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PREFACE 

The following thesis is formatted for submission for publication to the American 

Meteorological Society Journal of Applied Climatology. The thesis is partly motivated by 

undergraduate student research at Plymouth State University completed during the Spring 

of 2017 that focused on atmospheric river events at select locations along the U.S. West 

Coast and the associated magnitude and tendency of the Pacific–North American (PNA) 

teleconnection pattern. The former research illustrated a potential relationship between 

atmospheric river events along the U.S. West Coast and transitioning PNA index values 

(e.g., positive-to-negative transition or negative-to-positive transition) that warranted 

further analysis. The future goals of that 2017 research sought to perform a reverse 

analysis that investigated large-scale flow patterns characterized by transitioning PNA 

index values and calculating the resulting likelihood of atmospheric river events at select 

locations along the west coast of North America. Thus, this thesis investigates the time-

lagged relationship between large-scale flow patterns characterized by transitioning PNA 

index values and the resulting likelihoods of atmospheric river events along the west 

coast of North America for a period of 67 years. 

 The research presented in this thesis also complements previous research by a 

Plymouth State University M.S. Applied Meteorology thesis by Kristen Stewart (2018). 

Stewart (2018) highlighted that bad (i.e., false alarm) forecasts of landfalling atmospheric 

rivers in North-Coastal California occurred on average during large-scale regime changes 

characterized by increases in the PNA index prior to forecast verification. Additionally, 

the study identified that flow configurations during negative and neutral phases of the 

PNA, supporting more zonally oriented mid-tropospheric flow along the U.S. West 
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Coast, resulted in lower false alarm rates for forecasted atmospheric river days over 

California. Building off these results, this thesis and paper seek to identify potential 

factors (e.g., flow characteristics) that may contribute to this increased or decreased rate 

of false alarm forecasts of landfalling atmospheric rivers. 

 Lastly, this thesis is motivated by previous research by Guan et al. (2013) and 

Guan and Waliser (2015) that identified a relationship between different phases of the 

PNA and atmospheric river events along the North American West Coast. Guan et al. 

(2013) showed that the large majority (75%) of atmospheric river events that contributed 

to the anomalously high Sierra Nevada snowpack of the 2010/2011 winter occurred when 

the large-scale flow pattern was characterized by the negative phases of the PNA and 

Arctic oscillation. Reinforcing this finding, Guan and Waliser (2015) showed that large-

scale flow patterns characterized by the negative phase of the PNA occurred in 

association with an increased frequency of atmospheric rivers along the U.S. West Coast 

and a decreased frequency during positive phases of the PNA. Additionally, atmospheric 

river frequency decreased along the British Columbia and Alaska coast during large-scale 

flow patterns characterized by the negative phase of the PNA and increased during the 

positive phase. Therefore, this research is motivated by these studies that have identified 

relationships between different phases of the PNA and locations of enhanced atmospheric 

river frequency. The overall objective of this research is to build upon these previous 

studies to illustrate how these enhanced likelihoods of atmospheric river events change 

during large-scale flow reconfiguration characterized by transitions in the PNA, and to 

identify features of those transitions that occur in association with and do not occur in 

association with landfalling atmospheric rivers. 
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ABSTRACT 

Large-Scale Regime Transitions and Atmospheric River Events along the West Coast of 

North America 

by 

W. Samuel Beatty Webber II 

Plymouth State University, May 2019 

 

The Pacific-North American pattern (PNA) is a teleconnection pattern that 

characterizes mid-tropospheric flow configurations over North America that can impact 

regional weather and climate extremes. Multiple studies have investigated how different 

phases of the PNA and associated large-scale flow configurations can influence the 

frequency of atmospheric river (AR) events over western North America, however, the 

relationship between regime transitions and AR events has not yet been explored. In this 

study, transitions in the PNA are cross-referenced with a catalog of ARs along the North 

America West Coast (NAWC) in order to identify the likelihood of landfalling ARs relative 

to climatology during the winter (December, January, and February) prior to, during, and 

after regime transitions over the North Pacific. Analysis of transitions in the PNA illustrate 

time-lagged increases in the likelihoods of AR days along the Pacific Northwest (California 

and Oregon) coast during positive-to-negative (negative-to-positive) pre- and mid-

transition phases as well as negative-to-positive (positive-to-negative) post-transition 

phases. Concomitant increases in precipitation and streamflow are confined to the Pacific 

Northwest during positive-to-negative (P2N) transitions, whereas the concomitant 

increases are more pronounced and shifted southward over California during negative-to-

positive (N2P) transitions. 



 xi 

Two main features are identified with N2P and P2N transitions that occur in 

association with landfalling ARs over central California at transition start: a positively 

tilted 500-hPa trough proximate to the PNW with an associated cyclone offshore of 

Washington (N2P) and a less pronounced 500-hPa ridge over NAWC with a broad cyclone 

over the Gulf of Alaska (P2N). The latter is a far less likely scenario as compared to the 

former, however, ridge building over the eastern North Pacific and along the NAWC has 

been linked to significant forecast error. The results suggested in this study may serve as a 

first step approach to providing situation awareness of the favored locations of ARs and 

the associated precipitation and streamflow response along the U.S. West Coast during 

winter-time transitioning PNA regimes.  
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CHAPTER 1 

1. Introduction 

 a. Background on Large-Scale Flow Reconfigurations and ARs 

Large-scale flow patterns often influence regional weather and climate patterns by 

influencing mid-tropospheric flow that may inherently affect the likelihood of 

precipitation or temperature extremes (e.g., Maddox et al. 1995; Konrad 1996; Grover 

and Sousounis 2002). These large-scale flow patterns, often characterized by mid-

tropospheric geopotential height anomalies, can also influence changes to the midlatitude 

storm track and associated changes in poleward water vapor transport (Black and Dole 

1993). Reconfigurations of the large-scale flow during regime transitions can also lead to 

the onset of high-impact weather events (i.e. winter storms, severe weather outbreaks, 

cold-air outbreaks, etc.) that may occur in association with precipitation or temperature 

extremes (e.g., Martius et al. 2008; Cordeira and Bosart 2010; Archambault et al. 2010). 

Over the North Pacific, these large-scale flow patterns and regime transitions may 

influence the frequency and characteristics of Pacific winter storms along the North 

American West Coast (NAWC) and their associated atmospheric rivers (ARs; Neiman et 

al. 2004; Hu et al. 2017). The primary objective of this research is to illustrate the time-

lagged relationship among regime transitions characterized by variability of the Pacific–

North American pattern (PNA), poleward water vapor transport over the Northeast 

Pacific, the frequency of landfalling ARs along the NAWC, and associated extremes in 

precipitation and streamflow. 

ARs over the North Pacific are commonly identified as long (>2,000 km) and 

narrow (<1,000 km) corridors of enhanced integrated water vapor (IWV; >20 mm) and 
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integrated water vapor transport (IVT; ≥250 kg m–1 s–1). These ARs typically occur in 

association with a low-level jet stream located ahead of the cold frontal boundary in the 

warm sector of an extratropical cyclone and are capable of producing enhanced 

orographic precipitation along the U.S. West Coast (Ralph et al. 2006, 2011; Neiman et 

al. 2008; Neiman et al. 2011; Ralph and Dettinger 2011). The highest climatological 

frequency of AR events occurs during the November–April cool-season along the 

Washington–Oregon border and decreases southward along the California coast (Rutz et 

al. 2013). While intense long-duration ARs (e.g., with maximum IVT magnitudes >1000 

kg m–1 s–1 and durations >48 h) may produce precipitation that could lead to hazards 

related to flooding, landslides, and debris flows along the U.S. West Coast, weak short-

duration ARs (e.g., with maximum IVT magnitudes ~250 kg m–1 s–1 and durations of ~24 

h) may produce beneficial precipitation that could relieve drought and replenish 

reservoirs (e.g., Dettinger et al. 2011; Ralph et al. 2019). This hazard–benefit spectrum 

related to AR intensity and duration (i.e., Ralph et al. 2019) is particularly important to 

water resources and water resources management because of the ability of ARs to 

contribute to 20–50% of annual precipitation, wintertime snowpack, and streamflow over 

a relatively short amount of time (Guan et al. 2010, 2013; Dettinger et al. 2011; Kim et 

al. 2013; Huning et al. 2017; Lamjiri et al. 2018).  

b. The Pacific–North American Pattern 

The PNA is a teleconnection pattern that represents one of the most prominent 

modes of low-frequency atmospheric variability over the Northern Hemisphere (NOAA 

CPC 2012). Phases of the PNA are characterized by departures of the mid-tropospheric 

geopotential heights from climatology (i.e., anomalies) with four nodes observed near 
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Hawaii, over the Northeast Pacific, over western North America and over the southeast 

U.S. (Wallace and Gutzler 1980) that can alternate between positive (+PNA) and 

negative (–PNA) phases multiple times per year. The +PNA is typically characterized by 

positive 500-hPa geopotential height anomalies over western North America and negative 

anomalies over the central North Pacific and southeastern U.S., whereas the –PNA is 

typically characterized by negative 500-hPa geopotential height anomalies over western 

North America and positive anomalies over the central North Pacific and southeastern 

U.S. (not shown). These flow patterns characterized by each phase of the PNA and 

variable flow patterns characterized by transitions between PNA phases can affect 

regional weather and climate extremes over North America (Leathers et al. 1991; 

Robertson and Ghil 1999; Archambault et al. 2008; Archambault et al. 2010; Guan and 

Waliser 2015; Harding and Snyder 2015). For example, the large-scale flow pattern 

characterized by the –PNA (e.g., negative 500-hPa geopotential height anomalies over 

western North America) favors poleward water vapor transport along ARs over the 

Southwest U.S. (e.g., Guan et al. 2013). 

The Guan et al. (2013) study identified that instantaneous large-scale flow 

patterns over the Northeast Pacific characterized by the –PNA (i.e., a trough over western 

North America) occur in association with an increased AR frequency over southern 

California when also occurring in conjunction with the negative phase of the Arctic 

Oscillation.  Additionally, instantaneous large-scale flow patterns over the Northeast 

Pacific characterized by the +PNA (a ridge over western North America) occur in 

association with an increased AR frequency over northern California and the Pacific 

Northwest (Guirguis et al. 2018a). Evolving large-scale flow patterns described by 
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transitions from +PNA to –PNA (P2N) or from –PNA to +PNA (N2P) would 

hypothetically lead to time-lagged increases or decreases in AR frequency along the U.S. 

West Coast. These evolving large-scale flow patterns may occur in association with 

Rossby wave train amplification and dispersion over the North Pacific (Orlanski and 

Sheldon 1995; Danielson et al. 2006) which are often implicated as sources of mid-

latitude forecast error. For example, the largest forecast errors in IVT magnitude 

associated with 7–10-day false alarm forecasts of landfalling ARs in northern California 

occurred in association with large-scale flow amplification over the Northeast Pacific 

described by a neutral PNA that becomes strongly positive prior to verification (Stewart 

2018). 

c. Thesis Objectives and Outline 

 This study focuses on the time-lagged relationship between evolving large-scale 

flow patterns over the Northeast Pacific described by P2N and N2P transitions in the 

PNA and landfalling ARs over the NAWC. Additional analysis will illustrate the 

associated precipitation and streamflow response during P2N and N2P transitions in 

order to demonstrate how large-scale flow reconfigurations may produce localized 

impacts across the western U.S. Section 3a focuses on average synoptic conditions during 

P2N and N2P transitions, section 3b on the associated hydrometeorological impacts, 

section 3c on synoptic conditions, as well as the hydrometeorological impacts, associated 

with AR days and non-AR days at a central point along the California coast that received 

either the highest or lower likelihood of an AR day at the start of transition, and section 

3d on a time-lagged time-series example for the central point on the California coast.   
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CHAPTER 2 

2. Data and Methods  

 a. Defining Regime Transitions and AR Days 

Transitions in the PNA pattern are derived from daily data obtained from the 

NOAA Climate Prediction Center (CPC 2019). A transition in the PNA pattern is defined 

as a total change in the normalized daily index value of at least one standard deviation 

(i.e. 1σ) over seven consecutive days that results in a change in the sign of the PNA (e.g., 

a 7-d transition in the PNA from +0.5 to –0.5). This transition magnitude is smaller than 

the magnitude chosen by Archambault et al. (2010) who sought to evaluate more extreme 

magnitude transitions.  This method identifies 132 P2N and 132 N2P regime transition 

events that occurred during December, January, and February (DJF) from 1 January 1950 

to 31 December 2016. The time-lagged days relative to the start of regime transition 

events are cross-referenced with a catalog of AR events (Rutz et al. 2014) derived from 

the NOAA National Centers for Environmental Prediction (NCEP)–National Center for 

Atmospheric Research (NCAR) reanalysis (Kalnay et al. 1996). The ARs are identified 

every six hours at 22 grid points along the NAWC from 55.0ºN; 202.5ºE located near 

Kodiak Island, Alaska to 25.0ºN; 247.5ºE located at the southernmost point of the Baja 

Peninsula in Mexico (see Figs. 2a,b and Fig. 4). An AR day is defined if any of the six-

hour times were associated with an AR.  

b. Composite Analyses 

Spatial analyses of large-scale flow patterns during P2N and N2P transitions are 

constructed using composite analysis of 500-hPa geopotential heights and IWV, and sea 

level pressure (SLP), and their departures from climatology (i.e., anomalies) derived from 
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the NCEP–NCAR reanalysis. Climatological data are derived for the 1979–2008 period 

following the method of Hart and Grumm (2001) and statistical significance of anomaly 

fields is determined using a two-sided Student’s t-test (Wilks 2006). The potential for 

high-impact weather associated with P2N and N2P transitions is illustrated via 

precipitation and streamflow analyses. The precipitation analyses illustrate the probability 

of 120-h precipitation exceeding 50 mm (P5≥50 mm) relative to a DJF climatology. The 

120-h analyses represent three five-day periods before (day –4 to day 0), during (day +1 

to day+5), and after (day +6 to day+10) the start day (day 0) of the 7-day transition.  

These are referred to as pre-, mid-, and post-transition days, respectively. Additionally, a 

lower precipitation threshold of 10 mm over a 24-h period is chosen to illustrate the time-

lagged time-series relationship at a central point along the California. The precipitation 

analyses are constructed from the NCEP Unified Precipitation Dataset (UPD; Higgins et 

al. 1996, 2000) obtained on a 0.25º horizontal grid with 24-h precipitation accumulation 

ending at 1200 UTC on any given day. The streamflow analyses illustrate the probability 

of daily average streamflow exceeding the 95th percentile (S5≥95%) of the 67-year period 

in any of the five-day pre-, mid-, and post-transition periods at 33 stream gauges in 

Washington (9), Oregon (9), and California (15). Streamflow data are obtained from the 

United State Geological Survey (USGS 2019). The streamflow probability values are also 

illustrated as a departure from a DJF climatology, similar to P5≥50 mm, that are both 

calculated using a Monte Carlo-style simulation with 100 iterations at each of the gauge 

sites or western U.S. grid points, respectively. The above-mentioned composite, 

precipitation, and streamflow analyses are also constructed for transitions that occur in 

association with ARs at the start time of the transition at 37.5ºN, 235.0ºE.  
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CHAPTER 3 

3. Results  

This chapter and its subsections will focus on the synoptic characteristics of P2N 

and N2P transitions that may influence the resulting likelihoods of AR days along the 

NAWC during various periods of transition, as well as hydrometeorological (likelihoods 

of five-day enhanced precipitation and five-day extreme streamflow) analyses during pre-

, mid-, and post-transition phases. An additional synoptic analysis will be focused on the 

grid point location along the California coast that experienced either the highest or lowest 

likelihood of an AR day on the start day of transition. Lastly, a time-lagged time-series 

example for daily likelihoods of an AR day, 24-h precipitation ≥10 mm, and daily 

average extreme streamflow likelihoods will be presented for the coastal California 

location. 

 

a. Synoptic Analysis of PNA Transitions 

An increase in the PNA index values from +0.50 to +0.75 prior to the start of P2N 

transitions (Fig. 1a) coincides with the development of positive 500-hPa geopotential 

height and IWV anomalies (+0.5σ) over the Gulf of Alaska collocated with a positively 

tilted ridge over the NAWC and a poleward extension of IWV (Figs. 2a–d). The 

transition in the PNA index from +0.75 at day 0 to –0.50 at day 7 coincides with 

retrogression of the large-scale flow characterized by the development of positive 500-

hPa geopotential height and IWV anomalies (+0.5σ) over the central North Pacific and 

negative 500-hPa geopotential height anomalies (–0.5σ) over the NAWC (Figs. 2e–g). 

Overall, the P2N transition features a poleward and westward migration of enhanced 
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IWV from the Pacific Northwest U.S. toward western Alaska (Figs. 2b,d,f,h) that occurs 

in association with a concomitant time-lagged increase in the likelihood of an AR day 

with respect to climatology (+10 to +20 percentage points) from 47.5°N to 57.5°N 

between day–4 and day+4 (Fig. 4a). Alternatively, the P2N transitions feature near-

normal or below normal IWV values along the California, Oregon, and Mexico coastline 

that occurs in association with a near-normal and below-normal time-lagged likelihood of 

an AR day with respect to climatology (–10 to –15 percentage points) from 25.0°N to 

40.0°N between day–4 and day+4 (Fig. 4a). The development of negative 500-hPa 

geopotential height anomalies (–0.5σ) over the NAWC occurs in association with a return 

to near-normal or above normal time-lagged likelihood of an AR day with respect to 

climatology (+5 to +15 percentage points) from 25.0°N to 35.0°N between day+6 and 

day+10 (Fig. 4a) 

A decrease in the PNA index values from –0.30 to –0.75 prior to the start of N2P 

transitions (Fig. 1b) coincides with the development of positive 500-hPa geopotential 

height and IWV anomalies (+0.7 σ to +0.9σ) over the Northwest Pacific collocated with a 

negatively tilted ridge over eastern Russia and the Bering Sea (Figs. 3a–d). The start of 

N2P transitions also occurs in association with the development of negative 500-hPa 

geopotential height anomalies (–0.9σ) and a trough over the Gulf of Alaska (Figs. 3a–d). 

The transition in the PNA index from –0.75 at day 0 to +0.50 at day 7 coincides with 

apparent high-latitude blocking of the aforementioned ridge over eastern Russia and the 

Bering Sea that allows for the development of mid-latitude zonal flow across the central 

North Pacific, a negatively tilted trough over the Gulf of Alaska, and ridge development 

along the NAWC (Figs. 3e,g).  Overall, the N2P transition features two periods of 
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positive IWV anomalies (+0.3 σ) along the California coast downstream of the two 

aforementioned troughs over the Gulf of Alaska at day 0 (Fig. 3d) and at day 7 (Fig. 3f). 

These periods of enhanced IWV occur in association with similar increases in the 

likelihood of an AR day with respect to climatology (+10 to +20 percentage points) over 

California from 30.0°N to 37.5°N between day–1 and day+2 (Fig. 4c) and over the 

Pacific Northwest from 45.0°N to 55.0°N between day+6 and day+9 (Fig. 4c).  

b. Hydrometeorological Analysis of PNA Transitions 

The daily likelihoods of AR days with respect to climatology are constructed 

independently for different lead times and do not include information about individual 

AR events or their duration. This method makes analyzing 24-h precipitation or daily 

streamflow at any one lead time versus another lead time shortly thereafter challenging. 

Therefore, likelihoods of AR pentads (i.e., an AR on any one of the five days) with 

respect to five-day climatological likelihoods during pre-, mid-, and post-transition 

periods are shown in Figure 4b and 4d in order to inform hydrometeorological analyses 

of precipitation and streamflow in Figs. 5 and 6. The AR pentads illustrate that higher 

and lower latitudes from 50.0°N to 55.0°N and from 25.0°N to 32.5°N experience the 

largest above-normal to below-normal variability in AR occurrence during P2N and N2P 

transitions, whereas middle latitudes from 35.0°N to 47.5°N fluctuate between normal 

and below-normal variability in AR occurrence (Figs. 4b,c). These fluctuations have an 

in-turn influence on P5≥50 mm and S5≥95% over the western U.S. (Fig. 5). 

AR pentad likelihoods for latitudes from 35.0°N to 47.5°N are all near normal 

(i.e. not significantly different from climatology) during P2N pre-transition periods and 

result in near normal P5≥50 mm values (>–5 or <+5 percentage points relative to 
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climatology) in the low-elevation and below-normal values (–5 to –10 percentage points) 

in the high-elevation regions of the U.S. West Coast (Fig. 5a). The large-scale flow 

retrogression, poleward migration of enhanced IWV, and decrease in pentad AR 

likelihood (–10 to –18 percentage points) with respect to climatology associated with 

P2N mid-transition periods occurs in association with near-normal P5≥50 mm values 

over the low-elevation and below-normal values (–5 to –25 percentage points) with 

respect to climatology over the high-elevation regions of California and the Pacific 

Northwest (Fig. 5b). The below average P5≥50 mm values during pre- and mid-

transitions results in S5≥95% values decreasing below climatology to 15–20% across 

stream gauge sites in coastal Oregon and California (Figs. 6a,b). Alternatively, the re-

establishment of a trough along the NAWC and return to near-normal pentad AR 

likelihood with respect to climatology (–10 to +7 percentage points) during post-

transition occurs in association with an increase in P5≥50 mm values (+5 to +20 

percentage points above climatology) over southern California and the Sierra Nevada and 

a decrease in P5≥50 mm values (–5 to –10 percentage points below climatology) over the 

Olympic mountains and Northern Cascades (Fig. 5c). The S5≥95% values also increase 

during post-transition to 20–30% but remain slightly below climatology (Fig. 6c).  The 

pair of mid-latitude troughs over the Northeast Pacific during N2P transitions result in 

above-normal P5≥50 mm values (+5 to +20 percentage points) across the high-elevation 

regions of the U.S. West Coast during pre- and mid-transition periods (Figs. 5d,e). The 

development of a 500-hPa ridge over the U.S. West Coast during the post-transition 

period results in below-normal P5≥50 mm values (–5 to –15 percentage points) over the 

higher elevations of California and Oregon, and above-normal P5≥50 mm values (+5 to 
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+15 percentage points) over the Olympic mountains and Northern Cascades (Fig. 5f). 

These above-normal P5≥50 mm values occur in association with near-normal pentad AR 

likelihoods with respect to climatology (–3 to +7 percentage points) that are 10–15 points 

higher during mid- and post-transition periods as compared to P2N transitions. The 

S5≥95% values during N2P transitions exceed 30–40% at many gauge sites in California, 

Oregon, and Washington and are double the values observed for P2N transitions (Figs. 

6d–f). 

c. California AR vs. Non-AR days 

The P2N transitions do not typically occur in association with ARs at 37.5°N, 

235.0°E with a likelihood of 15 percentage points lower than climatological average 

(21%) at day 0, a range of –15 to +6 percentage points with respect to climatology (21% 

to 42%) between day–4 and day+10, and pentad values of +3 (70%), –16 (52%), and –6 

(62%) percentage points with respect to climatology during pre-, mid-, and post-

transition periods (Figs. 4a,b). The start time of all P2N transitions at day 0 occurred in 

association with a negatively tilted trough at 500 hPa over the Northeast Pacific, an 

amplified ridge at 500 hPa over the NAWC, and a south-southwest corridor of enhanced 

IWV that extended poleward toward British Columbia and Alaska (Figs. 2c,d) that 

resulted in a below-normal (–15 percentage points) likelihood of an AR over California at 

37.5°N, 235.0°E with respect to climatology (Fig. 4a). Those 21% of days that did occur 

in association with an AR, as compared to the majority that did not, featured a less 

amplified ridge over the NAWC (Figs. 7a,b), a stronger mid-latitude cyclone over the 

Gulf of Alaska and a lower-latitude subtropical anticyclone over southern California and 

Baja California (Figs. 7c,d), and a more west-southwest oriented corridor of enhanced 
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IWV extending toward California (Figs. 7e,f). When an AR day is observed during P2N 

pre-transition phases, P5≥50 mm values become above-normal (+5 to +20 percentage 

points) over the Pacific Northwest, southern Oregon, and northern California (Fig. 8a) 

and S5≥95% values increase from 30–35% for all days to >40% for AR days (Fig. 9a).  

The corresponding non-AR days during P2N pre-transitions phases occur in association 

with below-normal P5≥50 mm values (up to –20 to –30 percentage points) and S5≥95% 

values that are <10–15% (Figs. 8d and 9d). Near normal P5≥50 mm and S5≥95% values 

can be seen during mid-transition periods with observed ARs that then become above-

normal when an AR is observed during post-transition periods (Figs. 8b,c and 9b,c). A 

similar distribution of below-normal P5≥50 mm values and S5≥95% values during pre-

transition periods that occurred in association without ARs can be seen during mid-

transition and post-transition phases that also occur in association without ARs (Figs. 8e,f 

and 9e,f).  

The N2P transitions are more likely to occur in association with ARs at 37.5°N, 

235.0°E with a likelihood of 12 percentage points above climatology (48%) at day 0, a 

range of –7 to +12 percentage points with respect to climatology (30% to 48%) between 

day–4 and day+10, and pentad values of +4 (72%), +7 (75%), and +3 (71%) percentage 

points with respect to climatology during pre-, mid-, and post-transition periods (Figs. 

4c,d). The start time of all N2P transitions at day 0 occurred in association with a large-

scale ridge at 500 hPa over the Northwest Pacific, a trough at 500 hPa over the Gulf of 

Alaska, and a southwest corridor of enhanced IWV that extended poleward toward 

California (Figs. 3c,d) that resulted in an above-normal (+12 percentage points) 

likelihood of an AR over California at 37.5°N, 235.0°E with respect to climatology (Fig. 
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4c). Those 48% of days that did occur in association with an AR, as compared to the 

slight majority that did not, featured a more amplified negatively tilted ridge over the 

Northwest Pacific and a positively tilted trough over the Northeast Pacific proximate to 

the Pacific Northwest (Figs. 10a,b), a prominent mid-latitude cyclone located offshore the 

Pacific Northwest and a lower-latitude subtropical anticyclone over southern California 

and the California Baja (Figs. 10c,d), and a southwest oriented corridor of enhanced IWV 

extending toward California (Figs. 10e,f). Alternatively, the 52% of days that did not 

occur in association with an AR featured an eastward shift in the 500 hPa trough, a 

prominent subtropical anticyclone over the Northeast Pacific and suppressed IWV 

relative to climatology relative to AR days (Figs. 10b,d,f). When an AR day is observed 

during N2P pre- and mid-transition periods, the P5≥50 mm values increase from +5 to 

+20 percentage points above climatology for all days to +15 to +30 percentage points 

above climatology for AR days over the Pacific Northwest, southern Oregon, and 

northern California (Figs. 11a,b) and S5≥95% values increase from 30–40% for all days 

to >40% for AR days (Figs. 12a,b). Post-transition phases that occur in association with 

ARs feature above-normal P5≥50 mm values (+5 to +20 percentage points) in the Pacific 

Northwest and below-normal P5≥50 mm values (–5 to–15 percentage points) in the 

Sierra Nevada while the large majority of S5≥95% values remain above-normal (Figs. 

11c and 12c). The corresponding non-AR days during N2P pre- and mid-transitions 

phases occur in association with P5≥50 mm values that are up to 30 percentage points 

below climatology and S5≥95% values that are <10–15% (Figs. 11d,e and 12d,e). Note 

that P5≥50 mm values are near normal and S5≥95% values remain higher over Pacific 

Northwest locations as compared to California locations during the mid-transition periods 
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that do not occur in association with ARs. Given that the composites are conditioned 

upon ARs west of northern California, a non-AR in California could still occur with an 

AR located farther north. Similar increases in P5≥50 mm values and S5≥95% values can 

be seen during post-transition phases that occur in association with ARs as compared to 

those without ARs (Figs. 11f and 12f).  

d. Northern California Example 

The purpose of this analysis is to better illustrate the aforementioned pentad 

relationships from a daily perspective for one region north of the California Bay Area 

which experiences either the highest (N2P) or lowest (P2N) likelihood of an AR day on 

the start date of transition. A composite-mean daily time series of the PNA index, daily 

likelihood of an AR at 37.5°N, 235.0°E, daily probability of precipitation ≥10 mm 

(P1≥10 mm) at 39N, 237.0E, and daily probability of streamflow ≥95% (S1≥95%) along 

the Russian River at Hopland (USGS gauge 11462500), California for P2N and N2P 

transitions and for AR versus non-AR days is illustrated in Fig. 13. Pre-transition periods 

during P2N transitions feature increasing PNA values that correspond to the development 

of positive geopotential height anomalies (+0.5σ–+0.7σ) and a ridge over western North 

America (Figs. 2a,c and 13a). The likelihood of an AR day, P1≥10 mm, and S1≥95% all 

decrease leading up to the start date of P2N transitions and are lowest on the start date of 

transition at 21%, 8%, and 7% respectively (Figs. 13a,c). The development of negative 

geopotential height anomalies over the interior western U.S. during post-transition is 

associated with increasing probabilities of AR days, P1≥10 mm, and S1≥95% from 

day+9 to day+10 to 36–37%, 20–29%, and 13–19% respectively (Figs. 13a,c). The 

P1≥10 mm and S1≥95% time-lagged values increase to 15% and 27% respectively when 
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P2N transitions are partitioned and conditioned for AR days on day 0, however, P1≥10 

mm and S1≥95% values are highest (40% and 35%) when conditioned for AR days on 

day+5 and day+6. 

Pre-transition periods during N2P transitions feature decreasing PNA values that 

closely correspond to the development of negative geopotential height anomalies and a 

trough over western North America (Figs. 3a,c and 13b). The likelihood of an AR day, 

P1≥10 mm, and S1≥95% all increase leading up to the start date of N2P transitions and 

are highest on the start date of transition at 48%, 29%, and 41%, respectively (Fig. 13d). 

The development of the second trough over the Northeast Pacific during mid- and post-

transition is also associated with a brief increase in the likelihood of an AR day, P1≥10 

mm, and S1≥95% during day+4 to day+5 to 40–43%, 27%, and 24–27% (Figs. 3e and 

13b). As expected, the P1≥10 mm and S1≥95% time-lagged values increase to 61% and 

42%, respectively, when N2P transitions are partitioned and conditioned for AR days on 

day 0.  
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 e. Chapter Figures 

 

Fig. 1.  Box and whisker plots of time series analyses of PNA index values for (a) P2N 
and (b) N2P transitions during winter months (DJF). The mean PNA value is illustrated 
by the solid blue line on each panel, whereas the median is illustrated by the red line 
within each blue box that indicates the inner-quartile range. The whiskers extend to the 
5th and 95th percentile of the distributions and the circles are outliers. 
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Fig. 2. (left panels) 500-hPa geopotential height (dam; solid contours) and anomalies 
(standardized anomaly values; shaded according to scale) and (right panels) IWV (mm; 
solid contours) and anomalies (standardized anomaly values; shaded according to scale) 
for all P2N transitions (n=132) at (a,b) 3.5 days prior to transition start (i.e., pre-
transition), (c,d) transition start (i.e., mid-transition), (e,f) 3.5 days after transition start 
(i.e., mid-transition), and (g,h) 7.0 days after transition (i.e., post-transition). 
Approximate locations of trough and ridge axes are indicated by the dashed and solid 
black lines, respectively. Locations of coastal grid points used in the probability grid are 
shown by on plots (a) and (b). 
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Fig. 3. As in Fig. 2, except for N2P transitions.  
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Fig. 4. The anomaly with respect to climatology of the coastal probability of an AR day 
(shaded according to scale) relative to transition start date for all (a) P2N and (c) N2P 
transitions. Probability of at least one AR day with respect to climatology during pre-
transition (–4d to 0d), mid-transition (+1d to +5d), and post-transition (+6d to +10d) is 
also illustrated for (b) P2N transitions and (d) N2P transitions. Sections outlined in black 
are representative of statistically significant values at the 95th percent confidence interval 
according to a two-sided Student’s t-test. Column “C” represents the climatological 
average calculated using a Monte-Carlo style simulation with 1000 iterations.  
 

 

a) P2N b) P2N

202.5°E_55.0°N -5 -2 -3 -1 2 4 4 7 8 8 11 6 0 1 -1 19 202.5°E_55.0°N -5 8 11 49
205.0°E_55.0°N -3 0 -2 5 6 7 4 10 5 7 10 5 -2 0 1 21 205.0°E_55.0°N -3 11 9 51
207.5°E_55.0°N -1 0 4 7 10 8 3 12 7 4 7 2 -4 -4 0 21 207.5°E_55.0°N 0 12 1 52
210.0°E_57.5°N 1 1 6 13 10 8 8 11 4 0 -3 -2 -6 -8 -6 16 210.0°E_57.5°N 6 16 -3 45
212.5°E_57.5°N 2 5 7 15 18 12 9 7 2 0 -4 -5 -7 -8 -7 18 212.5°E_57.5°N 10 22 -10 48
215.0°E_57.5°N 5 5 8 17 18 12 5 8 2 -1 -5 -6 -11 -11 -7 20 215.0°E_57.5°N 14 23 -13 52
217.5°E_57.5°N 6 1 9 17 17 13 5 7 1 0 -9 -7 -11 -14 -10 20 217.5°E_57.5°N 16 21 -15 51
220.0°E_57.5°N 8 6 9 15 18 17 4 3 1 -1 -10 -9 -12 -13 -10 19 220.0°E_57.5°N 16 23 -15 48
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235.0°E_47.5°N 12 10 3 -6 9 1 -3 -3 0 -9 -10 -19 -15 -13 -15 37 235.0°E_47.5°N 6 0 -17 72
235.0°E_45.0°N 3 6 1 -7 2 -1 -7 -4 -6 -11 -8 -16 -13 -9 -9 41 235.0°E_45.0°N 3 -5 -8 74
235.0°E_42.5°N 2 3 7 -4 -6 -6 -11 -7 -5 -13 -10 -13 -9 -6 -2 41 235.0°E_42.5°N 6 -11 -10 74
235.0°E_40.0°N 5 0 1 -4 -9 -9 -11 -4 -8 -7 -7 -5 -7 0 -1 39 235.0°E_40.0°N 4 -14 -8 71
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Fig. 5. Probability of 5-d precipitation ≥ 50 mm (shaded according to scale) relative to 
climatological values for (a–c) P2N transitions and (d–f) N2P transition during periods at 
(a,d) pre-transition, (b,e) mid-transition, and (c,f) post-transition.  
 

  

a) P2N Period 1 (N=132) b) P2N Period 2 (N=132) c) P2N Period 3 (N=132)

d) N2P Period 1 (N=132) e) N2P Period 2 (N=132) f) N2P Period 3 (N=132)
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Fig. 6. Probability of daily average streamflow exceeding the 95th percentile (marker 
color shaded according to scale) for (a–c) P2N transitions and (d–f) N2P transition during 
periods at (a,d) pre-transition, (b,e) mid-transition, and (c,f) post-transition. The terrain 
elevation is shaded in grayscale every 100 m beginning at 100 m ASL. Triangle 
orientation denotes above (upward facing) or below (downward facing) climatological 
values and the embedded number denotes the deviation (%) from climatology. 
 

 



 22 

 

Fig. 7. Composite analysis of day-0 P2N transitions (left column) with ARs versus (right 
column) without ARs of (a,b) 500-hPa geopotential height (dam) and anomalies, (c,d) 
SLP (hPa) and anomalies, and (e,f) IWV (mm) and anomalies. AR days defined at 
37.5°N, 235.0°E indicated by the star. Approximate locations of trough and ridge axes 
are indicated by the dashed and solid black lines, respectively. All mean fields are 
contoured, and anomaly fields are standardized values shaded according to scale.  
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Fig. 8. As in Fig. 5, except for P2N transitions with an AR day (a–c) and without an AR 
day (d–f) at 37.5°N, 235.0°E. 
 

a) P2N Period 1 w/ AR (N=87) b) P2N Period 2 w/ AR (N=73) c) P2N Period 3 w/ AR (N=84)

d) P2N Period 1 no AR (N=45) e) P2N Period 2 no AR (N=59) f) P2N Period 3 no AR (N=48)
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Fig. 9. As in Fig. 6, except for P2N transitions with an AR day (a–c) and without an AR 
day (d–f) at 37.5°N, 235.0°E.  
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Fig. 10. As in Fig. 7, except for N2P transitions.  
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Fig. 11. As in Fig. 8, except for N2P transitions.  
 

  

a) N2P Period 1 w/ AR (N=96) b) N2P Period 2 w/ AR (N=101) c) N2P Period 3 w/ AR (N=95)

d) N2P Period 1 no AR (N=36) e) N2P Period 2 no AR (N=31) f) N2P Period 3 no AR (N=37)
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Fig. 12. Same as Fig. 9, except for N2P transitions.  
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 Fig. 13: Composite mean PNA index values (solid black line) and coastal probability of 
an AR day (red bars) at 37.5ºN, 235.0ºE for (a) P2N and (b) N2P transitions, and the 
probability of 24-h precipitation exceeding 10 mm (green line) at 39.0°N, 237.0°E and 
the probability of daily average streamflow exceeding the 95th percentile (purple line) at 
Hopland, CA along the Russian River during (c) P2N and (d) N2P transitions. 
Precipitation and streamflow timeseries feature average transition probabilities as well as 
those with AR days (long-dashed lines) observed on day 0 of regime transition, as well as 
non-AR days (short-dashed lines) observed on day 0 of regime transition.   
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CHAPTER 4 

4. Discussion 

This study focused on the time-lagged relationship between AR day likelihood 

along the NAWC and PNA transitions, with a majority of analysis focused on transitions 

associated with landfalling ARs located offshore of the California coast at 37.5°N, 

235.0°E for which the start day of each transition coincidentally featured either the 

highest or lowest likelihood of an AR. This characteristic is only shared with few other 

locations along the NAWC (e.g. 225.0°E, 55.0°N and 220.0°E, 57.5°N; Fig. 4). As such, 

the analysis does not necessarily highlight the location or lag day with the greatest 

likelihood of an AR relative to P2N and N2P transitions. The location and lag day with 

the greatest likelihood of an AR associated with P2N transitions (10–20 percentage points 

above climatology) occurred offshore of the Pacific Northwest in the pre-transitions 

period during day–4 to day 0. Similarly, the location and time with the greatest likelihood 

of an AR associated with N2P transitions (10–20 percentage points above climatology) 

occurred offshore of the Pacific Northwest in the post-transitions period during day+6 to 

day+9. This result is supported by the composite analyses that illustrate P2N transitions 

at day –3.5 (Fig. 2b) and N2P transitions at day +7 (Fig. 3h) that both illustrate a large-

scale flow pattern with enhanced IWV extending poleward toward the Pacific Northwest. 

As a result, locations across the Pacific Northwest also feature the highest P5≥50 mm 

values and S5≥95% values in the Cascades, Olympic, and coastal mountain ranges during 

all periods prior to, during, and after N2P transitions and prior to P2N transitions (Figs. 5 

and 6). 

The composite analyses during pre-transition periods of P2N events and post-

transition periods of N2P events also illustrate a relationship between the development of 
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positive 500-hPa geopotential height anomalies (i.e. ridging) over NAWC and decreases 

in the likelihood of AR days located offshore of the California coast at 37.5°N, 235.0°E 

(Figs. 2a,c, 3e,g, and 4). This relationship occurs in association with increases in the PNA 

index value from near-neutral to weakly positive values, which has been shown to 

produce a higher false alarm rate for forecasts of landfalling ARs in North-Coastal 

California (e.g. Stewart 2018). Alternatively, the Stewart (2018) study also discussed that 

the false alarm rate decreased for forecasts of landfalling ARs that occurred in less 

amplified PNA patterns when the mid-tropospheric flow pattern was more zonally 

oriented.  

The results of this study are corroborated by Guan et al. (2013) who suggest that 

AR days are more likely in California during negative phases of the PNA in association 

with low pressure and negative SLP anomalies offshore of the Pacific Northwest, and by 

Guan and Waliser (2015) who suggest that AR days are more likely in Alaska and British 

Columbia during positive phases of the PNA in association with low pressure and 

negative SLP anomalies in the Gulf of Alaska. For example, the Guan et al. (2013) study 

found that 75% of all ARs that contributed to an anomalously high snowpack in the 

Sierra Nevada were associated with a cyclone located offshore of the Pacific Northwest, 

which occurred in 48% of N2P transitions coinciding with an AR day at day 0 offshore of 

the California coast at 37.5°N, 235.0°E. This cyclone featured SLP anomalies of −0.9σ 

located southeast of the composite mean cyclone location that coincided with a 

positively-tilted 500-hPa trough over the Northeast Pacific (Figs. 10a,c). Alternatively, 

those N2P transitions coinciding with non-AR days offshore of the California coast at 

37.5°N, 235.0°E featured SLP anomalies of −0.3σ to −0.5σ and a 500-hPa trough located 
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farther eastward inland over the western U.S (Figs. 10b,d). When broadened to the five-

day pre-transition period (i.e., instead of just day 0), 72% of N2P transitions coincided 

with an AR day. This result demonstrates that the aforementioned cyclone illustrated in 

the AR day composites at day 0 may have existed at an earlier time (e.g. day –4 to day –

1) and progressed inland over the western U.S. for non-AR days that verify at the start of 

N2P transitions. 

The instantaneous large-scale flow patterns described in this study during P2N 

and N2P transitions associated with ARs are also illustrated by Guirguis et al. (2018a). 

For example, the positive 500-hPa geopotential height anomalies over the central North 

Pacific and negative 500-hPa geopotential height anomalies over western North America 

at day 0 of N2P transitions with an AR day offshore of the California coast (Fig. 10a) 

resembles one of four leading variability patterns that influence NAWC AR events 

identified by Guirguis et al. (2018a; see their Fig. 2, mode 10). Similarly, the positive 

500-hPa geopotential height anomalies over NAWC and negative geopotential height 

anomalies over the central North Pacific in the pre-transition period of P2N events (Fig. 

7) resembles another leading mode of variability associated with AR events over the 

NAWC (see their Fig. 2). Transitioning between positive and negative phases of this 

mode of variability (e.g. P2N and N2P) would therefore modulate the likelihood of an 

AR day at latitude locations along the NAWC as illustrated herein by Fig. 4. 

The current study is limited by the large domain whereby large-scale flow 

patterns can be influenced by variability in the PNA associated with four centers of action 

over the North Pacific Ocean and North America. The composite analyses in this study 

indicate that not all four centers of action are necessary to influence PNA transitions and 
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subsequent changes in the likelihood of landfalling ARs, P5≥50 mm, and S5≥95%. 

Rather, the two nodes centered over the North Pacific and western North America are 

more pronounced than the node centered over the southeastern U.S. in N2P transitions 

with AR days on day 0 as compared to non-AR days. For example, the non-AR days 

occur in association with positive 500-hPa geopotential height anomalies over the 

southeastern U.S., positive 500-hPa geopotential height anomalies over the central North 

Pacific ridge, and negative 500-hPa geopotential height anomalies over western North 

American (Fig. 10b). Similarly, non-AR days that occur following P2N transitions occur 

in association with a more amplified large-scale flow pattern as compared to AR days and 

feature negative 500-hPa geopotential height anomalies over the southeastern United 

States (Fig. 7b). As a result, additional research on large-scale regime transitions over the 

North Pacific and the likelihood of ARs along the NAWC might focus on more regional 

teleconnection patterns such as the Eastern Pacific Oscillation (EPO) or the Western 

Pacific Oscillation (WPO). The EPO, for example, describes the strength of the north–

south dipole in 500-hPa geopotential heights over the Gulf of Alaska and Hawaii and 

characterizes the strength of the mid-tropospheric quasi-geostrophic flow that may 

influence the storm track over the Northeast Pacific. Interestingly, Stewart (2018) showed 

that the forecasts of IVT magnitude associated with landfalling ARs in North–Coastal 

California contained the lowest mean error when the EPO transitioned from a strongly 

negative value (i.e., retracted zonal flow over the central North Pacific) to a strongly 

positive value (i.e., extended zonal flow over the eastern North Pacific) from the time of 

forecast initialization to the time of forecast verification. Lastly, the Guan et al. (2013) 

study noted that the majority of AR days associated with increases in Sierra Nevada 
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snowpack occurred when both the PNA and Arctic Oscillation were negative. Their 

results, among others, suggest that additional research on large-scale regime transitions 

over the North Pacific and the likelihood of ARs along the NAWC might focus on 

combinations of teleconnection patterns that combine to produce large-scale flow patterns 

conducive to sensible weather impacts (e.g. Archambault et al. 2008; Schreck et al. 2013; 

Mundhenk et al. 2016, 2018; Guirguis et al. 2018b). These studies may serve as a starting 

point to further investigate how large-scale regime transitions described by combinations 

of teleconnection patterns can influence AR likelihood over NAWC (e.g. EPO, WPO, 

Arctic Oscillation, Madden-Julian oscillation, quasi-biennial oscillation, El Nino-

Southern Oscillation, among others).  
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CHAPTER 5 

5. Conclusions 

 a. Summary of Results 

This study compared large-scale regime transitions characterized by variability of 

the PNA to the time-lagged likelihood of AR days along the NAWC and their propensity 

to produce enhanced precipitation and streamflow along the U.S. West Coast. Positive-to-

negative transitions in the PNA (i.e. P2N) feature increasing positive 500-hPa 

geopotential height anomalies over the NAWC during pre-transition and mid-transition 

periods and the development of negative geopotential height anomalies during post-

transition periods. The enhancement of the mid-tropospheric ridge supports a flow pattern 

that allows for increased likelihoods of AR days along the Pacific Northwestern and 

Alaskan coasts and decreased likelihoods along the California coast from day –4 to day 

+3, confining above average likelihoods of precipitation and streamflow to the Pacific 

Northwestern region of the U.S. West Coast. The development of negative geopotential 

height anomalies during the post-transition period leads to an increase likelihood of AR 

days in southern California and the Baja California and near or slightly above normal 

probabilities of precipitation and streamflow in these regions. Alternatively, negative-to-

positive transitions in the PNA (i.e. N2P) feature negative 500-hPa geopotential height 

anomalies over the NAWC during pre- and mid-transition periods and increasingly 

positive geopotential height anomalies over the NAWC during the post-transition period. 

Below average geopotential heights over the NAWC during pre- and mid-transition 

periods influence above average likelihoods of AR days along the California coast from 

day –2 to day +2 and below average likelihoods along the British Columbian and 
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Alaskan coasts from day –4 to day +5, allowing enhanced probabilities of precipitation 

and streamflow across the majority of the U.S. West Coast. During the N2P post-

transition period, the large-scale flow begins to resemble the positive phase of the PNA, 

thus, shifting increased likelihoods of AR days and enhanced precipitation and 

streamflow northward along the Pacific Northwestern and Alaskan coasts. 

 For a central point along the California coast (e.g. 37.5°N, 235.0°E), the 

likelihood of an AR day was either at the lowest (P2N) or highest (N2P) probability 

throughout the entire transition period on the start date of transition. The 21% of AR days 

observed on the start date of P2N transitions featured a less enhanced 500-hPa ridge over 

the NAWC and a stronger cyclone in the Gulf of Alaska as compared to the majority of 

days that resulted in a non-AR day. AR days occurring during the P2N pre-transition 

period increase P5≥50 mm and S5≥95% values in the Pacific Northwest and northern 

California by 15–20 percentage points and 10–20 percentage points respectively. N2P 

transitions illustrated the greatest likelihood of AR days and enhanced streamflow and 

precipitation over the western U.S. and resulted in a 48% likelihood of an AR day at 

37.5°N, 235.0°E on the start date of transition. Transition start dates with an observed AR 

day featured a 500-hPa trough over the Northeast Pacific in conjunction with a prominent 

cyclone offshore of the Pacific Northwestern coast as opposed to non-AR days that 

featured an eastward shifted 500-hPa trough over western North America and near 

normal SLP offshore of the U.S. West Coast. AR days occurring during the N2P pre-

transition periods produced an increase of up to 15 percentage points and 10–15 

percentage points for S5≥95% and P5≥50 mm respectively as compared to average N2P 

pre-transition periods.  
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 b. Applications and Future Work 

Provided that a regime transition is forecasted with sufficient lead time over the 

North Pacific, this study may provide enhanced situational awareness for the likelihood 

of landfalling ARs and associated impacts related to precipitation and streamflow over 

the western U.S. For example, P2N transitions are commonly association with a decrease 

in the likelihood of a landfalling AR in California and probability of enhanced 

precipitation and streamflow, whereas N2P transitions are more commonly associated 

with an increase in the likelihood of a landfalling AR in California and probability of 

enhanced precipitation and streamflow. Thus, accurate forecasts of N2P transitions could 

provide a higher confidence to synoptic-scale forecasts of landfalling ARs in California 

that may necessitate hazard mitigation or water resources management.  

Applications of the results are contingent upon accurate forecasts of large-scale 

regime transitions, which can be complicated by factors such as Rossby wave train 

amplification and dispersion over the North Pacific related to recurving and transitioning 

tropical cyclones (e.g., Archambault et al. 2013, 2015) or extratropical cyclogenesis that 

may contain inherent unpredictability (Aiyyer 2015; Grams et al. 2015; Keller et al. 

2019). Therefore, these results also illustrate the necessity to improve forecasts of large-

scale regime transitions and are important for understanding and improving upon 

extended range predictability of ARs along the NAWC. Future work is aimed at 

identifying the causes of P2N and N2P transitions in the PNA (and other teleconnection 

indices) that modulate the likelihood landfalling ARs, such as recurving and transitioning 

tropical cyclones. As such, future work is also focused on extending the results of the 
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current DJF analysis to include the October–April cool season when ARs are most active 

over the Northeast Pacific.  
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