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Abstract

River deltas are currently at risk of substantial land loss due to the dual threats of RSLR and
declining fluvial sediment supply. Here we use IPCC RSLR scenarios and projections of fluvial
sediment supply to build a model of delta response for 47 world’s major delta. We model 9
scenarios representing four climate pathways (Representative Concentration Pathways 2.6, 4.5,
and 8.5), three socioeconomic pathways (Shared Socioeconomic Pathways 1, 2, and 3), and one
dam construction timeline. The model results indicate that 35 out of 47 deltas are expected to
undergo a loss in the delta area by the end of the 21st century, considering the average scenario.
The potential loss for the total of 47 major deltas ranges from 4,924.57 km2 for SSP 3, RCP 2.6
scenarios to 18,161.18 km2 for SSP 1, RCP 8.5 scenarios. The largest projected delta area change
suggests a potential 2.78% area loss for the total of 47 major deltas. These anticipated area losses
are primarily driven by the overwhelming impact of climate change-induced sea-level rise
compared to the combined effects of anthropogenic activities (socio-economic factors and dam
construction) and climate-change-induced fluvial sediment delivery. Notably, concerning the
fluvial sediment delivery effect on relative delta area change, we find that anthropogenic activities
(socio-economic and dam construction) appear to have a more significant impact on the
reduction in the changes of delta area rate over time than the effect of future climate change.
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Future Deltas - Introduction

1 Introduction
1.1 River Delta

Deltas serve as the habitat for approximately 500 million people worldwide, representing a vital
and expanding population centre at the intersection of rivers and oceans (Tessler et al., 2015;
Higgins, 2016). Additionally, the strategic and productive nature of coastal deltaic regions makes
them global hotspots for economic activities, agriculture, aquaculture, and transportation,
attracting significant human settlement. Furthermore, delta areas contribute to essential
ecological features such as wetlands, mangrove forests, and ecological reserves, establishing
them as crucial hubs for both economic and environmental functions on Earth (Higgins, 2016;
Edmonds et al., 2020).

Deltas formed through the dynamics of the relative sea-level rise (RSLR) and the fluvial sediment
delivery (Ericson et al., 2006). These dynamics allow the delta shoreline to advance seaward
through surplus fluvial sediment delivery and retreat landward through the relative sea-level rise.
Investigation has been performed and validated for these dynamics through field observation
(Helland-Hansen and Martinsen, 1966; Blum and Térnqvist, 2000), experiment (Muto, 2001; Kim
et al., 2006, 2009; Lai and Capart, 2009), and numerical modelling (Swenson, 2005; Fagherazzi
and Overeem, 2007; Hoogendoorn et al., 2008; Anderson et al., 2019). These roles of RSLR and
sediment supply can be estimated to find the shoreline equilibrium by the following equation
(Nienhuis et al., 2023):

Qriver - fr = S Agelta

Equation 1

Where Q,iyer is the rate of sediment supply (m3/year) that is retained on the delta (f;., between
0 and 1) is equivalent to the rate of relative sea-level rise (S, m/year) across the delta surface area
(Agerta, m?) which is the sum of the delta topset area (A¢pser, M?) and the delta foreset area
(Aforeset,m?). This equation was used in the most basic 2D model with the assumption of a
constant width. Following the above approximation, the projection of the delta will remain the
same as the current condition if, in the future, the equation is in equilibrium. However, the
shoreline will migrate seaward (regression or progradation) or landward (transgression or
retrogradation) if the equation deviates from the balance depending on which factors will affect
more to the deltas as can be seen in Figure 1.1 (Nienhuis et al., 2023).
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Figure 1.1 The process of shoreline migration in response to the RSL and sediment supply. Source:
Nienhuis et al. (2023).

At present, low-lying land areas like river deltas are particularly vulnerable to the threat of RSLR
and are likely to be inundated by the end of the century (Ericson et al., 2006; Syvitski et al., 2009).
The resilience of topset delta areas against RSLR relies on frequent inundation, facilitating
sediment deposition that elevates the delta to sea level through a process known as aggradation.
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Consequently, deltas exhibit a natural resistance to RSLR owing to this mechanism (Ibaez et al.,
2014).

However, the substantial population growth in deltaic regions over recent centuries has made
anthropogenic activities a predominant influence on aggradation (Mcmanus, 2002; Syvitski, 2008;
Syvitski and Kettner, 2011). Research indicates that these human-induced activities tend to
diminish the impact of aggradation (Syvitski et al., 2009) Despite the dual challenges of RSLR and
anthropogenic effects, previous research shows that the global delta lands have experienced a
net land gain for the last 30 years, considerably driven by human activity-induced surplus
sediment flux (Nienhuis et al., 2020). Therefore, it becomes imperative to investigate the balance
between sediment flux and RSLR as a pivotal determinant of delta geomorphology (Giosan et al.,
2014).

1.2 The Influence of RSLR and Fluvial Sediment Delivery on Future Delta

1.2.1 Relative Sea-level Rise (RSLR)

Global delta areas are confronted with the challenges posed by sea-level rise and global climate
change. Moreover, at the regional level, there is a compounded impact resulting from the
combined effects of sea-level rise and vertical land movement (VLM), collectively referred to as
relative sea-level rise (RSLR) (Nicholls and Cazenave, 2010; Hinkel et al., 2014; Tessler et al., 2018).

1.2.1.1 Sea-level rise

At present, river deltas globally face an impending risk of inundation, potentially affecting an
estimated population of 176 to 287 million individuals under the RCP 8.5 scenario in 2100 (Kirezci
et al., 2020). Moreover, the research shows an increase of global delta area at risk by 48% by 2100
compared with the present day. The phenomenon of sea-level rise significantly contributes to the
heightened vulnerability of riverine areas to flooding, as avulsion events migrate upstream,
thereby exposing an expanded population to potential threats (Li et al., 2022). Some deltas,
lacking sustainable protections, face considerable impacts; for example, the Mississippi and Rhine
deltas may experience four to eight times higher relative risk under the threat of flooding, while
the Chao Phraya and Yangtze deltas could encounter a one-and-a-half to four times higher relative
risk (Tessler et al., 2018).

The assessment conducted by the Intergovernmental Panel on Climate Change (IPCC)
(Oppenheimer et al., 2019) reveals that the rate of sea-level rise (SLR) has increased nearly
threefold, from 1.4 mm/yr to 3.6 mm/yr, since the early 20th century. Projections from the IPCC
indicate that the global mean sea level (GMSL) is anticipated to rise between 0.43 m and 0.84 m
by 2100 relative to the period 1986—2005, under the lowest (RCP 2.6) and highest (RCP 8.5)
scenarios, respectively. In addition, the RSL rate in 2100 will reach 15 mm/yr under RCP 8.5, which
means around 2.5 times higher than the current rate. Furthermore, the RSL rate in 2100 is
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projected to reach 15 mm/yr under RCP 8.5, representing approximately 2.5 times the current
rate. It's crucial to note that sea-level rise is not uniformly distributed globally, and the variations
in regional sea levels have significant implications for coastal communities worldwide (Nicholls,
2011; Kopp et al., 2015; Woodworth et al., 2019).

Sea levels in the world exhibit variations due to various drivers originating from processes with
both local and distant impacts on deltas (Gregory et al., 2019; Hamlington et al., 2020). These
drivers include temperature and salinity variations, which affect water volume (steric sea-level
change); changes in the amounts of water in the ocean from glaciers, ice sheets, and land water
storage (barystatic sea-level change); and the influence of ocean circulation (ocean dynamic
effect) along with changes in gravitational field, Earth rotation, and solid Earth deformation
(Nienhuis et al., 2023). These processes collectively contribute to sea-level changes, with their
effects considerably surpassing those directly caused by local deltaic processes. Figure 1.2
illustrates variations in sea level across different locations worldwide.

1993-2005

"L mm yr'
-8 6-4-20 2 4 6 8

Figure 1.2 Satelite altimeter-measured regional sea-level trend patterns from (top) 1993 — 2005, (middle)
2006 — 2018, (bottom) 1993 — 2018. Source: Hamlington et al. (2020).
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1.2.1.2 \Vertical Land Movement (VLM)

Along with, sea-level change, the vertical land movement (VLM) affects changes in deltaic land
area. The combination of those effects is jointly referred to as relative sea level (RSL). VLM is
classified as a contribution of several processes, such as (a) tectonic movement, (b) isostatic
adjustment, (c) fluid extraction, and (d) sediment compaction and oxidation. Notably, this study
excludes sedimentation and erosion from the definition of VLM. However, it is apparent that some
studies include these mechanisms, such as Tessler et al. (2018).

Large deltas undergo greater VLM than non-deltaic zones due to natural processes and human
activities (Biljsma et al., 1995; Erban et al., 2014). Shallow processes, such as sediment
compaction, show spatial variability and rapid effects (e.g., Nienhuis et al., 2017), while deeper
processes, like lithospheric flexure, have slower, wide-ranging impacts (Yu et al.,, 2012;
Wolstencroft et al., 2014; Kuchar et al., 2018).

1.2.2  Fluvial Sediment Delivery

Equally important, the insufficiency in fluvial sediment transport exacerbates the situation, as it
hinders the capacity to elevate the delta landform. Previous research shows that 92% of people
exposed to tropical activities live in the delta with a deficit fluvial sediment flux (Edmonds et al.,
2020).

To sustain the equilibrium of delta geomorphology, it is important to ensure an adequate supply
of fluvial sediment (refer to 1.1). However, research indicates that 33 out of 47 major deltas
worldwide will confront a decline in sediment flux by the year 2100, with reductions reaching up
to 83% (Figure 1.3) (Dunn et al., 2019). These declines are attributed to both anthropogenic
activities and the future of climate change. Furthermore, the construction of upstream dams has
become a recurring challenge for many of the world's major deltas, contributing to diminished
fluvial sediment transport to deltaic regions(Syvitski et al., 2005, 2009).
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Figure 1.3 Projected percentage change in simulated mean annual fluvial sediment flux between 1990 —
2019 and 2070 — 2099 for 47 major deltas. The green (increase in sediment flux) and blue (decrease in
sediment flux) circles are scaled to represent the mean annual. Source: Dunn et al. (2019)

1.3 The Development of Future Projections

A widely used and simpler model, often referred to as the "bathtub" or passive flood model, is
commonly employed for projecting future deltas. This model is favoured for its ease of use and
lack of complexity in modelling, providing the necessary spatial specificity (Anderson et al., 2018).
However, the "bathtub" or passive flood model typically assumes a uniform rise in water levels,
neglecting crucial factors such as river discharges, sedimentation, and erosion. These oversights
can lead to significant discrepancies in the predicted outcomes (Anderson et al., 2018; Juhdsz et
al., 2023).

To address these limitations, the true coastal change method has been proposed. Research
conducted by Nienhuis et al. (2020) utilizes this method, predicting delta morphology and
changes in delta morphology by calculating sediment transport fluxes driven by waves, tides, and
rivers. In comparison to the simplistic estimations of the bathtub model, the true coastal change
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method reveals that deltas have experienced land gains in recent decades despite the presence
of sea-level rise.

Recent studies have adopted the true coastal change method, employing a simple
morphodynamic model to project global delta area changes in the 215 century. This projection,
conducted by Nienhuis and van de Wal (2021), involves a comparison of sediment supply against
RSLR. The datasets utilized include projections of sea-level rise from the IPCC (Oppenheimer et
al.,, 2019) and modern fluvial sediment supply retrieved from WBMSed (Cohen et al., 2014;
Nienhuis et al., 2020).

Nonetheless, in the scope of this study, it is important to note that, within the scope of this study,
the measurement of sediment flux is held constant, simulating present-day conditions. It is
acknowledged that such conditions are unlikely to remain static in future scenarios (see 1.2.2),
introducing a potential source of uncertainty in the projections.

Therefore, to enhance the significance of fluvial sediment delivery in comparison to sea-level rise
projections, the fluvial sediment delivery projections provided by Dunn (2019) are incorporated.
As a result, the contribution of each component will be calculated over the years to predict the
change of the delta area in the future. Consequently, the contribution of each component will be
assessed over time to predict changes in the delta area in the future. This approach aims to
provide a more comprehensive understanding of delta processes, considering both sediment
delivery and relative sea-level rise components.

1.4 Hypothesis

This thesis builds upon prior research conducted by Nienhuis and van de Wal (2021), which
leveraged the fluvial sediment supply projections from Dunn (2019) to improve the model.
Therefore, this research hypothesizes that the expected decline in fluvial sediment delivery by
the year 2100 is expected to play a pivotal role in the reduction of global delta areas,
complemented by the concurrent rise in sea levels. Other than that, the intricacies of the
interaction between declining sediment delivery and rising sea levels are projected to vyield
diverse outcomes across various deltas, introducing variations in the patterns of delta area
changes.

1.5 Aim and Outline of the Research

The study aims to achieve two primary objectives: (1) To project land area changes in the 21st
century for 47 of the world's major deltas and (2) To identify the principal factors driving
alterations in deltaic land area. For this purpose, the following research questions need to be
answered:
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1. How will the land areas of the 47 major deltas change in response to the climatic and
socio-economic conditions during the 21st century?
2. Which contributing factors influence changes in land area within these 47 major deltas?
- Is the variation in the delta area primarily attributed to fluvial processes or sea-level
rise dynamics?
- To what extent can the principal driving factors impact alterations in the deltaic land
area?
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2 Methods
2.1 StudyArea

2.1.1 Selected Delta Areas and the Surface Area.

The dataset utilized for the model originates from Ericson et al. (2006), which builds upon
previous work by Tessler et al. (2015). These studies focus on 47 major deltas, chosen to represent
a diverse range of climates, geomorphologies, population densities, and socio-economic
conditions. The geographic locations of the river mouths for these deltas are illustrated in Figure
2.1, and their delta surface area and delta foreset depth are listed in Table 2-1.

To understand the changes in the delta areas, it is essential to learn the A ;¢4 in the initial year
(2007). Initially, the total A 4.+ for the 47 major deltas in 2007 is reported as 652,281 km?. Table
2-1 shows the distribution of the delta area for all deltas. Notably, the Amazon Delta and Ganges
Brahmaputra Meghna (GBM) Delta emerge as the largest deltas, exhibiting a substantial disparity
compared to other deltas. Together, these two deltas account for 30.88% of the total delta area.

Additionally, the ten largest deltas collectively contribute to almost 70% of the total A;.;¢, for the
47 major deltas. To see the disparity of the Agq;rq, the ten largest deltas along with their
corresponding A .;tq are presented in Table 2-1. As per the table, it is observed that The Mekong
Delta, ranked as the third-largest delta, is approximately half the size of the Amazon Delta. The
disparity indicates a significant difference in the magnitudes of these two major deltas.
Afterwards, there is a notable difference between the Mekong Delta and the fourth-largest delta,
the Yangtze Delta, followed by a more consistent and relatively small difference. The fact that
these ten deltas contribute to 70% of the total A;.;¢, indicates the dominance of these larger
deltas, while the remaining deltas constitute relatively small areas.

Table 2-1 Names, delta surface areas (Ag4eitq, km?), and delta foreset depth (Dy , m) for the 47
major deltas sorted from the largest delta to the smallest delta

Delta Name Delta Area (km?)  Delta Foreset Depth (m)
Amazon 109,000 50.00
Ganges Brahmaputra Meghna 92,455 41.27
Mekong 50,713 50.00
Yangtze 36,776 22.58
Irrawaddy 33,212 31.27
Mississippi 29,068 15.91
Nile 27,842 13.23
Orinoco 26,833 31.70
Chao Phraya 23,707 11.45
Lena 20,197 12.32
Niger 18,681 21.94
Rio Grande 15,845 13.83
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Parana 15,263 19.03
Mackenzie 13,153 12.06
Zambezi 12,567 25.66
Mahanadi Brahmani Baiterani 12,448 16.58
Pearl 11,569 24.31
Grijalva 11,514 12.02
Colorado 8,611 14.72
Yellow 6,391 9.84
Indus 5,809 28.16
Red 5,704 13.94
Mahakam 5,569 21.20
Yukon 5,453 16.08
Rhine 4,821 17.43
Tigris Euphrates 4,734 12.95
Senegal 4,554 14.72
Magdalena 4,131 23.15
Godavari 3,996 14.87
Fly 3,541 13.65
Limpopo 3,412 19.91
Volta 2,916 14.47
Vistula 2,638 11.96
Han 2,536 5.42
Krishna 2,433 13.03
Congo 2,219 34.93
Murray 2,076 3.79
Rhone 1,683 6.43
Amur 1,452 14.05
Sao Francisco 1,311 18.35
Burdekin 1,241 10.16
Tone 1,026 21.13
Po 948 7.65
Tana 919 17.08
Ebro 539 7.87
Moulouya 530 10.04

Sebou 245 18.67
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Figure 2.1 Geographic locations of the river mouths for the 47 major deltas used in this model.

2.1.2 The Retrieval of Delta Foreset Depth

The Delta foreset depth (Dy) in this research is obtained from Nienhuis and van de Wal (2021).
To obtain the Dy, both subaerial and subaqueous delta profiles were obtained from the global
SRTM15+ elevation dataset (Tozer et al., 2019). The Df,yese; is extracted from the elevation profile
by selecting the deepest basement slope that extends the subaerial (between 0 and 30 m
elevation) and subaqueous (between 0 and -40 m water depth) elevations. Next, the result must
take into account that the delta depth must exceed the channel depth. the Dy ;e5; can be seen

as hy, in Figure 2.2.
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Figure 2.2 Elevation along the fluvial and offshore profile, including estimated delta length, apex, and
delta depth.
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2.2 Model Components and Input Datasets

2.2.1 A Model of Delta Area Change

A morpho-kinematic approach proposed by Wolinsky (2009) is employed to quantify the changes
in delta surface area. The calculation relies on the equilibrium between the sedimentation, which
tends to drive shoreline seaward, and sea-level rise, which tends to drive shoreline landward. The
approach presupposes the balance of the shoreface profile while morphology is constant through
time. The calculation is expressed as

ds 1
Hy——=co '8 —L-R

Equation 2

Afterwards, the notations from Wolinsky (2009) were converted by Nienhuis and van de Wal
(2021) to align with the delta dataset as follows,

D dldelta _ f;‘ ' Qriver
T dt

—1 -RSLR
Waelta delta

Equation 3

which Hg is delta foreset depth (Dy), s is the length of the delta from apex to mouth (lgeitq),
co_lAq is the width-averaged sediment supply (f; * Qriver/Waeita), L is the length of the delta
(lgeita), and R is the relative sea-level rise (RSLR). Afterwads, multiplying both sides with w14,

dldelta f;‘ ' Qriver
Waeita - D dt = Wqelta * W — Waelta * laeita - RSLR
Equation 4

Rewriting the equation to accommodate delta area prediction by using Ageita = Waeita * laeita
thus the calculation is expressed as follows,

dAdelta _ Qriver fr - Adelta .RSLR
dt Dforeset

Equation 5

Where Ageitq is the river delta area (m?), dA .1:4/dt is the changing of the delta area over time
(m?/year).
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2.2.2 Relative Sea-level Rise

The sea-level data is based on the climate-change-driven estimation for various Representative
Concentration Pathway (RCP) scenarios, as outlined in the Intergovernmental Panel on Climate
Change (IPCC) Special Report on the Ocean and Cryosphere in a Changing Climate (SROCC) by
Oppenheimer et al. (2019). The future RSLR (2007-2100) was extracted for RCP 2.6, 4.5, and 8.5
by finding the nearest data for each delta from the 1-degree grid.

In addition, the vertical land movement (VLM) was determined using data from GPS and tide
gauges (Pfeffer and Allemand, 2016; Blewitt et al., 2018; Shirzaei et al., 2021). VLM data spans
various periods from 1994 to 2019 and was allocated to the 47 deltas by Nienhuis and van de Wal
(2021). The assumption was applied to those areas with the unavailability of the data within 1
degree, the values of VLM are zero.

Nienhuis and van de Wal (2021) constrained the VLM rates to a range of -10 mm to 10 mm, with
negative values denoting uplifting. Furthermore, Nienhuis and van de Wal (2021) assumed that
the VLM will remain the same for future conditions. Therefore, in this research, the value of the
VLM over the years is constant.

To conclude, the composite effect of Relative Sea-Level Rise (RSLR) in this study encompasses
both sea-level rise and Vertical Land Movement (VLM). In the context of this research, the positive
values in VLM indicate a downward trend in land elevation. Consequently, for RSLR, the dynamics
entail an upward trend, given that the VLM exacerbates the impact of sea-level rise. Conversely,
negative values in VLM signify landward aggradation, mitigating the impact of sea-level rise on
delta areas.

2.2.3  Fluvial Sediment Supply

The fluvial sediment supply (Q,iyerr) utilized in this research is retrieved from the projection
performed by Dunn (2019) specifically for the 47 major deltas. The projection employed the
hydrogeomorphic model of WBMsed (Cohen et al., 2013, 2014) under 12 distinct environmental
change scenarios, encapsulating the influences of climate change, socio-economic development,
and dam construction throughout the 21 century. The model conducted by Dunn (2019)
executed daily time steps, but for the purposes of this research, mean annual sediment fluxes
were extracted for analysis.

The 12 scenarios considered in this study were derived from a combination of the Representative
Concentration Pathway (RCP), including RCP 2.6, 4.5, 6.0, and 8.5 (Jones et al., 2011); three
Shared Socio-economic Pathway (SSP) denoted as SSP 1, 2, and 3 (Murakami and Yamagata,
2019); and a projection of future dam construction (Lehner et al., 2011a; b; Zarfl et al., 2015).
However, the RCP 6.0 scenarios were not utilized in this study due to the unavailability of specific
data on RSLR scenarios. Therefore, the finalized scenarios were reduced to 9, as illustrated in
Figure 2.3, following the formulation undertaken by Dunn (2019). In addition to the 9 scenarios,
the dataset also encompasses the isolated impacts of each component, including three RCPs (RCP
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2.6, 4.5, and 8.5), three SSPs (SSP 1, 2, and 3), and dam construction. This comprehensive dataset
allows for a nuanced exploration of the distinct influences exerted by each factor on the projected
outcomes.

Representative Concentration Pathway

RCP 2.6 RCP 4.5 RCP 8.5

Low Climate Moderate Climate | High Climate

5 Change Change Change

S SsP1 Low Low Low

% Socioeconomic Socioeconomic Socioeconomic

% Challenge Challenge Challenge

.g Low Climate Moderate Climate | High Climate

H Change Change Change

§ Ssp2 Moderate Moderate Moderate

S Socioeconomic Socioecanomic Socioeconomic

ﬁ Challenge Challenge Challenge

g Low Climate Moderate Climate | High Climate

S Change Change Change

SsP3 High High High

Socioeconomic Socioecanomic Socioeconomic
Challenge Challenge Challenge

Figure 2.3 The construction of the 9 scenarios of the future river sediment supply.

2.3 Model Scenario Definition

The model conducted in this research is expressed by Equation 5, wherein the sea-level data and
fluvial sediment flux (Q,ier) components are characterized by a variety scenario, each
corresponding to different of climatic, socio-economics, and future dam construction as detailed
in 2.2.2 and 2.2.3. Therefore, new scenarios are made to accommodate the variety of scenarios
within each component.

On one hand, the sea-level data incorporates three climate-change scenarios: RCP 2.6, 4.5, and
8.5. On the other hand, the fluvial sediment supply integrates twelve scenarios combining
climate-change scenarios of RCP 2.6, 4.5, 6.0, and 8.5 with Socio-economic scenarios of SSP 1, 2,
and 3, including the future dam scenarios within each scenario. Notably, RCP 6.0 is excluded from
the sea-level data, thus this research omits the corresponding scenario from the sediment supply
components, resulting in a total of nine scenarios. This approach ensures alignment and
consistency in the analysis of both sea-level and fluvial sediment flux components. To understand
the combination of the scenarios, the explanation can be seen in Figure 2.3.

The sea-level and sediment supply data utilized in this study are based on the projection within
the 21 century. Each dataset is structured with an annual time step, and adjustments have been
made to align with data availability. Consequently, the datasets cover the period from 2007 to
2100, reflecting the timeframe of the projections and ensuring consistency in the analysis over
this specified temporal range.
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2.4 Test Against Observations

The model’s validation process involves a comparison against the observed delta area change
from 1985-2015, utilizing the average of two global land-water change models (Donchyts et al.,
2016; Pekel et al., 2016). These models, based on Landsat 30 m imagery (NASA, 2024), was used
as a benchmark for validating the model’s prediction. The validation outcomes are quantified by
the Rooted Mean Squared Error (RMSE) of 5.73 km? and the Coefficient of Determination (R?) of
2.44. Figure 2.4 visually represents the comparison, demonstrating a distribution that closely
aligns with the indicator line, indicating a reasonable degree of correspondence between model
predictions and observed data. A fraction of the fluvial sediment (f,.) equal to 0.9 in the model
to enhance the accuracy of the projection. The specific value is selected based on its optimization,
resulting in the best value for the RMSE and R2. By using f, = 0.9, the model aims to achieve a
more favorable alignment with observed data, providing improved performance in terms of both
accuracy and predictive capability.
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Figure 2.4 Predicted versus observed delta area change 1985 — 2015 for individual deltas
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3 Results
3.1 Future Delta Area Changes

3.1.1 Global Projection of Future Major Delta

Figure 3.1 visually depicts the evolution of A+, Over the years from 2007 to 2100, showcasing
delta area loss for all scenarios. The result of the future delta area projections reveals that the
total A .14 for 47 major deltas by the end of the 21t century falls within the range of 634,119.82
to 647,356.43 km? across all nine scenarios. The value suggests that under each scenario, the 47
major deltas are anticipated to undergo a reduction in area, with the projected losses ranging
4,924.57 km? to 18,161.18 km?. In percentage terms, this equates to a potential loss of 0.75 to
2.78% of their total area by the year 2100. The variability in this projection indicates the sensitivity
of delta areas to different scenarios considered in this study.
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Figure 3.1 Total delta area for 47 major deltas from 2007 to 2100 across RCP and SSP scenarios.

To understand the differences among scenarios, the model results for the total of 47 major deltas
are summarized in Table 3-1. The scenario aligned with the highest socio-economic challenges
(SSP 3) and the smallest climate change (RCP 2.6) generates the lowest area changes compared
to the other scenarios, resulting in a total area loss of 4,924.57 km?. On the other hand, the
scenario entailing the lowest socio-economic challenges (SSP 1) and the largest climate change
(RCP 8.5) exhibits the highest area loss, accounting for 18,161.18 km?. The contrast between the
scenarios is significant, with the latter being almost five times in magnitude compared to the
former scenario of SSP 3, RCP 2.6.
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Despite the notable difference between the scenarios featuring the largest and the smallest area
loss, certain patterns emerge. Scenarios characterized by minimal climate change (RCP 2.6)
exhibit a relatively consistent range of area changes. Similarly, scenarios associated with
moderate climate change (RCP 4.5) and the largest climate change (RCP 8.5) manifest similar
patterns. However, the RCP 8.5 scenarios yield the highest delta area loss (with a mean delta area
loss of 2.74% across three same climate scenarios) by 2100, followed by RCP 4.5 scenarios (with
a mean delta area loss of 1.35% across three same climate scenarios) and RCP 2.6 scenarios (with
a mean delta area loss of 0.81% across three same climate scenarios).

Likewise, within the same climate change frameworks, the three socio-economic scenarios
display observable differences, even though with relatively modest compared to the variations
among climate change scenarios. Notably, the SSP 3 scenarios demonstrate the least pronounced
area change, followed by SSP 2 and SSP 1, respectively. The observed in delta area changes under
all scenarios suggest indicating a correlation with the climate-change and socio-economic settings
of each scenario.

Table 3-1 Total A4.jtq, area change, and percentage change for all 47 major deltas at the end of the 21*
century. Negative values indicate the loss of the area.

Scenario A delta. Area Change percentage change
in km2
SSP 1RCP 2.6 646,693.14 -5,587.86 -0.86%
SSP 1 RCP 4.5 643,184.87 -9,096.13 -1.39%
_SSP1RCPSS5 63411982  -1816118  -2.78%

SSP 2 RCP 2.6 646,859.08 -5,421.92 -0.83%
SSP 2 RCP 4.5 643,334.08 -8,946.92 -1.37%
SSP 2 RCP 8.5 634,272.35 -18,008.65 -2.76%
SSP 3 RCP 2.6 647,356.43 -4,924.57 -0.75%
SSP 3 RCP 4.5 643,814.89 -8,466.11 -1.30%
SSP 3 RCP 8.5 634,752.76 -17,528.24 -2.69%

3.1.2 Local Projection for Future Delta Area

The individual delta projections provide insights into how changes occur in each delta. Figure 3.2
presents the changes in the delta area for each of the 47 major deltas by the year 2100 across all
scenarios. The projection maps show that a majority of the 47 major deltas are expected to
undergo a reduction in delta area by 2100. However, noteworthy exceptions are observed in
South America, where several deltas, including the Amazon, Magdalena, Orinoco, and Parana, are
projected to experience a relatively significant increase in delta area.
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Figure 3.2 Projection of delta area change by 2100 across RCP and SSP scenarios. Each dot represents
minimum and maximum rate of changes (km2/yr). 1 Amazon, 2 Amur, 3 Burdekin, 4 Chao Phraya, 5
Colorado, 6 Congo, 7 Ebro, 8 Fly, 9 GBM, 10 Godavari, 11 Grijalva, 12 Han, 13 Indus, 14 Irrawaddy, 15
Krishna, 16 Lena, 17 Limpopo, 18 Mackenzie, 19 Magdalena, 20 Mahakam, 21 MBB,22 Mekong, 23
Mississippi, 24 Moulouya, 25 Murray, 26 Niger, 27 Nile, 28 Orinoco, 29 Paran4, 30 Pearl, 31 Po, 32 Red,
33 Rhine, 34 Rhone, 35 Rio Grande, 36 Sdo Francisco, 37 Sebou, 38 Senegal, 39 Tana, 40 Tigris Euphrates,
41 Tone, 42 Vistula, 43 Volta, 44 Yangtze, 45 Yellow, 46 Yukon, 47 Zambezi

Figure 3.3a visually presents the contributions of individual deltas to the overall area changes by
the year 2100. The changes vary from a reduction of 2,536 km? for the Chao Phraya to an increase
of 1,603 km? for the Amazon. Importantly, specific deltas exhibit substantial changes, significantly
influencing the total delta area changes, with dA ;.;:, exceeding 1,000 km2 for each delta. These
prominent deltas include the Amazon, Chao Phraya, GBM, Mississippi, and Nile Delta. It is
noteworthy that these specific deltas are among the 10 largest deltas (refer to 2.1.1).

To contextualize the impact of dA4.;:, On each delta, Figure 3.3b demonstrates the percentage
change in dA .1t compared to the initial Age;q at the beginning of the century. The percent
dAje1tq ranges from a reduction of 22.81% for the Han to an increase of 10.09% for the Congo.
Moreover, the Han and Murray exhibit the highest area loss relative to their initial Agejtq, With
the latter showing up to 22,75% area loss. In contrast, Magdalena and Congo will experience
considerably significant area gains by 8.68% and 10.09%, respectively. Despite exhibiting the
largest area gain, the Amazon’s dA j.;¢4 contributes relatively small changes, accounting for up to
1.47% of its initial Ageieq. Conversely, the Chao Phraya, the delta with the largest area loss, has its
projected dA o1t contributing up to 10.70% loss, making it the third largest loss contribution out
of 47 major deltas.

Equally important, consistent patterns emerge for each delta, with some deltas consistently
experiencing a gain in area changes. For instance, among 47 major deltas, 10 deltas are
anticipated to consistently gain area for all nine scenarios by the year of 2100. These deltas
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include the Amazon, Amur, Congo, Fly, Magdalena, Orinoco, Parana, Red, Sebou, and Tana. On
the other hand, 33 deltas are expected to undergo area loss by 2100. Additionally, the four
remaining deltas exhibit fluctuating changes for certain scenarios by 2100. These four deltas
include Godavari, Po, Rhéne, and Tone.

Table 3-2 provides a detailed overview of the delta area changes for the four deltas under
consideration across nine scenarios. While these deltas do not exhibit a collective pattern, specific
trends can be observed from each delta individually. Taking Godavari as an example, under most
scenarios, the delta area tends to gain, with the exception of SSP 1, RCP 8.5 scenario and SSP 2,
RCP 8.5 scenario. Interestingly, when comparing these scenarios with others that share the same
RCP 8.5, such as SSP 3, RCP 8.5 scenario, a trend emerges suggesting that higher SSP values lead
to a tendency for delta area gain. This phenomenon appears to influence the remaining deltas as
well, indicating the interplay between climate change and socio-economic settings, where the
impacts of fluvial sediment supply and RSLR compensate for each other.

Despite some major deltas experiencing area gain by 2100, the findings reveal that all 47 major
deltas will encounter a decrease in the changes of delta area rate by 2100. Figure 3.3c visually
represents the changes in dAgq;q/dt (km?/yr) from 2007 — 2026 to 2081 — 2100 across nine
scenarios, illustrating a universal decline in dA;.;¢4/dt for all 47 major deltas by 2100. Notably,
the Amazon, GBM, and Chao Phraya deltas exhibit the highest decrease, with reductions of up to
25.4 km?2/yr, 24.2 km?/yr, 23.8 km?/yr respectively. This outcome suggests that RSLR is likely to
overcompensate for fluvial sediment supply by the end of the century, resulting in a decreasing
trend indA .11 /dt.
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Figure 3.3 (a) projected individual mean delta area changes across nine scenarios for 47 major deltas, (b)
percent individual area change compared to initial delta area, (c) Change in mean annual dA ;¢4 (2007

— 2026 to 2081 — 2099). The bars represent the mean scenarios whereas the error bars represent the
maximum and minimum result from the scenario ensemble for each delta.

Table 3-2 Deltas undergo different area changes by 2100 depending on the scenarios

Scenario
SSP 1 SSP 1 SSP 1 SSP 2 SSP 2 SSP 2 SSP 3 SSP 3 SSP 3
Delta Name RCP 2.6 RCP4.5 RCP85 RCP2.6 RCP4.5 RCP85 RCP2.6 RCP45 RCP8.S5
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Godavari 51.04 21.56  -56.98 67.50 38.04 -40.27 120.51 90.80 13.00
Po -3.71 -16.80  -46.72 -1.29 -14.39 -44.33 81.87 66.03 36.83
Rhéne 5.89 -27.77  -93.59 20.49  -13.47 -79.24 83.25 46.78  -19.13
Tone 4.39 -0.27  -17.67 4.39 -0.27 -17.67 4.39 -0.27  -17.67

3.2 Standalone Effect of Sediment Supply and RSLR Effects in Delta Dynamics

The impact of sediment supply and relative sea-level rise (RSLR) individually is examined by
isolating each component within zero-value scenario, followed by comparing dA j.;¢4/dt (km?/yr)
from 2007 — 2026 to 2081 — 2100 for each component effect. To illustrate, the assessment of how
sediment supply influences delta area changes involve utilizing the zero value of sea-level for each
delta. Subsequently, this value is combined with local vertical land movement (VLM) to establish
the RSLR value. Similarly, to investigate the effect of RSLR, the zero value of sediment supply
scenarios is employed. This approach allows for the systematic study of each component's
influence on delta area changes, discerning which component has a greater impact on each delta
and the overall delta system.

3.2.1 Global Standalone Effect to the 47 Major Deltas

The evaluation involves comparing each component to the projection results to quantify the
extent of changes induced by the standalone effects of sediment supply or RSLR. Moreover, this
analysis enables an investigation into the significance of changes in dA ¢4/ dt in the end of the
century compared to the beginning of the century.

Figure 3.4 illustrates the percentage of the dA;.;:o/dt changes by the end of the century. The
sediment effect shows relatively stagnant results across all SSP and RCP scenarios, ranging from
approximately 25% to 30% of decline. On the other hand, the RSLR effect exhibits more significant
changes across RCP scenarios, with ~1%, ~60%, and ~195% for RCP 2.6, RCP 4.5, and RCP 8.5,
respectively. Furthermore, in addition to the significant changes across RCP scenarios, the RSLR
effect also has higher percentage changes for RCP 4.5 and RCP 8.5 compared to the changes from
sediment effect.
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Figure 3.4 The percentage of changes in dA ;¢4 /dt from 2007 — 2026 to 2081 — 2100 in fluvial sediment
supply and RSLR for all 47 major deltas across SSP and RCP.

3.2.2 Standalone Effects on the Individual Deltas

The determination of which component overestimates the other can be ascertained through a
comparison of the standalone changes effects driven the individual deltas. Figure 3.5 illustrates
the relative sediment flux and RSLR changes between 2007 — 2026 and 2081 — 2100 for moderate
scenario. Out of the 47 deltas, the RSLR changes effect compensates for the sediment supply
effects in 40 deltas, while the remaining 7 deltas are primarily driven by sediment supply changes
effects. Notable differences are observed in specific deltas. For instance, in deltas like Amazon,
Chao Phraya, GBM, Mississippi, and Nile, the differences exceed 1000 km?.

Notable deltas experiencing RSLR changes exceeding 100% include the Colorado, Parana, and
Tone. Conversely, the sediment flux changes has the highest impact on the Indus and Congo
deltas, with declines of 80% and 90%, respectively. Moreover, the decline in sediment flux
changes is more pronounced. Specifically, out of the 7 deltas affected by sediment flux changes,
6 will experience a decline in sediment flux changes.
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Figure 3.5 Relative sediment flux and RSLR change between 2007 - 2026 and 2081 — 2100 (moderate
scenario) for individual deltas

3.3 RSLR and Sediment Flux Threshold

By employing Equation 5 with dA;.;t¢/dt = 0, it is possible to determine the safety rate for both
RSLR and sediment supply. This rate serves as a threshold to identify the maximum value of the
RSLR rate that global, or individual deltas can withstand. Similarly, the threshold also establishes
the minimum value required to maintain a sufficient sediment supply rate essential for the well-
being of global and individual deltas. Using that assumption, thus following equating can be
utilized for determining the threshold for the RSLR rate and sediment flux rate.

QT‘lU@T‘ f;'

RSLR =
Adelta

Equation 6

RSLR . Agerra

river — I3

Equation 7
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3.3.1 Threshold for the Global 47 Major Delta

By applying Equation 6 and setting the value for the global sediment supply, the threshold graph
is depicted in Figure 3.6. For instance, following the moderate scenario (RCP 4.5 and SSP 2) for
the 21st century, delta areas will initially experience a relatively safe situation, with the RSLR at
3.59 mm/yr and the threshold at 5.4 mm/yr. However, by the middle of the 21st century, the
threshold decreases to 4.4 mm/yr, while the RSLR increases to 5.7 mm/yr, indicating that the RSLR
will exceed the threshold. Similarly, by the end of the century, the threshold further decreases to
3.6 mm/yr, while the RSLR continues to rise to 6.28 mm/yr.
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Figure 3.6 Global threshold of RSLR and sediment flux for 47 major deltas under the moderate scenario
in the 21° century.

Establishing the sediment supply for the moderate scenario over the years, Figure 3.7 illustrates
the threshold values for RSLR rate. The RSLR threshold decreases from 5.6 mm/yr to 3.6 mm/yr
under the moderate sediment supply scenario, indicating that the global major delta should not
exceed a rate of 3.6 mm/yr by the end of the year 2100. Furthermore, based on the time series
graph, the threshold will be exceeded starting from 2039.

32



Future Deltas - Results

Threshold
RSLR RCP 4.5

RSLR (mm/yr)
o

2 - - -
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
year

Figure 3.7 RSLR Threshold and RSLR time-series 2007 — 2100 under the moderate scenario.

3.3.2 Threshold for the Individual Deltas

Analyzing the threshold for individual deltas, assuming that deltas experience a moderate
scenario for the RSLR rate and sediment supply rate, the thresholds will be illustrated as shown
in Figure 3.8. The graph demonstrates the threshold for the last 10 years of the computation.
Several key observations from Figure 3.8 include the deltas whose area is projected to decrease
by 2100 (see Figure 3.3) showing low RSLR thresholds and higher sediment supply thresholds. For
instance, GBM exhibits a low RSLR threshold, approximately 2 mm/yr and a significantly higher
require sediment supply, around 1500 Mt/yr. Other than that, there is a notable delta with a
relatively higher RSLR and higher sediment supply, but the delta seems to experience area gain
by 2100. This occurrence could potentially be attributed to the high amount of sediment supply
in the delta.

Furthermore, notably, some large deltas such as GBM, Mekong, Irrawaddy, and Yangtze, four out
of the five largest deltas in this dataset (see Table 2-1), have low RSLR thresholds, indicating
relative vulnerability to the threat of sea-level rise. On the contrary, smaller deltas with smaller
Ageita, SUch as such as Ebro, Moulouya, and Sebou exhibit significantly higher RSLR thresholds.
As expected from Equation 6 and Equation 7, A .1:q appears to have a significant impact on the
threshold of each individual delta, resulting in smaller A .t Will obtain higher RSLR threshold
and lower sediment supply threshold. Consequently, deltas with smaller A;.;:, appears to be
more resilient to the threat of sea-level rise and are better positioned to meet sufficient sediment
flux requirements.
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Figure 3.8 Average 10-year threshold for individual delta 2091 — 2100, (a) RSLR threshold, (b) sediment
supply threshold

3.4 Driver Analysis

The sediment supply dataset from Dunn et al. (2019) offers a separate projection for each driver.
Consequently, projections can be made for each driver to analyze their respective contributions
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to delta area change. Three RCP scenarios, three SSP scenarios, and one dam construction
scenario are estimated with the combination of the RCP input for the RSLR components.

Figure 3.9 illustrates the driver contributions for each individual delta under the moderate
condition of sea-level rise input. The contribution of each delta is subsequently estimated,
revealing that the majority of deltas are predominantly influenced by the effect of the SSP, with
28 deltas being most affected, followed by Dams with 14 deltas, and RCP predominantly affecting
5 deltas. Therefore, the anthropogenic changes (human activities and the dam construction) here
play the main role in driving the sediment flux effect on delta area changes.

Some notable results can be observed, such as the Amazon experiencing the highest dam effect,
followed by the Parana. Besides, the GBM and will have the highest SSP effect along with the dam
construction. An interesting outcome is the Chao Phraya that will have similar results for the RCP,
SSP, and the dam construction.
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Figure 3.9 Relative delta area change rate between 2007 — 2026 and 2081 — 2100 for different sediment
flux drivers under moderate scenario of RSLR
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4 Discussion
4.1 Synthesis Main Finding

4.1.1 The Influence of Climate Pathways and Socio-Economic Pathway

The findings presented in 3.1.1 reveal distinct patterns of impact associated with each climate
pathway and socio-economic pathway on the projected future delta. The analysis indicates that
scenarios characterized by the highest socio-economic challenges (SSP 3) and the smallest climate
change (RCP 2.6) tend to exhibit the smallest area changes. Conversely, scenarios featuring the
lowest socio-economic challenges (SSP 1) and the largest (RCP 8.5) are associated with the largest
area changes.

The influence of climate change appears to exert a more significant impact on delta areas
compared to socio-economic challenges, as depicted in Figure 3.1. The observed patterns in
changes induced by socio-economic challenges suggest that increased anthropogenic influence
results in higher sediment flux, attributable to reduced economic development and less effective
land management practices (Dunn et al., 2019). On the other hand, the effects of climate change
indicate that higher RCP values lead to larger dA .14 10Sses, attributed to the higher RSLR as a
result of higher carbon emission (Oppenheimer et al., 2019).

Across all scenarios, a consistent pattern emerges for the majority of deltas, with 10 deltas
experiencing area gain and 33 deltas undergoing area loss. This uniformity suggests a
predominant factor influencing whether certain deltas gain or lose area. However, four specific
deltas—the Godavari, Po, Rhone, and Tone—exhibit fluctuating projections across the nine
scenarios outlined in Table 3-2.

Despite the variations in projected gains or losses, the influence of socio-economic and climate
change factors remains consistent. Specifically, higher SSP values result in larger dAje1tq, While
larger RCP indicates larger dA je;t4 10ss. This finding underscores the intricate interplay between
climate change and socio-economic settings, where the impacts of fluvial sediment supply and
RSLR compensate for each other.

4.1.2 The Standalone Effect and the Sediment Delivery Driver Effect to the Projection

The evaluation of standalone effects aims to identify which component, either anthropogenic and
climate change combined fluvial sediment supply or climate change RSLR, exhibit a more
significant impact on the future delta area. The changes of each component in the end of century
are compared to the beginning of the century to see which one has more effect than the other.
Globally, for all 47 major deltas, the climate change RSLR overwhelms the effects of
anthropogenic and climate change combined fluvial sediment supply by two times for average
dA je1tq across scenarios for each component (Figure 3.4). In Dunn (2019), the larger RCP resulted
in smallest decrease in fluvial sediment supply, supporting the dA;.;:, gain. However, in this
research, this effect seems to be overcompensated by the overwhelming RSLR effect. As a result,
the larger RCP here appears to have the larger dAei¢q 105S.
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The alteration in deltaic land area is likely to be influenced predominantly by local variability
(Tessler et al., 2018). Therefore, conducting an individualized analysis for each delta is imperative
to comprehend how each specific delta responds to the effects of RSLR and fluvial sediment
supply. Despite the pronounced impact of RSLR on all 47 major deltas, a subset of 12 deltas is
projected to undergo an increase in delta area (refer Table 4-1), driven more significantly by the
influence of fluvial sediment delivery. Among these, seven deltas exhibit a substantial change,
experiencing an area gain exceeding 100 km?. Notably, six of these deltas with significant area
gain are situated in South America, Africa, and Oceania, where there is an observed rise in
sediment flux attributed to land-use changes (Dethier et al., 2022). Furthermore, the deltas of
Amazon, Magdalena, Orinoco, and Fly stand out due to their limited upstream dam infrastructure,
allowing them to continue receiving a substantial portion of sediment fluxes (Tessler et al., 2018).

In contrast to the observed gain in Age;tq in the projected future delta. The dAgerq/dt is
anticipated to decrease for all deltas from the period 2007 — 2026 to 2081 — 2100. This trend
holds true even for the deltas that are gaining area by 2100 (refer Table 4-1). This phenomenon
is attributed to the continual rise in RSLR, while the fluvial sediment supply is expected to
decrease after a certain point, primarily influenced by anthropogenic factors such as changing
land management practices and dam construction. Consequently, the gradual dominance of the
RSLR effect is anticipated to prevail for all 47 major deltas over time.

Table 4-1 Deltas with gaining area

Mean dA .itq Mean Rate
Delta Name Location (km?) change (km?2/yr)
Amazon South America 1179.88 -13.13
Amur Asia 69.89 -0.57
Congo Africa 208.52 -5.27
Fly Oceania 212.71 -0.91
Godavari Asia 3391 -2.89
Magdalena  South America 331.55 -3.09
Orinoco South America 388.80 -2.09
Parana South America 211.18 -10.13
Po Europe 6.39 -1.07
Red Asia 174.96 -2.20
Sebou Africa 15.23 -0.28
Tana Africa 32.51 -0.46

Furthermore, the decline in the rate of change for all deltas can be attributed to the impact of
dam construction on the projection of fluvial sediment delivery. In the model, the construction
timeline was set until 2050, and thereafter, the reservoir capacity remained unchanged. Figure
3.9 illustrates how certain deltas will undergo significant reductions in dA;.;+,/dt influenced by
the dam construction. Notably, the Amazon will experience the most substantial decrease in
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dAgeita/dt, even though it contributes to the largest gain compared to other deltas. The majority
of anthropogenic changes are expected to be the primary factor influencing how sediment supply
affects delta area in the future.

4.1.3 Delta Area and the Threshold

The individual threshold of each delta shows some patterns to the delta that consider larger and
smaller. Some large deltas such as GBM, Mekong, Irrawaddy, and Yangtze, four out of the five
largest deltas in this dataset, have low RSLR thresholds, indicating relative vulnerability to the
threat of sea-level rise. On the contrary, smaller deltas with smaller A ¢4, Such as such as Ebro,
Moulouya, and Sebou exhibit significantly higher RSLR thresholds. As expected from Equation 6
and Equation 7, A .1t appears to have a significant impact on the threshold of each individual
delta, resulting in smaller Agq;tq Will obtain higher RSLR threshold and lower sediment supply
threshold. Consequently, deltas with smaller A;.;+, appears to be more resilient to the threat of
seal-level rise and area better positioned to meet sufficient sediment flux requirements.

Furthermore, the results indicate that deltas projected to experience area loss by 2100 tend to
have a lower RSLR threshold and a higher sediment flux threshold. This phenomenon arises from
the model's projection of RSLR and fluvial sediment delivery, aligning the thresholds with the
anticipated changes in delta area. However, the Amazon presents an intriguing finding. Despite
having the second-highest fluvial sediment delivery threshold, the Amazon is projected to gain
area by 2100. This can be attributed to the high sediment flux, which is expected to remain
relatively safe by 2100, thereby sustaining the delta area change.

4.2 Limitations and Future Work

This research builds upon the work of Nienhuis and van de Wal (2021) by incorporating the fluvial
sediment delivery projection provided by Dunn (2019). Prior to the inclusion of sediment supply
projections, the data remained constant over the years. The introduction of sediment supply
projections enhances our understanding of the rate changes occurring in each delta over time.
However, it's important to note that the delta subsidence rate in this research remains constant
since the beginning of the century. In reality, subsidence rates are likely to change over the years
due to human activities, particularly in large deltas (Biljsma et al., 1995; Erban et al., 2014). The
incorporation of subsidence rate variability would contribute to an improved representation of
the relative sea-level rise (RSLR) outcomes. Additionally, the uncertainties also arise when the
estimation of the subsidence rate over time, sea-level change, and present-day morphology are
conducted, thus limit the prediction accuracy (Nienhuis and van de Wal, 2021).

The sediment supply projection in this research assumes that dam construction occurs by 2050.
However, it is important to note that the effects of dams are unlikely to remain constant after
2050. The uncertain factors include the timeline, location, and specifications of the dams, making
predictions regarding dam construction challenging.
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This research model assumes that the morphodynamic can be expressed as the morpho-
kinematic mass balance approach, which typically holds over long period of time (Nienhuis and
van de Wal, 2021). On the other hand, the model also assumes a linear delta response to RSLR
and fluvial sediment flux, which covers relatively short period compared to the age of the delta.
Therefore, these assumptions introduce uncertainties in spatiotemporal investigations.
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5 Conclusion

This research investigates the response of the river delta to future RSLR and future fluvial
sediment flux. The study focuses on 47 major deltas, chosen to represent a diverse range of
climates, geomorphologies, population densities, and socio-economic conditions. The primary
objectives are to project changes in the area of these major deltas and identify the principal
factors driving these changes. Consequently, the key findings of this study are as follows:

e Total 47 major deltas are projected to experience land loss, ranging from approximately
5,000 km2 to 18,000 km2, representing a potential loss of 0.75% to 2.78% of their total
area by the year 2100. Among these, 35 deltas are expected to undergo land loss, with
the Han and Murray deltas projected to lose approximately 23% of their area by 2100.
Conversely, the remaining 12 deltas are anticipated to undergo area gain, with the
Magdalena and Congo deltas exhibiting the highest area gain compared to their initial
delta area, with increases of 8.5% and 10%, respectively. However, despite these gains,
the delta area change rate is expected to decline for all 47 major deltas by the end of the
century compared to the beginning, indicating the possibility of area loss for deltas that
experienced gains in the 21st century, in the subsequent century.

e The comparison between the fluvial sediment flux and RSLR components reveals the
predominant driver of change for the 47 major deltas. Notably, the study finds that the
relative RSLR change between 2007 — 2026 and 2081 - 2100 exhibits more profound
effects, showing significant variations across RCP scenarios. Specifically, the RSLR change
is estimated at approximately 1%, 60%, and 195% for RCP 2.6, RCP 4.5, and RCP 8.5,
respectively. Conversely, the relative sediment flux remains relatively stagnant across all
SSP and RCP scenarios, showing declines ranging from approximately 25% to 30%.
Regarding the contributions of sediment flux to delta area change, anthropogenic
influences, including human activities and dam construction, emerge as the primary
drivers of change by 2100, affecting 32 deltas compared to climate change, which affects
5 deltas. Moreover, the projected thresholds for the 47 major deltas are expected to be
exceeded by 2039, with a rate of 5.1 mm/yr, declining gradually to 3.6 mm/yr over the
years. Conversely, RSLR is anticipated to rise, exacerbating the threat of area change
across the deltas.

The research findings indicate that the 47 major deltas are likely to experience area loss by 2100,
with projections conducted for each delta providing insights into their respective responses and
the primary drivers of change. These outcomes offer valuable information for developing
strategies to address the challenges faced by each delta. However, it's essential to consider the
uncertainties inherent in the research, which necessitate ongoing development of the model and
refinement of the results. This underscores the need for continued research and adaptation in
planning and management efforts aimed at mitigating the impacts on delta ecosystems and
communities.
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6 Appendix
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Figure 6.1 Projection of delta area change by 2100 for SSP 1 RCP 2.6 scenario. Each dot represents mean
rate of changes (km2/yr). 1 Amazon, 2 Amur, 3 Burdekin, 4 Chao Phraya, 5 Colorado, 6 Congo, 7 Ebro, 8
Fly, 9 GBM, 10 Godavari, 11 Grijalva, 12 Han, 13 Indus, 14 Irrawaddy, 15 Krishna, 16 Lena, 17 Limpopo,
18 Mackenzie, 19 Magdalena, 20 Mahakam, 21 MBB,22 Mekong, 23 Mississippi, 24 Moulouya, 25
Murray, 26 Niger, 27 Nile, 28 Orinoco, 29 Parana, 30 Pearl, 31 Po, 32 Red, 33 Rhine, 34 Rhbne, 35 Rio
Grande, 36 S3o Francisco, 37 Sebou, 38 Senegal, 39 Tana, 40 Tigris Euphrates, 41 Tone, 42 Vistula, 43
Volta, 44 Yangtze, 45 Yellow, 46 Yukon, 47 Zambezi
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Figure 6.2 Projection of delta area change by 2100 for SSP 1 RCP 4.5 scenario. Each dot represents mean
rate of changes (km2/yr). 1 Amazon, 2 Amur, 3 Burdekin, 4 Chao Phraya, 5 Colorado, 6 Congo, 7 Ebro, 8
Fly, 9 GBM, 10 Godavari, 11 Grijalva, 12 Han, 13 Indus, 14 Irrawaddy, 15 Krishna, 16 Lena, 17 Limpopo,
18 Mackenzie, 19 Magdalena, 20 Mahakam, 21 MBB,22 Mekong, 23 Mississippi, 24 Moulouya, 25
Murray, 26 Niger, 27 Nile, 28 Orinoco, 29 Paran3, 30 Pearl, 31 Po, 32 Red, 33 Rhine, 34 Rhéne, 35 Rio
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Grande, 36 S3o Francisco, 37 Sebou, 38 Senegal, 39 Tana, 40 Tigris Euphrates, 41 Tone, 42 Vistula, 43
Volta, 44 Yangtze, 45 Yellow, 46 Yukon, 47 Zambezi

Figure 6.3 Projection of delta area change by 2100 for SSP 1 RCP 8.5 scenario. Each dot represents mean
rate of changes (km2/yr). 1 Amazon, 2 Amur, 3 Burdekin, 4 Chao Phraya, 5 Colorado, 6 Congo, 7 Ebro, 8
Fly, 9 GBM, 10 Godavari, 11 Grijalva, 12 Han, 13 Indus, 14 Irrawaddy, 15 Krishna, 16 Lena, 17 Limpopo,
18 Mackenzie, 19 Magdalena, 20 Mahakam, 21 MBB,22 Mekong, 23 Mississippi, 24 Moulouya, 25
Murray, 26 Niger, 27 Nile, 28 Orinoco, 29 Parana, 30 Pearl, 31 Po, 32 Red, 33 Rhine, 34 Rhone, 35 Rio
Grande, 36 S3o Francisco, 37 Sebou, 38 Senegal, 39 Tana, 40 Tigris Euphrates, 41 Tone, 42 Vistula, 43
Volta, 44 Yangtze, 45 Yellow, 46 Yukon, 47 Zambezi

Figure 6.4 Projection of delta area change by 2100 for SSP 2 RCP 2.6 scenario. Each dot represents mean
rate of changes (km2/yr). 1 Amazon, 2 Amur, 3 Burdekin, 4 Chao Phraya, 5 Colorado, 6 Congo, 7 Ebro, 8
Fly, 9 GBM, 10 Godavari, 11 Grijalva, 12 Han, 13 Indus, 14 Irrawaddy, 15 Krishna, 16 Lena, 17 Limpopo,
18 Mackenzie, 19 Magdalena, 20 Mahakam, 21 MBB,22 Mekong, 23 Mississippi, 24 Moulouya, 25
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Murray, 26 Niger, 27 Nile, 28 Orinoco, 29 Parana, 30 Pearl, 31 Po, 32 Red, 33 Rhine, 34 Rhéne, 35 Rio
Grande, 36 Sao Francisco, 37 Sebou, 38 Senegal, 39 Tana, 40 Tigris Euphrates, 41 Tone, 42 Vistula, 43
Volta, 44 Yangtze, 45 Yellow, 46 Yukon, 47 Zambezi
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Figure 6.5 Projection of delta area change by 2100 for SSP 2 RCP 4.5 scenario. Each dot represents mean
rate of changes (km2/yr). 1 Amazon, 2 Amur, 3 Burdekin, 4 Chao Phraya, 5 Colorado, 6 Congo, 7 Ebro, 8
Fly, 9 GBM, 10 Godavari, 11 Grijalva, 12 Han, 13 Indus, 14 Irrawaddy, 15 Krishna, 16 Lena, 17 Limpopo,
18 Mackenzie, 19 Magdalena, 20 Mahakam, 21 MBB,22 Mekong, 23 Mississippi, 24 Moulouya, 25
Murray, 26 Niger, 27 Nile, 28 Orinoco, 29 Parana, 30 Pearl, 31 Po, 32 Red, 33 Rhine, 34 Rhone, 35 Rio
Grande, 36 S3o Francisco, 37 Sebou, 38 Senegal, 39 Tana, 40 Tigris Euphrates, 41 Tone, 42 Vistula, 43
Volta, 44 Yangtze, 45 Yellow, 46 Yukon, 47 Zambezi
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Figure 6.6 Projection of delta area change by 2100 for SSP 2 RCP 8.5 scenario. Each dot represents mean
rate of changes (km2/yr). 1 Amazon, 2 Amur, 3 Burdekin, 4 Chao Phraya, 5 Colorado, 6 Congo, 7 Ebro, 8
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Fly, 9 GBM, 10 Godavari, 11 Grijalva, 12 Han, 13 Indus, 14 Irrawaddy, 15 Krishna, 16 Lena, 17 Limpopo,
18 Mackenzie, 19 Magdalena, 20 Mahakam, 21 MBB,22 Mekong, 23 Mississippi, 24 Moulouya, 25
Murray, 26 Niger, 27 Nile, 28 Orinoco, 29 Paran3, 30 Pearl, 31 Po, 32 Red, 33 Rhine, 34 Rhdne, 35 Rio
Grande, 36 S3o Francisco, 37 Sebou, 38 Senegal, 39 Tana, 40 Tigris Euphrates, 41 Tone, 42 Vistula, 43
Volta, 44 Yangtze, 45 Yellow, 46 Yukon, 47 Zambezi

Land loss  Gain (km?yr)

Figure 6.7 Projection of delta area change by 2100 for SSP 3 RCP 2.6 scenario. Each dot represents mean
rate of changes (km2/yr). 1 Amazon, 2 Amur, 3 Burdekin, 4 Chao Phraya, 5 Colorado, 6 Congo, 7 Ebro, 8
Fly, 9 GBM, 10 Godavari, 11 Grijalva, 12 Han, 13 Indus, 14 Irrawaddy, 15 Krishna, 16 Lena, 17 Limpopo,
18 Mackenzie, 19 Magdalena, 20 Mahakam, 21 MBB,22 Mekong, 23 Mississippi, 24 Moulouya, 25
Murray, 26 Niger, 27 Nile, 28 Orinoco, 29 Parana, 30 Pearl, 31 Po, 32 Red, 33 Rhine, 34 Rhone, 35 Rio
Grande, 36 S3o Francisco, 37 Sebou, 38 Senegal, 39 Tana, 40 Tigris Euphrates, 41 Tone, 42 Vistula, 43
Volta, 44 Yangtze, 45 Yellow, 46 Yukon, 47 Zambezi
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Figure 6.8 Projection of delta area change by 2100 for SSP 3 RCP 4.5 scenario. Each dot represents mean
rate of changes (km2/yr). 1 Amazon, 2 Amur, 3 Burdekin, 4 Chao Phraya, 5 Colorado, 6 Congo, 7 Ebro, 8
Fly, 9 GBM, 10 Godavari, 11 Grijalva, 12 Han, 13 Indus, 14 Irrawaddy, 15 Krishna, 16 Lena, 17 Limpopo,
18 Mackenzie, 19 Magdalena, 20 Mahakam, 21 MBB,22 Mekong, 23 Mississippi, 24 Moulouya, 25
Murray, 26 Niger, 27 Nile, 28 Orinoco, 29 Parana, 30 Pearl, 31 Po, 32 Red, 33 Rhine, 34 Rhéne, 35 Rio
Grande, 36 S3o Francisco, 37 Sebou, 38 Senegal, 39 Tana, 40 Tigris Euphrates, 41 Tone, 42 Vistula, 43
Volta, 44 Yangtze, 45 Yellow, 46 Yukon, 47 Zambezi
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Figure 6.9 Projection of delta area change by 2100 for SSP 3 RCP 8.5 scenario. Each dot represents mean
rate of changes (km2/yr). 1 Amazon, 2 Amur, 3 Burdekin, 4 Chao Phraya, 5 Colorado, 6 Congo, 7 Ebro, 8
Fly, 9 GBM, 10 Godavari, 11 Grijalva, 12 Han, 13 Indus, 14 Irrawaddy, 15 Krishna, 16 Lena, 17 Limpopo,
18 Mackenzie, 19 Magdalena, 20 Mahakam, 21 MBB,22 Mekong, 23 Mississippi, 24 Moulouya, 25
Murray, 26 Niger, 27 Nile, 28 Orinoco, 29 Parana, 30 Pearl, 31 Po, 32 Red, 33 Rhine, 34 Rhone, 35 Rio
Grande, 36 S3o Francisco, 37 Sebou, 38 Senegal, 39 Tana, 40 Tigris Euphrates, 41 Tone, 42 Vistula, 43
Volta, 44 Yangtze, 45 Yellow, 46 Yukon, 47 Zambezi
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Figure 6.11 projected individual delta area changes for 47 major deltas under SSP 1 RCP 4.5.
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Figure 6.13 projected individual delta area changes for 47 major deltas under SSP 2 RCP 2.6.
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Figure 6.14 projected individual delta area changes for 47 major deltas under SSP 2 RCP 4.5.
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Figure 6.15 projected individual delta area changes for 47 major deltas under SSP 2 RCP 8.5
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Figure 6.16 projected individual delta area changes for 47 major deltas under SSP 3 RCP 2.6
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Figure 6.17 projected individual delta area changes for 47 major deltas under SSP 3 RCP 4.5.
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Figure 6.18 projected individual delta area changes for 47 major deltas under SSP 3 RCP 8.5.
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