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ABSTRACT 

Assessing the influence of the Pacific Decadal Oscillation and the Atlantic Multidecadal 

Oscillation on discharge variability in western North America 

Duane D. Noel 

The frequency of natural hazards in North America presents a significant challenge for 

governments due to the damages they cause to the environment. Floods are severe hydrological 

events caused by spring snowmelt and intense rain events. Flood frequency analysis studies 

assumes that annual peak flood events occur independently of each other, regardless of previous 

flood events (the independent and identically distributed (i.i.d.) assumption); however, annual 

peak flood records do not necessarily appear to conform to these assumptions. First, a review of 

the literature on the effects of climate oscillations on extreme flood frequencies in North 

America was conducted. Then, the i.i.d. flood event assumption was tested by analyzing the 

effects of the Pacific Decadal Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO) 

on 250 naturally flowing annual peak flood records across the entire western North American 

margin. Using permutation tests on quantile-quantile (Q-Q) plots, I found that the PDO has a 

greater impact on the magnitude of annual peak floods than the AMO. Twenty-six percent of the 

gauges have higher magnitude annual floods depending on the PDO phase (p < 0.1). Next, I 

examined the interacting effects of the PDO and AMO on the frequencies of lower and upper 

quartile annual peak floods, and found reinforcing, cancelling, and dominating effects. Since 

these two climate oscillations have significant effects on the magnitudes of annual peak floods, 

the i.i.d. assumption does not hold. Hence, I advocate for the need to re-assess baseline flood 

analysis in western North America to improve flood management strategies. 
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CHAPTER 1: Introduction  

 

The impacts of climate change on natural disasters have become a major concern for 

governments due to its devastating impact on society and the environment. Natural disasters such 

as floods and hurricanes have increased in intensity and/or frequency due to changes in the 

Earthôs climate system, as a result of anthropogenic climate change (Mazouz et al., 2012; Milly 

et al., 2002). In addition, land-use changes near rivers (e.g. forest lands to urban areas) may also 

play an important role in the increased intensity and frequency of seasonal floods (Rogger et al., 

2017; Tollan, 2002). Flooding is a severe hydrological event caused by several factors such as 

snowmelt of winter snowpack (spring floods), intense rain events (flash floods), ice jams, storm 

surges and hurricanes (coastal floods), which continues to be a major concern for governments 

due to the economic losses it causes to society (Ashley & Ashley, 2008; Buttle et al., 2016; 

Jonkman, 2005; Kundzewicz et al., 2019a). These flood generating mechanisms may be 

influenced more heavily by large scale climate oscillations (Guimarães Nobre et al., 2019).  

Globally, floods represent approximately 43% of total natural disasters and 47% of all 

weather related natural disasters (Kundzewicz et al., 2019a). An estimated average of 70 million 

people are affected by floods worldwide each year (Kundzewicz et al., 2019a).  

 
Figure 1.1. 1996 Willamette River Flood in Oregon, United States 

Aerial photograph of the 1996 flood of the Willamette River in Oregon. Photograph courtesy of 

the National Weather Service Portland/U.S. Army Corps of Engineers 

(https://www.wrh.noaa.gov/images/pqr/96flood.jpg). 

https://www.wrh.noaa.gov/images/pqr/96flood.jpg
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Floods have caused approximately $10 billion US dollars in damages and over thousands 

of deaths each year around the world (Kundzewicz et al., 2019a). Over a 29-year period (1985-

2014), the U.S. government estimated that floods have cost over $7.96 billion US dollars in 

property damages (Villarini & Slater, 2017). Globally in the last century, approximately 100,000 

people were killed during flood events (Jonkman, 2005). Since 1900, in Canada alone, floods 

have taken the lives of at least 200 people and cost the federal government billions of dollars in 

damages to residential and commercial properties (Buttle et al., 2016; Whitfield, 2012). Even 

more, in the last two decades, floods in Canadian urban areas have caused over $20 billion 

dollars in damages as a result of sewer blockage (Thistlethwaite & Henstra, 2017). 

Climate change due to anthropogenic activities continues to rapidly intensify the 

hydrological cycle, resulting in greater flood risk due to more frequent and intense rain and snow 

events (Milly et al., 2002; Thistlethwaite & Henstra, 2017). Larger populations in areas that are 

prone to flooding also increase concerns of future flood damages (Corringham & Cayan, 2019). 

For instance, the Insurance Bureau of Canada projects that approximately 1.8 million households 

will be highly susceptible to flood damages to their homes in the future (Thistlethwaite & 

Henstra, 2017).  

 
Figure 1.2. The Okanogan River Flood in Omak, Washington, United States 

Photograph of the bank overflow of the Okanogan river in Omak, Washington. Photograph 

courtesy of the Northwest News Network (https://www.opb.org/news/article/okanagan-river-

valley-washington-canada-flooding-photos/). 

https://www.opb.org/news/article/okanagan-river-valley-washington-canada-flooding-photos/
https://www.opb.org/news/article/okanagan-river-valley-washington-canada-flooding-photos/
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Floods are currently the most frequent naturally occurring hazard in North America 

(Buttle et al., 2016; Nastev & Todorov, 2013; Villarini & Slater, 2017). Spring floods (due to 

snowmelt) and flash floods (due to intense rain events) in the summer are the two most common 

types of floods that occur in North America (Buttle et al., 2016). There are three main factors 

that influence flood risk: flood hazards (peak and frequency of floods), exposure (proximity to 

the flood) and vulnerability (susceptibility to flood damages); these are all controlled by the 

climate system, the hydrological cycle and the socioeconomic system (Kundzewicz et al., 

2019a). Understanding the mechanisms of the frequent occurrence of floods in western North 

America is essential in developing preventative measures to reduce the damages these natural 

hazards cause to the environment and human societies. Therefore, accurate flood risk 

assessments are needed.  

Due to the frequent flood events occurring in North America, hydrologists conduct flood 

risk assessments periodically in the form of flood frequency analysis (FFA) studies to assess the 

potential damages flooding may cause to the environment and human populations (Archer, 1998; 

England Jr. et al., 2018). FFA studies on rivers are conducted to assess past flood events as well 

as to estimate the probability of future flood events occurring in a region (Archer, 1998; England 

Jr. et al., 2018; Kidson & Richards, 2005). Flood risk assessments are essential during the design 

phase of new infrastructure such as culverts, bridges and dams (Archer, 1998; Kidson & 

Richards, 2005). Without these FFA studies, policy makers and urban planners will find it 

difficult to designate flood zones when planning out residential, commercial and agricultural 

zones (Archer, 1998). The series of annual flood maxima data are used to estimate the return 

period (the time interval between the re-occurrence of two flood events in a record) (Archer, 

1998; England Jr. et al., 2018; Kidson & Richards, 2005). Hydrologists conduct FFA studies to 
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design flood management plans that protect against the occurrence of a potential major flood 

event at various return periods (Archer, 1998; England Jr. et al., 2018; Franks & Kuczera, 2002; 

Hodgkins et al., 2017; Kidson & Richards, 2005). Although FFA studies provide important 

information on potential flood risk, this particular risk assessment makes a fundamental 

assumption. FFA studies assume that yearly peak flood events are independent of those of 

previous years (Archer, 1998; England Jr. et al., 2018; Franks & Kuczera, 2002; Kidson & 

Richards, 2005). This independent flood event assumption, based on the independent and 

identically distributed (i.i.d.) principal is currently being investigated by many researchers in the 

literature (England Jr. et al., 2018; Franks & Kuczera, 2002; Kwon et al., 2008; Micevski et al., 

2006; Stedinger & Griffis, 2011; Tan & Gan, 2014). The effect of long-term climate variability 

on flood frequencies is also not considered in these calculations, thus, due to these two factors, 

FFA studies may be inaccurate in its projection of flood magnitudes at various return periods 

(Archer, 1998; Kidson & Richards, 2005). Therefore, analyzing the influence of atmospheric-

ocean oscillations (quasi-periodic patterns in the atmosphere or sea surface temperatures) on 

annual flood maxima along the western North American margin is needed to determine whether 

floods are influenced by climate variability. 
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CHAPTER 2: Literature Review  

Climate oscillations in North America 

In this literature review, I will discuss previous studies of the effects of climate 

oscillations on flood frequencies and magnitudes in western Canada and North America. The 

literature review will be divided into two sections. The first section will explore the effects of the 

El Niño Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), and the Atlantic 

Multidecadal Oscillation (AMO) on precipitation, streamflow and flood maxima in western 

Canada and North America. The second section will discuss the study and research objectives for 

this analysis. 

El Niño Southern Oscillation (ENSO) 

 Along the western North American coast, there are at least three prominent climate 

oscillations that influence the climate and hydrology. The most dominant and well-known 

climate oscillation affecting the Pacific coast is the El Niño Southern Oscillation (ENSO), a large 

scale, climate oscillation pattern of sea-surface temperatures (SSTs) in the tropical Pacific Ocean 

(McPhaden, 1993; Philander, 1983; Rasmusson & Carpenter, 1982; Ropelewski & Halpert, 

1987; Trenberth & Hoar, 1996; Wallace et al., 1998). ENSO has been linked via its 

teleconnections to various changes in precipitation events and the strength of trade winds across 

North America and Asia, and the adjacent oceans, causing droughts in India, as well as intense 

winter weather conditions in North America (Dai & Wigley, 2000; Philander, 1983; Ropelewski 

& Halpert, 1987).  

ENSO is a quasi-periodic oscillation that undergoes three phase changes (warm, neutral 

and cold) at interannual timescales (Figure 2.1) (Kundzewicz et al., 2019b; Philander, 1983; 

Rasmusson et al., 1990; Trenberth & Hoar, 1996). The warm and cold states of ENSO are 
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modulated by the positive Bjerknes feedback loop which controls the changes in trade wind 

intensity and differences in SSTs in the equatorial Pacific Ocean (Bjerknes, 1966, 1969; Cai et 

al., 2015a; Cai et al., 2015b; Neelin et al., 1998). During a warm ENSO event, also known as the 

El Niño state, abnormally high SSTs in the western tropical Pacific Ocean start to form in the 

ocean basin (Cai et al., 2015a; Philander, 1983; Piechota et al., 1997; Trenberth & Hoar, 1996). 

The Bjerknes feedback loop activates when there is a reduction of the surface pressure gradient 

between the western Pacific Ocean and the eastern Pacific Ocean, causing a weakening of the 

trade winds (Bjerknes, 1966, 1969; Cai et al., 2015a; Cai et al., 2015b; Neelin et al., 1998; 

Philander, 1983). The weakening of the trade winds enable warm water bodies to move towards 

the eastern tropical Pacific Ocean (Cai et al., 2015a; Cai et al., 2015b; Neelin et al., 1998; 

Philander, 1983).  

 
Figure 2.1. El Niño Southern Oscillation (ENSO) phases in the tropical Pacific Ocean. 

Warm and cold sea-surface temperatures (SSTs) depicted in red and blue, respectively, shown 

during El Niño (warm) and La Niña (cold) events. Surface wind patterns shown in black. Figure 

courtesy of the Joint Institute for the Study of the Atmosphere and Ocean (JISAO). 

 

The movement of warm water along the eastern Pacific coast affects the existing cold 

water up-welling of the Humboldt current, causing temperatures to rise in the east (Neelin et al., 

1998; Philander, 1983). The warming temperatures along the western coast of the Americas have 

varying effects on precipitation, streamflow, and ocean fisheries (Andrews et al., 2004; Grimm 

et al., 2000; Philander, 1983; Ropelewski & Halpert, 1987). The El Niño state is typically 
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associated with higher precipitation in southern California, northern Mexico and southern South 

America (Grimm et al., 2000; Magaña et al., 2003; Penalba & Rivera, 2016; Ropelewski & 

Halpert, 1987; Wang et al., 2014). 

The end of an El Niño event is marked by the movement of a strong, cold current along 

the eastern Pacific coast that is driven by the strengthening of the surface pressure gradient from 

the Pacific Ocean basin (Bjerknes, 1966, 1969; Cai et al., 2015a; Cai et al., 2015b; Neelin et al., 

1998; Philander, 1983). The strengthening of the trade winds reinforces the feedback loop, 

causing warmer water bodies to move away from the eastern Pacific coast (Cai et al., 2015a; Cai 

et al., 2015b; Neelin et al., 1998; Philander, 1983). Air temperatures along the eastern Pacific 

coast tend to cool while warm air temperatures move over to north Australia and Papua New 

Guinea, causing warmer SSTs in western tropical Pacific Ocean (Bjerknes, 1966, 1969; Cai et 

al., 2015a; Neelin et al., 1998; Philander, 1983). This cooling state of ENSO is known as the La 

Niña state. During the La Niña state, northern Canada and the Pacific Northwest receive higher 

precipitation (Ropelewski & Halpert, 1987). A neutral state also exists between the El Niño 

warm state and La Niña cold state where SSTs are less affected by surface pressure gradient 

changes (Kundzewicz et al., 2019b). ENSOôs teleconnections play a vital role in influencing 

temperature and precipitation patterns across various regions (Andrews et al., 2004; Cai et al., 

2015a; Cai et al., 2015b; Grimm et al., 2000; Magaña et al., 2003; Penalba & Rivera, 2016; 

Ropelewski & Halpert, 1987). 

Pacific Decadal Oscillation (PDO) 

 The Pacific Decadal Oscillation (PDO) is another well-known climate oscillation pattern, 

closely related to ENSO, which affects the hydrology and climate in the northern Pacific Ocean 

basin (Mantua et al., 1997; Mantua & Hare, 2002; Newman et al., 2016). The PDO is a low 
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frequency, re-occurring pattern of north Pacific SSTs that alternates between its positive (warm) 

and its negative (cold) phases at a 20-30 year cycle (Figure 2.2A) (Mantua et al., 1997; Mantua 

& Hare, 2002; Newman et al., 2016; Whitfield et al., 2010; Zhang et al., 1997). The changes in 

SSTs in the PDO predominantly lie in the northern Pacific Ocean basin (Beebee & Manga, 2004; 

Mantua et al., 1997; Mantua & Hare, 2002; Newman et al., 2016). In the positive state, a strong 

Aleutian Low pressure system forms with increasing SSTs along the northwestern coast of North 

America (Beebee & Manga, 2004; Mantua et al., 1997; Mantua & Hare, 2002; Newman et al., 

2016). In contrast, the Aleutian Low weakens during the cold PDO state, resulting in cooler 

SSTs along the north Pacific Ocean coast (Figure 2.3) (Beebee & Manga, 2004; Mantua et al., 

1997; Mantua & Hare, 2002; Newman et al., 2016). 

 
Figure 2.2. (A) winter (November-March)  averaged PDO and (B) annually (January-

December) averaged AMO indices (1900-2017). Negative PDO and AMO phases shown in 

blue, positive PDO and AMO phases shown in red. The dotted lines mark the PDO and AMO 

combinations: 1944-1963 ï negative PDO and positive AMO, 1964-1976 ï negative PDO and 

negative AMO, 1977-1994 ï positive PDO and negative AMO, and 1995-2008 ï positive PDO 

and positive AMO. 
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Several mechanisms have been proposed to account for the variability of the PDO 

(Alexander, 2013; Alexander & Deser, 1995; Barnett et al., 1999; Latif & Barnett, 1996; Mantua 

et al., 1997; Mantua & Hare, 2002; Miller et al., 1994; Newman et al., 2016). It has been 

proposed that a stochastic forcing via the passing of atmospheric storms affect SSTs in the mixed 

layer of the North Pacific Ocean, creating a negative air-sea feedback loop, which results in 

changes in the surface sensible and latent heat fluxes (Alexander, 2013; Alexander & Deser, 

1995). The stochastic heat flux forcing causes strengthening or weakening of the SST anomalies. 

The combination of the stochastic heat flux forcing and fluctuations in the Aleutian Low results 

in the PDOôs variability (Alexander, 2013; Alexander & Deser, 1995).  

 
Figure 2.3. The Pacific Decadal Oscillation (PDO) phases in the North Pacific Ocean basin. 

Warm and cold SSTs shown as red and blue, respectively, during the positive PDOôs positive 

(warm) and negative (cold) states. The surface wind patterns shown in black. Figure courtesy of 

the Joint Institute for the Study of the Atmosphere and Ocean (JISAO). 

 

A second mechanism identifies the ENSO teleconnections in the tropical Pacific as 

influencing the PDOôs variability via an ñatmospheric bridgeò, whereby changes in surface air 

temperature, humidity and wind in the equatorial Pacific impact ocean currents, SSTs and 

salinities of the North Pacific (Alexander, 2013; Alexander et al., 2002). Lastly, a re-emergence 

mechanism has been proposed to explain the variability of the PDO, whereupon seasonal 

temperature anomalies that are retained in the ocean mixed layer during the summer, resurface 
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during the following winter (Alexander, 2013; Alexander & Deser, 1995). The combination of 

all three proposed mechanisms, as well as the displacement of the North Pacific Ocean gyres, 

combined with Ekman transport of water are probably all factors in the PDOôs variability 

(Alexander, 2013; Mantua & Hare, 2002; Miller et al., 1994; Newman et al., 2016).  

Atlantic Multidecadal Oscillation (AMO) 

The most prominent atmospheric-ocean oscillation influencing precipitation patterns in 

eastern North America is the Atlantic Multidecadal Oscillation (AMO); however, its effects are 

felt continent-wide, and even in Europe and Asia. The effects of the AMO have been studied to 

understand its influence on hurricanes in the Atlantic Ocean, as well as its impact on summer 

climate throughout North America and in Europe (Häkkinen et al., 2011). There are multiple 

definitions of the AMO. For instance, Enfield et al. (2001) defined the AMO index as the 10-

year running mean of linearly detrended averaged SSTs across the North Atlantic Ocean (from 

the equator to 70°N). Other researchers have used slightly different definitions to define the 

AMO index in the North Atlantic Ocean (Drinkwater et al., 2014; Sutton & Hodson, 2005; 

Trenberth & Shea, 2006). Nevertheless, the most common definition of the AMO is the 

following. The AMO is characterized as a low frequency, re-occurring pattern of Atlantic SSTs 

in the North Atlantic Ocean (from the equator to 70°N) with a periodicity of 60-90 years (Dima 

& Lohmann, 2007; Enfield et al., 2001; Garc²a Garc²a & Ummenhofer, 2015; Kerr, 2000; 

Kundzewicz et al., 2019b; Wang et al., 2008). The AMO has two phases: a positive (or warm) 

phase where SST anomalies are above zero, and a negative (or cold) phase where SST anomalies 

are below zero (Figures 2.2B and 2.4). 
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Figure 2.4. The average annual Atlantic Multidecadal Oscillation (AMO) index variability 

spatial pattern. Spatial patterns were formed using the regression coefficients between the 

reconstructed time series and sea-surface temperature (SST) anomalies. The black inset box 

represents the temporal variability of the North Atlantic region. Figure courtesy of Wang et al. 

(2008). 

 

Instrumental records of the AMO begin in 1856 in its positive phase where SST 

anomalies are above zero (not shown). In 1901, the AMO switches from its positive phase to its 

negative phase where the SST anomalies in the North Atlantic Ocean were below zero (Figure 

2.2B). During 1926-1962 period, significantly warmer SSTs were found in the North Atlantic 

Ocean. In 1963, the AMO switched again to its negative phase where colder SST anomalies were 

found in the North Atlantic Ocean (Figure 2.2B). In 1995 until present, the AMO changed to its 

positive phase (Figure 2.2B). The positive AMO phase is typically associated with more 

precipitation in western Europe, the Sahel, India, southeast Asia, and the United Statesô Pacific 

Northwest (Enfield et al., 2001; Garc²a Garc²a & Ummenhofer, 2015; Goswami et al., 2006; 

Knight et al., 2006; Sutton & Hodson, 2005). Conversely, the negative AMO phase is linked 

with more precipitation in the continental United States (Enfield et al., 2001). 

Several mechanisms have been proposed to generate the AMO. For instance, Häkkinen et 

al. (2011) proposed that atmospheric blocking (high-pressure systems that ñblockò westerly 
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winds in the mid- and high-latitudes) via changes in surface wind stress and wind stress curl 

influence ocean circulation patterns in the North Atlantic Ocean. They proposed that weakening 

of the wind stress curl contributes to weakening of the ocean gyre circulation which results in 

greater warming in the subpolar region of the Atlantic Ocean (Häkkinen et al., 2011). During 

periods of atmospheric blocking in western Europe and Greenland, the AMO has its warmest 

SST anomalies (Häkkinen et al., 2011). Conversely, the strengthening of the wind stress curl 

corresponds to strengthening of the ocean gyre circulation in the subpolar region, which results 

in cooling of the subpolar Atlantic Ocean (Häkkinen et al., 2011). Stronger wind stress curl 

coincides with colder AMO SST anomalies (Häkkinen et al., 2011). Other studies have proposed 

that the AMO phases covary with the strength of the Atlantic Meridional Overturning 

Circulation (AMOC), that is, the variation of the ocean thermohaline circulation (THC) in the 

North Atlantic Ocean (dôOrgeville & Peltier, 2007; Frajka-Williams et al., 2017; Garc²a Garc²a 

& Ummenhofer, 2015; Knight et al., 2005). Warmer Atlantic SSTs are associated with a stronger 

AMOC, whereas colder Atlantic SSTs are associated with a weaker AMOC (Frajka-Williams et 

al., 2017). 

Dima & Lohmann (2007) proposed another mechanism for the AMO based on several 

atmospheric, ocean and sea ice interactions. In their proposed mechanism, the AMO undergoes a 

series of positive and negative feedback loops where the Atlantic SSTs have a positive feedback 

on the sea level pressure (SLP) in the Pacific Ocean via atmospheric teleconnections, and a 

negative feedback on the SLP in the Atlantic Ocean. The differences in SLP in the North 

Atlantic and North Pacific Ocean basins create a positive feedback on the SLP gradient which 

results in a positive feedback on wind stress in the North Atlantic Ocean (Dima & Lohmann, 

2007). The positive feedback on wind stress results in more sea ice export from the North 
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Atlantic Ocean which causes a negative feedback on the THC due to influx of freshwater. The 

negative feedback on the THC occurs over a 10-20-year period, then the cycle is completed and 

the AMO switches to its opposite phase. They found that the sign of the AMO phase is lagged by 

the activity of the sea ice export. When sea ice export is at minimum activity, less sea ice is 

exported across the North Atlantic Ocean which results in less influx of cold freshwater, leading 

to a warmer THC and warmer SSTs in the Atlantic Ocean (positive AMO phase). Conversely, 

colder SSTs in the Atlantic Ocean are observed when sea ice export is at maximum activity 

(colder THC) (Dima & Lohmann, 2007).  

Thus, there are multiple mechanisms proposed to describe the processes of the AMO. 

Atmospheric blocking via surface wind stress and wind stress curl, as well as the negative 

feedback on the THC due to sea ice transport all contribute to the mechanism of the AMO. A 

better understanding of the driving mechanism of the AMO will be useful in understanding of 

how the AMO influences North American climate. 

Hydroclimatic studies of the El Niño Southern Oscillation and Pacific Decadal Oscillation 

 Numerous studies have explored the links between ENSO and the PDO on precipitation, 

streamflow and river discharge in western Canada, United States and Australia (Brabets & 

Walvoord, 2009; Burn et al., 2004; Franks & Kuczera, 2002; Gurrapu et al., 2016; Kiem et al., 

2003; Micevski et al., 2006; Neal et al., 2002; Praskievicz & Chang, 2009; Redmond & Koch, 

1991; Whitfield et al., 2010). In the following section, hydroclimatic studies conducted in 

western Canada will be presented first, followed by studies done in the United States, and lastly 

Australia. 
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Western Canada 

Whitfield et al. (2010) surveyed the influence of the PDO on precipitation, temperature, 

streamflow, and snowpack in western Canada. They found that the PDO has a significant effect 

on spring temperature in northwestern North America, with warmer temperatures were observed 

during El Niño winters and the warm PDO phase in Alaska and British Columbia, and cooler 

temperatures observed during La Niña winters and the cold PDO phase. Similarly, the PDO has a 

varying impact on precipitation where seasonal precipitation varies depending on the PDO phase 

in Alaska, British Columbia, and the Yukon. Furthermore, they showed that the PDO influences 

snow accumulation, the timing of snowmelt and streamflow patterns in western Canada. During 

the positive PDO phase, snow accumulation decreases in southern British Columbia, resulting in 

earlier snowmelt, whereas, there is an increase in snow accumulation and later snowmelt in the 

negative PDO phase (Whitfield et al., 2010). In southern British Columbia, earlier snowmelt 

leads to high winter streamflow, whereas later snowmelt in the negative PDO state leads to 

higher spring and summer streamflow. 

Brabets & Walvoord (2009) studied the influence of the PDO on the monthly, seasonal, 

and annual discharge of 21 rivers from the Yukon River Basin from 1944 to 2005. They found 

that there is a strong relationship between streamflow and the PDO index where higher 

streamflow is observed during the positive PDO phase in December-February. They also found 

that lower streamflow occurs during the negative PDO phase (Brabets & Walvoord, 2009). As 

the PDO shifts from its negative state to its positive state, air temperature above the Yukon River 

Basin increases, causing permafrost to thaw more quickly, resulting in greater groundwater 

discharge. During July-September, higher streamflow is observed during the negative PDO 

phase, whereas lower streamflow is observed during the positive PDO phase.  
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Burn et al. (2004) analyzed the trends of several hydrological variables in the Liard River 

Basin in northern (Yukon, the Northwest Territories, and British Columbia) Canada and found 

that the PDO index correlates negatively with the annual maximum flood date and spring freshet 

date (defined as the date where streamflow is 1.5 times higher than the average flow from the last 

16 days). During the positive PDO phase, snowmelt occurs earlier in the spring, whereas in the 

negative PDO phase, snowmelt occurs later in the summer (Burn et al., 2004). 

Gurrapu et al. (2016) examined the influence of the PDO on the flood frequencies of 

rivers in western Canada. They showed that annual peak flood records do not adhere to the 

independent and identically distributed (i.i.d.) assumption made in flood risk assessments as 

stations in British Columbia, Alberta and Saskatchewan recorded higher annual peak floods in 

the negative PDO phase; stations recorded lower peak annual floods when the PDO was in its 

positive state (Gurrapu et al., 2016). 

Although these above studies have shown that the PDO influences streamflow patterns, 

they did not consider the combined effects of multiple climate oscillations such as the PDO and 

AMO on historical annual peak flood records and the timing of seasonal maxima and seasonal 

minima. 

Western United States 

Redmond & Koch (1991) analyzed the correlation between the precipitation patterns of 

October and March, and the mean Southern Oscillation Index (SOI) (an ENSO metric) for the 

previous June through November months in coastal California to understand the changes of 

precipitation events during ENSOôs El Ni¶o and La Ni¶a states. They concluded that California 

receives more precipitation during El Niño events and less precipitation during La Niña events 

(Redmond & Koch, 1991). Furthermore, Cayan et al. (1999) studied the relationship between the 
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SOI and the statistical frequency of daily precipitation events and the 50th and 90th percentiles of 

streamflow. They showed that daily precipitation events and streamflow were influenced by 

ENSOôs El Niño state (Cayan et al., 1999).   

Andrews et al. (2004) studied the influence of ENSO on the frequency of floods along 

the Californian coast. They expanded the results of Schonher & Nicholsonôs (1989) study which 

found that winter precipitation in the coastal mountains is more sensitive to variations in ENSO 

than that in the interior regions. They concluded that southern California rainfall patterns are 

strongly influenced by ENSO patterns in comparison to those of central and northern California 

(Schonher & Nicholson, 1989). Andrews et al. (2004)ôs study of ENSOôs influence on flood 

frequency on the California coast showed that floods have greater magnitudes during the 

ENSOôs El Ni¶o state.  

Praskievicz & Chang (2009) studied the separate and combined effects of ENSO and the 

PDO on winter precipitation intensity in Oregonôs Willamette Valley. They showed that higher 

precipitation intensity is linked to ENSOôs La Ni¶a phase in November, whereas higher 

precipitation intensity is linked to ENSOôs El Ni¶o phase in April (Praskievicz & Chang, 2009). 

They concluded that there is greater precipitation during the negative PDO phase in Oregon. 

Neal et al. (2002) studied the PDOôs effect on streamflow discharge patterns in southern 

Alaska. They stratified streamflow records according the PDOôs negative phase (1947-1976) and 

the PDOôs positive phase (1977-1998) as reference points to mark the changes in Pacific SSTs 

(Neal et al., 2002). They found that the winter monthly and seasonal river discharges were higher 

during the positive PDO phase. During the winter, precipitation in southeastern Alaska fell as 

rain in the positive PDO phase, whereas in the negative PDO phase, precipitation fell as snow. In 
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the negative PDO state, snowpack melted later in the season, causing a higher summer river 

discharge. 

 Beebee & Manga (2004) studied the influence of ENSO and the PDO on the annual 

average river discharge and snowmelt timing in eight watersheds in Oregon. They found that 

ENSO correlated with the variability of the annual average discharge, whereas the PDO 

correlated with the timing of spring snowmelt and annual peak floods. They found that the peak 

spring runoff occurs significantly earlier in the positive PDO and occurs later in the negative 

PDO phase (Beebee & Manga, 2004). These above studies have shown that ENSO and the PDO 

affect precipitation and streamflow patterns. However, these studies did not consider the 

individual and combined effects of other climate oscillations such as the AMO on annual peak 

flood records. 

Australia 

 Kiem et al. (2003) analyzed the variability of flood risk across New South Wales, 

Australia, stratifying flood records according to the PDO and ENSO events. They concluded that 

higher flood risk occurs during La Niña events than El Niño events. In addition, flood risk 

elevates when the PDO is in its negative phase. They found that the PDOôs modulation of ENSO 

is linked to rain-induced flooding in eastern Australia and flood risks are much greater when La 

Ni¶a events coincides with the PDOôs negative phase (Kiem et al., 2003).   

Franks & Kuczera (2002) analyzed annual maximum flood data in New South Wales, 

Australia to assess whether they adhere to the i.i.d. flood event assumption. They stratified 

records according to two periods: pre-1945 (when the Interdecadal Pacific Oscillation, a climate 

oscillation related to the PDO shifted from its positive to its negative phase) and post-1945 (the 

negative IPO phase) to determine the changes in flood frequencies (if any). They concluded that 
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a significant number of records had larger 20-year flood ratios (the distribution of floods in the 

negative and positive phases) after 1945 (during the negative IPO phase) in comparison to the 

pre-1945 period. 

Micevski et al. (2006) tested the i.i.d flood event assumption by analyzing the effects of 

the IPO on annual maximum flood data in New South Wales and southern Queensland, 

Australia. Records were stratified according to the negative and positive IPO indices and their 

flood frequencies were calculated. They found that the IPO modulated flood risk in New South 

Wales and southern Queensland, where annual peak flood quantiles were 1.7 times higher during 

the negative IPO phase than the positive phase (Micevski et al., 2006). They concluded that the 

change in flood frequencies were related to the shifts of SSTs and the movement of regional 

convergence zones. These above studies established that the i.i.d flood event assumption is 

untenable in Australia, a region whose hydroclimatology is strongly influenced by the two 

climate oscillations: ENSO and the IPO. 

Hydroclimatic studies of the Atlantic Multidecadal Oscillation 

Hydroclimatic studies of the AMO are predominantly focused on analyzing rain and 

mean annual or mean seasonal streamflow, rather than annual peak floods (Archfield et al., 

2016; Assani et al., 2010a; Assani et al., 2010b; Enfield et al., 2001; Fortier et al., 2011; 

Hodgkins et al., 2017; Mallakpour & Villarini, 2017; Méndez & Magaña, 2010; Pascolini-

Campbell et al., 2017; Valdés-Manzanilla, 2016, 2018). These studies have been conducted on 

selective regions across eastern Canada, United States and Mexico. Studies in western Canada 

have largely focused on the effects of ENSO and the PDO on precipitation and streamflow 

patterns. However, very few studies have explored the effects of the AMO on precipitation, 
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streamflow, and river discharge in western Canada. Again, in this section, the hydroclimatic 

studies are organized according to their geographic location.  

Eastern Canada  

In southern Québec, Fortier et al. (2011) studied the temporal variability of large floods 

in the Matawin River, a sub-tributary of the St. Lawrence River. They compared the interannual 

variability of streamflow upstream and downstream to the Matawin dam. The streamflow gauge 

used upstream of the dam (Saint-Michel-Des-Saints) is part of the Canadian Reference 

Hydrometric Basin Network (RHBN) (station gauges that originate from protected watersheds 

which are not regulated or influenced by urbanization or reservoirs). They found that floods that 

were upstream to the Matawin dam correlated negatively to the AMO, whereas floods 

downstream to the dam correlated positively to the AMO (Fortier et al., 2011).  

Assani et al. (2010a) studied the temporal variability modes of annual maximum 

streamflow in the St. Lawrence watershed. They did a principal component analysis (PCA) to 

assess the temporal variability modes of floods in southern Québec. They used a correlation 

matrix to analyze the correlations among the streamflow gauges assessed in the St. Lawrence 

watershed. They found that the first three principal components explained 62% of the annual 

maximum streamflow variability (Assani et al., 2010a). The first principal component (PC-I) 

corresponded with the north shore of the St. Lawrence River at 47°N, whereas PC-II and PC-III 

matched with the south shore of the river. The interannual variability analysis showed that the 

PC-I scores had a statistically significant positive trend (increase in maximum annual flow over 

time); this was detected using the Mann-Kendall test. Although PC-II and PC-III had negative 

trends in its interannual variability, they were not statistically significant. Furthermore, they 

showed that PC-I correlated negatively to the AMO. PC-II had a statistically significant positive 
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correlation to NINO3.4 and to the Southern Oscillation Index (SOI) (both metrics of ENSO). PC-

III correlated positively to the Arctic Oscillation (AO); however, it was only significant at the 

90% confidence level. 

Moreover, a second Assani et al. (2010b) study was conducted in southern Québec 

examining the relationships between atmospheric-ocean oscillations and mean annual 

streamflow from 16 naturally flowing rivers in the St. Lawrence watershed. Similar to the first 

study, they conducted a PCA to determine the relationship between six climate indices and mean 

annual streamflow of the tributaries of the St. Lawrence River. Thirteen of sixteen streamflow 

gauges were common to both studies. They used a correlation matrix to analyze the correlations 

among the streamflow gauges analyzed in the study. Approximately 60% of the streamflowôs 

variance was explained by the first three principal components. The first two principal 

components (PC-I and PC-II) were located near the south shore of the St. Lawrence River at 

47°N, and the third principal component (PC-III) was located on the north shore of the river 

(Assani et al., 2010b). They found that the AO and the AMO had negative correlations with PC-

II and PC-III, respectively. Although the studies of Assani et al. (2010a, 2010b) have shown that 

there is a link between climate oscillations and streamflow patterns, their studies focused only on 

the lower St. Lawrence valley in southern Québec. 

United States 

Enfield et al. (2001) studied the impact of the AMO on precipitation and river flow 

across the continental United States. They discovered that there are significant correlations 

between precipitation and the negative AMO phase across the contiguous United States, except 

for Florida and the Pacific Northwest (significant positive correlations to precipitation). 

Furthermore, they found that summer rainfall is the most sensitive to changes in the AMO. In 
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addition, there is a significant positive correlation between winter rainfall and the positive AMO 

phase in Florida, whereas winter rainfall in the eastern Mississippi basin correlates with the 

negative AMO phase (Enfield et al., 2001). The AMOôs influence on rainfall variability also has 

a consequential effect on river flows; they found that streamflow increases during the positive 

AMO phase in Florida. They recommend that flood protection measures should be heightened 

when the AMO is in its positive phase. Furthermore, they found that the inflow of water in the 

negative AMO phase was two times lower than in the positive AMO phase in Florida.  

Pascolini-Campbell et al. (2017) studied the influence of the AMO and PDO on monthly 

mean streamflow from naturally flowing rivers in the Upper Rio Grande Basin. They assessed 

the streamflow of 7 hydrometric gauges from New Mexico, United States. They found that the 

climate indices had stronger correlations with streamflow at decadal timescales. For instance, 

they found that decadal high streamflow from 1900-1920 and 1979-1995 were influenced by the 

AMOôs negative phase and the PDOôs positive (warm) phase. They found that decadal low 

streamflow from 1945-1975 and 1996-2014 were influenced by the AMOôs positive phase and 

the PDOôs negative (cold) phase. However, their study did not find that the PDO and AMO 

explain streamflow variability at annual timescales in the Upper Rio Grande Basin (Pascolini-

Campbell et al., 2017). 

Archfield et al. (2016) studied the volume, frequency, magnitude, and duration of flood 

events across the United States using the peaks over threshold (POT) method (the selection of all 

extreme streamflow peaks above a streamflow threshold). Station gauges from only naturally 

flowing rivers were analyzed and their flood variables were correlated with the AMO, North 

Atlantic Oscillation (NAO), PDO and ENSO. They showed that only flood volume and flood 

duration correlated strongly to ENSO (25% of stations studied showed a significant effect). 
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Other climate indices such as the AMO, NAO and PDO did not correlate strongly with any of the 

streamflow gauges across different regions in the United States. Archfield et al. (2016) found 

that the New England region (eastern United States), the northern Great Plains and the Upper 

Mississippi Valley were the only regions to have significant changes in their flood properties. 

The New England region had increases in the frequency of flood events over the 1940-2013 

period, despite having decreases in the magnitude, volume, and duration of these hydrological 

events. The northern Great Plains and Upper Mississippi Valley had different flood responses 

than the New England region. Although flood frequency decreased in these regions, flood 

volume, magnitude and duration were significantly higher during the 1940-2013 period. They 

concluded that there were no clear, distinct regional patterns which shows that climate 

oscillations are influencing floods across the United States (Archfield et al., 2016). They do 

suggest, however, that examining flood properties at the catchment level may provide more 

information on the regional patterns that may exist in the United States. 

Mallakpour & Villarini (2017) studied the seasonal and annual changes in frequency and 

magnitude of intense precipitation events across the contiguous United States. They utilized the 

POT method and the block maxima approach (extreme value theorem methods) to assess the 

frequency and magnitude of extreme precipitation events, respectively. They conducted a Mann-

Kendall trend test to assess the trends of extreme precipitation events (Mallakpour & Villarini, 

2017). Mallakpour & Villarini (2017) also used this test to analyze the positive and/or negative 

relationship between the magnitude of extreme precipitation events and several climate indices 

(e.g. AMO, NAO, PDO and ENSO). They found that climate variability has a prominent effect 

on the frequency of intense precipitation events across different regions in the United States. 

Most notably, the northeastern United States had the largest increase in intense precipitation 
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during the 1948-2012 period. In addition, they found that western United States coast have the 

most extreme precipitation events during the winter, whereas the highest occurrence of extreme 

precipitation events occurs in the summer in the eastern part of the southwestern United States 

region. Moreover, they found that the NAO and PDO had their most prominent impact on winter 

rainfall, whereas the AMO had its greatest impact on fall rainfall.  

Hodgkins et al. (2017) analyzed the effects of the AMO and PDO on major flood patterns 

(the 100-year flood events) across North America and Europe using annual peak flow data from 

1204 station gauges (Hodgkins et al., 2017; Mantua et al., 1997). A significant negative 

relationship was detected between flood events at the 25 and 50-year return periods and the 

AMO in large (greater than 1000 km2) catchments in North America (Hodgkins et al., 2017). A 

positive temporal trend was detected for major flood events at the 50-year return period for 

medium sized catchments (100-1000 km2) in Europe.  

Mexico 

Valdés-Manzanilla (2016) studied historical flood events in Tabasco and Chiapas, 

Mexico, and found that most floods occurred during the positive phase of the AMO. They 

conducted an odds ratio test that showed it was approximately 1.9 times more likely for floods to 

occur in the positive AMO phase, than the negative AMO phase in southeastern Mexico (Valdés-

Manzanilla, 2016). In a second study by Valdés-Manzanilla (2018), the effects of the AMO and 

the PDO on historical flood events in the Papaloapan River Basin in Mexico was studied. A 

wavelet coherence analysis was conducted and an in-phase relationship between the AMO and 

the PDO positive phases were found (Valdés-Manzanilla, 2018).  

Méndez & Magaña (2010) studied the links between the AMO and PDO using drought 

indices (precipitation data) in Mexico. They showed that the combined effects of the AMO and 
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PDO phases play a role in the number of droughts that occur in Mexico (Méndez & Magaña, 

2010). More specifically, droughts in northern Mexico occurred more frequently when the PDO 

was in its negative phase and the AMO is in its positive phase, whereas in southern Mexico, 

droughts were more frequent when the PDO is in its positive phase and the AMO is in its 

negative phase (Méndez & Magaña, 2010). Thus, the studies in Mexico and United States show 

that the occurrence of flood events in North America may be affected by the interactions 

between the AMO and PDO phases. However, these hydroclimatic studies have not yet assessed 

the impacts of climate oscillations on historical annual peak flood records across the entire 

western North American margin north of Mexico. 

Hydroclimatic research of climate oscillations and floods in Western North America 

 Previous hydroclimate research indicates that atmosphere-climate oscillations (e.g. the 

PDO and AMO) influence precipitation and streamflow patterns in western Canada and the 

western United States. Although numerous studies have shown that these climate indices affect 

mean river discharges and extreme precipitation events in western North America, much less 

work has been done studying effects on peak annual floods. The individual and combined effects 

of the PDO and AMO on annual peak flood records have yet to be explored across the entire 

western North American margin, in a single study using the same metrics throughout. In the 

following chapters, the studyôs research question and objectives, and the manuscript containing 

the methods and results will be discussed in greater detail. 

 

 

 

 



25 

 

CHAPTER 3: Research Question 

 Along the western North American margin, there are still many questions that remain to 

be answered concerning the effects of the multiple climate oscillations that strongly affect this 

area, such as how they interact and combine. In addition, the identically and independently 

distributed (i.i.d.) flood event assumption, i.e., that yearly peak flood events are independent of 

those of previous years, remains a fundamental hydrological concept, although it is under 

scrutiny. However, annual peak flood records in this area may not adhere to this i.i.d. assumption 

because of the influence of the multiple interacting climate oscillations. Therefore, the aim of 

this project is to answer the following research question: are annual peak floods in naturally 

flowing rivers along the western North American margin affected by the individual and 

combined effects of the Pacific Decadal Oscillation (PDO) and the Atlantic Multidecadal 

Oscillation (AMO)? 

 This study aims to address the following objectives: 1) to assess the individual effects of 

the PDO and AMO on annual peak flood magnitudes, 2) to quantify the individual and combined 

effects of the PDO and AMO on the frequencies of lower and upper quartile annual peak floods, 

and 3) to determine any shifts of the dates of seasonal maxima and seasonal minima during 

extreme PDO and AMO events. 
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ABSTRACT 

Flood frequency analysis assumes that annual peak flood events occur independently of 

each other, regardless of previous flood events (the independent and identically distributed (i.i.d.) 

assumption); however, annual peak flood records do not necessarily appear to conform to these 

assumptions. We tested the i.i.d assumption by analyzing the effects of the Pacific Decadal 

Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO) on 250 naturally flowing annual 

peak flood records across the entire western North American margin. Using permutation tests on 

quantile-quantile (Q-Q) plots, we found that the PDO has a greater impact on the magnitude of 

annual peak floods than the AMO. Twenty-six percent of the gauges have higher magnitude 

annual floods depending on the PDO phase (p < 0.1). Next, we examined the interacting effects 

of the PDO and AMO on the frequencies of lower and upper quartile annual peak floods, and 

found reinforcing, cancelling, and dominating effects. Lastly, we used permutation t-tests on the 

Julian dates of seasonal maximum and minimum streamflows to assess the impact of the PDO 

and AMO. We found that the PDO and AMO have substantial effects on the dates of winter 

maximum and summer minimum streamflow dates across the coastal margin. Since these two 

climate oscillations have significant effects on the magnitudes of annual peak floods, the i.i.d. 

assumption does not hold. Hence, we advocate for the need to re-assess baseline flood analysis in 

western North America to improve flood management strategies. 
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INTRODUCTION  

Flooding is a severe hydrological event caused by several factors such as snowmelt of 

winter snowpack (spring floods), intense rain events (flash floods), ice jams, storm surges and 

hurricanes (coastal floods) (Buttle et al., 2016; Kundzewicz et al., 2019a). Globally, floods 

represent approximately 43% of total natural disasters and 47% of all weather related natural 

disasters (Kundzewicz et al., 2019a). An estimated average of 70 million people worldwide are 

affected by floods each year (Kundzewicz et al., 2019a). Furthermore, floods have caused 

approximately $10 billion US dollars in damages and over thousands of deaths each year around 

the world (Kundzewicz et al., 2019a). Climate change due to anthropogenic activities continues 

to rapidly intensify the hydrological cycle, resulting in greater flood risk due to more frequent 

and intense rain and snow events (Milly et al., 2002). The growth of large populations in regions 

that are prone to flooding also presents additional challenges to mitigating flood risk in 

expanding industrial, commercial and residential areas in the future (Corringham & Cayan, 

2019).  

Flood frequency analysis (FFA) studies are conducted to assess regional flood risks 

(Archer, 1998; England Jr. et al., 2018). FFA studies are conducted as part of flood management 

plans to protect against a potential 100-year peak flood (Archer, 1998; England Jr. et al., 2018; 

Franks & Kuczera, 2002). However, FFA studies assume that yearly flood events are 

independent of those of previous years (the independent and identically distributed (i.i.d.) flood 

event assumption) (Archer, 1998; England Jr. et al., 2018; Franks & Kuczera, 2002). The effect 

of long-term climate variability on flood frequencies is also not considered in these calculations, 

thus, due to these two factors, FFA studies may be inaccurate in their prediction of flood 

magnitudes at various return periods (Archer, 1998; Hamlet & Lettenmaier, 2007; Kidson & 



29 

 

Richards, 2005). Flood events may be influenced by atmosphere-ocean climate oscillations such 

as the Pacific Decadal Oscillation (PDO) and the Atlantic Multidecadal Oscillation (AMO).  

The PDO is a low-frequency, re-occurring pattern of north Pacific sea-surface 

temperatures (SST) with phases that shift on multi-decadal timescales (Alexander, 2013; Mantua 

et al., 1997; Mantua & Hare, 2002; Mochizuki et al., 2010; Newman et al., 2016; Zhang et al., 

1997). Defined by Latif and Barnett (1996) and Mantua et al. (1997) as an empirical orthogonal 

function (EOF) of North Pacific Ocean (20º-70ºN) monthly average SST anomalies, the PDO 

oscillates between its negative (cold) phase and its positive (warm) phase. In contrast, the AMO 

is characterized as a low frequency, re-occurring pattern of SSTs in the North Atlantic Ocean 

(from the equator to 70°N) (Enfield et al., 2001; Garc²a Garc²a & Ummenhofer, 2015; 

Kundzewicz et al., 2019b; Wang et al., 2008). The AMO has a periodicity of approximately 60-

90 years (Dima & Lohmann, 2007; Enfield et al., 2001; Garc²a Garc²a & Ummenhofer, 2015; 

Kerr, 2000; Kundzewicz et al., 2019b). The positive (warm) AMO phase consists of SST 

anomalies greater than zero, whereas the negative (cold) AMO phase is comprised of SST 

anomalies below zero. 

Recent hydroclimatic research has studied the influence of the PDO and AMO on mean 

annual streamflows, and begun the study of their influence on floods in North America (Gurrapu 

et al., 2016; Hodgkins et al., 2017; Kundzewicz et al., 2019b; Neal et al., 2002; Whitfield et al., 

2010). Gurrapu et al. (2016) analyzed the influence of the PDO on annual peak flows in western 

Canada and concluded that there are higher annual peak flows in the negative PDO phase than in 

the positive phase. Hodgkins et al. (2017) analyzed the influence of the PDO and the AMO on 

flood frequencies in North America and Europe and found a significant negative relationship 

between flood events at the 25 and 50-year return periods and the AMO in large (greater than 
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1000 km2) catchments in North America. They did not find significant relationships between 

major flood occurrences and the PDO at the continental scale. However, they proposed that 

analyzing the influence of the PDO and AMO on annual peak flood records across a smaller 

geographic region might identify more substantial relationships between PDO and AMO phases 

and flood occurrences (Hodgkins et al., 2017).  

Previous studies have primarily focused on the combined influence of the PDO and the 

related El Niño Southern Oscillation (ENSO) on streamflow hydrographs and flood risks in the 

western United States, and ignored the AMO (Beebee & Manga, 2004; Corringham & Cayan, 

2019; Dai, 2013; Hamlet & Lettenmaier, 2007; Stewart et al., 2005). Beebee & Manga (2004) 

examined the relationships between the PDO and ENSO, and snowmelt timing and the 

magnitude and timing of annual floods in Oregon. Stewart et al. (2005) focused on assessing the 

influence of the PDO and ENSO on snow-dominated gauge records across western North 

America. Their study focused on determining shifts of monthly and seasonal fractional flows, as 

well as changes in the flow dates of the annual flow centre of mass and the dates of spring 

snowmelt pulse onset (Stewart et al., 2005). However, their study did not analyze the changes in 

annual peak flood magnitudes nor the dates of seasonal minima and maxima across the western 

North American margin. Hamlet & Lettenmaier (2007) utilized hydrological models to analyze 

large scale changes in flood risk, stratified according to the PDO and ENSO phases across the 

western United States. They found significant effects of the PDO and ENSO on floods, 

particularly when the climate oscillations were in phase and for southern California. However, 

their modelling study is dependent on the sensitivity of the hydrological model to accurately 

predict monthly changes in naturalized streamflow using daily temperature and precipitation 

records. Although their model has good fidelity at very large spatial scales (i.e. river basins with 
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drainage areas on the order of 104-105 km2), their analysis has biases on a smaller basin level 

scale due to the resolution limitations of their hydrological model (a 1/8° resolution) (Hamlet & 

Lettenmaier, 2007). Dai (2013) demonstrated the influence of the Interdecadal Pacific 

Oscillation (IPO ï closely related to the PDO) on the precipitation of continental United States 

using observational, reanalysis and modelled data. Although not based upon direct hydrological 

gauge data, Corringham and Cayan (2019) worked with the U.S. National Flood Insurance 

Program daily claims and losses to demonstrate their clear connections to ENSO state. 

There has been a small amount of research on the combined effects of the AMO and PDO 

on streamflow and precipitation of the western North American margin. Much less research has 

been done on the effects of the AMO in this region compared to those of the PDO and ENSO, 

even though the AMO operates on a continental scale (Kundzewicz et al., 2019b). Tootle & 

Piechota (2006) analyzed the impacts of both the PDO and AMO on streamflow patterns across 

the continental United States. However, their study utilized singular value decomposition to 

identify the relationships between the PDO and AMO and the annually-averaged streamflow 

variability, not annual peak floods (Tootle & Piechota, 2006). McCabe et al. (2004) analyzed the 

impacts of both the PDO and AMO on drought frequency for the entire continental United 

States. They calculated drought frequencies using mean annual precipitation and found that 

drought frequency increased during the positive AMO phase regardless of PDO phases (McCabe 

et al., 2004).  

Although these above studies analyzed the individual impacts of the PDO and AMO on 

flood risks, and the combined impacts of the PDO and AMO on annual streamflow discharge and 

precipitation variability, they did not assess the combined impacts of the PDO and AMO on the 

magnitude of observed annual peak floods. The climate oscillationsô effects on mean annual 
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streamflow and precipitation are closely related to, but ultimately different from their effects on 

actual observed annual peak flows. This difference arises from floods being caused by not 

merely precipitation and total annual discharge (i.e. available water inputs), but by complex 

interactions among available water quantity, storm characteristics, catchment geometry, land 

surface characteristics and antecedent hydrological conditions (Hamlet & Lettenmaier, 2007). 

Due to these small-scale local factors, modelled data from studies across a broad geographical 

area will not be the same as actual observed gauge data (e.g. Hamlet & Lettenmaier, 2007). 

Furthermore, these analyses are usually focused on the western continental U.S., and not along 

the broader entire western North American margin which forms a distinct hydroclimatic region 

and which should therefore be analysed using consistent statistical methods. Lastly, none have 

analysed the individual effects of the PDO and AMO on the timing of seasonal hydrograph 

extremes throughout the year, other than the important spring snowmelt peaks (Beebee & 

Manga, 2004; Stewart et al., 2005). For instance, the timing of summer minima is also important 

in this agricultural area and its water-stressed south reliant upon irrigation from surface water 

supplies.  

In this study, we analyze the individual and combined effects of the PDO and AMO on 

annual peak floods along the western North American margin. We also analyse their individual 

effects on the timing of seasonal extremes throughout the year. We selected the western North 

American margin as our study region because of the control exerted upon its hydroclimatology 

by the North Pacific Ocean which is upstream in terms of regional airmass movements. We 

hypothesize that the i.i.d. flood event assumption is not tenable in this region that is subject to 

substantial impacts from these climate oscillations. 
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DATA AND STUDY AREA DESCRIPTION  

We compiled annual peak flood magnitude data and seasonal extreme timing data from 

250 naturally flowing rivers across the western North American margin (Figure 4.1 and Table 

S1). R version 4.0.3. (R Core Team, 2020) code was developed to analyze compiled streamflow 

records from the United States Geological Survey (USGS) (www.waterdata.usgs.gov/nwis) and 

Water Survey of Canada (WSC) (www.wateroffice.ec.gc.ca) databases. We selected station 

records with at least 40 years of annual and daily data (possibly discontinuous). Streamflow 

records were compiled up to 2017 inclusively. Annual peak floods were defined according to the 

water year (October 1st of the previous year to September 30th of the current year). Additionally, 

the Julian dates of the first occurrence of the absolute seasonal minima and maxima were 

identified for each year of each record. We defined the seasons according to the water year as 

follows: fall (October-December), winter (January-March), spring (April-June) and summer 

(July-September). 

For North American monthly precipitation and monthly minimum and maximum 

temperatures, we used the Australian National University Spline (ANUSPLIN) 10 km-gridded 

climate data for 1949-2015 (McKenney et al., 2011, Natural Resources Canada 

https://cfs.nrcan.gc.ca/projects/3). Monthly minimum and maximum temperatures were averaged 

to produce monthly mean temperatures.  

http://www.waterdata.usgs.gov/nwis
http://www.wateroffice.ec.gc.ca/
https://cfs.nrcan.gc.ca/projects/3
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Figure 4.1. Locations of the 250 naturally flowing streamflow records across the western North 

American margin used in this study.  

 

 We used the PDO index from the Joint Institute for the Study of Atmosphere and Ocean 

(JISAO), University of Washington (http://research.jisao.washington.edu/pdo/) and the AMO 

index from the National Oceanic and Atmospheric Administration (NOAA) Physical Sciences 

Laboratory databases (https://psl.noaa.gov/data/timeseries/AMO/). In this analysis, we used the 

winter (November-March) averaged PDO index and the annually-averaged (January-December) 

AMO index. Negative phases of the PDO occurred during 1890-1924, 1947-1976, and 2009-

2013; and positive phases occurred during 1925-1946, 1977-2008, and 2014-2017 (Figure 2.2A). 

Negative phases of the AMO occurred during 1901-1925 and 1963-1994; and positive phases 

occurred during 1856-1900, 1926-1962, and 1995-2017 (Figure 2.2B). 

 The study region of the western North American margin spans multiple climatic regions 

(Figure 4.1). According to the Köppen-Geiger classification of climate regions, our northernmost 

http://research.jisao.washington.edu/pdo/
https://psl.noaa.gov/data/timeseries/AMO/
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region (Alaska, British Columbia, and the Yukon) is comprised primarily of a subarctic climate 

and a warm, humid continental climate (Peel et al., 2007). The Pacific Northwest (Washington 

and Oregon) is composed mainly of a mild temperate, Mediterranean summer climate along the 

coast and an inland colder, summer continental climate (Chen & Chen, 2013; Peel et al., 2007). 

Along coastal California, mild temperate Mediterranean conditions exist where temperature in 

the hottest month can exceed 22°C (Chen & Chen, 2013; Peel et al., 2007). Dry and hot desert 

conditions exist in inland California where the mean annual temperature is above 18°C (Peel et 

al., 2007). 

METHODS 

Influence of the climate oscillations on the North American climate 

Correlation maps between ANUSPLIN precipitation and temperature and the PDO and 

AMO indices were made using Pearsonôs correlation to assess the effects of the climate 

oscillations on regional climates across North America following Mantua et al. (1997). 

Correlation maps between the winter-averaged (November-March) PDO and winter (November-

March) precipitation and winter temperature were made; together with correlation maps between 

the annually-averaged (January-December) AMO index and annual precipitation and mean 

annual temperature. In addition, correlation maps were made between the spring-averaged 

(April -June) AMO index and spring precipitation and mean spring temperature. 

Hydrological regimes of western North America 

 As background for examining the broad effects of the PDO and AMO on the western 

North American margin, annual hydrographs of daily streamflow were plotted for each station 

for each year to classify the hydrological regime of each river. Rivers were classified as glacial, 

nival, pluvial or mixed (a hybrid system of two classes, e.g. nival-glacial, pluvial-nival, etc.) 
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following the definitions of Burn & Whitfield (2017), Déry et al. (2009) and Schnorbus et al. 

(2014). As noted by Burn & Whitfield (2017), hydrological regimes are not natural constructs, 

but rather a continuum of patterns exhibited in a watershed. Rivers may change from one 

hydrological regime to another over time (Burn & Whitfield, 2017).  

Relationships between annual peak floods and climate oscillations assessed by permutations on 

quantile-quantile plots 

To assess the relationships between the annual peak flood magnitudes and the individual 

PDO and AMO indices, we conducted two-sided permutation tests on quantile-quantile (Q-Q) 

plots of ranked annual peak floods stratified according to climate oscillation phase (Gurrapu et 

al., 2016; Helsel & Hirsch, 2002). Such non-parametric methods are suitable for this analysis due 

to the distribution and heterogeneity of variance of hydrological data (Wilks, 2011). For each 

station, the annual peak flood for the i th ranked flood (y(i)) of the negative PDO phase (y-axis) 

were plotted against the annual peak flood for the i th ranked flood (x(i)) of the positive PDO phase 

(x-axis). If the data lengths of the peak flow records were the same for both phases, the peak 

flows were directly plotted against each other. If the datasets were not of equal size, the quantiles 

were picked to correspond to the sorted values from the smaller dataset and then quantiles for the 

larger dataset were interpolated. The datasets can be assumed to be from the same population if 

the points fall along the 1:1 line. If the ratio Ò  of the i th ranked floods is > 1, then the i th 

ranked flood of the negative PDO phase is higher than that of the positive PDO phase. In 

contrast, if the ratio Ò  of the i th ranked floods is < 1, then the i th ranked flood in the 

positive PDO phase is higher than that in the negative PDO phase. If the PDO phase has no 

effect on a record, its mean ὶӶ ratio should be approximately 1. The Q-Q plots were permutated 

10,000 times to assess their significance (p Ò 0.1). A similar analysis was done for the AMO. 
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Relationships between annual peak floods and climate oscillations assessed by Spearmanôs ɟ 

As further exploration, the relationships between the annual peak flood records and the 

PDO and AMO indices were analyzed for each station by computing Spearmanôs rank 

correlation ɟ, a non-parametric statistical method between the records and indices.  

Interacting effects of the PDO and AMO phases on frequencies of annual peak flood quartiles 

 Next, we explored the interacting combined effects of the PDO and AMO on annual peak 

floods (McCabe et al., 2004). The annual time series of the PDO and AMO indices were used to 

identify combinations of positive and negative PDO and AMO phases (Figure 2.2). Four 

combinations were defined: negative PDO and positive AMO (1944-1963), negative PDO and 

negative AMO (1964-1976), positive PDO and negative AMO (1977-1994), and positive PDO 

and positive AMO (1995-2008). The 25th and 75th quartiles (lower quartile Q0.25 and upper 

quartile Q0.75, respectively) for each stationôs annual peak flood record were calculated using all 

available data. Then, for each station record and each PDO/AMO combination, lower quartile 

frequencies were determined by calculating the percentage of years with annual peak flow Ò 

Q0.25. Since the normal frequency of occurrence of peak flows less than or equal to the lower 

quartile (lower quartile floods) is 25%, percentages > 25% represent a greater than normal 

probability of low annual peak flows, and values < 25% characterize less than normal chances of 

low peak flows. These excess or deficit lower quartile peak floods show the interacting effects of 

the PDO and AMO. Analogously, for each station record and each PDO/AMO combination, 

upper quartile frequencies were determined by calculating the percentage of years with annual 

peak flow Ó Q0.75 (upper quartile floods). Here, percentages > 25% represent a greater than 

normal probability of high annual peak flows, and values < 25% characterize less than normal 

chances of high peak flows.  
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For comparison, for each station record and each individual PDO and AMO phase, lower 

quartile frequencies were also determined by calculating the percentage of years with annual 

peak flows Ò Q0.25 and upper quartile frequencies were also determined by calculating the 

percentage of years with annual peak flow Ó Q0.75. For this step, we used peak flood data from 

the negative PDO (1944-1976) and positive PDO (1977-2008) phases, and from the negative 

AMO (1964-1994) and positive AMO (1944-1963, 1995-2008) phases. 

 To assess the significance of the excess or deficit lower quartile and upper quartile floods 

in each PDO and AMO combination, permutation tests were done using 10,000 iterations of 

sampling without replacement (p Ò 0.1). For each record, if any of the four PDO/AMO 

combinations were missing Ó 20% of their data, that record was eliminated from the analysis. A 

similar process was done for the individual PDO and AMO phases to assess the significance of 

excess and deficit lower quartile and upper quartile floods.  

Detection of shifts in mean dates of seasonal minima and maxima 

 At each station, to detect if the climate oscillationsô phases affect the timing of the 

seasonal minima and maxima, permutation t-tests were conducted on the mean Julian dates of 

the seasonal minima and maxima, stratified according to extreme PDO and AMO events. We 

checked the recordsô distributions, and we did not assume equal variance. A winter-averaged 

(November-March) PDO index threshold of ± 0.25 and an annually-averaged (January-

December) AMO index threshold of ± 0.10 were used to define extreme events. Minima and 

maxima dates were defined to be the Julian dates on which the minimum and maximum 

magnitude streamflow values occurred during the given analyzed period. The seasons were 

defined as follows: fall (October-December), winter (January-March), spring (April-June), and 

summer (July-September). We report the results for the maxima for the fall, winter, and spring, 
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and the first instance of the absolute minima for the summer since these were the four extremes 

showing substantial significant shifts according to climate oscillation phase. These four extremes 

are important for water management and flood mitigation in this region. To assess significance 

of the t-tests, 10,000 permutations were used (p Ò 0.1). If serial correlation is present in a record 

of dates of seasonal extremes, there may be an overestimation of the significance of the 

relationship between the mean dates and the PDO and AMO phases (Santer et al., 2000). To 

determine whether serial correlation existed in each separate stratified record, its lag-1 

autocorrelation was assessed using a Ljung-Box test. Records that have p Ò 0.05 for the Ljung-

Box test were deemed to have statistically significant autocorrelation; therefore, their sample 

sizes were adjusted using the Santer et al. (2000) method to remove the effects of autocorrelation 

on t-tests. Records that had less than two years in either phase were eliminated from the analysis.  

RESULTS 

Correlations between climate and the PDO and AMO in western North America 

 The PDO and AMO influence precipitation and temperature across the western North 

American margin as shown by correlation plots between climate and the winter-averaged PDO, 

and annually-averaged and spring-averaged AMO (Figures S1-S6). During the negative PDO 

phase, winter precipitation increases across Alaska, British Columbia, the Yukon, Oregon, and 

Washington (Figure S1, following Mantua et al., 1997). In contrast, winter precipitation 

increases during the positive PDO phase along the southern Alaskan coast and in southern 

California. Along the western North American margin, there is an alternating pattern of higher 

and lower annual precipitation according to the AMO phase (Figure S2). At northern latitudes, 

the Pacific Northwest and California, there is higher precipitation during the negative AMO 

phase (Figure S2). Along the entire western North American margin, there is a positive 
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correlation between winter-averaged temperature and the winter PDO index (Figure S3). A 

similar pattern is observed with the AMO, as higher annual temperatures are observed during the 

positive AMO phase (Figure S4).  

 The spring AMO and spring precipitation correlation map differed from the annual AMO 

and annual precipitation correlation map with spring precipitation increases in Alaska, the 

Pacific Northwest and California during the positive AMO phase (Figure S5). During the 

negative AMO phase, spring precipitation increases in the Yukon and coastal British Columbia. 

Along the entire continental margin, there is a positive correlation between spring temperatures 

and the spring- averaged AMO index (Figure S6).  

Hydrological regimes along the western North American margin 

 As background for this study which covers a wide geographical area, the hydrological 

regimes of all 250 station records along the western North American margin were first identified 

(Figure S7). Naturally flowing rivers in the northern region (Alaska, Yukon and British 

Columbia) typically have glacial and nival hydrological regimes (Arp et al., 2020; Déry et al., 

2009; Rood et al., 2016; Schnorbus et al., 2014). The glacial hydrological regime is 

characterized by a broad crest that occurs in the late spring, followed by a long, elongated falling 

limb of the hydrograph that occurs throughout the summer from melting glaciers (e.g. Figure S8 

ï Adams River near Squilax, British Columbia, Canada) (Schnorbus et al., 2014). In contrast, the 

nival hydrological profile typically has a steep rising limb and a sharp spring crest from quick 

melting of snow and river ice, as well as rain (e.g. Figure S9 ï Slocan River near Crescent 

Valley, British Columbia, Canada). After peak annual streamflow, these rivers have a steep 

falling limb. In nival regimes, annual peak streamflow typically occur during shorter temporal 

periods (Burn & Whitfield, 2017). In the northern region, 80% of the selected rivers have glacial 
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or nival hydrological regimes. There are also rivers in the northern region that exhibit a hybrid 

glacial-nival regime where discharge is heavily influenced by snowmelt (Eaton & Moore, 2010; 

Schnorbus et al., 2014). These mixed glacial-nival regimes are typically seen along the northern 

coast of British Columbia (Eaton & Moore, 2010; Schnorbus et al., 2014).  

 The pluvial hydrological regime is characterized by multiple, sharp peaks which indicate 

intense and frequent precipitation events. Peak streamflow in pluvial systems typically occur 

when excess rainfall is the highest in the year (Burn & Whitfield, 2017). Rivers with a pluvial 

hydrological regime are common in the Pacific Northwest and California. In the Pacific 

Northwest, rain events occur more frequently and with greater magnitude during the winter and 

spring seasons (e.g. Figure S10 ï Newaukum River near Chehalis, Washington, USA). Roughly 

94% of the selected naturally flowing rivers in the Pacific Northwest region exhibit a pluvial 

hydrological regime. In California, 91% of the selected rivers have a pluvial hydrological 

regime. However, there is a distinct difference between rivers in northern versus southern 

California. Northern Californian rivers have a similar hydrological regime profile to those in the 

Pacific Northwest where frequent, and high magnitude rain events occur during the fall and 

winter season (Berg & Hall, 2015; Lane et al., 2017) (Figure S10). Southern Californian rivers 

tend to have much fewer rain events with low magnitudes (e.g. Figure S11 ï Tahquitz Creek near 

Palm Springs, California, USA). 

 There are also rivers with mixed pluvial and nival regimes, i.e., rivers with a definite 

spring peak from snowpack melt but which also have multiple, sharp peaks from intense and 

frequent precipitation events during the warm part of the year. An example of a river with such a 

hydrological regime is the Stehekin River near Stehekin, Washington, USA (Figure 4.2).  
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Figure 4.2. Mixed nival-pluvial seasonal hydrographs of USGS station 12451000, Stehekin 

River at Stehekin, Washington, USA. Separate hydrographs shown for extreme climate 

oscillation years: A) extreme positive and negative PDO years, 2015 and 1956, respectively; and 

B) extreme positive and negative AMO years, 1953 and 1974, respectively. Also shown are fall, 

winter and spring maxima and summer minima. Seasons defined as follows: winter (January-

March), spring (April-June), summer (July-September) and fall (October-December). 

 

Relationships between annual peak floods and climate oscillations assessed by quantile-quantile 

plots 

 The PDO has a clear impact on annual peak flood magnitudes across the western North 

American margin. Twenty-six percent of the 250 records have significantly different annual peak 

floods during the different PDO phases. Of these significant records, 80% have higher annual 

peak floods during the negative PDO phase (Figure 4.3A). There are distinct geographical 

patterns of response to the different PDO phases in this studyôs three subregions: the northern 

region (Alaska, the Yukon, and British Columbia), the Pacific Northwest (Washington and 

Oregon), and California. 

 In the northern region, 29% of the 51 records have significantly different annual peak 

flood magnitudes in the different PDO phases, with 93% of these significant records having 
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higher peak floods in the negative PDO phase (Figure 4.3A). In much of this region, winter 

precipitation is significantly higher in the negative PDO phase; however, coastal Alaska and the 

Yukon experience higher precipitation during the positive PDO phase (Figure S1). 

In the Pacific Northwest, 27% of the 114 records have significantly different annual peak 

flood magnitudes in the different PDO phases, with 90% of these significant records having 

larger annual peak floods during the negative PDO phase. This pattern observed across the 

Pacific Northwest region is also broadly consistent with the pattern of the correlations between 

the winter PDO and winter precipitation (Figure S1). 

In California, 24% of the 85 records have significantly higher annual peak flood 

magnitudes according to the PDO phase. Fifty-five percent of the 20 significant records, all 

located in northern California, have higher annual peak floods during the negative PDO phase. 

Stations in northern California behave similarly to stations in the Pacific Northwest as these 

stations experience similar weather conditions (Figures S1 and S3). The other significant stations 

are all located in southern California and have higher annual peak floods in the positive PDO 

phase. In southern California, the winter PDO correlates positively with the winter precipitation, 

thus supporting this geographical pattern (Figure S1). 

In comparison to the PDO, annual peak flood magnitudes are less influenced by the 

AMO phase (Figure 4.3B). Only 12% of the 250 records have significantly different annual peak 

flood magnitudes during the different AMO phases. Of these significant stations, 50% of 

significant records have higher peak floods during the negative AMO phase. Less distinctive 

geographic patterns exist across the western North American margin in terms of flood 

differences according to AMO phase. However, the northern region and southern California tend 
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to have higher floods in the negative AMO phase, whereas British Columbia, the Pacific 

Northwest and northern California have higher floods in the positive AMO phase. 

 
Figure 4.3. Significant permutation tests on quantile-quantile (Q-Q) plots of the annual peak 

flood records along the western North American margin stratified according to the A) winter 

(November-March) averaged PDO phase and B) annually-averaged AMO phase (p Ò 0.1). 

 

Relationships between annual peak floods and climate oscillations assessed by Spearmanôs ɟ 

 These results that the PDO has an influence on annual peak flood magnitudes along the 

western North American margin are confirmed by Spearmanôs rank correlations between the 

winter PDO and annual flood magnitudes (Figure S12). Significant relationships are shown by 

29% of the 250 records, with 97% of these significant records having a negative relationship 

(Figure S12A). Most records with higher flows in the negative PDO phase are found in Oregon, 

Washington, and British Columbia. In contrast, Spearmanôs rank correlations between annual 

peak flood magnitudes and the annually-averaged AMO index are less significant as only 14% of 

the stations have a significant relationship; 59% of significant records have higher annual peak 


