Coastal Erosion from Space

Algorithm Theoretical Baseline Document
Ref: SO-TR-ARG-003-055-009-ATBD-WL
Date: 23/12/2020

Customer: ESA
Contract Ref.: 4000126603/19/I-LG

© 201719 ARGANS

Coastal Erosion from Space
Waterline ATBD

This page is intentionally left blank

© 2019 ARGANS

Ref.: SO-TR-ARG-003-055-009-ATBD-WL
Date: 30/10/2019
Page : ii

Coastal Erosion from Space
Waterline ATBD

Ref.: SO-TR-ARG-003-055-009-ATBD-WL
Date: 30/10/2019
Page | 1

Version and Signatures
Version

Date

Modification

Version 1

19/09/2019

–

30/09/2019

Review and rewriting section1

03/10/2019

Review

10/10/2019

Section2 and modification of section1

20/10/2019

Review

25/11/2019

New adding

06/12/2019

Review

V 2.0

23/12/2020

Final amendments

Verification by

François-Regis Martin-Lauzer

Authorisation

Craig Jacobs

V 1.1

© 2019 ARGANS

Coastal Erosion from Space
Waterline ATBD

Acronyms
CSI: Coastal state indicators
EO: Earth observation
GNDVI: Green normalized difference vegetation index
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SNR: Signal to noise ratio
SI: Shoreline indicators
TSM: Total Suspended Matter
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WL: Waterline
WW: White water

© 2019 ARGANS

Ref.: SO-TR-ARG-003-055-009-ATBD-WL
Date: 30/10/2019
Page | 2

Coastal Erosion from Space
Waterline ATBD

Ref.: SO-TR-ARG-003-055-009-ATBD-WL
Date: 30/10/2019
Page | 3

Applicable and reference documents
Id

Description

Reference

AD-1

Requirement Baseline Document

SO-RP-ARG-003-055-006-RBD_v1.0_20190916

AD-2

Geolocation ATBD

SO-TR-ARG-003-055-009-ATBD-GL

AD-3

Web Services Specification

SO-RP-ARG-003-055-008-WEB

AD-4

Technical Specification Document

SO-TR-ARG-003-055-009-TSD

© 2019 ARGANS

Coastal Erosion from Space
Waterline ATBD

Ref.: SO-TR-ARG-003-055-009-ATBD-WL
Date: 30/10/2019
Page | 4

1 Contents
Version and Signatures --------------------------------------------------------------------------------------------------------- 1
Acronyms --------------------------------------------------------------------------------------------------------------------------- 2
Applicable and reference documents--------------------------------------------------------------------------------------- 3
List of Figures ---------------------------------------------------------------------------------------------------------------------- 5
1 Overview and Background Information ------------------------------------------------------------------------------- 7
1.1

Product requirement ----------------------------------------------------------------------------------------------- 7

1.2

Quick Review – Feasibility ----------------------------------------------------------------------------------------- 8

1.3

Product Specifications -------------------------------------------------------------------------------------------- 15

2 Algorithm Description ---------------------------------------------------------------------------------------------------- 17
2.1

Data Processing outline ------------------------------------------------------------------------------------------ 17

2.2

Algorithm Input ---------------------------------------------------------------------------------------------------- 18

2.3

Theoretical Description of the models in background of the procedure ---------------------------- 19

2.4

Algorithm output -------------------------------------------------------------------------------------------------- 27

2.5

Algorithm Performance Estimates ---------------------------------------------------------------------------- 28

3 Conclusion ------------------------------------------------------------------------------------------------------------------- 35
3.1

Assessment of limitations --------------------------------------------------------------------------------------- 35

3.2

Mitigation------------------------------------------------------------------------------------------------------------ 35

4 References ------------------------------------------------------------------------------------------------------------------- 37

© 2019 ARGANS

Coastal Erosion from Space
Waterline ATBD

Ref.: SO-TR-ARG-003-055-009-ATBD-WL
Date: 30/10/2019
Page | 5

List of Figures
Figure

Description

Page

Figure 1.1: Diagram of the image processing chain and data flow in Liu & Jezek (2004). -------------------- 10
Figure 1.2: Waterline detected by the processor from a GeoEye image ------------------------------------------ 12
Figure 1.3: NDVI white waves respond on a fitted histogram (left) of z RGB image (right) ------------------ 13
Figure 1.4: Description of cross-shore profile, defining multiple coastal features and the extent of multiple
zones. Source: Lindley S. Hanson ------------------------------------------------------------------------------------------- 13
Figure 1.5: Relation between spatial and temporal scales of morphological features and fluid motions
associated with sandy beaches. Source: © Masselink and Kroon -------------------------------------------------- 15
Figure 2.1: Sketch of the computer program ---------------------------------------------------------------------------- 17
Figure 2.2: Horizontal shift of 1 pixel as a result of co-registration on S2A L2 image of El Prat Barcelona
24/03/2019. Red is non co-registered and purple from co-registered data.------------------------------------- 18
Figure 2.3: Spectral reflectance curves for vegetation, soil and water (Lillesand, Kiefer, & Chipman, 2004)19
Figure 2.4: Definition of terms related to tides ------------------------------------------------------------------------- 21
Figure 2.5: Zoom of an NDVI image over a coast area in Barcelona (left) and cross shore profile corresponding
to the pins’ values (right) ----------------------------------------------------------------------------------------------------- 22
Figure 2.6: Spectral profile of sea (blue) and land –mix land cover (green) of Barcelona -------------------- 23
Figure 2.7: NDVI-based waterline, kernel centres, binary classification & ROI at Barcelona 24/03/2019 25
Figure 2.8: NDVI-based waterline at Barcelona 24/03/2019 --------------------------------------------------------- 25
Figure 2.9: Illustration of error and uncertainty. Error in measurement (purple), uncertainty (green), (a)
conventional random error, (b) systematic component error, cannot be characterized with a single value
(Povey and Grainger, 2015) -------------------------------------------------------------------------------------------------- 26
Figure 2.10: (right) internal quality control, noise correctly identified by lower scores (red and orange). And
(left) external quality control – darker colours representing noise, and the bright line around the coast showing
the density of waterlines where we would expect to detect them. ----------------------------------------------- 28

© 2019 ARGANS

Coastal Erosion from Space
Waterline ATBD

Ref.: SO-TR-ARG-003-055-009-ATBD-WL
Date: 30/10/2019
Page | 6

Figure 2.11: GNDVI-based summer waterlines along Longue Pointe de Mingan, QC, Canada -------------- 29
Figure 2.12: BNDVI-based waterline, kernel centres, binary classification & ROI at Barcelona 24/03/201930
Figure 2.13: BNDVI-based waterline at Barcelona 24/03/2019 ----------------------------------------------------- 30
Figure 2.14: GNDVI-based waterline, kernel centres, binary classification & ROI at Barcelona 24/03/201931
Figure 2.15: GNDVI-based waterline at Barcelona 24/03/2019 ----------------------------------------------------- 31
Figure 2.16 : Clouds, white water and passing airplane causing discontinuities and false edges in BNDVI-based
waterline, Barcelona, 21/08/2019 S2 tile T31TDF ---------------------------------------------------------------------- 32
Figure 2.17: Comparison of the adequacy of different band ratios for producing the S2-based waterline for the
Wexford Estuary, Ireland.----------------------------------------------------------------------------------------------------- 33

© 2019 ARGANS

Coastal Erosion from Space
Waterline ATBD

1

Overview and Background Information
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The overall objective of the Coastal Erosion from Space project is to retrieve Coastal State Indicators (CSI)
which describe the dynamic-state and evolutionary trends of coastal systems, from Shoreline Indicators (SI),
gauges, pointers or markers that are used as proxies to represent the shore (either visible discernible features,
or tidal datum-based indicators) to get isobaths and isohypses (contour lines).
Coast, coastline, shore and shorelines are often confused, although the focus is on the same geographical
features:
•

a shore or a shoreline is the fringe of land at the edge of a body of water (the ‘line’ is quite thick on a
large-scale map, e.g. 1:5,000, but very thin on a small-scale map, e.g. 1:1,000,000. Thus, a precise line
that can be called a shoreline cannot be determined if it does not refer to a representation scale or
spatial frequency cut),

•

a coast, also called coastline or seashore, is a shore which borders the sea; however, coast often refers
to an area far wider than the shore, often stretching miles into the hinterland.
Information content quality and value

1D EO products, shorelines from waterlines, are designed by identifying points in the digital images at which
the image characteristics change sharply when coming landward from the sea. Those shorelines are needed
to map and study the dynamics of the land/water interface whether visible or not to the human eye.
Land/water delimitation is generally equated with the maritime boundary; however, all land/water edges are
not necessarily maritime. We have the example of lacs, riverbanks or offshore sand bars that may be
underwater most of the time. We here consider as waterline, each land/water interface connected to the sea
and inside our "coastal area", i.e. buffer around the coast which delimits our area of interest for the project.
We thus consider riverbanks near the coast if they are open to the sea, and offshore sand bars when they are
above water.
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Product order & delivery services
The 1D proxy-based shoreline indicator (waterline) product is based on 25-years of EO data. We use different
spectral properties of optical data sets as reported for studies exploiting data at different resolutions (namely
LANDSAT 5 and 8 at 30m and SENTINEL-2 at 10m, and also VHR (including SPOT, IKONOS, PLEIADES and
Worldview at 5m or less).
Every waterline is delivered to a specific naming convention format. The naming convention includes
identification information about each waterline including; a coastal erosion identifier (CE), a start date, type
(eg . VNIR or SAR waterline), category, level, coordinates, sensor qualifier, production date and the extension
(.tif). All codes are separated by an underscore.
The following template is used:
CE_<startdate>_<type>_<category>_<level>_<bbox>_<qualifier>{_<enddate>_}_<procdate>.<ex
tension>

An example waterline:
e.g. CE_201910161210_WL_OB_L2_504401N001429E-511858N012212E_S2_200311.shp
For full information regarding the naming convention, please refer to the Web Services Specification (AD-3).

The waterline product includes the delivery of:
•

decadal geomorphological changes over a 25-year period based on waterlines (= proxy-based
shoreline indicators).

•

a feasibility study with regards to monitoring the shoreline with the Sentinel HR constellation, or other
public satellites, and only with commercial VHR satellites for large scale observations as appropriate.

Delivery as an ESRI shapefile for GIS software.

1.2

Quick Review – Feasibility

There have been a number of approaches to proposing methods for defining proxy waterlines based on
multispectral EO products. Various image analysis methods have been applied, for instance change detection
and different classification procedures. Several of them relied on band ratios, such as the NDVI, as input
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parameters for classification to aid the definition of boundaries between different categories of land and
between the land and sea as well1.
Satellite sensors and mission
Please refer to the Geolocation ATBD (Ref: SO-TR-ARG-003-055-009-ATBD-GL, AD-2)
Models specification
Land cover identification is usually done by classification2,3, however, due to the spectral characteristics of
water, other methods are more effective for the identification of the interface between land and water. At
first, waterline detection was done manually by operators on aerial photography, now remote sensing allows
for the detection of features over larger areas at the same time, and multi-spectral and multi-temporal analysis
improves the detection process. With aerial photography, waterline was identified by eye using the available
spectra (black and white or colour). The waterline was depicted by a change in the grey tone, and a correction
was applied to remove tidal effects4. The generation of commercial high-resolution satellite imagery allows an
improvement in shoreline indicators mapping, spatial resolution is comparable to that of aerial photographs
for a lower cost, and the short revisit time allows stereo mapping. The instantaneous shoreline can be
extracted from a single band image, due to water’s strong spectral absorption. A histogram thresholding
process carried out on one infra-red band will separate water bodies (low values) and land (high values).
However, finding the exact value at which land begins has remained an issue.
On the other hand, a threshold on a band ratio histogram instead of on a single band histogram is more
marked, water and land are directly separable5. Usually, brightness is used, but also spectral indices such as
NDVI or NDWI. Another approach for shoreline extraction is to realize a segmentation to partition the input
image into homogeneous regions with a locally adaptive threshold. Then a differentiation between coast edge

1

Muttitanon, W. & author, N. K. T. C. Land use/land cover changes in the coastal zone of Ban Don Bay, Thailand using Landsat 5 TM

data. International Journal of Remote Sensing 26, 2311–2323 (2005).
2

Keuchel, J., Naumann, S., Heiler, M. & Siegmund, A. Automatic land cover analysis for Tenerife by supervised classification using
remotely sensed data. Remote Sensing of Environment 86, 530–541 (2003).
3

Mohammady, M., Moradi, H. R., Zeinivand, H. & Temme, A. J. A. M. A comparison of supervised, unsupervised and synthetic land use

classification methods in the north of Iran. Int. J. Environ. Sci. Technol. 12, 1515–1526 (2015).
4

Stafford, D. B. Air Photo Survey of Coastal Erosion. Photogrammetric Engineering & Remote Sensing 11 (1971)

5

Alesheikh, A. A., Ghorbanali, A. & Nouri, N. Coastline change detection using remote sensing. Int. J. Environ. Sci. Technol. 4, 61–66

(2007).
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and other6 regions are carried out. The variety of mathematical methods based on gradient operators falls
under the name “edge detection”. The result of applying an edge detector leads to a set of +/- connected
curves that indicate the boundaries of the sea.

Figure 1.1: Diagram of the image processing chain and data flow in Liu & Jezek (2004).

Auxiliary data
To make the process more efficient the computation of EO-based waterlines benefits from the addition of
approximate country shorelines/rough coastlines – e.g. country or coastline shapefiles available from the

6

Liu, H. & Jezek, K. C. Automated extraction of coastline from satellite imagery by integrating Canny edge detection and locally adaptive

thresholding methods. International Journal of Remote Sensing 25, 937–958 (2004)
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respective countries’ authorities (statistics offices, local government, etc.) or from a library of geospatial data
(e.g. ESRI). A rough coastline shape file can also be generated from the satellite imagery. The coordinate
reference systems of the EO products and the auxiliary rough coastline files should be identical.
Currently known issues
Obtaining a continuous waterline from EOs is not always possible, even with moderate complexity, i.e. taken
in calm weather, because of shoals, cusps, etc. Extracted edges are often hampered by fragmentation, when
the edge curves are not connected, missing edge segments as well as the introduction of false edges not
corresponding to the phenomena of interest in the image, i.e. the most landward discontinuity – thus
complicating the subsequent task of interpreting the image data. Although band ratios, such as NDVI, have
been useful classification tools, these discontinuity issues have surfaced in the context of waterline delineation
in relation to land use/land cover mapping7 and coastline change detection8,9 for instance.
One of the only reliable use of EO is the drawing of the instantaneous interface between the water and +/- dry
materials of the land, so-called “waterline” (WL), with the main difficulties being:
•

the confusion between land and sea in areas such as saltmarshes;

•

the wave run-up on the beach which provides an instantaneous waterline which is different from one
part of the beach to the other as EO sensors are scanners, and represent a WL at a temporal scale of
a few seconds when we look at coastal erosion at the scale of months, years, decades;

•

the errors due to the localization of submerged sand bars (and shoals);

•

with VHR data, breaking waves are visible and may be detected as waterline (see figure 1.2). For
shoreline monitoring, mainly based on handling contours (i.e. interfaces between water and land,
isobaths & isohypses, seafront, etc.), the EO resolution impacts their thickness, which represents the
precision of the contour measurement —not to be confused with the accuracy of positioning the
contour, and with the reliability of the segmentation between land and sea.

7

Muttitanon, W. & Tripathi, N. K. Land use/land cover changes in the coastal zone of Ban Don Bay, Thailand using Landsat 5 TM data,

International Journal of Remote Sensing, 26:11, 2311-2323 (2005).
8

Maglione, P. et al. Coastline extraction using high resolution WorldView-2 satellite imagery, European Journal of Remote Sensing,

47:1, 685-699 (2014).
9

Kumer Ghosh, M. et al. Monitoring the coastline change of Hatiya Island in Bangladesh using remote sensing techniques, ISPRS Journal

of Photogrammetry and Remote Sensing, 137–144 (2015).
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Figure 1.2: Waterline detected by the processor from a GeoEye image
The spectral response from crashing waves is higher than calm water and as such the processor identifies it as
land and defines a threshold seaward of the waves, NIR and SWIR values are significantly higher, which in turn
produce values in the band ratios that are somewhere in between common peaks for land and sea (see figure
1.3).
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Figure 1.3: NDVI white waves respond on a fitted histogram (left) of z RGB image (right)

Figure 1.4: Description of cross-shore profile, defining multiple coastal features and the extent of multiple
zones. Source: Lindley S. Hanson10
A waterline derived from EO is not only prone to observation errors, but cannot be considered as an isobath
or a contour line (isohypse), due to a. the waves reaching different height on the shore at different points
(wave set-up of the surf zone, wave run-up of the swash zone), and b. the tide height being different along the
shore because of shore morphology; as such it is critical to have an error/uncertainty budget.

10

http://w3.salemstate.edu/~lhanson/gls210/GLS210_coasts/beach1.htm

© 2019 ARGANS

Coastal Erosion from Space
Waterline ATBD

Ref.: SO-TR-ARG-003-055-009-ATBD-WL
Date: 30/10/2019
Page | 14

Potential solutions
There are two possible options for white water detection being considered:
•

White water values in RGB and NIR are commonly greater than three standard deviations above the
tile’s/scene’s mean values for each band, therefore placing them in the brightest 0.3% of the image.
These bright pixel locations are mapped, and an adaptation to the processor can be introduced if the
percentage of bright pixels is too high. Above this value we would expect to see a peak between those
of land and sea and thus we need to provide an additional constraint that we only take the trough
value on the landward side of the white-water peak. We could then add in confidence qualifiers within
metadata to say that due to the presence of white water, we have a lower confidence in the accuracy
of the line.

•

The brightest 0.3% of pixels are removed, and these regions are then filled in using values from the
surrounding pixels. A threshold is then derived from the region, which has now had the brightest white
water removed, using the standard method. As long as the bright regions are completely surrounded
by either land or sea, then they will be filled in correctly.
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Figure 1.5: Relation between spatial and temporal scales of morphological features and fluid motions
associated with sandy beaches. Source: © Masselink and Kroon11

1.3

Product Specifications

The shoreline indicator coastline is produced by the addition of in-situ information such as sea state,
meteorological forecast, tide information to a waterline which is the instantaneous boundary between water
and land. Waterlines will be computed from EO optical products (HR and VHR) using a locally adaptive
thresholding method on spectral indices: NDVI, BNDVI, GNDVI, etc. according to the type of land cover
(building on the established knowledge of the operator and the local specificities of the study locations). The
thresholding method is complimented by the insertion of a ‘rough’ threshold into the processing steps. Where
spectrally similar signals produce two troughs on the histogram of values, the rough threshold aids the
selection of the ‘correct’ value, improving continuity in the waterline delineation. The waterlines will be

11

COASTAL ZONES AND ESTUARIES – Morphology and Morphodynamics of Sandy Beaches - G. Masselink, A. Kroon
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extracted annually or seasonally according to erosion rate to develop regular monitoring tools; and around
storm-events to improve short-term response and emergency works. The waterlines will be vectorized and
will be available on a geoportal as ready-to-use products. Every waterline is produced with an associated
internal quality control (QC) score within the shapefile product. The internal QC analyses the geometric
characteristics of the waterline in segments and assigns a score between 0 and 100 (0 = low confidence, 100
= high confidence), the higher the score, the greater the confidence that the line is not erroneous. This is
discussed in more detail in section 2.

© 2019 ARGANS

Coastal Erosion from Space
Waterline ATBD

2

Algorithm Description

2.1

Data Processing outline

Figure 2.1: Sketch of the computer program
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The waterline processor is designed to process data from different sensors, and a standardisation step is
needed to fit data from different sensors to the right format. The user can choose a specific band ratio to apply
to the image or by default the processor will compute a BNDVI image. A binary classification performed based
on this ratio image will allow us to extract a rough coastline using a fix threshold, this coastline is a “guide”
along which a small kernel slides to produce a more precise waterline using an adaptive threshold. An
alternative or ‘rough’ threshold is provided to help mitigate against false edges. Edge detection methods
extract the produced waterline, and a vectorization step will save the waterline in vector format. The final step
is the generation of the internal QC score that is written into the vector file.
Pre-requisite
As we realise a comparative study over decades, all images need to be co-registered from a master image. An
example of co-registration can be seen below (Fig. 2.2), where the red line represents the waterline computed
from a non-co-registered image and the purple line from a co-registered image overlaid on the latter. As a
result, a horizontal shift of one pixel can be observed, implying a magnitude of 10m adjustment in the final
waterline product due to the pre-processing. For further details please refer to the Geolocation ATBD (AD-2).

Figure 2.2: Horizontal shift of 1 pixel as a result of co-registration on S2A L2 image of El Prat Barcelona
24/03/2019. Red is non co-registered and purple from co-registered data.

2.2

Algorithm Input
-

Co-registered optical image (HR or VHR)

-

Rough coastline from auxiliary data (optional)
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ROI (optional)

Theoretical Description of the models in background of the procedure
Physical Description

If the boundary between land and water is quite easy to detect by eye, this line may also be detected using
satellite imagery due to the spectral characteristics of water bodies.
Spectral profiles for bare soil, green vegetation and clear water are available on figure 2.3. Water bodies are
characterized by small reflectance in visible spectrum and a (quasi-) total absorption in higher wavelengths.

Figure 2.3: Spectral reflectance curves for vegetation, soil and water (Lillesand, Kiefer, & Chipman, 2004)
Figure 2.3:
NIR band, SWIR band and even band ratios using those spectral differences should allow for an accurate
waterline extraction.

Mathematical Description and calculation procedures
A waterline is the border between water and land at a given time 𝑡 in a given area– an instantaneous border:
𝑊𝐿(𝑡) = {𝑋⃗WL (𝑡, 𝑠)|𝑠 ∈ [𝑠0 (𝑡), 𝑠1 (𝑡)]}
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where 𝑠 is a curvilinear coordinate, 𝑋⃗ = (𝑋⃗ℎ , 𝑧)|𝑋⃗ℎ =(𝑥, 𝑦),
𝑧 can’t be derived from an image or EO (except if we were to perform stereo plotting with a couple of EOs
with proper accuracy), contrary to 𝑋⃗ℎ ;
EO
(𝑡, 𝑠)|𝑠 ∈ [𝑠0 (𝑡), 𝑠1 (𝑡)]} and 𝑧𝑊𝐿 (𝑡, 𝑠) is an external/ independent parameter
as such 𝑊𝐿EO (𝑡) = {𝑋⃗WL,h
ext (𝑡,
ext ⃗ EO (𝑡,
𝑒𝑥𝑡 (𝑡,
which will be noted 𝑧𝑊𝐿
𝑠); 𝑧WL
𝑠) = 𝑧WL
(𝑋WL,h 𝑠)) is not a constant, as the altitude of the sea level

changes from one place to the other because of the astronomical tides, the prevailing meteorology
(atmospheric pressure), and the consequences of meteorological events at the coast (wind waves & swells,
that break when reaching the shore).

However, the wave-filtered sea-surface away from the shore is a relative reference, its altitude to the geoid
or a reference ellipsoid or reference points ashore being known as astronomical tides are deterministic
⏜
ext
ext
(𝑠̑ ) + 𝑧ocean_as-tide
𝑧0,ocean
(𝑡, 𝑋⃗ℎ |𝑠𝑐𝑎𝑙𝑒) ; where .⏜. . represents spatial scales of the astronomical tides, i.e. a
few 1000s km, but they need be modulated by the ocean border geomorphological scales
⏜
ext
𝛿𝑧costal_as-tide
(𝑡, 𝑋⃗ℎ |𝑠𝑐𝑎𝑙𝑒 ∗)such as those of the English Channel, leading to
⏜
⏜
ext
ext
ext
(𝑠̑ ) + 𝑧ocean_tide
𝑧0,ocean
(𝑡, 𝑋⃗ℎ |𝑠𝑐𝑎𝑙𝑒) + 𝛿𝑧costal_tide
(𝑡, 𝑋⃗ℎ |𝑠𝑐𝑎𝑙𝑒 ∗)
as one expects an EO tile to be smaller than the length scale of the astronomical tide components, it becomes
ext
ext
ext
(𝑡) + 𝛿𝑧costal_tide
(𝑡).
independent from the position of the waterline: 𝑧0,ocean
+ 𝑧ocean_tide
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Figure 2.4: Definition of terms related to tides
Nevertheless, meteorological phenomena occurring at different scales provide additional considerations:
-

ext (𝑡),
atmospheric ones at scales of O(100 km), being larger than an EO tile, i.e.𝛿𝑧atm
incl. wind-driven

currents that may pile up water on a coast;
-

ext (𝑡)
ocean waves at scales from a few cm to hundreds of km, i.e. 𝛿𝑧waves
, this term having 3

components:
-

ext
(𝑠, 𝑡) which is considered as small
the effect of Stokes current induced by waves, i.e.𝛿𝑧waves,Stokes

enough to be discarded;
-

the wave set-up or local elevation in the mean water level on the foreshore caused by the reduction
ext
(𝑠, 𝑡);
in wave height through the surf-zone, i.e. 𝛿𝑧waves,set-up

-

the wave swash or alternate rise and fall of the waterline on the shore slope due the propagation and
ext
(𝑠, 𝑡).12
reflection of waves, i.e. 𝛿𝑧waves,swash

These result in the following:

ext
ext
ext
𝑒𝑥𝑡 (𝑡,
(𝑡|10mn) + 𝛿𝑧costal_tide
(𝑡|few-mn) +
𝑧𝑊𝐿
𝑠) = 𝑧0,ocean
+ 𝑧ocean_tide

ext
ext (𝑡|1h)
ext
(𝑠|10m, 𝑡|few-mn) + 𝛿𝑧waves,swash
(𝑠|1m, 𝑡|few-s)
𝛿𝑧atm
+ 𝛿𝑧waves,set-up

12 Summing up the last two terms results in wave run-up (the maximum level the waves reach up on the beach relative to the still

water level)
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Considering only the variations:
ext
ext
𝑒𝑥𝑡 (𝑡,
ext (𝑡|1h)
(𝑡|10mn) + 𝛿𝑧costal_tide
(𝑡|few-mn) + 𝛿𝑧atm
𝛿𝑧𝑊𝐿
𝑠) = 𝑧ocean_tide
ext
ext
(𝑠|10m, 𝑡|few-mn) + 𝛿𝑧waves,swash
(𝑠|1m, 𝑡|few-s)
+ 𝛿𝑧waves,set-up
EO
𝑒𝑥𝑡
a waterline 𝑊𝐿EO (𝑡) is defined by 𝑊𝐿EO (𝑡) = {(𝑋⃗WL,h
, 𝛿𝑧𝑊𝐿
)(𝑡, 𝑠)|𝑠 ∈ [𝑠0 (𝑡), 𝑠1 (𝑡)]}.

Translating this mathematical concept into the result of a computational process led to the development of
the waterline processor algorithm as described in sections 2.1, 2.2 and 2.3.1. The below highlights
mathematical procedures concerning the band ratio calculations involved with the algorithm.
Figure 2.5 focus on a coastal area in Barcelona, an NDVI image was computed and pixel values were extracted
across the shore to realise a profile. We observe, for sea areas, negative values whereas for land areas values
are positive. However, setting a threshold at zero is not enough to extract the sea/land boundary.

Figure 2.5: Zoom of an NDVI image over a coast area in Barcelona (left) and cross shore profile corresponding
to the pins’ values (right)

In the RGB image we can see that pin 13 is on the very edge of the water, whereas pin 14 is inland. In the cross
shore profile on the right, we can see the change between pin 13 and 14, going from negative to positive
values respectively.
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Acceptance of the Models
Remote-sensing data allow water bodies detection over large areas at a given time, studies have shown that
a single band classification using the infra-red band is giving a better representation of water bodies than
visible bands. However, some confusions are observed for urban areas and hill shadows. With a multispectral
classification, e.g. using band ratios, those confusions can be avoided13. Figure 2.6 shows that the separation
between build land areas and water bodies may be problematic while using a single band.

Figure 2.6: Spectral profile of sea (blue) and land –mix land cover (green) of Barcelona
A threshold according to a single band may produce different waterlines due to the effect of sediment load,
using band ratios allows to reduce the effect of suspended sediment near the shoreline. A threshold on an
NDVI image produces a more accurate line than a threshold on a single band image – NIR or SWIR14. Other

13

Paul Shane Frazier & Kenneth J. Page. Water body detection and delineation with Landsat TM data. Photogrammetric Engineering

& Remote Sensing vol. 66 1461–1467 (2000).
14

Ryu, J.-H., Won, J.-S. & Min, K. D. Waterline extraction from Landsat TM data in a tidal flat: A case study in Gomso Bay, Korea. Remote

Sensing of Environment 83, 442–456 (2002).
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indices like NDWI15 and MNDWI16 have been successfully tested for water bodies detection. MNDWI increases
the contrast between water and built-up land. However, the best extraction was obtained using an NDWI
image but with more confusion between water and non-water classes in comparison with an MNDWI image16.
In the case of the waterline processor algorithm, when the analysis on a given case study location started, a
series of tests were performed to see how the waterline processor performs based on the results of the binary
classification of the region of interest (ROI) into land and water. This binary classification is based on one of
the band ratios: NDVI, BNDVI or GNDVI. Depending on certain study locations and image characteristics, most
often there were discernible differences in how well the processor performed in creating waterlines from the
different band ratios. On other occasions however, they performed very similarly, making it challenging to
decide the best tool for producing the waterlines.
For instance, the ROI for the purposes of tests with NDVI-, BNDVI-, GNDVI-based binary classification and
waterline production for the Barcelona case study site included the long stretch of beach at El Prat, the delta
of the River Llobregat and the ports at Zona Franca. This allowed for testing the processor for different landsea interfaces and for riverine inflow/suspended sediments.
The comparison of waterlines from a very calm day in Barcelona with low levels of river runoff shows that the
different band ratio-based processes perform to a similarly good level in identifying the instantaneous
water/land interface when the weather is exceptionally good, and when applied to an area with a
predominantly sandy beach, as Figures 2.7-12 show below (tile T31TDF on 24/03/2019).

15

McFEETERS, S. K. The use of the Normalized Difference Water Index (NDWI) in the delineation of open water features. International

Journal of Remote Sensing 17, 1425–1432 (1996)
16

Xu, H. Modification of normalised difference water index (NDWI) to enhance open water features in remotely sensed imagery.

International Journal of Remote Sensing 27, 3025–3033 (2006).
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Figure 2.7: NDVI-based waterline, kernel centres, binary classification & ROI at Barcelona 24/03/2019

Figure 2.8: NDVI-based waterline at Barcelona 24/03/2019

Error estimation and uncertainty
Estimating errors in a statistically robust manner will be constrained by availability bias stemming from the
effects of clouds and other weather-related phenomena regarding optical EO products. Waterlines derived
from the waterline processor algorithm feature a certain level of positional uncertainty as well. As with any
EO-based product, a number of general remarks can be made regarding these components of the error term.
As per section 2.3.2, the waterline was defined as:
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ext
,  zWL
( t , s ) s   s0 ( t ) , s1 ( t )

If t is the instantaneous time of the snapshot:
-

the satellite sensor may take a few seconds to pick-up the datasets that build up an image, e.g.
Sentinel-2/MSI has three arrays of sensors that are not in the same focal plane, and look at different
areas of the earth, leading to a temporal adjustment from one array to the other in order to deliver a
consistent image;

-

the timescale of the variability of the waterline is in-between a few seconds to 1 hour, approximately.

Additionally, the length-scale of the observations is given by the EO sensor resolutions (10 m for S2/MSI, but
fewer than 2m for VHR snapshots from commercial satellites), the length-scales of the phenomenon which
build-up the variability of the waterlines are i. the geomorphological length scales, but also ii. the
hydrodynamic length scales / or combined hydro-morph length scales which go down to a few decimeters.
Possible error may be classified in different categories; errors from the instrument, the satellite sensors, errors
from product pre-processing like co-registration or geometric and radiometric correction, and errors from the
waterline extraction model.

Figure 2.9: Illustration of error and uncertainty. Error in measurement (purple), uncertainty
(green), (a) conventional random error, (b) systematic component error, cannot be characterized
with a single value (Povey and Grainger, 2015)

The signal to noise ratio (SNR) is a key parameter of satellite sensors, it quantifies how much the signal has
been corrupted by noise. It characterizes the actual information content in an image – radiometric resolution.
The radiometric resolution of an imaging system describes its ability to discriminate very slight differences in
energy.
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Algorithm output

Proxy-based and datum-based shorelines are delivered with their metadata, building on the waterline product
which is the output of the described algorithm. The waterlines are delivered in vector format and will be
compatible with common GIS software. See more details on it in the TSD (Ref.: SO-TR-ARG-003-055-009-TSD)
in table 5.2.3.
Product content and organisation
Waterline products are continuous vector multi-lines linked with their metadata. They are derived using
different spectral properties of optical data sets and exploiting data at different resolutions. The product is
the instantaneous line at the boundary of the sea and land, providing an instantaneous shoreline proxy. It is
computed using a locally adaptive thresholding method on spectral indices created based on the EO products:
NDVI, GNDVI, etc. according to the specificities of the region of interest, based on the experience of the
operator. The vector multi-line ESRI shape file contains internal quality scoring and will be organized by region
in a web-based Data Portal (DAP), along with their metadata for partners to access.
Quality Control
There are two approaches to quality control (QC), internal and external.
The internal QC analyses the geometric characteristics of the waterline in segments. It looks at two geometric
characteristics in particular; the line confinement index (LCI), and the line length (L). A section of beach or
coast is delineated by a continuous line, whereas erroneous errors are often short and highly folded in upon
themselves. An internal QC score is assigned to each segment, 100 being very high confidence that the
segment of waterline is the correct line as it appears in the satellite image, and 0 being very low confidence.
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Figure 2.10: (right) internal quality control, noise correctly identified by lower scores (red and orange). And
(left) external quality control – darker colours representing noise, and the bright line around the coast
showing the density of waterlines where we would expect to detect them.

The external quality control approach looks at waterlines in series and assesses the repeatability of the
waterlines. It uses a heatmap approach. The concept applied to waterlines generates a score based on their
repeatability, or conversely their randomness. Lines which follow the trend of the other waterlines in series
are assigned a high score (maximum=100).

2.5

Algorithm Performance Estimates
Test specification

Tests were conducted to evaluate the ability of the processor to extract a continuous waterline. Several tests
needed to be conducted for different locations to test the process accuracy in different environments.
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Test Datasets
The first test was performed within a ROI in Cote-Nord along the northern bank of the St Lawrence River. The
processor extracted WL from a GNDVI image from July 11th, 2019.

Validation

Figure 2.11: GNDVI-based summer waterlines along Longue Pointe de Mingan, QC, Canada
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Figure 2.12: BNDVI-based waterline, kernel centres, binary classification & ROI at Barcelona 24/03/2019

Figure 2.13: BNDVI-based waterline at Barcelona 24/03/2019
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Figure 2.14: GNDVI-based waterline, kernel centres, binary classification & ROI at Barcelona 24/03/2019

Figure 2.15: GNDVI-based waterline at Barcelona 24/03/2019

In other cases, the outputted waterline is not this neat. A BNDVI-based waterline produced for the same tile
on a different day was largely affected by artefacts in the image (Fig. 2.13).
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Figure 2.16 : Clouds, white water and passing airplane causing discontinuities and false edges in BNDVIbased waterline, Barcelona, 21/08/2019 S2 tile T31TDF
Looking at how the waterline processor performs at a significantly different case study location, the Wexford
Estuary, it is evident that the different band ratios can result in markedly different behaviour by the waterline.

NDVI

GNDVI

22/06/2018 LW +4.5hrs

© 2019 ARGANS

BNDVI

Coastal Erosion from Space
Waterline ATBD

NDVI

GNDVI

Ref.: SO-TR-ARG-003-055-009-ATBD-WL
Date: 30/10/2019
Page | 33

BNDVI

27/06/2019 LW +4.5hrs

Figure 2.17: Comparison of the adequacy of different band ratios for producing the S2-based
waterline for the Wexford Estuary, Ireland.

Practical consideration
On figure 2.10 we can see that the extracted WL is not continuous due to mobile sediments. Studies highlight
that the unique estuarine circulation of the St Lawrence River “leads to the formation of a zone with
anomalously high concentration of suspended sediments in the upper part of the estuary” 17. These processes
outline a highly complex environment where a multitude of erosive processes are at play concurrently. This
complexity is reflected in the mixed performance of the waterline processor as well.
The NDVI-based waterline picks up features in the open water and erroneously assigns kernel centre points
there, and also to inner waters in the estuary with high levels of suspended sediment. The GNDVI-based one
has found separating dark coastal areas from the water problematic, especially where water has higher
suspended sediment load. Suspended sediment in the water really influences negatively the success of
delineating the waterline based on BNDVI as well, so does the presence of white water.

To summarize, it is highly site-specific how the waterline production process performs, and it is also dependent
on which band ratio the binary classification is based on. Therefore, the waterline processor will be run based
on the assessment of the operator which band-ratio-based approach suits which location best based on

17

Dolgopolova, E. N. & Isupova, M. V. Water and Sediment Dynamics at Saint Lawrence River Mouth, ISSN 0097-8078, Water

Resources, 2011, Vol. 38, No. 4, pp. 453–469. © Pleiades Publishing, Ltd., 2011.
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experience from tests performed previously. These considerations are similar for choices made for Landsatbased waterlines, with less noise due to the coarser resolution (30m) and VHR images.
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Conclusion

As stated, the objective of the Coastal Erosion from Space project is to retrieve Coastal State Indicators (CSI)
describing the dynamics and evolution of coastal systems, from Shoreline Indicators (SI), gauges, pointers or
markers that are used as proxies to represent the shore (either visible discernible features, or tidal datumbased indicators) to get isobaths and isohypses (contour lines). These products include proxy-based (PSI) and
datum-based (DSI) shoreline indicators, the waterlines described in this document being of the former
category. This indicator is being produced for the past 25-year period for all the study sites, with temporal
resolution defined by local erosion rates and the occurrence of significant events, contributing to our
understanding of coastal processes and to a quantitively sound assessment of erosion and accretion processes
in the short and long term. Partners will access the waterlines in ESRI shapefiles together with their respective
metadata files.

3.1

Assessment of limitations

The limitations identified to date stem from the method used: edge detection. After a binary classification of
the image to either land or water, the algorithm creates a line at the boundary of the two. However, this line
is not always continuous, and the boundary classification is not always correct. Therefore, the resulting
discontinuities and false edges pose problems for being able to define the final waterline product in certain
cases. This is particularly the case in complex estuarine environments (sediment load); however, issues are
present at less complex coastal areas with very transparent waters as well (nearshore bathymetry). White
water (WW) is an additional concern, especially in VHR imagery. The spectral response from crashing waves is
dramatically higher than calm water and as such the processor identifies it as land and defines a threshold
seaward of the waves. The increased albedo and reduced absorption results in significantly higher NIR values,
which in turn produce values in the band ratios that are somewhere in between common peaks for land and
sea.

3.2

Mitigation

Most limitations identified from phase 1 have been mitigated using:
•

Pre-processing testing for the optimal band ratio – this can improve the overall quality of the
waterline, mitigating against false edges and noise. It depends upon the physical characteristics of the
co-registered image, e.g. suspended sediment levels, gradient of slope, and white water cusps.
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Inclusion of a rough threshold value – this assists mitigation of false edges and fragmented delineation.
Where spectrally similar signals produce two troughs on the histogram of values, the rough threshold
aids the selection of the ‘correct’ value, improving continuity in the waterline delineation.

•

Internal and external quality control assigns a confidence level to the data and therefore allows data
cleaning, mitigating against the use of erroneous data.

•

Optimal kernel size of 75 x 75 pixels for sentinel-2 processing aids reduction of false edges from white
water
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