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Chapter 1: Motivation 

1.1. Natural Hazards and Hydrological Extreme Events 

Communities around the world are exposed to natural hazards, such as earthquakes, floods, 

tornadoes, volcanic eruptions, droughts, hurricanes, and storms (Kundzewicz and Kaczmare, 

2000; Wang et al., 2021; Zhang and Najafi, 2020). Amongst all, hydrologic extremes (i.e., floods 

and droughts) occur globally and more frequently compared to others, as their occurrence is not 

confined to a specific geographical location (Van Loon, 2013), which makes societies more 

prone to these impactful events.     

Flooding is natural and essential to a healthy environment, but severe events can cause human 

hardship and economic loss (Ribeiro et al., 2014). The vulnerability of properties and societies in 

flood-prone areas have increased in the last decades due to population growth and urbanization 

(Yazdi et al., 2013; Elshorbagy et al., 2017). Despite significant efforts at the local, national, and 

global levels to reduce the negative impacts from natural hazards, flood induced costs and losses 

have been increasing in recent decades globally, and floods remain the most destructive and 

frequent natural hazards in the world (Bubeck et al., 2016).  

Although a unique definition of drought does not exist due to the existence of several drought 

types, droughts are generally defined as 'prolonged absence or marked deficiency of 

precipitation', a 'deficiency of precipitation that results in water shortage for some activity or for 

some group' or a 'period of abnormally dry weather sufficiently prolonged for the lack of 

precipitation to cause a serious hydrological imbalance' (Trenberth et al., 2013). Also referred to 

as ‘the creeping disaster’ (Mishra and Singh, 2010) due to larger spatial and temporal coverage, 

droughts can cover extensive areas and last for months to years, with devastating impacts on the 
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environment and society (Van Loon, 2013). Moreover, the 5th assessment report of the 

Intergovernmental Panel on Climate Change has reported an increase in the observed trends of 

droughts in many regions globally since the mid-20th century (2014). 

1.2. Impacts of Climate Change on Hydrological Extremes  

There is clear and growing evidence that climate change likely increases the frequency and 

intensity of hydrologic extremes (He, 2019; Hirabayashi et al., 2013; Herring et al., 2015). 

Changes in the spatial and temporal patterns of hydrological factors have been attributed to 

climate change in many regions including the Pacific Northwest (Najafi et al., 2017a&b). Higher 

temperatures have the potential to intensify and accelerate the hydrological cycle. Previous 

studies have shown that flood risk is projected to increase if the global warming continues. 

Warming results in increased concentrations of atmospheric moisture due to increasing 

evaporation and transpiration, which is expected to lead to an increase in extreme precipitation if 

other conditions, such as atmospheric circulation, do not change. Moreover, the Clausius-

Clapeyron relation indicates that as the air warms, its water holding capacity increases by about 

7% °C−1 (Skliris et al., 2016). Therefore, failure to limit the global warming could lead to more 

extreme rainfall events due to the increased atmospheric moisture content and extended water 

holding capacity of the atmosphere (Garcia et al., 2022; He et al., 2020; Bush and Lemmen, 

2019). At the same time, the rising global temperature could increased evapotranspiration, which 

in return could lead to more frequent drought occurrences if the moisture deficits from increased 

evapotranspiration are not offset by the precipitation increases (He et al., 2020; Bush and 

Lemmen, 2019). 
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1.3. Compound Weather and Climatic Extremes 

Natural hazards can overwhelm the capacity of human and infrastructure systems to cope, which 

in turn create societal or ecological impacts. Weather- and climate-related extreme events arise 

from complex interactions between various physical processes across multiple spatial and 

temporal scales (Zscheischler et al., 2020). When multiple hazards and/or drivers (i.e., climatic 

processes) combine, their impacts are often amplified compared to individual hazard occurrences  

(Bevacqua et al., 2021). Such combinations/interactions are referred to as compound weather and 

climatic extremes and are defined as ‘a combination of multiple drivers and/or hazards that 

contributes to societal or environmental risk’ (Zscheischler et al., 2018). The research of 

compound extreme events has been evolved into an interdisciplinary matter at the interface of 

climate science, climate-impact research, engineering, and statistics. 

In a recently proposed typology, Zscheischler et al. (2020) categorize compound extreme events 

as: a) preconditioned events, whereby one or more hazards can exacerbate the impact(s) of a pre-

existing climate-driven hazard; b) multivariate event, which refers to the cooccurrence of 

multiple climate drivers and/or hazards in the same geographical region, causing an impact; c) 

temporally compounding events, that is a succession of hazards that affect a given geographical 

region, leading to an (amplified) impact; and d) spatially compounding events, that occur when 

multiple connected locations are affected by the same or different hazards within a limited time 

window. It should be noted that there are soft boundaries between the categories of this typology, 

since a compound extreme event might be classified into multiple of these categories due to the 

complexity of compound hazards.   
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1.4. Compound Hydroclimatic Events 

Recently, an upsurge in the occurrence of hydrometeorological extremes and their temporal 

swings is observed in several regions around the world. Such transitions to the contrasting 

extremes such as the drought to flood in California (2016 – 17) (Swain et al., 2018; Wang et al., 

2017), and the United Kingdom (2012) or the flood to drought in the upper Mississippi River 

basin (2011 – 12), and Kentucky, Ohio, Indiana, and Illinois in 2019 (Ford et al., 2021) has 

raised concerns about the increasing variability and rapid transitions between hydrological 

extremes and their associated compounding economic and environmental impacts. In this study, 

Compound Hydroclimatic Events (CHCH) are defined as the temporal transition between flood 

and drought or wet and dry spells, in a relatively short period (within 6 months). The compound 

hydroclimatic events can be identified as compound extreme events and be categized as 

preconditioned events (type a), temporally compounding (type b), or spatially compounding 

(type d) based on the aforementioned typology (Zscheischler et al., 2020). The CHCEs can 

undermine the safety and functionality of communities and infrastructure systems due to 

amplified impacts. For instance, flood to drought events can reduce the reliability of water 

resources (Ford et al., 2021), while drought to flood occurrence can make fragilities in reservoir 

operations with potential catastrophic outcome (Garcia et al., 2022). Therefore, it is important to 

understand the characteristics of such impactful compound extremes (the CHCEs), including 

their spatiotemporal frequency, transition time, magnitude, and seasonality in a changing 

climate.  
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1.5. Research Gaps  

To date, most of the studies on floods and droughts have treated the two extremes separately. 

Therefore, the problematic transitions between the two extremes have been overlooked in the 

scientific literature. Moreover, no studies to date have proposed a systematic framework to 

investigate the CHCEs. Therefore, these compound events have been referred to using several 

terminologies such as rapid drought cessation (Maxwell et al., 2017), extreme precipitation 

reversals (Marston and Ellis, 2018), precipitation whiplash (Swain et al., 2018), drought to 

deluge (Hoover et al., 2022) amongst others. Most studies undertaken until now have focused on 

meteorological extremes using the precipitation data, whereas the impacts of floods and droughts 

are exerted through the streamflow. Thus, characterising CHCEs based on streamflow records 

have been overlooked. In addition, there has not been any attempts to quantify the severity and 

non-stationarity of the compound hydrological events (CHEs). Understanding the CHCEs 

require an understanding of the drivers and processes of both floods and droughts, in addition to 

how their likelihoods interact (Leonard et al., 2014). However, all studies to date have solely 

focused on one type of floods and droughts. Therefore, no study is available to date (to author’s 

knowledge) that have considered both the compound climatic events (CCEs) (as potential drivers 

for hydrological floods and droughts) and compound hydrologic events (CHEs) by utilizing 

multiple climatic and hydrological variables to characterise such compound events.   

Despite many instances of the CHCEs being reported globally (see Parry (2019) for an 

exhaustive list of the recorded events), most of the studies have investigated these events in the 

U.S. and China. Although several CHCEs with proximity to Canada have occurred through the 

U.S., the occurrence of such compound events in Canada has not been investigated. Given the 

expected intensification of the hydroclimatic extremes under global warming and the fact that 
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Canada is warming three times faster the average global warming rate (Bush and Lemmen, 

2019), it is important to explore the changing behaviour of these compound events in Canada. In 

addition, conducting such investigation on a watershed scale can provide invaluable high-

resolution insights about the regional impacts of CHCEs under climate change, valuable to a 

wide range of decision makers.  

1.6. Research Objectives 

In this study, we aim to characterise the CHCEs on a watershed scale and project their spatial 

and temporal changes in the future under climate change. Streamflow alterations can impact a 

wide range of sectors and activities such as water supply and engineering design. However, the 

extreme streamflow conditions (i.e., hydrologic floods and droughts) are propagation of extreme 

meteorological events. Thus, the first objective of this study is to better understand the climatic 

processes of CHCEs by characterising the compound climatic events (CCEs) under climate 

change. To do so, downscaled bias-corrected simulation of an ensemble of Global Climate 

Models (GCMs) consisting of 12 model-scenarios and the outputs of Variable Infiltration 

Capacity (VIC) hydrologic model forced with the downscaled and bias corrected ensemble of 

GCMs are used to project the current and future state of climate. Our second objective is to 

characterise the CHEs under global warming. To this end, high resolution streamflow 

simulations of VIC hydrologic model forced with the ensemble of climate models is used to 

assess how different characteristics of such compound hydrological extremes are projected to 

vary temporally and spatially if global warming is not limited. 

1.7. Research Questions 

To achieve our objectives of this study, we particularly will answer the following questions: 
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• How often do CHCEs occur at different global warming levels? 

• How long does it take for the flood and drought of a CHCE to swing (transition time) at 

different global warming levels? 

• Bearing in mind the projected intensification of the global hydrological cycle in a 

warming climate, would the study area experience successions of more severe 

hydroclimatic extremes? If so, to what extent are such CHCEs expected to intensify? 

• How does the seasonality of CHCEs change in a warming world? 

This thesis aims to answer to the raised research questions by showing the overall patterns of the 

future projections of the questioned characteristic of a given CHCE type (CCE and CHE). The 

future spatial hotspots for the given characteristic are also illustrated.  

1.8. Thesis Outline 

To accomplish the research objectives and address the research questions raised above, a 

thorough literature review on floods, droughts, and compound events including compound 

hydroclimatic events studies is presented in chapter 2. The study area and the datasets used are 

introduced in chapter 3 followed by a description of the applied methodology. The results are 

presented in the first section and discussed in the second section of chapter 4. The thesis 

conclusions as well as recommendation for future work are noted in chapter 5.    
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Chapter 2: Literature Review 

2.1. Flooding 

2.1.1. Flooding and Drivers 

Floods are the most frequent natural hazard in Canada and worldwide, affecting many 

communities on a regular basis. Floods occur fast and could happen at any time of the year, often 

having clearly visible, and dramatic social, economic, and environmental consequences. 

Therefore, they have received more attention by the media and scientific literature compared to 

other natural hazards (Van Loon, 2013). Several processes generate flooding in Canada, many of 

which may be changed by variations in climate. Flooding in Canada is primarily caused by 

hydrometeorological conditions such as excess snowmelt runoff, rain on snow, rain, and ice-jams 

(Burn et al., 2016; Pietroniro et al., 2004) or more rarely, by the failure of man-made dams like 

the Mount Polley mine tailings spill in 2014 (Byrne et al., 2018). For instance, increased rainfall 

intensity is likely to cause increases in floods for pluvial regimes; however, investigating the 

flood generating processes can sometimes be quite challenging for more complex types of 

flooding such as rain-on-snow (Whitfield, 2012).  

2.1.2 Examples of Historical Floods Events 

Numerous instances of floods have occurred globally generated through different mechanism 

and exerting catastrophic costs. One of the deadliest floods in the history of human beings is the 

China’s flood of 1937 that occurred on the back of a 2-years long drought and estimated to have 

had 1-4 million fatalities (Shukla, 2020).  
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Canadian communities have experienced 287 major flood events from 1900 to 2012 (Nastev and 

Todorov, 2013) countrywide. The frequency of floods has increased within this time window, 

with 80% of these events recorded after 1970 (Lebre, 2021). Moreover, the flood events have 

intensified in recent years as seen in the increases of flood insured costs in recent years reported 

by insurance/reinsurance companies (Munich RE, 2017). Historically, severe floods have hit 

Canada. For example, the costliest flood in Canada’s history is the rain-on-snow induced flood 

that originated in the Canadian Rockies in 2013, which was associated with the onset of the rainy 

season coincided with persistent summer snowpack at alpine elevations (Teufel et al., 2016). As 

the event progressed, the precipitation regime switched to snow, leading to fresh snow 

accumulation on the warm mountains that subsequently contributed to snow melt and aggravated 

the flooding (Pomeroy et al., 2016).  

Recently, an extreme two-day precipitation occurred in British Columbia (B.C.) on November 

14th and 15th 2021, which was caused by an atmospheric river (AR) event and led to massive 

flooding in southwestern B.C. As the province’s costliest recorded event, the flooding caused at 

least five fatalities, several landslides, wash-outs, and bridge collapses that closed all the 

highways, pipelines and rail lines, disconnecting Vancouver and southwestern B.C. with the rest 

of Canada for several days (Gillet et al., 2022). The estimated streamflow maxima exceeded one 

in a hundred-year events in several basins in the B.C. region since the antecedent wet condition 

preceding this AR event exacerbated the streamflow. Moreover, the rising temperatures during 

the event led to significant snowmelt and added to the runoff. Although the Insurance Bureau of 

Canada (2021) has estimated the damages to be as much as 450 million Canadian dollars, it is 

believed that the reported losses underestimate the actual costs as many households did not have 

insurance coverage. Details of the states of multiple hydrological processes (streamflow, 
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snowmelt, the antecedent conditions) during this flooding event and its costly impacts is well 

documented in Gillet et al. (2022).  

2.1.3. Previous Research Related to Floods  

Previously, the changing behaviour of future floods around the world have been assessed by 

several studies. The global scale assessment of Hirabayashi et al. (2013) shows growing risk of 

future floods due to increasing exposure. Considering flood risk and climate change, 

Kundzewicz et al. (2014) reported increasing economic losses from floods, while the authors 

were not able to attribute peak streamflow trends to increased rainfall intensity. Whitfield (2012) 

suggests that while warming of the atmosphere would intensify the hydrologic cycle, the variety 

and complexity of flood generating mechanisms make broad generalizations about future floods 

unwise. 

Floods make up the largest social and economic losses of any climate-related phenomenon in 

Canada (Nastev & Todorov, 2013). Thus, changes in the observed floodings in Canada have 

been investigated in many studies. Using partial duration series (PDS), Caissie and El-Jabi 

(1993) analysed 237 stations from across Canada to provide a better description of floods. The 

study of trends in timing and magnitude of seasonal floods conducted by Cunderlik and Ouarda 

(2009) reveals statistically significant earlier occurrence of snowmelt floods, increased frequency 

of fall floods in some watersheds, and decreasing snowmelt peaks in some stations. Using a total 

of 280 gauging stations across Canada, Burn and Whitfield (2016) analyzed the changes in 

floods and flood regimes in the country. Although the nature and strength of changes vary for 

different flood-generating mechanisms, decreasing flood magnitude in nival catchments, 

increasing flood magnitude in pluvial catchments were reported by the authors. Furthermore, 
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pluvial flood-generation processes might have had increasing importance in mixed-regime 

catchments while snowmelt events have decreasing importance.  

On the other hand, the future characteristics of flood events in Canada have been also 

investigated. Although countrywide studies are rare, there a several studies investigating the 

surface runoff changes on a regional scale. Future projections indicate an increase in annual flow 

in northwestern Canada including the Mackenzie and Yukon River basins, mainly due to the 

higher precipitation amounts projected at higher latitudes (Poitras et al., 2011; Thorne, 2011). 

Moreover, shifts in the timing of the maximum streamflow to winter, earlier freshet onset and 

higher runoff in spring, and reduced summer runoff in the Peace and Columbia basins in B.C. is 

projected for the 2050s (Schnorbus et al., 2014).  

2.2. Droughts 

2.2.1. Droughts and Drivers 

Drought is a complex phenomenon; therefore, it is defined in many ways. Although a universal 

definition and single indicator for drought does not exist, mainly due to the existence of different 

drought types, drought is commonly defined as “a sustained period of below-normal water 

availability that is a recurring and worldwide phenomenon, with spatial and temporal 

characteristics that vary significantly from one region to another” (Tallasken and Van Lanen, 

2004). Drought is a major natural disaster with severe and often long-lasting consequences, 

affecting all regions of the world (Fleig et al., 2006; Parry, 2019). Compared to floods, droughts 

have a much larger spatial and temporal scale (Van Loon, 2013).  

Droughts begin with a period of rainfall deficit, which is a prolonged period of precipitation 

below the average expected conditions for the location and time of year, called a meteorological 
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drought. The duration and severity of the meteorological drought will have different implications 

for the propagation of drought through the hydrological cycle in different locations (Van Loon 

2015). When a meteorological drought is coupled with high temperatures, soil moisture or 

agricultural drought may develop, which has implications for wildlife food web and crop yields. 

Under soil moisture drought conditions, groundwater recharge and hydrological response to 

rainfall may be limited, leading to hydrological droughts, as low river flows and groundwater 

levels loom. The abnormally low streamflow could impact freshwater ecosystems and their 

inhabitants (ecological drought), and limit hydropower generation, drinking water supply, crop 

production (irrigation), and waterborne transportation. The impacts of the different 

aforementioned drought types can collectively form socio-economic droughts, whereby a water 

resources system fails to meet water demands (Parry, 2019; Van Loon, 2013).  

Droughts around the world have different characteristics, which are closely linked to the region’s 

hydroclimate. Droughts usually occur naturally, but multiple climatic and anthropogenic drivers 

(such as changes in land and water management or human decisions and activities) could 

aggravate them (AghaKouchak et al., 2020). Often droughts are triggered by dynamic 

interactions between atmosphere and land surface, which alter the water fluxes such as 

precipitation, evaporation, and evapotranspiration over a longer duration (Haile et al., 2019). 

Since the global atmospheric circulation controls the average pattern of rainfall, temperature and 

associated evapotranspiration in different climate zones, an atmospheric circulation anomaly 

may cause drought (Tallaksen and Van Lanen, 2004). Therefore, droughts are often caused by 

the unusual timing, location, or persistence of regional weather patterns. Spatially large and 

temporally long droughts arise because of the large-scale atmospheric circulations coupled with 

the feedback mechanisms. However, the spatial and temporal variations of droughts are highly 
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heterogenous, which pose challenges for the estimation of the future risks brought about by this 

natural disaster. Besides climate variability, anthropogenic impacts (e.g., water diversions), 

climate change, and land-use changes, intensified by topographic complexities can accelerate 

intense and frequent drought events (Haile et al., 2019). 

2.2.2. Examples of Historical Drought Events  

Countless drought instances have been recorded in the world, such as the three-years-long 

drought of China during 1876-79 (with almost 3 million fatalities due to famine), or Bangladesh 

in 1943 (with almost 2 million fatalities) (World Economic Forum, 2019). Canada has also 

experienced devastating droughts. Generally, droughts in Canada affect one or two parts of the 

country and are relatively short, ranging from one or two seasons (Agriculture and Agri-Food 

Canada, 2016). Although droughts can occur in many Canadian communities across the country, 

the most susceptible areas to droughts are the Prairies, which is Canada’s agricultural hub, and 

interior valley of B.C. (Bonsal et al., 2011). This is mainly due to their location being in the lee 

of major mountain ranges resulting in low precipitation with high variability (Moazami et al., 

2022). Although the country has experienced several droughts, the drought in 2001 and 2002 

almost spanned the entire southern half of the country stretching from B.C. to the Maritimes 

bringing conditions unseen for at least 100 years in some regions (The Canadian Encyclopedia, 

2015). Recorded as the country’s first coast-to-coast drought, this prolonged and extensive 

drought dropped agricultural production by almost $3.6 billion, caused employment losses of 

more than 41,000 jobs, and negatively affected water supplies that were previously reliable 

(Agriculture and Agri-Food Canada, 2016).  
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spatially distributed macro-scale hydrologic model, which can be implemented over large areas 

and have been shown to robustly represent the key processes such as evapotranspiration, snow 

accumulation, snowmelt, soil moisture and surface and subsurface runoff in the NWNA (Curry 

et al., 2019; Chegwidden et al., 2019; Shrestha et al., 2019 & 2021; Werner et al., 2013; 

Schnorbus et al., 2010). As a research model, various forms of the VIC model have been applied 

to most of the major river basins around the world, as well as globally. VIC model calculates 

water and energy balance at each grid cell with sub-grid variability of the soil column, land 

surface vegetation classes and topography represented by a spatial probability distribution. The 

model uses computational grids with a spatial resolution of 1/16° to model the spatial variability. 

The sub-grid variability is described with hydrologic response units (HRUs), which are derived 

using vegetation classes and 200-m elevation bands (Werner and Schnorbus, 2021). The 

hydrologic model uses the Arno conceptual model (Todini, 1996) to represent the soil moisture 

processes by considering three-soil layers. The spatial heterogeneity of runoff is modeled with 

variable infiltration curves to generate subsurface flow. Surface runoff is then generated when 

the moisture exceeds the storage capacity of the soil (see Liang et al. 1994; Liang et al. 1996; and 

Hamman et al. 2018 for more details about VIC model). We use output water fluxes of an 

updated version of the VIC model (VIC-GL, capable of simulating glaciers) since glaciers 

provide water to streams in many catchments of British Columbia when seasonal snowpacks are 

depleted (during summer and early autumn; Schnorbus, 2018).  

The model is calibrated and evaluated using daily maximum and minimum temperature, 

precipitation, and average wind speed from PNWNAmet gridded meteorological dataset (with a 

spatial resolution of 1/16°) to generate the Reference Simulation for the 1945 to 2012 historical 

record (see Schnorbus, 2017 for VIC-GL calibration). After parametrization and calibration, the 
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model was forced with the downscaled and bias corrected climate simulations of the multi-model 

ensemble of GCMs to generate an ensemble of future hydrologic projections. 

3.3. Methods 

3.3.1. Compound Hydroclimatic Events 

Different flood and drought generation mechanisms result in different characteristics for the 

corresponding flood and drought events. The two extremes can be quantified using different 

climatic and hydrologic variables such as precipitation, evapotranspiration, streamflow, soil 

moisture amongst others. Therefore, different types of compound flood and drought events can 

be defined. For instance, in Swain et al. (2018), authors use precipitation to project the future 

meteorological drought to flood compounds, while streamflow data has been used in Li et al. 

(2017). Moreover, representation of floods and droughts could be done using indices that can 

represent the climatic conditions, which could potentially lead to these extreme events. For 

example, Ford et al. (2019) have investigated the compound flood and droughts by utilizing the 

Standardized Precipitation Index (SPI) to extract the two extremes, while Ansari and Grossi 

(2022) have applied the Standardised Precipitation Evapotranspiration Index (SPEI). In Maxwell 

et al. (2013; 2017), meteorological droughts have been measured with the Palmer Drought 

Severity Index (PDSI). Li et al. (2017) implemented the Drought-flood abrupt alternation Index 

(DFAAI) by using the streamflow to model the abrupt flood-drought swings. Although the 

studies using flood/drought indices provide invaluable insights for water resources managers, 

making conclusions based on monthly indices could be misleading. For instance, an extreme 

short duration flood that is followed by a drought might not be captured and one might conclude 

the analyzing period to be dry (Yang et al., 2021). Moreover, the impacts of floods and droughts 
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are felt on a local scale, which are affected by a variety of physical characteristics (e.g., 

topography) or pre-existing conditions (e.g., soil moisture) of the catchment. Therefore, a 

thorough understanding of the characteristic of flood and drought transition calls for 

investigating both climatic ignition of flood and drought events as well as catchment hydrologic 

responses to these climatic conditions.  

In this study, we analyse both the compound climatic events (CCEs) and compound hydrologic 

events (CHEs), collectively referred to as compound hydroclimatic events (CHCEs), to better 

shed light on the future risk of such problematic transitions with compounding economic and 

environmental impacts. To this end, precipitation and potential evapotranspiration are used to 

calculate the SPI and SPEI drought indices. The two drought indices are then utilized to find and 

characterise the CCEs. The SPI and SPEI drought indices are based on the probability of the 

accumulated precipitation and climatic water balance (defined as precipitation minus potential 

evapotranspiration), respectively (on different timescales). These indices are flexible and 

powerful with a relatively simple calculation procedure. Moreover, the SPI and SPEI can analyze 

both wet and dry periods/cycles. Since meteorological droughts can propagate to other 

components of the hydrologic cycle (e.g., streamflow, soil moisture, groundwater), streamflow 

simulations are also utilized to show the CHEs. To better illustrate, the methodology applied in 

this study is summarised in Figure 2. 
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Figure 2 - The methodology applied in this study to characterise the compound hydroclimatic 

events (CHCEs). 

3.3.2. Compound Climatic Events 

• 3.3.2.1. The Standardised Precipitation Index 

Drought is an insidious natural hazard that results from lower-than-expected levels of 

precipitation compared to what is considered normal and can affect all climatic regimes (Van 

Loon, 2015). Regional climate characteristics are heterogenous since the amount, seasonality, 

and form of precipitation differ widely between different location. Therefore, the extent of 

droughts is region dependant (Abbasian et al., 2020 & 2021). On the other hand, droughts have 

different meanings to various stakeholders such as water resources managers and engineers, 

agricultural producers, and hydroelectric power plant operators. The perspective distinction also 

exists within sectors as the drought impacts may differ markedly (Fleig et al., 2006). Many 

drought indices have been developed and used by meteorologists globally with different 
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complexities. But, just as a single definition of drought does not exist, there is no single drought 

index that meets the requirements of all (WMO, 2012). However, scientists have realized that a 

suitable index is one that is simple, easy to calculate, and statistically relevant and meaningful. 

Previously, McKee et al. (1993) developed the SPI, on account of the different impacts of 

precipitation deficits on groundwater, reservoir storage, soil moisture, snowpack, and 

streamflow. The SPI is a temporally and spatially invariant probability-based drought index 

(capable of analyzing both wet and dry periods/cycles), that is flexible, and powerful with a 

relatively simple calculation. Precipitation is the only parameter required for calculating the SPI. 

However, one needs at least 20 – 30 years of monthly precipitation values with maximum 15 – 

25% missing data as suggested by the WMO (2012). The SPI can be calculated for different time 

scales (accumulation periods) such as 1, 3, 6, 9, 12, and 24 months, which could provide early 

warning of drought and assess meteorological, agricultural, and hydrological droughts and their 

severity (McKee et al., 1993). Drought planners, research institutes, researchers, and many 

National Meteorological and Hydrological Services around the world use the SPI for drought 

monitoring (WMO, 2012).  

• 3.3.2.2. The Standardised Precipitation Evapotranspiration Index 

The Standardised Precipitation Evapotranspiration Index (SPEI) is originally developed by 

Vicente-Serrano et al. (2010) and is calculated based on the monthly climatic water balance, 

which is defined as the difference between the precipitation and the potential evapotranspiration 

(PET) at a given accumulation period. Thus, unlike the SPI that only assesses precipitation 

variance, the SPEI also considers demand from evapotranspiration. Therefore, the SPEI captures 

the main impact of increased temperatures on water demand. SPEI is theoretically based on a 
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climatic water balance. Similar to SPI, a SPEI can capture both wetness and dryness at the 

surface.  

• 3.3.2.3. Calculation of the SPI and SPEI 

The SPI and SPEI are based on the probability of precipitation and climatic water balance 

accumulated on a given time scale. SPI quantifies the standardized deficit or surplus of 

precipitation over any period of interest (also known as accumulation period), whereas SPEI is 

interpreted as a relative measure of surface water surplus or deficit with respect to hydroclimate 

of the reference period. Computing the SPI and SPEI involves fitting a probability density 

function (PDF) to the precipitation totals and climatic water balance of the accumulated period 

and finding the cumulative probability. By applying a quantile‐to‐quantile normal score 

transformation (Equation 3.2), the SPI/SPEI is then generated by transforming the cumulative 

probability to the standardised normal random variable (Equation 3.1) with mean zero and 

standard deviation of one, which is the value of the SPI/SPEI (Figure 3).  

𝑓(𝑥) =  
1

√2𝜋𝜎2
exp [−

(𝑥 − 𝜇)2

2𝜎2
] 

   (Equation 3.1)  

 

Where f(x) is the PDF of normal distribution, and σ and μ are standard deviation and mean, 

respectively (in our case would be one and zero, respectively). 

𝑦 =  𝐹𝑌
−1(𝐹𝑥(𝑥)) (Equation 3.2) 

Where Fx (x) is the is the cumulative probability of the fitted distribution function to the 

precipitation, FY (y) is the standardised normal cumulative distribution function, and y is the 

transformed result (here leads to SPI/SPEI).   
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Figure 3 - SPI (a) and SPEI (b) calculation procedure (here for one month accumulation 

period). After fitting the proper density function (in this example we use the Gamma for SPI and 

Log-logistic for SPEI) to the monthly precipitation data (a) and climatic water balance (b), the 

cumulative probability is generated (blue and purple lines). Then, the SPI and SPEI is calculated 

by transforming (yellow line) the cumulative probability (blue and purple lines) to the 

standardised normal random variable with mean zero and standard deviation of one (red line). 

The classification system shown in Figure 4 (proposed by McKee et al. (1993) and adopted by 

Vicente-Serrano et al. (2010)) is used to categorize wet and dry periods based on SPI and SPEI 
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values. A dry (wet) period occurs when the SPI/SPEI is continuously negative (positive) and 

reaches an intensity of -1 (+1) or less (more). Thus, every wet/dry event has a duration defined 

by its beginning and end, and an intensity for each month that the event continues.  

 

Figure 4 - Classification of wet and dry conditions based on the SPI/SPEI values (McKee et al., 

1993; Vicente-Serrano et al., 2010) 

The choice of the proper PDF fitted to the precipitation totals and climatic water balance is 

crucial since only a proper fit appropriately standardizes the index. Therefore, choosing a 

suitable theoretical distribution function to describe and normalize highly nonnormal 

precipitation or climatic water balance distributions is a key decision in the tow indices algorithm 

(Pieper et al., 2020). Originally, McKee et al. (1993) proposed using Gamma distribution to 
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calculate the SPI. On the other hand, Vicente-Serrano et al. (2010) have proposed fitting a Log-

logistic distribution when they developed the SPEI index.   

• 3.3.2.4. Algorithm for Calculating the SPI and SPEI 

One of the strengths of the SPI and SPEI is their ability to be calculated over multiple 

accumulation periods (moving averaging windows), which can reflect the drought impacts on 

different water resources that are of interest to a variety of stakeholders. While drought indices 

(SPI and SPEI) calculated over short accumulation periods (1-3 months) reflect the short-term 

conditions with applications for meteorological droughts and short-term soil moisture conditions, 

anomalies over longer accumulation periods (e.g., 6 months) affect the streamflow, reservoirs, 

and groundwater response. Therefore, in this study, we investigate the compound climatic events 

(which could potentially lead to compound hydrologic events) using the SPI and SPEI calculated 

over 1-, 3-, and 6-months timescales to better understand the compounding impacts of such 

transitions on different water-resources dependant sectors. Since the two drought indices have 

been widely used globally as well as in Canada, we have chosen the Gamma and Log-logistic 

distributions amongst all candidate distributions to fit to precipitation and climatic water balance 

records, respectively, to find the SPI and SPEI values. The Gamma (Equation 3.3) and Log-

logistic (Equation 3.4) distributions were selected following the recommendations of McKee et 

al (1993) and Vicente-Serrano et al., 2010), respectively. Moreover, previously several studies 

have calculated the SPI and SPEI indices in Canada and have shown these two distributions 

adequately estimate SPI and SPEI in Canada (Tam et al., 2019; Gurrapu et al., 2022). The 

selected distributions were fitted to the precipitation totals using an unbiased probability 

weighted moment (PWM), since this method does not result in biased standard deviation values 

(Tam et al., 2019).  
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𝑓(𝑥|𝛼, 𝛽) =
𝑥𝛼−1𝑒−𝛽𝑥𝛽𝛼

Γ(𝛼)
   (Equation 3.3) 

Where Γ(𝛼) is the Gamma function, α and β are shape and rate parameters, and 𝑥, 𝛼, 𝛽 > 0.  

𝑓(𝑥|𝛼, 𝛽) =  
(
𝛽
𝛼⁄ )(𝑥 𝛼⁄ )𝛽−1

(1 + (𝑥 𝛼⁄ )𝛽)2
 (Equation 3.4) 

Where α and β are scale and shape parameters, respectively.   

• 3.3.2.5. Definition and Characteristics of Compound Climatic Events 

To represent the dry and wet climatic conditions, we respectively use -1 and +1 thresholds based 

on the calculated SPI and SPEI values, and investigate the variability and characteristics of the 

compound climatic events (CCEs) with different accumulation periods. A wet-to-dry (or dry-to-

wet) CCE occurs when a wet (dry) period of any duration (at least one month) is followed by a 

dry (wet) period of any duration (at least one month). The timespan between the end of the first 

period (dry or wet) to the start of the second contrasting period (wet or dry) is defined as the 

transition time (Figure 5). Moreover, abrupt transition is referred to the transition time that is less 

than 1 month. The positive sum of the SPI/SPEI for all the months within a wet or dry event can 

be termed the event’s magnitude. Intensity is defined as the average SPI/SPEI value during the 

event and is calculated by dividing the event’s magnitude to its duration. To make sure only 

impactful CCEs are presented, we limit the transition time to 6 months. The count of the 

transitions over each warming period of 30-years is reported as the frequency of CCEs at that 

given warming level. Furthermore, we investigate the changes in the area experiencing wet, dry, 

and concurrent wet-dry conditions annually at different global warming levels. The seasonality 

of the area undergoing wet, dry, and concurrent wet-dry conditions with different accumulation 
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state regardless of the time of year, a fixed threshold is used. Moreover, previously the 95th 

quantile of daily streamflow has been used in the study area to represent the floods (Pirani and 

Najafi, 2022). A CHE occurs when a one of the hydrologic extremes (i.e., flood and drought) is 

followed by the contrasting extreme within 6 months. Furthermore, an abrupt transition refers to 

transition times shorter than a month. An example of a CHE is illustrated in Figure 6. 

 

Figure 6 - Example of compound hydrologic event (CHE, flood-to-drought). Floods and 

droughts are extracted based on partial duration series using monthly varying threshold for 

droughts (15th quantile) and a constant threshold for floods (95th quantile). The timespan 

between the start of the first hazard to the end of the second hazard is referred to as compound 

hydrologic event, while transition time refers to the time span between the end of first and start 

of the second hazard. 
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• 3.3.3.2. Characteristics of Compound Hydrologic Events  

We characterize the compound hydrologic events (CHEs) based on several indices presented in 

Table 3. The choice of suitable flood and drought characteristics for a specific study depends on 

the purpose of the study, hydroclimatology, geophysical characteristics and the natural and 

societal vulnerability of the region (Fleig et al., 2006). Therefore, it is hoped that implementing 

the indices in Table 3 would characterise the CHEs from different aspects that are of interest of a 

wide range of sectors. 

 Table 3 - List of the indices proposed/used in this study to characterise the compound 

hydrologic events (CHEs) 

Index Description Unit Application 

    

Frequency (F) Count of events over the 

warming period (30 years) 

unitless Individually (I)/ 

Compound (C) 

Duration (D) The timespan between the 

onset and termination of 

the event (duration 

above/below threshold) 

days I 

Transition time (Tr) The timespan between the 

termination of the former 

event and the onset of the 

latter event in a CHE 

days C 
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Abrupt transition 

(AbTr) 

Transition times shorter 

than a month 

days C 

Flood magnitude (FM) Difference between the 

peak flood magnitude and 

the flood threshold 

m3/s I 

Flood volume (FV) Volume of flood excess 

water (the area between the 

hydrograph and the flood 

threshold) 

Bm3 (billion cubic 

meters) 

I 

Drought severity (DS) Volume of drought deficit 

water (the area between the 

hydrograph and the drought 

threshold) 

Bm3 I 

Drought intensity (DI) also referred to as deficit or 

drought magnitude, is the 

ratio between drought 

severity and drought 

duration 

m3/s I 

Seasonality of CHEs 

(SEA) 

The mean time of year 

(month) at which the flood 

and drought of the CHEs 

peak (*) 

unitless I/C 
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Strength of the 

seasonality (SS) 

Indicates how reliable the 

calculated seasonality is (*) 

unitless I/C 

Fraction of CHEs 

having AbTr (FAbTr) 

The ratio between the count 

of CHEs with AbTr and all 

CHEs 

unitless C 

Fraction of CHEs 

having Tr less than 3 

months (FTr3) 

The ratio between the count 

of CHEs with Tr less than 

three month and all CHEs 

unitless C 

Empirical compound 

severity index (ECSI) 

A standardised index that 

compares the CHEs based 

on their FV and DS (**) 

  

unitless C 

Empirical compound 

weighting angle 

(ECWA) 

Describes which of the 

flood or drought in a CHE 

outweighs the other in 

terms of severity (**) 

° (degrees) C 

 

* Equations 3.5, 3.6.1, 3.6.2, 3.7, and 3.8 

** Equations 3.9 and 3.10 

 

While some of the characteristics presented in Table 3 (such as duration, severity, magnitude, 

etc.) have been commonly applied on floods and droughts individually, we aim to characterise 

each CHE using the characteristics of its components (i.e., flood and drought). For instance, the 
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seasonality refers to the timing of events’ peaks (flood or drought). However, we apply this 

index to both flood and drought of the CHE and show the seasonality of the flood and drought in 

CHEs. Therefore, our results show the timing of floods and droughts that are linked, which could 

help water resources managers to identify the time of year they should look for CHE’s flood and 

drought occurrences. Moreover, identifying the seasonality of the CHEs provides a useful source 

of information about the properties of each compound flood and drought, as it could reflect the 

flood/drought generating mechanisms (e.g., winter low flow versus summer low flow). 

In this study, seasonality (SEA) is shown with the help of circular statistics derived from the date 

information (Robson and Reed, 1999). To this end, a circle of unit radius is used, and the date is 

presented as the angle θ, measured anti-clockwise from the x-axis (one revolution of the circle 

corresponds to a whole year).  θ is calculated from the Equation 3.5: 

𝜃 = (𝑑𝑎𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 − 0.5)
2𝜋

𝐿𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑦𝑒𝑎𝑟
 

     (Equation 3.5) 

 

where day number represents the number of the day in a calendar year (1 to 365 or 366 if in a 

leap year), length of year is 365 (or 366 in leap years), and the 0.5 term adjusts θ to represent the 

middle of the day. 

Then, the centroid of these points (θs) is used to summarise the seasonal behaviour. The centroid 

provides information about (Figure 7):  

a) The mean time of year at which flooding/drought occur, which is summarised by the 

angle �̅� between the initial line and the radial line into centroid. 

b) The concentration of the seasonal distribution is summarised by the �̅�, which is the 

distance from the origin to the centroid.  �̅� values close to 1 indicate floods/droughts 
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usually occur at the same time of year and seasonality is strong. On the other hand, 

smaller �̅� suggests the timing of the event is more complex and seasonality is weak. 

Moreover, small �̅� suggests that the direction of �̅� is less meaningful.  

The centroid can be found by either using polar coordinates (�̅� 𝑎𝑛𝑑 �̅�) or by the Cartesian 

coordinates using XEVENT and YEVENT (Equations 3.6.1 and 3.6.2). 

𝑋𝐸𝑉𝐸𝑁𝑇 = �̅� =  
1

𝑛
∑cos 𝜃𝑖

𝑛

𝑖=1

    (Equation 3.6.1) 

𝑌𝐸𝑉𝐸𝑁𝑇 =  �̅� =  
1

𝑛
∑sin 𝜃𝑖

𝑛

𝑖=1

 
   (Equation 3.6.2)  

 

The polar coordinates can then be calculated from Equations 3.7 and 3.8 as: 

{
  
 

  
 �̅� = tan−1 (

�̅�

�̅�
)   𝑖𝑓 �̅� ≥  0,   �̅� ≥ 0         

�̅� = tan−1 (
�̅�

�̅�
) +  𝜋 𝑖𝑓 �̅� < 0                

�̅� = tan−1 (
�̅�

�̅�
) + 2𝜋  𝑖𝑓 �̅� ≥  0,   �̅� < 0

 

(Equation 3.7) 

 

�̅� =  √�̅�2 + �̅�2 (Equation 3.8) 
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Figure 7 - Using circular statistics to identify the seasonality of compound hydrologic events. 

The point connected to the center with dashed lines show the timing of each event (blue and red 

represent flood and drought, respectively), while the points connected to the center with solid 

lines show the centroids. 

The event fractions (FAbTr, FTr3) show the distribution of the CHEs’ transition times, 

indicating the portion of the CHEs with the specified transition times (30 for abrupt and 90 days 

for 3 months) in different warming periods. These indices vary from 0 to 1, with 1 indicating all 

CHEs in a specific location occur within the given transition time, while the value of zero shows 

none of the CHEs have the given transition time. 
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To account for the severity of CHEs, the Empirical Compound Severity Index (ECSI) is 

proposed to compare the how problematic different CHEs could be. This index is designed in a 

way that considers the climate change induced non-stationarity in extremes. The ECSI is a 

standardized value, which is calculated based on the flood volume (FV) and drought severity 

(DS) of a CHE (both represent volume). For each of the CHE’s components (i.e., flood and 

drought), the exceedance probability (EPr) of the flood/drought is retrieved from the empirical 

cumulative distribution function (ECDF) of the flood volume/drought severity in the base period 

(Figure 8). The extracted non exceedance probability (EPr(FV) and EPr(DS)) is an indicator of 

event’s severity compared to all other floods/droughts occurring individually in the same 

location. This is inferred since higher EPr values would indicate the lower probability of the 

event occurrence compared to all other instances. Moreover, mapping the flood volumes and 

drought severities on the base period ECDF of events allows comparing different events at 

various warming levels with the ones in the base period. Therefore, ECSI can represent the 

possible non-stationarity induced by climate change in the time series.   

When mapping each CHE based on its EPr(FV) and EPr(DS) on a cartesian coordinate system as 

(EPr(DS), EPr(FV)), the ECSI is calculated as the Euclidean distance between the mapped point 

and the origin (0, 0) point (Figure 9a) from Equation 3.9 . The F1-D1 and F4-D4 compounds in 

Figure 8 would lead to the least/most severe compound event as their flood and drought are 

less/more severe than any flood and drought (individual events) occurring in the base period of 

that location. ECSI values range between 0 and 1.41 (considering the (0, 0) and (1, 1) points, 

respectively), whereby 0 value indicates that both flood volume and drought severity of the CHE 

were smaller than the lowest ranked flood and drought of the historical events. On the other 

hand, value of 1.41 is obtained when the flood volume and drought severity is larger than the that 
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of the highest ranked flood drought in the base period (the most severe events), therefore such 

event would be problematic for water resources managers (Figure 9b).  

𝐸𝑚𝑝𝑖𝑟𝑖𝑐𝑎𝑙 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦 𝐼𝑛𝑑𝑒𝑥 (𝐸𝐶𝑆𝐼) = √𝐸𝑃𝑟(𝐹𝑉)2 + 𝐸𝑃𝑟(𝐷𝑆)2 (Equation 3.9) 

The Empirical Compound Weighting Angle (ECWA) is proposed for each CHE to compare the 

relative severity of flood and drought components with each other and is presented in degrees (°) 

unit. The direction of the ECWA values (negative/positive) indicate which of the drought/flood 

is less/more severe compared to the other. The ECWA is calculated to be the angle that the ECSI 

vector makes with the line of equality (y = x line; dashed line in Figure 9a) based on Equation 

3.10. The ECWA helps to locate the compound flood – drought event in the ECSI reference 

values (Figure 9b). Moreover, the larger ECWA values indicate that the ranks of flood and 

drought in the CHE are distant with regards to flood volume and drought severity (e.g., one is 

ranked to be at the first quartile while the other one is at fourth quartile). However, lower values 

of ECWA indicate that the flood and drought have similar ranks and the angle is close to 0.        

𝐸𝑚𝑝𝑖𝑟𝑖𝑐𝑎𝑙 𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑊𝑒𝑖𝑔ℎ𝑡𝑖𝑛𝑔 𝐴𝑛𝑔𝑙𝑒 (𝐸𝐶𝑊𝐴) =  tan−1(
𝐸𝑃𝑟(𝐹𝑉)

𝐸𝑃𝑟(𝐷𝑆)
) − 

𝜋

4
 

(Equation 3.10) 

 

Where the 
𝜋

4
 term is deducted to find the angle created with the line of equality (y = x line). 
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Figure 8 - The ECSI and ECWA calculation procedure. The non-exceedance probability of flood 

and drought of a CHE compared to all flood and drought occurrences in that location are 

extracted by mapping the flood volume (FV) and the drought severity (DS) of the CHE on the 

ECDF of the base period. The points shown with line segments are flood and droughts in 

compound events (in base or any warming period) while the points of the ECDF represent all 

floods and droughts (compound or individual instances) in the base period. The non exceedance 

probability of FV and DS extracted here are then paired for each event and fed into the 

Equations 3.9 and 3.10 to calculate the ECSI and ECWA values. The F1 (D1), F2 (D2), F3 (D3), 

and F4 (D4) represent events with the non exceedance probability of 0.25, 0.5, 0.75, and 1, 

respectively. 
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Figure 9 - Illustration of ECSI and ECWA calculation. Each CHE is shown by a point (here four 

events are shown by four points colored in orange, green, brown, and light yellow) in Figure 

9(a). Each CHE is mapped as a point on the Cartesian coordinate system based on the non 

exceedance probabilities (EPr) extracted from Figure 8 and mapped as (EPr(DS), EPr(FV)). 

The ECSI is calculated as the Eculadian distance of each point to the origin point (0,0). The 

ECWA of each event is represented by the angle that ECSI vector of the event makes with the line 

of equality (dashed black line). The ECWA shown in blue has a positive value  which indicates 

that the flood  is more severe than the drought (had a higher non exceedance probability) when 

comparing the flood and drought of compound event to all other floods and droughts. Figure 9b 

shows the possible values of ECSI. The values shown on Figure 9(b) show the length of ECSI 

vector originating from the origin point and ending on the right upper corner of  the shown 

rectangles. Blue squares show the ECSI values for CHEs with positive ECWA while the ECWA 

in red squares are negative (shown with red arc in Figure 9(a)). 
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Chapter 4: Results and Discussion 

4.1. Results 

4.1.1. Compound Climatic Events 

• 4.1.1.1 Frequency of Compound Climatic Events  

The climatology of the frequency of compound climatic events (CCEs) for the three 

accumulation periods of 1-, 3-, and 6-months are presented in Figure 10 and Figure 11 based on 

SPI and SPEI, respectively. The frequency of CCEs was calculated at every grid of each 

ensemble member over the given warming period. Then the gridded ensemble mean was created 

by taking the mean of the frequency for each grid between all ensemble members. The bars in 

figure 9 show the spatial mean (across all three basins) of the multi-model ensemble mean at 

different warming levels. The error bars represent the 95% confidence interval of the frequency 

spatially.  

The two drought indices consistently indicate that the frequency of CCEs with different 

transition times is projected to increase under climate change in all accumulation periods. 

However, the increase of frequency is not even for different transition times. Overall, the region 

is more prone to dry-to-wet compound climatic events compared to wet-to-dry CCE at each 

accumulation period (Figures 10 and 11). Moreover, the dry-to-wet CCEs could be more 

problematic since such CCEs are projected to occur more abruptly. This is inferred from the 

more frequent CCEs with abrupt transition or transition time of less than 3 months compared to 

the wet-to-dry CCEs. A comparison between the accumulation periods indicates that the CCEs 

occur more frequently at short time scales (1-month) while increasing the accumulation period 
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tends to decrease the CCE occurrences. This results in more variability of transitions of short 

duration contrasting climatic hazards. In all accumulation periods, most of the dry-to-wet CCEs 

occur within 3 months based on SPI and SPEI (Figures 10 and 11). A comparison between SPI 

and SPEI reveals that SPEI captures more CCEs in all accumulation periods (both wet-to-dry and 

dry-to-wet).   

  


