of an estuary to the maximum extent of the saline
intrusion, the MorphEst function Est_Length calculates the length of an estuary based on
the depth at the mouth (D0) and the M2 tidal amplitude (ζ̂0) [58]:

L = 2460 × D5/4
0 /ζ̂1/2

0 ,

Prandle [59] found that field measurements of estuarine length from 50 estuaries
located around the UK coastline and the eastern USA generally agreed with theoretical
values of D5/4

0 /ζ̂1/2
0 . Here, depth and M2 tidal amplitude are extracted at the estuary mouth

as a point measurement. A buffer is then drawn around the estuary mouth point with the
buffer radius defined as the straight line connecting the estuary mouth and the estuarine
length, where the latter was measured along the centerline (Figure 2c). If the calculated
estuarine length exceeds the upstream length of an estuary (i.e., when the channel width is
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less than 30 m), the Est_Length function adjusts the upstream estuarine extent to the shorter
channel mask in both time steps to ensure that measured changes in estuarine surface area
are not an artifact of changes in length (Figure 3a).

Figure 2. Centerline. Results are from Han River, South Korea, which show how MorphEst can be applied to estuaries with
several branches. (a) Columns and rows with no channel mask pixels along the edge of the raster are deleted so that the
channel mask directly intersects with the raster edge. (b) The location of the start point is based on the input estuary mouth
point, and the location of the potential end points is determined by the intersection of the channel mask and the raster edges.
MorphEst picks the final end point for channels, with the largest length (L) and width (W). Here, L1 indicates the centerline
length between the start point and end point 1, L2 indicates the centerline length between the start point and end point 2,
etc. W1 is the width at end point 1, W2 is the width at end point 2, etc. The cardinal directions of the start and end point are
determined based on their location within the pre-defined triangles (blue lines). MorphEst then creates a centerline with the
input cardinal directions determined by the start and end point location. (c) Estuarine surface area is measured within a
buffer with a radius (r) defined by the straight line connecting the along-channel estuarine length (L) and the estuary mouth.
(d) Buffers are drawn along the centerline with a radius defined by the width of the estuary mouth. Channel pixels outside
of the buffer are then erased.

The Est_AreaChange function creates a new raster of change in estuarine surface area
between two user-specified time steps by subtracting the more recent estuarine channel
mask from the older channel mask (Figure 3). This step results in a raster with values of
−1 for regions of estuarine surface area loss, 0 for no change, and 1 for regions of estuarine
surface area gain (Figure 3b). Areas of change are then measured by adding the number
of pixels in each erosion/accretion region and multiplying them by the pixel resolution.
Finally, total estuarine surface area at time 1 is measured by totaling areas of estuarine
surface area loss and no change, while total estuarine surface area at time 2 is measured by
summing areas of estuarine surface area gain and no change.

MorphEst further divides areas of estuarine surface area loss into natural or human-
induced loss, using the Est_AreaChange_Land function. The Est_AreaChange_Land function
identifies land-use within regions of estuarine surface area loss based on a land cover
dataset (see Section 2.2.2 Data preparation). Human-induced surface area loss generally in-
cludes loss due to agricultural or urban expansion following major land reclamation projects,
whereas natural surface area loss includes loss due to sediment accretion (Figure 3c). Other sur-
face area loss includes regions that may be misclassified as water due to the different
resolutions of the input datasets. On the other hand, estuarine surface area gain is assumed
to result from the sea level rise-induced flooding of low-lying terrains.
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Figure 3. Area change and cause of area change. Results are from Ganwol Estuary, South Korea, which is an estuary that has
been heavily altered due to land reclamation over the last thirty years. (a). Channel mask at time 1, time 2, and overlapping
area. If the dataset length is less than the estuarine length and if the length of the two datasets (L1 = length of estuary at
time 1 and L2 = length of estuary at time 2) is different, the upstream extent of the longer dataset is adjusted to the length of
the shorter channel mask. (b) Regions of areal gain and loss are calculated by subtracting the channel mask at time 2 from
the channel mask at time 1. (c). Cause of estuarine surface area loss. Land-use is determined for areas of estuarine surface
area loss, where areas classified as urban or agriculture are defined as human-induced loss and areas classified as grass,
barren land, or forest are defined as natural loss. The remaining regions are classified as others due to the difference in the
dataset resolution.

2.1.5. Measuring Estuarine Convergence Length and Shape

MorphEst calculates estuarine shape based on along-channel width and length, us-
ing the modified functions banklines_from_mask_MorphEst and width_from_mask_MorphEst,
which are based on RivMAP’s banklines_from_mask and width_from_mask functions [42],
respectively. RivMAP’s banklines_from_mask function separates the channel images into left
and right banks by removing all pixels at the image boundaries except the bank line pixels
(two for each exit side) [42]. However, this function only supports individual channels,
and cannot be applied to branching estuaries (or rivers) (for example Figure 2). Based on
the assumption that the mouth represents the widest point within an estuary [26,60,61],
the banklines_from_mask_MorphEst function draws buffers around the centerline with a radius
of each buffer based on the estuary mouth width (i.e., (W/2) + 100, where W is the width
at the estuary mouth) and removed parts of the estuary outside of the buffer (Figure 2d).
This process erases branches of all sizes and focuses width calculations on the estuary main
channel (Figure 2b).

RivMAP’s banklines_from_mask function extracts bank lines from the main channel for
the majority of estuaries. However, it tends to fail for estuaries with narrower channels,
attached lakes, or small branches, where bank lines are separated by less than two pixels,
so that manual editing and cleaning of the channel masks is necessary. To overcome
this limitation and to automatically calculate robust bank lines for all sizes of estuaries,
banklines_from_mask_MorphEst fills in all holes within the estuary and adds pixels in the
form of a disk along the outside two rows/columns for each start and end direction and in
the form of a rectangle within the inner part of the raster. Although this approach increases
the estuarine width by approximately 200 m, buffers added to the banks are in many cases
small relative to the channel width. Comparisons between the smoothed channel mask
and the ‘raw’ channel mask suggest that the along-channel width profiles closely match
each other (r = 0.996, p � 0.05), preserving the overall shape as well as area calculations.

MorphEst calculates changes in estuarine width throughout the main channel, us-
ing the width_from_mask_MorphEst function. RivMAP’s width_from_mask function calculates
the average channel width at specified intervals along the channel centerline and returns
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the wetted width for both single-threaded and multi-threaded channels [42]. This func-
tion uses MATLAB’s intersection tool to calculate the intersection points between vectors
perpendicular to the centerline and the bank lines, which fails to compute the location
where two curves intersect in the case of NaNs or N–S directed segments. The modified
width_from_mask_MorphEst function now includes width measurements for N–S directed
transects by estimating the difference between the two closest bank lines. MorphEst’s
Est_Shape function then calculates the length of an estuary from the mouth and fitted
nonlinear least-square curves to the data on which convergence length and shape estimates
are based [26]. Convergence length Lb is defined as the length where the channel width
decreases to W/e (W is the estuarine mouth width and e is 2.72), and estuarine shape
Sb is defined as a measure of how ‘funnel-shaped’ the width-length profile is (i.e., Sb =
Lb/W) (Figure 4). The fitted estuarine mouth width is determined as the intersection point
between the exponential fit and the y-axis (i.e., x = 0). The adequacy of the exponential fit
is automatically calculated as r2 (1-residual variance/total variance).

Figure 4. Estuarine shape. Results are from Mangyeonggang estuary, South Korea, in 1985 (a) and in
2015 (b). The Mangyeonggang estuary is an example, where land reclamation at the estuary mouth
has resulted in channel straightening (i.e., increase in estuarine shape Sb). Estuarine convergence
length (Lb) is calculated by fitting nonlinear least-square fit and determining the point, where the
channel width is W/e (W = width at channel mouth and e = 2.72) (blue dashed line). Estuarine shape
is calculated based on the width at the estuary mouth and the convergence length. r2 indicates the
adequacy of the exponential fit.
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2.1.6. MorphEst Output

MorphEst produces an excel table and a MATLAB table as output. The resulting tables
contain information about the longitude and latitude of the estuary mouth, measured depth
at the mouth, corrected depth at the mouth (i.e., minimum depth of 1.3 m (see Section 2.2.2
Data Preparation)), M2 tidal amplitude, estuarine length, estuarine surface area at time
1 and 2, estuarine surface area change (in area and percent relative to its size at time 1),
total area of estuarine surface loss as well as area loss due to natural, human and other
factors, total estuarine surface area gain due to relative sea level rise, convergence length,
shape, and r2 (Supplementary Tables S1–S3). The output data (e.g., regions of area change,
centerline, width, etc.) can be visualized in MATLAB or exported to use in other geospatial
programs such as ArcGIS.

2.2. MorphEst Validation
2.2.1. Study Area

South Korea is located between 34◦ to 38◦ N latitude and 126◦ to 130◦ E longitude
(Figure 5). The east coast of the peninsula faces a narrow continental shelf and conti-
nental slope with a width varying between 10 and 20 km and a steepness of 0.4◦ [62],
whereas the west coast of Korea extends to a wider and shallower continental shelf with
vast areas of intertidal sand and mudflats that have formed in a tide-dominated envi-
ronment [63] (Figure 5). Because of the varying ocean morphology, the tide range varies
significantly between less than 1 m on the east coast and 10.5 m in Incheon on the northwest
side of the Korean peninsula [64]. This large tidal range from the east coast to the northwest
coast offers the possibility to explore a variety of estuarine shapes. Moreover, South Korean
estuaries and coasts have been altered by major engineering projects such as the installment of
estuarine dams or seawalls for land reclamation projects (Figure 5) [9,65]. Approximately half
of the previously identified 463 estuaries are classified as closed following the installment
of an estuarine dam or sluice gate [66], and more than 1000 km2 of tidal flats have been
reclaimed since the early 1980s [67,68]. These large-scale engineering projects modified the
tidal regime along the coasts and estuaries within the last century [5,9,65,69]. South Korean
estuaries are therefore a good example of modified systems that have undergone changes
in size and shape over the last few decades and are an ideal study site to investigate the
effect of human impacts on modern-day estuaries.

2.2.2. Data Preparation

To test MorphEst, channel masks for 39 estuaries with a mouth width of >90 m along
the South Korean peninsula in 1985 and 2015 were extracted based on the global surface
water dataset (Table 3) [71]. The global surface water dataset provides the yearly extent
of the seasonal (tidal flats) and permanent (open water) water occurrence with a pixel
resolution of 30 m × 30 m. Extracted channel masks include the permanent and seasonal
extent of estuarine surface waters because human alterations, such as land reclamation
commonly occur in shallow waters and intertidal regions [32,67]. The start year of 1985 was
chosen as it marks the beginning of the Landsat 7 missions and, therefore, high-resolution
satellite images. Additionally, the minimum estuary mouth width of 90 m was chosen as it
includes at least three pixels to ensure robust estuarine shape calculations. The location
and width of the estuary mouth were manually measured in Google Earth using the show
ruler tool.

Estuarine length-related depth and M2 tidal amplitude information are based on the
SRTM15+ [70] and FES2004 datasets [72], respectively (Table 3). In some cases, the SRTM15+
dataset may only contain land elevation information at the estuary mouth due to the coarser
resolution of the bathymetry dataset compared to the resolution of the channel mask. In this
case, depth information of the water point closest to the estuarine mouth location was
extracted. Because the global bathymetry dataset may underestimate the depth at the
estuarine mouth (‘Depth Measured’, Supplementary Table S1), MorphEst’s Est_Length
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function applies a minimum depth of 1.3 m based on the depth distribution of 62 estuaries
worldwide (‘Depth Corrected’, Supplementary Table S1) [10,61,73,74].

Figure 5. (a) Location of analyzed South Korean estuaries. Bathymetry is based on SRTM15+ [70]. Numbers indicate
individual estuaries, and are arranged from north to south along the west coast, west to east along the south coast, and south
to north along the east coast. Satellite images were downloaded from https://earth.esa.int/web/earth-watching/home/-/
article/saemangeum-dam-south-korea, and show increasing human modifications for the Saemangeum estuary between
1987 (b) and 2013 (c).

Table 3. Data source for functions and spatial resolution of datasets. Datasets have global coverage so that they can be
applied to every estuary in the world. For local studies, the datasets can be exchanged for higher-resolution datasets.

Data Source Variable Spatial Resolution Function

Global Surface Water
Dataset [71] Channel Mask 30 m × 30 m Input

FES2004 [72] M2 Tidal Amplitude 1/8◦ Est_Length

SRTM15+ [70] Bathymetry 15 arcseconds Est_Length

Land Cover Climate Change
Initiative Climate Research

Data Package [75]
Land Use 300 m × 300 m Est_AreaChange_Land

The differentiation between natural and human-induced estuarine surface area loss
was extracted from the 2010 Land Cover Climate Change Initiative Climate Research Data
Package [75] (Table 3). The global land cover dataset identifies the main land-use practice
within a 300 m × 300 m area and assigns a number to each land-use classification. Here,
MorphEst defines reclaimed land as land classified as urban and/or agriculture, while nat-
ural land represents land classified as forest, grassland, or barren land. Misclassifications of
estuarine surface area loss as water arise from the different resolution of the land-use
dataset (300 m × 300 m) and the channel mask (30 m × 30 m). However, this issue can
be solved with the input of a higher resolution land-use dataset. Unfortunately as of this
writing, the authors are unaware of the existence of a global land-use dataset with a higher
resolution than the one used as input for MorphEst.

https://earth.esa.int/web/earth-watching/home/-/article/saemangeum-dam-south-korea
https://earth.esa.int/web/earth-watching/home/-/article/saemangeum-dam-south-korea
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2.2.3. Error and Sensitivity Analysis

To assess the performance of MorphEst, MorphEst-based estimates for estuarine
surface area and area change were compared with ArcGIS-based measurements of all
39 Korean estuaries. Here, ArcGIS-based measurements were based on the same channel
mask used as input for MorphEst to test the performance of MorphEst independent of the
accuracy of the channel mask. To summarize ArcGIS-based changes in estuarine surface
area through time, the estuarine length was manually located along each estuary channel
in 1985 and 2015 using the Measure tool in ArcGIS, where estuarine length estimates
are based on previous MorphEst outputs. It is noted that the manual measurement of
the estuarine length along the approximate middle of the estuarine channel may be less
accurate due to manual digitizing errors so that estuarine surface area calculations may
slightly diverge from estimates provided by MorphEst. Each estuary was then cut at the
estuarine length location, and estuarine surface area for both time steps was measured
using the Calculate Geometry tool. Areal loss was summarized between two timesteps
by erasing the 1985 estuarine surface area from the 2015 estuarine surface area with the
Erase tool, while areal gain was summarized by erasing the 2015 estuarine surface area
from the 1985 estuarine surface area. ArcGIS-based estuarine surface area in 1985 and
2015 as well as surface area gain and loss were then compared with similar MorphEst
outputs. Goodness of fit was characterized using Spearman’s nonparametric correlation
coefficient [40], and the Nash–Sutcliffe efficiency (NSE) coefficient [76]:

NSE = 1 −

 ∑n
i=1

(
Yobs

i − Ysim
i

)2

∑n
i=1 (Y

obs
i − Ymean)

2

,

where Yobs
i is the ith observation of the variable being considered, Ysim

i is the ith simulated
value for the variable being considered, Ymean is the average value of the considered
variable, and n is the total number of observations [77]. The NSE coefficient was developed
for hydrological modeling and results in values ranging from –∞ to 1, where a value of
1 indicates a perfect agreement between model predictions and observed data [41]. Finally,
the standard deviation was calculated, using MATLAB’s built-in statistical functions.

To validate MorphEst-based shape estimates, ArcGIS-based along-channel width of
four representative large estuaries (Han River, Geum River, Yeongsan River, Nakdong River)
were calculated in 2015. The Polygon to Centerline Tool for ArcGIS [78] created a center-
line for each estuary. At the same time, estuaries with irregular bank shapes produced
spurious branches along the centerline. These branches were then manually trimmed
so that the final centerline follows the overall channel structure. Once the centerline is
created, the Transect tool [79] was used to create lines perpendicular to the centerline with
a distance of 200 m between individual transects. Here, the Transect tool requires the input
of a pre-defined transect length, which is defined as the width at the estuary mouth as this
is commonly assumed to be the widest region of the estuary [26,60,61]. This ensured that
the transects cover all portions of the estuary. The transect lines were then clipped to the
estuary channel extent delineating the along-channel width as the length of each transect.
However, some transect lines along the main channel seem to overestimate the estuarine
width when compared to the width of close by smaller branches. A 200 m reduction
from each of the MorphEst width measurements was applied to account for pixels that
were previously added during the smoothing process. MorphEst width estimates were
then compared at each transect-centerline intersection to the spatially closest ArcGIS-based
width measurement while excluding width points that were more than 10 pixels (i.e., 300 m)
upstream or downstream from the intersection (n = 3833). Finally, the NSE coefficient was
calculated and the Spearman’s nonparametric correlation coefficient was used to estimate
the goodness of fit.

In order to test the effect of decreasing spatial resolution of the estuary channel mask
on the MorphEst outputs, the original 30 m channel masks were resampled to a resolution
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of 60, 90, and 120 m for 22 channel masks as described in [38]. Then, total estuarine surface
area in 1985 and 2015, estuarine surface area net change between 1985 and 2015, and the
average shape value were calculated and compared for 22 channel masks with different
pixel resolution.

In many cases, the run-time of ArcGIS-based calculations, especially centerline cre-
ation, exceeded the run-time of calculations using the MorphEst package. For example,
area change and shape calculations of the 4972 pixel × 4811 pixel channel mask of Han
River (Figure 2) using MorphEst required approximately 10 min, whereas the same calcula-
tions using manual processing in ArcGIS required several hours.

3. Results
3.1. Validation and Sensitivity of MorphEst Measurements

All data is displayed in Supplementary Tables S1–S3. Estuarine surface area and
estuarine surface area change computed using MorphEst closely matched ArcGIS-based
measurements (area: r = 0.99, p � 0.05; area change: r = 0.98, p � 0.05) (Figure 6a,b).
On average, MorphEst correctly estimated 98% of both the manually measured estuarine
surface area and area change, respectively. The NSE coefficients were 0.98 for estuarine
surface area and 0.95 for estuarine surface area change, and lie within the range of previous
NSE coefficients estimated for river channel area change (e.g., 0.63–1.00 [41]). Inconsisten-
cies between the two approaches were mainly from the inaccurate manual measurement
of the centerline and estuarine length using the ArcGIS-based approach. These results
suggest that MorphEst-generated area measurements agree well with manual estimates.

Figure 6. Estuarine surface area and along-channel width validation. (a) Estuarine surface area validation (n = 39).
(b) Estuarine surface area change validation (n = 39). The large deviation between the 1:1 line and the regression line results
from outliers with area change exceeding 20 km2. The inset shows data points and the regression line with area changes of
less than 20 km2. M is MorphEst area change and A is ArcGIS-based area change (c). Along-channel width validation for
four major estuaries (n = 3833). Comparisons between MorphEst measurements and ArcGIS-based estimates suggest that
MorphEst accurately quantifies estuarine geometry.

MorphEst width measurements were closely related with ArcGIS-based estimates
(r = 0.92, p � 0.05) (Figure 6c). On average, MorphEst correctly estimated 82% of the
manually measured width values. The NSE coefficient was 0.82 and lies within the range
of previous NSE coefficients estimated for river width (e.g., 0.06–1.00 [41]). Regression of
MorphEst widths and ArcGIS-based estimates yields a slope that deviates by 2% from
unity. The goodness of fit and slope deviations of the four Korean estuaries analyzed here
were similar to those reported in other width studies of river channels (e.g., r = 0.83 [40],
r = 0.74–0.85 [45]; <1% deviation [44]; 3–16% deviation [40]), but tend to deviate in
regions with small channel branches. The ArcGIS Transect tool requires the input of
one pre-defined transect length, which is applied to all transects throughout the en-
tire estuary so that transects in narrower regions may crossover to smaller branches.
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Comparisons between width estimates along the main channel and estimates of smaller
branches within a distance of less than 300 m then result in an overestimation of Mor-
phEst widths (Figure 6c). On average, these results suggest that MorphEst provides a good
representation of channel widths, which can then be used to calculate estuarine shape.

Sensitivity analyses showed that decreasing pixel size results in only small changes
in total estuarine surface area in 1985 and 2015, net area change, and average shape
(Table 4). Although total area in 1985 and 2015 and average shape somewhat increased
with pixel size, differences in net area change were minimal (maximum change less than
6%). Together, these results suggest that the accuracy of MorphEst only slightly decreased
with decreasing pixel size, and that MorphEst can capture the overall trend of area change
regardless of the resolution of the input channel mask.

Table 4. Sensitivity analysis. Variations in the total area in 1985 and 2015, net area change as well as
mean shape based on the resampled channel masks (n = 22) to four different spatial resolutions.

Resolution
(m)

Sum Area 1985
(km2)

Sum Area 2015
(km2)

Area Change
(km2)

Mean Shape
(Dimensionless)

30 468.4 366.4 −102.0 13.0
60 479.2 378.5 −100.7 14.8
90 490.6 387.2 −103.4 14.5

120 495.5 388.7 −106.8 18.0

3.2. Surface Area Change of South Korean Estuaries between 1985 and 2015

Estuaries in 1985 included 487.7 ± 17.7 (1 SD) km2 of surface water, and the same estu-
aries included 385.4 ± 13.6 km2 of surface water in 2015 (Supplementary Table S2). Estuar-
ine surface area along the west coast of South Korea was 398.5 ± 21.3 and 296.7 ± 16.6 km2

in 1985 and 2015, respectively, while it was 58.4 ± 5.3 and 57.4 ± 5.4 km2 in 1985 and 2015,
respectively, along the south coast. On the other hand, estuarine surface area along the
east coast was 30.8 ± 5.1 and 31.3 ± 5.1 km2 in 1985 and 2015, respectively (Supplemen-
tary Table S2). Overall, the total extent of estuaries along the South Korean peninsula has
decreased throughout the last thirty years (Figure 7). Estuarine surface area loss exceeded
surface area gain along all three Korean coasts, where the majority of change occurred
along the west coast of South Korea. Summed across the entire country, 18.9 ± 0.7 km2 of
new estuarine surface area was created and 121.2 ± 8.2 km2 of estuarine surface area was
lost, resulting in a total net area loss of about 102.1 ± 8.2 km2 or 21%.

Net change in estuarine surface area differed widely between individual estuarine
systems (Supplementary Table S2). For example, a maximum loss of ~77% of estuarine
surface area was observed for Haenamcheon (#18 on Figure 7), while a maximum gain of
~188% of estuarine surface area was observed for Galgokcheon (#12 on Figure 7). Eleven out
of 39 estuaries had area gain exceeding 10%, 12 estuaries had area loss exceeding 10%,
and 16 estuaries showed a net change of less than 10%. Overall, estuarine surface area
loss ranged between 0.01 and 39.2 km2 with area loss peaking along the middle portions
of the west coast and the smallest area loss occurring along the east coast of South Korea
(Figure 7). Estuarine surface area gain ranged between 0.02 and 2.8 km2 with the largest
area gain also occurring along the middle portions of the west coast and the smallest area
gain occurring along the east coast.

Estuarine surface area loss was 58% due to human-induced causes, 28% due to nat-
ural causes, and 14% due to other reasons (Figure 7). Natural area loss ranged between
0.01 and 8.6 km2 and was most prominent along the west coast. Human-induced area loss
varied between 0 and 20.6 km2 and mostly occurred along the middle portions of the west
coast. Overall, approximately 33.6 km2 of estuarine surface area were lost naturally due
to sediment accretion, while human alterations resulted in the loss of about 70.1 km2 of
estuarine surface area. Simple linear regression indicated a negative relationship between
estuarine surface area change and land reclamation (r = −0.72, p � 0.05) (Figure 8). In gen-
eral, both estuarine surface area expansion and contraction mainly occurred along the
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west coast of South Korea, which is generally characterized as a gently sloped macrotidal
environment with several large estuaries (Figure 5).

Figure 7. Estuarine surface area change along the South Korean peninsula between 1985 and 2015. Cool colors indicate
estuarine surface area gain, and warm colors indicate estuarine surface area loss. Percentages in parentheses indicate
percent net change relative to the estuaries’ initial size in 1985 summed by coast. Area information for each estuary
can be found in Supplementary Table S2. Estuarine surface area loss can be divided into natural, human, and others.
Human-induced surface area loss generally includes loss due to agricultural or urban expansion following major land
reclamation projects, whereas natural surface area loss includes loss due to sediment accretion. Other surface area loss
includes regions misclassified as water due to the different resolution of the land-use dataset and channel mask. Overall,
estuarine surface area decreased between 1985 and 2015, with the largest net area loss occurring along the west coast of the
Korean peninsula.

Figure 8. Comparison of land reclamation (%) and net change in estuarine surface area (%) between
1985 and 2015. CI indicates a 95% confidence interval. Net estuarine surface area change was
negatively correlated with land reclamation (r = −0.72, p � 0.05) so that estuarine surface area tends
to contract in areas of large land reclamation projects.
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3.3. Shape Distribution of South Korean Estuaries

The shape of Korean estuaries varied substantially throughout the entire peninsula, rang-
ing from funnel-shaped (Sb = 1.2) to straight (Sb = 7 × 105) (Figure 9; Supplementary Table S3).
The smallest shape value was observed for Changwoncheon (#27 on Figure 5), which is
located along the south coast of Korea, whereas the largest shape value was found in the
Galgokcheon (#12 on Figure 5) estuary along the west coast. Twenty-one out of 39 estuaries
had shape values less than 10, 15 out of 39 estuaries had shape values between 10 and 100,
and 3 out of 39 estuaries had shape values larger than 100. Simple linear regression indi-
cated no relationship between estuarine shape and land reclamation (p � 0.1) (not shown).
Overall, estuaries along the tide-dominated west coast were generally more funnel-shaped
compared to straighter estuaries along the wave-dominated east coast of Korea.

Figure 9. Shape distribution (Sb) of Korean estuaries in 2015. Small estuarine shape values indicate
funnel-shaped estuaries, whereas large estuarine shape values indicate straight channels. Overall,
estuaries along the tide-dominated west coast of Korea are more funnel-shaped compared to straighter
estuaries along the wave-dominated east coast of Korea. Variations in estuarine shape may arise
from human alterations such as land reclamation (see Figures 4 and 10).

4. Discussion
4.1. Land Reclamation as Main Driver of Estuarine Surface Area Loss

Our results that Korean estuaries have decreased in surface area over the last three
decades is consistent with previous findings that identified Korean tidal flats as vulnera-
ble to human impacts such as land reclamation. Tidal flats along the west coast of Korea,
for example, are well recognized to be disappearing as a result of urban, industrial, and agri-
cultural land reclamation [32,67]. Approximately 83.1% of the area reclaimed by the Korea
Rural Community Cooperation since 1970 was located along the west coast [67], with a
total loss of 1606.7 km2 since the 1970s [67] and 572.5 km2 since the early 1980s [32]. Al-
though many differences between methods and study site extent could be responsible for
the disparity, our estuarine surface area loss measurements (121.2 km2 between 1985 and
2015) are likely lower than previous estimates since this study mostly includes estuarine
environments, whereas previous work focused on tidal flats along the entire west coast of
Korea including regions outside of estuaries (e.g., Incheon Airport). Nevertheless, our re-
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sults suggest that land reclamation has led to approximately 60% of the observed estuarine
surface area loss and that estuarine environments are sensitive to human alterations.

4.2. Human Impacts on the Shape of South Korean Estuaries

Estuarine morphology is widely considered to reflect the relative importance of wave,
tide, and river forcing [20–25]. Tide-dominated estuaries tend to widen downstream [24]
and therefore exhibit a funnel-shape [26], whereas wave- and river-dominated estuaries
are more likely to be straight as occasional large fluvial floods transport sediment to the
mouth [27]. Although Korean estuaries generally followed this trend, where estuaries along
the tide-dominant west coast tend to be funnel-shaped compared to straight estuaries along
the wave-dominated east coast, the shape of some estuaries was variable compared to the
shape that would be predicted based on the dominant forcing due to human development
(Figure 9). Land reclamation, for example, may increase estuarine shape and lead to
channel straightening to the effect that their shape more closely resembles a wave- or
river-dominated estuary. A similar relationship was observed along the Nakdong estuary,
where anthropogenic alterations have resulted in a shift from a tide-dominated to a wave-
dominated estuary [9].

There was no significant relationship between estuarine shape and the amount of
land reclamation (p � 0.1) (not shown). Land-use-derived land reclamation estimates may
therefore not be sufficiently accurate to identify correlations between human constructions
and estuarine spatial features. In particular, our land reclamation estimates simply state
the relative amount of lost estuarine surface area that has turned into urban or agricultural
land, rather than the position within the estuary. Figure 10 shows the position of land
reclamation within an estuary along the west coast of South Korea, which is a site where
land reclamation along the upstream portions of the estuary has resulted in an overall
funneling rather than the expected straightening. On the other hand, land reclamation
close to the estuary mouth generally leads to channel straightening. Our findings therefore
emphasize that estuarine shape is largely controlled by the dominant forcing and that
human alterations, such as land reclamation, may lead to changes in the overall estuarine
planform geometry.

Figure 10. Importance of the location of land reclamation. Example is shown for Watancheon
estuary, where land reclamation further upstream within the estuary has resulted in a decrease in
estuarine shape. The yellow outline indicates the estuarine extent in 1985 (a) and 2015 (b), and the
red outline shows the location of land reclamation between 1985 and 2015. The location of land
reclamation within an estuary determines if an estuary becomes straighter or more funnel-shaped.
Land reclamation at the mouth of the estuary generally results in channel straightening (see Figure 4),
whereas land reclamation located further upstream results in an overall funneling.
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4.3. Future Research

South Korean estuaries represent a good example of how human alterations have
historically altered estuarine spatial attributes. Land reclamation has resulted in the loss of
estuarine surface area along the South Korean peninsula, but it is unclear how the balance
between human-induced and natural change affects estuarine shape. Our results therefore
suggest that there are important limitations to simple land reclamation estimates and that
more process-based studies are needed to discern the role of coastal development and
natural processes in determining estuarine shape. Future work should therefore focus
on determining the location of land reclamation within the estuary to clearly distinguish
between the straightening and funneling effects of human development. Additionally,
because Korean estuaries are considered to be altered, further research focusing on more
natural environments is needed to emphasize the relative importance of the dominant
forcing such as waves, tides, and river discharge.

5. Conclusions

This study presents MorphEst, the first toolbox that automatically measures estuarine
planform geometry including estuarine length, estuarine convergence length, shape, and es-
tuarine surface area change due to natural or human factors. The accuracy of MorphEst
was validated with ArcGIS-based area change and width measurements, suggesting that
MorphEst accurately estimates estuarine surface area, area change, and shape. Our results
showed that large-scale land reclamation projects during the last thirty years have resulted
in the loss of estuarine surface area along the South Korean peninsula so that the size
and shape of Korea’s modern-day estuaries largely deviate from what may be expected
based on the natural forcing. Overall, MorphEst will help to improve the ability to solve
research questions associated with estuarine morphological evolution as it introduces a
tool to efficiently measure estuarine spatial features from remotely sensed imagery.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-429
2/13/2/330/s1, Table S1: Summary of estuary properties, Table S2: Summary of natural and human-
induced estuarine surface area change, Table S3: Summary of estuarine convergence. The source
code, information about all publicly available data required as input for MorphEst, and example files
are available in the Supplementary Material.
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