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The range of future climate-induced sea-level rise remains highly uncertain with continued 
concern tha t large increases in the twenty-first century cannot be ruled out. The biggest 
source of uncertainty is the response of the large ice sheets of Greenland and west 
Antarctica. Based on our analysis, a pragmatic estimate of sea-level rise by 2100, for 
a tem perature rise of I ( ' or more over the same time frame, is between 0.5 m and 2 m— 
the probability of rises at the high end is judged to be very low, but of unquantifiable 
probability. However, if realized, an indicative analysis shows tha t the impact potential 
is severe, with the real risk of the forced displacement of up to 187 million people 
over the century (up to 2.4% of global population). This is potentially avoidable by 
widespread upgrade of protection, albeit rather costly with up to 0.02 per cent of 
global domestic product needed, and much higher in certain nations. The likelihood 
of protection being successfully implemented varies between regions, and is lowest in 
small islands, Africa and parts of Asia, and hence these regions are the most likely 
to see coastal abandonment. To respond to these challenges, a multi-track approach 
is required, which would also be appropriate if a tem perature rise of less than I ( ' was
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expected. Firstly, we should monitor sea level to detect any significant accelerations in 
the rate of rise in a timely manner. Secondly, we need to improve our understanding of 
the climate-induced processes tha t could contribute to rapid sea-level rise, especially the 
role of the two major ice sheets, to produce better models tha t quantify the likely future 
rise more precisely. Finally, responses need to be carefully considered via a combination 
of climate mitigation to reduce the rise and adaptation for the residual rise in sea level. 
In particular, long-term strategic adaptation plans for the full range of possible sea-level 
rise (and other change) need to be widely developed.

Keywords: sea-level rise; impacts; adaptation; protection; retreat

1. Introduction

Since the emergence of concerns about hum an-induced global warming in 
the 1980s, sea-level rise and its im pacts on the coastal areas have attrac ted  
considerable concern. The large and growing concentration of people and assets in 
coastal areas m ean th a t the potential im pacts are high. It is estim ated th a t at least 
600 million people live w ithin 10 m of sea level today [1], and these populations 
are growing more rapidly than  global trends. Populated deltaic areas and many 
coastal cities are highly threatened by small rises in sea level [2,3]. W hile in global 
term s relatively small in num ber, the very existence of small-island nation states 
makes them  vulnerable to rises in sea level of the order of l m  [4]. Hence, the 
m agnitude of global sea-level rise during the twenty-first century (and beyond) is 
of great im portance.

Since the Intergovernm ental Panel on Clim ate Change (IPCC) Fourth 
Assessment Report (AR4) [5], the possible m agnitude of sea-level rise has 
a ttrac ted  renewed attention, and a num ber of authors have suggested that, the 
widely reported numbers in the AR4 underestim ate the range of potential sea- 
level rise during the twenty-first, century (e.g. [6,7]). Renewed concerns about, the 
stability of the Greenland and west. A ntarctic ice sheets reinforce these messages, 
and at. the least., a low-probabilit.y, high-consequence rise of sea-level rise of more 
th an  1 m cannot, be ruled out. during the twenty-first, century. This has important, 
and direct, implications for coastal society, and more widespread indirect, effects in 
term s of potential disruption and displacement, of people, economic activities and 
economic flows. However, while the equilibrium sea-level rise m ay scale linearly 
w ith tem perature, the relationship between tem perature and sea level is likely to 
be nonlinear on century tim e scales, complicating the analysis of sea-level rise in 
a rapidly warming world. This is because of the different, clim ate system response 
times for surface tem perature and both heat, input, to  the deep ocean and ice- 
sheet. adjustment.. These issues are noted in our analysis of sea-level rise, and our 
analysis examines sea-level rise and its im pacts during the t.went.y-first. century 
for a range of scenarios, including for a world w ith a no m itigation policy where 
the global m ean near-surface tem perature  may reach 4°C by 2100.

Sea-level rise causes a range of im pacts for coastal areas, including 
subm ergence/increased flooding, increased erosion, ecosystems changes and 
increased salinization. Based on the exposed population, a large rise in sea 
level by 2100 could have m ajor im pacts, including in the worst.-case scenario, a
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forced displacement.1 of a large proportion of the coastal population and economy. 
However, hum ans also adapt, proactively to  these changes via a range of measures, 
which can be characterized as protection, accom m odation or (planned) retreat. 
[2,8]. Such adaptation  can greatly reduce the possible im pacts. Most, analyses have 
contrasted the simplest, case of protection versus retreat, (or land abandonm ent). 
W hile protection has significant, costs, the available analyses suggest, that, in 
densely populated coastal areas, protection costs are generally much less than  
the avoided im pacts, and protection generally makes economic sense (e.g. [9,10]). 
However, this does not. m ean that, protection will take place, and a question 
rem ains about, its practicality— and proactive adap tation  in general, especially 
in the world’s poorest, countries, such as most, small-island states or sub-Saharan 
Africa [11]. Looking at. the literature, two distinct, views concerning protection 
emerge [12]. The pessimists assume that, protection is unaffordable an d /o r largely 
fails, and that. most, potential im pacts are realized w ith sea-level rise leading 
to  large-scale forced displacements of population on an unprecedented scale. 
This leads to an argument, for stringent, and im m ediate clim ate m itigation and 
preparation for environm ental refugees. The optim ists assume that, protection will 
be widespread and largely succeed, and residual im pacts will only be a fraction 
of the potential im pacts. Hence, the m ain consequence of sea-level rise is the 
diversion of investment, into new and upgraded coastal defences and other forms 
of adaptation  (e.g. flood-warning systems). As we consider larger rises in sea 
level, hence concern that, protection and proactive adaptation , in general, may 
fail, increases, and the potential for the pessim ist’s view to be realized grows.

This paper explores these issues, w ith a focus of try ing to  provide indicative 
outcomes given a beyond 4°C world. In §2, the science of sea-level rise is 
reviewed, with special consideration of post.-ART sea-level-rise scenarios. These 
are synthesized to  develop a potential range of rise by 2100 that, is broadly 
consistent, w ith a beyond 4°C scenario. In §3, the paper develops indicative 
estim ates of the im pacts both  with and without, adaptation. It. uses the framework 
of the Dynamic Interactive Vulnerability Assessment. (DIVA) model [13] for this 
purpose and creates scenarios consistent, w ith the pessimistic and optim istic views 
that, have been defined above. In §4, these results are reviewed in the light, of the 
new synthesis of sea-level rise. Particu lar a tten tion  is addressed to  key issues 
such as vulnerable hotspots in small islands, deltas and coastal cities. Section 5 
is a conclusion.

2. Sea-level-rise scenarios for the twenty-first century

(a) What does the Intergovernm ental Panel on Climate Change Fourth
A ssessm ent Report tell us?

In the IPCC AR4, the global surface tem peratures at. the end of the t.went.y-first. 
century (2090-2099) are projected to  reach higher th an  4°C relative to 1980-19992 
in three of the Special Report, on Emission Scenarios (SRES) emission scenarios:

1Forced displacem ent is a. (reactive) la.st-resort re trea t response. However, m ore proactive 
approaches to  ad ap ta tio n  would be preferred which would avoid th e  large costs and po ten tia l 
conflicts th a t such forced displacem ent would engender.
2This is a. 4.5C,C rise above pre-industria l tem peratures.
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Figure 1. A graphical sum m ary of th e  range of 1PCC A R4 [5] sea-level-rise scenarios (for 2090- 
2099) and post-A R 4 projections (see tab le  1) possible in a I < ' world. T he d o tted  lines represent 
th e  m inim um  (0.5m ) and m axim um  (2.0m ) bounds considered in term s of im pacts in th is study.

A1B, A2 and A1FI [14]. The upper bounds of the tem perature in these scenarios 
are w ithin the range of 1.1 C (A1B scenario) to 6.4°C (A1FI scenario). The upper 
bounds of projected sea-level rise for these same emission scenarios ranged from 
48 to  59cm (figure I ) .3 In those models, a significant portion of this sea-level rise 
(around 66%) is a ttribu tab le  to  therm al expansion, w ith the contribution from 
glaciers and small ice caps being the next biggest term . For the A1B scenario, 
the contribution of the Greenland ice sheet is estim ated to  be 8 cm, while the 
contribution from A ntarctica is negative a t —2 cm owing to  the accum ulation of 
ex tra  precipitation on the ice sheet. Thus, the sea-level-rise contributions from 
ice sheets are considered to be small in these AR4 model projections.

However, prior to  the publication of IPC C  AR4, some rapid changes were 
observed on the Greenland and A ntarctic continental ice sheets ([14], later 
published by Rignot. et al. [15] and van de Wal et al. [16]), bu t in Greenland these 
high rates were not sustained from 2006 to  2008 [17]. In 2007, these observations of 
rapid change could not be reproduced by state-of-the-art ice sheet models, forced 
by ou tputs from climate models (tem perature, precipitation), because there was 
lim ited understanding of some key processes and feedbacks between the local 
clim ate and the ice sheets. The response of the IPCC was to include an often- 
overlooked statem ent th a t the ‘understanding of some im portant effects driving 
sea level rise is too lim ited . . .  [to] provide a best estim ate or an upper bound for 
sea level rise’ during the twenty-first century ([18], p. 45). They also provided an 
illustrative scenario such th a t if the discharge term  was to  increase linearly with
3This is based on th e  95th percentile from tab le  10.7 in  M eehl et al. [5].
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tem perature, then it could add around 0.1-0.2 m to the projected upper bound for 
sea-level rise in 2100. This raised the projected upper bounds for the A1B scenario 
to  61cm , and th a t for A1FI to 76cm, and this has often been interpreted as an 
upper lim it to  sea-level rise during the twenty-first, century, despite the IPCC 
statem ent on the undefined natu re  of this upper bound. This approach generated 
extended debates, mainly because the scaled-up values may not fully consider 
the feedbacks between ice-sheet, m elting/disintegration and sea level, and hence 
underestim ate the ice-sheet, contribution.

A further key question to  ask of the IPC C  AR4 analysis is how well do 
the m ethods reproduce the observed clim ate change? The observations for the 
period 1961-2003 are 1.8 ±  0 .5 m m y r_1, while for the period 1993-2003, they are 
3.1 ±  0.7 mm y r-1 : the corresponding sums of the sim ulated sea-level components 
being 1.1 ±  0.5 and 2.8 ±  O J m m y r-1 , respectively, are below these observations 
[19]. The more satisfactory agreement, for the more recent, period, during which 
individual term s are be tte r known and satellite altim etry is available, indicates 
improvement in understanding. It. should also be noted that, the observed sea- 
level rise is following a tra jecto ry  at. the high end of the SRES projections made 
in the IPCC Third Assessment. Report, in 2001 [20,21].

Hence, while we cannot, link sea-level rise and tem perature  rise in a simple 
m anner, a pragm atic choice is to consider 48cm  (or in round term s, 50cm) as a 
lower range for the twenty-first, century sea-level rise in a beyond 4°C world. In 
§3, we consider additional evidence to  develop an upper estim ate of sea-level rise 
under such warming.

( b) W hy might global mean sea-level rise exceed the Intergovernm ental Panel on 
Climate Change Fourth A ssessm ent Report projection?

The most, often cited mechanism that, could cause sea level to  increase 
significantly beyond the IPCC AR4 projected range is the acceleration of ice- 
sheet. discharge above the linear ra te  used in Meehl et al. [5]. Several recent, 
studies have considered this possibility using alternative approaches.

Pfeffer et al. [22] explored the kinem atic constraints on the contribution of 
ice-sheet, outlet, glaciers and ice stream s to  sea-level rise, comparing the rates 
required to  give more th an  2 m of sea-level rise w ith potential glacier rates. They 
concluded that, an increase of up to 2 m for the twenty-first, century cannot, be 
excluded, bu t a rise of 0.8 m is more likely. Pfeffer et al. [22] use simple physical 
considerations and some extrapolation of the combinations of contributions from 
Greenland and A ntarctica based on varying glacier velocities. Therefore, their 
estim ates should be regarded not. as projections, but only as an indication of 
the physical constraint, to  the upper bound of global average sea-level rise. For 
instance, the earlier acceleration of some of the southeast. Greenland glaciers had 
reversed by 2006 [17]. This revived the debate as to  w hether the recent, rates 
of mass loss are transient, or not., and whether they should be extrapolated into 
the future.

An alternative approach is to  examine sea-level rise from a previous epoch when 
the ice sheets had some sim ilarity w ith present, configurations, and tem peratures 
were similar to those expected during the t.went.y-first. century. One such epoch 
is the last, interglacial period (the Eem ian), which occurred between 130 000 
and 116 000 years ago. Ice-core d a ta  suggest, that, during the Eemian, global
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m ean tem perature  was 2-3°C higher th an  in the present, while the regional 
tem peratures in Greenland and A ntarctic were about 5°C higher [23]. Palaeo- 
evidence suggests that, during the Eem ian, the Greenland ice sheet, was about. 30 
per cent, smaller th an  today [24], bu t w ith sea levels several m etres higher than  
at. present.. There is evidence that, the A ntarctica ice sheet, also contributed to 
this sea-level rise (e.g. [25]). Ivopp et al. [26] estim ated higher Eem ian sea levels 
at. between 6 and 9m  above present., w ith both  the Greenland ice sheet, and the 
A ntarctic ice sheets significantly smaller than  today.

The inform ation from the Eem ian is more useful if ice sheet, and sea-level 
estim ates can be dated  w ith sufficient, accuracy. Based on their palaeo-studies, 
Ivopp et al. [26] estim ate that, the present, ice sheets could also contribute about. 
0.92 m to global sea-level rise per century (with the possibility of higher rates for 
shorter periods), and this ra te  could be sustained for centuries. A further estim ate 
of Eem ian sea-level rise was provided by Rohling et al. [27] using a proxy record 
from the Red Sea. This reconstruction suggests that, sea level rose w ith rates of 
1.6 ±  0.8 m per century providing a constraint, on the maximum ra te  of rise.

(c) The m ost recent twenty-first century projections

The kinem atic and palaeo-studies cited above do not. provide projections for 
the sea-level behaviour in a ‘beyond 4°C’ world. R ather, they provide a guide 
to  the potential maximum rate  of sea-level rise under conditions that, might, be 
realized during the t.went.y-first. century.

Since the completion of the IPCC AR4, a num ber of semi-empirical model 
projections of sea-level rise have been developed. These use present, relationships 
between tem perature  and sea-level rise combined with climate-model projections 
of future warming to  give an alternative set. of future sea-level projections (e.g. 
[28]). Many of these studies suggest, that, the upper end of the range of sea-level- 
rise projections in 2100 could be significantly higher th an  the IPCC projections 
(figure 1). However, it. must, be kept, in mind that, the semi-empirical approaches 
assume that, the observed relationship between tem perature and sea level will 
continue in the future, given much more rapid warming, yet. this may not. be the 
case [29].

Using the correlation between observations of past, changes in sea level with 
tem perature  changes since the pre-industrial era, R ahm storf [28] projected a 0.5-
1.4 m rise of sea level by 2100, relative to the 1990 level. Vermeer & R ahm storf
[6] refined the m ethod, adding a rapid-response term , which gives an upper 
value of 1.90m in 2100 (excluding the uncertainty of the statistical fit. of ±7'%). 
O ther semi-empirical approaches are also available that, use slightly different, 
formulations and statistical m ethods, such as Grinsted et al. [7]. These authors 
also include palaeo-constraints from preceding centuries, and project, a future 
increase in sea level of up to 1.6 m for the t.went.y-first. century for the SRES A1FI 
emissions scenario.

Some studies have been undertaken to  directly support, long-term flood- 
management. responses to  sea-level rise. In The Netherlands, the D elta 
Commission [30] requested an international assessment, to explore the upper 
boundaries of the possible rise and to develop low-probability/high-impact. 
scenarios for the years 2050, 2100 and 2200. This used both  modelling and expert- 
judgement. approaches, and assumed a large tem perature rise of 6°C by 2100 [31].
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Table 1. R ange of global sea-level rise (m etre per cen tury  ) according to  post-A RT research.

sea.-level rise 
(m etre per cen tury  ) m ethodological approach source

0.5-1.4 sem i-em pirical p rojection '3 R ahm sto rf [28]
0.8-2.4a palaeo-clim ate analogue R ohling et al. [27]
0.55-1.10 synthesis'3 Vellinga. et al. [31]
0.8-2.0 physica.l-constra.int analysis'3 Pfeffer et al. [22]
0.56-0.92a palaeo-clim ate analogue K opp et al. [26]
0.75-1.90 sem i-em pirical p rojection '3 Vermeer fe R ahm sto rf [6]
0.72-1.60° sem i-em pirical p rojection '3 G rinsted  et al. [7]

aHigher ra tes are possible for shorter periods. 
1:,For th e  tw enty-first century.
°For th e  best pa laeo-tem perature  record.

E xpert judgem ent is a useful technique as it provides a mechanism to capture 
im portan t, bu t poorly understood, processes such as the ice-sheet, response (cf. 
[32]), although it often expands the uncertainties. As a starting  point, Vellinga 
et al. [31] used recent observations which imply th a t higher contributions from 
the two ice sheets are possible and took the palaeo-reconstruct.ion of Rohling 
et al. [27] as an upper constraint. They concluded that, plausible global sea-level- 
rise scenarios were 0.55-1.10m in 2100, and 1.5-3.5 m in 2200 (these estim ates 
were then used as a base for developing local sea-level-rise scenarios for The 
Netherlands by taking into consideration other components such as geoidal 
changes, vertical land movement, and storm  surges).

The UK Met. Office also developed a low-probabilit.y, high-impact. range of sea- 
level rise scenarios, called the H + +  scenario, to  explore im pacts and adaptation  
responses above the IPC C  AR4 range. This was applied in the Tham es E stuary  
2100 Project. (TE2100), which concerned the future flooding of London, and then 
adopted to  national scenario guidance [33]. It. used research from Rohling et al. 
[27] and Pfeffer et al. [22] as constraints, and accounted for the recent, observed 
rapid changes in the two ice sheets. Overall, it. adopted a maximum global rise of
2.5 m by 2100. (Allowing for geodal changes (the necessity of which is discussed 
by Mit.rovica et al. [34]) resulted in a sea-level rise around the UK of between
0.93 and 1.9m  during the t.went.y-first. century.) However, Lowe et al. [33] also 
concluded that, there is evidence that, such a large increase should be considered 
very unlikely to occur during the next. 100 years (see also [29]).

Based on a selection of the recent, studies we have considered, table 1 
summarizes the range of estim ates for cent.ury-scale sea-level rise from a range 
of m ethods. W hile such estim ates are possible, this should not. be interpreted 
as being likely. What, is likely, however, is that, higher rates of sea-level rise will 
result, from warmer tem peratures.

The possibility of reversibility of large changes in ice sheets, and t.heir 
corresponding contribution to  sea level, is also important.. Gregory et al. [35] 
concluded that, a local warming of above 2.7 ±  0.5°C (average annual tem perature 
rise related to 1990) would cause irreversible loss of the Greenland ice sheet.. The 
approxim ate m agnitude for this threshold is supported by results from the last.
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interglacial period when tem peratures were a few degrees warmer th an  today, and 
the Greenland ice sheet was smaller (see §2a), although Hansen [36] suggests th a t 
a lower threshold should be used. A recent study by Ridley et al. [37] suggests th a t 
a higher warming could be sustained, but only for a short period of tim e. Because 
of the presence of large uncertainties, AR4 did not assign a tem perature  threshold 
for the irreversible melt of the vulnerable west A ntarctic ice sheet. However, 
Lent.on et a,I. [38] suggested th a t it would be in the range of 5-8°C local warming, 
corresponding to  3-5°C global warming, if evidence, such as the disintegration of 
ice shelves along the A ntarctic Peninsula and the crevasse/m eltw ater hypothesis 
[39,40], were taken into consideration. Equally, m arine ice-sheet, instability  may 
be triggered by (ocean) tem perature  rise, bu t once started , it. may be ra ther 
insensitive to  the actual atm ospheric tem perature  rise that, is achieved [41].

(d) Sum m ary

Our review of high-end post.-AR4 sea-level projections suggests that, a credible 
upper bound of t.went.y-first. century sea-level rise is of the order of 2 m. Combined 
w ith the earlier estim ates of sea-level-rise scenarios from the AR4, this suggests a 
pragm atic range of 0.5-2 m for t.went.y-first. century sea-level rise, assuming a 4°C 
or more rise in tem perature. However, since it. is not. certain that, recent, observed 
increases in ice discharge from the ice sheets will continue to  accelerate, we must, 
also be clear that, the upper part, of this range is considered unlikely to  be realized. 
As advocated by Solomon et a,I. [14] and Lowe & Gregory [29], among others, while 
such uncertainty rem ains, it. is fundam ental to  continue m onitoring sea level to 
detect, any large or unexpected accelerations of rise. Rr parallel, developments 
of process-based models could improve the robustness of projections. We also 
note the conclusions of R ahm storf et al. [20] and Pielke ([21], p. 206) that. ‘Once 
published, projections should not. be forgotten but. should be rigorously compared 
w ith evolving observations’.

Finally, we have focused on the range of uncertainty in the recent, rate  of 
global m ean sea-level rise. The IPCC AR4 analysis also highlighted the significant, 
spread in projected spatial patterns of sea-level rise. W hile there is a growing 
understanding of what, drives regional sea-level rise [42], there still remains a 
large spread in the deviations of regional sea-level rise from the global mean 
value [43]. The uncertainty in oceanic density changes could be up to  several 
tens of centim etres from the global m ean value, depending on the location. A 
further local contribution would be required in scenarios with larger ice melt, 
owing to  gravitational changes [34,44-46]. Finally, the non-clim ate component, of 
sea-level rise owing to  subsidence could also be substantial (e.g. due to water 
abstraction), most, especially in susceptible deltas where hum an groundw ater 
withdrawal and sediment, starvation can be greatly enhanced [11,47,48], and this 
also needs to  be considered.

3. Sea-level-rise impacts and adaptation responses

The previous section showed that, a global rise in sea level of 0.5-2.0 m by 2100 
is consistent, w ith a beyond 4°C world. To explore the possible im pacts with 
and without, a protection response, the potential im pacts of a 0.5 and 2 m global 
m ean rise in sea level by 2100 are now assessed as bounding cases using the DIVA
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model framework. These sea-level-rise scenarios are downscaled using estim ates 
of glacial isostatic adjustm ent from Peltier [49,50] and natural subsidence in 
deltas, assumed as 2 m m y r_1. It is recognized th a t using a global-mean scenario 
is an idealized assum ption. However, it follows all previous published impact 
assessments, and hence is broadly com parable w ith these earlier results. Further, 
unpublished results, which have examined im pacts under a range of realistic sea- 
level-rise patterns, indicate th a t while the uncertainty in the im pacts rises when 
this factor is considered, there is little system atic change to  the results (e.g. 
[51,52]). The results are most sensitive to  deviations around south, southeast 
and east Asia, as this is the region where the largest coastal population occurs. 
Hence, the use of global-mean scenarios is an appropriate simplification for this 
exploratory analysis. In all cases, the sea-level-rise scenarios are combined with 
a tem perature  scenario exceeding a 4°C rise and w ith the A1B4 socioeconomic 
scenario in all cases [53].

In the analysis, im pacts and adaptation  costs are both  assessed for assum ptions 
th a t are consistent w ith the pessim ist’s and optim ist’s perspectives, respectively. 
The ‘pessim ists’ and the ‘optim ists’ generally accept the high-impact. potential of 
sea-level rise, although pessimists may stress larger rise scenarios. They disagree 
much more on adaptation, especially protection. Pessimists view protection as 
being infeasible and likely to  fail. Hence, actual im pacts are similar to  the 
exposure, leading to  high im pacts, numerous disasters, and an unplanned and 
forced retreat. In contrast, optim ists view protection as likely to  be applied in 
developed areas and likely to be successful. Hence, actual im pacts are much 
smaller th an  the potential im pacts, bu t there are significant adap tation  costs. 
Below, im pacts w ithout and with adaptation  are compared to  illustrate the 
pessimistic and optim istic views, respectively.

(a) The Dynam ic Interactive Vulnerability Assessm ent model

The DIVA model is an integrated model of coastal systems that, 
assesses biophysical and socioeconomic im pacts driven by clim ate change 
and socioeconomic development.5 ([13,54]; h ttp ://d iva-m odel.net.). The climatic 
scenarios comprise tem perature  and most, im portantly, sea-level change, while 
the socioeconomic scenarios comprise coastal population, gross domestic product. 
(GDP) and land-use change. In DIVA, there are an explicit, range of 
adap tation  options. Hence, unlike most, published assessments of sea-level 
rise (e.g. [55]), im pacts do not. solely depend upon the selected climatic 
and socioeconomic scenarios, but. also on the selected adaptation  strategy, 
w ith a no upgrade/adap ta tion  strategy being one option. Here, only the 
flooding/subm ergence and erosion aspects of DIVA are considered. These are

4T he A IT , A1B and  A 1FI population  and  G D P scenarios are essentially th e  sam e, w ith  a. m ajor 
difference being assum ptions about th e  m ain  energy sources. T he A Í population  peaks in 2050 
and  declines thereafter. T he B Í population  scenario is th e  sam e as th e  A Í population . T he B2 and 
especially th e  A2 socioeconomic scenarios have larger populations and  hence would give a. larger 
coastal population.
-'Here, DIVA v. 2.0.4 is used com bined w ith  DIVA database  v. 1.3, where elevation is derived from 
th e  G TO PO 30 datase t.
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discussed in more detail by Tol et al. [56] and Hinkel et al. [57], respectively, 
while the underlying model database and spatial structure  are explained by 
Vafeidis et al. [58].

Both direct and indirect coastal erosion are assessed. The direct effect of sea- 
level rise on coastal erosion is estim ated using the Bruun rule (e.g. [59]). Sea- 
level rise also affects coastal erosion indirectly as tidal basins become sediment 
sinks under rising sea level, trapping  sediments from the nearby open coast into 
tidal basins [60]. This indirect erosion is calculated using a simplified version 
of the aggregated scale morphological interaction between a tidal basin and the 
adjacent coast (ASMITA) model (e.g. [61]). A bout 200 of the largest tidal basins 
around the world are considered. DIVA considers beach/shore nourishm ent as 
the adaptation  response to  erosion. In beach nourishm ent, the sand is placed 
directly on the intertidal beach, while in shore nourishm ent, the sand is placed 
below low tide, where the sand is expected to  progressively feed onshore owing 
to  wave action, following the recent D utch practice [62]. The way these options 
are applied is discussed further below.

The flooding and submergence of the coastal zone caused by m ean sea-level 
rise and associated storm  surges is assessed for both  sea and river floods. 
Large parts of the coastal zone are already threatened by extrem e sea levels 
produced during storm s, such as shown by Hurricane K atrina  (USA, 2005), 
Cyclone Nagris (Burma, 2008) and Storm  K ynthia (France, 2010). These extreme 
events are produced by a com bination of storm  surges and astronom ical tides, 
and the re tu rn  period of extrem e sea levels is reduced by higher m ean sea 
levels. Sea-level rise also raises water levels in the coastal parts of rivers (via 
the backwater effect), increasing the probability of extreme w ater levels. DIVA 
considers both  these flooding mechanisms. In the analysis, the present storm- 
surge characteristics are displaced upwards w ith the rising sea level, which implies 
no change to  the intensity or frequency of coastal storm s or interaction between 
sea level and tidal and surge characteristics. This assum ption follows tw entieth 
and early twenty-first, century observations of m ean and extrem e sea level (e.g. 
[63-66]). Taking into account, the effect, of dikes, flood areas for different, retu rn  
periods are estim ated. This is done by estim ating the change in safety, assuming 
that, a dike system is present, (cf. [67,68]), and dike const.ruct.ion/upgrade is 
the adap tation  option for flooding and submergence. There is no empirical 
d a ta  on the baseline level of safety at. a global level, so a dem and for safety 
function is used as explained below, and the safety is assumed to  be provided 
by dikes. Based on dike height., land elevation and relative sea level, the 
frequency of flooding can be estim ated over tim e. This is further converted 
into people flooded and economic flood damages based on population density 
and GDP (see below). River flooding is evaluated in a similar fashion along 
115 m ajor rivers.

DIVA also estim ates the social and economic consequences of the physical 
im pacts described above. For this paper, the number o f people displaced by sea- 
level rise can be estim ated owing to a combination of erosion and increased 
flooding. In the case of flooding, a threshold retu rn  level needs to be assumed 
to  define abandonment.. This has been set. at. a greater th an  a 1 in 1 year 
frequency of flooding. If a lower frequency of flooding (e.g. 1 in 10 year) 
was selected, the land area lost, and the num ber of people displaced would 
be reduced.
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DIVA computes im pacts both  w ithout and w ith adaptation. W ithout 
adaptation , DIVA computes potential im pacts in a traditional im pact-analysis 
m anner. In this case, dike heights are m aintained at 1995 levels, but not raised, 
so flood risk rises with tim e as relative sea level rises. Beaches and shores are not 
nourished. W ith  adaptation, dikes are raised based on the dem and function for 
safety [69], which is increasing in per capita income and population density, but 
decreasing in the costs of dike building [70]. Dikes are not applied where there is 
very low population density (less than  1 person km -2 ), and above this population 
threshold, an increasing proportion of the dem and for safety is applied. Half of 
the dem and for safety is applied a t a population density of 20 persons km -2 and 
90 per cent at a population density of 200 persons km -2 .

W ith  adaptation, beaches and shores are nourished according to  a cost- 
benefit. analysis th a t balances costs and benefits (in term s of avoided damages) 
of adaptation. Shore nourishm ent has lower costs th an  beach nourishm ent, 
bu t is not widely practised at present and has the disadvantage of not 
im m ediately enhancing the sub-aerial beach. Beach nourishm ent is therefore 
the preferred adap tation  option, bu t only if the tourism  revenue is sufficient to 
justify  the extra costs. The num ber of tourists and their spending follows the 
H am burg tourism  model (HTM ), an econometric model of tourism  flows [71,72]. 
In the HTM , tourism  numbers increase w ith population and income. Clim ate 
change pushes tourists towards the poles and up the m ountains.

A daptation costs are estim ated for the two adaptation  options considered: dike 
building and beach nourishm ent. Initially, unit dike costs are taken from the 
global vulnerability assessment carried out by Hoozemans et al. [67]. Given that, 
sea-level rise is up to  2 m, the dike costs for this scenario are raised offline to  take 
account, of the larger cross section that, is required: a dike required in response 
to  a 2 m rise in sea level is assumed to  be four times the cost, of that, required 
for a 1 m rise in sea level ( it. is assumed that, dikes of up to  1 m in height, have a 
similar cost.; cf. [73]). DIVA only considers the capital cost, of dike construction, 
bu t m aintenance costs are approxim ately 1 per cent, per annum, and as the capital 
stock grows, so the m aintenance costs can become significant.. Hence, m aintenance 
costs are considered here as an offline calculation. The costs of beach nourishment, 
were derived by expert, consultation w ith Delatares (formerly Delft. Hydraulics). 
Different, cost, classes are applied, depending on how far the sand for nourishment, 
needs to be transported , as this is a significant, determinant, of such costs. It. is 
assumed that, sufficient, sand resources are available for nourishment, purposes 
throughout, the t.went.y-first. century.

It. is important, to note that, the purpose of the adaptation  strategies described 
above is not. to com pute an optim al adaptation  policy, but to model how 
coastal m anagers could respond to sea level rise. The com plem entary adaptation  
strategies serve the same purpose as the climate and socioeconomic scenarios,
i.e. to  explore possible futures. DIVA’s different, adaptation  strategies show how 
different, assum ptions m ade about, the behaviour of coastal planners transla te  into 
differences in im pacts and adaptation  costs. This in terpretation  can be enriched 
using the results from the climate framework for uncertainty, negotiation and 
distribution (FUND) model [74], which employs a benefit-cost, approach. FUND 
estim ated that. 25 per cent, of the developed coastal zone is abandoned if the 
costs of protection increased fourfold [73], and this correction is applied for the 
2 m rise scenario.
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Figure 2. Global dryland  losses according to  th e  DIVA m odel assum ing no ad ap ta tio n  for a 0.5 m 
(grey lines) and  a 2.0 m  (black lines) rise in  sea level by 2100.

( b ) The pessim ist ’s versus the optim ist ’s view

Results for a world where adaptation  is not im plem ented/fails versus a world 
w ith successful adaptation  are now contrasted for selected param eters.

Assuming no adaptation , of the two land-loss mechanisms considered in 
DIVA, submergence is a much larger contribution to  the loss th an  erosion. 
U nder these conditions, land loss am ounts to  a to ta l of 877000-1 789 000 km 2 
for a 0.5 and 2.0m  rise in sea level, respectively (figure 2). This am ounts to 
approxim ately 0.6-1.2% of the global land area. The net population displaced 
by this rise is more significant, being estim ated at 72 and 187 million people 
over the century, respectively (roughly 0.9-2.4% of the global population). This 
reflects the high population density in coastal areas.6 The results are consistent 
w ith the literature on environm ental refugees (e.g. [75]), which forecasts large 
population displacements owing to sea-level rise. Most of the threatened people 
are concentrated in three regions in Asia: east, southeast and south Asia 
(figure 3). Given 0 .5 -2 m rise in sea level, a to ta l of 53-125 million people are 
estim ated to be displaced over the century from these three regions alone. In 
the three small-island regions (Caribbean, Indian Ocean and Pacific Ocean), 
1.2-2.2 million people are displaced over the century, w ith all three regions 
contributing significantly. It is notew orthy th a t im pacts in some regions such 
as north  and west Europe and the N orth America Atlantic Coast, im pacts are 
much greater for a 2 .0m  scenario than  for a 0.5 m scenario. This reflects th a t 
pre-existing defences provide benefits for a 0.5 m rise, bu t are overwhelmed 
by a 2.0 m rise.

bN ote th a t th e  socioeconomic scenarios used here assum e no coastw ard m igration: if coastw ard 
m igration  does continue in th e  coming decades, the  im pact po ten tia l would be amplified.
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Figure 3. The d is tribu tion  of net population  displacem ent over th e  tw enty-first century  by region 
assum ing no p ro tection  for a 0 .5m  (grey bars) and a 2 .0m  (black bars) rise in sea level. C.I.S., 
Com m onw ealth of Independent States.

If we assume protection with dikes and nourishm ent, the num ber of displaced 
people falls dram atically to com paratively m inor levels of 41 000-305 000 people 
displaced over the twenty-first century. Hence, in contrast to the no-protection 
scenario, the problem of environm ental refugees almost disappears.

The costs of protection are zero if we assume no protection. In contrast, 
the dike and nourishm ent responses have substantial costs. The incremental 
adap tation  costs" are estim ated at roughly between US $25 and $270 billion (1995 
values) per annum  for 0.5 and 2.0m  in 2100, respectively. Dike costs dom inate 
these response costs, and dike m aintenance becomes an increasing component 
of the costs over time. This illustrates an im portant long-term consequence of 
a widespread protection response to  sea-level rise th a t will continue to grow 
beyond 2100. In 2100, the relative mix of nourishm ent, dike construction/upgrade 
and dike m aintenance costs is 36, 39 and 25 per cent; and 13, 51 and 37 per 
cent for the 0.5 and 2.0m  rise in sea level, respectively. The regional spread 
of these costs is quite variable with east Asia, N orth America Atlantic, N orth 
America Pacific, north  and west Europe and South America Atlantic being 
the five regions with the highest costs (figure 4). In term s of avoided hum an 
displacement as a function of protection investment, not surprisingly, the benefits 
are highest in the regions with most threatened people: east Asia, south Asia and 
southeast Asia. It directly affects those on the coast, bu t also has knock-on effects 
further inland.
'H ence, these results assum e an  existing ad ap ta tion  in frastructu re  th a t can be upgraded. If this is 
no t th e  case, th is is term ed  an ‘ad ap ta tio n  deficit’, which will require fu rther investm ent to  address 
[76,77],
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Figure 4. T he annual pro tection  cost by coastal region in  2100, as a percentage of global protection  
investm ent for a 0.5 m  (grey bars) and a 2.0 m  (black bars) rise in sea level by 2100.

4. Discussion

Section 2 showed th a t a sea-level rise of between 0.5 and 2.0m  is not an 
implausible range of climate-induced global rise in sea level in a 4°C world. 
Owing to  our poor understanding of the underlying processes driving climate- 
induced sea-level rise, we cannot associate any likelihood with this range, and we 
conclude that, rises above 0.5 m and especially lm  by 2100 are possible, ra ther 
th an  inevitable. However, it is im portan t to consider w hat would happen and what 
responses are available if such large changes did occur: in effect, there is a poorly 
understood potential for a high-consequence rise in global sea-level rise th a t is of 
significant interest to  those concerned about coastal im pacts and adaptation.

The results presented in §3 investigate the issue of im pacts and adaptation  
assuming a rise in sea level between 0.5 and 2.0 m with or w ithout upgraded 
protection by 2100. The results are indicative and are designed to  provide an 
overview of their implications: they bracket the range of im pacts and adaptation  
costs th a t m ight occur w ith interm ediate sea-level-rise scenarios and partial- 
protection scenarios. They show th a t in addition to  the uncertainty about 
sea-level rise, the outcome is very sensitive to  our assum ptions about protection. 
W ithout further upgrade to  protection (no adaptation), sea-level rise will erode 
and more particularly  flood and submerge extensive low-lying coastal areas 
displacing tens to millions of people or more by 2100. This would be a highly 
undesirable future world w ith many millions of forced environm ental refugees 
owing to  sea-level rise alone. In contrast, assuming a protection response, the 
im pact of sea-level rise is m ainly felt in term s of increasing protection costs. 
Hence, in developed coastal areas, a higher rise in sea level translates into a
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larger protection cost. W hile the residual im pacts would also rise, this is m inor in 
m agnitude when compared with a no-protection scenario (cf. [10]), and this is not 
evaluated here. So in conclusion, there is great uncertainty about the m agnitude 
and sources of im pacts and costs under high sea-level-rise scenarios.

Clim ate m itigation remains a viable strategy to  avoid the 4° C world considered 
in this paper [78]. Reducing tem perature rise reduces the m agnitude of sea-level 
rise, although im portantly, stabilizing global tem peratures does not stabilize sea 
level. R ather, it stabilizes the ra te  of sea-level rise, a process th a t has been 
term ed the ‘commitment, to sea-level rise’ [5]. Hence, a need to adapt, to  sea- 
level rise would rem ain even under m itigation, and m itigation and adaptation  
policies are more effective when combined in coastal areas: m itigation reduces 
the rate  of sea-level rise to  a m anageable level and adaptation  is required for the 
rem aining rise [2]. At. present., the appropriate mix of m itigation and adaptation  
is not. well understood, partly  because scenarios of sea-level rise under different, 
stabilization trajectories are poorly developed as already discussed, and partly  
because of uncertainty about, adaptation. Combined with the uncertainties in sea 
level already discussed in §2, this is an important, area for further research.

Without, m itigation, the fundam entally different, outcomes come down to 
how successful adaptation, and protection in particular, might, be. W hile there 
is extensive literature in both  the camps, which this paper has term ed the 
‘pessim ists’ and the ‘optim ists’, respectively, there has been little attempt, to 
reconcile these two perspectives and really understand coastal adaptation  as a 
system atic process [10,12]. The ‘pessim ists’ seem to  take it. as read that, adaptation  
will either fail or people will not. even try  to adapt.. In contrast., the ‘optim ists’ 
appear overly confident, that, benefit-cost, approaches describe hum an behaviour 
in response to  th rea ts such as sea-level rise [3,10]. Both views can find empirical 
evidence to  support, them . In particular, the response to relative sea-level rise in 
subsiding coastal cities support, the op tim ist’s perspective as they have all been 
protected, ra ther than  fully or even partially  abandoned. This includes cities in 
developing countries such as Bangkok in Thailand. However, adaptation  failure 
cannot, be ruled out., and m ajor disasters such as Hurricane K atrina in 2005 and 
its impact, on New Orleans certainly suggest, caution. New O rleans’ defences are 
now largely rebuilt, and upgraded to  a much higher standard  th an  before K atrina 
at. a cost, of US $15 billion [79], but. it. is too early to  assess the long-term effect, of 
K atrina  on the city (cf. [80]). In more general term s, it. is certainly plausible that, 
extrem e events can trigger a cycle of decline and ultim ately coastal abandonment. 
[81]. Much more research on adaptation  in coastal areas, including protection, is 
required. Historical analogue studies could be especially valuable.

Vulnerability to  sea-level rise is not. uniform and small islands, Africa and 
south, southeast, and east. Asia are recognized as the most, vulnerable regions 
[11]. This reflects their high and growing exposure and low adaptive capacity. 
These regions are the areas where protection is most, likely to  not. occur 
or fail, and they collectively contain a significant, proportion of potential 
environm ental refugees, especially the Asian regions (figure 3). Many of the people 
in Asia live in deltas, which are extensive and often subsiding coastal lowlands, 
amplifying global changes and m aking them  more challenging environments for 
adap tation  [47,48,82]. Small islands have relatively small population and given 
that, implem enting protection could also present, significant, problems, forced 
abandonment, seems a feasible outcome for small changes in sea level (e.g. [83]).
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Hence, the th rea ts to  these vulnerable regions provide some of the strongest 
argum ents for m itigation to  avoid a 4°C world. In addition, adaptive capacity 
needs to  be enhanced in these vulnerable regions, regardless of the m agnitude 
of sea-level rise. Realistic assessments of responses are required across the 
spectrum  of adaptation: at the extreme, planned re trea t is to  be preferred to 
forced abandonm ent.

To date, there are only two strategic a ttem pts to plan long-term adap tation  to 
sea-level rise and these are both  in the developed world: (i) the Tham es E stuary  
2100 (TE2100) Project [33], which considers flood m anagement in London and its 
environs, and (ii) the D elta Commission [30], which considers the future of The 
N etherlands under sea-level rise. As already noted, both  studies were prepared 
to  consider quite large rises in sea level—much larger rises th an  quantified in 
the IPCC AR4. In both  cases, the problem was constructed as one where high 
uncertainty is inherent, and it is fundam ental to  evaluate the low-probability high- 
consequence scenarios. In TE2100, a scenario-neutral analysis was followed, where 
the flood-management system was tested against sea-level-rise scenarios of up to 
5 m, w ithout worrying about the tim ing of this rise. Hence, a progressive sequence 
of adaptation  measures could be identified th a t would manage the range of sea- 
level rise. Issues of the tim ing of adaptation  have been analysed subsequently. 
The D elta Commission took a slightly different approach and looked to  2200 and 
estim ated that, sea levels might, be up to 3.5 m higher than  today [31]. However, 
both  studies came to  the conclusion that, im proved/upgraded protection was the 
best, approach in their study sites, although both projects aspire to  work with, 
and mimic nature as much as possible w ithin this goal. The principles illustrated 
here should be applied much more widely—coastal cities w ith a large exposure to 
flooding are widespread, especially in Asia and N orth America [73]. More generic 
analyses of adaptation  are also useful such as the World Bank [77] assessment, of 
the economics of adap tation  to clim ate change. Broad-scale studies could also be 
more developed, including responding to  large rises in sea level as considered in 
this paper.

5. Conclusions

Climate-induced rise of relative sea level during the t.went.y-first. century could be 
larger than  the widely reported absolute numbers published by the IPCC AR4 
[5,18], and a rise of up to  2 m is not. implausible but of unquantifiable probability. 
In essence, there is a low-probability/high-consequence tail to  the sea-level 
scenarios, although we have no basis to  evaluate what. that, probability might, be. 
W hile the IPCC AR4 report, also acknowledges this fact., the presentation 
failed to comm unicate this important, point, effectively, and most, readers of 
the IPCC assessments failed to  notice this caveat, concerning the published 
scenarios. From the perspective of those interested in impact, and adaptation  
assessments, this is an important, failure that, we hope the next. IPCC assessment, 
will explicitly address.

Linking sea-level rise to  tem perature  rise is difficult, and there is not. a simple 
relationship between the two factors. Hence, the sea-level-rise scenarios for a 
4°C rise in tem perature  is uncertain, and a 0 .5 -2 .0m global rise in sea level has 
been selected as a pragm atic range to  associate with such a tem perature rise.
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The hum an exposure is very large, reflecting the high population density in the 
coastal zone. Assuming no or failed adaptation , this exposure translates into 
catastrophic im pacts w ith tens of millions or even more people being turned into 
environm ental refugees owing to sea-level rise. In contrast, a protection response 
suggests th a t m ost of the threatened population would be protected, and the 
m ain consequence of a large rise in sea level is a larger investment in protection 
infrastructure. This analysis shows th a t it is incorrect to autom atically assume 
a global-scale population displacement owing to  a large rise in sea level, and 
coastal populations may have more choices than  widely assumed. However, the 
more vulnerable locations such as small islands and populated deltas will be 
severely challenged by large rises in sea level, and the m ost appropriate adaptation  
responses, including protection, require more analysis.

Nicholls et al. [2] argued th a t the response to  sea-level rise required a 
com bination of adaptation  for the inevitable rise, and m itigation to limit, the 
inevitable rise of sea level to  m anageable m agnitudes. This reflects the large 
inertia  of sea-level rise, which means stabilizing global tem perature  in order to 
stabilize the rate  of rise. Even so, rising sea levels will continue for centuries 
into the future. This analysis supports this view, as adaptation  is more likely to 
succeed for smaller rises in sea level consistent, w ith stringent, m itigation. B etter 
quantification of future sea levels and their links to tem perature rise, including the 
role of the large ice sheets, is clearly important.. Coastal adaptation  requires more 
planning and there will be a debate about, what, allowances should be made for 
sea-level rise. The long-term vision of the Tham es E stuary  2100 project. [33] and 
the D elta Commission [30] are to  be commended. These schemes are establishing a 
flexible approach to  management, where there is some upgrading of defences and a 
logical sequence of additional measures to  reduce risk. This will be combined with 
m onitoring of sea level so that, the tim ing of further upgrades can be optimized. 
This type of adaptation  planning needs to  be applied much more widely in term s 
of developing a coherent, strategy to deal w ith an uncertain rise in sea level over 
the next. 100-200 years.
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