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As global warming threatens their existence, there are widespread concerns regarding the persistence of lime-sand
islands and the future of mid-ocean atoll nations. To investigate how climate change has affected lime-sand islands,
changes in vegetation and other characteristics of such islands in the South China Sea (SCS) were investigated from
1989 to 2019 using 67 satellite images. First, boundaries of the lime-sand islands and their vegetation were extracted
using an active contour extraction procedure called the gradient vector flow snake model. Afterwards, the spatial
extents were estimated by enclosing the extracted boundaries, and the digital shoreline analysis system was used
to calculate beach widths. Finally, area growth rates and speeds were used to evaluate areal changes in the lime-
sand islands and their respective vegetation. Based on the estimated area growth rates, area growth speeds, and
beach widths, the lime-sand islands in SCS eroded over the past three decades whereas their vegetation expanded.
Further analysis suggested that direct inundation caused by sea-level rise might not be clearly identified from the
satellite images. However, other climate change-related factors were most likely responsible for the observed island
erosions. These factors included higher wave energy, stronger typhoon intensity and destructiveness, and acceler-
ated coral reef degradation. In addition, the observed expansion of vegetation on the lime-sand islands was likely
due to the increase in precipitation in a warming world. The results show that 1) the lime-sand islands will continue
to erode whereas vegetation will continue to expand; 2) As vegetation growth is significantly inhibited by salt water
when it is adjacent to the ocean, vegetation areas on lime-sand islands may start to continuously decline. Overall,
this study is the first to quantitatively examine changes in SCS lime-sand islands due to global warming,
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1. Introduction

high population densities, there are serious concerns regarding the
persistence of these lime-sand islands and the future of these mid-

Coral reefs and islands make up the majority of the populated
landmass in certain Pacific and Indian Ocean nations (Ford, 2012).
They are composed of largely unconsolidated reef-derived sedi-
ments (Stoddart and Steers, 1977) and are vulnerable to climate
change (Woodroffe, 2008). Due to their low elevation, unconsoli-
dated sediments, small areal extent, climate change sensitivity, and

Abbreviations: DSAS, Digital Shoreline Analysis System; SCS, South China Sea; WLR,
weighted linear regression; GVF, gradient vector flow; LWM, low water mark; ToB, toe
of the beach; SCE, Shoreline Change Envelope; PDI, power dissipation index; STY, strong
typhoons; SuperTY, super typhoons.
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ocean atoll nations (McLean and Kench, 2015).

Lime-sand islands face the possibility of sinking in the future due to
sea-level rise (Connell, 2003; Dickinson, 2009; IPCC, 2018) and are very af-
fected by sea flooding and shoreline erosion (Mimura, 1999; Woodroffe,
2008; Terry and Chui, 2012). In addition, global warming has caused the
strongest tropical cyclones to become more intense (Kossin et al., 2013,
2020) which leads to increased frequency of storm-surge-related floods.
Furthermore, ocean warming and acidification induced by global warming
have degraded coral reefs (Hoegh-Guldberg et al.,, 2007; Fabricius et al.,
2011), which reduces bottom friction and leads to greater wave heights,
higher wave run-up, and more wave-driven flooding (Quataert et al.,
2015; Storlazzi et al., 2015). As a result, residents of coral reefs and islands
have been generally regarded as the first climate change refugees in the
world (Barnett, 2005; McAdam, 2010).
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Previous studies have demonstrated examples of decrease in lime-
sand island area over the past several decades. For example, Houser
et al. (2014) indicated that the Sapodilla Cays of the Mesoamerican Bar-
rier Reef have eroded since the 1960s, wherein certain lime-sand
islands in that region have lost 70% of their area. Romine and Fletcher
(2013) showed that the shorelines of Kauai, Oahu, and Maui (Hawaii)
suffered 70% erosion to beaches, including 9% that was completely lost
to erosion, e.g., seawalls. However, additional studies on island changes
have revealed different results. For example, the areas of certain lime-
sand islands in the western and central Pacific were determined to be
stable or even slightly increasing (Webb and Kench, 2010; Ford and
Kench, 2015; McLean and Kench, 2015). All these studies evaluated
the period of strong climate warming over the past few decades and
considered factors such as sea-level rise and typhoon damage. There-
fore, observed dynamic changes of lime-sand islands due to climate
change exhibit different response patterns in different regions. Conse-
quently, extensive research is necessary to analyse how specific lime-
sand islands respond to global warming.

The South China Sea (SCS) is the largest semi-enclosed marginal sea in
the northwest Pacific (Liu et al., 2010; Deng et al., 2013). There are hun-
dreds of coral reefs and islands in the SCS (Morton and Blackmore,
2001), making the region ideal for studying climate-related changes
(Talaue-McManus, 2000; Burke et al., 2002; Yu, 2012). However, data
limitations and distance from the mainland have made analysing trends
in the region difficult (National Marine Information Center, 2017; Liu
etal,, 2020). However, satellite remote sensing has made it possible to as-
sess changes to the coral reefs and islands over the past several decades
(Fletcher et al., 2003; Huang et al., 2017, 2018; Behling et al., 2018).

This study focusses on the changes to lime-sand islands in the SCS
over the past three decades based on multi-decadal Landsat and
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Sentinel-2 images. We propose a new strategy to use satellite images
to detect changes to lime-sand islands, mitigating SCS data limitation is-
sues. Furthermore, we provide new insights into how the lime-sand
islands have responded to global warming, helping us predict the future
of these coral reefs and islands.

2. Materials and methods
2.1. Regional setting

In the SCS, there are hundreds of coral reefs including islands, banks,
and shoals (Morton and Blackmore, 2001). To study how lime-sand
islands have responded to global warming, we focussed on several natural
lime-sand islands across the central and southern SCS. These islands were
chosen according to the following conditions: 1) areal extent greater than
8 x 10* m?; 2) rarely affected by human activities, i.e. the islands contain
few artificial objects such as buildings; 3) at least 10% covered by vegeta-
tion at the end of the study period. These conditions ensured that the
outer boundaries and vegetation of the chosen lime-sand islands could
be detected from the experimental satellite images.

For the central SCS, eight lime-sand islands in the Xisha Islands were
chosen, as shown in Fig. 1. They are Jinyin Island (Fig. 1a), Ganquan Is-
land (Fig. 1b), Jinqing Island (Fig. 1¢), Shanhu Island (Fig. 1d), Xishahou
(Fig. 1e), Bei Island (Fig. 1f), Zhong Island (Fig. 1g), and Nan Island
(Fig. 1h). For the southern SCS, the main coral reefs are shoals rather
than lime-sand islands; only three lime-sand islands in the Nansha
Islands could be selected. These are Beizi Island (Fig. 1i), Xiyue Island
(Fig. 1j), and Mahuan Island (Fig. 1k). No lime-sand islands in the
Dongsha and Zhongsha Islands met our criteria and therefore were
not selected for the study.

Fig. 1. Distribution of the studied lime-sand islands in the SCS: (a) Jinyin Island, (b). Ganquan Island, (c) Jinqing Island, (d) Shanhu Island, (e) Xishazhou, (f). Bei Island, (g) Zhong Island,
(h) Nan Island, (i) Beizi Island, (j) Xiyue Island, and (k) Mahuan Island. The geographical base map was downloaded from http://bzdt.ch.mnr.gov.cn/.
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Table 1
Satellite images used in this study.
Island Name Ganquan  Jinging Jinyin Shanhu Xishazhou Beilsland  Zhong Nan Island  Beizi Island ~Mahuan Xiyue
Island Island Island Island Island Island Island
Date and 1989/4/9  1989/4/9  1989/4/9  1989/4/9  1989/6/20 1989/6/20  1989/6/20  1989/6/20 1989/6/15
Sensors 1992/5/21 1992/3/3
1995/4/2 1995/4/2  1995/4/2  1995/4/2 1995/5/31 1995/7/18
1996/3/3  1996/3/3  1996/3/3  1996/3/3
1998/9/3
1999/9/12% 1999/9/12*  1999/9/12* 1999/9/12* 1999/9/30°  1999/2/19
2000/8/5  2000/8/5  2000/8/5  2000/8/5 2000/9/17
2001/4/21°
2002/2/24° 2002/2/24* 2002/2/24° 2002/1/25°
2003/1/26° 2003/1/21%
2004/5/4* & 2004/12/22  2004/12/22 2004/5/4*  2004/12/22
2005/3/12  2005/2/15% 2005/3/12  2005/3/12 2005/3/14  2005/3/23  2005/4/24
2006/3/7%
2008/9/4% 2008/9/4% 2008/2/4%
2009/5/10  2009/5/10  2009/5/10  2009/5/10  2009/4/24 2009/4/24  2009/4/24 2009/4/24  2009/3/17%
2010/2/14° 2010/2/14° 2010/2/14* 2010/2/14° 2010/2/17  2010/8/12
2011/4/12
2013/5/21° 2013/5/21° 2013/5/21° 2013/5/21° 2013/11/15°
2014/6/25" 2014/6/25 2014/6/25" 2014/6/25"
2015/6/28" 2015/6/28" 2015/6/28" 2015/6/28 2015/5/11° 2015/5/11°  2015/5/11° 2015/5/11° 2015/10/20° 2015/1/30° 2015/1/30"
2016/3/21° 2016/3/21¢ 2016/3/25¢
2017/3/6°  2017/3/6° 2017/3/6° 2017/3/6° 2017/5/12¢

2019/2/24° 2019/2/24° 2019/2/24° 2019/2/24° 2019/3/21¢

2018/8/22° 2018/5/14°

2019/3/21¢ 2019/3/21¢ 2019/3/5¢ 2019/2/26° 2019/3/30¢

Unmarked images are taken by Landsat TM, 30-m resolution multispectral images.

¢ Landsat ETM+, 15-m resolution panchromatic and 30-m resolution multispectral images.

b Landsat OLI images, 15-m resolution panchromatic and 30-m resolution multispectral images.

€ Sentinel-2 MSI, 10-m resolution multispectral images.

2.2. Experimental data

To analyse the changes in the islands, a long-term series of high-
resolution images was considered ideal. However, high-resolution sat-
ellite images are expensive and did not exist for the SCS during the
20th century. As a result, we chose a series of free Landsat and
Sentinel-2 images to detect long-term changes in the lime-sand islands.
Cloud-free Landsat and Sentinel-2 images from 1989 to 2019 were col-
lected and used for this study, as shown in Table 1.

A radiometric correction was performed before edge extraction of
the lime-sand islands and vegetation from the satellite images. The ra-
diometric correction includes radiometric calibration and an atmo-
spheric correction (Chen et al.,, 2005). These were implemented using
the radiometric calibration tool and FLAASH (Cooley et al., 2002) atmo-
spheric correction tool of the ENVI 5.3 software. Thereafter, for Landsat
OLI and Landsat ETM+ images, 30-m resolution multispectral and 15-m
resolution panchromatic images were pansharpened to 15 m resolution
using the Gram-Schmidt transformation (Clayton, 1971) tool of the
ENVI 5.3 software. Due to the lack of a higher resolution panchromatic
image, fusion was not performed for Landsat TM and Sentinel-2 MSI im-
ages; therefore, the resolution of the Landsat TM and Sentinel-2
remained 30 and 10 m, respectively.

2.3. Extraction of the edges of the lime-sand islands and the vegetation

Our analysis estimated the areal extents of the lime-sand islands by
extracting the island edges from the satellite images. Various edge ex-
traction methods were previously proposed to examine island changes.
For example, Fletcher et al. (2003 ) and Romine et al. (2009) used the toe
of the beach (ToB) to represent the position of the low water mark
(LWM). Meanwhile, Webb and Kench (2010), Ford (2012, 2013), and
Ford and Kench (2015) used vegetation lines to study the shoreline
movements.

In this study, we chose to extract both the ToB and vegetation lines
from the satellite images. For the SCS lime-sand islands, the ToB is the

intersection of beach sediments with the reef surface, characterised by
a distinct break (Kench and Brander, 2006a, 2006b; Thomas and
Hildegard, 2014). In other words, the ToB appeared as a bright-dark
boundary in satellite images, enabling identification of the ToB from
image tone (Thomas and Hildegard, 2014). In addition, vegetation
lines were determined by identifying the boundary between the green
vegetation and white beach from the true-colour satellite images.

To reduce uncertainty and improve accuracy, an active contour ex-
traction procedure was used to extract the ToB and vegetation lines. Ac-
tive contour extraction is an image line and edge feature extraction
procedure in the computer vision field, first proposed by Kass et al.
(1988) and often referred to as ‘snake’. A snake is an energy-
minimising spline guided by external constraint forces and influenced
by image forces that pull it toward line and edge features. An improved
snake model called gradient vector flow snake (GVF-snake) was used in
this study. This method was proposed by Xu and Prince (1997), and the
code (GVF 2D Matlab-Windows v5.0) was downloaded from http://
www.nitrc.org/frs/?group_id=271. GVF-snake has been widely applied
to high precision contour extraction, e.g. medical image processing (Xu
et al,, 1999; Zamani and Safabakhsh, 2007; Erkol et al., 2010) and re-
mote sensing image processing (Song et al., 2013; Zhang et al., 2017).
According to Liu et al. (2020), GVF-snake can reach a sub-pixel preci-
sion; that is, the accuracy of the localisation of a boundary detected by
GVF-snake is better than 1/2 pixel for coral reef satellite images.

In this study, when the edges were observed to significantly deviate
from the real ToB and vegetation lines or distraction phenomenon oc-
curred (Cheng and Foo, 2007), manual edits were used to compensate
for the deviation and distraction.

24. Calculation of area growth rates and speeds

Once the ToB and vegetation lines were extracted, the areas enclosed
by the ToB and vegetation lines were calculated using ArcGIS 10.5. Spe-
cifically, the lime-sand island area was calculated by enclosing the ToB,
and the vegetation area was calculated by enclosing the vegetation
lines. Note that the selected lime-sand islands have rarely been
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modified by human activities, so there are few buildings. As a result, the
interior of the vegetation lines was nearly completely filled with vegeta-
tion. In other words, only a very few barren areas and drainage lines
were found inside the vegetation lines, so the extents of the barren
areas and drainage lines could be ignored. The estimated lime-sand is-
land and vegetation areas were arranged in chronological order to
form a time series. The changes to the lime-sand islands and the vegeta-
tion were then studied by examining area growth speeds and rates.

If area growth speed is positive, then the area is increasing; otherwise,
the area is decreasing. We imitated the definition of velocity in Physics to
express area growth speed as the following differential equation:

ds
v=2 (1)

where S, t, and v represent area, time, and area growth speed,
respectively.
The following expression was then obtained by integrating Eq. (1):

S =S50+ v(t—tp) (2)
or
S=u+vt 3)

where Sy and t, represent the initial area and initial time, respectively,
and u = Sy — vty

According to Eq. (3), area growth speed can be estimated through a
linear regression of the area (S) on the time (t). The coefficient v of the
regression is the estimation of the area growth speed. Specifically, we
used a weighted linear regression (WLR) method, where weights
were chosen to be inversely proportional to the resolution of the satel-
lite images. As the resolutions of the Landsat TM, Landsat ETM, Landsat
OLI, and Sentinel-2 MSI images were 30, 15, 15, and 10 m respectively,

115°48'00" E
1

10°44'00" N

the weights were set as 1 (30- 5;) for TM images, 2 (30- ) for ETM+
and OLI images, and 3 (30-{;) for Sentinel-2 MSI images.

Area growth rate can be defined as the average annual percent
change in the lime-sand island area or its vegetation. We imitated the
Malthusian model for population growth (Haque et al., 2012) to de-
scribe the area growth rate with the following differential equation:

ds
=i 4)

where 1, S, and t represent the area growth rate, area, and time, respec-
tively. By integrating Eq. (4), we obtained:

S = Spe't 1) 5)
or
InS=q+rt (6)

where Sy and t, represent the initial area and initial time, respectively,
and g = In 'Sy — rto.

Similar to area growth speed, the area growth rate of a lime-sand is-
land or its vegetation can be estimated using a WLR of InS on the time
(t) as well. The coefficient r of the regression estimates the area growth
speed. The difference of this approach is that the logarithm of the area
(InS) is used instead of the area (S) in the regression.

Note that the areas of the lime-sand islands were estimated using
the ToB, and the ToB represents the position of the low water mark
(LWM). As the ToB was identified using image tone, we cannot rule
out the possibility that the estimated areas were influenced by tidal var-
iations. To comprehend such possible influence, we extracted the areas
of a lime-sand island (Ganquan Island) using seven Sentinel-2 MSI mul-
tispectral images. The images were captured in a short period of time
(2015/11/22-2016/10/07). The lime-sand island area was considered

Fig. 2. SCE calculation for the beach width estimation (Mahuan Island is shown as an example).
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to be invariant during the study period. The lime-sand island areas ex-
tracted from the images and the corresponding tidal levels were then
drawn on a scattergraph, to evaluate the potential influence of tidal
levels. Tidal level was calculated using Oregon State University's
(OSU) Tidal Inversion Software, downloaded from http://volkov.oce.
orst.edu/tides/, and results are discussed at the end of Section 3.2.

2.5. Calculation of beach widths
As beach is an important part of a SCS lime-sand island, beach width

is an important attribute. Beach widths were determined using the av-
erage distance between the ToB and vegetation lines. They were

calculated using the Digital Shoreline Analysis System (DSAS 5.0)
(Himmelstoss et al., 2018).

DSAS 5.0 is a software extension for ArcGIS 10.5 that examines the
positional changes of shorelines (Ford, 2013). Specifically, the Shoreline
Change Envelope (SCE) statistic was used to estimate the beach widths.
SCE represents the distance between the farthest and closest shoreline
from the baseline at a transect (Himmelstoss et al., 2018). To estimate
the beach widths, we treated the ToB and vegetation line as two differ-
ent shorelines, and created a baseline inside the vegetation line for each
of the lime-sand islands. Subsequently, transects were casted at a spac-
ing of 10 m along the baseline, as shown in Fig. 2. Thereafter, the SCEs
were calculated using the intersections of transects with the ToB and
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Fig. 3. Area growth rates of the vegetation on the lime-sand islands in SCS: (a) Ganquan Island; (b) Jinqing Island; (c) Jinyin Island; (d) Shanhu Island; (e) Xishazhou; (f) Bei Island;
(g) Zhong Island; (h) Nan Island; (i) Beizi Island; (j) Mahuan Island; (k) Xiyue Island.
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the vegetation line. Finally, the beach width was estimated using the av-
erage of the SCEs.

To calculate beach width, the baseline was created as follows: 1) A
buffer was established for the vegetation line; 2) the inner boundary of
the buffer was then converted to a line; 3) the line was smoothed and
chosen as the baseline. Thereafter, transects were generated using the
DSAS 5.0, where the transects were as perpendicular to the vegetation
boundary as possible. To evaluate the influence of the baseline selection
on the estimation of the beach width, two different baselines separated
by 40 m were created. Results showed that the difference of the two esti-
mated beach widths was only 0.59 m, i.e. 1.6% of the beach width or 1.5%

x10°r=0.96 P<0.01

5
x10%,_0 94 p<0.01

the distance of the two baselines. In other words, the estimation of the
beach width was insensitive to the baseline selection.

3. Results
3.1. Areal growth of vegetation on the lime-sand islands

As shown in Fig. 3, except for 39.42% per year for Xishazhou, the area
growth rates of the vegetation on the lime-sand islands ranged from

0.33% to 0.69% per year during 1989 to 2019. Corresponding Pearson
correlation coefficients (r) ranged from 0.63 to 0.96. Areal expansions
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Fig. 4. As in Fig. 3, but for area growth speeds of the vegetation on the lime-sand islands in the SCS.



were also observed using vegetation area growth speeds, which were all
positive (Fig. 4). The results were consistent with some previous studies
such as Webb and Kench (2010), Ford (2012, 2013), Yates et al. (2013),

and Ford and Kench (2014).

Note that there was no vegetation cover on Xishazhou before 2015,
thus the area growth rate of its vegetation was estimated using only
data from 2015 to 2019. For the same reason, it was difficult to use
the area growth speed of the vegetation on Xishazhou (Fig. 4) to de-
scribe the true annual vegetation growth. Therefore, we do not discuss
the area growth rate and speed of the vegetation on Xishazhou.

3.2. Areal decreases of the lime-sand islands

The area growth rates of the lime-sand islands are shown in Fig. 5. In
contrast to the vegetation, the lime-sand island areas exhibited a
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decreasing trend over the past three decades, with growth rates ranging
from —0.60% to —0.04% per year. The results were consistent with
Romine et al. (2009), Houser et al. (2014), and Thomas and Hildegard

(2014). Shoreline erosions were also found from their detections of

ToB/LWM and beach ridge crests.

As previously described, to study the possible influence of tidal levels
on the extraction of the lime-sand island areas, we drew the extracted
areas of Ganquan Island and the corresponding tidal levels on a
scattergraph (Fig. 6). As shown in the figure, there was a certain corre-
lation between the estimated areas and tidal levels; that is, if the tidal

level increased by 1 m, the estimated area decreased by approximately
5289 m?. According to tidal levels calculated from the OSU Tidal Inver-
sion Software, the tide difference of Ganquan Island was not greater
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than 1 m. Hence, the errors in areas estimated using the extracted ToB
did not exceed 5289 m?. However, based on the area data used in
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Fig. 5. As in Fig. 3, but for area growth rates of the lime-sand islands in SCS estimated using linear regression.
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Fig. 5, the maximum and minimum variations in the lime-sand island
areas during the study time were approximately 103,678 m? and
23,429 m?, respectively. In other words, the areal variation of a lime-
sand island in the SCS was approximately 4.4 to 19.6 times greater
than areal changes caused by tidal level changes. Therefore, the influ-
ences of the tide levels on the estimated lime-sand areas can be ignored.

3.3. Beach widths of the lime-sand islands

Beach widths were used as a bridge to combine the areas of the lime-
sand islands with the vegetation for a more systematical discussion. The
beach widths of the lime-sand islands in the SCS are listed in Table 2. As
can be seen, the initial beach widths ranged from 31.43 to 65.66 m.
Zhong Island and Jinyin Island had the narrowest and widest beaches,
respectively.

4. Discussion

According to our results, the SCS lime-sand island areas exhibited
erosion trends, whereas the vegetation tended to expand. These two
key findings are not contradictory and are in fact complementary re-
sponses to climate change.

4.1. Response of lime-sand islands to global warming

According to the IPCC (2013), warming of the climate system is un-
equivocal. Sea-surface water (water depth less than 75 m) warmed by
0.11 °C per decade as a global average from 1971 to 2010. As responses
to the warming, the sea-level rise has accelerated and the strongest

Table 2

Beach widths of the studied lime-sand islands.
Name Date Width (m)
Ganquan Island 1989/04/09 57.23
Jinging Island 1989/04/09 42.67
Jinyin Island 1989/04/09 65.66
Shanhu Island 1989/04/09 4547
Bei Island 1989/06/20 41.77
Zhong Island 1989/06/20 3143
Nan Island 1989/06/20 37.43
Beizi Island 1992/05/21 39.81
Mahuan Island 1989/06/15 39.48
Xiyue Island 1992/03/03 52.72

As there was no vegetation cover on Xishazhou until 2015, the beach width of Xishazhou
is not listed.
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tropical cyclones may be getting stronger (IPCC, 2013). Consequently,
the risks of storm-surge flooding to the lime-sand islands have increased.

Since the mid-19th century, the rate of sea-level rise has been faster
than the mean rate of the previous 2000 years (IPCC, 2013). According to
IPCC (2013), the global sea-level rise rate during 1971 to 2010 was 2.0
mm/a. Schuerch et al. (2018) performed simulations showing that the
sea level of global coastal wetland areas was projected to rise 0.29-1.10
m between 2010 and 2100 (approximately 3.2-12.2 mmy/a). Here, we
used a sea-level rise range of 2.0-12.2 mmy/a (6.0-36.6 cm over the
study period). These amounts are much lower than the tide differences
in the SCS. As a result, areas of the lime-sand islands directly flooded by
sea-level rise were difficult to identify from the satellite images.

However, this does not mean that the lime-sand islands have not
changed due to global warming, as negative area growth rates were in-
deed observed (Fig. 5). Except for directly increasing the mean water
depth on the reef surface, sea-level rise allowed higher wave energy
to propagate to the reef surface (Sheppard et al., 2005), increasing the
risk of island shoreline erosion. Furthermore, theory and modelling pre-
dicted that tropical cyclone intensity should increase with warming
global mean temperatures (Emanuel, 1987; Knutson and Tuleya,
2004). Emanuel (2005) also suggested that global warming may lead
to an upward trend in tropical cyclone destructive potential.

According to our grain-size analysis on two neighbouring lagoon
cores from Lingyang Reef in Xisha Islands (Yue et al., 2019), the overall
temporal patterns of the coarse-grained deposits (isolated coral
branches and shells) from the sediment sequences were well correlated
with the high sea-surface temperatures (SSTs) in the SCS. Warmer SSTs
might lead to an increase in tropical cyclone intensity in the SCS. Fur-
thermore, we downloaded typhoon data from the China Meteorological
Administration (http://tcdata.typhoon.org.cn/), and evaluated the
Strong Typhoons (STY, 41.5-50.9 m/s) and Super Typhoons (SuperTY,
>51.0 m/s) that passed through the study area (10-20°N, 110-120°E).
As shown in Fig. 7, both the annually accumulated power dissipation
index (PDI) and typhoon frequency increased during 1988-2019. Fur-
thermore, based on the Hadley Centre Sea Ice and Sea Surface Temper-
ature data set (HadISST1) downloaded from https://www.
metoffice.gov.uk/hadobs/hadisst/data/download.html, the SSTs around
the study area have increased 0.31 °C between 1989 and 2019. As a re-
sult, we concluded that the erosion of the lime-sand islands was likely
enhanced by higher wave energy and the increase in tropical cyclone in-
tensity, both related to global warming.

On the other hand, ocean warming and acidification have caused ex-
tensive degradation of coral reefs (Hoegh-Guldberg et al, 2007;
Fabricius et al,, 2011). Yu (2012) indicated that the coral reefs in the SCS
have been dramatically degraded with live coral cover decreasing approx-
imately 80% from 1980 to 2008-2009. According to Qin et al. (2019),
within a region of anomalously warm SSTs, the live coral cover of the
Xisha Islands in the central SCS has declined from 90% during the 1980s
and 1990s to 15% during the 2010s. Our previous work (Chen et al.,
2019) showed that the average live coral cover in 81 study sites of the
SCS fell to 16.3% in 2015. In total, the live coral cover of 46.9% of the
total study sites was in the 0-20% range, whereas 21, 16.1, and 13.5% of
sites had a live coral cover range of 20-30, 30-40, and 40-50%, respec-
tively. Only 2.5% of sites had a high live coral cover of more than 50%.

It is well understood that coral reefs are crucial to maintain a stable
shoreline (Yu, 2012; Ferrario et al., 2014), and as such, coral reef degra-
dation further accelerates shoreline erosion. For example, coral commu-
nities with lower diversity and cover corresponded to more serious
shoreline erosion in the Puqgian Bay of Hainan Island (Zhao et al.,
2019). As a result, we further considered that coral reef degradation
was likely a responsible mechanism for the areal decreases of the SCS
lime-sand islands.

Coral reefs can effectively dissipate incident wave energy through a
combination of breaking and friction (Hearn, 1999). Meta-analyses re-
vealed that coral reefs can provide substantial protection by reducing on
average 97% of the wave energy (Ferrario et al., 2014). For this reason,
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Fig. 7. Trends of annually accumulated PDI and the number of STY and SuperTY that passed through the study area.

coral reefs can fundamentally adjust the interaction between sea waves
and reef-fringed shorelines (Kench and Brander, 2006a, 2006b). In other
words, the degradation of coral reefs reduces bottom friction, which in
turn increases wave heights, wave run-up, and wave-driven flooding
(Quataert et al., 2015; Storlazzi et al., 2015). In addition, coral reef coasts
are caused by one biogeomorphologic process, the result of the interac-
tions between biological, dynamical, sedimentary, and geomorphologic
processes (Naylor et al., 2002; Spencer and Viles, 2002; Zhang et al.,
2006; Zhang, 2007). The material base for the biogeomorphologic process
of coral reef coasts comes from the high growth rate of hermatypic coral
and the high accumulation rate of the coral reefs (Naylor et al., 2002;
Spencer and Viles, 2002; Zhang et al., 2006; Zhang, 2007). With the deg-
radation of the coral reef ecosystems, the lime-sand island coasts could
potentially receive less coral skeleton debris to maintain the existing
area. Therefore, global-warming-caused coral reef degradation is an im-
portant factor that accelerates erosions of lime-sand islands.

In summary, direct inundation caused by sea-level rise was difficult to
identify from satellite images. However, high wave energy, strong tropical
cyclone intensity, and increasing tropical cyclone destructiveness caused
by global warming might have greatly accelerated lime-sand island ero-
sion. Even worse, coral reef degradation might also dramatically erode
the lime-sand islands. Synthetic effects of these factors were enough to
make the area changes of the lime-sand islands become significant in
the experimental satellite images. Area decreases of the lime-sand islands
extracted from the satellite images corresponded to these conclusions.
4.2. Response of lime-sand island vegetation to global warming

In contrast to the island areal trends, vegetation on the SCS lime-
sand islands expanded over time (Figs. 3 and 4). This is in accordance
with other vegetation area studies. Webb and Kench (2010) found
that 86% of the vegetation on 27 lime-sand islands in the central Pacific
Ocean remained stable or increased; Ford (2013) observed that the veg-
etation of 32 of 49 lime-sand islands in the Wotje Atoll of the Marshall
Islands increased in area from 1945 to 2010; and Ford and Kench
(2015) showed that the vegetation on six atolls and two lime-sand
islands in the Marshall Islands expanded between 1943 and 2010.
These results do not contradict with the erosion of the SCS lime-sand
islands; in fact, they are further evidence of climate change impacts.

According to Li et al. (2018), the temperature around the Xisha
Islands increased approximately 0.019 °C/a. As the SST continued to
rise, evaporation increased, resulting an increase in atmospheric humid-
ity. In turn, higher humidity can promote increased precipitation
(Bretherton et al., 2004; Rushley et al., 2018). Smith et al. (2006)

showed concomitant precipitation and SST increases in the western
tropical Pacific. In addition, Xisha Islands precipitation exhibited an up-
ward trend of approximately 3.18 mmy/a from 1959 to 2014 (Li et al.,
2018). As precipitation increases are generally conducive to vegetation
growth, the observed vegetation expansion on the lime-sand islands
in the SCS may be the result.

To examine changes in vegetation and how they relate to precipitation
trends, we investigated the differences between the vegetation growth
rates of islands in the central and southern SCS. According to Chen et al.
(2018), both the central and southern SCS exhibit a positive SST-
precipitation correlation, but the SST-precipitation correlation over the
central SCS is weaker. Therefore, climate change related increases in
southern SCS precipitation are likely greater than those in the central
SCS. As a result, vegetation growth rates in the southern SCS should be
greater than in the central SCS. This was demonstrated by our satellite im-
ages, as the vegetation growth rates on Mahuan Island, Xiyue Island, and
Beizi Island were greater than those on Ganquan Island, Jinyin Island,
Shanhu Island, Jinqing Island, Bei Island, Zhong Island, and Nan Island.

4.3. How vegetation and beaches have affected the lime-sand islands under
global warming

The erosion of the lime-sand islands and the vegetation expansion
were associated with site-specific conditions, such as initial vegetation
and beach widths. For example, the area growth speed of the vegetation
was positively correlated with the initial vegetation areas and beach
width, whereas the area growth rate of the lime-sand islands was neg-
atively correlated with initial beach width (Fig. 8). Here, the initial veg-
etation area represented the vegetation area on a lime-sand island at
the beginning of the study period.

The slope shown in Fig. 8a is the average area growth rate of the veg-
etation on the lime-sand islands in the SCS. Specifically, 1 m? of initial
vegetation can produce roughly 0.0042 m? of new vegetation per year.
In other words, the larger the initial vegetation area, the larger the veg-
etation area growth speed will be. In general, the vegetation perimeter
is larger on a lime-sand island with a large vegetation area. As a result,
the opportunity for the vegetation to expand outward is greater.

Note that the spaces for the vegetation to expand are mainly on the
beaches. Therefore, the vegetation area growth speed should also be re-
lated to beach width. This was verified by performing a linear regression
of the vegetation area growth speeds on the initial beach widths
(Fig. 8b). The slope indicates that if the initial beach width of a lime-
sand island increases by 1 m, the vegetation area growth speed will
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increase by 37.3 m?/a. In fact, the wider the beach width, the farther the
vegetation is from the edge of the lime-sand island, and the less affected
the vegetation will be by the seawater, ensuring that it will grow more.
As an extreme case example, Xishazhou had no vegetation cover until
2015. However, once the vegetation formed, vegetation growth was
fast, as shown in Figs. 3 and 4.

Growth rates of the lime-sand islands in the SCS were negatively
correlated with initial beach widths (Fig. 8c). The slope shows that if
the initial beach width increased by 1 m, the area growth rate decreased
by 0.013%. In other words, the lime-sand islands with narrow beaches
exhibited stronger stability than those with broad beaches.

As a lime-sand island in SCS can be generally divided into the vegeta-
tion and the beach, we can infer from Fig. 8c that the erosion rates of the
lime-sand islands declined with vegetation expansion. In other words, the
vegetation played an important role in preventing sand/sediment erosion
caused by tropical cyclone flooding or high wave energy. This was also
why areal decrease rates fell as beach widths became narrow.

4.4. How the lime-sand islands will change under global warming

In summary, inundation directly caused by sea-level rise could not be
directly observed from satellite images over the past 30 years, but island
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Fig. 9. Summary of the responses of the lime-sand islands in the SCS to global warming.
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erosions were well-detected. Based on previous analysis, these erosions
were caused by higher wave energy, stronger typhoon intensity, and
more serious tropical cyclone destructiveness. Erosion increased due to
the degradation of coral reefs resulting from global warming. In contrast,
vegetation expanded, likely due to regional precipitation increases associ-
ated with climate change. According to previous discussions, the expan-
sions were due to increase of precipitation caused by global warming in
central and southern SCS. In addition, site-specific conditions of the
lime-sand islands, such as initial vegetation and beach widths, impacted
erosion and vegetation expansion rates. The potential impacts of global
warming on these islands are summarised in Fig. 9.

Overall, the lime-sand island vegetation area in the SCS should con-
tinue to increase due to increasing precipitation. Meanwhile, the lime-
sand islands may continue to erode under climate change. Therefore,
the beach width of a lime-sand island in the SCS will narrow until the
edge of the vegetation is close enough to the seawater. During the ap-
proach, both the growth rates of the vegetation and the decrease rates
of the lime-sand islands may become smaller and smaller over time
(Fig. 8b and c).

However, if the vegetation is adjacent to the seawater, vegetation
growth will be significantly inhibited (Rozema and Diggelen, 1991).
As a result, the vegetation may decrease once it expands to the seawa-
ter. In that case, the lime-sand islands may further erode. In sum, both
the lime-sand islands and their respective vegetation areas should con-
tinually decline under further global warming.

5. Conclusions

To help understand how lime-sand islands are changing due to
global warming, changes in island and vegetation areas in the SCS
were detected using a series of Landsat MSS, TM, ETM+, OLI, and
Sentinel-2 MSI images (1989-2019). Area growth rates and speeds
were used to quantitatively analyse the changes in the lime-sand
islands and their vegetation. Results showed that lime-sand islands in
the SCS have eroded, whereas their vegetation has expanded.

Our analysis showed that direct inundation caused by sea-level
rise in the SCS could not be significantly identified from satellite im-
ages. However, other global-warming-related factors such as higher
wave energy, stronger typhoon intensity, and severe tropical cyclone
destructiveness could potentially exacerbate shoreline erosions. Fur-
thermore, global warming has accelerated the degradation of the
coral reefs around the lime-sand islands, which may have exacer-
bated shoreline erosions. Synthetic effects of these factors made
the decline in island area to appear quite significant in the satellite
images. In contrast, vegetation expansion on the lime-sand islands
was caused by the increase in regional precipitation related to
warmer SSTs and increased evaporation. Based on our results, we
concluded how lime-sand islands may evolve with global warming:
1) the islands will continue to erode and the vegetation will continue
to expand; 2) vegetation growth will be significantly inhibited by sa-
line water and vegetation area will start to decrease if the vegetation
becomes adjacent to the seawater.

As the changes in area of the lime-sand islands and their vegetation
were observed to agree with the analytical results, this study showed
that satellite remote sensing can be regarded as an evidence on how
the lime-sand islands have responded to global warming over the past
several decades. This study was the first to quantitatively assess the
changes to the lime-sand islands in the SCS. Our results can further
help understand how lime-sand islands will respond to future global
warming across the world.
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