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Abstract. There is high confidence that global warming intensifies all components of the global water cycle. Our goal is to
investigate the possible effects of the global warming on river flows worldwide in the coming decades. We conducted 18 global
hydrological simulations to assess how the river flows are expected to change in the near future (2015-2050) compared to the re-
cent past (1950-2014). The simulations are forced by runoff from HighResMIP-CMIP6 GCMs, which assume a high-emission
scenario for the projections. The assessment includes estimating the signal-to-noise (S/N) ratio and the time of emergence
(ToE) of all the rivers in the world, with further evaluation of those presenting significant departures from their historic mean
flow. Consistent with the water cycle intensification, the hydrological simulations project a clear positive global river discharge
trend from ~2000, that emerges beyond the levels of natural variability and becomes ‘unfamiliar’ by 2017 and ‘unusual’ by
2033. This climate change signal is dominated by strong increases in flows of rivers originating in central Africa, east Russia,
Alaska and Greenland. African rivers project most future annual cycles above the climatological annual cycle, with the largest
differences occurring during peak flows. Recent unprecedent floods in the Republic of Congo, D.R.C., Nigeria, and Chad high-
light the potential catastrophic consequences of these changes in metropolitan areas. However, the positive trend of Lake Chad
tributaries may aid its recovery from the strong reduction observed since the 1970s. Lastly, the projected Nile streamflow rise
reinforces the need for collaboration in dam management. The simulated and observed extra release of freshwater into the Arc-
tic Ocean produces a freshening of the ocean, potentially impacting the global ocean overturning circulation. It is concerning
that several important rivers are projected to exceed their natural variability. However, the hydrological predictions assume a

very high baseline emission scenario and should be interpreted as an upper limit for decision-making.

1 Introduction

Rivers play a vital role in the Earth System, being essential for the global water cycle, habitat, transport, agriculture, and energy.
At the same time, under anomalous conditions, rivers may cause devastating damage through floods or by limiting navigability
and water abstraction. As an integrator of the water balance over land, river flow is sensitive to changes in precipitation,

evapotranspiration, and soil moisture. Shifts in regional precipitation amount, intensity, and patterns, and/or in the interplay
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between soil moisture and evapotranspiration regimes, may produce anomalous river flow. The magnitude of the anomaly will
depend on the type of catchment and the intensity of the change.

There is high confidence that global warming has modified all components of the global water cycle in recent decades
(Caretta et al., 2022). The observed changes vary from regions with increased mean and extreme land precipitation to regions
with reduced precipitation, or even zones with heavier precipitation events separated by longer dry spells. Evapotranspiration
has changed in response to changes in precipitation and warmer temperatures, altering the ability of the soil to hold moisture.
Moreover, higher temperatures directly alter snow accumulation and ablation processes causing shrinking of mountain glaciers,
land ice, and snow cover. All these changes directly affect runoff generation, and thereby river flow variability, and even river
flow trends. Dai et al. (2009) reported significant (both positive and negative) trends in 55 large rivers during 1948-2012.
Alkama et al. (2011) reinforces the notion that runoff trends are a regional scale issue. They attribute these trends to precipita-
tion variability while also emphasizing the potential impact of human-induced global warming on high-latitude river discharge,
specifically through its effect on permafrost and glaciers. Similarly, Gudmundsson et al. (2021) reported heterogeneous trend
patterns across the world in low, mean, and high flow, with some rivers drying and others wetting during 1971-2010.

The continuation of global warming is expected to intensify the exchanges of water between the land, the ocean, and the
atmosphere (Alkama et al., 2013; Douville et al., 2021). In all scenarios, the CMIP6 multi-model ensemble projects an overall
increase in mean and extreme land precipitation, but with substantial variations across regions. Projected changes in evapo-
transpiration and soil moisture remain uncertain, as they are not only modulated by meteorological changes but also by plant
acclimation to higher C'O, (Lemordant and Gentine, 2019; Oliver et al., 2022). This uncertainty extends to runoff, and by that,
to streamflow. Douville et al. (2021) conclude, with medium confidence, that global runoff will rise in the future decades but
with significant regional variations. The confidence in an overall increased runoff rises with emissions scenarios, consistent
with the strengthening of the global land precipitation.

Considering the observed and the expected changes in global runoff and knowing their strong regional variability, it is
relevant to explore how the runoff changes alter the flow of all rivers of the world. A first approach is to quantify the magnitude
of the changes in river flow (e.g., Nijssen et al. 2001; Koirala et al. 2014; Doll et al. 2018; Gudmundsson et al. 2021). But, an
extra step that enhance such standard analysis is to locally determine the signal-to-noise (S/N) ratio of any changes and estimate
the time of emergence (ToE). These concepts, initially used in the [IPCC AR4 (Christensen et al., 2007), indicates where and
when a climate change signal emerges from the background natural variability, i.e., where and when the climate change might
start having larger impacts (Hawkins et al., 2020). The ToE methods are often applied to temperature (e.g., Mahlstein et al.
2011; Hawkins and Sutton 2012; Mora et al. 2013) and precipitation (e.g., Giorgi and Bi 2009; Mabhlstein et al. 2012; Hawkins
et al. 2020), albeit rarely for other variables. Some exceptions are Lyu et al. (2014) who estimated the ToE for sea-level in a
global study, or Muelchi et al. (2021) who calculated the ToE for runoff in Switzerland. Given that changes in rivers due to
changing climate have potentially far reaching implications for human populations (Nijssen et al., 2001), further research about
their evolution and their ToE is expected to provide valuable information for impact and adaptation studies.

The main purpose of this paper is to provide an insight of the possible effects of global warming in a high-emission scenario

on river flows at the global scale over the next few decades. In order to fulfil this objective, we simulate rivers worldwide by
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forcing a hydrological model with runoff from CMIP6 GCMs, evaluate their anomalies, and calculate their ToE. The rivers
of the world presenting stronger signal of climate change are further explored to infer the potential impacts of such changes.
The study is organized as follows: Sect. 2 describes the used GCMs, the hydrological model, and the river flow assessment
methodology; Sect. 3 examines river flow changes and their ToE with focus on the rivers of the world that are expected to

change the most; and Sect. 4 presents a discussion of the results and summarizes the concluding remarks.

2 Data and methods
2.1 GCM simulations and river routing model

A set of 18 GCM simulations (see Table 1), produced within the framework of the High Resolution Model Intercomparison
Project (HighResMIP v1.0) for CMIP6 (Haarsma et al., 2016), force the river routing model used to evaluate the rivers in
the near future. These HighResMIP experiments were selected based on the availability of surface and subsurface runoff.
The simulations include five different GCM families: CNRM-CMG6 (Decharme et al., 2019; Voldoire et al., 2019), EC-Earth3P
(Haarsma et al., 2020), HaddGEM-GC31 (Williams et al., 2018), MRI-AGCM3-2 (Mizuta et al., 2012), and NICAM16 (Kodama
et al., 2021), which vary in the simulation type and the horizontal resolution. The simulation type can either be atmosphere-land
(AMIP) or ocean-atmosphere-land (COUPLED). All GCMs present AMIP simulations, but just CNRM-CM6, EC-Earth3P, and
HadGEM-GC31 have COUPLED simulations. In addition, all GCMs produced a low- and a high-resolution simulation, except
for the HadGEM-GC31 family that also provides at intermediate-resolution. To conciliate the variety of grid topologies used
by the different GCMs (rectilinear, reduced gaussian, icosahedral, etc), we provide the atmospheric horizontal resolution at
50°N, which ranges from 25 km to 134 km for the set of simulations. For COUPLED simulations we also provide the ocean
resolution, which varies from 1 deg for low-resolution to 0.25 deg for high-resolution simulations. Note that there is only one
member per resolution and simulation type, which may makes the projections susceptible to the internal variability. However,
in Appendix A we show that the inter-model variability is much larger than the internal variability, which suggests strong
robustness of the used set of simulations.

The total runoff (surface and subsurface) produced by each GCM simulation is used to force a river routing model, which is
a standalone version of the Total Runoff Integrating Pathways (TRIP) model (a detailed model description is given in Miiller
et al. 2021a). The routing model collects the runoff from each grid cell and drives it through the river network estimating the
river storage and outflow of each grid cell of the network. The model does not gain or lose water, thus, the simulated outflow
can be directly associated to the GCM forcing the simulation. The simulations are run globally (excluding Antarctica) at a
common resolution of 0.25 °, using nearest-neighbour to regrid the runoff from the original GCM resolutions to the target
grid. The river network at quarter degree is based on the flow direction of the Dominant River Tracing dataset (Wu et al.,
2011, 2012).

The hydrological simulations span from 1950 to 2050 at monthly time-scale, considering 1950-2014 as the present clima-
tology (hereinafter PRESENT), and 2015-2050 as the near future (hereinafter FUTURE). Note that the projections in High-
ResMIP consider a scenario as close to CMIP5 RCP8.5 as possible within CMIP6 (Haarsma et al., 2016), i.e., the hydrological
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Table 1. GCM simulations.

GCM Simulation type Atmosphere horizontal Ocean resolution Warming [°C]

AMIP, COUPLED resolution at 50° [km]  for COUPLED [deg] = AMIP, COUPLED

CNRM-CM6-1 yes, yes 100 1.00 12,14
CNRM-CM6-1-HR yes, yes 35 0.25 12,13
EC-Earth3P yes, yes 80 1.00 1.1,1.4
EC-Earth3P-HR yes, yes 39 0.25 1.1,1.3
HadGEM-GC31-L* yes, yes 134 1.00 1.2,2.0
HadGEM-GC31-MM yes, yes 60 0.25 1.2,1.7
HadGEM-GC31-HM yes, yes 25 0.25 1.2,1.8
MRI-AGCM3-2-H yes, no 60 — 1.2, —
MRI-AGCM3-2-S yes, no 20 — 1.2, —
NICAM16-7S yes, no 56 —_ 1.1, —
NICAM16-8S yes, no 28 —_ 1.1, —-

*=M for AMIP (HadGEM-GC31-LM) and
*=L for COUPLED (HadGEM-GC31-LL)

predictions are appraised in the context of a high emission scenario. Table 1 indicates the change in global temperature be-
tween FUTURE and PRESENT as an indicator of the assumed scenario impact on the projections. AMIP projections present
a warming of ~1.2 °C, while COUPLED projections present a change ranging from 1.3 °C to 2 °C. Although such changes

may seem large for short-term climate predictions (36 years), they are likely to occur in the long-term.
2.2 Assessment methodology

To understand the expected changes in rivers in the next decades, we perform a three-steps analysis. First, we identify the
main differences between FUTURE vs PRESENT in key hydrological variables. Second, we estimate the ToE of global river
discharge. Lastly, we focus the evaluation of river flow on potentially hazardous rivers due to the projected significant departures
from their historic mean flow.

In the comparison of FUTURE vs PRESENT we assess the expected anomalies of land precipitation and total runoff in the
near future (2015-2050) with respect to the recent past (1950-2014), used as reference climatology. A particular interest is
given to the level of agreement among GCMs in such changes, which ensure robustness to the climate change signal (if any).
Then, we centre the analysis in streamflow to understand how the anomalies in runoff end up affecting the different rivers of

the world.
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The river discharge S/N ratio and ToE is calculated following the approach proposed by Hawkins and Sutton (2012). The
goal of the method is to decouple the climate change signal (S) from the natural variability (the noise V). In our work, the
method is applied to the river discharge annual anomaly () of each simulation. PRESENT is used as the base-period to
calculate the anomalies in the entire period (1950-2050).

At the global scale, the signal S¢(¢) is a low-pass filtered version of the original Q)¢ time-series. The filter is based on the
convolution of a scaled window with the signal, and has a smoothing effect of the inter-annual variability. On the other hand,
the noise is a fixed value calculated as Ng = 0(Q¢(t) — Si(t)) over the base-period, where o is the standard deviation. At
the local scale (grid box), the signal is a linear regression of the local river flow annual anomaly @1, (¢) onto the global signal
S (t), that is, S1,(t) = mSq(t) + b, where m and b are the regression coefficients (slope and intercept respectively). The local
noise is then estimated similarly to the global case as Ny, = o(QL(t) — S (t)) over the base-period.

Both scales (global and local) use the corresponding noise as a threshold to determine the year in which the signal of
climate change emerges from the natural variability. Following the terminology used by Frame et al. (2017) and Hawkins et al.
(2020), the year ¢ in which |S(t)| > N is described as ToE to ‘unfamiliar’ climate, while the year in which |S(¢)| > 2N as
ToE to ‘unusual’ climate conditions. Conversely, |.S(¢)| < N means that the projections of river flow remain in the range of its
historical variability.

The previous analysis allows the identification of the rivers of the world whose predictions suggest a shift from their known
climate to an unfamiliar or even to an unusual climate. The changes on this set of rivers is individually assessed to determine
when the shift is expected to occur, how it alters the annual cycle dynamics, and its potential impact on metropolitan areas,

dams management, and ocean circulation.

3 Results
3.1 Changes in the land water budget

Precipitation, evapotranspiration, and runoff are the main components of the long-term land water budget and thereby, the
key hydrological variables to understand long-term changes in rivers. Figure 1 compares how the global mean values of these
variables change in the projections with respect to the climatology. Notably, all the models agree in the prediction of wetter
conditions for the next decades independently of the type of simulation (AMIP or COUPLED) and the model’s resolution.
However, the positive changes in the projections of precipitation and runoff tend to be stronger for the the COUPLED sim-
ulations, likely due to the higher level of global warming they simulate for the FUTURE period (see Table 1). On the other
hand, for each GCM family, increasing the resolution results in higher values for both the PRESENT and FUTURE periods.
That is because high-resolution models enhance ocean-land moisture transport, producing more realistic mesoscale circulation
patterns and synoptic systems (Vanniere et al., 2019; Miiller et al., 2021b). Moreover, the better-resolved orography at high-
resolution favours the organization of convective precipitation and improves the representation of orographic jets producing
more orographic precipitation, and thereby more runoff in the headwaters (Vellinga et al., 2016; de Souza Custodio et al.,

2017; Vanniere et al., 2019; Miiller et al., 2021a). The differences that arise with resolution and the level of warming produces
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Figure 1. Scatterplots of the global land surface water budget components: (a) precipitation, (b) evapotranspiration, and (c) runoff comparing
PRESENT mean vs FUTURE mean of each GCM simulation. Circles are for AMIP type simulations, squares are for COUPLED simulations,
and triangles represent the ensemble mean based on the 18 simulations. The markers’ size is proportional to the degree of warming of each
simulation (see values in Table 1). The identity line is plotted in dotted grey. The legend in the bottom right corner of each scatterplot indicates
the percentage change between FUTURE and PRESENT of the ensemble mean (F, and P, respectively). The * in the legend means M for
AMIP (HadGEM3-GC31-LM) and L for COUPLED (HadGEM3-GC31-LL). The grey bands show the observational uncertainty considering
a large number of observation-based estimations including: IPCC AR6 (Caretta et al., 2022), Rodell et al. (2015), Trenberth et al. (2007),
ERAS (Hersbach et al., 2020), CRU TS4.05 (Harris et al., 2020), WFDEI (Weedon et al., 2018), CPC (Chen et al., 2008), FLUXCOM (Jung
et al., 2019), Dai et al. (2009), Clark et al. (2015), Miiller et al. (2021a), and GLOFAS (Harrigan et al., 2020). Units are in 10%km3yr—1.

a spread in the global mean values of the various GCMs. Even so, it is noteworthy that the values for all GCMs remain in the
range of the observational uncertainty for the three variables.

Despite the global land precipitation increases by 3.6 x 103 km3yr—!

in the ensemble mean, which represents just 3 % more
precipitation, a large fraction of the extra water ends up in runoff, which is augmented by 2.4 x 103 km®yr—!, representing

a positive change of 6 % in the global average. The remaining extra precipitation is returned to the atmosphere through
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Figure 2. Multi-model ensemble mean differences in runoff [103km>®yr~!] between FUTURE (2015-2050) and PRESENT (1950-2014).

The crosses indicate that at least 3 out of 18 GCMs disagree in the sign of change.

evapotranspiration, which rises by 2 % in the ensemble mean. The global rise of land precipitation and evapotranspiration is
mainly explained by two factors that have a general consensus of most GCMs: a strengthening of the ITCZ and an overall
wettening in the northern high-latitudes (a discussion about such phenomena is given in Appendix B).

Positive anomalies in precipitation are amplified in runoff (in terms of percentage change) when the extra water either falls
over wet regions, where there is no more room for evapotranspiration or, over mountainous areas, where horizontal fluxes
prevail (Miiller et al., 2021a). Figure 2 shows that positive and negative changes in runoff are unevenly distributed in the world.
Central Africa is the most extensive region with strong wetter conditions, but also more runoff is predicted for southeast South
America, India, the Maritime Continent, and the windward side of orographic barriers like Tropical Andes, Alaska Range, and
the Himalayas. On the other hand, the main reductions of runoff are projected in parts of the Amazon Forest and southern
Chile. There is agreement among most models on the regions presenting notable changes (either positive or negative), but also
about the slight increase of runoff in the northern high latitudes, which is related to the strong signal of warming projected for
that area (see Fig. Blc and its description in Appendix B).

The predicted global enhancement in runoff has direct effect on river flow. Figure 3a presents the percentage change in
river discharge between FUTURE and PRESENT for the catchments of the world, while Fig. 3b depicts similar information
but detailed for all rivers tributaries. Consistently with the analysis of runoff, the stronger positive changes appear in African,
Australian, and Boreal rivers. In Africa, many important rivers increase the mean discharge by more than 20 %, including the
three major rivers: Congo (+20 %), Nile (23 %), and Niger (26 %), but also Okavango (+21 %), Volta (+33 %), and rivers
feeding Lake Chad, whose catchment presents the largest percentage increment (+49 %). In Australia, the major river, Murray,
is augmented by 14 % while other small rivers in northern Australia (Victoria, Ord, Fitzroy) and those discharging into the Lake

Eyre (Cooper, Warburton, among others) increase their flow by more than 35 %. In the boreal zone, almost all rivers simulate
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(a) River flow at the catchment scale (FUTURE - PRESENT)
== = ==

Figure 3. Multi-model ensemble mean differences in river flow between FUTURE (2015-2050) and PRESENT (1950-2014) presented as (a)

the average difference at the catchment scale (i.e., the difference calculated at the river mouth of each catchment) and as (b) the difference

for each channel of the river network. Rivers with little climatological flow (< 100 m®s~" at the river mouth for the top panel and < 5 m®s~*

in the river channel for the bottom panel) are masked out in the maps. Units are in %.

more drainage of freshwater into the Arctic Ocean, being those located in east Russia (e.g., Lena, Yana, Kolima), and Alaska
(e.g., Yukon) the rivers with at least 10 % more freshwater. In South America, just the Uruguay river presents a significant rise
of discharge (15 %). On the other hand, a few small rivers in the world present reduced flow for the FUTURE. For instance,
rivers originating in Southern Andes (e.g., Maipo, Maule, Limay, Negro, Chubut) and Colorado in the USA decrease their flows
by ~15 %, while most rivers of the Iberian Peninsula project a decay of about ~10 %. Interestingly several southern tributaries
of Amazon present dry anomalies, but they are not sufficient to significantly alter the downstream discharge into the Atlantic

Ocean. In summary, a 6 % extra global runoff in the near future may seem irrelevant, but the changes are heterogeneously
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distributed throughout the globe, with many important rivers changing their mean flow by more than 15 %, which suggests a

clear signal of climate change.
3.2 Time of emergence

Under the imposed high-emission scenario, all GCMs project a global rise of river discharge for the next decades, and there is an
overall consensus among models on where the changes of river flow are likely to occur. However, there is an important spread in
the magnitude of the change. Figure 4a presents the trends of global river discharge anomalies for each model. The differences
among models get amplified over time and are more noticeable in COUPLED models, i.e., the stronger signal of change
are simulated by the GCMs with higher warming (see Table 1). The ensemble mean global river discharge for PRESENT is
42.6x10%km>yr—!, while the anomalies by 2050 are in the range [0,4.9] x 103km?®yr~!for AMIP and [0.4,8.1]x 103km3yr—!
for COUPLED. These anomalies represent a positive change of up to 11.5 % for AMIP and up to 19.0 % for COUPLED by
the end of the projected period.

But, are these anomalies within the natural variability range? Figure 4b presents the ToE estimation for the ensemble mean.
As for individual models, the ensemble mean presents a steady-state until about the year 2000, and a strong positive trend
thenceforth. The anomalies remain within the natural variability range (£NN), i.e. within the familiar climate conditions, until
the year 2017. From there on, the global river discharge enters in an unfamiliar climate until 2033, when it shifts to unusual
climate condition.

The emergence of global river discharge can have severe implications for specific rivers around the world, such as an
increased frequency of floods. Figure 5 displays the ensemble mean spatial distribution of the signal-to-noise ratio (S/NN) by
the year 2050, when the global signal is maximum (Figure 4b). The pattern reveals that the majority of rivers worldwide will
remain in a range of natural variability in the coming decades (|.S/N| < 1). However, most changes arise in high-latitude and
tropical areas where |S/N| > 0.3. The high-latitude changes can be attributed to polar amplification, while the tropical changes
are likely due to a shift to intense precipitation in the ITCZ (see discussion in appendix B), which is accurately simulated only
at resolutions finer than 20 km. In this sense, the river network may act as a strong filter, partly compensating for precipitation
errors. Within high-latitude and tropical areas, rivers originating in central Africa, east Russia, Alaska, and Greenland present
signals of climate change (|S/N| > 1). Figure 6a shows that the main courses of Congo, Nile, Niger, and Chad present a ToE
from familiar to unfamiliar climate during the years 2015-2025, while Yukon and Lena after 2030. Moreover, the projections of
river flow in lower Congo, Oubangui (Congo’s north tributary), Chari (primary tributary of Lake Chad), and Main Nile indicate
a shift to unusual wetter climate condition during the 2030s (Fig. 6b). Similarly, the flow of rivers discharging in the Greenland

coasts are projected to move to unusual climate in the next decade.
3.2.1 Rivers susceptible to strong changes

The global evaluation of the signal-to-noise ratio and the time of emergence reveals that the stronger changes are projected
for rivers in Africa and some rivers discharging in the Arctic Ocean. Here, we focus the analysis on those rivers for which, in

light of the projections, the signal of climate change of mean flow emerges from its familiar climatology. Figure 7 shows the
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Figure 4. (a) Temporal evolution of global river discharge anomalies smoothed with a low-pass filter for each ensemble member. Solid lines
are for AMIP and dashed for COUPLED simulations. Numbers on the right side indicates the average warming in the FUTURE period.
(b) As (a) but for the ensemble mean in black, and the annual anomalies in grey. Dashed lines are thresholds to identify the year when the
signal of climate change emerge from the natural variability (/) to unfamiliar (yellow) or unusual (red) climate conditions. In all cases the

anomalies are calculated as the departure from the mean of the PRESENT period (1950-2014).

streamflow evolution from 1950 to 2050 and the annual cycles of four rivers in Africa (Congo, Niger, Chari, Nile), two rivers
discharging in the Arctic Ocean (Yukon and Lena), and the integration of all Greenland’s rivers at their mouths. The former
four are evaluated at locations where the main channels flow near important metropolises to understand the potential risk for
human settlements, while the latter are evaluated at the river mouth to infer the possible effects of the discharge changes in the
Arctic circulation.

Kinshasa-Brazzaville is the third most populous metropolitan area in Africa, with the special feature of being composed by
two capitals separated by the Congo river near its river mouth. Kinshasa is the capital of Democratic Republic of Congo, has
an estimated population of 18 million inhabitants and expands over the southern bank of the river. Brazzaville is the capital of
Congo Republic, it has about 2 million inhabitants and it covers the northern side of the river. On the other hand, the Congo

River has the second largest discharge of all rivers in the world. The Congo streamflow at Kinshasa-Brazzaville presents a
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S/N by 2050

Figure 5. (a) Global map of signal-to-noise ratio of river flow by 2050. The ratio is the ensemble mean of the signal-to-noise ratio of each

simulation. Rivers with little climatological flow ( <5 m3s™?) are masked out.

steady evolution during the past century that changes to a positive trend at the beginning of the current century (Fig. 7a). The
simulated streamflow rise exceeds the upper threshold of the familiar climate by the year 2018, and it drifts from unfamiliar
to unusual climate by 2036 (see Fig. 7a). Interestingly, most annual cycles in the FUTURE period (2015-2050) are above the
mean annual cycle of the PRESENT period (1950-2014). These differences are amplified for the two peaks in December and
May, which could be up to ~50 % higher than the climatological peaks.

The Niger is the main river of west Africa. Asaba and Onitsha are important cities that extends along the western and eastern
banks (respectively) of the Niger just before its delta. The port in Onitsha converted the city into a budding commercial centre
with the largest market in west Africa in terms of volume of goods. The exponential commercial growth of Onitsha, together
with the lack of an urban development plan, favoured the building of illegal structures especially on waterways, which may
have serious consequences when Niger river overflows its banks (Obi-Ani and Isiani, 2020). Similar to the Congo river case,
the Niger at Asaba-Onitsha presents no trend until ~2000, when the streamflow starts to quickly rise, emerging from the
natural variability range by the year 2017 (Fig. 7b). The ensemble mean projection simulates a Niger streamflow remaining in
unfamiliar climate conditions until 2036, when it shifts to unusual climate. Unlike projections for Congo, the signal of climate
change stabilize close to 2NV in the last 15 years of simulation. The Niger has a marked annual cycle, typical of a monsoon
climate, with maximum in boreal autumn and minimum in boreal spring. According to the simulations, the amplitude of this
annual cycle will be exacerbated due to a strong increase of flow during the wet season.

N’Djamena is the capital, the largest city, and the economic centre of Chad. It is placed at the confluence of Logone river into
the Chari river, which flows downstream into Lake Chad. Figure 7c reveals a positive trend from the 1990s onwards combined
with an increased interannual variability. The ensemble mean signal emerges from the familiar climate to unfamiliar climate by

2015, and continues rising until 2031, when the streamflow enters in unknown climate for the last two decades of simulation.
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Figure 6. (a) Global map of ToE for river flow signal >1 or <-1. (b) Africa and Greenland maps of ToE for river flow signal >2 or <-2. Rivers

that remain within the range of natural variability [— N, N] until the end of the simulation are shown in grey. Rivers with little climatological
flow (<5 m3s™1) are masked out. Black lines and labels highlight places that are further analysed in Sect. 3.2.1.

The Chari river annual cycle is also modulated by the West African monsoon system with peaks in boreal autumn and little

235 flow in boreal spring. The projections simulate a notable increase of peaks that could almost duplicate the climatological flows.

The Nile river crosses Cairo, the ancient capital of Egypt, just behind its large delta, which discharges freshwater into the

Mediterranean Sea. Greater Cairo is the second largest metropolitan area in Africa with an estimated population of more than

20 million inhabitants. The river is used to irrigate farms, to support water consumption, and as a trade route. Under normal

conditions, the flooding season is considered a symbol of fertility as the flow brings nutrients to the river banks favouring

240 the subsequent planting and harvesting. However, the river banks are washed away during extreme floods causing negative

impacts. Figure 7d shows a positive gradient in Nile streamflow at Cairo since ~2000, with the smoothed time-series shifting
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Figure 7. Temporal evolution (left) and annual cycles (right) of river flow for different rivers of the world: (a) Congo at Kinshasa - Brazzaville,
(b) Nile at Cairo, (c) Niger at Asaba - Onitsha, (d) Chari at N’Djamena, (e) integration of Greenland’s rivers at their mouths, (f) Lena at
river mouth, and (g) Yukon at river mouth. Dashed lines (in left panels) are thresholds to identify the year when the signal of climate change

emerge from the natural variability (V) to unfamiliar (yellow) or unusual (red) climate conditions. Units are in 103m3s~ 1.
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Figure 8. As in Fig. 7 for: (a) Colorado at Hoover Dam and (b) Limay at El Choc6n Dam.

to unfamiliar climate by 2019, and to unknown climate conditions by 2038. The future annual cycles present positive anomalies
in all seasons that become stronger for months of high flows.

The Arctic Ocean plays two roles in the global ocean circulation: it provides a pathway to connect the Pacific and the Atlantic
oceans; and it receives Atlantic inflow, cools the water, and returns it to the Atlantic (Rudels and Friedrich, 2000). Rivers
discharging in central and northern Greenland, Yukon and Mackenzie in North America, and Ob, Yenisey, and Lena in Russia
are the major tributaries of the Arctic Ocean. They all present positive anomalies for the FUTURE period (see Figs. 3 and 5).
However, Greenland rivers, Yukon and Lena, which together contribute ~23 % of the Arctic inflow, are the ones that emerge
to unfamiliar condition in the near future (by 2027, 2033, and 2029 respectively) (Fig. 7e-g). The simulated annual cycles for
the FUTURE period of the integrated Greenland rivers present a strong enhancement of the peak in boreal summer. Instead,
Yukon and Lena annual cycles show a systematic increase of flow throughout the year. However, the simulated cycles of these
two rivers do not properly follow the well known dynamic of boreal rivers, which typically present little flow during winter,
followed by a sharp rise of flow in late spring related to snow melt that continues during summer. The GCMs simplification of
snow processes may be hindering the generation of runoff in the correct time of the year, and thereby, the real river dynamics.

Although positive river flow trends dominate the projections, there are some rivers of the world where models project drier
conditions for the future. Figure 8 presents the cases of Colorado at Hoover Dam (the largest dam in USA) and Limay at
El Choc6n Dam (the fourth largest Argentinian dam). In both cases, the dry anomalies that average ~-15 % are not strong
enough to emerge from the natural variability range before 2050, but this is likely to occur in Limay in the second half of the
century if its signal strengthens in the long-term (S/N = —0.9 in 2050). Colorado and Limay are snow-fed rivers extended
over arid to semi-arid regions. The streamflow decline results from a combination of reduced precipitation with increased

evapotranspiration (see Fig. B1), which produces snow loss in the headwaters (Hoerling et al., 2019; Milly and Dunne, 2020).
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4 Discussion and conclusions

We conducted 18 quarter degree global hydrological simulations for the period 1950-2050 forced by runoff from a variety of
HighResMIP-CMIP6 GCMs, which assume a high-emission scenario for the projections. The simulations were used to assess
how the river flow is expected to change until mid-century at the global scale. The assessment included a direct comparison
of key hydrological variables, and the estimation of the signal-to-noise ratio and the ToE to determine for which rivers of the
world and when the climate change signal will emerge from the natural variability. Lastly, we focused the ToE analysis in a
subset of rivers that, under a high-emission scenario, would face unfamiliar or even unusual climate in the coming decades.

In agreement with the IPCC AR6 (Douville et al., 2021; Caretta et al., 2022) the GCMs present a general intensification of
the global land water budget components for the FUTURE period. Independently of the type of simulation and the model’s
resolution, the GCMs systematically predict more land precipitation (+3 %), evapotranspiration (+2 %), and runoff (+6 %). The
enhanced runoff is mainly supported by strong positive anomalies (>+20 %) in central Africa and slight wet anomalies in the
northern high latitudes, which are partially compensated by dry anomalies in parts of South America. Beyond the large regional
variations in runoff, there is strong consensus among models of which catchments are likely to present positive changes in the
near future (Congo, Niger, Nile, Lake Chad, Lena, Indigirka, Kolima, and Yukon). On the other hand, the models agree on
negative anomalies for some rivers of the world with little flow. For instance, rivers in Patagonia (e.g., Maipo, Negro, Chubut),
some tributaries of Amazon (Ukayali and Xingu), most rivers in the Iberian Peninunsula, and Colorado river in North America.

Consistently with the wettening of the global land water budget, most models project a clear positive global river discharge
trend from ~2000. The signal of the ensemble mean emerges to unfamiliar climate conditions by 2017 and to unusual climate
conditions by 2033. Nonetheless, there is a large spread in the magnitude of the climate change signal among models, with
anomalies ranging from almost no change to +19 % by 2050. The global climate change signal is supported by strong increases
in mean flows of rivers originating in central Africa, east Russia, Alaska, and Greenland. In particular, the main courses of
Congo, Nile, Niger, and Chad present the soonest emergence to unfamiliar climate by 2015-2025 and to unusual climate after
2030, while Yukon, Lena, and Greenland rivers also contribute to the global change entering in unfamiliar climate by ~2030.

It can be argued that the ensemble mean climate change signal is strongly influenced by the high-resolution versions of
GCMs, which simulate greater anomalies, and thereby, sooner ToE. This is particularly true for HadGEM3-GC31, the GCM
with the highest anomalies in Africa (not shown). However, Miiller et al. (2021b) provide robust evidence that high-resolution
GCMs notably enhance the representation of land-atmosphere interactions in Africa through improved large-scale circulation
and better-resolved local processes. Moreover, Miiller et al. (2021a) showed that high-resolution HadGEM3-GC31 simulations
notably improves the performance in mountainous regions due to the finer definition of the orography, which favours the
development of orographic precipitation and more runoff, matching better with river flow observations. While uncertainty in
future projections is unavoidable, these studies suggest that the GCMs projecting stronger changes for the FUTURE are those
that provide the most reliable simulations for the PRESENT period.

The specific evaluation done for African rivers flowing along important cities (Congo at Kinshasa-Brazzaville, Niger at

Asaba-Onithsha, Chari at N’Djamena, and Nile at Cairo) revealed two common features in the four cases. First, they show a
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pronounced signal of change in streamflow, which emerges from the background natural variability to unfamiliar conditions by
~?2018, and to unusual conditions between 2031 and 2038. Second, most projected annual cycles are above the mean annual
cycle of the base period, but most importantly, the amplitude of the cycles are intensified, being the annual highs the months
with largest differences with respect to the historical values. The peaks are expected to rise by ~30 % on average with some
years augmenting above 50 %.

Such magnitude of changes for the FUTURE period (2015-2050) may produce severe floods with catastrophic consequences
in metropolitan areas. Indeed, the Congo River has suffered frequent floods recently (e.g., the severe floods from October 2019
to January 2020 reported in UNOCHA 2021) affecting at least 100,000 people per year since 2015 in Republic of Congo and
Democratic Republic of Congo (Ritchie and Roser, 2014). Nigeria suffered an unprecedented flood in 2012 with 7,000,000
people affected and 363 reported deaths (Amangabara and Obenade, 2015), but also flooding events in 2018, 2020 (Ritchie and
Roser, 2014), and 2022. IFRC (2022) reported at least 2,800,0000 people affected and at least 603 lives lost in the 2022 flood,
being the near delta states the most affected. Similarly, Logone and Chari overflowed their banks, hitting N’Djamena in 2012
and 2022 (UNITAR, 2012; UNOCHA, 2022; Ritchie and Roser, 2014). However, the positive trend of Lake Chad tributaries is
not necessarily bad news for the region. It is well known that Lake Chad, which provides food and water to 50,000,000 people,
has shrunk up to 90% of its area since the 1970s (Gao et al., 2011). In agreement with the simulations, recent observation-
based research has reported a recovery of the Lake Chad surface water extent and volume since 2000’s (Pham-Duc et al., 2020),
which brings hope to the surrounding growing communities. Lastly, the relationship between Nile flow and flooding events in
Cairo is not straightforward given the strong regulation of river dynamics with dams. Thus, the projected increase in river flow
may have important implications for dam management strategies, reinforcing the need for consensus and cooperation over Nile
waters (Conway, 2017).

The results of Yukon and Lena discharge into the Arctic Ocean also revealed two common patterns. Their projections
shift from familiar to unfamiliar climate around 2030, and the future annual cycles are characterised by an almost constant
rise of flow throughout the year. Instead, Greenland rivers present an earlier change to unfamiliar climate by 2027, and a
strong intensification of the river discharge peak. It is unlikely a direct impact of such changes in Greenland, Yukon, and
Lena on human settlements (like African rivers) as these deltas are mostly depopulated. However, the extra discharge may
influence a wide range of physical, chemical, and biological systems (Mankoff et al. 2020 and references therein). For instance,
the enhancement of freshwater release may produce a freshening of the Arctic Ocean (Morison et al., 2012), which in turn
affects the ocean stratification, the sea ice formation or melt, and potentially the global ocean overturning circulation (Solomon
et al., 2021). In agreement with the model simulations, some observation-based studies reported an accelerated rise of Arctic
freshwater input from rivers since the 90’s favouring the cooling and freshening process (Rabe et al., 2011; Perner et al., 2019;
Shiklomanov et al., 2021).

Most rivers in the world present positive flow trends. Two exceptions are Colorado in North America and Limay in the
Patagonia, rivers with flows that will remain in the range of natural variability but with a decline of about 15%. The hydrological
deficit on these rivers reduces the hydropower generation due to low dams levels, but also reduces the availability of water for

irrigation affecting agriculture and livestock. In agreement with our results Hoerling et al. (2019) and Milly and Dunne (2020)
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reported a continuous decay of Colorado river flow according to the observations. In the same way, Cerveny et al. (2022)
highlighted that nowadays Lake Mead, located behind Hoover Dam, records its lowest level since the 1930s (filled to just 35%
of its capacity) threatening the hydroelectric power production of the dam and the provision of water. Similar impacts face
communities depending on rivers originating in Southern Andes. Rivera et al. (2021) reported frequent hydrological droughts
in the last decade due to the reduced snow accumulation over the the Andes. The continuous low levels of the river systems
motivated Argentinian authorities to declare the water emergency for the catchments of Limay, Neuquén, and Negro in 2022,
limiting the operation of the dams to guarantee the availability of water in the affected areas.

It is a concern that several important rivers of the world are projected to cross imminently the limit of their natural variability.
However, the hydrological predictions presented in this work should be interpreted in the context of a very high baseline emis-
sion scenario, i.e., a potential outcome if society does not make concerted efforts to cut greenhouse gas emissions (Van Vuuren
etal., 2011). As such, the results may be used as an upper limit for decision making. In future work, we will extend the analysis

to a broader set of the new SSP scenarios.

Appendix A: Internal variability in projections of runoff anomaly

In our experiments each GCM has only a single ensemble member per resolution and simulation type. It means that the
projections may be significantly influenced by internal variability. Deser et al. (2012) tested the internal variability with a
set of 40 members of regional climate model simulations of North America and highlighted that projections of precipitation
are more subject to internal variability than projections of temperature. Given the direct impact of precipitation on runoff, it
could be hypothesized strong internal variability of river flow in model simulations. Such robust internal variability test is
not possible in our work given that most GCMs provide a single realization, except by the HadGEM3-GC31 family, which
provides three realizations per resolution and simulation type. The realization resulted from varying the initial conditions with
arandom perturbation to the initial state of the atmosphere. Figure Ala-b exhibits the global runoff anomaly projections of each
GCM along with shaded bands representing the internal variability of HadGEM3-GC31 triplets. While the internal variability
tend to rise over time, especially in HadGEM3-GC31-LL, it is smaller than the inter-model variability and comparable to the
variability given by the GCMs’ resolution. Thus, it may be assumed that our set of simulations is adequate for the proposed

objectives and that more realizations would not present substantial alter the presented results.

Appendix B: Changes in land precipitation, evapotranspiration, and surface temperature

The TIPCC ARG reports a strengthening of the future global land water budget components with strong regional variations

(Douville et al., 2021; Caretta et al., 2022). The results presented in section 3.1 agree with the previous statement at the global

17



360

365

370

https://doi.org/10.5194/egusphere-2023-1281
Preprint. Discussion started: 17 July 2023 G
© Author(s) 2023. CC BY 4.0 License. E U Sp here

10 (a) Global runoff anomaly (AMIP)

CNRM-CM6-1
CNRM-CM6-1-HR
EC-Earth3P
EC-Earth3P-HR

6 HadGEM3-GC31-LM
HadGEM3-GC31-MM
| HadGEM3-GC31-HM
MRI-AGCM3-2-H
MRI-AGCM3-2-S

2= //j\: NICAM16-7S
__ —— NICAM16-85
= @

0
2015 2020 2025 2030 2035 2040 2045 2050

103km3yr—!

10 (b) Global runoff anomaly (COUPLED)

CNRM-CM6-1
CNRM-CM6-1-HR
EC-Earth3P
EC-Earth3P-HR

6 HadGEM3-GC31-LL
HadGEM3-GC31-MM
HadGEM3-GC31-HM

103%km3yr!

—

0
2015 2020 2025 2030 2035 2040 2045 2050

Figure Al. Low-pass filtered projections of global runoff anomalies for (a) AMIP and (b) COUPLED simulations. The solid lines show the
projections of individual GCMs. The shaded bands show the internal variability of HadGEM3-GC31 GCM generated by three realizations

of the GCM at low-, intermediate-, and high-resolution that vary in the initialization method.

scale. Here, we complement those results with focus on the spatial variability of the expected changes in the water cycle.
Figure Bla-b complements the Fig. 2 with the maps of the ensemble mean difference between FUTURE and PRESENT for
land precipitation and evapotranspiration. These maps present similarities with the runoff map, mainly in the positive changes
in the northern high latitudes, the Maritime Continent, and over the Sahel, which dominate the overall intensification of the
water cycle.

The wetter conditions in the northern high-latitudes observed in Figs. Bla-b are associated with the well-known polar
amplification of warming observed in Fig. B1lc, however the specific processes responsible for this connection are still a topic
of discussion. Some studies explain this relationship in terms of the moisture budget, arguing that either the increased surface
evaporation following the retreat of sea ice and glaciers and the thawing of permafrost (Bintanja and Selten, 2014; Kopec et al.,
2016) or the stronger moisture advection from lower latitudes (Bengtsson et al., 2011) cause increased precipitation, while
Pithan and Jung (2021) support that it is mostly driven by stronger radiative loss of energy to space. Regardless, the rise of
precipitation and runoff alter the hydrological dynamic of the rivers flowing in cold regions (Barnett et al., 2005; Wang et al.,
2021).

The wettening in intertropical regions is associated with the strengthening of the ITCZ. According to previous studies,

the ITCZ presents a drying tendency at its edges but a strong moistening tendency in its core (Lau and Kim, 2015; Byrne

18



https://doi.org/10.5194/egusphere-2023-1281

Preprint. Discussion started: 17 July 2023 EG U h N
© Author(s) 2023. CC BY 4.0 License. spnere
@ ® Preprint repository

BY

(a) Land precipitation (FUTURE-PRESENT)
I e ==

-0.1

E———y
+ Low agreement /

in the sign of change&{ - -

-0.1

+ Low agreement

(c) Land surface temperature (FUTURE-PRESENT)

Shisy vy
L
N
+ Low agreement /
in the sign of change &
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surface temperature [C] between FUTURE (2015-2050) and PRESENT (1950-2014). The crosses indicate that at least 3 out of 18 GCMs

disagree in the sign of change.

375 et al,, 2018; Douville et al., 2021). This is attributed to the intensification of ascending motion over the equatorial tropics,
which elevates cloud tops, promotes convection processes, and leads to increased intense precipitation (Su et al., 2017). The

increased land precipitation is partitioned in extra evapotranspiration and runoff in the Maritime Continent and over the Sahel
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(Figs. Bla-b and Fig. 2). However, there are regions presenting some different features. For instance, the Congo basin projects
a strong rise of precipitation but combined with a slight evapotranspiration decrease, which favour the strong rise of runoff.
This makes it the region of the world with the largest increase in river flow.

Lastly, there are other regions of the world projecting drier conditions of the hydrological cycle that partially compensate
its global intensification. For instance, northern Brazil that exhibits reduced precipitation, evapotranspiration, and runoff, or
Southern Andes, which shows a strong decay in precipitation combined with enhanced evapotranspiration, which deepens the

decrease of runoff and streamflow for the rivers that originate there (see Figs. Bla-b and Fig. 2).

Code and data availability. The HighResMIP CMIP6 GCMs simulations that provide the forcings are freely available on the Earth System
Grid Federation (ESGF; esgf-node.llnl.govprojects/cmip6). The standalone river routing code and simulations are stored in JASMIN, the U.K.
supercomputer for environmental science deployed on behalf of the Natural Environment Research Council (NERC). They are accessible

upon request to the corresponding author.
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