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ABSTRACT
Assessing the influence of the Pacific Decadal Oscillation and the Atlantic Multidecadal
Oscillation ondischarge 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 cased by spring snowmelt and intense rain eveildedirequency analysistudies
assumes that annual peak flood events occur independently of each other, regardless of previous
flood events (the independent and identically distributed.§ assumption)however, annual
peak flood records do not necessarily appear to conform to these assurkjtsbes.review of
the literature on the effects of climate oscillations on extreme flood frequencies in North
America was conducted. Then, ilied. flood event assumptiorwas testedby analyzing the
effects of thePacific Decadal OscillatiorPDO) and Atlantic Multidecadal Oscillation (AMO)
on 250 naturally flowing annual peak flood records across the entire western North American
margin. Usingpermutation tes on quantileguantile (QQ) plots,l found that the PDO has a
greater impact on the magnitude of annual peak floods than the AMénty-six percent of the
gauges have higher magnitude annual floods depending on the PDOph#&si)(Next, |
examined the interactingffects of the PDO and AMO on the frequencies of lower and upper
guartile annual peak floods, and found reinforcing, cancelling, and dominating ebiaces.
these two climate oscillations have significant effects on thgnitudes of annual peak floods,
thei.i.d. assumption does not hold. Hentagdvocate for the need to-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 frequencyctiaeges in the
Earthodés climate system, as dMazoazstall 2012;dMilly ant hr o
et al, 2002) In addition, laneuse changes near riveesd.forest lands to urban areas) may also
play an important role in thacreasedntensity and frequency of seasonal flog@sggeret 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 ad hurricanes (coastal floogdsyhich continues to be a major concern for governments
due to the economic losses it causes to sofletiyley & Ashley, 2008; Buttlet al, 2016;
Jonkman, 2005; Kundzewie&t al, 201%). These flood generating mechanisms may be
influenced more heavily by large scale climate oscillat{@wsmaraes Nobret al, 2019)

Globally, floods represent approximately 43% of total natural disasters and 47% of all
weather related natural disastéfsindzewiczet al, 2019a) An estimated average of 70 million

people are affected by floods worldwide each y&aindzewiczet al, 2019a)

Figure 1.1. 1996 WillametteRiver 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)pg



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

Floods have caused approximately $10 billion US dollars in damages and over thousands
of deaths each year around the w¢Kdndzewiczet al, 2019a) Over a 29ear period (1985
2014), the U.S. government estimated that floods have cost over $7.96 billawll&ISin
property damage@/illarini & Slater, 2017) Globally in the last century, approximately 100,000
people were killed during flood ever{ttonkman, 2005)5ince1900, 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 conmoi@ propertiegButtle 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 block@bistlethwaite & 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
eventgMilly et al, 2002; Thistlethwaite & Henstra, 201 arger populations in areas that are
prone to flooding also increase concerns of future flood dan{@gesngham & Cayan, 2019)

For instance, the Insurance Bureau of Canada projects that approxiim@teljlion households
will be highly susceptible to flood damages to their homes in the f(fbrstlethwaite &

Henstra, 2017)

d e g g M
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Figure 1.2. The Okanoan ier FIo Omak, Washintn, Uited States
Photograph of the bank overflow of the Okanogan river in Omak, Washington. Photograph
courtesy of the Northwest News Netwolktps://www.opb.org/news/article/okanagaver-

valley-washingtorcanadaflooding-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 occurragaid in North America
(Buttle et al, 2016; Nastev & Todorov, 2013; N&rini & 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 Ameri(uttle 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 llyological cycle and the socioeconomic sys{&mndzewiczetal.,
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. Theaefngte 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 floaalj may cause to the environment and human populgttooker, 1998;
England Jret al, 2018) FFA studies on rivers are conducteddeess past flood events as well
as to estimate the probability of future flood events occurring in a régrcher, 1998; England
Jr.et al, 2018; Kidson & Richards, 2005}lood risk assessments are essential during the design
phase of new infrastructure such as culverigigiess and dam@rcher, 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, conmsharal agricultural
zoneg(Archer, 1998) The series of amral flood maxima data are used to estimate the return
period (the time interval between theaecurrence of two flood events in a recaiijcher,

1998; England Jet al, 2018; Kidson & Richards, 2003)lydrologists conduct FFA studies to



design flood management plans thadtpct against the occurrenceappotential major flood

event at various return perio@rcher, 1998; England Jet al, 2018; Franks & Kuczera, 2002;
Hodgkinsetal., 2017; Kidson & Richats, 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 yeargArcher, 1998; England Jet al, 2018; Franks & Kuczera, 2002; Kion &

Richards, 2005)This independent flood event assumption, based on the independent and
identically distributedi(i.d.) principal is currently being investigated by many researchers in the
literature(England Jret al, 2018; Franks & Kuczera, 2002; Kwehal, 2008; Micevsket al,

2006; Stedinger & Griffis, 2011; Tan & Gan, 201%he effect of longerm 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, 198; Kidson & Richards, 2005Therefore, analyzing the influence of atmospheric
ocean oscillations (quapkeriodic patterns in the atmosphere or sea surface temperatures) on
annual flood maxima along the western North American margin is needed toidetetmather

floods are influenced by climate variability.



CHAPTER 2: Literature Review

Climate oscillations in North America

In this literature review, | will discuss previous studies of the effects of climate
oscillations on flood frequencies an@gnmitudes 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 Nifio Southern Oscillation (ENSO), Pacific Decadal Oscillation (PDO), and the Atlantic
MultidecadalOscillation (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 Nifio Southern Oscillation (ENSO)

Along the western North Americainast, there are at least three prominent climate
oscillations that influence the climate and hydrology. The most dominant ankneaih
climate oscillation affecting the Pacific coast is the El Nifio Southern Oscillation (ENSO), a large
scale, climate odtation pattern of seaurface temperatures (SSTs) in the tropical Pacific Ocean
(McPhaden, 1993; Philander, 1983; Rasmusson & Carpenter, 1982; Ropelemalkiett,
1987; Trenberth & Hoar, 1996; Wallaetal, 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 dsandhtlia, as well as intense
winter weather conditions in North Amerifaai & Wigley, 2000; Phénder, 1983; Ropelewski
& Halpert, 1987)

ENSO is a quasperiodic oscillation that undergoes three phase changes (warm, neutral
and cold) at interannual timescales (Figure gKlindzewiczet al, 2019b; Philander, 1983;

Rasmussoet al, 1990; Trenberth & Hoar, 1996Jhe warm and cold states of ENSO are



modulated by the positive Bjerkne=edback loop whickontrolsthe changes in trade wind

intensity and differences in SSTs in the equatorial Pacific O@&jarknes, 1966, 1969; Cat

al., 2015a; Ceet al, 2015b; Neeliret al, 1998) During a warm ENSO event, also known as the

El Nifio state, abnormally high SSTs in the western tropical P&deanstart to form in the

ocean basifCaiet al, 2015a; Philander, 1983; Piechetaal, 1997; Trenberth & Hoar, 1996)

The Bjerknes feedback loop activates when there is a reduction of the surfaceepyesdient
between the western Pacific Ocean and the eastern Pacific Ocean, causing a weakening of the
tradewinds (Bjerknes, 1966, 1969; Cat al, 2015a; Caet al., 2015b; Neeliret al,, 1998;

Philander, 1983)The weakening of the trade winds enable warm water bodies to move towards
the eastern tropical Pacific Oce@ui et al, 201%; Caiet al, 201%; Neelinet al,, 1998;

Philander, 1983)

El Nino La Nina

Figure 2.1. El Nifio Southern Oscillation (ENSOphases in the tropical Pacific Ocean.
Warm and cold sesurface temperatures (SSTs) depicted in red and blue, respectively, shown
during El Nifio (warm) and La Nifia (cold) events. Surface wind patterns shown in black. Figure
courtesy of the Joint Instituter the Study of the Atmosphere and Ocean (JISAO).

The movement of warm water along the eastern Pacific coast affects the existing cold
water upwelling of the Humboldt current, causing temperatures to rise in théNeasdtnet al,
1998;Philander, 1983)The warming temperatures along the western coast of the Americas have

varying effects on precipitation, streamflow, and ocean fishghiedrewset al, 2004; Grimm

et al, 2000; Philander, 198Ropelewski & Halpert, 1987)he El Nifio state is typically



associated with higher precipitation in southern California, northern Mexico and southern South
America(Grimmet al, 2000; Magafat al, 2003; Penalba & Rivera, 2016; Ropelewski &
Halpert, 1987; Wangt al, 2014)

The end of an El Nifio 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 pnestiarg fjom
the Pacific Ocean bas(Bjerknes, 1966, 1969; Cat al, 2015a; Caet al, 2015b; Neeliret al,
1998; Philander, 1983The strengthening of ¢htrade winds reinforces the feedback loop,
causing warmer water bodies to move away from the eastern Pacifi¢Caisttal, 2015a; Cai
et al, 2015b; Neeliret al, 1998; Philander, 1983Air temperatures along the eastern Pacific
coast tend to cool while warm air temperatures move ovasrth Australia and Papua New
Guinea, causing warmer SSTs in western tropical Pacific O8garknes, 1966, 1969; Cat
al., 2015a; Neeliret al, 1998; Pilander, 1983)This cooling state of ENSO is known as the La
Nifia state. During the La Nifia state, northern Canada and the Pacific Northwest receive higher
precipitation(Ropelewski & Halpert, 1987A neutral state also exists between the El Nifio
warm state and La Nifia cold state where SSTs are less affected by surface pressure gradient
changegKundzewiczet al, 2019b) ENSO6s t el econnections pl ay
temperature and precipitati patterns across various regigAadrews et al, 2004; Cakt al,
2015a; Caekt al, 2015b; Grimmret al, 2000; Magafiat al, 2003; Penalba & Rivera, 2016;
Ropelewski & Halpert, 1987)
Pacific Decadal Oscillation (PDO)

The Pacific Decadal Oscillation (PDO) is another wealbwn climate oscillation pattern,
closely related to ENSO, which affects the hydrology and climate in the northern Pacific Ocean

basin(Mantuaet al, 1997; Mantua & Hare, 2002; Newmanal, 2016) The PDO is a low



frequency, reoccurring patterof north Pacific SSTs that alternates between its positive (warm)
and its negative (cold) phases at a3P0year cycle (Figure 2.2AMantuaet al, 1997; Mantua

& Hare, 2002; Newmast al, 2016; Whitfieldet al, 2010; Zhangpt al, 1997) The changes in

SSTs in the PDO predominantly lie in the northRatific Ocean basi(Beebee & Manga, 2004;
Mantuaet al, 1997; Mantua & Hare, 2002; Newmatal., 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; Manteaal, 1997; Mantua & Hare, 2002; Newmanal,

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

SSTs along the north Pacific Ocean coast (Figure(Be)bee & Manga, 2004; Manteaal,

1997; Mantua & Hare, 2002; Newmanhal., 2016)
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Figure 2.2. (A) winter (NovemberMarch) averaged PDO and (B) annually (January
December) averaged AMO indices (1960R017).Negative PDO and AMO phases shown in
blue, positive PDO and AMO phases shown in red. The dotted lines mark the PDO and AMO
combinations19441963i negative PDO and posig AMO, 196419761 negative PDO and
negative AMO, 197719941 positive PDO and negative AMO, and 192808i positive PDO

and positive AMO.



Several mechanisms have been proposed to account for the variability of the PDO
(Alexander, 2013; Alexander & Deser, 1995; Bareetil, 1999; Latif & Barnett, 1996; Mantua
et al, 1997; Mantua & Hare, 2002; Millat al, 1994; Newmart al, 2016) It has been
proposed that a stochastic forcing via the passing of atmosshenns affect SSTs in the mixed
layer of the North Pacific Ocean, creating a negativeearfeedback loop, which results in
changes in the surfasensible and latehieat fluxes(Alexander, 2013; Alexander & Deser,
1995) The stochastic heat flux forcing causes strengthening or wiegkef the SST anomalies.
The combination of the stochastic heat flux forcing and fluctuations in the Aleutian Low results
i n the PDO@Isxandexr,2013; Blexander & Deser, 1995)

positive phase negative phase

TR "N

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

Wa m and cold SSTs shown as red and blue, resp
(warm) and negative (cold) states. The surface wind patterns shown inFiitagie. 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 PDOG6s wvariability via an fdatm
temperature, humidity and wind in the equatorial Pacific impact ocean cu8&fts,and
salinities of the North PacifiAlexander, 2013; Alexandet al, 2002) Lastly, a reemergence

mechanism has been proposeexplain 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 wintefAlexander, 2013; Alexander & Deser, 1995he combination of
all three proposed mechanisms, as well as the displacentletbrth Pacific Ocean gyres,
combined with Ekman transport of water are pr
(Alexander, 2013; Mantua & Hare, 2002; Milletral., 1994; Newmaret al, 2016)
Atlantic Multidecadal Oscillation (AMO)
The most prominent atmosphedcean oscillation influencing precipitation patterns in
eastern North America is the Atlantic Multidecadal Oscillation (AMO); however, its effects are
felt continentwide, and even in Europe and Asia. The effects of the Al lheen studied to
understand its influence on hurricanes in the Atlantic Ocean, as well as its impact on summer
climatethroughoutNorth America and in Europ@iéakkinenet al, 2011) There are multiple
definitions of the AMO. For instance, Enfieddial. (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 Aantic Ocean(Drinkwateret 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 frequencygeeurrirg pattern of Atlantic SSTs
in the North Atlantic Ocean (from the equator to 70°N) witfeeodcity of 60-90 yeardDima
& Lohmann, ®07; Enfieldetal, 2001; Garc?a Garc?a & Ummenhof
Kundzewiczet al, 2019b; Wanget 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 Si&$§ anomal

are below zero (Figures 2.2B and 2.4).

10



I I I I I I I
50E 100E 150E 160W 110W 60W 10W

BT T T T ]
-2 -156 -1 -05 l (lJ | 0{5 1 1.5 2
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-seiaface temperature (SST) anomalies. The black inset box
represents the temporal variability of the North Atlantic region. Figure courtesy of &/ahg
(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 @esarbelow zero (Figure
2.2B). During 19261962 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) 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 Europthe Sahel, Indissoutheasfsia, andthé&Jni t e d PaSiticat e s 0
Northwest(Enfieldetal, 2001; Garc?a Garc?a &taygdeenhofer,
Knight et al,, 2006; Sutton & Hodson, 20Q5Yonversely, the negative AMO phase is linked
with more precipitation in theontinentalUnited State¢Enfield et al, 2001)

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

al. (2011) proposed that atmospheric blockihgyh-pressures y st e ms twesterly ibl oc k 0
11



winds in the mil- and highlatitudes)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 circulatiom rgbults in

greater warming in the subpolar region of the Atlantic O¢elkkinenet al, 2011) During

periods of atmospheric blocking in western Europe and Greenland, the AMO has its warmest
SST anomaliefHakkinenet al, 2011) Conversely, thetrengthening 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 Oceféidakkinenet al, 2011) Stronger wind stress curl

coincides with colder AND SST anomalie@Hakkinenet 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 Ocearf d 0 éDilegk Peltier, 2007; Frajk&Villamsetal, 2017 ; Gar c2 a G
& Ummenhofer, 2015; Knightt al., 2005) Warmer Atlantic SSTs are associated with a stronger
AMOC, whereas colder Atlantic SSTs are associated with a weaker AfA@BaWilliams 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 poslitigelkfee
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 feedbablke &P gradient which
results in a positive feedback on wind stress in the North Atlantic JB&aa & Lohmann,

2007) The positive feedback amind 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-2@§ear period, then the cycle is completed and
the AMO swiches 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 influxafreshwater, 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 wedl magdtive
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 sudies of the El Niflo 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 A(Btathiats &
Walvoord, 2009Burnet al, 2004; Franks & Kuczera, 2002; Gurraghal, 2016; Kiemet al,
2003; Micevskiet al, 2006; Neakt al, 2002; Praskievicz & Chang, 2009; Redmond & Koch,
1991; Whitfieldet al, 2010) In the folbwing section, hydroclimatic studies comted 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 Canadlbey found that the PDO has a significant effect
on spring temperature in northwestern North America, with warmer temperatures were observed
during El Nifio winters and the warm PDO phase in Alaska ansBi@olumbia, andooler
temperatures observed during La Nifia 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 Columbigand the Yukon. Furthermore, thehowed 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, therarsincrease in snow accumulation and later snowmelt in the
negative PDO phag#&Vhitfield et al, 2010) In southern British Columbia, earisnowmelt
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 morgbhsonal,
and annual discharge of 21 rigdrom 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 Decdralbenary. They also found
that lower streamfl occurs during the negative PDO phéBeabets & Walvoord, 2009As
the PDO shifts from its negative state to its positive state, air temperature above the Yukon Rive
Basin increases, causing permafrost to thaw more quickly, resulting in greater groundwater
discharge. During Jul$september, higher streamflow is observed during the negative PDO

phase, whereas lower streamflow is observed during the positive PDO phase.
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Burnet 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 maximumdiatedand 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 occutsrlan the summeBurnet al, 2004)

Gurrapuet 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.qd.) assumption maain 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 stat€Gurrapuet al, 2016)

Althoughthese 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 maximeasodal
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 iastal California to understand the changes of
precipitation events during ENSO&6s EI Ni fo an
receives more precipitation during El Nifio events and less precipitation during La Nifia events

(Redmond & Koch, 1991 FurthermoreCayanet al.(1999) studied the relationship between the
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SOl and the statistical frequency of daily precipitation events and thers9¢" percentiles of
streamflow. They showed that daily precipitation events and streamflow were influenced by
E N S O & Nifio Etate(Cayanetal., 1999)
Andrewset al.(2004) studied the influence of ENSO on the frequency of floods along
the Californian coast. They expanded the results of Schénher c hol sondés (1989) =
found that winter precipitation in the coastal mountaimaase 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, 1989Andrewsetal.( 2004 ) 6 s study of ENSOG6s i
frequency on the California coast showed that floods have greater magnitudeshduring t
ENSOG6s EI Ni fo state.
Praskievicz& Chang (2009) studied the separate and combined effects of ENSO and the
PDO on winter precipitation intensity in Oreg
precipitation i nt ens.iphgseinNovdmben WwherasthigherENSOb6 s L
precipitation intensity i s (Praskidviez& Chanog, 005 006s E
They concluded that there is greater precipitation during the negative PDO phase in Oregon.
Nealetal.( 2002) studied the PDOG6s ef fseuthern on st r
Al aska. They stratified streamfl ow -1986famd ds ac
t he PDOG6s p o s-l998) aseefereca miats t madkthé changes in Pacific SSTs
(Nealet al, 2002) They found that the winter monthly and seasonal river discharges were higher
during the positivé’DO 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, snpackmelted later in the season, causing a higher samniver
discharge.

Beebeek 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 digeharhereas 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 phas€Beebee & Manga, 2004These above studies have shown that ENSO and the PDO
affect precipitation and streamflow patterns. However, these studies did not consider the
individual ard 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 EN&@ts. They concluded that
higher flood risk occurs during La Nifia events than El Nifio events. In addition, flood risk
el evates when the PDO is in its negatNSDe phas
is linked to raininduced flooding in easterAustralia and flood risks are much greater when La
Ni fa events coincides (Kiemebal, 2003 PDO6s negati ve

Franks & Kuczera (2002) analyzed annual maximum flood data in New South Wales,
Australia to assess whether they adhere taitdeflood event assumption. They stratified
records according to mperiods: prel945 (when the Interdecadal Pacific Oscillation, a climate
oscillation related to the PDO shifted from its positive to its negative phase) aritPgésithe

negative IPO phase) to determine the changes in flood frequencies (if any). mbleyled that
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a significant number of records had largétyear 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 thei.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 wercalculated. 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 IP@hasehan the positive phagMicevskiet 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 thiadl fleeod event assumption is
untenable in Australia, a region whose hydroekology is strongly influenced by the two
climate oscillations: ENSO and the IPO.

Hydroclimatic studies of the Atlantic Miidlecadal Oscillation

Hydroclimatic studies of the AMO are predominantly focused on analyzing rain and
mean annual or mean seasonal streamflow, rather than annual peakAlehdis|d et al,
2016;Assaniet al, 2010aAssaniet al, 201(; Enfieldet al, 2001; Fortieet al, 2011,
Hodgkinset al, 2017; Mallakpour & Villarini, 2017; Méndez & Magafia, 2010; R8¢
Campbellet al, 2017; Valdésvanzanilla, 2016, 2018)hese 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 oippagion 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 gaplic location.
Eastern Canada

In southern Québec, Fortiet al. (2011) studied the temporal variability of large floods
in the Matawin River, a sutributary of the St. Lawrence River. They compared the interannual
variability of streamflow upstream drdownstream to the Matawin dam. The streamflow gauge
used upstream of the dam (Sdifichel-DesSaints) is part of the Canadian Reference
Hydrometric Basin Network (RHBN) (station gauges that originate from protected watersheds
which are not regulated arfluenced 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 AfA@tieret al, 2011)

Assaniet al.(2010a) studied the temporal variability modes of annuaimax
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 correlatioamong thestreamflow gaugeassesed in the St. Lawrence
watershed. They found that the first three principal components explained 62% of the annual
maximum streamflow variabilitfAssaniet al, 2010a) The first principal component (P
corresponded with the north shore of the St. Lawrence River at 47°N, wherdbarRPClI|
matched with the south shore of the river. The interannual variability analysis showed that the
PG scores had a statistically significant positive trend (increasgaximum annual flow over
time); this was detected using the Mafendall test. Although P and PCIII had negative
trends in its interannual variability, they were not statistically significant. Furthermore, they

showed that P& correlated negativelio the AMO. PCII had a statistically significant positive

19



correlation to NINO3.4 and to the Southern Oscillation Index (SOI) (both metrics of ENSO). PC
Il correlated positively to the Arctic Oscillation (AO); however, it was only significant at the
90% confidence level.

Moreover, a second Assagtial.(2010b) study was conducted in southern Québec
examining the relationships between atmosphec&an oscillations and mean annual
streamflow from 16 naturally flowing rivers in the St. Lawrence watershiedlar 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 asmatrelation matrix to analyze the correlations
among thestreamflowgaugega nal yzed i n the study. Approxi mat
variance was explained by the first three principal components. The first two principal
components (PCand PCIl) were located near the south shore of the St. Lawrence River at
47°N, and thehird principal component (RQI) was located on the north shore of the river
(Assaniet al, 2010b) They found that the AO and the AMO had negative correlations with PC
Il and PCIII, respectively. Although the studies of Assanial.(2010a, 2010b)dwve 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 ffiosv
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 Northwesignificant positive caelations 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 wintainfall in the eastern Mississippi basin correlates with the
negative AMO phaséenfield et al, 2001) The AMGS mfluenceonrainfall variability also has
a consequential effect on river flows; they found that streamflow increases theipgsitive
AMO phase in Florida. They recommend that flood protection measures should be heightened
when the AMO is in its positivehase. 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.

PascoliniCampbellet al. (2017) studied the influence of the AMO and PDO on monthly
mean streamflow from nataily flowing rivers in the Upper Rio Grande Basin. They assessed
the streamflow of Thydrometricgauges from New Mexico, United States. They found that the
climate indices had stronger correlations with streamflow at decadal timescales. For instance,
theyfound that decadal high streamflow from 1908P0 and 1974995 were influenced by the
AMOO6s negative phase and the PDO6s positive (
streamflow from 1948975and 1992 0 14 wer e i nfl uencedebhmd the AN
t he PDO6s negative (cold) phase. However, the
explain streamflow variability at annual timescales in the Upper Rio Grande (Basicolini
Campbellet al, 2017)

Archfield et al.(2016) studied the Yome, 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 wee analyzed and their flood variables were correlated with the AM@hN
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. Arafedld2016) found

that the New England region (eastern United States), the northernR&iea 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 013940
period, despite having decreases in the magajtuolume, 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 duratievere significantly higher during the 192013 period. They
concluded that there were no clear, distinct regional patterns which shows that climate
oscillations are influencing floods across the United S{@teshfield et al, 2016) They do

suggest, however, that examining flood properties at the catchment level may provide more
information on the regional patterns that nexjst 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 approaclhréexe value theorem methods) to assess the
frequency and magnitude of extreme precipitation events, respectively. They conducted a Mann
Kendall trend test to assess the teoidextreme precipitation eveni$lallakpour & 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 promeféeut

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 1948012 period. In addition, they found thvagstern United States coast have the
most extreme precipitation events during the winter, whereas the highest occurrence of extreme
precipitation eventeccursin the summer in the eastern part of the southwestern United States
region Moreover, they founthat the NAO and PDO had their most prominent impact on winter
rainfall, whereas the AMO had its greatest impactadirrainfall.

Hodgkinset al.(2017) analyzed the effects of the AMO and PDO on major flood patterns
(the 100-yearflood events) across ?th America and Europe using annual peak flow data from
1204 station gaugdgiodgkinset al, 2017; Mantuat al, 1997) A significart negative
relationship was detected between flood eventisedt5 and 56year return periods and the
AMO in large greater thari000 kn?) catchments in North Amerigilodgkinset al, 2017) A
positive temporal trend was detected for major flood evernte&0-year return period for
medium sized catchments (22000 knf) in Europe.
Mexico

ValdésManzanilla (2016) studied historical flood event§abasco 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 negadiM© phase in southeastern Mexi@daldés
Manzanilla, 2016)In a second study by Vald&4anzanilla (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 wamducted and an-phase relationship between the AMO and
the PDO positive phases were fouNdldésManzanilla, 2018)

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

indices (precipitation datan Mexico. They showed that the combined effects of the AMO and

23



PDO phases play a role in the number of droughts that occur in M@&#&alez & Magana,

2010) More specifically, droughts in northeMexico 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 phas@Méndez & Magafia, 2010Thus, 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, thgdeoclimatic 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 Westerth©M\merica

Previous hydroclimate research indicates that atmosjaffierate oscillations€.g.the
PDO and AMO) influence precipitation and streamflow patterns in western Canada and the
western United States. Although numerous studies have shownebatdimate 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 floodarts have yet to be explored acrossehtgre
western North Americamargin, ina single study using the same metrics throughout. In the
foll owing chapters, the studydés research ques

the methods and results will be discussed in greater detail.
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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 identicallydapéndently
distributed (.i.d.) flood event assumptiong.,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 éinea may not adhere to thisd. 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 abng 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 atless the following objectives: 1) to assess the indivViefiacts of
the PDO and AMO on annual peak flood magnitudety guantify 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 seasomaimma 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 disirilmijed (
assumption); however, annual peak flood records do not necessarily appear to conform to these
assumptions. We tested thied assumption by analyzing the effects of the Pacific Decadal
Oscillation (PDO) and Atlantic Multidecadal Oscillation (AMO) orD2taturally flowing annual
peak flood records across the entire western North American margin.pgsmgtation tests on
guantilequantile (QQ) plots,we found that the PDO has a greater impact on the magnitude of
annual peak floods than the AMDwentysix percent of the gauges have higher magnitude
annual floods depending on the PDO phase @.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 reinforcingcancdling, and dominating effects. Lastly, we used permutati@sts 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 floads.the
assumption does not hold. Hence, we advocate for the needdeass basak 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 flom#sjams, storm surges and
hurricanes (coastal flood@uttle et al, 2016; Kundzewicet al, 2019a) Globally, floods
represent approximately 43% of total natural disasters and 47% of all weather related natural
disastergKundzewiczet al, 2019a) An estimated average of 70 million people worldievare
affected by floods each ye@i€undzewiczet al, 20193. Furthermore, floods have caused
approximately $10 billion US dollars in damages and over thousands of deaths each year around
the world(Kundzewiczet al, 2019a) Climate change due to anthropogenic activities continues
to rapidly intensify the hydrological cycle, resulting in greater flood risk due te fmegquent
and intense rain and snow evefitlly et al, 2002) The growth of large populations in regions
that ae prone to flooding also presents additional challenges to mitigating flood risk in
expanding industrial, commercial and residential areas in the {@orengham & Cayan,

2019)

Flood frequency analysis (FFA) studies are conducted to assess regional flood risks
(Archer, 1998; England Jet al, 2018) FFA studies are conducted as part of flood management
plans to protect against a potential y@@r peak floogArcher, 1998; England Jet al, 2018;
Franks & Kuczera2002) However, FFA studies assume tiiaarly flood events are
independent of those of previous years (the independent and identically distributedi¢od
event assumptior{Archer, 1998; England Jet al, 2018; Franks & Kuczera, 2002)he 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 inaccutténiprediction of flood

magnitudes at various return peri¢édscher, 1998; Hamlet & Lettenmaier, 2007; Kidson &
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Richards, 2005)lood events may be influenced by atmosploa@an climate oscillations such
as the Pacific Decadal Oscillation (PDO) and the Attaltiltidecadal Oscillation (AMO).
The PDO is a lowrequency, reoccurring pattern of north Pacific searface
temperatures (SST) with phases that shift on ral@itiadal timescald#lexander,2013; Mantua
et al, 1997; Mantua & Hare, 2002; Mochizui al, 2010; Newmart al, 2016; Zhanget al,
1997) Defined by Latif and Barnett (1996) and Manatal. (1997) as an empirical orthogonal
function (EOF) of North Pacific Ocean (200°N) mathly average SST anomalies, the PDO
oscillates between its negative (cold) phase and its positive (warm) phase. In dbetrastO
is characterized as a low frequencypoeurring pattern of SSTs in the North Atlanficean
(from the equator to 70°NEnfieldetal, 2001; Garc2a G20i5c2a & Ummen
Kundzewiczet al, 2019b; Wanget al, 2008) The AMO has a periodicity of approximately-60
90 yeargDima & Lohmann, 2007; Enfieldtal, 2001; Garc2a Garc2a & Un
Kerr, 2000; Kundzewicet al, 2019b) The positive (warm) AMO phase consists of SST
anomalies greater than zewhereas the negative (cold) AMO phaseamprisedof 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 Arftguicapu
et al, 2016; Hodgkin®t al, 2017; Kundzewicet al, 2019b; Neakt al, 2002; Whitfieldet al,
2010) Gurrapuet al.(2016) analyzed the influence of the PDO on annual pealsfin western
Canada and concluded that there are higher annual peak flows in the negative PDO phase than in
the positive phase. Hodgkies al.(2017) analyzed the influence of the PDO and the AMO on
flood frequencies in North America and Europe and foaisignificant negative relationship

between flood eventt the 25 and 5@ear return periods and the AMO in large (greater than
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1000 kn?) catchments in North America. They did not find significant relationships between
major flood occurrences and the ®[at the continental scaldowever, 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 occurrensgHodgkinset al, 2017)

Previous studies have primarily focused on the combined influence of the PDO and the
related El Nifio Southern OscillatiggNSO) on streamflow hydrographs and flood risks in the
western United States, and ignored the AB8ebee & Manga, 2004; Corringham & Cayan,
2019; Dai, 2013; Hamlet & Lettenmaier, 2007; Steweasdl, 2005) Beebee & Manga (2004)
examined the relationships between the PDO and ENSO, and snowmelt timing and the
magnitude and timingf annual floods in Oregon. Stewattal. (2005) focused on assessing the
influence of the PDO and ENSO on srdeminated 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 emftmass and the dates of spring
snowmelt pulse onséBtewartet al, 2005) However, their study did not analyze the changes in
annual peak flood magnitudes nor the dates of seasonal minima and maxima aevestetime
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 BEd 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 stram using daily temperature and precipitation

records. Although their model has good fidelity at Margespatial scaled.€. river basins with
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drainage areas on the order of-10° km?), their analysis has biases on a smaller basin level
scale due tohe resolution limitations of their hydrological model (a 1/8° resolutiBiamlet&
Lettenmaier, 2007)Dai (2013) demonstrated the influence of the Interdecadal Pacific
Oscillation (IPOi closely related to the PDO) on the precipitation of continental United States
using observational, reanalysis and modelled data. Although red basn 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 cairdfiieets of the AMO and PDO
on streamflow and precipitation of the westBiorth Americanmargin. 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 continestale(Kundzewiczet al, 2019b) Tootle&
Piechota (2006)realyzed 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 anraxadhpaged streamflow
variability, not annual peak flooq$ootle & Piechota, 2006 McCabeet al.(2004) analyzed the
impacts of both the PDO and AMO on drought frequency for the entire continental United
States. They calculated drought frequesasing mean annual precipitation and found that
drought frequency increased during the positive AMO phase regardless of PDO(Mwzaise
et al, 2004)

Although these abov&udies 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

magnitué of observed annual peak floods. The <cl i
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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 floauts dsised by not

merely precipitation and total annual dischaiige &vailable water inputs), but by complex
interactions among available water quantity, storm characteristics, catchment geometry, land
surface characteristics and antecedent hydrologmaditions(Hamlet & Lettenmaier, 2007)

Due to these smafdicale local factorsnodelled data from studies across a broad geographical
area will not be the same as actual observed gaugeedatidgmlet & Lettenmaier, 2007).
Furthermore, these analyses are usually focused on the western continental U.S., and not along
the broader dire western North American margin which formdistinct 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 seasonaggjuino

extremes throughout the year, other than the important spring snowmel(peakse &

Manga, 2004; Stewaet al., 2005) For instance, the timing of summer minima is also important
in this agricultural area and its watgressed 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 selectedtdra 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 thid.d. flood event assumption is nongble 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 westBiorth American margin (Figure 4.1 and Table
S1). R version 4.0.3R Core Team, 202@ode was developed to analyze compiled streamflow

records from the United States Geological Survey (US@®)v.waterdata.usgs.gov/nyiand

Water Survey of Canada (WS®ww.wateroffice.ec.gc.galatabases. We selected station

records with at least 40 yearsasfnual and dailgata (possibly discontinuous). Streamflow
records were compt up to 2017 inclusively. Annual peak floods were defined according to the
water yea(October % of the previous year to Septembel"20 the current year). Additionally,
the Julian dates of tHest occurrence of the absoludeasonal minima and maxa were
identified for each year of each record. We defined the seasons according to the water year as
follows: fall (OctoberDecember), winter (Januaiarch), spring (AprdiJune) and summer
(July-September).

For North American monthly precipitation and monthly minimum and maximum
temperatures, we usélte Australian National University SplinANUSPLIN) 10 km-gridded
climate data for 1942015(McKenneyet al, 2011 Natural Resources Canada

https://cfs.nrcan.gc.ca/projecty/Monthly minimum and maximum temperatures were averaged

to produce monthly mean temperatures.
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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 frothe Joint Institute for the Study of Atmosphere and Ocean

(JISAO), University of Washingtorin{tp://research.jisao.washington.edu/pamd the AMO

index from the National Oceanic and Atmosphéuatninistration (NOAA) Physical Sciences

Laboratory databasest{ps://psl.noaa.gov/data/timeseries/ANn this analysis, we used the
winter (NovembeiMarch) averaged PDO index and the annuallgraged (Januarpecember)
AMO index. Negative phases of the PDO occurred during-1823, 19471976, and 2009
2013; and positive phases occurred during 1B246, 19772008, and 2012017 (Figure 2.2A).
Negative phases of the AMO occurred during 22925and 19631994; and positive phases
occurred during 1858900, 19261962, and 1992017 (Figure 2.2B).

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

(Figure 4.1) According to the Koppefseiger classification of aiate regions, our northernmost
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region (Alaska, British Columbia, and the Yukon) is comprised primarily of a subarctic climate
and a warm, humid continental climdiReelet al, 2007) The Pacific Northwest (Washington
and Oregon) is coposed mainly of a mild temperate, Mediterranean summer climate along the
coast and an inland colder, summer continental clif@tten & Chen, 2013; Peet al, 2007)
Along coastal California, mild temperate Mediterranean conditions exist where temperature in
the hottest month can exceed 2Z8hen & Chen, 2013; Peet al, 2007) Dry and hot desert
conditions &ist in inland California where the mean annual temperature is abovg R8éet
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 Pearsonés correl a
oscillations on regional climates across North America following Magttah (1997).
Correlation maps between the wintereraged (Novembévlarch) PDO and winter (November
March) precipitation and winter temperature were made; together with correlation maps between
the annuallyaveraged (Januaiyecember) AMO index and annual precipitationl anean
annual temperature. In addition, correlation maps were made between theaspramed
(April-June) AMO index and spring precipitation and mean spring temperature.
Hydrological regimes of western North America

As background for examining the bbaffects 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 mked (a hybrid system of two classesy.nival-glacial, pluviatnival, etc)
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following the definitions oBurn & Whitfield (2017), Dényet al.(2009) and Schnorbuwet 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 tirfigurn & Whitfield, 2017)
Relationships between annual peak floods and climate osmillaissessed by permutations on
guantilequantile plots

To assess the relationships between the annual peak flood magnitudes and the individual
PDO and AMO indices, we conducted tsioled permutation tests on quantijeantile (QQ)
plots of ranked annugleak floods stratified according to climate oscillation pl{&aerapuet
al., 2016; Helsel & Hirsch, 20025uch norparametric methods are suitable for this analysis due
to the distribution and heterogeneity of variance of hydrological {\tigks, 2011) For each
station, the annual peak flood for tifferanked flood ¥)) of the negative PDO phasgdxis)
were plotted againshé annual peak flood for thé ranked flood X)) 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 theasmdallaset 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 ralo  — of thei' ranked floods is > 1, then tii&

ranked flood 6the negative PDO phase is higher than that of the positive PDO phase.
contrast, if the rati®@  — of thei" ranked floods is < 1, then tfif&ranked flood in the
positive PDO phase is higher than that in the negative PDO phase. If the BEOhals no

effect on a record, its meafratio should be approximately The QQ plots were permutated

10,000 times to assess their significaqz®0.1). A similar analysis was done for the AMO.
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Relationships between annual peak floodsandclimateo | | at i ons assessed by
As further exploration, the relationships between the annual peak flood records and the
PDO and AMO indices were analyzed for each st
corr el at dpavametrc statisticahnmetnod between the records and indices.
Interacting effects of the PDO and AMO phases on frequencies of annual peak fladdsqua
Next, we explored the interacting combined effects of the PDO and AMO on annual peak
floods(McCabeet al, 2004) The annual tira 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 (1968), negative PDO and
negative AMO (19641976), positive®PDO and negative AMO (1971P94), and positive PDO
and positive AMO (1992008). The 28 and 7% quatiles (lower quartileQo 2sand upper
quartileQo7s, respectively) for each stationbés annua
available dataThen, for each station record and each PDO/AMO combination, lower quartile
frequencies were determined by calculating th
Qo.2s. Since the normal frequency of occurrence of peak flows less than or equalwehe |
guartile (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 peakifi@ow 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 Rdssgupper@uartile floodsHere, 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
guartile frequencies were also determined by calculating the percentage of years with annual
peak fQveandupper quartile frequencies were also determined by calculating the
percentage of year §omswWorthis steppwe usgokak fipedaldta froh ow O
the negative PDO (1944976) and positive PDO (1972008) phases, and from the negative
AMO (1964-1994) and positive AMO (1942963, 19952008) phases.

To assess the significance of the excess or deficit lower quartile and uppite §oads
in each PDO and AMO combination, permutation tests were done using 10,000 iterations of
sampling without replacemerg ©0.1). For each record, if any of the four PDO/AMO
combinations were missing O 2 o0d%onothe atalysisiAr dat a
similar process was done for the individual PDO and AMO phasesdssathe significance of
excess and deficit lower quartile and upper quartile floods.

Detection of shifts in mean dates of seasonal minima and maxima

Ateachstabn, to detect if the climate oscill at
seasonal minima and maxima, permutatiests were conducted on the mean Julian dates of
the seasonal minima and maxima, stratified according to extreme PDO and AMO events. We
che k e d t h distribetiornandivee @lid not assume equal variance. A wiataraged
(NovemberMarch) PDO index threshold of £ 0.25 and an annealigraged (January
December) AMO index threshold of + 0.10 were used to define extreme events. Minima and
maxima dates were defined tothe Julian dates on which the minimum and maximum
magnitude streamflow values occurred during the given analyzed period. The seasons were
defined as follows: fall (Octobddecember), winter (Januaiarch), spring (AprdJune), and

summer (JubySeptember)We report the results for the maxima for the falhter,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. Thesxti@mes
are important for water management and flood mitigation in this region. To assess significance
of thet-tests, 10,000 permutations were uge®0.1). If serial correlation is present in a record
of dates of seasonal extremes, there may lmvarestimation of the significance of the
relationship between the mean dates and the PDO and AMO [§Bas¢aret al, 2000) To
determine whether serial correlation existed in each separate stratified recordl its lag
autocorrelation was assessethgs LjungBox test. Records thathap®d 0. 05 f er t he
Box test were deemed to have statistically significant autocorrelation; therefore, their sample
sizes were adjusted using the Sapteaal. (2000) method to remove the effects of autocorretatio
ont-tests. Records that had less thaa 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-awetaged PDO,
and annuallyaveraged and sprireyveraged AMO (Figures $36). During the negativell®
phase, winter precipitation increases across Alaska, British Columbia, the Yukon, Oregon, and
Washington (Figure S1, following Manteaal, 1997). In contrast, winter precipitation
increases during the positive PDO phase along the southern Alaskaamdan 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 igher 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 winteaveraged temperature and the winter PDO index (Figure S3). A
similar pattern is observed with tAéO, 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 precipitatiotorrelationmap wth spring precipitation increasas 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 positiveetation between spring temperatures
and the springaveraged AMO index (Figurecp
Hydrological regimes along the western North American margin

As backgrounddr this study which covers a wide geographical area, the hydrological
regimes of all 250 stath 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 regirffap et al, 2020; Déryet al,
2009; Roockt al, 2016; Schnorbust 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 occuttsroughout the summer from melting glaciezg(Figure S8
I Adams River near Squilax, British Columbia, Cang&@hnorbust al, 2014) In contrast, the
nival hydrological profile typically has a steep rising limb and asbkpring crest from quick
melting of snow and river ice, as well as rarg(Figure S9 Slocan River near Crescent
Valley, British Columbia, Canada). After peak annual streamflow, these rivers have a steep
falling limb. In nival regimes, annual peakesimflow 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
glaciatnival regime where discharge is heavily influenced bywnelt (Eaton & Moore, 2010;
Schnorbugt al, 2014) These mixed glacialival regimes are typically seen along the northern
coast of British ColumbiéEaton & Moore, 2010; Schnorbesal, 2014)

The pluvial hydrological regime is characterized by multiple, sharp peaks which indicate
intense and frequent precipitation events. Peak streamflow in pluviainsystgically occur
when excess rainfall is the highest in the y&aurn & 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 season@®.g.Figure S10° Newaukum River near Chehalis, Washington, US¥9ughly
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 hgdralo
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 rantevoccur during the fall and
winter seasoiiBerg & Hall, 2015; Lanet al, 2017)(Figure S10). Southern Californian rivers
tend to have much fewer rain events with low magnitudgsKigure S11 Tahquiz Creek near
Palm Springs, California, USA).

There are also rivers with mixed pluvial and nival regimesrivers with a definite
spring peak from snowpack melt but which also have multiple, sharp peaks from intense and
frequent precipitation eventiiring the warm part of the year. An example of a nwig such a

hydrological regime is the Stehekin River near Stehekin, Washington, USA (Figure 4.2).
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Figure 4.2.Mixed nivalpluvial seasonal hydrographs of USGS station 12451000, Stehekin
River at $ehekin, 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 shdalh are
winter and spring maxima and summer minima. Seasons defined as follows: winter (January
March), spring (AprdJune), summer (Jugeptember) and fall (OctobB&ecember).
Relationships between annual peak floods and climate oscillations assesggohtigquantile
plots

The PDO has a clear impact on annual peak flood magnitudes across the western North
American margin. Twentgix percent of the 250 records have significantly different annual peak
floods during the different PDO phases. Of thegaiicant 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 pha
region (Alaska, the Yukqgrard British Columbi, 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 reevrdg
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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 pbése (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 pfdsg 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 anresi flood
magnitudes according to the PDO phase. Hiftg 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 stationthe 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 Califam 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 256als have significantly different annual peak
flood magnitudes during the different AMO phases. Of these significant stat®8asf5
significant records have higher peak floods during the negative AMO phase. Less distinctive
geographic patterns exist ass 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 noréirn California have higher floods in the positive AMO phase.

Figure 4.3.Significant permutation tests on quantjeantile (QQ) plots of the annual peak
flood records along the western North American margin stratified according to the A) winter
(NovembefrMarch) averaged PDO phase and B) annuagraged AMO phagpO 0. 1)

Rel ationships between annual peak floods and
These results that the PDO has an influence on annual peak flood magnitudes along the
western North American margin ar eetweenthei r med b

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 nagaRDO phase are found in Oregon,
Washington, and British Columbi a. Il n contrast

peak flood magnitudes and the annuaeraged AMO index are less significant as only 14% of

the stations have a significant rédaship; 59% of significant records have higher annual peak
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