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Abstract

El Nino Southern Oscillation (ENSO) strongly influences the global climate system, affecting
hydrology in many of the world’s river basins. This raises the prospect of ENSO-driven variability
in global and regional hydroelectric power generation. Here we study these effects by generating
time series of power production for 1593 hydropower dams, which collectively represent more
than half of the world’s existing installed hydropower capacity. The time series are generated by
forcing a detailed dam model with monthly-resolution, 20th century inflows—the model includes
plant specifications, storage dynamics and realistic operating schemes, and runs irrespectively of
the dam construction year. More than one third of simulated dams exhibit statistically significant
annual energy production anomalies in at least one of the two ENSO phases of El Nifio and La
Nina. For most dams, the variability of relative anomalies in power production tends to be less
than that of the forcing inflows—a consequence of dam design specifications, namely maximum
turbine release rate and reservoir storage, which allows inflows to accumulate for power

generation in subsequent dry years. Production is

affected most prominently in Northwest United

States, South America, Central America, the Iberian Peninsula, Southeast Asia and Southeast
Australia. When aggregated globally, positive and negative energy production anomalies effectively
cancel each other out, resulting in a weak and statistically insignificant net global anomaly for

both ENSO phases.

1. Introduction

El Nifio Southern Oscillation (ENSO) is a major driver
of global interannual climate variability (McPhaden
et al 2006). Its characteristic warming (El Nifo) and
cooling (La Nina) phases manifest in flood and
drought conditions across many regions of the world
(Chiew and McMahon 1998, Yu and Zou 2013, Ward
et al 2014, Liang et al 2016). This raises the prospect of
ENSO-driven variability in hydroelectric power
production at dams located in affected river basins.
A link between ENSO and global hydropower
production would carry important practical implica-
tions. For example, it has been speculated that
volatility in hydropower production could be influ-
encing global carbon emissions and fossil fuel prices—

a result of periodic hydropower production shortfalls
being offset by increased energy production from coal,
oil and gas fired plants (Cashin et al 2015).
Hydropower is the dominant source of electrical
power production in many world regions (-~17%
globally) and new dam developments are expected to
both secure and extend its role in future (Hertwich
et al 2015, IEA 2015, EIA 2016). A study into the
potential relationship between ENSO and global and
regional hydropower production would therefore
constitute a highly relevant and timely contribution
to the water-energy nexus agenda (see Frumbhoff et al
2015).

The most intuitive approach to studying the
relationship between ENSO and hydropower produc-
tion would be to look for correlations between

© 2017 IOP Publishing Ltd
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historically measured ENSO indices and records of
electricity production from hydropower plants. Unfor-
tunately, the available electricity production records are
both short and coarse (thirty years country-level
records of annual energy production—EIA 2016),
posing at least three problems for such an analysis. First,
the short period of record encompasses only a handful of
ElNifio events, limiting the prospects for finding robust,
ENSO-driven anomalies in energy production. Second,
country-level data may mask important differences in
ENSO impact across different dams within large
countries, like China or the United States. Third, many
large hydropower dams have come online in recent years
and are therefore unrepresented in historical hydro-
power production data. A practical approach that
overcomes these issues is simulation, which can be used
to generate synthetic hydropower production data for
individual dams—including those built only recently—
under the ENSO events experienced during the bulk of
the 20th century. The key challenge with this approach is
to represent adequately the actual water release schemes
used by dam operators—an issue that has been
addressed in prior large scale water resources studies
using heuristics or optimized operations tailored to the
reservoir function (Lehner et al 2005, Haddeland et al
2006, Hanasaki et al 2006, Hamududu and Killingtveit
2012, van Vliet et al 2016).

Here we quantify the potential impacts of ENSO
on global and regional hydropower production by
simulating 1593 hydropower dams—representing
more than half the world’s currently installed
hydropower capacity. Each dam is assigned a bespoke,
optimized operating policy and then forced with
monthly-resolution inflows derived from 20th century
climate conditions. Monthly time series of hydropow-
er production are calculated accounting for reservoir
storage dynamics and coinciding changes to hydraulic
head as well as evaporation losses from the water
surface. Our approach allows us to explore fine-detail
temporal and spatial patterns of global hydropower
production, and link these patterns to all ENSO
episodes observed during the period 1906-2000.

2. Methods

To undertake this analysis, we compile data describing
the design specifications of existing hydropower dams.
Next, we obtain inflow time series for all dams using
gridded historical climate data and a global hydrolog-
ical model. We assign each dam a bespoke, optimized
operating policy to provide a realistic basis for water
release decisions that affect hydropower production.
We then simulate each dam to produce time series of
hydropower production, which are analyzed to
identify anomalies in power production during El
Nino and La Nina phases. These steps are detailed in
the following subsections, and the overall approach is
validated using records of annual hydropower
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production for each country (see supplementary data
available at stacks.iop.org/ERL/12/034010/mmedia).

2.1. Data for hydropower dams

Design specifications of 1593 hydropower dams,
including dam height, maximum reservoir surface
area, storage capacity, latitude, longitude, upstream
catchment area, and long-term average inflow, are
obtained from the Global Reservoir and Dam
(GRanD) database (Lehner et al 2011). These
properties are cross-checked and, where necessary,
infilled using other sources, specifically the Interna-
tional Commission on Large Dams (ICOLD 2011) and
Global Lakes and Wetlands Database (Lehner and Doll
2004). We include run-of-river hydropower dams, but
exclude pumped-storage reservoirs, for which suitable
inflow data are unavailable. Installed power capacities
are obtained from the ICOLD and Global Energy
Observatory (GEO 2016) databases. The maximum
flow rate through turbines is provided by GEO for
about 15% of the reservoirs. For the remaining
reservoirs, the maximum turbine flow rate is predicted
through a regression model using the installed capacity
and long-term average discharge as predictors
(R* = 0.749).

To define an archetypal reservoir shape, we
implement Kaveh’s method (Kaveh et al 2013). The
reservoir surface area, a, isequalto A,,, x (v/ V) @-N2
where vis volume of water in storage, A,,,, V,,,and y,,, are
surface  area, and depth
respectively, and N is a unique reservoir coefficient
definedas2 x V,,/(y,, X A,,). Maximum depth is taken
as two meters less than dam height to allow for
freeboard. For the small number of instances in which
the maximum depth is not available, we adopt Liebe’s
method, which assumes that the reservoir is shaped like a
top-down pyramid cut diagonally in half (Liebe et al
2005). Active (usable) storage capacity is not available
from the GRanD database and is assumed to equal to
storage capacity unless available through GEO.

maximum volume

2.2. Hydrological model

We develop for each dam a historical monthly inflow
time series using the 0.5° x 0.5° gridded global runoff
data set provided by the Water and Global Change
(WATCH) 20th Century (1906-2000) Model Output
(Weedon et al 2011). The runoff data are generated by
forcing a global hydrological model, named Water-
GAP (Alcamo et al 2003), which computes accumu-
lated runoft for each grid square using the DDM30
river network (Doll and Lehner 2002). WaterGAP is
calibrated with discharge data provided by the Global
Runoff Data Center (GRDC 1999). Overall, the model
performance is reasonable, although runoff may be
underestimated in snow-dominated areas and over-
estimated in semiarid or arid regions (Doll et al 2003).
Nevertheless, WaterGAP has been applied successfully
in various global and continental water resources
studies (e.g. Lehner et al 2005, Naidoo et al 2008, Doll
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Table 1. Years categorized as El Nino and La Nifo.

W Letters

ENSO phase Hydrological year
El Nino 1912, 1914, 1919, 1926, 1930, 1931, 1941, 1952,
La Nifia 1907, 1909, 1910, 1911, 1917, 1923, 1925, 1939,

1975, 1976, 1989, 1999, 2000

1958, 1964, 1966, 1970, 1973, 1977, 1983, 1987, 1988, 1992, 1998
1943, 1945, 1950, 1955, 1956, 1957, 1965, 1968, 1971, 1972, 1974,

Source: coaps.fsu.edu/jma.shtml.

et al 2009, Haddeland et al 2014, Veldkamp et al 2015).
Here we implement an additional minor correction to
the discharge to adjust for any disparity between
upstream catchment area defined by the DDM30 river
network and the documented upstream catchment
area of each dam.

2.3. Dam operating model
To simulate the behavior of the hydropower dam
operators, we model the decision-making problem
faced by the human regulators as an optimal control
problem, whose objective is to maximize hydropower
production over the long term. The problem is solved
using Stochastic Dynamic Programming. The chosen
approach uses the reservoir specifications and a periodic
Markov chain model of the inflow process to generate a
bespoke look-up table of turbine release decisions for
each dam. Releases are specified as a function of month
of the year, storage level, and current period inflow—
common choices for state variables in actual dam
operation (Hejazi et al 2008). We simulate each dam
using these operating rules to produce realistic
hydropower generation time series under 1906—-2000
climate conditions. To account for the long term signal
related to the expansion of hydropower capacity during
the past decades, we simulate all dams from 1906
onwards regardless of their construction year. In other
words, we simulate the behavior of existing dams under
the 20th century inflow conditions, which serve as
representation of climate variability (although dam
construction year is accounted for in model validation,
which compares simulated to observed generation).
Storage dynamics are simulated using the laws of
mass balance:

St+l:St+Qt_Rt_Et
0 <8 < Sap (1)
0 <R < min (St+Qt_EtaRmax)

where S; is the reservoir storage, Q; is the current
period reservoir inflow volume, E; is the evaporation
loss and R, is the water release volume recommended
by the operating rules at time . S, is the capacity of
the reservoir and R, is the maximum volume of
water that can be released through the turbines during
any month of operations (computed from maximum
turbine release rate). Release decisions must also
satisfy downstream environmental flow requirements.
These allocations are determined using the variable
monthly flow method: each month is categorized as
low-flow (mean monthly flow <40% mean annual

flow), intermediate flow (40%-80%) or high flow
(>80%) and then allocated a release requirement
equal to 60, 45 and 30% for the respective categories
(Pastor et al 2014). All excess water is spilled (spilled
volume at time ¢is equal to S, + Q; — R, — E; — Scap).
Evaporation is a function of the average storage
between t and t +1, creating an equation with two
unknowns (E; and S, ) that is solved by iteration at
each step of the simulation.

Hydropower production P, (MW) is calculated as
follows:

P,=nxpxgxr x H (2)

where 7 is turbine efficiency, p is the water density
(1000 kg m~), g is gravitational acceleration (m s72),
H,is hydraulic head (m) (taken as the average between
tand t+1), and r, is the average release rate (m2s™H
implied by monthly release volume R, Maximum
hydraulic head is calculated by assuming turbine
efficiency equal to 0.9. In cases where both maximum
turbine flow and maximum hydraulic head are available,
the efficiency of hydropower reservoir is computed,
ensuring that equation (2) holds true for all reservoirs
operating under maximum capacity. All optimization
and simulation algorithms are implemented using R
package reservoir (Turner and Galelli 2016).

2.4. Statistical analysis
To analyze the potential impact of ENSO on simulated
hydropower production, we look for statistically
significant anomalies in production occurring during
recognized ENSO phases (i.e. El Nifio and La Nina
years). We begin by aggregating the monthly
hydropower production of each dam into annual
time series based on hydrological years (1907 to 2000).
Hydrological years are referred to by the year in which
they end (e.g. hydrological year 1907 refers to the
period October 1906-September 1907). El Nifio and
La Nina years are identified using the Center for
Ocean-Atmospheric Prediction Studies classification
shown in table 1 (ENSO vyears are referred to by the
year in which they start, so they are adjusted in table 1
to match the definition of hydrological years). We
calculate the ENSO vyear percentage anomalies in
hydropower production for each dam compared to all
years. Statistical significance is assessed by boot-
strapping the anomalies for 1000 repetitions.

We also examine correlations between simulated
annual power production and the extended Multivar-
iate ENSO Index (MEI) derived from sea-level
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significant anomalies.

Figure 1. Percentage anomaly in annual hydropower production during (a) El Nifo years and (b) La Nifia years (compared with all
years). Statistical significance was assessed by bootstrapping the anomalies (1000 repetitions, p < 0.05). Each circle represents a
reservoir. Solid circles with black border represent reservoirs with significant anomalies while open circles represent reservoirs without

10 20

pressure and sea surface temperature over the tropical
Pacific. The MEI is available from the Earth System
Research Laboratory (ESRL 2016) and is used
commonly to indicate the presence of ENSO phases.

To assess absolute production anomalies aggregat-
ed for countries, regions, and at the global level, we
need to account for dams not represented in the
simulations. We extrapolate to total global production
using the ratio of simulated to actual capacity for each
country, as in van Vliet et al (2016). Actual installed
capacities for each country are the 2012 values
obtained from the US Energy Information Adminis-
tration (EIA 2016). We then aggregate to analyze
ENSO impacts on hydropower production at regional
and global scales.

3. Results

We find statistically significant anomalies in annual
hydropower production (p < 0.05) for 34.7% of
simulated dams during at least one of the two ENSO
phases of El Nifio and La Nina (figure 1). El Nifio and
La Nina phases cause a statistically significant anomaly
in 22% and 24% of dams respectively (or 26% and

28% of global installed capacity). In both El Nifio and
La Nina phases, the number of dams showing
significant positive anomalies is almost identical to
the number of dams showing significant negative
anomalies—indicating a possible balancing effect
occurring during each ENSO phase. Affected dams
are located predominantly within the northwestern
parts of the Unites States, Central America, Iberian
Peninsula, South China, Southeast Asia and Australia.
Europe (excluding the Iberian Peninsula) is a relatively
weakly affected region. This is unsurprising since
climate variability in Europe is driven mainly by
hydroclimatic phenomena unrelated to ENSO (Rogers
1997). Yet—in agreement with recent studies (e.g.
Capa-Morocho et al 2014)—some significant anoma-
lies are detected during the El Nifo phase, indicating
that ENSO may have weak influence in Europe.
Globally, only 11% of dams show significant anoma-
lies during both El Nifio and La Nifia years, meaning
many dams are significantly impacted by only one of
the two ENSO phases. For instance, hydropower
production in the Indian subcontinent is substantially
reduced during El Nino events, yet is barely affected
during La Nina—a consequence of the weakening of
the Indian Monsoon during El Nifio episodes (Kumar

4
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Figure 2. Pearson correlation scores for annual hydropower production and Multivariate ENSO Index (MEI). Dams without
significant (p < 0.05) correlation are not shown. A positive correlation (red) represents higher production during the El Nifio phases
whilst negative correlation (blue) represents higher hydropower production during the La Nifia phase.

et al 2006). Other instances include the southeastern
edge of South America and western Asia.

Figure 2 displays Pearson correlation scores for
simulated annual hydropower production with the
extended Multivariate ENSO Index. Hydropower
production correlates significantly (p < 0.05) with
MEI for 27.4% of reservoirs—close to the 34.7% of
reservoirs exhibiting significant hydropower produc-
tion anomalies in at least one ENSO phase. The world
regions featuring significant correlations generally
correspond to those showing a strong teleconnection
between ENSO indices and precipitation (or stream-
flow) patterns, as identified in several prior global and
regional studies (e.g. Ropelewski and Halpert 1986,
Chiew and McMahon 1998, Grimm et al 2000, Kumar
et al 2006, Risinen and Kummu 2013).

Anomalies in annual reservoir inflow totals (as
measured by percentage deviation from median) tend
to correlate strongly with corresponding anomalies in
hydropower production (R* exceeds 0.9, 0.8, 0.7 and
0.6 in 28, 47, 62 and 71% of dams respectively). Power
production anomalies often track inflow anomalies
closely throughout the simulation period (~26%
dams exhibit regression slope in the range 0.9-1.1), as
exemplified in figure 3(a). In other cases we find that
the power generation signal is dampened relative to
the inflow—a phenomenon largely attributable to
dam design specifications. Figure 3(c) highlights this
behavior. The dam appears to be unable to fully
convert large inflow volumes into power, which would
occur if the reservoir is full (meaning excess inflows are
spilled) or if inflow exceeds maximum turbine release
rates. The latter results in accumulation of inflows in
storage, which explains why negative inflow anomalies
are blunted in the power anomaly series for this
particular dam and for many others (inflows can be

accumulated in storage and released to generate power
during future dry years). Indeed, the regression slope,
which indicates the extent of smoothing (figure 3(d)),
can be explained by the factors relating to maximum
turbine release rate (e.g. maximum turbine release rate
as a percentage of mean inflow, giving a ranked
correlation score of 0.7) as well as the coefficient of
variation in monthly and annual inflows (greater
variability leads to greater likelihood of breaching
maximum release rates). Some dams exhibit a near
complete breakdown between annual inflow and
power generation anomalies («~16% dams with R’ less
than 0.4). As figure 3(e) shows, positive power
generation anomalies can lag a year or two behind
positive inflow anomalies. Reservoirs that fill quickly
(low capacity relative to mean inflow) and empty
slowly (high capacity relative to maximum release
rate) are common in this category, suggesting the role
of storage accumulation during high inflow years,
leading to high hydraulic head. Often these accumu-
lations will be a direct consequence of operator
behavior (i.e. gathering water to raise production with
a higher hydraulic head to maximize long term
revenues). The presence of these behaviors highlights
the importance of simulating hydropower production
with a model of the dam and its operations, as opposed
to inferring production with a statistical model fed by
the inflow time series.

Regionally aggregated hydropower production
anomalies reveal statistically significant change in
hydropower production in six out of eleven regions
during at least one ENSO phase (p < 0.05) (figure 4).
Southeast Asia, Central America, and Iberian
Peninsula experience the largest relative excursions
in net hydropower production (percentage anomaly
of at least 4.7%) during both ENSO phases. China has

5
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Figure 3. Left panels (a), (), (e) give time series of anomalies in annual reservoir inflow (grey) and corresponding hydropower
production (blue) for three example dams. Right panels (), (d), (f) give corresponding scatter plots, where each point is a year of
simulation (dashed line gives y = x; grey line gives regression slope).
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the world’s largest installed hydropower capacity and
dominates the aggregated impact on production in
East Asia. So whilst hydropower production anoma-
lies in East Asia are small in relative terms, the
absolute impact during El Nino years is surpassed
only by American regions. Figure 5 displays
regionally aggregated simulation results as annual
time series of percentage production anomalies.
Results show that in some regions, particularly
Southeast Asia, South Asia and Central America, the
hydropower production anomalies are tightly phased
with El Nino and La Nina vyears. The largest
deviations from the long-term mean generally
correspond to strong ENSO events. Production
variability across different episodes of a given ENSO
phase may also be due to the non-stationarity of
ENSO influence caused by interdecadal modulation
of ENSO teleconnections (Gershunov and Barnett
1998, Power et al 1999, Wang et al 2008, Feng et al
2014). Other regions show pronounced percentage
hydropower production anomalies during ENSO
phases as well as neutral years. The Iberian Peninsula,
for instance, exhibits an average 11% change in

hydropower production during both ENSO phases;
yet the variance of the anomalies across the different
El Nifio episodes results in an insignificant aggregated
anomaly for El Nino years (at p = 0.10).

When anomalies are aggregated globally, we detect
no significant net impact of either ENSO phase on
hydropower production (figure 4, figure 5). Annual
global hydropower production is on average 0.35%
higher during El Nifo years and 0.64% lower during
La Nina years as compared to all years—differences
which are not significant at p = 0.10. In other words,
regional differences in hydropower production appear
to balance each other out almost perfectly. The weak
residual signal in net global production resulting from
either ENSO phase is eclipsed by production
anomalies driven by other sources of interannual
variability. This balancing is also observed within some
regions, notably Africa, where the impact of ENSO on
dams in East Africa is balanced by impacts experienced
on the remainder of the continent, and East Asia,
where the impacts in northern China balance impacts
in southern China. The results thereby demonstrate
that weak anomalies in power production at global

6
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White areas on the map represent countries without significant hydropower capacity.

and continental scales may mask important anomalies
at subcontinental scales.

4. Discussion

The analysis reported above highlights the importance
of detailed dam models in global hydropower studies
involving simulation. The variability in power
generation resulting from inflow variability is largely
a function of reservoir specifications, namely maxi-
mum turbine rates, storage and operator decision
making. These need to be captured to model a power
production time series correctly. We also find that
relatively low anomalies in power production at large
spatial scales potentially mask important anomalies for
individual regions, countries, river basins or dams.
Furthermore, El Nifio and La Nifia phases can affect
production in markedly different ways, as seen in
India, South America and West Asia, meaning each

phase must be isolated and studied separately. Yet, our
approach based on simulated hydropower production
has some limitations. First, the dam model assumes
that the operator wants to maximize hydropower
production, which may inaccurately represent the
operations of dams that contribute stable power
supply or serve other purposes (e.g. irrigation, flood
control). Second, reliance on reanalysis climate data
from WATCH and downscaling from 0.5° grids may
also result in incorrect inflows for dams in parts of the
world where there are sharp changes in rainfall and
runoff over short distances. Third, extrapolation to
regional and global production assumes that unrepre-
sented reservoirs have similar performance and spatial
distribution as those modeled reservoirs. These
limitations may result in a poor fit between modeled
and observed hydropower production for countries
like Brazil and Australia, but regions experiencing the
highest anomalies, namely Central American, Iberian
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Figure 5. Regional and global annual percentage anomalies in hydropower production for hydrological year 1907-2000. Red, blue
and grey bars represent El Nifo, La Nifia and ENSO-neutral years respectively. These anomalies are calculated based on performance
of all existing hydropower reservoirs (including those not used in our study) under inflows from calendar year 1906-2000.

Peninsula and Southeast Asia, are modeled well (see
supplementary data).

The significant, ENSO-driven, subcontinental
hydropower production anomalies that we observe
may carry broad practical implications at regional and
global scale. Shortfalls in hydropower production
must result in either reduced available electrical energy
for consumers or, more likely, a temporary shift in the
means of power generation. Net exporters of
hydroelectric power will lose revenues whilst net
importers will need to augment supplies from
alternative resources, including coal, oil and gas fired
plants. Regional carbon emissions and fossil fuel prices
may be impacted by hydropower shortfall in this way
(Cashin et al 2015)—as observed recently during dry
spells in California (Gleick 2015) and Tanzania (World
Bank 2004). The opposite is also plausible; heavy rains
in the arid west of the United States connected to the
1997-1998 El Nifio event are thought to have
contributed to increased hydropower output, leading
to reduced energy costs (Changnon 1999). Although
regional impact may be relatively small, the cumulative
impact can be staggering (Hardin et al 2017),
especially when multiple regions are affected by ENSO
simultaneously. The scale of these impacts is likely to
depend on both the magnitude of the hydropower
production shortfall and the relative importance of
hydropower in regional energy supplies. Complimen-
tary future research on the role of ENSO in controlling
other means of power generation (e.g. water
availability for thermal plant power generation) will
help define global vulnerability hotspots where energy
supplies are critically exposed to interannual climate
variability.

It is also interesting to consider whether planned
developments have the potential to create vulner-
abilities in regional supply networks by increasing
reliance on hydroelectric power supplies, thereby
exposing them to ENSO variability. The Mekong River
is one example. It remains one the world’s few large
rivers that has yet to be heavily exploited for its
hydropower potential, and at least eleven dam projects
are planned for the middle and lower reaches of the
river basin (Winemiller et al 2016). We expect that
developments within the upstream mountainous
regions of Tibet and Yunnan provinces would be
relatively unaffected by ENSO. But downstream
projects in Laos and Cambodia, as well as on the
Salween River in Myanmar and Thailand, all lie within
regions that we would expect to experience significant
reductions in power production during the El Nino
phase (Rasanen and Kummu 2013). These reductions
may be exacerbated in the coming decades by the
expected intensification of El Nifo-driven drying in
the west Pacific (Power et al 2013). Another example is
the hydropower development in the Amazon region.
We would expect new dams in the Amazon to
experience significant reductions in power generation
during El Nino—this may provide an opportunity for
transmission of power via the National Interconnected
System in Brazil (da Silva and Freitas 2011), which
appears to experience opposing signals of power
production in the north and south during ENSO
events. Impacts on other regions with ongoing
hydropower developments, such as the Congo basin,
are less predictable given the lack of reservoir data.
Overall, examples like this emphasize the need for
regional energy investment strategies that allow for the
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possibility of significant, periodic down-shifts in
regional hydropower production. The issue gains
prominence in light of evidence suggesting that strong
ENSO events will occur more frequently in future
under greenhouse warming (Cai et al 2014).

5. Conclusion

Our study quantifies the impact of the 20th century
ENSO episodes on global and regional hydropower
production. 1593 hydropower dams are simulated
using a detailed dam model forced with inflows from
1906—2000 (regardless of the construction year of the
dam). Results show that regions characterized by a
strong teleconnection between ENSO indices and
streamflow patterns are likely to exhibit hydropower
anomalies—as confirmed by the 27.4% of simulated
dams showing statistically significant correlation
between the Multivariate ENSO Index and hydro-
power production. Interestingly, some dams within
the regions influenced by ENSO may not exhibit
hydropower anomalies due to their design specifica-
tions and operator decision-making. These results
extend our current understanding of ENSO impact on
global hydrology and highlight the potential effect of
climate variability on the water-energy nexus. Our
results may be used in conjunction with regional-scale
studies on water-energy nexus, which often lack
suitable time series data for hydropower production
(Conway et al 2015). A similar modeling approach—
with non-static operating rules to account for climatic
adaption (Rheinheimer and Viers 2015, Rheinheimer
et al 2016)—could be applied to future runoft series
obtained from climate change scenarios. Such a study
would inform decision makers of necessary invest-
ments needed for capital-intensive hydropower dams
to ensure regional energy security in the face of climate
change.
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