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A B S T R A C T

In most developing countries, coastline shift monitoring using in-situ (ground-based) data faces challenges due,
e.g., to data unreliability, inconsistency, deficiency, inaccessibility or incompleteness. Even where practically
applicable, the traditional “boots on the ground” methods are labour intensive and expensive, thus imposing
burden on poor countries struggling to meet other urgent pressing daily needs, i.e., food and medicine. Remote
sensing (RS) techniques provide a more efficient and effective way of collecting data for coastline shift analysis.
However, moderate spatio-temporal resolution RS products such as the widely used Landsat products (30m and
16days) may be insufficient where high accuracy is desired. In 2015, Sentinel-2 Multi-Spectral Instrument (MSI)
remotely sensed products with higher spatio-temporal resolution (10m and 5days) and high spectral resolution
(13 bands), which promises to improve coastline movement monitoring to high accuracy, was launched. Using
two war-impacted countries (Liberia and Somalia) as case studies of regions with data deficiency or of poor qual-
ity, for the period 2015–2018, this contribution aims at (i) assessing the suitability of the new freely available
high spatio-temporal Sentinel-2 products to monitor coastline shift, (ii) assessing the possibility of filling the
missing Sentinel-2 gaps with Landsat 8 panchromatic band (15m) products to provide alternative data source
for mapping of coastline movements where Sentinel-2 data is unusable, e.g., due to cloud cover, and (iii), under-
take a comparative analysis between Sentinel-2 (10m), Landsat panchromatic (15m), and Landsat multi-spec-
tral (30m). The results of the evaluation indicate 23% (on average) improvement gained by using Sentinel-2
compared to the traditional Landsat 30m resolution data (i.e., 32% for Liberia and 14% for Somalia). A com-
parison of 100 check points from Google Earth Pro (i.e., surrogate in-situ reference data) show 91% agreement
for Liberia and 85% for Somalia, indicating the potential of using Sentinel-2 data for future coastal shift studies,
particularly for the data deficient regions. The results of comparative studies for Sentinel-2, Landsat panchro-
matic (PAN), and Landsat multi-spectral (MS) show that the percentages of Sentinel-2 and Landsat PAN that falls
within 10m threshold is much higher than Landsat MS by 35% and 26%, respectively, and for the 2016–2017
period, they provide more detailed mapping of the Liberian coastline compared to Landsat MS (30m). Finally,
panchromatic Landsat data with 15m resolution are found to be capable of filling the missing Sentinel-2 gaps,
i.e., where cloud cover hampers its usability.

1. Introduction

Coastline, the border between water and land is one of the Earth's
most dynamic features (Alesheikh et al., 2007). With approximately
60% of the world's population living along the coastal regions, and al-
most 25% of production taking place within it (Appeaning Addo et al.,
2008; Tochamnanvita and Muttitanon, 2014), its constant monitoring
is vital given its importance as an ecosystem for economic, ecological,
political and social activities. Constant monitoring of coastlines is thus

paramount for a sustainable use of its resources. The importance of
coastline monitoring is highlighted, e.g., by Li et al. (1998), Di et al.
(2003), Veloso-Gomes et al. (2008), Awange et al. (2018) and Gonçalves
and Awange (2017) who opine that coastline mapping is critical for
safe navigation, coastal resource management, coastal environmental
protection, integrated coastal zone management (ICZM, i.e., manage-
ment of coastal resources to meet the needs of the coastal popula-
tion in a sustainable way, see e.g., Post and Lundin, 1996), and sus-
tainable coastal development and planning; and is therefore a critical
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Fig. 1. The map of the study area, (a) the geographical location of Liberia within Africa including Area Of Interest (AOI), and (b) the geographical location of Somalia within Africa
including AOI. The base map for both study sites (Liberia and Somalia) is Landsat 8 2014.

Table 1
The final root mean square error (RMSE) for the ground control points (GCPs) during the
co-registration process for all images used during this study for both sites ((a) Liberia and
(b) Somalia). PAN=panchromatic and MS=multi-spectral.

Sensor
Acquisition
date

No.
images No. GCPs

RMSe
(pixel/m)

(a)
Landsat 8 2014/

2015 PAN
05/01/2015 1 23 0.33/4.95

Landsat 8 2016 PAN 25/12/2016 1 26 0.44/4.40
Landsat 8 2016 MS 25/12/2016 1 28 0.23/6.90
Landsat 8 2017 PAN 28/12/2017 1 21 0.21/3.15
Landsat 8 2017 MS 28/12/2017 1 23 0.35/10.50
Sentinel-2 2015 26/12/2015 3 30 0.20/2.00
Sentinel-2 2016 20/12/2016 3 24 0.15/1.50
Sentinel-2 2017 25/12/2017 3 Reference NA
Google Earth Pro

2016
2016 NA NA NA

(b)
Landsat 8 2014 PAN 31/01/2014 1 27 0.37/5.55
Landsat 8 2015 PAN 18/01/2015 1 25 0.47/7.05
Landsat 8 2016 MS 22/12/2016 1 22 0.40/12.00
Sentinel-2 2016 6/01/2016 3 29 0.26/2.60
Sentinel-2 2017 10/01/2017 3 32 0.11/1.10
Sentinel-2 2018 10/01/2018 3 Reference NA
Google Earth Pro

2016
2016 NA NA NA

ingredient for decision-making. In light of this, the Metropolitan
Borough of Sefton (2002) listed the benefits of coastline evolution in-
formation as providing input to coastline review plans, planned main-
tenance of coastal defenses, achievement of high government level tar-
gets, determination of appropriate design criteria for coastal works,
bio-diversity action plans, implementation of habitats directive, and
leisure and amenity management of shoreline areas. Coastline monitor

ing, therefore, is economically very important and has attracted many
researches globally, see e.g., Gonçalves and Awange (2017) and the ref-
erences therein.

Traditionally, coastline monitoring have been undertaken using the
highly labour intensive and expensive “boots on the ground” survey-
ing methods (see e.g., Gonçalves et al., 2012; Ruggiero et al., 2005; de
Schipper et al., 2016; Turner et al., 2016), which are out of reach for
most developing countries (see, e.g., Alesheikh et al., 2007; Appeaning
Addo et al., 2008; Drapeau and Long, 1984), and also not feasible if
the study area is large. From the 1920s, it was demonstrated (see, e.g.,
Gonçalves and Awange, 2017) that great efficiency gains in coastline
mapping (e.g., reduction of expense and labour) could be realized by
transitioning from ground-based methods (e.g., plane tables, alidades
and stadia rods) to using remotely sensed data (e.g., photogramme-
try and aerial imagery interpretation), see e.g., Graham et al. (2003),
Parrish et al. (2005), Parrish (2012), Pianca et al. (2015), and Smith Jr
(1981). Beginning in the 1970s, when earth observation satellite data
became publicly available, further gains in coastline mapping efficiency
were enabled (Dolan and Heywood, 1976). Today, satellite imageries
are well-established data source for mapping large stretches of coastline
in many areas around the world (see e.g., Graham et al., 2003; Graham,
2014; Parrish et al., 2005; Smith Jr, 1981; Stockdon et al., 2002; Yao
et al., 2015), with unmanned aerial vehicles (UAVs) and structure from
motion also emerging as viable coastal mapping techniques (see e.g.,
Del Soldato et al., 2018; Westoby et al., 2012; Mancini et al., 2013).

Use of modern remote sensing data sources, e.g., Landsat and
ASTER, and GIS analysis, therefore, provide efficient alternative plat-
forms that allows efficient analysis of regions with limited accessibil-
ity to be carried out in a sufficient manner (see e.g., Gonçalves and
Awange, 2017; Jayson-Quashigah et al., 2013; Yu et al., 2011). These
have been demonstrated in studies of coastline monitoring that em-
ploy multi-temporal satellite images and Geo-Information System mod-
elling techniques, e.g., in Ghana (Appeaning Addo et al., 2008; Jayson-
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Fig. 2. The locations of the transects for both study area (a) Liberia and (b) Somalia. The figure illustrate the positions of coastlines for different years intersecting points with transect
for Liberia (c) and Somalia (d), and how the coastline shifts are considered either as erosion, accretion or stable. The base maps are Sentinel-2 2017 and 2018 for Liberia and Somalia,
receptively, with Sentinel-2 used as background.

Quashigah et al., 2013), Bangladesh (Hussain et al., 2014), Thailand
(Tochamnanvita and Muttitanon, 2014), Iran (Alesheikh et al., 2007),
India (Misra and Balaji, 2015; Poornima and Chinthaparthi, 2014;
Rawat and Kumar, 2015), Korea (Shin and Kim, 2015), Egypt (Abd
El-Kawy et al., 2011; El-Hattab, 2016), Portugal (Pardo-Pascual et al.,
2012), China (Zhang et al., 2013) and more recently for Liberia in
Awange et al. (2018). The uses of traditional medium spatial resolution
satellite imagery, e.g., Landsat-8 (30m) is very powerful data for map-
ping landscape elements at regional scales.

Although, many studies have demonstrated the superb use of the
freely available moderate spatio-temporal remotely sensed products for
mapping the linear features in the areas where the land is adjacent
to water bodies, i.e., shorelines (e.g., Alesheikh et al., 2007; Amaro
et al., 2014; Bagli and Soille, 2003; Ekercin, 2007; Guariglia et al.,
2006; Kuleli et al., 2011; Li and Gong, 2016; Ouma and Tateishi, 2006;
Pardo-Pascual et al., 2012; White and El Asmar, 1999) and rivers mor-
phology studies (Baki and Gan, 2012; Devi et al., 2018; Dewan et al.,
2017), using Landsat data at local scale for mapping linear features
i.e., shoreline and other coastal zone component i.e., seagrass mead-
ows, however, may not be feasible (Topouzelis et al., 2016) because
of its coarse spatial resolution (30m). For instance, the widely used
Landsat products with spatial resolution of 30m and a temporal resolu-
tion of 16days does not capture the full spectrum of coastline dynam-
ics as demonstrated, e.g., by White and El Asmar (1999). In addition,
the use of very high resolution data (VHR) is often limited by high cost
on the one hand, and the areal extent of most of the applications on
the other hand, thereby putting more emphasis and focus on the freely
available high spatio-temporal resolution satellite data. With the launch
of the European Sentinel-2 satellite data, with higher temporal (5days),
spectral (13 bands) and spatial (10m) resolutions, however, a new era
for obtaining more accurate coastline shift information to improve our
understanding of the coastal dynamics has donned. The availability of

Sentinel-2 data with 10m spatial resolution and 5days revisit, is ex-
pected to improve the mapping accuracy by this new platform in the
field of remote sensing (Parrish, 2012; Topouzelis et al., 2016). Since
its launch in 2015, Sentinel-2 products have been used, e.g., to map
spruce and pine areas in Germany (Immitzer et al., 2018), for land use
land cover (LULC) change analysis (Gašparović, 2018; Goldblatt et al.,
2018), and its potential for coastal erosion studies acknowledged, e.g.,
by Awange et al. (2018), Castillo et al. (2017), Hagenaars et al. (2018),
and Sagar et al. (2018). The study conducted by Santos and Gonçalves
(2014) used Landsat 8 data and Sentinel-2 for testing many applica-
tions i.e., LULC, shoreline delineation, and forest mapping. Even with
this acknowledged potential (see e.g., Goldblatt et al., 2018), there ex-
ists no studies, to the best of the authors' knowledge, that tests manu-
ally digitised Sentinel-2's usability for coastline shift monitoring. For in-
stance, although Hagenaars et al. (2018) evaluate the accuracy of au-
tomated imagery that included Sentinel-2 for obtaining shoreline po-
sitions, its manually digitised version was, however, not assessed. The
novelty of this present contribution, therefore, is that it extends on the
work of Hagenaars et al. (2018) by providing the first test of the ap-
plicability of manually digitised coastline from Sentinel-2 products to
monitor coastline movements over data deficient regions, thereby pro-
viding high accurate spatio-temporal mapping than previously achieved
using freely available remotely sensed Landsat products. The advan-
tages of using manually digitised imagery include, e.g., avoiding mis-
classification (see Awange et al., 2019; Awange et al., 2018; Dewan
et al., 2017). This becomes important for inaccessible regions where
obtaining in-situ data for validating automated imageries is impossible
as is the case for Somalia. Specifically, the study aims at (i) investi-
gating the suitability of manually digitised Sentinel-2 products within
a GIS platform to monitor coastline shift, (ii) assessing the possibil-
ity of filling the missing Sentinel-2 gaps with Landsat 8 panchromatic
band (15m) products to provide alternative data source for mapping of
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Table 2
Sentinel-2 and Landsat 8 panchromatic band (for infilling of unusable Sentinel-2), which are used in the study for (a) Liberia and (b) Somalia. Some images are used for Liberia's compar-
ative study by using a combination of Sentinel-2, Landsat panchromatic (PAN), and Landsat multi-spectral (MS) images for 2016. The tide is estimated when the satellite overpass both
study areas. Note that, L=Landsat, S=Sentinel, Acq.=acquisition, H.T.T.=High Tide Time, L.T.T.=Low Tide Time, H.T. (m)=High Tide, L.T. (m)=Low Tide, and E.T.=Estimated
Tide for satellite images. The bolded values in the 8th column (i.e., E.T.) represent the minimum and maximum of the estimated tidal heights for the satellite images and have been used
to calculate the differences between these two values. The non-bolded values are same or below the max and min differences and are below 1m threshold.

Sensor Acq. date Acq. time H.T.T. L.T.T. H.T. (m) L.T. (m) E.T. (m)

(a)
L 2014/2015 PAN 05/01/2015 10:58:44 06:41:00 12:43:00 1.16 0.13 0.43
L 2016 PAN 25/12/2016 10:59:11 16:58:00 10:19:00 1.11 0.27 0.35
L 2016 MS 25/12/2016 10:59:11 16:58:00 10:19:00 1.11 0.27 0.35
L 2017 PAN 28/12/2016 10:59:07 14:48:00 08:21:00 1.03 0.29 0.73
L 2017 MS 28/12/2016 10:59:07 14:48:00 08:21:00 1.03 0.29 0.73
S-2 2015 23/12/2015 11:09:08 17:29:00 10:54:00 1.31 0.08 0.13
S-2 2015 26/12/2015 11:11:35 07:01:00 13:06:00 1.23 0.05 0.42
S-2 2015 26/12/2015 11:11:35 07:01:00 13:06:00 1.23 0.05 0.42
S-2 2016 17/12/2016 11:01:42 08:53:00 14:57:00 1.17 0.12 0.80
S-2 2016 20/12/2016 11:13:55 11:53:00 05:42:00 0.95 0.38 0.89
S-2 2016 20/12/2016 11:13:55 11:53:00 05:42:00 0.95 0.38 0.89
S-2 2017 25/12/2017 11:05:11 11:05:00 05:19:00 0.92 0.41 0.92
S-2 2017 25/12/2017 11:05:11 11:05:00 05:19:00 0.92 0.41 0.92
S-2 2017 25/12/2017 11:05:11 11:05:00 05:19:00 0.92 0.41 0.92

(b)
L 2014 PAN 31/01/2014 07:12:17 04:15:00 10:42:00 3.12 0.47 1.91
L 2015 PAN 18/01/2015 07:11:13 02:17:00 09:07:00 2.72 0.93 1.44
L 2016 MS 6/02/2016 07:11:43 10:23:00 04:35:00 2.00 1.47 1.71
S-2 2016 6/01/2016 07:26:25 01:34:00 08:28:00 2.48 1.18 1.37
S-2 2016 6/01/2016 07:26:25 01:34:00 08:28:00 2.48 1.18 1.37
S-2 2016 6/01/2016 07:26:25 01:34:00 08:28:00 2.48 1.18 1.37
S-2 2017 10/01/2017 07:23:41 02:06:00 08:54:00 2.85 0.85 1.29
S-2 2017 10/01/2017 07:23:41 02:06:00 08:54:00 2.85 0.85 1.29
S-2 2017 20/01/2017 07:23:41 09:09:00 03:25:00 2.05 1.4 1.85
S-2 2018 10/01/2018 07:23:17 10:37:00 04:53:00 1.99 1.42 1.67
S-2 2018 10/01/2018 07:23:17 10:37:00 04:53:00 1.99 1.42 1.67
S-2 2018 10/01/2018 07:23:17 10:37:00 04:53:00 1.99 1.42 1.67

coastline shifting where Sentinel-2 data is unusable, e.g., due to cloud
cover, and (iii), conducting comparative study over only the Liberian
coastal areas using 2016 images of Sentinel-2 (10m), Landsat panchro-
matic (15m) and Landsat multi-spectral (30m).

To achieve these objectives, Liberia and Somalia, two war-impacted
countries (Bastian, 2014) with data deficiency are selected for study
during the period 2015–2018. Although it is widely acknowledged that
it is essential to validate Sentinel-2 products using field data in order
to reinforce and validate its findings, accessing field data can at times
prove to be a daunting task as is the case for Liberia and Somalia. In
such cases, the use of alternative approaches such as Google Earth Pro
has been shown to be reasonable, see, e.g., Hritz (2013). Google Earth
Pro provides high-resolution imagery from several commercial satellites
from 2000 to the present, see, e.g., Kennedy and Bishop (2011) and Sadr
and Rodier (2012). This study uses Liberia and Somalia as case study
regions (see Section 2) and pre-tests Sentinel-2 in Section 3. Section 4
discusses the results, and the study is concluded in Section 5.

2. Case study areas and data

2.1. Case study areas

To evaluate the applicability of manually digitised Sentinel-2 prod-
ucts over data deficient regions, Liberia and Somalia, two war impacted
countries over the African content were selected and used for coastal
shift analysis as case studies. Liberia (West Africa, see Fig. 1), the first
coastal section of this study lies between latitudes 4°20′ N and 8⁠°30′
N, and longitudes 7°18′ W and 11⁠°20′ W, and the entire country (has
a total of 15 counties subdivided into clans and districts) covers an
area of about 111,369km⁠2 (LISGIS, 2014) and an estimated population
of over 4.5 million people (The World Bank, 2016; UN DESA, 2015).

The Liberian coastal zone of about 559km in length is home to about
58% of the Liberian population (Nicholls and Cazenave, 2010; USAID,
2012). Geographical features along Liberia's coastline include lagoons,
sandbars and mangrove swamps (Awange et al., 2018). The topography
of Liberia in general is largely flat with the highest point being the top
of Mount Wuteve, 1380m above mean sea level (Awange et al., 2018).
The area of interest (AOI) for the present study covers 170km in length
of the Liberia's coast including the capital city Monrovia (Fig. 1a). Re-
grading the other section of this study (Somalia see Fig. 1b), which is
located in the Greater Horn of Africa with a total area of 636,240km⁠2, it
lies between the latitudes of 1⁠°27′ S and 11⁠°39′ N and between the lon-
gitudes of 40⁠°38′ and 51°16′ E. Somalia is typically a dryland country,
with low mean annual rainfall (about 282mm) and arid-land types of
soil (Omuto et al., 2014). Broadleaves deciduous trees dominate areas
where the mean annual rainfall is greater than 300mm (Omuto et al.,
2014). The AOI is the coastline with a total length of 153km covering
the capital city of Mogadishu along with other coastline areas (see Fig.
1b).

2.2. Data

Sentinel-2 Multispectral Instrument (MSI) was officially launched by
ESA on June 23, 2015, with a 5-day temporal resolution (ESA, 2017).
Remotely sensed MSI Sentinel-2 products are not just a simple image
or photograph taken from space, but made up of many layers of data
collected within a wide range of light spectrum that includes, visi-
ble (V) to Near-Infrared (NIR) and shortwave Infrared (SWIR) wave-
lengths. Sentinel-2 systems collect multi-spectral, multi-resolution, and
multi-temporal images that can be used for monitoring and under-
standing human activities on the planet over time (ESA, 2017; USGS,
2015) including coastline shift studies. Also, this remotely sensed
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Fig. 3. Validation processes for Sentinel-2 using the 2016 reference data from Google
Earth Pro for Liberia coastline by generating different buffer distances from the coastline
reference data. This approach was also implemented for Somalia.

Table 3
The percentage of digitised coastline within different buffer distances (metres) from the
2016 reference dataset, which were obtained from Google Earth Pro for Liberia and Soma-
lia. As can be seen from the results, 61% of Liberia's and 62% of Somalia's data meet the
threshold of ±10m. The bolded values in the 3rd column (i.e., 10m) represent the thresh-
old selected buffer distance for both studies being equivalent to one pixel of Sentinel-2
data.

Country 5m 10m 15m 20m 25m 30m

Liberia 33 61 71 78 85 87
Somalia 20 62 64 68 74 83

dataset can be used to detect, measure and highlight changes in land-
scape patterns over time because of human activities and natural phe-
nomena. Since changes in the landscape are dynamic, this imagery
can be used to study and capture extent of changes at larger scales
within short time frames. Sentinel-2 products, which can be freely ac-
cessed from United States Geological Survey (USGS) website (https:
//earthexplorer.usgs.gov/) and the official website of the Coperni-
cus Open Access Hub for the European Space Agency (ESA) (https:
//scihub.copernicus.eu/), have the advantages of providing accurate
means of mapping and detecting changes where other high resolu-
tion products are compounded by cost, time and access constraints.
The cooperation between ESA and the USGS provide Level-1C remotely
sensed MSI Sentinel-2 products data to end users. This data has been

pre-processed to include radiometric and geometric corrections along
with ortho-rectification to generate highly accurate geo-located prod-
ucts for researchers (Drusch et al., 2012).

This study uses multitemporal Sentinel-2 and Landsat panchromatic
band (also obtained from USGS website (https://earthexplorer.usgs.
gov/)) to map and analyse the coastline shift of Liberia and Somalia
from 2014 to 2017 and 2014 to 2018, respectively, and Landsat MS
(30m) for 2016, see Table 1. The pre-processing steps, i.e., atmospheric
correction using Dark Object Subtraction (DOS), image co-registration,
image sub-setting and image enhancement are applied on all Sentinel-2
products for both studies areas. DOS method has been recommended,
e.g., by Song et al. (2001) as a preferable method as this approach is
strictly based on information from the image (Gilmore et al., 2015). For
the pre-processing step, Sentinel-2 2017 and 2018 images are used as
references to register other images considering Universal Traverse Mer-
cator (UTM) grid zone 29⁠°N and grid zone 38⁠°N for Liberia and Soma-
lia, respectively. During image co-registration process in ArcGIS envi-
ronment, well distributed ground control points (GCPs) represented by
permanent features such as bridges and road intersections are selected
(a minimum of 20 GCPs for each image). Using a first order polynomial
fit, the co-registration process yield a root mean square error (RMSE)
of less than 0.5pixel for each scene, which corresponds to 5.0, 7.5, and
15m for Sentinel-2, Landsat panchromatic, and Landsat multi-spectral,
respectively (Table 1). Besides the pre-processing step mentioned above,
mosaicking process is used for Sentinel-2 data for both studies as three
images are required to cover each study area. Regarding Landsat PAN
and MS used for the comparative study, these images are co-registered
with Sentinel-2 reference images for 2017 (Liberia) and 2018 (Soma-
lia) with RMSE lower than 0.5pixel (Table 1), where one image is re-
quired to cover the study area for both evaluated coastlines. Each im-
age (Sentinel-2, Landsat PAN, and Landsat MS) used during this analysis
is finally clipped with AOI vector dataset. For the validation purposes,
Google Earth Pro using image slider tool are used for 2016 high resolu-
tion image for both case studies (see Table 1).

3. Methods

3.1. Manual digitisation

The coastline from Sentinel-2 and Landsat panchromatic band are
delineated using on-screen manual digitisation technique with constant
scale of 1:2000 with a single operator. This technique has been proven
to be ideal for rivers and coastline extraction by studies such as Dewan
et al. (2017) and Salghuna and Bharathvaj (2015). Instantaneous high
tidal water lines are used as proxies for coastlines. To be able to calcu-
late the coastline shift or movement as erosion and accretion, orthogo-
nal profiles are generated at an interval of 500m for both coastal areas
using the 2014 extracted coastline shapefile as baseline in ArcGIS en-
vironment (Dewan et al., 2017). A total of 345 and 305 transects are
generated for Liberia and Somalia coastlines, respectively. The profiles
are visually inspected to ensure that they are all orthogonal or perpen-
dicular to the baseline year of 2014 for both regions. Coastline move-
ment of each profile is then calculated for the different periods by cal-
culating the distance between every intersecting coastline with the cor-
responding transect (Fig. 2). A one pixel shift (and below) for Sentinel-2
10m, Landsat PAN 15m and Landsat MS 30m is regarded as stable
(digitising error) for both study areas. Fig. 2 illustrates the process of
calculating the coastal shifts and attributing them as stable, accretion,
or erosion for all the intersecting transects for both evaluated coastlines.
Negative shifts represent coastline erosion whereas positive shifts refer
to coastline accretion.
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Fig. 4. The location of the ground reference dataset for both study sites, which are zoomed for some selected locations to demonstrate the difference of the Sentinel-2 2016 and Landsat
30m 2016 coastal positions in respect to the ground reference dataset digitised from Google Earth Pro.

Fig. 5. K-S pre-test of Sentinel-2 products using reference Google Earth Pro data. The figure shows the difference in radial vectors from the origin (a) and normal distribution (b) for
Liberia. Figures (c) and (d) represent those of Somalia.

3.2. Pre-test of Sentinel-2 products

To showcase the suitability of Sentinel-2 products in providing use-
ful data for coastal shift analysis, three pre-tests are undertaken; (i)

Tidal heights, (ii) Buffer zones, and (iii) Kolmogorov-Smirnov Test. De-
tailed discussion of these pre-test are presented below.

3.2.1. Tidal heights
For coastal shift analysis studies, it is necessary that all the satellite

imagery used during the analysis have the same or close anniversary
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Table 4
Kolmogorov-Smirnov (K-S) test result for the 200 randomly selected points for the refer-
ent data from Google Earth Pro and Sentinel-2 digitised data for the 2016 images (radial
vectors calculation from the origin) for Liberia and Somalia.

Country Difference p-Value

Liberia 0.082 0.096
Somalia 0.076 0.096

date (same time of year) as much as possible in order to have similar
or close range of tidal heights. The close tidal heights among the im-
ages used during the coastal shift analysis permit the comparison and
calculation of accurate coastal shifting from the remotely sensed data
(Santos and Gonçalves, 2014). The tidal heights of the Sentinel-2 data
used are checked to ensure that they are below 1m threshold as sug-
gested by Santos and Gonçalves (2014). To extract accurate planimet-
ric portion of the coastline derived from satellite data, i.e., Sentinel-2
and Landsat 8 PAN, it is essential to estimate the tidal heights from
the remotely sensed data during the satellite overpass over the study
areas. For Liberia and Somalia regions used herein as case studies, the
tidal heights for all images at different satellite overpasses are interpo-
lated using a two-point cosine interpolator (e.g., Santos and Gonçalves,
2014), and the results summarised in Table 2. From these results, since
the spatial resolution (pixel size) for Sentinel-2 and Landsat 8 panchro-
matic band are 10 and 15m respectively, and the difference between the
tidal heights over Liberia from the satellite image is 0.79m (max-min),
and 0.62m for Somalia, i.e., less than 1m threshold suggested by Santos
and Gonçalves (2014), it is reasonable to conclude that Sentinel-2 and
Landsat 8 panchromatic (for infilling of the unusable Sentinel-2 prod-
ucts) images used in this study are adequate for use in coastal shift
analysis as they meet the threshold suggested above.

3.2.2. Buffer zones
A positional accuracy from remotely sensed data compared against

a reference data can be obtained by calculating the percentage of digi-
tised data that fall within certain buffer distances i.e., a threshold value
of one pixel (10m) for Sentinel-2 data from the reference coastline
(Goodchild and Hunter, 1997). This positional accuracy can be achieved
by generating different buffer distances around the reference coastline
data in ArcGIS environment. To be able to pre-test Sentinel-2 data for
coastline shift for both study areas (Liberia and Somalia), the image
time slider tool from Google Earth Pro was used to digitise the reference
data representing the 2016 high resolution images at constant scales
and with a single operator. Google Earth Pro is used to provide refer-
ence data due to the fact that collecting field data for both areas was
not feasible, and for such long coastlines, enormous time and resources
would be required. Use of Google Earth Pro where in-situ “boots on the
ground” data are unavailable has been suggested and applied, e.g., by
Hritz (2013), Kennedy and Bishop (2011), and Sadr and Rodier (2012).
The coastline for the same extends of the study areas are digitised for
Liberia and Somalia from Google Earth Pro with total lengths of 170 and
153km, respectively. After completing the digitisation process for the
reference data for both study areas, different buffer distances (5, 10, …
and 30m) are generated for the reference dataset (Fig. 3). The criteria
for selecting these buffer distances is the threshold of 10m buffer dis-
tance as the maximum, which is equivalent to one pixel for Sentinel-2
data. The 2016 coastlines for both Liberia and Somalia are digitised
from the Sentinel-2 images and intersected with these buffer distances,
and percentages of coastline lengths within each buffer distances calcu-
lated (see Table 3).

3.2.3. Kolmogorov-Smirnov (K-S) similarity test
Sentinel-2 data, which were digitised from the satellite images are

further pre-tested and analysed using Kolmogorov-Smirnov (K-S) simi

larity statistical test. The Two-sample Kolmogorov-Smirnov test is use-
ful to assess the difference of the empirical cumulative distribution of
two samples (Marsaglia et al., 2003). Two samples K-S test can be used
to compare two sets of different observations (for this study, the refer-
ence from Google Earth Pro and digitised from Sentinel-2 for the 2016
coastline) and check for the similarity in their cumulative distributions
(Koc et al., 2018; Massey Jr, 1951). During this test, a maximum ab-
solute differences between two cumulative distributions is calculated
and provided to show the maximum differences and their probability
statistics being equaled or exceeded (Awange et al., 2016). This maxi-
mum difference is compared with the calculated critical p-value based
on the standard table used for K-S test (Massey Jr, 1951). Both coast-
line datasets were converted into two points datasets, from which 200
were randomly selected for use as input for the K-S test. The radial vec-
tors from the origin for both datasets (reference and digitised for 2016)
were calculated. The test statistics use the maximum absolute difference
between two datasets of the distributions, with the difference of the em-
pirical cumulative distributions calculated as (Marsaglia et al., 2003):

(1)

where F⁠1(x) and F⁠2(x) are the proportion of the two sample values less
than or equal to x, respectively (Marsaglia et al., 2003). The null hy-
pothesis is that the two datasets come from the same distribution, which
is rejected at level α (0.05 in this study) if

(2)

where n is the size of samples, and c(α) calculated as:

(3)

3.3. Validation

Three comparative analyses are implemented for Sentinel-2 (10m),
Landsat PAN (15m) and Landsat MS (30m) over the study areas. For the
first one, the coastline for both studies, i.e., Liberia and Somalia are ex-
tracted again from Landsat 8 2016 (30m) with the same constant scale
and single operator as used for Sentinel-2 2016 coastal delineation. Tra-
ditionally, points from remotely sensed images are normally validated
with actual ground points where image pixel coordinates are compared,
e.g., to those obtained from global navigation satellite systems (GNSS)
(Awange, 2018; Awange, 2012). When such GNSS-based ground refer-
ence points are unavailable, alternative procedures such as the use of
Google Earth Pro are recommended (e.g., White et al., 2011). In this
study, two sets of 100 random points (check points) are generated from
the 2016 Sentinel-2 coastline extracted data for Liberia and Somalia.
These 100 check points (for each study site) are then used to identify the
same locations in Landsat 2016 (30m) digitised datasets for both case
studies (Fig. 4). These 100 check points (Sentinel-2 2016 and Landsat
2016 (30m)) for both case studies are compared again with the same
locations on Google Earth Pro (see, e.g., White et al., 2011; Hare et al.,
2018). The differences in their coordinates (i.e., eastings and northings)
and other statistical measures, i.e., maximum and minimum differences,
mean, standard deviations and Root Mean Square Error (RMSE) are then
computed and analysed.

For the second comparative analysis, the coastline of Liberia, 2016
from Sentinel-2, Landsat PAN and Landsat MS are used as an input for
the buffer distance pre-test. Finally, another comparative analysis for
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Fig. 6. The spatial patterns of the Liberian coastline, which was divided into three sections for mapping purposes from 2014 to 2017, (a–a3) upper section, (b–b3) middle section, and
(c–c3) lower section.

the period 2016–2017 are performed by using only Liberian's coast-
lines, which are extracted (digitised) from Sentinel-2, Landsat PAN,
and Landsat MS. All these comparative analysis are implemented to
show the applicability of the Sentinel-2 and Landsat panchromatic over
the traditional Landsat MS 30m pixel size (spatial resolution) for the
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Fig. 7. The spatial patterns of the Somalian coastline from 2014 to 2018. The study covers the periods of (a) 2014–2015, (b) 2015–2016, (c) 2016–2017, (d) 2017–2018, and (e)
2014–2018.

coastal delineation and shift studies. As stated earlier, Landsat PAN is
tested for its potential to fill in gaps in Sentinel-2.

4. Results and discussion

4.1. Pre-test results

The pre-test results of Section 3 using different approaches i.e., tidal
heights, buffer distances, and K-S test showcase the suitability of us-
ing Sentinel-2 data for mapping linear features and coastal shifts for
both evaluated case studies. Such pre-test have been recommended/un-
dertaken, e.g., in Awange et al. (2016), Goodchild and Hunter (1997),
Koc et al. (2018), and Santos and Gonçalves (2014). This analysis show
more than 60% of the total length of the digitised data falling within the
10m threshold from the reference dataset for both Liberia and Somalia,
thus aligning with the spatial resolution of one pixel for Sentinel-2 data
(Table 3). This implies that more than 60% of the Sentinel-2 data used
in both regions meet the required threshold.

The K-S pre-test shows that the largest percentage of the evaluated
datasets (Fig. 5) fall within the ±10m for both studies (75.0% and
88.1% for Liberia and Somalia, respectively). This indicates that both
dataset are similar and normally distributed based on the statistics re-
sults, i.e., K-S test (Table 4). The critical p-value for both cases from
the 200 random samples is 0.096. Since the maximum difference val-
ues (0.082 and 0.076 for Liberia and Somalia, respectively) are lower
than the p-values, both datasets (reference and digitised) for Liberia and
Somalia are statistically similar to the reference data generated from
Google Earth Pro and normally distributed (Table 4).

From the K-S pre-test results in Fig. 5, Sentinel-2 product used
herein is further established to be suitable for coastal shift studies since
they fall within ±10m, which is aligned with the threshold of 1-pixel
for Sentinel-2 used during this evaluation for both study areas. Again,

this test showcases the suitability of Sentinel-2 data used in this study
for mapping the linear feature, i.e., coastline at regional scale.

4.2. Coastal shift results

4.2.1. Liberia
For the Liberian coastal areas, the transects analysis results show

the coastal stability above 57% (Fig. 8a) during the overall period
2014–2017 followed by accretion and then erosion in the upper sec-
tion (Fig. 6a–a3) compared to the middle and lower portions of the
coastline. This erosion could be due to the impacts of climate change,
e.g., sea level rise (Williams, 2016) and sand mining along the coastal
zone of Liberia (Awange et al., 2018; UNDP, 2006; Wiles, 2005). For
the 2014–2015 period (Fig. 6b), the middle portion of coastline experi-
enced more erosion than other parts as a result of the illegal mangrove
logging and sand mining (El-Hattab, 2016; Liberia, 2016; UNEP, 2004;
Wiles, 2005). Also, floods from river mouth, which crosses the capital
city of Liberia (middle section) or other climate change factors, i.e., sea
level rise (Awange et al., 2018; El-Hattab, 2016; Werrell and Femia,
2014) could be contributing to the erosion. Furthermore, sand mining
and mangrove logging (Awange et al., 2018; UNDP, 2006; Siakor, 2014)
could also be involved as this pattern is not visible in other parts of the
study during the evaluated period (see, Fig. 6b–b3). For the 2015–2016
period, there are many transects that show more erosion than accre-
tion. This may be related to the rivers and estuaries activities along the
coastal zone of Liberia (Awange et al., 2018) and sea level rise as pre-
dicted by Wiles (2005). Other factors such as subsidence have also been
reported as possible causes of sea level rise (see, e.g., Brown et al., 2011;
Dasgupta et al., 2009; Hinkel et al., 2012), which may at the same time
have a direct effect for causing erosion in the coastal regions of Liberia
(UNEP, 2004; Wiles, 2005).

9



UN
CO

RR
EC

TE
D

PR
OO

F

A. Saleem, J.L. Awange Catena xxx (xxxx) xxx-xxx

Fig. 8. The result of the coastline shift analysis for Liberia (2014–2017) and Somalia (2014–2018). (a) and (b), show the prearranges of transects that experienced either accretion, erosion
(higher than 10m) or stability (below ±10m) for Liberia and Somalia, respectively. (c) and (d), show the plot of the coastline behaviour with time for Liberia and Somalia, respectively.
(e) and (f), show the average of accretion and erosion for the coastlines with times for Liberia and Somalia, respectively.

4.2.2. Somalia
For the Somalian coastal areas, the transects analysis results show

the coastal areas to have maintained their stability above 50% (Fig.
8b) during the overall study period 2014–2018 followed by erosion and
then accretion over the evaluated coastline areas (Fig. 7). The erosion
may also be due to the impacts of climate change, e.g., sea level rise and
tree logging, especially for the coastal zones (Bolognesi et al., 2015). For
the overall period 2014–2018 (Fig. 7e), the coastline experienced more
erosion as a result of tree logging and losing mangrove cover (Bolognesi
and Leonardi, 2018). Also, this erosion could be related to other factors
such as climate change (Nicholls and Cazenave, 2010) and subsidence
(see, e.g., Brown et al., 2011; Dasgupta et al., 2009; Hinkel et al., 2012),
which may be the same case as Liberia where after losing the vegetation
cover, the coastal areas become very vulnerable to erosion (Awange et
al., 2018; Wiles, 2005).

4.3. Comparison of the case studies

In light of the pre-test approaches, shoreline mapping is undertaken
for different years using Sentinel-2 and Landsat 8 panchromatic band
for Liberia (2014–2017) and Somalia (2014–2018) and the results pre-
sented in Figs. 6 and 7, respectively. From these results, the coastal ar-
eas for both locations can be regarded in general as stable since the
majority of the transects used during the coastal analysis show that the

coastlines maintained their stability (always above 50%, see, Fig. 7a and
b).

The coastal shift analysis for the Liberian and Somalian regions pre-
sented in panels c and d in Fig. 8 show negative and positive shift-
ing patterns that occurred during the evaluated periods. These figures
show in general that the coastline of Liberia is more dynamic than that
of Somalia, which experienced more erosion in three dynamic sections
(Awange et al., 2018). This may be due to the fact that the coastline of
Liberia, as mentioned before, is affected by the crossing estuaries and
rivers making them very vulnerable to erosion especially after losing
mangrove because of the human activities, i.e., illegal logging (Wiles,
2005). The coastal zones for Somalia experienced more erosion than ac-
cretion especially for the overall period (2014–2018) most likely due to
sea level rise (Nicholls and Cazenave, 2010) and illegal logging for char-
coal production that makes it more vulnerable to erosion (Bolognesi and
Leonardi, 2018).

4.4. Validation results

To be able to showcase further the preferability and suitability of
using Sentinel-2 (MSI) over the Landsat MS (30m pixel) products, a
comparative study was implemented as mentioned in Section 3. The
results of this comparative study (Sentinel-2 and Landsat multilateral
(30m)) indicate that an improvement is gained by using Sentinel-2
over the traditional Landsat (30m), i.e., 23% on average (32% for
Liberia and 14% for Somalia). Comparing 100 check points with
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Fig. 9. The statistical measures of accuracies for 100 check points for the 2016 Sentinel-2 data and Landsat 8 30m data compared with Google Earth Pro (a) Liberia and (b) Somalia.

Table 5
The percentage of digitised coastline for Sentinel-2, Landsat Panchromatic (Pan), and
Landsat Multi-Spectral (MS) for 2016 within different buffer distances (metres) from the
2016 reference dataset, which were obtained from Google Earth Pro for Liberia. As can see
from the results, 61% of Sentinel-2 and 53% of Landsat Panchromatic and 27% of Landsat
Multi-spectral data meet the ±10m threshold. The bolded values in the 3rd column (i.e.,
10m) represent the threshold selected buffer distance for Liberia being equivalent to one
pixel of Sentinel-2 data.

Satellite image 5m 10m 15m 20m 25m 30m

Sentinel-2 10m 33 61 71 78 85 87
Landsat 8 (Pan) 15 m 30 53 68 77 83 87
Landsat 8 (MS) 30 m 10 27 55 60 67 72

Google Earth Pro (i.e., surrogate in-situ reference data) indicate 91%
agreement for Liberia and 85% for Somalia (Fig. 9a and b). These re-
sults indicate the potential of using Sentinel-2 data for future coastal
studies over Landsat MS data 30m resolution, particularly for the data
deficient regions when higher accurate results are required. In addition,
the panchromatic band with 15m pixel size provides relevant data that
can complement the missing data for Sentinel-2 when cloud is present
(Santos and Gonçalves, 2014; Topouzelis et al., 2016).

Finally, two other comparative analysis are implemented (buffer dis-
tance and period analysis 2016–2017) for Sentinel-2 (10m), Landsat
PAN (15m) and Landsat MS (30m) for the 2016 and 2017 images over

the coastal study areas of Liberia. The analysis of the buffer distance
show again the suitability of the Sentinel-2 and Landsat PAN over the
Landsat MS, i.e., the percentages of Sentinel-2 and Landsat PAN data
falling within 10m threshold is much higher than Landsat MS by 35%
and 26%, respectively (see, Table 5). For the final comparative analysis
of the Liberia coastlines extracted from the 2016 and 2017 images for
sentinel-2, Landsat PAN, and Landsat MS show that the first two data
(images) can capture similar coastline shift and same coastal behaviour
(see, Fig. 10a) when compared with Landsat MS 30m. The peaks which
are shown in the figure are the areas with high erosion or accretion for
both case studies.

5. Conclusions

The study aimed at evaluating the potential of using Sentinel-2 re-
motely sensed data for coastal shift studies on the one hand, and com-
plementing it with Landsat 8 PAN (15m) on the other hand. Further-
more, the study compared Sentinel-2, Landsat PAN and Landsat MS to
assess the suitability of the former over the later and the possibility of
infilling the Sentinel-2 gaps. Liberia and Somalia, two war-impacted and
data deficient regions were selected as case studies. First, before em-
ploying the Sentinel-2 data for coastal shift study over Liberia and So-
malia, they were pre-tested using tidal heights, buffer zones, and K-S
similarity tests. The outcomes of pre-testing indicated that Sentinel-2
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Fig. 10. (a) The extracted Liberian's coastal zones from Sentinel-2, Landsat Panchromatic, and Landsat multi-spectral for 2016 images. (b) The coastal shift for the two-year period
(2016–2017) of Sentinel-2, Landsat panchromatic and Landsat multi-spectral showing the similarity between Sentinel-2 and Landsat PAN compared to Landsat multi-spectral in coastal
mapping. The peaks which are showing the figure are the areas with high erosion or accretion for both case studies.

data met the 10m pixel size threshold thereby rendering them applica-
ble for further use in studying the coastal shift dynamics of the Liberian
and Somalian coasts. Following the application of Sentinel-2 over these
two case study regions, the most important findings of this study are:

• Compared to 100 randomly selected Landsat 8 (30m) check points,
Sentinel-2 provided 23% (on average) improvement (32% for Liberia
and 14% for Somalia),

• Buffer distance and period analysis 2016–2017 for Sentinel-2 (10m),
Landsat PAN (15m) and Landsat MS (30m) show again the suitabil-
ity of the Sentinel-2 and Landsat PAN over the Landsat MS products,
where they capture more detailed coastline shift over the Landsat MS
30m.

• Landsat 8 panchromatic band data is suitable for complementing Sen-
tinel-2 products when data is missing or unavailable, e.g., due to
cloud cover. This was achieved by using the cross reference of Sen

tinel-2 and Landsat panchromatic band data to cover the missing
data, i.e., using 2015 Landsat as replacement for Sentinel-2 for Soma-
lia because of cloud cover where 53% of the data were found to meet
the threshold.

• There exist potential of using Sentinel-2 data source for coastline shift
analysis monitoring study, particular for data deficient countries such
as Liberia and Somalia with limited remote sensing resources capabil-
ity.
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