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Keywords: Mega-droughts can cause disruption to the affected society sparking a transition. We explore the
Multi-level perspective causes and effects of the 2015—2016 mega-drought in Colombia. Using the multi-level per-
Drought spective as a framework, we found that the mega-drought sparked an energy transition in
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Colombia whose dynamics were impacted both by the institutionalization of niches as well as the
ability to predict the next drought. We were able to trace, using the current understanding of
anthropogenic forces, the cause of the mega-drought to socio-technical landscape development
influenced by human-induced warming and land use change. We found that the regimes in
Bolivia and Brazil were able to influence the landscape through deforestation, and hence con-
tribute to the intensity of a mega-drought in Colombia. The knowledge that a regime can cause
disruption in regimes in other geographies and sectors has implications for transition research as
well as decision-making for coping with droughts and other disasters.

1. Introduction

Beginning in 2005, three once-per-century droughts (‘mega-droughts’ as described in Marengo and Espinoza, 2016) have occurred
in South America in a period of ten years. These mega-droughts cause extreme climate conditions with impacts on ecosystems and
livelihoods. They left communities without basic water access and resulted in substantial agricultural and hydroelectric losses (FAO
(Food and Agriculture Organization of the United Nations), 2015; OCHA (UN Office for the Coordination of Humanitarian Affairs),
2016; UNGRD (Unidad Nacional para la Gestién del Riesgo de Desastres, Gobierno de Colombia), 2016a). The more frequent oc-
currence of mega-droughts increases the need for a societal move towards sustainability’ in the face of future disasters®. Often, these
changes include altering the socio-technical system composed of agri-food, energy, transport, and other sectors. These profound
changes are referred as socio-technical transitions (here after transitions) in the literature (Rip and Kemp, 1998; Geels, 2004).

Transitions towards sustainability (hereafter ‘sustainable transitions’) are ‘goal-oriented’ in addressing future problems (Smith
et al., 2005; Gibson, 2006). Since they do not necessarily offer obvious and immediate actor benefits, it often requires new policies

* Corresponding author at: Potsdam Institute for Climate Impact Research, P.O Box 60 12 03, 14412, Potsdam, Germany.
E-mail address: weiweng@pik-potsdam.de (W. Weng).
! As defined in 1987 the United Nations Brundtland Commission “meeting the needs of the present without compromising the ability of future
generations to meet their own needs.” (UNAIL 2019)
2 In the present study, disaster follows the United Nation definition: “[a] serious disruption of the functioning of a community or a society causing
widespread human, material, economic or environmental losses which exceed the ability of the affected community or society to cope using its own
resources” (UN (United Nations), 2004)
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Fig. 1. Multi-level perspective on transitions introduced by Geels (2002), the different filling patterns of the circles represent multiple socio-
technical dimensions, e.g. culture, policy, industry, and technology dimensions.

introducing extra economic and regulatory frameworks, e.g. subsidies, taxes, and rules to facilitate sustainable transitions (Geels,
2011). These policies are however, constrained by a larger physical and socio-economic environmental setting (Driel and Schot,
2005). By restricting possibilities for action and responses, the larger social, political, economic, and natural environment influences
the policy changes and their approach to sustainability (Thelen, 2014; Geels et al., 2016). For instance, prolonged heatwaves limit the
effect of electricity saving subsides for air conditioning users. Elections and macro-economic trends which influence decision-making
are also examples.

Disasters play a dual role in influencing a sustainable transition. Firstly, it may shock the systems and provide an opportunity for
initiating or accelerating a transition (Birkmann et al., 2010; Becker and Reusser, 2016). Secondly, the nature of the disaster also
shapes the actions and responses involved in the transition. Therefore, it can be a factor in determining whether a transition occurs
and leads to the overall target of sustainability.

So far, the role of disasters in providing opportunity for changes have been rather explored (Pelling and Dill, 2010; Becker and
Reusser, 2016; Brundiers and Eakin, 2018) while the trajectory of a transition following the developments within the disaster is
seldom investigated. The present study will focus on studying both aspects utilizing the multi-level perspective (MLP; see Fig. 1.), one
of the leading frameworks for understanding transitions (Markard and Truffer, 2008).

Designed to explain socio-technical transitions (Geels, 2002), the MLP enables the conceptualization and the investigation of
multi-dimensional and configurational changes of sustainable transitions following disaster events (Becker and Reusser, 2016). It
operates under three analytical levels, listed here from highest to lowest structuration: landscape, regime, and niche (Geels, 2004;
Verbong and Geels, 2007). The landscape level consists of slowly changing “deep structural trends" (Geels, 2002) and includes such
things as the environmental setting in which the transitions take place (Rotmans et al., 2001; Geels, 2011). The regime level, is "a
coherent configuration of technological, institutional, economic, social, cognitive, and physical elements and actors with individual
goals beliefs or values" (Holtz et al., 2008). In this article, it will be used to explore societal rules and regulations. A disaster event is a
result of hazard (here in this study: drought) at the landscape level and its interaction with the regime. The niche is where innovations
are experimented with and shielded until they can gain enough momentum to challenge the regime (Kemp et al., 1998; Markard and
Truffer, 2008; Smith and Raven, 2012). Niche-innovations can be seen as the innovative policies developed in response to disaster
(Becker and Reusser, 2016) and to practices amplifying disasters (Schneider, 2013), as a contrast to the preexisting arsenal of policy
measures used by the regime in disaster responses. A transition happens when a new regime replaces an old regime through the
interaction of the different levels (Geels and Schot, 2007).

To further analyze the trajectory of a transition following disaster events, we will use the typology of transition pathways entailed
from the MLP (for more detailed explanation on the pathways see section 2.) which helps the examination of interactions between
regime and landscape (Geels and Schot, 2007).

We examine the case of hydropower dependent Colombia following the mega-drought 2015 —2016, as the energy sector under
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drought pressure has yet to be documented in discussions of sustainable transition (Geels, 2011; Turnheim et al., 2015; Kohler et al.,
2019). To do this, we use the outputs of scientific studies to qualitatively analyze the dynamic physical climate (drought hazard)
landscape, which is often conceptualized as nearly unchanging in the literature (Driel and Schot, 2005). This allows for insight into
the developing landscape, a rather unexplored ‘residual category’ in the MLP literature, and its influences on transition typology
(Geels, 2011; Geels et al., 2016).

Moreover, we will explicitly elaborate on the landscape development by also asking the reverse causality where regime shifts
contribute to drought hazard landscape development to further contribute to the discussion on transitions in the context of landscape-
regime interactions (Geels, 2006, 2011).

Observations on actors and institutional interplay within a sustainable transition will be included in our analysis of the pathway
since their importance in understanding the typology of transition was highlighted by the literature (Geels et al., 2016). A particular
focus will be on how these were influenced by landscape development.

The paper will explore the following research questions,

1 Was there a transition as a result of the 2015 — 2016 mega-drought in Colombia?

2 How did the nature of the shock influence regime institutions and transition development?

3 What landscape and regime developments can be traced as the cause of the 2015 —2016 mega-drought in Colombia?
4 What does this new insight mean for the energy transition in Colombia and for the multi-level perspective?

In the following section, we first introduce the theoretical framework that enables analysis of the transition typologies responding
to landscape development and the evidence selecting method used to track the transition. We then briefly present in section 3 the
study event of the South American mega-droughts. In section 4, we describe the conceptualized Colombian energy transition
pathways along with landscape development. This includes our observation on the institutional interplay and landscape dynamics
influencing the transition pathway. In section 5, we present the interrelated landscape and regime development shown from the
pathway analysis of our case. This includes a subsection (5.2) addressing the geographical contents critical in understanding tran-
sition as we found through our analysis. It then leads to section 6 where we discuss limitation and uncertainties in the present study
(6.1), provide repercussions for managing power generation in Colombia (6.2), and present new theoretical insights from our analysis
(6.3). We then summarize new theoretical insights and recommendations for policy before we conclude from the findings.

2. Tracking trajectories of transition under landscape development

To understand transition following landscape development, we used the typology of transition pathways (Table 1) constructed by
Geels and Schot (2007) describing the multi-level (between landscape, regime and niche) interactions for our analysis. However
while researchers often focus on the bottom-up, niche-driven aspects of transitions (Berkhout et al., 2004; Geels, 2011), we will use
this typology of transition pathways to enable insight into landscape changes and their interaction with regime and niche levels
following evolutionary and social-institutional aspects. The typology of pathways (Table 1) is based on the timing and nature of multi-
level interactions. Timing refers to that of landscape pressure on regimes generating ‘windows of opportunity’ for transition. It also
relates to the state of the niche at the moment, whether it is matured to take advantage of this window for transitions. The nature of
the interactions refers to (1) a reinforcing (stabilizing existing regime, not driving transitions) or disruptive landscape (pressure on
regime, opportunity for transitions) development and to (2) competitive niche-innovations (with an aim to replace existing regime) or
symbiotic niche-innovations (as enhancement to the regime). Regarding landscape development, Geels and Schot (2007) employed
Suarez and Oliva, 2005 characterization of environmental changes (see Fig. 2) to describe the different natures of landscape de-
velopments. Building from above points, Geels and Schot (2007) proposed the typology of transition pathways (Table 1).

Table 1
Typology of transition pathways (Geels and Schot, 2007).

Transformation Moderate disruptive landscape pressure on the regime when niche-innovations have not been sufficiently developed.
Changes enacted by regime actors modifying existing development paths. Changes are moderate and gradual. New regime
grows out from the old regime with gradual adjustments and add-ons of symbiotic niche-innovations.

Reconfiguration Symbiotic innovations initially adopted in regime to solve local problems trigger architectural changes creating space for
new adoptions of niche-innovations. Sequences of component innovations add up to major changes in guiding techniques,
beliefs, and practices. When a new regime in this path also grows out of an old regime, it differs from the transformation
path via changes in the basic architecture enabled by cumulative adoption of niche component.

Technological substitution Competitive niche-innovations are mature when windows of opportunity from disruptive landscape pressure open. The
new niche will take the chance and replace the existing regime entailing power struggles.
De-alignment and re-alignment Landscape changes (avalanche changes) lead to regime problems. The regime erodes, experiences collapse, and eventually

de-align. Regime actors lose faith and no longer defend the regime. A vacuum occurs if no specific niche-innovation is
sufficiently developed. At this moment, a lack of stable rules leads to the emergence and co-existence of multiple embryonic
niche-innovations. There is a prolonged experimentation/competition period for attention and resources until eventually
one niche-innovation becomes dominant and it re-aligns as a new regime.

A sequence of transition pathways If landscape pressure has the form of ‘disruptive change’ which develops gradually while becoming disruptive, regime
changes might experience a particular sequence of pathways beginning with transformation or reconfiguration and
followed by substitution or de-alignment and re-alignment.
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Fig. 2. Typology of landscape development (Geels and Schot, 2007) using the characterization of environmental changes from Suarez and Oliva
(2005). Frequency: number of disturbances per unit time. Amplitude: the deviation of a disturbance from initial conditions. Speed: rate of change of
disturbance. Scope: dimensions being affected by the disturbance.

3. Study event: the 2015 —2016 mega-drought

The more frequently occurrence of mega-droughts in South America has motivated our exploration of the most recent (to the time
when this paper is written) mega-drought event, that occurred in 2015-2016, and the related transition. During the 2015 —2016
drought phase, deficient rainfall led to a low river level in the Amazon River accompanied by the strongest warming of the Amazon
forest in the last century. The 2015—2016 drought surpassed the severity of previous strong El Nifio events (e.g., 1982/1983 and
1997/1998) and mega-droughts (e.g., droughts that happened in 2005 and 2010) (Jiménez-Munoz et al., 2016; Marengo et al.,
2018). Substantial damages were reported from the Amazonian and adjacent countries (WFP (World Food Programme), 2016). In
Colombia, a red alert, the highest level of disaster alert, was declared starting in December 2015 because of deficient rainfall in the
wet season of October and November which resulted in extreme low levels of both the Magdalena and Cauca rivers, the major rivers
of the country. By January 2016, over 124 municipalities were affected by the drought. People in Valencia of the Cérdoba department
were without potable water. Agricultural losses were reported from 45,000 producers in the Cesar region. Extreme dry conditions
exacerbated the already poor access to food and drinking water in the department of La Guajira where malnutrition killed 93 children
in 2016. As a result, various governmental actions were taken to recover from damages of the particularly severe drought disaster
(UNGRD (Unidad Nacional para la Gestion del Riesgo de Desastres, Gobierno de Colombia), 2016b).

Furthermore, as a country with over 70 % of its power mix from hydropower plants (see Fig. 3.), Colombia experienced a nation-
wide energy crisis resulting from the drying of rivers during the record-breaking 2015-2016 mega-drought. This has led to significant
national policy change aiming for a more sustainable power mix. The then Minister of Mines and Energy, Germén Arce Zapata stated
“This government was, is and will be the government that promoted the energy transition towards a sustainable energy mix,
adaptable to climate change, and that provides security in the power supply.”(PV magazine, 2018).

The share of power mix from different source
techonology
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Fig. 3. The share of Colombian power mix from different sources in 2015. Data Source: Unit for Mining and Energy Planning (UPME (Unidad de
Planeacién Minero Energética/Unit for Mining and Energy Planning, Government of Colombia), 2015).
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Therefore we choose this case and trace the Colombian energy transition along with the drought landscape development taking
into consideration the transition pathways following the different typologies of landscape development (section 2., Fig. 2.). We not
only explore trajectories of a sustainable transition under landscape pressure, but we also trace the regime influence on such
landscape development and study their implications for regime-landscape interactions. We use a variety of sources to confirm the
presence of evidence for each step in the conceptualized relationship between the regime and 2015—2016 drought disaster. In
particular, evidence was located by examining peer-reviewed papers, working papers, book chapters, government reports and
speeches, and media reports.

4. Analysis outcome: energy transition process in Colombia along with the developing drought landscape

Actors began to perceive changes within the environment when, starting October 2015, the level of the Cauca and the Magdalena
Rivers gradually lowered; in December, a red alert of drought was issued. This beginning phase of changes had seen a moderate
response among the actors. The XM, the company in charge of the country’s energy system management, had originally projected to
the public that the reservoir level was acceptable, but then declared an amendment in their projection when the drought crisis
worsened later in March. Meanwhile, there was generally insufficient effort to save energy within the country before the drought
worsened while energy consumption was higher in January and February than the same period in the previous year (neutral El Nifo-
Southern Oscillation phase) (El Pais, 2016).

Pressure on the regime continued to develop as the drying persisted. Accompanied by an unexpected fire at the hydro facility in
Guatapé in March 2016, the drought resulted in a deep crisis in the country’s hydropower generation. Though at a low speed, the
drying condition increasingly worsened along with its impacts. Although normally an exporter of energy to neighboring countries,
Colombia was on the edge of energy rationing and had to import energy from neighboring Ecuador (The Bogoté Post, 2016). The
crisis resulted in the resignation of the minister of Mines and Energy (El Pais, 2016). Drought landscape pressure developing at a low
speed gradually formed a disruptive change of energy crisis. This ‘window of opportunity’ however opened when niche-innovations
(e.g. solar power and other alternative energies) were not sufficiently developed (El Tiempo, 2016) and a sequence of transition
pathways (see Table 1) was observed.

Various changes in the regime were introduced by the regime actors corresponding to the gradual development of drought
landscape pressure (see Fig. 4. for the regime changes along the drought landscape development). Initially actors appear to perceive a
moderate drought landscape pressure. The government had provided incentives for households to save energy and imposed pun-
ishments on those using more energy than the average. This action reflects an incremental rule change (El Pais, 2016; Portafolio,
2016). In March 2016, the energy crisis became more prominent as a result of the length of time with deficient rainfall occluding
hydropower generation. Then, newly approved guidelines enabling companies (cogenerators) to sell energy surpluses in stock price
facilitated, for the first time, a considerable amount of cogenerators’ contribution in Sistema Interconectado Nacional (SIN, National
Interconnected System) (El Tiempo, 2016). These local symbiotic innovations were adopted by the regime and triggered architectural
changes creating space for new adoptions of niche-innovations (reconfiguration pathway). In May 2016, there was the first approval
from Unidad de Planeacién Minero Energética (UPME, the Mining and Energy planning unit) of an energy project that exempts
companies from VAT by investing in solar panels (El Tiempo, 2016). These cumulative changes, though triggering architectural
adjustments in the regime were, however, considered insufficient by firms as viable energy model, according to Ser Colombia, the
association of renewable energies (El Espectador, 2016).
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Fig. 4. Colombian energy regime changes along drought landscape development.
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The rainy season that arrived in April 2016 temporarily alleviated the dry conditions and closed the window of opportunity from
the 2015 — 2016 drought. Before this window of opportunity closed, only a few developing innovations were observed (El Espectador,
2016). This was from the result of a lack of investment guarantees, to support niche developments, according to the Derivex,
company specialized in the market of derivatives of energy commodities (El Tiempo, 2016). Thus, regime improvements appear
insufficient to deal with the next.

Then, after the 2015 —2016 mega-drought and before the beginning of the next El Nifio phase, there was a gradual increase in
political pressure enabling the rise of niche-innovations. This pressure was not directly from the physical climate, but from the fear of
next onset of El Nifio (we call that a ‘predictive shock’, for details and definition see section 4.1). Aiming at power mix diversification,
the Ministry of Mines and Energy issued decree 2253 (MinMinas (El Ministerio de Minas y Energia/Ministry of Mining and Energies),
2017) and decree 0570 (MinMinas (EI Ministerio de Minas y Energia/Ministry of Mining and Energies), 2018a). While decree 0570
aimed to encourage long-term contracting of renewable energy projects, decree 2253 addressed incentives on investments of gas and
oil reserve exploration. The then minister of Mining and Energy, Germén Arce Zapata, commented that “the diversification makes us
less vulnerable in cases such as the El Nifio phenomenon” (MinMinas (El Ministerio de Minas y Energia/Ministry of Mining and
Energies), 2018b). In this opportunity window provided by predictive shock, incumbent actors lost faith in hydropower dominance.
Hydropower de-aligns while niche-innovations are not yet sufficiently developed, featuring the beginning of a de-alignment and re-
alignment pathway (Verbong and Geels, 2010). Here a policy strategy stimulating niche-innovations and nurturing the emergence of a
new system has been observed (e.g. the enactment of decree 0570 and decree 2253).

The next El Nifio phase occurred in late 2018 as forecasted and dry conditions again caused concerns over the water and energy
supply (El Pais, 2019). When this window of opportunity presented, there was again no niche-innovation with the strength to outright
challenge the regime. Meanwhile, multiple alternative energies gained momentum, competed for attention, and co-existed under the
encouragement of the government (pre re-alignment). The first renewable energy long-term contract auction was held in February
2019. These projects consist of solar, wind, and biomass source generation and distribution aiming to boost the development of the
renewable source share in 2021 to 10 % of the energy supply, according to Maria Fernanda Suérez, the minister of Mining and energy
(Portafolio, 2019). On the other hand, the government was eyeing gas-fired power plants as the solution to the drought induced
brownout (Umwelt Bundesamt, 2018). The government seeks to enhance natural gas-fired capacity by adding an additional 3841
megawatts (24 % of the current total supply) by 2028 (Oil Price, 2018). Consequently, gas-fired plants are currently gaining mo-
mentum. The growing consumption of power and the doubts about the newly introduced renewable energy projects have encouraged
investment in both natural gas and oil reserves. Starting late 2017, Colombia began to regularly import natural gas despite a growing
domestic gas production highlighting the gap between local supply and rising demand. This shortage saw energy companies such as
Canacol (most of its natural gas production is from the Magdalena basin) expanding its investment in gas reserves and its operation in
Colombia (Oil Price, 2018).

In sum, the trajectories of transition along with the gradual development of drought landscape pressure can be observed following
a sequence of transition pathways (Table 1): Firstly, the regime actors addressed the problem by introducing incremental changes.
Following the gradually worsening drought, a reconfiguration pathway where cumulative adoption of component innovations together
contributed to major changes in guiding techniques and practices. Though the dry condition was temporarily solved by the coming
rainy season at that point, a gradually increasing pressure before the next onset of El Nifio opened up a second window of oppor-
tunity. This predictive shock (see section 4.1) sees regime actors losing faith in the hydropower regime (de-alignment pathway). It was
only at this point the investment guarantees and viable business models to support niche developments were introduced. Niche-
innovations did not become institutionalized to the point where they could challenge the regime. After the 2018 El Nifio phase
started, drought pressure on hydropower again opened a window of opportunity, however, the regime has not yet re-aligned with a
new configuration. Currently, multiple innovations are competing for attention and resources, a clear sign of an ongoing transition.
As transitions, even shock induced ones, can take many years, it is not unexpected that the transition caused by the 2015—2016
drought has not yet completed.

4.1. Landscape development beyond known typology-predictive shock

The drought landscape shock has a form of disruptive change according to the categories in Geels and Schot (2007), with a high
amplitude and low speed typology (see Fig. 2.). A distinct characteristic of droughts from other studied landscape shocks in the MLP,
e.g. cyclones (Becker and Reusser, 2016), societal values (Geels and Verhees, 2011) and changing trade patterns (Driel and Schot,
2005) is that drought reoccurrence is almost certain for the Andean country. This generates another type of drought related landscape
pressure before drought actually occurs.

Between the 2015-2016 mega-drought and the onset of the El Nifio phase in late 2018, climate model projection from the IDEAM
(Institute of Hydrology, Meteorology and Environmental Studies) had already placed warnings for the then upcoming 2018-2019
drought phase and dry condition (Caracol Radio, 2018). This predictability at that time asserted pressure on the regime even before
the drought phase began since it meant the hydropower crisis would almost certain reoccur (Hoy Diario del Magdalena, 2018;
Wradio, 2019). This low amplitude, low speed pressure on the regime generated actual institutional changes guaranteeing contracts
for niche developments, and we have given it the name ‘predictive shock’ (see Fig. 5). For a more detailed documentation of
predictive shock as landscape dynamics please see 6.3.1.
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Fig. 5. Conceptualized drought related landscape shocks starting with the 2015-2016 mega-drought.

4.2. Institutional interplay under landscape development

Colombia’s power mix features a strong centrally planned infrastructure including the dominating hydropower. This ensures
Colombia’s energy operations during normal times, but its strong structuration can act as a barrier to transition. This structural
barrier is especially revealed when the hydro-power lost its ability to function during the drought. In the opportunity window because
of the 2016 drought (see Fig. 5, the valley of the first disruptive drought pressure), a decentralization of the power mix was observed.
Local solutions, such as energy surplus generated from enterprises and energy saving incentives, were imposed to incrementally cover
the gap of the hydropower brownout (following reconfiguration pathway).

However, the highly centralized energy institution was able to suppress the niche developments that challenged the incumbent
regime. This was because the legal basis for niche developments was not established. E.g. because of a lack of legal support for long-
term contracts and investments in clean energy, firms did not consider further investments a viable business approach.

Clear institutional actions that removed caps for alternative energy development was only seen during the second window of
opportunity provided by the predictive shock. Prediction of the then arriving 2018 drought brought actors the appearance of a
malfunctioning hydropower system during drought times and clearly displayed undesirable outcome of the hydropower-dominant
path. This has resulted in the de-alignment of the hydropower regime and the removal of institutional cap for niche developments in
the opportunity window of the predictive shock. Here long-term contracts on investing renewable energies were guaranteed by
decree 0570 for the first time. Gas-firing capability was strengthened and encouraged then (Oil Price, 2018), which has solved past
constraint of a lack of firing facilities blocking the development of gas energy sources. These were however only the beginning of the
re-alignment process. Multiple niches now compete and coexist, until one fully aligns.

The 2018-2019 drought (the real hit of drought after the predictive shock) opened another opportunity window, but no pre-
vailing solution was able to replace the hydropower regime yet. The reason may be the close timing of this window of opportunity to
the last one provided by predictive shock. Path-dependency may play a role as well (David, 1994; Berkhout, 2002).

A full re-alignment of a new regime will need time, given that key institutional structure paving ways for new innovations was
only introduced at the time of the predictive shock and is still developing. For example, in the first renewable energy auction in
February 2019, few contracts were awarded despite a large interest from firms. It was partly because that the newly introduced
auction mechanism was not yet properly implemented (Reuters, 2019). In October 2019, another auction with improved infra-
structure was hold where seven firms successfully obtained long term power purchase agreements (UPME (Unidad de Planeacién
Minero Energética/Unit for Mining and Energy Planning, Government of Colombia), 2019).

Nevertheless, it is possible that the ongoing transition will experience an acceleration under the pressure from future El Nifio
phases. The realignment of niche-innovations and their survival will depend on their structuration, how they stretch (Ramos-Mejia
et al., 2018) or are empowered to transform the regime (Smith and Raven, 2012) under the landscape pressures that the country
faces. One of those landscape pressures is the occurrence of more frequent droughts, which will be examined in the following section.

5. Contribution of regime shifts
5.1. Tracing regime influences on drought landscape developments

It is almost certain that droughts will generate future shocks to hydropower systems given reoccurring El Nifio phases. In this
section, we use outputs from scientific studies to qualitatively analyze the dynamic drought landscape and ask the causality where
regime shifts have contributed to drought landscape development that influences energy transition in Colombia.

Regulated by the natural variability of El Nifio South Oscillation (ENSO), El Nifio phases usually lead to droughts in Colombia.
Along with the El Nifo phase, the warmer than normal Tropical North Atlantic Ocean has been known to lead to past ‘once-per-
century’ mega-droughts (Marengo et al., 2011).

Despite the above mentioned sea surface temperature forcing, anthropogenic factors linked with the terrestrial process are known
to have contributed to the development of more recent droughts (Moore et al., 2007; Lee et al., 2011; Bagley et al., 2014; Alves et al.,
2017; Erfanian et al., 2017). Erfanian et al. (2017) found the severity of the record breaking 2015 — 2016 mega-drought which
resulted in Colombian energy crisis, cannot be explained alone by the oceanic forcing. They highlighted the contribution of human-
induced warming and deforestation (Erfanian et al., 2017).
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These two anthropogenic factors with different governing regimes influence drought landscape development in Colombia via
different atmospheric physical mechanisms. Human-induced warming is mostly a result of the growing atmospheric carbon con-
centration. Carbon dioxide, a major contributor to past warming, accumulates in the atmosphere and distributes rather homo-
geneously around the globe (IPCC, 2013). The concentration of atmospheric carbon is thus determined by the collective global
contribution, addressed by emitters around the world possessing equal individual effect. Human-induced warming has been regulated
by global conventions limiting carbon emissions and worldwide temperature rise, such as the Paris agreement aiming at a 2 degree
range above pre-industrial level (UNFCCC (United Nations Framework Convention on Climate Change), 2015). The influence of the
warming factor on development of the drought hazard landscape relies on the alliance of global entities in the conventions, including
Colombia’s own regime (UNFCCC (United Nations Framework Convention on Climate Change), 2016).

On the other hand, deforestation, another anthropogenic factor known to govern drought severity has regionally specific contexts.
Through aerial rivers,” the drought landscape of Colombia (sink area) is influenced by land users from a particular location (source
area) (Bagley et al., 2014; Keys et al., 2014; Weng et al., 2018). In the present study, we use the terms ‘sink’ and ‘source’ from the
aerial river community to conceptualize the receivers and providers of a certain flow. The flow referred to here is the effect of land
use change on dry climate condition.

Furthermore, these source areas can be located remotely from the sink areas. Bagley et al. (2014) uncovered the remote con-
tribution of deforestation to dry climate condition in South America using coupled land-climate modelling. Their simulation revealed
that deforestation in a major moisture recycling® area in South America (mostly out of the country Colombia, see pink box in Fig. 6a)
explains most of the land use induced drying in Colombia (Fig. 6a.). It is worth noting that the past land use changes within this area
(pink box of Fig. 6a) were concentrated in Brazil and Bolivia. Another forward trajectory simulation by the same authors which
specifically focusing on Central-Western Brazil and Eastern Bolivia more clearly underscored the remote influence of deforestation in
this area enhancing the drying condition in Colombia and Peru (see Fig. 6b.).

5.2. Remote regime influencing Colombian energy transition

The aerial rivers connect the drought hazard in the sink area (Colombia) to the deforestation® in the source area (Bolivia and
Brazil for example) within the environmental landscape. This connection at the analytical landscape level has also bridged the regime
across sectors in different geography. In our example, the source regime shapes land use/land cover in the source Brazil and Bolivia,
which is connected to the drought hazard in the sink Colombia in the landscape. Via this, it influences as well the transition process
following drought shocks in Colombia. In this section, we first trace the regime influencing drought landscape development in
Colombia, then we provide a conceptualization of remote regime influence learned from our case.

5.2.1. Source regime shapes connected landscapes

The deforestation in the source area is known to be governed by various factors. Regions which had undergone deforestation in
source area were mostly converted into pasturelands or croplands (De Sy et al., 2015) driven by the global demands for maize,
soybeans, and beef (Nepstad et al., 2006; Laurance, 2007; Barona et al., 2010). Along with the global agricultural market influence,
regional markets in wood, land, biofuel, and forest certificates (CRAs) are also known to have directly (on the production sites) and
indirectly (elsewhere than the production sites) caused forest losses (Lambin and Geist, 2002; Lapola et al., 2010; Soares-Filho et al.,
2016). It is however not only the market regime that has shaped the deforestation landscape in the source area and influenced recent
mega-droughts in Colombia. Since 1960s, population growth (mostly from immigration) and the related logging and mining activities
along with the need for transportation network development have seen a constant increase in forest loss in the source area (Laurance
et al., 2001; Hansen et al., 2013).

There was also a regime in the source area that decelerated forest loss. After the deforestation rate peaked in 2004, a combination
of strong legal forces managed to successfully slow down forest loss in the source area. This regime includes close monitoring, which
enhances enforcement of laws, interventions on supply chains through soy and beef moratoria, restrictions on access to credit, and
expansion of protected areas (Nepstad et al., 2014; Gibbs et al., 2015). However, a recent shift in this regime via a revision of the
Brazilian Forest Code (2012) has led to massive ongoing investments in road paving, and a reduction in established protected areas
which have seen a rebound in the deforestation rate since 2013 (Soares-Filho et al., 2014; Arima et al., 2014; Hansen et al., 2013).
Intensification of deforestation in the Bolivian Santa Cruz department has also been observed since 2008, likely linked to the leakage
from Brazilian soy moratoria (Kalamandeen et al., 2018). Given that the Brazilian deforestation rate also hit a new high in 2018
(INPE, 2019), if no further changes or transition is to take place in the source area, the current source regime will continue to
influence the environmental landscape towards a furthering of the dry condition in the sink Colombia.

3 Aerial rivers are the main pathways of moisture flow in the atmosphere, termed in Arraut et al. (2012) as an analogy to the surface rivers.
Opposite to surface rivers, aerial rivers gain water through evaporation and lose water from precipitation. Aerial rivers include the moisture
recycling process in footnote 4.

4 The moisture recycling process describes the process in which the moisture that is evapotranspirated again becomes precipitation, and the
moisture that is precipitated again becomes evapotranspiration within one given spatial domain.

> Deforestation and forest losses in source area are conceptualized as part of the environmental landscape following its characteristic “deep
structural trends" (Geels, 2002) as environmental setting of socio-technical regime.
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Fig. 6. Dry season simulated impact of deforestation on forward trajectory precipitation in Bagley et al. (2014). They show geography of pre-
cipitation reduction in the dry season resulting from land cover change in the pink boxes of: (a) major recycling area in South America, (b) Central-
Western Brazil and Eastern Bolivia.

5.2.2. Conceptualization of remote regime influence

The above case inspired our conceptualization of how the regime in one locality can influence the regime in another through the
landscape (Fig. 7.). Because this necessarily means referring to two regimes, we will refer to the regime doing the influencing as the
source regime and the regime being influenced as the sink regime. Moreover, the source regime and sink regime need not be in the
same sectors, as the case for our case study. Thus, the process begins in the source regime where the current regime is causing
deforestation; this could be potentially through specific policies or specific actors. Through aerial rivers, the influence of this process
crosses over administrative and international boundaries, meaning that the source area which has influence over this process does not
necessarily feel the repercussions of their regimes practices through this path. The increasing deforestation in the environmental
landscape intensifies the drought hazard in the sink area which asserts pressure on the sink regime and opens a window of oppor-
tunity for transition process to begin with.

It is worth noting that the physical climate landscape here is in fact not ‘unchanged’ as in the literature (Driel and Schot, 2005).
Connecting regimes in different geographies, its development is a mechanism through which the source regime triggers the sink
regime shift.

A transition in the sink regime as a result of the landscape shock occurs then through different pathways depending on the timing
and form of landscape changes as well as the strength of the niches. Once through this process the old sink regime is replaced by a
new sink regime, a transition has occurred.
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Fig. 7. Conceptualization of how one regime influences another through the landscape. Arrows represent impact flows.
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6. General discussion
6.1. Limitations and uncertainties

In the present study, we have paid attention to uncertainties that reside in the data and the process analysis. In section 4, 18
reports from the media have been used in the analysis. These media reports served predominantly as sources for the occurrence of
events such as the drought alarm, the resignation of a minister, and the energy auction; in order to lower impacts from potential bias
of reporting perspectives. Four exceptions were made while the media reports were used to refer to statements rather than the
phenomena recorded in the material. These exceptions were made since they were interviews of actors showing their actions and
attitudes in response to the drought development. In these cases, materials with the original statements quoted from the actors were
chosen. These exceptions are 1. the PV magazine citing the statement from the Minister of Mines and Energy Germéan Arce Zapata, 2.
El Espectador citing Ser Colombia’s response on changes of rules for energy market during drought time, 3. El Tiempo citing Derivex’s
statement on a lack of investment guarantee, 4. Portafolio citing the Minister of Mines and Energy Maria Fernanda Suarez for her
statement on renewable energy policy. Altogether, this procedure minimizes potential bias induced by non-peer reviewed sources in
cases where no alternatives are available.

Regarding process uncertainties, we noted during the analysis of regime-landscapes interactions, that other landscape develop-
ments may also influence the changes in the Colombian energy regime apart from the drought influences. For example, the political
pressure from presidential election of 2018 may accelerate the regime changes during the period of predictive shock. Increasing
distrust in hydropower following the El Quimbo (Semana, 2012), Sogamoso, and Ituango controversies (Mongabay, 2018) may also
generate pressure on the hydropower regime. However, the nation-wide energy crisis during 2015 — 2016 mega-drought arguably
plays the key role for the hydro-power regime de-alignment as also stated by officials (see section 3). As for the analysis of regime
influencing drought landscape, the uncertainties are located in the modelling and empirical studies of droughts used here for back-
tracing, the discussions of which is beyond the scope of the present study. However, according to the literature (Van der Ent et al.,
2014; Marengo and Espinoza, 2016; Marengo et al., 2018; Herrera-Estrada et al., 2019) the results seem sufficiently robust to justify
the presented argumentation.

6.2. Repercussions for approaching a sustainable power mix in Colombia

The current strategy of diversifying power generation was developed under the precondition that drought is influenced by the El
Nifio phenomena (PV magazine, 2018). Given the above mentioned anthropogenic influences on the intensity of drought, this
strategy may need to be rethought. Investment in carbon related energy, including natural gas, should be especially reassessed since it
is not sustainable as releasing atmospheric carbon intensifies droughts.

Colombia has ratified the Paris agreement by the implementation of ley 1844 Reptiblica de Colombia (2017). Following the
Colombian nationally determined contribution (NDC), Colombia has a target of reducing its greenhouse gas emissions by 20 % with
respect to the projected Business-as-Usual (BAU) Scenario by 2030 (INDC (Intended nationally determined contributions) Colombia,
2015; Ley 1931, Reptblica de Colombia, 2018). This determined target is not ambitious when the estimated emission in 2030 will
still be higher than the 2015 level. While natural gas has rather low emissions compared with other fossil fuels, replacing coal with
natural gas can help efficiently reach the NDC target. However, it should stay as a temporary solution as continuous emission can
gradually enhance the atmospheric carbon forcing that intensifies droughts.

Currently carbon-related sources are competing with the renewable energies. A full re-alignment of renewable energies is the only
approach to avoid domestic augmentation of the drought hazard through the human-induced warming mechanism. Though Colombia
as one individual country encouraging carbon related energy may have limited influence on the warming of the planet, each country
that does so makes it more acceptable for others to do the same. This might lower more countries’ willingness to comply with global
conventions on reducing carbon emissions (a rotten apple can spoil the barrel). Should, as a result, more countries choose carbon
related energy, there would be considerable effects on augmenting warming and an intensification of droughts can be expected.

Governance to a sustainable power mix should firstly be realized by policy interventions to phase out carbon-related sources,
including natural gas, in the power mix (Verbong and Geels, 2010). This effort will complement the existing instruments for en-
hancing national security (e.g. CONPES 3700 DNP (Departamento Nacional de Planeacién), 2011; UNGRD(Unidad Nacional para la
Gestion del Riesgo de Desastres, Gobierno de Colombia), 2015; INDC (Intended nationally determined contributions) Colombia,
2015) and that for fulfilling the sustainable development goals, i.e. CONPES 3918 DNP (Departamento Nacional de Planeacion),
2018, because of their effects on reducing drought intensity.

However, even with a pure renewable energy approach, Colombia as a sink country is still passively influenced by the source
regime through the environmental landscape. Given that the source regime currently continues to develop in the direction of in-
tensifying the dry condition in the sink Colombia, water and food security will continue to be threatened by the coming increasing
mega-droughts. Furthermore, the country’s current path dependence on hydropower before re-alignment of new energy regime will
continue to be prone to energy crisis. Mitigation measures not only reducing carbon emissions, but also slowing source countries’
deforestation should be taken.

The governance of remote regime influences will rely on cross-border cooperation. This can be realized through negotiation
between source and sink countries directing source regimes toward land conservation and land trading measures that had suc-
cessfully decelerated forest loss in source areas in the past, e.g. interventions in supply chains through soy and beef moratoria or
restrictions on access to credit (Arima et al., 2014; Gibbs et al., 2015; Nepstad et al., 2014).
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It is worth noting that, according to the results of Bagley et al. (2014), the environmental landscape as influenced by source area’s
deforestation is also able to affect drought severity received by source areas themselves. Thus it is in the interest of source countries to
change the regime as well, given that these countries also reported serious damage from the record breaking 2015 —2016 drought.
Additionally, the 2017 regional call for combating drought already offers a regional platform for co-management (UNCCD (United
Nations Convention to Combat Desertification), 2017). However, the current regional combat against droughts focuses on the pre-
paredness rather than collaborative mitigation to halt intensification of drought through mechanisms of deforestation and carbon
emissions. A shift of paradigm will require a raise in awareness of the anthropogenic factors intensifying droughts among regional
authorities.

6.3. Theoretical insights

6.3.1. Pre-drought landscape shock

In our case, two types of landscape shock from droughts were observed triggering the process of Colombian energy transition (see
section 4), they can be distinguished from the character of the shock. The first type is the landscape shocks during the drought of
2015-2016 and 2018-2019, featuring a slow but large amplitude change which resembles the disruptive landscape shock in Geels
and Schot (2007). Another type of the landscape shock features small scale and mild speed triggers, observed before the onset of the
2018-2019 drought. This type of landscape shock originates from the predictive capability of modern science (modelling capability
on the onset of El Nifio phase) accompanied with the threat of upcoming drought phase. In our case a sequence of transition pathways
(internal changes - configuration pathway - de-alignment and re-alignment pathway) was observed, triggered by both types of shocks. The
mechanism triggering a sequence of transition pathways in our case is different from that described in Geels and Schot (2007) where the
de-alignment was triggered by increasing level of disruptive changes. In our case, the de-alignment of the hydropower regime
happened at a time when hydropower was stable and the 2015—2016 drought disruptive shock had passed. However, actors lost
faith in a fear of the next, forecasted drought. The small but gradually growing pressure of the predictive shock resulted in the de-
alignment and re-alignment phase of Colombian energy regime. This type of shock, can be useful in understanding other informed
(forecasting equipped) pre-disaster transitions that takes place before low speed but high amplitude environmental hazards e.g.
floods and heatwaves.

The predictive shock originates from the vision of “what the future might be like” (Beckhout, 2006). In our case, this pressure has
resulted in regime de-alignment. While the literature mainly focuses on effects of expectation on innovation alignment, the findings
from our case bring new insights into discussions of technological expectation. Nevertheless, that expectations for the future can
influence the direction of technological development and the rate new innovation aligns (Rosenberg, 1976; Geels and Smit, 2000;
Borup et al., 2006; Berkhout, 2006) implies possible development of competing energy regimes in our case. For example, the ex-
pectation for wind-power potential in Colombia might strengthen wind power outcompeting other energy sources for re-alignment.
For a counterexample, when knowledge that atmospheric carbon is one cause of mega-droughts is diffused, a carbon-powered future
may be less desirable among actors. This may make the realignment of carbon-related sources more difficult.

It is worth noting that expectation defined and diffused by some actors (the government, for instance) can be more impactful
(Brown and Michael, 2003; Berkhout, 2006). A strategic management of visions (Alkemade and Suurs, 2012) for a non-carbon future
by critical actors can be a key to sustainable energy transition in Colombia. In addition, the reoccurrence of droughts and the
predictive shocks ahead of them will surely provide windows of opportunity.

6.3.2. Uninformed decisions away from sustainability: remote regime influences

The physical landscape as a backdrop is not ‘not changing’ (Driel and Schot, 2005; Geels, 2011) but its dynamics link remote or
cross-sector (in our case the land sector and the energy sector) regimes and these could be key to transitioning to sustainability. This
‘telecoupling’ (Liu et al., 2013) through both social (e.g. global market chains) and natural (e.g. atmospheric, hydrological or bio-
logical) processes is often not recognized by current regimes but it could be crucial for achieving sustainability. In our case, that
Colombia is not informed about the remote regime influences (Bolivian and Brazilian land use policies/market influences) on the
drought leads to its adaptation-focused policy. It is not sufficient regarding continuously growing droughts under remote regime
influences. Furthermore, without recognizing the effects of human-induced warming on the drought hazard, a decision to encourage
more carbon related energy in the power mix will very likely contribute to stronger domestic droughts rather than mitigating them.

This calls for more investigation into other telecoupled systems that can be strategic for approaching sustainability. The MLP can
provide a good analytical structure to understand the relationship between telecoupled source and sink regimes and the causality of
source regime (Geels, 2011) on sink regime changes. The geographical nature of these linkages should be in particular underscored
for further managing these source-sink linkages, which usually requires transboundary and trans-sectoral cooperation. Experiences
from cross-border governance (Perkmann and Sum, 2002; UNCTAD (United Nations Conference on Trade and Development), 2002)
such as integrated basin management (Hooper, 2003) and convention on air pollution (Sliggers and Kakebeeke, 2004) can be useful
for facilitating these actions.

6.3.3. Power of the regime influence

The source and sink regime linkage through deforestation influences demonstrates a power structure of one-side influence.
Similar to a rather well-understood upstream-downstream power hierarchy, the remote regime in the source countries of Bolivia and
Brazil exerts influence on the sink regime in Colombia. However, another anthropogenic factor influencing Colombia drought hazard,
the human-induced warming through atmospheric carbon forcing, has a different power structure configuration. Due to the nature of
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carbon dioxide (the dominant output gas that causes the warming effect), a source area located anywhere on the planet (including
Colombia itself) has the same level of influence on the sink regime. This underscores the importance of understanding landscape
development and the power structure residing in the landscape bridge between the source and sink regimes. Reverse causality
investigations in transition studies asking how regime shifts contribute to landscape changes (Geels, 2006, 2011) can be useful to
identify those sink-source regimes. The management of these different structures can be linked with international relation studies and
political ecology. For example, the Convention on Long-Range Transboundary Air Pollution (United Nations Economic Commission
for Europe (UNECE (United Nations Economic Commission for Europe), 1979; Sliggers and Kakebeeke, 2004)) which facilitates co-
management by upwind and downwind regions-which also has a clear power hierarchy-may provide a feasible framework for de-
veloping management of the source and sink regime linkage through deforestation.

7. Conclusion and outlook

We examined the dynamics of a drought landscape influencing the trajectory of Colombian energy transition process. We ob-
served that the predictive shock, which resulted from a fear of repeating a past mega-drought disaster experience, provided a key
window of opportunity for the regime shift. It has seen hydropower de-aligned and a current coexistence of multiple embryonic
niche-innovations competing for realignment. The expected future droughts along with predictive shocks before them could provide
windows of opportunity for a new regime to accelerate re-alignment in the future.

We also traced the source regime affecting those landscape developments which is rarely done in transition research. In doing so,
the origin of the disaster-induced transition process in Colombia is in part traced to regime pressures in Bolivia and Brazil on the
environmental landscape across countries. A part of the origin has been traced to regime influencing global atmospheric carbon. This
shows that the current adaptation focus of Colombian energy policy to cope with future occurrence of droughts is inadequate, given
remote regime crossing boundaries persists in intensifying droughts. Furthermore, current policy encouraging fossil fueled power
including natural gas could indirectly enhance drought intensity and should be reassessed.

Our results have added insights into the rather rare discussion of regime-landscape interactions in transitions studies. We have
also highlighted geographical content within the multi-level interactions being critical to understanding the transition. Our findings
have consequences for the governance of a transition responding to landscape shocks and the remote regime influencing the tran-
sition.

Having done this, we are able to provide both recommendations for policymakers as well as future research.

The knowledge that through influencing the landscape, regimes can influence other regimes across geographies and sectors has
repercussions for how policymakers should respond to landscape events:

1 Policy-makers should have oversight of remote regime influences on the stabilization of their local regimes. This is relevant for the
governance of the transition. For example, using our case study, the Colombian power mix has been pressured from the drought
landscape that can be traced to influences from Brazil and Bolivia deforestation. Attempts to reach the relevant regime in Brazil
and Bolivia for reducing these influences will be strategic for Colombian governance of the energy transition.

2 There needs to be a growing awareness that by putting pressure on the landscape, decision makers may be causing destabilization
in other geographies and sectors. This may change the cost-benefit analysis of policies as the ramifications of those policies may
change if potential sink regime effects are considered.

3 Given that regimes are able to influence each other through the aerial rivers, consideration should be given to forming inter-
national cooperation to manage the moisture flows (Weng et al., 2019) similar to international cooperation for surface rivers and
air pollution (Ellison et al., 2017; Keys et al., 2017).

However, the knowledge gathered from understanding that landscapes can transmit influence from one regime to another leads to
further questions which should be explored in future research.

Firstly, other transitions beyond our case should be traced to examine the processes of different types of landscape dynamics and
remote regime influences. This could provide further insight into the processes of transitions and their causes. Furthermore such
knowledge would also help policymakers in deciding where to put pressure to reduce destabilization in their districts. Future research
from a natural science perspective on mechanisms and geography of teleconnection (Lima and AghaKouchak, 2017; Boers et al.,
2019) will be essential for tracing those processes and the development of efficient management tools. Regimes and transitions being
remotely related by landscape dynamics can provide analytical insights into discussions of telecoupling in the Geography and the
Earth system science community (Liu et al., 2013; Friis and Nielsen, 2017). While iteratively, contribution from these fields will also
enlarge the understanding of landscape and remote regimes, rather unexplored areas in transition studies.

Secondly, future research could explore how the prediction of a landscape event, not limiting to disaster, influences the chances
and dynamics of a transition. That Colombia began acting before the actual drought means that the predictability of the landscape
events pressures the regime and influences the transition. In this research, the multi-level perspective has been a good analytical tool
to observe pressures from the presence and representation (prediction) of landscape events and their interaction with the regime. This
may be particularly interesting as much of the effects of climate change have not yet come to pass and knowing how the prediction of
those effects influences transitions may be insightful for sustainable transitions.

Lastly, this research further highlights that so called “natural” hazards are not necessarily natural in their origins (UN (United
Nations), 2004; World Bank, 2010). While up to this point the non-natural aspect of disasters was often the vulnerability of the
affected society (Cannon, 1994; Thomalla et al., 2006; IOM (International Organization for Migration), 2010; World Bank, 2010), this

12



W. Weng, et al. Environmental Innovation and Societal Transitions 36 (2020) 1-16

research implies that remote non-natural influences also contribute to “natural” drought hazard. Further research could trace these
“unnatural” causes of hazards complementing the knowledge in reducing the vulnerability which will both help to make headway in
preventing disasters under a rapidly changing climate.

Declarations of Competing Interest

None.
Acknowledgements

We are grateful for two anonymous reviewers and the editors for their constructive comments on this manuscript. This research
was supported by the German International Climate Protection Initiative (project: Sustainable Latin America, reference number
42206-6157). The authors thank J. P. Kropp, Y. K. Liao, O. C. Dogmus, and F. Jaramillo for helpful comments on the manuscript.

References

Alkemade, F., Suurs, R.A.A., 2012. Patterns of expectations for emerging sustainable technologies. Technol. Forecast. Soc. Change 79, 448-456. https://doi.org/10.
1016/j.techfore.2011.08.014.

Alves, L.M., Marengo, J.A., Fu, R., Bombardi, R.J., 2017. Sensitivity of amazon regional climate to deforestation. Am. J. Clim. Chang. 06, 75-98. https://doi.org/10.
4236/ajcc.2017.61005.

Arima, E.Y., Barreto, P., Aradjo, E., Soares-Filho, B., 2014. Public policies can reduce tropical deforestation: lessons and challenges from Brazil. Land Use Policy 41,
465-473. https://doi.org/10.1016/j.landusepol.2014.06.026.

Arraut, J.M., Nobre, C., Barbosa, H.M.J., Obregon, G., Marengo, J., 2012. Aerial rivers and lakes: looking at large-scale moisture transport and its relation to Amazonia
and to subtropical rainfall in South America. J. Clim. 25, 543-556. https://doi.org/10.1175/2011JCLI4189.1.

Bagley, J.E., Desai, A.R., Harding, K.J., Snyder, P.K., Foley, J.A., 2014. Drought and deforestation: Has land cover change influenced recent precipitation extremes in
the Amazon? J. Clim. 27, 345-361. https://doi.org/10.1175/JCLI-D-12-00369.1. Fig. 6. © American Meteorological Society. Used with permission.

Barona, E., Ramankutty, N., Hyman, G., Coomes, O.T., 2010. The role of pasture and soybean in deforestation of the Brazilian Amazon. Environ. Res. Lett. 5. https://
doi.org/10.1088/1748-9326/5/2/024002.

Becker, S.L., Reusser, D.E., 2016. Disasters as opportunities for social change: using the multi-level perspective to consider the barriers to disaster-related transitions.
Int. J. Disaster Risk Reduct. 18, 75-88. https://doi.org/10.1016/j.ijdrr.2016.05.005.

Berkhout, F., 2002. Technological regimes, path dependency and the environment. Glob. Environ. Chang. 12, 1-4. https://doi.org/10.1016/50959-3780(01)00025-5.

Berkhout, F., 2006. Normative expectations in systems innovation. Technol. Anal. Strateg. Manag. 18, 299-311. https://doi.org/10.1080/09537320600777010.

Berkhout, F., Smith, A., Stirling, A., 2004. Socio-technological regimes and transition contexts. In: Elzen, B., Geels, F.W., Green, K. (Eds.), System Innovation and the
Transition to Sustainability: Theory, Evidence and Policy. Edward Elgar, Cheltenham.

Birkmann, J., Buckle, P., Jaeger, J., Pelling, M., Setiadi, N., Garschagen, M., Fernando, N., Kropp, J., 2010. Extreme events and disasters: a window of opportunity for
change? Analysis of organizational, institutional and political changes, formal and informal responses after mega-disasters. Nat. Hazards Dordr. (Dordr) 55,
637-655. https://doi.org/10.1007/511069-008-9319-2.

Boers, N., Goswami, B., Rheinwalt, A., Bookhagen, B., Hoskins, B., Kurths, J., 2019. Complex networks reveal global pattern of extreme-rainfall teleconnections.
Nature. https://doi.org/10.1038/541586-018-0872-x.

Borup, M., Brown, N., Konrad, K., Van Lente, H., 2006. The sociology of expectations in science and technology. Technol. Anal. Strateg. Manag. https://doi.org/10.
1080/09537320600777002.

Brazilian Forest Code, 2012. Federal Law 12.727. www.planalto.gov.br/ccivil 03/ Ato2011-2014/2012/Lei/L12727.htm/ 17 October (accessed 29 May 2019).

Brown, N., Michael, M., 2003. A sociology of expectations: retrospecting prospects and prospecting retrospects. Technol. Anal. Strateg. Manag. 15, 3-18. https://doi.
org/10.1080/0953732032000046024.

Brundiers, K., Eakin, H.C., 2018. Leveraging post-disaster windows of opportunities for change towards sustainability: a framework. Sustain. 10 (5), 1390. https://doi.
org/10.3390/su10051390.

Cannon, T., 1994. Vulnerability analysis and the explanation of “natural” disasters. In: Varley, A. (Ed.), Disasters, Development and Environment. John Wiley and
Sons, Chichester.

Caracol Radio, 2018. Aumenta La Amenaza De Sequia En Colombia. 10 August (accessed 29 May 2019). https://caracol.com.co/programa/2018/08/09/6am_hoy_
por_hoy/1533819120_719653.html/.

David, P.A., 1994. Why are institutions the “carriers of history”?: path dependence and the evolution of conventions, organizations and institutions. Struct. Chang.
Econ. Dyn. 5, 205-220. https://doi.org/10.1016/0954-349X(94)90002-7.

De Sy, V., Herold, M., Achard, F., Beuchle, R., Clevers, J.G.P.W., Lindquist, E., Verchot, L., 2015. Land use patterns and related carbon losses following deforestation in
South America. Environ. Res. Lett. 10. https://doi.org/10.1088/1748-9326,/10/12/124004.

Diario del Magdalena, Hoy, 2018. Gobierno Hace Llamado Para Consumo Racional De Energia Por Fenémeno De ‘El Nifio’ 21 December (accessed 29 May 2019).
http://www.hoydiariodelmagdalena.com.co/archivos/179864/.

DNP (Departamento Nacional de Planeacién), 2011. Consejo Nacional De Politica Econémica Y Social (CONPES) 3700. Estrategia Institucional para la Articulacién de
Politicas y Acciones en Materia de Cambio Climético en Colombia (accessed 26 December 2019). https://colaboracion.dnp.gov.co/CDT/Conpes/Econ%C3%
B3micos/3700.pdf.

DNP (Departamento Nacional de Planeacién), 2018. Consejo Nacional De Politica Econémica Y Social (CONPES) 3918. Estrategia para la implementacién de los
Objetivos de Desarrollo Sostenible (ODS) en Colombia (accessed 26 December 2019). https://colaboracion.dnp.gov.co/CDT/Conpes/Econ%C3%B3micos/3918.
pdf.

Driel, H., Schot, J., 2005. Radical innovation as a multilevel process: introducing floating grain elevators in the port of Rotterdam. Technol. Cult. 46, 51-76. https://
doi.org/10.1353/tech.2005.0011.

El Espectador, 2016. ¢Estd Enredado El Camino De Las Energias Renovables En Colombia? 20 July (accessed 27 May 2019). https://www.elespectador.com/noticias/
medio-ambiente/esta-enredado-el-camino-de-energias-renovables-colombia-articulo-644422/.

El Pais, 2016. Renuncié El Ministro De Minas Y Energia, Tomés Gonzélez, Ante Crisis Energética. 07 March (accessed 27 May 2019). https://www.elpais.com.co/
elpais/economia/noticias/presidente-santos-acepto-renuncia-tomas-gonzalez-ministro-minas/.

El Pais, 2019. Fenémeno Del Nifio Tiene a Colombia Entre Sequias E Incendios Forestales. 08 January (accessed 27 May 2019). https://www.elpais.com.co/
colombia/fenomeno-del-nino-tiene-a-colombia-entre-sequias-e-incendios-forestales.html/.

El Tiempo, 2016. El Pais Empieza a Pensar En Las Energias Alternativas. 08 May (accessed 27 May 2019). https://www.eltiempo.com/archivo/documento/CMS-
16586596/.

Ellison, D., Morris, C.E., Locatelli, B., Sheil, D., Cohen, J., Murdiyarso, D., Gutierrez, V., Noordwijk, Mvan, Creed, L.F., Pokorny, J., Gaveau, D., Spracklen, D.V.,
Tobella, A.B., Ilstedt, U., Teuling, A.J., Gebrehiwot, S.G., Sands, D.C., Muys, B., Verbist, B., Springgay, E., Sugandi, Y., Sullivan, C.A., 2017. Trees, forests and

13


https://doi.org/10.1016/j.techfore.2011.08.014
https://doi.org/10.1016/j.techfore.2011.08.014
https://doi.org/10.4236/ajcc.2017.61005
https://doi.org/10.4236/ajcc.2017.61005
https://doi.org/10.1016/j.landusepol.2014.06.026
https://doi.org/10.1175/2011JCLI4189.1
https://doi.org/10.1175/JCLI-D-12-00369.1
https://doi.org/10.1088/1748-9326/5/2/024002
https://doi.org/10.1088/1748-9326/5/2/024002
https://doi.org/10.1016/j.ijdrr.2016.05.005
https://doi.org/10.1016/S0959-3780(01)00025-5
https://doi.org/10.1080/09537320600777010
http://refhub.elsevier.com/S2210-4224(20)30066-6/sbref0050
http://refhub.elsevier.com/S2210-4224(20)30066-6/sbref0050
https://doi.org/10.1007/s11069-008-9319-2
https://doi.org/10.1038/s41586-018-0872-x
https://doi.org/10.1080/09537320600777002
https://doi.org/10.1080/09537320600777002
http://www.planalto.gov.br/ccivil_03/_Ato2011-2014/2012/Lei/L12727.htm/
https://doi.org/10.1080/0953732032000046024
https://doi.org/10.1080/0953732032000046024
https://doi.org/10.3390/su10051390
https://doi.org/10.3390/su10051390
http://refhub.elsevier.com/S2210-4224(20)30066-6/sbref0085
http://refhub.elsevier.com/S2210-4224(20)30066-6/sbref0085
https://caracol.com.co/programa/2018/08/09/6am_hoy_por_hoy/1533819120_719653.html/
https://caracol.com.co/programa/2018/08/09/6am_hoy_por_hoy/1533819120_719653.html/
https://doi.org/10.1016/0954-349X(94)90002-7
https://doi.org/10.1088/1748-9326/10/12/124004
http://www.hoydiariodelmagdalena.com.co/archivos/179864/
https://colaboracion.dnp.gov.co/CDT/Conpes/Econ%C3%B3micos/3700.pdf
https://colaboracion.dnp.gov.co/CDT/Conpes/Econ%C3%B3micos/3700.pdf
https://colaboracion.dnp.gov.co/CDT/Conpes/Econ%C3%B3micos/3918.pdf
https://colaboracion.dnp.gov.co/CDT/Conpes/Econ%C3%B3micos/3918.pdf
https://doi.org/10.1353/tech.2005.0011
https://doi.org/10.1353/tech.2005.0011
https://www.elespectador.com/noticias/medio-ambiente/esta-enredado-el-camino-de-energias-renovables-colombia-articulo-644422/
https://www.elespectador.com/noticias/medio-ambiente/esta-enredado-el-camino-de-energias-renovables-colombia-articulo-644422/
https://www.elpais.com.co/elpais/economia/noticias/presidente-santos-acepto-renuncia-tomas-gonzalez-ministro-minas/
https://www.elpais.com.co/elpais/economia/noticias/presidente-santos-acepto-renuncia-tomas-gonzalez-ministro-minas/
https://www.elpais.com.co/colombia/fenomeno-del-nino-tiene-a-colombia-entre-sequias-e-incendios-forestales.html/
https://www.elpais.com.co/colombia/fenomeno-del-nino-tiene-a-colombia-entre-sequias-e-incendios-forestales.html/
https://www.eltiempo.com/archivo/documento/CMS-16586596/
https://www.eltiempo.com/archivo/documento/CMS-16586596/

W. Weng, et al. Environmental Innovation and Societal Transitions 36 (2020) 1-16

water: cool insights for a hot world. Glob. Environ. Chang. 43, 51-61. https://doi.org/10.1016/j.gloenvcha.2017.01.002.

Erfanian, A., Wang, G., Fomenko, L., 2017. Unprecedented drought over tropical South America in 2016: significantly under-predicted by tropical SST. Sci. Rep. 7.
https://doi.org/10.1038/541598-017-05373-2.

FAO (Food and Agriculture Organization of the United Nations), 2015. GIEWS Country Brief: Brazil. 30 December, (accessed 29 May 2019).. http://www.fao.org/
giews/countrybrief/country.jsp?code =BRA/.

Geels, F.W., 2002. Technological transitions as evolutionary reconfiguration processes: a multi-level perspective and a case-study. Res. Policy 31, 1257-1274. https://
doi.org/10.1016/50048-7333(02)00062-8.

Geels, F.W., 2004. From sectoral systems of innovation to socio-technical systems: insights about dynamics and change from sociology and institutional theory. Res.
Policy 33, 897-920. https://doi.org/10.1016/j.respol.2004.01.015.

Geels, F.W., 2006. Multi-level perspective on system innovation: relevance for industrial transformation. In: Olsthoorn, X., Wieczorek, A. (Eds.), Understanding
Industrial Transformation. Environment & Policy, Vol 44. Springer, Dordrecht. https://doi.org/10.1007/1-4020-4418-6 9.

Geels, F.W., 2011. The multi-level perspective on sustainability transitions: responses to seven criticisms. Environ. Innov. Soc. Transitions. 1 (1), 24-40. https://doi.
org/10.1016/j.eist.2011.02.002.

Geels, F.W., Schot, J., 2007. Typology of sociotechnical transition pathways. Res. Policy 36, 399—417. https://doi.org/10.1016/j.respol.2007.01.003.

Geels, F.W., Smit, W.A., 2000. Failed technology futures: pitfalls and lessons from a historical survey. Futures 32, 867-885. https://doi.org/10.1016/50016-3287(00)
00036-7.

Geels, F.W., Verhees, B., 2011. Cultural legitimacy and framing struggles in innovation journeys: a cultural-performative perspective and a case study of Dutch nuclear
energy (1945-1986). Technol. Forecast. Soc. Change 78, 910-930. https://doi.org/10.1016/j.techfore.2010.12.004.

Geels, F.W., Kern, F., Fuchs, G., Hinderer, N., Kungl, G., Mylan, J., Neukirch, M., Wassermann, S., 2016. The enactment of socio-technical transition pathways: a
reformulated typology and a comparative multi-level analysis of the German and UK low-carbon electricity transitions (1990-2014). Res. Policy 45, 896-913.
https://doi.org/10.1016/j.respol.2016.01.015.

Gibbs, H.K., Munger, J., L'Roe, J., Barreto, P., Pereira, R., Christie, M., Amaral, T., Walker, N.F., 2015. Did ranchers and slaughterhouses respond to zero-deforestation
agreements in the brazilian amazon? Conserv. Lett. 9, 1. https://doi.org/10.1111/conl.12175.

Gibson, R.B., 2006. Sustainability assessment: basic components of a practical approach. Impact Assess. Proj. Apprais. 24, 170-182. https://doi.org/10.3152/
147154606781765147.

Hansen, M.C., Potapov, P.V., Moore, R., Hancher, M., Turubanova, S.A., Tyukavina, A., Thau, D., Stehman, S.V., Goetz, S.J., Loveland, T.R., Kommareddy, A., Egorov,
A., Chini, L., Justice, C.O., Townshend, J.R.G., 2013. High-resolution global maps of 21st-century forest cover change. Science 342, 850-853. https://doi.org/10.
1126/science.1244693. Data available on-line from: http://earthenginepartners.appspot.com/science-2013-global-forest.

Herrera-Estrada, J.E., Martinez, J.A., Dominguez, F., Findell, K.L., Wood, E.F., Sheffield, J., 2019. Reduced moisture transport linked to drought propagation across
North America. Geophys. Res. Lett. 46, 5243-5253. https://doi.org/10.1029/2019GL082475.

Holtz, G., Brugnach, M., Pahl-Wostl, C., 2008. Specifying “regime” - A framework for defining and describing regimes in transition research. Technol. Forecast. Soc.
Change 75, 623-643. https://doi.org/10.1016/j.techfore.2007.02.010.

Hooper, B., 2003. Integrated water resources management and river basin governance. Water Resour. 126, 12-20.

INDC (Intended nationally determined contributions) Colombia, 2015. https://www.ctc-n.org/sites/www.ctc-n.org/files/UNFCCC_docs/indc_colombia.pdf (accessed
26 December, 2019).

INPE (Instituto Nacional de Pesquisas Espaciais), 2019. Terrabrasilis Database. (accessed 29 May 2019). http://terrabrasilis.dpi.inpe.br/app/dashboard/
deforestation/biomes/amazon/increments/.

IOM (International Organization for Migration), 2010. Disaster Risk Reduction, Climate Change Adaptation and Environmental Migration: A Policy Perspective.
(accessed 29 May 2019). https://publications.iom.int/system/files/pdf/ddr_cca_report.pdf/.

IPCC, 2013. Climate change 2013: the physical science basis. In: Stocker, T.F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V.,
Midgley, P.M. (Eds.), Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University
Press, Cambridge, United Kingdom and New York, NY, USA, pp. 1535.

Jiménez-Muioz, J.C., Mattar, C., Barichivich, J., Santamaria-Artigas, A., Takahashi, K., Malhi, Y., Sobrino, J.A., Schrier, G., 2016. Record-breaking warming and
extreme drought in the Amazon rainforest during the course of El Nifio 2015-2016. Sci. Rep. 6, 33130. https://doi.org/10.1038/srep33130.

Kalamandeen, M., Gloor, E., Mitchard, E., Quincey, D., Ziv, G., Spracklen, D., Spracklen, B., Adami, M., Aragad, L.E.O.C., Galbraith, D., 2018. Pervasive rise of small-
scale deforestation in Amazonia. Sci. Rep. 8. https://doi.org/10.1038/541598-018-19358-2.

Kemp, R., Schot, J., Hoogma, R., 1998. Regime shifts to sustainability through processes of niche formation. Technol. Anal. Strateg. Manag. 10 (2), 175-198. https://
doi.org/10.1080/09537329808524310.

Keys, P.W., Barnes, E.A,, Ent, R.J., Gordon, L.J., 2014. Variability of Moisture Recycling Using a Precipitationshed Framework. Hydrol. Earth Syst. Sci. 18, 3937-3950.
https://doi.org/10.5194/hess-18-3937-2014.

Keys, P.W., Wang-Erlandsson, L., Gordon, L.J., Galaz, V., Ebbesson, J., 2017. Approaching moisture recycling governance. Glob. Environ. Chang. 45, 15-23. https://
doi.org/10.1016/j.gloenvcha.2017.04.007.

Kohler, J., Geels, F.W., Kern, F., Markard, J., Onsongo, E., Wieczorek, A., Alkemade, F., Avelino, F., Bergek, A., Boons, F., Fiinfschilling, L., Hess, D., Holtz, G., Hyysalo,
S., Jenkins, K., Kivimaa, P., Martiskainen, M., McMeekin, A., Miihlemeier, M.S., Nykvist, B., Pel, B., Raven, R., Rohracher, H., Sandén, B., Schot, J., Sovacool, B.,
Turnheim, B., Welch, D., Wells, P., 2019. An agenda for sustainability transitions research: State of the art and future directions. Environ. Innov. Soc. Transitions
31, 1-32. https://doi.org/10.1016/j.eist.2019.01.004.

Lambin, E., Geist, H., 2002. Proximate causes and underlying driving forces of tropical deforestation. Bioscience 52 (2), 143-150. https://doi.org/10.1641/0006-
3568(2002)052[0143:PCAUDF]2.0.CO;2.

Lapola, D.M., Schaldach, R., Alcamo, J., Bondeau, A., Koch, J., Koelking, C., Priess, J.A., 2010. Indirect land-use changes can overcome carbon savings from biofuels in
Brazil. Proc. Natl. Acad. Sci. U.S.A. 107, 3388-3393. https://doi.org/10.1073/pnas.0907318107.

Laurance, W.F., 2007. Switch to corn promotes amazon deforestation. Science 318, 1721b. https://doi.org/10.1126/science.318.5857.1721b.

Laurance, W.F., Cochrane, M.A., Bergen, S., Fearnside, P.M., Delamoénica, P., Barber, C., D’Angelo, S., Fernandes, T., 2001. The future of the brazilian amazon. Science
291 (5503), 438-439. https://doi.org/10.1126/science.291.5503.438.

Lee, J.E., Lintner, B.R., Boyce, C.K., Lawrence, P.J., 2011. Land use change exacerbates tropical South American drought by sea surface temperature variability.
Geophys. Res. Lett. 38. https://doi.org/10.1029/2011GL049066.

Lima, C.H.R., AghaKouchak, A., 2017. Droughts in Amazonia: spatiotemporal variability, teleconnections, and seasonal predictions. Water Resour. Res. 53,
10824-10840. https://doi.org/10.1002/2016WR020086.

Liu, J., Hull, V., Batistella, M., deFries, R., Dietz, T., Fu, F., Hertel, T.W., Cesar Izaurralde, R., Lambin, E.F., Li, S., Martinelli, L.A., McConnell, W.J., Moran, E.F., Naylor,
R., Ouyang, Z., Polenske, K.R., Reenberg, A., Rocha, G., de, M., Simmons, C.S., Verburg, P.H., Vitousek, P.M., Zhang, F., Zhu, C., 2013. Framing sustainability in a
telecoupled world. Ecol. Soc. 18. https://doi.org/10.5751/ES-05873-180226.

Marengo, J.A., Espinoza, J.C., 2016. Extreme seasonal droughts and floods in Amazonia: causes, trends and impacts. Int. J. Climatol. 36 (3), 1033-1050. https://doi.
org/10.1002/joc.4420.

Marengo, J.A., Tomasella, J., Alves, L.M., Soares, W.R., Rodriguez, D.A., 2011. The drought of 2010 in the context of historical droughts in the Amazon region.
Geophys. Res. Lett. 38. https://doi.org/10.1029/2011GL047436.

Marengo, J.A., Souza, C.M., Thonicke, K., Burton, C., Halladay, K., Betts, R.A., Alves, L.M., Soares, W.R., 2018. Changes in climate and land use over the Amazon
region: current and future variability and trends. Front. Earth Sci. 6. https://doi.org/10.3389/feart.2018.00228.

Markard, J., Truffer, B., 2008. Technological innovation systems and the multi-level perspective: towards an integrated framework. Res. Policy 37, 596-615. https://
doi.org/10.1016/j.respol.2008.01.004.

MinMinas (El Ministerio de Minas y Energia/Ministry of Mining and Energies), 2017. Decree 2253. 29 December (accessed 29 May 2019). https://www.minenergia.

14


https://doi.org/10.1016/j.gloenvcha.2017.01.002
https://doi.org/10.1038/s41598-017-05373-2
http://www.fao.org/giews/countrybrief/country.jsp?code=BRA/
http://www.fao.org/giews/countrybrief/country.jsp?code=BRA/
https://doi.org/10.1016/S0048-7333(02)00062-8
https://doi.org/10.1016/S0048-7333(02)00062-8
https://doi.org/10.1016/j.respol.2004.01.015
https://doi.org/10.1007/1-4020-4418-6_9
https://doi.org/10.1016/j.eist.2011.02.002
https://doi.org/10.1016/j.eist.2011.02.002
https://doi.org/10.1016/j.respol.2007.01.003
https://doi.org/10.1016/S0016-3287(00)00036-7
https://doi.org/10.1016/S0016-3287(00)00036-7
https://doi.org/10.1016/j.techfore.2010.12.004
https://doi.org/10.1016/j.respol.2016.01.015
https://doi.org/10.1111/conl.12175
https://doi.org/10.3152/147154606781765147
https://doi.org/10.3152/147154606781765147
https://doi.org/10.1126/science.1244693
https://doi.org/10.1126/science.1244693
https://doi.org/10.1029/2019GL082475
https://doi.org/10.1016/j.techfore.2007.02.010
http://refhub.elsevier.com/S2210-4224(20)30066-6/sbref0225
https://www.ctc-n.org/sites/www.ctc-n.org/files/UNFCCC_docs/indc_colombia.pdf
http://terrabrasilis.dpi.inpe.br/app/dashboard/deforestation/biomes/amazon/increments/
http://terrabrasilis.dpi.inpe.br/app/dashboard/deforestation/biomes/amazon/increments/
https://publications.iom.int/system/files/pdf/ddr_cca_report.pdf/
http://refhub.elsevier.com/S2210-4224(20)30066-6/sbref0245
http://refhub.elsevier.com/S2210-4224(20)30066-6/sbref0245
http://refhub.elsevier.com/S2210-4224(20)30066-6/sbref0245
https://doi.org/10.1038/srep33130
https://doi.org/10.1038/s41598-018-19358-2
https://doi.org/10.1080/09537329808524310
https://doi.org/10.1080/09537329808524310
https://doi.org/10.5194/hess-18-3937-2014
https://doi.org/10.1016/j.gloenvcha.2017.04.007
https://doi.org/10.1016/j.gloenvcha.2017.04.007
https://doi.org/10.1016/j.eist.2019.01.004
https://doi.org/10.1641/0006-3568(2002)052[0143:PCAUDF]2.0.CO;2
https://doi.org/10.1641/0006-3568(2002)052[0143:PCAUDF]2.0.CO;2
https://doi.org/10.1073/pnas.0907318107
https://doi.org/10.1126/science.318.5857.1721b
https://doi.org/10.1126/science.291.5503.438
https://doi.org/10.1029/2011GL049066
https://doi.org/10.1002/2016WR020086
https://doi.org/10.5751/ES-05873-180226
https://doi.org/10.1002/joc.4420
https://doi.org/10.1002/joc.4420
https://doi.org/10.1029/2011GL047436
https://doi.org/10.3389/feart.2018.00228
https://doi.org/10.1016/j.respol.2008.01.004
https://doi.org/10.1016/j.respol.2008.01.004
https://www.minenergia.gov.co/documents/10180/23517/47645-dec_2253_291217.pdf/

W. Weng, et al. Environmental Innovation and Societal Transitions 36 (2020) 1-16

gov.co/documents/10180/23517/47645-dec_2253_291217.pdf/.

MinMinas (El Ministerio de Minas y Energia/Ministry of Mining and Energies), 2018a. Decree 0570. 23 March (accessed 29 May 2019). https://www.minenergia.gov.
co/documents/10180/23517/47726-dec_0570_230318.pdf/.

MinMinas (El Ministerio de Minas y Energia/Ministry of Mining and Energies), 2018b. Gobierno Expide Decreto Que Diversifica Matriz De Generacién Con Renovables
Y La Contratacién a Largo Plazo Que Traerd Mejores Precios Para Los Usuarios. https://www.minenergia.gov.co/web/10180,/1332?idNoticia=23987055/ 26
March (accessed 27 May 2019). .

Mongabay, 2018. Hidroeléctricas En Colombia: Entre El Impacto Ambiental Y El Desarrollo. 06 June (accessed 26 December 2019). https://es.mongabay.com/2018/
06/hidroelectricas-colombia-hidroituango/.

Moore, N., Arima, E., Walker, R., Ramos da Silva, R., 2007. Uncertainty and the changing hydroclimatology of the Amazon. Geophys. Res. Lett. 34. https://doi.org/10.
1029/2007GL030157.

Nepstad, D.C., Stickler, C.M., Almeida, O.T., 2006. Globalization of the Amazon soy and beef industries: opportunities for conservation. Conserv. Biol. 20 (6),
1595-1603. https://doi.org/10.1111/§.1523-1739.2006.00510.x.

Nepstad, D., McGrath, D., Stickler, C., Alencar, A., Azevedo, A., Swette, B., Bezerra, T., DiGiano, M., Shimada, J., Da Motta, R.S., Armijo, E., Castello, L., Brando, P.,
Hansen, M.C., McGrath-Horn, M., Carvalho, O., Hess, L., 2014. Slowing Amazon deforestation through public policy and interventions in beef and soy supply
chains. Science 344 (6188), 1118-1123. https://doi.org/10.1126/science.1248525.

OCHA (UN Office for the Coordination of Humanitarian Affairs), 2016. Bolivia: Afectacién Y Riesgo Por Sequia. 01 June (accessed 29 May 2019). https://reliefweb.
int/sites/reliefweb.int/files/resources/Redhum-BO-Infografia_Sequia-20160602-AM-18551.pdf.

Oil Price, 2018. A Natural Gas Crisis Looms Over Colombia. 21 April (accessed 27 May 2019). https://oilprice.com/Energy/Natural-Gas/A-Natural-Gas-Crisis-Looms-
Over-Colombia.html/.

Pelling, M., Dill, K., 2010. Disaster politics: tipping points for change in the adaptation of sociopolitical regimes. Prog. Hum. Geogr. 34, 21-37. https://doi.org/10.
1177/0309132509105004.

Perkmann, M., Sum, N., 2002. Globalization, regionalization and cross-border regions: scales, discourses and governance. In: Perkmann, M., Sum, N. (Eds.),
Globalization, Regionalization, and Cross-Border Regions. Palgrave Macmillan, Basingstoke.

Portafolio, 2016. Se Acabé La Campaiia ‘Apagar Paga’ 25 April (accessed 27 May 2019). https://www.portafolio.co/economia/gobierno/finaliza-campana-apagar-
paga-494701/.

Portafolio, 2019. Fuentes Renovables Serian El 10% De La Matriz De Energia. 21 January (accessed 27 May 2019). https://www.portafolio.co/economia/fuentes-
renovables-serian-el-10-de-la-matriz-de-energia-525457/.

PV magazine, 2018. Colombia Launches First RE Auction. 2 August (accessed 27 May 2019). https://www.pv-magazine.com/2018/08/02/colombia-launches-first-
re-auction/.

Ramos-Mejia, M., Franco-Garcia, M.L., Jauregui-Becker, J.M., 2018. Sustainability transitions in the developing world: challenges of socio-technical transformations
unfolding in contexts of poverty. Environ. Sci. Policy 84, 217-223. https://doi.org/10.1016/j.envsci.2017.03.010.

Reptiblica de Colombia, 2018. Gobierno Nacional. Comuniquese Y Ctimplase, Ley 1931. (accessed 26 December 2019). https://www.funcionpublica.gov.co/eva/
gestornormativo/norma.php?i =87765.

Reptblica de Colombia, 2017. Gobierno Nacional. Comuniquese Y Ctimplase, Ley 1844. (accessed 26 December 2019). https://dapre.presidencia.gov.co/normativa/
normativa/LEY%201844%20DEL%2014%20DE%20JULIO%20DE%202017.pdf.

Reuters, 2019. Colombia Fails to Award Renewable Energy Projects Despite Appetite. 27 Feb (accessed 29 May 2019). https://www.reuters.com/article/us-colombia-
renewables/colombia-fails-to-award-renewable-energy-projects-despite-appetite-idUSKCN1QF2Z5/.

Rip, A., Kemp, R., 1998. Chapter 6 technological change. In: Rayner, S., Malone, E.L. (Eds.), Human Choice and Climate Change.Vol. II. Resources and Technology.
Battelle Press, Columbus, Ohio, pp. 327-399. https://ris.utwente.nl/ws/portalfiles/portal /5604260,/K356.pdf.

Rosenberg, N., 1976. On technological expectations. Econ. J. London (London) 86, 523-535. https://doi.org/10.2307/2230797.

Rotmans, J., Kemp, R., Van Asselt, M., 2001. More evolution than revolution: transition management in public policy. Foresight 3 (1), 15-31. https://doi.org/10.
1108/14636680110803003.

Schneider, R.O., 2013. 201. Emergency Management and Sustainability. Defining a Profession. Springfield. Il: Charles Thomas Publisher, Ltd.

Semana, 2012. El Video Que El Gobierno No Quiere Que Veamos. /253775-3/ 21 February (Accessed 26 December 2019). https://www.semana.com/nacion/
articulo/el-video-gobierno-no-quiere-veamos.

Sliggers, J., Kakebeeke, W., 2004. CLEARING THE AIR 25 Years of the Convention on Long-range Transboundary Air Pollution. United Nations, Geneva.

Smith, A., Raven, R., 2012. What is protective space? Reconsidering niches in transitions to sustainability. Res. Policy 41, 1025-1036. https://doi.org/10.1016/j.
respol.2011.12.012.

Smith, A., Stirling, A., Berkhout, F., 2005. The governance of sustainable socio-technical transitions. Res. Policy 34, 1491-1510. https://doi.org/10.1016/j.respol.
2005.07.005.

Soares-Filho, B., Rajdo, R., Macedo, M., Carneiro, A., Costa, W., Coe, M., Rodrigues, H., Alencar, A., 2014. Cracking Brazil’s forest code. Science 344, 363-364. https://
doi.org/10.1126/science.1246663.

Soares-Filho, B., Rajdo, R., Merry, F., Rodrigues, H., Davis, J., Lima, L., Macedo, M., Coe, M., Carneiro, A., Santiago, L., 2016. Brazil’s market for trading forest
certificates. PLoS One 11 (6), e0157203. https://doi.org/10.1371/journal.pone.0152311.

Suarez, F.F., Oliva, R., 2005. Environmental change and organizational transformation. Ind. Corp. Chang. 14, 1017-1041. https://doi.org/10.1093/icc/dth078.

The Bogota Post, 2016. Weathering the Drought. 12 April (accessed 27 May 2019). https://thebogotapost.com/weathering-the-drought/13782/.

Thelen, K., 2014. How institutions evolve: insights from comparative historical analysis. In: Mahoney, J., Rueschemeyer, D. (Eds.), Comparative Historical Analysis in
the Social Sciences. Cambridge University Press, pp. 208-240. https://doi.org/10.1017/CB09780511803963.007.

Thomalla, F., Downing, T., Spanger-Siegfried, E., Han, G., Rockstrom, J., 2006. Reducing hazard vulnerability: towards a common approach between disaster risk
reduction and climate adaptation. Disasters 30, 39-48. https://doi.org/10.1111/j.1467-9523.2006.00305.x.

Turnheim, B., Geels, F., Nykvist, B., McMeekin, A., van Vuuren, D., Berkhout, F., Hof, A., 2015. Evaluating sustainability transitions pathways: bridging analytical
approaches to address governance challenges. Glob. Environ. Chang. 35, 239-253. https://doi.org/10.1016/j.gloenvcha.2015.08.010.

Umwelt Bundesamt, 2018. Implementation of Nationally Determined Contributions Colombia Country Report. (accessed 27 May 2019). https://www.
umweltbundesamt.de/sites/default/files/medien/1410/publikationen/2018-11-01_climate-change_25-2018_country-report-colombia.pdf/.

UN (United Nations), 2004. Living With Risk: a Global Review of Disaster Risk Reduction Initiatives (2004 Version — Volume II Annexes). (accessed 29 May 2019).
https://www.unisdr.org/files/657 lwr21.pdf.

UNAI (The United Nations Academic Impact), 2019. Sustainability Hub. (accessed 29 May 2019). https://academicimpact.un.org/content/sustainability.

UNCCD (United Nations Convention to Combat Desertification), 2017. United Nations Convention to Combat Desertification (UNCCD) Santa Cruz De La Sierra
Drought Conf. Declaration (Santa Cruz De La Sierra). (accessed 29 May 2019). http://www2.unccd.int/latin-america-and-caribbean-regional-drought-
conference/.

UNCTAD (United Nations Conference on Trade and Development), 2002. Managing the Environment Across Borders. (accessed 27 December 2019). https://unctad.
org/en/Docs/iteipcmisc12_en.pdf/.

UNECE (United Nations Economic Commission for Europe), 1979. Geneva Convention on Long-range Transboundary Air Pollution. (accessed 29 May 2019). http://
www.unece.org/fileadmin//DAM/env/Irtap/full%20text/1979.CLRTAP.e.pdf/.

UNFCCC (United Nations Framework Convention on Climate Change), 2015. Paris Agreement. (accessed 27 May 2019). https://unfccc.int/files/meetings/paris_nov_
2015/application/pdf/paris_agreement _english_.pdf/.

UNFCCC (United Nations Framework Convention on Climate Change), 2016. Aggregate Effect of the Intended Nationally Determined Contributions: an update/
Synthesis Report by the Secretariat. (accessed 29 May 2019). https://unfccc.int/sites/default/files/resource/docs/2016/cop22/eng/02.pdf/.

UNGRD (Unidad Nacional para la Gestién del Riesgo de Desastres, Gobierno de Colombia), 2016a. Gobierno Nacional Mantiene Llamado Al Ahorro Del Agua. 01 June,

15


https://www.minenergia.gov.co/documents/10180/23517/47645-dec_2253_291217.pdf/
https://www.minenergia.gov.co/documents/10180/23517/47726-dec_0570_230318.pdf/
https://www.minenergia.gov.co/documents/10180/23517/47726-dec_0570_230318.pdf/
https://www.minenergia.gov.co/web/10180/1332?idNoticia=23987055/
https://es.mongabay.com/2018/06/hidroelectricas-colombia-hidroituango/
https://es.mongabay.com/2018/06/hidroelectricas-colombia-hidroituango/
https://doi.org/10.1029/2007GL030157
https://doi.org/10.1029/2007GL030157
https://doi.org/10.1111/j.1523-1739.2006.00510.x
https://doi.org/10.1126/science.1248525
https://reliefweb.int/sites/reliefweb.int/files/resources/Redhum-BO-Infografia_Sequia-20160602-AM-18551.pdf
https://reliefweb.int/sites/reliefweb.int/files/resources/Redhum-BO-Infografia_Sequia-20160602-AM-18551.pdf
https://oilprice.com/Energy/Natural-Gas/A-Natural-Gas-Crisis-Looms-Over-Colombia.html/
https://oilprice.com/Energy/Natural-Gas/A-Natural-Gas-Crisis-Looms-Over-Colombia.html/
https://doi.org/10.1177/0309132509105004
https://doi.org/10.1177/0309132509105004
http://refhub.elsevier.com/S2210-4224(20)30066-6/sbref0385
http://refhub.elsevier.com/S2210-4224(20)30066-6/sbref0385
https://www.portafolio.co/economia/gobierno/finaliza-campana-apagar-paga-494701/
https://www.portafolio.co/economia/gobierno/finaliza-campana-apagar-paga-494701/
https://www.portafolio.co/economia/fuentes-renovables-serian-el-10-de-la-matriz-de-energia-525457/
https://www.portafolio.co/economia/fuentes-renovables-serian-el-10-de-la-matriz-de-energia-525457/
https://www.pv-magazine.com/2018/08/02/colombia-launches-first-re-auction/
https://www.pv-magazine.com/2018/08/02/colombia-launches-first-re-auction/
https://doi.org/10.1016/j.envsci.2017.03.010
https://www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=87765
https://www.funcionpublica.gov.co/eva/gestornormativo/norma.php?i=87765
https://dapre.presidencia.gov.co/normativa/normativa/LEY%201844%20DEL%2014%20DE%20JULIO%20DE%202017.pdf
https://dapre.presidencia.gov.co/normativa/normativa/LEY%201844%20DEL%2014%20DE%20JULIO%20DE%202017.pdf
https://www.reuters.com/article/us-colombia-renewables/colombia-fails-to-award-renewable-energy-projects-despite-appetite-idUSKCN1QF2Z5/
https://www.reuters.com/article/us-colombia-renewables/colombia-fails-to-award-renewable-energy-projects-despite-appetite-idUSKCN1QF2Z5/
https://ris.utwente.nl/ws/portalfiles/portal/5604260/K356.pdf
https://doi.org/10.2307/2230797
https://doi.org/10.1108/14636680110803003
https://doi.org/10.1108/14636680110803003
http://refhub.elsevier.com/S2210-4224(20)30066-6/sbref0440
https://www.semana.com/nacion/articulo/el-video-gobierno-no-quiere-veamos
https://www.semana.com/nacion/articulo/el-video-gobierno-no-quiere-veamos
http://refhub.elsevier.com/S2210-4224(20)30066-6/sbref0450
https://doi.org/10.1016/j.respol.2011.12.012
https://doi.org/10.1016/j.respol.2011.12.012
https://doi.org/10.1016/j.respol.2005.07.005
https://doi.org/10.1016/j.respol.2005.07.005
https://doi.org/10.1126/science.1246663
https://doi.org/10.1126/science.1246663
https://doi.org/10.1371/journal.pone.0152311
https://doi.org/10.1093/icc/dth078
https://thebogotapost.com/weathering-the-drought/13782/
https://doi.org/10.1017/CBO9780511803963.007
https://doi.org/10.1111/j.1467-9523.2006.00305.x
https://doi.org/10.1016/j.gloenvcha.2015.08.010
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/2018-11-01_climate-change_25-2018_country-report-colombia.pdf/
https://www.umweltbundesamt.de/sites/default/files/medien/1410/publikationen/2018-11-01_climate-change_25-2018_country-report-colombia.pdf/
https://www.unisdr.org/files/657_lwr21.pdf
https://academicimpact.un.org/content/sustainability
http://www2.unccd.int/latin-america-and-caribbean-regional-drought-conference/
http://www2.unccd.int/latin-america-and-caribbean-regional-drought-conference/
https://unctad.org/en/Docs/iteipcmisc12_en.pdf/
https://unctad.org/en/Docs/iteipcmisc12_en.pdf/
http://www.unece.org/fileadmin//DAM/env/lrtap/full%20text/1979.CLRTAP.e.pdf/
http://www.unece.org/fileadmin//DAM/env/lrtap/full%20text/1979.CLRTAP.e.pdf/
https://unfccc.int/files/meetings/paris_nov_2015/application/pdf/paris_agreement_english_.pdf/
https://unfccc.int/files/meetings/paris_nov_2015/application/pdf/paris_agreement_english_.pdf/
https://unfccc.int/sites/default/files/resource/docs/2016/cop22/eng/02.pdf/

W. Weng, et al. Environmental Innovation and Societal Transitions 36 (2020) 1-16

(accessed 29 May 2019). http://portal.gestiondelriesgo.gov.co/Paginas/Noticias/2016/Gobierno-nacional-mantiene-llamado-al-ahorro-del-agua.aspx/.

UNGRD (Unidad Nacional para la Gestién del Riesgo de Desastres, Gobierno de Colombia), 2016b. Tras 15 Meses Se Da Por Terminada La Temporada Seca En
Colombia. 6 June (accessed 27 May 2019). http://portal.gestiondelriesgo.gov.co/Paginas/Noticias/2016/Tras-15-meses-se-da-por-terminada-la-Temporada-
Seca-en-Colombia.aspx/.

UNGRD(Unidad Nacional para la Gestién del Riesgo de Desastres, Gobierno de Colombia), 2015. Plan Nacional De Gestién Del Riesgo De Desastres 2015-2025.
(accessed 26 December 2019). http://portal.gestiondelriesgo.gov.co/Documents/PNGRD-2015-2025-Version-Preliminar.pdf.

UPME (Unidad de Planeacién Minero Energética/Unit for Mining and Energy Planning, Government of Colombia), 2015. Informe Mensual De Variables De Generacién
Y Del Mercado Eléctrico Colombiano. (accessed 27 May 2019). http://www.siel.gov.co/portals/0/generacion/2015/Seguimiento_Variables_Junio_2015.pdf.

UPME (Unidad de Planeacién Minero Energética/Unit for Mining and Energy Planning, Government of Colombia), 2019. Publicacién De Resultados De La Subasta
CLPE. (accessed 25 Dec 2019). http://wwwl.upme.gov.co/Normatividad/Circular_046_2019.pdf.

Van Der Ent, R.J., Wang-Erlandsson, L., Keys, P.W., Savenije, H.H.G., 2014. Contrasting roles of interception and transpiration in the hydrological cycle-part 2:
moisture recycling. Earth Syst. Dyn. 5, 471-489. https://doi.org/10.5194/esd-5-471-2014.

Verbong, G.P.J., Geels, F.W., 2007. The ongoing energy transition: lessons from a socio-technical, multi-level analysis of the Dutch electricity system (1960-2004).
Energy Policy 35, 1025-1037. https://doi.org/10.1016/j.enpol.2006.02.010.

Verbong, G.P.J., Geels, F.W., 2010. Exploring sustainability transitions in the electricity sector with socio-technical pathways. Technol. Forecast. Soc. Change 77,
1214-1221. https://doi.org/10.1016/j.techfore.2010.04.008.

Weng, W., Luedeke, M.K.B., Zemp, D.C., Lakes, T., Kropp, J.P., 2018. Aerial and surface rivers: downwind impacts on water availability from land use changes in
Amazonia. Hydrol. Earth Syst. Sci. 22, 911-927. https://doi.org/10.5194/hess-22-911-2018.

Weng, W., Costa, L., Liideke, M.K.B., Zemp, D.C., 2019. Aerial river management by smart cross-border reforestation. Land Use Policy 84, 105-113. https://doi.org/10.
1016/J.LANDUSEPOL.2019.03.010.

WEFP (World Food Programme), 2016. El Nifio in Latin America and the Caribbean External Situation Report #1. 30 May, (accessed 27 May 2019). https://reliefweb.
int/sites/reliefweb.int/files/resources/WFP%20E1%20Nin0%20in%20Latin%20America%20and%20the%20Caribbean%20External%20Situation%20Report
%20%231%2030%20May%202016_0.pdf/.

Wradio, 2019. MinMinas Aseguré Que Estd Listo Para Proveer Energia Confiable Durante El Nifio. 06 February (accessed 29 May 2019). https://www.wradio.com.co/
noticias/actualidad/minminas-aseguro-que-esta-listo-para-proveer-energia-confiable-durante-el-nino/20190206/nota/3860524.aspx/.

16


http://portal.gestiondelriesgo.gov.co/Paginas/Noticias/2016/Gobierno-nacional-mantiene-llamado-al-ahorro-del-agua.aspx/
http://portal.gestiondelriesgo.gov.co/Paginas/Noticias/2016/Tras-15-meses-se-da-por-terminada-la-Temporada-Seca-en-Colombia.aspx/
http://portal.gestiondelriesgo.gov.co/Paginas/Noticias/2016/Tras-15-meses-se-da-por-terminada-la-Temporada-Seca-en-Colombia.aspx/
http://portal.gestiondelriesgo.gov.co/Documents/PNGRD-2015-2025-Version-Preliminar.pdf
http://www.siel.gov.co/portals/0/generacion/2015/Seguimiento_Variables_Junio_2015.pdf
http://www1.upme.gov.co/Normatividad/Circular_046_2019.pdf
https://doi.org/10.5194/esd-5-471-2014
https://doi.org/10.1016/j.enpol.2006.02.010
https://doi.org/10.1016/j.techfore.2010.04.008
https://doi.org/10.5194/hess-22-911-2018
https://doi.org/10.1016/J.LANDUSEPOL.2019.03.010
https://doi.org/10.1016/J.LANDUSEPOL.2019.03.010
https://reliefweb.int/sites/reliefweb.int/files/resources/WFP%20El%20Nino%20in%20Latin%20America%20and%20the%20Caribbean%20External%20Situation%20Report%20%231%2030%20May%202016_0.pdf/
https://reliefweb.int/sites/reliefweb.int/files/resources/WFP%20El%20Nino%20in%20Latin%20America%20and%20the%20Caribbean%20External%20Situation%20Report%20%231%2030%20May%202016_0.pdf/
https://reliefweb.int/sites/reliefweb.int/files/resources/WFP%20El%20Nino%20in%20Latin%20America%20and%20the%20Caribbean%20External%20Situation%20Report%20%231%2030%20May%202016_0.pdf/
https://www.wradio.com.co/noticias/actualidad/minminas-aseguro-que-esta-listo-para-proveer-energia-confiable-durante-el-nino/20190206/nota/3860524.aspx/
https://www.wradio.com.co/noticias/actualidad/minminas-aseguro-que-esta-listo-para-proveer-energia-confiable-durante-el-nino/20190206/nota/3860524.aspx/

	Landscape matters: Insights from the impact of mega-droughts on Colombia&#x00027;s energy transition
	Introduction
	Tracking trajectories of transition under landscape development
	Study event: the 2015&#x02212;2016&#x0202F;mega-drought
	Analysis outcome: energy transition process in Colombia along with the developing drought landscape
	Landscape development beyond known typology-predictive shock
	Institutional interplay under landscape development

	Contribution of regime shifts
	Tracing regime influences on drought landscape developments
	Remote regime influencing Colombian energy transition
	Source regime shapes connected landscapes
	Conceptualization of remote regime influence


	General discussion
	Limitations and uncertainties
	Repercussions for approaching a sustainable power mix in Colombia
	Theoretical insights
	Pre-drought landscape shock
	Uninformed decisions away from sustainability: remote regime influences
	Power of the regime influence


	Conclusion and outlook
	Declarations of Competing Interest
	Acknowledgements
	References




