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ABSTRACT

UNDERSTANDING LARGE-SCALE HUMAN-WATER INTERACTIONS FOR
SUSTAINABLE HYDROPOWER DEVELOPMENT

By

Suyog Chaudhari
Hydropower dams have received increased global attention due to their detrimental
socioenvironmental ramifications, resulting in increased concerns as to whether their energy
benefits can outweigh the detrimental consequences. To fulfill rising energy demands driven by
rapid population growth, especially in the developing world, hydropower has often been
developed with a primary focus on energy generation. The re-emergence of large dams could
very well bring large energy and economic incentives especially to the developing economies;
however, these incentives may come at the expense of altering the natural flow regime of rivers
with additional repercussions on the biodiversity and ecological productivity within the basins.
With the continued interest in hydropower development, it is imperative to examine and
understand the intricate changes to the basin’s hydrology due to dam operations and further
rethink hydropower design to avoid potentially catastrophic consequences. To date, several
studies have simulated and examined the impacts of reservoir operation on the hydrological
characteristics of global rivers. Although, these studies have made great strides in examining the
impact of dams on river flow, the observation-based studies alone are not sufficient to
disentangle the major drivers of change and there are major deficiencies in simulation-based
studies in providing a comprehensive picture of the large-scale and cumulative impacts of dams.
Hence, the actual impacts of the existing dams and the potential effects of new dams remain
poorly understood. The overarching goal of this dissertation is to address this important research

gap by employing a mechanistic approach to develop a holistic understanding of the hydrology



of global river basins under the effects of climate change and human interventions, such as
LULC change and dam operations. The study is conducted over the Amazon River basin that is
increasingly dammed with hundreds of dams planned for the near future. The historical
interannual and interdecadal hydrological changes in the Amazon River basin and its sub-basins
are first investigated by implementing a high-resolution, physically based, continental-scale
hydrological model, LEAF-Hydro-Flood (LHF), to determine the dominant mechanisms that
modulate terrestrial water storage (TWS). The historical impacts of existing dams and the
potential impacts from collective operation of existing and planned dams on a basin-wide scale
in the Amazon are then quantified under the historical climate using a new dam operation
scheme in a high-resolution hydrodynamic model, CaMa-Flood-Dam (CMFD). Using this new
dam operation scheme, the potential future changes to the hydrology of the Amazon River basin
are then quantified under cumulative operation of existing and planned dams and multiple
climate change scenarios for the entire twenty first century. Lastly, this dissertation explores
viable alternatives for hydropower generation, by assessing the feasibility—with respect to
energy potential and cost—of implementing in-stream turbines to harness a large portion of the
power that is expected to be generated by building large dams. The results from the
aforementioned analysis provide major advances and crucial insights on the understanding of the
integrated river-floodplain-reservoir dynamics in a flood and hydropower dominant river system,
such as the Amazon, with further implications for sustainable hydropower development. Over
the long run, this assessment could prove beneficial in investigating the future of hydropower in
the Amazon and other regions worldwide (for example, the Mekong and Congo River basins)

where a boom in construction of mega-scale hydropower dams is underway.
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Chapter 1.  Introduction

1.1.  Research Motivation

1.1.1. Global Hydrological Cycle and the Amazon River Basin

Water is fundamental to Earth System functioning and human society. Due to the central role of
water for maintaining global biosphere integrity, regulating climate, and mediating carbon and
nutrient cycling, changes to the water cycle can propagate through the Earth System and disrupt
processes interacting across numerous scales. For millennia, rivers have provided food,
contributed water for domestic use and agriculture, sustained transportation corridors and, more
recently, enabled power generation and industrial production (Zarfl et al., 2015). These goods
and services generally require built infrastructure, and societies have addressed this demand by
constructing an estimated >2.8 million dams (Lehner et al., 2011), regulating and creating over
500,000 km of rivers and canals for navigation and transport and building irrigation and water-
diversion schemes (Grill et al., 2019) globally. As a result, rivers are exposed to sustained
pressure from fragmentation and loss of river connectivity (Nilsson et al., 2005), constraining
their capacity to flow unimpeded, affecting many fundamental processes and functions
characteristic of healthy rivers and leading to the rapid decline of biodiversity and essential

ecosystem services (Cardinale et al., 2012; Zarfl et al., 2019).

The global growth in food and energy demand is placing unprecedented pressure on the land and
water resources of our planet, by encouraging countless human activities coughed up to cope
with this increasing demand (Best, 2019). Activities such as land use change in one setting can
alter evapotranspiration from land and lead to widespread precipitation alteration in the
downwind regions (Wei and Dirmeyer, 2019). Intensified land-water interactions due to human

interference are already well-known to incur catastrophic changes to the Earth system, from
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large-scale deforestation (Hansen et al., 2013) that may lead to regional forest dieback in areas
such as the Amazon (Malhi et al., 2009; Nepstad et al., 2008; Zemp et al., 2017), reduction in
sediment delivery by large dams causing mega deltas to sink at an alarming rate in the Mekong
(Schmidt, 2015; Syvitski et al., 2009), disappearance of the Aral Sea in central Asia (Pokhrel et
al., 2017), and many more impacting its stability as a whole (Rockstrom et al., 2009; Steffen et
al., 2018). Moreover, socioeconomic factors driven by a global food, energy and water demand
can impact local hydrological conditions, which is the current state in most global river basins
with cattle ranching in the Amazon (Castello and Macedo, 2016), logging in the Congo

(Kleinschroth et al., 2019) and agriculture in the Mekong (Pokhrel et al., 2018a).

This emerging understanding of interconnections between local and global water systems is
mainly uprooted from world’s most biodiverse river basin—the Amazon. Being the largest river
system in the world, it contributes to ~20-30% of the world’s total river discharge into the oceans
(Clark et al., 2015; Muller-Karger et al., 1988; Nepstad et al., 2008), while playing a major role
in global atmospheric circulation system (Malhi et al., 2008; Soares-Filho et al., 2010). The vast
latitudinal extent causes diverse climatic systems in every corner of the basin, making the
Amazon River basin a focal point for many hydrological and meteorological studies in the past
century (Coe et al., 2002; Costa and Foley, 1999; Eltahir and Bras, 1994; Hirabayashi et al.,
2013; Lesack, 1993; Marengo, 2006, 1995, 1992; Marengo et al., 1998; Matsuyama, 1992;
Muller-Karger et al., 1988; Rodrigo Cauduro Dias Paiva et al., 2013; Salati and Vose, 1984;
Stehman, 1996; Timpe and Kaplan, 2017; Winemiller et al., 2016; Woodroffe, 1914; Zeng,
1999). Realizing the basin’s importance, most of the global studies have considered Amazon
region as one of the benchmarks (Felfelani et al., 2017; Haddeland et al., 2014, 2006; Hanasaki

et al., 2018; Scanlon et al., 2019), while studying the potential impact on the Amazonian



rainforests and hydrology under the influence of climate change (Coe et al., 2009; Cook and
Vizy, 2008; Cox et al., 2004; Guimberteau et al., 2017; Malhi et al., 2008; Nepstad et al., 2008;

Pokhrel et al., 2014).

The Amazon River system holds the most diverse fish assemblages and one of the most
productive inland fisheries on Earth (Castello and Macedo, 2016). Andean origin rivers
contribute roughly half of the Amazon mainstem’s annual flow and export massive quantities of
sediment, organic matter, and nutrients to the lowlands (Anderson et al., 2018; Finer and Jenkins,
2012; Forsberg et al., 2017) while largely controlling geomorphological processes like river
meandering, sediment deposition, and floodplain formation for thousands of kilometers
downstream. This annual flood pulse, which inundates over 750,000 km? of area annually in the
Amazon Basin (Resende et al., 2019), in turn supports the largely endemic Amazonian
rainforests and the habitats for many vertebrate and invertebrate species, with an estimated 2,411
described and 1,089 endemic species (Arantes et al., 2019), both terrestrial and aquatic, hence
maintaining the biodiversity of the entire basin. Some of the fish species are known to migrate
thousands of kilometers from Andes to Amazonian lowlands recording the longest freshwater
migration in the world (Barthem et al., 2017). Local livelihoods and diets of riverine populations
depend heavily on these fisheries that provide the main source of animal protein (Castello et al.,
2015). Such an important global region is under-going a hydrological and ecological change at a
very large scale mainly due to anthropogenic activities driven by ever increasing food and power
demand in the South American continent (Fearnside, 2015, 2014; Finer and Jenkins, 2012;
Forsberg et al., 2017; Kahn et al., 2014; Kalamandeen et al., 2018; Latrubesse et al., 2017;
Timpe and Kaplan, 2017). Dam constructions, being one of such anthropogenic activities, have

been causing unprecedented alterations in the natural hydrological regime of the Amazon, hence



complicating the naturally complex food-energy-water system into a food-energy-water-human

system, which has not yet been adequately studied.

1.1.2. Climate Change, Hydropower, and Land Use Change in the Amazon

Even though the Amazon receives plentiful rainfall during normal years, it periodically
experiences extreme droughts which has been widely observed across the basin (Malhi et al.,
2009; Marengo and Espinoza, 2016). These catastrophic droughts had major implications on the
hydrology of the Amazon River basin; for example, the 2005 hydrological drought led to
reduction in streamflow by 32% from the long-term mean, (Zeng et al., 2008), and in 2010
moisture stress induced persistent declines in vegetation greenness affecting an area of ~2.4
million km? (Xu et al., 2011). Moreover, forest fires being a direct consequence of the extreme
droughts showed an increase of ~3 standard deviations in fire anomalies during the 2005 and
2010 mega-droughts (Aragdo et al., 2018, 2007; Brando et al., 2014; Davidson et al., 2012;
Malhi et al., 2008; Rammig et al., 2010), generating huge smoke plumes and negatively
impacting the health of local populations. The basin has also experienced anomalous wet events
causing massive flooding, such as that in 2012 (Satyamurty et al., 2013). Often, these extreme
weather events are caused by climatological changes occurring over the Pacific and Atlantic
oceans; for example, majority of the historical droughts in Amazon River basin were caused due
to the direct consequence of the El Nino events (Marengo, 2004; Marengo and Espinoza, 2016;
Satyamurty et al., 2013). However, some of the most severe droughts (e.g., the 2005 and 2010
mega droughts), were not stirred by the El Nino Southern Oscillation and have been suggested to
be a result of ongoing human-induced changes such as deforestation, intensive agricultural
development, and dam construction (Cook et al., 2012; Cook and Vizy, 2008; Espinoza et al.,

2011; Lee et al., 2011; Lewis et al., 2011; Malhi et al., 2008; Marengo, 2004; Marengo et al.,



2008; Marengo and Espinoza, 2016; Phillips et al., 2009; Xu et al., 2011; Zeng et al., 2008).
With on-going climate change and potential intensification of human activities, such as the plans
for hydropower development of the Amazonian countries’ energy sector, these extreme events

are expected to increase further in the future (Wanders et al., 2015; Wanders and Van Lanen,

2015; Wanders and Wada, 2015).

Several hundreds of large dams are planned to be built globally, with a major portion of it
situated in tropical river basins such as the Amazon. Although, with the growing recognition of
the hydrological, ecological, and social impacts of storage-based dams, dam removal due to
aging and increased failures is on an upward trend in developed countries such as United States,
the developing countries, such as the Amazonian countries, are ramping up dam constructions
even though existing ones have been surrounded by controversies due to environmental concerns
and complaints from downstream riparian communities (Moran et al., 2018; Winemiller et al.,
2016). Currently, 147 dams are under construction and hundreds more are planned in the Andes
and the Amazonian lowlands. These dams are continued to be built in a way that disrupts river
ecology, causes large-scale deforestation, and negatively affects both the food systems nearby
and downstream communities. Further, with the well-known and already felt impacts of climate
change, the existing and under construction dams in the Amazon are predicted to generate only a
fraction of their originally intended power generation capacity. The recently completed, Belo
Monte dam in the Xingu River will produce only 4.46 GW of the 11.23 GW installed capacity in
many months of the year due to low river levels, whereas the Jirau and Santo Antonio dams on

the Madeira River are predicted to produce only 3 GW each (Moran et al., 2018).

Large dams that impound water forming large reservoirs are one of the main causes of

deforestation in the Amazon, with further stimulation from road network expansion that
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accompanies dam construction (Hansen et al., 2013). Tree clearing for the purpose of agriculture,
dam constructions and cattle ranching has already shrunk the forest by ~15% from its 1970s
extent of more than 6 million square kilometers (Amigo, 2020); in Brazil which encompass more
than half of the Amazonian forest, 20% has been reported to be disappeared (Nobre et al., 2016;
Zemp et al., 2017). Given consensus on the value of natural forests to the Earth system, slowing
deforestation in the Amazon rainforest has been a central agenda of Brazil’s intervention policy.
These efforts played an important role in lowering deforestation rates since their peak in 2004,
but the rate has since risen as a result of political turmoil and an economic recession, reaching a
decadal high in 2018 (Amigo, 2020). Deforestation at a continental scale, especially in the
Amazonian continent, could cause reduced regional precipitation, feeding to the already upscaled
climate change processes, eventually reaching a “tipping point” when a permanent shift to a drier
ecosystem will be observed (Lovejoy and Nobre, 2018). Compounding the adverse climate
impacts caused due to dam construction with ample evidence suggesting a characteristically
irreversible (Latrubesse et al., 2017), large-scale degradation of the environment by greenhouse
emissions from reservoirs (Fearnside and Pueyo, 2012), loss of suspended solids in rivers
(Latrubesse et al., 2017), and erosion of food security (Stone, 2011), there is an urgent need to
rethink hydropower technology in order to avoid the future catastrophic impacts of large dams.
Therefore, it is imperative to better understand the changing dynamics of the Amazonian
floodplains and thereby predict its future evolution under projected water resource development

(especially dam construction) and climate change.

1.1.3. Implications of Hydropower Development on Hydrology, Ecology, and Societies
Hydropower, being the primary renewable energy resource, is expected to remain a promising

source of energy for the foreseeable future, both globally and for the Amazonian countries



(Moran et al., 2018; Winemiller et al., 2016). Therefore, it is critical to develop a better
understanding of the hydrological and ecological impacts of the dams along with their
performance efficiency and suitability under climate change. Large-scale, storage-based dams
are known to cause significant changes in the downstream regions such as impediments to fish
migration (Stone, 2016), alterations in freshwater discharge to oceans (Pokhrel et al., 2012b),
reductions in sediment movement (Latrubesse et al., 2017) and nutrient transport (Eiriksdottir et
al., 2017), river fragmentation (Anderson et al., 2018), disruption of flood pulse dynamics
(Pokhrel et al., 2018b), and delta erosion (Yang et al., 2017). There are evidences that even the
run-of-the-river hydropower plants incur profound influence on riverine habitat(Anderson et al.,

2015) even though the impacts are less severe compared to that of large dam projects.

Past literature has widely reported the impacts of the existing dams on the Amazon River basin
and has improved our understanding of their complex interactions with the environment based on
the historical changes in hydrology (Anderson et al., 2018; Arantes et al., 2019; Cochrane et al.,
2017; Finer and Jenkins, 2012; Kemenes et al., 2011, 2007; Pokhrel et al., 2012a; Resende et al.,
2019; Timpe and Kaplan, 2017). Based on these understandings, an index-based framework was
developed to quantify their overall impact on the basin with respect to new roads, deforestation
and the ever-advancing agricultural frontier, along with the changes to hydrology and sediment
transport, which are crucial for downstream floodplains, the estuary and coastal ecosystems
(Latrubesse et al., 2017). The critical role of the Andes-to-Amazon connectivity was also
highlighted by a regional analysis of river fragmentation by existing and planned hydropower
dams in the Andean headwaters of the Amazon (Anderson et al., 2018; Finer and Jenkins, 2012).
While such many pieces of knowledge have been accrued, a holistic view of the entire Amazon

River basin under the influence of climate change and hydropower dams has not been presented.



Further, several of these studies collectively quantify the changes in the hydrological variables
caused by both climate variations and human activities, hence failing to isolate the impacts
caused by them individually. These studies provide a spatially and hydrologically fragmented
outlook of the dam impacts in the Amazon, which is barely sufficient to comprehensively
understand the impact of dams and their dependency on climate change with the entire basin
perspective. Moreover, the impact from cumulative operations of existing dams and the potential
additional stress caused by introducing the numerous planned dams on the entire basin still

remains largely unexplored.

To address this knowledge gap, this dissertation begins by investigating the natural hydrology of
the entire Amazon River basin, focusing on the interdecadal and interannual variations in
hydrological variables and the dominant factors driving their evolution. Impacts of dams on the
entire Amazon River basin as whole are quantified by taking an integrated approach which
utilizes a river-floodplain-reservoir hydrodynamic model enabling a mechanistic investigation of
natural and human-induced changes in surface water dynamics at high-resolution over a large
domain. Further, the role of the existing and planned dams in shaping the hydrology of the
Amazon in the future under various climate change scenarios is investigated using a set of multi-
model hydrological simulations (20 ensemble members) from the selected five terrestrial
hydrology models driven by atmospheric forcing from four global climate models (GCMs) as
defined in the Inter-Sectoral Impact Model Intercomparison Project, phase 2b (ISIMIP2b;

https://www.isimip.org/). Lastly, the dissertation explores viable alternatives for hydropower

generation, by assessing the feasibility of implementing in-stream turbines to harness a large
portion of the power that is expected to be generated by building large dams. The

aforementioned analysis framework is indispensable for the Amazon—where the flow is



characterized by a highly pronounced seasonal dynamics and an unprecedent boom in the
construction of hydropower dams is underway—to understand the impacts of dam construction

in order to plan a sustainable hydropower future for the basin.

1.2.  Research Goal, Objectives, and Science Questions

As referenced above, our current knowledge of the rapidly changing hydro-climatology and the
complex human-climate interactions provides both gaps/challenges and opportunities to improve
the understanding of the role of human interventions such as dam operations, in shaping the
hydrological future of global river basins. The necessity of using realistic hydrological modelling
schemes to quantify the holistic impact of dam operations on the hydrological characteristics of a
river basin and exploring alternative sustainable technology for hydropower generation to
address the increasing issues related to the sustainability of food, energy, and water systems
under changing earth environment led me to pursue this dissertation. The overarching goal of
this dissertation is to advance our understanding of the complex interactions of human activities,
such as LULC change and dam operations, with the hydrology of large river basins and quantify
their long-term impacts on hydrological characteristics. The insights from this dissertation are
expected to be useful to the broader scientific community in addressing the ever-increasing
concerns related to sustainable development of hydropower along with the management of food,
water, and energy systems in the Amazon and other parts of the world. The overarching goal is
achieved by addressing a set of key science questions, which are posed for each chapter of the

dissertation.



Chapter 2:

Question 1.

Question 2.

Question 3.

Question 4.

Chapter 3:

Question 5.

Question 6.

Question 7.

Chapter 4:

Question 8.

How do interannual and interdecadal changes in drought conditions manifest as
long-term variations in TWS at varying spatial and temporal scales in the
Amazon River basin?

What are the impacts of TWS variations on dry-season water deficit and release?
Is the Amazonian dry season getting stronger or more severe?

What are the dominant factors driving the evolution of TWS and drought
conditions at varying spatial and temporal scales?

How does the sub-surface water storage regulate the water deficiency caused by

the surface drought conditions?

What are the impacts of flow regulations induced by large-scale storage-based
hydropower dams on downstream river flow and flood dynamics in the Amazon
River basin?

What is the role of hydropower dam operations in modulating the flood pulse
along the mainstem of the Amazon?

What will be the potential impacts of the combined operation of existing and

planned hydropower dams in the Amazon?

What are the future implications of the on-going hydropower development
combined with climate change on the downstream flood dynamics in the

Amazon?
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Question 9. What will be the role of planned hydropower dams in controlling the floodplain

dynamics in the Amazon mainstream?

Chapter 5:

Question 10. Are in-stream turbines feasible alternative to building large dams?

1.3. Dissertation Outline

The following provides a summary of the remainder of the dissertation.

Chapter 2. Multi-decadal hydrologic change and variability in the Amazon River basin:
Understanding terrestrial water storage variations and drought characteristics.
— Basin-wide spatiotemporal TWS variations are investigated in comparison with GRACE
satellite data.
— Major historical droughts in the Amazon River basin are characterized with respect to

their type, propagation, and hydrological impact on the river basin.

Chapter 3. Alteration of River Flow and Flood Dynamics by Existing and Planned Hydropower
Dams in the Amazon River Basin.
— Impacts of the existing and planned large-scale hydropower dams in the Amazon are
investigated using individually optimized dam operation schemes in a high-resolution

river-floodplain routing model, the CaMa-Flood-Dam.
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Chapter 4. Hydrological future of the dammed Amazon under climate change.
— Impacts of existing and planned large-scale hydropower dams in the Amazon are
investigated under multiple climate change scenarios using a multi-model ensemble of 20

simulations

Chapter 5. In-stream turbines for rethinking hydropower development in the Amazon basin.
— Suitability of in-stream turbines for future hydropower generation in the Amazon is

investigated with respect to its power potential and cost.

Chapter 6. Summary
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Chapter 2.  Multi-Decadal Hydrologic Change and Variability in The Amazon River

Basin: Understanding Terrestrial Water Storage Variations and Drought Characteristics

Based on: S. Chaudhari, Y. Pokhrel, E. F. Moran, and G. Miguez-Macho, 2019. Multi-decadal
Hydrologic Change and Variability in the Amazon River Basin: Understanding Terrestrial Water
Storage Variations and Drought Characteristics. Hydrology and Earth System Sciences (HESS).
DOI: https://doi.org/10.5194/hess-23-2841-2019

2.1. Introduction

The Amazon River basin is one of the most hydrologically and ecologically diverse regions in
the world (Fan and Miguez-Macho, 2010; Latrubesse et al., 2017; Lenton et al., 2009; Lesack,
1993; Malhi et al., 2008; Moran et al., 2018; Timpe and Kaplan, 2017; Téfoli et al., 2017). It is
home to the world’s largest tropical rainforest and hosts ~25% of all terrestrial species on Earth
(Malhi et al., 2008). Hydrologically, it contributes to 20-30% of the world’s total river discharge
into the oceans (Clark et al., 2015; Muller-Karger et al., 1988; Nepstad et al., 2008) and accounts
for ~15% of global terrestrial evapotranspiration (Field et al., 1998; Malhi et al., 2008). Thus, the
Amazon is an important component of global terrestrial ecosystems and the hydrologic cycle
(Cox et al., 2004; Nobre et al., 1991); it also plays a major role in global atmospheric circulation
through precipitation recycling and atmospheric moisture transport (Malhi et al., 2008; Soares-

Filho et al., 2010).

The hydro-ecological systems of the Amazon are dependent on plentiful rainfall (Cook et al.,
2012; Espinoza et al., 2016, 2015; Espinoza Villar et al., 2009; Nepstad et al., 2008) and the vast
amount of water that flows down through extensive river networks and massive floodplains
(Bonnet et al., 2008; Coe et al., 2002; Frappart et al., 2011; Miguez-Macho and Fan, 2012a;
Yamazaki et al., 2011; Zulkafli et al., 2016). The spatiotemporal patterns of precipitation are,
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however, changing due to climate change and variability (Brando et al., 2014; Cook et al., 2012;
Lima et al., 2014; Malhi et al., 2009, 2008; Nepstad et al., 2008), large-scale alterations in land
use (e.g., deforestation) (Chen et al., 2015; Coe et al., 2009; Davidson et al., 2012; Kalamandeen
et al., 2018; Lima et al., 2014; Panday et al., 2015; Tollefson, 2016), and more recently the
construction of mega-dams (Finer and Jenkins, 2012; Latrubesse et al., 2017; Moran et al., 2018;
Soito and Freitas, 2011; Timpe and Kaplan, 2017; Winemiller et al., 2016), among others. Such
changes in precipitation patterns typically manifest themselves in terms of altered magnitude,
duration, and timing of streamflow (Marengo, 2005). A prominent streamflow alteration pattern
that has been widely observed across the Amazon is the extended dry-season length (Espinoza et
al., 2016; Marengo et al., 2011) and an increase in the number of dry events (i.e., droughts) over
the longer term (Malhi et al., 2009; Marengo and Espinoza, 2016), which has been suggested to
be a result of ongoing climatic and human-induced changes (Cook et al., 2012; Cook and Vizy,
2008; Lee et al., 2011; Malhi et al., 2008; Shukla et al., 1990). However, the cross-scale
interactions and feedbacks in the human-water relationship make it difficult to explicitly quantify
the causes. These changes have resulted in decreases in runoff (Espinoza et al., 2009; Haddeland
et al., 2014; Lima et al., 2014), and loss of terrestrial biodiversity (Barletta et al., 2010; Newbold
et al., 2016; Tofoli et al., 2017; Toomey et al., 2011; Winemiller et al., 2016). Increased
variability in streamflow has also resulted in the disruption of the food pulse and fishery yields,
which the Amazon region thrives upon (Castello et al., 2015, 2013; Forsberg et al., 2017).
Moreover, persistent dry events create social negative externalities, such as deterioration of
respiratory health due to drought induced fires (Smith et al., 2014), exhaustion of family savings
(Brondizio and Moran, 2008), isolation of communities that are affected by navigation and

drinking water scarcity (Sena et al., 2012), hence affecting the overall livelihood of the local
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communities. Thus, it is critical to understand the characteristics of the historical droughts to
better understand the dominant mechanisms that modulate droughts and their evolution over

time.

As often is the case, droughts in the Amazon are driven by El Nifio events, however, some
droughts are suggested to be caused by climate change and variability (Espinoza et al., 2011;
Lewis et al., 2011; Marengo et al., 2008; Marengo and Espinoza, 2016; Phillips et al., 2009; Xu
et al., 2011; Zeng et al., 2008) and due to accelerating activities causing rapid changes in land
use/water cycle (Lima et al., 2014; Malhi et al., 2008). Numerous studies have quantified the
impacts and spatial extent of these periodic droughts on the hydrological and ecological systems
in the Amazon (Alho et al., 2015; Brando et al., 2014; Castello et al., 2015, 2013; Chen et al.,
2010, 2009; da Costa et al., 2010; Davidson et al., 2012; Fernandes et al., 2011; Lewis et al.,
2011; Phillips et al., 2009; Saleska et al., 2016, 2007; Satyamurty et al., 2013; Schongart and
Junk, 2007; Xu et al., 2011; Zeng et al., 2008). For example, Lewis et al., (2011) found that the
2010 drought was spatially more extensive than the 2005 drought; the spatial extent was over 3.0
million km? in 2010 and 1.9 million km? in 2005. These catastrophic droughts had major
implications on the hydrology of the Amazon River basin; for example, the 2005 hydrological
drought led to reduction in streamflow by 32% from the long-term mean, as reported in Zeng et
al., (2008), and in 2010 moisture stress induced persistent declines in vegetation greenness
affecting an area of ~2.4 million km? which was 4 times greater than the area impacted in 2005
(Xu et al., 2011). Moreover, these extreme drought events, coupled with forest fragmentation
have caused widespread fire-induced tree mortality and forest degradation across Amazonian
forests (Aragdo et al., 2007; Brando et al., 2014; Davidson et al., 2012; Malhi et al., 2008;

Rammig et al., 2010).
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Due to the limited availability of observed data (e.g., precipitation, streamflow) for the entire
basin, hydrologic characteristics of droughts in the Amazon has been studied primarily by using
hydrological models and satellite remote sensing. For example, early studies (Coe et al., 2002;
Costa and Foley, 1999; Lesack, 1993; Vorosmarty et al., 1996; Zeng, 1999) examined different
components of the Amazon water budget and their trends through relatively simpler models.
More recent literature (Dias et al., 2015; Fan et al., 2019; Getirana et al., 2012; Miguez-Macho
and Fan, 2012a, 2012b; Rodrigo C D Paiva et al., 2013; Rodrigo Cauduro Dias Paiva et al.,
2013; Pokhrel et al., 2012b, 2012a, 2013; Shin et al., 2019; Siqueira et al., 2018; Wang et al.,
2019; Yamazaki et al., 2012a, 2011) provided further advances in modeling the hydrological
dynamics connected with anthropogenic activities in the Amazon and other parts of the world.
Methods with varying complexities were used in similar studies, ranging from simple water
budget analyses, (Betts et al., 2005; Costa and Foley, 1999; Fernandes et al., 2008; Lesack, 1993;
Sahoo et al., 2011; Vorosmarty et al., 1996; Zeng, 1999) to state-of-the-art land surface models
(Getirana et al., 2012; Miguez-Macho and Fan, 2012a, 2012b; Rodrigo C D Paiva et al., 2013;
Rodrigo Cauduro Dias Paiva et al., 2013; Pokhrel et al., 2013; Siqueira et al., 2018; Wongchuig
Correa et al., 2017; Yamazaki et al., 2012a, 2011), with some targeting the overall development
of parameterization and process representation in the model (Coe et al., 2009, 2008; Dias et al.,
2015; Getirana et al., 2012, 2010; Miguez-Macho and Fan, 2012a, 2012b; Rodrigo Cauduro Dias
Paiva et al., 2013; Pokhrel et al., 2013; Yamazaki et al., 2011), and others on the hydrological
changes occurring in the basin due to weather variability (Coe et al., 2002; Lima et al., 2014;

Wongchuig Correa et al., 2017).

The major droughts events in the Amazon, particularly those in recent years, have been detected

by satellite remote sensing and their impacts on terrestrial hydrology have been examined (Chen
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et al., 2010; Filizola et al., 2014; Xu et al., 2011). In particular, the hydrologic impact of
droughts has been revealed by examining the anomalies in terrestrial water storage (TWS)
inferred from the Gravity Recovery and Climate Experiment (GRACE) satellites. A significant
decrease in TWS over Central Amazon in the summer of 2005, relative to the average of the five
other summer months during 2003-2007 period, was reported by Chen et al., 2009. However,
due to the vast latitudinal extent of the Amazon basin, these severe dry conditions were observed
only in some regions of the basin. Xavier et al., (2010) and Frappart et al., (2013) used GRACE
TWS estimates to identify the signature of these drought events and suggested that the 2005
drought only affected the western and central parts of the basin, whereas very wet conditions
peaking in mid-2006 were observed in the eastern, northern and southern regions of the basin.
Although the ramifications of these extreme droughts have been widely studied using remote
sensing datasets (e.g., GRACE), the understanding of their time-evolution is limited due to data
gaps and short study periods, hence hindering their comprehensive categorization. Further,
GRACE provides the changes in vertically integrated TWS variations, thus variations in the
individual TWS components cannot be estimated solely by GRACE. This shortcoming is
overcome by using hydrological models that separate TWS into its individual components and
provide simulations for an extended timescale. However, discrepancy between models and
GRACE observations has also become a major topic of discussion, as most of the global models
show an opposite trend in TWS compared to GRACE in Amazon and other global river basins
(Scanlon et al., 2018); yet, no clear explanation or quantification exist in the published literature,
apart from the attribution of the discrepancy to model shortcomings (see Section 2.3.3 for

details).
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As referenced above, the changing hydro-climatology of the Amazon basin, along with specific
drought related analysis (e.g., 2005, 2010) has been widely reported in a large body of literature
published over recent decades. Several studies have used statistical measures to quantify drought
severity (Espinoza et al., 2016; Gloor et al., 2013; Joetzjer et al., 2013; Marengo, 2006; Marengo
et al., 2011, 2008; Wongchuig Correa et al., 2017; Zeng et al., 2008; M. Zhao et al., 2017a),
concerning common variables, such as streamflow and precipitation, thus limiting the
quantification of drought impact on water stores viz. flood, groundwater and TWS. Further, even
though these studies encompass different aspects of hydrological and climatic changes, most
span over only a few years to a decade, except for some precipitation related studies (Marengo,
2004; Marengo et al., 1998). Other studies have used a relatively longer study period (Costa et
al., 2003; Espinoza et al., 2016; Zeng, 1999), but the spatial extent is limited. Thus, a
comprehensive understanding of the interdecadal hydrologic change and variability across the
entire basin and that of changes in drought characteristics is still lacking. Given the number of
droughts that have occurred and their widespread impact in the Amazon, it is imperative to have
a better understanding of these past events so as to anticipate future hydrological conditions
(Phipps et al., 2013). Many aspects of the droughts are yet to be studied, such as, the inter-
dependence between TWS and meteorological (precipitation-related) and hydrological
(streamflow-related) droughts. A complete categorization of the drought events with respect to

their causes and impacts and the resulting basin response is still coming up short.

In this chapter, we investigate the interannual and interdecadal variability in TWS and drought
events in the Amazon River basin over 1980-2015 period. Our study is driven by the following
key science questions: (1) how do interannual and interdecadal changes in drought conditions

manifest as long-term variations in TWS at varying spatial and temporal scales in the Amazon
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River basin? (2) What are the impacts of TWS variations on dry season water deficit and release?
Is the Amazonian dry season getting stronger/severe? (3) what are the dominant factors driving
the evolution of TWS and drought conditions at varying spatial and temporal scales? And (4)
how does the sub-surface water storage regulate the water deficiency caused by the surface
drought conditions? These questions are answered by using hydrological simulations from a
continental-scale hydrological model and the TWS data from GRACE satellites; the goal is to
provide a comprehensive picture of characteristics and evolution of droughts in the Amazon with
respect to their types and spatial impact. Specifically, this chapter aims to: 1) examine the
impacts of drought conditions on TWS and other hydrological variables; ii) understand the
hydrological variability and drought evolution in the Amazon at an annual and decadal scale over
the past four decades; iii) quantify the role of sub-surface water storage in alleviating the surface
drought conditions; and iv) summarize each drought year by providing a comprehensive

characterization for the major drought events in the Amazon and its sub-basins.

2.2. Model and Data

2.2.1. The Leaf-Hydro-Flood (LHF) Model

The model used in this chapter is LHF (Fan et al., 2013; Miguez-Macho and Fan, 2012b, 2012a;
Pokhrel et al., 2014, 2013), a continental-scale land hydrology model that resolves various land
surface hydrologic and groundwater processes on a full physical basis. It is derived from the
model Land-Ecosystem-Atmosphere Feedback (LEAF) (Walko et al., 2000), the land surface
component of the Regional Atmosphere Modeling System (RAMS) (Pielke et al., 1992). The
original LEAF was extensively improved and enhanced to develop LEAF-Hydro for North
America (Fan et al., 2007; Miguez-Macho et al., 2007) by adding a prognostic groundwater

storage and allowing (1) the water table to rise and fall or the vadose zone to shrink or grow, (2)
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the water table, recharged by soil drainage, to relax through streamflow into rivers, and lateral
groundwater flow, leading to convergence to low valleys, (3) two-way exchange between
groundwater and rivers, representing both losing and gaining streams, (4) river routing to the
ocean as kinematic waves, and (5) setting sea level as the groundwater head boundary condition.
Miguez-Macho and Fan, (2012a) further enhanced the LEAF-Hydro framework by incorporating
the river-floodplain routing scheme which solves the full momentum equation of open channel
flow, giving more realistic streamflow estimates by considering the prominent backwater effect
observed in the Amazon (Bates et al., 2010; Yamazaki et al., 2011). LHF model has been
extensively validated in the North and South American continents at Skm and 2km grids,
respectively (Fan et al., 2013; Miguez-Macho et al., 2008; Miguez-Macho and Fan, 2012a,
2012b; Pokhrel et al., 2013; Shin et al., 2019) and used to examine the impacts of climate change
on groundwater system in the Amazon (Pokhrel et al., 2014). A complete description of the
parameterization of LHF can be found in Miguez-Macho and Fan (2012a) and its key elements

are summarized below.

The sub-surface water store in LHF is partitioned by the water table into two components: soil
water in the vadose zone above and groundwater in the saturated zone (GW) below. Soil column
in LHF follows a configuration of 14 layers extending to a depth of 4 m and a bottom layer of
variable thickness that extends to the water table. The downward drainage due to gravity and

capillary flux (C) are obtained from solving the Richard’s equation.

o=k (-1 K=k () = () @

where q is water flux between two adjacent layers, K, is hydraulic conductivity at given

volumetric water content 1, 1 is soil capillary potential, b is soil pore size index, and subscript f
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denotes the quantity at saturation. Soil data is obtained from UNESCO’s Food and Agriculture
Organization (FAO) digital soil map of the world at 5 arc-minute grids
(http://www.fao.org/nr/land/ soils/digital-soil-map-of-the-world/en/). Fractions of silt, clay, and
sand are mapped into 12 texture classes as defined by the U.S. Department of Agriculture
(http://soils.usda.gov/ education/resources/lessons/texture/). For each texture class, the soil
parameters are assigned based on the method of Clapp and Hornberger (1978). If the water table
is within 4.0 m, saturation boundary condition occurs at this depth, above which soil water flux
is calculated as described above. If the water table is below 4.0 m, a variable thickness layer is
added to extend the soil column to the water table. The flux across the water table is converted to
water table rise or fall according to the saturation level above the water table. Further, the mass

balance in the groundwater store in each grid cell is explicitly tracked as follows,

% = AxAy(—R — FG) — RG + Y8 Qg (2-2)

where S is the groundwater store, R is recharge flux across the water table, FG is groundwater-
floodplain exchange, RG is river-groundwater exchange, and Qg is the lateral groundwater flow
from or to the eight neighboring cells calculated from Darcy’s law. In case, the water table is at
the surface, R = 0, and the groundwater directly interacts with the floodplain through FG which

is groundwater seepage as a result of lateral groundwater convergence from neighboring cells.

The exchanges between river and floodplain in LHF are governed by the following mass balance

equation,

dSs

dx_

SR + RG + AxAYFG + Y7 Q; — Q, — AxAy(I + E) + Y8Q; (2-3)
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where, SR is surface runoff from within the cell, Q; is the inflow from the upstream river cells,
Q, is the river outflow to the downstream cell, E evaporation from flood water, 1, is the

infiltration to the unsaturated soil below, and Q is the floodwater movement among adjacent

cells. The river-floodplain store (Sg) comprises of the water in the river channel and floodplain
within each grid cell. At a given timestep, if the water level in the river exceeds its bank height,
the excess water is spread uniformly over the cell containing the channel, and the flood height is
calculated with a surface elevation equal to that of the water in the river channel, now above
bank height. Flood water spreads to neighbor cells in eight directions, as determined by water
surface elevation difference, or converges towards the river as it recedes. The exchanges between
river and groundwater (RG) are calculated with Darcy’s law following the widely used

groundwater model, MODFLOW. The following equation governs the RG flux,
RG =RC-(h; —h,) (2-4)

where RC is the river hydraulic conductance and, h, and h,. represents the water table head in
the cell and river elevation, respectively. Since, RC a dynamic parameter and our objective is to
reflect the long-term ground- water drainage efficiency in terms of the mean river conductance,

we define RC as the product of an equilibrium part and a dynamic part.

8
ERC = “2521% pRE = exp [a(hy — hye] 2-5)

ge T

where ERC and DRC are the equilibrium and dynamic part of the river conductance respectively,
hge is the equilibrium water table head obtained from the high-resolution equilibrium results
(Fan et al., 2013). The long-term groundwater recharge plus lateral convergence from upland

cells (numerator) balances long-term river base flow (denominator x ERC), and ERC represents
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this long-term mean groundwater-river hydraulic connection. Whereas, as water table rises,
stream channels widen and extend, increasing drainage density and accelerating groundwater
discharge and vice versa; these fluctuations are represented by the DRC component of the river

conductance.

Finally, the surface water fluxes, namely, Qr, Q, and Q;, are solved from the river and floodplain

mass balances and the momentum equation of open channel flow.

v av ad
S vt g (4S5 +5,)=0 (2-6)

where v is mean flow velocity in the cross-section, d is the flow depth, and Sf and S}, are the
friction and riverbed slope, respectively. The first , second and third term in the 1d momentum
equation represent the inertia force from local acceleration and advection, and the pressure force,
respectively. Neglecting the first three terms gives the kinematic wave method, which is
commonly applied for continental-scale river routing. It follows the simplest approach and
velocity is estimated by equating the friction and riverbed slope. However, the kinematic wave
method is sufficient for regions with bed slope is steep and the flow is shallow and neglects the
flood movement is uninhibited by rising waters below, which is especially true in the Amazon.
Another form of the 1D momentum is the diffusion equation which is obtained by summing the
third and the last term (S, ) giving the water surface slope and equating it to the friction slope
(S¢). Although, the backwater effects can be accounted using the diffusion equation, its explicit
finite difference solutions are unstable at finer grids (Bates et al., 2010; Miguez-Macho and Fan,
2012a), unless they are run at a smaller timesteps or solved implicitly, which makes the solution
computationally expensive at decadal scales. Hence, in this study we implement the quasi-

explicit method to solve the full momentum equation with both inertia terms. Approximating the

23



hydraulic radius and flow depth using common means, we implement the finite difference

equation to solve for velocity as follows,

N

t+At t t t t+At t+At
vy +vit+At Vg1~V + hizi —hi

At Ax Ax

t
gnev;

(dl-t+At)

+ vitAt =0 (2-7)

4
3

where, d is the water depth and h is the water surface elevation. The water height at the next
time step is obtained from the mass continuity equation with known the flow velocity from the

previous timestep.

Table 2-1. River, Floodplain, and groundwater parameterization in LHF model.

Variable Equation Description

River Width W = aAb a=0.421, b =0.592, A = drainage
area (Coe et al., 2008)

Channel Depth D=d+H H = riverbank height

Long-term mean flow — % S = longitudinal channel slope

depth d = (ﬁ) (Miguez-Macho and Fan, 2012a)

VS

Long-term mean flow _Q Q = long-term mean flow, W =

velocity v= wd river width (Miguez-Macho and
Fan, 2012a)

Manning’s constant n=0.03

: .. 2 B : .
Hydraulic Conductivity K = Koe(_f) K,= hydraulic conductivity of the

top layer, z = depth, f = decay
factor (Miguez-Macho and Fan,

2012a)
Hydraulic Conductivity of K, Obtained from the UNESCO’s
the top layer FAO soil map (Miguez-Macho

and Fan, 2012a)
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2.2.2. Atmospheric Forcing

Atmospheric forcing data are taken from WATCH Forcing Data methodology applied to ERA-
Interim reanalysis data (WFDEI) (Weedon et al., 2014), available for the 1979-2016 period at
0.5° spatial resolution and 3-hr timesteps. WFDEI dataset is widely used in for both global and
regional scales studies (Beck et al., 2016; Felfelani et al., 2017; Hanasaki et al., 2018; Schmied et
al., 2014), and has been suggested to well represent the observations in the Amazon region
(Monteiro et al., 2016). The original WFDEI data at 0.5° resolution are spatially interpolated
using a bilinear interpolation method to model grid resolution (~2km), following our previous
studies (Miguez-Macho and Fan, 2012a, 2012b; Pokhrel et al., 2014, 2013; Shin et al., 2019).
The more recent European Centre for Medium-Range Weather Forecasts Reanalysis 5™ (ERAS5)
dataset, which provides atmospheric forcing data from 1979 to present day at a spatial resolution
of 0.25°, show promise by outperforming its predecessors (Towner et al., 2019). However, as no
studies existed in the past literature which comprehensively validated the ERAS dataset over the

Amazon region until recently, WFDEI forcing remains a better alternative as a model input.

2.2.3. Land Use Land Cover and Leaf Area Index
The land cover data used in this chapter are obtained from the European Space Agency Climate

Change Initiative’s Land Cover project (ESA-CCI; http://maps.elie.ucl.ac.be/CCI/). The data

comprise of an annual timeseries of high-resolution land cover maps for 1992-2015 period at a
300m spatial resolution, generated by combining the baseline map from the Medium-spectral
Resolution Imaging Spectrometer (MERIS) instrument and the land use land cover (LULC)
changes detected from AVHRR (1992 - 1999), SPOT-Vegetation (1999 - 2012) and PROBA-V
(2013 - 2015) instruments. The classification follows the LULC classes defined by the UN Land

Cover Classification System (LCCS). Spatiotemporal coverage and resolution of these LULC
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maps are consistent with the specific LHF model requirements; hence we use annual land cover
input, spatially aggregated to 2km LHF model grids, following the general practice in hydrologic
impact studies (Arantes et al., 2016; Panday et al., 2015). Land cover maps for the last years of

each decade are shown Figure 2-1).

Because the ESA-CCI data did not cover the simulation period prior to year 1992, we derive the
time-series products for 1980-1991 period by using the trend in leaf area index (LAI) and the
ESA-CCI landcover map for year 1992 as a baseline. A pixel-by-pixel analysis is conducted and
the pixels with mean annual LAI higher than 5 are transitioned into forest canopy, whereas for
other pixels LULC type is retained from the previous year’s LULC map. The threshold of LAI
equal to 5 for facilitating the land cover transition into forest is determined based on the LAI
classifications provided in past literature (Asner et al., 2003; Myneni et al., 2007; Xu et al.,
2018). Reverse prediction of LULC changes was constrained to forest canopy only, as it is
difficult to predict the LULC type based on LAI values less than 5. Also, forest cover is known
to be the most prominent land cover in the Amazon, hence it is reasonable to assume that most of

the LULC changes occurring in the basin are transitioned from forest cover.

Monthly LAI data are derived by temporally aggregating the 8-day composites from Global
Land Surface Satellite (GLASS) LAI product (Liang and Xiao, 2012; Xiao et al., 2014) to
monthly values for the entire model domain. GLASS LAI values for the period of 1982-1999 are
derived from AVHRR reflectance, whereas MODIS reflectance values are used for period 2000-
2012. Because of the data constraint, LAI data for years before 1982 and after 2012 are assumed

to be the same as that of years 1982 and 2012, respectively.
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Figure 2-1. LULC maps obtained from ESA-CCI Land Cover product. LULC maps at the end
of each decade from 1980-2010 and 2015 representing the on-going decade at ~2km resolution.
Original data is available as annual maps from 1992-2015 at 300m resolution. The 1989 LULC
map is derived using a pixel-by-pixel analysis explained in Section 2.2.3. Original data is
aggregated to ~2km for model runs.
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2.2.4. Validation Data

2.2.4.1. Observed Streamflow

We use monthly averaged streamflow data obtained from the Agéncia Nacional de Aguas (ANA)
in Brazil (http://hidroweb.ana.gov.br). Fifty-five stream gauge stations are selected considering a
wide coverage over the Amazonian sub-basins, and a good balance between low and high flow
values (Figure 2-2). The major selection criterion is the data length, i.e., we only include gauges
with at least 30 years coverage. In a few cases, such as for Japura sub-basin, the threshold was
overlooked because this criterion resulted in a small number of gauging stations. All the selected
stations have observational data for varying time frames with minimal data gaps; the months

with missing data are skipped in the statistical analysis.
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Figure 2-2. Spatial distribution of simulated streamflow from LHF at the original ~2 km
model grids. Markers indicate the locations of the stream gauge stations we use to validate the
simulated streamflow from LHF. Highlighted and indexed markers are the gauge stations for
which a timeseries comparisons are shown in Figure 2-5.. Red line shows the extend of Amazon
River basin including the Tocantins region.
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2.2.4.2. GRACE Data

The TWS products from the GRACE satellite mission are used to validate the TWS simulated by
LHF for 2002-2015 period. Equivalent water height from three processing centers, namely: (i)
Jet Propulsion Laboratory (JPL), (ii) the Center for Space Research (CSR), and (iii) the German
Research Center for Geoscience (GFZ) (http://grace.jpl.nasa.gov/data/ get-data/) (Landerer and
Swenson, 2012) are used along with two mascon products from CSR and JPL; mascon products
have been suggested to better capture TWS signals in many regions (Scanlon et al., 2016). Basin-
averaged data of variation in TWS anomalies are calculated from GRACE by taking an area-

weighted arithmetic mean with varying cell area (Felfelani et al., 2017).

2.2.5. TWS Drought Severity Index

To examine the occurrence and severity of hydrological droughts over the past decades, we
employ the drought severity index derived from time-varying TWS change from GRACE,
known as the GRACE Drought Severity Index (GRACE-DSI) (M. Zhao et al., 2017b). We apply
GRACE-DSI framework to the 36-year simulated TWS (referred hereafter to as TWS-DSI) to
examine the interannual and interdecadal drought evolution over the entire basin. This index is
solely based on the TWS anomalies and has been shown to capture the past droughts with
favorable agreement with other drought indices derived from precipitation (e.g., PDSI and SPEI)
(M. Zhao et al., 2017b, 2017a). TWS-DSI is calculated for each grid cell in the model domain as

follows,

TWS; j— TWS;
TWSDSIL'J' = —— (2-8)

gj

where, TWS; ; is the TWS anomaly from LHF for year i and month j; and TWS; and g; are the

temporal mean and standard deviation of TWS anomalies for month j, respectively.
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2.2.6. Occurrence and Duration of Drought

The characteristics of hydrological droughts are identified from the simulated streamflow using
the widely used threshold level approach. Different thresholds have been proposed in previous
studies: mean flow, minimum and maximum flows (Marengo and Espinoza, 2016; Wongchuig
Correa et al., 2017), 80™ percentile (Qso) flow (Van Loon et al., 2012; Van Loon and Laaha,
2015; Wanders and Van Lanen, 2015), and 90" percentile (Qq) flow (Wanders et al., 2015;
Wanders and Wada, 2015). In this analysis, we use Qoo which is derived from the flow duration
curve where Qoo is the streamflow that is equaled or exceeded for 90% of the time. Qoo is used to
isolate severe drought events over the simulation period. Monthly threshold values are derived
using the 36-year simulated streamflow and are smoothed by a 30-day moving average. Drought
condition is identified by determining whether the variable is below the threshold, expressed
mathematically as,

1 for Q(t,x) < Qqo(t,x)

0 forQ(t,x) = Qoo(t,x) (2-9)

Ds(t,x) = {

where Ds(t, x) indicates whether the grid (x) is in a drought state at time (t), Q(t, x) is the
streamflow and Qg (t, x) is the threshold for grid (x) at time (t). Consecutive drought states are
added to get the drought duration. Events with duration less than 3 days are not considered as
droughts. The number of drought days per year is calculated by aggregating the duration of all

the drought events in a year.

2.2.7. Dry Season Total Water Deficit
We define the dry season total water deficit (TWD) as the cumulative difference between
monthly potential evapotranspiration (PET) and precipitation (P) for the period during which

P<PET. The corresponding drop in the simulated TWS, during the same period as of TWD, is
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defined as the TWS release (TWS-R). TWD and TWS-R can be conceptualized as the annual
water demand and supply as described in Guan et al., (2015). PET estimated at the daily interval
using the Penman Monteith approach (Monteith, 1965) as in Pokhrel et al., (2014) is aggregated
to the monthly scale to calculate TWD; for consistency, we use the WFDEI forcing data that is
used for LHF simulations (section 2.2). TWS anomalies required for the estimation of storage

release are obtained from the LHF model.

2.2.8. Simulation Setup

LHF is setup for the entire Amazon basin (~7.1 million km?) including the Tocantins River
Basin. Simulations are conducted for the 1979-2015 period at a spatial resolution of 1 arc minute
(~2 km). Model time step is 4 minutes as in previous studies (Miguez-Macho and Fan, 2012b,
2012a; Pokhrel et al., 2014, 2013), however, model output is saved at daily timesteps. To
stabilize water table depth, the model is spun up for ~150 years starting with the equilibrium
water table (Fan et al., 2013) for 1979 and results for 1980-2015 period (36 years) are analyzed.
As this study aims to analyze the hydrological changes in Amazon on a decadal scale,
simulations for 1979 are considered as additional spin-up and hence not used. Dynamic monthly
LAI and annual LULC maps are used to account for LULC changes (see Sections 2.2.3).
Moreover, as the model simulates land surface, hydrologic and groundwater processes on a
complete physical basis, no calibration was performed on the model output. Original novelty of
the LHF model framework, combined with the incorporated dynamic human role through land
cover change creates a “state-of-the-art” framework for assessing long-term hydrological
changes. Complete LHF framework along with the input data employed in this study is presented

in Figure 2-3.
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Figure 2-3. LEAF-Hydro-Flood (LHF) framework. Stores and fluxes included in LHF model
along with its overall structure and inputs. This flowchart is modified after Miguez-Macho and
Fan, (2012a).

2.3.  Results and Discussion

2.3.1. Evaluation of Simulated Streamflow

Figure 2-4 presents the Taylor diagram (Taylor, 2001) illustrating the statistics of the simulated
streamflow against observations at 55 gauging locations (see Section 2.2.4.1 and Figure 2-2)
across the entire Amazon basin. The Taylor diagram provides a synthetic view of error in the
simulations in terms of the ratio of standard deviation (SD) of the simulated streamflow to the
observed as a radial distance and their correlation as an angle in the polar axis. Most of the
stations show a high correlation (> 0.8) and a SD ratio close to unity, indicating a good model
performance overall for varying geographical locations and stream sizes over the Amazon. Low
correlation (~0.6) is seen for some gauging stations situated on streams with smaller annual

mean flow and steep slope profile; for example, the smaller streams across the Andes in Japura
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and Negro sub-basins, along with the streams in northeastern parts of Amazon. In these streams
with high topographic gradients, precipitated water quickly flows away causing slightly erratic
patterns of seasonal streamflow, which is apparent in both simulated and observed timeseries
(Figures 2-5). However, due to the difficulty in resolving hillslopes processes for low-order
streams using 2km grids, the model is unable to fully capture the flow seasonality in the streams

with high topographic gradient.
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Figure 2-4. Validation of LHF simulated streamflow. Taylor diagram showing the correlation
and standard deviation ratio between the simulated and observed streamflow at 55-gauge
stations across the Amazon. The locations of the 55-gauge stations are shown in Figure 2-2.
Highlighted points with a black border are the gauge stations for which time series comparisons
are shown in Figure 2-5. The size of the markers indicates the annual mean simulated
streamflow at that station, whereas the color indicates the Amazon sub-basin in which the station
is located. The linear distance between each marker and the observed data (i.e., OBS; the black
dot) is proportional to the root mean square error (RMSE).
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The spatial distribution of the simulated streamflow across the entire model domain and the
timeseries comparison of simulated vs. observed streamflow at 12 selected stations are presented
in Figure 2-5. The simulated seasonal cycle compares well with the observed one for the entire
basin (i.e., Obidos station) as well as for most sub-basins; however, discrepancies in the seasonal
peaks can be seen in some basins (e.g., Xingu, Tocantins, and Tapajos). Man-made reservoirs
generally attenuate streamflow peaks and seasonal variability, reducing the SD, which is
reflected in the observed data but not yet accounted for in the model; this could have exaggerated
the SD ratio in some cases. For example, the streamflow in the Tocantins River shows higher SD
compared to observed streamflow, likely due to the operation of the Tucurui I and II dams.
Conversely, the SD ratio is lower than unity at some stations, including those in the Madeira
River (Figure 2-4) due to the dry bias found in the input precipitation (see Figure 2-8 and Section
2.3.2). For sub-basins with higher groundwater contribution to streamflow, such as Xingu,
Tapajos, Tocantins and Madeira, the dry-season flow is overestimated (Figure 2-5), which results
from possibly exaggerated groundwater buffer in the model for these regions (Miguez-Macho
and Fan, 2012a). Given that LHF is a continental-scale model, simulates streamflow on a full
physical basis, and is not calibrated with observed streamflow, we consider these results to be

satisfactory to study the hydrologic changes and variability.
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Figure 2-5. Comparison of observed streamflow (black) obtained from ANA Brazil and
simulated streamflow (red) from LHF at 12 main gauge stations. Seasonal cycle for each
station is also shown in the right panel of each subplot. The locations of the streamflow gauge
stations are indicated in Figure 2-2.
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Figure 2-5 (cont’d)
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2.3.2. Evaluation of Simulated TWS Anomalies with GRACE

Figure 2-5 presents the comparison of simulated TWS anomalies and GRACE data for the entire
Amazon basin and its eight sub-basins; for model results, the individual TWS components are
also provided. The model performs very well in simulating the basin averaged TWS anomalies
for the entire Amazon basin and most sub-basins. However, some difference between the
simulated and GRACE-based TWS anomaly are evident, especially in sub-basins with relatively
smaller area and elongated shape (e.g., Purus and Japura). Note that accuracy of GRACE-model
agreement is generally low in such small basins due to high bias and leakage correction errors
(Chaudhari et al., 2018; Felfelani et al., 2017; Longuevergne et al., 2010), reflected by higher
RMSE values in Figure 2-5. Simulated TWS evidently follows precipitation anomalies (shown in
grey bars in Figure 2-6), implying that any uncertainties in the precipitation forcing could have
directly impacted TWS. For example, the simulated TWS peak in 2002 in the Solimoes River
basin results from the anomalous high precipitation, however this could not be validated due to a
data gap in GRACE. Overall, the model performance is better in the first half of the simulation
period (i.e., 2002-2008) compared to the second half, especially in the western sub-basins
including the Solimoes and Japura, which could be partially attributed to the decreasing trend in

the precipitation forcing noted in Figure 2-8.

Figure 2-5 also shows the seasonal cycle including the contribution of different storage
components to TWS. In all the basins, simulated seasonal cycle matches extremely well with
GRACE, adding more confidence to the model results. TWS signal is sturdily modulated by the
sub-surface water storage, demonstrating the importance of groundwater in the Amazon,
especially in the southwestern sub-basins. The inverse relationship in the seasonal cycle of two

sub-surface water stores, viz. soil moisture and groundwater, is readily discernable in Figure 2-5,
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which is caused by the competing use of the sub-surface compartment by the two terms
(Felfelani et al., 2017; Pokhrel et al., 2013). However, in some sub-basins, such as the Purus,

Solimoes and Negro, the low-lying area with large floodplains causes flood water storage to be

equally prominent.
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Figure 2-6. Comparison of simulated TWS anomalies from LHF and TWS anomalies
obtained from GRACE. Comparison is shown for the entire Amazon and its eight sub-basins for
the 2002-2015 period. Basin-averaged precipitation anomalies obtained from the WFDEI
forcing dataset are also shown as grey bars. Seasonal cycles of GRACE and simulated TWS are
shown in the right panel of each basin along with the simulated individual TWS components.
GRACE results are shown as the mean of the spherical harmonics (SH) solutions from three
different processing centers (i.e., CSR, JPL, and GFZ) and mascon solutions from CSR and JPL.
Simulated TWS anomalies are calculated with respect to the GRACE anomaly window of 2004—
2009 for consistency.
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2.3.3. Trends in Simulated TWS and Comparison with GRACE

Here, we present a more detailed examination of the simulated TWS by comparing its spatial
variability and trend with GRACE data. Because a shift in agreement between model and
GRACE was detected in Figure 2-6, we conduct a trend analysis for two different time windows:
2002-2008 and 2009-2015 (Figure 2-7). It is evident from Figure 2-7 that the model captures the
general spatial pattern of TWS trend in GRACE and its north-south and east-west gradients
especially for the first half of the analysis period; however, notable differences are evident in the
second half (2009-2015), particularly over the Madeira River basin. This is a noteworthy
observation given that the basin averaged TWS variability matches extremely well with GRACE
data (Figure 2-6), and thus warrants further investigation. There could be a number of factors
contributing to the disagreement, some of which could be model-specific (e.g., wet bias in
simulated discharge; Figure 2-5); however, this is a general pattern observed in many

hydrological models as reported in a recent study (Scanlon et al., 2018).

Scanlon et al., (2018) indicated a low correlation between GRACE and models, which they
attributed to the 1) lack of surface water and groundwater storage components in most of the
models, ii) uncertainty in climate forcing and iii) poor representation of human intervention in
the models (Scanlon et al., 2018; Sun et al., 2019). Here, we shed more light on the disagreement
issue by investigating the contributions from the explicitly simulated surface and sub-surface
storage components and their latitudinal patterns, addressing the first concern noted above which
is the most critical among the three in the Amazon because of varying contribution of different
stores across scales (Pokhrel et al., 2013). Figure 2-10Figure 2-10 shows trends in TWS
anomalies from GRACE products and the LHF simulation for the complete model-GRACE

overlap period (i.e., 2002-2015) with climatology and with climatology removed; for LHF
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results, the surface and sub-surface component contributions to the TWS are shown. Also shown

in the figure are the zonal means.
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Figure 2-7. Temporal trend of GRACE solutions compared to the trend in simulated TWS
from LHF. Comparison is shown for the entire Amazon River basin for two different time
periods. GRACE-SH trends displayed are mean trends computed from water thickness anomalies
obtained from CSR, GFZ, and JPL processing centers, whereas the mascon mean trend is
computed from anomalies obtained from CSR and JPL centers.

42



Precipitation Temperature

, - 9°N
4°N

[ 1°S

6°S
s 11°S
16°S

585VV 48°W 78°W 68°W 58°W 48°W

°Clyr

1- T —

—-0.10 -0.05 0.00 005 0.10

11°S

16°S

0.

Figure 2-8. Temporal trend in precipitation and temperature obtained from WFDEI forcing
dataset for the simulation period (i.e., 1980-2015). Markers indicate significant trends at 99%
level.
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Figure 2-9. Temporal trend in precipitation obtained from WFDEI forcing dataset for the
model-GRACE overlap period (i.e., 2002-2015). Note that the entire model-GRACE overlap
period was split in two timeframes for further analysis.

Simulated TWS from LHF model displays a higher correlation with GRACE trends compared to
most of the global models discussed in Scanlon et al., (2018). Due to the incorporation of a
groundwater scheme and other surface water dynamics, trend in basin-averaged TWS with
climatology removed for the Amazon River basin is found to be -1.64 mm/yr, much less negative
than most of the simulated TWS trends reported in Scanlon et al., (2018). The difference in the

sign of trend can partly be explained by the negative trend observed in the WFDEI precipitation
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(Figure 2-9), concentrated over the Andes region which eventually drains into the mainstem of
the Amazon through the Solimoes River. Due to steep topography, the impact of decreased
precipitation over the Andes range is carried over to its foothills in terms of runoff, hence
corresponding well with the negative trends in simulated surface water storage over the Central
Amazon (Figure 2-10). Lower recharge rates in the region with decreasing precipitation trend
(Figure 2-9) are also very likely, which is supported by the negative trend visible in the sub-
surface water storage in Figure 2-10, over the northwest region of Amazon. Hence, it can be
concluded that, even though the model shows some bias in TWS compared to GRACE data, the
model accurately represents the key hydrologic processes in the Amazon basin; yet these results
should be interpreted with some caution while acknowledging the uncertainty in the forcing
dataset. We also emphasize that it is important to evaluate models using spatiotemporal trends,
especially with GRACE, instead of just using the basin averaged timeseries, a commonly used

approach in most previous studies.
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Figure 2-10. Comparison of temporal trend of GRACE solutions with simulated TW'S from
LHF for the complete model-GRACE overlap period (i.e., 2002-2015). The latitudinal mean is
shown on the right side of each panel.

45



2.3.4. Interannual and Interdecadal TWS Change and Variability

Figure 2-11 show the interdecadal shifts in mean simulated TWS (total and its components) for
the simulation period. Several observations can be made from this figure. First, the change
between 2010s-2000s suggests high negative anomalies in all the water stores especially over
Central Amazon. This is likely a result of increasing drought occurrence and severity in the
region (e.g., the 2010 (Lewis et al., 2011; Marengo et al., 2011) and 2015 (Jiménez-Muiioz et al.,
2016) Amazonian droughts). Second, although, the 2000s encompassed one of the severe
Amazonian droughts viz. 2005 (Marengo et al., 2008; Zeng et al., 2008), its impact was not
pronounced in terms of the decadal mean, which could be due to the offset caused by anomalous
wet years including 2006 and 2009 (Chen et al., 2010; Filizola et al., 2014). Third, we find an
increase in river water storage in the northwestern region and decrease in the southwest of the
Amazon on a decadal scale (Figure 2-11, column 1, row 2), which is in line with the findings
reported in previous studies based on the observed streamflow in 18 sub-basins for the 1974-

2004 period (Espinoza et al., 2009; Wongchuig Correa et al., 2017).

The most remarkable feature we observe in Figure 2-11 is the exceptional interdecadal shifts
between the 2000s and 2010s. Central and northwestern part of the Amazon region,
encompassing the Negro and Solimoes, along with some parts of the Madeira in southwest,
experienced a major decadal dry spell compared to the previous decades. Although a major part
of this decadal dry condition could be attributed to the decreasing trend in input precipitation
discussed in section 2.3.3 (Figure 2-8), the regional hydrologic changes in terms of TWS are also
prominent. Another peculiar phenomenon observed at the decadal scale is the start of the
negative anomaly in groundwater storage over the Central Amazon. A small but spatially well

distributed below-decadal-average water table (dictated by groundwater storage) is evident in the
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Central Amazon region and the upper stretches of the Madeira basin during the 2010s (Figure
2-11, column 3, row 4). Since the water table is shallow and groundwater is the major
contributor of streamflow in this region (Miguez-Macho and Fan, 2012a), some part of the
negative anomaly in surface water stores can be attributed to the below-decadal-average

groundwater table.

Significant long-term trends in simulated TWS and its components are evident in sizeable
portions of the basin (Figure 2-12). While a negative trend is found in the southern and
southeastern regions (e.g., Madeira, Tapajos, Xingu, and Tocantins), the trend is positive in the
northern and western regions (Solimoes and Negro). Being the major contributor, sub-surface
water storage, mimics the trend patterns in TWS (see Section 2.3.2). On the contrary, surface
water storage trends are mainly dominated by floodwater and are concentrated along the main
stem of Amazon and the upper reaches of the Negro. The positive trends in floodwater can be
explained by the corresponding trends in input precipitation (Figure 2-8). Excess precipitation in
sub-basins, such as the Solimoes and Negro, which are characterized by a high topographic
gradient, is directly translated in the surface water storage, in this case floodwater. Although a
corresponding increment in river water storage is also expected, its smaller storage makes the
trend magnitudes negligible. Nominal negative trends, but significant, in floodwater storage are
found in the upper reaches of Madeira as well, corresponding to the negative trends in input

precipitation over that region.
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Figure 2-11. Interdecadal difference between individual water store and TWS storage for the
period of 1980-2015 at the original ~ 2km model grids. The changes are displayed as the
difference between consecutive decadal means for TWS and its components. Decadal windows
are 1980-1989 as 1980s, 1990-1999 as 1990s, 20002009 as 2000s, and 2010-2015 as 2010s.
Note that the 2010s period consists of only six years.
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Figure 2-12. Temporal trend in simulated TWS and its components for the period of 1980 to

2015. Values are expressed in centimeters per year (cm yr—1). Markers indicate significant
trends at the 99% level. Note that the ranges of color bars differ among the plots.

To provide an in-depth understanding of the interdecadal changes occurring in the Amazon
region and to determine whether the changes observed in Figure 2-11 are significant, we applied
a t-test methodology to the long term TWS anomalies at basin and sub-basin levels. The spatial
changes observed in Figure 2-11 are summarized with their interdecadal significance in Table
2-2, along with the decadal means and standard deviations. Significant change at 99% level is
found in Negro River basin throughout the study period, followed by the Solimoes River basin
exhibiting significant change in the last three decades. These changes can be attributed to the

corresponding changes in precipitation (Figure 2-8), which follow a similar change in respective
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basins. However, the significant hydrologic changes in the Tocantins and Madeira can be
primarily attributed to LULC changes, as the corresponding changes in precipitation were
relatively negligible. For example, the Tocantins River basin underwent major LULC changes in
response to heavy deforestation caused by dam construction and cattle farming (Costa et al.,
2003) until policies were imposed in 2004 by the Brazilian government (captured in the ESA
dataset, Figure 2-1). Similarly, the Madeira River basin also endured major LULC changes in the

late 1990s which were dominated by agricultural expansion (Dorea and Barbosa, 2007).
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Table 2-2. Significance of Interdecadal TWS differences in Amazon basin and its sub-basins.
Mean and standard deviations (STD) of monthly TWS timeseries of individual decades are also
shown. The significance is calculated using a t-test methodology.

Basin Period Mean STD SFati.s tical Basin Period Mean STD SFati.s tical
Significance Significance

1980s -12.1 108.0 No 1980s -5.6 76.6 No

1990s -14.4 111.4  Significant 1990s -20.7 86.6 Significant
Amazon Solimoes —

2000s 24.7 123.2 No 2000s 56.8 118.9  Significant

2010s 3.1 129.7 2010s -50.9 82.7

1980s -33.3 1004 No 1980s 24.1 169.2 No

1990s -43.0 110.3  Significant . 1990s 94 171.5 No
Japura . Tapajos

2000s 84.1 147.2  Significant 2000s -10.9 180.2 No

2010s -7.7 90.1 2010s -43.7 184.5

1980s -4.9 1389 No 1980s 53.8 185.1  Significant

1990s -5.8 122.9  Significant 1990s -11.9 179.9 No
Madeira Tocantins

2000s -37.6 131.7 No 2000s -53.0 176.4 No

2010s -40.3 144.6 2010s -04 200.5

1980s -59.9 107.6  Significant 1980s 25.5 183.6 No

1990s 16.5 139.3  Significant . 1990s 4.7 186.1 No
Negro . Xingu

2000s 61.0 140.8  Significant 2000s -28.2 184.7 No

2010s -15.6 116.7 2010s -18.7 203.5

1980s  -5.6 200.6 No
1990s  -13.2  201.7 No
2000s 18.0 216.6 No
2010s 6.2 235.1

Purus

2.3.5. Interannual and Interdecadal Drought Evolutions

2.3.5.1. Severity of TWS-Drought

In this section, we examine the time-evolution of droughts and quantify their impacts on TWS
variability by using TWS-DSI. The use of TWS-DSI enables the depiction of a “bigger picture”
encompassing all water stores that represent the vertically integrated total water availability
during droughts and dictate the streamflow. Figure 2-13 shows the TWS-DSI for individual
Amazonian sub-basins, and the 12-month standard precipitation index (SPI) (Mckee et al., 1993)

calculated from the basin-averaged precipitation timeseries. As expected TWS-DSI follows a
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similar pattern of the SPI but differences in the index peaks can be noted for the drought years.
For example, the 2005 drought was prominent in terms of TWS in the southwest region,
comprising of Purus and Madeira rivers, with TWS-DSI going as high as -3, whereas the
corresponding SPI were -1.78 and -2.2, respectively. Similarly, severe TWS drought (e.g., 2001)
is detected in the southeastern basins of Amazon (Madeira, Xingu and Tocantins), however, the
corresponding SPIs are negligible; the sub-surface storage (major contributor of TWS in these
sub-basins) characteristic can be noted in these cases which has a delayed response from the

preceding series of low precipitation events due to slow residence time.

The impact of drought conditions on TWS is quantified by examining the seasonal dynamics in
the simulated sub-surface water storage for the four most extreme historical drought years during
the simulation period (Figure 2-14). Although no clear trend can be seen in terms of the
evolution of the drought impact on sub-surface water storage, the spatial variability between
different drought years is readily discernible. For example, the 1995 and 2010 droughts more or
less had a similar magnitude and spatial impact on the sub-surface storage, however, the 2005
drought was more intense and dramatic in the Solimoes River basin; findings also noted in
previous studies (Marengo et al., 2008; Phillips et al., 2009; Zeng et al., 2008). Similarly, the
more recent drought in 2015 had a more pronounced impact in the eastern and northeastern
region and average impact on the other parts of the basin. Due to the shallow water table in the
Amazonian lowlands, sub-surface storage acts as a buffer during the low precipitation events,
hence facing higher anomalies during drought conditions compared to the long-term mean. As
the Negro River (i.e., Northern region of Amazon) basin experiences an opposite seasonal phase
compared to rest of the Amazon region, the drought conditions in this basin are observed during

the period of December to March. The opposite seasonal cycle of precipitation and flooding in
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the north and south banks of the Amazon mitigates the amount of flood and droughts in the basin
as a whole, while resulting in more dramatic flood or drought in particular sub-basins (e.g.

Tocantins, Tapajos and Madeira).
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Figure 2-13. TWS drought severity index (TWS-DSI). TWS-DSI is calculated using basin-
averaged TWS anomalies on a monthly scale simulated using LHF for Amazon and its sub-
basins. Shaded areas indicate the severe drought years reported in the past literature. The black
line is the 12-month Standardized Precipitation Index (SPI) calculated by using basin-averaged
precipitation data from the WFDEI forcing dataset.
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Figure 2-14. Seasonal dynamics of simulated sub-surface water storage from LHF. Results
are shown for the Amazon River basin for extreme droughts during the simulation period. Long
term mean is the mean seasonal anomaly for the 1980-2015 period, where DJF is December to
February, MAM is March to May, JJA is June to August, and SON is September to November.
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2.3.5.2. Time Evolution of Dry Season Total Deficit and TWS Release

The dry season TWS variability is examined by using the cumulative difference between PET
and P, termed as the TWD (see Section 2.2.7). Further, to examine the response from TWS
against TWD, we quantify the TWS-R, hence creating a supply-demand relationship between
them. Results indicate TWD, the corresponding TWS-R, and the total contribution of the surface
water storage to TWS-R for the extreme drought years during 1980-2015 compared to their
respective long-term means. Spatial patterns in TWD and TWS-R are analogous to the patterns
in the simulated sub-surface storage during the months of September to November (SON) as
seen in Figure 2-14. We find that TWS-R receives a fairly equal contribution from surface (along
the rivers) and sub-surface (soil moisture and groundwater) water stores (rest of the region);
however, the latter is more dominant during drought years. A clear positive trend in drought
years is found, indicating an increase in TWS-R, with significant sub-surface contribution,
especially in the southeastern part of Amazon. This change can be directly attributed to the major
LULC changes occurring in the basin, causing loss of TWS to evapotranspiration through
agricultural expansion, especially in the Tocantins, Xingu, Tapajos and Madeira river basins

(Chen et al., 2015; Costa et al., 2003; Dérea and Barbosa, 2007).

2.3.5.3. Hydrological drought trends in Amazonian sub-catchments

The hydrological drought behavior of each sub-basin is characterized by quantifying the drought
days per year at the Level-5 Hydro-Basins scale (Lehner and Grill, 2013), referred here to as
‘sub-catchments’. Based on the streamflow simulated at the most downstream grid in the sub-
catchments, temporal trends for the 1980-2015 period are calculated and presented in Figure
2-15. Significant trends in drought durations are discernible in the Tapajos and Madeira sub-

basin along with the southeastern portions of the Amazon, congruent to the heavy deforestation
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activities found in these sub-basins (Chen et al., 2015; Costa et al., 2003; Dérea and Barbosa,
2007). Although, LULC changes, such as deforestation activities, generally increase streamflow
and are also known to offset the impact on streamflow caused by decrease in precipitation over
the Amazon (Panday et al., 2015), this mechanism is dominant mostly during the wet season. In
the dry season, however, the streams in the Amazon are fed primarily by the sub-surface water
storage (see Section 2.3.2), which is negatively impacted by deforestation activities (e.g.,

increased regional evapotranspiration).
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Figure 2-15. Trends in drought duration per year in the Amazon River basin. Results are
shown at a Level-5 HydroBASINS scale as defined in Lehner and Grill, (2013), derived by using
the Q90 threshold from the simulated streamflow by the LHF model. Darker colors indicate the
higher positive trend magnitudes.
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2.3.6. Comprehensive Characterization of Amazonian Droughts

As a first attempt to comprehensively characterize the Amazonian droughts, we present a
summary of all the drought characteristics discussed in the previous sections on a spider plot
(Figure 2-16). Each spider plot is a representation of a drought year with respect to the 1) causes
of drought and their type in terms of common indices, ii) response of different water stores, such
as TWS, to the drought event, iii) role of groundwater storage in alleviating the dry conditions on
surface, and iv) the spatial impact of the drought in different sub-basins of the Amazon.
Although no significant trend in the combined drought characteristic is apparent, Figure 2-16
provides important insights on the variability of Amazon droughts. It is evident from the figure
that the drought variability over the years was significant in terms of both magnitude and spatial
impact. The most notable feature in Figure 2-16 is the distinct relationship between SPI and
drought duration. For example, during the 1995 drought, most of the river basins (e.g.,
Tocantins, Tapajos, Xingu, and Negro) experienced significant meteorological and TWS
droughts, however, the severity of hydrological droughts was relatively negligible in those
basins. Groundwater-surface water exchange is the key mechanism behind this unique behavior,
causing groundwater to fulfill the drought deficit in streamflow over the basin. Due to shallow
water tables at the downstream end of these basins, significant quantity of groundwater is fed to
the rivers, which manifests as high peaks in total groundwater release evident in Figure 2-16.
Similarly, high number of drought days are found corresponding to less groundwater release,
such as during the 1995 drought in Madeira. On the contrary, TWS-DSI, generally follows the
same pattern as that of SPI but with a lesser magnitude, which can be attributed to the delayed

response from groundwater.
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Figure 2-16. Intercomparison and comprehensive characterization of the severe drought
events during the study period in the Amazon River basin and its sub-basins. Color coding in
each subplot represents individual river basins. Note that all variables are basin averages
normalized (0—1) for each variable over all drought years. The bottom half of the variables in
the figure are drought in- dices representing different types of droughts: TWS-DSI denotes TWS
drought severity index (Sect. 2.7), SPI (Standardized Precipitation Index) represents
meteorological drought severity, and “drought days” represents hydrological drought severity
in the basin (Sect. 2.6). The top half of the variables quantify the water deficit in terms of total
TWS deficit (cumulative PET-P), water supply as the TWS release (max storage release), and the
groundwater contribution of TWS release (total GW release).
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Further, the behavior of the Amazonian sub-basins can be characterized by the shape of the
polygon formed by the comparison of different aspects of past droughts. The convex and
concave characteristic in the plots mainly depends on the interrelation between meteorological
and hydrological drought indices, which is further controlled by the sub-surface water storage. A
convex polygon indicates lower groundwater contribution to streamflow in the sub-basin, such as
in Purus during 1995 and 2005, whereas a concave polygon suggests higher groundwater release

to streamflow in that particular year.

2.3.7. Intensification of the Amazonian Dry Season

Results suggest an increasing trend in TWD with significant decadal variability over the Amazon
and its sub-basins, indicating an increase in dry season length over the past 36 years (Figure
2-17). Further, the increasing gap between TWD and TWS-R suggest an intensified terrestrial
hydrologic system over the dry season during the study period. As the LULC impact is partly
accounted for in the PET calculations (i.e., through changing surface albedo), the river basins
with substantial LULC change, such as Madeira, Tapajos, Tocantins and Xingu, portray higher
TWD trend magnitudes (significance > 95%). The peaks in the TWD corresponds well with
drought years, for example, the peaks in the TWD for Madeira are analogous to the drought
years (e.g., 1988, 1995, 2005 and 2010). Due to this definitive response to drought conditions,
TWD is also used to characterize historical drought events in the earlier sections. We note that
the trends in the total deficit should be interpreted with caution as the uncertainty in the forcing

could have affected TWD and TWS-R trend estimates.

60



— TWS Deficit (PET-P) — TWS Release

Amazon Japura Madeira
400 4 35-18 mmy/yr 5001181 mm/yr 1000 4 48.13 mm/yr
250 A A
e 500 -~
200 0 Fmmmd oM - o .
28.22 mm/yr 45.51 mm/yr 0 8.43 mm/yr
€ ,
= Negro Purus Solimoes
& 400 20.86 mm/yr 600 22.39 mm/yr 400 0.84 mm/yr
0}
£ 200 4007 ML\ 2004 _/}
2 N\ -
E oA 200 A
o 40.76 mm/yr 48.93 mm/yr 0 1 26.28 mm/yr
g T T T T T T
g Tapajos Tocantins Xingu
600 4 54.60 mm/yr 1000 50.28 mm/yr 600 46.96 mm/yr
4004 500 400 -
200 A 20.68 mm/yr 0 22.60 mm/yr 200 1 22.05 mm/yr
o o o o o o o o o o o
© o o — o o — © o) o —
o o o o o o o o o o =}
— — ~N ~N — I N — — N ~N

Figure 2-17. Trends in dry-season total deficit (TWD) and corresponding simulated TWS
release (TWS-R) from LHF for Amazon and its sub-basins. TWD is quantified as the
cumulative difference between potential evapotranspiration and precipitation (PET-P).
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Figure 2-18. Relationship between annual TWD and TWS-R for the period of 1980-2015,
color coded by Amazonian sub-basins. Points for extreme drought events are highlighted in
black. Each marker type represents different river basins, totaling 36 markers for each river

basin for the period of 1980-2015. Black dashed line indicates 1:1 relationship between TWD
and TWS-R.
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We find that the river basins housing high altitudinal areas (Purus, Solimoes and Negro) have a
fairly balanced relationship between TWD and TWS-R, but southern and southeastern sub-basins
exhibit a higher water deficiency (Figure 2-18) with approximately 2 to 3-fold differences
between TWD and TWS-R during regular years. For drought years, however, the difference
between TWD and TWS-R is even higher, creating highly anomalous dry conditions in the sub-
basins. Consistent higher values of TWD in southern and southeastern sub-basins of Amazon
further highlights the intensification of the dry season with increasing water deficiency
corresponding to an almost constant water supply from TWS-R. This phenomenon is also
highlighted in Espinoza et al., (2016), which showed an significant increase in dry day frequency
in the central and southern parts of Amazon. Results from this study combined with the reported
increasing trend in wet season (Gloor et al., 2013), implies an overall intensification of the

Amazonian hydrological cycle.

2.4. Conclusion

In this chapter, we examine the interannual and interdecadal trends and variability in the
terrestrial hydrological system in the Amazon basin and its sub-basins, with a focus on droughts
and their time evolution during the 1980-2015 period by using a continental-scale hydrological
model Leaf-Hydro-Flood (LHF) and terrestrial water storage (TWS) data from GRACE satellite
mission. For the first time, we provide a comprehensive characterization of extreme drought
events in the Amazon basin during the past four decades, while categorizing them with respect to
their 1) cause, ii) type, iii) spatial extent, and iv) impacts on different water stores. We also
provide an in-depth understanding of the interrelation between different drought types and the
corresponding response of the sub-surface storage to surface drought conditions. Our key

findings are summarized below.
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First, the LHF model simulates the basin averaged TWS variations and seasonal cycle
remarkably well for most of the sub-basins compared to GRACE data, however, some
differences are observed in the spatial distribution of temporal trends for post-2008 period. We
find that this discrepancy is caused primarily by the uncertainty in surface water storage
simulations along the mainstem of the Negro and Amazon, whereas uncertainty in sub-surface
storage prevails over the Andes. Second, the 2010-2015 period was found to be the driest in the
past four decades due to an increase in frequency and severity of droughts. A t-test conducted on
the TWS timeseries also indicated significant changes at the 99% level in the decadal mean TWS
in the Negro and Solimoes sub-basins. Third, high negative long-term trends in TWS and
increasing divergence between dry season total water deficit (TWD) and corresponding TWS
release (TWS-R) indicate significant drying in sub-basins such as Madeira, Tapajos, Xingu, and
Tocantins. Basin-averaged trends indicate that the Amazon is getting wetter (1.13 mm/yr),
however, its southern and southeastern portions are getting drier. TWD is also found to be higher
than TWS-R in these sub-basins, with approximately a three-fold difference between the two
during some drought years, indicating a strengthening dry season in the region. Fourth, most of
the extreme meteorological droughts do not propagate to hydrological droughts significantly, as
the deficit is absorbed by the subsurface water storage and further reducing TWS drought

severity compared to that of a meteorological drought in the Amazonian sub-basins.

Altogether, these results provide important insights on the interannual and interdecadal
hydrological changes and the key mechanisms that govern drought events in the Amazon, along
with a novel way of categorizing basin behavior during drought occurrence (Figure 2-16). This
framework can be applied to better predict the future hydrological conditions and their

corresponding socio-economic impacts toward taking measures to mitigate the drought impacts
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and facilitate a relatively facile transition of the local population through a future drought event.
Basin drying trends reported in this study can also provide key leverage by applying them toward
anticipation of the future hydrological conditions for sustainable management of water resources.
We also highlight the importance of using spatiotemporal trend estimates for model validation,
especially with GRACE, instead of the commonly employed approach of timeseries comparison.
Improvement in the correlation between the temporal trends in simulated TWS and GRACE
anomaly through the inclusion of a prognostic groundwater scheme which allows dynamic
groundwater-surface water interactions in the model framework is also highlighted. Further, the
need to investigate the effects of uncertainties in model forcing to TWS simulations is noted

because we find that the trends in precipitation are strongly propagated to TWS simulations.

A limitation of the present study is that the effects of irrigation and manmade reservoirs are not
yet incorporated in the model. The basin-wide effects of the existing dams in the Amazon are
small (Pokhrel et al., 2012a); however, as more dams are added across the basin, it will become
critical to account for such effects. Model improvement is underway (Pokhrel et al., 2018b; Shin
et al., 2019), and these issues will be addressed in our forthcoming publications. Despite some
limitations, this study significantly advances the understanding of changing Amazonian
hydrology, and our results have important implications for predicting and monitoring extreme
droughts in the region; the research framework can also be applied to other global regions

undergoing similar hydrological changes.
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Chapter 3.  Alteration of River Flow and Flood Dynamics by Existing and Planned
Hydropower Dams in the Amazon River Basin
Based on: S. Chaudhari, and Y. Pokhrel, 2021. Alteration of river flow and flood dynamics by

existing and planned hydropower dams in the amazon river basin. Water Resources Research
(In review)

3.1. Introduction

Hydropower is currently the largest renewable energy resource (IRENA, 2019) and is likely to
remain a dominant source of energy for the near future (Moran et al., 2018; Winemiller et al.,
2016). The future growth in hydropower production is expected to rely on the construction of
large dams, such as those planned across the tropics (Winemiller et al., 2016). If built, the
planned dams—together with many existing ones—are feared to interrupt the planet’s last free-
flowing rivers, including the Amazon, Mekong and Congo (Barbarossa et al., 2020; Davidson et
al., 2012; Latrubesse et al., 2017; Winemiller et al., 2016). Although the expected surge in
hydropower development may fulfill the much needed energy requirements in those regions,
they are often advocated based on overestimated economic benefits and underestimated social
and environmental impacts (Barbarossa et al., 2020; Latrubesse et al., 2017; Moran et al., 2018;
Stone, 2016; Waldman et al., 2019). While the positive versus negative effects of dams have
been and can be debated (Fearnside, 2006; Stone, 2011; Tofoli et al., 2017), unprecedented
losses in biodiversity (Forsberg et al., 2017; Latrubesse et al., 2017; Moran et al., 2018; Timpe
and Kaplan, 2017; Winemiller et al., 2016) and disruptions in river connectivity (Anderson et al.,

2018; Finer and Jenkins, 2012) are inevitable.
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Large-scale, storage-based dams and even run-of-the-river hydropower plants are known to
cause profound alterations in the downstream regions, accruing many hydrological, ecological
and social losses—including those caused by water impoundment (Aragdo et al., 2018; Fearnside
and Pueyo, 2012; Kemenes et al., 2011), impediment to sediment and nutrient transport
(Eiriksdottir et al., 2017; Latrubesse et al., 2017), resettlement of populations (Berkun, 2010),
reduced fish productivity and migration (Alho et al., 2015; Castello et al., 2015; Stone, 2016),
alterations in freshwater discharge to oceans (Pokhrel et al., 2012b), and disruption of flood
pulse dynamics (Pokhrel et al., 2018b). Further, given that river flows around the world are
changing in response to climate change and variability (Gernaat et al., 2021; Gudmundsson et al.,
2021), there are heightened concerns regarding the reliability of hydropower generation from
existing and planned dam projects (Moran et al., 2018). Yet, countries are undertaking ambitious
plans to expand hydropower development even in extremely biodiverse regions such as the
Amazon River basin (ARB). Therefore, it has become increasingly imperative to better
understand the changes in hydrological dynamics caused by existing dams as well as the

potential effects of future dams in these regions.

Numerous studies have examined the impacts of reservoir operation in large river systems, such
as the Amazon and Mekong. For example, observation-based studies—using pre- and post-dam
analyses—have shown that dams have incurred a shift in flow patterns in many global river
basins (Cochrane et al., 2017, 2014; Latrubesse et al., 2017; Résédnen et al., 2017). These studies
have provided important advances in understanding the role of dams, but the observed data alone
cannot justify these impacts as the hydrological changes are also subjected to climate change and
variability. Further, most studies have focused only on river flow alterations downstream of

dams; the impact of dams on inundation dynamics both upstream and downstream remains little
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studied over large scales. Hydrological models are indispensable for such a mechanistic
quantification. These models enable a holistic investigation of the impact of dams and their
potential future role under climate change. Shin et al., (2020) introduced one of such models and
demonstrated its application over the Mekong River basin, however, no such study has been
conducted over other large river systems such as the Amazon that are being increasingly

dammed.

Specifically for the Amazon, our present understanding of the cumulative impact of existing
hydropower dams over the entire basin is extremely limited. Some previous studies have
presented critical insights on the changing hydrology due to dams with their overall impact on
the basin with respect to new roads, deforestation (Lovejoy and Nobre, 2018; Zemp et al., 2017)
and the ever-advancing agricultural frontier (Davidson et al., 2012; Freitas et al., 2018; Nobre et
al., 2016), along with the changes in hydrology and sediment transport, which are crucial for
downstream floodplains, estuary and coastal ecosystems (Latrubesse et al., 2017). The critical
role of the Andes-to-Amazon connectivity was also highlighted by a regional analysis of river
fragmentation by existing and planned hydropower dams in the Andean headwaters of the
Amazon (Anderson et al., 2018; Finer and Jenkins, 2012). While these studies have provided
crucial information on various aspects of dam impacts, the insights gained have been rather
disparate. Crucially, a mechanistic understanding of the effects of hydropower dams and climate
change across the entire basin is critically lacking. Further, since most previous studies are based
on observational streamflow data, there is a lack of direct attribution of the observed changes to

dams and climate change and variability.

Here, we address the aforementioned issues by using an improved version of a recently

developed integrated river-floodplain-reservoir hydrodynamics model, the CaMa-Flood-Dam
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(CMFD; Shin et al., 2020). The model enables a mechanistic investigation of the basin-wide
climate- and human-induced changes in the hydrological system through simulation of river-
floodplain-reservoir hydrodynamics with and without dams. In this study, we improved the
existing modeling framework by implementing an optimized reservoir operation scheme to
realistically represent dam-induced changes and maximize total energy production while also
following the common practice of water management through different seasons (Figure 3-1).
Specifically, this study aims to (i) quantify the impacts of flow regulations by existing large-
scale hydropower dams on downstream river flow and flood dynamics in the Amazon, (ii)
examine the cumulative potential impacts of existing and planned hydropower dam operations on
the downstream hydrology of the Amazon and its sub-basins, and (iii) understand the role of

hydropower dam operations in modulating the flood pulse along the mainstem of the Amazon.

3.2.  Materials and Methods

3.2.1. Model and Data

CaMa-Flood-Dam (Catchment-based Macro-scale Floodplain with Dam scheme; CMFD) model
(Pokhrel et al., 2018b; Shin et al., 2020; Yamazaki et al., 2013, 2012a, 2011) is global-scale
distributed river model which simulates river and floodplain hydrodynamics by solving shallow
water equations of open channel flow, explicitly accounting for backwater effects and reservoir
operations. The CMFD model discretizes the study domain into unit catchments in which the
water level and inundation area are diagnosed based on the water storage at every time step. The
temporal variation of water storage in each unit catchment is calculated using mass conversation
between upstream and downstream river flow, and total runoff input from the forcing data. Flow
in natural rivers is represented by the 1-D St. Venant equation for momentum conservation and

the continuity equation:
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where Q is the river discharge (m?/s), A is the flow cross- section area (m?), h is the flow depth
(m), z is the bed elevation (m), R is the hydraulic radius (m), g is acceleration due to gravity
(m/s?), q is the lateral flow (m/s?), and n is the Manning’s friction coefficient (m™'3 s). The
parameters x and t are the flow distance and time, respectively. The first, second, third, and
fourth terms represent the local acceleration, advection, water slope (i.e., pressure and bed
gradients), and friction slope, respectively. In the earlier versions of CaMa-Flood model
(Yamazaki et al., 2011), diffusion wave equation has been used, which is obtained by neglecting
the first and second terms of the 1-D St. Venant equation. However, the more recent version
(Yamazaki et al., 2013) employs the local inertial equation which is derived by neglecting only
the advection term in the 1-D St. Venant equation. Discretizing the local inertial equation for the
time step At using a forward in time finite difference approximation, Q at the next timestep can
be calculated explicitly as:

R3A

Quene = (Q +8tghs) / (1+45°%) ()

The local inertial equation is computationally more efficient than the diffusion wave equation
used in the CaMa-Flood model for previous studies (Yamazaki et al., 2013, 2011) because it can
be solved stably at a much higher time step in areas with a small water surface slope and a large
water depth. To accurately represent the process of floodplain inundation, the river channel and

floodplain topography are represented by sub-grid scale topographic parameters such as the
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ground elevation (Z), unit-catchment area (4.), channel length (L), and floodplain elevation
profile, are explicitly derived from fine-resolution flow direction maps and digital elevation
models. The model is parameterization and initial conditions are similar to Yamazaki et al.,

(2013).

More recent development in the CaMa-Flood model framework was the incorporation of
reservoir operation schemes yielding CaMa-Flood-Dam model (Shin et al., 2020). The update
includes a reservoir release scheme which utilizes a demand-driven approach for irrigation dams
and an optimization approach to maximize power generation for hydropower and multipurpose

dams. A complete description of CaMa-Flood-Dam can be found in Shin et al., (2020).

Existing and planned dam locations and their attributes such as dam height, reservoir capacity,
and power generation capacity in the Brazilian Amazon are compiled from Agéncia Nacional de

Energia Elétrica (ANEEL; http://www.aneel.gov.br/), Global Georeferenced Database of Dams

(GOOD; Mulligan et al., 2009), and Future Hydropower Reservoirs and Dams (FHReD; Zarfl et
al., 2015), database. A total of 33 existing dams and 25 planned dams were selected based on

their power generation capacity (>30 Mega Watts; MW), storage capacity (>1 million m*; Mm?)
and attribute availability; selected planned dams are limited to the Brazilian Amazon due to lack

of data availability in other regions of the Amazon.

3.2.2. Reservoir Operation Scheme for the Amazon
In this study, we utilize an optimization scheme from Shin et al., (2020) for simulating reservoir
operations of hydropower dams in the Amazon. Reservoir operation for hydropower can be

formulated as an optimization problem that maximizes power benefits, F [$] as

E = ?22 n-y: min(Qt' Qturbine) “H; - At (3-4)
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where E is the energy generated [ Watts-hour], during the time span of At [hr], n is efficiency [—],
v is specific weight of water [kg/m?], Q is the reservoir release (m?/s), Qurbine is turbine design
flow(m?/s), and H is turbine head [m]. Further, we allow a common practice in hydropower
management of storing excess water during low-demand and releasing during wet periods by
formulating it in terms of minimizing reservoir storage variation (ostor) within a year. The time-
varying inflow to the reservoir is estimated using the river discharge simulated without
considering dams as,

T K
_ Zi=1Xk=q OUtiy

Y QnaTt

In(t) = $k-, Outie, + (1 )+ Quare (3-5)

where Outy, is monthly outflow of the k™ immediate upstream reservoir at time t, Quar, is river
discharge from the no-dam simulation at the reservoir location and time t, K is the number of

immediate upstream reservoirs, and T is the total simulation period.

We implement only the reservoir release for the purpose of hydropower in this study, since the
data on irrigation in the Amazon are not available, and it is expected that irrigation water use is
relatively minimal compared to the flow volume in the ARB. Building on the original reservoir
release scheme based on the optimization approach for hydropower in the CMFD model, dam
outflow at each of the dam location (Quurbine) 1S Optimized to maximize annual energy production
using the upper and lower flow thresholds. The upper threshold for reservoir release is set to the
flow with 30% exceedance probability (Qs3o; the flow equaled or exceeded 30% of the time in a
year), which is a widely accepted flow threshold for hydropower operation (Gernaat et al., 2017;
Hoes et al., 2017; Shin et al., 2020). Whereas the lower threshold for reservoir release (dam
outflow during the dry season) is optimized using the reservoir capacity and inflow to the
reservoir, such that the water stored in the reservoir during the wet season will sustain constant
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energy production during the dry season. The dam storage is simulated based on the available
data on reservoir capacity. In order to reduce the computational cost required for the
optimization of dam outflow which needs iterative hydrodynamic modeling to sequentially
determine the river flows for each reservoir from upstream to downstream, we implement the
scheme outside of CMFD model. We utilize the simulated river flow under natural condition
(NAT simulation) to sequentially optimize the reservoir release starting from the most upstream
to the downstream reservoir (Shin et al., 2020). A schematic representation of reservoir operation

is provided in Figure 3-1.

1.Or Flow Duration P -

Curve

0.8

0.6
£
o
[N
0.4+ |
0.2r | PRI
/ | | o 00
@ 80090990000, 00000
P I I SO XXX
. . =AY
- “Dam Filling | Dam Full | Dam Release
0.0 , , ) A \ ) ) =~

0 10 20 30 40 50 60 70 80 90 100

% Time of flow equalled or exceeded

Figure 3-1. Schematic representation of the dam operation scheme. The approach utilizes daily
variations in the streamflow simulated in CaMa-Flood-Dam (CMFD) model. Black solid and
dashed line indicate a standard flow duration curve and a seasonal flow cycle, respectively.
Black filled circle indicates the upper discharge threshold (i.e., Q30) used for reservoir release
during the wet period. Reservoir release in the dry period is optimized (Qopiimized) using the
available dam storage. Shaded blue area indicates the total hydropower energy generated. Red
hatches indicate dam storage in the wet period and dam release in the dry period.
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Dams are accurately located on the model grids, by first determining their upstream drainage
from a high-resolution (3-arcsec) digital elevation model (DEM) (Yamazaki et al., 2017) and
their location attributes. The estimated upstream drainage areas are then used as a reference to
determine the respective dam locations on the 3-arcmin model grid. Further, the DEM indicates
water surface levels over inundated areas, hence the DEM indicates a flat topography at some
existing reservoir locations, especially if the reservoir is created before the DEM is produced.
These uncertainties are also carried over to the downscaled flood, however they do not reservoir
operation scheme as the scheme is based on the volumetric flow. Moreover, to overcome this
issue, we estimate the water depth required to achieve the dam storage capacity using upstream
reservoir tracking from respective dam locations and consider them as dam heights in the model

environment.

3.2.3. Simulation Settings

In this study, the CMFD model is setup for the entire ARB and is driven by daily runoff obtained
from ERA-5 dataset with spatial resolution of 0.1° x 0.1° (~10 x ~10 km) for the 1981-2019
period. The spatial resolution of the CMFD model is set to 3-arcmin (5 km) and the simulated
flood dynamics are further downscaled to 3-arcsec (~90 m) resolution using high-resolution
digital elevation model (DEM). All model parameters are identical to those used in Yamazaki et
al., (2011). Specifically, we conduct four simulations: 1) without dams as in natural setting
(NAT), i) with all existing dams introduced year-by-year following their commission year
(YBY_E), iii) all existing dams introduced in 1981 (start of simulation; ALL E) and iv) all
existing and planned dams introduced in 1981 (ALL_EP). All these model scenarios are
designed to quantify the historical and potential future impact of existing and planned dam

operations, either individually or cumulatively, on an annual and long-term averaged time
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periods. Although, these model setups may not fully capture the effects of future dams, they
represent a credible outline of the probable impact from the combined operation of existing and

planned dams in the future under the effects of historical climate change/variability.

Table 3-1. CaMa-Flood-Dam Model Simulation settings

Hydropower operation

Simulation Name  Year of Dam Introduction scheme Qturbine
NAT No dams - -
DamBCY-opt-Q3so Optimized Level Q30
DamBCY-opt-Qao By commission year Optimized Level Qa0
DamBCY-Full Full Level -
DamALL-opt-Qso Optimized Level Q30
DamALL-opt-Qao Start of the simulation Optimized Level Qa0
DamALL-Full Full Level -

3.3. Results

3.3.1. Evaluation of simulated river flow, water level, and flood occurrence

Simulated river flow and water level from CMFD model compare well with the observations
obtained from Agéncia Nacional de Aguas (ANA), Brazil (Figure 3-2, Figure 3-3 and Figure
3-4). Building on our recent studies (Chaudhari et al., 2021, 2019), we present the evaluation of
simulated river flow and water level from CMFD model at selected locations across the Amazon
in a Taylor diagram (Figure 3-2a), which provides a statistical summary of the comparison
between observations and model results. The evaluation is expressed in terms of the ratio of
standard deviation (SD) of simulated estimates to the observed as a radial distance and their
correlation as an angle on the polar axis. At most of the eighty observation stations located

across the Amazon and at varying stream sizes (Figure 3-2b), a high correlation (> 0.9) and a
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standard deviation ratio close to unity for both simulated river flow and water level is found,
demonstrating a good model performance overall. Evidently, the model exhibits a wet bias,
especially in the Tocantins River basin. A part of such discrepancies could be attributed to
uncertainties in forcing, input parameters, and model parameterizations. These have been
discussed in detail in previous studies (Chaudhari et al., 2019; Miguez-Macho and Fan, 2012a;

Yamazaki et al., 2012b).

When compared with the satellite-based flood occurrence from Global Surface Water (GSW)
dataset (Pekel et al., 2016), the model well captures the broad spatial patterns of flood occurrence
during the 39-year simulation period, especially at the Amazon mainstem and major existing
dam locations (Figure 3-5 and Figure 3-6). In many locations, especially in the Amazon
mainstem, the model shows larger flood occurrence, which could partly be due to under-
representation of flooding in these areas in the GSW dataset, as also discussed in previous
studies (Aires et al., 2017; Pekel et al., 2016; Pokhrel et al., 2018b; Shin et al., 2020), likely due
to the underestimated flooded areas owing to cloud contamination and dense forest cover.
Additionally, certain discrepancies could be attributed to the different observational period of
GSW data (1984-2018) as opposed to the model period (1981-2019), uncertainties in the
topographical data used in the model and errors arising from downscaling of flood occurrence
(see Methods). Overall, given that the model is implemented over the entire basin without any
parameter tuning, we find the results to be reasonable for assessing the hydrological alterations
caused by dams and the role of historical climate change with the current limitations on model

resolution and data availability.
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Figure 3-2. Evaluation of simulated river flow and water level. a, Taylor diagrams showing
correlation and standard deviation ratio between the simulated and observed river flow and
water level at 80-gage stations across the Amazon. b, Location of the 80 gaging stations (brown
dots) and spatial distribution of long-term (1981-2019) averaged river flow from the CaMa-
Flood-Dam model at 5-km spatial resolution. Green and purple circles mark the existing and

planned dam sites, respectively. Red and black lines indicate the boundaries of the ARB and its
major sub-basins.
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Figure 3-3. Comparison of observed and simulated river flow in the Amazon. Observed river
flow (black) is obtained from ANA Brazil and simulated river flow (red) is obtained for CMFD
model with a YBY E setup. Results are shown for 12 main gauge stations. Seasonal cycle for
each station is also shown in the right panel of each subplot.
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Figure 3-3 (cont’d)

Monthly River Discharge (1000 m3/s)
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Figure 3-4. Comparison of observed and simulated water level in the Amazon. Same as in
Figure 3-3 but for water level.
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Figure 3-4 (cont’d)
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Figure 3-5. Simulated flood occurrence from YBY E simulation downscaled at 3 arcsec
(~90m) spatial resolution. Boxes indicate the locations of major existing dams shown in Figure
3-6 of the main text. Red and black boundaries indicate the Amazon River basin and its sub-
basins, respectively. Brown italic texts indicate the names of the Amazonian sub-basins.
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Figure 3-6. Modeled (YBY _E simulation) and observed flood occurrence in the Amazon
mainstem and selected existing dam locations. For each site, the left and right panel shows the
simulated flood occurrence (~90m spatial resolution) for the 1981-2019 period and the satellite
derived flood occurrence from Global Surface Water (GSW) dataset (1984-2018), respectively.
Red circles mark dam locations and label within the panel indicates the location or dam name.
Locations of dams marked in the ARB are shown in Figure 3-5.
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3.3.2. Hydrologic alterations by existing dams

Results indicate that some of the large existing dams including Tucurui (8,370 MW), Estreito
(1,087 MW) and Serra da Mesa (1,275 MW) in the Tocantins, and Samuel (216 MW) in the
Madeira River basin have caused substantial alteration to river flow in the Amazonian sub-basins
throughout the study period (Figure 3-7, locations shown in Figure 3-5). We make the following
key observations. First, major shifts in river flow coincide well with the commission years of the
existing dams (Figure 3-7a). Second, existing reservoir operations have considerably altered the
dry season flow (i.e., low flow) as well as the 39-year median flow in the Amazonian sub-basins.
Third, substantial impacts on the river flow due to the operation of existing dams are evident

even on the multidecadal averages of the hydrological signatures.

Change in river flow by up to three orders of magnitude is observed following the introduction of
Belo Monte dam cascade in the Xingu River basin and Colider, Sinop, Teles Pires and Sao
Manoel dams in the Tapajos River basin. Similarly, a two orders of magnitude alteration in river
flow is observed after the commissioning of Samuel dam in the Madeira River basin. Santo
Antonio and Jirau dams, operated as run-of-river dams, are found to have caused relatively less
impact with respect to the alterations in river flow. In the rest of the Amazonian sub-basins, such
as Solimoes, the impact on river flow due to reservoir operation is found to be minimal (Figure

3-7a).

Existing dam operation has caused the median monthly river flow to increase by ~29% over the
study period in the Tocantins River basin (Figure 3-7b). Further, results indicate a maximum
change of ~208% increase, 37% decrease and ~40% decrease in the low flow, peak flow, and
river flow seasonal amplitude in the Tocantins River basin over the study period, due to the

operation of the existing dams (Table 3-2). Other Amazonian sub-basins also indicate a similar
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change pattern in low flow and river flow seasonal amplitude from existing dam operations with
114% increase and 1% decrease in the Xingu, and 37% increase and 3% decrease in the Tapajos

sub-basins.

Moreover, a ~7% reduction in the climatological mean peak flow and ~84% increase in the
climatological mean low flow (Figure 3-7c) during 1981-2019 period are observed in the
Tocantins River basin. In rest of the Amazonian sub-basins, namely Madeira, Xingu and
Tapajos, the impact of existing dams on the river flow climatology are comparatively less
prominent as most of the operational dams in these basins are relatively new (commissioned after
2000). The climatological changes in low flows are +5%, +3% and +2% in the Xingu, Madeira,

and Tapajos River basins, respectively.

Table 3-2. Alterations of the river flow signatures from the YBY E simulation with respect to
the NAT simulation.

%Max o o
%Change in  Change in le; ﬁgxin le; ﬁgxin
River Basin  Simulation Median from Seasonal Peak flow Low flow
NAT Amplitude
from NAT from NAT from NAT
Amazon YBY E 0.0% -1.5% -0.4% 4.0%
Madeira YBY E -0.5% -1.8% -0.8% 14.5%
Negro YBY E 0.1% -0.3% -0.2% 0.2%
Solimoes YBY E -0.1% -0.1% -0.1% 0.2%
Tapajos YBY E -0.1% -3.3% -2.2% 36.5%
Tocantins YBY E 28.5% -40.2% -36.8% 207.9%
Xingu YBY E -0.7% -1.2% -0.2% 113.9%
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Figure 3-7. River flow alterations caused by the operation of existing dams. a, Difference in the
seasonal amplitude between NAT and YBY E simulations at the mouth of the major sub-basins of
the ARB (color coding). Red arrows indicate the year of dam commissioning. b, Box plot of the
simulated monthly river flow at the mouth of the major sub-basins of the Amazon. ¢, Simulated
daily long-term (1981-2019) averaged river flow at the mouth of the major Amazonian sub-

basins.
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3.3.3. Hydrological change expected from the collective operation of existing and planned
dams

Profound changes in the 39-year flood occurrence would occur in the Amazon mainstem if all
the planned dams in the basin were to be operated (Figure 3-8). Different areas on the Amazon
mainstem indicate a >10% decrease in the long-term flood occurrence, which could be a direct
result of the reduced peaks from reservoir operation in the wet season. Additionally, increase in
flood occurrence is observed in some parts of the Amazon mainstem (Box. 1, downstream of

existing Balbina Dam), which corresponds with dry season water release from reservoirs.

Dams included in the Brazil’s 10-year energy expansion plan namely, Bem-Querer, Tabajara and
Castanheira, contribute toward ~171 square kilometers of additional inundation upstream from
their dam sites. Overall, our estimate suggests that the planned dams in the Brazilian Amazon
could inundate ~1,550 square kilometers of land in addition to that inundated by the existing
dams. Impacts from the individual operation of existing and planned dams on the 39-year flood

occurrence along the Amazon mainstem is shown in Figure 3-10.

Potential future dam impacts in the Amazon River basin could be considerably larger than that
caused by the existing dams (Figure 3-9, Table 3-3). Specifically, in the Tocantins River basin,
the collective operation of existing and planned dams could cause a ~37% increase and ~12%
decrease in the 39-year averaged median of daily river flow and seasonal amplitude,
respectively. Substantial alterations to the 39-year averaged peak flow (-8.3%) and low flow
(149%) could occur in the Tocantins River basin. Similar level of alterations to the river flow
signatures could also occur in the other Amazonian sub-basins. For example, ~61%, ~39% and
~14% change in the 39-year averaged low flow could occur in the Tapajos, Xingu, and Madeira

River basins, respectively, due to the operation of existing and planned dams. Our estimate
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suggests that the collective operation of existing and planned dams in the Amazon could alter the
median, amplitude, peak flow and low flow of the 39-year averaged daily seasonal cycle at the
mouth of the ARB by -0.4%, -1.6%, -0.4% and 3.4%, respectively. Although, the percentage
change estimates of the river flow signatures in the ARB seem to be fairly low, their magnitudes

are substantially larger due to the large flow volume.
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Table 3-3. Alterations of the 39-year averaged river flow signatures from the ALL E and
ALL _EP simulations with respect to the NAT simulation.

o .
% Change in A)S(ie l;:::f;lm %Change in  %Change in

River Basin Simulation Median from Peak flow Low flow

Amplitude
NAT from NAT from NAT from NAT
A ALL E -0.2% -1.1% -0.3% 2.4%
mazon
ALL EP -0.4% -1.6% -0.4% 3.4%
Madei ALL E -1.0% -1.6% -0.4% 8.9%
adeira
ALL EP -1.4% -2.5% -0.5% 14.1%
N ALL E 0.1% 0.1% -0.1% -0.5%
€gro
8 ALL EP 0.1% -0.4% -0.1% 0.6%
Soli ALL E -0.1% 0.0% 0.0% 0.0%
olimoes
ALL EP -0.1% 0.0% 0.0% 0.1%
Tana ALL E 0.0% -1.5% -0.6% 25.5%
apajos
bal ALL EP -1.7% -3.3% -1.1% 61.0%
T y ALL E 30.0% -10.2% -7.6% 106.6%
ocantins
ALL EP 37.4% -11.8% -8.3% 149.0%
e ALL E -0.7% -1.0% 0.0% 39.3%
mngu
8 ALL EP -0.6% -1.0% 0.0% 39.4%

*NAT — Natural simulation setup.
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Figure 3-8. Comparison of simulated flood occurrence from ALL EP and NAT simulations.
a, Difference between the 39-year flood occurrence (%, ~90m spatial resolution) obtained from
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Figure 3-9. River flow alterations caused by existing and planned dams. Box plot of the
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Figure 3-10. Comparison of simulated flood occurrence from NAT, ALL E, and ALL EP
simulations. a, Difference between the 39-year flood occurrence (%, 3 arcsec or ~90m spatial
resolution) obtained from ALL E and NAT simulations. b, Difference between the 39-year flood

occurrence (%, 3 arcsec or ~90m spatial resolution) obtained from ALL EP and ALL E
simulations.
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3.4. Discussion

Our results suggest that the collective impact from the operation of existing and planned dams in
the Amazon could be substantial, causing a pronounced alteration of the hydrological dynamics
not only in the sub-basins but also in the mainstem of the Amazon River. Sub-basin wise
analysis indicates that the impact from the existing dams and the potential impact from the
collective operation of existing and planned dams will be most prominent in the Tocantins River
basin. Historical alterations induced by the existing dams are found to be marginal in other
Amazonian sub-basins, such as the Madeira, Tapajos, Solimoes and Xingu, due to the relatively
smaller number of operational dams compared to the large annual river flow volume in these
river basins. However, the cumulative impact from existing and planned dams in these sub-

basins could be equally prominent as that in the Tocantins River basin.

Several large dams, such as Tucurui, Estreito and Serra da Mesa, are operational in the Tocantins
River basin for more than three decades. The impacts from these dams on the downstream river
flow are massive and have caused alterations to river flow by orders of magnitude. These
impacts, further extend well beyond the direct alterations to the river including the population
resettlement, loss of fertile land and deforestation. Moreover, evidence shows that these existing
dams have also altered the river ecology with respect to reduction of fish population and
alterations to the sediment movement (Moran et al., 2018). The newly operational dams in the
Madeira and Xingu River basins have already incurred substantial environmental impacts
concerning upstream inundation (Cochrane et al., 2017), sediment dredging (Fearnside, 2014),
biodiversity loss (Ritter et al., 2017; Tofoli et al., 2017), and others, hence dwarfing their original
impact assessment quantifications with a considerable margin. As of now, the impact of dams in

the Amazonian sub-basins such as Madeira, Negro, Tapajos, and Xingu, are not as severe as that

92



in Tocantins. However, with the collective operation of the existing and planned dams—if
constructed—these sub-basins are also expected to experience dramatic hydrologic alterations

following the similar footprints of the Tocantins.

With the ongoing deforestation and potential reduction in power generation (Moran et al., 2018)
from the existing dams due to climate change and variability, the reliability of these dams in the
future is increasingly questioned. Following these concerns, alternative technologies for
hydropower generation such as in-stream turbines (Chaudhari et al., 2021), as well as alternative
renewable energy sources such as wind (Veers et al., 2019) and solar (Waldman et al., 2019) are
gaining considerable traction in the last decade. However, hydropower is expected to remain the
major source of base renewable energy in the near future as the diversification of the energy
sector with the combination of wind, solar, hydro and biomass is estimated to be couple decades
away (Santos et al., 2017). Hence, moving forward, a sustainable transformation of hydropower
is urgently needed that follows environmentally less invasive energy generation techniques, in

order to keep hydropower a part of the sustainable future.

Our assessment is based on the best datasets currently available, combined with a state-of-the-
art, extensively validated hydrodynamic model and dam operation scheme. However, the results
should be interpreted with caution as there are certain limitations to our approach. First, it is
expected that the impact estimates in this study would differ, as our approach assumes a generic
dam operation scheme which optimizes energy generation based on the simulated dam storage
and long-term (39-year) historical averaged river flows (see Methods). Second, since the
reservoir bathymetry is parameterized from the digital elevation model (DEM), discrepancy
between the simulated spatial patterns is evident especially in the reservoirs that existed before

the time DEM was derived. Additionally, the spatial inundation patterns of reservoirs formed
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from large diversions, such as the Belo Monte reservoir, differ from the observed patterns. Since,
the actual diversion channel characteristics at such sites are not publicly available, implementing
flow diversions in the model environment becomes difficult, leading to discrepancies in
geolocation of reservoirs in the model. Yet, the model realistically simulates the dam effect on

the downstream as its operation depends on the controlled reservoir release.

3.5. Conclusion

In this chapter, we investigate the changes in the river flow and fine scale (~90m, downscaled
from ~5km CMFD model output) inundation dynamics caused by individual and cumulative
operation of the existing and planned dams. We find that dam operations have been consistently
altering the river flow in the Amazonian sub-basins even in the absence of climate change.
Further, results indicate that the potential impact of the collective operation of existing and
planned dams could be considerably larger than the alterations caused by the existing dam

operation.

Despite some inevitable uncertainties, this study provides major advances and insights on the
understanding of the integrated river-floodplain-reservoir dynamics in a flood and hydropower
dominant river system, such as the Amazon. This study is the first to simulate and
mechanistically quantify the impacts of existing dams and the potential impact from the
collective operation of existing and planned dams on a basin-wide scale in the Amazon. Given
the on-going hydropower boom in the Amazon and other regions worldwide (for example, the
Mekong and Congo River basins), this assessment could prove beneficial in investigating the
future of hydropower in these regions. Further, our framework could be useful for future studies

on the optimization of dam operation to reduce downstream dam impacts, globally.
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Chapter 4. Hydrological future of the dammed Amazon under climate change

Based on: S. Chaudhari and Y. Pokhrel, 2021. Hydrological future of the dammed Amazon
under climate change. Earth’s Future (Manuscript in preparation).

4.1. Introduction

Expansion of renewable energy resources is gaining traction and becoming important in the
global energy mix. With the fastest year-on-year growth since the 1970s, renewables are on track
to set new records in 2021, with an expected surge of more than 8% in the electricity generation
(IEA, 2021). This expanding generation from renewables is expected to provide just over half of
the increase in electricity supply in 2021. Hydropower being the largest source of global
renewable energy and electricity, along with its predicted upsurge from a combination of
economic recovery and new capacity additions from large projects, it is expected to remain a

prominent source of renewable energy in the foreseeable future.

Since hydropower reservoirs can be used to store energy in the form of potential energy and
convert it when required, the increase in hydropower capacity can, at the same time, support the
expansion of other renewable energy technologies (Chaudhari et al., 2021; Schmidt et al., 2016;
Waldman et al., 2019) when installed in combination with hydropower. Hence, hydropower
increases the security of energy supply in an integrated electricity market in which solar and
wind technologies are being expanded (Berga, 2016). In addition, hydropower plants are often
not only used to generate electricity, but impounded reservoirs serve the human population as
recreational areas, flood protection, for aquaculture, drinking water or for irrigation purposes
(Berga, 2016). Hence, the expansion of hydropower is considered a potential solution to multiple
challenges.
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The re-emergence of large dams could bring large energy, economic and climate change
mitigation incentives especially to the developing economies which house the major tropical
river basins such as the Amazon River basin. Increased demand for electric energy in South
America has led to ambitious plans for building as many as 282 new hydroelectric dams in the
Amazon River Basin, in addition to the 238 currently operational dams as reported in the
Agéncia Nacional de Energia Elétrica (ANEEL) database (http://www.aneel.gov.br/). These
plans include the construction of as many as 102 dams with capacities larger than 30 MW,
categorized as large dams by the Brazilian government, in the western Amazon during the next
two decades. However, these will come at the expense of altering the natural flow regime of
these tropical rivers which are responsible for biodiversity, ecological and agricultural
productivity, as well as the cultural value of the local communities residing on their banks and
extensive floodplains. While dams provide direct economic benefits by contributing to water
security (Rodell et al., 2018), flood protection (Boulange et al., 2021), and renewable energy
(Gernaat et al., 2021), they affect freshwater ecosystems by upstream inundation, downstream
hydrologic alteration (Timpe and Kaplan, 2017), river fragmentation (Anderson et al., 2018), and
impediments to fish migration (Moran et al., 2018; Stone, 2016) and sediment flow (Latrubesse
et al., 2017). For example, under future dam development scenarios the river network
connectivity from Andes to Amazon is expected to suffer >50% losses (Anderson et al., 2018),
which can directly translate to drastic alteration to downstream river channel and floodplain
geomorphology and associated ecosystem along the mainstem of the Amazon. The seasonal
flood-pulse of the Amazon River, created by the dynamic interplay between floodplain
topography and river flood cycle (Castello et al., 2015; Forsberg et al., 2017), plays a

fundamental role in maintaining the diversity and productivity of lowland floodplain
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environments (Forsberg et al., 2017; Resende et al., 2019). The operational norm of the planned
hydropower dams in the Amazon can have a large impact on the flood-pulse below the dam,
reducing maximum stage heights and flooded areas, increasing minimum stage heights and
flooded areas and altering the spatial pattern of inundation across the floodplain, which remains

largely unexplored.

Climate change is also of particular concern in the Amazon River basin due to the sensitivity of
the snow accumulation processes that dominate runoff generation within the basin, and the
basin’s high-water demand to maintain its ecological productivity (Christensen et al., 2004).
General Circulation Models (GCMs) of the atmosphere predict increases in mean annual air
temperature between 1.2-3.5°C over the next century across the Amazon River basin
(Gudmundsson et al., 2021; Pokhrel et al., 2021; Prudhomme et al., 2014; Wanders et al., 2015).
Further, the terrestrial water storage of the Amazon River basin is projected to experience a
decline across all seasons, which may translate into more frequent and extended drought

conditions in the basin (Pokhrel et al., 2021).

Several recent attempts have been made to evaluate the potential impacts of hydropower
development on the Amazon (Arias et al., 2020; Barbarossa et al., 2020; Castello and Macedo,
2016; Forsberg et al., 2017; Latrubesse et al., 2017; Syvitski et al., 2009; Winemiller et al., 2016;
Zarfl et al., 2019). These analyses have focused on aquatic and terrestrial biodiversity
(Barbarossa et al., 2020; Winemiller et al., 2016; Zarfl et al., 2019), sediment dynamics
(Latrubesse et al., 2017; Syvitski et al., 2009) or integrated multiple impacts (Castello and
Macedo, 2016). All of the aforementioned studies have generally been qualitative analyses, with
the exception of Latrubesse et al., (2017), which devised spatial indices to evaluate vulnerability

of the Amazonian sub-basins to hydropower development, however, the exact nature and
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magnitude of the dam impacts were not examined. Several efforts have quantified trade-offs
among hydropower generation, hydrological alterations, and ecosystem services in the Amazon
River basin at local to regional scales (Anderson et al., 2018; Finer and Jenkins, 2012; Strand et
al., 2018), making it possible to identify regions and particular locations where improvements
could be made to increase the overall sustainability of hydropower projects. However, a holistic
view of the entire Amazon River basin under the influence of climate change, based on

mechanistic and process-based models that include reservoir operation, is largely missing.

In this study, we focus on future changes to the hydrology of the Amazon River basin under
existing and planned dam operations and climate change. For the first time, we apply an
improved version of a recently developed, integrated river-floodplain-reservoir hydrodynamics
model, the CaMa-Flood-Dam and runoff estimated by five terrestrial hydrology models driven
by forcing data derived from four general circulation models (GCM) output. This methodology
allows us to simulate and quantify the potential hydrological changes due to the operation of
existing and planned dams, and climate change in the Amazon River basin and its sub-basins.
Specifically, we discuss the relative contribution of uncertainties from GCMs and LSMs in
future projections of river flow, with a special focus on the more vulnerable southern Amazon
catchments. Further, the future implications of the on-going hydropower development combined
with climate change on the downstream flood dynamics along the Amazon mainstem are also
discussed. With the perspective of sustainable hydropower development, we additionally
examine the potential reliability of the existing and planned hydropower dams to generate energy

under future climate change scenarios.
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4.2. Model, Data and Methods

4.2.1. Input Runoff Forcing Datasets

The climate of the Amazon Basin is notoriously difficult to model, hence introducing multiple
levels of uncertainty in its simulations. First, there is wide variation between GCMs in the
estimated precipitation and its changes (Boisier et al., 2015). Similarly, several LSMs exist, and
to a greater extent, they all incorporate existing process knowledge into their parameterizations
(Gash et al., 2004; Keller et al., 2009). However, because of their different structures and the
values of the parameters used, LSMs also simulate a range of changes in the water and energy
balances even when forced by the same input climate data. The differences between models’
results relate in a complex way to simulated vegetation structure, phenology and physiology as
well as to soil hydrological processes, hence introducing another level of uncertainty in the
hydrological estimates. Moreover, additional uncertainty stems from the land use land cover

(LULC) change scenarios used in the models.

Table 4-1. Multi-model ensemble simulation summary.

Radiative Forcing — Historical RCP 2.6 RCP 6.0
Period — 1981-2005 2006-2099
Hydrological Soc1o-§conomlc histsoc 2005soc 2005soc
Models | scenarios —
CLM4.5
HOS GFDL-ESM2M,
LPImL HADGEM2-ES,

- IPSL-CMS5A-LR,
PCR-GLOBWB MIROCS5
WaterGAP2
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To overcome these uncertainties to a certain extent, we implement multi-model hydrological
simulations (20 ensemble members) from five terrestrial hydrology models (LSMs and GHMs)
driven by atmospheric forcing from four GCMs (models participating in the Coupled Model
Intercomparison Project Phase 5; CMIP5). Three cases of radiative forcing are considered for
each GCM: historical climate (HIST), and low (Representative Concentration Pathway (RCP)
2.6) and medium— high (RCP6.0) emission scenarios available from the Inter-Sectoral Impact
Model Intercomparison Project (ISIMIP2b) (Frieler et al., 2017; Warszawski et al., 2014). We
use output from 20 ensemble members for the surface runoff (qtot; kg m—2 s—1) for the historical
period (1981-2005), mid-21% century (2030-2059) and late-21% century (2070-2099) at a daily

interval and spatial resolution of 0.5° x 0.5° (~50km x 50km).

4.2.2. CaMa-Flood-Dam Model and Simulation Setup

CaMa-Flood-Dam (CMFD) is a new generation, recently improved global river routing model
that simulates floodplain dynamics and backwater effects by explicitly solving the local inertia
equation (Shin et al., 2020; Yamazaki et al., 2013). The model was reported to outperform other
GHMs for reproducing historical discharge (F. Zhao et al., 2017) and was further found to well
simulate the hydrological changes due to dam operations, historically (Shin et al., 2020) and in
the future (Boulange et al., 2021). The CMFD model requires only daily runoff as an input, and
by computing the inflow from upstream cells and outflow to downstream, the evolution of water
storage can be predicted. CMFD model has also been extensively used in multiple tropical basins
(Getirana et al., 2012; Shin et al., 2020; Yamazaki et al., 2012b, 2011) and globally (Boulange et
al., 2021; Pokhrel et al., 2018b; Yamazaki et al., 2013; F. Zhao et al., 2017), and validated. It is

capable of faithfully reproducing historical flood patterns and daily measurements at river
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gauging stations across the globe (F. Zhao et al., 2017), partly owing to the integration of

satellite- based topography data (Yamazaki et al., 2012a).

In this study, the CMFD model is setup for the entire ARB and is driven by daily runoff obtained
from 20 ensemble members described in Section 4.2.1. The spatial resolution of the CMFD
model is set to 3-arcmin (5 km), with its output such as flood depth, further downscaled to 3-
arcsec (~90 m) resolution using high-resolution digital elevation model (DEM). All model
parameters are identical to those used in Yamazaki et al., (2011). Dams are accurately located on
the model grids and the reservoir operation for each dam is optimized similar to our previous
study as described in Section 3.2.2. With each ensemble member’s runoff forcing, we conduct

seven simulations as described in Table 4-2.

Table 4-2. Simulation Setup.

Simulation Period Description

Hist-Nat 1981-2005 Historical simulation with no dams

Historical simulation with dams introduced as per

Hist-DamBCY 1981-2005 . ..
their commission year

Historical simulation with dams introduced as per
RCP2.6-DamBCY 2006-2020 their commission year with RCP2.6 runoff forcing;
used only for extended period validation

Future simulation with no dams and RCP2.6 runoff

RCP2.6-Nat 2021-2099 ]
forcing
Future simulation with dams all introduced in 2021
RCP2.6-Dam 2021-2099 and RCP2.6 runoff forcing
RCP6.0-Nat 2021-2099 Futqre simulation with no dams and RCP6.0 runoff
forcing
RCP6.0-Dam 2021-2099 Future simulation with dams all introduced in 2021

and RCP6.0 runoff forcing
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4.2.3. Model Evaluation and Validation

We combine the model results from Hist-DamBCY (1981-2005) simulations with results from
RCP2.6-DamYBY (2006-2020) to extend the model validation period. The river flow simulation
results from each ensemble runoff forcing are validated against observations obtained from the
Agéncia Nacional de Aguas (ANA) in Brazil (http://hidroweb.ana.gov.br). We selected river
flow gage stations located along the mainstems of the Amazon River and its major tributaries.
The selected gage stations include at least 30 years of observational coverage with minimal data

gaps; the days with missing data are skipped in the statistical analysis.

4.3. Results and Discussion

4.3.1. Validation of Simulated River Flow

The combined evaluation of river flow simulated by the CMFD model from each ensemble
member’s runoff forcing is shown in Figure 4-1. As the evaluation period (1981-2020) is not
entirely covered by the Hist simulations, we combine the results from Hist-DamBCY (1981-
2005) and the RCP2.6-DamYBY (2006-2020) for an in-depth comparison of observed and
simulated river flows for the entire historical period. Most of the ensemble members indicate a
high correlation (> 0.8) and a standard deviation ratio close to unity, hence indicating a good
prediction performance overall for varying geographical locations and stream sizes over the
Amazon. Low correlation is seen for the gaging stations located on high topographical gradients,
especially for the forcing obtained from the GFDL-ESM2M model, which could be the direct
result of the uncertainties arising from climate forcing (driven by GCMs). Further, these low
correlations could also be a result of uncertainties from GHM/LSM parameterizations, and its
variability is dependent on their respective runoff generation schemes. Evidently, some of the

GCM-GHM/LSM combination exhibits a wet bias, resulting into a standard deviation ratio
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higher than one. This wet bias in the simulated river flow is in alignment with the findings of
previous studies (Chaudhari et al., 2019; Miguez-Macho and Fan, 2012a; Yamazaki et al.,
2012b). However, the simulated river flow averaged over all ensembles indicate a good

agreement with observation (Figure 4-2), indicating high confidence in the projections.
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Figure 4-1. Evaluation of simulated river flow. Statistical comparison of river flow simulated
by CMFD model forced by each ensemble member (Table 4-1) at 12 main gage stations
(locations shown in Figure 2-2) for the 1981-2020 period. Results are combined from the Hist-
DamBCY (1981-2005) simulations and the RCP2.6-DamYBY (2006—2020). Colors indicate the
correlation and scatter points indicate the standard deviation ratio between the simulated and
observed river flows.
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Figure 4-2. Comparison of seasonal cycles of simulated and observed river flow. Red line
indicates the average simulated river flow and shaded region shows the distribution across all
ensemble members. Black line indicates the observed river flow obtained from gage stations.

4.3.2. Surface Runoff and River Flow in the Amazon under Climate Change

Figure 4-3 portrays the future changes in river flow during mid- (2030-2059) and late-21st
century (2070-2099) with respect to the historical period (1981-2005) under the impacts of
projected climate change based on RCP2.6 and RCP6.0 scenarios. Similar spatial map is shown
for projected runoff used to drive the CMFD model (Figure 4-4) for the same periods, climate
scenarios and ensembles. The projected changes in river flow under the effect of climate change
solely, vary spatially among the Amazonian sub-basins. While south-western region of Amazon,

containing the upstream areas of the Solimoes and Madeira rivers, is projected to experience a
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decline in mean river flow, the northern and eastern regions could experience an increase in
mean river flow. These changes in mean river flow are the direct translation of the corresponding
projected change observed in surface runoff (Figure 4-4). As expected, the changes in mean river
flow are more drastic and widespread in RCP6.0 compared to RCP2.6 in all regions, except for
the Negro River basin. During mid-twenty-first century, the Negro River basin is projected to
experience a major increase in mean river flow under RCP2.6, which further continues in the
late-twenty-first century but with a lesser magnitude. Overall, we find a southwestern (dry)—

northeastern (wet) contrast pattern in the mean river flow of the Amazon River basin.

On visualizing the simulated long-term averaged low flow (Qos) in the Amazon as projected by
the multi model ensembles, a substantial drying of the entire basin is found in both the mid- and
late-twenty-first century, further implying that the regions with historical drying trends are
expected to become even drier under climate change. Under both RCP2.6 and RCP6.0 the long-
term averaged low flow is expected to experience ~20% decrease compared historical average
with the latter being more drastic. This decline is especially greater in magnitude in the upper
reaches of the Madeira, Solimoes and Negro rivers. The eastern sub-basins of the Amazon, such
as the Tocantins, is also expected to experience a decline in the low flow, with a notable increase

in magnitude at the end of the 21 century.

A contrasting wetting pattern is expected in the central and northern parts of the Amazon with
notable increase in the long-term averaged low flow. However, this wetting pattern in mostly
prominent in the mid-21% century and is expected to decrease in magnitude and spatial extent
close to the end of the 21 century. Similarly, the increase in long-term average low flow in the
northeastern smaller sub-basins of Amazon is expected to last only till the end of mid-21*

century under RCP2.6, before following the basin-wide spatial pattern of decline in low flow.
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On the contrary to the basin-wide decline in low flow, the Amazon is expected to encounter a
rise in the long-term averaged peak flow under both RCP2.6 and RCP6.0. This rise in peak flow
suggests a higher number of flood events in the future. There are few exceptions to this rising
trend, such as the middle reaches of the Madeira River basin, where a decrease in peak is
expected, especially in the late-21% century under RCP2.6. This decrease in peak flow in the
Madeira River basin could be attributed to undergoing heavy LULC changes in the region.
Under RCP6.0, the middle reaches of the Madeira River basin indicate a same trend, but with a

smaller spatial extent.

Overall, with the decrease in low flow and increase in peak flow in the Amazon River basin, it is
evident that the basin may experience a higher frequency of extreme events in the 21% century
under both RCP2.6 and RCP6.0. With the considerable decrease in the long-term averaged low
flow, a major part of the Amazon is expected to suffer from the lengthening dry-season, further
prolonging the forest fire season, leading to an increase of fire counts during October and
November. Moreover, the projections also indicate a strengthening of the monsoon seasonal
cycle of the Amazon, resulting into higher number of flood events in many parts of the basin.
These results agree with the current hydrologic trends (Chaudhari et al., 2019; Jiménez-Mufioz et
al., 2016; Marengo and Espinoza, 2016; Zeng et al., 2008), and also corroborate the widely
discussed drying and lengthening of the Amazonian dry season (Aragdo et al., 2018; Boisier et
al., 2015; Pokhrel et al., 2021; Wanders et al., 2015; Wanders and Wada, 2015), suggesting that
the findings are robust and further contributing to the long-standing debate on the fate of the

Amazon under climate change.
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Figure 4-3. Simulated change in mean river flow solely under climate change. Results are
shown as multi-model spatiotemporal averages for 30-year periods, namely mid (2030-2059)
and late (2070-2099) 21" century.
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Figure 4-4. Same as Figure 4-3 but for surface runoff averaged over all ensemble members.
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Figure 4-5. Same as Figure 4-3 but for dry season flow (Q9s).
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Figure 4-6. Same as Figure 4-3 but for wet season flow (Qs).
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4.3.3. Potential River Flow Alterations Caused by Dam Operations

We compare the river flow signatures obtained from Nat (without dams) and Dam (with dams)
simulations to study the impact of dam operations on the river flow regime in the Amazon and its
sub-basins (Figure 4-7). As expected, the cumulative operation of existing and planned dams in
the Amazon, bring forth a noticeable dampening effect on the annual cycle of the river flow. In
general, a decrease in peak flows and an increase in low flows are observed as a result of the
reservoir’s buffering capacity. The projected impacts vary slightly for different RCPs; however,
the trend directions are similar. The Amazonian sub-basin with the largest potential impact from
dam operations is found to be the Tocantins, followed by Xingu, Madeira, and Tapajos. In the
Tocantins River basin, the cumulative impact from the operation of existing and planned dams is
expected to cause a change of ~15.2% and 15.4% in the median of the daily river flow during the
mid- and late-twenty-first century under RCP2.6. Correspondingly, a ~68% and ~78% increase
in low flow and ~13% and ~9% decrease in peak flow are expected in the Tocantins River basin
during the mid- and late-twenty-first century, respectively, under RCP2.6. Similar level of
alterations to the river flow signatures are expected in the Maderia, Xingu and Tapajos River

basins.

The alterations to river flow signatures in the Amazonian sub-basins under RCP6.0 follows an
unanalogous pattern compared to the alterations under RCP2.6. For example, the alterations to
the low flow in the Madeira, Tocantins and Xingu River basins are found be greater under
RCP6.0 compared to that under RCP2.6; whereas the alterations to low flow in Negro and
Tapajos River basin and along the Amazon mainstem follow an opposite trend, with higher

magnitudes under RCP2.6.
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Overall, the largest impact of dam operations in the Amazon is expectedly found on the dry
season flows. Due to the buffering effect of the dam reservoir, a substantial increase in the river
flow during the dry season in expected in the 215 century at the mouths of the major Amazonian
tributaries. Wet season flows are expected to suffer comparatively less alterations, mainly due to
the small cumulative storage capacity of the existing and planned dams with respect to the total

flow volume generated during the Amazonian wet season.
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Figure 4-7. Potential impact of dam operations on the river flow in the Amazon during the 21*
century. The box-and-whisker plots include the 95" and 5" range (whiskers), median (horizontal
lines in each bar), and 1st and 3rd quartiles (box height) of the multi-model ensemble averaged
daily climatological river flow for mid- and late-twenty-first century under RCP2.6 and RCP6.0.
Percent values indicate the percent change in the median of the river flow between Nat and Dam
simulations under respective RCP and period. Line plots indicate the climatological seasonal
river flow at the mouth of the major Amazonian sub-basins obtained from RCP2.6-Nat and
RCP2.6-Dam simulations.
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Table 4-3. Alterations of the averaged river flow signatures from the RCP2.6-Dam simulation
with respect to the RCP2.6-Nat simulation.

. % Change in . .
0 0 0
River Basin Period /og/llﬁ;iliel mn Seasonal /(l))ce:llliltllgoev;n /"Lc()l;?;%ivm
Amplitude
A MC 0.15 -0.78 -0.19 1.26
mazon
LC 0.28 -0.91 -0.21 1.33
Madei MC -1.08 -1.74 -0.39 6.84
adeira
LC -0.68 -2.28 -0.41 10.23
N MC 0.32 -0.69 -0.27 0.78
€gro
8 LC 0.38 -0.83 -0.32 0.79
Soli MC -0.02 -0.04 0.01 0.09
olimoes
LC -0.01 -0.07 -0.01 0.11
Tanai MC -2.21 -2.24 -1.13 12.84
apajos
Pa) LC -1.71 -2.84 -1.26 18.02
) MC 15.19 -17.7 -13.42 67.89
Tocantins
LC 15.42 -13.3 -9.38 78.42
e MC -1.56 -0.43 0.02 7.06
mngu
8 LC -1.41 -0.77 0.03 14.02
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Table 4-4. Alterations of the averaged river flow signatures from the RCP6.0-Dam simulation
with respect to the RCP6.0-Nat simulation.

o .
River Basin Period %;[lﬁllilfxel in /OSCel;:(l)lE;lm (y(l))cezll? ltllgoewin %Lc(:jlﬁ%ivin
Amplitude
Amazon MC 0.06 -0.55 -0.15 0.81
LC -0.09 -0.87 -0.22 1.27
Madeica MC -0.44 -1.84 -0.39 8.32
LC -0.98 -2.23 -0.42 10.46
Negro MC 0.35 -0.69 -0.31 0.54
LC 0.33 -0.75 -0.33 0.67
Solimoes MC -0.03 -0.03 0.01 0.11
LC -0.11 -0.02 0.02 0.09
. MC -3.40 -2.26 -1.26 9.21
Tapajos LC -1.66 -3.24 -1.39 17.49
Tocantins MC 21.03 -13.54 -9.81 67.74
LC 25.14 -12.13 -8.45 83.01
) MC -2.49 -0.64 -0.16 7.74
ingu LC -1.44 -0.85 -0.03 14.57

4.3.4. Implications of Dam Operations on the Amazon Mainstem

Figure 4-8 and Figure 4-9 presents the downscaled (~90m, 3 arcsec) 30-year flood occurrence
along the main stem for both the mid- and late-21%' century under RCP2.6 and RCP6.0,
respectively. The change in flood occurrence due to dam operations is represented in terms of
percent change with respect to the results from the natural simulation (RCP2.6- Nat and RCP6.0-
Nat). Substantial alterations to the long-term flood occurrence along the Amazon mainstem due
to the cumulative operation of existing and planned dams are expected in both the mid- and late-
21% century. Several regions along the Amazon mainstem indicate >10% decrease in flood

occurrence due to the direct influence from dam operations. As expected, downstream of a large
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dam, Balbina (Box 1, Figure 4-8 and Figure 4-9), increased flood occurrence is found because
of the dry season release from the reservoir. Moreover, results indicate that the shallow
inundation extents along Amazon mainstem may greatly recede from mid- to late-21% century
under the combined effect of climate change and dam operation (Box 2, Figure 4-8 and Figure

4-9).
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Figure 4-8. Percent change in flood occurrence due to dam operations under RCP2.6.
Difference between the 30-year flood occurrence (%, 3 arcsec or ~90m spatial resolution)
obtained from RCP2.6-Dam and RCP2.6-Nat simulations. Red markers indicate major city
locations. Black markers indicate dam locations.
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Figure 4-9. Same as Figure 4-8 but for RCP6.0.
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4.4. Conclusion

In this chapter, the impacts of dam operations on the hydrological characteristics of the Amazon
and its sub-basins are quantified by comparing a with- and without-Dam simulations conducted
using a high-resolution hydrodynamic model, CaMa-Flood-Dam (CMFD). The CMFD is forced
by multi-model ensemble data compiled from five global terrestrial hydrology models (i.e.,
CLM4.5, HO8, LPJmL, PCR-GLOBWB, and WaterGAP2) with a climate forcing input from
four GCMs (i.e., GFDL-ESM2, Had-GEM2-ES, IPSL-CM5-LR, and MIROCS) under three
cases of radiative forcing: historical climate, the low (RCP2.6) and medium-high (RCP6.0)
greenhouse gas concentration scenarios. Results under natural scenario (without dams) indicate a
southwestern (dry)—northeastern (wet) contrast pattern in the mean river flow across the Amazon
River basin. Further, the results indicate an intensification of extreme events in the Amazon, with
the substantial drying of the entire basin suggesting a lengthening of the dry season and projected
increase in the peak flow suggesting a strengthening of the monsoon seasonal cycle of the
Amazon, during both the mid- and late-21%' century. The cumulative impact from the operation
of existing and planned dams, may bring forth a substantial dampening effect on the annual cycle
of the river flow of the Amazon and its sub-basins. This dampening effect is found to have a
substantial impact on the dry season flows with a pronounced alteration in the Tocantins,
followed by Xingu, Madeira, and Tapajos River basin. Despite the inevitable uncertainties, this
study is the first to simulate and mechanistically quantify the probable cumulative impacts of
existing and planned dams on a basin-wide scale in the Amazon during the remaining 21
century under multiple climate change scenarios. As a greater number of large dams are being
planned globally, the results from this study may prove beneficial for sustainable operation of the

hydropower dams to reduce downstream dam impacts in the Amazon and globally.
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Chapter 5. In-stream turbines for rethinking hydropower development in the Amazon
basin
Based on: S. Chaudhari, E. Brown, R. Quispe-Abad, E. F. Moran, N. Miiller, Y. Pokhrel, 2021.

In-stream turbines for rethinking hydropower development in the Amazon basin. Nature
Sustainability. DOI: https://doi.org/10.1038/s41893-021-00712-8

5.1. Introduction

Hydropower is by far the largest source of renewable energy and accounts for ~50%
(International Renewable Energy Agency (IRENA), 2019b) and ~65% (International Renewable
Energy Agency (IRENA), 2019a) of global renewable energy and electricity production,
respectively. Given that hydropower is commonly considered as a benign source of energy and
there is a predicted upsurge in the total hydropower contribution to the global energy mix
(Gernaat et al., 2017; Moran et al., 2018), hydropower is expected to remain a promising source
of energy for the foreseeable future (Moran et al., 2018; Pokhrel et al., 2018b, 2018a; Winemiller
et al., 2016). However, there have been increasing concerns as to whether the energy benefits can
outweigh the negative environmental impacts of storage reservoir-based hydropower projects
(Moran et al., 2018). For far too long, hydropower has often been developed with a primary
focus on energy generation, neglecting the social and environmental costs (Stone, 2016).
Because the economic benefits are overestimated and the adverse effects are often overlooked or
underestimated during the design and implementation processes, conventional hydropower
technologies have been surrounded by controversies due to their adverse effects and long-term
implications on environmental systems and social well-being (Fearnside and Pueyo, 2012; Stone,
2016; Winemiller et al., 2016). As the recognition of these adverse effects has grown, dam

removal has been on the upward trend in recent years in the United States and Europe with aging
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dams (O’Connor et al., 2015); concomitantly, hundreds of large and small dams are being built
or planned in other global regions including the Amazon, Congo, and Mekong river basins

(Winemiller et al., 2016).

Given these ongoing and planned hydropower development projects, appalling losses in
biodiversity (Forsberg et al., 2017; Latrubesse et al., 2017; Moran et al., 2018; Timpe and
Kaplan, 2017; Winemiller et al., 2016) and river connectivity (Anderson et al., 2018; Finer and
Jenkins, 2012) are inevitable, when conventional hydropower technology is employed. Yet,
dams continue to be built in exceptionally biodiverse sites (e.g., in the Amazon basin), setting
records in biodiversity losses (Fearnside, 2014; Winemiller et al., 2016). Storage-based
hydropower projects are known to dramatically alter basin hydrology with adverse, and often
“characteristically irreversible” (Latrubesse et al., 2017) consequences on a range of ecological,
environmental, agricultural, and socio-economic systems. Impediments to fish migration (Stone,
2016), alterations in freshwater discharge to oceans (Pokhrel et al., 2012b), reductions in
sediment movement (Latrubesse et al., 2017) and nutrient transport (Eiriksdottir et al., 2017),
river fragmentation (Anderson et al., 2018), disruption of flood pulse dynamics (Pokhrel et al.,
2018b), and delta erosion (Yang et al., 2017), are some of the most palpable outcomes large
dams have been associated with in many global river basins. Further, large-scale degradation of
the environment by greenhouse gas emissions from reservoirs (Fearnside and Pueyo, 2012) has
also become a growing concern, especially in tropical regions including the Amazon basin.
There is evidence that even the run-of-the-river hydropower plants bring about profound changes
in riverine habitat (Anderson et al., 2015) even though the impacts are less severe compared to

that of large-reservoir dam projects.
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Therefore, there is an urgent need to rethink hydropower technology to avoid the potentially
catastrophic consequences of large dams. In storage-based hydropower generation systems, the
flowing water is impounded to accumulate its potential energy and maximize power extraction in
one location, which is then converted to kinetic energy; however, this approach has been found
to be more environmentally disruptive than commonly reported (Anderson et al., 2018; Fearnside
and Pueyo, 2012; Finer and Jenkins, 2012; Forsberg et al., 2017; Stone, 2016; Timpe and
Kaplan, 2017; Winemiller et al., 2016). A more sustainable solution for generating power is the
direct utilization of the kinetic nature of streams and river channels, avoiding water
impoundment. Such kinetic energy can be harnessed by in-stream turbines that operate on
fundamentally similar principles to that of wind turbines (VanZwieten et al., 2014) but under
water. This leads to the question: is it feasible to use in-stream turbines to harness a significant
portion of the power that is expected to be generated by building large dams? A large body of
literature exists on the assessment of hydropower potential (Gernaat et al., 2017; Hoes et al.,
2017; Pokhrel et al., 2008; Zhou et al., 2015), however, the aim of these studies has been to
assess the potential that can be harnessed by using conventional technologies. In-stream turbine
technology has been evolving in recent years (Bryden and Couch, 2006; Electrical Power
Research Institute (EPRI), 2012; Karsten et al., 2013; Malki et al., 2014; Ortega-Achury et al.,
2010; VanZwieten et al., 2014; Vennell et al., 2015); however, rather limited research has been
conducted to assess the potential and feasibility of employing the technology over large regions
such as the Amazon basin. The focus of the majority of the existing in-stream turbine related
studies has been on the design of turbine arrays in tidal channels (Karsten et al., 2013; Malki et
al., 2014; VanZwieten et al., 2014; Vennell et al., 2015); whereas studies with a focus on in-

stream turbines in riverine environments are scarce, with some exceptions (Electrical Power
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Research Institute (EPRI), 2012). Studies investigating kinetic energy extractions from tidal
channels have shown that the safe extraction capacities for kinetic energy flux can be 10-20% of
the total available energy without significantly altering the natural flow dynamics (Ortega-
Achury et al., 2010; VanZwieten et al., 2014). Although, these studies represent tidal channels, it
is reasonable to assume a similar principle for energy extraction in riverine environments with
wide stream channels (Electrical Power Research Institute (EPRI), 2012) such as those in the

Amazon.

Here, we estimate the Technical In-stream Potential (TIP) in the Amazon River basin which is a
measure of the hydropower potential that can be extracted by employing in-stream turbines (see
Methods). Our TIP assessment follows a novel approach that optimizes annual energy benefits
by utilizing flow duration curves (Figure 5-2) derived from a high resolution (1 arc-minute;
~2km grid cell), physically-based continental-scale hydrological model, the LEAF-Hydro-Flood
(LHF) (Chaudhari et al., 2019; Pokhrel et al., 2013). We consider multiple rows of in-stream
turbines with constant spacing distinguished under two scenarios: 40D (where D is the turbine
diameter), and 10D (see Methods). The 40D scenario is employed as a basin-wide sustainability
criterion to analyze the in-stream potential in each grid cell, whereas the 10D scenario is
employed for site-specific (e.g., planned dam locations) analysis. We also estimate the gross
hydropower potential (GHP) using an approach similar to TIP referred to as the Integrated Gross
Hydropower Potential at Q3o (IGHP30). We further evaluate the suitability for in-stream power
generation within the Brazilian Amazon using a newly devised index referred here to as the In-
stream Suitability Index (ISI) (see Methods). Finally, in-stream turbines are placed in an

economical perspective with storage-based dams at the 11 largest planned dam sites in the
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Amazonian lowlands (Figure 5-1) to show the additional merits of rethinking hydropower design

for future development.
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Figure 5-1. Locations of 9 largest planned dams in the Brazilian Amazon. Polygons indicate
the extent of major sub-basins of the Amazon with identical color coding as in Figure 5-5 in the
main text; note that the smaller sub-basins located in the northeast of the Amazon are excluded.
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5.2. Materials and Methods

5.2.1. Model and Data

High resolution (1 arc-minute; ~2km) climatological mean daily streamflow is simulated by the
LEAF-Hydro-Flood model (Chaudhari et al., 2019; Miguez-Macho and Fan, 2012a), a
physically-based continental-scale land hydrology model that resolves various land surface
hydrologic and groundwater processes on a full physical basis. All simulation settings are
identical to that used in our recent study (Chaudhari et al., 2019), Chapter 2). The annual flow
duration curves (Figure 5-2) are generated from the 36-year (1980-2015) average streamflow
simulated by LHF at 1 arcminute (~2km) grid cell. LHF model has been extensively used and
validated over the Amazon in our previous studies (Chaudhari et al., 2019; Pokhrel et al., 2013)
using a comprehensive set of ground- and satellite-based observations. For completeness, here
we briefly revisit the validation of the simulated streamflow and terrestrial water storage (Figure
5-3). Streamflow estimates used in this study are without existing dam operations and could
contain some uncertainties in the vicinity of existing dams because dams are known to alter the
flow duration curve and the flow velocity in the channel. However, the impact of existing dams
on streamflow in the majority of the Amazon is known to be minimal as the anthropogenic flow
regulation is relatively small compared to the annual mean flow (Pokhrel et al., 2012a).
Following our previous studies (Chaudhari et al., 2019; Pokhrel et al., 2014, 2013), river
parameters (e.g., flow direction and river length within a grid cell) are obtained through up-
scaling (Yamazaki et al., 2009) of the 15 arc-seconds flow direction data from HydroSHEDS
(Lehner et al., 2008). The empirical relationship based on the drainage area is used to determine

the channel width, following Coe et al. (Coe et al., 2008).

125



Information on the protected areas in the Amazon is obtained from the world database of
protected area (WDPA; https://www.protectedplanet.net). Brazilian census data come from the
Instituto Brasileiro de Geografia e Estatistica (IBGE; https://www.ibge.gov.br), which are used
to calculate the energy demand of municipalities by using the number of households without

electricity available in the database.

Dam locations used in this study are compiled from four sources, (i) Global Georeferenced
Database of Dams (GOOD) (Mulligan et al., 2009), (ii) Future Hydropower Reservoirs and
Dams (FHReD) (Zarfl et al., 2015), (iii) Agéncia Nacional de Energia Elétrica (ANEEL;
http://www.aneel.gov.br/) and (iv) State of World’s Rivers dam database (International Rivers,
n.d.). Detailed information about the dams such as dam height, reservoir capacity, power

generation capacity is obtained from the ANEEL dam database.
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Figure 5-2. Streamflow and flow duration curves for Amazonian sub-basins. Spatial plot
shows the Qso from long-term averaged streamflow obtained from LEAF-Hydro-Flood (LHF)
model at the original model resolution of 1 arc-minute (~2km). Triangles indicate a downstream
location of Amazon River and its tributaries, whereas squares and circles are random upstream
locations. For the most downstream location in each sub-basin (triangles), annual flow duration
curves obtained from LHF are displayed in respective subplots with the standard deviation
(shaded area). Similarly, annual flow duration curve for the locations denoted by squares and
circles are shown by dashed and dotted lines, respectively. Sub-plots also show the long-term
seasonal mean (thin solid line) with scatter points indicating the months for the most
downstream location (triangles) in each sub-basin.
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Figure 5-3. Streamflow and TWS Validation of LEAF-Hydro-Flood (LHF) model. Taylor
Diagram showing the correlation and standard deviation ratio between simulated and observed
streamflow at 55-gauge stations (circles) obtained from Agéncia Nacional de Aguas (ANA) in
Brazil (http:// hidroweb.ana.gov.br) and between simulated terrestrial water storage (TWS) from
LHF and GRACE (mascon mean) for Amazon and its sub-basins (squares). Modified after
Chaudhari et al. (2019).

5.2.2. Integrated Gross Hydropower Potential
To calculate hydropower potential at every grid cell we employ the widely used potential energy-
based formulation (Gernaat et al., 2017; Hoes et al., 2017; Pokhrel et al., 2008; Zhou et al.,

2015):

Eonnuar = Z?:ﬁi:’(p g Q-H)-t {g : QQLD ll];-gll Z g?) (5-1)
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where Eannual is the annual potential energy in watt-hour [M L? T3], p is the density of water
[M L], g is the gravitational acceleration [L T-2], Qi [L® T™'] is the daily discharge in the grid
cell, Qp is the design discharge, H [L] is the head difference, and t [T] is the operational hours
per day. Head difference is estimated as the difference in riverbed elevation between the grid cell
considered and its downstream grid cell. Riverbed elevation at every model grid cell is estimated
by averaging the elevation of the river grid cells from a finer resolution (3 arc-second or ~90
meter) DEM from HydroSHEDS(Lehner et al., 2008). Such averaging provides a more realistic
head gradient along the river compared to the head difference obtained as the difference of mean
grid cell elevation between two consecutive grid cells. While there exists no common consensus
regarding the streamflow threshold in the past literature, we use the flow with 30% exceedance
probability (Q3o; which is the flow that is equaled or exceeded 30% of the time in a year)
estimated from the flow duration curve for each grid cell, which is commonly used in
hydropower design (Zhou et al., 2015). To maintain consistency with previous studies (Hoes et
al., 2017; Pokhrel et al., 2008; Zhou et al., 2015), we also estimate annual potential energy using
the annual mean flow, instead of the Q3o (Figure 5-4). Furthermore, we employ a pragmatic
approach—the annual integration approach—in view of the seasonal streamflow variations, by
first calculating the daily hydropower potential with a Q3o threshold and then integrating the
potential to estimate Integrated Gross Hydropower Potential with Q3o (IGHP30), hence avoiding

the overestimation of potential due to the use of mean annual streamflow (Figure 5-4).
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Figure 5-4. Schematic representation of typical flow duration curves. Subplots indicate the two
methods used in this study to estimate hydropower potential. a, Integrated approach utilizes
daily variations in the streamflow and estimates hydropower potential on a daily basis, which is
then integrated to obtain the total hydropower potential. Black filled circle indicates an example
of the discharge threshold (i.e., Q30) used in the estimation of IGHP3¢. Shaded green area
indicates IGHP3¢. b, the constant flow approach utilizes an annual mean flow to estimate
hydropower potential. Shaded red area indicates the total hydropower potential included in
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5.2.3. Technical In-stream Production
Technical In-stream Potential is calculated at each grid cell using the kinetic energy formulation

given as:
TIP =350 -C, B-(2p- W Hgy-V3)-t 5-2
annual =11 14 zp 90 i ( )

where, 1) is turbine efficiency (90%; Gernaat et al., 2017), Cp is power coefficient, B is blockage
ratio, p [M L] is density of water, W [L] is river channel width, H90 [L] is flow depth which
equals or exceeds 90% of the time, V [L T-!] is flow velocity for each day of the year simulated
by LHF (Chaudhari et al., 2019), and t [T] is operational hours per day. For blockage ratio, a
constant value of 0.284 is assumed, following previous literature (Vennell et al., 2015). The
power coefficient is assumed to be 0.35, which is an average value commonly used to estimate

power conversion (Guney, 2011). Assumed blockage ratio and power coefficient together result
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into an extraction of ~10% of the total available kinetic energy to minimize the impact on
downstream flow characteristics, a limit commonly referred to as the “safe extraction limit”
(Bryden and Couch, 2006; Ortega-Achury et al., 2010; VanZwieten et al., 2014). Hoo is
estimated from the 36-year averaged daily flow depths simulated by LHF. To account for the
high seasonality of flow in the Amazonian sub-basins (for example, Tocantins), in-stream
turbines are considered only in a part of the river cross-section corresponding to the area with
respect to H90. To remain conservative and for cost-effective power generation, river stretches
with water depth <2 meter and velocity <0.5 meter/second, corresponding to Qoo (the flow
equaled or exceeded 90% of the time during a year) are excluded from the TIP analysis.

Moreover, the river stretches within protected areas are entirely excluded.

In-stream power generation capacity at the planned dam sites is estimated as the sum of TIP in
the river grid cells upstream of the dam site along the river, with an upper threshold of the river
stretch that would be affected if the dam is constructed. River stretch affected by planned dams is
estimated considering inundation areas, traced by upstream tracking of the reservoir on a high
resolution (~90 meter) DEM using dam height (Shin et al., 2020). For planned dam sites with no
dam height specified, we assume the affected river stretch to be equal to either the distance to an
upstream dam or 50-kilometer, whichever is lower. The 50-kilometer threshold is selected to
remain conservative in estimating the cost of planned dams. The length of reservoirs created by
existing dams such as Jirau and Santo Antonio in the Madeira River basin is over 100 km even

though both are considered run-of-the-river projects.

We adopt the physical properties of in-stream turbines, such as the diameter (1 meter) and the
minimum flow depth required (2 meter), based on the specifications of Smart Hydro Power’s

Smart Mono Float turbine and Smart Free Stream turbine (https://www.smart-hydro.de/). The
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Smart Hydro Power turbines are selected because these turbines are commercially available and
have been successfully implemented and tested in river stretches around the world. Further, the
structure of Smart Hydro Power turbines allows them to be installed on the riverbed, avoiding
potential interferences with river navigation, prominent in the Amazonian rivers. Previous
studies have shown that the flow recovery length following an upstream turbine array varies
from 3-40 times the turbine diameter (D), depending on the array arrangement (straight and
staggered) and turbulence model (Malki et al., 2014; Vennell et al., 2015). We take a
conservative approach by considering a minimum inter-row spacing of arrays as 10 times the
turbine diameter (10D; Electrical Power Research Institute (EPRI), 2012) at planned dam sites.
For a basin-wide analysis, we employ an inter-row spacing of 40 times the turbine diameter
(40D; Malki et al., 2014) as a sustainability criterion, which represents a case with high
likelihood that the velocity becomes uniform before reaching the next turbine row. The 10D
scenario, which still has a relatively high likelihood that the flow velocity becomes uniform
before the next downstream array (Malki et al., 2014; Vennell et al., 2015), is considered strictly
for site-specific analysis, such as the TIP comparison with planned dam capacities. Here, for the
estimation of TIP, we assume complete velocity recovery to natural condition downstream of a
turbine row. Note that our approach does not consider the influence of lateral turbine spacing on
flow velocity, which has been known to benefit the total output of the turbine array from the

“duct effect” caused by the lateral spacing between turbines (Vennell et al., 2015).

Suitable sites for in-stream power generation are identified by performing a site-specific
multivariable analysis at the municipality level over the Brazilian Amazon, taking into account
the (i) extent of protected areas, (ii) region’s energy demand, and (iii) availability of TIP. Each of

the criterion is expressed in terms of an index namely, the Protected Area Index (PAI) that
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represents the extent of protected areas, Energy Demand Index (EDI) that quantifies the
electricity demand not fulfilled by the country’s power grid, and In-stream Potential Index (IPI)
that represents the availability of in-stream potential, calculated for each municipality in the

Brazilian Amazon.

The PAI is defined as the ratio of protected areas in a municipality to the total area of the
municipality, which is normalized to a 0-1 scale by subtracting the minimum value from each
value of the ratio and then dividing the difference by the range of percentage protected areas in
the Brazilian Amazon. The PAI values are inverted by subtracting those from one, because the

smaller the protected areas, the higher should be the development suitability.

The EDI is calculated as the mean of No Electricity Household Index (NEHI) and the Future
Energy Demand Index (FEDI) for each municipality. NEHI is the ratio of number of households
without electricity to the total number of households in a municipality normalized to a 0-1 scale.
The future energy demand of a municipality is calculated using the total energy demand of
Northern Brazil as reported by Operador Nacional do Sistema Elétrico (ONS), Brazil
(http://www.ons.org.br/). The total energy demand of Brazil’s northern sector for 2018 is
distributed among the municipalities by weighing it by the distribution of population as per the
2010 Brazilian census data. Future energy demand for year 2030 is predicted by assuming a 4%
increase per annum based on the linear trend of energy demand for the past years as reported by
ONS. This future energy demand is then categorized into five classes: Micro (<IMW, EDI=0.2),
Small (1-10 MW, EDI=0.4), Medium (10-30 MW, EDI=0.6), Large (30-1000 MW, EDI=0.8),
and Mega (>1000 MW, EDI=1.0). We follow the classification of dams adopted by the Brazilian

government to generate EDIs for each municipality with a slight modification. We note that for
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better distribution of the EDI, we further sub-classify the small dam category (1-30 MW) as

defined by the Brazilian government into small (1-10 MW) and medium dams (10-30 MW).

The IPI, an indicator of the available in-stream potential in a municipality, is calculated by
aggregating the potential of all the model grid cells within each municipality and categorizing
them following the same approach as for EDI. The available in-stream potential for the

calculation of IPI is based on the 40D scenario.

Finally, the three indices (viz. PAI, EDI, IPI) are used to assess 644 municipalities in the
Brazilian Amazon and determine the suitability of the region for in-stream hydropower
development. This analysis is limited to the Brazilian Amazon because most of the in-stream
potential is found in the Amazonian lowlands in Brazil. Further, detailed data, such as the

number of households without electricity, is only available for Brazil.

5.2.4. Power Generation Cost Analysis

To assess the cost differences between storage-based hydropower and in-stream turbines, we
individually estimate the cost of the nine selected planned dams in the Brazilian Amazon. Four
of the selected nine dam are planned to be built in the coming decade (Ministry of mines and
energy, 2019) and the others are the largest planned dams in the Brazilian Amazonian. In-stream
turbine cost is adopted from market value as reported for Smart Hydro Power’s Smart Mono
Float turbine and Smart Free Stream turbine. Lifespan of the in-stream turbines is assumed to be
30 years following the information provided by the turbine manufacturers. Operation and
maintenance (O&M) cost of in-stream turbines varies substantially among different case studies
(Previsic, 2012; Previsic et al., 2008) based on the number of operational units. In this study, we

assume the O&M cost of in-stream turbines to be $0.00047 /kWh, which is the extrapolated
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O&M cost of 1,000 turbines from the trend of O&M cost against number of operational units

compiled from previous case studies (Previsic, 2012; Previsic et al., 2008).

To estimate the overall cost of conventional hydropower, we employ the planning tools set by
the United States and Norwegian hydropower industry, which are used in the recently published
literature (for example, Gernaat et al., 2017). These cost formulations (Table 5-1) are functions
of dam properties such as the power generation capacity, dam height, and design discharge.
O&M cost for storage-based hydropower is assumed as $40/kW/year, following the global
estimates provided by the International Renewable Energy Agency (IRENA)(International
Renewable Energy Agency (IRENA), 2019c¢). Sub-basin-wise hydropower plant capacity factors
are estimated using the power generation data of the existing dams in the Amazon basin as
reported by ONS, Brazil (http://www.ons.org.br/). All investments are annualized with a
discount factor of 10% (Gernaat et al., 2017). A lifespan of 50 years is assumed for storage-
based hydropower, which is higher than the common trend of using 40 years (Gernaat et al.,
2017; International Renewable Energy Agency (IRENA), 2019c). We use the dam information
obtained from the ANEEL dam database as an input to these cost equations, whereas the
discharge from the turbines was determined using LHF simulations. Dam heights are estimated
as the difference between the upstream and downstream water levels obtained from the ANEEL
database. Dam widths are derived using high resolution (3 arc-second, ~90 meter) DEM from
HydroSHEDS (Lehner et al., 2008), as the shortest distance between the two contours
representing the upstream water level in the vicinity of the dam location. Upstream inundation
extent of planned dams is estimated by utilizing high resolution (3 arc-second or ~90 meter)
DEM from HydroSHEDS (Lehner et al., 2008) and dam height. Gridded Population of the World

(“Gridded Population of the World, Version 4 (GPWv4): Population Count Adjusted to Match
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2015 Revision of UN WPP Country Totals,” 2016) (GPWv4) dataset for 2020 generated by

NASA’s Socioeconomic Data and Applications Center (SEDAC) is employed to estimate the

population affected by the planned dams.

Table 5-1. Cost equations used to estimate the construction cost of planned dams.

No. Cost Component Equation Units
1 Turbine (Gernaat et al., 2017) 1.1943 po-7634106 P (MW)
2 Power Station (Veileder, 2012) —0.0006 Q3 + 0.67Qp, —6.95 Q (m’/s)
3 Electric Equipment (Veileder, 3.9147 po-6622 16 P (MW)
2012)
4 Fish Passage (Hall et al., 2003) 1.3 x 106 p0->6 P (MW)
5 Miscellaneous (Veileder, 2012) [—38.795 log Qp +309.89] P Q (m?/s), P(kW)
6 Dam Construction (Veileder, 0.72 DO78D, 103 D (m)
2012)
Population Displacement Number ° f'people displaced .
7 times twice the GDP per capita
(Gernaat et al., 2017) .
of Brazil
5.3. Results

5.3.1. Integrated Gross Hydropower Potential

The total IGHP3¢ for the entire Amazon basin is estimated at 3,793 TWh yr-1 (spatial distribution

shown in Figure 5-5a). Characterized both by high flows and steep slopes, the Solimoes

possesses the highest IGHP30 (942 TWh yr-1) among the eight sub-basins (Figure 5-1), followed

by the Madeira (433 TWh yr-1) and Negro (415 TWh yr-1) river basins (Table 5-2). About 23%

of the gross potential is contained within the Andean Amazon due to the combined effect of high

annual streamflow and rugged topography that provides high head drop. Our estimate of gross

potential based on the annual mean flow totals 4,191 TWh yr-1 for the entire Amazon, which

aligns closely with previous estimates (Table 5-2). However, differences are evident at the sub-
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basin level (Table 5-2), which could be attributed to the differences in model input (e.g., the
spatial distribution of precipitation within the basin) and model grid resolution. Previous studies
used either low resolution (~100km) model grid cells (Pokhrel et al., 2008) or streamflow
estimates derived by downscaling coarse resolution global hydrological model output (Hoes et
al., 2017). Our approach, by comparison, directly utilizes high resolution streamflow that has
been extensively validated across the entire basin (Chaudhari et al., 2019; Pokhrel et al., 2014,
2013), which adds confidence to our estimates (see Methods). Results differ strongly especially
in the Madeira river basin where our estimate indicates ~61% and ~35% less potential compared
to Hoes et al., (2017) and Pokhrel et al., (2008), respectively, which could be a result of the use
of high-resolution streamflow and an improved treatment of head drop using a high-resolution
digital elevation model (DEM) in this study (see Methods). A comparison of GHP estimates,
calculated using the integrated and constant (i.e., annual mean) flow approach along with their

sensitivity to different exceedance flows, is presented in Figure 5-5.
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Figure 5-5. Hydropower potential in the Amazon. a, Gross hydropower potential (IGHP3) in
the Amazon River basin and its sub-basin level distribution in b. ¢, Technical instream potential
(TIP) in the Amazon under the 40D scenario. d, Comparison of the power generation capacities
and TIP under the 10D scenario at the planned dam sites in the Amazonian sub-basins. Squares
and circles in d indicate in-stream capacities and planned dam capacities, respectively. The
IGHP3 for small sub-basins located in the northeast of the Amazon are not shown in b. Sub-
basin boundaries are shown in Figure 5-1.
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Figure 5-6. Gross hydropower potential estimates for flows with different exceedance
probability. Bars show the potential estimated using the annual integration approach whereas
the filled circles show that from the constant flow approach. Sub-basin-wise color coding is
same as in Figure 5-5 and values for the entire Amazon basin are indicated in red.

Table 5-2. Comparison of our gross hydropower potential with previous estimates (TWh yr).

This .
-
Basins y udy 2015) 1995) (1986-1995)  (2017)"
IGHP3y GHP3 GHPmean Annual Flow

Amazon 3,793 5,242 4,191 3,948 3,873 4,226
Japura 298 353 310 275 174 245
Madeira 433 622 484 452 748 1,236
Negro 415 530 447 428 294 445
Purus 102 164 116 109 101 109
Solimoes 942 1,138 992 878 1,023 964
Tapajos 249 417 315 309 343 308
Tocantins 370 612 432 425 617 328
Xingu 342 554 399 406 364 228

* GHP estimates from Hoes et al. are based on the discharge derived from different time

periods.
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5.3.2. Technical In-stream Potential

We find high potential for in-stream power generation across the Amazon basin (Figure 5-5¢).
As expected, high TIP is seen in the Amazonian lowlands, such as the Solimoes river floodplains
(Figure 5-5¢, Box 3) and the Amazon main stem, regions characterized by high flows and wide
channels. Notwithstanding the high concentration of IGHP30 in the Andes, TIP estimates suggest
higher potential for using in-stream turbines in the Amazonian lowlands compared to the Andean
River stretches (Figure 5-5¢, Box 4). Narrow channels through rugged topography and shallow
water depths are the primary reasons for low TIP in most of the Andean River stretches. Yet, for
the Andean River stretches with sufficient water depths (>2 meter; see Methods), in-stream
turbines may prove useful with site-specific optimization of the design factors, such as the inter-

row turbine spacing and blockage ratio.

Evidently, most of the locations with high TIP in the Amazonian lowlands overlap with the
planned dam sites with high generation capacity (Figure 5-5c, Boxes 1 & 2). At five of the nine
planned dam sites considered in this study (Figure 5-1), in-stream turbines could be used to
exploit the entirety of planned generation capacity while utilizing only a fraction of the river
stretch under the 10D scenario. For example, high TIP (671 MW, Figure 5-5¢, Box 1) is found in
the ~15 kilometer river stretch in the vicinity of the Bem-Querer dam (650 MW), the largest dam
planned to be built in the Amazon by 2029 (Ministry of mines and energy, 2019). Similarly, at
other planned dam sites, such as Jatoba and Prainha (Figure 5-5c, Box 2), in-stream turbines
could be used to harness the entire planned dam capacity from ~32 and ~47-kilometer river
stretches, respectively. Overall, our estimate suggests that ~63% (~9,791 MW) of the total
planned dam capacity in the Brazilian Amazon could be harnessed in the region of the planned

dams (>30 MW) by employing in-stream turbines under the 10D scenario (Figure 5-5d and
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Figure 5-7). This suggests that in-stream turbines are viable alternatives to conventional dam

projects in many locations in the Amazon.

Table 5-3. Planned dam capacities and the available in-stream potential at 9 selected dam sites
in the Brazilian Amazon. Available TIP is based on the 10D scenario (see Methods).

Planned li;;elécstterdettcoh Available R;qiulel;?d Planned

No. Planned Dams Capacity P TIP v Capacity
(MW) be Affected (MW) Length for (%)

(km) TIP (km) 0

1 Bem-Querer 650 281 671 15 103%
2 Castaheira 140 28 86 41 61%
3 Jatoba 2338 232 2379 32 102%
4  Tabajara 400 216 303 68 76%
5  Prainha 796.34 212 798 47 100%
6  Sumatma 458.2 202 299 51 65%
7  Inferninho 361.1 399 204 56 56%
8  Quebra Remo 267.8 155 267 59 100%
9  Maraba 2160 303 2358 36 109%
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Figure 5-7. Dam capacities versus in-stream power generation capacity. Markers indicate
planned dam sites in the Amazon, with square markers indicating the 9 dam sites selected for the
cost comparison. Planned dam sites with in-stream potential less than 1 KW are removed from
the figure.

5.3.3. In-stream Suitability Index

Our results suggest that the Madeira and Tapajos—the sub-basins of the Amazon, likely to be
threatened the most by a number of existing and planned hydropower dams (Latrubesse et al.,
2017)—are the most suitable regions for deploying in-stream turbines instead of large dams.
Regions with high in-stream suitability (for example, municipalities including Itaituba and
Jacareacanga; Figure 5-8 and Figure 5-9), overlap with the locations of many of the planned
dams such as Jatoba, which are included in Brazil’s 10-year energy expansion plan (Ministry of
mines and energy, 2019). These municipalities along with others in the middle reaches of the
Tapajos and Madeira rivers are characterized by high suitability, making this region particularly
suitable for in-stream turbines. Further, municipalities situated in the Negro river basin also
indicate high suitability for in-stream turbines, especially around the Bem-Querer dam which is

planned to be constructed in the coming decade (Ministry of mines and energy, 2019).
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Further, high suitability can be seen in the Brazilian municipalities that house some of the major
operational hydropower projects (Figure 5-8), which adds confidence to our finding about the
possibility of using in-stream turbines as an alternative to large dams. For example, the high IPI
is observed around Porto Velho—municipality where Santo Antonio (3,568 MW) and Jirau
(3,750 MW) dams are located. Similarly, high suitability can be seen in the municipalities such
as Baiao, Breu, Branco, Moju, Pacaja and Tailandia (Figure 5-8) that are in the vicinity of the

largest dam in the Tocantins basin (Tucurui I and II; 8,370 MW).

Northern and southern stretches of the Brazilian Amazon also exhibit high suitability because of
high PAI and IPI (see Methods); these areas include major cities such as Ji-Parana and Sinop in
the upstream reaches of the Madeira and Tapajos rivers, respectively (Figure 5-8 and Figure 5-9).
In most of the central and eastern regions of the Brazilian Amazon, the suitability is dominated
by IPI (Figure 5-8 and Figure 5-9) owing to the large areas under protection (low PAI) and

sparse population (low EDI).
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Figure 5-8 Suitability indices for in-stream turbines in the Brazilian Amazon. (i) Protected
Area Index (PAl), (ii) In-stream Potential Index (IPI), and (iii) Energy Demand Index (EDI), at a
municipality level in the Brazilian Amazon. Blue shade indicates domination of IPI, whereas
vellow and red shades indicate domination of PAI and EDI, respectively. Brown hatches indicate
the protected areas defined by the world database of protected area (WDPA). Purple circles
mark the planned dam sites.
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Figure 5-9. Comparison of Individual Suitability Indices for In-stream Turbines in the
Brazilian Amazon. ISI (a), PAI versus IPI (b), and EDI versus IPI (c) at a municipality level in
the Brazilian Amazon. Orange color indicates domination of IPI, whereas light green shades
indicate domination of PAI and EDI in (b) and (c), respectively. Brown hatched regions in (b)
indicate the protected areas as defined by the WDPA. Note that the color scales range from 0 to

1 with equal increment.
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5.3.4. Cost Comparison between Conventional and In-stream Hydropower

Levelized Cost of Electricity (LCOE) estimates for in-stream turbines (3.8-4.4 cents/kWh) is
found to be 46-54% of the average reported cost of energy from existing hydropower dams (~8.2
cents/kWh) across Brazil (Figure 5-10) as reported in the Agéncia Nacional de Energia Elétrica
(ANEEL) database (http://www.aneel.gov.br/). On a sub-basin level, the average reported cost
for existing dams (>30MW) varies from 11.6 cents/kWh in the Madeira to 7.4 cents/kWh in the
Tocantins. Although, the existing mega-dams (for example, Jirau and Santo Antonio) in the
Madeira basin are run-of-the-river plants, their actual cost is high, with an average of 8.1

cents/kWh.

The estimated costs for the nine planned dams (Figure 5-10, brown polar bar) in the Brazilian
Amazon are substantially lower than the reported cost of their predecessors (Figure 5-10, orange
dots). This implies that for a proper interpretation of the costs for hydropower projects, it is
essential to consider the actual costs of existing dams which may already account for the highly
uncertain costs caused by social and environmental changes, construction difficulties, and
management irregularities or, to certain extent, the delays in political decision making.
Surprisingly, and as discussed above, the average estimated cost for planned dams in the
Brazilian Amazon is found to be much lower (6.2 cents/kWh) than the average reported cost of
existing dams (8.2 cents/kWh; Figure 5-10). Costs estimated for the existing dams account for
only ~75% of their average reported costs in the ANEEL database, with some existing dam sites
going as low as ~25%. Detailed cost breakdowns for hydropower dams are provided in Figure

5-11.

On the contrary, the cost of in-stream turbines (average 4.1 cents /kWh) is largely the same for

all locations as the cost equation is only a function of generated power and is subject to less
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uncertainties because the environmental and social costs, including those caused by water
impoundment, sediment accumulation, resettlement of populations, reduced fish productivity, are

bound to be minimal compared to storage-based hydropower projects.
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Figure 5-10. Comparison of costs for conventional hydropower and in-stream turbines.
Results shown are for the nine planned dams in the Brazilian Amazon (Figure 5-1). Brown polar
bar indicate the predicted storage-based hydropower dam cost. Green dashed lines indicate the
range of estimated cost among three different types of in-stream turbines at the planned dam
locations. Light and dark orange dots, respectively, show the average estimated cost and the
average reported cost (obtained from ANEEL database) for existing dams (>30MW) in the
corresponding sub-basin (color coding is same as in Figure 5-5; the sub-basins are shown in
Figure 5-1). Orange dashed line shows the average cost of all existing dams (>30MW) in Brazil.
All costs are expressed in terms of Levelized Cost of Energy (LCOE) in USD/kilowatt-hour
($/kWh). Note that no dams are currently operational in the Negro River basin.
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Figure 5-11. Breakdown of costs for conventional hydropower. Results shown are cost
estimates for the 9 largest dams in the Brazilian Amazon. Costs for each component are
calculated using the cost equations provided in Table 5-1.. Numbers indicate the percentage of
the total cost. Owner’s cost and Operation Maintenance cost are excluded from this analysis

5.4. Discussion

Our findings suggest that there is high potential for using in-stream turbines in the Amazon as an
alternative to the planned storage-based hydropower projects. Site-specific analysis indicates that
at five of the nine planned dam sites in the Brazilian Amazon, in-stream turbines could be used
to harness equivalent amounts of energy to be produced from storage-based dams, with
substantial reduction in environmental and social impacts. High potential for using in-stream
power generation is found also at the remaining four planned dam sites. These findings have
important implications for sustainable hydropower development in the Amazon basin by
reducing the environmental, social, and economical losses associated with large-scale, storage-
based (Fearnside and Pueyo, 2012; Latrubesse et al., 2017; Moran et al., 2018; Stone, 2016;
Winemiller et al., 2016) and even run-of-the-river (Cochrane et al., 2017) hydropower projects
that are planned across the basin. With the assumed generic turbine array arrangement, we find

that the potential for in-stream turbines is high in the Amazonian lowlands; site-specific
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optimization of turbine array arrangement could lead to increased suitability of in-stream
turbines at the Andean dam sites, which could help maintain the Andes-Amazon connectivity

(Anderson et al., 2018; Finer and Jenkins, 2012).

Our power potential estimates are based on the best datasets currently available, combined with a
state-of-the-art hydrological model. We expect that as specific projects in the Amazonian sub-
basins are developed, enhanced site-specific analyses would enable optimization of in-stream
turbine array design with respect to local site conditions. It is expected that the power potential
would differ than that presented in this study because our approach leads to rather conservative
estimates (see Methods). Combining our results with relevant regional information (for example,
fishing hotspots, navigational routes, and areas of cultural importance) could help identify and
prioritize locations for in-stream hydropower development and further examine their trade-offs

with ecological factors including river bottom habitats and sediment transport.

Actual costs of conventional hydropower far exceeds the predicted costs, with as high as a four-
fold increment in some dam sites (~96% higher globally; Ansar et al., 2014), which likely comes
from the underestimation of environmental and social costs (Ansar et al., 2014) owing to
inaccurate assessment of inundated areas and displaced population (Cochrane et al., 2017).
Additional costs from construction difficulties due to geological complexities (Petheram and
McMahon, 2019) and project delays (Ansar et al., 2014; Awojobi and Jenkins, 2015) also often
occur in mega-dam projects. Furthermore, with ongoing deforestation (Moran et al., 2018) and
potential reduction in power generation due to climate change and variability(Moran et al.,
2018), the costs of conventional hydropower may increase in the future. For example, the Belo
Monte dam in the Xingu River is expected to produce only 4.46 GW (Moran et al., 2018) of the

11.23 GW installed capacity in many months of each year due to low water levels. These
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inevitable costs combined with the often neglected costs that incur from delays in juridical
contestation and management irregularities (Moran et al., 2018) reduce the benefit-to-cost ratio

of conventional hydropower well below one.

On the contrary, in-stream turbines can provide a relatively cost-efficient and benign energy
production system compared to conventional hydropower. In-stream turbines have already been
implemented globally, most of them being individual turbines in rural areas with the exception of
the installations in the Alaskan rivers (Previsic et al., 2008). Since these installations are
relatively new, many aspects of their operation, reliability and life span in varying geographic
and hydrologic conditions are yet to be fully tested. However, the possible impacts of a large-
scale implementation of in-stream turbines can be assessed based on the results of their marine
counterparts—the tidal turbines. Deploying large turbine arrays in river channels may have
undesirable consequences on the riverine environment. Reduced navigational capabilities during
extreme droughts, alterations in fishing routine (Copping and Hemery, 2020) and increased water
levels downstream could be some of the potential effects; however, the adverse socio-
environmental impacts are expected to be relatively less than those of large dams. Further, the
cost estimates provided in this study assume that each in-stream turbine in an array generates
energy close to the rated power. Although this can be achieved by careful site-specific turbine
array design and placement (Vennell et al., 2015), variations in the total power generation can be
expected due to the fluctuations in river velocities, causing a deviation from the predicted costs
of in-stream turbines. Further, in-stream turbine projects may also suffer from cost overruns—
like large dam projects—owing to project delays, but the overruns caused by underestimated
environmental and social costs, geological complexities, and decommissioning would be lower

than those for large hydropower dams.
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Nevertheless, in-stream turbine development in the Amazon aligns well with the needed efforts
to preserve the Amazonian forests (Davidson et al., 2012; Lovejoy and Nobre, 2018) and their
critical role on global terrestrial water balance and climate dynamics (Malhi et al., 2008), along
with the preservation of unique Amazonian habitats (Latrubesse et al., 2017). Indeed, the
benefits of developing in-stream turbines instead of large dams extend well beyond the reduction
of environmental impacts caused by dams; other benefits include elimination of forced relocation
of human populations along with economic, cultural, and social costs that dams impose. While,
for the time being, conventional hydropower dam projects in the Amazon basin are on hold or
being cancelled owing to injunctions requested by Indigenous peoples and local communities,
the energy sector has not entirely renounced dam building in the region, making it increasingly
important to examine alternatives to dams for continued use of renewable energy resources.
However, replacing dams with in-stream turbines alone is not expected to entirely transform the
hydropower sector. A transition from the single-minded focus on energy production, promoting
integrated water management through incorporation of local community concerns, and a greater
transparency in the decision process is essential. Strategic planning which follows a nexus
approach that integrates food, energy, and water systems, and utilizes innovative analytical
methods that account for larger implications which go beyond political boundaries should be

considered to increase the overall credibility of hydropower.

In summary, this study provides a solid foundation to rethink hydropower dams and provides
insights on new and important alternatives for sustainable hydropower development. Over the
long run, this assessment could prove beneficial in investigating the future of hydropower in the
Amazon and other regions worldwide (for example, the Mekong and Congo river basins) where

a boom in construction of mega-scale hydropower dams is underway (Pokhrel et al., 2018a). The
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flexibility of our framework also provides wide-ranging applications for future studies related to

the development of hydrokinetic power generation globally.
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Chapter 6. Summary and Conclusion

Despite noteworthy progress that has been made in understanding the impact of human activities
on the hydrology of the Amazon River, significant limitations and challenges remain in
achieving a holistic understanding of the entire basin under the influence of climate change and
intensive human activities, especially dam construction. With the increasing number of planned
dams, it has become imperative to tackle this challenge and develop a framework to
mechanistically simulate and understand the interactions between climate and human activities.
This dissertation develops a holistic understanding of the basin-wide alterations and quantify the
compounded impacts of existing and planned dams, and climate change toward developing

strategies for the sustainability of hydropower development.

In Chapter 2, state-of-the-art model LEAF-Hydro-Flood (LHF), together with multiple GRACE
products are used to investigate the interannual and interdecadal variability in TWS and drought
events in the Amazon River basin over 1980-2015 period. The chapter also provides an in-depth
understanding of the interrelation between different drought types and the response of the sub-
surface storage to surface drought conditions. Overall, the LHF model is found to simulate the
basin-averaged TWS variations and seasonal cycle remarkably well compared to GRACE data;
however, some differences are observed in the spatial distribution of temporal trends for the
post-2008 period. High negative long-term trends in TWS and increasing divergence between
dry-season total water deficit (TWD) and corresponding TWS release (TWS- R) indicate that the
Amazon is getting wetter (1.13mm yr!); however, its southern and southeastern portions are
getting drier. Further, the sub-surface water storage of the Amazon River basin significantly

modulates the drought propagation from meteorological droughts to hydrological droughts.
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In Chapter 3, a new dam operation scheme is presented which is enhanced to realistically
simulate hydropower dam operation considering maximized power production by building on the
recently developed high-resolution (3-arcmin; ~5km) hydrodynamic model, the CaMa-Flood-
Dam. The historical impacts of existing dams and the potential impacts from collective operation
of existing and planned dams on a basin-wide scale in the Amazon for 1981-2019 period are
mechanistically quantified. Flood simulations are further downscaled to 3-arcsec (~90m) to
investigate the impact of dams on fine-scaled flood dynamics across the basin. Results indicate
that existing dams have substantially altered downstream river flow and flooding patterns in the
Amazon River basin. Specifically, large dams in the sub-basins of the Amazon, including the
Xingu, Madeira, and Tocantins, have altered downstream river flow by up to three orders of
magnitude. Further, collective operation of existing and planned dams could increasingly alter
river flow patterns, causing ~10% decrease in flood duration in many parts of the Amazon

mainstem

In Chapter 4, the impacts of existing and planned large-scale hydropower dams in the Amazon
are investigated under multiple climate change scenarios. Five global terrestrial hydrology
models (i.e., CLM4.5, HO8, LPJmL, PCR-GLOBWB, and WaterGAP) with climate forcing data
from four GCMs (i.e., GFDL-esm2, Had-GEM2-ES, IPSL-CM5-LR, and MIROCS) under three
cases of radiative forcing: historical climate, the low (RCP2.6) and medium-high (RCP6.0)
greenhouse gas concentration scenarios are employed for the analysis. As a result of climate
change the Amazon River basin is projected to experience a southwestern (dry)—northeastern
(wet) contrast pattern in the mean river flow. Further, projections suggest an intensification of
extreme events in the Amazon, with the lengthening of the dry season and strengthening of the

monsoon, during both the mid- and late-21% century. The cumulative impact from the operation
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of existing and planned dams, may bring forth a substantial dampening effect on the annual cycle
of the river flow of the Amazon and its sub-basins. This dampening effect is found to have a
substantial impact on the dry season flows with a pronounced alteration in the Tocantins,

followed by Xingu, Madeira, and Tapajos River basin.

Finally, in Chapter 5, ways for sustainable hydropower generation in the Amazon River basin are
explored by estimating the hydropower potential that can be harnessed by employing in-stream
turbines, which utilize the kinetic energy of water. We find that ~63% of the total hydropower
energy planned to be generated by storage-based dams, can be harnessed using in-stream
turbines, hence completely avoiding the detrimental impacts called upon by large-scale water
impoundment. At five of the nine largest planned dam sites in the Brazilian Amazon, the entirety
of energy from planned hydropower could be generated using in-stream turbines, by utilizing
only a fraction of river stretch that would be affected otherwise. Further, the cost (US$ kWh™!)
for in-stream turbines is found to be ~50% of the conventional hydropower cost. Overall, the
findings suggest that there is high potential for using in-stream turbines in the Amazon as a

viable alternative to the planned storage-based hydropower projects.
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