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In October 2013, the Abu Dhabi Global Environmental 
Data Initiative (AGEDI) launched the “Local, National, and 
Regional Climate Change (LNRCC) Programme to build 
upon, expand, and deepen understanding of vulnerability 
to the impacts of climate change as well as to identify 
practical adaptive responses at local (Abu Dhabi), national 
(UAE), and regional (Arabian Peninsula) levels. The design 
of the Programme was stakeholder-driven, incorporating 
the perspectives of over 100 local, national, and regional 
stakeholders in shaping 12 research sub-projects across 5 
strategic themes. The “Sea Level Rise Primer” sub-project 
within this Programme aims to identify and discuss the key 
policy issues and challenges associated with adapting to 
rising sea levels from climate change. 
The purpose of this Primer is to offer a comprehensive 
discussion of what has been learned in carrying out the 
research activities involved in the study. In short, this report 
seeks to provide the reader with a comprehensive overview 
of the risks associated with sea level rise induced by climate 
change, supported by a discussion of available methods and 
frameworks to assist coastal planners in the assessment 
of suitable adaptation responses in the face of uncertainty. 

About this Sea Level Rise Primer

© Edwin Grandcourt
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Selected Glossary

Ablation 	 Snow and ice removed from an ice mass via meltwater runoff, sublimation, wind scour, or glacial 
	 calving (mechanical fracturing and separation).

Accretion	 Increase in ice mass by basal growth in the case of floating ice, the compression of snow into  
	 ice, or freezing of water that has pooled on the ice or percolated into snow from rain, meltwater,  
	 or flooding of sea/lake/river water.

Accumulation 	 Snow and ice added to an ice mass via snowfall, frost deposition, rainfall that freezes on/in the  
	 ice mass, refrozen meltwater, wind-blown snow deposition, and avalanching.

Cryosphere 	 The term “cryosphere” comes from the Greek word, “krios,” which means cold. It refers to the frozen 
	 water part of the Earth system. One part of the cryosphere is ice that is found on land. Including 
	 the continental ice sheets found in Greenland and Antarctica, as well as ice caps, glaciers, and 
	 areas of snow and permafrost. The other part of the cryosphere is ice that is found in water, including 
	 frozen parts of the ocean, such as waters surrounding Antarctica and the Arctic.

Flood-proofing	 Any combination of structural or non-structural additions, changes, or adjustments to a building  
	 that reduces or prevents flood damage to the structure and/or its contents.

Glacier 	 A perennial terrestrial ice mass that shows evidence of motion/deformation under gravity.

Grounding Line 	 The transition zone between grounded and floating ice. 

Ice Sheet 	 A large (i.e., continental-scale) dome of glacier ice that overwhelms the local bedrock topography,  
	 with the ice flow direction governed by the shape of the ice cap itself.

Ice Shelf 	 Glacier ice that has flowed into an ocean or lake and is floating, no longer supported by the bed.

Icefield 	 A sheet of glacier ice in an alpine environment in which the ice is not thick enough to overwhelm  
	 the local bedrock topography, but is draped over and around it; glacier flow directions in an icefield 
	 are dictated by the bed topography.

Sea Ice	 Floating ice from frozen seawater.

Snow 	 Ice-crystal precipitation that accumulates on the surface.

Soil Ice	 Ice in permafrost.

1.	 Introduction

With rising sea levels will come new challenges for 
planners and decision-makers in the UAE. 
Sea level rise will mean that tides, waves and storm 
surges can reach further inland than before, resulting in 
flooding, erosion, receding shorelines and the deterioration 
of groundwater quality (Dasgupta et al, 2007; Kirshen and 
Wake, 2014). The vulnerability of coastal areas to rising seas 
depends on many factors including shoreline elevation, 
the topography of the land and the seabed, the presence 
of natural barriers, and other local characteristics. Other 
impacts of climate change, such as changing wind and 
rainfall patterns, will also come into play, such as more 
intense rainfall coinciding with storm surges, amplifying 
the impacts of rising seas.

As with all other countries that have an extensive 
coastline, the UAE is confronted with the need to prepare 
for sea level rise.
The task of planning for sea level rise is challenging on many 
levels. On the one hand, it is a scientifically complex with 
current general circulation models unable to integrate the 
ice-air-ocean interactions under increasing concentrations 
of greenhouse gases (GHGs) in the atmosphere. On the 
other hand, the magnitude and timing of impacts are 
uncertain. Hence, different stances on addressing risks 
from sea level rise will be appropriate for different areas 
in the UAE.

© Edwin Grandcourt
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This Sea Level Rise Primer seeks to support decision-
making pertinent to sea level rise.
The Primer aims to be a helpful interface between sea 
level rise, a topic that is highly technical and multi-faceted, 
and decision-makers and other stakeholders in the UAE 
and the Arabian Gulf region who are interested in coastal 
development and protection. The focus is on three (3) key 
areas:
•	 Increasing the scientific understanding of what sea level 

rise is, how it is predicted, and the status of international 
research efforts to improve General Circulation models 
to adequately reflect atmosphere-ocean-ice dynamics; 

•	 Identifying how sea level rise will impact vulnerable 
infrastructure in the Arabian Peninsula generally and the 
UAE specifically, on an emirate-by-emirate basis; and 

•	 Laying out a range of planning tools and options 
(i.e., a planning toolkit) to assist planners in the 
efforts to integrate sea level rise considerations into 
maritime plans.

In sum, this Primer can be considered a toolkit for action 
for confronting sea level rise.
It is also important to note what this Primer does not cover 
– it does not predict the increase in sea level is the Arabian 
Gulf nor does it include any analysis of the magnitude of 
the impacts of sea level rise scenarios for coastal areas 
in the UAE.
The remainder of this Primer is organized in three parts.
The next section offers scientific background on sea level 
rise, including as review of the causes of current sea 
level rise, and an overview of the status and challenges 
associated with international efforts to model sea level 
rise. Section 3 provides an overview of the Gulf region 

Over many millennia, the Earth’s climate has cycled 
between ice ages and warm interglacial periods (Church 
et al., 2013; Cazenave, 2014; Church, et al., 2010). 
While the earth’s climate has been relatively stable over the 
last several thousand years, this is now rapidly changing. 
Increasing concentrations of carbon dioxide and other 
greenhouse gases in the atmosphere are trapping heat 
and there is strong evidence that the climate has begun 
to respond. One of the major and certain consequences 
of climate change is rising sea level. This section of the 
Primer provides an overview of the current understanding 
of the various mechanisms contributing to sea level rise 
under climate change, together with an assessment of the 
capability of the current suite of models to capture these 
mechanisms adequately enough for having confidence in 
future sea level rise projections. The subsections below 
describe the most crucial factors for the UAE to be aware 
of regarding sea level rise from climate change.

2.1. Current sea level rise
Increasing concentrations of carbon dioxide and other 
greenhouse gases in the atmosphere are trapping heat 
and the climate has begun to respond.
One of the major and certain consequences is rising sea 
level, a process that has already begun. Prior to the 1990s, 
sea level was largely recorded by tide gauges fixed to 
coastal structures grounded in the solid Earth, showing 
over the last 2 centuries a rise of just over 1 millimeter 
per year. Beginning in the 1990s, satellites have provided 
near-global altimetry coverage of the ocean. Since then, 
both satellites and tide gauges have indicated a rise of about 
3.2 millimeters per year (Church et al., 2013). Taking into 
consideration all sea level observations, the seas are not 
only rising, but accelerating (IPCC, 2007; ACE CRC, 2009).

generally - and the UAE’s specifically - regarding vulnerable 
infrastructure from sea level rise along the Arabian Gulf and 
Gulf of Oman. It aims to primarily characterize the types of 
infrastructure (e.g. power, transport and other infrastructure) 
that would be vulnerable to sea level rise and secondarily 
the natural habitats at risk (e.g. mangroves, conservation 
land). Finally, Section 4 focuses on a toolkit for decision-
makers, with part devoted to a review of the basic adaptation 
framework as used in several regional settings and the 
remainder a discussion of risk management approaches 
available for planning in the UAE context. 

2.	 Understanding sea level rise
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Figure 2-1: Causes underlying sea level change (IPCC, 2007) [Red annotations ours]

Figure 2-2: Sea level rise due to global thermal expansion 
(top: Indian Ocean: bottom: World oceans) for the period 
1955-2010. Linear trend line and percent variance shown in 
red (adapted from Levitus, et al., 2012)

Understanding the underlying causes of sea level rise 
that has been observed over the past decades is an 
important point of departure. 
There are a wide variety of processes that cause sea level 
to change on time scales ranging from hours to millennia, 
and spatial scales ranging from regional to global (Church 
et al., 2013; Kirshen and Wake, 2014). These are outlined in 
the bullets below, illustrated in Figure 2-1, and discussed 
in the subsections that follow.

•	 Thermal effects: The ocean warms or cools 
(because the density of water is closely related to its 
temperature),

•	 Deglaciation effects: Water is transferred between 
the ocean and glaciers/ice sheets, known as ablation

•	 Gravity effects: Shifts in Earth’s gravity field are induced 
by changes in the mass distribution on land (self-
gravitation or static effect), and ocean and atmosphere 
dynamics (the dynamics effect).

•	 Other effects: These include vertical land movement 
effects that are associated with glacial isostatic 
adjustment, tectonic activity, groundwater mining, or 
hydrocarbon extraction; as well as terrestrial water 
storage.

2.1.1 Thermal effects
Thermal effects influence sea levels as water expands 
with increasing temperature (Church et al., 2013; IPCC, 
2007; Yin, 2012; Antonov et al, 2005; Lombard et al, 
2005). 
Simply put, with rising atmospheric temperatures due to 
increasing concentrations of greenhouse gases, oceans 
function as heat sinks that absorb this excess heat and mean 
sea levels rise to maintain atmosphere-ocean equilibrium. 
In other words, as ocean water heats up, it expands and 
takes up more space.

There is a time lag between the change in sea surface 
temperatures and the rise in sea level.
That is, the heat capacity of the ocean is so large there will 
be a delay before thermal equilibrium is reached and thus 
before the full effects of warming are evident on sea levels 
(Pugh, 2004; IPCC, 2007; Church et al., 2013; Hassanzadeh 
et al., 2007). Warming atmospheric temperatures will 
continue to cause sea levels to rise far after any global 
greenhouse gas emissions and subsequent temperature 
stabilization scheme are reached. And, since the ocean 
stores a considerable amount of heat of the past climate, 
its response to global warming will be generally nonlinear 
(de Vries, et al., 2014). Termed “Global Thermal Expansion 
(GTE), it is a complex theoretical problem from a modelling 
perspective and an ongoing research issue that is trying to 
address diverse density effects within the ocean (Griffies 
and Adcroft, 2008; Griffies & Greatbatch, 2012).

There are good current estimates of the amount of 
sea level rise that can be attributed to global thermal 
expansion.
Levitus et al (2012) provided an update of previous estimates 
by Antonov et al (2005) regarding sea level change due 

to global thermal expansion. They conducted a detailed 
analysis of historical ocean temperature data from 1955-
2010 using tide gauge and satellite data and concluded 
that thermal expansion of the ocean has led to an average 
rate of sea level rise of about 0.41+0.04 mm per year for 
the upper 700-meter layer of the world’s oceans. This 
represents about a 25% increase over the earlier estimates 
by Antonov et al (2005) and reflects the use of additional 
satellite data available. As shown in Figure 2-2, comparing 
trends in the Indian Ocean and the World Oceans shows 
that there is significant spatial variation of the global rate 
of sea level rise rate, as well as the uncertainty associated 
with the estimated rate of seal level rise. Currently, it is 
estimated that somewhere between a third and one half 
of the past century’s rise in sea levels can be directly linked 
to warmer oceans simply occupying more space (Griffies 
& Greatbatch, 2012; Levitus et al., 2012; Yin, 2012).
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Deglaciation processes can also be counterintuitive, 
as recent research into ice sheet dynamics has shown 
(Strzelecki et al., 2015; Robel and Tziperman, 2016). 
For example, as an ice shelf grows in area and thickness, 
it can buttress the inland ice, stemming its outflow. If this 
happens, the grounding line3 can stabilize or advance, 
thereby slowing sea level rise. On the other hand, if the 
grounding line retreats, sending inland ice further afloat, 
the shelf may begin a runaway collapse. As the grounded 
surface area of the outflowing glacier decreases, so does its 
friction against the bedrock, allowing it to flow with greater 
ease. It may also shorten as icebergs begin to calve off, 
possibly leading to complete shelf disintegration. This allows 
the inland ice to accelerate its flow into the ocean—and 
accelerate sea level rise. Indeed, when Antarctica’s Larsen 
B Ice Shelf collapsed in the early 2000s, the inland ice flow 
sped up nearly tenfold (Lindsay, 2002). Rapid retreat of the 
grounding lines of Pine Island, Thwaites, Haynes, Smith, and 
Kohler glaciers of West Antarctica has been documented 
since the early 1990s, showing rapid thinning and marine 
ice sheet instability that will significantly contribute to sea 
level rise in decades to come (Rignot et al., 2014).

Of greatest concern are contributions from the Greenland 
and Antarctic ice sheets because of the very large 
quantities of freshwater stored.
Combined, these ice sheets contain the equivalent of about 
64 meters of sea level rise; 58 meters for the Antarctic ice 
sheet and 4 meters for the Greenland ice sheet (Bamber 
et al., 2001; NSIDC, 2014). Since 1992, the melting of other 
glaciers (i.e., not including the Greenland and Antarctic 
ice sheets) have been responsible for about 30% of the 
 observed sea-level rise, and the Greenland and Antarctic 

2.1.2 Deglaciation effects
Sea levels are also rising due to a process known as 
deglaciation (Church & Clark, 2013). 
This refers to a large number of melting and calving2 
processes (Church & Clark, 2013b) and roughly can be 
associated with ice melting processes associated with 
glaciers, Antarctic ice shelves, and Greenland ice sheets. 
As temperatures warm, glaciers retreat unless snow 
precipitation increases to make up for the additional melt. 
The decline in Arctic sea ice over the last several decades, 
both in extent and thickness, has been cited as evidence 
for rapid climate change (Church & Clark, 2013; Church & 
Clark, 2013b). 

2 “Calving” refers to the sudden release and breaking away of a mass of ice from a glacier, iceberg, ice front, or ice shelf. 3 The “grounding line” is the point at which glaciers start to float (see Box 1). 

Box 2-1: Deglaciation dynamics (adapted from 
National Snow and Ice Data Center)
A marine ice sheet is grounded on bedrock, below the 
surface of the sea. An ice sheet grows by receiving 
more snowfall at its surface than it loses by melting 
and outflow. As it grows in bulk, gravity begins to 
pull it downslope and into the ocean. Eventually, the 
leading edge forms a cantilevered ice shelf that floats 
on the water but remains attached to the anchored 
part of the ice sheet (Hanna et al., 2013; Holland and 
Holland, 2015). The transition from grounded ice sheet 
to a floating ice shelf is the so-called “grounding line” 
(see Figure below). Inland ice and meltwater that flows 
seaward past from the grounding line on the ice sheet 
makes a direct contribution to sea level rise. Ice that 
melts or calves from the ice shelf makes effectively 
no contribution to sea level rise because the ice is 
already floating.

ice sheets are responsible for about 10% each (Church, et 
al., 2013). For these reasons, regional climate change now 
occurring in West Antarctica is a pressing concern for sea 
level rise. A West Antarctic meltdown would transform 
coastlines, affecting infrastructure and livelihoods in densely 
populated areas around the world. The deluge would also 
threaten fragile ecosystems such as mangroves, coral reefs, 
sea grass meadows, and salt marshes—all of which provide 
the livelihood of many coastal communities (Barnes and 
Kaiser, 2009; Belchier, 2009).

Melting and calving of land-based ice results in a major 
transfer of water and ice from the land into the oceans. 
This transfer of water to the oceans is a major contributor 
to global mean sea-level rise and has exceeded the 
contribution from thermal expansion over the past two 
decades (NRC, 2012; Church et al., 2013). The process of 
melting and calving is complex, and is briefly described in 
Box 2-1. Observations of rapid mass loss associated with 
dynamic change in the ice sheets have been brought to 
the public’s perception through various dramatic episodes 
of ice calving reported in the press (see for example, 
http://www.businessinsider.com/largest-ice-glacier-
calving-filmed-2015-1).

© Edwin Grandcourt
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Contributor to sea 
level rise

Sea level rise 
(mm/year)

Share 
(%)

Thermal effects 1.1 34%

Deglaciation effects 
(Antarctica, Greenland) 0.6 19%

Deglaciation effects 
(other glaciers) 0.9 27%

Gravity and other effects 0.6 12%

“Unexplained” 0.3 8%

Observed global mean 
sea level rise 3.2 100%

Table 2-1: Contributions to global mean sea-level rise over 
1993-2010 (adapted from Church et al., 2013; Table 13.1).

2.1.3 Gravity effects
There are two important gravity effects that influence 
sea levels.  
First, the self-gravitation or static effect accounts for local 
land, ice, and water characteristics. Since ice and water 
have mass, ice and water on land will attract ocean water, 
literally pulling the ocean toward, for example, an ice sheet 
when it is formed. Consequently, sea level will be higher 
near an ice sheet rather than further away from it, all else 
being equal. This is illustrated in Figure 2-3. 

4 See Section 3.2 for a review of VLM for the Arabian Peninsula.

Figure 2-3: Illustration of the self-gravitation effect 
(adapted from Kirshen and Wake, 2014)

On the other hand, when land ice melts and water mass 
is added to the ocean, it raises sea level by a small 
amount averaged over the whole globe
However, close to the ice mass itself (within about 3,000 
km) it may cause a sea level fall by a reduction in the self-
gravitation effect illustrated in Figure 2-3. The impact of 
self-gravitation on future sea level projections was ignored 
in early Intergovernmental Panel on Climate Change (IPCC) 
assessment reports (Kirshen and Wake, 2014; Kuo, 2006). 
Subsequent research has led to an increased understanding 
of how this component can help to explaining some of 

the vexing spatial differences in past sea level records, as 
well as working out the details of its impact in the future 
(Mitrovica et al., 2001). Incorporating these patterns, called 
‘fingerprints’ into interpretations of paleo-sea level records 
has been essential in for understanding records that were 
previously difficult to reconcile (Kirshen and Wake, 2014).

The other gravity effect is associated with ocean 
dynamics (Howard et al., 2014; Levermann, et al., 2005).
These dynamic effects account for mean sea levels rise 
that can differ from location to location at local spatial 
scales. This happens because the addition of freshwater 
from glaciers and ice sheets to the ocean leads to an 
instantaneous increase in global mean sea level, but 
because it is communicated around the ocean basins via 
a dynamical adjustment, it is not instantaneously globally 
uniform (Kawase, 1987; Cane, 1989). This change in 
spatial variation is potentially influenced by the interplay 
of changes in ocean dynamics and spatial variations in the 
seawater density due to its warming (Howard, et al., 2014), 
known as the change in dynamic sea level (DSL). For any 
given location, DSL is comprised of a global component 
associated with average sea level rise and a component 
associated with changes in the spatial variation of sea 
level relative to the global average (e.g. Milne et al., 2009; 
Pardaens et al., 2011). DSL changes are associated 
with the fluid dynamic state of the ocean as currents, 
density, boundary fluxes of mass and buoyancy (Griffies & 
Greatbatch, 2012) and account for a small portion of sea 
level rise, typically less than 15% of regional sea level rise 
(Yin, 2012).

2.1.4 Other effects
There are two other minor contributors to mean sea 
level rise. 
Local and regional vertical land movements result in 
regional changes in relative sea level (Church et al., 2013; 
Aubrey and Emery, 2013). Vertical land movement (VLM) is 
a generic term for all processes that impact the elevation 
at a given location (tectonic movements, subsidence, 
groundwater extraction), causing land to move up or 
down. This is typically a slow process with magnitudes 
commonly between -10 (sinking) and +10 (rising) mm/
year (CLIMsystems, 2016). Local vertical land movement 
becomes relevant when looking at the local effects of sea 
level rise. VLM can either exacerbate or dampen the sea 
level rise experienced at a particular coastal location. In a 
place where VLM is upward like Norway (Weng, 2014), sea 
level rise is smaller. When VLM is downward like in the city 
of Manila (Aubrey and Emery, 2013), locally experienced 
sea level rise is stronger.4 

Changes in terrestrial water storage can also affect sea 
levels (Kirshen and Wake, 2014; Gornitz, 2000).
Large scale changes to Earth’s surface by manmade 
activities during the past decades have impacted river runoff 
at continental-scales. This is important because a decrease 
in the amount of water stored on continents results in more 
water being stored in the oceans. Decreasing amounts 
of water stored on land is associated with groundwater 
extraction, draining of wetlands, or other changes in 
land cover that reduce soil moisture (e.g., deforestation) 
eventually results in additional water flowing into the 
ocean and causing sea levels to rise. On the other hand, an 

increase in the storage of water in reservoirs and artificial 
lakes diminishes the outflow of water to the sea. While the 
construction of dams during the 20th century significantly 
increased terrestrial storage of water, groundwater 
extraction is now equivalent to or larger than expanded 
surface water storage, resulting in a net zero or small 
positive contribution to sea-level rise in recent years from 
changes in terrestrial water storage (NRC, 2012; Church 
et al., 2013).
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2.1.5 Summary
As the previous sub sections have shown, there are 
three main ways in which increasing concentrations of 
GHG in the atmosphere are causing sea level to rise. 
As air temperatures rise, water in the sea is also becoming 
warmer and expanding (i.e., thermal effects); mountain 
glaciers are retreating while polar ice sheets on Greenland 
and Antarctica are shrinking (i.e., deglaciation effects); and 
shifts in the mass distribution on land and oceans (i.e., 
gravity effects). The relative contribution of each of these 
effects is summarized in Table 2-1. Notably, the sum of the 
estimated contributions to sea level rise do not adequately 
explain the observed rise, leading to the “unexplained” 
category in Table 2-1. Possible reasons for this discrepancy 
include the inadequate ocean database, particularly for 
the deep and Southern Hemisphere oceans, leading to an 
underestimate of ocean thermal expansion, and inadequate 
measurements of the cryosphere (Kirshen and Wake, 2014; 
Holland and Holland, 2015).

2.2.1. Progress and key limitations of past sea level 
rise modelling
Projecting future changes in mean sea level has been 
based on coupled atmosphere-ocean general circulation 
models.  
Such models allow the simulated climate to adjust to 
changes in climate forcing, such as increasing atmospheric 
carbon dioxide. Until the early 1990’s, climate models did 
not consider ice dynamics and treated ice sheets as shallow 
snow fields with prescribed representative topography, 
and ignored soil ice altogether (Bitz and Marshall, 2013). 
Cryosphere modelling (i.e., frozen water found on land and 
in water) evolved in parallel with, but independent of the 
global climate models to predict sea level rise. 

Philippe Huybrechts was the first to develop an 
operational three-dimensional thermomechanical 
ice sheet model in the late 1980s (Huybrechts, P & 
Oerlemans, 1988; Huybrechts, 1990). 
The Huybrechts model has been used to study and 
characterize the Greenland and Antarctic Ice Sheets 
and underpins the projections of ice sheet response to 
climate change in the IPCC reports (Bitz and Marshall, 
2013). Similar models have now been developed in several 
research groups, and sea-ice intercomparison experiments 
have been carried out to evaluate model strengths and 
weaknesses (Payne, et al, 2000).

The five IPCC Assessment Reports have synthesized 
results of modelling efforts from the CMIP process.
In all five IPCC reports, sea level projections have been 
assembled using conventional methods of estimating sea 
level rise – that is by simulating contributions from individual 
sea level components, such as thermal expansion, and 
melting ice from glaciers and ice sheets (Jevrejeva et al., 

2014). As shown in Figure 2-4, each of the IPCC reports has 
produced a wide range of projections for sea level by 2100. 
In AR4, there were four main physical processes that the 
models used did not adequately treat, namely the response 
of floating ice shelves to climate change; the connection 
between floating ice shelves and flow in the ice sheets; 
the nature of rapid flow in ice streams and outlet glaciers; 
and the effect of water at the base of the ice sheet on ice 
flow (ACE, 2009).

2.2.	Future sea level rise
Predicting future sea-level rise is an important issue 
related to the continuing buildup of atmospheric 
greenhouse gas concentrations.  
The Greenland and Antarctic ice sheets, with the potential 
to raise sea level nearly 70 meters if completely melted, 
dominate uncertainties in projected sea-level change 
(Alley, et al., 2005; Kopp et al., 2014; Church et al., 2013). 
Interpreting past changes in sea and projecting future 
changes requires sophisticated numerical modelling 
using coupled ice-atmosphere-ocean general circulation 
models. While substantial advances have been made, these 
models are widely known to poorly represent the complex 
interactions between the atmosphere, the cryosphere, and 
the ocean environment (Alley et al., 2005; Church, et al, 
2013; Holland and Holland, 2015). This section reviews the 
progress and key limitations of past modelling approaches, 
some the key challenges ahead, and an update of the current 
status of coupled ice-ocean-atmosphere models. 

Figure 2-4: Range in the IPCC’s global mean sea level rise 
projections in 2100 under the high emission scenarios 
(Jevrejeva et al., 2014)
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In AR5, the difficulties in modelling ice mass loss from 
the Greenland and Antarctica ice sheets have persisted. 
This las led to an explicit acknowledgement with the report 
itself that: “. . . the collapse of the marine-based sectors 
of the Antarctic ice sheet, if initiated, could cause sea level 
to rise substantially above the likely range during the 21st 
century. This potential additional contribution cannot be 
precisely quantified but there is medium confidence that 
it would not exceed several tenths of a metre of sea level 
rise” (Church et al., 2013).

The situation today is that there is still no robust, credible 
model for the interaction of melting ice sheets with the 
ocean to improve sea level rise estimates (Holland and 
Holland, 2015; Bitz and Marshall, 2013).  
The low-order glacier models implemented in global climate 
models to date are based on a simplified representation 

for ice sheet flow, which is not well-suited to ice shelves, 
ice streams, and ice sheet margins. This is why the IPCC’s 
sea level rise projections are reported as being of “medium 
confidence” only, implying a 33% probability that future sea 
level rise will lie outside the stated range. As noted above, 
this is largely due to difficulties in projecting ice mass loss 
from the Greenland and Antarctica ice sheets but is also 
due to the difficulty of adequately representing contributions 
from the over 120,000 glaciers around the world. While 
there has been significant progress in sea level change 
research in general since AR5, numerical modelling of the 
glacier-ocean interactions remains at an early stage and 
will require further study (Holland and Holland, 2015; Little 
et al., 2014; Liu et al., 2013).

2.2.2. Key modelling challenges
Recent ice-ocean modelling development efforts are 
focusing on higher-order solutions of ice dynamics and 
glacier stress and strain regimes (Pattyn et al., 2008; 
Price et al., 2008; Jaroush, 2008).  
In parallel, as will be described in the next subsection, there 
are community-scale programs that are seeking to couple 
more sophisticated, high-resolution ice sheet models into 
global climate models building off the Glimmer ice sheet 
model developed at the University of Bristol and elsewhere 
(Rutt et al., 2009). It is important to note, however, that fully-
coupled global climate models continue are still in their 
infancy due to the complex modelling challenges involved 
(Bitz and Marshall, 2013). 

Specifically, there are three main challenges regarding 
the coupled ice-ocean modelling of melting of the 
Greenland and Antarctica ice sheets (Richardson et al., 
2011; Holland and Holland, 2015; Church et al., 2010). 
First, the kinds of observational data needed for building 
which ice-ocean coupled models is currently incomplete. 
While satellite remote sensing has greatly facilitated the 
monitoring of glacier surfaces, data on the nature of the 
bed upon which the ice sheet rests has proven more difficult 
to obtain. This is important because it defines the forces 
affecting the migration of the grounding line and subsequent 
marine ice sheet instability (Payne et al., 2000; Calov et al., 
2010). Moreover, observations of the ocean waters at the 
periphery and beneath glaciers have been difficult to acquire 
(Vaughan, 2013; Holland, 2013).

Second, there is a gap in knowledge about the physics 
of deglaciation. 
While there seems to be a reasonably good understanding of 
the way that outlet glaciers reaching the ocean disintegrate 

by melting (Luthi et al., 2013), there is far less known about 
the physics of calving (Batholomaus and Bassis, 2014; 
Murray et al., 2015). There is ongoing debate about the 
share of Antarctic mass loss is due to calving (as opposed 
to melting where the glaciers meet the ocean). However, 
there is ample evidence and broad consensus that it is 
substantial (e.g., Jakobshavn glacier in Greenland which 
removed 12 square kilometers of ice in one day). With rapid 
glacier retreat, it is likely that a large fraction of the loss 
would be due to calving. With the process of calving poorly 
understood, modelling of that process remains challenging 
leading to uncertain sea level projections (Holland and 
Holland, 2015).

The third major challenge is simply the computational 
burden of modelling ice-ocean interactions.
Computational limitations mean that coarser grid resolution 
(i.e., around 100 km) have needed to be used, which have 
had the effect of misrepresenting flowing ice streams 
(Holland, 2000). That is, because slower flowing ice 
cannot contribute as rapidly to sea-level change, coarse 
grid spacing can cause models to respond more slowly 
than actual ice sheets. Furthermore, actual ice sheets 
transmit longitudinal stress perturbations (i.e., along the 
long axis) almost instantaneously, but inland-ice models 
do not incorporate this effect well. Accordingly, such ice-
sheet models may underestimate actual rates of change. 
Finally, to adequately simulate ice sheet retreat and calving, 
simulated oceans must change their vertical and horizontal 
extents as the ocean invades the space occupied by the ice 
sheet and receives meltwater from the glacier (Charbit et 
al., 2002). This requires extensive reengineering of existing 
global climate models (Holland and Holland, 2015) as well 
as the need for much greater computing power (Cornford 
et al., 2012). 
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2.2.3. Advances in coupled ice-ocean-atmosphere 
models
The Coupled Model Intercomparison Project (CMIP) 
began in 1995 to coordinate atmosphere-ocean general 
circulation modelling efforts and has evolved over time. 
In its Fifth Assessment Report (AR5), the IPCC’s CMIP-5 
protocols and related publications describe a rather complex 
research status on modelling mean sea level rise indicating 
the use of a combination of hydrodynamic approaches for 
modelling some variables and a combination of semi-
empirical and statistical approaches for modelling other 
variables (Church & Clark, 2013b; Griffies & Greatbatch, 2012; 
Yin, 2012). Previously, ice sheets were not explicitly included 
in the CMIP process and separate modelling studies had to 
be used to make projections of their future contributions to 
sea level, leading to mismatches between the climate data 
used to force these models and the contemporary version 
of the CMIP projections (Nowicki, 2016).
Widely reported rapid mass loss of ice sheets have 
sharpened the need to couple ice sheets with the rest 
of the climate system.
A better understanding of the role of sea ice for the 
changing climate of the planet is one of the central aims 
of the ongoing phase of this process – the diagnostic 
Coupled Model Intercomparison Project 6 (CMIP6). Within 
CMIP6, there is an endorsed working group that is focused 
exclusively on ice and ocean interactions called the Sea-
Ice Model Intercomparison Project (SIMIP). SIMIP aims to 
better understand how sea ice works and evolves in the 
coupled climate system of the planet (Notz et al., 2016; 
Nowicki et al., 2016).5 
 

SIMIP is currently underway and is seeking to combine 
model simulations with observations in order to advance 
the understanding of interactions between ice, air, and 
ocean in the models.
The plan is to compare modelling results with the 
observational record. This would then enable data-based 
conclusions of whether model simulations are capturing 
behavior observed in the real world and when they are not, 
identifying ways by which agreement can be improved. 
Ultimately, the results of the SIMIP process are intended 
to allow for more realistic simulations of the sea-ice cover, 
including more robust projections of its future evolution and 
relationship to sea level rise. During 2016, the work of SIMIP 
has focused on convening a series of workshops to bring 
sea-ice modelling and observing expertise together. It is 
important to note that the process is essentially just getting 
underway. It is anticipated that the results of the SIMIP 
process will be incorporated into the next IPCC Assessment 
Report, AR6, which is expected to be released in three 
working group contributions during the 2020-2021 time 
period (IPCC, 2016), with the Summary for Policymakers 
report published sometime in 2022.
Preliminary findings emerging from the various 
modelling activities currently underway within the SIMIP 
process suggest that some models are getting better 
at modelling ice-ocean interactions. 
For example, the Community Ice Sheet Model (CISM) is a 
next-generation ice sheet model used for predicting ice 
sheet evolution and sea level rise in a changing climate 
(Price et al., 2015). Developed at the Fluid Dynamics and 
Solid Mechanics division at the Los Alamos National 
Laboratory, the model is freely available to the glaciology 
and climate modelling communities and serves as the ice 
dynamics component of the Community Earth System 5 Additional details are available at http://www.climate-cryosphere.org/activities/targeted/simip

Model (CESM), one of the General Circulation Models 
included in the CMIP process. CISM builds off the earlier 
Glimmer ice sheet model developed by Rutt et al (2009). 
The model has been used in experiments to mimic the 
dynamic changes observed on Greenland’s three largest 
outlet glaciers, Jakobshavn Isbræ, Helheim Glacier, and 
Kangerdlugssuaq Glacier during the 2000s. As shown in 
figure 2-5, there is reasonably good agreement regarding 
the ice flow velocity as observed (left) and modeled (right). 

Dubai Pixaby

Dubai Pixaby
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3.	 Sea level rise and coastal zones

Future sea level rise represents a major threat to 
infrastructure including roads, telecommunication 
systems, buildings, and industrial facilities, all of which 
are important elements of the current and planned built 
environment. 
The UAE and Gulf states may be more vulnerable to sea 
level rise than most regions of the world due to particularly 
high concentrations of population and economic activity 
in coastal zones. This section of the Primer provides an 
overview of the regional coastal environment, focused 
on the Arabian Gulf, plus a brief overview of the major 
infrastructural elements of each emirate in the UAE.

3.1. Regional coastal environment context
The physical impacts consequences of sea level 
rise can be broadly classified into three categories: 
erosion, flooding, and saltwater intrusion (Nicholls, and 
Cazenave, 2010; Titus and Barth, 2001; Nicholls et al., 
2011; Hussain and Javad, 2016). 
The most obvious consequence of a rise in sea level would 
be permanent flooding (inundation) of low-lying areas. 
Coastal areas with sufficient elevation to avoid inundation 
would be threatened by erosion or shoreline retreat. A rise 
in sea level alters the relationship of the shore profile to the 
water level. When combined with storm surge, sea level 
rise it has the capability of sharply eroding unprotected 
shorelines. Gradual and instantaneous sea level rise will 
also lead to seawater intrusion processes in coastal aquifer 
systems with different levels of land-surface inundation.

An overwhelming majority of the Arabian Gulf region’s 
inhabitants are coastal dwellers and a dominant share 
of economic activity occurs in inundation-vulnerable, 
urban centers that are at risk from these impacts.
Many coastal residents and economic activities can be 
found in areas that are backfilled or reclaimed from the 
sea for development projects. These areas are valuable 
commercial property and are particularly vulnerable to 
SLR impacts because of their low elevation above sea level. 
Moreover, coastal population growth and tourism patterns, 
already expanding rapidly, are likely to continue, further 
exacerbating coastal zone vulnerability to climate change. 
Historically, sea levels in the shallow Arabian Gulf have 
been rising at rates that exceed the global average.
Based on tide gauge data analyzed in the IPCC’s Fourth 
Assessment Report, the average rate of global average 
sea level rise during the period 1961-2003 was about 1.8 
mm/yr (IPCC, 2007). While comprehensive assessments 
are not available for the entire Arabian Gulf, an analysis of 
tidal gauge data in the western part of Arabian Gulf near 
Bahrain shows average sea level rise rate to be about 2.27 
mm/yr over the 1989-2008 period (Ayhan and Alothman, 
2009). One outstanding feature of the coastline along the 
western and southern coast of the Gulf is its extremely low 
relief, only about 35 cm per km, which amplifies the effect 
of even small increases in sea level. This is evidenced by 
the presence of extensive intertidal areas and coastal salt 
flats (sabkha), often several kilometers in width and many 
kilometers long.

Dubai Pixaby
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Recent extreme storm events in the Arabian Peninsula 
region may be harbingers of future climate change.
The UAE and Gulf states may be more vulnerable to sea 
. In 2007, the Gulf experienced the strongest cyclone on 
record for the Arabian Sea. Cyclone Gonu (see Figure 
3-1). At category 5, Gonu had wind speeds that peaked 
around 240 km/hour, produced heavy rainfall near Oman’s 
eastern coastline, reaching up to 610 mm, and caused 

In AR4, the IPCC was cautious concerning the potential 
change in frequency of cyclonic activity under climate 
change (IPCC, 2013).
This was attributed to the some of the same data availability 
and other issues discussed in the previous section of this 
Primer. That is, “... there is low confidence in attribution of 
changes in tropical cyclone activity to human influence. This 
is due to insufficient observational evidence, lack of physical 
understanding of the links between anthropogenic drivers 
of climate and tropical cyclone activity, and the low level of 
agreement between studies as to the relative importance of 
internal variability, and anthropogenic and natural forcings.” 
(IPCC, 2013). However, the IPCC goes on to indicate that “... 
the frequency of the most intense storms will more likely 
than not increase substantially in some basins ...” including 
the west Asia region in where the GCC countries are located. 
However, while it is currently inconclusive regarding the 
likely changes in frequency of cyclones in the region, it is 
almost certain that an increase in sea surface temperature 
will be accompanied by a corresponding increase in cyclone 
intensity, due to the additional heat accumulated in the 
air-ocean system.
Increasing sea surface temperature can lead to higher 
peaks of storm surges and a greater risk of coastal 
disasters.
. Changes in both the moist static stability of the atmosphere 
and the underlying sea surface temperature may be the 
critical determinants of the possible variations of the 
maximum potential intensity of stronger than normal 
northwesterly winds known as “Shamals”. Shamal 
cyclogenesis, the generation of high-velocity winds and 
even cyclones from strong Shamal winds, is another 
factor in storm surges that could be experienced in greater 

Figure 3-1: Tropical Cyclone Gonu churns off the coast of Oman. (Source: NASA Earth Observatory)

Figure 3-2: Observed and modeled ice flow velocity fields in the 
Greenland glaciers (Price et al., 2011)

flooding and heavy damages (NASA 2007). With climate 
change, the intensity, frequency, and geographic scope of 
regional cyclone generation and subsequent storm surges 
may pose new systematic risks to coastal areas in the 
Arabian Peninsula. The development of new disaster risk 
management strategies, as discussed in the next section of 
this Primer, may be necessary to cope with such emerging 
threats.

magnitude in Qatar under climate change (see Figure 3-1). 
During one well-defined winter shamal event in the past, 
sea levels increased by 10-20 cm in the eastern half of the 
Arabian Gulf, with sea levels increasing by 20-30 cm in the 
coastal shallows of the UAE (Thoppil and Hogan, 2010). 
Shamal systems, in combination with climatic changes in 
atmospheric pressure, sea-surface temperature, coastal 
topography, and tidal effects, could result in higher peaks 
of storm surges and a greater risk of coastal disasters. 
Hazards from storm surges will only get worse as sea 
levels rise and coastal populations expand.
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Throughout the Arabian Gulf region, there are a variety 
of types of coastal protection measures in place. 
Some of the “hard” coastal protection measures and 
options are identified and discussed in Section 4 of this 
Primer. However, there are numerous types of natural 
habitats, typically described as “soft” measures, which 
provide important coastal protection services under current 
and future seal level rise. The extent and capability of 
natural habitats to protect the coastline are discussed and 
documented in a separate sub-project of the LNRCCP and 
are available in the online Coastal Vulnerability Inspector. 6

The characteristics of the Arabian Gulf coastline differ 
significantly from those in the Gulf of Oman (Hellyer 
and Aspinall, 2005). 
The coastline along the Arabian Gulf is much longer and is 
typically characterized by sandy low-lying coastal sabkhas 
and islands whereas the coast along the Gulf of Oman is 
rockier. Moreover, there has been strong socioeconomic 
growth since the UAE’s founding 1971, with most of this 
development concentrated along the Arabian Gulf coastline.
The Arabian Gulf itself is an inland body of water 
connected by the narrow Strait of Hormuz to the Gulf 
of Oman which is open to the Indian Ocean. 
Under climate change the Arabian Gulf is expected 
experience large increases in sea surface temperatures 
well as changes in salinity and circulation patterns. The 
extent of these changes has been modeled as part of a 
separate sub-project of the LNRCCP and are available in 
the online Regional Ocean Modelling Inspector. In addition, 
the impact of desalination on Arabian Gulf waters has been 
modeled as part of another sub-project of the LNRCCP 
and is available in the online Desalination and Climate 
Change Inspector. 7 In the future, deglaciation and global 
thermal expansion are the components of sea level rise 
that will most affect the waters around the UAE. Gravity 
effects (i.e., shifts in Earth’s gravity field induced by land 
mass redistribution and ocean/atmosphere dynamics) 
are projected to be negligible, as learned through the 
LNRCCP’s regional ocean modelling sub-project. Vertical 
land motion (VLM) is also projected to be negligible, as 
reported by the limited observations in the region from 
the Système d’Observation du Niveau des Eaux Littorales 
(SONEL) initiative available at http://www.sonel.org. SONEL 
aims at providing high-quality continuous measurements 

Figure 3 3: Area of stronger than normal northwesterly winds 
(Shamal) and higher wind-induced waves (Fencl and Klein, 
2009)

Figure 3-4: Map of UAE Arabian Gulf and Gulf of Oman coastal 
zones (source: www.zu.ac.ae/)

6 For more information about the Coastal Vulnerability Index sub-project and its links with sea level rise, please contact the AGEDI 
Climate Change team at lnrclimatechange@ead.ae.

7 For more information about the Regional Ocean Modelling and 
Desalination and Climate Change sub-projects and its links with 
changing physical properties of the Gulf, including dynamic sea 
level rise, please contact the AGEDI Climate Change team at 
lnrclimatechange@ead.ae.

8 The two closest gauges to the UAE are in Bahrain and Oman. 
Both show that vertical land motion trends between -0.5 mm/
yr and 0.5 mm/year; essentially inconclusive.

3.2. National coastal environment context for the UAE
The United Arab Emirates adjoins both the Arabian Gulf 
and the Gulf of Oman (see Figure 3-4).  
The UAE’s western coast is aligned with the south-eastern 
end of the Arabian Gulf, and on the eastern side of the 
UAE is a smaller coast along the Gulf of Oman. The entire 
coastline of the UAE, along both the Arabian Gulf and the 
Gulf of Oman is approximately 1,318 km. This does not 
include the coastline of the many offshore islands, nor does 
it include the additional length of coast resulting from the 
many developments consisting of land reclaimed from 
the ocean.

of sea- and land levels at the coast from tide gauges 
(relative sea levels) and from modern geodetic techniques 
(vertical land motion and absolute sea levels) for studies 
on long-term sea level trends, but also the calibration of 
satellite altimeters.8
The potential exposure of the UAE to the impacts of sea-
level rise, given the current socioeconomic conditions 
and projected population increases in coastal areas, 
is significant.
Sea level rise will potentially impact the entire extent 
of the UAE’s natural and built environment along the 
coast. Current shoreline protection measures to protect 
vital infrastructure will likely be inadequate under future 
sea level rise since such measures have been designed 
under conditions of a stable climate. Natural habitats (e.g., 
seagrasses, mangroves) are also likely to be adversely 
affected. Low-lying and shallow grade shores along the 
Arabian Gulf coastline imply high inundation risk to the 
natural and built environment. Moreover, sea level rise 
coupled with higher magnitude storm surges along the 
Gulf of Oman coastline threaten the built environment. 
Taken together, sea level rise poses important nationwide 
policy questions regarding current and future development 
plans and investment decisions for each emirate. The 
extent of coastal infrastructure at risk from sea level rise 
is briefly discussed in the subsections below for each 
emirate. Except for Abu Dhabi, the red-shaded areas in 
the orientation maps at the beginning of each subsection 
focus on the coastal extent that is considered to have the 
highest concentration of population and infrastructure at 
risk within the individual emirates. In the subsections below, 
individual emirates are being addressed since there are no 
emirate-specific policies in place regarding sea level rise.
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3.2.1. Abu Dhabi
Abu Dhabi is the largest emirate thus it has the longest 
coastline of any emirate.  
It lies to south and west, starting at the UAE-Saudi Arabian 
border and extends to just south of Jebel Ali in Dubai. The 
Abu Dhabi has many off shore islands and natural habitats 
that can protect the coast from storm surges and extreme 
wave events. Many of these islands host coral reefs that 
also protect coastline by dissipating wave energy. There are 
several offshore reefs along the western end of the coast. 
A few mangrove stands exist on the leeward side of these 
islands, with large stands of mangroves around the city 
of Abu Dhabi. Sea grass also exist in the calmer waters 
between the islands and the coastline.

A large concentration of important infrastructure exists 
along the Abu Dhabi emirate coastline that is exposed 
to future sea level rise.
The E 11 Coastal Highway runs along the coast from the 
border with Saudi Arabia, through Abu Dhabi and on to 
Dubai. Most of this highway system is in near proximity to 
the shoreline of the Gulf (i.e., within 3 km). In the Western 
Region, there is the refinery complex of Ruwais, one of the 
larger refinery complexes in the world, situated directly 
on the coast. The city of Abu Dhabi itself is situated on a 
low-lying island which is about 7 meters above sea level. 
Numerous islands (for example Yas Island, Saadiyat Island) 
have experienced rapid development in recent years, as 
has the coastline behind Abu Dhabi and north eastward 
along the coast. Building infrastructure at risk from climate 
change includes office and residential high-rises, schools, 
desalination and electrical generation plants, shopping 
malls and hospitals. 

3.2.2. Dubai
The coastline of Dubai is shorter than that of Abu Dhabi.  
The total Dubai coastline is about 60 km, although new 
offshore projects are expected to add significantly more 
coastline that would be exposed to sea level rise impacts 
(e.g., the Dubai waterfront project, Palm Jebel Ali). Much of 
Dubai’s coastline has been developed, the port of Jebel Ali in 
the south, to the city of Dubai in the north. The southernmost 
coast of Dubai south of Jebel Ali is undeveloped with the 
Dubai Marine Sanctuary located at the Dubai – Abu Dhabi 
border. The Palm Jumeirah is an artificial archipelago 
jutting out into the Arabian Gulf whose construction began 
in 2001, with dense concentration of residential and tourist 
infrastructure. The level of the island is four meters above 
mean high tide, with sea level rise of 50 cm incorporated 
into its design, plus an additional buffer to protect against 
tides, storm surges and high seas, with (Morris, 2010).

Much of Dubai’s infrastructure and buildings are located 
either on the coastline or into the Gulf and will be 
exposed to future sea level rise. 
Port Rashid and Port Jebel Ali, Dubai Drydocks, the iconic 
Burj Al Arab Hotel, Dubai Federal Hospital and numerous 
hotels/resorts are located directly on the waterfront. The 
Dubai International Airport is located about 3 km away from 
the coastline. Nevertheless, this and other infrastructure 
along the coast is surrounded by hard coastal protection 
structures (i.e., breakwaters) that rise from 3 to 4.25 
meters above mean sea level. Nevertheless, property and 
infrastructure valued at hundreds of millions of dirhams is 
in place that is at risk given the uncertainties in sea level 
rise projections.
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3.2.3. Sharjah
Sharjah is the only emirate to front both the Arabian 
Gulf and the Gulf of Oman.   
It also surrounds the emirate of Ajman, resulting in two 
separate coastlines along the Arabian Gulf. The southern 
coastline, between Ajman and Dubai is completely 
developed. The northern coast, between Ajman and Umm 
Al Qawain, contains less infrastructure, although the town 
of Al Hamriya lies in this region. Like most of the UAE 
Arabian Gulf coast, Sharjah is located on a coastal sabkha 
plain around the inlet, Khor Khail which terminates in a 
coastal lagoon. Two other lagoons are at the southern 
end of Sharjah, Al Khan Lagoon and Al Mamzar Lagoon.

The northern coast of Sharjah is sand beach and sabkah, 
with a large inland waterway project spanning the 
Sharjah - Umm Al Qawain border. 
Numerous resorts and hotels line the shores of Sharjah as 
well as important cultural sites. These include the Central 
Souq, Sharjah Art Museum and Heritage Area, the Islamic 
Arts and Culture building and Crystal Plaza. Port Khalid 
and the Dubai – Sharjah Highway are both at risk as the 
highway runs within proximity of the three lagoons. During 
a recent storm event, Sharjah’s Corniche was flooded from 
the impact of 3-meter high waves forcing the closure of 
the road (Arthur & Garland 2016). Al Hamriyah to the north 
has its port, power station and free zone authority which 
are at risk from sea level rise induced flooding events. 
The main inlet is fringed with marinas and surrounded 
by warehousing, shipyards, and industrial facilities. Just 
north of this inlet is Al Hamriya’s Khor that is surrounded 
by residential and retail properties. 

3.2.4. Ajman
The smallest of all the emirates, Ajman’s capital city, 
Ajman, is built around the Khor Ajman and extends 
along its entire coastline. 
Benefitting from its proximity to Dubai and Sharjah, Ajman 
has also seen rapid development having many high-rise 
buildings and touristic infrastructure. At the northern end 
of Khor Ajman are large mangrove stands with minimal 
infrastructural development surrounding it. This area is 
ringed by major transport routes that are set back less than 
200 meters away. To the south lie currently undeveloped 
lands, while on the other side lies the southern arm of the 
Khor comprising port facilities and ancillary industries, 
including warehousing areas such as the Ajman drydocks, 
and Ajman Free Trade Zone. The southern shore of 
Ajman has several large resorts and has been extensively 
developed with residential, office and retail buildings in the 
immediate vicinity of the shoreline. 
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3.2.5. Umm Al Qawain
Umm Al Qawain is situated on a small low-lying 
peninsula that extends northward into the Arabian Gulf 
and lies just north of the border with Sharjah.   
Beyond the capital district, there are approximately 25 km 
of mostly open coastline that consist of sabkah areas, tidal 
flats and salt marshes. As the currents flow north and east 
along the coast, sediments have been deposited behind 
this peninsula creating many near shore sandy barrier 
islands, such as the barrier island of Sinaiya, which protects 
an extensive intertidal zone that has been recognized as 
being of international importance to migratory waterfowl 
(UAE Interact)..

3.2.6. Ras Al Khaimah
The Ras Al Khaimah emirate has the most geologically 
complex coast resulting from the proximity of the Hajar 
mountains which add sediments and alluvial fans to 
the coastal plain. 
The wider southern portion of the plain is covered by 
sand dunes, the plain narrows to north where the Hajar 
mountains eventually meet the Gulf (Goudie et al. 2000). 
Land reclamation projects in the south attached a small 
island, in which the town of Jazirat was located, to the 
mainland. A land reclamation project of Marjan Island is 
similar to some of the large urban development zones 
elsewhere in the UAE. Several barrier islands protect 
mangroves and a portion of Ras Al Khaimah city. 

The old city of Ras Al Khaimah is built on a low-lying 
extension of sand that is backed by Khor Ras Al 
Khaimah.
This inlet terminates in a large coastal lagoon that contains 
a large mangrove forest. The Saraya islands are long near-
shore barrier islands extending north for approximately 
7 km and protect northern neighborhoods of Ras Al 
Khaimah from storm surge during Shamal events. The 
Ras Al Khaimah Maritime city surrounds an artificial inlet 
with Saqr port, which is the largest bulk port facility in 
the region. The coastal plain narrows from the port to the 
border with Oman. There are mangrove stands that are 
ringed by transport and building infrastructure. The coast 
of Ras Al Khaimah is heavily developed putting government 
buildings, schools, residences, commercial developments 
and resorts that will be at risk from future sea level rise.

The barrier islands protect most of Umm Al Qawain’s 
shoreline from the large waves that are generated 
during shamal wind events during the winter season. 
Residential, commercial and tourist properties cover 
the peninsula while the E-11 highway passes within a 
kilometer of the shoreline in several places. New bridges 
allow the E-11 highway to pass over the tidal flats easing 
natural water flows in support of the health of tidal flats 
in the area. A small port facility has been built within the 
protection of mangroves and barrier islands is subject to 
sea level rise risks. 

Google Image
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3.2.7. Fujairah
Fujairah is located along the eastern shore of the UAE.   
Facing the Gulf of Oman, landforms are characterized by 
sedimentary deposits from the Hajar Mountains with more 
rocky soils and with less sand. This coastline is open to the 
Arabian Sea. The Hajar Mountains descend to the coast with 
just narrow strips of coastal plain utilized for development. 
The city of Fujairah is the only large city along this coast, 
it has port facilities that can accommodate cruise ships, 
container ships and oil tankers. A pipeline from Abu Dhabi 
to Fujairah resulted in expansion of this important facility. 
Built on the west coast, ships can avoid the narrow Straits 
of Hormuz that is already one of the busiest shipping lanes 
in the world. 

The narrow coastal plain has seen much development; 
several large-scale resorts are on the northern coast 
close to the town of Dibba. 
In addition to the port, the city of Fujairah contains several 
important facilities that may be at risk from sea level 
rise in the Gulf of Oman. These facilities include large 
oil storage and exporting facilities, warehousing and 
industrial developments built around the port. The large 
Fujairah integrated electrical and desalination plant is 
situated on the coast at the northern end of Fujairah which 
is the largest desalination hybrid plant in the world. This 
coast was greatly affected by tropical cyclone Gonu that 
travelled along the Gulf of Oman in 2007 causing severe 
flooding once it reached Fujairah. The road from Fujairah 
to Kalba was closed to flooding, waves were reported to 
be as high as 10 meters. With sea level rise, these type of 
storm surges will pose higher risks for flooding and other 
storm-associated damages.

This section of the Primer offers a tool-kit for coastal 
decision-makers charged with making future plans 
under the threat of sea level rise
The tool-kit is structured into three subsections. The first 
subsection presents an overview of commonly employed 
adaptation measures and policies. The second subsection 
presents an overview of the adaptation process and 
illustrates this with a couple of adaptation frameworks 
as used in several regional settings. The third subsection 
then zooms into one step of the adaptation process, the 
adaptation options appraisal, and presents decision making 
frameworks relevant for the appraisal of coastal adaptation 
options.

4.	 Framework for decision-making

Figure 4 1: Possible adaptation measures to address sea-level 
rise. Source: (Brown et al., 2013)

4.1. Coastal adaptation measures
A diverse variety of coastal adaptation measures is 
available. 
On a basic level, three types of adaptation measures are 
available, as illustrated in Figure 4-1 and described in the 
bullets below (Klein et al., 2001; Nicholls et al., 2007):
•	 Protection measures, which are defensive measures 

and other activities that physically protect areas against 
inundation, tidal flooding, the effects of waves on 
infrastructure, shore erosion, salinity intrusion and the 
loss of natural resources. Protection measures may be 
‘hard’ or ‘soft’ structural solutions (see Section 4.1.1.).

•	 Accommodation measures, which are measures 
involving the continued occupancy and use of coastal 
zones and do not prevent the land from being flooded. 
Instead, accommodation measures increase people’s 
ability to cope with the effects of extreme events. 
Accommodation measures include erecting emergency 
flood shelters, elevating buildings on piles, converting 
agriculture to fish farming, or growing flood- or salt-
tolerant crops. The majority of farms in the UAE are 
not adjacent to UAE shorelines.

•	 Retreat measures, which are measures involving a 
withdrawal from the coast. This can be either proactive 
and planned, or reactive and unplanned in the form of a 
forced retreat. Retreat measures reduce potential effects 
of erosion or flooding by limiting coastal exposure (i.e. 
population, assets, infrastructure, etc in the floodplain). 
This may involve preventing development in coastal 
areas, or allowing development to take place on the 
condition that it will be abandoned if necessary.
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Adaptation strategies adapted in a location generally 
combine different adaptation measures. 
Protection measures can, for instance, be installed inland 
including a retreat measure in the overall adaptation 
strategy. Further, there are measures that cannot be 
assigned exclusively to one category. For example, land 
reclamation could be implemented as a protection measure 
as well as an accommodation measure.

4.1.1. Protection measures
Protection measures aim to physically protect areas 
vulnerable to coastal flooding and erosion. . 
While protection measures in general must be implemented 
proactively, provisional measures (dams made from sand-
bags etc.) might be implemented in a reactive way. Hard 
structural measures and soft structural measures are 
distinguished. Hard structural measures utilize structures 
that provide a solid barrier between the land and sea and 
resist the energy of the tides and waves, thus preventing 
land-sea interaction from taking place (French, 2001). These 
measures are illustrated in Figure 4-2 and briefly described 
in the bullets below.

Figure 4-2: Examples of shoreline protection measures

•	 All forms of sea dikes or levees: The primary function 
of sea dikes is to protect low-lying, coastal areas from 
either temporary inundation through extreme sea-
level events (storm surges, tropical cyclones, etc.) or 
permanent inundation due to sea-level rise.

•	 Seawalls, revetments, bulkheads: In contrast to 
dikes, the primary function of seawalls is to prevent 
further erosion of the shoreline. Nevertheless, they 
have a secondary function as coastal flood defences.

•	 Groynes: Groynes protect against coastal erosion. While 
seawalls are built parallel to the shoreline, groynes are 
built orthogonal. In contrast to seawalls, they do not 
provide the additional benefit of flood defence.

•	 Detached breakwaters: Detached breakwaters are 
defence structures built parallel to the shoreline. 
In contrast to seawalls they are built in the sea. 
Breakwaters have the primary function of breaking 
waves and thus prevent erosion and protect fragile 
coastal infrastructures (e.g. marinas). Off-shore 
breakwaters, coastal breakwaters and beach 
breakwaters are distinguished by their distance to the 
shoreline which can vary from 10 to 1,000 meters.

•	 Tide- and flood-gates: Gates are adjustable flood 
defences used to control water flow. Gates can be closed 
on demand to stop water flow during extreme events.

•	 Saltwater intrusion barriers: flow barriers to control 
seawater intrusion on coastal groundwater systems. 
These barriers may be built below surface.

While hard defenses prevent natural forces from 
interaction with the protected area, soft engineering 
technologies are integrated into natural processes to 
avoid the negative impacts of hard defenses.
While hard measures are often an ad-hoc reaction to coastal 
hazards, soft measures are a shift towards a more holistic 
and proactive approach. Some of the key soft measures 
are described in the following bullets:

•	 Beach nourishment: Beach nourishment is the 
artificial addition of sediment of suitable quality to a 
beach area that has a sediment deficit. As an adaptation 
measure, it is primarily used to fight shoreline erosion. 
Nevertheless, flood reduction may be an additional 
benefit of beach nourishment.

•	 Dune restoration and/or creation: Dune restoration 
and/or creation refers to the restoration of natural or 
artificial dunes into a better state of overall function, 
in order to maximise coastal protection. Artificial dune 
construction and dune rehabilitation are technologies 
aimed at reducing both coastal erosion and flooding in 
adjacent coastal lowlands.

•	 Wetland restoration and/or creation: Wetland 
restoration and/or creation for coastal protection is 
most commonly applied to salt marshes and 
mangroves. As with dune restoration, wetland 
restoration aims at both reducing both coastal erosion 
and flooding.

The economics of the soft versus hard alternatives 
depend upon several factors. 
These include the historic erosion rate; relative grain 
size of the material from where the fill comes from, and 
the cross-sectional volume and length of beach fill. Soft 
alternatives aim to maintain a flexible shoreline location 
and natural beach conditions even at the end of the design 
life, thereby maintaining many of their environmental and 
recreational services.
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4.1.2. Accommodation measures
Accommodation measures involve the continued 
occupancy and use of low-lying zones by increasing 
communities’ ability to cope with extreme events. 
Accommodation measures must be implemented 
proactively as they require advanced planning. As with 
protection measures, we can distinguish between hard 
and soft accommodation measures. Hard measures 
include all technologies which involve physical changes to 
accommodate increased flooding and erosion. These are 
briefly described in the bullets below.
•	 Land raising: Land raising or land reclamation has the 

primary objective of creating flood-proof areas, usually 
by filling low-lying areas with, for example, sand or soils.

•	 Flood-proofing of buildings and infrastructure: The 
primary objective of flood-proofing is to reduce or 
even avoid impacts of coastal flooding on buildings 
or infrastructure. Flood proofing measures include 
elevating buildings/structures, employing designs and 
building materials which make them more resilient 
to flood impacts and waterproofing buildings. Flood-
proofing is often combined with insurance, which can 
be designed to provide incentives for households or 
businesses to take flood- proofing measures.

•	 Improved drainage systems. Introducing or improving 
drainage systems has the objective of creating flood-
proof areas by reducing flooding due to water-logging. 
Improved drainage systems are integral to any 
accomodation strategy. See for example: http://www.
ucsusa.org/global-warming/global-warming-impacts/
tidal-flooding-sea-level-rise-miami-dade-county-
florida#.WH5u8xsrKUk

Soft accommodation measures include all measures 
which enhance understanding and awareness of coastal 
risks and enable coastal populations to undertake 
appropriate responses to extreme events. 
This section of the primer seeks to hightlight the range of 
options; the next secetion of the primer seeks to provide 
a framework for choosing among them, given national 
circumstances. Some of the most notable soft measures 
are described in the following bullets.
•	 Flood hazard mapping: Flood hazard mapping defines 

those areas which are at risk of flooding under extreme 
conditions. Its primary objective is to reduce the impact 
of coastal flooding, although mapping of erosion risk 
areas is also possible. Flood hazard mapping enhances 
understanding of flood risk and informs further 
accommodation measures in high risk areas.

•	 Flood warning systems: Flood warning systems are a 
means of detecting flood events in advance. The public 
is thus warned so that appropriate actions can be taken 
to reduce exposure to coastal flooding.

•	 Insurance systems: Insurance systems are an 
accommodation measure that aim at enabling 
population of vulnerable areas to cope with the economic 
impacts of flood events. Insurance systems can be 
combined with other accommodation measures. For 
example, a home-owner may receive a reduction 
of insurance costs, if they implement flood-proofing 
measures on their properties. Insurance can however 
also be used as a retreat measure. For instance, 
risk-based insurance increases the insurance cost 
for property owners with greater flood risk exposure, 
thus, providing incentives to locate properties out of 
the flood-plain.
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•	 Emergency planning: emergency planning aims at 
coping with flood events once they occur. It is usually 
combined with flood warning systems. While the flood 
warning system informs about an upcoming event, the 
emergency plan implements the reduction of exposure 
to the event.

4.1.3. Retreat measures
Retreat measures include all forms of withdrawal from 
the coast and thus reduce exposure to flooding and 
erosion. 
Retreat measures limit the potential effects of erosion or 
flood events. Retreat may be carried out reactively as a 
response to existing threats as well as pro-actively as an 
adaptation to future conditions. Reactive retreat measures 
involve:

•	 Unplanned retreat in response to an extreme 
event: Unplanned retreat is a response to an extreme 
event. Inundated areas are left by inhabitants and not 
repopulated again.

•	 Managed realignment: Managed realignment is the 
deliberate process of altering flood defenses to allow 
flooding of a previously defended area. This often 
involves the relocation of houses and infrastructure 
as well as the installation of new defenses. The land 
that is abandoned is often transformed into wetland 
(salt marshes), thus managed realignment usually 
also reduces flood risk by enhancing coastal protection.

4.2. Adaptation frameworks
A wide variety of frameworks for the adaptation process 
have been developed and applied in diverse regional 
settings. 
Despite this variety, there is wide agreement that this 
process in an iterative learning process involving several 
generic stages that can be summarized as follows (PROVIA, 
2013):

•	 Identifying adaptation needs (vulnerability, potential 
impacts and adaptive capacity). The goal at this 
stage is to gain more knowledge about the risks 
and opportunities faced with in given context. Which 
impacts may be expected under climate change? Are 
the vulnerable actors aware of the threat? What are the 
major decisions that need to be addressed?

In contrast, proactive retreat measures try to steer 
development away from the coastal zone to avoid 
creation of exposure in areas which will be at risk of 
flooding or erosion under future sea-level rise (SLR). 
These measures involve the following:

•	 Setback zones: Coastal setbacks define a prescribed 
distance to a coastal feature (for instance the 
highest shoreline during spring tides), within which 
development is limited or prohibited by regulation 
(Cambers, 1998; Rochette et al., 2010). Setback zones 
can be defined in terms of horizontal distance (to reduce 
erosion risk) or elevation (to reduce flood risk).

•	 Land use plans: retreat measures can take the form 
of changes in land use plans. If coastal land that was 
formerly planned for settlements is reclassified as 
agricultural land, further development is avoided and 
thus exposure to coastal events is minimized.

•	 Identifying adaptation measures. The goal of this 
stage is to identify adaptation measures that could 
potentially be applied.

•	 Appraising adaptation options. The goal of this stage 
is to decide between alternative adaptation options or 
strategies (i.e., combinations of measures).

•	 Planning and implementing adaptation options. 
The goal of this stage is to implement the options.

•	 Monitoring and evaluation. The goal at this stage is to 
monitor the implementation process and the outcomes 
achieved, to evaluate what was done and to learn from 
the experiences gained.

Below we illustrate these broad stages with the help of three 
prominent adaptation frameworks and highlight some of 
their specific features and emphasis.

Dubai Pixaby
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4.2.1. UKCIP Risk, Uncertainty and Decision making 
Framework
The UKCIP Risk, Uncertainty and Decision making 
Framework (UKCIP, 2003) is one of the most prominent 
frameworks specifically dedicated at climate change 
adaptation (see Figure 4-3).
There are several important characteristics of the 

4.2.2. The Adaptation Support Tool of the European 
Climate Adaptation Platform
The European Commission and the European 
Environment Agency (EEA) have partnered to 
produce a European Climate Adaptation Platform 
(Climate-ADAPT). 
The platform contains an Adaptation Support Tool which 
aims to “assist users in developing climate change 
adaptation policies by providing guidance, links to relevant 
sources and dedicated tools.” (European Environment 
Agency, 2013). The support tool is based on the stages 
model of the policy cycle, and emphasises that adaptation 
is an iterative process meaning that users are encouraged 
to re-consider different steps as necessary. This is done “. . 
. in order to ensure that adaptation decisions are based on 
up-to-date data, knowledge and policies […] and will also 
allow monitoring and timely assessment of successes 
and failures and encourage adaptive learning.” (European 
Environment Agency, 2013).
The tool builds on and borrows from the UKCIP 
Adaptation Wizard and various risk assessment 
frameworks.
The steps in the Adaptation Support Tool are as follows: 

1) Getting started;
2) Assessing risks and vulnerability to climate change;
3) Identifying adaptation options;
4) Assessing adaptation options;
5) Implementation; and
6) Monitoring & Evaluation.

framework. It is circular, and suggests the assessment 
should be repeated as new information becomes available. 
Feedback and iteration are encouraged, thus the problem, 
objective and decision-making criteria can be refined. 
Stages 3, 4, and 5 are intended to allow the decision-maker 
to differentiate between climate and non-climate factors 
and decide whether a more detailed analysis is necessary. 

Figure 4-3: The risk governance process. Source: IRGC (2005)

Abu Dhabi Pixaby
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4.2.3. IRGC risk governance framework
Risk governance extends beyond the classical framing 
of risk management and climate change adaptation in 
that it also includes the wider societal, institutional and 
cultural context in which the risk and adaptation occur. 
It applies the principles of good governance (such as 
transparency, effectiveness, efficiency, and acceptability) to 
the domain of risk management (Jaeger et al., 2001) and 
emphasizes how diverse people think about and respond 
to risks (Slovic, 1987). Hence, a prerequisite for “good” 
risk governance means understanding “the complex web 
of actors, rules, conventions, processes and mechanisms 
concerned with how relevant risk information is collected, 
analyzed and communicated, and how management 
decisions are taken.” (Renn, 2008 p.9). 
Concerns about the lack of capacity to cope with these 
major disasters has led to foundation of the International 
Risk Governance Council (IRGC) and the development 
of the IRGC risk governance framework (IRGC, 2005).

Figure 4-4: The 8 Steps of the UKCIP 
adaptation framework (Source: Willows 
and Connell, 2003)

This framework draws upon the literature and experiences 
of decades of risk research and risk management practice 
and is as response to the increasingly interconnected and 
complex challenges associated with major risks societies 
are facing. The IRGC conceptualizes risk governance in the 
following four iterative phases (see Figure 4-4):

•	 The pre-assessment phase aims to capture the variety 
of issues associated with a risk and to establish a 
common understanding of these amongst all relevant 
actors, with a particular emphasis placed on diverse 
framing of the issues. This step also includes an analysis 
of the risk governance institutions and arrangement 
currently in place such as monitoring networks, 
early warning systems, emergency response teams, 
contingency plans, compensation and insurance 
schemes, etc.

•	 The risk appraisal phase aims at providing the 
knowledge base for the societal decision on how to 
deal with the risk. This comprises both a scientific 
assessment of the physical attributes of risk (hazard, 
vulnerability and risk quantification) as well as an 
assessment of the social concern and questions 
associated with the risk.

•	 The risk characterization and evaluation (called 
“Tolerability and Acceptability Judgement” in Figure 3 
phase aims at judging whether the risk is acceptable 
or tolerable. Risk characterization refers to the relevant 
scientific evidence and risk evaluation to the value-
judgement of relevant stakeholders.

•	 Finally, the risk management phase aims at deciding 
and implementing appropriate risk management 
options. Risk management options are assessed 
against a wide variety of criteria such as effectiveness, 
efficiency, external side effects, sustainability, fairness, 
ethical acceptability and public acceptance.

Risk communication is relevant throughout all of the 
four phases aiming at fostering mutual understanding 
amongst all actors involved as well as tolerance for 
conflicting views.
It is important to note that the IRGC framework is not a 
one-size fits all prescription but a collection of strategies, 
methods and tools whose applicability depends on the 
context, because the risk governance process must be 
flexible and open to adaptation for the specific context of 
each risk (Renn, 2008).

4.3. Risk management approaches
The previous subsection presented frameworks that 
cover the whole adaptation process. 
This current subsection now focuses on so-called risk 
management or decision making frameworks which may 
be appropriate for the step of appraising coastal adaptation 
options in the UAE planning context. All of the 4 subsections 
included in this section address an important aspect of risk 
management. Their treatment is presented at a foundational 
level (i.e., informative but non-exhaustive).

Generally, adaptation options should be assessed 
against all available knowledge
This includes all uncertainties and ambiguities amongst 
expert opinions and their distinct approaches, because 
considering uncertainty and ambiguity only partially may 
misguide the choice of adaptation options, which in turn may 
lead to maladaptation (Jones et al., 2014; Renn, 2008). In the 
case of long-term coastal decision making that accounts 
for future sea level rise, two main uncertainty dimensions 
need to be considered:
•	 Uncertainty in mean and extreme sea-level changes, 

including global and regional climate-induced 
mean sea-level rise, local vertical land movement 
(due to glacial-isostatic adjustment, tectonics, land 
subsidence), changes in tides, surges and waves.

•	 Uncertainty in socio-economic development, including 
population development, economic growth, price of 
capital for investments, etc.
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4.3.1. Types of coastal decisions
No general recipe can be given on which decision 
analytical framework to use for coastal adaptation 
because this depends on the specific adaptation decision 
confronted with (Hinkel and Bisaro, 2014; PROVIA, 
2013). 
For selecting an appropriate decision-making framework, 
the following two criteria need to be considered:

•	 Risk preferences: Those who decide and those affected 
by the decision may have different preferences towards 
climate risks and these need to be taken into account 
when selecting decision making frameworks and 
relevant climate and socio-economic scenarios. The 
more risk-averse people are the more extreme and 
unlikely scenarios need to be considered in adaptation 
decision making. This is generally the case if the value 
at risk is high. For example, people living in coastal 
areas with high densities of populations and assets are 
generally very risk averse and hence decision making 
must also consider high-end sea-level rise scenarios 
that are unlikely to occur (Hinkel et al., 2015; Lowe et 
al., 2009).

•	 Decision horizon: The choice of scenarios and decision-
making frameworks also depends on the length of 
the decision horizon. Long-term decisions, which 
are decisions involving options with long lead and life 
times, require different approaches and scenarios than 
shorter-term decisions. For example shorter-term 
decisions may ignore emission scenario uncertainty but 
not necessarily socio- economic uncertainty, because 
the former only becomes relevant beyond 30 years 
into the future.

4.3.2. Decision making frameworks
Decision analysis is a wide field including a great 
variety of methods that may be applied for assessing 
adaptation options. 
Here, we limit ourselves to presenting four general criteria 
and associated frameworks that are relevant for appraising 
coastal adaptation options.

•	 Maximization of expected utility: Widespread 
approaches for decision-making under uncertainty 
are based on the maximization of expected utility of 
some sort. These include cost-benefit analysis (CBA), 
cost-effectiveness analysis (CEA) and minimization of 
net present value etc. These approaches applied under 
uncertainty rely on the calculation of the mathematical 
expectation of the effects of the adaptation options 
in terms of reducing costs, impacts or losses. This 
requires the availability of a probability distribution 
over all possible outcomes of a chosen option, either 
monetary (for CBA) or otherwise (for CEA).

•	 Minimization of losses or impacts under the worst-
case scenario (Minimax): An alternative approach is 
to minimize (or avoid all) losses or impacts under the 
worst case scenario that could possible happen. In this 
so- called Minimax approach, all adaptation options 
are assessed against the worst-case scenario, instead 
of against an average case attained by computing the 
expected utility as done in the former approach.

•	 Robustness of options under all scenarios: A further 
alternative framework for decision making under deep 
uncertainty (i.e. without probabilities), is robust decision 
making, which aims at finding adaptation options that 
are robust against all (or most) scenarios (Lempert 
and Schlesinger, 2001, 2000). In this case, each option 

Figure 4-5 characterizes some coastal decisions 
according to those two criteria. 
Major coastal water works such as storm surge barriers, for 
example, may take a decade or two to plan and implement 
and coastal infrastructure and land-use planning decisions 
may have effects the last several decades or even over a 
century.

Figure 4-5: Different kind of coastal adaptation decisions in 
terms of risk aversion and decision horizon)

is evaluated against each scenario. The evaluation 
may use a variety of criterion including cost-benefit 
ratio or cost-effectiveness ratio. Note that using the 
cost-benefit or cost-effectiveness ratio for evaluating 
an option within a single scenario is not identical to 
applying CBA or CEA as decision-analysis method for 
choosing between options as described above.

•	 Flexibility of options under all scenarios: A further 
decision-making criterion that becomes relevant for 
decision making under deep uncertainty is flexibility, 
which aims at keeping future options open by favoring 
flexible options over non-flexible ones (Hallegatte, 
2009). An option is said to be flexible if it allows to switch, 
at low cost, to other options that might be preferable 
in the future once more information is available about 
the changing climate. For example, beach nourishment 
is a flexible option to reduce flood risk, because it can 
be abandoned, without much cost, at any point in the 
future. On the contrary, building dikes is less flexible 
because of large upfront investment costs. Flexible 
decision-making is applicable if a decision can be 
broken down into steps (that is not everything needs 
to be decided today) and additional information may 
become available in the future, which is the case for 
many long-term sea-level rise decisions. In fact, there 
is often no need to have the full information about 21st 
century SLR today (Hinkel et al., 2015). While building 
defenses and establishing other adaptation measures 
does take time, this can usually be done much faster 
than sea-levels rise. Thus, a sound strategy can be to 
(1) invest in measures that keep an area safe in the 
near term (say to 2030) and keep longer-term options 
open; (2) monitor sea level and the emergence of new 
SLR scientific over time, and based on this, (3) update 



52 53

the assessment and implementation of longer-term 
options, as appropriate.

•	 Adaptation pathways: The adaptation pathways 
approach, for example, combines both the criteria of 
robustness and flexibility. It does so by characterizing 
options in terms of two attributes: i) adaptation turning 
points (ATP), which are points beyond which options are 
no longer effective (Kwadijk et al., 2010), and ii) what 
alternative options are available once a turning point 
has been reached (Haasnoot et al., 2012). Importantly, 
the exact time when an ATP is reached does not matter, 
it is rather the flexibility of having alternative options 
available. Prominent applications of this approach 
include the Thames Estuary 2100 Project (Environment 
Agency, 2012, Ranger et al., 2013) and the Dutch Delta 
Programme (Kabat et al., 2009, Stive et al., 2011). 
The Thames Estuary 2100 Project and the adaptation 
pathway approach applied are discussed in Box 1.

4.3.3. Choosing a suitable decision making framework
Figure 4-6 summarizes the applicability of the decision-
analysis frameworks reviewed above based on the two 
characteristics of the adaptation situation introduced 
earlier in this section of the Primer.
For low to medium risk and short-term decisions, the 
maximization of expected utility is a suitable decision 
making approach, if probabilistic forecasts of the climate 
hazard (here, sea-level rise) is at hand. In this case, expected 
losses, impacts or net present values could be computed 
and standard approaches for decision making under 
uncertainty such CBA or CEA could be applied. For example, 
consider a municipality deciding on beach nourishment to 
protect eroding beaches. This decision might be informed 
through probabilistic information on extreme-water levels. 

Figure 4-6: Applicability of decision-making framework in 
terms of two characteristics of the adaptation decisions

Based on this information, damages for different extremes 
may be simulated to calculate the yearly expected loss of 
sand and to derive an annual demand of sand to be applied 
in nourishment.	
Alternatively, if the risks are very low and the decision 
horizon is very short, it would also be possible to 
experiment & learn without assessing adaptation 
options ex-ante.
Experimentation means to take adaptation action, monitor 
the outcome and then adjust the option ex-post once 
impacts have begun to occur. Coming back to the above 
beach nourishment example, the municipality could also 
simply start by applying a given amount of sand in the first 
year and then update this amount in subsequent years, 
based on the observed effectiveness of nourishment in 

previous years. This kind of approach is in line with the 
adaptive management paradigm (Holling, 1978, Walters, 
1986), and often applied in the managements of coastal 
ecosystems (e.g. Walters, 1997).
For long-term climate adaptation decisions, the 
maximization of expected utility is no longer possible, 
because probabilistic forecasts of the climate hazard 
(here, sea-level rise) are not available any more, 
which means that mathematical expectations cannot 
be computed
Long-term information on climate hazards can only be 
provided in the form of scenarios (without probabilities 
attached), because the magnitude of the climate hazard 
depends on a greenhouse gas (GHG) emission scenario 
assumed and for these it is difficult or, not desirable, to 
derive probabilities, both in theory as well as in practice 
(Lempert and Schlesinger, 2001, Hallegatte, 2009). For 
short term decisions, this can be neglected, because GHG 
scenario uncertainty is small. For longer-term decisions, 
GHG scenarios uncertainty is significant and cannot be 
ignored, which means that probabilistic forecasts can be 
attained and expected utility approaches cannot be applied. 
Instead, approach for deciding under deep uncertainty 
(without probabilities) such as Minmax or robust decision 
making or must be used. If the decision can be broken 
down into steps, a further important consideration for 
long-term decision making is the flexibility of the options 
applied. In this case, the adaptation pathways approach, 
which combines both the criterion of robustness and the 
criterion of flexibility, is a suitable approach.

Generally, when facing high-risk decisions, it is 
not advisable to apply an approach based on the 
maximization of expected utility.
The goal of high-risk decision making is to avoid major 
damages under all circumstances. An adaptation strategy 
developed based on, e.g., minimizing mathematical 
expectation of damages may not full fill this goal. The 
specific focus of high-risk decision making must therefore 
lie on the tail-ends of what could possible happen under 
climate variability and change, in order to make sure that 
people are prepared in the worst case to come. Robust 
decision making and Minimax are suitable approaches.
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4.3.4. Choosing suitable sea-level rise scenarios
Choosing an appropriate sea level rise scenario is 
central to coastal planning and decision making under 
climate change. 
For low-risk decision making, sea level rise scenarios 
that cover the middle range of sea-level rise uncertainty 
for each emission scenario, such as the IPCC scenarios, 
are applicable. For high-risk, long-term sea-level rise 
decision making, however, the single most important piece 
of information is the upper tail end of possible sea-level 
rise during the decision horizon.

Towards this end, the IPCC scenarios are not helpful, 
because they have not been designed for high-risk 
decisions (Hinkel et al., 2015).
As noted earlier in this Primer, the likely range of the IPCC 
scenarios means that there is a 0-33% probability of global 
mean SLR lying outside of this range, which is not tolerable 
from a risk-averse perspective. Deriving high-end sea-level 
rise scenarios is not a straight forward exercise, because 
there is no generally accepted way of doing so. The AR5 
authors have concluded that the current state-of-knowledge 
does not allow to come up with such a worst-case scenario 
(Church et al., 2013). High risk management thus needs to 
proceed by pragmatically approximating such as worst case. 
This can be done, for example, by combining the maximum 

values of all components of global and regional/local sea-
level rise. The very risk averse decision maker could also 
add an additional safety margin on top of this. Generally, 
the more risk averse planners and decision makers are, 
the wider the range of sea level rise scenarios that should 
be considered.
For global mean SLR, this would mean to consider all 
plausible runs of process-based models and also the 
other approaches of semi-empirical models, physical 
constraints on ice-sheet dynamics and evidence from 
past climate. 
This approach has, for example, been taken by Nicholls et 
al (2014) to develop what is termed H++ scenario range, 
which includes a worst case 21st SLR of 2.4 meters. For 
a detailed description of a comprehensive approach to 
constructing a worst case scenario for London, including 
regional and local mean sea-level change components, as 
well as extreme sea-level, see the report on the Thames 
Estuary 21000 Project (Environment Agency, 2012), which 
is briefly described in Box 4-1.

5.	 Next Steps

The preceding sections have provided an overview of the 
various elements related to climate change induced sea 
level rise that planners in the UAE and the surrounding 
region will likely confront in the years ahead. 
It is important to note that the Sea Level Rise Primer is a 
redesign from the original intent of sub-project #8 of the 
LNRCCP which called for a regional study focusing on a 
quantitative assessment of the impact of sea level rise on 
the extent of land inundation. Ideally, the results of Sub-
project #2 on regional ocean modelling of the Arabian Gulf 
under climate change would have served as direct inputs 
into the intended tool for the analysis. However, the regional 
ocean modelling study could directly estimate only the 
dynamic sea level rise component - the smallest of three 
contributors to sea level rise (see discussion in Section 2) 
- and found only up to 10 cm of dynamic sea level rise by 
the late 21st century. Hence, the original option of using 
these outputs to directly model sea level rise impacts on 
Arabian Gulf countries would necessarily lead to negligible 
impacts from climate change, a misleading result at best. 
Hence, over the course of several internal meetings, it 
was decided to redesign the sub-project to focus on the 
development of a Sea Level Rise Primer whose purpose 
would be to improve the awareness of policymakers and 
planners in the Arabian Gulf region generally, and the UAE 
specifically, on how to begin addressing the prospects of 
future sea level rise, given the current limitations in regional 
ocean modelling. As the preceding sections have shown, 
this represents a non-quantitative approach to the issue 
of sea level rise focusing on a qualitative discussion of the 
range of assessment and planning issues.

Box 4-1: Thames Estuary 2100 Project
The considerations of high-risk coastal decision making 
and planning are well illustrated in the Thames Estuary 
2100 (TE2100) Project, which developed strategies for 
keeping London dry during the 21st century. One core 
motivation for the TE2100 Project was concern that 
accelerating sea- level rise would not allow sufficient 
time to upgrade or replace the Thames Estuary Barrier, 
because such large engineering tasks require 25–30 
years for planning and implementation (Wong et al., 
2014). The Thames Estuary Barrier was build after the 
severe North Sea flood of 1953 to prevent storm surges 
entering the Thames Estuary and flooding London. This 
project considered initially a local 21st century sea-level 
rise of about 4m as an upper bound for decision making 
attained through expert judgement based on linearly 
combining current high-end estimates of the components 
of 21st century sea level (Environment Agency, 2012, 
Ranger et al., 2013). Later, this upper bound was replaced 
with a high-end scenario of 2.7m (which also includes 
allowance for larger surges during extreme events), 
attained through a pragmatic combination of insights 
from observations of average rates of sea-level rise 
during the last interglacial period taken from (Rohling 
et al., 2008), physical arguments presented in (Pfeffer 
et al., 2008), as well as uncertainties in downscaling 
and regional and local factors. Through the application 
of the adaptation pathway approach, the project found 
that there is sufficient time to postpone the decision of 
upgrading the Thames Estuary Barrier, because there is 
an adaptation pathway (i.e. a sequence of measures) that 
can be realized even in the worst case of rapid sea-level 
rise. Furthermore, it was found that there are alternative 
adaptation pathways which are more attractive should 
sea-level rise be lower.
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Nevertheless, the preceding sections are a first step in 
equipping regional planners for future sea level rise. 
As an interface between sea level rise - a topic that is 
highly technical and multi-faceted - and planners/decision-
makers, the Primer should ideally be considered as a 
“working document”. That is, as knowledge evolves on 
modelling sea level rise and the magnitude of the risks to 
the UAE become clearer, the Primer could be updated to 
reflect this new information. Specifically, several questions/
areas are worthy of attention in the months and years ahead, 
as briefly outlined below.

•	 Are there any relevant research gaps at the local / 
regional level? Is there a need develop a local / regional 
research agenda to support adaptation? What are some 
of the relevant models that could be applied?

•	 What is the current state of SLR monitoring locally / 
regional and of impacts? Is there a need to develop a 
local / regional monitoring program (perhaps more 
broadly that SLR)? What are some of the strategies 
being applied elsewhere?

•	 Based on other work (regional modelling or desal 
study), are there any relevant linkages to salinity or PH 
modelling or perhaps biodiversity loss that might be 
relevant for local / regional consideration? For example, 
is there a need to assess cumulative impacts (perhaps 
within the risk assessments)? 

•	 What are some of the governance models being applied 
to coordinate SLR adaptation (e.g. ICZM programs, 
climate science boards)  
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AGEDI

Under the guidance and patronage of His Highness Sheikh 
Khalifa bin Zayed Al Nahyan, President of the United 
Arab Emirates, the Abu Dhabi Global Environmental Data 
Initiative (AGEDI) was formed in 2002 to address responses 
to the critical need for readily accessible, accurate 
environmental data and information for all those who 
need it.

With the Arab region as a priority area of focus, AGEDI 
facilitates access to quality environmental data that equips 
policy-makers with actionable, timely information to 
inform and guide critical decisions. AGEDI is supported by 
Environment Agency – Abu Dhabi (EAD) on a local level, and 
by the United Nations Environment Programme (UNEP), 
regionally and internationally.

For more information, visit www.agedi.org. 

The Environment Agency - Abu Dhabi

The Environment Agency – Abu Dhabi (EAD) was 
established in 1996 to preserve Abu Dhabi’s natural 
heritage, protect our future, and raise awareness 
about environmental issues. EAD is Abu Dhabi’s 
environmental regulator and advises the government on 
environmental policy. It works to create sustainable 
communities, and protect and conserve wildlife and 
natural resources. EAD also works to ensure integrated 
and sustainable water resource management, to ensure 
clean air and minimize climate change and its impacts.

For more information, visit www.ead.ae.

CCR Group

Climate Change Research Group (CCR Group) is a 
sustainable development research and consultancy 
firm focused on the intersection of energy, climate and 
development. Our network of specialists works with 
international development organizations, national and local 
governments, as well as non-governmental institutions to 
formulate policy frameworks, technical assessments and 
capacity building programmes.

Since CCR Group’s founding in 2009, we have lead projects 
across Africa, the Middle East, Eastern Europe, Asia and 
the Americas. Because each client faces a unique set of 
challenges based on local context, we have experience 
in developing strategies for multiple issue areas within 
sustainable development. Thematic issue areas and 
services for CCR Group include: Climate Change Adaptation 
Strategies; Greenhouse Mitigation Analysis; Climate Change 
& Disaster Risk Management; Climate Change, Agriculture 
& Food Security; Climate Change & Water Security; Climate 
Change & Public Health; Power Supply & Renewable 
Integration Modelling; Air Pollutant & Greenhouse Gas 
Emission Scenarios Modelling; and Capacity Strengthening 
Programmes.

For more information, visit www.ccr-group.org.
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