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ABSTRACT 

 

THE DOWNSTREAM RESPONSE TO EXPLOSIVE EXTRATROPICAL CYCLONE 

INTENSIFICATION OVER THE NORTH PACIFIC 

 

By 

Kevin Michael Lupo 

Plymouth State University, May 2016 

 

 

Recent literature demonstrates that recurving tropical cyclones (TCs) induce a 

response in the downstream midlatitude flow. Related research explores the differences in 

the response of the downstream flow to recurving TCs and extratropical cyclone events. 

This thesis expands upon the existing research by exploring the downstream response to 

explosive cyclone intensification over the North Pacific. Using a sample of 295 cases of 

explosive cyclone intensification within the domain (30°N–70°N, 140°E–220°E) during a 

nine-year period from 2006–2014, cyclone-relative composite analyses of the 

downstream midlatitude flow are analyzed. Explosively deepening cyclones are stratified 

by criteria based on both deepening rate and minimum pressure, location within the 

domain, i.e., West and East Pacific, and season.  

Time-lagged composite analyses of standardized meridional wind and 

geopotential height anomalies reveal amplitude differences in the downstream response 

based on cyclone deepening rate and minimum pressure for each respective location. 
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Strong cyclones, those that deepen faster to a lower minimum pressure, are associated 

with greater magnitude anomalies. Differences in the downstream response to cyclones 

over the West and East Pacific are observed. Downstream Rossby wave propagation 

following West Pacific cyclones was generally more progressive, and primarily acted to 

amplify a quasi-stationary ridge in the Central Pacific and weaken the climatological 

ridge over the North American west coast, whereas explosively deepening cyclones in the 

East Pacific amplified the West Coast ridge. The signal of a coherent, statistically 

significant composite downstream response diminishes 72 h following explosive 

intensification for both locations and all strengths.  

The season and location of explosive cyclone occurrence play significant roles in 

determining the persistence, amplitude, and spatial distribution of the downstream flow 

response.  West Pacific cyclones during the spring and autumn seasons are associated 

with downstream responses of similar position, with more persistent statistically 

significant anomalies present following spring cyclones.  East Pacific spring cyclones 

induce a greater amplitude, shorter wavelength, and more persistent downstream response 

than corresponding autumn events.  

A weaker meridional gradient of the downstream upper-tropospheric potential 

vorticity waveguide downstream of the composite cyclone likely inhibits the downstream 

response after 72 h. Composite analysis of the dynamic evolution of the downstream 

response, initiated by the negative upper-tropospheric potential vorticity advection by the 

irrotational wind, suggest weak diabatic contributions to explosive intensification 

compared to studies of recurving TCs. This overall weaker diabatic contribution to 

amplification of the large-scale flow likely results in a shorter-lived downstream 
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response.  Composite analyses additionally suggest that antecedent downstream flow 

structure may impact the persistence and position of downstream features following 

explosive cyclone intensification. 

Cyclone-relative composite analyses suggest that explosively deepening Pacific 

cyclones may be associated with downstream sensible weather events.  Explosively 

deepening East Pacific cyclones during the spring appear to create conditions favorable 

for thunderstorm development in the southern United States, whereas West Pacific events 

during the same season appear to be associated with anomalous warming in the central 

U.S.  Winter East Pacific cyclones additionally appear to be associated with conditions 

favorable for heavy precipitation events along the U.S. west coast and winter 

precipitation events in the Northeast, as well as anomalous warming events in northern 

and central Canada.  
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CHAPTER 1 

1. Introduction  

 Intense midlatitude cyclones and recurving tropical cyclones (TCs) over the 

northern Pacific Ocean have been shown to induce a response in the downstream 

midlatitude flow.  Consequently, these cyclones over the North Pacific have potential 

implications on the predictability of the sensible weather experienced in North America. 

It has been demonstrated that recurving tropical cyclones (TCs) in the Western North 

Pacific (WNP) result in an amplification of the midlatitude flow over the East Pacific and 

North America for approximately seven days following TC recurvature and an increase in 

the frequency of Pacific Rossby wave packets (Archambault et al. 2013, 2015; Quinting 

and Jones 2016).  Studies of individual events have linked recurving WNP TCs to 

extreme weather events over North America (e.g., Archambault et al. 2007; Cordeira and 

Bosart 2010; Bosart et al. 2015).  Composite analysis of all WNP midlatitude cyclones 

has shown that certain characteristics of the downstream flow response, including 

wavelength, amplitude, and downstream extent, differ between midlatitude cyclones and 

recurving TCs (Torn and Hakim 2015).  Earlier studies of both individual cyclone events 

and composite analyses have related transient midlatitude disturbances, including 

explosively deepening cyclones, to the onset of blocking patterns (e.g., Colucci 1985, 

1987; Konrad II and Colucci 1988; Nakamura and Wallace 1993; Colucci and Alberta 

1996) and thus the potential for downstream flow modification.  
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2. Explosively Deepening Cyclones 

a. Climatology 

 Explosively deepening cyclones, commonly referred to as meteorological 

“bombs,” have served as a prominent area of study for decades.  A climatology of the 

bomb by Sanders and Gyakum (1980) has served as the foundation for much of the 

subsequent related research throughout the following years.  An explosively deepening 

cyclone is defined by a deepening rate of at least 24-hPa in 24 hours (1-Bergeron), 

normalized to 60° latitude as defined by Eq. (1.1), where ϕ represents latitude, ΔP is the 

24-hour change in pressure, and B is the deepening rate in Bergerons (Sanders and 

Gyakum 1980). 

       
	

°.	                                                     (1.1)  

Similar to cases of ordinary midlatitude cyclogenesis (e.g., Miller and Mantis 1947; 

Wang and Rogers 2001), explosively deepening cyclones are primarily cold season 

events that occur in regions of enhanced baroclinic forcing (Sanders 1986; Chang 2005), 

such as in the vicinity of the warm oceanic currents and their associated thermal 

gradients.  The regions of the warm Kuroshio Current in the Pacific and the Gulf Stream 

in the Atlantic have been shown to be associated with spatial maxima in explosive 

cyclone occurrence (Sanders and Gyakum 1980).  Propagation of preexisting upper-level 

Rossby wave packets out of Asia over the preexisting region of enhanced baroclinic 

forcing increases the frequency of explosive cyclone intensification in the region of the 

Kuroshio Current (e.g., Chang 2005).  A secondary Pacific maximum is present in the 

East Pacific between 40°N–50°N and 200°E–220°E, south of the Aleutian Islands (e.g., 

Miller and Mantis 1947; Sanders and Gyakum 1980; Roebber 1984; Gyakum et al. 1989).  
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Roebber (1984) hypothesized that explosively deepening cyclones which occur over the 

Gulf of Alaska originate from preexisting cyclones that further intensify in areas of 

enhanced baroclinicity brought about by cold, Arctic air propagating toward regions of 

warmer ocean water.     

b. Physical Processes 

 Wang and Rogers (2001) summarized the physical processes which contribute to 

the rapid deepening rate of explosively deepening cyclones, i.e., 1) strong mid–upper-

level cyclonic vorticity advection, 2) downward transport of high potential vorticity (PV) 

stratospheric air into the middle troposphere, 3) diabatically driven mid-troposphere PV 

generation, 4) oceanic surface energy fluxes, and 5) increases in local baroclinicity due to 

differential diabatic heating.  In addition to large scale baroclinic instability, presented by 

Rogers and Bosart (1991) as the primary mechanism for intense oceanic cyclones, Wang 

and Rogers (2001) further explain that non-linear interactions between the 

aforementioned physical processes (1–5) results in the rapid deepening rate observed in 

explosively deepening cyclones, though, it is not necessary that all of the processes be 

present.   

1) UPPER-LEVEL FORCING 

  Sanders (1986) demonstrated that strong upper level forcing is a key factor to 

rapid deepening.  Using a sample of 48 explosively deepening cyclones in the western-

central North Atlantic, Sanders (1986) explained that the magnitude of the advection of 

an absolute cyclonic vorticity maximum at 500-hPa from northwest of, to nearly south of 

the surface cyclone is strongly correlated to the cyclone deepening rate.  It is additionally 

noted that the initial development of the surface cyclone may on occasion be independent 
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from the upper level cyclonic vorticity maximum, as this maximum preexisted the 

surface feature in each case investigated by Sanders (1986).  Sanders and Gyakum (1980) 

presented a similar result in their initial climatology, noting that explosively deepening 

cyclones are generally associated with a mobile upper-level trough.   

2) PV CONSERVATION & REDISTRIBUTION 

Isentropic descent of high PV stratospheric air into the mid-troposphere 

contributes to surface cyclogenesis (e.g., Bosart and Lin 1984; Hoskins et al. 1985; 

Uccellini et al. 1985).  Bosart and Lin (1984) related the descent of high PV stratospheric 

air to surface cyclogenesis through the principle of PV conservation.  Using the isentropic 

form of Ertel’s potential vorticity, PV is computed as the product of absolute vorticity 

and static stability (Holton 2004).  As high PV stratospheric air descends to the mid-

troposphere, vortex tubes become stretched and static stability decreases, as a result, 

absolute vorticity is generated in the mid-troposphere (Bosart and Lin 1984).  In the case 

of the 1979 Presidents’ Day (18–19 February) cyclone (e.g., Bosart and Lin 1984; 

Uccellini et al. 1985), descent of high-PV, stratospheric air to the lower troposphere, 

inducing a low-level cyclonic circulation and thus cyclonic vorticity advection 

downstream, a quasi-geostrophic forcing mechanism for geopotential height falls (Holton 

2004), during the 24-hours prior to explosive deepening likely contributed to the rapid 

deepening rate.   

3) PV NON-CONSERVATION & REDISTRIBUTION 

Generation of a positive tropospheric PV anomaly via latent heat release has been 

shown to contribute to surface cyclogenesis (Whitaker and Davis 1994; Brennan et al. 

2008).  Explained by Brennan et al. (2008), mid-troposphere latent heat release 
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redistributes PV by altering the static stability and the absolute vorticity profiles.  Static 

stability generally increases and geopotential height decreases in the layer below the level 

of maximum diabatic heating, resulting an in increase in cyclonic absolute vorticity and 

thus an increase in cyclonic PV, inducing a cyclonic circulation near at the surface, 

whereas static stability generally decreases above the level of maximum diabatic heating, 

in an area of synoptic-scale divergence, indicating the generation of an upper-

tropospheric negative PV anomaly (Lackmann 2012).  Grams et al. (2011) demonstrated 

that advection of diabatically generated low-PV air by a warm conveyer belt associated 

with the 2008 Atlantic TC, Hanna, was a key component in downstream ridge 

amplification. Whitaker and Davis (1994) additionally demonstrated that cyclones 

developing in a moist environment, characterized by greater diabatic heating in a 

preconditioned boundary layer (e.g., Lackmann 2012), tend to deepen more rapidly than 

cyclones in a relatively dry environment.  

4) OCEANIC HEAT FLUXES 

In addition to the enhanced background baroclinicity derived from strong Sea-

Surface Temperature (SST) gradients, thermodynamic forcing in the form of surface heat 

fluxes from warm ocean water can act as an intensification mechanism of explosively 

deepening cyclones.  By modeling the interaction between baroclinic waves and ocean 

heat fluxes, Fantini (1990) identified a phase in the lifecycle of an intensifying cyclone 

during which rapid intensification is primarily due to oceanic heat flux, while other 

factors, such as upper-level absolute vorticity advection, may play a more significant role 

at an earlier point in the cyclone’s life.  These results are supported further by a model 

sensitivity study presented by Hedley and Yau (1991), in which it was shown that 
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removing surface fluxes and SST gradients from the model yields a weaker cyclone, i.e., 

a slower deepening rate.    

5) DIFFERENTIAL DIABATIC HEATING 

While synoptic-scale baroclinic instability is the key mechanism driving 

explosive cyclogenesis, local baroclinicity enhanced by differential diabatic heating can 

enhance explosive intensification in an environment with comparatively less background 

baroclinic forcing.  Rogers and Bosart (1991) documented two explosively deepening 

cyclones in the western Atlantic, 16–18 November 1972 and 9–11 January 1982, noting 

that the January 1982 cyclone developed in an environment with significantly greater 

background baroclinicity.  During the November 1972 event, characterized by weaker 

large-scale baroclinicity, diabatic heating and oceanic moisture fluxes in conjunction 

with cold air damming along the coast of the Carolinas anchored a coastal front ahead of 

the developing cyclone, creating a local enhancement of baroclinic instability.  Bosart 

(1981) similarly noted a diabatically driven, local enhancement of baroclinicity along the 

Carolinas’ coast ahead of the 1979 Presidents’ Day cyclone within a synoptic scale 

baroclinic zone spanning from Texas to the western Atlantic.  

c. Flow Modification 

 Individual case studies (e.g., Colucci 1985, 1987) and climatologies (e.g., Konrad 

and Colucci 1988; Nakamura and Wallace 1993; Colucci and Alberta 1996) of 

midlatitude cyclone and anticyclone activity have attempted to relate transient 

midlatitude disturbances to modification of the downstream flow and the onset or 

amplification of atmospheric blocking.  Investigations of flow modification following 

explosive cyclone intensification suggest that the cyclone deepening rate alone may not 
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be as influential in the onset and type of blocking pattern as is the phase of the cyclone 

with the background flow regime cyclones (e.g., Colucci 1985, 1987; Konrad II and 

Colucci 1988).  Poleward advection of subtropical, low-PV air by the circulation on the 

eastern side of cyclones in the Northern Hemisphere has additionally been discussed as a 

means of amplifying and maintaining a preexisting blocking ridge (e.g., Colucci 1987; 

Nakamura and Wallace 1993; Colucci and Alberta 1996; Holton 2004).   

3. Recurving Tropical Cyclones 

a. Physical Processes 

Archambault et al. (2013, 2015) constructed composite analyses of recurving TCs 

in the WNP to examine the downstream midlatitude response.  The composite North 

Pacific flow becomes significantly amplified for approximately four days following TC 

recurvature.  Archambault et al. (2013) demonstrated that the intensity and size of the 

recurving TC have little influence on whether the flow will become significantly 

amplified, but it is the strength of the interaction of the TC with the extratropical flow 

that most influences downstream development, i.e., the divergent outflow associated with 

the TC impinges upon the extratropical flow.  The strength of the interaction of the TC 

with the extratropical flow can be quantified by negative PV advection by the 

diabatically-driven irrotational wind in the upper-troposphere associated with the TC, 

which dynamically acts to anchor the midlatitude flow and allow significant flow 

amplification prior to downstream Rossby wave propagation and dispersion (e.g., 

Archambault et al. 2015; Quinting and Jones 2016).   
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b. Flow Modification 

 Recurving WNP TCs have been shown to induce a modification of the 

downstream midlatitude flow over the eastern Pacific and North America (Archambault 

et al. 2013, 2015), with potential implications to significant weather events in North 

America.  Archambault et al. (2007) presented a case of downstream development 

following three consecutive WNP recurving typhoons, which resulted in an early season 

Arctic outbreak over North America.  Cordeira and Bosart (2010) used an atmospheric 

energetics framework to demonstrate that the “Perfect Storms” of 1991, which impacted 

eastern North America, were a result of downstream development following a TC 

recurving into a zonally elongated North Pacific waveguide.  Bosart et al. (2015) 

demonstrated that a series of extreme weather events over North America during October 

2007, including California wildfires, early season cold surges, and extreme rainfall in 

Mexico and in the eastern United States, were linked to an amplification of the North 

Pacific flow influenced by a recurving WNP TC and a coincident atmospheric river event 

over the Northeastern Pacific.   

c. Comparison to Midlatitude Cyclones 

 Torn and Hakim (2015) used a composite framework similar to Archambault et 

al. (2013, 2015) to examine the downstream flow response to WNP midlatitude 

cyclogenesis.  Torn and Hakim (2015) demonstrated that wave packets amplified by 

recurving WNP TCs have a larger wavelength and induce statistically significant 

anomalies farther downstream than general WNP winter midlatitude cyclones.  The 

opposite response was observed over the Atlantic basin, i.e., midlatitude cyclones were 

associated with anomalies of larger amplitude and spatial extent than recurving TCs.  
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Similar to the results of the interaction strength metric used by Archambault et al. (2013, 

2015), Torn and Hakim (2015) hypothesized that the greater moisture flux convergence 

and latent heat release associated with recurving WNP TCs and Atlantic midlatitude 

cyclones relative to WNP midlatitude cyclones and Atlantic TCs, respectively, could be 

responsible for the increased amplitude and spatial extent of the downstream response. 

4. Motivation and Outline 

a. Motivating Questions 

This thesis is motivated by the recent literature examining the downstream 

response to midlatitude cyclones and recurving WNP TCs (e.g., Archambault et al. 2013, 

2015; Torn and Hakim 2015) and the potential implications of the downstream response 

to the sensible weather experienced throughout North America.  The downstream 

response to of explosively deepening cyclones over the Pacific basin will be explored in 

the following sections follow a similar compositing methodology to Archambault et al. 

(2013, 2015) and Torn and Hakim (2015).  Primary consideration will be placed toward 

addressing following questions:  

(1) Is there a discernable downstream response to explosively deepening Pacific 

cyclones? 

(2) How does the downstream response compare to the responses induced by 

general mid-latitude cyclones and recurving tropical cyclones? 

(3) Does the downstream response depend on the strength, location, or season of 

the cyclone?  If so, how? 

(4) Does the downstream response have a predictable impact on the sensible 

weather experienced throughout North America? 
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b. Outline 

In the next chapter, the data and methodology for identifying Pacific explosively 

deepening cyclones and constructing standardized cyclone-relative composites will be 

discussed. Chapter 3 will present the results of a climatological analysis and Chapter 4 

will show the cyclone-relative composite results.  A discussion of the differences 

between different types of explosively deepening cyclones and the differences in the 

downstream response as compared to general midlatitude cyclones and recurving TCs 

will be presented in Chapter 5.  Chapter 6 will present select potential sensible weather 

implications of unique downstream response features, and Chapter 7 will provide a 

concluding summary and suggestions for potential future work.  
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CHAPTER 2 

1. Explosively Deepening Cyclones 

a. Data Source & Identification 

 Explosively deepening cyclones were identified for a 9-year period from January 

2006 through December 2014 by manual examination of Ocean Prediction Center (OPC) 

Pacific surface analysis charts made available online by the National Centers for 

Environmental Information (NCEI).  Analysis charts were archived four-times daily, at 

0000, 0600, 1200, and 1800 UTC, and were examined for explosive cyclone 

intensification between 140°E–140°W longitude and 30°N–70°N latitude (Fig. 2.1).  This 

domain was chosen to incorporate two maxima of Pacific cyclogenesis, the Kuroshio 

Current and the western Gulf of Alaska (e.g, Miller and Mantis 1947; Sanders and 

Gyakum 1980; Roebber 1984; Gyakum et al. 1989).  Only cyclones that deepened 

explosively, at a rate greater than 1-Bergeron (Eq. 1.1), were considered in this study.  

The 24-hour period of most rapid intensification was documented for each event.  Time 

and date, latitude and longitude, and sea-level pressure were recorded at the start and end 

time of the 24-hour period.  Events were assigned to the appropriated 5° × 5° box based 

on their latitude and longitude at the end of rapid intensification.  Minimum sea-level 

pressure over the entire lifetime of the cyclone (SLPmin) was additionally recorded.  The 

Bergeron number for each event was computed using the change of sea-level pressure 

from the start-time to the end-time of the 24-hour period of most rapid deepening, and the 

latitude at the end of the 24-hour period (Eq. 1.1).  The end of the 24-hour period of most 

rapid deepening was designated as the zero-hour time-lag (T–0 H) for each event.  A list 

of all identified explosively deepening cyclone events is included in Appendix A.  
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b. Event Categorization 

 Explosively deepening cyclones were classified by strength, location, and season.  

The strength criteria utilized hereafter tests whether the downstream response to “strong” 

cyclones, defined as cyclones with a 960–940-hPa SLPmin and a deepening rate of at least 

1.5-Bergerons, is significantly different than the downstream response to more common 

“moderate” cyclones, defined by a 980–960-hPa SLPmin and a deepening rate between 

1.0–1.5-Bergerons.  Sanders and Gyakum (1980) characterized “deep lows” as those 

achieving an SLPmin of 960-hPa or lower, and Sanders (1986) used a deepening rate of 

1.5-Bergerons as the threshold between “weak” and “moderate” explosively deepening 

cyclones.  The combination the two published criteria requires that “strong” cyclones 

deepen rapidly and achieve a low SLPmin, and that “moderate” cyclones deepen less 

rapidly and do not achieve an SLPmin below the threshold value of 960-hPa.  Ambiguous 

cyclones, those that met one of the two strength criteria, were not included in strength-

based composites.  Cyclone events with an SLPmin of 940-hPa or lower or greater than 

980-hPa were designated “strong” and “weak” outliers, respectively.  

The location criteria was simply defined as whether the cyclone was “East” or 

“West” of the 180° meridian at time T–0 H.  Classifying events into east and west 

categories separates events originating in two primary source regions of Pacific 

cyclogenesis, i.e., the regions of the Kuroshio Current in the West Pacific and the Gulf of 

Alaska in the East Pacific.   

 Explosively deepening cyclones were additionally stratified by season of 

occurrence.  Seasons examined included MAM, SON, and DJF, in addition to the 

adjusted seasons defined by Torn and Hakim (2015) of ASO and NDJFM.  To ensure a 
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robust sample size for each season-location composite combination, this classification 

scheme incorporates the location categories previously defined, but omits the strength 

criteria, thus including events that the strength classification would have considered 

ambiguous.  Table 2.1 lists the fourteen location, strength, and season categories used to 

generate composite graphics.   

2. Time-Lagged Composites 

a. Reanalysis Data 

Time-lagged composites were created for each category of event using 12-hour 

timesteps from T-48 H to T+168 H from the 6-hourly NCEP–DOE Reanalysis-2 dataset 

(Kalnay et al. 1996).  Annual files from 1979–2014 of 4-times daily global air 

temperature, geopotential height, meridional wind, zonal wind, sea-level pressure, and 

total column precipitable water from the Reanalysis-2 dataset were provided by Dr. Jason 

Cordeira (2015).  The Reanalysis-2 dataset is provided at 2.5° × 2.5° spatial resolution 

and at 17 pressure levels (1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 

70, 50, 30, 20, 10 hPa).  

For each of the base variables included in the Reanalysis-2 dataset, 30-year 

(1981–2010) climatologies were provided by Dr. Jason Cordeira (2015) as 21-day 

running means and standard deviations at the same horizontal resolution as the 

Reanalysis-2 gridded data and at 11 pressure levels (100, 200, 300, 400, 500, 600, 700, 

850, 925, 1000 hPa), following the methodology of Hart and Grumm 2001.  

Climatological data were formatted as global, 4-times daily grids over a 1-year time 

period. Climatological data from 28 February and 1 March were linearly interpolated to 

compute values for each time step on 29 February during leap years.  
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b. Cyclone Relative Composite Development 

Standardized anomalies for each variable during each event individually were 

computed with respect to climatology (e.g., Grumm and Hart 2001, Hart and Grumm 

2001), removing spatial and temporal biases from the raw anomalies.  Standardized 

anomalies were computed via equation 2.1, where N is the standardized anomaly in 

sigma-units, X is the observed value in the individual composite member, μ is the 

climatological mean, and α is the climatological standard deviation (Grumm and Hart 

2001; their equation 1). 

                                             	 	 .                                                      (2.1) 

 The mean T–0 H cyclone location for each event category was computed from 

each category’s corresponding events.  For each individual event, a subset of gridded data 

was extracted for every time step, spanning 80° west, 140° east, and 25° north and south 

of from an event’s individual T–0 H location.  The individual spatial subsets were 

geographically shifted so the individual T–0 H location was assigned to the 

corresponding categorical mean location, thus, composites are constructed in a cyclone-

relative framework.  Categorical composite means and anomalies were computed as the 

mean of all shifted composite members.  Both Archambault et al. (2015) and Torn and 

Hakim (2015) used a similar methodology to observe the downstream response to 

recurving TCs and general midlatitude cyclones, respectively, while minimizing spatial 

smearing in composite analysis.   

 Composite graphics and derived products from base datasets were primarily 

produced using materials provided by the NCAR Command Language (NCL) and their 

contributors.  Potential vorticity (PV), static stability, and potential temperature on 
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isobaric levels were computed using the NCL pot_vort_isobaric function.  Relative 

vorticity, non-divergent wind components, divergence, and irrotational wind components 

were computed using spherical harmonics on a fixed grid using the NCL functions 

uv2vrf, vr2uvf, uv2dvf, dv2uvf, respectively.  PV gradients, from the NCL gradsf 

function, and PV advection by the non-divergent, irrotational, and total wind components 

were computed from the composited fields, and not aggregated from the individual 

composite members. 

 Statistical significance of composite anomalies was tested using a two-tailed 

Student’s t-test, and t was computed based on equation 2.2, where 
̅

 is equivalent to N 

from Eq. (2.2) and n is the number of members in a given composite category. 

                                             	 	
̅

√⁄
.                                                      (2.2) 

Statistical significance at the 95% (p = 0.05) and 99% (p = 0.01) was computed for n−1 

degrees of freedom by comparing gridded t values to the t critical value.  The null 

hypothesis that there is no significant difference between the composite and climatology 

is rejected where t is greater than the t critical value (Devore and Peck 1986).   
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Table 2.1. Naming conventions for all explosively deepening cyclone strength, season, 
location combinations used in this thesis 

Location Strength/Season Abbreviation 
West Pacific Strong WS 
West Pacific Moderate WM 
East Pacific Strong ES 
East Pacific Moderate EM 
West Pacific Winter W-DJF 
West Pacific Spring W-MAM 
West Pacific Fall W-SON 
West Pacific Adjusted Cool W-NDJFM 
West Pacific Adjusted Summer-Fall W-ASO 
East Pacific Winter E-DJF 
East Pacific Spring E-MAM 
East Pacific Fall E-SON 
East Pacific Adjusted Cool E-NDJFM 
East Pacific Adjusted Summer-Fall E-ASO 
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Figure 2.1. Domain over which explosively deepening cyclones were identified between 
January 2006 and December 2014.  Events that had a T–0 H location west of the 180° 
meridian (140°E to 180°E) are classified as “West Pacific” events, and events with a T–0 
H location between 180°E and 220°E are considered “East Pacific” events. 
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CHAPTER 3 

1. 9-Year Cyclone Climatology 

a. Spatial-Temporal-Strength Distribution 

 The 295 explosively deepening cyclones identified over the northern Pacific basin 

during the 9-year period from 2006–2014 exhibit a spatial distribution consistent with 

Sanders and Gyakum (1980, see their Fig. 3) (Fig. 3.1).  The 2006–2014 distribution has 

a ~5° northward and eastward shift due to relatively later definition of T–0 H used in 

comparison to Sanders and Gyakum (1980).  The maximum frequency of explosive 

Pacific cyclone intensification occurs in a region between 40°N–50°N and 145°E–160°E, 

in the vicinity of the Kuroshio Current northeast of Japan and southeast of the Kamchatka 

Peninsula.  During the cool season (NDJFM; Fig. 3.1f), secondary maxima occur in the 

central North Pacific between 45°N–50°N and 175°E–185°E, south of the Aleutian 

Islands between 45°N–50°N and 195°E–200°E, and over the Gulf of Alaska between 

50°N–55°N and 205°E–210°E and are consistent with the spatial distribution presented 

by Sanders and Gyakum (1980).  

 Explosively deepening cyclones are primarily cool-season events, with 54% of 

cyclones occurring during DJF (Table 3.1).  Conversely, only three of 295 events (~1%) 

occur during JJA, with no events occurring during June.  The DJF season is, on average, 

characterized by the most rapid deepening rates, including a maximum mean monthly 

deepening rate of 1.56 Bergerons for February events, and by the most frequent 

occurrence of explosively deepening cyclones of any season, with a monthly maximum 

of 59 events during December (~6.6 events per December) (Table 3.1; Fig. 3.3).  During 

DJF, the mean T–0 H locations of explosive cyclone occurrence for both the East and 
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West Pacific are shifted southward compared to the spring and autumn seasons (Fig. 3.1).  

The mean T–0 H latitude of West (East) Pacific explosively deepening cyclones during 

DJF is at 45°N (47.5°N), 47.5°N (50°N) during MAM, and 50°N (52.5°N) during SON.  

SON is the only season during which the spatial maximum of the event distribution 

occurs in the East Pacific (Figs. 3.1d and 3.3).  Events in the East Pacific during October 

and November, on average, deepen at a more rapid rate than West Pacific events during 

the same period (Fig. 3.3).   

 Strong explosively deepening cyclones occur more frequently and are generally 

stronger in the West  Pacific (31% of West  Pacific events; median Bergeron Number of 

1.86 Bergerons) than in the East Pacific (26% of East  Pacific; median Bergeron Number 

of 1.71 Bergerons) (Table 3.1; Fig. 3.4).  Strong events were not observed between May–

August, and represent only 12.5% of all September events (Fig. 3.4).  Strong and 

moderate explosively deepening cyclones occur at similar frequencies during the cool 

season (NDJFM) in the East Pacific (Strong-28% and Moderate-30%).  West Pacific 

cool-season events are comprised of 33% Strong events, and 48% Moderate events (Fig. 

3.4).  Only the month of December is characterized by more frequent Strong events 

(37%) than Moderate events (27%; Figs. 3.3 and 3.4). 

 Explosively deepening cyclone events over the entire Pacific domain deepen at a 

mean rate of 1.45-Beregons and reach a mean SLPmin of 961 hPa (Table 3.1).  The 

frequency distribution of deepening rates of all cyclones is characterized by negative 

skewness, in the direction of stronger events (Fig. 3.5).  The skewed distribution of 

Pacific cyclone deepening rate is consistent with the distribution presented by Sanders 

and Gyakum (1980, see their figure 5), including the maximum frequency occurring at 
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~1.2-Bergerons, and a secondary maximum occurring between 2.0–3.1-Bergerons (Fig. 

3.5b). 

2. T–0 H Composite Structure 

a. Strength-Location Characteristics 

 Schematic composite diagrams at T–0 H for all strength-location and season-

location explosively deepening cyclone categories are presented in figures 3.6–3.9.  The 

mean T–0 H locations for all categories of West and East Pacific explosively deepening 

cyclones are collocated with preexisting regions of large-scale background baroclinicity, 

i.e., the regions of the warm Kuroshio Current in the West Pacific and north of the North 

Pacific Current in the East Pacific, respectively.  The composite T–0 H positions for all 

cyclone categories are favorably located in the poleward exit region of a 250-hPa jet 

streak, with a cyclonic 500-hPa relative vorticity maximum located south of the cyclone 

center, and a moisture plume originating from the tropics extending northward, southeast 

of the cyclone center.    

  Explosively deepening cyclone events in the West Pacific are generally associated 

with a stronger North Pacific jet than events in the East Pacific (Fig. 3.6).  A stronger 

500-hPa relative vorticity maximum and a broader area characterized by an 850-hPa jet 

indicate that mid- and low-level circulation around the cyclone center is stronger for 

events in the West Pacific (Fig. 3.6).  West Pacific events are associated with a colder 

airmass positioned north and west of the cyclone center, implied by the ~10 dam lower 

1000–500-hPa composite thickness values associated with West Pacific Strong and 

Moderate events as compared to corresponding East Pacific events.  West Pacific 

cyclones generally occur in association with a moisture plume to the south and east of the 
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cyclone center with ~5–10 mm greater precipitable water values than those associated 

with East Pacific cyclones of comparable strength, location, and season (Figs. 3.6–3.9). 

 WS and ES explosively deepening Pacific cyclones occur in a more dynamically-

favorable environment than corresponding moderate events.  Strong events are associated 

with a stronger 250-hPa Pacific jet (maximum wind speeds for WS > 60 m s–1, ES  50–60 

m s–1, WM  50–60 m s–1, EM  40–50 m s–1) and a broader 850-hPa jet maximum (Fig. 

3.6).  Strong events are positioned near the base of a negatively-tilted 500-hPa trough 

which is ~6 dam deeper than the trough associated with moderate events and are 

characterized by a stronger southeast–northwest cross-cyclone thermal gradient than 

moderate events, indicated by reduced space between thickness contours (Fig. 3.6).  A 5–

10 mm greater precipitable water plume is positioned to the southeast of the surface low 

for strong events as compared to moderate cyclone events. 

 WS events are generally occur in the most dynamically favorable environment of 

the four strength-location explosively deepening Pacific cyclone categories (Table 3.1; 

Fig. 3.6a).  WS events are characterized by the greatest magnitude 500-hPa relative 

vorticity maximum (10–12 s–1) and the broadest 850-hPa jet, implying a strong mid–low-

level cyclonic circulation.  The core of the 250-hPa Pacific jet exceeds 60 m s−1, and 

total-column precipitable water values exceeding 35 mm extend north of 35°N latitude.  

Indicated by 1000–500-hPa thickness values between 510–504 dam, the coldest airmass 

is positioned northwest of the WS composite cyclone center.  By contrast, EM cyclones 

are associated with the weakest background conditions of the four strength-location 

categories.  The EM composite 250-hPa Pacific jet does not exceed 50 m s−1 and the 850-

hPa low-level jet does not exceed 25 m s−1 (Fig. 3.6d). The composite EM surface 
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cyclone is located at the base of the shallowest 500-hPa trough (532 dam) of any 

strength-location category. 

b. Season-Location Characteristics 

 1) WARM AND COLD SEASONS 

Cold-season explosively deepening cyclones occur ~5° farther south, in a more 

dynamically-favorable environment, and are generally characterized by more rapid 

deepening rates than events during other seasons (Table 3.1; Figs. 3.7–3.9).  Cold-season 

events are associated with the strongest thermal gradients and a 10–20 m s–1 stronger 250-

hPa Pacific jet than warm-season events (Figs. 3.7a, 3.8a, and 3.9a,b), with both 

quantities greater for West Pacific events than for East Pacific events.  East Pacific events 

generally occur near the exit region ~10 m s–1 weaker, but more zonally-elongated Pacific 

jet compared to West Pacific events (Figs. 3.8 and 3.9b,d).  Warm-season events (ASO & 

JJA; JJA figures not shown) in the East and West Pacific occur least frequently (3 JJA 

events of 295 total events) and are characterized by the weakest deepening rates (1.11-

Bergerons).  The weak warm-season events coincide with the greatest tropical moisture 

contribution, implied by the 5–10 mm greater precipitable water values near the 

composite cyclone compared to cold-season events (Fig. 3.9 c, d).   

  2) SPRING AND AUTUMN SEASONS 

Explosively deepening cyclones during the spring (Fig. 3.7b and 3.8b) and 

autumn (Figs. 3.7c and 3.8c) seasons are generally associated with ~0.1-Bergeron weaker 

deepening rates and occur less frequently (134 MAM/SON events of 295 total events) 

than cold-season cyclones (Table 3.1).  Consistent between the East and West Pacific, 

SON events occur 2.5°–5° north of MAM events, transporting 5–10 mm greater 
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precipitable water values to higher latitudes than MAM events.  West Pacific events are 

more common than East Pacific events during MAM, representing 64% of the seasonal 

events, while East Pacific events are most dominant during SON, representing 58% of the 

SON events (Table 3.1).  MAM events generally occur in association with a wider and 

~10 m s–1  faster 250-hPa Pacific jet, a cooler low-level airmass following the cyclone 

indicated by 6–12 dam lower thickness values, and a ~12 dam deeper 500-hPa trough 

than SON events (Figs. 3.7b,c and 3.8b,c).  A thermal trough, indicated by the composite 

1000–500-hPa thickness contours, is present ~30° downstream of the composite E-MAM 

cyclone T–0 H location (Fig. 3.8b).  Uniquely present in E-MAM events, the thermal 

trough is coincident with a westward shift of a subtropical high and a reduction of the 

amplitude of the North American West Coast ridge (Fig. 3.8).   
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Table 3.1. Number of events and intensity statistics for all categories of explosively 
deepening Pacific cyclones.   

 

 

 

 

 

  

 # 
Events 

Bergeron	Number SLPmin	 hPa 	
Mean Median Mode σ Mean Median Mode σ 

All 295 1.45 1.37 1.13 0.34 961 960 960 9.38 
MAM 61 1.40 1.32 1.13 0.31 963 963 956 7.96 

E-MAM 22 1.41 1.39 1.04 0.29 963 962 972 8.27 
W-MAM 39 1.39 1.28 1.12 0.32 963 964 956 7.77 

JJA 3 1.11 1.09 N/A 0.06 976 977 N/A 1.70 
E-JJA 2 1.11 1.11 N/A 0.07 976 976 N/A 2.00 
W-JJA 1 1.09 1.09 N/A N/A 977 977 N/A N/A 
SON 73 1.41 1.32 1.22 0.32 960 960 960 10.24 

E-SON 42 1.42 1.40 1.22 0.29 959 960 960 8.57 
W-SON 31 1.39 1.27 1.07 0.35 961 961 970 12.08 

DJF 158 1.50 1.39 1.22 0.36 959 960 960 9.12 
E-DJF 63 1.43 1.36 1.22 0.31 959 960 960 8.64 
W-DJF 95 1.54 1.47 1.18 0.39 960 960 964 9.40 

ASO 37 1.38 1.28 1.57 0.30 962 961 960 9.20 
E-ASO 22 1.39 1.28 1.41 0.34 960 961 960 8.28 
W-ASO 15 1.36 1.30 1.57 0.22 963 961 961 10.14 
NDJFM 235 1.46 1.37 1.22 0.35 960 960 960 9.38 

E-NDJFM 97 1.44 1.37 1.22 0.29 960 960 960 8.71 
W-NDJFM 138 1.49 1.39 1.18 0.38 960 961 964 9.81 

West 166 1.47 1.38 1.13 0.37 961 961 964 9.76 
WS 52 1.88 1.86 1.52 0.32 951 953 952 7.46 
WM 74 1.22 1.21 1.13 0.12 969 968 964 5.32 
East 129 1.42 1.37 1.22 0.30 960 960 960 8.83 
ES 33 1.80 1.71 1.73 0.26 952 953 960 6.34 
EM 46 1.24 1.23 1.05 0.14 966 968 972 4.95 

Strong 85 1.85 1.77 1.72 0.30 952 953 956 7.05 
Mdrt 120 1.23 1.22 1.13 0.13 968 968 964 5.18 
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Figure 3.1. As in Sanders and Gyakum (1980), their figure 3, values plotted in boxes are 
raw T–0 H location frequencies for explosively deepening cyclones in the Pacific, and 
filled contours are smoothed frequencies computed as one-eighth the sum of four times 
the raw central value plus the sum of the surrounding raw frequencies for (a) all seasons. 
(b) DJF, (c) MAM, (d) SON, (e) ASO, (f) NDJFM.  The location of the leftmost 
(rightmost) star in (b–f) denotes the mean location of western (eastern) events at T–0 
Hours. 
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Figure 3.2. As in figure 3.1, except for (a) Strong and (b) Moderate events.   
 
 

Figure 3.3. Monthly distribution of East (black) and West (gray) Pacific explosively 
deepening cyclones (bars) and deepening rate in Bergerons (lines).   
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Figure 3.4. Monthly distribution of each strength-location category.  Strong events are in 
red shadings, moderate events are in blue shadings, East events are in solid fill, West 
events are in textured fill.   
 
 

  
Figure 3.5. Histograms of (a) deepening rate in Bergerons and (b) SLPmin (hPa) for all 
explosively deepening cyclone events (N = 295). 
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Figure 3.6. T–0 H schematic diagrams for (a) West-Strong (WS), (b) East-Strong (ES), 
(c) West-Moderate (WM), and (d) East-Moderate (EM) events.  Entire-column 
precipitable water (mm) is shaded in gray, 250-hPa isotachs (m s–1) are shaded in green, 
500-hPa relative vorticity (10–5 s–1) is shaded in blue, and 850-hPa wind (m s–1) is 
denoted by barbs and cross-hatched regions ( ≥ 25 m s–1).  500-hPa geopotential height 
(dam) is contoured in violet, and 1000–500-hPa thickness (dam) is contoured in red.  The 
categorical mean T–0 H cyclone location is marked with the black dot. 
   

a b 

c d 
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Figure 3.7. As in figure 3.6, except for (a) West-DJF, (b) West-MAM, and (c) West-
SON events.   
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Figure 3.8. As in figure 3.6, except for (a) East-DJF, (b) East-MAM, and (c) East-SON 
events.   
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Figure 3.9. As in figure 3.6, except for (a) West-NDJFM, (b) East-NDJFM, (c) West-
ASO, and (d) East-ASO events.   
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CHAPTER 4 

1. Strength-Location Composite Evolution  

The downstream evolution of cyclone-relative composites is examined with 

respect to strength, location, and seasonal characteristics in this chapter.  Results from 

both strong and moderate West Pacific and East Pacific events follow in section 1.  In 

section 2, variability between winter (DJF), spring (MAM) and autumn (SON) events is 

explored.  It is important for the reader to recall that geographic references in the 

following discussion are storm relative. 

a. West Pacific Events 

 1) STRONG 

 Hovmöller diagrams (Fig. 4.1a) and time-lagged composites of 250 hPa 

meridional wind anomalies (Fig. 4.2) demonstrate that WS cyclones are associated with 

an antecedent northern-stream Rossby wave train (RWT) extending from northeast Asia 

to 170°W at T-48 H (Figs. 4.1a and 4.2a).  Downstream development east of the wave 

associated with the WS cyclone between T-24 H and T–0 H results in an area of negative 

meridional wind anomalies between the East Pacific near 140°W (Figs. 4.1a and 4.2a–c).  

At T–0 H, the 250-hPa waveguide near ~170°W becomes meridionally amplified, 

indicating anticyclonic wave breaking (Fig. 4.2c).  Between T–0 H and T+48 H, 

downstream propagation of the wave packet associated with the WS composite cyclone 

slows in comparison to the 48-hours prior to rapid intensification, while an anomalous 

250-hPa trough begins to develop downstream over the East Pacific between 140°W–

130°W by T+48 H (Fig. 4.2c–e).  At T+72 H, the downstream trough axis has progressed 

to 125°W while meridional wind anomalies have decreased in amplitude (Fig. 4.2f) and 
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the magnitudes of the meridionally averaged meridional wind anomalies have diminished 

(Fig. 4.1a).  Positive (negative) 0.3–0.6σ (0.3–0.6σ) 250-hPa meridional wind anomalies 

are present ~5° east (west) of the North American west coast through T+72 H (Fig. 4.1a 

and 4.2).  An anomalous ridge over the East Pacific near 150°W is the only composite 

feature remaining after T+120 H, indicated by positive and negative 0.3–0.6σ 250-hPa 

meridional wind anomalies on the west and east sides, respectively, of a PV ridge 

centered near 135°W (Fig. 4.2h).   

 The most persistent feature following WS events is a quasi-stationary +0.6–0.9σ 

500-hPa ridge over the Central–East Pacific from T+48 H through T+120 H associated 

with an area of positive 850-hPa temperature anomalies of similar position and 

magnitude (Figs. 4.3c–h).  The -2.7σ MSLP anomalies associated with the surface 

cyclone rapidly dissipate following T–0 H, leaving the 0.3–0.6σ positive MSLP 

anomalies associated with the downstream ridge as the only composite feature remaining 

in the Central–East Pacific through T+120 H (Figs. 4.4a,c,e,g).  The southerly flow on 

the western side of the quasi-stationary Central Pacific wave packet is responsible for 

transporting anomalously high values (0.6–1.2σ) of precipitable water northward toward 

the Aleutian Islands during T+0 H–T+120 H (Fig. 4.4 b,d,f,h).   

 The North American flow response following WS events is characterized by 

generally weak anomalies.  Outside of the Aleutian Islands and the Pacific Northwest 

coastline, the magnitude of the standardized anomalies, though statistically significant, do 

not exceed 0.6σ over North America (Figs. 4.2–4.4).  A low-amplitude 250-hPa 

anomalous wave packet progresses over western North America during T–0 H–T+120 H, 

diminishing as the RWT progresses over the continent (Fig. 4.2).  The wave packet is 
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further represented by low-magnitude, positive 500-hPa geopotential height, 850-hPa 

temperature, and MSLP anomalies over Hudson’s Bay and over the southern United 

States (Figs. 4.3 and 4.4).   

 2) MODERATE 

 Similar to WS cyclones, WM cyclones are preceded by a RWT spanning from 

East-Asia into the West–Pacific (Figs. 4.1c and 4.5a–c).  The antecedent RWT is of 0.3–

0.6σ lower amplitude than the wave packet associated with WS events, and does not 

exhibit as strong of a bias to northern Asia as does the upstream flow associated with WS 

events (Figs. 4.2a–c and 4.5a–c).  Downstream development over the eastern and central 

Pacific between T-24 H and T–0 H is also less evident during WM events (anomaly 

magnitudes < 0.3σ) than during WS events (Figs. 4.2b–c and 4.5b–c).  By T+48 H, a 0.3–

0.6σ downstream ridge develops over the western United States, between 120°W–100°W 

(Fig. 4.5e).  However, the amplitude of the composite ridge decreases between T+48 H 

and T+72 H (Figs. 4.5e,f).  The signal of a statistically significant, coherent downstream 

response nearly vanishes after T+72 H (Figs. 4.1c and 4.5).   

 The primary features following WM events have a similar spatial distribution to 

those associated with WS events, i.e., a quasi-stationary ridge in the Central–East–Pacific 

and an anomalous ridge over the southern United States; however, WM events are 

associated with a 0.3–0.6σ lower-magnitude and shorter-duration downstream response 

(Figs. 4.6 and 4.7).  The anomalous quasi-stationary Central Pacific ridge nearly 

dissipates at 500-hPa by T+120 H, and is associated with 0.3–0.6σ weaker positive 

precipitable water anomalies compared to WS events (Figs. 4.6 and 4.7).  The magnitude 

and duration of the anomalous ridge over the southern United States is similarly reduced, 
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while the anomalous ridge over Hudson’s Bay does not occur in association with WM 

events (Fig. 4.6).   

b. East Pacific Events 

1) STRONG 

ES cyclones are likely associated with shortwave troughs that rapidly deepen to 

the south of the climatological Aleutian Low (Figs. 4.8a–c and 4.10a,c,e,g).  The 

Hovmöller diagram (Fig. 4.1b) shows that ES events are associated with a quasi-

stationary antecedent RWT extending from Japan in the southwest to the Aleutian Islands 

in the northeast during T-48 H–T–0 H (Figa. 4.8a–c).  The primary wave packet 

associated with the ES cyclone remains stationary and nearly-retrogressive between T+24 

H and T+72 H (Fig. 4.1b).  The quasi-stationary behavior of the composite ES cyclone 

suggests that ES events primarily deepen on the southern boundary of the Aleutian Low 

and progresses northward and westward into the Arctic Ocean.  An anomalous 250-hPa 

ridge develops near 130°W during the first 24-hours following explosive intensification 

in addition to an anomalous trough over the southwest U.S. (Figs. 4.8c,d).  The 

magnitude of the 250-hPa ridge over the eastern Pacific decreases between T+48 H and 

T+72 H, while during the same period, a broad anomalous ridge develops over the 

southeast U.S. (Figs. 4.8e,f).  Unlike the ridge over the Southeast, the anomalous 

downstream trough over the South–Southwest remains statistically significant at the 99% 

confidence interval through T+120 H (Figs. 4.1b and 4.8f–h).   

The downstream features following ES events remain nearly stationary after T+48 

H (Figs. 4.1b, 4.8–4.10).  The magnitude of the negative 500-hPa geopotential height 

anomaly associated with the composite cyclone remains greater than 0.3σ and statistically 
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significant at the 95% confidence interval through T+120 H (Fig. 4.9g).  The negative 

height anomaly remains south of the Aleutian Islands near 170°W between T–0 H and 

T+48 H, and begins to retrogress to the northwest and decrease in magnitude between 

T+48 H and T+120 H (Figs. 4.9a,c,e,g).  The associated negative 850-hPa temperature 

anomaly located west of the negative 500-hPa height anomaly exhibits a similar 

retrogressive progression (Figs. 4.9b,d,f,h).  The negative 850-hPa temperature anomalies 

dissipate more rapidly than the height anomalies, only remaining statistically significant 

through T+72 H (Fig. 4.9f).  The 2.4–2.7σ negative MSLP anomalies associated with the 

cyclone follow a retrogressive track as implied by the motion of the 500-hPa negative 

height anomaly, curving to the north and west of the T–0 H location in the subsequent 

120-hours (Figs. 4.10a,c,e,g).  Unlike WS events, the negative MSLP anomalies 

associated with ES cyclones remain statistically significant at the 95% confidence 

interval through T+120 H (Fig. 4.10g).   

ES cyclones may have direct implications for sensible weather impacts 

immediately downstream due to their relatively close proximity to the North American 

west coast (~10° south of western Alaska; 25°–35° west of the continental west coast).  

In the 72-hours following explosive intensification, the greatest magnitude anomalies 

impact a region ~40° downstream of the mean T–0 H cyclone location, over eastern 

Alaska and northwestern Canada (Figs. 4.8–4.10).  Statistically significant positive 850-

hPa temperature anomalies are present through T+120 H, remaining greater than 0.6σ 

through T+72 H (Figs. 4.9b,d,f,h).  Positive 0.3–0.6σ meridional wind anomalies are 

collocated with precipitable water anomalies of similar magnitude near the coast of 

British Columbia and southeast Alaska through T+72 H, suggesting that the eastern side 
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of the cyclonic circulation acts to transport anomalous moisture to the region  prior to 

T+72 H, after which an area of statistically significant positive 0.3–0.6σ precipitable 

water anomalies remains over the East Pacific between 35°N–50°N and 160°W–135°W 

(Figs. 4.8d–f and 4.10b,d,f,h).   

ES cyclones are associated with a significant flow response over the southern U.S. 

through T+120 H.  The anomalous 250-hPa trough over the Southwest during T+48 H–

T+120 H is collocated with negative 500-hPa geopotential height anomalies and negative 

850-hPa temperature anomalies extending from the Baja Peninsula into Texas (Figs. 4.8–

4.10).  Statistically significant negative MSLP anomalies are positioned on the eastern 

side of the anomalous trough between T+48 H and T+72 H, centered over eastern Texas 

(Figs. 4.10c,e).  The circulation associated with the anomalous trough appears to be 

associated with transport of anomalous tropical moisture out of the Gulf of Mexico and 

into the southern U.S. (Figs. 4.9c,e).   

 2) MODERATE 

 The RWT associated with EM cyclones does not exhibit the retrogressive 

behavior that is present following ES events (Figs. 4.1d).  The wave packet preceding 

EM events propagates out of Asia between T-48 H and T-24 H, and intensifies rapidly 

south of the Aleutian Islands in a similar location to ES cyclones; however, the amplitude 

of the anomalous wave packet at T–0 H is reduced compared to ES cyclones (Figs. 

4.11a–c).  The negative MSLP anomalies associated with the composite EM cyclone do 

not curve northward into the Arctic Ocean as do the ES MSLP anomalies, but weaken, 

remaining nearly stationary between T+48 H and T+120 H (Figs. 4.13c,e,g) 
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Amplification of a 250-hPa ridge ~40° downstream of the mean T–0 H location of 

the EM cyclone over the North American west coast occurs between T+24 H and T+72 H 

(Figs. 4.11d–f).  Amplification of the downstream ridge is associated with weakly-

positive 500-hPa geopotential height and 850-hPa temperature anomalies over the 

Pacific-Northwest (Fig. 4.12).  Similar to ES events, EM cyclones appear to transport 

anomalous tropical moisture to the Pacific Northwest, remaining statistically significant 

between 35°N and the Pacific Northwest coast through T+120 H (Figs. 4.13b,d,f,h).  The 

extent of statistically significant anomalies following EM events over North America is 

reduced compared to ES events.  Weakly-positive 850-hPa temperature anomalies are 

present at high latitudes (55°N–75°N) between 120°W–40°W through T+120 H (Fig. 

4.12 b,d,f,h).  The high-latitude temperature anomalies are the only statistically 

significant response present over Central–Eastern North America during the 120-hours 

following EM events.   

2. Season-Location Composite Evolution 

a. West Pacific Events 

 1) DJF 

 The downstream response to W-DJF cyclones is similar to response following 

WM cyclones.  W-DJF cyclones are preceded by a progressive RWT originating over 

East-Asia between 30°N–50°N at T-48 H (Figs. 4.14a and 4.15).  Downstream 

development along the 250-hPa midlatitude waveguide between 180°W–120°W begins 

between T-24 H and T–0 H, developing a weak anomalous trough south of the Aleutian 

Islands and a ridge near the North American west coast (Figs. 4.15a–c).  The RWT 

remains progressive during the 48-hours following explosive intensification, becoming 
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nearly stationary and associated with an anomalous ridge in the East Pacific, south of 

Alaska, after T+72 H (Fig. 4.15).  The North American flow response is relatively weak 

during T+48 H–T+120 H (Figs. 4.15e–h).  

 W-DJF events are primarily associated with a persistent anomalous ridge in the 

central Pacific through T+120 H, similar to WS and WM events.  Between T+48 H and 

T+120 H, the +0.3–0.9σ anomalous 500-hPa ridge is is located between 25°N–50°N and 

170°W–120°W, remaining statistically significant at the 99% confidence interval through 

120-hours (Figs. 4.16c,e,g).  The Central Pacific ridge occurs in association with an area 

of positive 850-hPa temperature MSLP anomalies (Figs. 4.16 and 4.17c,e,g).  W-DJF 

cyclones transport positive precipitable water anomalies toward the Aleutian Islands 

between T+48 H and T+72 H (Figs. 4.17d,f).  Weakly-positive 500-hPa geopotential 

height, 850-hPa temperature, and MSLP anomalies are present between New Mexico and 

Louisiana, maximiized at T+72 H (Figs. 4.16 and 4.17a,c,e,g).   

 2) MAM 

 W-MAM cyclones are associated an antecedent RWT propagating out of Asia 

directed from northwest to southeast along the 250-hPa polar jet 48-hours prior to the end 

of rapid intensification (Figs. 4.14b and 4.18a–c).  Explosive intensification is followed 

by an amplification of the Central–Eastern Pacific flow for ~72-hours (Figs. 4.14b and 

4.18c–f). The 250-hPa Pacific response diminishes between T+72 H and T+120 H, while 

anomalous downstream ridge building occurs simultaneously over central North America 

between 120°W–60°W (Figs. 4.14b and 4.18f–h).   

 The anomalous ridge immediately downstream of the composite W-MAM 

cyclone becomes nearly stationary 48-hours following explosive intensification (Figs. 



40 
 

4.14b and 4.18e).  The positive 500-hPa geopotential height and 850-hPa temperature 

anomalies primarily diminish in poleward extent while remaining at a nearly constant, 

statistically significant magnitude (0.3–0.6σ) through T+120 H (Fig. 4.19).  The 

positively tilted trough immediately downstream of the stationary ridge is associated with 

northward and eastward transport of anomalously moist, tropical air toward the west 

coast of North America before the ridge diminishes in amplitude between T+72 H and 

T+120 H (Figs. 4.18f–h and 4.20f,h). 

 Anomalous ridge amplification occurs over the Central U.S. between T+72 H and 

T+120 H (Figs. 4.19e–h and 4.20e,g).  The +0.3–0.6σ ridge is statistically significant at 

the 99% confidence interval in the 500-hPa geopotential height field and in the 850-hPa 

temperature field (Fig. 4.19).  Statistically significant 0.3–0.6σ MSLP anomalies are 

collocated with the North American ridge over the northwestern Gulf of Mexico at 

T+120 H (Fig. 4.20g).   

 3) SON 

 W-SON cyclones are preceded by an anomalous 250-hPa RWT propagating out 

of East-Central Asia at T-48 H (Figs. 4.14c and 4.21a).  Amplification of the midlatitude 

flow across the entire Pacific basin occurs by T-24 H (Figs. 4.14c and 4.21b).  The 

composite W-SON cyclone is associated with amplification of a ridge immediately 

downstream between T–0 H and T+24 H, with the ridge becoming stationary by T+48 H 

(Figs. 4.21c–e).  Development of a downstream trough over the East Pacific occurs 

during T+48 H–T+72 H, with a downstream ridge subsequently developing over the 

Western U.S. between 120°W–90°W at T+72 H (Figs. 4.21e,f).  The downstream 

response completely dissipates by T+120 H. However, statistically significant 
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amplification of the West Pacific 250-hPa midlatitude flow and development of a 

subsequent RWT is evident at T+120 H (Figs. 4.21g,h).   

 The anomalous ridge immediately downstream of the composite W-SON cyclone 

remains nearly stationary for ~120-hours following explosive intensification (Fig. 4.22).  

The positive 500-hPa geopotential height and 850-hPa temperature anomalies associated 

with the downstream ridge remain statistically significant at the 99% confidence interval 

throughout the 120-hour period (Fig. 4.22).  Statistically significant MSLP anomalies 

associated with the downstream ridge do not persist after T–0 H (Figs. 4.23a,c,e,g).  The 

warm sector of the composite cyclone is associated with apparent transport of tropical 

moisture based on the location of a plume of positive 0.3–0.9σ precipitable water 

anomalies through T+120 H (Figs. 4.23b,d,f,h).   

 Similar to the downstream ridge in the central Pacific, the anomalous 500-hPa 

East Pacific trough develops at T+48 H and remains nearly stationary through T+120 H 

(Figs. 4.22a,c,e,g).  Statistically significant negative geopotential height anomalies are 

located over Pacific-Northwest coastline, and are not associated with statistically 

significant temperature anomalies at 850-hPa (Fig. 4.22).  The anomalous trough 

coincides with statistically significant negative MSLP anomalies, which achieve a 

maximum magnitude of 0.6–0.9σ at T+120 H over coastal British Columbia and 

southeast Alaska (Figs. 4.23a,c,e,g).   

 The downstream 500-hPa ridge over the Southwestern–Central U.S. remains 

statistically significant at the 99% confidence interval between T+48 H and T+72 H 

(Figs. 4.22c,e).  850-hPa temperature and MSLP anomalies associated with the 
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downstream ridge are only statistically significant at T+72 H (Fig. 4.22f) and T+48 H 

(Fig. 4.23e), respectively.   

b. East Pacific Events 

1) DJF 

E-DJF events are associated with an antecedent progressive RWT originating in 

the West Pacific 48-hours prior to the end time of rapid intensification (Figs. 4.24a and 

4.25a–c).  The 250-hPa flow across the North Pacific becomes significantly amplified 24-

hours prior to explosive intensification as the antecedent RWT interacts with the 

climatological Aleutian Low and the background baroclinic zone.  The wave packet 

associated with the composite cyclone becomes stationary following rapid intensification, 

primarily resulting in an amplification of the Aleutian Low (Figs. 4.24a and 4.25).  A 

persistent downstream ridge over the North American west coast becomes amplified 24-

hours following explosive intensification, remaining amplified through T+120 H (Figs. 

4.24a and 4.25).  An anomalous trough develops downstream of the western North 

American ridge between T+24 H and T+48 H, remaining amplified over the southwestern 

U.S. through T+72 H (Figs. 4.24a and 4.25d–f).  During T+48 H–T+96 H, the anomalous 

trough progresses toward the northeastern U.S. before diminishing in eastern Canada 

(Figs. 4.25e–g). 

The primary downstream response to E-DJF cyclones is the amplification of a 

quasi-stationary ridge over the western North American coast.  Maximum composite 

anomalies of 500-hPa geopotential height and 850-hPa temperature occur during the 48-

hours following explosive intensification (0.6–0.9σ), with statistically significant 

anomalies remaining present through T+120 H (Fig. 4.26).  The anomalous trough over 
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the southwestern U.S. and western Mexico is most clearly represented by a statistically 

significant 850-hPa negative temperature anomaly from T+48 H to T+96 H. (Figs. 4.26c–

h).  Statistically significant positive MSLP anomalies associated with the downstream 

ridge persist 5°–10° west of the central California coast through T+120 H (Figs. 

4.27a,c,e,g,i).  Similar to West Pacific events, the composite E-DJF cyclone appears to 

transport 0.3–0.6σ precipitable water values toward the Pacific Northwest coast and into 

western Canada, with precipitable water anomalies remaining statistically significant 

through T+120 H (Figs. 4.27b,d,f,h,j). 

 The downstream response to E-DJF cyclones is generally weaker over eastern 

North America than the response experienced in the over western North America.  At 

T+72 H, an anomalous 500-hPa trough which had developed over the southwestern U.S. 

and western Mexico at T–0 H remains statistically significant at the 95% confidence 

interval and progresses toward the Central Plains, at which point it is collocated with a 

statistically significant negative 0.3–0.6σ MSLP anomaly (Figs. 4.26e,f and 4.27e).  The 

negative MSLP anomalies progress toward the northeastern U.S. at T+96 H and are 

associated with a statistically significant, meridionally-elongated area of positive 

precipitable water anomalies (0.3–0.6σ) along the U.S. east coast (Figs. 4.27g,h).  After 

T+120 H, significant eastern North American anomalies are limited to eastern Canada 

and Greenland (Figs. 4.27i,j).   

 2) MAM 

 E-MAM events are preceded by an amplification of the North Pacific flow during 

the 48-hours prior to rapid intensification, similar to DJF events (Figs. 4.24b and 4.28a–

c).  The composite cyclone initially amplifies a downstream ridge over the East Pacific at 
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T–0 H which progresses toward the North American coast in the subsequent 48-hours 

(Figs. 4.24b and 4.28c–e).  The 250-hPa midlatitude flow over North America and the 

western Atlantic Ocean becomes significantly amplified between T+24 H and T+72 H, 

resulting in an anomalous trough over the Southwest-Central Plains, a second 

downstream ridge over the Southeast and Midwest, and a second trough over the western 

Atlantic between 80°W–60°W (Figs. 4.24b and 4.28d–f).  Significant amplification of the 

downstream flow persists through T+120 H (Figs. 4.24b and 4.28f–h).   

 E-MAM cyclones are associated with a persistent amplification of the 

climatological Aleutian Low.  The negative 500-hPa geopotential height and 850-hPa 

temperature anomalies collocated with the cyclone remain statistically significant through 

T+120 H (Fig. 4.29).  MSLP anomalies associated with the cyclone itself become zonally 

elongated during the 120-hours following rapid intensification, with statistically 

significant anomalies at the 95% confidence interval extending from 140°E–110°W at 

T+120 H (Figs. 4.29a,c,e,g).  

 The downstream response to E-MAM cyclones is generally more progressive than 

the quasi-stationary response associated with winter cyclones.  The initial anomalous 

downstream 500-hPa ridge over the East Pacific at T–0 H has progressed to the West 

Coast at T+48 H, with maximum 500-hPa geopotential height anomalies between 0.6–

0.9σ positioned over the Pacific Northwest (Fig. 4.29c).  Positive 0.6–0.9σ 850-hPa 

temperature anomalies are collocated with the downstream ridge (Fig. 4.29d).  An 

additional area of statistically significant positive 850-hPa temperature anomalies is 

located in northwestern Canada, north of the downstream 500-hPa height anomalies 

associated with the West Coast ridge (Figs. 4.29c,d).  Apparent transport of tropical 
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moisture on the eastern side of the composite cyclone carries precipitable water 

anomalies of +0.9–1.2σ to the coast of British Columbia and southeast Alaska at T+48 H 

(Fig. 4.30d). 

 Coincident with the evolution of the progressive West Coast ridge, a quasi-

stationary area of positive 500-hPa geopotential height, 850-hPa temperature, and MSLP 

anomalies develops near southern Greenland between 50°N–60°N and 60°W–40°W 

(Figs. 4.29 and 4.30).  The magnitude and spatial extent of the positive anomalies 

increase between T+48 H and T+120 H, reaching a maximum magnitude of 0.9–1.2σ at 

T+120 H (Fig. 4.29 and 4.30).  From T+48 H and T+120 H, the positive anomalies 

associated with the West Coast ridge progress toward the north and east, and become 

indistinguishable from the Atlantic anomalies (Figs. 4.29 and 4.30).  By T+120 H, 

statically significant 0.6–1.2σ height, temperature, MSLP, and precipitable water 

anomalies extend over most of Canada north of 60°N (Figs. 4.29 and 4.30).   

 In addition to the downstream impacts present in the high-latitudes of North 

America, E-MAM cyclones are associated with an amplification of a downstream RWT 

over the southern U.S.  At T+48 H, the western extent of the southern RWT is an 

anomalous 500-hPa trough located over the Southwest, followed to the east by an 

anomalous ridge over the Gulf Coast and into the Midwest, and a trough over the West-

Atlantic between 40°N–20°N and 70°W–50°W (Fig. 4.29c).  Each feature progresses 

toward the east during the following 24-hours, and remain collocated with corresponding 

850-hPa temperature anomalies of similar magnitude and position (Figs. 4.29c–f).  The 

trough located over the southern U.S. is associated with statistically significant negative 

MSLP anomalies over the Gulf Coast states extending into the Midwest between T+48 H 
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and T+72 H (Figs. 4.30c,e).  Similarly, the Atlantic trough is associated with statistically 

significant MSLP anomalies that persist through T+120 H (Figs. 4.30g).  Positive 

precipitable water anomalies over the southeastern U.S. and Central-Atlantic between 

T+48 H and T+72 H are driven by apparent poleward advection of tropical moisture on 

the eastern side of the anomalous downstream troughs associated with southerly flow 

(Figs. 4.30d,f).   

3) SON 

 E-SON events are generally associated with the weakest seasonal downstream 

response in the East Pacific.  Similar to E-DJF and E-MAM events, fall cyclones are 

preceded by an amplification of the North Pacific flow in the 48-hours prior to the end of 

explosive intensification, with the composite cyclone occurring on the southern fringe of 

the Aleutian Low (Figs. 4.24c and 4.31a–c).  The composite cyclone event amplifies an 

anomalous 250-hPa wave-train over western North American coast and western United 

States between T+24 H and T+48 H (Figs. 4.24c and 4.31d,e).  The 250-hPa downstream 

response weakens significantly by T+72 H, losing most spatial coherence by T+120 H 

(Figs. 4.24c and 4.31f–h).   

 The magnitude of the anomalous 500-hPa ridge over the west coast of North 

America does not exceed 0.3–0.6σ during 120-hours following rapid intensification of 

the E-SON cyclone (Figs. 4.32a–g).  The ridge is associated with positive 850-hPa 

temperature anomalies throughout the time period, which achieve a maximum magnitude 

of 0.6–0.9σ at T+48 H (Fig. 4.32d).  Similar to the northward progression of the positive 

downstream temperature anomalies associated with West Coast ridge following E-MAM 

cyclones, positive geopotential height and temperature anomalies decrease in spatial 
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extent and progress northward from the Pacific Northwest and West Coast at T+48 H to 

north of 65°N at T+120 H following E-SON events (Figs. 4.32c–h).   

 The magnitude of the downstream 500-hPa trough over the southern U.S. does not 

exceed 0.3–0.6σ.  The anomalous trough is statistically significant at the 95% confidence 

interval from T+48 H to T+72 H, and is only associated with negative 850-hPa 

temperature anomalies at T+48 H (Figs. 4.32c–f).  The anomalous trough coincides with 

statistically significant negative MSLP anomalies over the Southeast and areas of positive 

precipitable water anomalies along the East Coast from T+48 H to T+72 H (Figs. 4.33c–

f).  Significant anomalies associated with the downstream trough are no longer apparent 

at T+120 H (Figs. 4.33g,h).   

3. Summary of Key Features 

The preceding sections present a time lagged composite analysis of ten categories 

of explosively deepening Pacific cyclones.  This section primarily demonstrates that 

strong cyclones over the West and East Pacific are generally associated with a 0.3–0.6σ 

greater magnitude and more persistent composite response than moderate events and that 

event location influences the position of downstream anomalies.  It is additionally 

presented that the season during which an explosively deepening occurs may influence 

the spatial distribution and amplitude of the downstream response following an 

explosively deepening Pacific cyclones.   

Subsequent chapters will examine differences between categories of explosively 

deepening Pacific cyclones in greater detail, and also compare the composite results to 

the existing literature.  Sensible weather implications over North America will be 

explored in Chapter 6.  
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Figure 4.1. Hovmӧller diagrams of meridional wind anomalies (sigma) for (a) WS events 
(N = 46), (b) ES (N = 31), (c) WM (N = 73), and (d) EM (N = 45) events. Statistical 
significance at the 95% and 99% confidence intervals is denoted by heavy black 
contours. 
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Figure 4.2. Time-lagged composite diagrams of 250-hPa pontential vorticity (contoured 
every 1 PVU; 10–6 m–2 s–1 K kg–1) and standardized 250-hPa meridional wind anomalies 
(shaded; statistical significance at the 95% and 99% confidence level in heavy black 
contours) for WS events (N = 46) T-48 H to T+48 H. 
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Figure 4.3. Time-lagged composite diagrams of (a,c,e,g) 500-hPa geopotential heights 
(contoured every 4 dam) and standardized 500-hPa geopotential height anomalies 
(shaded) and (b,d,f,h) 850-hPa temperatures (contoured every 4 K) and standardized 850-
hPa temperature anomalies (shaded) for WS events (N = 46) T–0 H to T+120 H.  
Statistical significance at the 95% and 99% confidence level is noted by heavy black 
contours 

 

Figure 4.4. As in figure 4.3, except for (a,c,e,g) MSLP (contoured every 2-hPa) and 
MSLP anomalies (shaded) and (b,d,f,h) precipitable water (contoured every 2.5 kg m–2). 
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Figure 4.5. As in figure 4.2, except for WM (N = 73) events. 

 

Figure 4.6. As in figure 4.3, except for WM (N = 73) events. 
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Figure 4.7. As in figure 4.4, except for WM (N = 73) events. 

 
 

Figure 4.8. As in figure 4.2, except for ES (N = 31) events.  
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Figure 4.9. As in figure 4.3, except for ES (N = 31) events. 

 

Figure 4.10. As in figure 4.4, except for ES (N = 31) events. 
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Figure 4.11. As in figure 4.2, except for EM (N = 45) events. 

 

Figure 4.12. As in figure 4.3, except for EM (N = 45) events. 
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Figure 4.13. As in figure 4.4, except for EM (N = 45) events. 
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Figure 4.14. As in figure 4.1, except for (a) W-DJF (N = 89), (b) W-MAM (N = 38), and 
(c) W-SON (N = 30) events. 
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Figure 4.15. As in figure 4.2, except for W-DJF (N = 89) events. 

 

Figure 4.16. As in figure 4.3, except for W-DJF (N = 89) events. 
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Figure 4.17. As in figure 4.4, except for W-DJF (N = 89) events. 

 

Figure 4.18. As in figure 4.2, except for W-MAM (N = 38) events. 
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Figure 4.19. As in figure 4.3, except for W-MAM (N = 38) events. 

 

Figure 4.20. As in figure 4.4, except for W-MAM (N = 38) events. 
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Figure 4.21. As in figure 4.2, except for W-SON (N = 30) events. 

 

Figure 4.22. As in figure 4.3, except for W-SON (N = 30) events. 
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Figure 4.23. As in figure 4.4, except for W-SON (N = 30) events. 
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Figure 4.24. As in figure 4.1, except for (a) E-DJF (N = 62), (b) E-MAM (N = 21), and 
(c) E-SON (N = 40) events. 
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Figure 4.25. As in figure 4.2, except for E-DJF (N = 62) events. 

 
Figure 4.26. As in figure 4.3, except for E-DJF (N = 62) events.  
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Figure 4.27. As in figure 4.4, except for E-DJF (N = 62) events. 
 

 

Figure 4.28. As in figure 4.2, except for E-MAM (N = 21) events.  
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Figure 4.29. As in figure 4.3, except for E-MAM (N = 21) events. 

 

Figure 4.30. As in figure 4.4, except for E-MAM (N = 21) events. 
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Figure 4.31. As in figure 4.2, except for E-SON (N = 40) events. 

 

Figure 4.32. As in figure 4.3, except for E-SON (N = 40) events. 
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Figure 4.33. As in figure 4.4, except for E-SON (N = 40) events. 
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CHAPTER 5 

1. Impacts of Strength, Location, and Season on the Downstream Response 

 The results of the cyclone-relative time-lagged composites were presented in the 

previous chapter.  A discussion of those results is presented here to compare and contrast 

the difference between strength, location, and seasonal composites.  This chapter will 

conclude with a comparison of the downstream response following explosive cyclone 

intensification to response following recurving TCs and winter midlatitude cyclones (e.g., 

Archambault et al. 2013, 2015; Torn and Hakim 2015). 

a. Comparison of Locations 

 The downstream response to explosively deepening Pacific cyclones exhibits a 

dependency on the strength, location, and season of the cyclone.  For cyclones of similar 

strength and season, the T–0 H location of the cyclone primarily impacts the position of 

subsequent downstream anomalies.  WS cyclones (Figs. 4.2–4.4) are primarily associated 

with a persistent, quasi-stationary anomalous ridge in the Central Pacific and an 

anomalous trough 5°–10° west of the North American west coast, whereas ES cyclones 

(Figs. 4.8–4.10) are associated with an amplification of the West-Coast ridge and 

development of anomalous trough over the southwestern U.S.  Differences between the 

downstream response to WM (Figs. 4.5–4.7) and EM (Figs. 4.11–4.13) cyclones are 

similar to the differences between corresponding strong events; however, EM cyclones 

differ further from ES events in that they are not associated with a significant 

downstream trough over the southwestern U.S.   
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b. Comparison of Strengths 

 Differences in cyclone strength primarily impact the amplitude of the composite 

downstream response.  For both West and East Pacific cyclones, strong events are 

followed by a more persistent, higher amplitude downstream response than 

corresponding moderate events.  For East Pacific events, cyclone strength has additional 

implications on the location of the downstream response, specifically the lack of a 

downstream trough over the southwestern U.S. following EM events.  Composites of 

MSLP and 250-hPa PV and meridional wind anomalies demonstrate that the ES and EM 

cyclones themselves undergo different spatial evolutions, as the ES cyclone recurves into 

the polar latitudes, driving a retrogressive flow response over the North Pacific, and the 

EM cyclone progresses toward the coast of Southeast Alaska and British Columbia.  The 

zonal PV waveguide over the western U.S. during the 48-hours prior to the EM cyclone 

is characterized by a 5–10 m s–1 stronger 250-hPa jet than that preceding the ES cyclone 

(circles; Fig. 5.1).  The weaker ES PV waveguide, indicated by the 5–10 m s–1 weaker 

250-hPa jet and greater meridional separation between contoured PV values (Fig. 5.1), 

may imply that antecedent flow amplification downstream of the ES cyclone occurs 

during the 48-hours prior to explosive intensification.  This antecedent amplification may 

suggest that the midlatitude flow immediately downstream of the composite ES cyclone 

has a propensity to undergo a more significant meridional amplification than the 

background midlatitude flow associated with the composite EM cyclone.  The potentially 

greater amplification of the downstream flow following ES cyclones could contribute to 

the anomalous trough appearing over the western United States in association with the ES 

cyclones and not EM events.  



70 
 

c. Comparison of Seasons 

 1) WEST PACIFIC 

The sample size of winter-season explosively deepening cyclones in the East and 

West Pacific likely contributed to significant composite smearing at longer time lags.  In 

the West Pacific, the composite response to winter events (DJF; N = 89) is weaker than 

the response to spring (N = 38) and fall events (N = 30).  The spatial distribution of the 

W-DJF response evolves similarly to WS events, primarily resulting in a persistent quasi-

stationary anomalous ridge over the Central Pacific and a second area of positive 500-hPa 

geopotential height anomalies over eastern Canada and Hudson’s Bay (Figs. 4.16a,c,e,g).  

The anomalous Pacific ridge following W-MAM cyclones is shifted to the west and south 

relative to W-DJF ridge.  W-MAM events are uniquely associated with an anomalous 

ridge over the Central U.S. from T+120 H to T+168 H (Fig. 5.2).  W-SON events 

primarily amplify a persistent, anomalous central Pacific ridge of similar spatial extent to 

W-DJF events during the 72 h following explosive intensification.  The central Pacific 

ridge diminishes in meridional extent more rapidly than the ridge following W-DJF 

cyclones, with positive anomalies primarily located north of the Aleutian Islands after 

T+120 H (Fig. 4.22g).  W-SON cyclones are uniquely associated with an anomalous 

trough and area of anomalously low pressure along the coast of Southeast Alaska 

between T+48 H and T+120 H (Figs. 4.22c,e,g and 4.23c,e,g).  

2) EAST PACIFIC 

The downstream response to explosively deepening East Pacific cyclones exhibits 

a strong seasonality in both amplitude and spatial distribution.  E-MAM cyclones are 

associated with downstream responses which remain statistically significant for a longer 
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duration than corresponding events in the winter and fall seasons (Figs. 4.28–4.30), and, 

similar to ES events are associated with the development of an area of negative MSLP 

and positive precipitable water anomalies over the southern United States at T+72 H.  E-

DJF events are associated with a similar pairing of negative MSLP anomalies and 

positive precipitable water anomalies to those present 72 h following E-MAM events, but 

are unique in that the anomalous pairing following DJF events occurs at T+96 H over the 

northeastern United States (Figs. 4.27g,h).  SON events are associated with the weakest 

and least persistent downstream response of all seasons of East Pacific explosively 

deepening cyclones. 

 Differences in the orientation of the 250-hPa waveguide at T–0 H between DJF, 

MAM, and SON East Pacific cyclones are similar to the differences observed between 

the structure associated with ES and EM events.  E-MAM events, associated with the 

strongest downstream response, coincide with the greater meridional deflection of the PV 

waveguide ~5°W of the North American west coast than DJF and SON events at T–0 H, 

and thus the weakest zonal flow at T–0 H immediately downstream of the cyclone (Fig. 

5.3).  E-MAM events are also associated with a zonally stronger waveguide over eastern 

North America than E-SON events at T–0 H (Figs. 5.3b,c).  Similar to the differences 

between ES and EM events, the seasonal differences between the downstream responses 

to East Pacific cyclones suggest that the antecedent structure of the downstream 250-hPa 

flow is related to the phase and amplitude of the downstream response.  The more 

pronounced signal for anticyclonic wavebreaking and amplification of the 250-hPa flow 

over western North America at T–0 H in association with ES (Fig. 5.1c) and E-MAM 
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(Fig. 5.3b) cyclones suggests that the downstream flow tends to become more amplified 

when associated with antecedent amplification of the background midlatitude flow.    

2. Comparison to Midlatitude Cyclones and Recurving Tropical Cyclones 

a. West Pacific Explosively Deepening Cyclones, Winter MLCs, TCs 

 The downstream response to explosively deepening cyclones in the West Pacific 

are most similar to the winter cyclones examined by Torn and Hakim (2015; cf. Figs. 

5.4b,d,f,h,j,l and their Fig. 2).  Winter cyclones identified by Torn and Hakim (2015) are 

associated with an anomalous trough over the North American west coast at T+72 H, 

similar to all categories of explosively deepening West Pacific cyclones examined in 

Chapter 4.  West Pacific extratropical transition cases examined by Torn and Hakim 

(2015), which are similar to those identified by Archambault et al. (2015), were 

associated with ridge amplification over the West Coast. This response was only 

observed in downstream responses to explosively deepening East Pacific cyclones (cf. 

Figs. 5.4a,c,e,g,f,k and their Fig. 2).   

b. Diabatic Contributions 

 Archambault et al. (2013, 2015), Torn and Hakim (2015), and Grams et al. (2011) 

demonstrate that moisture flux convergence and latent heat release are primary factors 

influencing the downstream response to recurving TCs and winter mid-latitude cyclones 

in over both the Pacific and Atlantic basins.  Torn and Hakim (2015) determined that 

Atlantic (Pacific) mid-latitude cyclones were associated with greater (weaker) moisture 

flux convergence and thus a more (less) persistent downstream response than recurving 

Atlantic (Pacific) TCs.  Archambault et al. (2015) quantified the diabatic contribution to 

recurving Pacific TCs as the negative PV advection by the diabatically-driven irrotational 
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wind (Fig. 5.5; their Fig. 8; hereafter PV-IRT).  Quasi-geostrophic PV (QGPV) is 

conserved for geostrophic, adiabatic, frictionless motion, and thus height tendency can be 

determined based on geostrophic PV advection (Holton 2004, see their equation 6.25), 

where QGPV tendency is inversely proportional to the geopotential height tendency.  

Therefore, the negative PV-IRT acts to anchor the mid-latitude flow during amplification, 

acting as a forcing for geopotential height rises, in opposition to positive PV advection by 

the non-divergent wind, associated with forcing for downstream progression of the trough 

and geopotential height falls.   

Negative PV-IRT at the 0-hour time lag following explosive cyclone 

intensification (Figs. 5.6–5.8) is significantly weaker than the negative PV advection 

following recurving tropical cyclones.  The strongest contoured values of negative PV-

IRT exceed –8 PVU day–1 (–2 PVU day–1) for strongly (weakly) interacting TC cases 

(Archambault et al. 2015), but does not exceed a range between –0.25 and –1.25 PVU 

day–1 for any category of explosively deepening cyclone (Figs. 5.5–5.8).  West Pacific 

explosively deepening cyclones are generally associated with stronger negative PV-IRT 

than East Pacific events (Fig. 5.6), and DJF events are not associated with significant 

negative PV-IRT near the cyclone center (Figs. 5.7a, 5.8a).  Fall (SON) events in both the 

East and West Pacific are associated with negative PV-IRT values between –0.25 and –

1.25 PVU day–1 (Figs. 5.7c and 5.8c).   

The location of explosively deepening cyclones relative to the mid-latitude 

waveguide likely contributes significantly to the differences in the observed values of 

negative PV-IRT.  Recurving TCs impinge upon the mid-latitude flow from the south, 

and are associated with maximum negative PV-IRT to the north and west of the cyclone 
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center (e.g., Archambault et al. 2015; Quinting and Jones 2016; Fig. 5.5).  Explosively 

deepening cyclones that are associated with negative PV-IRT with a magnitude greater 

than 0.25 PVU day–1 are positioned to the north of the mid-latitude waveguide, in the 

poleward exit region of a 250-hPa jet streak, with maximum negative PV-IRT positioned 

to the south and east of the composite cyclone center (Figs. 5.6a,c,d, 5.7a,c, and 5.8c).  

The structure of the TC-mid-latitude flow interaction allows the TC to transport greater 

moisture northward compared to explosively deepening cyclones, and thus be associated 

with greater diabatically-driven divergent outflow than explosively deepening cyclones. 

It should be considered that composite results from Archambault et al (2015; Fig. 

5.5) are presented in an interaction-relative framework, where composite members are 

shifted to a T–0 H point of maximum interaction, or maximum negative PV-IRT.  This 

thesis has presented time-lagged composites in a cyclone-relative framework.  

Consideration should be taken in future studies to additionally examine explosively 

deepening cyclone events in a similar composite framework to the recurving TCs to 

compare the two types of events in similar composite frameworks.  
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Figure 5.1. Time-lagged composite diagrams of 250-hPa wind speed (shaded; m s–1) and 
potential vorticity (contoured; PVU; 10–6 m–2 s–1 K kg–1) for ES (N = 31) and EM (N = 
45) events at T-48 H and T–0 H. 
 
 

 

 

Figure 5.2. Time-lagged composite diagrams of 500-hPa geopotential heights 
(contoured; dam), standardized 500-hPa geopotential height anomalies (shaded; statistical 
significance at the 95% and 99% confidence level in heavy black contours), 850-hPa 
temperature (contoured; K), and standardized 850-hPa temperature anomalies (shaded; 
statistical significance at the 95% and 99% confidence level in heavy black contours) for 
W-MAM events (N = 48) at T+144 H and T+168 H. 
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Figure 5.3. Time-lagged composite diagrams of 250-hPa wind speed (shaded; m s–1) and 
potential vorticity (contoured; PVU; 10–6 m–2 s–1 K kg–1) for E-DJF (N = 62), E-MAM (N 
= 21), and E-SON (N = 40) events at T–0 H. 
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Figure 5.4. From Torn and Hakim (2015; their figure 2).  Time-lagged composite 
diagram of 330-K isentropic PV (contoured every 1 PVU; 10–6 m–2 s–1 K kg–1) and 250-
hPa meridional wind anomalies (shaded; statistical significance at the 95% confidence 
level in heavy black contours) for (a,c,e,g,i,k) WNP extratropical transition and 
(b,d,f,h,j,l) West Pacific winter cyclones (300-hPa meridional wind anomalies).  
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Figure 5.5. From Archambault et al. (2015; their figure 8).   Interaction-relative 
composite diagram (a) strong and (b) weak TC–extratropical flow interactions at the time 
of maximum interaction.  Includes 500-hPa ascent (dashed green, every 2 × 10−3 hPa s−1, 
negative values only), total-column precipitable water (gray shaded, mm), 200-hPa PV 
(blue, every 1 PVU; 10–6 m–2 s–1 K kg–1), irrotational wind (vectors, >2 m s−1; purple 
vectors, >8 m s−1), negative PV advection by the irrotational wind (dashed red, every 2 
PVU day−1 starting at −2 PVU day−1), and wind speed (orange shaded, m s−1). The star 
denotes the point of maximum interaction and the TC symbol denotes the composite TC 
position. 
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Figure 5.6. Based on Archambault et al. (2015; their figure 8).  250-hPa PV (contoured 
every 1 PVU; 10–6 m–2 s–1 K kg–1), total wind speed (green shaded; m s–1), irrotational 
wind (vectors), total-column precipitable water (gray shaded), and 250-hPa PV advection 
by the irrotational wind (contoured every 1 PVU day–1 starting at 0.25 PVU day–1; 
positive values in red, negative values in blue) for (a) WS, (b) ES, (c) WM, and (d) EM 
composite cyclones. 
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Figure 5.7. As in Fig. 5.6, except for (a) W-DJF, (b) W-MAM, and (c) W-SON. 

 

 

Figure 5.8. As in Fig. 5.6, except for (a) E-DJF, (b) E-MAM, and (c) E-SON. 
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CHAPTER 6 

1. Sensible Weather Implications 

 This thesis has thus far demonstrated that explosively deepening Pacific cyclones 

induce a response in the downstream midlatitude flow.  The following subsections 

present a small fraction of the potential implications of the downstream flow response to 

the sensible weather experienced throughout North America as a proof-of-concept and as 

a potential starting point for future studies.  The following discussions include 

implications of the downstream response to creating conditions favorable for 

thunderstorm activity in the spring, anomalous warm periods, and the potential for 

anomalous precipitation events impacting the northeastern and western United States.  It 

should continue to be noted that composite imagery used in this thesis is presented in a 

cyclone relative framework, where anomalous features are presented relative to the 

categorical mean location of the composite cyclone, noted as a black circle on the T–0 H 

composite images.  Thus in some cases, such as increased precipitation totals, discerning 

a cyclone relative composite response may not be appropriate at a single observation site, 

but be better represented over a broader region.  Future studies may approach this 

problem by examining the downstream response on an individual, case-by-case basis, to 

determine where and when s sensible response occur relative to a given cyclone. 

a. Conditions Favorable for Thunderstorm Development 

 Severe thunderstorm conditions occur most frequently over the United States 

between the late spring season and the summer (Fig. 6.1).  Types of synoptic-scale 

midlatitude flow configurations that lead to severe weather events were identified and 

described by Miller (1972).  Severe weather events associated with the Miller (1972) 
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“Type B” pattern are characterized by a significant trough, southwesterly flow, and cold-

air advection to the west and warm, moist southerly flow to the east.  Enhanced mid-level 

shear characterizes the area of maximum severe weather occurrence during “Type B” 

events.  Explosively deepening cyclone events over the East Pacific during the spring and 

summer seasons are associated with a downstream response that suggests an 

enhancement of conditions favorable for “Type B” severe thunderstorm events over the 

central and eastern United States, including the amplification of an anomalous trough 

over the western Plains, development of an anomalously cold, dry area over the 

Southwest and southern Plains and apparent cold-frontal forcing for ascent to the west of 

an area of negative MSLP anomalies, and an anomalously warm, moist area to the east of 

the negative MSLP anomaly, in what would be the warm sector of a midlatitude cyclone.  

Composites of East and West Pacific MAM and East Pacific ASO are considered here, 

while June–July and West Pacific ASO events are omitted here due to small sample sizes.   

A significant amplification of the midlatitude flow across the North American 

continent follows E-MAM cyclones by 48–72-hours (Figs. 6.2b,d,f,h).  Similarly, the E-

ASO cyclones are associated with an anomalous trough over the Central Plains at T+72 H 

(Fig. 6.2g).  In each of the two categories, a broad area of statistically significant negative 

MSLP anomalies overspreads the Southeast and is associated with an area of positive 

precipitable water anomalies, indicating an anomalously moist environment through 

T+72 H (Fig. 6.3).  Positive precipitable water anomalies indicating increased 

environmental moisture are located over the southeastern U.S. following E-MAM events, 

and are located over the Northeast following E-ASO events (Fig. 6.3).  An acceleration of 

a 250-hPa jet streak occurs over the eastern U.S. 48–72-hours following both E-MAM 
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and E-ASO cyclones in regions similar to the positive precipitable water anomalies 

associated with each respective category (Fig. 6.4).  In each case, the positive precipitable 

water anomalies are positioned in the equatorward entrance region of the 250-hPa jet 

streak, in a region of enhanced forcing for synoptic-scale ascent.  E-MAM events are 

associated with greater synoptic-scale 850–700-hPa speed (~9–10 x10–3 s–1) and 

horizontal shear over the Southern Plains and southeastern U.S. between T+60 H and 

T+72 H, indicating mid-level support for vigorous convection as indicated in the 

description of Miller (1972) “Type B” events. (Figs. 6.5b,d,f,h).  Maximum shear 

following E-ASO events (~7–8 x10–3 s–1) occurs between T+48 H and T+60 H over the 

Northeast and eastern Canada (Figs. 6.5c,e).  W-MAM events are associated with similar 

anomalies and synoptic-scale features between T+84 H and T+120 H over the Northern 

Plains (Figs. 6.6 and 6.7).  It cannot be definitively stated in the current framework that 

E-MAM, E-ASO, or W-MAM cyclones are associated with thunderstorm events in the 

southern and eastern U.S., however, composite analysis suggests that spring and late 

summer Pacific cyclones play a role in enhancing synoptic-scale conditions favorable for 

convective events in environments with similar characteristics to Miller (1972) “Type B” 

events.  

b. Anomalous Warm Periods 

 1) DATA AND METHODOLOGY  

 The following section presents a brief investigation into the sensible weather 

implications associated with positive 850-hPa temperature anomalies in central Canada 

(Ennadai Lake, NU – CWJC), southeast Alaska (Juneau, AK – PAJN), and the central 

U.S. (Broken Bow, NE – KBBW).  Representative stations were chosen based on their 
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location within a region of warm composite anomalies following explosive cyclone 

intensification, and their geographic locations are plotted in figure 6.8.  Hourly surface 

temperatures from 2006–2014 were obtained from the Iowa Environmental Mesonet 

online interface for each station.   

 A categorical mean temperature was computed for each station/category 

combination as the weighted average of each station’s monthly mean temperatures and 

used as a climatological reference value in each categorical time series.  Standard 

deviation, mean, and median temperatures at each 6-hour time-lag from T-48 H to T+168 

H were computed from station temperatures at times corresponding to time-lags of each 

composite member.  A two-tailed Student’s t-test was performed on each composited 

time series to determine the statistical significance of the composite temperatures’ 

departure from the reference value at the 95% and 99% confidence intervals. 

2) RESULTS 

 Central Canada is most impacted by significant positive temperature anomalies in 

the 72–120-hours following E-MAM cyclones.  0.6–1.2 σ	composite anomalies are 

present across all of Canada from T+48 H to T+120 H (Figs. 4.29d,f,h).  A composite 

time series of surface temperatures at CWJC indicates a 2–3 K temperature increase at 

the station between 72–132-hours following the E-MAM cyclone (Fig. 6.9).   

E- and W-DJF, ES, and W-DJF cyclone categories produce a signal in the 

temperature time series at CWJC despite being associated with weaker composite 

temperature anomalies over central Canada than E-MAM cyclones.  E-DJF and ES 

events are similarly associated with s statistically significant warming of 2–4 K between 

T–0 H and T+96 H (Fig. 6.9).  W-DJF events are associated with a statistically 
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significant 2–3 K warming between T+144 H and T+168 H, and W-SON events are 

associated with a steady cooling after T+24 H that is not statistically significant at the 

95% confidence interval (Fig. 6.9). 

PAJN’s location along the Pacific-Northwest coast exposes this site to immediate 

downstream impacts following East Pacific cyclones.  Most East Pacific explosively 

deepening cyclone event categories are associated with anomalous ridge building over 

the North American west coast.  The anomalous ridge and associated positive composite 

temperature anomalies are reflected in the time series of PAJN temperature for most 

categories of East Pacific cyclones.  PAJN surface temperatures are significantly elevated 

relative to the corresponding climatological reference value prior to E-DJF and E-Strong 

explosive cyclone intensification, and remain elevated through T+168 H (Fig. 6.10).  E-

SON similarly occur in association with previously warm conditions at PAJN, and 

experience additional warming between T–0 H and T+72 H before experiencing a 3 K 

cooling by T+168 H (Fig. 6.10).   

W-MAM cyclones are associated with a composite warm 850-hPa temperature 

anomaly over the central U.S. at T+120 H (Figs. 4.19h and 5.2).  A time series of surface 

temperatures at KBBW, Nebraska suggests corresponding surface warming occurs 

between T+96 H and T+168 H (Fig. 6.11).  Though the temperature increase is not 

statistically significant at the 95% confidence interval, this is likely a case where a single 

station does not completely represent the cyclone-relative composite response, and the 

actual geographic location of the downstream warm anomaly is related to the location of 

individual cyclones over the Pacific. 
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 Though this brief analysis only investigates a fraction of the sensible weather 

impacts downstream of explosively deepening Pacific cyclones, it does suggest that 

certain types of explosively deepening cyclones are associated with significant localized 

downstream surface temperature perturbations.  Future studies should consider how the 

predictability of these and similar surface warming events changes when preceded by 

explosive cyclone intensification over the Pacific.   

c. Conditions Favorable for Heavy Precipitation Events 

 Explosively deepening Pacific cyclones may be associated with significant 

downstream synoptic–mesoscale precipitation events.  Due to the inherent spatial 

variability in precipitation distribution between similar events, examination of single 

station precipitation time series would not necessarily represent the cyclone-relative 

composite response.  Similar to implications for thunderstorm development, the influence 

of explosively deepening cyclones on heavy precipitation events is best described by 

discussing the favorable conditions for heavy precipitation events following explosive 

Pacific cyclone intensification.   

 East Pacific explosively deepening cyclones during the winter-season have 

potential precipitation implications along the U.S. West and East Coasts.  From T+48 H 

to T+120 H, a broad area of positive precipitable water anomalies is present near the 

Pacific-Northwest coast (Figs. 4.27d,f,h,j).  Between T+48 H and T+72 H, this feature 

reaches its southernmost extent, at which time it may be associated with atmospheric 

river (AR) conditions along the U.S. west coast.  ARs are narrow regions of enhanced 

integrated water vapor transport (IVT), and occur most frequently along the U.S. west 

coast during the winter and can be associated with extreme orographic precipitation when 
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oriented perpendicular to mountain barriers (Rutz et al. 2015).  Due to the localized 

nature of AR events, it is likely that a composite IVT signal would undergo significant 

composite smearing at time lags following T–0 H.  Though the composite analysis 

presented here cannot explicitly identify the location of AR events which make landfall at 

a time following T–0 H, composites of precipitable water suggest that E-DJF cyclone 

events are associated with conditions favorable for extreme precipitation along the U.S. 

west coast. 

 Between T+72 H and T+108 H, E-DJF events are associated with significant 

positive precipitable water along the U.S. east coast and negative MSLP anomalies over 

the Northeast (Fig. 6.12).  At T+96 H, the negative MSLP anomalies and positive 

precipitable water anomalies are favorably located near the poleward exit region of a 

250-hPa jet streak (Fig. 6.13).  The positive 0.3–0.6σ precipitable water anomalies along 

the U.S. east coast are collocated with an area of positive 850-hPa temperature anomalies 

of similar magnitude at T+96 H (Figs. 4.26h and 4.27h).  The southerly flow implied by 

anomalous cyclonic circulation associated with the negative MSLP anomalies over the 

Northeast suggests that the anomalously warm and moist air may be associated with 

moisture transport associated with a warm conveyor belt (WCB) circulation.  WCBs are 

poleward ascending streams of warm, moist air originating in the marine boundary layer 

of the warm sector of a midlatitude cyclone and occur most frequently in the midlatitudes 

over western ocean basins (Pfahl et al. 2014) and contribute to midlatitude moisture 

transport, precipitation totals, and extreme precipitation events (e.g., Madonna et al. 

2014; Pfahl et al. 2014; Catto et al. 2015).  The apparent composite WCB feature during 
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T+72 H–T+120 H suggests that E-DJF cyclones may influence favorable conditions for 

the development of winter precipitation events in the northeastern U.S. 

 Southeast Alaska experiences maximum seasonal precipitation during the fall 

months (Fig. 6.14).  E-SON events are associated with significant positive precipitable 

water anomalies over the Pacific Northwest from T+48 H to T+72 H, and W-SON events 

are associated with a negative MSLP anomaly over the Pacific Northwest coast from 

T+48 H through T+120 H (Figs. 4.23c,e,g).  Similar to the potential implications of 

winter explosively deepening cyclones for AR events, SON events in the East and West 

Pacific may be associated with conditions favorable for heavy precipitation events along 

the coastal regions of British Columbia and southeast Alaska.    
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Figure 6.1. Mean monthly thunderstorm wind, hail, and tornado reports from 2006–2014 
in the CONUS. 

 
   

0

1000

2000

3000

4000

5000

6000

7000

8000

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

[R
e
p
o
rt
s 
m
o
n
th

‐1
]

SPC Avergage Combined Thunderstorm 
Wind, Hail, and Tornado Reports



90 
 

 

 
 

Figure 6.2. Time-lagged composite diagrams of MSLP (contoured every 2-hPa) and 
standardized MSLP anomalies (shaded; statistical significance at the 95% and 99% 
confidence level in heavy black contours) from T+36 H to T+72 H for (a,c,e,g) E-ASO 
events (N = 21) and (b,d,f,h) E-MAM events (N = 21). 

 

 

 
 

Figure 6.3. As in Fig. 6.2, except for total column precipitable water (contoured every 
2.5 kg m–2) and standardized precipitable water anomalies (shaded; statistical 
significance at the 95% and 99% confidence level in heavy black contours). 
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Figure 6.4. As in Fig. 6.2, except for 250-hPa PV (contoured every 1 PVU; 10–6 m–2 s–1 
K kg–1) and 250-hPa isotachs (shaded; m s–1). 

 

 

 
 

Figure 6.5. As in Fig. 6.2, except for 850–700-hPa shear (shaded; m s–1 m–1), 850-hPa 
wind barbs (black), and 700-hPa wind barbs (red). 
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Figure 6.6. W-MAM (N = 48) time-lagged composite diagrams from T+84 H to T+120 
H of (a,c,e,g) MSLP (contoured every 2-hPa) and standardized MSLP anomalies (shaded; 
statistical significance at the 95% and 99% confidence level in heavy black contours) and 
(b,d,f,h) total column precipitable water (contoured every 2.5 kg m–2) and standardized 
precipitable water anomalies (shaded; statistical significance at the 95% and 99% 
confidence level in heavy black contours). 
 
 

 

 
 

Figure 6.7. As in Fig. 6.6, except for (a,c,e,g) 250-hPa PV (contoured every 1 PVU; 10–6 
m–2 s–1 K kg–1) and 250-hPa isotachs (shaded; m s–1) and (b,d,f,h) 850–700-hPa shear 
(shaded; m s–1 m–1), 850-hPa wind barbs (black), and 700-hPa wind barbs (red). 
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Figure 6.8. Geographic locations of the three stations used to generate the temperature 
time series in Figs. 6.9–6.11, where PAJN represents CWJC represents the Ennadai Lake 
Meteorological Aeronautical Presentation System, NU, PAJN represents Juneau 
International Airport, AK, and KBBW represents Broken Bow Municipal Airport, NE. 
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Figure 6.9. Composite time series of surface temperatures at CWJC.  Red horizontal 
lines represent the categorical weighted monthly mean, red dashed lines are plus and 
minus one standard deviation, blue dashed lines represent median values at each 6-hour 
time step, and filled circles represent the mean value at each 6-hour time step, with 
statistical significance at the 95% (99%) confidence interval denoted by blue (red) fill. 
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Figure 6.10. As in Fig. 6.9, except for PAJN. 

 

Figure 6.11. As in Fig. 6.9, except for KBBW. 
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Figure 6.12. E-DJF (N = 62) time-lagged composite diagrams from T+72 H to T+108 H 
of (a,c,e,g) MSLP (contoured every 2-hPa) and standardized MSLP anomalies (shaded; 
statistical significance at the 95% and 99% confidence level in heavy black contours) and 
(b,d,f,h) total column precipitable water (contoured every 2.5 kg m–2) and standardized 
precipitable water anomalies (shaded; statistical significance at the 95% and 99% 
confidence level in heavy black contours). 

 

 

 
 

Figure 6.13. As in Fig. 6.12, except for 250-hPa PV (contoured every 1 PVU; 10–6 m–2 s–

1 K kg–1) and 250-hPa isotachs (shaded; m s–1).  
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Figure 6.14. Mean monthly precipitation (mm) at Juneau International Airport from 
2006–2014. 
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CHAPTER 7 

1. Conclusions 

 This thesis examined the cyclone-relative composite downstream response to 

strength, location, and seasonal categories of explosively deepening North Pacific 

cyclones from 2006–2014.  Existing literature has demonstrated that recurving tropical 

cyclones and general winter mid-latitude cyclones induce a time-lagged response in the 

downstream flow over North America.  This thesis adds to the existing literature by 

examining the downstream response to explosively deepening cyclones and further 

expands upon the current research by suggesting potential sensible weather impacts 

associated with the downstream responses.  This study was performed with motivation to 

answer the following questions: (1) Is there a discernable downstream response to 

explosively deepening Pacific cyclones? (2) How does the downstream response compare 

to the responses induced by general midlatitude cyclones and recurving tropical 

cyclones? (3) Does the response depend on the strength, location, or season of the 

cyclone? (4) Does the downstream response have a predictable impact on the sensible 

weather experienced throughout North America?   

 Explosively deepening Pacific cyclones are associated with a discernable, 

statistically significant downstream response.  The phase and amplitude of the 

downstream responses each exhibit a strong dependency on the strength, season, and 

location of the cyclone at the time of its most rapid intensification.  Cyclone strength 

primarily influences the magnitude of downstream anomalies, whereas season and 

location have significant impacts on the spatial distribution, persistence, and magnitude 

of the downstream response.  In addition, examination of the rapid amplification of the 
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North American midlatitude flow following E-MAM explosively deepening cyclones 

suggest that antecedent characteristics of the downstream flow may further contribute to 

the strength, location, and persistence of the downstream response. 

 The downstream response to explosively deepening West Pacific cyclones more 

closely resembles the response to general winter mid-latitude cyclones (Torn and Hakim 

2015) than the response to recurving WNP TCs (Archambault et al. 2013, 2015; Quinting 

and Jones 2016).  West Pacific explosively deepening cyclone events generally are 

associated with a persistent quasi-stationary anomalous ridge in the Central Pacific with 

potential implications for atmospheric blocking (e.g., Colucci 1985, 1987; Konrad II and 

Colucci 1988; Nakamura and Wallace 1993; Colucci and Alberta 1996), and the 

development of an anomalous trough over the North American west coast at T+72 H, 

similar to general mid-latitude cyclones identified by Torn and Hakim (2015).  

 Analyses of cyclone-relative composites suggest that explosively deepening 

cyclones may be associated with downstream sensible weather impacts.  Due to the 

composite nature of the results, it cannot be definitively stated that events over the Pacific 

are associated with a specific, localized sensible impact.  Composite results do suggest 

that certain types of explosively deepening cyclone events tend to influence downstream 

conditions that favor certain sensible weather events, such as environments conducive to 

thunderstorm development, precipitation events in the northeastern and western United 

States, and anomalous warm periods throughout North America.  Investigating specific, 

case-by-case sensible weather and predictability impacts is perhaps one of the greatest 

avenues for future work following this thesis. 
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2. Future Considerations 

 This thesis has presented several possible avenues for future expansion of this 

work and related research.  Perhaps one of the most beneficial additions would be 

consideration of the predictability of the sensible weather impacts following explosive 

cyclone intensification.  Quinting and Jones (2016) determined that recurving WNP TCs 

which are followed by Rossby wave development result in downstream forecast 

uncertainty manifest in anomalous ensemble spread from 2–4 days following recurvature 

over the eastern North Pacific and western North America.  Forecast skill should be 

evaluated for given types of downstream events, such as extreme precipitation, 

anomalous warmings, and thunderstorm events that are preceded by explosive Pacific 

cyclone intensification, and compared to forecast skill for similar sensible events without 

an antecedent Pacific cyclone.  A similar study could evaluate the downstream response 

on a case-by-case basis, and explicitly determine which Pacific cyclones are associated 

with a sensible impact and when and where the impact occurs relative to the individual 

cyclone.   

 The relationship between explosive Pacific cyclone intensification and long-term 

teleconnection patterns was not explored in this study.  Future analysis of explosively 

deepening Pacific cyclones should utilize a longer dataset of Pacific cyclones.  A larger 

dataset would not only justify climatological analysis on the frequency and characteristics 

of cyclones under the influence of different teleconnection patterns, but also allow for 

composite analysis of downstream response characteristics based on large-scale 

background atmospheric configuration.  
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 Additional work related to this research should also focus on the compositing 

methodology.  In order to more accurately compare to the mechanisms influencing the 

downstream response following recurving TCs, composites should be generated in a 

quasi-interaction-relative framework (e.g., Archambault et al. 2013, 2015).  Though it 

remains likely that the diabatic contribution to the explosively deepening cyclones will 

remain low compared to recurving TCs, differences in the downstream response to 

different types of explosively deepening cyclones may arise based on diabatic 

contributions.   

 Composite analysis could also be performed via environmental clustering.  Future 

studies could generate composite categories based on a type of downstream response 

pattern, e.g., whether significant anomalous warming occurs over northern Canada, to 

determine which antecedent events, specifically, are associated with a given downstream 

response.  Additional environmental clustering could further elucidate the implications of 

the antecedent downstream midlatitude flow structure to the magnitude, location, and 

persistence of the subsequent response to explosively deepening Pacific cyclones.   

  



102 
 

APPENDIX A 
 

1. Identified Explosively Deepening Cyclone Events 
 

 Explosively deepening cyclones were identified by manual examination of 

archived OPC Pacific surface analysis charts published online by NCEI.  For dates 

ranging from Jan. 2006–Dec. 2014, analysis charts were available at 0000, 0600, 1200, 

and 1800 UTC daily, with infrequent missing data.  In the following table, start and end 

times are formatted as yyyymmddhh, latitude and longitude are the approximate location, 

given as the center of a 5° x 5° grid box, of the cyclone at the start and end time, “St. P.” 

and “En. P.” are the minimum pressure values at the start and end time, respectively, “W” 

and “E” denote the position of the cyclone, west or east, relative to the International Date 

Line, “P. Min.” is the overall minimum pressure (SLPmin) achieved by the cyclone before 

its dissipation, and “Ber.” is the deepening rate, in Bergerons, of the cyclone during the 

24-hours of most-rapid deepening.  Red text indicates an event excluded from the 

generation of composite graphics. 

 It was necessary to exclude certain events from the generation of composite 

graphics.  Events were excluded if (1) time-lags between T–0 H and T+168 H surpassed 

31 Dec. 2014, (2) SLPmin (P. Min.) was greater than 980-hPa or less than or equal to 940-

hPa, or (3) the T–0 H latitude of an event was within 25° of 90°N.  The following events 

were excluded from composites based on these criteria: 

 Events 294 and 295 were excluded based on criteria (1). 

 Events 48, 79, 150, 161, 170, 172, 227, 270, and 284 were excluded based on 

criteria (2). 

 Event 114 was excluded based on criteria (3). 
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Table A.1. List of all identified explosively deepening Pacific cyclone events from 2006–
2014.  Columns represent (1) chronological event ID number, (2) start time of the event 
formatted as yyyymmddhh, (3) latitude at event start, (4) longitude at event start, (5) sea-
level pressure at event start, (6) end time of the event formatted as yyyymmddhh, (7) 
latitude at event end, (8) longitude at event end, (9) sea-level pressure at event end, (10) 
location of the event in the West or East Pacific, (11) overall minimum sea-level pressure 
during the lifecycle of the cyclone, and (12) maximum 24-hour deepening rate of the 
cyclone in Bergerons.   
 

ID Start Time La. 
(°N) 

Lo. 
(°E) 

St. P. 
(hPa) 

End Time La. 
(°N) 

Lo. 
(°E) 

En. P. 
(hPa) 

W/E P. Min. 
(hPa) 

Ber. 

1 2006010106 42.5 182.5 992 2006010206 42.5 202.5 968 E 966 1.28 

2 2006010212 37.5 147.5 997 2006010312 42.5 152.5 958 W 954 2.08 

3 2006010312 32.5 202.5 1004 2006010412 42.5 217.5 965 E 964 2.08 

4 2006010700 32.5 147.5 998 2006010800 37.5 157.5 965 W 965 1.96 

5 2006011318 42.5 177.5 990 2006011418 47.5 192.5 964 E 960 1.27 

6 2006011500 37.5 147.5 988 2006011600 42.5 162.5 968 W 968 1.07 

7 2006011700 37.5 147.5 1005 2006011800 37.5 162.5 978 W 973 1.60 

8 2006012112 32.5 147.5 990 2006012212 42.5 157.5 952 W 952 2.03 

9 2006012606 37.5 157.5 1002 2006012706 42.5 167.5 974 W 974 1.50 

10 2006012812 37.5 162.5 997 2006012912 42.5 172.5 966 W 966 1.66 

11 2006020106 32.5 137.5 1008 2006020206 42.5 152.5 965 W 957 2.30 

12 2006020712 37.5 147.5 990 2006020812 47.5 167.5 968 W 962 1.08 

13 2006021018 47.5 152.5 995 2006021118 52.5 162.5 970 W 964 1.14 

14 2006021206 37.5 157.5 989 2006021306 47.5 172.5 959 W 956 1.47 

15 2006022606 42.5 137.5 1005 2006022706 52.5 147.5 982 W 980 1.05 

16 2006031000 37.5 187.5 999 2006031100 52.5 182.5 976 E 973 1.05 

17 2006031912 37.5 147.5 984 2006032012 42.5 147.5 955 W 955 1.55 

18 2006040512 37.5 147.5 988 2006040612 42.5 162.5 968 W 961 1.07 

19 2006050218 32.5 152.5 1001 2006050318 47.5 167.5 978 W 978 1.13 

20 2006051100 42.5 142.5 995 2006051200 57.5 152.5 970 W 970 1.07 

21 2006090612 52.5 162.5 986 2006090712 57.5 182.5 960 E 960 1.11 

22 2006100612 32.5 142.5 979 2006100712 37.5 147.5 957 W 957 1.30 

23 2006100806 42.5 192.5 982 2006100906 47.5 202.5 957 E 957 1.22 

24 2006101400 42.5 172.5 992 2006101500 52.5 182.5 954 E 954 1.73 

25 2006101700 42.5 172.5 991 2006101800 52.5 192.5 960 E 960 1.41 

26 2006110700 42.5 142.5 997 2006110800 47.5 147.5 970 W 970 1.32 

27 2006110818 47.5 197.5 1008 2006110918 52.5 217.5 970 E 962 1.73 

28 2006111106 32.5 142.5 1001 2006111206 47.5 147.5 979 W 979 1.08 

29 2006112712 37.5 147.5 996 2006112812 47.5 167.5 975 W 974 1.03 

30 2006120100 42.5 162.5 992 2006120200 52.5 177.5 959 W 959 1.50 

31 2006120212 42.5 152.5 998 2006120312 42.5 172.5 972 W 964 1.39 

32 2006120700 52.5 177.5 982 2006120800 52.5 192.5 956 E 952 1.18 
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33 2006121006 37.5 152.5 998 2006121106 42.5 177.5 976 W 957 1.18 

34 2006121618 42.5 187.5 995 2006121718 57.5 207.5 963 E 956 1.37 

35 2006121818 47.5 187.5 986 2006121918 57.5 207.5 944 E 944 1.80 

36 2006122306 42.5 202.5 994 2006122406 47.5 212.5 947 E 944 2.30 

37 2006122700 37.5 142.5 989 2006122800 42.5 152.5 958 W 958 1.66 

38 2006122812 57.5 197.5 976 2006122912 57.5 212.5 944 E 944 1.37 

39 2007010306 47.5 167.5 983 2007010406 52.5 177.5 960 W 958 1.05 

40 2007010700 42.5 142.5 970 2007010800 47.5 152.5 948 W 944 1.08 

41 2007011312 37.5 152.5 1008 2007011412 42.5 162.5 984 W 970 1.28 

42 2007011918 42.5 192.5 988 2007012018 57.5 207.5 964 E 960 1.03 

43 2007012312 37.5 172.5 977 2007012412 47.5 187.5 952 E 952 1.22 

44 2007012518 42.5 177.5 987 2007012618 47.5 192.5 956 E 956 1.52 

45 2007012718 42.5 192.5 989 2007012818 47.5 197.5 954 E 954 1.71 

46 2007012818 32.5 177.5 997 2007012918 37.5 202.5 971 E 959 1.54 

47 2007012906 32.5 192.5 983 2007013006 42.5 202.5 959 E 959 1.28 

48 2007022200 32.5 152.5 1004 2007022300 32.5 162.5 982 W 982 1.48 

49 2007031106 32.5 177.5 997 2007031206 37.5 182.5 973 E 972 1.42 

50 2007031906 37.5 177.5 1000 2007032006 47.5 187.5 965 E 960 1.71 

51 2007032812 37.5 157.5 989 2007032912 47.5 172.5 960 W 960 1.42 

52 2007033000 37.5 142.5 1000 2007033100 42.5 157.5 976 W 964 1.28 

53 2007040318 47.5 202.5 988 2007040418 47.5 207.5 966 E 966 1.08 

54 2007041100 42.5 187.5 995 2007041200 47.5 202.5 972 E 972 1.13 

55 2007041312 47.5 182.5 995 2007041412 47.5 187.5 964 E 962 1.52 

56 2007041612 32.5 142.5 1000 2007041712 37.5 152.5 974 W 968 1.54 

57 2007091600 42.5 152.5 1002 2007091700 47.5 172.5 966 W 958 1.76 

58 2007092200 47.5 157.5 997 2007092300 52.5 167.5 962 W 961 1.59 

59 2007111712 37.5 172.5 999 2007111812 42.5 182.5 976 E 975 1.23 

60 2007112412 42.5 187.5 996 2007112512 52.5 207.5 962 E 959 1.55 

61 2007112512 42.5 172.5 985 2007112612 47.5 182.5 960 E 960 1.22 

62 2007112706 52.5 157.5 972 2007112806 47.5 172.5 950 W 950 1.08 

63 2007120200 37.5 202.5 980 2007120300 37.5 207.5 952 E 952 1.66 

64 2007120400 47.5 157.5 988 2007120500 52.5 172.5 952 W 952 1.64 

65 2007121612 37.5 162.5 1001 2007121712 52.5 177.5 978 W 976 1.05 

66 2007121812 42.5 162.5 999 2007121912 47.5 177.5 968 W 967 1.52 

67 2007122006 47.5 197.5 998 2007122106 57.5 212.5 970 E 969 1.20 

68 2007122118 37.5 182.5 990 2007122218 47.5 207.5 956 E 955 1.66 

69 2007122506 42.5 177.5 984 2007122606 47.5 187.5 961 E 960 1.13 

70 2007123106 47.5 212.5 988 2008010106 57.5 212.5 962 E 962 1.11 

71 2008010512 32.5 172.5 1000 2008010612 42.5 187.5 968 E 964 1.71 

72 2008010612 37.5 162.5 996 2008010712 37.5 172.5 972 W 969 1.42 
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73 2008011218 42.5 162.5 993 2008011318 52.5 172.5 955 W 952 1.73 

74 2008011712 37.5 172.5 994 2008011812 47.5 182.5 960 E 960 1.66 

75 2008011912 32.5 162.5 1000 2008012012 42.5 182.5 968 E 968 1.71 

76 2008012918 37.5 152.5 988 2008013018 47.5 167.5 964 W 964 1.17 

77 2008020306 32.5 142.5 993 2008020406 37.5 157.5 961 W 958 1.90 

78 2008020706 37.5 152.5 990 2008020806 47.5 162.5 952 W 952 1.86 

79 2008021100 37.5 157.5 992 2008021200 37.5 177.5 953 W 940 2.31 

80 2008021212 37.5 142.5 992 2008021312 47.5 142.5 969 W 964 1.13 

81 2008021818 37.5 182.5 988 2008021918 47.5 202.5 963 E 960 1.22 

82 2008022306 37.5 147.5 988 2008022406 37.5 152.5 968 W 968 1.19 

83 2008022618 37.5 147.5 986 2008022718 47.5 152.5 948 W 946 1.86 

84 2008030106 37.5 157.5 994 2008030206 42.5 177.5 968 W 960 1.39 

85 2008032712 37.5 157.5 1001 2008032812 42.5 167.5 977 W 977 1.28 

86 2008033100 32.5 142.5 998 2008040100 42.5 147.5 958 W 956 2.14 

87 2008051012 42.5 177.5 998 2008051112 52.5 192.5 972 E 968 1.18 

88 2008051300 37.5 182.5 984 2008051400 47.5 202.5 956 E 956 1.37 

89 2008083012 42.5 192.5 1004 2008083112 52.5 202.5 978 E 978 1.18 

90 2008100818 47.5 182.5 990 2008100918 57.5 187.5 960 E 960 1.28 

91 2008101106 47.5 142.5 986 2008101206 52.5 147.5 963 W 960 1.05 

92 2008102106 42.5 162.5 978 2008102206 47.5 177.5 946 W 946 1.57 

93 2008112512 37.5 157.5 989 2008112612 42.5 182.5 955 E 947 1.82 

94 2008120618 32.5 187.5 1000 2008120718 47.5 197.5 975 E 958 1.22 

95 2008121412 37.5 152.5 995 2008121512 52.5 162.5 960 W 955 1.59 

96 2008122506 42.5 142.5 997 2008122606 42.5 152.5 975 W 962 1.18 

97 2008123018 37.5 152.5 993 2008123118 42.5 167.5 957 W 956 1.92 

98 2009010606 37.5 162.5 1005 2009010706 42.5 182.5 976 E 976 1.55 

99 2009010912 32.5 142.5 1001 2009011012 42.5 147.5 974 W 968 1.44 

100 2009011518 47.5 192.5 972 2009011618 57.5 197.5 947 E 947 1.07 

101 2009013118 37.5 147.5 981 2009020118 47.5 162.5 950 W 943 1.52 

102 2009020600 32.5 152.5 998 2009020700 37.5 162.5 965 W 960 1.96 

103 2009021900 37.5 157.5 1010 2009022000 37.5 172.5 978 W 974 1.90 

104 2009022000 42.5 137.5 998 2009022100 42.5 147.5 960 W 958 2.03 

105 2009030212 32.5 157.5 994 2009030312 42.5 172.5 972 W 972 1.18 

106 2009031000 37.5 147.5 993 2009031100 47.5 152.5 956 W 956 1.81 

107 2009040200 37.5 147.5 992 2009040300 42.5 157.5 969 W 968 1.23 

108 2009072006 52.5 177.5 999 2009072106 52.5 192.5 976 E 974 1.05 

109 2009092612 47.5 162.5 1004 2009092712 52.5 162.5 975 W 975 1.32 

110 2009100818 37.5 197.5 990 2009100918 47.5 202.5 964 E 962 1.27 

111 2009101818 37.5 192.5 992 2009101918 47.5 202.5 960 E 953 1.57 

112 2009102618 37.5 212.5 985 2009102718 47.5 157.5 954 W 952 1.52 
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113 2009110318 47.5 177.5 993 2009110418 52.5 207.5 955 E 945 1.73 

114 2009111018 57.5 172.5 992 2009111118 67.5 197.5 957 E 957 1.37 

115 2009111312 57.5 207.5 986 2009111412 57.5 217.5 952 E 946 1.45 

116 2009111800 42.5 152.5 992 2009111900 52.5 162.5 958 W 952 1.55 

117 2009112218 37.5 177.5 999 2009112318 47.5 197.5 962 E 961 1.81 

118 2009112700 42.5 182.5 990 2009112800 47.5 202.5 965 E 965 1.22 

119 2009112812 47.5 162.5 988 2009112912 52.5 177.5 964 W 960 1.09 

120 2009120206 37.5 172.5 992 2009120306 42.5 187.5 960 E 960 1.71 

121 2009120406 37.5 157.5 979 2009120506 42.5 182.5 952 E 948 1.44 

122 2009121700 37.5 157.5 990 2009121800 47.5 172.5 954 W 952 1.76 

123 2009122118 37.5 167.5 993 2009122218 42.5 187.5 971 E 959 1.18 

124 2010011212 37.5 147.5 994 2010011312 47.5 152.5 956 W 947 1.86 

125 2010012000 52.5 142.5 992 2010012100 52.5 147.5 964 W 964 1.27 

126 2010012206 37.5 192.5 1000 2010012306 37.5 207.5 977 E 961 1.36 

127 2010012412 32.5 172.5 987 2010012512 37.5 182.5 967 E 960 1.19 

128 2010012506 47.5 142.5 996 2010012606 52.5 147.5 972 W 972 1.09 

129 2010020106 32.5 137.5 1001 2010020206 42.5 157.5 972 W 969 1.55 

130 2010020706 42.5 167.5 974 2010020806 47.5 177.5 951 W 951 1.13 

131 2010021206 37.5 197.5 980 2010021306 47.5 217.5 952 E 952 1.37 

132 2010021612 42.5 162.5 985 2010021712 52.5 167.5 956 W 954 1.32 

133 2010022518 32.5 177.5 993 2010022618 42.5 187.5 952 E 950 2.19 

134 2010030100 42.5 162.5 990 2010030200 52.5 177.5 961 W 959 1.32 

135 2010030318 42.5 167.5 997 2010030418 52.5 187.5 958 E 956 1.77 

136 2010030712 52.5 192.5 990 2010030812 57.5 207.5 964 E 961 1.11 

137 2010030912 47.5 187.5 1003 2010031012 47.5 212.5 970 E 959 1.62 

138 2010031612 47.5 152.5 980 2010031712 52.5 162.5 957 W 956 1.05 

139 2010032012 42.5 137.5 988 2010032112 47.5 147.5 962 W 960 1.27 

140 2010032418 42.5 177.5 1001 2010032518 47.5 197.5 970 E 968 1.52 

141 2010032512 37.5 147.5 992 2010032612 47.5 162.5 968 W 968 1.17 

142 2010032918 37.5 157.5 987 2010033018 47.5 172.5 965 W 963 1.08 

143 2010040518 32.5 147.5 1000 2010040618 42.5 162.5 973 W 973 1.44 

144 2010040812 42.5 167.5 987 2010040912 52.5 172.5 960 W 956 1.23 

145 2010041706 47.5 202.5 992 2010041806 57.5 202.5 966 E 962 1.11 

146 2010091412 42.5 162.5 999 2010091512 47.5 177.5 977 W 973 1.08 

147 2010093006 47.5 207.5 1000 2010100106 52.5 212.5 968 E 963 1.46 

148 2010101512 52.5 182.5 994 2010101612 57.5 192.5 970 E 965 1.03 

149 2010102600 47.5 157.5 986 2010102700 57.5 167.5 948 W 948 1.63 

150 2010102918 42.5 167.5 1000 2010103018 52.5 192.5 944 E 939 2.55 

151 2010110106 37.5 142.5 998 2010110206 47.5 147.5 973 W 970 1.22 

152 2010110218 37.5 212.5 998 2010110318 52.5 212.5 966 E 958 1.46 
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153 2010110612 37.5 172.5 1000 2010110712 47.5 187.5 978 E 974 1.08 

154 2010111000 42.5 202.5 990 2010111100 52.5 207.5 956 E 956 1.55 

155 2010120506 47.5 212.5 995 2010120606 47.5 212.5 969 E 963 1.27 

156 2010121406 42.5 147.5 988 2010121506 57.5 147.5 952 W 952 1.54 

157 2011010400 32.5 147.5 1001 2011010500 37.5 162.5 980 W 968 1.24 

158 2011010600 42.5 147.5 992 2011010700 47.5 152.5 964 W 963 1.37 

159 2011011000 37.5 157.5 990 2011011100 47.5 177.5 966 W 966 1.17 

160 2011011212 32.5 152.5 998 2011011312 32.5 162.5 978 W 969 1.34 

161 2011011600 37.5 152.5 983 2011011700 42.5 162.5 936 W 933 2.51 

162 2011012518 37.5 167.5 988 2011012618 42.5 182.5 956 E 954 1.71 

163 2011013000 32.5 192.5 1000 2011013100 37.5 202.5 979 E 975 1.24 

164 2011020518 32.5 187.5 994 2011020618 37.5 192.5 976 E 973 1.07 

165 2011020700 37.5 147.5 1000 2011020800 47.5 147.5 974 W 973 1.27 

166 2011020818 32.5 137.5 1006 2011020918 42.5 152.5 984 W 972 1.18 

167 2011021512 42.5 152.5 996 2011021612 52.5 167.5 968 W 962 1.27 

168 2011021800 37.5 142.5 999 2011021900 47.5 152.5 966 W 964 1.62 

169 2011031200 37.5 162.5 1002 2011031300 42.5 177.5 970 W 970 1.71 

170 2011031600 37.5 147.5 986 2011031700 47.5 162.5 942 W 936 2.15 

171 2011031818 32.5 172.5 999 2011031918 52.5 187.5 960 E 960 1.77 

172 2011040600 47.5 172.5 987 2011040600 57.5 182.5 936 E 936 2.18 

173 2011051800 37.5 157.5 995 2011051900 47.5 177.5 972 W 971 1.13 

174 2011053018 42.5 187.5 1002 2011053118 57.5 187.5 973 E 971 1.24 

175 2011090412 52.5 182.5 991 2011090512 52.5 207.5 960 E 956 1.41 

176 2011091718 52.5 167.5 993 2011091818 52.5 192.5 966 E 964 1.23 

177 2011110100 57.5 207.5 1002 2011110200 57.5 212.5 972 E 972 1.28 

178 2011110712 37.5 157.5 988 2011110812 52.5 172.5 956 W 943 1.46 

179 2011111106 52.5 182.5 982 2011111206 57.5 192.5 954 E 954 1.20 

180 2011111512 47.5 207.5 1012 2011111612 57.5 217.5 976 E 976 1.54 

181 2011111800 37.5 167.5 996 2011111900 52.5 177.5 973 W 972 1.05 

182 2011112806 42.5 167.5 1000 2011112906 47.5 187.5 968 E 968 1.57 

183 2011120206 42.5 177.5 1004 2011120306 52.5 182.5 974 E 963 1.36 

184 2011120312 37.5 142.5 995 2011120412 42.5 152.5 972 W 964 1.23 

185 2011121100 42.5 187.5 996 2011121200 57.5 207.5 965 E 965 1.33 

186 2011121200 42.5 172.5 994 2011121300 47.5 182.5 956 E 950 1.86 

187 2011121318 42.5 177.5 986 2011121418 52.5 192.5 957 E 944 1.32 

188 2011122018 37.5 182.5 1003 2011122118 47.5 202.5 973 E 972 1.47 

189 2011122200 37.5 182.5 1000 2011122300 47.5 197.5 972 E 972 1.37 

190 2011122306 32.5 152.5 996 2011122406 42.5 172.5 974 W 974 1.18 

191 2011122518 47.5 202.5 988 2011122618 57.5 217.5 962 E 960 1.11 

192 2012010212 37.5 147.5 984 2012010312 42.5 152.5 960 W 960 1.28 



108 
 

ID Start Time La. 
(°N) 

Lo. 
(°E) 

St. P. 
(hPa) 

End Time La. 
(°N) 

Lo. 
(°E) 

En. P. 
(hPa) 

W/E P. Min. 
(hPa) 

Ber. 

193 2012010500 37.5 162.5 988 2012010600 42.5 177.5 965 W 960 1.23 

194 2012011112 37.5 152.5 998 2012011212 47.5 162.5 950 W 944 2.35 

195 2012012212 32.5 182.5 990 2012012312 42.5 192.5 962 E 962 1.50 

196 2012012606 37.5 157.5 991 2012012706 42.5 167.5 956 W 952 1.87 

197 2012013112 42.5 192.5 984 2012020112 52.5 202.5 949 E 945 1.59 

198 2012020912 37.5 167.5 993 2012021012 47.5 192.5 950 E 948 2.10 

199 2012021300 37.5 177.5 992 2012021400 47.5 187.5 944 E 944 2.35 

200 2012022312 37.5 147.5 992 2012022412 42.5 162.5 966 W 962 1.39 

201 2012030712 37.5 207.5 1010 2012030812 47.5 212.5 980 E 974 1.47 

202 2012031806 37.5 147.5 998 2012031906 47.5 157.5 973 W 964 1.22 

203 2012032200 42.5 167.5 992 2012032300 57.5 177.5 964 W 963 1.20 

204 2012032312 37.5 137.5 998 2012032412 42.5 152.5 977 W 969 1.12 

205 2012032712 47.5 172.5 988 2012032812 52.5 207.5 965 E 965 1.05 

206 2012033112 42.5 147.5 990 2012040112 52.5 152.5 956 W 956 1.55 

207 2012040106 42.5 202.5 996 2012040206 52.5 217.5 958 E 958 1.73 

208 2012040300 37.5 132.5 988 2012040400 42.5 142.5 958 W 956 1.60 

209 2012090300 52.5 162.5 999 2012090400 52.5 177.5 971 W 970 1.27 

210 2012091512 52.5 192.5 994 2012091612 57.5 197.5 970 E 969 1.03 

211 2012092512 42.5 182.5 1002 2012092612 52.5 207.5 958 E 950 2.00 

212 2012101006 37.5 182.5 996 2012101106 47.5 182.5 972 E 968 1.17 

213 2012110100 42.5 202.5 989 2012110200 52.5 207.5 958 E 948 1.41 

214 2012111712 42.5 142.5 1002 2012111812 47.5 152.5 978 W 972 1.17 

215 2012112118 47.5 212.5 982 2012112218 52.5 212.5 959 E 958 1.05 

216 2012112612 42.5 142.5 991 2012112712 52.5 152.5 964 W 964 1.23 

217 2012113018 37.5 147.5 998 2012120118 47.5 152.5 964 W 964 1.66 

218 2012120712 42.5 187.5 973 2012120812 47.5 187.5 949 E 949 1.17 

219 2012121400 52.5 197.5 994 2012121500 57.5 217.5 969 E 969 1.07 

220 2012122212 37.5 147.5 997 2012122312 47.5 157.5 966 W 956 1.52 

221 2012122500 37.5 172.5 987 2012122600 47.5 187.5 964 E 958 1.13 

222 2012122506 42.5 142.5 1004 2012122606 42.5 152.5 983 W 961 1.12 

223 2012122818 37.5 187.5 990 2012122918 47.5 202.5 956 E 952 1.66 

224 2012123012 47.5 142.5 990 2012123112 47.5 147.5 960 W 956 1.47 

225 2012123018 37.5 192.5 986 2012123118 52.5 202.5 960 E 960 1.18 

226 2013010306 42.5 157.5 991 2013010306 47.5 167.5 968 W 963 1.13 

227 2013011400 32.5 137.5 989 2013011500 37.5 152.5 940 W 932 2.90 

228 2013011818 42.5 167.5 988 2013011918 47.5 182.5 965 E 962 1.13 

229 2013012106 37.5 167.5 988 2013012206 42.5 177.5 964 W 964 1.28 

230 2013012518 32.5 177.5 997 2013012618 37.5 187.5 976 E 970 1.24 

231 2013020106 37.5 182.5 992 2013020206 47.5 192.5 967 E 966 1.22 

232 2013020118 42.5 137.5 1000 2013020218 52.5 147.5 976 W 973 1.09 
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233 2013020412 37.5 152.5 1002 2013020512 47.5 167.5 957 W 950 2.20 

234 2013020718 37.5 177.5 995 2013020818 47.5 197.5 964 E 962 1.52 

235 2013021512 37.5 147.5 999 2013021612 42.5 162.5 964 W 958 1.87 

236 2013021718 42.5 177.5 995 2013021818 52.5 182.5 960 E 958 1.59 

237 2013022118 42.5 167.5 992 2013022218 52.5 177.5 961 W 961 1.41 

238 2013022412 37.5 152.5 996 2013022512 42.5 162.5 973 W 971 1.23 

239 2013022818 42.5 167.5 993 2013030118 47.5 182.5 964 E 964 1.42 

240 2013030112 42.5 137.5 990 2013030212 42.5 147.5 968 W 964 1.18 

241 2013030518 37.5 172.5 990 2013030618 47.5 192.5 964 E 954 1.27 

242 2013030806 42.5 137.5 992 2013030906 47.5 157.5 969 W 969 1.13 

243 2013030918 37.5 137.5 992 2013031018 47.5 152.5 964 W 964 1.37 

244 2013031300 47.5 142.5 1002 2013031400 52.5 152.5 974 W 969 1.27 

245 2013032006 37.5 137.5 999 2013032106 47.5 152.5 956 W 948 2.10 

246 2013032512 42.5 157.5 989 2013032612 47.5 162.5 962 W 961 1.32 

247 2013033118 37.5 152.5 1007 2013040118 42.5 167.5 968 W 964 2.08 

248 2013051706 37.5 152.5 996 2013051806 42.5 162.5 970 W 968 1.39 

249 2013091606 37.5 142.5 990 2013091706 52.5 152.5 962 W 961 1.27 

250 2013091718 47.5 197.5 1014 2013091818 47.5 217.5 984 E 970 1.47 

251 2013092006 52.5 172.5 999 2013092106 57.5 202.5 969 E 965 1.28 

252 2013092318 47.5 177.5 994 2013092418 52.5 182.5 967 E 967 1.23 

253 2013102306 42.5 182.5 984 2013102406 52.5 192.5 960 E 957 1.09 

254 2013103100 37.5 157.5 992 2013110100 47.5 172.5 969 W 966 1.13 

255 2013110418 42.5 162.5 990 2013110518 52.5 172.5 952 W 948 1.73 

256 2013110912 47.5 142.5 1008 2013111012 52.5 147.5 957 W 957 2.32 

257 2013112600 37.5 182.5 994 2013112700 42.5 182.5 968 E 968 1.39 

258 2013121506 37.5 162.5 993 2013121606 42.5 157.5 968 W 968 1.34 

259 2013121606 37.5 167.5 986 2013121706 42.5 172.5 957 W 954 1.55 

260 2013121912 32.5 142.5 1004 2013122012 37.5 147.5 968 W 958 2.13 

261 2013122512 37.5 167.5 988 2013122612 47.5 177.5 964 W 960 1.17 

262 2013122700 37.5 147.5 994 2013122800 47.5 152.5 952 W 948 2.06 

263 2013123018 47.5 192.5 994 2013123118 52.5 202.5 966 E 966 1.27 

264 2014010818 37.5 142.5 999 2014010918 47.5 162.5 973 W 964 1.27 

265 2014011518 37.5 192.5 986 2014011618 47.5 202.5 953 E 950 1.62 

266 2014011600 32.5 152.5 999 2014011700 37.5 172.5 976 W 956 1.36

267 2014011912 32.5 162.5 990 2014012012 37.5 177.5 956 W 948 2.02 

268 2014012700 47.5 157.5 986 2014012800 52.5 167.5 962 W 960 1.09 

269 2014013018 47.5 152.5 994 2014013118 52.5 162.5 960 W 960 1.55 

270 2014013112 32.5 192.5 1000 2014020112 32.5 192.5 983 E 982 1.14 

271 2014020412 37.5 152.5 989 2014020512 47.5 152.5 959 W 959 1.47 

272 2014022606 37.5 162.5 994 2014022706 42.5 172.5 960 W 956 1.82 
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ID Start Time La. 
(°N) 

Lo. 
(°E) 

St. P. 
(hPa) 

End Time La. 
(°N) 

Lo. 
(°E) 

En. P. 
(hPa) 

W/E P. Min. 
(hPa) 

Ber. 

273 2014030506 32.5 137.5 1002 2014030606 42.5 147.5 967 W 967 1.87 

274 2014030812 37.5 172.5 989 2014030912 47.5 187.5 962 E 958 1.32 

275 2014032012 37.5 142.5 989 2014032112 42.5 147.5 962 W 962 1.44 

276 2014032918 42.5 172.5 991 2014033018 52.5 177.5 967 W 963 1.09 

277 2014080918 52.5 162.5 1001 2014081018 52.5 167.5 977 W 977 1.09 

278 2014091812 37.5 152.5 996 2014091912 47.5 157.5 964 W 961 1.57 

279 2014092600 42.5 152.5 1000 2014092700 47.5 162.5 976 W 976 1.17 

280 2014100706 42.5 162.5 978 2014100806 47.5 182.5 950 E 948 1.37 

281 2014101200 32.5 167.5 997 2014101300 37.5 167.5 976 W 976 1.24 

282 2014103006 47.5 172.5 1000 2014103106 57.5 182.5 965 E 963 1.50 

283 2014110200 42.5 137.5 1002 2014110300 47.5 142.5 971 W 956 1.52 

284 2014110700 37.5 152.5 984 2014110800 52.5 167.5 927 W 924 2.59 

285 2014111218 42.5 147.5 997 2014111318 52.5 147.5 972 W 972 1.14 

286 2014111900 37.5 167.5 992 2014112000 47.5 197.5 954 E 949 1.86 

287 2014120412 37.5 142.5 1004 2014120512 47.5 162.5 962 W 956 2.06 

288 2014120618 47.5 217.5 986 2014120718 57.5 207.5 959 E 959 1.16 

289 2014121100 42.5 137.5 1000 2014121200 47.5 147.5 975 W 974 1.22 

290 2014121612 42.5 137.5 982 2014121712 42.5 142.5 956 W 956 1.39 

291 2014121612 42.5 182.5 983 2014121712 47.5 197.5 958 E 958 1.22 

292 2014122012 42.5 137.5 993 2014122112 52.5 142.5 954 W 954 1.77 

293 2014122212 42.5 162.5 988 2014122312 52.5 172.5 955 W 954 1.50 

294 2014122506 42.5 162.5 990 2014122606 52.5 172.5 961 W 958 1.32 

295 2014122912 37.5 147.5 993 2014123012 47.5 157.5 949 W 947 2.15 
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