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Anthropogenic climate change, particularly through increased greenhouse gas (GHG) emissions, is projected to
impact 21st century precipitation distribution, altering fluvial processes such as riverine water discharge and
sediment dynamics, worldwide. Changes in fluvial water and sediment discharges can have profound impacts on
the functioning and connectivity of earth's natural systems. In this paper, we study the natural sensitivity of
water discharge and suspended sediment fluxes in large global river systems to predicted climate change in the
21st century. A global-scale hydro-geomorphic model (WBMsed) was forced with precipitation and temperature
projections generated by five General Circulation Models (GCMs), each driven by four Representative
Concentration Pathways (RCPs). Anthropogenic drivers were excluded from the simulations in order to isolate
the signal of 21st century climate change. The results, based on an ensemble of model outputs, revealed that
global river discharge and sediment dynamics are highly sensitive to anthropogenic climate change in the 21st
century. Increasing global warming will lead to more extreme changes and greater rates of changes (increasing
or decreasing) in both variables. Despite substantial regional heterogeneity, a global net increase is projected for
both natural river discharge and sediment flux toward the end of the 21st century under all climate change
scenarios. These increases are larger with increasing levels of atmospheric warming. At the end of this century,
projected climate changes under RCP 2.6, 4.5, 6.0 and 8.5 scenarios, will lead to 2%, 6%, 7.5% and 11%
increases respectively in mean global river discharge relative to the 1950-2005 period, while mean global
suspended sediment flux will show 11%, 15%, 14% and 16.4% increases under pristine conditions. In addition to
magnitudes, inter-annual variability also increases with increasing warming. Changes in sediment flux closely
follow the patterns predicted for discharge, and are mostly driven by climate warming-induced spatial and
temporal variation in precipitation. However, the relationship between precipitation, discharge and sediment
flux was found to be non-linear both in space and time, demonstrating the utility of explicit modeling of both
hydrology and geomorphology.

1. Introduction transport by rivers plays an essential role in the functioning and con-
nectivity of the earth's natural systems, by directly influencing ecohy-

Human influence on the climate through anthropogenic greenhouse drological, biogeochemical and geomorphological processes

gas (GHG) emissions is leading to warming of the global climate system
(IPCC, 2014). Climate warming has caused substantial changes in the
hydrological cycle, altering the quantity and quality of available water
resources in many regions worldwide (Bates et al., 2008). This has
placed increased attention on the future of global rivers, especially how
changes in climate will induce behavioral changes in fluvial systems
(Bates et al., 2008; Syvitski et al., 2003; Walling, 2009). A compre-
hensive understanding of the response of fluvial systems to future
changes in climate warrants detailed analysis of future riverine water
discharge and sediment fluxes (Shrestha et al., 2016). Sediment
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(Vorosmarty et al., 2003; Walling and Fang, 2003). It serves as an im-
portant sensitive indicator of changes in the Earth's processes (Fryirs,
2013; Walling, 2009), and is essential for studying nutrient cycles,
contaminant pathways, biodiversity and habitat conditions in riverine,
coastal and marine ecosystems (Mukundan et al., 2013; Syvitski and
Milliman, 2007; Walling, 2009). Sediments are responsible for struc-
turing landscape features such as deltas (Darby et al., 2015; Dunn et al.,
2019) and controlling channel geometry and morphology (Pelletier,
2012; Vercruysse et al., 2017). In addition to the key role in natural
planetary functions, sediment dynamics has important engineering and
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socio-economic implications on, e.g., dam sustainability, flood hazards,
and water quality (Vercruysse et al., 2017). Although there is extensive
literature with regard to estimation of sediment fluxes (e.g. Pelletier,
2012; Syvitski and Milliman, 2007; Syvitski et al., 2003; Walling and
Fang, 2003), simulating global riverine sediment fluxes still remains
challenging owing to the multiscale nature (Cohen et al., 2014;
Pelletier, 2012; Vercruysse et al., 2017) and the non-linear relationship
of the processes involved (Coulthard et al., 2012; Fryirs, 2013).

A major factor affecting changes in sediment transport and river
discharge is climate (Aerts et al., 2006; Haddeland et al., 2014; Syvitski,
2003a; Syvitski, 2003b). Future changes in climate, particularly rises in
temperature driven by increased GHG emissions, are projected to con-
siderably alter 21st century precipitation intensity and distribution
(IPCC, 2014; Lu et al., 2013; Oki and Kanae, 2006; Pendergrass et al.,
2017). Research has shown that moderate changes in average climate
conditions (i.e. changes of 1-2°C, 10-20% precipitation) can lead to
substantial changes in rivers including sediment yield (Knox, 1993; see
Syvitski, 2003b). Not only average climate conditions, but also pro-
jected increases in extreme events due to climate change can have
profound and complex impacts on hydrological responses of a catch-
ment (Fryirs, 2013).

Human interferences on hydrological systems e.g., damming, soil
erosion and conservation measures also have substantial influences on
rivers (Walling, 2009; Wang et al., 2011; Syvitski et al., 2005). The
increasing impacts of both human activities and climate change ne-
cessitate the need to identify and quantify the impacts from individual
drivers on fluvial water and sediment discharges (Yang et al., 2015).
Isolating the effects of changing climate as one of the primary drivers of
changes in fluvial systems can facilitate more informed decision making
with regard to human activities affecting hydrological systems. How-
ever it is difficult, in most cases, to disentangle the signal of climate
from other human impacts (Lu et al., 2013; Walling, 2009).

A number of studies have been carried out to explore the recent
trends in discharge and suspended sediment loads in global rivers at a
range of scales (e.g. Cohen et al., 2014; Syvitski, 2002; Syvitski et al.,
2003; Walling and Fang, 2003; Wang et al., 2011). Basin scale studies
provide evidence of marked changes in the sediment loads and water
discharge in recent years (Dai et al., 2009; Lopez and Torregroza, 2017;
Walling, 2009). In many instances, these changes are predicted based
on the interactions between climate change and human impacts (Dai
et al., 2009; Syvitski and Milliman, 2007; Syvitski et al., 2003; Walling
and Fang, 2003; Wang et al., 2011). Although there is a wealth of lit-
erature related to the effects of GHG-induced global warming on future
water discharge of rivers at a global scale (e.g. Milly et al., 2005;
Nakaegawa et al., 2013; Nijssen et al., 2001; Sperna Weiland et al.,
2012), assessments of sediment flux in response to climate change are
mostly at the river catchment scale (Coulthard et al., 2012; Darby et al.,
2015; Rodriguez-Blanco et al., 2016; Zhu et al., 2008). More recent
studies such as Dunn et al. (2019) and Nienhuis et al. (2020) looked at
changes in sediment delivery to river deltas worldwide and the different
drivers responsible for these changes.

This paper is focused on providing a comprehensive and spatially
explicit analysis of the natural sensitivity of global riverine water dis-
charge and suspended sediment fluxes to future climate change tra-
jectories. In order to achieve this objective, the study was conducted
under conditions that mimic a pristine world without anthropogenic
activities. This gives the opportunity to identify the direction and re-
lative strength of the unmixed signal of GHG-induced climate change in
the 21st century on global riverine fluxes, for different climate change
scenarios. Existing anthropogenic activities (e.g. dams, land manage-
ment practices) may hinder this signal and counter-balance the changes
predicted based only on climate change.
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2. Methodology
2.1. Model description

Global riverine water discharge and suspended sediment fluxes
were simulated using the spatially and temporally explicit global riv-
erine sediment flux model WBMsed v2.0 (Cohen et al., 2014). WBMsed
is an extension of the WBMplus global hydrology model (Wisser et al.,
2010; see Cohen et al., 2013). A comprehensive description of the
model infrastructure and input parameters can be found in Cohen et al.
(2013 and 2014). WBMsed employs the BQART model (Syvitski and
Milliman, 2007) as its governing equation for calculating long-term
(> 30years) average suspended sediment loads (Q;).

Q, = wBQ*3ASRT for T > 2°C (1a)
Q, = 2wBQ"3'A%3R for T < 2°C (1b)

where w is the coefficient of proportionality in units of kg/s which
equals to 0.02, Q is the long-term average discharge (m>/s) computed
by the WBMplus model, A is the basin upstream contributing area
(km?), R is the difference in upstream relief (km), and T is the basin-
averaged temperature of the upstream contributing area (°C). The term
B accounts for glacial erosion processes (I), lithology (L), trapping of
sediment due to reservoirs (Tg) and a human-influenced soil erosion
factor (Ep; Syvitski and Milliman, 2007):

B=IL(1 — Ty)E, )

The Psi equation (Morehead et al., 2003) is used in WBMsed to
calculate daily sediment load and is capable of capturing the intra- and
inter-annual variability observed in natural river systems (Morehead
et al., 2003; see Cohen et al., 2014):

(Qs[i]) - (Q[i] )C(“)
Q W\ qQ 3

where Qqp; is daily sediment flux (kg/s), Qq is daily water discharge
(m®/s), w; is an exponential distribution as a function of Q where  is
large for small rivers and y is small for large rivers, C, is a sediment
rating parameter, that varies on a spatial and temporal scale as a
function of R and T (Morehead et al., 2003; see Cohen et al., 2014).
This gives the model the capability to reflect the temporal variability in
water discharge-sediment flux relationship between different rivers
(Cohen et al., 2014). Syvitski (2003a) states that climate influences on
the sediment load variability in rivers are mainly explained by Q;;/Q

ratio (as proxy to flood wave dynamics) and C, rating coefficient (as
proxy to sediment transport efficiency). The water discharge module of
the WBMsed model takes into account precipitation, evapotranspira-
tion, infiltration, soil moisture, irrigation, reservoirs, diversions, and
floodplain retention, and is based on the WBMplus model (Wisser et al.,
2010; see Cohen et al., 2013). The WBMsed model is proven to be
successful in predicting suspended sediment loads in global rivers and
studying different mechanisms and drivers associated with these pro-
cesses (e.g. Cohen et al., 2013, 2014; Dunn et al., 2019; Nienhuis et al.,
2020; Syvitski et al., 2014, 2019; Taylor et al., 2015).

2.2. Climate models and scenarios

In order to investigate the response of future climate changes, daily
precipitation and temperature projections generated by five GCMs
(GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, MIROC-ESM- CHEM and
NorESM1-M) which participated in the Inter-Sectoral Impact Model
Intercomparison Project (ISI-MIP; ISIMIP, 2019; Warszawski et al.,
2014) were used as climate inputs to the WBMsed model. The ISI-MIP is
a subset of five GCMs from the Coupled Model Inter-comparison Project
Five (CMIP5), and provides outcomes for the IPCC's Fifth Assessment
Report (ISIMIP, 2019). The ISI-MIP provides daily climate data for these
GCMs that have been statistically downscaled to a 0.5° X 0.5° latitude-
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Fig. 1. Comparison of long-term averaged GCM based hindcast sediment loads for 133 global sites against M&S92 + observed water discharge (1a) and sediment
loads (1b), and for 36 US sites against USGS observed water discharge (1c¢) and sediment loads (1d).

longitude grid using bilinear interpolation in space, and then bias-
corrected by observational data on the grid using a trend preserving
method. The ISI-MIP statistical downscaling and bias adjustment
method is comprehensively described in Hempel et al. (2013), Frieler
et al. (2017), and Lange (2019). 21st century riverine fluxes were si-
mulated under the four Representative Concentration Pathways (RCP)
2.6, 4.5, 6.0 and 8.5, that provide quantitative descriptions of con-
centrations of GHGs in the atmosphere over time, as well as their ra-
diative forcing (Bjornzes, 2013). RCPs are the latest generation of cli-
mate change scenarios, introduced by the IPCC as the base of the
findings of its fifth assessment report (IPCC, 2014).

2.3. Simulation settings

In this global-scale analysis, the WBMsed model was used to simu-
late suspended sediment loads and river discharges through the 21st
century under all the four RCP scenarios. Temperature and precipita-
tion projections provided by the five ISI-MIP GCMs at 0.5° resolution,
for both the hindcast (1950-2005) and future (2006-2099) periods
were used to force the WBMsed model. Most, if not all the comparable
studies done at a global scale have used this or more coarser resolution
climate data (e.g. Arnell, 2003; Hirabayashi et al., 2008; Nakaegawa

et al., 2013; Nohara et al., 2006; van Vliet et al., 2013). For each GCM
and RCP, the hindcast climate data for the 1950-2005 period are the
same, and the divergence into different future climate trajectories start
at 2006. The analysis of future trends therefore started at the year 2006.

In order to evaluate the natural sensitivity of discharge and sedi-
ment flux to changes in future climate, the model simulations were
conducted in the WBMsed ‘pristine’ mode which exclude all anthro-
pogenic input parameters in its sediment and hydrological modules. In
the sediment module, in pristine mode, the Ty and Ej, parameters are set
to a value of 1 (neutral). In the hydrological simulation, all anthro-
pogenic drivers are excluded including irrigation, ground and surface
water uptake, agriculture-affected evapotranspiration, dam operation,
and water retention in man-made reservoirs. Therefore, the simulations
do not necessarily represent modern fluxes of global rivers, but this
allows us to isolate only the effect of climate change on the behavior of
riverine fluxes.

Separate simulations were conducted for each GCM and each RCP
scenario leading to 20 simulations (5 GCMs X 4 RCP scenarios). All
simulations are at daily time step and 6 arc-min (~11 km) spatial re-
solution. Annual-averaged output was used in this study. The model's
built-in spin up process was used to initialize the model runs with 10
simulation cycles, before it started producing outputs from 1950
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Fig. 2. Change in global averaged land surface temperature in the last decade of the 21st century (2090-2099) relative to the past (1950-2005) under all RCP

scenarios based on the multi model ensemble projections.

onwards. The simulations were performed on the University of Alabama
High Performance Computing Cluster.

2.4. Calculation of model ensembles

Ensembles of the simulation results were calculated for discharge,
suspended sediment flux, and also for temperature and precipitation
forcing data, by averaging all the five GCM-based runs, for each year
from 1950 to 2099, for each of the four RCPs. A non-weighted mean
from each GCM run was calculated, as a validation of individual GCM
predictions against observed data showed little difference between
GCM predictions. Also, weights derived from hindcast performances
may not hold for the future periods and therefore can be misleading
(Sperna Weiland et al., 2012). The result of the ensemble calculation
was four datasets, one for each RCP. These were used as the basis of the
analysis in this paper.

Given the limitations of the model predictive capabilities for small
rivers (Cohen et al., 2014), grid cells with a contributing area <
10,000 km? and average water discharge < 30 m>/s were masked using
a raster layer. The small grid cell size hinders visualization of the results
in its native raster form. We therefore use a vectorized layer of the
rivers for visualization purposes.

3. Results
3.1. Model validation

Cohen et al. (2013, 2014) evaluated the WBMsed model predictions
of long-term averaged suspended sediment flux and water discharge
(using observed climate inputs) and found a correlation of R? = 0.66 to
observed sediment flux and R? = 0.70 to water discharge for 95 global
sites. A stronger correlation was found to observed sediment flux for 11
USGS sites (R* = 0.94). In this study, the model's forecasting capability
using GCM forcings was assessed based on the ensemble hindcast

(1950-2005) predictions.

The long-term averaged water discharge and suspended sediment
loads evaluated against 133 global sites listed in Milliman and Syvitski
(1992) database (M&S92+) show that the ensemble of GCM based
water discharge predictions correlate well (R? = 0.85) with observed
data (Fig. 1a), while sediment loads have a more moderate correlation
of R? = 0.66 (Fig. 1b). The validation of GCM based WBMsed hindcasts
against 36 USGS sites across the continental United States obtained
from the USGS National Water Information Systems (NWIS) website
(U.S. Geological Survey, 2018), also resulted in a similar correlation of
R? = 0.86 for water discharge (Fig. 1c) and R? = 0.60 for sediment
loads (Fig. 1d). For both observational datasets, the time-averaged va-
lues do not represent the entire period of the model output
(1950-2005). The reason for the weaker correlation in the USGS sites
compared to Cohen et al. (2013), is due to the use of ‘pristine’ simu-
lations in this study. Fig. 1b and 1d show that sediment flux is generally
over-predicted by the model. This is due to the fact that most anthro-
pogenic activities, especially dams, cause declines in sediment fluxes
and these activities are not represented in this study. The bias in rivers
with low sediment flux is (proportion wise) greater, as seen by the
deviation from the 1:1 line. This is likely because the effect of sediment
trapping is decreasing downstream of a dam and therefore, damming in
smaller rivers will have the greatest relative effect. Overall, these re-
sults show that the ensemble of GCM based hindcast WBMsed simula-
tions can compare well to the model's ‘standard’ observational dataset
and can therefore be used with confidence for forecasting the future.

This validation procedure only evaluates the predicted long-term
river discharges and sediment fluxes. Although a validation of the time
series of river discharges and sediment fluxes using other standard
statistical methods could provide more insight into model's forecasting
ability, it is not suitable for this study. The main reason is the fact that
GCM based simulations are conducted under the WBMsed pristine
condition to exclude anthropogenic input parameters, and hence does
not necessarily represent the real-world riverine fluxes. Majority of the
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Fig. 3. Change in global averaged precipitation based on the multi model ensemble projections for the last decade of the 21st century (2090-2099) relative to the
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rivers in the US and outside are highly regulated by dam operations and
other engineering and water use activities, and therefore have vastly
controlled flows and sediment fluxes. In addition, freely available river
discharge and suspended sediment flux records for the entire historical
period is extremely rare outside the US and even in most US sites
(Cohen et al., 2014).

3.2. Changes in global climate in the 21st century

Figs. 2 and 3 show the percentage changes in temperature and
precipitation respectively, in the last decade of the 21st century
(2090-2099) relative to the past (1950-2005), using an ensemble of all
five ISI-MIP climate model projections used as climate forcing data.
Global temperature shows a clear increase at the end of the 21st century

in all the RCPs and increases are larger with increasing warming sce-
narios (Fig. 2). In all RCP scenarios, larger increases can be observed in
the high latitudes of the Northern Hemisphere, in line with reported
trends by the Fifth Assessment Report of the United Nations Inter-
governmental Panel on Climate Change (IPCC, 2014).

Changes in precipitation is heterogeneous (IPCC, 2014) and does
not necessarily follow the changes in temperature (Fig. 3). In different
regions of the world, warming can lead to increases or decreases in
precipitation. Larger increases in precipitation can be observed in high
latitudes of the Northern Hemisphere, South Asia, Sahel region in
Africa, and east Africa, with increasing RCP scenarios, as previously
suggested (Bates et al., 2008; Haarsma et al., 2005; Sylla et al., 2016).
Precipitation also increases in majority of Asia including the middle
eastern region, and parts of North America. Larger decreases in
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Fig. 5. Percentage difference in global pristine river discharge in the last decade of the 21st century (2090-2099) relative to the past (1950-2005) in all RCP
scenarios based on the ensemble. Predictions are presented only for grid cells with a contributing area > 10,000 km? and long-term average discharge > 30m®/s.

precipitation with increasing RCPs are observed in northern Africa,
Mediterranean regions, southern and western Europe, and some parts of
Australia. In general, Central and South America, southern regions of
North America, Australia, southern regions of Africa, and western re-
gions of Asia will experience decreases in precipitation. These maps are
largely consistent with the predicted climate changes in the IPCC
(2014) climate change synthesis report and other climate change stu-
dies (Pendergrass et al., 2017; Trenberth, 2011).

Fig. 4 shows the decadal averages of mean global land surface
temperature and precipitation throughout the study period
(1950-2099). Toward the end of the century, both precipitation and
temperature show an increase at a global scale with increasing warming
represented by RCP scenarios. At the beginning of the century, changes
in both variables are similar in all four RCPs; by the mid-21st century,
the magnitude of the projected changes increasingly deviates for each
RCP. Similar trends have also been reported in IPCC (2014).

3.3. 21st century changes in river discharge and sediment dynamics

Considerable changes in natural river discharge (Fig. 5) and sus-
pended sediment loads (Fig. 6) are predicted for large global rivers in
the last decade of the 21st century under projected changes in climate.
River discharges are predicted to considerably increase in the Arctic,
north and east Africa, Indian peninsula, Northern Europe, and some
parts of North and South America, with increasing GHG-induced
warming under pristine conditions (Fig. 5). Decreases in river dis-
charges are projected for southern and western Europe, Mediterranean
regions, central and west Asia, much of North America and South
America. These changes are broadly consistent with other studies that
have examined the global-scale response of river discharge to climate
change (Hagemann et al., 2013; Nakaegawa et al., 2013; Schewe et al.,
2013; Sperna Weiland et al., 2012; van Vliet et al., 2013).

Changes in sediment flux closely corresponds to the patterns in
discharge (Fig. 6). However, larger increases in sediment flux are

observed with relatively small increases in river discharge in many
regions of the world such as Northern Europe and Southeast Asia. Since
the relationship between discharge and sediment flux is nonlinear in
space and time, both in the model and in reality (Vercruysse et al.,
2017), the response of sediment flux to global climate change cannot be
quantified based on discharge dynamics alone. Other parameters in the
WBMsed model that drive the response of sediment flux such as relief,
basin area, and lithology (Egs. (1a), (1b) and (2)) also contribute to the
predicted dynamics. Another source of variability in sediment flux
predictions arises from the Psi equation that is used to generate short-
term sediment flux (Eq. (3)). The Psi approach allows the relationship
between discharge and sediment variability to change as a function of
basin characteristics. This adds to the spatial variability in our results.

In most parts of the world, the changes in discharge and sediment
flux are closely related to projected future changes in global distribu-
tion of precipitation (Hagemann et al., 2013; Syvitski et al., 2005; Zhu
et al., 2008). For example, increases in riverine fluxes in the Arctic
regions, East Africa and Indian Subcontinent correspond well with in-
creases in precipitation in these regions with increasing levels of cli-
mate change. In the Nile river basin, although precipitation shows a
decreasing trend toward the outlet, larger increases in precipitation are
evident in the southern parts of the basin in all RCP scenarios (Fig. 3).
The influence of basin wide precipitation patterns for discharge and
sediment can be seen for the Nile in all RCP scenarios by the increases
predicted for discharge and sediment flux toward the outlet (Figs. 5 and
6). Although the influence of precipitation is more pronounced, tem-
perature also is a driver of changes in discharge and sediment flux. The
impact of temperature on sediment flux is two-folds; the influence on
evapotranspiration that affects runoff and discharge thereby sediment
transport capacity, and the direct influence through Egs. (1a) and (1b).

It is also evident that with increasing warming scenarios, larger and
more extreme changes in both discharge and sediment flux can be ex-
pected under pristine conditions. Other studies such as Hirabayashi
et al. (2008) found a similar trend for global river discharge whereas
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Fig. 6. Percentage difference in global pristine riverine suspended sediment flux in the last decade of the 21st century (2090-2099) relative to the past (1950-2005)
in all RCP scenarios based on the ensemble. Predictions are presented only for grid cells with a contributing area > 10,000 km? and long-term average dis-

charge > 30m>/s.

Coulthard et al. (2012) found a similar trend for sediment flux at
catchment scale. At a global scale, the number of river pixels that re-
sulted in extreme increases (increases > 60%) in both natural discharge
and sediment flux increase with increasing RCP scenarios, whereas, the
number of river pixels that resulted in extreme decreases (de-
creases > 40%) in the two variables will also increase with increasing
RCPs. However, in all RCP scenarios, the number of pixels that will
experience extreme increases are greater than those of decreases for
both the variables.

Although analyzing the sensitivity of sediment fluxes to extreme
climate using short term model predictions may be tricky due to the
model's tendency to over- and under-predict sediment fluxes during
high and low discharge periods, respectively (Cohen et al., 2013), this
analysis is based on relative changes in long-term (decadal) predictions.
Therefore, these relative changes are solely driven by changes in cli-
mate represented by RCPs, hence, there is confidence in the in-
vestigated trends in extreme changes to discharge and sediment fluxes
between scenarios.

The changes in pristine global mean river discharge and sediment
flux in the last decade of the 21st century relative to the past
(1950-2005) in large global rivers in response to the climate signal are
presented in Table 1. Despite regional differences, at a global scale,
discharge and sediment flux show a net increase at the end of the 21st
century with all RCP scenarios. The increases are generally larger with
increasing RCP. An overall increase in river discharge at a global scale
in response to climate warming are also reported in other studies (e.g
Hirabayashi et al., 2008; Sperna Weiland et al., 2012). The increase in
sediment flux is greater than that of discharge in all RCP scenarios.

Fig. 7 shows the decadal averages of total pristine river discharge
and sediment delivery to global oceans from major river outlets
throughout the simulation period. Temporal trends in fluvial fluxes to
the oceans correspond well with global patterns in temperature and
precipitation (Fig. 4), but with much more dramatic fluctuations. This

Table 1

Percentage difference in pristine global mean river discharge and sediment flux
in the last decade of the 21st century relative to the past (1950-2005) in all RCP
scenarios. Calculations are based only on grid cells with a contributing
area > 10,000 km? and long-term average discharge > 30m®/s.

% difference in the last decade relative RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5

to the past
Mean global discharge 2.0 6.1 7.5 11.0
Mean global sediment flux 11.0 15.2 14.0 16.4

demonstrates the complex relationship between precipitation and dis-
charge at a global scale, and emphasizes the need to use numerical
models, as precipitation alone cannot be used to quantify future trends
in discharge or sediment flux.

A clear increase in natural discharge and sediment flux to global
oceans is predicted toward the end of the 21st century with increasing
RCP. In accordance with the trends in precipitation, RCP 4.5 and 6.0
moderate warming scenarios generate the largest discharge and sedi-
ment flux at a global scale in the mid-century under pristine conditions.
However, interestingly, the hindcast simulations for discharge and se-
diment flux also shows high values in the 1950's, due to the effect of
high precipitation projected by climate models (Fig. 4b). This trend in
global precipitation with a sharp increase between 1950 and 1960
followed by a decline in 1970s has also been reported in observed
global precipitation data (Dai et al., 1997; New et al., 2001).

3.4. Rate of change in river discharge and sediment flux in the 21st century

The rate of change in river discharge and sediment flux per decade
over the 21st century caused by predicted climate change alone was
calculated for large rivers in the world under pristine conditions
(Fig. 8). Larger increasing rates in climate change-driven natural river
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Fig. 7. Total global river discharge (a) and suspended sediment flux (b) to the ocean from major river outlets in the world (river outlets with > 10,000 km? drainage
area and > 30 m>/s long-term average discharge) for each decade based on the ensemble.

discharges can be observed in many regions of Africa, Indian Sub-
continent, high latitudes in the Northern Hemisphere, some regions of
North and South America with increasing warming scenarios. When
fluvial sediment fluxes are considered, larger increasing rates can be
observed in some parts of Africa, South and East Asia, high latitudes in
the Northern Hemisphere, Northern Europe, most of North America,
and some parts of South America. In contrast, larger decreasing rates in
both discharge and sediment flux can be observed in Europe, Medi-
terranean regions, central Asia, some parts of North and South America
and central regions of Africa due to 21st century climate change. At a
global perspective, climate-induced rates of change in total global river
discharge and total global sediment delivery to the oceans over the 21st
century are increasing with increasing warming scenarios under pris-
tine conditions (Table 2).

As global warming increases, the number of rivers that will ex-
perience high rates of climate-driven changes (increasing rates of > 5%
per decade or decreasing rates of > 3% per decade) in natural discharge
and sediment flux over the 21st century increases. This indicates that
increasing GHG concentrations in the atmosphere will lead to more
rapid and extreme changes in natural riverine fluxes in some regions.
Other studies such as van Vliet et al. (2013) also reported a similar
outcome for river discharge.

3.5. Variability in future discharge and sediment flux

Non-stationarity in global climate is predicted to increase in the
future with increasing levels of climate change (IPCC, 2014; Krakauer
and Fekete, 2014; Pendergrass et al., 2017). Changes in temporal

dynamics of fluvial fluxes can considerably affect the hydrologic, geo-
morphic, and ecological functioning and regimes of a river system
(Walling and Fang, 2003). It is therefore important to assess the signal
of climate change on the temporal variability of future river discharges
and sediment fluxes. To examine the changes in temporal variability,
coefficient of variation (CV = SD/Mean) was employed (Arnell, 2003),
rather than standard deviation (SD), as it gives the capability to com-
pare between rivers with vastly different (orders of) magnitudes in
fluxes. CV was calculated for the period between 2006 and 2099, using
yearly outputs of discharge and sediment flux.

The results show that inter-annual variability in both natural river
discharge and sediment flux increases with increased GHG-induced
warming (Fig. 9), in agreement with other studies (e.g. Arnell, 2003).
This increase in inter-annual variability can be explained by the pre-
dicted increases in temporal variability of precipitation and tempera-
ture patterns in the 21st century (IPCC, 2014; Pendergrass et al., 2017),
as they are the primary drivers of change in river discharge and sedi-
ment fluxes in this study. The patterns in inter-annual variability in
discharge coincide with that of sediment flux, however the magnitude
of the variability differ between the two variables. Climate change-in-
duced inter-annual variability in both variables are larger in Australia,
southern and eastern Africa, central parts of North America, central and
eastern parts of South America, middle eastern Asia, and some parts of
Europe, under pristine conditions (Fig. 9a). In contrast, less inter-an-
nual variability in natural river discharge and sediment flux can be
expected in south east Asia, high latitudes of Northern Hemisphere,
eastern parts of North America, northern Europe, central Africa and
central South America (Nijssen et al., 2001) in response to the climate
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Fig. 8. The rate of change in pristine river discharge (a) and sediment flux (b) per decade in the 21st century for RCP 8.5. Predictions are presented only for grid cells
with a contributing area > 10,000 km? and long-term average discharge > 30m>/s.
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Table 2

Rate of change per decade in total global river discharge and sediment delivery to the ocean in the 21st century due to climate change under pristine conditions.
The rate of change per decade in the 21st century (%) RCP 2.6 RCP 4.5 RCP 6.0 RCP 8.5
Total global river discharge to the ocean 0.25 0.60 0.7 0.87
Total global sediment delivery to the ocean 1.2 1.4 2.0 2.1

signal alone. In order to assess how the temporal variability varies
between RCP scenarios, the ratio between the CV of a given RCP sce-
nario and RCP 2.6 was calculated (Fig. 9b). The number of grid cells
that will experience increases in climate change-induced inter-annual
variability relative to RCP 2.6 increases with global warming, in both
discharge and sediment flux under pristine conditions (Table 3).

Changes in climate-induced 21st-century natural discharge and se-
diment delivery to global oceans at river outlets and their temporal
variability between each 1° latitudinal region bin, are shown in Fig. 10.
Global river discharge (Fig. 10a) to the oceans is highest around the
equator, but sediment delivery (Fig. 10b) is highest in 23° N latitude
closely followed by 34° S. Inter-annual variability in both discharge and
sediment flux increases with increasing warming scenarios in most of
the latitudinal regions under pristine conditions (Fig. 10c and 10d).
Inter-annual variability in natural water discharge to the oceans in re-
sponse to predicted climate change is larger in the tropical regions of
both Northern and Southern Hemispheres while the mid-latitudes of the
Southern region also show a large variability (Fig. 10c). Inter-annual
variability in natural sediment delivery to global oceans is largest in the
mid-latitudes in both hemispheres as well as around the equator
(Fig. 10d). Larger variabilities are also predicted for many latitudinal
regions of the tropics in natural sediment flux.

It is interesting to note that variability in discharge does not always
mean variability in sediment flux when averaged across latitudinal re-
gions. This also demonstrates the complex and nonlinear relationship
between discharge and sediment flux in rivers. Also intriguing is that
inter-annual variability in discharge and sediment flux does not show a
link to the changes in inter-annual variability in precipitation in lati-
tudinal regions (not shown here). Although precipitation patterns
mainly drive the changes in discharge and sediment flux, their non-
linear linkages mean that precipitation characteristics (e.g. seasonality,
fluctuation) rather than their mean yearly values may be most influ-
ential on future changes in the variability of fluvial fluxes (Coulthard
et al., 2012).

4. Discussion

Due to the different structures and parameters used in GCMs, pro-
jected future changes in temperature and precipitation have large
spatial and temporal uncertainties even for the same radiative forcing
levels (Cai et al., 2009; Knutti and Sedlacek, 2013). Therefore, studies

OF

5 10 15 20 25 30 35 40 50 60 80
Coefficient of Variation (%)

Table 3

Percentage of grid cells with ratio in CV between a given RCP scenario and RCP
2.6 for natural river discharge and sediment flux. Calculations are based only on
grid cells with a contributing area > 10,000 km? and long-term average dis-
charge > 30m°/s.

Ratio in CV between a RCP 45 RCP 6.0 RCP8.5

given RCP and RCP 2.6

Water discharge < 1.0° 43.2 32.8 21.8
> 1.0° 56.8 67.1 78.2

Suspended sediment < 1.0% 49.6 46.0 30.6
flux > 1.0° 50.4 54.0 69.4

@ Indicate low inter-annual variability relative to RCP 2.6.
" Indicate high inter-annual variability relative to RCP 2.6.

that investigate climate change responses of fluvial systems show
varying degrees and directions of changes over the 21st century (Arnell,
2003; Haddeland et al., 2014; Hagemann et al., 2013; Schewe et al.,
2013; van Vliet et al., 2013). Our analysis also shows a considerable
spread in individual GCM-based simulation results, mainly due to dif-
ferent precipitation distribution patterns projected by GCMs (Fig. 11).
These discrepancies between studies are also partly due to the number
of GCMs used to generate predictions. Some studies have used only one
GCM (Nakaegawa et al., 2013), while some studies were done using as
much as 19 (Nohara et al., 2006). Therefore, the use of multi-model
ensemble has been advised in many studies (Haddeland et al., 2014;
IPCC, 2014; Milly et al., 2005; Nijssen et al., 2001). However, there are
instances where one or two GCMs dominate the direction of change due
to their high magnitudes. Also, by averaging the results of multiple
GCM-based riverine flux simulations to create the ensembles, extremes
are reduced and changes become less pronounced (Materia et al.,
2010). Here we used five GCMs to obtain future temperature and pre-
cipitation projections which were used as input to the WBMsed global-
scale hydro-geomorphic model, and the predicted changes in discharge
and sediment flux were averaged for all GCMs to generate ensembles.
Future riverine flux projections generated by these ensembles were
generally consistent with most previous studies. However, direct com-
parisons are difficult to be made with most previous studies in part due
to the differences in climate change scenarios used and different vari-
ables simulated in those studies.

While the use of GCM projections of future climate are a major

0.2 0.4 0.6 0.8 1.0 12 1.4 1.6 1.8
Ratio in CV between a given RCP and RCP 2.6

Fig. 9. Inter-annual variability in pristine river discharge during the 21st century for RCP 8.5 (a) and the change in CV in river discharge in RCP 8.5 relative to RCP
2.6 (b). Predictions are presented only for grid cells with a contributing area > 10,000 km? and long-term average discharge > 30m®/s. Inter-annual variability in

sediment flux coincide with these patterns predicted for discharge.
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Fig. 10. Change in long-term average global pristine river discharge to oceans (a), sediment delivery to oceans from river outlets (b), inter-annual variability in
discharge (c), and inter-annual variability in sediment delivery (d) between latitudinal regions for the period between 2010 and 2099. Values averaged across 1
degree of latitude, only for river outlets with a contributing area > 10,000 km? and long-term average discharge > 30m?/s.

source of uncertainty (Teng et al., 2012), there are other sources of

uncertainties associated with this

study. The range of changes in future

climate conditions that can be captured by ISI-MIP climate models may

have limitations, and thereby int

roduce some uncertainty to the study

(Hattermann et al., 2018). McSweeney and Jones (2016) showed that

the fraction of the full range of future climate across different regions
and seasons that can be captured by the ISI-MIP subset, relative to the
CMIP5 full ensemble of 36 GCMs, varies between 0.5 and 0.9 for
temperature and between 0.3 and 0.8 for precipitation. However, this
subset of five GCMs is widely used in climate change impact assessment
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studies and accounts for climate impacts in different sectors (such as
water, biomes, agriculture, health, and infrastructure; ISIMIP, 2019).
Another source of uncertainty comes from the future GHG concentra-
tion scenarios, as they mimic a wide range of possible changes in future
GHG concentrations based on a number of assumptions (Bjgrnees,
2013). In addition, the WBMsed model accuracy and simulation settings
also introduce biases to this analysis as quantified in the validation
procedure.

Precipitation and temperature are the main driving forces of dis-
charge and sediment flux in most hydrologic models when assessing the
influence of climate (Syvitski et al., 2005). Cohen et al. (2014) showed
that while spatial and temporal variation in precipitation may have a
major effect on discharge and thus sediment dynamics, other factors
such as relief and lithology may augment this effect. Areas with high
relief and soft lithology, that are more prone to erosion, can increase
the sediment loads of rivers (Ludwig and Probst, 1996). This, in part,
explains the nonlinear relationship and spatial heterogeneity found in
the relationship between discharge and sediment flux in this study. For
example, Chinese rivers such as Mekong, Yellow and Yangtze that
originate in the high relief Himalayan areas and flow through highly
erosive loess plateau, have proportionately larger increases in sediment
flux than discharge. However, the climate warming-driven changes in
vegetation patterns can also have effects on sediment loads due to the
protection of soils against mechanical erosion (Ludwig and Probst,
1996), which is not considered in this analysis.

The aim of this study is to isolate the signal of climate on natural
river discharge and sediment flux, hence the simulations are conducted
under ‘Pristine’ conditions (see methodology). However, it is important
to understand that human interventions and land use changes may have
considerable, often dominating, effects on these predicted changes
(Nienhuis et al., 2020). Thus, the absolute values for discharge and
sediment loads or directions and magnitudes of projected changes dis-
cussed in this study may considerably change depending on human
activities and may not necessarily be realized in the future. Dunn et al.
(2019) investigated the change in sediment delivery to major river
deltas in the world due to both climate change and anthropogenic
drivers, using the WBMsed model with a representation of anthro-
pogenic activities. They concluded that sediment fluxes will decline in a
majority of river deltas considered, mainly owing to anthropogenic
activities such as damming and changing land management practices
offsetting the increases driven by climate change in the future. When
WBMsed was run under RCPs and with currently existing anthro-
pogenic influences, they found that 5 river deltas will experience de-
creases in sediment delivery in the 21st century under all RCPs. How-
ever, when only the signal of future climate change is considered under
a pristine environment, our WBMsed model results show that some of
the river deltas (e.g Nile, Chao Phraya, Magdalena) out of these 5, ex-
perience an increase in sediment delivery under all RCPs (Fig. 6). The
reason is that existing anthropogenic activities (e.g. dams and other
population and socioeconomic conditions prevailing in the river basins)
are already trapping/reducing a large sediment load. Hence, even
though our study shows that climate in the 21st century alone would
increase the supply of sediment to the delta, existing human activities
could hamper its original signal. This demonstrates the significance of
isolating the signal of climate change without human interferences to
the environment, so that appropriate actions regarding ongoing and
planned human activities can be taken to prevent negative con-
sequences. Thus, the main idea behind this paper is to advance our
understanding about the changes that anthropogenic GHG emissions
and associated temperature and precipitation patterns can bring about
in large global rivers, and help informed decision making related to the
management of large global rivers and formulate intelligent adaptation
strategies for climate change impacts.
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5. Conclusion

In order to isolate the signal of projected future climate change on
global riverine water discharge and suspended sediment fluxes in the
21st century under pristine conditions, a numerical model (WBMsed)
was forced with precipitation and temperature projections from five
GCMs each driven by four RCPs. The results, based on an ensemble of
model outputs, revealed that natural global river discharge and sedi-
ment fluxes are highly sensitive to anthropogenic climate change in the
21st century. These changes vary considerably spatially and temporally
and are considerably responsive to increasing levels of GHG con-
centrations in the atmosphere (RCP scenarios). The forcing data used in
the study shows that global land surface temperature increases toward
the end of the century in all RCPs, and increases are larger with in-
creasing warming scenarios. Global precipitation distribution varies
between RCPs, leading to an overall increase in the mean global pre-
cipitation toward the end of the century in all scenarios.

Our results show that climate change is predicted to considerably
increase river discharges in the Arctic, north and east Africa, Indian
peninsula, Northern Europe and some parts of North and South America
with increasing GHG-induced warming under pristine conditions.
Decreases in river discharges are projected for southern and western
Europe, Mediterranean regions, central and west Asia, much of north
America and south America. Changes in sediment flux closely follow
these patterns predicted for discharge. However, the relationship be-
tween discharge and sediment flux is nonlinear. The study reveals that
while global warming-induced spatial and temporal variation in pre-
cipitation mainly drives discharge patterns and thus sediment dynamics
under a changing climate, other factors such as relief and lithology can
greatly amplify this effect.

It is also evident that with increasing atmospheric warming, more
extreme changes (either increasing or decreasing) can be expected in
both natural discharge and sediment flux, as well as in precipitation.
We have found that more rivers will experience these climate-driven
extreme changes (increasing or decreasing) as the planet gets warmer
over the 21st century. Despite regional differences, at a global scale,
both mean natural river discharge and sediment flux show a net in-
crease at the end of the 21st century under all RCP scenarios and the
increases are generally larger with increasing RCPs (Table 1). However,
in the mid-21st century, RCP 4.5 and 6.0 moderate warming scenarios
generate the largest discharge and sediment flux to the oceans at a
global scale. The rates of change per decade in total global river dis-
charge and sediment delivery to the oceans under pristine conditions in
the 21st century due to climate change are also projected to increase as
warming increases (Table 2). In addition to the magnitudes, inter-an-
nual variability in both river discharge and sediment flux also increases
with increased GHG-induced warming.

It is important to understand that anthropogenic alterations of flu-
vial systems and land cover will considerably alter future discharge and
sediment. Therefore, the predictions generated by this study, which do
not take these into consideration, will not necessarily be realized in the
future. The findings of this study are useful to isolate the changes that
anthropogenic global warming-induced temperatures and precipitation
can bring about in large global rivers under pristine conditions. This
will help informed decision making related to the management of large
global rivers and formulating intelligent adaptation strategies for cli-
mate change impacts.
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