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Abstract
Local projections of future sea-level change are important for understanding climate change risks and
informing coastalmanagement decisions. Reliable and relevant coastal risk information is especially
important in SouthAsia, where large populations live in low-lying areas and are at risk from coastal
inundation.Wepresent a new set of local sea-level projections for selected tide gauge locations in
SouthAsia. The projections are used to explore the drivers of spatial variations in sea-level change for
SouthAsia over the 21st century under the RCP2.6 andRCP8.5 scenarios. Global sea-level rise for
2081–2100 is projected to be 0.39m (0.26–0.58m) and 0.65m (0.47m–0.93m) for RCP2.6 and
RCP8.5 respectively. Local sea-level rise projections for the same period vary spatially over the South
Asia region, with local sea-level rise in excess of projected global sea-level rise in the equatorial Indian
Ocean but less than projected global sea-level rise for the northernArabian Sea and northern Bay of
Bengal. Local sea-level rise for 2081–2100 is projected to be 0.44m (0.29–0.67m) and 0.72m
(0.51–1.06m) atGan II (Maldives) under RCP2.6 andRCP8.5 respectively, whereas forDiamond
Harbour (West Bengal) the corresponding changes are 0.32m (0.19–0.51m) and 0.57m
(0.39–0.85m).We find that the sterodynamic contribution is generally the leading driver of change at
any single location, with future groundwater extraction over the sub-continent landmass themain
driver of spatial variations in sea-level across the region. The new localised projections quantify and
enhance understanding of future sea-level rise in SouthAsia, with the potential to feed into decisions
for coastal planning by local communities, government, and industry.

1. Introduction

Sea-level rise is of paramount concern in coastal regionsof SouthAsia,where largepopulations are vulnerable and
exposed toflooding fromcoastal inundation and surge events (Brecht et al2012,Hijioka et al2014). Reliable
projectionsof sea-level change at spatial and temporal scales of relevance to climate change adaptation and investment
decisions are required inorder to ensure risks areunderstoodandmanaged.However, theprecisenatureof sea-level
information requireddependson thedecision context and levels of uncertainty tolerance (Hinkel et al2019).

Sea-level change is known to vary regionally, differing in themagnitude and rate of change, and in some
locations the sign of change (Oppenheimer et al 2019). Spatial variations in sea-level change can arise from
differences in the relative contributions from local ocean dynamic processes (i.e. ocean circulation and density
changes) aswell as changes in Earth’s gravity, rotation, and viscoelastic solid-earth deformation that arise from
the redistribution ofmass from the continents to the oceans (e.g. throughmelting of ice sheets, glaciers and
groundwater depletion) (Mitrovica et al 2001, Stammer et al 2013, Slangen et al 2014). Understanding and
quantifying different contributions, or ‘fingerprints’, of regional and local sea-level change is essential for
makingmore robust use of climatemodel datasets and providing projections at sub-global scales (Tamisiea and
Mitrovica 2011).
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Regional sea-level projections have been produced using knowledge of the different contributions applied to
the outputs of coupled ocean-atmosphere climatemodel simulations, such as those produced through the fifth
phase of theCoupledModel Intercomparison Project (CMIP5) (e.g. Slangen et al 2014, Palmer et al 2020).Most
studies to date in SouthAsia have relied on global or basin-scale (e.g. Bay of Bengal) sea-level projections (Kay
et al 2015, Jisan et al 2018, Rahman et al 2019), such as those provided in the fifth assessment report of the
Intergovernmental Panel onClimate Change (IPCC) (Church et al 2013). For example, studies assessing coastal
risks in Pakistan have relied either on global estimates of sea-level change provided by IPCC reports, or
extrapolations of observed changes from a single tide gauge location (Karachi) (seeWeeks andHarrison 2020).
As part of a recent assessment of climate change over the Indian region, Swapna et al (2020) state that sea-level
rise in the IndianOcean is dominated by thermal expansionwith the thermosteric component likely to
contribute about 20 to 30 cmof sea-level rise along the Indian coast by the end of the twenty-first century.
However, the study does not consider all important regional contributions and only uses a single greenhouse gas
concentration scenario (RCP4.5), thereby only capturing part of the uncertainty space.

In this paper,we investigate future sea-level change along the coasts of SouthAsia.We focuson the change in local
timemean sea-level relative to the local solid surface, following the terminology set out inGregory et al (2019).We
presentnew21st century sea-level projections for SouthAsia tide gauge locations, developedusing theoutputs of
CMIP5models and themethods applied inUKClimateProjections 2018 (UKCP18) (Palmer et al2018,Palmer et al
2020). The aimsof this paper are to: (1)quantify the extentof relative localmean sea-level (hereafter LMSL) at tide
gauge locations along the IndianOceancoastline andcompare to globalmean sea-level (GMSL) changes; (2) identify
thephysical processes responsible for local departures inLMSLcompared toGMSLchanges; and (3)understandhow
contributions toLMSLchanges anduncertainty ranges varywithin the SouthAsia region.

In section 2we present the datasets used in this study, including observed tide gauge and satellite altimeter
data, climatemodel data and evidence fromprevious studies for other factors contributing to LMSL change. In
section 3we describe themethods used for constructing the new local sea-level projections. The new sea-level
projections are provided in section 4, including a comparison between greenhouse gas concentration scenarios
and discussion on the drivers behind spatial variations. Themainfindings are summarised and discussed in
section 5, including limitations and potential future applications.

2.Data

2.1. Tide gauge data
Sea-level projections are generated for tide gauge locations across the SouthAsia region (figure 1). The locations
were selected to span the spatial variations in future sea-level change over the region. Data was sourced from the
Permanent Service forMean Sea Level3 (Holgate et al 2013) for locationswith records of at least 60%
completeness for the years 1990–2000 corresponding to themiddle decade of the baseline period used by the
projections, 1986–2005.Note that whilst Karachi did not satisfy this criterion, it has been included to highlight
spatial gradients of sea-level change in the region. The latitude, longitude and data completeness over the
baseline period are summarized in table S1 (supplementarymaterials). The tide gauge recordswere not
corrected for vertical landmovement, since the local sea-level projections used in this study include estimates for
local glacial isostatic adjustment (GIA) andwewant to retainGIA signal in the tide gauge records.

2.2. Satellite altimeter data
The satellite altimeter data used in this study is fromv2.0 of the European Space Agency (ESA)Climate Change
Initiative forObservations of sea level (CCI) described by (Legeais et al 2018). The ESA altimetry dataset is based
on gridded observations fromnine altimetermissions over the period 1993–2015, that providedmonthlymean
values forGMSL and two-dimensional fields on a 0.25° by 0.25° latitude-longitude grid. Gridded observations
have been homegenised and reprocessed.Monthlymean gridded sea-level anomalies were converted to annual-
mean anomalies to allow for comparisonswith the local sea-level projections in this study and to supplement the
tide gauge data described in section 2.1. The annualmean time-series are extracted from the closest grid box to
the tide gauge locations (figure 1).

2.3. Climatemodel data
21Global ClimateModels (GCMs) are used in this study, taken from the climatemodel simulations carried out
as part of CMIP5 (Taylor et al 2012). The sea-level projections in this study are based on the sameCMIP5model
ensemble used forGMSLprojections presented in the IPCCfifth assessment report (AR5) and the LMSL
projections described by Palmer et al (2020). The list of the CMIP5models used is summarized in table S2
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(supplementarymaterials). Projections use simulations of globalmean surface temperature (tas), globalmean
thermosteric sea-level rise (zostoga) and ocean dynamic sea level or sea surface height above geoid (zos) for the
Representative Concentration Pathways (RCPs;Meinshausen et al 2011)RCP2.6, RCP4.5 andRCP8.5. The
timeseries for ocean dynamic sea level and globalmean thermosteric sea-level rise are drift-correctedwith a
quadratic fit to the corresponding pre-industrial control simulation for eachmodel. The drift-correction is
intended to remove any artificial signals arising from the ongoing spin-up of the deep ocean and/or limitations
associatedwith representation of energy conservationwithin themodel domain. The spatial pattern for
sterodynamic sea-level change (zostoga+ zos) over the SouthAsia region is shown for RCP4.5 (figure 2).More
detailed descriptions of the projections and underlying datasets are provided in Palmer et al (2020).

2.4. Gravitation, rotation anddeformation effects
Changes to the distribution of solid and liquidwatermass on the Earth’s land surface give rise to geographically
varying patterns of sea-level change, due to the effect ofmass redistribution on the Earth’s gravitation, axial
rotation and deformation of solid earth surface frommass loading (Tamisiea andMitrovica 2011). Using the

Figure 1. Locations of tide gauge stations for the tide gauge data, satellite altimeter observations and local sea-level projections used in
this study.

Figure 2.Projections of IndianOcean sterodynamic sea-level change for 2081–2100 relative to 1986–2005 from an ensemble of 21
CMIP5models: (a) ensemblemean; (b) ensemble spread at the 90% confidence interval based on the ensemble standard deviation.
The spatial patterns come from the forced response of ocean dynamic sea-level across theCMIP5model ensemble. Adapted from
IPCCAR5 (Church et al 2013,figure 13.16).
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nomenclature ofGregory et al (2019)we collectively refer to these asGRD (Gravity, Rotation, Deformation)
effects. TheGRD estimates are represented as scaling factors indicating theGRD contribution to LMSL change
per unit of barystatic GMSL rise for each of the following (a)Antarctica surfacemass balance, (ii)Antarctica ice
dynamics, (iii)Greenland surfacemass balance, (iv)Greenland ice dynamics, (v) glacier icemass, and (vi)
terrestrial watermass storage (figure 3).

Following Palmer et al (2020)we use three different estimates forGRD effects arising from icemass changes
at ice sheets and glaciers, produced by Spada and Stocchi (2007), Klemann andGroh (2013) and Slangen et al
(2014). It should be noted that the locations ofmass change are common across the threeGRD estimates,
therefore the results account for some of the uncertainty arising from themodelling ofGRD effects but do not
account for uncertainty in the locations ofmass change.

A single estimate is used forGRD from changes in terrestrial liquidwatermass storage (TWS), following
Slangen et al (2014) and based on projections ofGMSL rise equivalent fromWada et al (2012) and revised
projections fromWada et al (2016). The locations of terrestrial watermass change are assumed to be the same for
both the original and revised estimate, so that the spatial patterns are unchanged and the contributions differ in

Figure 3.Estimates for local sea level changes arising from the effect ofmass changes on Earth gravitation, rotation and deformation of
the solid earth surface frommass redistribution. Panels (a)–(c), (g) and (h) show themean of estimates from threeGRDmodel
solutions and the corresponding standard deviations are shown in (d)–(f), (j) and (k). TheGRD estimate for landwater storage is based
on a single GRDmodel solution and therefore no standard deviation is shown. TheGRD estimates represent scaling factors and are
expressed as the LMSL change per unit rise inGMSL. The unit and zero contours are indicated by the solid and dotted lines
respectively. In panel (i) the−1.0 and−1.5 contours are indicated by dashed lines black and grey lines respectively. Reproduced from
Palmer et al 2020. CCBY 4.0.
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magnitude only. The projections for futureGMSL equivalent from (Wada et al 2012, 2016) represent the net
contribution of TWS reductions from groundwater extraction and increases from impoundment of water in
reservoirs, with the former process dominating over the 21st century for the projections used in this study. There
is likely to be a large amount of uncertainty in 21st century TWS changes for locations in SouthAsia due to the
construction of new reservoirs and population dependent groundwater use.

The region considered in this study is expected to feature areas of terrestrial watermass loss from
groundwater extraction (figure 3(i)) but also new areas of terrestrialmass gain due to new reservoirs (Zarfl et al
2015,Hawley et al 2020). In the TWSGMSL projections fromWada et al (2012) it was assumed that all extracted
groundwater would be transferred to the oceans, whereas according toWada et al (2016) this assumptionmay
overestimate themass input to the oceans from groundwater extraction by up to 20%.We construct a second
TWSGMSL time series by reducing positive TWSGMSL for years with positive increments in theWada et al
(2012) time series by 20%.

The spatial patterns forGRD effects over the study region arising from icemass changes over Antarctica,
glaciers andGreenland (figures 3(a)–(c), (g)–(h)) are characterized byweak spatial gradients and values that are
close to unity. This indicates that contributions to LMSL change fromGRDeffects and contributions toGMSL
from themass changes are of the same sign and similar inmagnitude. For theGRD spatial pattern from
worldwide glacier icemass loss (figure 3(c)) there is aweakmeridional gradient, indicating an attenuation of the
glacier component ofGMSL change for the north of the study region, where reductions inHimalayan glacier ice
results inweaker gravitational attraction between the landmass and the surroundingwaters.

In contrast, the spatial pattern forGRD effects arising fromTWSmass (figure 3(i), landwater) changes
features strong spatial gradients and changes in sign. TheGMSL contribution fromTWS is not only greatly
attenuated by gradients in both the Arabian Sea andBay of Bengal but also changes in sign, such that the
contribution to LMSL changes is negative or zero along long stretches of coastline in this region. Since themass
change contributions toGMSL from the ice sheets and glaciers aremuch larger than fromTWS, theGRD effects
fromTWS are not a significant driver of LMSL change but rather a driver of spatial variations in sea-level change.

2.5. Glacial isostatic adjustment (GIA)
Sea-level projections include estimates for contributions ofGlacial Isostatic Adjustment (GIA) to LMSL change.
GIA refers to the adjustment of the Earth’s lithosphere and underlying viscousmantle towards hydrostatic
equilibrium in response to the transfer of icemass to oceans since the last glaciation (Tamisiea andMitrovica
2011). The ongoing redistribution ofmass is associatedwithGRD effects that determine the spatial patterns of
sea-level change fromGIA (e.g Shennan et al 2012). Since the adjustment process takes place over thousands of
years (i.e. the response since the last glaciation), the rate of adjustment is treated as approximately constant for
themulti-decadal and centennial sea-level projections in this study.

Following Palmer et al 2020, three global GIA estimates were used for the sea-level projections presented in
this report. The estimates were based on the ICE-5Gmodel (Peltier 2004), ICE-6Gmodel (Argus et al 2014,
Peltier et al 2015) and an independent estimate from theAustralianNational University based on an update of
Nakada and Lambeck (1988). For the SouthAsia region, the ICE-5G and ICE-6G estimates show small
differences in the position of the zero-line contour (figure S2 supplementarymaterials (available online at stacks.
iop.org/ERC/3/115003/mmedia)), which is slightly further away from the Indian sub-continent landmass in
the ICE-6G. In theNakada and Lambeck (1988)GIA estimate, the contributions to sea-level change are less than
1mm/year formuch of the study region. Themean and standard deviation from the threeGIA estimates
(figure 4) indicate small contributions to local sea-level change fromGIA and no significant contribution to
overall uncertainty in sea-level from the choice ofGIAmodel.

3.Methods

3.1. Global sea-level projections
The projections used in this study are based onmethods developed for theUnited KingdomClimate Projections
2018 (UKCP18, Lowe et al 2018) project, which presented timemean sea-level projections forUK tide gauge
locations as part ofUKCP18-Marine (Palmer et al 2018).We follow themethods of Palmer et al (2020) that
extended themethods fromUKCP18 to tide gauge locations around theworld. In this sectionwe provide a brief
overview of themethodology used for sea-level projections at tide gauge locations in this study; see Palmer et al
(2018) for further details.

The sea-level projections used in this study build on theMonte Carlo process-basedGMSL projections
presented in IPCCAR5 (Church et al 2013), based on climate simulations from theCoupledModel
Intercomparison Project Phase 5 (CMIP5; Taylor et al 2012). TheGMSLprojections are taken directly from
Palmer et al (2020), and include estimates for contributions toGMSL from: (i) global-mean thermosteric
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sea-level change and six barystatic contributions toGMSL; (ii)Antarctica surfacemass balance; (iii)Antarctica
ice sheet dynamics; (iv)Greenland surfacemass balance; (v)Greenland ice sheet dynamics; (vi)worldwide
glaciers; and (vii) terrestrial water storage. Themain innovation for theGMSLprojections compared to IPCC
AR5 is the inclusion of an updated, scenario dependent estimate for the Antarctic ice sheet dynamics
contribution based on Levermann et al (2014). In this studywe include a revised estimate for theGMSL
contribution from terrestrial water storagemass changes based onWada et al (2016).

3.2. Local sea-level projections
Following Palmer et al (2020), we account for contributions to LMSL change due to effects fromocean
circulation (ocean dynamics) and ocean density (steric) by establishing regression relationships between global
average thermal expansion (thermosteric) sea-level change and ocean dynamic sea level at the selected tide gauge
locations for each of the 21CMIP5models.We adopt the terminology ofGregory et al (2019) and refer to the
combined effect of local ocean dynamics and steric changes as sterodynamic sea-level change. The local
projections are directly traceable to the sameMonte Carlo procedure used for theGMSLprojections in IPCC
AR5. The four stages for obtaining the LMSL projections from theGMSLMonte Carlo are as follows:

1. Each instance of the 450,000-member Monte Carlo ensemble provides a set containing seven timeseries,
with one time series for each of the seven components of GMSL. An instance is randomly drawn from the
Monte Carlo ensemble, which provides a time series for each of the seven barystatic components of GMSL
change.

2.Next, one of the available GRD models is randomly selected and the GRD spatial patterns are applied to
time series for barystatic components of GMSL, providing time series forGRD contributions to LMSL at the
tide gauge locations. Except for the landwater storage component, theGRDpatterns all use the same
(randomly selected)GRDmodel. For the terrestrial water storagemass component, the contribution to
LMSL is based on the single GRD solution of Slangen et al (2014). TheGRD estimates each provide a time
series for six components of LMSL change.

3. For each tide gauge location, we determine regression coefficients for the changes in sterodynamic sea level
per increment of thermosteric GMSL rise in each of the 21CMIP5models. The remaining time series for
thermosteric sea level change from theMonte Carlo instance is combinedwith a regression coefficient
randomly selected from the 21CMIP5models. This results in a time series for the estimated sterodynamic
sea-level change at each of the tide gauge locations.

4. The seven timeseries, corresponding to the six barystatic components and one sterodynamic component
are combinedwith an estimate for the contribution due toGIA (section 2.5). TheGIA estimate is provided
by a random selection fromone of the threeGIAmodels. For each tide gauge location, the procedure is
repeated 100,000 times to generate a distribution for projected LMSL changes, with each of the three RCP
scenarios. Aswith IPCCAR5GMSLprojections, the spread is based on the 5th and 95th percentiles of the
resulting distributions for the different components and for the combined LMSL change.

Figure 4. (a)Mean from ICE-5G, ICE-6G andNakada and Lambeck (1988)model estimates of the effect of glacial isostatic adjustment
(GIA) on sea-level change for the study region, and (b) standard deviation of the threeGIA estimates.
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4. Results

4.1. Projected changes in local timemean sea-level
In this sectionwe discuss the projected LMSL changes at selected tide gauge locations (figure 1).We focus our
discussion on projections for RCP2.6 (figure 5) andRCP8.5 (figure 6) to illustrate the commitment to sea-level
rise for scenarios with contrasting trajectories for greenhouse gas emissions over the 21st century. The
corresponding figures/tables for RCP4.5 are included in the supplementarymaterial. The LMSL changes for
RCP4.5 lie within the range spanned by RCP2.6 andRCP8.5.

To demonstrate recent sea-level trends and variability, we include time series of relative and geocentric
annualmean sea-level, from tide gauge and satellite altimetry data respectively. In general the time series are
expected to differ due to vertical landmovement (VLM) at the tide gauge location. The tide gauge data will
contain additional contributions fromVLMprocesses associatedwith local subsidence and/or tectonic activity,
whereas the altimeter time series reflects changes relative tofixed reference geoid. In general, over the period
2007–2015, we see agreement in the sea-level change trends from the satellite altimetry and projection time
series. The projection time series do includeVLMcontributions fromGRD (through viscoelastic deformation)
effects associatedwithGIA (section 2.5) but for the tide gauge locations in this study theGIA effects are small.

The only locationswith sufficient tide gauge data coverage for 2007–2020 (initial part of the projection
period) areDiamondHarbour (West Bengal, India), Gan II (AdduAtoll,Maldives) andOkha (Gujarat, India).
ForDiamondHarbour (figures 5(d) and 6(d)), we see differences in the tide gauge records relative to the
altimetry and projection time series, which could be attributed to the tide gauge being situated on an inland
waterway (Houghly River), where there are additional contributions associatedwith variability in fresh-water
run-off. ForOkha (figures 5(f) and 6(f)) andGan II (figures 5(g) and 6(g))we see better agreement in the tide
gauge and altimeter time series, and trends for the initial period of the projection time series. For theKarachi tide

Figure 5. Local sea-level projections (yellow) and global sea-level projections (blue) for RCP2.6. Shaded regions indicate the 5th to
95th percentile range from a 100,000memberMonte Carlo simulation. The dotted red lines and purple bar indicate the 5th and 95th
percentile of local and global projections from the IPCCSROCC (Oppenheimer et al 2019). Local annualmean sea-level from tide
gauge records are shown in black. Local annual‐mean satellite altimeter data are indicated by the solid grey line. All time series are
shown relative to baseline period 1986–2005 average.
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gauge time series there is no data for the period 1993–2006 and data from2007 onwards is from an instrument at
a different site.

In order to investigate the effects of different projectionmethods on future LMSL change, we compared the
local projections generated for this studywith projections based on data provided in IPCCSpecial Report on
Oceans andCryosphere in a ChangingClimate (SROCC;Oppenheimer et al 2019). In general there is agreement
between the two projectionmethods formost of the tide gauge locations, except for tide gauge locations in the
northernArabian Sea (e.g. Okha andKarachi)where the SROCCprojections are higher. Themismatch between
the projection in this study and those fromSROCCover the northArabian Sea are thought to arise from
differences inGRDfingerprints used to estimate the terrestrial water storage contribution to LMSL change (A.
Slangen, personal communication). The largest differences are seen at Karachi and decrease for locations to the
east (e.g.Masirah, figures 5(h), 6(h)) and south (e.g. Okha figures 5(f) and 6(f)) along spatial gradients for the
terrestrial water storage component of LMSL change fromGRDeffects (figure 3(i)).

Compared to projectedGMSL changes, the projected LMSL changes span awider range reflecting the greater
uncertainty at the local scale. Formost tide gauge locations themagnitude of projected LMSL change is smaller
than projectedGMSL change under RCP2.6. The exception is Gan II (figure 5(g)), where the departure of LMSL
change fromGMSL change is positive but small. For all locations, excludingGan II, the local departures from
GMSL change are smaller under RCP8.5. AtGan II the local excess relative toGMSL change is larger under
RCP8.5 (figure 6(g)) and this can also be seen in the SROCCprojections. This effect arises from the increased
contribution from icemass changes toGMSL, which result in spatially uniform local changes of similar
magnitude fromGRDeffects (figures 3(a), (b), (g) and (h)).

4.2.Drivers of LMSL change and spatial variations
The LMSL projections for the tide gauge locations in this study highlight notable variations in LMSL change
relative toGMSL changes as well as spatial variations of LMSL change across the SouthAsia region. The

Figure 6. Local sea-level projections (yellow) and global sea-level projections (blue) for RCP8.5. Shaded regions indicate the 5th to
95th percentile range from a 100,000memberMonte Carlo simulation. The dotted red lines and purple bar indicate the 5th and 95th
percentile of local and global projections from the IPCCSROCC (Oppenheimer et al 2019). Local annualmean sea-level from tide
gauge records are shown in black. Local annual‐mean satellite altimeter data are indicated by the solid grey line. All time series are
shown relative to baseline period 1986–2005 average.
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magnitude of the regional departure fromGMSL change and thewithin region spatial gradients of LMSL
change, both depend on the climate scenario and are smaller inmagnitude for RCP8.5 compared toRCP2.6. The
tendency for SouthAsia LMSL changes to becomemore spatially homogeneous andmore similar to the global
average, arises fromGRDeffects associatedwith the increased contributions toGMSL rise from icemass losses
under RCP8.5. TheGRDfingerprints fromAntarctica andGreenland icemass changes feature generally
spatially homogeneous, greater than unity, values over SouthAsia. The region lies in the far-field relative to these
areas ofmass change and the contributions to LMSL change fromGRDeffects are larger inmagnitude than the
corresponding contributions toGMSL change by 5%–15%. The reduced spatial heterogeneity in LMSL change
under the stronger forcing scenario also arises from increases in the sterodynamic contribution to LMSL change,
since sterodynamic changes are broadly consistent across the region and about 10% larger than the
corresponding increase in the thermosteric contribution toGMSL change.

The departure of LMSL changes fromGMSL change over SouthAsia is driven by scenario independent GRD
effects fromTWS changes. Groundwater depletion over the sub-continent corresponds to a broad area of TWS
mass loss. TheGRD effects fromTWSmass changes (figure 3(i)) result in negative near-field and positive far-
field contributions to LMSL change. Contributions fromother physical processes to the 21st century are
generally similar under RCP2.6 (figure 7) andRCP8.5 (figure 8). For TWS the LMSL contributions are less than
theGMSL contribution, with negative (Karachi, figure 7(i)) or zero (Cox’s Bazaar,figure 7(i)) contribution at the
tide gauge locations.

The projections reveal spatial gradients in LMSL changes across the SouthAsia region. Projected LMSL
changes are larger for equatorward locations, where there are larger contributions fromGRDeffects from
terrestrial ice (Antarctica ice dynamics;figure 3(b), glaciers figure 3(c)) andwatermass losses (figure 3(i)). The
gradients of LMSL changes arising fromGRDeffects associatedwith icemass losses are weak compared toGRD

Figure 7.Components of projected localmean sea-level change (yellow) and globalmean sea-level change (blue) for 2081–2100 under
RCP2.6. The horizontal lines and shaded regions indicate the 50th percentile and 5th to 95th percentile range respectively from the
100,000memberMonte Carlo ensemble. All projections are expressed relative to the baseline period 1986–2005 average. The ocean
component refers to sterodynamic sea-level change for the local projections and thermosteric (ocean thermal expansion) for the
global projections. Glacial isostatic adjustment (GIA) does notmake a net contribution to globalmean seal level changes and theGIA
component refers only to localmean sea level changes.
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effects from terrestrial watermass loss but the contributions are larger inmagnitude. There are also zonal
gradients of LMSL change, due to theGRD effects of TWSmass changes. LMSL changes decrease westward
along the northern coast of theArabian sea and eastward for the northern coast of the Bay of Bengal. The TWS
contribution determines both thewithin region variations of LMSL changes and the regional departure of LMSL
changes fromGMSL change.

We expect there is significant unquantified structural uncertainty for the TWS change contribution toGMSL
rise and for the locations of TWSmass loss used to determine the TWSGRDeffects. The TWS contribution for
GMSL fromAR5 is likely an overestimate, since the time series assumed all TWSmass losses are gained by the
oceans. Subsequent estimates fromWada et al (2016) suggest that the fraction of TWSwatermass transferred to
the oceans is 80%. To determine the impact of the effect on SouthAsia LMSL changes, we applied a correction to
each year in the TWS time series with positive values, reducing themagnitude by 20%.GRD effects from the
implied reduction in TWSmass losses result in a decrease in overall LMSL change at tide gauge locations in the
equatorial Indian ocean (Gann II;Maldives, Point La Rue; Seychelles). However, formost tide gauge locations
LMSL changes increase due to the reduced near-field negative contribution fromTWSGRDeffects (figure 9).

In time series for contributions fromTWSmass changes to 21st century GMSL rise,mass losses from
groundwater depletion are assumed to dominate overmass gains from reservoir impoundment. In theWada
et al (2012) estimate this occurs for the first decade of the 21st century.However impoundment could remain
dominant until themid 21st century, due to additional impoundment artificial reservoirs currently under
construction (Hawley et al 2020). Aswith groundwater depletion the impact of TWSmass changes from
impoundment on LMSL changes will depend on the locations ofmass change. During themid 20th century, the
SouthAsia region saw a boom in dam construction and regional increases in TWSmass storage. Over 100 new

Figure 8.Components of projected localmean sea-level change (yellow) and globalmean sea-level change (blue) for 2081–2100 under
RCP8.5. The horizontal lines and shaded regions indicate the 50th percentile and 5th to 95th percentile range respectively from the
100,000memberMonte Carlo ensemble. All projections are expressed relative to the baseline period 1986–2005 average. The ocean
component refers to sterodynamic sea-level change for the local projections and thermosteric (ocean thermal expansion) for the
global projections. Glacial isostatic adjustment (GIA) does notmake a net contribution to globalmean seal level changes and theGIA
component refers only to localmean sea-level changes.
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dams are also planned or under construction over the 21st century but groundwater extraction is expected to
continuewith risingwater demand from the combination of increased population density and reductions in
groundwater recharge under awarmer climate (Zarfl et al 2015). In our analysis we used the scenario
independent estimate for the TWS contribution toGMSL change but scenariosmake different assumptions
about population, which togetherwith differences in climate factors that influence groundwater rechargewould
imply scenario dependent TWS changes.

The sea-level projections account for contributions to relative sea-level changes fromGIA-related vertical
landmovement (VLM) but do not account for local scale processes such as sediment dynamics, tectonic activity
and subsidence. Estimates of recent sea-level trends from tide gauge records in theGanges-Brahmaputra-
Meghna basin, indicate that contributions from subsidence to rate of relative sea-level change could be−18.0
to 0.0mmyear−1, so are larger or comparable to the expected rates from climate change contributions (Higgins
et al 2014, Becker et al 2020,Nicholls et al 2021). In SouthAsia, a tectonically active region, earthquakes can
induceVLM through discrete uplift events. For some regions, such as the Balochistan provincial coastline in
Pakistan, an average tectonic uplift rate over the past 10,000 years of 1–2mmyear−1 (Page et al 1979) has been
assumed in studies to ‘balance’ the effects of GMSL rise (Weeks andHarrison 2020). Since tectonic activity is
discontinuous, the actual rate varies both spatially and temporally, and a single event could cause vertical
displacement on the order ofmetres. Contributions of non-GIA vertical landmovement processes are likely to
bemore important thanGRD effects fromTWS in determining spatial variations in current rates of relative sea-
level change.

4.3. Robustness of LMSLprojections
The sea-level projections are premised on an ensemble of climatemodels fromCMIP5, that formed the basis of
theGMSLprojections presented in IPCCAR5.While therewas substantial improvement in representation of
ocean dynamic sea level inCMIP5model compared to the processor CMIP3models (Landerer et al 2014,Meehl
et al 2007), the differences betweenmodels fromCMIP5 and successor CMIP6 (Eyring et al 2016) are less
significant andmainly found in the southern hemisphere at high latitudes (Lyu et al 2020). Projections of global
thermosteric sea-level change fromCMIP5 andCMIP6models are not substantially different over the 21st
century (Jevrejeva et al 2020). GMSL projections generatedwithCMIP6 data following themethods AR5 from
theCMIP5 based projections over the 5th–95th percentile range of the distribution, by an additional of 3–7 cm
and 2–3 cm formedian changes, depending on the scenario (Hermans et al 2021). Anotherfinding from
Hermans et al (2021) is that the 5th–95th percentile range for CMIP6 thermosteric GMSL projections have
widened compared toCMIP5 butmostly towards lower values, decreasing by 2cm and 4 cm at the 5th percentile
for SSP1-RCP2.6 and SSP5-RCP8.5 respectively and increasing by 1cm at the 95th percentile.We expect similar
impacts for the LSMLprojections in this study, since (1) themethods directly traceable to theAR5GMSL
projections, (2) the scenario dependent barystatic contributions to sea-level fromGRD in this region are
spatially uniform, and (3) spatial patterns of sterodynamic change in the region are consistent betweenCMIP5
andCMIP6models.While themagnitudes of sea-level change by the end of the 21st century are similar for the
different generation climatemodels, the rates of change at 2100 substantially higher in theCMIP6 projections,
increasing by 0.4mmyr−1 for SSP1-RCP2.6 and 1.4mmyr−1 for SSP5-RCP8.5 (Hermans et al 2021). For post

Figure 9. Local sea-level changes from gravitation, rotation and deformation (GRD) effects of terrestrial water storage (TWS)mass
changes for the period 2081–2100 relative to the baseline period 1986–2005 average based on central estimates of time series for TWS
GMSL contribution from (a)Wada et al 2012 and (b)Wada et al 2016.
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2100 LMSL projections for this region, as included inHarrison et al (2020), we cannot rule out substantial
differences betweenCMIP5 andCMIP6 based projections.

5. Conclusions

In this study, new sea-level projections over the 21st century are presented for tide gauge locations in SouthAsia.
The projections focus on locations along the coastlines of the Arabian Sea, Bay of Bengal and islands in the
equatorial IndianOcean. Local sea-level projections were calculated using the process-based approach of the
GMSLprojection in IPCCAR5 and SROCC,with an ensemble constructed using the same 21CMIP5GCMs.
The local sea-level projections were used to estimate spatial variations in future sea-level change over the South
Asia region, for future climate scenarios with low (RCP2.6) and high (RCP8.5) greenhouse gas concentrations.
Local sea-level projections were comparedwith global sea-level projections to estimate the extent towhich local
and regional sea-level changes could differ fromGMSL changes, under contrasting future climate scenarios.

In our studywe show that the 5th–95th percentile range forGMSL changes for the end of the 21st century
(2081–2100) are 0.27 to 0.59munder RCP2.6 and 0.48 to 0.94munder RCP8.5, with central estimates of 0.40m
and 0.66m respectively. For coastal tide gauge locations in the north-east Arabian sea, such asKarachi, the 5th-
95th percentile range for timemean sea-level changes at the end of 21st century are−0.03 to 0.44munder
RCP2.6 and 0.21 to 0.78munder RCP8.5, with central estimates of 0.20m and 0.47m respectively. The central
estimates for LMSL changes are approximately 50% and 30% lower thanGMSL changes for RCP2.6 andRCP8.5
by the end of the 21st century. In the Arabian Sea themagnitude of differences between local andGMSL changes
decreases westward. ForMasirah inOman the central estimates for sea-level changes at the end of the 21st
century are around 40%and 20% lower than global changes under RCP2.6 andRCP8.5 respectively

For tide gauge locations on the northern coast of the Bay of Bengal, such asDiamondHarbour, the 5th-95th
percentile ranges are 0.18 to 0.51m and 0.39 to 0.85 under RCP2.6 andRCP8.5 respectively, with central
estimates of 0.37m and 0.57m. The central estimates for LMSL changes atDiamond harbour are around 20%
and 15% lower under RCP2.6 andRCP8.5 respectively. In the Bay of Bengal themagnitude of differences
between local andGMSL changes decreases eastward. For Cox’s Bazaar in Bangladesh the central estimates for
LMSL changes at the end of the 21st are around 15% lower than global changes for RCP2.6 and 10%under
RCP8.5. For tide gauge locations in the equatorial IndianOcean, such asGan II in theMaldives, the central
estimates of LMSL changes for the end of the 21st century are around 10%greater thanGMSL changes under
bothRCP2.6 andRCP8.5.

The spatial gradients of sea-level change over the SouthAsia region, and the departure of LMSL changes
fromGMSL changes, are largely determined byGRD effects arising from terrestrial water storagemass changes.
The projected loss of terrestrial watermass stored on the subcontinent landmass fromprojected groundwater
depletion, results in near-field decreases in sea-level rise and far-field increases in sea-level rise. The projected
terrestrial watermass storage change are scenario independent and the relative importance of contributions to
LMSL change throughGRD effects diminishes under RCP8.5, due to the increased contributions from spatially
uniform scenario dependent changes in sterodynamic sea-level andGRD effects arising from glacier or ice sheet
mass changes.

The 21st century LMSL projections for SouthAsia tide gauge locations highlight the importance of future
changes in terrestrial water storage in determining the departure of SouthAsia regional sea-level changes from
futureGMSL changes. The results are premised on a single estimate forGRD effects arising from changes in
terrestrial watermass storage. Future changes in terrestrial water storagemassmay be determined bymass losses
fromgroundwater depletion andmass gains from reservoir impoundment. Aswith estimates forGRD effects
arising from terrestrial icemass loss, the locations ofmass change are assumed to befixed over the 21st century.
Whilst this assumption is reasonable for locations of terrestrial icemass change (ice sheets andworldwide
glaciers), newly constructed dams and reservoirs could lead to distributions of terrestrial watermass changes
that differ from the fixed location used by the single GRD estimate in this study.

The LMSL projections in this study are based on the 5th to 95th percentile range from the climatemodel
distributions, corresponding to the ‘likely range’ in the calibrated language of the IPCC reports.We cannot rule
out LMSL changes beyond the 5th to 95th percentile range of the projections from this study. Since the
publication of IPCCAR5 several studies have highlighted the potential for substantial additional contributions
toGMSL fromAntarctic icemass loss associatedwith ice sheet instability processes withGMSL rise in excess of
1mby 2100 for themost extreme scenarios, andmuch larger contributions in the centuries that follow (e.g.
DeConto and Pollard 2016, Edwards et al 2019). The additional contribution to the LMSL projections will be
modulated by theGRD effects arising from theAntarctica icemass losses (see figure 3), which suggest similar
magnitude increases in LMSL andGMSL from icemass loss along the Bangladesh coast (GRDvalues 1.0–1.05)
and for theMaldives an increase 10%–15%higher than the additional GMSL ice loss contribution. These
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estimates are in linewith calculations in Frederikse et al (2020), showing that for the IPCCAR5 LMSL
projections show anAntarctic ice sheet contribution of 45 cm (60 cm) under RCP8.5would contribute to total
LMSL changes of 0.9m (1.1m) and 1.1m (1.3m) at Cox’s Bazaar, Bangladesh andGan II,Maldives respectively.
Since IPCCAR5, several studies have highlighted the need for information on the potential high-end sea-level
response (LeCozannet et al 2017,Hinkel et al 2019, Stammer et al 2019) and narratives (such as theH++

scenario presented in Lowe et al 2009) aswell as advancingmethodology to introduce additional sources of
uncertainty into the probabilistic distribution. Decisionmakers would benefit from incorporating these
additional strands of evidence to develop comprehensive coastal risk, impact and adaptation assessments based
on sea-level climate information.
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