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Coastal zones and many small islands are highly susceptible to sea-level rise (SLR). Coastal zones have a
large exposed population and integrated high-value assets, and islands provide diverse ecosystem ser-
vices to millions of people worldwide. The coastal zones and small islands affected by SLR are likely to
suffer from submergence, flooding and erosion in the future. However, very few studies have addressed
the heterogeneity in SLR changes and the potential risk to coastal zones and small islands. Here we used
the mean sea level (MSL) derived from satellite altimetry data to analyse the trends and accelerations of
SLRs along global coastal zones and small islands. We found that except for the Antarctic coastal zone, the
annual MSL within 50 km of the coasts presented an increasing trend of 3.09 ± 0.13 mm a�1 but a
decreasing acceleration of �0.02 ± 0.02 mm a�2 from 1993 to 2017. The highest coastal MSL trend of
3.85 ± 0.60 mm a�1 appeared in Oceania, and the lowest trend of 2.32 ± 0.37 mm a�1 occured in North
America. Africa, North America and South America showed acceleration trends, and Eurasia, Australia
and Oceania had deceleration trends. Further, MSLs around global small islands reflected an increasing
trend with a rate of 3.01 ± 0.16 mm a�1 but a negative acceleration of �0.02 ± 0.02 mm a�2. Regional
heterogeneity in the trends and accelerations of MSLs along the coasts and small islands suggests that
stakeholders should take discriminating precautions to cope with future disadvantageous impacts of
the SLR.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Assessment of the impacts of sea-level rise (SLR) on highly vul-
nerable areas such as coastal zones and many small islands is very
important [1]. The population in the low-elevation coastal zones
was 625.2 million people in 2000 worldwide and will probably
increase to 948.9 million by 2030 and 1,388.2 million by 2060
[2]. With millions of islands worldwide, including an estimated
17,883 with an area >1 km2 [3], the rapidly increasing populations
of island inhabitants will continue to exert considerable stress on
freshwater, land and other resources [4]. In addition to a large
exposed population, coastal zones and small islands have valuable
infrastructures and substantial national wealthy [5] that are highly
susceptible to severer storm surges [6]. Furthermore, some islands
Elsevier B.V. and Science China Pr
are included on the World Heritage list [7] as curcial heritage sites
[5].

Satellite altimetry data can be used to address the deficiencies
in spatial and temporal measurements by tide gauges for assessing
SLR. Satellite altimetry data can operationally monitor adverse
impacts along coastal zones and small islands. SLR is one of the lar-
gest climate-change-driven factors that affect the habitability of
coastal zones and small islands [1,8,9] and may cause submer-
gence, flooding, erosion [10], and shoreline changes [11] as well
as saltwater intrusion to groundwater of coastal zones and small
islands [12,13]. Mean sea level (MSL) is often used to measure
SLR. The global ocean MSL accelerated at a rate of
0.018 ± 0.007 mm a�2 from 1902 to 1990 according to the average
tide gauge record [14], and global warming-induced global ocean
MSL acceleration increased to 0.084 ± 0.025 mm a�2 after correc-
tions for the eruption of Mount Pinatubo [15] and El Niño-
Southern Oscillation (ENSO) effects from 1993 to 2017 based on
precise satellite altimetry data [16].
ess. All rights reserved.
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The global ocean MSL increased at a rate of 3.34 mm a�1 from
1993 to 2018 based on near real-time satellite altimetry data
[17]. MSL is a measure of the sea level variations over time and pre-
sents the mean change in the sea-level anomaly (SLA) located in
assigned longitude-latitude grids. The effects of SLR on small
islands have been widely reported [18–21]. Indisputably, heteroge-
neous assessments of SLR changes need to consider the MSL, which
includes the climate-change-driven global MSL [16] and local vari-
ations caused by the melting of glaciers, ice-caps, and mountain
glaciers; ocean circulation patterns; ocean heat content [22–24];
interannual or decadal variability; glacial isostatic adjustment;
and tectonic movement [25]. Although extreme sea levels [26]
often occurred in association with severe weather events or tsuna-
mis, MSL based on several million individual point measures of SLA
is still a better general sign of the effects of SLR on coastal zones
and small islands. Currently, insufficiently detailed algorithms con-
fine to large footprints of satellite altimetry data [27] and the signal
discernment between land and water and/or wet tropospheric cor-
rection remains unsolved issues. However, we can still use the MSL
distributed within a certain grid range to approximately assess the
effect of SLR on coastal zones and small islands. To the best of our
knowledge, the MSL changes along coastal zones and small islands
using 25-year time series of precise satellite altimetry data have
rarely been investigated. Thus, we investigated herein the follow-
ing two questions: what were the MSL changes along coastal zones
and small islands? How strong was the MSL heterogeneity in these
vulnerable areas? Potential MSL heterogeneity could impact a large
exposed population and lead to the shifting of high-value assets.
The examination of MSLs in these vulnerable areas is important
for effective adaptation and mitigation of SLR.

Here we present the first risk mapping of the heterogeneous
distribution of the MSL changes along coastal zones including
coastal subzones, and small islands from 1993 to 2017. We con-
sidered the annual-scale MSL variations within 50 km adjacent
to coastal zones and small islands based on a global climatology
grid product (0.25�). Small islands from each ocean region
always share approximately common characteristics [28], and
here we do not consider the potential effects of the numbers
of islands in different ocean region. The MSL changes along small
islands were examined strictly following the boundary partition
of ocean regions, thus, some islands were divided into several
different ocean regions. Risk mapping of the MSL heterogeneity
could indicate various responses in different locations and focus
the attention of policy makers on the more susceptible places.
The quantification of the MSL trend and acceleration along
coastal zones including coastal subzones, and small islands can
help coastal countries and small island developing states form
adaptation polices and management plans to mitigate the
hazards brought by the SLR.
2. Materials and methods

2.1. Study area

The study area includes coastal zones and small islands
between 69�S and 83�N. Due to the large variation in Antarctica
ice-sheet shorelines, MSL changes in this region was excluded.
The world vector shoreline used the full-resolution shapefiles
from the Global Self-consistent Hierarchical High-resolution
Geography (GSHHG) Version 2.3.7, June 15, 2017 [29]. The
corresponding continental GSHHG shorelines were masked and
revised based on the world continents produced by the ESRI,
Global Mapping International, U.S. Central Intelligence Agency
(The World Factbook) (https://www.arcgis.com/home/item.html?
id=a3cb207855b348a297ab85261743351d). The corresponding
continents are Asia, Africa, Europe, Australia, North America, South
America and Oceania after excluding Antarctica. Small islands
examined in this study were derived by the International Hydro-
graphic Organization (IHO) ocean regions (http://www.marinere-
gions.org/about.php) [30] (Fig. S1 online). Coastal subzones were
defined by combining continents and contiguous ocean regions
(Table S1 online). Overall, 134 coastal subzones (Table S1 online)
and 100 ocean regions (Table S2 online) are included in the current
study.
2.2. MSL processing

Global or regional MSL was directly computed on a mean grid of
SLAs from an equi-area average box (0.25� � 0.25�) to allow each
cycle to distribute the measurements equally by weighting each
box according to its longitude-latitude and its areal coverage of
the surface of the ocean. The annual MSL was averaged from the
monthly mean SLA product with a resolution of 0.25�.

The SLA is defined as the sea surface height minus the mean sea
surface and minus known geophysical corrections. The SLA data
were extracted from the Ssalto/Ducas altimeter product produced
and distributed by the Copernicus Marine and Environment Moni-
toring Service (CMEMS) (http://www.marine.copernicus.eu). Maps
of Sea Level Anomalies-Height (MSLA-H) global delay-time
monthly mean product data [31] were obtained from the Archiv-
ing, Validation and Interpretation of Satellite Oceanographic
(AVISO) website (ftp://ftp-access.aviso.altimetry.fr/climatol-
ogy/global/delayed-time/monthly_mean/).

The SLA is defined as [32]
SLA = Orbit – (Range + Dry troposphere + Wet troposphere

+ Ionosphere) – Ocean tide – Solid earth tide – Pole tide – Sea state
bias – Combined atmospheric correction – Mean sea surface, where
Orbit is the altitude of the satellite above the reference ellipsoid;
Range is the altimeter range including all instrumental corrections;
Dry troposphere is the altimeter range correction due to the dry
troposphere field; Wet troposphere is the altimeter range correc-
tion due to the wet troposphere field; Ionosphere is the altimeter
range correction due to the ionosphere field; Ocean tide is the geo-
centric ocean tide (sum of the sea surface height amplitude due to
the geocentric ocean tide and the load tide height for the geocen-
tric ocean tide); Solid earth tide is the sea surface height amplitude
due to the earth tide; Pole tide is the sea surface height amplitude
due to the pole tide field; Sea state bias is the sea surface height
bias due to the sea surface roughness field; Combined atmospheric
correction is the sea surface height correction due to air pressure
and high-frequency winds; and Mean sea surface is the mean sea
surface height above the reference ellipsoid.
2.3. Calculation of trend and acceleration

The annual MSL grids were transformed into point measure-
ments located in the grid centres, and a buffer of 50 km along
the vector shorelines of the coastal zones and ocean region
islands was used to mask these point measurements. All the
annual means of point measurements were integrated to calcu-
late the annual mean of coastal zone and ocean region island
MSLs. The MSL trend was deduced from this time series using
a least squares linear method [33]. The uncertainties are given
as 1 standard error (s.e.) of the estimates of the slope value
[34]. A least squares quadratic fitting was performed to calculate
the acceleration, where the acceleration is twice the quadratic
coefficient [15,16] and the uncertainty is 1 s.e., defined by the
standard deviation of the sample and the sum of the weights
in the calculation of the quadratic coefficient [34]. The time per-
iod is from 1993 to 2017.
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3. Results

3.1. MSL trend on coastal zones

The annual global coastal MSL increased at a rate of
3.09 ± 0.013 mm a�1 from 1993 to 2017 (Fig. 1a). Combined with
a 5� grid distribution, this increase meaned that large parts of
coastal zones in Southeast Asia, Oceania and Northern Australia
and a small portion of Northern Eurasia, especially in Sweden
and Finland around the Baltic Sea, had greater SLRs. For example,
more than 6.0 mm a�1 of increased MSL trends occurred in some
Fig. 1. Heterogenous distribution of global coastal MSL trends from 1993 to 2017. (a)
Coastal MSLs were extracted after a buffering of 50 km based on world vector shoreline
(0.25�) into defined grids (5�) were calculated, with the blue representing decreases an
squares represented the annual MSLs. The trend was fitted through the red fitting li
respectively) representing the statistical errors of the annual trend’s fitting. The slope is
trend. The left and right values in the square bracket are the lower bound (95%) and
determined using a linear trend test. The grey dotted line represented the zero-equivalen
e. derived by the quadratic fitting of the annual global coastal MSL from 1993 to 2017.
locations, suggesting that these zones were suffering more from
severer SLR threats. Western coastal zones in Canada and the Uni-
ted States, located on the North America continent, presented
lower and nonsignificant trends in coastal MSL. The MSL trends
of most grids around South America coastal zones were no more
than 4.0 mm a�1. Some grids around the Svalbard archipelago
and western Greenland coastal zones had negative trends of less
than �1.0 mm a�1, and their standard errors seemed to be slightly
exaggerated but not significant. These exaggerated standard errors
of certain grids may be related to nonuniform ice-thinning rate and
ice-coverage extension, especially in the Svalbard archipelago [35].
Data were shown on a 5� � 5� grid and superimposed on world vector shorelines.
s. The linear trends of integrating the annual mean of individual coastal MSL grids
d the red representing increases. The uncertainty is 1 standard error (s.e.). The red
ne, with the 68% and 95% confidence levels (shaded medium red and light red,
the linear trend estimate (unit, mm a�1) [33], showing the slope ± 1 s.e. of the linear
upper bound (95%) of the trend, respectively. The P, the trend’s significance, was
t MSL line. The inset boxplot represented global acceleration with acceleration ± 1 s.
(b) The same as the inset of Fig. 1a but for individual continents.
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The exaggerated standard errors in northern Eurasia may be
related to the Arctic sea-ice loss [36] (Fig. 1a).

Coastal MSL trends showed great heterogeneity, with the differ-
ence between Oceania and North America as high as 1.53 mm a�1

(Fig. 1b). At the continental scale, the annual coastal MSLs of North
America and South America had lower significant trends of
2.32 ± 0.37 and 2.92 ± 0.29 mm a�1, respectively, which were less
than those of the other continents (Fig. 1b).

Of all 134 coastal subzones, the highest MSL trend appeared in
Arctic Ocean North America (5.93 ± 1.40 mm a�1), and the lowest
MSL trend was negative in Baffin Bay North America
(�0.61 ± 0.65 mm a�1) from 1993 to 2017. In the 14 coastal sub-
zones of Africa, Gulf of Aqaba Africa had the highest MSL trend
(4.29 ± 0.72 mm a�1) and Alboran Sea Africa had the lowest MSL
trend (2.18 ± 0.45 mm a�1). Australia was surrounded by 8 coastal
subzones, ranging between 2.68 and 4.70 mm a�1. The MSL trends
in the 75 coastal subzones fell in the range of 0.34 and 5.01 mm
a�1, corresponding to Arctic Ocean Eurasia and Arafura Sea Eurasia.
Baffin Bay North America and Davis Strait North America in North
America coastal subzones did not manifest significant MSL trends
from 1993 to 2017. In Oceania, the severest coastal subzone was
Solomon Sea Oceania, with an MSL increasing trend of
5.07 ± 1.26 mm a�1. The lowest MSL trend in South America coastal
subzones was observed in Southern Ocean South America
(1.60 ± 0.39 mm a�1) (Table S1 online).

3.2. MSL trend around small islands

The slope of global island MSL in the 100 ocean regions showed
an increasing trend of 3.01 ± 0.16 mm a�1 (Fig. 2b). Island MSL
trends displayed a wider range of 5.85 mm a�1, from
�0.78 ± 0.68 mm a�1 in Baffin Bay to 5.07 ± 1.26 mm a�1 in Solo-
mon Sea (Fig. 2a and Table S2 online). Except for Baffin Bay, other
island MSL trends were positive (Table S2 online). Of the island
MSL trends of typical ocean regions, the Pacific Ocean, including
the North Pacific Ocean and South Pacific Ocean, had the highest
trend of 3.19 ± 0.22 mm a�1; the Atlantic Ocean, including the
North Atlantic Ocean and South Atlantic Ocean, had the second
highest trend of 2.76 ± 0.16 mm a�1; and the Mediterranean Sea,
including the Mediterranean Sea-Eastern Basin and Mediterranean
Sea-Western Basin, had the third highest trend of 2.65 ± 0.32 mm
a�1 (Fig. 2b).

From the heterogenous distribution of island MSL trends, most
ocean regions showed significant increasing trend; 9 of 100 ocean
regions indicated poor capture of the MSLs and nonsignificant
changes (P > 0.05). The largest of the 100 ocean regions examined
here (75.39 � 106 km2) is the South Pacific Ocean, where the island
MSL trend was 3.21 ± 0.32 mm a�1. The Strait of Gibraltar, which is
the smallest ocean region (1.66 � 103 km2), displayed a trend of
2.25 ± 0.32 mm a�1 from 1993 to 2017 (Fig. 2a and Table S2
online). In other words, 91% of ocean regions displayed significant
increasing island MSL trends from 1993 to 2017 (Fig. 2a and
Table S2 online), likely affected by SLR.

3.3. MSL acceleration on coastal zones

The annual global coastal MSL had a negative acceleration of
�0.02 ± 0.02 mm a�2 from 1993 to 2017 (Fig. 1a); the determinate
coefficient was 0.963, indicating that this result was credible to
some degree. Heterogeneous distribution of global coastal MSL
accelerations was also calculated (Fig. 3). Although the MSL trend
of most grids in North America and South America were no more
than 4.0 mm a�1 (Fig. 1a), their accelerations were largely higher
than 0.2 mm a�2. Southeast Asia, Oceania and Northern Australia
had negative accelerations, the MSL accelerations of certain grids
were less than �0.6 mm a�2. However, in Sweden and Finland,
their accelerations were greater than zero, with possible conse-
quence of more severer MSL trends (Fig. 3). In short, the Eastern
Hemisphere inclined to negative accelerations of MSL and Western
Hemisphere inclined to positive accelerations of MSL at the conti-
nental scale. Note that the heterogeneous distribution of global
coastal accelerations in Fig. 3 corresponded to the heterogeneous
distribution of global coastal trends in Fig. 1a.

With respect to the �0.02 ± 0.02 mm a�2 of global coastal MSL
acceleration (Fig. 1a), Eurasia, Australia and Oceania had more neg-
ative accelerations of �0.06 ± 0.03, �0.20 ± 0.11 and
�0.20 ± 0.08 mm a�2, respectively. Africa, South America and
North America had more positive accelerations of 0.04 ± 0.04,
0.09 ± 0.04 and 0.15 ± 0.05 mm a�2, respectively (Fig. 3).

Sixty-four of 134 coastal subzones had positive accelerations
higher or equal to 0.01 mm a�2, and 64 coastal subzones had neg-
ative accelerations lower or equal to �0.01 mm a�2. The other 8
coastal subzones had no evident accelerations, ranging between
�0.01 and 0.01 mm a�2. The MSL accelerations of all the 134
coastal subzones ranged between �0.53 mm a�2 in Timor Sea Aus-
tralia and 0.50 mm a�2 in Arctic Ocean North America. Of 8 coastal
subzones in Australia, only South Pacific Ocean Australia had a pos-
itive acceleration (0.10 ± 0.11 mm a�2). Additionally, only North
Atlantic Ocean South America had a negative acceleration
(�0.13 ± 0.05 mm a�2) among South America coastal subzones.
Negative accelerations were all observed in the 10 Oceania coastal
subzones (Table S1 online).
3.4. MSL acceleration around small islands

As with global coastal MSL acceleration, global island MSL also
had a negative acceleration of �0.02 ± 0.02 mm a�2 but an increas-
ing trend of 3.01 ± 0.16 mm a�1, indicating that the global island
MSL trend decelerated from 1993 to 2017. In the typical ocean
regions, island MSL acceleration in the Atlantic Ocean was positive
at 0.03 ± 0.03 mm a�2, whereas that in the Mediterranean Sea was
negative at �0.03 ± 0.05 mm a�2, and the island MSL acceleration
in the Pacific Ocean was �0.04 ± 0.03 mm a�2 (Fig. 4).

According to heterogenous distribution and statistics of island
MSL accelerations, with the exception that the island MSL trend
in Baffin Bay was negative at �0.78 ± 0.68 mm a�1 (P > 0.1), the
other 50 ocean regions had decelerating but increasing trends.
The English Channel, North Sea, Hudson Bay, Irish Sea and St.
George’s Channel and Inner Seas off the West Coast of Scotland
had zero accelerations but significant increasing trends. Forty-
four ocean regions had accelerating and increasing trends
(Table S2 online and Fig. 4a). Island MSL accelerations ranged from
�0.49 ± 0.20 mm a�2 in Timor Sea to 0.36 ± 0.13 mm a�2 in Gulf of
California. The South Pacific Ocean, the largest of 100 ocean
regions, had an acceleration of �0.05 ± 0.05 mm a�2, and the Strait
of Gibraltar, the smallest ocean region, had an acceleration of
�0.01 ± 0.05 mm a�2 (Table S2 online). Similarly, island MSL accel-
erations in the different ocean regions displayed different
responses that correspond to the threats imposed by SLR in differ-
ent ocean regions.
4. Discussion and conclusion

Finer-scale evaluation of the heterogeneous distribution of MSL
trends and accelerations along coastal zones and small islands is
useful for better understanding how coastal zones and small
islands should adapt to global warming-induced SLR. We found
that the decreasing order of coastal MSL trends among continents
was Oceania, Australia, Africa, Eurasia, South America and North
America. A total of 128 of 134 coastal subzones contiguous the
world continents, excluding Antarctic, exhibited increasing MSL



Fig. 2. Heterogenous distribution of global island MSL trends from 1993 to 2017. (a) The International Hydrographic Organization (IHO) ocean regions are superimposed on
the full-resolution shapefiles from GSHHG [29]. The grid cell size is 30��30�. Blue indicates decreasing trends, while red indicates increasing trends. Errors are given in terms
of the s.e. The nonsignificant island MSL trends of the Laptev Sea, East Siberian Sea, Baffin Bay, Sea of Azov, Davis Strait, the Coastal Waters of Southeast Alaska and British
Columbia, Beaufort Sea, Black Sea and Gulf of California were not labeled. For more details about names and trends, see Fig. S1 and Table S2 (Online). (b) The same as Fig. 1b
but for the typical ocean regions. The typical ocean regions include the Atlantic Ocean (sum of North Atlantic Ocean and South Atlantic Ocean), Mediterranean Sea (sum of
Mediterranean Sea-Eastern Basin and Mediterranean Sea-Western Basin) and Pacific Ocean (sum of North Pacific Ocean and South Pacific Ocean).
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trends from 1993 to 2017. Positive accelerations were most com-
mon in Western Hemisphere coastal subzones, and negative accel-
eration were most common in Eastern Hemisphere coastal
subzones (Fig. S1 and Table S1 online), roughly corresponding to
the heterogeneous distribution of global island MSL accelerations
in Fig. 4. Of all 100 ocean regions, global island MSL trend and



Fig. 3. Heterogeneous distribution of global coastal MSL accelerations from 1993 to 2017. Data were shown on a 5� � 5� grid and superimposed on world vector shorelines.
Coastal MSLs were extracted after a buffering of 50 km. The quadratic accelerations of the annual coastal MSL grids (0.25�) in the respective grids (5�) were calculated, with
the blue representing decreases and the red representing increases. The uncertainty is 1 s.e. The different color boxplots represented coastal accelerations among individual
continents, with the acceleration ± 1 s.e. The acceleration was derived by quadratic fitting of the annual MSLs in Fig. 1b.

Fig. 4. Heterogeneous distribution of global island MSL accelerations from 1993 to 2017. The same as Fig. 2a but for island MSL accelerations. Island MSL accelerations
corresponding to nonsignificant island MSL trends in certain ocean regions were not labeled. The typical ocean regions were the same as those in Fig. 2b. The different color
boxplots represented global and typical ocean region accelerations, with acceleration ±1 s.e. The accelerations were derived by quadratic fitting of annual MSLs for global and
typical ocean regions.
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acceleration roughly fell in the range of the distribution of global
coastal MSL trend and acceleration, respectively. In total, coastal
zones and small islands had shown increasing MSL trends from
1993 to 2017.

The global ocean MSL acceleration (0.01 ± 0.01 mm a�2) from
1993 to 2017 in this study (Table S2 online) was approximate to
the acceleration recorded by tide gauges (0.018 ± 0.007 mm a�2)
[14] but lower than the corrected climate-change-driven global
ocean MSL acceleration (0.084 ± 0.025 mm a�2) from the Jason ser-
ies satellite altimetry data for the same study period [16], which
may be related to non-climate-change-driven factors. The global
coastal MSL acceleration (�0.02 ± 0.02 mm a�2) (Fig. 1a) was
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approximate to the global ocean MSL deceleration of
�0.02 ± 0.02 mm a�2 caused by the eruption of Mount Pinatubo
in 1991 [15]; thus, the deceleration in global coastal MSL may be
related to a slow recovery of sea level that was decreased by the
eruption of Mount Pinatubo in 1991 [16]. The global ocean MSL
trend (2.88 ± 0.08 mm a�1) from 1993 to 2017 in this study was
lower than that from 1993 to 2009 (3.4 ± 0.4 mm a�1) [37], and
the global island MSL trend (3.01 ± 0.16 mm a�1) from 1993 to
2017 in this study accorded with the not yet fully understood
errors (2–4 mm) [38], compared with the 3.31 mm a�1 increasing
global ocean MSL trend from 1993 to 2017 following the AVSIO+
[17]. This underestimate was likely related to the method used
to process monthly averaged MSLA, corresponding to the weekly
maps of delayed-time SLAs averaged month by month from Jan-
uary 1993 and averaged again year by year. Averaging over
monthly or annual scales may counteract extremely high SLAs in
some grids, which may have resulted in an underestimate in this
study.

The heterogeneous distribution of coastal MSL trends may be
directly related to different mean significant wave heights [39]
caused by wind along world vector shorelines, although gravity
waves may flatten wave height changes over two or three months.
Additionally, changes in the land terrestrial water storage (TWS)
[40], even in the world endorheic basins [9], may indirectly con-
tribute to coastal MSL change. Changes in TWS along word vector
shorelines have increasing (decreasing) trends and recharge (dis-
charge) water into the land [41], roughly corresponding to the
heterogeneous distribution of global coastal MSL accelerations. In
particular, for ice-sheet loss, glacier and ice-cap loss, �32% of gla-
cier area and �21% of glacier volume [42] are located in the Eastern
Hemisphere, which may limit the increase in coastal MSL acceler-
ations; thus, Eurasia, Australia and Oceania had decelerating
trends. With �52% of glacier area and �56% of glacier volume
[42] located in the Western Hemisphere, mass loss contribution
may result in positive MSL accelerations in Africa, North America
and South America. Changes from coastal winds and land TWS,
especially ice-sheet loss, glacier and ice-cap loss and sea-ice loss
[36], may result in the complexity of spatial uncertainties of the
pattern.

In the current study, the MSL was successfully used to estimate
SLR in coastal zones and small islands. Differences in MSLs had
been found in these vulnerable areas. When planning and develop-
ing coastal zones and small islands, we should consider character-
izing their bioclimatic and physical characterization [3] to develop
alternative options for adaptation to rising sea-levels [43]. Some
hot-spot areas, such as crucial World Heritage sites [5] and migra-
tory bird stopover habitats [44], walls, flood-resistant aluminum
barriers and elevated embankments could be constructed along
coastal zones and small islands. In fact, ensuring the continued
habitability of small islands in different ocean regions cannot be
separated from the attempt to achieve emission reductions and
energy savings on the national and international levels.

The initial quantification of risk mapping of the MSL hetero-
geneity along coastal zones and small islands focusing on the
trends and accelerations can inform local governments regarding
how the MSL might change in the future and help them to adopt
targeted and purposeful measures to minimize the adverse
impacts. In total, the SLR heterogeneity strongly suggested that
Oceania had faced the most severe but decelerating SLRs, while
North America ranked the last, and world islands faced an
increased severity of SLR during the period of 1993–2017.
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