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Modern deltas are dependent on human-mediated freshwater and sediment fluxes. Changes to these fluxes im-
pact delta biogeophysical functioning and affect the long-term sustainability of these landscapes for human and
for natural systems. Here we present contemporary estimates of long-term mean sediment balance and relative
sea level rise across 46 global deltas. We model scenarios of contemporary and future water resource manage-
ment schemes and hydropower infrastructure in upstream river basins to explore how changing sediment fluxes
impact relative sea level rise in delta systems. Model results show that contemporary sediment fluxes, anthropo-
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River deltas genic drivers of land subsidence, and sea level rise result in delta relative sea level rise rates that average
Sea level rise 6.8 mm/y. Assessment of impacts of planned and under-construction dams on relative sea level rise rates

suggests increases on the order of 1 mm/y in deltas with new upstream construction. Sediment fluxes are esti-
mated to decrease by up to 60% in the Danube and 21% in the Ganges-Brahmaputra-Meghna if all currently
planned dams are constructed. Reduced sediment retention on deltas caused by increased river channelization
and management has a larger impact, increasing relative sea level rise on average by nearly 2 mm/y. Long-
term delta sustainability requires a more complete understanding of how geophysical and anthropogenic change
impact delta geomorphology. Local and regional strategies for sustainable delta management that focus on
local and regional drivers of change, especially groundwater and hydrocarbon extraction and upstream dam

construction, can be highly impactful even in the context of global climate-induced sea level rise.
© 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Most modern coastal river deltas date from the late Holocene when
post-Last Glacial Maximum (LGM) sea level rise rates decreased
sufficiently to enable sediment fluxes from upstream river basins to
build and maintain more permanent deltaic landforms (Stanley and
Warne, 1994). The balance between delivery of new sediment and sea
level rise continues to be a major determinant of delta geomorphology
(Giosan et al., 2014). How anthropogenic factors influence the interac-
tions and fluxes between deltas, their upstream river basins, and the
coastal ocean domains is a key question for understanding how deltas
are changing today and into the future. That large populations currently
reside on deltas, estimated at ~500 million globally (Tessler et al., 2015;
Higgins, 2016), adds urgency to the challenge of forecasting and manag-
ing delta geomorphic change.
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While global climate change and sea level rise presents challenges
for coastal regions around the world (Nicholls and Cazenave, 2010;
Hinkel et al., 2014), delta regions present a compound challenge
owing to the dual impacts of sea level rise and coastal land subsidence,
jointly referred to as relative sea level rise (RSLR). Land subsidence
occurs naturally in deltas (e.g., Tornqvist et al., 2008) and can be
human-induced by groundwater and hydrocarbon extraction. But in
addition, anthropogenic activities can reduce upstream river basin
fluxes of water and sediment and can control or prevent natural
depositional processes within the delta bounds. Reduced delivery or de-
position of sediment results in undercompensation of land subsidence
and increased rates of RSLR.

Within deltas, physical characteristics of the sediments in transport
are known to be an important factor in how channels and islands
evolve. In numerical models, differences in sediment cohesion are
capable of driving major changes in delta morphology (Edmonds and
Slingerland, 2009; Tejedor et al., 2016), while vegetation height and
density influence sediment deposition location, controlling delta slope
(Nardin et al., 2016). Graph-theoretical analysis of deltaic river network
structure has also been used to assess how vulnerability to fluvial
change varies spatially within deltas and how these structures change
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with delta evolution (Tejedor et al., 2015a, 2015b). Physical and biogeo-
chemical processes within deltaic environments exert strong control on
the spatial patterns of sediment deposition and erosion and on the evo-
lution of delta morphology. External processes, such as from upstream
anthropogenic activities, affect the boundary conditions that determine
sediment and freshwater fluxes entering the delta. This study focuses on
how these larger-scale external drivers vary across deltas at the global
scale and on the impact they have on delta land elevation stability.

Recent work at the global scale has led to new tools for quantifying
and comparing change in deltas (Ericson et al., 2006; Syvitski et al.,
2009) and how those changes impact and interact with humans and in-
frastructure (Day et al.,, 2016; Tessler et al., 2015). A sustainable future
for deltas will depend on our capacity to quantify current rates of
RSLR, as impacted by the variety of natural and human-controlled envi-
ronmental and geomorphic agents of change. Several comparative,
global-scale methods have been developed and applied to global distri-
butions of delta systems. Expert assessment methods (Syvitski et al.,
2009; Day et al., 2016) can be difficult to validate or use to monitor
change over time. Nonphysical heuristic or index-based models
(Tessler et al., 2015) typically rely on normalization of a suite of indica-
tor variables. While the normalization methods used by Tessler et al.
(2015) improve index robustness, they are only weakly sensitive to
change. This results in limited capacity to analyze future geophysical
and anthropogenic scenarios or to evaluate potential outcomes from
specific delta management strategies.

In this paper, we develop an RSLR model based on sediment mass
balance suitable for use at the global scale by extending the delta RSLR
model of Ericson et al. (2006) and combining it with the sediment flux
model by Syvitski and Milliman (2007). We build a suite of past and
contemporary scenarios to estimate current rates of sediment fluxes
and RSLR and of future scenarios of dam development, climate, and
coastal management to forecast potential future challenges. We high-
light where multiple anthropogenic and geophysical stressors are
jointly acting on particular deltas and provide estimates of future ranges
of RSLR that can be expected from an assessment of individual and joint
drivers of change.

2. Methods

Changes in the relative rate of sea level rise of 46 deltas (Fig. 1),
selected from those in several other global-scale comparative studies
(Ericson et al., 2006; Syvitski et al., 2009; Tessler et al., 2015) over a
century time-scale are investigated using several watershed- and
delta-scale numerical models. Input data from the literature is used to
define contemporary environmental, geophysical, and anthropogenic

conditions. These inputs are modified to simulate a suite of past,
contemporary, and possible future conditions.

2.1. A model of relative sea level rise

We estimate the rate of relative sea level rise across a global
sampling of deltas using a simple surface elevation model based on
Ericson et al. (2006). We estimate the aggregate effect of major delta
processes averaged over the full spatial extent of each delta. Delta ex-
tents were defined using existing maps from the literature, compiled
and digitized by Ericson et al. (2006). These were augmented by
Tessler et al. (2015) using optical remote sensing to map vegetation
patterns and the locations of upstream river bifurcations, as well as
the presence of soils of fluvial origin (FAO, 1974; Fischer et al., 2008).

While spatial variability of land subsidence in deltas can be substan-
tial even at the kilometer-scale (e.g., Higgins et al., 2013), here we
model average RSLR within deltas based on changes to sediment fluxes
at the delta apex. These estimates are meant to be indicative of rates of
change and sustainability of the delta system as a whole. The surface
elevation balance is taken as

R=Cy+Ca+I+T+S—A (1)

where the relative sea level rise rate R changes over time as a result of
sediment compaction rate C, isostatic adjustment rate I, other tectonic
motion T, sediment aggradation rate A, and eustatic sea level rise rate
S. Sediment compaction is further separated into natural Cy and anthro-
pogenic C, components. All components are in units of LT~ . Below, we
use the term subsidence to refer to (Cy+ Cq+I1+T), and natural
subsidence to refer to (Cy+14T). Any of these components can be
spatially heterogeneous even over small scales (Higgins et al., 2013).
However, to establish general estimates of vulnerability we estimate
the average RSLR conditions within deltas as indicators of rates of
change and sustainability of the delta system as a whole, while
acknowledging that RSLR can vary substantially at subdelta scales.
Similar coarse-scale sediment balance models have been used to inves-
tigate delta sustainability given contemporary sediment flux rates for
specific deltas, including the Mississippi (e.g., Blum and Roberts, 2009)
and the Ganges-Brahmaputra (Darby et al., 2015).

2.2. Model components and input data sets

We estimate the terms in this balance using a series of sub models
and input data sets. We implement a range of past, contemporary, and
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Fig. 1. Locations of deltas included in this study.
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future environmental and anthropogenic scenarios by modifying the
input data sets.

2.2.1. Natural subsidence

Delta land surface subsidence occurs naturally in the absence of
anthropogenic processes (Tornqvist et al., 2008) through sediment
compaction and vertical tectonic movement of the earth's crust. Natural
compaction of sediments occurs when porewater is lost from interstitial
spaces caused by the weight of overlying sediment or through rear-
rangement of sediment particles (Brain, 2016). Compaction of peat
can be the dominant contributor to overall sediment compaction, par-
ticularly in late Holocene deposits that make up some modern deltas
(van Asselen, 2011; Tornqvist et al., 2008; van Asselen et al., 2009). In
addition to reduction of sediment volume, tectonic processes result in
changes to surface elevation (I in Eq. (1)) through uplift or subsidence
of the full sediment column. Glacial isostatic adjustment (GIA) since
the Last Glacial Maximum is included explicitly in the RSLR model
using coarse resolution Gravity Recovery and Climate Experiment
(GRACE) satellite-based estimates of GIA vertical uplift rates (A et al.,
2013). Natural compaction and non-GIA tectonic motion is estimated
implicitly by considering the surface elevation balance absent anthropo-
genic factors (the Pristine scenario, described below).

Assuming a constant sediment supply and constant rate of natural
subsidence, contemporary delta extents can be maintained in approxi-
mate steady-state under nonanthropogenic conditions. In this idealized
scenario, sediment delivery, retention, and aggradation are balanced by
natural subsidence and sea level rise. With modeled sediment fluxes
and sea level rise rates from the literature, we compute an estimated
natural subsidence rate for each delta from Eq. (1). Given that delta ini-
tiation occurred around the globe following the Holocene sea level rise
deceleration around 8 ka (Stanley and Warne, 1994; Hori and Saito,
2007), this assumed balance cannot hold true over longer timescales.
However, it provides a measure of the average subsidence rates during
the late Holocene necessary for the maintenance of modern deltas dur-
ing a period of relatively stable sea level rise rates and external climate
forcing (Stanley and Warne, 1994; Wanner et al., 2008). Over this longer
8 ka timescale, assuming constant sediment fluxes would require small-
er subsidence rates to allow for sufficient progradation to build modern
deltas.

We note that errors in the natural subsidence rate estimated under
the preanthropogenic scenario will contribute directly to errors in abso-
lute rates of RSLR computed for other scenarios through the Cy term in
Eq. (1). However, since Cy is unaffected by anthropogenic activity, these
errors do not affect comparative differences in RSLR between the vari-
ous contemporary and future scenarios of anthropogenic impact. The
timescales on which anthropogenically driven subsidence and sea
level rise rates change are shorter than those for natural subsidence
rates, which we hold constant between each scenario, and in all future
outlooks (to 2100). While absolute RSLR estimates are useful to provide
coastal risk context for each scenario, we expect the estimate of natural
subsidence to be a primary source of error in RSLR values. Our analysis
therefore focuses on differences in RSLR between scenarios as a result
of anthropogenic activity, where errors in estimated natural subsidence
rates have no effect.

2.2.2. Anthropogenic sediment compaction

Sediment compaction is enhanced by active anthropogenic extrac-
tion of fluids from within deltaic sediments that are of value to society,
in particular groundwater and hydrocarbons. We estimate a snapshot of
the magnitude of these processes in global deltas following Ericson et al.
(2006). Net groundwater abstraction rates, compensated for groundwa-
ter recharge, for each delta are extracted from a global groundwater
model (Wada et al.,, 2012; Wada and Bierkens, 2014) consisting of
country-level estimates of groundwater extraction that were spatially
downscaled using local water demand and recharges rates from a hy-
drological model. Note that illegal or unregistered water withdrawals

are not reported in these data sources, which can be substantial in
some places (Chaussard et al., 2013; Holzer and Johnson, 1985), and
may result in underestimation of sediment compaction in this model.
Water table drawdown rates are estimated from net groundwater ab-
straction rates and delta area assuming a specific yield of 20% for typical
deltaic sediments (Fetter, 2001). Resulting anthropogenic subsidence
rates as a result of groundwater removal are computed as a multiple
of each delta's natural rate of subsidence. The delta with the largest ab-
solute drawdown rate is assigned a natural subsidence multiplier value
of three (Milliman, 1997), with other delta multipliers reduced propor-
tionally by drawdown. In practice, we find groundwater abstraction to
be a significant factor for contemporary deltas primarily in arid regions,
including the Rio Grande, Colorado, Godavari, Indus, Shatt-el-Arab, and
Nile deltas. Large urban areas often experience rapid groundwater ex-
traction and associated subsidence, with Bangkok on the Chao Phraya
delta being one notable example (Phien-wej et al., 2006). Note that
groundwater extraction has also been observed to be important on
smaller spatial scales than those considered here: in the Yellow River
delta and others where aquaculture is becoming an increasingly impor-
tant economic activity (Higgins et al., 2013).

Hydrocarbon extraction is an additional anthropogenic contributor
to sediment compaction. While country-level data documenting oil
and gas production is available from national and international sources,
spatially disaggregated data suitable for estimating production volumes
from delta sediments is not available at the global scale. The most recent
USGS maps of oil- and gas-producing regions are used to identify deltas
with recent or ongoing hydrocarbon extraction (USGS World Energy
Assessment Team, 2000). Subsidence rates in deltas showing evidence
of groundwater extraction or hydrocarbon production were
incremented by 1 mm/y (Ericson et al.,, 2006).

2.2.3. Sediment flux and aggradation

Sediment aggradation A is estimated by a delta-scale mass balance,
where some fraction r of the sediment flux Qs from the upstream con-
tributing basin is retained and distributed over the delta area a:

Qs-r

A= i—9a @)
using a sediment density of p= 1.5 g/cm> and a water-filled porosity ¢
of 45%. We model sediment flux at the delta apex using the BQART
model (Syvitski and Milliman, 2007), an empirical model of average
fluvial sediment flux based on river discharge; basin area, relief, and
temperature; erosion factors including glacier coverage and basin
lithology; and anthropogenic factors including artificial reservoirs and
proxies for agricultural practices (Table 1). This model is based on an
empirical fit to sediment flux measurements and river basin properties
across 294 rivers worldwide and validated against an additional 194
rivers. Intra- and interannual sediment flux variability is not captured
by this model; resulting sediment aggradation and RSLR estimates
likewise do not reflect this variability.

Table 1
Input data to the BQART model.

Data source

WBMplus hydrological model (Wisser et al., 2010a, 2010b;
Haddeland et al., 2014)

Variable

River discharge

Basin area STN-06, HydroSHEDS (Fekete et al., 2001; Lehner et al., 2008)
Basin relief ETOPO1 (Amante and Eakins, 2009; Cohen et al., 2013)

Air temperature NCEP Reanalysis, 1948-2010 mean (Kalnay et al., 1996)
Lithology Diirr et al., 2005; Syvitski and Milliman, 2007

Ice cover ICE-5G (Peltier, 2004)

Per capita GDP The World Bank - World Development Indicators 2016
Population GPWv4 (Center for International Earth Science Information

Network, 2016)
Artificial reservoirs GRanD v1.1 (Lehner et al., 2011), Zarfl et al., 2015
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2.2.4. River discharge

Mean river discharge is a key input to the BQART sediment flux
model. The global hydrological model WBMplus provides contemporary
and future river discharge under a range of climate forcings (Wisser
et al,, 2010a, 2010b; Cohen et al., 2013; Haddeland et al., 2014). The
WBMplus is a cell-based water balance model with land cover,
irrigation, and artificial reservoir modules and is forced by historical
climate analysis data from the Global Precipitation Climatology Project
(GCPC; Adler et al., 2003) and CMIP5 bias-corrected future precipitation
from the GFDL-ESM2M model (Dunne et al., 2012; Davie et al., 2013;
Hempel et al., 2013). Runoff in each grid cell is routed along the
STN-06 Simulated Topological Network, a digital river flowline database
at 6-arc min resolution, based on the near-global, high-resolution
HydroSHEDS river network (Fekete et al., 2001; Lehner et al., 2008)
and routed to the apex of each delta in the study.

2.2.5. Artificial reservoir sediment trapping

Dams and artificial reservoirs provide services to regional and down-
stream communities: power generation, irrigation or drinking water
supply, or flood control. Water impounded in reservoirs, by definition,
moves more slowly than elsewhere in the river network; and the
lower energy flow allows settling of suspended sediment to the
reservoir bottom. We estimate the reduction in sediment flux for
a given river basin as a result of reservoir trapping following
Vorosmarty et al. (2003), relating sediment trapping efficiency of artifi-
cial reservoirs to the increase in water residence time. Vordsmarty et al.
(2003) computed the sediment reduction of a full basin as the
discharge-weighted average of the trapping efficiency of individual
dam-regulated subbasins. Subbasins are defined as the portion of a
river network upstream of an impoundment. The trapping efficiency
of each subbasin i is

0.05
TE;=1— 3
i A6 3)
where the change in residence time for a given sub-basin, At;, is
2V
At; = . 4
= 4)

Here V; represents the volume of each reservoir within a subbasin,
and Q; is the subbasin discharge. Trapping efficiency for the full basin
TE is computed as the discharge-weighted average of trapping efficiency
within each subbasin,

where Q is the discharge at the river mouth (or delta apex). This sedi-
ment trapping model reflects the geographic distribution of reservoirs
and water resources within the basin. We note that this model does
not include the effects of small ponds that can impound substantial
volumes of sediment in aggregate (Renwick et al., 2005). While the

Table 2

geographic locations of existing (large) reservoirs are known, potential
future reservoirs must be assigned locations on the river network. We
describe our method for determining reasonable reservoir sites below.

2.3. Scenarios

We have implemented several versions of the RSLR model (Eq. 1) by
varying input data to estimate rates of RSLR under different forcing sce-
narios. We employed four main contrasting scenarios of the future, and
a further three minor modifications to the baseline scenario (Table 2).
The contemporary scenario (Sc,) represents our baseline and uses
input data that best matches modern delta systems, including human
and geophysical factors. This scenario uses a global mean sea level rise
rate of 3.2 mm/y (Church and White, 2011; Rhein et al., 2013). The
modern-day scenario also includes sediment trapping impacts from
dams and reservoirs, enhanced erosion caused by modern land use
practices in the basin, and takes into account groundwater and hydro-
carbon extraction in the deltas. Other scenarios are developed primarily
by modifying S.,, and documenting the resulting relation to the
present-day condition. The pristine scenario (Sp;) uses modern esti-
mates of geophysical processes but with all anthropogenic influences
removed. This scenario thus includes none of the following: artificial
dams and reservoirs, anthropogenically enhanced upland erosion,
groundwater or hydrocarbon extraction. It assumes a global mean sea
level rise rate of 0.2 mm/y, derived from the IPCC's assessment of late
Holocene sea level rise rates (Church et al., 2013).

We developed two additional scenarios to simulate snapshots of po-
tential expansion of dams and artificial reservoir construction. The first,
planned reservoir growth (Sypian), is based on a database of dams and reser-
voirs for hydropower projects >1 MW that were either in a late planning
phase or under construction between August 2012 and February 2014,
developed by Zarfl et al. (2015). This data complements the GRanD dam
database (Lehner et al., 2011), which contains 6862 georeferenced re-
cords of artificial reservoirs with storage capacity >0.1 km?, published in
2011 but based in large part on the World Register of Dams database,
which contains >55,000 records up to 2009 (International Commission
on Large Dams [ICOLD], 2009). Both data sets are conservative in that
they focus only on the largest projects, and large projects constructed be-
tween 2009 and August 2012 may be missed.

The second future reservoir scenario, potential reservoir growth (Sypor),
is based on potential future development of hydropower resources given
geographical and hydrological resource constraints. Potential hydropow-
er energy PE; originating from water runoff in a given STN-06 grid cell i is
proportional to the product of runoff R; and elevation Z; assuming that all
runoff eventually reaches sea level. Over all grid cells within an entire
river basin, the total hydropower potential energy PE scales with

PE «  "RiZ;. (6)
i

This sum does not consider losses from evapotranspiration and deep
groundwater recharge, both of which reduce the potential hydraulic

Key scenario parameters (italicized parameters denote difference from the baseline contemporary scenario).

Scenario Sea level rise rate, 2000 (mm/y)  Sea level rise rate, 2100 (mm/y)  Dams and reservoirs Delta sediment retention
fraction
Contemporary (Scon) 3.2 32 GRanD 0.3
Pristine (Spri) 0.2 0.2 None 0.3
Planned reservoir growth (Sypiqn) 3.2 32 GRanD + planned/under-construction 0.3
Potential reservoir growth (Sypo;) 3.2 3.2 Additional reservoirs to match current 0.3
Mississippi River Basin utilization
RCP 2.6 (S26) 3.2 44 GRanD 0.3
RCP 8.5 (Sg5) 32 11.2 GRanD 0.3
Low sediment retention (Sjo) 3.2 3.2 GRanD 0.1
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head as some runoff does not reach sea level. This resource is quantified
here in terms of potential energy, the relevant quantify for hydropower
placement. An estimate of potential irrigation resource could also be
constructed in a similar way to assess dam placement for flow control,
though evapotranspiration losses can be particularly substantial for irri-
gation use cases. We also estimate contemporary total artificial reser-
voir volume V, from all reservoirs in the GRanD database within a
given basin. Then, hydropower resource utilization U is calculated as
U= V/E. Utilization normalizes the current reservoir volume across trib-
utaries and the mainstem of a river basin by that basin's hydropower
potential. We construct the potential reservoir growth scenario by
placing additional reservoirs in each river basin in order to make its ag-
gregate utilization value equal to that of the Mississippi River basin. We
choose the Mississippi as an example of a basin where hydropower
resources are nearly fully utilized — in many cases the U.S. is
decommissioning dams because ongoing maintenance and environ-
mental costs exceeding their useful value (Pohl, 2002; Doyle et al.,
2003; Pacca, 2007). Potential future reservoirs in S0 are geospatially
placed on the river network with respect to PE. Hydropower dams ac-
cess energy from the upstream river network. We route and aggregate
PE a limited distance downstream (3 nodes) and place reservoirs at lo-
cations to maximize aggregate PE. The downstream routing distance is a
heuristic measure designed to keep placed reservoirs in regions of high
runoff and relief. Increasing the routing distance has the effect of
shifting placed reservoirs downstream, ultimately to the river mouth,
and increasing the basinwide sediment trapping efficiency. In cases
where basins have current hydropower utilization rates greater than
that of the Mississippi, often geographically small and highly developed
basins, we proportionally reduce the size of all existing reservoirs to re-
flect future decommissioning.

We further modify the contemporary S, scenario to represent two
possible future sea level rise trajectories based on IPCC estimates of sea
level rise rates under RCP 2.6 and 8.5 (Church et al., 2013). Scenario S, g
sea level rise rate changes linearly from 3.2 mmy/y in 2000 to 4.4 mm/y
in 2100, while Sg 5 changes to 11.2 mm/y in 2100. These scenarios are
otherwise the same as S¢op.

Finally, we explore the RSLR rate sensitivity to differences in delta
sediment retention, a key parameter that controls the fraction of sedi-
ment entering the delta via the upland river network that is then
retained on the subaerial delta. Modern delta flood protection infra-
structure and river channelization reduces sediment retention rates by
preventing inundation of delta floodplains (Syvitski et al., 2005, 2009)
and thus shunts sediment offshore into coastal waters. While the S¢,,
scenario uses a retention rate of 0.3 for all deltas, the low sediment
retention scenario (Sj) decreases this to 0.1 (Blum and Roberts,
2009; Goodbred and Kuehl, 1998).

3. Results
3.1. Natural subsidence rates

Estimated rates of natural subsidence necessary for delta mainte-
nance, taking account of sediment compaction, glacial isostatic adjust-
ment, and other tectonic factors, vary from a high of 44.6 mm/y in the
Parand delta to —0.3 (uplift) in the Han delta, with a mean of
5.2 mm/y across all deltas in the study (Fig. 2). While these long-term
averages assume a stable delta, neither prograding nor retrograding,
this assumption is not expected to hold true over specific short-term
time periods, including contemporary timeframes. The rates estimated
from this model are therefore most useful to provide a scale for evaluat-
ing how changes in sediment fluxes or anthropogenic compaction rates
translate to relative sea level rise. Nevertheless, the rates that are com-
puted here are reasonable for most deltas in the study with respect to
reported values of natural subsidence. Our estimate of 7.8 mm/y natural
subsidence in the Mississippi, for instance, falls within the reported
range of 1-9 mm/y, the majority of which is likely from compaction of

Holocene sediments (Meckel, 2008; Tornqvist et al., 2008; Blum and
Roberts, 2009).

A dominant factor in the estimated natural subsidence rates is the
ratio of sediment flux under pristine conditions to delta area. The
Sebou and Moulouya deltas, with natural subsidence rates of 0.006
and —0.07 mm/y respectively, have several orders of magnitude
lower sediment flux per unit area of subaerial delta (0.002 and
0.003 kg s~ ! km™?2) than the Parana (3.9 kg s~!' km™!). We note that
computed subsidence rates in deltas with very small areas will be
more sensitive to errors in mapping the delta extent.

3.2. Fluvial sediment fluxes

Anthropogenic impacts on sediment fluxes to deltas are a key driver
of contemporary and future RSLR rates. Here we examine how these
fluxes vary across different scenarios of anthropogenic change. The
resulting RSLR rates are presented below. In comparison to pristine
nonanthropogenic conditions, the contemporary scenario considers
sediment trapping behind existing dams and artificial reservoirs
(Vorosmarty et al., 2003; Syvitski and Milliman, 2007), as well as en-
hanced soil erosion from agriculture. For each delta, we sum all STN-
06 digital river fluxes that discharge within the geographic bounds of
the river delta. In most cases, the freshwater and sediment fluxes are
dominated by a single large basin. However, there are important excep-
tions, such as the Ganges-Brahmaputra-Meghna delta that is formed
from the confluence of three major rivers that together drain portions
of India, China, Nepal, Bangladesh, and Bhutan.

Under contemporary conditions, we find nearly all deltas receive
substantially reduced sediment fluxes from upstream compared to pris-
tine conditions (Fig. 3). The average percent change in sediment flux be-
tween pristine and contemporary conditions across all deltas in the
study is 36%, with the median delta receiving 39% less sediment. Deltas
with few upstream dams, including the Amazon, Magdalena, Orinoco,
and Fly are still receiving most of their preindustrialization sediment
fluxes. Our model shows several deltas receive increased sediment
fluxes in comparison to pristine conditions, including the Godavari,
Krishna, Mahanadi, and Brahmani, all in India. The sediment flux in-
crease derives from the anthropogenic factor Ej, in the BQART model
(Syvitski and Milliman, 2007). This factor accounts for anthropogenic
processes worldwide that contribute to soil conservation or erosion,
such as deforestation, agricultural practices, and mining. As a general
trend, in drainage basins with high population density and relatively
low per capita GNP, Ej, is set >1, indicating that erosive processes dom-
inate and sediment fluxes increase relative to preanthropogenic condi-
tions. It remains debatable whether the E, approach is appropriate for
basins, such as those in India, with extensive rice farming, which can
sustain dense populations but as a land management practice may be
efficient in retaining sediment (Rao et al,, 2015).

Though many industrialized nations are decommissioning old dams
as their maintenance and environmental costs exceed their value, dam
construction is continuing in many less-developed river basins world-
wide (Kuenzer et al., 2012; Zarfl et al., 2015; Winemiller et al., 2016).
Results from the S,pq, (planned reservoir growth) scenario show poten-
tial for further decreases in sediment fluxes from the 14 major river ba-
sins where data was available (Table 3). Planned dam construction is
found to be particularly impactful in the Danube, Indus, and Senegal
deltas, where reductions in sediment flux of 60%, 59%, and 52% are esti-
mated respectively. The basins above the five largest deltas by area in
this study are all sites of planned dam expansion: the Amazon (Finer
and Jenkins, 2012; Winemiller et al., 2016), Ganges (Baten and
Titumir, 2016; Grumbine and Pandit, 2013), Mekong (Grumbine and
Xu, 2011; Kuenzer et al.,, 2012), Yangtze (Yao et al., 2006), and Irrawad-
dy (Brakenridge et al., 2016). We estimate that these systems face sed-
iment flux decreases of 2% (Amazon), 21% (Ganges), 11% (Mekong), 35%
(Yangtze), and 12% (Irrawaddy) if all planned dams are constructed.
These reductions are on top of sediment flux losses from existing
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Fig. 2. Estimated natural subsidence rates necessary for delta maintenance given constant sediment flux, sediment deposition, and sea level rise rate under pristine, nonanthropogenic

conditions. Note scale is logarithmic above 1 mm/y, linear below.

dams. Under the S0, sediment fluxes in the same five large deltas de-
crease by 5%, 27%, 11%, 34%, and 19% relative to S, comparable to re-
ductions in S;pen. Planned dams in the Danube, Senegal, and Nile
would bring their upstream basin hydropower resource utilization
rates substantially higher than the current Mississippi River basin utili-
zation rate.

3.3. Relative sea level rise

Rates of RSLR under the S, range from a high of 25.0 mm/y in the
Indus River delta to a low of 2.5 mm/y in the Krishna River delta, with
a mean rate of 6.8 mm/y (Fig. 4). The RSLR rates in S,; are zero for all
deltas, by definition. For comparison, estimates of RSLR derived from
tide gauge record comparisons between gauges on the respective deltas
and nearby stable coastal stations supplemented by ranges in the liter-
ature, as collected by Syvitski et al. (2009) are included in Fig. 4. The S¢,,,
RSLR rate estimates are reasonably consistent with the range of esti-
mates from the literature for most deltas, where available. High and
low estimates from stratigraphy, tide gauge, GPS, and InSAR studies
can be sensitive to spatial and temporal variability within individual
deltas that is not accounted for in the model here. Higgins et al.
(2013) for instance found local subsidence rates as high as 250 mm/y
in the Yellow River delta in small areas (approximately several
kilometers) caused by groundwater extraction for aquaculture. Our
methodology accounts for these withdrawals in the aggregate and
distributes the effect of groundwater extraction over the full delta.

The difference between sediment flux in the Sy, and Sc,, scenarios is
a key driver for high S.., RSLR estimates. The Indus delta RSLR estimates
are high owing to a large pristine sediment flux relative to the

delta area, with a correspondingly high natural subsidence rate of
17.8 mm/y, and a large reduction in sediment flux, 58%, between S;
and S,,, scenarios as a result of sediment trapping behind reservoirs
and reduced freshwater fluxes. As a result of the large pristine sediment
flux relative to the Indus's area, the sediment reduction from artificial
reservoir trapping in the upstream basin results in much higher RSLR
rate than we see in other deltas experiencing similarly high trapping ef-
ficiencies, such as the Mississippi.

The S¢on Scenario applies a global mean sea level rise rate of 3.2 mm/y
to all coastlines. Deltas with total RSLR rates not much higher than this
are dominated by eustatic SLR, with only a small contribution from land
subsidence. Deltas in this category include a range of anthropogenic
impact: the highly developed Chao Phraya and Pearl, the moderately
developed Magdalena, and deltas with little local or upstream
development such as the Amazon, Yukon, and Lena (Tessler et al.,
2016). Deltas with moderate rates of RSLR, between 5 and 10 mm/y, in-
clude the Danube, Po, Rhine, and Mississippi. The Indus, Nile, and
Yellow, among others, have RSLR rates >10 mm/y in the modeled S,
scenario.

Future construction of artificial reservoirs is expected to further re-
duce sediment fluxes (Table 3), with resulting increases in RSLR rates
above current conditions. The Magdalena delta has the greatest differ-
ence in RSLR between S, and S,p, scenarios, with a 50% reduction in
sediment flux leading to an increase in RSLR rates from 3.3 to
7.8 mm/y. Also of note are RSLR increases in the Orinoco (4.5 to
6.0 mm/y) and the Indus (25.0 to 29.7 mm/y). These deltas have up-
stream basins with relatively underutilized hydropower resources, sug-
gesting potential for future dam and reservoir expansion. The utilization
rates in several upstream basins currently exceed the Mississippi,
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Fig. 3. Sediment fluxes in the pristine (red) and contemporary (blue) anthropogenic forcing scenarios. Note logarithmic scale.

including the Krishna, Volta, Dnieper, and Godavari; and the RSLR in
these deltas is lower in Sy,o; than Scon. Overall, the mean RSLR rate in-
creases from 6.8 mm/y in S, to 7.2 mm/y in S0 We note that the
Srpor Scenario does not represent an upper limit on RSLR impacts of

Table 3

Percent decrease in potential sediment flux from contemporary conditions to the planned
reservoir growth scenario based on current or planned future dam construction, and the
potential reservoir growth based on the Mississippi River basin's current resource utiliza-
tion rate.

Delta Percent decrease in sediment flux from contemporary
Planned reservoir growth Potential reservoir growth

Amazon 2% 5%

Amur 5% 5%

Danube 60% 32%

Ganges 21% 27%

Hong 3% 2%

Indus 59% 61%

Irrawaddy 12% 19%

Magdalena 26% 50%

Mekong 11% 11%

Niger 7% 12%

Nile 20% 1%

Senegal 52% 28%

Shatt-el-Arab 3% —27%

Yangtze 35% 34%

2 The negative Shatt-el-Arab percent change indicates contemporary utilization is
substaintially higher than the Mississippi River basin rate, primarily because of the
arid climate and low runoff. Changing to match the Mississippi River basin rate would
entail reducing reservoir volume compared to contemporary conditions.

dam and reservoir construction. It is possible, even likely, that some
river basin utilization rates will exceed that of the modern Mississippi
River basin. Currently planned construction in the Danube, Senegal,
and Nile (see Table 3) will exceed this estimate if fully developed.

These scenarios have all assumed that half of the sediment delivered
to the delta apex is retained on the subaerial delta. The contribution of
biogenic sediment, which would not be accounted for in sediment
fluxes from the upstream basin, is incorporated into the retention factor.
Sediment retention is poorly constrained, with ranges in the literature
from ~30-70% (Goodbred and Kuehl, 1998; Blum and Roberts, 2009).
Inaccuracies in this factor affect how large of an impact changing
sediment fluxes will have on RSLR rates. We also use the low sediment
retention (S;,,) Scenario to simulate the impact of delta flood protection
and river channelization on the sediment balance. Reduced retention of
sediments impacts all deltas, with increases in RSLR over the S, sce-
nario ranging from 0.02 (Vistula) to 21.7 (Parana) mm/y (Fig. 5). The
Parana is particularly sensitive to the sediment retention rate because
of its relatively high sediment fluxes, which in our RSLR model results
in high natural subsidence rates. In S, this is offset by high sediment
aggradation rates, though when aggradation is reduced through river
channelization the RSLR rates quickly rise. The mean RSLR across all
deltas in S, increases by 1.9 mmy/y over S¢,,. Combined, the effects of
increased reservoir development and reduced sediment retention result
in mean RSLR rates increasing from 6.8 to 8.8 mm/y. The impact of the
combined scenario over S.,, RSLR rates is small in most deltas: 39 of
47 deltas have RLSR increases between these scenarios of <2 mm/y.
The RLSR rates in the Parand, Amazon, and Magdalena, however,
increase by 21.7, 8.4, and 7.6 mm/y respectively.
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fluxes vary on much shorter timescales owing to stochastic weather
events and interannual variability. These sources of variability can

The sediment flux and RSLR estimate presented in this study provide be modeled using different schemes and analyzed in conjunction
baselines for average conditions over decadal timescales. Sediment with the longer-timescale estimates here (Morehead et al., 2003;
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Scon- Reservoir growth impacts RSLR in most deltas on the order of 1 mm/y. Reduced sediment retention has a larger impact, increasing RSLR rates up to 2 mm/y and substantially higher for

several deltas. Note reduction in vertical scale of inset.



Z.D. Tessler et al. /| Geomorphology 305 (2018) 209-220 217

Kettner et al., 2010; Cohen et al., 2013). The spatial and temporal scale of
RSLR estimates provided by our model preclude making specific
forecasts of future conditions — much of the impact of RSLR on deltas
and coastal communities will likely be dominated by local variability
that increases coastal risk in specific locations. Nonetheless, we are
able to extend current conditions into the future and consider how
long-term trends of RSLR are likely to change under different future sce-
narios. These projections are primarily useful as indicators of potential
future conditions given current conditions and rates of change.

The contemporary and potential reservoir growth scenarios described
above focus on impacts of water infrastructure on land subsidence and
use a constant rate of sea level rise (3.2 mm/y). However, global mean
sea level rise rates are expected to continue to increase over the next
century because of accelerated thermal expansion of seawater and
melting of Antarctic and Greenland ice sheets (Church et al., 2013).
We use RCP 2.6 and RCP 8.5 climate change scenarios to bracket poten-
tial sea level rise and to estimate how relative land elevation in several
deltas change over the twenty-first century (Fig. 6). Under the RCP 2.6
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scenario, rates of sea level rise linearly increase from 3.2 to 4.4 mm/y
in 2100, and under RCP 8.5 the rate linearly increases to 11.2 mm/y
over the same time period. In most of the deltas in this study, including
the Amazon, Mekong, and Ganges shown in Fig. 6, the RSLR impact of
the higher RCP scenario is more consequential over time than introduc-
ing additional reservoirs, primarily caused by the accelerating nature of
the RCP sea level rise trajectories. However, in the Indus and Magdalena
deltas, upstream reservoir growth has approximately the same impact
on RSLR rates as does transitioning from RCP 2.6 to 8.5. These results
highlight how sea level rise projections on their own are insufficient
for understanding how delta coastlines are likely to change over the
next century. A more complete picture of future delta risk and vulnera-
bility requires integrated assessments of upstream, coastal, and oceanic
change.

There are several important sources of uncertainty and potential er-
rors in this model. We have reduced the two-dimensional geography of
the delta land surface to one-dimensional for model simplification. Our
estimated fluxes and RSLR rates are for areal averages, though in reality

Ganges

Indus

Magdalena

2000 220 2040 2060 2080 2100
Year

Fig. 6. Cumulative RSLR between 2000 and 2100 for select deltas. Red lines indicate contemporary scenarios, blue lines indicate potential reservoir growth scenarios with hydropower
resource utilization for each basin matched to current Mississippi River basin utilization rates. Solid lines use a constant sea level rise rate of 3.2 mm/y over the full period. Dashed and
dotted lines apply a linear increase to estimated 2100 sea level rise rates for the RCP 2.6 and RCP 8.5 climate scenarios. Note that the potential reservoir growth scenario is based on the
contemporary reservoir distribution in the Mississippi River basin, so this scenario has no effect in the Mississippi River delta.
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there will be areas of each delta with much greater subsidence, balanced
by areas with less subsidence (e.g., Wilson and Goodbred, 2015).
Existing spatially explicit models of delta morphology highlight the
roles of external sediment and oceanic forcing (Liang et al., 2016a), sed-
iment characteristics (Edmonds and Slingerland, 2009; Tejedor et al.,
2016), and ecosystem structure and function (Nardin et al,, 2016) in de-
termining the evolution of delta structures. For instance, Liang et al.
(2016b) find a transition in channel-switching behavior in DeltaRCM,
an idealized two-dimensional delta model, when subsidence rates ex-
ceed 30 mm/y. These and other smaller-scale dynamics are not captured
in our model, though we are able to estimate how changing boundary
conditions upstream and offshore of the delta may impact conditions
within the delta. Further work is needed to better understand how ide-
alized numerical model findings compare with delta observations, par-
ticularly under anthropogenic forcing and management. Coupling
boundary-forcing based models (such as the one described in this
paper) with process-based delta-scale models presents another possi-
ble way forward.

Accuracy of natural subsidence and resulting relative sea level rise
estimates are strongly dependent on sediment fluxes. The BQART
model used here is a nonlinear, empirical model based on observed
mean sediment fluxes and basin-averaged physical, hydrological, clima-
tological, and social characteristics (Syvitski and Milliman, 2007). Utili-
zation of basin averages suggests that the model performance should
improve in larger basins that are less sensitive to small-scale variability
in basin characteristics. Indeed, BQART has been found to perform well
in large catchments (>10,000 km?), such as the contributing basins up-
stream of the deltas in this study (Vente et al., 2013).

We note that our estimation of natural subsidence rates assumes
sufficient subsidence to balance sediment aggradation. Deviations
from this balance in real systems result in delta progradation or retro-
gradation. By precluding this possibility, any imbalance appears in the
model as an erroneously large or small natural subsidence rate. The
very high natural subsidence estimate for the Parana delta is likely a re-
sult of contemporary mean BQART sediment fluxes exceeding the true
long-term average in the period since post-LGM sea level rise
rates stabilized. If contemporary sediment fluxes are in fact
higher than post-LGM averages, then natural subsidence is likely to
be more moderate than found in this study. Additionally, this would
suggest delta front progradation, as is indeed observed in cartographic,
satellite, and modeling studies (Badano et al., 2012). Reduced
natural subsidence rates would also directly reduce our estimated
RSLR rates. Similar errors, of either sign, are expected in other deltas,
though errors in the Parana would be proportionally larger than others
given its small geographic area. Detailed observations of contemporane-
ous sediment fluxes, progradation rates, and sediment retention in
each delta would be valuable to better constrain estimates of natural
subsidence.

5. Conclusions

Low rates of land subsidence and sea level rise are key to long-term
sustainability of coastal deltas. These findings highlight the importance
of the larger basin-delta-ocean system in controlling the processes that
drive delta land elevation change. Construction of new dams and reser-
voirs is estimated to contribute on the order of an additional 1 mm/y
of RSLR, with some deltas potentially exposed to higher RSLR. We also
find that reduced sediment retention resulting from coastal infrastructure
can further increase RSLR on the order of 2 mm/y. Sea level rise
projections on their own are insufficient for projecting future risks and
vulnerability in deltas. It is critical for long-term delta sustainability to
more fully understand how anthropogenic factors are changing, the
underlying social and environmental drivers of those factors, and what
impacts those factors will have on delta functions and the delta system
as a whole.
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