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Abstract

The Nile Delta occupies about 2% of Egypt's land area but hosts roughly 40% of its population and the
majority of its agricultural production. It is one of the world's most vulnerable deltas because three
processes act together: global sea-level rise, natural and human-induced land subsidence, and the
near-complete loss of fluvial sediment supply since the construction of the Aswan High Dam. This
review synthesises geological, geodetic, remote-sensing and modelling studies to evaluate the drivers,
rates and consequences of relative sea-level rise in the delta. Persistent-scatterer interferometry
shows mean subsidence of about 2.4 mm per year in the northern delta, locally up to nearly 10 mm
per year over onshore gas fields and in areas of heavy groundwater pumping, while a central flexure
zone is rising. Combined with IPCC AR6 projections of 0.44-0.77 m of global mean sea-level rise by
2100, these rates imply that several thousand square kilometres of the northern delta could be
inundated or rendered unusable this century in the absence of protection. Coastal erosion at the
Rosetta and Damietta promontories, salinisation of the Quaternary aquifer and soils, degradation of
the northern lagoons and damage to coastal infrastructure are already documented. The review
evaluates engineering and nature-based adaptation options and argues that managing subsidence,
through controls on groundwater and hydrocarbon extraction, is the most cost-effective lever
available to Egypt.

Keywords: Nile Delta; relative sea-level rise; land subsidence; InSAR; coastal erosion; saltwater
intrusion; Aswan High Dam; sediment starvation; adaptation
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1. Introduction

Deltas are among the most densely populated and productive landscapes on Earth, and they
are also among the most exposed to climate change, because their elevation depends on a
dynamic balance between sediment deposition, compaction and sea level. When the sediment
supply is cut off, that balance tips towards submergence (Syvitski et al., 2009). The Nile Delta
is a classic example. It covers about 22,000 km? between Alexandria and Port Said, forms a
fan roughly 240 km wide along the Mediterranean coast, and is the agricultural and industrial
heartland of Egypt. It makes up about 2% of Egypt's area but is home to about 41% of the
population (Gebremichael et al., 2018).

For roughly 7,000 years, the delta grew as the Nile delivered more than 100 million tonnes of
sediment per year to the coast (Stanley & Warne, 1993). That supply was progressively
reduced by barrages in the nineteenth and early twentieth centuries and almost eliminated
after the closure of the Aswan High Dam in 1964-1970, which reduced the sediment reaching
the delta by more than 98%. At the same time, rapid population growth, groundwater
pumping and hydrocarbon extraction accelerated land subsidence. The delta is now
essentially a relict landform being reworked by waves and slowly lowered relative to the sea.

This review addresses four questions: (i) how fast is relative sea level rising along the delta,
and what controls the spatial pattern; (ii) what impacts are already observed; (iii) what areas
and populations are exposed by 2100; and (iv) which adaptation strategies are supported by
the evidence.

Nile Delta: coastal lagoons, subsidence hotspots and major cities
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Base image: NASA Blue Marble satellite composite (public domain). Borders/rivers: Basemap GSHHG/WDB.

Figure 1. Satellite view (NASA Blue Marble composite) of the Nile Delta showing the coastal lagoons
(Burullus, Manzala), the Rosetta and Damietta branch mouths, the Abu Madi gas field and the Menoufia
governorate, an area of intensive groundwater extraction. The coarse resolution of the composite (about 500
m) is sufficient to show the green irrigated delta against the surrounding desert.
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2. Geological setting and natural subsidence

The modern delta sits on a thick wedge of Holocene muds, sands and peats overlying older
Quaternary and Pliocene deposits. The Holocene sequence thickens northwards, reaching up
to about 50 m beneath the northern lagoons. Natural compaction of these young, clay-rich
sediments, together with tectonic down-warping along the northern margin, causes long-term
subsidence that increases from south to north. Stanley and Warne (1993) estimated natural
subsidence rates of up to about 5 mm per year in the north-eastern delta around Lake
Manzala, where the Holocene section is thickest. A hinge line, or flexure zone, separates the
more stable southern delta from the subsiding north.

Under natural conditions, annual flood deposition offset this subsidence and allowed the
delta to keep pace with the slow rise in sea level that has occurred since the mid-Holocene.
The loss of sediment supply removed that compensating mechanism.

3. Measured rates of land deformation
3.1 Geodetic and InSAR evidence

The most comprehensive delta-wide measurement of land motion comes from persistent-
scatterer interferometric synthetic aperture radar (PS-InSAR). Gebremichael et al. (2018)
analysed 84 Envisat ASAR scenes spanning 2004-2010 over the entire delta. They found
general subsidence in the northern delta at an average rate of about 2.4 mm per year, near-
stable conditions in the southern delta (about 0.4 mm per year of subsidence), and an east-
west flexure zone up to about 40 km wide that is rising at up to about 7 mm per year.
Subsidence rates were highest over the north-central and north-eastern delta, where young
clay-rich sediments are thickest; in areas of intense groundwater extraction such as Menoufia
governorate and the reclaimed desert lands of Beheira in the west; and over onshore gas
fields, reaching up to about 9.7 mm per year above the Abu Madi field. An earlier ERS-based
study of the north-eastern delta found subsidence of up to about 8 mm per year at the young
depocentre of the Damietta branch, about twice the average Holocene rate (Becker & Sultan,
2009).
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INSAR land-deformation rates in the Nile Delta, 2004-2010
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Source: Gebremichael et al. (2018), persistent-scatterer INSAR of 84 Envisat ASAR scenes. Negative = subsidence.

Figure 2. Representative land-deformation rates in the Nile Delta derived from persistent-scatterer InSAR for
2004-2010 (Gebremichael et al., 2018). Negative values denote subsidence. The highest local subsidence rates
are associated with gas production and groundwater pumping rather than with natural compaction alone.

3.2 Human-induced subsidence

The InSAR results show clearly that human activities amplify natural subsidence.
Groundwater abstraction from the Quaternary aquifer has increased rapidly over the past
three decades to support irrigation in reclaimed lands and urban supply, lowering pore
pressures and compacting interbedded clays. Natural-gas production from the shallow
Pliocene reservoirs of the northern delta, which has made Egypt a major gas producer, causes
compaction of the reservoir rocks that propagates to the surface. Urban loading from the
dense construction of delta cities adds a further local component. Because human-induced
subsidence can exceed the rate of global sea-level rise by a factor of two or three, it is the
component of relative sea-level rise over which Egypt has the most direct control.

4. Sea-level rise

Tide-gauge records at Alexandria and Port Said show long-term relative sea-level rise of a few
millimetres per year, which combines eustatic rise and local land motion; the Port Said record
is affected by greater subsidence in the north-east. Globally, the IPCC Sixth Assessment Report
projects median global mean sea-level rise by 2100, relative to 1995-2014, of about 0.44 m
under the low-emission SSP1-2.6 pathway, 0.56 m under SSP2-4.5 and 0.77 m under the high-
emission SSP5-8.5 pathway, with higher values possible if ice-sheet instabilities develop (Fox-
Kemper et al., 2021). The Mediterranean is expected to follow the global mean closely.
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IPCC ARG global mean sea-level rise by 2100 (median, vs 1995-2014)
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Source: Fox-Kemper et al. (2021), IPCC AR6 WG | Ch. 9. Local relative rise in the northern delta adds land subsidence (Fig. 2).

Figure 3. IPCC ARG projections of global mean sea-level rise by 2100 (median, relative to 1995-2014) for three
emission pathways (Fox-Kemper et al., 2021). Relative sea-level rise in the northern delta will be higher by
the amount of local land subsidence, which at 2.4-10 mm per year adds 0.2—-0.8 m over the century.

Relative sea-level rise at any point in the delta is the sum of the regional sea-level change and
local land subsidence. With northern-delta subsidence of 2.4 mm per year on average and up
to about 10 mm per year locally, land motion alone contributes between roughly 0.2 m and
0.8 m of relative rise by 2100, comparable to or larger than the climate-driven component.
This is why the delta is classified among the deltas most at risk worldwide (Syvitski et al.,
2009).

5. Observed and projected impacts
5.1 Coastal erosion and shoreline retreat

Deprived of sediment, the delta coast has been eroding since the early twentieth century,
most dramatically at the two promontories where the Rosetta and Damietta branches once
built lobes into the sea. Before protection works were built, the Rosetta promontory retreated
by several kilometres over the twentieth century, at rates of tens of metres per year in the
decades after the High Dam was closed (Frihy et al., 2003). Seawalls, revetments and groynes
have since stabilised much of the coast at the promontories, but erosion has shifted to
unprotected stretches, and down-drift accretion occurs mainly in embayments. A regional
assessment combining coastal vulnerability and socio-economic indices found that about 47%
of the arid North African coast from the Gulf of Tunis to the Nile Delta has high to very high
vulnerability, and identified damming and rapid urban growth, rather than global warming
alone, as the main drivers of the high vulnerability of the delta coast (Hzami et al., 2021).

5.2 Inundation exposure
Using measured deformation rates, a high-resolution TanDEM-X elevation model and a sea-

level rise of about 0.44 m, Gebremichael et al. (2018) estimated that about 2,660 km? of the
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northern delta could be inundated by 2100 if current deformation trends continue, directly
affecting about 5.7 million people. Simple "bathtub" models of this kind ignore existing coastal
defences and the elevated beach ridges and dunes along parts of the coast, and so likely
overestimate direct marine flooding in the near term; on the other hand, they do not capture
the effects of storm surges, waterlogging and salinisation that render low-lying land
unproductive well before it is permanently submerged. Earlier assessments using coarser
elevation data reached broadly similar conclusions about the scale of exposure (El-Raey,
1997).

5.3 Saltwater intrusion into aquifers and soils

The Quaternary aquifer underlying the delta is in hydraulic contact with the Mediterranean.
Reduced freshwater flows to the coast, rising sea level, subsidence and increasing
groundwater abstraction all push the freshwater-saltwater interface inland. Saline
groundwater and capillary rise of brackish water now affect a broad belt of the northern
delta, contributing to soil salinisation, reduced crop yields and the abandonment of some
farmland (see the review on soil salinisation in this issue). Hzami et al. (2021) linked high
coastal vulnerability in the delta to the deterioration of coastal aquifers and crop production
and to increasing out-migration from coastal areas.

5.4 Northern lagoons and wetlands

Lakes Maryut, Idku, Burullus and Manzala are shallow coastal lagoons of great importance
for fisheries, bird migration and the hydrology of the delta, receiving much of the agricultural
drainage. Over the twentieth century their areas shrank substantially through land
reclamation, and their water quality has been degraded by drainage water carrying nutrients,
pesticides and urban sewage. Sea-level rise and erosion of the barrier sand bars that separate
them from the sea threaten to convert parts of these lagoons into open marine embayments,
with consequences for fisheries and for the coastal road and settlements built on the bars.

5.5 Infrastructure and cultural heritage

Alexandria, Egypt's second city and main port, sits on a narrow coastal ridge backed by low-
lying land around Lake Maryut. Several studies have documented building collapses in
Alexandria associated with rising groundwater and coastal flooding, and coastal storms in
recent years have caused repeated flooding of the city's corniche and underpasses. The city's
archaeological heritage, much of it already submerged in the eastern harbour, is also at risk.

6. Adaptation options

Adaptation in the delta must address both rising sea level and sinking land, and must operate
at the scale of the whole delta rather than individual beaches. Table 1 summarises the main
options and their trade-offs.

Table 1. Adaptation options for relative sea-level rise in the Nile Delta

Hard defences (seawalls, Protect high-value urban Costly to maintain; shift Widely used at Rosetta,

revetments, groynes) and promontory erosion down-drift; no Damietta, Alexandria
frontages effect on subsidence

Beach nourishment and  Maintain beaches and Requires large, repeated Pilot use; GCF-supported
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dune restoration natural barriers sand volumes; offshore dike programme on the
sources limited north coast

Control of groundwater  Directly reduces human- Requires metering, Limited enforcement at
extraction induced subsidence and enforcement, alternative present

salinisation supplies
Management of gas-field Reduces local subsidence = Possible re-injection costs; = Little public data
subsidence hotspots monitoring needed
Lagoon and wetland Natural buffers; fisheries; = Competing land claims; Lake Manzala dredging
protection sediment trapping pollution and restoration since

2017

Managed retreat and Avoids locking in Socially and politically Not yet a formal policy
land-use planning exposure difficult
Sediment management Partially restores Large reservoirs trap Limited to local use of
(bypassing, dredged sediment budget sediment upstream; costly = dredged material
material)

Hard engineering remains necessary to protect cities and ports, and Egypt has invested
heavily in coastal protection, including a Green Climate Fund-supported programme of low-
cost dikes along vulnerable stretches of the north coast. However, defences alone cannot keep
pace with combined relative sea-level rise of up to 1-1.5 m by 2100 in the worst-affected
areas. Three non-structural measures stand out in the literature. First, regulating
groundwater abstraction in the delta would reduce both subsidence and salinisation; this
requires metering wells, enforcing licences and providing alternative supplies for reclaimed
lands. Second, monitoring and managing subsidence over gas fields, including through
reservoir pressure maintenance, would reduce the most extreme local hotspots. Third,
integrating relative sea-level projections into spatial planning, so that new cities, industrial
zones and infrastructure are not placed in the areas most at risk, would avoid locking in
future losses.

Continuous, open geodetic monitoring, using Sentinel-1 InSAR, GNSS stations and tide gauges,
is a prerequisite for all of these measures. The Envisat-era measurements reviewed here end
in 2010, and an updated, publicly available deformation map of the whole delta using
Sentinel-1 data since 2015 is a clear research priority.

7. Conclusions

The Nile Delta faces relative sea-level rise from three combined sources: climate-driven global
sea-level rise of about half a metre or more by 2100, natural compaction of young deltaic
sediments, and human-induced subsidence from groundwater and gas extraction, all acting
on a delta that no longer receives the sediment that once built it. The evidence shows that
human-induced subsidence locally exceeds the rate of global sea-level rise and is the
component most amenable to national policy. Without action, several thousand square
kilometres of the northern delta and millions of people will be exposed to flooding,
salinisation and land loss within this century. A combined strategy of targeted coastal
defences, strict management of groundwater and hydrocarbon extraction, protection of the
northern lagoons, risk-based land-use planning and continuous satellite monitoring offers the
best prospect of keeping the delta habitable and productive.
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