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ABSTRACT

The eastern North Pacific Ocean has the highest density of tropical cyclone genesis 

events of any tropical basin in the world, and many of these systems form near land before 

moving westward. However, despite the level of tropical cyclone activity in this basin, and the 

proximity of the main genesis region to land, tropical cyclone behavior in the eastern North 

Pacific has been relatively unexplored.

When synoptic conditions are favorable, moisture from northward-moving tropical 

cyclones can be advected into northern Mexico and the southwestern United States, often leading 

to the development of summertime thunderstorms during the North American monsoon season. 

An interaction with a mid-latitude trough produces the most rainfall, and the spatial variability of 

precipitation is greatly affected by the complex topography of the region. Moisture can be 

advected from a tropical cyclone around the subtropical ridge in place for much of the eastern 

North Pacific hurricane season and contribute to precipitation. This ridge, when it extends 

westward over the Pacific Ocean, can also prevent tropical cyclone moisture from impacting the 

southwestern United States.

Northward-moving tropical cyclones often enter an environment with decreasing sea 

surface temperatures, increasing vertical wind shear, and meridional air temperature and 

moisture gradients. These key ingredients for extratropical transition are generally present in the 

eastern North Pacific, but the subtropical ridge prevents many named systems from moving 

northward, and only 9% of eastern North Pacific tropical cyclones from 1970 to 2011 complete 

ET according to cyclone phase space. However, over half of the systems that do not complete ET 

dissipate as cold core cyclones, a structural change that has yet to be explored in other tropical 
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basins.

It is difficult to estimate tropical cyclone intensity in a vast ocean area with few direct 

measurements available. The deviation angle variance technique, an objective method 

independent of the current techniques widely used today, was successfully applied to seven years 

of eastern North Pacific tropical cyclones. The RMS error of 13.5 kt for all seven years is 

comparable to the RMS errors found for other basins.
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CHAPTER 1: INTRODUCTION

1.1 Background of the eastern North Pacific

The eastern North Pacific basin encompasses the region north of the equator from the 

western coast of Mexico and Central America to 140 ºW. This basin has the greatest number of 

tropical cyclogenesis events per unit area and per unit time of all tropical basins across the globe 

(Molinari et al. 2000) (Figure 1.1a).  Most eastern North Pacific tropical cyclones form near the 

coast and move parallel to or westward away from land (Figure 1.1b).  As a result, the densest in 

situ observations tend to occur near the time of genesis due to the tropical cyclone’s proximity to 

land and decrease as the system develops and moves over the open ocean.
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Figure 1.1. (a) Genesis locations for all tropical cyclones (TCs) that reached intensities of 34 kt 
or greater from 1970 to 2011 in the National Hurricane Center best track (Davis et al. 1984). (b) 
Genesis locations and subsequent tracks for TCs in the best track from 2001 to 2011.

The official eastern North Pacific hurricane season monitored by the National Hurricane 

Center (NHC) begins May 15 and ends November 30 each year. These dates conventionally 

delineate the period in which tropical cyclones form. The frequency increases in the summer 

months, with peak activity in August (Figure 1.2).

Figure 1.2. The number of TCs reaching intensities of 34 kt or greater that formed per month 
during the official hurricane season over the period 1970-2011 as given by the NHC best track 
(Davis et al. 1984).

The mean circulation patterns during the eastern North Pacific hurricane season include a 

dominant subtropical ridge located, on average, north of 25 ºN that extends from near the surface 

to above 500 hPa (Figure 1.3). The mid-latitude baroclinic zone is located to the north of this 

subtropical ridge. From November through March, the ridge is essentially non-existent over the 

southern United States and Mexico as the wintertime jet dominates. As the days grow longer and 

daytime heating increases beginning in April, the ridge re-develops over southern Mexico and 

builds northward, establishing itself over northern Mexico by June (Figure 1.3a). This ridge is 

strongest and achieves its most northerly position in July and August (Figure 1.3b), shrinking in 
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size starting in September (Figure 1.3c) as summer transitions to autumn and the days grow 

shorter. Mid-latitude systems such as shortwave troughs and cutoff lows protrude farther 

southward as the ridge retreats (e.g., Figure 1.3c,d), thereby reducing the distance between the 

main region of tropical cyclogenesis and the baroclinic zone.

Figure 1.3. Average monthly 500 hPa geopotential heights from the ERA-Interim reanalysis 
over the period 1981-2010 for a) June, b) July, c) September, and d) October.

On interannual time scales, the dominant circulation patterns are modified by the El 

Niño-Southern Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO). ENSO represents 

an oscillation between above average, normal, and below average sea surface temperatures 

(SSTs) in the central and eastern North Pacific, which influences the zonal atmospheric 

circulation in the tropics. During a warm event, more intense tropical cyclones occur due to 

increased SSTs and decreased vertical wind shear, whereas in a cold event, the opposite occurs 
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(Gray and Sheaffer 1991; Camargo et al. 2007). However, the number of tropical cyclones does 

not seem to change, regardless of the ENSO phase (Whitney and Hobgood 1997). On longer 

time scales, the PDO, an ENSO-like signal that has the strongest impact on SSTs north of the 

tropics and a secondary impact in the tropics proper (Mantua et al. 1997), appears to modulate 

activity such that El Niño is enhanced (suppressed) and La Niña is suppressed (enhanced) in a 

warm (cold) PDO event.

Many eastern North Pacific tropical cyclones form from tropical easterly waves. The 

origin of these waves may be traced back to Africa (e.g., Lawrence 1999; Knabb et al. 2008) or 

to the Caribbean Sea, where a sign reversal of the meridional potential vorticity (PV) gradient 

can reinvigorate pre-existing easterly waves that have traveled across the tropical Atlantic Ocean 

or even generate these waves (Molinari et al. 1997; Serra et al. 2010). Genesis can also occur 

when an easterly wave interacts with an enhanced region of relative vorticity ahead of the wave 

on the western side of the Sierra Madre mountain chain in Mexico (Zehnder 1991). Barotropic 

instability, such as that caused by horizontal shear, can lead to the breakdown of the intertropical 

convergence zone (ITCZ), resulting in a distortion of the PV gradient and the development of PV 

centers that can lead to cyclogenesis (Guinn and Schubert 1993).

Tropical cyclogenesis can also occur independently from tropical easterly waves. A band 

of cyclonic relative vorticity exists parallel to the topography along western Mexico, and this 

region can invigorate disturbances propagating into the region and lead to cyclogenesis (Zehnder 

and Gall 1991a). Zehnder and Gall (1991b) demonstrated that, in addition to tropical easterly 

waves, mesoscale convective systems (MCSs) moving into the eastern North Pacific from 

Mexico can interact with this band of cyclonic relative vorticity and develop into tropical 
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cyclones.

On intraseasonal timescales, the Madden-Julian oscillation (MJO; Madden and Julian 

1994) has been observed to influence cyclogenesis in the eastern North Pacific (e.g., Molinari et 

al. 1997; Maloney and Hartmann 2000; Aiyyer and Molinari 2008; Serra et al. 2010). The 

convective phase of the MJO is accompanied by westerly wind anomalies that enhance low-level 

cyclonic shear and vorticity, producing an environment more favorable to cyclogenesis. In 

addition, this oscillation modulates the intensity of the aforementioned PV gradient and thus can 

impact the easterly waves entering the eastern North Pacific basin.

Once a tropical cyclone forms in this basin, it moves generally westward, away from 

land, where it eventually dissipates over the open ocean. This dominant track pattern can be 

attributed to the subtropical ridge in place over the southwestern United States and Mexico for 

much of the hurricane season (Figures 1.3, 1.4a).  The subset of tropical cyclones that have a 

northward component to their motion tend to move over cooler SSTs and lower ocean heat 

content (OHC) off the coast of northern Mexico (Figure 1.4b).  As waters around 26 ºC are only 

marginal for tropical cyclone development (Gray 1968), weakening and eventual dissipation 

occur after tropical cyclones move into this region.

Monitoring tropical cyclone activity is not a simple task. Unlike the populated continents, 

few surface and upper-air measurements are made over the tropical oceans. There are in situ 

observations on islands and in buoy arrays such as the Tropical Atmosphere Ocean project 

(Hayes et al. 1991), but those measurement locations are sparse and far from one another. 

Intermittent atmospheric measurements can also be obtained from ships. This distinct lack of 

widespread, direct measurements presents difficulty when forecasters assess the current position 
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and intensity of a tropical cyclone as well as predict its future motion.

Figure 1.4. June-July 2001-2011 (a) TC tracks superimposed on average 500 hPa geopotential 
heights (m) and (b) TC tracks superimposed on average SSTs (ºC).

Satellite observations provide much better spatial and temporal coverage of the tropics, 

particularly geostationary meteorological satellites, which offer the most continuous source of 

tropical cyclone observations and view the entire tropical region. Imagery from satellites can be 

used to evaluate the position of an existing tropical cyclone, particularly when an eye is present. 
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As longer wavelengths, particularly those in the microwave region (19-91 GHz) of the electro-

magnetic spectrum, are not as readily absorbed by cloud droplets as infrared radiation (e.g., 10.7 

μm), microwave sensors on satellites provide a view of the structure of a tropical cyclone below 

the highest cloud tops and improve position estimates. However, in order to maximize the spatial 

resolution of these data, microwave sensors are installed on polar-orbiting satellites rather than 

geostationary satellites and thus observe a given tropical system only one or two times per day.

Unfortunately, these satellite observations cannot directly measure the intensity of a 

tropical cyclone. As a result, indirect methods have been devised in order to estimate intensity 

from satellite data. The first such method, the Dvorak technique (Dvorak 1975, 1984), is the 

most widely used method. It utilizes infrared satellite imagery to evaluate the structure of the 

tropical cyclone against four primary patterns: curved band, shear, eye, and central dense 

overcast. The original Dvorak technique provides a subjective intensity estimate that depends on 

the analyst's expertise. It is possible for multiple experienced analysts to come up with different 

estimates of intensity for the same storm at the same time using the same guidelines outlined in 

the Dvorak technique. Due to this subjectivity, there is a distinct need for more, independent 

estimates of tropical cyclone intensity.

Satellite data can provide information on tropical cyclone location in addition to estimates 

of intensity. Knowledge of the position of a particular system is important for accurate watch and 

warning information to be issued as well as initializing model forecasts and intensity estimation. 

Also, historical track data are important for studies of tropical cyclone behavior within a 

particular basin. However, the location of the storm center can be difficult to find, particularly 

when that center is obscured by convection or the system is disorganized. As with the Dvorak 
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technique, the center position located by one analyst can vary from that found by another as a 

result of subjective methods used to locate that center. One method to objectively determine the 

center of a tropical cyclone is ARCHER (Automated Rotational Center Hurricane Eye Retrieval; 

Wimmers and Velden 2010), which shows promise in even high vertical wind shear conditions.

Best track databases such as that provided by the National Hurricane Center for the North 

Atlantic and eastern North Pacific are the result of multiple experienced forecasters searching for 

the best center estimate based on storm motion at each synoptic time. These data are critical for 

studies of seasonal track distributions, shifts based on ENSO phase, potential changes as a result 

of climate change, and many other research questions.

Eastern North Pacific tracks from the National Hurricane Center show most tropical 

cyclones in this basin moving westward for much of their lifetimes (e.g., Figure 1.4). The less-

frequent northward-moving systems generally interact with a mid-latitude trough or a weakness 

in the ridge induced by one of these troughs (e.g., Ritchie et al. 2011). Recurvature from a 

northwestward to a northeastward direction of motion often results from this interaction and can 

cause the tropical cyclone to make landfall on the Mexican coast. Loss of life and millions of 

dollars in damage can result from landfalling tropical cyclones (e.g., Blake and Pasch 2010). 

High winds associated with the system impact coastal communities, but the complex topography 

rapidly erodes the low-level circulation. However, the moisture from these systems can persist, 

causing hazards such as flooding and mudslides. It is thus imperative for us to improve our 

understanding of the large-scale patterns that can lead to tropical cyclones impacting land and 

equip forecasters with better information with which to warn the public.

Both the Atlantic and eastern North Pacific coasts of Mexico are susceptible to tropical 
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cyclone impacts, whether from landfall or from systems tracking along the coast. Jauregui (2003) 

showed that the highest frequency of landfall occurs in Baja California, exceeding any other 

location on either coast. Moisture from tropical cyclones that hit Baja California is often 

advected into northern Mexico and the southwestern United States. This area comprises a semi-

arid region that receives much of its annual precipitation during the summer months. For 

example, the states of Arizona, New Mexico, and Colorado average about half of their annual 

rainfall from July to September, and most of this precipitation falls from thunderstorms 

generated by the moist, unstable atmospheric conditions associated with the North American 

monsoon (NAM; Adams and Comrie 1997; Higgins et al. 1997). 

The moisture advected from landfalling eastern North Pacific tropical cyclones is a type 

of tropical cyclone remnant, which can range from part of the storm that has been separated from 

the parent circulation to the entire cyclone itself. These tropical cyclone remnants provide an 

additional source of tropical moisture when synoptic conditions are favorable (e.g., Collins and 

Mason 2000; Ritchie et al. 2006; Corbosiero et al. 2009; Ritchie et al. 2011).

Most eastern North Pacific tropical cyclone remnants enter the southwestern United 

States due to an interaction with a mid-latitude trough (Ritchie et al. 2011; Corbosiero et al. 

2009) or a strong subtropical ridge (Ritchie et al. 2011; Wood and Ritchie 2012). Though the 

winds associated with these tropical cyclones typically weaken after making landfall on the 

coastline of Mexico or, rarely, California, the tropical moisture they contain can produce large 

amounts of rainfall after interacting with local topography. However, many factors can influence 

the storm’s interaction with the mid-latitude flow and thus the resulting pattern and intensity of 

precipitation. This poses a significant forecast problem, particularly in a region where heavy 
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precipitation is a relatively rare occurrence.

For the subset of tropical cyclones that move northward in the eastern North Pacific, there 

is potential for extratropical transition (ET) to occur. The ET of tropical cyclones is a common 

process in many of the ocean basins around the world in which tropical cyclones develop, 

including the western South Pacific, the western North Pacific, the North Atlantic, and the 

southeastern Indian Oceans (Foley and Hanstrum 1994; Klein et al. 2000; Hart and Evans 2001; 

Sinclair 2002). Tropical cyclones that transition into extratropical cyclones can re-intensify post-

ET and carry damaging winds, high seas, and heavy precipitation to regions that are rarely 

impacted by tropical cyclones (e.g., Jones et al. 2003). The timing of ET, as well as the strength 

of the post-ET cyclone, has been historically difficult to forecast.

ET refers to the transition of a symmetric, warm-cored tropical cyclone into an 

asymmetric, cold-cored extratropical cyclone (e.g., Klein et al. 2000). This process often occurs 

as a poleward-moving tropical cyclone recurves due to the increasing influence of the mid-

latitude westerlies, in many cases steered by a mid-latitude trough. As the tropical cyclone moves 

poleward into the mid-latitude baroclinic zone, it begins to entrain equatorward-moving dry air 

into its circulation, eroding deep convection on one side of the storm. The other side of the storm 

entrains moist, poleward-moving air, allowing that side to maintain convection. Further 

asymmetry is produced by the increased motion of the storm once it enters the mid-latitude 

westerlies, which also leads to higher winds on one side of the cyclone. Environmental vertical 

wind shear also increases in the mid-latitude regime, which accelerates the rate at which the 

cyclone entrains environmental air and tilts the vortex toward the northeast. During this process, 

the energy source for the cyclone changes from latent heat release through condensation to 
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baroclinic instability processes. The combination of high winds and rapid forward motion of the 

post-ET cyclone can lead to hazardous ocean conditions (e.g., MacAfee and Bowyer 2005). A 

mid-latitude trough or mature extratropical cyclone is not necessary to trigger the ET of a 

tropical cyclone, but the presence of such a system can enhance its impacts.

Jones et al. (2003) noted that the presence of a strong subtropical ridge in this basin 

precludes ET from occurring. However, rare cases have been documented (e.g., Wood and 

Ritchie 2012), and further investigation of ET in the eastern North Pacific is merited particularly 

in view of the potential important landfall impacts of these systems.

1.2  Motivation for research

The eastern North Pacific contains a plethora of potential research questions. The 

questions to be addressed in this work largely build upon previous work done in this and other 

tropical basins. This work will begin by expanding the Ritchie et al. (2011) study that covered 43 

cases of tropical cyclone remnants influencing the southwestern United States from 1992-2005. 

This previous study found four subjectively determined large-scale patterns that led to tropical 

cyclones impacting this region using two separate global data sets. The related work presented 

here will cover the period 1989-2009 and apply a single global reanalysis, the ERA-Interim, to 

examine atmospheric fields. An objective methodology will be applied to find distinct patterns, 

and these patterns will be compared to those subjectively found in the previous study. These 

patterns should provide forecasters in the region with an additional aid to use in the prediction of 

these events.

The second part of this study will build the first climatology of extratropical transition in 
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the eastern North Pacific. The life cycle of every tropical cyclone from 1970-2011 will be 

described using cyclone phase space, a published methodology to evaluate tropical cyclone 

structural evolution. Atmospheric patterns related to the subset of cases that complete ET in this 

basin will then be explored. The structural changes and environmental conditions related to these 

changes will also be investigated. In addition, the database of ET-ing tropical cyclones 

constructed from this work will be compared to the database of tropical cyclones impacting the 

southwestern United States from 1989 to 2009.

The third part of this study will apply an objective measure of tropical cyclone intensity 

from satellite data, the deviation angle variance technique, to the eastern North Pacific basin. 

This recently developed method provides an independent estimate of tropical cyclone intensity 

that does not rely on any element of the Dvorak technique (Piñeros et al. 2008; 2011). In order to 

evaluate its ability in the eastern North Pacific, the 2005-2011 period will be explored to create 

training data that can then be applied to estimate intensity in this basin. This will provide a 

platform on which to produce real-time intensity estimates during future hurricane seasons.

The rest of the dissertation is structured as follows. The data used and the methodology 

applied in this work are described in chapter 2. Chapter 3 builds a climatology of warm-season 

impacts on the southwestern United States using objective analysis methods. Chapter 4 

categorizes all tropical cyclones from the NHC best track and constructs a climatology of the 

subset that complete ET in the eastern North Pacific for the 1970-2011 period. Chapter 5 applies 

the DAV technique to tropical cyclones in the eastern North Pacific over the period 2005-2011. 

Chapter 6 provides an overall summary of the work presented in this dissertation and discusses 

future work.
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CHAPTER 2: DATA AND METHODOLOGY

This chapter provides an overall description of the data used throughout the dissertation 

as well as a discussion of the analytical and statistical methods applied to the work described in 

the following chapters.

2.1  Reanalysis data

A reanalysis is a cohesive data set that provides a spatially and temporally complete 

description of multiple atmospheric variables. It is produced by an individual version of a data 

assimilation system and a single forecast model in order to ensure consistency as the data are 

produced. Therefore, no changes in method occur over the period of the analysis as might occur 

with successive changes to operational forecast models. A requirement of reanalysis data is that 

the resulting estimated values must be consistent with observations and with physical laws. The 

assimilation system and forecast model ingest and compare observed data from a variety of 

sources and use that information to extrapolate the conditions at nearby unobserved locations as 

well as push the compiled information forward in time for temporal consistency. In this way the 

model forecasts future observations from information at the analysis time.

A reanalysis data set thus provides a single, physically consistent data source from which 

numerous diagnostics can be performed to explore regional climatologies and climatic trends. In 

the data-sparse regions of the tropics, the ingestion of satellite-derived information in the 

production of the reanalysis is critical in producing accurate representations of atmospheric 

fields.

In order to generate a reanalysis, data assimilation must be performed in order to 
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incorporate observations into the analysis produced by the forecast model. An example of data 

assimilation is the combination of available observations with information provided by a forecast 

model that is then used to estimate the state of the atmosphere and the surface at that time. The 

result, after undergoing variational analysis, can then initialize the next forecast generated by the 

model. Two types of data assimilation are commonly seen in modern reanalyses: 3DVAR (three-

dimensional variational) data assimilation and 4DVAR (four-dimensional variational) data 

assimilation.

3DVAR is a maximum likelihood approach that uses iterative solution methods to 

minimize the cost function in order to produce an analysis for a given time. This is an 

improvement over optimum interpolation (OI) because OI is direct and often requires data 

selection in order to reduce the amount of information processed through the method. 3DVAR 

can handle much larger data sets and apply operators more efficiently.

3DVAR assumes that all the data occur at the time for which the analysis is generated. 

However, assimilation often covers a multiple hour window, such as 6 h, and all data within that 

window is assumed to occur in the center of that window at the given analysis time. Since 

atmospheric features can form, develop, or dissipate in that time, errors are introduced by this 

method. To reduce these errors, 4DVAR introduces the time dimension into the assimilation 

process. This is accomplished by generating a model forecast from a given time, t1, for a later 

time, t2, but observations that had been made at t2 are used to adjust the forecast for t2 such that 

the model output is closer to the observations at that later time. 4DVAR is computationally more 

expensive than 3DVAR, but it offers improvements in exchange for the added expense. For 

example, 4DVAR is capable of generating accurate analyses of large-scale circulation patterns in 
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the troposphere based simply on surface pressure observations.

A number of reanalyses were used in this work for a variety of reasons, and the salient 

aspects of each data set will be described below.

The global, 6-hourly, spectral T159 model resolution European Center for Medium-

Range Weather Forecasts (ECMWF) 40-year reanalysis (ERA-40; Uppala et al. 2005) covers the 

period September 1957 – August 2002. The ERA-40 was produced from a 3DVAR data 

assimilation system that used a 6-h observation assimilation period centered on the synoptic 

times of 0000, 0600, 1200, and 1800 UTC. The ERA-40 atmospheric data used in this work 

include 11 variables on 23 pressure levels, and the ERA-40 surface data contain 46 analysis 

variables. These data, transformed from T159 to T85 (nominally 1.4-degree) resolution, were 

obtained from the Research Data Archive (RDA), which is maintained by the Computational and 

Information Systems Laboratory (CISL) at the National Center for Atmospheric Research 

(NCAR) at http://dss.ucar.edu.

The global, 6-hourly, T255-(nominally 0.7-degree) resolution ECMWF interim reanalysis 

(ERA-Interim; Dee et al. 2011) covers the period 1979 to the present. The ERA-Interim was 

intended in part to prepare for a larger reanalysis project planned by the ECMWF that will span 

the entire twentieth century. It was also undertaken in order to address issues with data 

assimilation encountered during the production of the ERA-40. 4DVAR data assimilation is 

implemented in the generation of the ERA-Interim. This uses 12-h assimilation periods to 

generate analyses at each of the four synoptic times. The ERA-Interim atmospheric data used in 

this work include 14 variables on 37 pressure levels, and the ERA-Interim surface data contain 

48 variables. These data were also obtained from the RDA hosted by NCAR.



29

The Climate Forecast System Reanalysis (CFSR; Saha et al. 2010) is a global, 6-hourly 

data set that covers the period 1979-2010 at T382 resolution. This reanalysis couples the ocean 

and the atmosphere while producing the 6-h forecast from the assimilated model and observation 

analysis and also utilizes an interactive sea-ice model. All available satellite and conventional 

observations were included in the data assimilated into the CFSR. 3DVAR data assimilation was 

applied to generate the CFSR. In this data set, vortex relocation is applied to tropical cyclones, 

which means that the vortex is either relocated from its first-guess position to its best track 

position or inserted if it is too weak in or absent from the first-guess field. Atmospheric data at 

0.5-degree resolution on 37 pressure levels were obtained from the RDA hosted by NCAR for 

use in this work.

The Japanese 25-year reanalysis (JRA-25; Onogi et al. 2007) is a global, 6-hourly data set 

that initially covered the period 1979-2004 at T106 resolution and has since been expanded 

through 2011. Numerous conventional and satellite observations were incorporated in the 

3DVAR data assimilation, which was performed over 6-h periods to generate the reanalysis. The 

JRA-25 was the first reanalysis to incorporate wind profiles computed from best track data for 

tropical cyclones in order to improve the representation of these systems. This resulted in smaller 

differences in position and stronger intensities in the reanalysis (Hatsushika et al. 2006). 

Atmospheric data for 12 variables at 1.25-degree resolution, most of which were on 23 pressure 

levels, were obtained from the RDA hosted by NCAR for use in this work.

The 20th Century Reanalysis (Compo et al. 2011) is a global, 6-hourly data set that covers 

the period 1871-2010 at T62 resolution and 28 vertical levels. The only observations assimilated 

into the model are those of surface pressure, with boundary conditions supplied by monthly SST 
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Figure 2.1. Example plots of 500 hPa geopotential height on 1200 UTC 2 October 1989 from (a) 
the ERA-40 reanalysis, (b) the ERA-Interim reanalysis, (c) the CFSR, (d) the JRA-25 reanalysis, 
(e) the 20th century reanalysis, and (f) the NARR.

and sea-ice distributions. The International Best Track Archive for Climatic Stewardship 
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(IBTrACS; Kruk et al. 2010) is also included to better represent tropical cyclones. An ensemble 

Kalman filter (Evensen 2003) is used to assimilate these observations, and the first guess is given 

by a global model forecast ensemble. The result is an analysis every 6 h as well as an estimate of 

the uncertainty of that analysis. Atmospheric data at 2-degree resolution were obtained from the 

RDA hosted by NCAR, and some first-look images were generated by the National Oceanic and 

Atmospheric Administration (NOAA)/Earth System Research Laboratory (ESRL)/Physical 

Sciences Division (PSD) plotting page at http://www.esrl.noaa.gov/psd/data/gridded/ 

data.20thC_ReanV2.html.

The North American Regional Reanalysis (NARR; Mesinger et al. 2006) is the only 

reanalysis used in this work that does not have global coverage. Instead, it spans the region of 

North America and surrounding oceans within corners delineated by the following coordinates: 

12.2 ºN, 133.5 ºW; 54.5 ºN, 152.9 ºW; 57.3 ºN, 49.4 ºW; and 14.3 ºN, 65.1 ºW. The analyses 

have a spatial resolution of 32 km and a temporal resolution of 3 h, covering the period 1979 to 

the present. A fixed version of the NCEP Eta model and its 3DVAR data assimilation system are 

utilized to generate the NARR data. The Noah land-surface model is also applied, and with the 

assimilation of detailed precipitation observations in conjunction with using this model, the 

NARR provides a high-quality evaluation of hydrologic variables over land and of land-

atmosphere interactions (Mesinger et al. 2006). However, the regional rather than global 

coverage of this reanalysis precludes its use over much of the eastern North Pacific basin.

2.2  Other data

Geostationary Operational Environmental Satellite (GOES) water vapor (WV; 6.7μm) 
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and infrared (IR; 10.7μm) satellite imagery taken every 3 h are used in much of the research 

presented in this dissertation. These images were obtained from the Global International Satellite 

Cloud Climatology Project (ISCCP) B1 Browse System (GIBBS) at the National Climatic Data 

Center (http://www.ncdc.noaa.gov/gibbs/). Data was obtained from both the eastern (GOES-E) 

and western (GOES-W) satellites.

Other GOES data in AREA file format are routinely downloaded from the Space Science 

and Engineering Center (SSEC) at the University of Wisconsin-Madison and archived on servers 

in the Department of Atmospheric Sciences at the University of Arizona. These data were 

processed using the McIDAS (Man Computer Interactive Data Access System) software 

package. GOES-W is located at 135 ºW and covers most, but not all, of the eastern North Pacific 

basin. GOES-E is located at 75 ºW and provides coverage of the easternmost portion of the 

eastern North Pacific basin.

Six-hourly, 1-degree Final Operational Global Analysis (FNL) data from the Global 

Forecast System (GFS) used by the National Centers for Environmental Prediction (NCEP) 

cover the period August 1999 to the present. These data are prepared operationally from the 

Global Data Assimilation System (GDAS) and used to initialize the next GFS run. Unlike 

reanalysis data, the FNL analyses are not generated from a constant version of the GDAS, so the 

methodology evolves over time. The FNL atmospheric data used in this work contain 7 variables 

on 26 pressure levels. These data were also obtained from the RDA hosted by NCAR.

NOAA optimum interpolation SST data (Reynolds et al. 2007) use information from 

ship, buoy, and satellite infrared (Advanced Very High Resolution Radiometer; AVHRR) and 

microwave (Advanced Microwave Scanning Radiometer; AMSR) observations to create an 0.25-
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degree gridded analysis. A data set that uses AVHRR data but excludes AMSR information is 

also available as AMSR data availability began in 2002; the period covered is 1981 to the 

present. The data used in this work was obtained from NOAA/ESRL/PSD at 0.5-degree 

resolution hosted at http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.highres.html.

Climate Prediction Center (CPC) unified U.S.-Mexico daily gridded precipitation 

analyses give rainfall information from 1200 UTC to 1200 UTC ending on the given date. These 

data are based on station gauges in Mexico and the United States. The period covered is 1948-

2009. Data were obtained from NCEP/NOAA at ftp://ftpprd.ncep.noaa.gov/pub/precip/wd52ws/ 

us-mex.

The NHC best track data set (HURDAT) for the eastern North Pacific (Davis et al. 1984) 

covers the period 1949 to 2011. It provides latitude and longitude values for the center location 

of a tropical cyclone to the nearest tenth of a degree every six hours at the synoptic times of 

0000, 0600, 1200, and 1800 UTC, as well as the maximum sustained 1-minute winds in knots 

and the minimum sea level pressure in millibars. It should be noted that the 6-h position of a 

tropical cyclone represents the large-scale motion of the storm at that time rather than the exact 

location of the center. Information used in the compilation of the best track for each storm is 

restricted to ship observations, rare land observations, and occasional aircraft reconnaissance 

prior to 1961, when the satellite TIROS III first observed a tropical cyclone in the eastern North 

Pacific. Since then, satellite information has provided valuable observations of tropical cyclone 

activity in this basin.

The Oceanic Nino Index (ONI) from NOAA is a 3-month running mean of SST 

anomalies in the Niño 3.4 region that covers 5 ºS to 5 ºN and 120 to 170 ºW. ONI data can be 
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found at http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.shtml. 

SST changes in the Niño 3.4 region have the strongest impact on shifts in precipitation in the 

western Pacific, and the location of that area of precipitation heavily influences the location of 

heating that then drives much of the global atmospheric circulation (Trenberth 1997). As a result, 

ONI values calculated from the Niño 3.4 region provide a useful metric for exploring ENSO 

events in relation to eastern North Pacific tropical cyclones.

2.3  Analytical and statistical methods

2.3.1  Deviation angle variance technique

The Dvorak technique for satellite-derived estimation of tropical cyclone intensity 

mentioned in Chapter 1 presents inherent difficulties due to its subjective nature. More objective 

measures of intensity based on the original Dvorak technique have been developed as a result. 

The first, the Objective Dvorak Technique (ODT), uses computer-based algorithms to reduce the 

subjectivity of the estimate (Velden et al. 1998), including the use of concentric rings to 

determine the temperature surrounding the center. However, the accuracy of the ODT decreases 

as the center becomes harder to define, a characteristic of weaker and/or highly sheared tropical 

cyclones. Olander et al. (2007) made further improvements to the method by adding regression 

equations to create the Advanced Dvorak Technique (ADT). The application of an objective 

center finding method removes subjectivity from the ADT, but it continues to apply the decision 

tree introduced in the original Dvorak technique.

A recently developed method, the Deviation Angle Variance (DAV) technique, calculates 

the gradient of brightness temperature in an image to determine a tropical cyclone's level of 
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symmetry (Piñeros et al. 2008; 2011). The basic premise of the technique is that the more 

symmetric the cloud structure becomes, the more intense the tropical cyclone is. Ritchie et al. 

(2012) further constrained the technique by using center fixes from the NHC best track database 

as the location at which the DAV was calculated. They found improvements in overall root mean 

square (RMS) error as a result of this change. An important factor regarding the DAV method is 

that it provides an objective estimate of intensity that requires only infrared data and is 

completely independent of the original and modified Dvorak techniques. Not only can this 

technique provide an estimate of the intensity of a tropical cyclone, but it can also objectively 

locate cloud clusters that show signs of organization in the form of increased symmetry, which 

acts as an indicator of cyclogenesis (Piñeros et al. 2010). This provides another parameter to 

forecasters when evaluating potential regions of interest in a particular tropical basin.

In order to apply the DAV technique to an IR image, the image is first subjected to a low-

pass filter to reduce noise. Then, the gradient vector of brightness temperature at every pixel in 

the image is calculated using the Sobel operator (Bow 2002), given by

.                         (2.1)

This operator centers a 3×3 box on the pixel and computes the horizontal (Wx) and vertical (Wy) 

components of the gradient vector by convolving a matrix filter with the image. The gradient 

vector at each pixel is then compared to a radial line extending from the center point to a set 

radius. The angle between the radial line and the gradient vector at that pixel is the deviation 

angle. If the tropical cyclone resembles a perfectly axisymmetric vortex, the gradient vector will 

point along the radial line, resulting in a deviation angle of zero. The measured angles thus 
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increase with increasing asymmetry.

A frequency histogram is then created from all the deviation angles measured within the 

given radius. The variance computed from this frequency histogram is the DAV value in degrees 

squared. High DAV values thus represent unorganized or asymmetric systems, while low DAV 

values correspond to highly axisymmetric, well-organized tropical cyclones. Figure 2.2 gives a 

graphical depiction of the process used in the DAV technique.

Figure 2.2. Procedure for the DAV technique. From left to right: IR satellite image and 
calculation center point; example of a deviation angle; histogram of deviation angles; map of 
DAV values being calculated from the IR image at each pixel. From Piñeros et al. (2010).

2.3.2  Stitching of infrared imagery

Geostationary satellite imagery provides the highest temporal resolution for the 

application of the DAV technique. The GOES-W satellite nearly covers the entire eastern North 

Pacific basin, but limb effects at the edge of the instrument's field of view prevent observations 

over the southeastern corner of the region where many tropical cyclones develop. As a result, 

data from both GOES-W and GOES-E were stitched together to create imagery that spanned the 

full basin.

In order to create these stitched images, 4 km per pixel data from each satellite is rectified 

to 10 km per pixel and cropped to a specified region. GOES-W data are cropped to cover 

between 93.4 ºW and 170.5 ºW and 2.1 ºS and 39.3 ºN, and GOES-E data the same latitude range 



37

and between 79.0 ºW and 114.9 ºW. Then, the images at each time are processed into a single 

MATLAB data file, retaining GOES-W data west of 110.4 ºW and GOES-E data east of this 

longitude. A slight offset between the west and east portions of each image is inevitable due to 

the 15-minute time difference between the GOES-W and GOES-E data. The final images span 

the region from 2.1° S to 39.3° N and 170.5° W to 79.0° W at a spatial resolution of 10 km per 

pixel (e.g., Figure 2.3). This region covers the entire eastern North Pacific basin and allows for 

the inclusion of tropical cyclones that formed east of 140° W and then tracked into the central 

Pacific basin.

Figure 2.3. Sample image of stitched GOES-W and GOES-E IR satellite data at 10 km 
resolution from 22 June 2010. The GOES-W image was taken at 1430 UTC, and the GOES-E 
image at 1445 UTC.

2.3.3  Empirical orthogonal function analysis

Empirical orthogonal function (EOF) analysis, also known as principal component 

analysis (PCA), is an objective method to find patterns that explain the maximum amount of 

variance in a two-dimensional set of data. In this work, the first dimension, m, is the spatial 
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dimension containing the pattern information, and the second dimension, n, is the sampling 

dimension containing the number of tropical cyclones examined. The results also have two 

dimensions, where the EOFs are the first dimension and the principal components (PCs) are the 

second. EOF analysis is a process intended to find a basis set which explains as much variance in 

a data set as possible through the lowest possible number of unit vectors, or coordinate 

directions. By maximizing eTCe, where eTe = 1 and C  = N-1XXT is the covariance matrix of the 

observations, one can say that the maximum value of the desired squared projection is λ. That is, 

eTCe = λ, where (C ‒ λI)e = 0 if |C ‒ λI| = 0, which corresponds to the “classic” eigenvalue 

problem.

In this study, the singular value decomposition (SVD) method of EOF analysis is used. 

Before the spatial information is reduced from two dimensions, x and y, to one dimension, m, the 

data are weighted by latitude due to the presence of constant grid spacing in the reanalysis even 

as longitude lines converge poleward. The two-dimensional m by n set of data, X, which is 

represented as a matrix, can be factored into three matrices,

X = UΣVT,                                                              (2.2)

where U and V are unitary and Σ is diagonal. The columns of U, m by m, which are the left 

singular vectors of X, provide the EOFs. The columns of V, n by n, which are the right singular 

vectors of X, provide the normalized PCs uniquely associated with each EOF. The singular 

values comprise the diagonal of Σ and are proportional to the square roots of the eigenvalues of 

the EOFs. Note that EOF analysis is performed on the anomalies rather than the full variable 

field. That is, the mean pattern across the number of samples is subtracted from each sample, and 

SVD is performed on the resulting matrix. Results of EOF analysis on the full fields show that 
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the mean dominates the analysis.

The eigenvalues in EOF space indicate how much of the variance is explained by each 

EOF. By sorting the EOFs in order of decreasing eigenvalue, the patterns that explain the most 

variance should be given by the first few EOFs. The North test (North et al. 1982),

,  where  ,                                          (2.3)

is used to find the 95% confidence error of each eigenvalue when plotted in an eigenvalue 

spectrum and thus establish the significance of each. If the error bar associated with a particular 

eigenvalue does not overlap with the error bar of any other eigenvalue, that EOF significantly 

differs from the others and may represent a spatial pattern in the atmospheric variable under 

investigation. The region in which the eigenvalue spectrum changes from a strong slope, where 

EOFs may be significant, to a gradual slope is the point at which higher order eigenvalues are 

assumed to be noise. It must be stated that an EOF is a mathematical construct, so care must be 

taken when examining each EOF pattern to establish its physical significance, especially near the 

edges of the domain where physical information is incomplete.

Not all spatial fields can be treated equally in EOF analysis. For example, 500 hPa 

geopotential height patterns are spatially continuous and do not have regions where the values 

drop to zero. Conversely, standard EOF analysis of precipitation fields tends to produce highly 

localized, “bulls-eye” type features due to the heterogeneous nature of rainfall distributions in 

space. In order to minimize these unphysical results, EOFs can be rotated. That is, the 

orthogonality constraint is relaxed in order to better represent fields with large spatial variability 

and zero value regions. In this study, the varimax criterion (Kaiser 1958), 



40

,                                            (2.4)

was applied in order to create rotated EOFs (REOFs). Equation (2.4) gives the sum of the 

(column) variances of the squared elements of the loadings matrix, A.

The method for determining explained variance from the eigenvalues for the REOFs 

differs from that used for standard EOFs. First, the covariance matrix, C, is computed, where

C = (N-1)-1XTX.                                                           (2.5)

In equation (2.5), N is the number of rainfall swaths included in the analysis, and X is the time-

space matrix of the data. Second, a downsized matrix, E, is created from the ten leading EOFs 

found using SVD. A new matrix, R, is computed from E and C, where

R = ETCE.                                                              (2.6)

The rotated eigenvalues are the values along the diagonal of R.

In order to plot an EOF pattern such that it resembles a map of a physical field, the 

normalized PC corresponding to that EOF is regressed back onto the original data. This provides 

a pattern of the anomalies represented by that EOF with physical units. To examine what 

physical pattern that represents, the anomalies are added to the mean of the fields used in the 

EOF analysis.

2.3.4  Cyclone phase space

Cyclone phase space (CPS; Hart 2003) can describe the evolution of a tropical cyclone 

throughout its entire lifetime. CPS is constructed by determining the system's thermal symmetry 

and thermal wind. The thermal symmetry parameter, B, where

,                      (2.7)
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is a measure of the difference in geopotential thickness between the right and left sides of the 

tropical cyclone relative to its direction of motion. The values of geopotential thickness are 

computed in the 900-600 hPa layer from gridded analyses or reanalyses. Low B values (< 10 m) 

denote a symmetric circulation, and high B values (> 10 m) an asymmetric circulation. In 

equation (2.7), h has a value of 1 in the northern hemisphere and a value of -1 in the southern 

hemisphere.

The thermal wind, -VT, is a measure of the thermal structure of the tropical cyclone and is 

given by

, where ΔZ = Zmax – Zmin.                              (2.8)

A warm-cored cyclone has decreasing geostrophic winds with height, and a cold-cored cyclone 

has increasing geostrophic winds with height. The thermal wind is computed from the slope of 

the cyclone height perturbation, ΔZ, with altitude. Thus, a positive value of -VT represents a 

warm core within the layer over which the thermal wind is computed, and a negative value 

represents a cold core. An example of the result of these calculations is given in Figure 2.4.

CPS can be used to determine the nature, whether it be warm-cored, cold-cored, 

symmetric, or asymmetric, of any type of cyclone. It can also describe a cyclone's structural 

evolution throughout its lifetime. In Chapter 4, CPS is used to evaluate the evolution of tropical 

cyclones in the eastern North Pacific and to distinguish those tropical cyclones that undergo 

extratropical transition.
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Figure 2.4. CPS constructed from 900-600 hPa thermal wind (-VT
L) and 900-600 hPa symmetry 

parameter (B) for Hurricane Rick in 2009.
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CHAPTER 3: IMPACT OF EASTERN NORTH PACIFIC TROPICAL CYCLONES ON 
WARM-SEASON RAINFALL IN THE SOUTHWESTERN UNITED STATES

3.1  Background and methodology

Moisture transported from the eastern North Pacific Ocean and the Gulf of California is 

the main contributor to rainfall during the NAM, but other sources also provide moisture for 

summertime thunderstorms. Surges of cool, moist low-level air can propagate northward up the 

Gulf of California from the eastern North Pacific and produce environmental conditions that are 

conducive to deep convection (Stensrud et al. 1997; Fuller and Stensrud 2000; Higgins et al. 

2004). Commonly known as “gulf surges,” these events can be initiated by the passage of 

tropical easterly waves (Stensrud et al. 1997). The intensity and impact of these gulf surges vary 

based on the timing of the easterly wave and its interaction with a mid-latitude trough 

propagating east over the western United States (Stensrud et al. 1997). Gulf surges can also be 

triggered by a tropical cyclone passing near the mouth of the Gulf of California (Douglas and 

Leal 2003; Higgins and Shi 2005).

In addition to these gulf surge events, subtropical upper-level lows that propagate 

westward along the southern periphery of the subtropical ridge (Finch and Johnson 2010) can 

influence upper-level dynamics and enhance convective precipitation in the NAM region 

(Douglas and Englehart 2007; Bieda et al. 2009). The number of subtropical upper-level troughs 

that occur during a single monsoon season can greatly impact overall summertime rainfall 

amounts in a given year (Douglas and Englehart 2007).

The frequency of the aforementioned sources are themselves influenced by intraseasonal 

and interannual variability associated with NAM rainfall (e.g. Higgins et al. 1999; Englehart and 
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Douglas 2006; Douglas and Englehart 2007). Other, less regular sources of moisture during the 

NAM have the potential to contribute significant amounts of summer rainfall if the frequency 

and/or intensity of precipitation resulting from any or all of these more common sources 

decrease. As mentioned in Chapter 1, tropical cyclone remnants provide an additional 

intermittent but significant source of tropical moisture to Mexico and the southwestern United 

States during the NAM.

In order to evaluate the impact of these remnants on the region, Ritchie et al. (2011) 

investigated 43 cases of eastern North Pacific tropical cyclone remnants that influenced the 

southwestern United States from 1992 to 2005. These tropical cyclone remnants were sorted into 

five groups based on large-scale spatial patterns (Figure 3.1). Two of the patterns involved 

trough interactions, and two of the patterns were based on the strength of the subtropical ridge. 

However, the groups were subjectively determined, two separate data sets were used to examine 

atmospheric variables due to the different time periods covered, and the study covered only 14 

years of data. This part of the work presented in this dissertation builds on the aforementioned 

study to expand the data set from 14 to 21 years, spanning the period 1989-2009. It utilizes a 

single reanalysis, the ERA-Interim, to explore atmospheric fields.

Both tropical cyclones and TC remnants were explored in this study. A TC remnant was 

defined as the entire tropical cyclone system after the NHC had ceased tracking it or a cohesive 

moisture segment that separated from the parent circulation under the influence of environmental 

upper-level flow, the same definition applied in the Ritchie et al. (2011) study.

All tropical cyclones that came within 550 km of the Mexican or Californian coastlines in 

HURDAT (Davis et al. 1984), following the methodology from Engelhart and Douglas (2001), 
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were examined to determine their impact on Mexico and the southwestern United States. In 

addition, all tropical cyclones that did not come within 550 km of the coast were tracked in WV 

imagery in order to assess whether or not any moisture was advected over land. This resulted in 

167 tropical cyclones over the 21-y period. Each tropical cyclone in this database was tracked to 

determine the point at which it interacted with the large-scale flow. As this was the point at 

which the storm recurved or otherwise deviated from its previous motion vector, it was denoted

Figure 3.1. 500 hPa geopotential height composites (m) centered on the TC for (a) Group 1, (b) 
Group 2, (c) Group 3, and (d) Group 4 from Ritchie et al. (2011).
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the “turning point.” For example, Hurricane Greg from the 1993 Pacific hurricane season moved 

parallel to the Mexican coast before it was deflected westward by the subtropical ridge (Figure 

3.2). The time at which the turning point occurred was labeled the “0 h” time for later analysis. 

Geopotential height fields at 500 hPa centered on the location of the tropical cyclone at this time 

were extracted from the ERA-Interim reanalysis in order to objectively evaluate the patterns 

using EOF analysis (section 2.3.3). The significance of EOF patterns of 500 hPa geopotential 

heights was evaluated using the North test (eq. 2.3). As each of the fields that went into the EOF 

analysis was distinct from all others in time, 167 degrees of freedom were used to compute the 

confidence limits.

Figure 3.2. ERA-Interim 500 hPa geopotential height field at 1200 UTC 17 August 1993. TC 
symbol shows the location of Hurricane Greg when the system was deflected away from the 
coast by the subtropical ridge to the northwest of the TC.

In order to find rainfall associated with every system, each tropical cyclone was tracked 
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throughout its lifetime until the system could no longer be distinguished in WV satellite imagery 

(IR was used whenever WV was unavailable). Any moisture associated with the system, whether 

it was the tropical cyclone or TC remnant itself or moisture advected from the circulation by a 

large-scale feature, was tracked in order to generate a swath for each system. The resulting track 

was used to extract a rainfall swath for each tropical cyclone from the CPC unified U.S.-Mexico 

gridded precipitation analyses. Previous studies of the impacts of eastern North Pacific tropical 

cyclones on North America have also utilized manual precipitation tracking (e.g., Smith 1986).

Patterns of precipitation were then explored using these swaths. Rainfall contributions 

from three pairs of tropical cyclones were indistinguishable from each other, thus this data set is 

comprised of only 164 swaths, rather than 167 swaths.

Maximum covariance analysis (MCA) is a technique that takes two separate data sets 

with the same number of samples and objectively finds patterns that explain the most covariance 

between the two variables. SVD analysis is performed on the covariance matrix constructed from 

the two data sets, given by

C
XY

 = N-1XYT.                                                          (3.1)

Here, X is the time-space matrix of 500 hPa geopotential heights, and Y is the time-space matrix 

of rainfall swaths. The time dimension is comprised of N = 164 tropical cyclones in common 

between the two data sets.

Once the SVD analysis is complete, the structure of the resulting patterns can be found by 

projecting the data onto the expansion coefficients. The left field data is projected onto the 

expansion coefficient of the right singular vector, and the right field data is projected onto the 

expansion coefficient of the left singular vector.
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3.2  Objectively analyzed patterns

3.2.1  Geopotential height patterns

Figure 3.3 shows the physical representation of the first four EOFs of 500 hPa 

geopotential heights at the 0 h time. The first EOF explains 41.8% of the variance in the data set. 

It shows a subtropical ridge in place over Mexico. The representative tropical cyclone is able to 

move northward around the subtropical ridge as a mid-latitude trough digs south and approaches 

the system. The second EOF explains 17.0% of the variance and exhibits some similarities to the 

EOF1 pattern. However, the tropical cyclone in EOF2 is weaker and is traveling along a 

weakness in the stronger ridge compared with EOF1, and the mid-latitude trough does not dig as 

far south. Even though a trough is present, the EOF2 tropical cyclone largely interacts with the 

strong subtropical ridge.

The third EOF explains 14.6% of the variance in the data set. The representative tropical 

cyclone is weakest in this pattern out of the four leading modes, and the subtropical ridge is 

strongest. A weaker, shallower trough compared to the trough in EOF1 and EOF2 is passing far 

to the north of the tropical cyclone. The tropical cyclone itself is moving through a weakness in 

the ridge. The fourth EOF explains 9.0% of the variance and shows a stronger tropical cyclone 

and a more distinct break in the subtropical ridge compared to EOF3, and the mid-latitude trough 

is stronger and has greater amplitude than that in EOF3. However, the trough is weaker and the 

ridge stronger, particularly to the west of the tropical cyclone, compared to EOF1. All four 

patterns do include a trough of varying intensity.

Only EOF1 and EOF4 from the 500 hPa geopotential heights demonstrated statistical 

significance at the 95% confidence level according to the North test (Figure 3.4). However, all 
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Figure 3.3. Patterns from 500 hPa geopotential heights (m) for (a) EOF1 (41.8%), (b) EOF2 
(17.0%), EOF3 (14.6%), and EOF4 (9.0%).

four of these EOFs exist outside the region of the eigenvalue spectrum in which the amount of 

variance explained levels off. As this indicates potential physical significance, each of the four 

EOFs were discussed due to their representation of realistic patterns.

In order to compare the EOF patterns with the original fields, Figures 3.5 and 3.6 show 

the positive and negative modes of the statistically significant patterns, EOF1 and EOF4. Those 

figures also give the average field from the tropical cyclones whose normalized PC value was at 

least 1.0 or at or below -1.0 for the positive and negative modes, respectively. (Appendix A lists 

the tropical cyclones included in each average.) Though neither the 26 tropical cyclones in the 
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Figure 3.4. Percent of variance explained for the first ten eigenvalues for 500 hPa geopotential 
heights at the 0 h time and their respective confidence limits according to the North test. Only 
EOF1 and EOF4 are significantly distinct from the other EOFs.

average in Figure 3.5c nor the 30 tropical cyclones in the average in Figure 3.5d comprise the 

entire set of fields that make up each EOF1 mode, they do resemble the EOF patterns in Figure 

3.5a and 3.5b, respectively. The positive EOF1 mode, also shown in Figure 3.3, represents the 

trough pattern found for Group 1 cases by Ritchie et al. (2011) (Figure 3.1a). Conversely, the 

negative EOF1 mode corresponds with the Group 4 ridge blocking pattern that prevents moisture 

from entering the southwestern United States and steers the tropical cyclone away from land 

(Figure 3.1d).

Figure 3.6 focuses on the fourth EOF from the 500 hPa geopotential height analysis. 

Again, the positive EOF4 mode greatly resembles the average of the 26 tropical cyclones with 

the highest PC values for that EOF (Figure 3.6a,c). This pattern also resembles the Group 2 

trough pattern (Figure 3.1b), with a ridge located both east and west of the tropical cyclone as a 

mid-latitude trough protrudes southward toward the system. The negative EOF4 mode in Figure 

3.6b has a meridionally elongated ridge, a pattern also found in the corresponding average field 

(Figure 3.6d), and a trough far to the northwest of the tropical cyclone. The flow pattern between 

the mid-latitude trough and the subtropical ridge in the negative EOF4 mode is capable of 
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advecting upper-level moisture from a tropical cyclone into northern Mexico and the 

southwestern United States while the system itself remains far from land. This pattern 

corresponds well with the ridge pattern found for Group 3 cases in the previous climatology 

(Figure 3.1c).

Figure 3.5. 500 hPa geopotential height patterns from EOF1 for (a) the positive mode and (b) the 
negative mode. Average 500 hPa geopotential height patterns from each mode for (c) 30 tropical 
cyclones with a normalized PC value of 1.0 or greater and (d) 26 tropical cyclones with a 
normalized PC value of -1.0 or less.

The four patterns presented in Ritchie et al. (2011) were determined using subjective 

analysis and a dataset of 43 tropical cyclones, while the EOFs presented here were found using 

objective analysis and a dataset of 167 tropical cyclones. The fact that the statistically significant 
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modes (Figures 3.5, 3.6) resemble the subjectively evaluated groupings (Figure 3.1) validates the 

results shown in the previous climatology.

Figure 3.6. 500 hPa geopotential height patterns from EOF4 for (a) the positive mode and (b) the 
negative mode. Average 500 hPa geopotential height patterns from each mode for (c) 26 tropical 
cyclones with a normalized PC value of 1.0 or greater and (d) 22 tropical cyclones with a 
normalized PC value of -1.0 or less.

3.2.2  Rainfall patterns

Figure 3.7 shows the first four REOFs computed for the 164 rainfall swaths in the data 

set. REOF1, which explains 30.5% of the variance, shows that the dominant regions of 

precipitation are along the western coast of Mexico and along the Gulf states of Texas and 

Louisiana, with less rainfall occurring in the southwestern United States. REOF2, explaining 
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16.4% of the variance, has a maximum of precipitation farther south along the Mexican coast, 

with little precipitation occurring in Arizona westward and a secondary peak located in Texas, a 

similar location to the secondary peak in REOF1. The rainfall distribution of REOF3, which 

explains 13.4% of the variance, is similar to REOF1 along the west coast of Mexico, though the 

peak is displaced southward, and little rainfall occurs in the United States. Rainfall in REOF4, 

explaining 10.9% of the variance, is almost completely confined to Mexico, with minimal 

amounts of rainfall extending north of the border.

Only the first REOF is statistically significant at the 95% confidence level (Figure 3.8). 

Unlike the eigenvalue spectrum for 500 hPa geopotential heights (Figure 3.4), the REOF 

eigenvalue spectrum does not fully level off in the first ten eigenvalues, showcasing the high 

level of variability in the rainfall swath data set.

Though there is increased variability compared with the 500 hPa geopotential height EOF 

patterns, each REOF does resemble individual cases. REOF1 corresponds with Group 1 cases as 

well as some Group 2 cases due to the secondary peak in rainfall north of the Gulf of Mexico. 

The overall precipitation amounts in the southwestern United States are generally lower than 

those from rainfall east of the region due to the additional advection of moisture from the Gulf of 

Mexico as the trough moves over the central United States. It should be noted that 1-degree data 

were used to generate these rainfall swaths, and precipitation in the southwestern United States is 

often highly localized. REOF2 compares favorably with Group 2 cases, which recurve farther 

south, generally at a stronger intensity than those that recurve farther northward. Group 1 and 2 

cases were subjectively separated in Ritchie et al. (2011) based on the recurvature latitude of the 

tropical cyclones, so it is not surprising to discover that the REOF analysis does not discriminate 
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as clearly between the rainfall patterns from these two types.

Figure 3.7. Patterns from rainfall swaths (mm) for (a) REOF1 (30.5%), (b) REOF2 (16.4%), 
REOF3 (13.4%), and REOF4 (10.9%).

REOF3 resembles cases that travel parallel to the Mexican coastline and do not fully 

recurve but instead have some moisture advected into northern Mexico and the southwestern 

United States by a mid-latitude trough or a strong subtropical ridge. REOF4 appears similar to a 

handful of unusual cases that had moisture advected northward and eastward as the tropical 

cyclone tracked toward Baja California.

As discussed in Section 3.1, MCA was performed between the rainfall patterns and the 
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Figure 3.8. Percent of variance explained for the first ten rotated eigenvalues for all rainfall 
swaths and their respective confidence intervals as described in section 3.1. Only EOF1 is 
significantly distinct from the other EOFs.

500 hPa geopotential height fields in order to objectively establish relationships between them. 

MCA is viable for this comparison as the root-mean-square covariance (RMSC) value was 0.12, 

and an RMSC value of 0.1 or greater is typically found for strong correlation (Wallace et al. 

1992). This supports the assumptions previously made regarding the relationships between 500  

hPa geopotential height patterns and rainfall for this study. The RMSC is found by dividing the 

squared covariance by the product of the variance of the two data sets and taking the square root 

of the result (eq. 3.2). Figure 3.9 shows the patterns from the first and second modes of the 

analysis.

The first MCA pattern explains 79.4% of the covariance between the two data sets, and 

the discussion of the MCA results will thus focus on this pattern. The positive mode of the 500 

hPa geopotential height pattern (Figure 3.9a) is similar to the positive mode of the fourth EOF 

(Figure 3.6a) even though EOF4 explained only 9.0% of the variance in the 500 hPa geopotential 

height fields. Conversely, the positive mode of the precipitation pattern (Figure 3.9c) resembles 

the leading REOF for rainfall (Figure 3.7a), which explained 30.5% of the variance in the rainfall 

swaths. The main reason for this is REOF1 patterns produce the most rainfall, and tropical 
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cyclones that recurve under the influence of the positive EOF4 pattern tend to be stronger and 

result in more precipitation than other cases, especially when additional moisture is advected 

from the Gulf of Mexico into the central United States in association with the mid-latitude trough 

that interacted with the tropical cyclone.

Figure 3.9. 500 hPa geopotential height patterns (m) from the first MCA pattern for (a) the 
positive mode and (b) the negative mode. Rainfall swath patterns (mm) from the first MCA 
pattern for (c) the positive mode and (d) the negative mode.

The negative MCA mode in the 500 hPa geopotential heights (Figure 3.9b) corresponds 

well with the westward-extending ridge of the negative mode of EOF1 (Figure 3.5b) but also 

exhibits a low-amplitude trough signature similar to the negative mode of EOF4 (Figure 3.6b). 
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The corresponding rainfall pattern (Figure 3.9d) has precipitation largely confined to Mexico, but 

some rainfall occurs in the southwestern United States in association with the ridge advecting 

moisture into the region. The presence of a trough provides a source of upper-level forcing, 

which can lead to precipitation resulting from the tropical cyclone's moisture. If such a trough is 

not present, diurnal heating would need to provide the necessary uplift for the development of 

summertime thunderstorms when moisture is advected by the subtropical ridge.

The MCA patterns in Figure 3.9 also resemble patterns from Ritchie et al. (2011), 

particularly between the positive MCA mode and the Group 2 cases in the 500 hPa geopotential 

height patterns. This objective analysis of the relationship between 500 hPa geopotential heights 

and rainfall swaths thus provides additional support for the findings presented in the previously 

published climatology.

3.2.3  No U.S. rain

The cases comprising the negative mode of EOF1 in the 500 hPa geopotential height 

fields (Figure 3.5b) generally do not produce rain north of Mexico due to the strength and 

position of the subtropical ridge. As all tropical cyclones that moved within 550 km of the 

Mexican or Californian coastlines between 1989 and 2009 were included in this study (Section 

3.1), the data set naturally includes cases that did not produce rain in the United States. However, 

it should be noted that all 167 tropical cyclones produced some rain in Mexico.

It can be difficult to predict whether or not a tropical cyclone approaching the northern 

Pacific coast of Mexico will bring rain to the southwestern United States. To compound the 

problem, Ritchie et al. (2011) showed that the advection of moisture in the form of cloud cover 

from a tropical cyclone or TC remnant into the southwestern United States can impact 
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temperatures in the region even when that remnant moisture does not produce rainfall. It is thus 

important to also examine the large-scale patterns that exist for those cases that caused 

precipitation in Mexico but not north of the border.

Out of 167 tropical cyclones examined over the 21-y period, 37 did not produce rainfall 

in the United States, comprising 22.2% of the data set (see Appendix A for a list of these cases). 

An EOF analysis was performed on this subset of cases in order to examine atmospheric features 

in place during these events. As only the first EOF was statistically significant by the North test 

(eq. 2.3), only the positive and negative modes of EOF1 are shown in Figure 3.10.

Figure 3.10. Statistically significant 500 hPa geopotential height EOF patterns for 37 no-rain 
cases. (a) Positive mode of EOF1 and (b) negative mode of EOF1. EOF1 explained 40.0% of the 
variance in the no-rain cases.

The positive mode of EOF1 for the no-rain cases (Figure 3.10a) is similar to the negative 

mode of EOF4 from all 167 cases (Figure 3.6b). However, unlike Figure 3.6b, the positive mode 

of the no-rain EOF1 pattern does not show a signature of a tropical cyclone at 500 hPa, and the 

trough to the northwest of the system is much farther north. The negative mode of the no-rain 

EOF1 pattern (Figure 3.10b) resembles the negative mode of EOF1 from all 167 cases (Figure 
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3.5b) and is almost identical to the 22-TC average 500 hPa geopotential height field shown in 

Figure 3.5d. The strength and position of the subtropical ridge, and the presence or absence of a 

mid-latitude trough, thus heavily influences the likelihood of impacts in the southwestern United 

States from a tropical cyclone moving parallel to the Mexican coast. These are factors for 

forecasters to consider when evaluating the potential rainfall impacts of a tropical cyclone in this 

region.

3.3  Examples

3.3.1  Tropical Storm Lowell (2008)

Tropical Storm Lowell formed in September 2008 from the interaction of an easterly 

wave and a surface trough (Blake and Pasch 2010). It first tracked northwestward around the 

subtropical ridge before a mid-latitude trough approached the tropical cyclone from the 

northwest. Lowell recurved due to the increasing influence of the mid-latitude trough, though it 

weakened to a tropical depression before making landfall in southern Baja California. Though 

Lowell never intensified past 45 kt, the interaction between the system's remnant moisture and 

the mid-latitude trough produced heavy rainfall across parts of Mexico and the central United 

States (Figure 3.11), setting records in some locations (Blake and Pasch 2010). This tropical 

cyclone is an example of the first EOF pattern discussed in Section 3.2.1 (Figure 3.2) and the 

first REOF pattern discussed in Section 3.2.2 (Figure 3.7). It also corresponds with the positive 

mode of the first MCA pattern (Figure 3.9a,c).
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Figure 3.11. (a) Rainfall swath (mm) for Tropical Storm Lowell in 2008. (b) ERA-Interim 500 
hPa geopotential heights (m) at 0000 UTC 10 September 2008, with current position and future 
motion indicated. (c) GOES-W water vapor satellite image at 0000 UTC 10 September 2008. (d) 
GOES-W water vapor satellite image at 1200 UTC 11 September 2008.

3.3.2  Tropical Storm Calvin (2005)

Tropical Storm Calvin formed in June 2005 from a tropical easterly wave (Knabb et al. 

2008). Initially moving parallel to the Mexican coast, it then turned west-northwestward under 

the influence of a subtropical ridge (Figure 3.12). Easterly wind shear prevented the tropical 

cyclone from exceeding 45 kt and eventually weakened the system to a tropical depression. The 
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remnant low tracked westward and eventually turned more northward due to the steering of the 

subtropical ridge before dissipating.

Figure 3.12. (a) Rainfall swath (mm) for Tropical Storm Calvin in 2005. (b) ERA-Interim 500 
hPa geopotential heights (m) at 1800 UTC 29 June 2005, with current position and future motion 
indicated. (c) GOES-W water vapor satellite image at 0000 UTC 27 June 2005. (d) GOES-W 
water vapor satellite image at 1800 UTC 29 June 2005.

Rain associated with Tropical Storm Calvin occurred along the coast of Mexico before 

the tropical cyclone moved away from land (e.g., Figure 3.12c). High precipitation amounts 

occurred as a result of Calvin's slow motion while near the coast. As the system was steered over 
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open ocean, rain ceased, and no impacts occurred in northern Mexico or the southwestern United 

States. Figure 3.12d shows the clouds and upper-level moisture associated with Tropical Storm 

Calvin, now a tropical depression degenerating into a remnant low, moving away from the coast 

at 1800 UTC 29 June. Conversely, no clouds and little moisture is present in northern Mexico. 

Tropical Storm Calvin is thus an example of a no-rain case and corresponds to the second EOF 

pattern for non-rain cases (Figure 3.10b).

3.4  Variability

The dominant circulation features shown in Section 3.2.1 consist of the subtropical ridge 

in place for much of the hurricane season (e.g., Figure 1.3) and the eastward-propagating mid-

latitude troughs that can weaken or even break the ridge pattern and interact with tropical 

cyclones moving around the periphery of the ridge. These features vary in position and intensity 

during the season, as the ridge builds during the early summer and weakens during the fall. The 

effects can be observed in the monthly distribution of tropical cyclones affecting Mexico and the 

southwestern United States (Figure 3.13).

The distribution of tropical cyclones that did not produce rain in the United States is 

skewed toward the beginning of the season, with the peak occurring in July. Conversely, the peak 

of all 167 tropical cyclones is skewed toward the later part of the season, with a strong peak 

occurring in September. Both peaks are offset from the overall tropical cyclone activity peak, 

which is equally distributed between July and August (Figure 1.2). As the subtropical ridge 

responsible for the majority of blocking events is strongest in July (Figure 1.3b), this correlates 

well with the peak of non-rain cases. When the ridge weakens later in the season and mid-



63

Figure 3.13. Monthly frequency of all 167 tropical cyclones over the period 1989-2009 (light 
orange and red) and the subset of 37 tropical cyclones that did not produce rain in the United 
States (red only).

latitude troughs propagate farther southward, the likelihood of a tropical cyclone interacting with 

a trough increases, which correlates well with the late-season peak of tropical cyclones causing 

rain in the United States (Figure 1.3c,d).

The number of tropical cyclones leading to precipitation north of the Mexican border 

varies from year to year (Figure 3.14). The highest number of these events occurred in 1992, 

which was also the most active eastern North Pacific hurricane season on record (Lawrence and 

Rappaport 1994). As the raw number of yearly tropical cyclones can be misleading, Figure 3.10 

also shows the annual percentage of TC-related rain events in the United States. Using this 

metric, fewer than half of the tropical cyclones in 1992 produced precipitation in the United 

States, while 70% of the tropical cyclones in 1995 caused some rain to occur north of the border.

A major influence on interannual variability in the eastern North Pacific is ENSO. In 

order to look at the impact of ENSO on tropical cyclones influencing the southwestern United 

States, ENSO seasons were chosen based on the ONI index (Section 2.2). If the July-August-

September 3-month index value exceeded 0.5 or went below -0.5 and subsequently intensified, 
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Figure 3.14. Total number of eastern North Pacific TCs per year (violet) and number of TCs that 
brought at least 1 mm of rain to some part of the U.S. (green) over the period 1989-2009. The 
black line indicates the annual percentage of TCs impacting the U.S. compared to the annual 
total.

that year was denoted as either an El Niño or a La Niña season, respectively. This resulted in five 

El Niño seasons (1991, 1997, 2002, 2004, 2009) and four La Niña seasons (1998, 1999, 2000, 

2007). It should be noted that the two years with the highest percentage of TC-related rain 

events, 1995 (70%) and 2008 (56%), were neither an El Niño or La Niña season. This is also true 

for the three years with the lowest percentage of TC-related rain events, 1994 (24%), 2001 

(27%), and 2005 (27%).

An average of 6 tropical cyclones produced measurable rainfall in the United States in 

each El Niño season compared with 5 tropical cyclones in each La Niña season. The average 

number of non-rain-producing tropical cyclones was very similar between warm and cold events. 

The distribution of tropical cyclones in each of these years is shown in Figure 3.15.

According to these results, ENSO does not appear to affect the number of eastern North 

Pacific tropical cyclones that produce precipitation in the United States. Gutzler et al. (2012) 

showed that, over the period 1951-2006, the number of near-coastal cyclones (tropical cyclones 

that move within 550 km of the North American coast) increases during La Nina years compared 

with El Nino years. However, that increase is only notable during the early part of the season 
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Figure 3.15. Non-rain (orange), rain (green), and total tropical cyclones (light blue) for the El 
Niño (red box) and La Niña (blue box) seasons from 1989 to 2009.

from May through July. During this period, the position of the subtropical ridge (Figure 1.3a,b) 

allows TC-related rainfall to impact Mexico but generally steers these systems away from the 

southwestern United States. As a result, even if more tropical cyclones impact the Mexican coast 

during cool ENSO events as opposed to warm ENSO events, the general circulation prevents 

these near-coastal cyclones from impacting the southwestern United States.

3.5  Summary

This chapter presented an updated climatology of eastern North Pacific tropical cyclone 

impacts on warm-season rainfall in the southwestern United States. The objectively analyzed 500 

hPa geopotential height patterns from 167 cases over the period 1989-2009 compared favorably 

with the subjective patterns found by Ritchie et al. (2011) from 43 cases over the period 1992-

2005. As in the previous study, a mid-latitude trough is generally present, either directly 

interacting with the tropical cyclone or inducing a break in the ridge such that the tropical 

cyclone or its remnant can enter northern Mexico and the southwestern United States. The first 

rainfall REOF pattern appeared to share characteristics from both Groups 1 and 2, but the second 
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rainfall REOF pattern highlighted the eastward-displaced tracks of tropical cyclones that recurve 

farther south, the Group 2 cases. A subset analysis of cases that did not cause rain in the United 

States displayed a strong subtropical ridge as the major feature responsible for preventing TC-

related moisture from entering the southwestern United States. Patterns found via MCA also 

supported the conclusions made in the Ritchie et al. (2011) study.

Since ENSO directly impacts SSTs and subsequently large-scale atmospheric patterns in 

the eastern North Pacific, this phenomenon was examined in relationship to the set of 167 cases. 

However, ENSO does not appear to have much of an impact on the frequency of tropical 

cyclones influencing the southwestern United States.
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CHAPTER 4: EXTRATROPICAL TRANSITION IN THE EASTERN NORTH PACIFIC

4.1  Background and methodology

As discussed in Chapter 1, Jones et al. (2003) mentioned that a strong subtropical ridge 

prevents ET from occurring in the eastern North Pacific. However, two individual cases of ET 

have been documented in this basin since that study: Dickinson et al. (2004) explored the ET of 

Hurricane Lester in 1992 as it moved over land and entered the southwestern United States while 

still at tropical storm strength; and Wood and Ritchie (2012) analyzed the ET of Tropical Storm 

Ignacio in 1997, which contributed to measurable precipitation to the southwestern United States 

as a tropical storm and brought rainfall to the northwestern United States after completing ET.

This raises the question: how often does ET truly occur in this basin? Necessary 

ingredients for ET appear to include an increasingly baroclinic environment that includes 

increasing environmental vertical wind shear, decreasing sea surface temperatures (SSTs) and 

sharp SST gradients, and meridional air temperature and moisture gradients along which fronts 

can develop. As many of these conditions are often present in the eastern North Pacific basin, ET 

has likely occurred more often than the two documented cases previously mentioned.

4.1.1  Application of cyclone phase space

In order to evaluate the frequency of ET in the eastern North Pacific, each storm in the 

HURDAT database over the 1970-2011 period was analyzed using the CPS method described in 

Section 2.3.4. This resulted in a database of 631 tropical cyclones that formed east of 140 ºW. 

Grid Analysis and Display System (GrADS) scripts provided by Dr. Hart on his web site 

(http://moe.met.fsu.edu/~rhart/phasescripts/) were utilized to facilitate processing.
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In order to confirm whether or not a tropical cyclone had fully transitioned from one 

phase to another, a transition zone was established between each quadrant. This was done in 

response to a number of tropical cyclones becoming only very weakly cold core or very weakly 

asymmetric near the end of their lifetimes and thus skewing the results of statistics computed for 

individual quadrants. As a result, tropical cyclones with final B values between 9 and 11 m and 

final upper level thermal wind values of -1 to 1 m s-1 were not included in the analyses discussed 

in this chapter.

Figure 4.1. Classification of tropical cyclone types according to the quadrant in which each 
system dissipated.

Tropical cyclones were then classified according to the quadrant in which they existed at 

time of dissipation (Figure 4.1). Systems that remained tropical existed within the symmetric 

warm core quadrant (orange quadrant of Figure 4.1) for most, if not all, of their lifetimes. 

Systems that dissipated within the asymmetric warm core quadrant (magenta quadrant of Figure 

4.1) were classified as “warm core dissipators.” Systems that dissipated within the symmetric 
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cold core quadrant (blue quadrant of Figure 4.1) were labeled “cold core dissipators.” Finally, 

systems that dissipated within the asymmetric cold core quadrant (green quadrant of Figure 4.1) 

were classified as completing ET.

4.1.2  Differences between reanalyses in phase space

Hart (2003) used a phase space constructed of the lower level (900-600 hPa) thermal 

wind and the lower level symmetry parameter, B. That study used 1-degree, 6-hourly analysis 

data to compute CPS parameters, so FNL data are also utilized here to compare with those 

results. However, exploration of both the ERA-Interim and the FNL data sets revealed 

discrepancies in the evaluation of the thermal wind in the 900-600 hPa layer between the two 

data sets (Figure 4.2a,b). Conversely, the 600-300 hPa thermal wind values calculated from the 

two data sets were quite similar (Figure 4.2c,d). Further investigation revealed that the difference 

in the treatment of the boundary layer between the two data sets was largely responsible for these 

discrepancies. As a result, the phase space represented by the 900-600 hPa thickness symmetry 

and the 600-300 hPa thermal wind will be discussed in this analysis. This change from the 

methodology presented in Hart (2003) advanced the ET time, the point at which a cyclone 

entered the asymmetric cold core quadrant of the phase space, by about 6 hours in the eastern 

North Pacific and by up to 1 day in the North Atlantic.
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Figure 4.2. 900-600 hPa thermal wind and B parameter computed for Hurricane Hilary in 2011 
from (a) the ERA-Interim reanalysis and (b) the FNL analysis. 600-300 hPa thermal wind and 
900-600 hPa B parameter computed from (c) the ERA-Interim reanalysis and (d) the FNL 
analysis. A denotes the beginning of Hilary's lifetime; Z denotes the end of Hilary's lifetime.

Due to the discrepancies shown in Figure 4.2 when computing CPS parameters, all 

eastern North Pacific tropical cyclones in the 2001-2010 period were used to compare a total of 

four data sets: the ERA-Interim, the FNL analysis, the CFSR, and the JRA-25 reanalysis. The 

CFSR and the JRA-25 had low position errors according to a study comparing the behavior of 

tropical cyclones in reanalysis data sets to best track information (Schenkel and Hart 2012), so 

these two reanalyses were chosen for comparison with the FNL and ERA-Interim. The period 
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2001-2010 was chosen due to its decade coverage and the data availability of each reanalysis or 

analysis (Section 2.1). CPS frequency diagrams comparing lower-level parameters for each data 

set are shown in Figure 4.3.

Figure 4.3. Frequency diagrams comparing lower-level CPS parameters for the 2001-2010 
period in the eastern North Pacific calculated from (a) the ERA-Interim reanalysis, (b) the FNL 
analysis, (c) the CFSR, and (d) the JRA-25 reanalysis.

The overall shape does not differ greatly between the data sets, but the location of the 

maximum frequency shifts depending on which analysis or reanalysis is being examined. Both 

the FNL and CFSR have a peak in the tropical quadrant. The JRA-25 peak straddles the border 

between the tropical and cold core dissipator quadrants, but it is shifted toward the tropical 

quadrant. Conversely, the peak given by the ERA-Interim frequency diagram is shifted into the 

cold core dissipator quadrant. The frequency of ET is similar in the FNL and ERA-Interim 
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diagrams, but the rate decreases in the CFSR and decreases further in the JRA-25.

Frequency diagrams for the phase space constructed from the upper-level thermal wind 

and the symmetry parameter are shown in Figure 4.4. The overall frequency coverage is more 

similar in these plots compared with Figure 4.3, and the peak frequency occurs in the tropical 

quadrant more consistently. The ERA-Interim and FNL frequency results are nearly identical, 

with only a slight shift in maximum frequency toward the cold core dissipator quadrant in the 

FNL compared with the ERA-Interim. The CFSR also greatly resembles the ERA-Interim. 

However, both the CFSR and the JRA-25 continue to show fewer ET events than the FNL and 

the ERA-Interim. Unfortunately, the number of ET events in the 2001-2010 period decreased 

compared to previous decades, but this time frame had to be examined due to the limited 

Figure 4.4. Same as Figure 4.3 except the comparison is between the upper-level thermal wind 
and the lower-level symmetry parameter.



73

temporal availability of the FNL analysis.

As a result of this comparison, the ERA-Interim reanalysis, along with the ERA-40 

reanalysis prior to 1979, will be used in this study to compute the lower-level symmetry 

parameter and the upper-level thermal wind for every eastern North Pacific tropical cyclone in 

the HURDAT database from 1970 to 2011.

4.2  Climatology of tropical cyclone types

As shown in Chapter 3, some eastern North Pacific tropical cyclones gain a northward 

component to their motion when the subtropical ridge weakens or is broken as a mid-latitude 

trough propagates eastward. Other systems reach intensities strong enough to move along the 

Figure 4.5. Frequency diagram of (a) all 631 TCs, (b) all TCs that complete ET, and (c) all cold 
core dissipators.
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planetary vorticity gradient. Regardless of the cause, this northward motion brings the tropical 

cyclones closer to the baroclinic zone and increases the probability that the storm could begin the 

ET process.

Figure 4.5a shows the frequency of all 631 tropical cyclones over the 42-y period in the 

phase space constructed from the upper level (600-300 hPa) thermal wind and the lower level 

(900-600 hPa) symmetry parameter. This plot demonstrates the tendency of eastern North Pacific 

tropical cyclones to remain symmetric throughout their lifetimes. However, there is a split 

between the warm core and cold core phases.

Figure 4.5b consists of the subset of tropical cyclones that completed ET. There are 58 

tropical cyclones in this category, comprising 9% of the data set. Most of these systems became 

symmetric cold core cyclones prior to completing ET. This category includes Tropical Storm 

Ignacio from 1997, which was shown to complete ET over open ocean (Wood and Ritchie 2012). 

Almost all of these ET events took place in mid-August or later (Figure 4.6), corresponding with 

the weakening of the subtropical ridge and the southward protrusion of mid-latitude troughs as 

summer transitions into autumn (Figure 1.3). It should be noted that the seasonal distribution of 

ET events (Figure 4.6) resembles the seasonal distribution of tropical cyclones that bring rain to 

the southwestern United States (Figure 3.9), with both types of events peaking in September.

The phase space frequency of the subset of tropical cyclones that became cold core 

dissipators is shown in Figure 4.5c. This plot is made up of 343 tropical cyclones comprising 

54% of the data set. Most of these tropical cyclones began as warm cored systems that then lost 

their warm core characteristics as they moved over cooler SSTs and weakened. However, cold 

core dissipators maintain their thermal symmetry rather than becoming asymmetric prior to 
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dissipation. This type of tropical cyclone occurs throughout the hurricane season, following the 

overall frequency of tropical cyclone activity (Figure 4.6).

An average of 4 tropical cyclones per year (169 TCs, or 27%) maintained tropical 

characteristics throughout their lifetimes. About one tropical cyclone every two years (19 TCs, or 

3%) became a warm core dissipator, keeping a warm core but becoming asymmetric prior to 

dissipation.

Figure 4.6. The monthly occurrence of each of the four types of tropical cyclones over the 
period 1970-2011.

The occurrence of each type of tropical cyclone was also compared to ENSO. ONI values 

from NOAA were used to select ENSO events (Section 2.2). El Niño (warm) events were 

selected when the ONI value reached or exceeded 1.0, and La Niña (cold) events were selected 

when the ONI value reached or went below -1.0. A larger threshold value was chosen for this 

study compared to that described in Section 3.3.3 in order to examine only the strongest events in 

the longer time period under consideration here. This selection process produced eight El Niño 

events and nine La Niña events over the 42-y period. When compared with tropical cyclone type 

frequency, more tropical cyclones completed ET in El Niño years. Conversely, more tropical 

cyclones remained tropical throughout their lifetimes in La Niña years. The frequency of warm 
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core dissipators did not appear to be affected by the type of ENSO event, and the percentage of 

cold core dissipators did not greatly differ between warm and cold episodes. A graphical 

comparison is given in Figure 4.7. Overall, more tropical cyclones occurred in the El Niño years 

examined than in the La Niña years, with an average of 16.8 per year during the warm events and 

14.1 per year during the cool events.

Figure 4.7. Percentage of total number of TCs for each type of tropical cyclone between El Niño 
and La Niña events for the period 1970-2011.

The general track pattern varies between tropical cyclone type (Figure 4.8). The 

composite 500 hPa circulation pattern for each track type is also shown in Figure 4.8. The 

dominant trend for tropical cyclones completing ET is to track northward and recurve. These 

systems tend to move around a break in the ridge under the influence of a mid-latitude trough 

(Figure 4.8e). The tropical cyclones that underwent ET dissipate at an average latitude of 28.6 

ºN, more than seven degrees farther northward than the overall average of 21 ºN. Cold core 

dissipators, which comprise more than half of the tropical cyclones over the 42-y period, follow 

the dominant westward pattern under the influence of a subtropical ridge extending west of the 

El Niño

La Niña
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Figure 4.8. Tracks for (a) 58 TCs completing ET, (b) 343 cold core dissipators, (c) 19 warm core 
dissipators, and (d) 169 TCs that remained tropical. (e)-(h) Average 500 hPa geopotential heights 
and general trajectory for each tropical cyclone category.

dateline (Figure 4.8f). A weakness in this ridge will allow some to turn northward before 

dissipating. Warm core dissipators tend to move parallel to the Mexican coastline under the 

influence of a meridionally extended subtropical ridge (Figure 4.8g) and dissipate before or near 

120 ºW. Systems that remain tropical throughout their lifetimes also follow the westward pattern,  

(a) Completed ET

(b) Cold core dissipators

(c) Warm core dissipators

(d) Remained tropical

(e)

(f)

(g)

(h)
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but their average latitude of dissipation is 18.5 ºN, which emphasizes the influence of the 

subtropical ridge on their tracks (Figure 4.8d,h).

It should be noted that the tendency of warm core dissipators to track close to the 

Mexican coast increases the chance that these systems will impact land. Over the 1989-2009 

period examined in Chapter 3, 14 tropical cyclones were warm core dissipators, and 11 of these 

were included in the set of 167 tropical cyclones discussed in that chapter. These systems tend to 

produce rainfall along the Mexican coast due to their proximity to land despite not making 

landfall, and some of their moisture is advected into the southwestern United States by the 

nearby subtropical ridge. This leads to either increased cloud cover or light rainfall over this 

region, and a trough is generally present when rainfall occurs. Increased precipitation can occur 

from Texas eastward due to the Gulf of Mexico providing an additional source of moisture. 

Warm core dissipators that follow a track displaced farther westward produce less rainfall along 

the Mexican coast but can still contribute to rainfall over the southwestern United States when 

moisture is advected into the region.

With respect to the tropical cyclones that complete ET, the number (Figure 4.6) and track 

distribution (Figure 4.9) of these systems varies throughout the hurricane season. Fewer tropical 

cyclones gain a northward component to their track in the months of June and July due to the 

presence of the subtropical ridge during the early part of the season (Figure 1.3a,b), which limits 

the number of these systems that reach the baroclinic zone in the eastern North Pacific. In 

August, more tropical cyclones are able to track northward, and a few recurve under the 

influence of a mid-latitude trough (Figure 4.9c). September, the peak month of ET in the eastern 

North Pacific, has a higher frequency of recurvature and subsequent land impacts from these ET-
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Figure 4.9. Tracks of tropical cyclones undergoing ET separated by the month in which ET 
occurred. (a) June, (b) July, (c) August, (d) September, (e) October, and (f) November.

ing systems (Figure 4.9d). By October, as the subtropical ridge retreats (Figure 1.3d), tropical 

cyclones undergoing ET do not have to travel as far northward before reaching the baroclinic 

zone and often interacting with a southward-protruding mid-latitude trough. The high probability 

(a) June (b) July

(c) August (d) September

(e) October (f) November
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of recurvature in October also increases the likelihood of these systems impacting land (Figure 

4.9e). ET events in November are rare, as few tropical cyclones form in this month, but the one 

case did recurve and bring rain to North America (Figure 4.9f).

Figure 4.10. Tracks of all tropical cyclones superimposed on average June-October NOAA OI 
SST (ºC) for (a) seven El Niño years (114 tracks) and (b) six La Niña years (71 tracks) from 
1982-2011.

Eastern North Pacific tropical cyclone track distribution was also compared between El 

Niño and La Niña years. This analysis was limited to 1982-2011 in order to use the NOAA OI 

SST data. Seven of the original eight El Niño seasons and six of the original nine La Niña 

seasons were included over the 30-y period. The larger distribution of warm SSTs (Figure 4.10a) 

during El Niño events provides a larger region conducive to tropical cyclone genesis and 
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development compared with La Niña events (Figure 4.10b). If the systems that move over 

warmer SSTs subsequently intensify, they can then survive longer over the cooler SSTs and thus 

could move farther northward than their weaker counterparts. In the seven El Niño seasons 

examined, more tropical cyclones moved northward than in the six La Niña seasons. As a result, 

the probability of a tropical cyclone beginning the ET process increases during a warm ENSO 

event, and this is reflected in the increased percentage of completed ET events in El Niño years 

(Figure 4.7).

4.3  Evolution of extratropically transitioning tropical cyclones

4.3.1  Evolution through phase space

As briefly mentioned in section 4.2, tropical cyclones undergoing ET in the eastern North 

Pacific tend to become cold core while maintaining their thermal symmetry prior to completing 

ET. In this basin, SSTs decrease rapidly with increasing latitude, with the 26 ºC isotherm lying 

between 15 and 20 ºN (e.g., Figure 4.11). These cool SSTs contribute to the conversion of a 

warm core system to a cold core system as they do not support sustained tropical convection 

within the cyclone.

Figure 4.11. Average NOAA OI SST (ºC) for August 1982-2011. The 26 ºC isotherm is 
highlighted with a thicker black contour.

In order to compare this pattern of ET evolution with that found in other basins as well as 
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follow methodology found in peer-reviewed literature (e.g., Hart 2003), 900-600 hPa CPS 

parameters were computed from the FNL analysis for all tropical cyclones over the period 2001-

2011 for the eastern North Pacific and North Atlantic basins and for all tropical cyclones over the 

period 2001-2010 for the western North Pacific basin. HURDAT (Jarvinen et al. 1984) provided 

track information for North Atlantic tropical cyclones, and the best track from the Joint Typhoon 

Warning Center (JTWC) provided information for western North Pacific tropical cyclones 

(available online at http://www.usno.navy.mil/NOOC/nmfc-ph/RSS/jtwc/best_tracks/). Over the 

aforementioned periods, there were 150 eastern North Pacific, 174 North Atlantic, and 259 

western North Pacific tropical cyclones reaching intensities of 34 kt or greater.

North Atlantic tropical cyclones that undergo ET generally lose their thermal symmetry 

prior to completing ET according to lower level CPS (Figures 4.12b, 4.13b). These systems 

begin the ET transformation process as they move poleward into the mid-latitude flow as 

documented in a number of previous studies (e.g., Hart and Evans 2001, Hart 2003). North 

Atlantic tropical cyclones spend most of their lifetimes in the symmetric warm core quadrant, 

many of which remain tropical from formation through dissipation. The same is true for western 

North Pacific tropical cyclones (e.g., Klein et al. 2000), with an even stronger peak in the 

tropical quadrant than found in the North Atlantic (Figure 4.12c). These systems also tend to 

become asymmetric prior to completing ET (Figure 4.13c).

Conversely, eastern north Pacific tropical cyclones that weaken after crossing the 26 ºC 

isotherm (e.g., Figure 4.13) lose their warm core yet maintain their thermal symmetry. Many of 

these tropical cyclones end their lives as cold core dissipators, but some do complete ET. The 

general trend for tropical cyclones undergoing ET is to move farther northward than the average
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Figure 4.12. Lower-level (900-600 hPa) phase space frequency plots computed from the FNL 
analysis for (a) 150 eastern North Pacific TCs, (b) 174 North Atlantic TCs, and (c) 259 western 
North Pacific TCs.

 and recurve. The frequency of ET is far lower than that found in other basins; 46% of North 

Atlantic tropical cyclones complete ET (Hart and Evans 2001), and the largest number of ET 

events occurs in the western North Pacific basin (Kitabatake 2011), while only 9% of eastern 

North Pacific tropical cyclones were found to complete ET. Also, as shown in Figure 4.13, ET in 

the eastern North Pacific tends to be weaker than that of its North Atlantic and western North 

Pacific counterparts. Both of these basins lie on the eastern side of a continent over which mid-

latitude troughs can intensify prior to moving over the ocean. Also, both basins have warmer 

SSTs along the coast due to ocean currents advecting warmer water northward (e.g., Figure 

4.11). These SSTs allow tropical cyclones to maintain their intensity at higher latitudes and
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Figure 4.13. Examples of TCs that completed ET in the (a) eastern North Pacific, (b) North 
Atlantic, and (c) western North Pacific. These plots show the phase space constructed from 600-
300 hPa thermal wind and 900-600 hPa thermal symmetry computed from the ERA-Interim 
reanalysis with the exception of Hurricane Norman in 1978, which was computed from the ERA-
40 reanalysis.

 contribute to gradients in temperature and moisture that can help cyclones intensify after ET.

4.3.2  Evolution of mean sea level pressure and sea surface temperature

Figure 4.11 showed the limited extent of SSTs conducive to tropical cyclone development 

in the eastern North Pacific in comparison with the North Atlantic. In order to examine the 

evolution of SST relative to ET, Figure 4.14 gives the average SST value from the NOAA OI 

SST data set computed over a 2º x 2º box centered on each tropical cyclone as it undergoes ET. 
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There is a steady temperature decrease from 48 h prior to ET through 48 h after ET, and the 

initial temperature of about 26 ºC is marginal for tropical cyclone development. Conversely, 

ERA-Interim mean sea level pressure (MSLP), also computed over a storm-centered 2º x 2º box, 

increases over the same time period. Unlike tropical cyclones that complete ET in other basins, 

reintensification after ET is rarely observed in the eastern North Pacific.

Figure 4.14. ERA-Interim mean sea level pressure (hPa; blue) and NOAA OI SST (ºC; orange) 
from a 2º x 2º box average centered on each tropical cyclone relative to ET time. Thick line 
represents average value; thin line represents first standard deviation.

5º x 5º composites of SST centered on the tropical cyclone (Figure 4.15) also show this 

decreasing temperature trend. Only those tropical cyclones that were not very close to land or 

making landfall at ET time were included in the composite calculations. SSTs near the storm 

center are already below 26 ºC 48 h before ET and drop to below 23 ºC by ET time. As a result, 

during the period leading up to the completion of ET, SSTs are no longer conducive to the 

development of the tropical cyclone and thus generally cause the storm to weaken during the ET 

process. This is one of the factors involved in the rarity of reintensification post-ET in the eastern 



86

Figure 4.15. Storm-centered NOAA OI SST composites (ºC) computed from all cases that did 
not make landfall near ET time for (a) 48 h before ET, (b) 24 h before ET, and (c) at ET time.

North Pacific. For those cases that were near land or making landfall close to ET time, the land 

interaction would also lead to weakening. However, these ET-ing tropical cyclones also have 

coastal and inland impacts in the form of wind and precipitation. When a mid-latitude trough is 

involved in the ET process, downstream effects occur over Mexico and the United States as 

demonstrated by many of the tropical cyclones included in the study discussed in Chapter 3.
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4.3.3  Large-scale patterns during extratropical transition

In order to objectively quantify large-scale atmospheric patterns leading to ET in the 

eastern North Pacific basin, EOF analysis (Section 2.3.3) was performed on 500 hPa geopotential 

height fields centered on the storm. Three separate analyses were computed: 24 hours prior to 

completion of ET, the point at which ET was completed, and 24 hours after the completion of 

ET. The ET time was defined as the point just before the system entered the asymmetric cold 

core quadrant in CPS.

Figure 4.16 shows the patterns for the positive and negative mode of the first EOF at each 

time, as the first EOF was significant for all three times (Figure 4.17). The trough interaction for 

the positive mode (Figure 4.16a-c) begins with a mid-latitude system approaching the tropical 

cyclone from the west as the tropical cyclone moves around a subtropical ridge to its east. As the 

trough and tropical cyclone interact, the tropical cyclone becomes an open wave at 500 hPa. A 

fully merged system has formed by 24 hours after ET, and the trough has protruded farther 

southward during the interaction.

The trough interaction for the negative mode (Figure 4.16d-f) is much weaker, and the 

tropical cyclone is propagating northward through a weakness in the subtropical ridge. The 

signature of the tropical cyclone has disappeared at 500 hPa by ET time, and the trough has not 

deepened as a result of the interaction by 24 hours after ET. Also, the subtropical ridge slowly 

increases in strength over the 48-h period shown in Figure 4.16d-f. The second EOF for 24 hours 

prior to ET was also significant, but the patterns were merely variations on the positive mode of 

the first EOF, as the tropical cyclone did not change in strength, but the amplitude and position of 

the trough and the strength of the ridge varied slightly from that shown in Figure 4.16a.
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Figure 4.16. 500 hPa geopotential heights (m) centered on the tropical cyclone for the positive 
mode of the first EOF for (a) 24 hours before ET (38% variance explained), (b) at ET time (44% 
variance explained), and (c) 24 hours after ET (53% variance explained). The negative mode of 
the first EOF is also shown for (d) 24 hours before ET, (e) at ET time, and (f) 24 hours after ET. 
Fields were obtained from the ERA-40 and ERA-Interim reanalyses.
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Figure 4.17. Eigenvalue spectra for 500 hPa geopotential heights (a) 24 h before ET, (b) at ET 
time, and (c) 24 h after ET.

Storm-centered composites were generated in order to examine geopotential heights at 

multiple levels in relation to MSLP. The composite tropical cyclone exhibits a closed signature at 

both the surface and 500 hPa 24 hours prior to ET time (Figure 4.18d). At 300 hPa, the trough 

and ridge pattern continue to exist, but there is no cyclone signature present. The surface ridge to 

the west of the composite tropical cyclone is also present at 700 hPa.
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Figure 4.18. Storm-centered composite (a)-(c) 300 hPa geopotential height (m), (d)-(f) 500 hPa 
geopotential height (m; contours) and MSLP (hPa; shading), and (g)-(i) 700 hPa geopotential 
height (m). The left column is 24 hours before ET, the center column is at ET time, and the right 
column is 24 hours after ET. Data for these composites were obtained from the ERA-40 and 
ERA-Interim reanalyses.

At ET time, the surface circulation continues to exist, but the cyclone has become an 

open wave at 700 and 500 hPa as the mid-latitude trough merges with the system. The trough at 

300 hPa continues to protrude southward toward the tropical cyclone. The composite ridge to the 

east of the cyclone maintains its position and intensity, but the lower-level ridge to the west 

begins retreating westward.
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24 hours after ET, the trough has dug much farther south at 300 and 500 hPa, but there is 

still a weak low pressure signature present at the surface. The signature at 700 hPa shows that the 

cyclone has fully merged with the trough at this level. The composite fields of 500 hPa 

geopotential height shown in Figure 4.18d-f resemble the first EOF from each of the three time 

points examined in the analysis discussed earlier.

Figure 4.19. Storm-centered composite 250 hPa winds (m s-1; vectors) and divergence (1 x 10-5 
s-1; shading) for (a) 24 hours before ET, (b) at ET time, and (c) 24 hours after ET.  Data for these 
composites were obtained from the ERA-40 and ERA-Interim reanalyses.
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Winds and divergence at upper levels were also examined before ET, at ET time, and 

after ET (Figure 4.19). These storm-centered composites show an eastward-propagating mid-

latitude trough approaching the tropical cyclone 24 hours before ET with little associated 

divergence, followed by a sharp increase in divergence as the trough protrudes farther south and 

interacts with the cyclone at ET time. There is continued upper-level divergence 24 hours after 

ET, though it is weaker than that which occurred at ET time.

4.4  Examples

4.4.1  Hurricane Guillermo (1997)

Hurricane Guillermo, the first of two category 5 hurricanes in 1997, formed on July 30 

and reached a peak intensity of 140 kt on August 5. It then slowly weakened as it followed a 

long-lived track, maintaining tropical status until 0000 UTC 16 August, at which time the NHC 

declared it extratropical (Figure 4.20; Lawrence 1999). Hurricane Guillermo is one of the few

Figure 4.20. Intensity (kt; orange) and sea level pressure (hPa; blue) from HURDAT for 
Hurricane Guillermo in 1997. The vertical black line denotes ET time from CPS.
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systems given extratropical status in the NHC best track. The extratropical low pressure system 

that developed as a result deepened and moved slowly eastward, eventually interacting with 

Tropical Storm Ignacio (Wood and Ritchie 2012).

CPS for Hurricane Guillermo denotes ET time taking place between 0000 and 0600 UTC 

17 August (Figure 4.21). It also shows that Guillermo was one of the few ET cases in the eastern 

North Pacific that regained symmetry after completing ET. Most eastern North Pacific cases 

remain asymmetric after ET until dissipation or the cessation of monitoring by the NHC.

Figure 4.21. Cyclone phase space for Hurricane Guillermo (1997).
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Figure 4.22. ERA-Interim MSLP (hPa; shaded) and 500 hPa geopotential height (m; contours) at 
0000 UTC on (a) 15 August, (b) 16 August, (c) 17 August, (d) 18 August, (e) 19 August, and (f) 
20 August. TC symbol indicates reanalysis storm center at surface at given time.

Figure 4.22 steps through the evolution of Hurricane Guillermo at the surface and at 500 

hPa as it undergoes ET and develops after completing the ET process. At 0000 UTC 15 August 
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(Figure 4.22a), Guillermo is weakening from its secondary intensity peak (Figure 4.20) but still 

has a weak circulation at 500 hPa co-located with the surface center. 24 h later, the system 

continues to weaken, and by ET time at 0000 UTC 17 August, the cyclone is an open wave at 

500 hPa (Figure 4.22c). However, the surface pressure begins to decrease after ET (Figure 4.20, 

Figure 4.22d), signifying that reintensification is occurring for the now-extratropical cyclone. 

This deepening process continues, amplifying the 500 hPa trough (Figure 4.22e) and even  

producing a closed circulation at 500 hPa by 0000 UTC 20 August (Figure 4.22f). The shortwave 

trough at 500 hPa on the southeastern edge of the extratropical Guillermo is associated with the 

now-extratropical Tropical Storm Ignacio.

4.4.2  Tropical Storm Rachel (1990)

Chapter 3 demonstrated patterns of 500 hPa geopotential heights that led to tropical 

cyclones impacting the southwestern United States (Figure 3.2). The most dominant pattern 

featured a break in the subtropical ridge and a mid-latitude trough protruding southward toward 

the storm. This type of pattern can also lead to ET in the eastern North Pacific as discussed in 

Section 4.3.2.

Tropical Storm Rachel from the 1990 hurricane season is one such example. This system, 

which formed in late September, initially followed a typical northwestward track parallel to the 

coast of Mexico due to steering imposed by the subtropical ridge (e.g., Figures 4.23a,b). It then 

began recurvature when it interacted with a 500 hPa closed low propagating eastward (Figure 

4.23c). As Rachel underwent the ET process, the closed low became elongated and protruded 

farther southward (Figure 4.23d), eventually becoming a deep mid-latitude trough (Figure 

4.23e). Tropical Storm Rachel completed ET just before 0000 UTC 02 October (Figure 4.23c, 
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4.24b). In the reanalysis, Rachel deepened after ET as it crossed Baja California (Figure 4.23d).

Figure 4.23. ERA-Interim MSLP (hPa; shaded) and 500 hPa geopotential height (m; contours) at 
(a) 0000 UTC 01 October, (b) 1200 UTC 01 October, (c) 0000 UTC 02 October, (d) 1200 UTC 
02 October, and (e) 0000 UTC 03 October. TC symbol indicates HURDAT storm center at given 
time.
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As Rachel accelerated northeastward after ET, the resulting extratropical system brought 

precipitation to northern Mexico, Texas, and the eastern United States (Figure 4.24a). One 

rainfall peak occurred in association with the storm making landfall along Mexico's mountainous 

western coast, and a secondary peak in the eastern United States was a result of the mature 

extratropical low pressure system (e.g., Figure 4.23e). Since Rachel remained far from land early 

in its lifetime, no rain was recorded from the tropical cyclone as it moved parallel to the coast 

prior to recurvature.

Figure 4.24. (a) Rainfall swath (mm) from Tropical Storm Rachel (1990). (b) Cyclone phase 
space for Tropical Storm Rachel (1990).

4.5  Summary

The work presented here constructed the first climatology of extratropical transition in the 

eastern North Pacific over the 42-y period 1970-2011. Using the ERA-40 and ERA-Interim 

reanalyses and the CPS methodology outlined in Hart (2003), all 631 tropical cyclones listed in 

HURDAT for the eastern North Pacific over this period were categorized according to four types: 
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those that remained tropical, those that dissipated while still warm core, those that dissipated 

while still cold core, and those that completed ET. Though far less common than other tropical 

basins, this work established that 9% of the 631 tropical cyclones completed ET. In addition, 

most of these systems became cold core while retaining their thermal symmetry prior to 

undergoing ET. This stands in contrast to other basins such as the North Atlantic and western 

North Pacific, where tropical cyclones undergoing ET retain their warm core but lose their 

symmetry prior to completing ET.

The frequency of each type varied throughout the season except for the cold core 

dissipator category, which followed the overall tropical cyclone frequency during the season. 

Systems that remained tropical tended to occur most often in the months of June and July, while 

systems that completed ET generally did so in the months of September and October. Also, the 

track patterns for each category varied, with a significant amount of northward motion and even 

recurvature occurring with the ET-ing cases, and the cold core dissipators moving farther 

northward than the average eastern North Pacific tropical cyclone.

Due to the northward component to their tracks, tropical cyclones undergoing ET 

encounter rapidly cooling SSTs, a factor which may contribute to their shift from a warm core to 

a cold core system as they begin the ET process. Eastern North Pacific tropical cyclones that 

complete ET rarely reintensify, unlike many ET cases in other basins. Some possible reasons for 

this include the lack of a warm ocean current extending northward, the proximity of the tropical 

cyclones to land, and the stable air masses located over cooler SSTs in the basin.
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CHAPTER 5: OBJECTIVE ESTIMATION OF TROPICAL CYCLONE INTENSITY IN 
THE EASTERN NORTH PACIFIC

5.1  Background and methodology

Apart from the fact that the eastern North Pacific basin has the densest region of tropical 

cyclogenesis of any basin on the globe, the Pacific Ocean itself is distinguished by being the 

largest continuous region of ocean. With little land mass available on which to mount observing 

stations and infrequent aircraft reconnaissance, considerable reliance is placed on remotely-

sensed data in the eastern North Pacific. One technique that has recently been developed as an 

alternative to Dvorak (Dvorak 1975) for estimating tropical cyclone intensity from geostationary 

IR imagery is the deviation angle technique (Piñeros et al. 2008; Ritchie et al. 2012). Here, the 

technique is tested in the eastern North Pacific during the period 2005-2011.

Estimates of intensity from the DAV technique for all storms that reached intensities of at 

least 34 kt were compared to HURDAT (Section 2.2). Spline interpolation was used to match the 

6-h temporal resolution of the NHC best track data with the 30-min temporal resolution of the 

satellite data. The interpolated latitude and longitude were converted to pixel values at 10 km 

spatial resolution per pixel. One degree of longitude equals 111.325 km or 11.1325 pixels, and 

one degree of latitude equals 111.325 km * sec(θ) or 11.1325 * sec(θ) pixels, where θ is degrees 

latitude. In the rare cases when this interpolation produced an erroneous center fix between 6-h 

best track observations, manual correction was applied.

Times when a tropical cyclone was over land were removed from the data set as the rate 

of dissipation of tropical cyclones over land differs from that over open ocean. Tropical cyclones 

with a significant fraction of missing satellite imagery were completely removed from the data 
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set as their life cycle could not be properly captured. This resulted in a total of 90 named storms 

examined in this study, including 21 major hurricanes, 25 category 1-2 hurricanes, and 44 

tropical storms.

As in Ritchie et al. (2012), this study calculates an average DAV value from the nine 

pixels surrounding the pixel location that corresponds to the NHC best track center and uses that 

value to evaluate the intensity. This averaging procedure is performed to allow for minor error in 

the center position. Since tropical cyclone size varies from basin to basin, the DAV for each 

system at every time was computed over eight different radii, every 50 km from 150 km to 500 

km. This produced eight separate DAV values for each image in the data set.

After the DAV had been computed for each tropical cyclone over all available satellite 

images, a training set comprised of every tropical cyclone was compared to the interpolated 

NHC best track wind speeds. In order to do this, a sigmoid was fitted to the median of the scatter 

plot of DAV against best track intensity for each radius in order to estimate the relationship 

between the best track intensity values and the DAV. The sigmoid used is given by

,                                                           (5.1)

where a and b are free parameters determined by the training data, and x is the DAV value. The 

lower sigmoid limit is set to 20 kt, and 185 (165+20) kt is the upper sigmoid limit. These values 

were established by experimentation and examination of the maximum values of DAV calculated 

for the strongest intensities in the tropical cyclone dataset. They differ from those used in the 

North Atlantic and western North Pacific.

Figure 5.1 shows the RMS error (RMSE) as a function of radius for six different sigmoid 

equations. Each equation has a minimum error at 200 or 250 km for the calculation across all 
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Figure 5.1. RMS error curves for six different sigmoid equations for (a) all tropical cyclones, (b) 
all tropical storms, (c) all category 1-3 hurricanes, and (d) all category 4-5 hurricanes. The 
orange line corresponds to equation (5.1). The blue line has limits of 180 and 20 kt, the yellow 
line 190 and 20 kt, the green line 185 and 25 kt, the maroon line 190 and 25 kt, and the light blue 
line 195 and 25 kt.

tropical cyclones (Figure 5.1a), but the three curves with a lower limit of 25 kt have consistently 

higher errors than the three curves with a lower limit of 20 kt. The same is true for the category 

1-3 hurricane intensities (Figure 5.1c). However, for tropical-storm-strength systems, the error 

decreases with increasing radius, and the lowest RMS error values were derived from the 

sigmoid curve with the highest limit values (Figure 5.1b). For the most intense storms, the error 

was high regardless of the limits chosen, but the lower limits improved the error over the higher 

limits (Figure 5.1d). In order to minimize error across the intensity bins, the limits in equation 

(5.1), represented by the orange curves in Figure 5.1, were chosen for the DAV analysis.

Finally, actual estimates of tropical cyclone intensity are made by training from a set of 

six years and testing the seventh. The six-year training set produces a sigmoid that is then 

applied to DAV values from the seventh year. Figure 5.2 depicts the sigmoid curve derived from  
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Figure 5.2. (a) Scatter plot of DAV values and best track intensity for a 200-km radius from the 
training set comprised of 2005-2011. The overlaid solid blue line represents the sigmoid fit 
relating DAV and intensity for these data. (b) Individual example of DAV intensity estimates 
from all eight radii for Hurricane Cosme in 2007.
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the scatter plot of best track intensity and DAV values in order to determine the relationship 

between the two parameters as given by the training set of all seven years, 2005-2011. The 

shading indicates the number of samples that corresponded to a given DAV value and NHC best 

track intensity value. The sigmoid, given by equation (5.1), is then fitted to the median DAV 

value for a given intensity.

Figure 5.2 also gives an example of DAV intensity estimates throughout the lifetime of an 

individual tropical cyclone, Hurricane Cosme in 2007. The colored curves in Figure 5.2b signify 

the eight different radii used to compute the DAV value for every image in the tropical cyclone's 

lifecycle. Each of these curves show more high frequency variation than the NHC best track 

values, and the DAV technique at all radii evaluates a potential reintensification period on 19 

July that is not matched by the best track.

Figure 5.3 shows four examples of tropical cyclone intensity curves. Included on this 

figure are the best track intensity and the DAV estimate of intensity. Higher frequency variability 

occurs for the DAV intensity estimates compared with the NHC best track intensity values due to 

the greater temporal resolution of the satellite images used to compute the DAV intensity. The 

NHC intensity values are interpolated from 6-h resolution to match the resolution of the satellite 

data.
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Figure 5.3. NHC best track intensity (blue) and DAV intensity calculated over a radius of 200 
km (orange) for four tropical cyclones in 2011. (a) Hurricane Adrian, (b) Hurricane Calvin, (c) 
Hurricane Eugene, and (d) Hurricane Kenneth. All units are in kt.

5.2  Results

Root mean square (RMS) intensity errors ranged from 9.3 kt to 15.5 kt for the individual 
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testing years (Table 5.1). Minor modifications to the sigmoid curve do not significantly change 

these results. Six of the seven years had a best training radius of 200 or 250 km. The seventh 

year, 2010, had a best training radius of 300 km, but this year also had the fewest tropical 

cyclones in the testing set. With only seven named storms, 2010 was the least active eastern 

North Pacific hurricane season on record (Cangialosi and Stewart 2011), and two of the seven 

storms were short-lived and in close proximity to land throughout their lifetimes. Both of these 

factors may have contributed to the increased RMS error. The RMS intensity error computed for 

the seven-year period was 13.5 kt, with 2007 producing the lowest error of 9.3 kt, and 2010 

producing the highest error of 15.5 kt.

Year 150km 200km 250km 300km 350km 400km 450km 500km TCs Samples

2005 13.1 12.2 12.1 12.6 13.1 13.6 13.7 14.0 13 4206

2006 15.2 14.8 15.3 15.7 16.0 16.1 16.5 16.8 18 5487

2007 9.3 9.3 9.4 9.4 9.5 9.8 10.1 10.2 10 3353

2008 11.6 11.0 11.0 11.3 11.6 11.7 12.0 12.4 16 5257

2009 16.7 15.6 15.1 15.5 16.5 17.1 17.9 18.7 16 4967

2010 17.2 16.3 15.8 15.5 15.8 16.4 16.7 17.3 7 2204

2011 15.5 15.1 16.2 17.4 18.4 19.6 20.0 20.8 10 4003

All years 14.2 13.5 13.6 14.0 14.6 15.0 15.4 16.0 90 29477

Table 5.1. RMS error (kt) for all eight radii over which the DAV was calculated for each storm, 
number of storms, and number of samples with best track estimates ≥ 15 kt for each individual 
year. The lowest annual RMS errors are highlighted in bold italicized script.

The set of systems for 2007 was comprised of tropical cyclones that never exceeded 

category 1 hurricane intensity since the sole major hurricane that season, Hurricane Flossie, was 

missing too many images to be included in the analysis. The best track intensity is compared to 

the intensity estimated from the DAV technique for each of the 10 examined storms in 2007 in 

Figure 5.4. Though the overall RMS error is low for 2007, the performance of the DAV 
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technique varies for individual storms and even over the lifetime of a single tropical cyclone. For 

example, as also shown in Figure 5.2b, the DAV estimates are close to the NHC best track for the 

first part of Hurricane Cosme's lifetime, but the DAV technique then evaluates storm 

strengthening not reflected in the NHC best track for this system.

Figure 5.4. NHC best track intensity interpolated to 30-minute resolution (blue) and estimated 
DAV intensity (red) for all 10 storms examined in 2007. All units are in kt.

More detailed statistics for the best radius, 200 km, obtained from using all seven years as 

the training set and then testing on all seven years are provided in Table 5.2. This table breaks 

down the DAV estimates by intensity bins in order to examine DAV performance at different 

intensities. The Saffir-Simpson hurricane scale was used to create these intensity bins: tropical 

depression (< 34 kt); tropical storm (34-63 kt); category 1 hurricane (64-82 kt); category 2 
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hurricane (83-95 kt); category 3 hurricane (96-112 kt); category 4 hurricane (114-136 kt); and 

category 5 hurricane (> 136 kt). As found in the North Atlantic basin (Ritchie et al. 2012), a 

systematic error increase occurred as the intensity increased. The highest number of samples 

occurred for the tropical depression bin, as many eastern North Pacific tropical cyclones retain 

their circulation long after weakening below tropical storm strength. At the best radius of 200 

km, the tropical depression bin had the lowest error at 9.8 kt, and the category 5 bin had the 

highest error at 51.6 kt (Table 5.2). Underestimation is largely responsible for the increasing 

errors, with 100% of category 5 samples underestimated by the DAV technique. Also, 

overestimation is a problem at low intensities, with overestimates derived from three-quarters of 

the samples in the tropical depression bin. The tropical storm bin was the most balanced between 

overestimates and underestimates. One reason for this systematic bias is the fitting of the 

sigmoid to the data, as the upper limit of the sigmoid corresponds to a DAV value of zero, which 

is not achievable from a real tropical cyclone. This is in part why the application of the DAV 

technique to the eastern North Pacific basin utilized a higher sigmoid limit than that used for the 

North Atlantic and western North Pacific basins.

intensity samples RMSE (kt) overestimated underestimated

tropical depression 12968 9.8 75% 25%

tropical storm 10811 12.6 42% 58%

category 1 2897 15.0 34% 66%

category 2 1144 19.9 17% 83%

category 3 1072 22.8 14% 86%

category 4 690 28.6 2% 98%

category 5 68 51.6 0% 100%

Table 5.2. The number of samples, RMS error (kt), and the percentage of samples either 
overestimated or underestimated at the 200 km radius separated by bins based on the Saffir-
Simpson scale of tropical cyclone intensities.

The tendency of this technique to provide less accurate results compared to the best track 
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as tropical cyclones become more intense is readily noticeable upon examination of individual 

storms (Figure 5.3). The rapid intensification of Hurricane Adrian (Figure 5.3a), as well as a 

similar peak intensity, is shown by both curves, but the DAV lags behind the NHC best track due 

to the implementation of a low-pass filter in order to smooth high-frequency oscillations, 

resulting in an RMS error of 17.5 kt. A similar problem with rapid intensification was found for 

Hurricane Rita in the North Atlantic basin (Ritchie et al. 2012). Conversely, Hurricane Calvin 

(Figure 5.3b) maintained minimal hurricane status for only a short time, and the DAV produced 

an overall RMS error of 7.4 kt. The DAV intensity estimates for Hurricane Eugene (Figure 5.3c) 

follow the NHC best track fairly closely up to about 80 kt, at which point the NHC shows the 

tropical cyclone continuing to intensify while the DAV lags behind; this storm had an overall 

RMS error of 12.2 kt. Hurricane Kenneth peaked as a category 4 hurricane after rapidly 

intensifying to a peak wind speed of 125 kt. The DAV again captures the rapid intensification 

with the same time lag seen previously. The overall RMS error for Hurricane Kenneth was 15.1 

kt.

5.3  Summary

This work applied the methodology from Ritchie et al. (2012) in order to test the DAV 

technique in the eastern North Pacific. After examining 90 storms from the period 2005-2011 

using imagery stitched from GOES-E and GOES-W satellite data, a best radius of 200 km was 

found, giving an overall RMS error of 13.5 kt. Overestimation continues to be an issue at low 

intensities, and underestimation one at high intensities. As observed in previous research, the 

DAV technique lags behind the NHC best track when rapid intensification occurs.
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The work discussed here provides the setup for future real-time estimation of tropical 

cyclone intensity in the eastern North Pacific using the DAV technique.
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CHAPTER 6: SUMMARY AND CONCLUSIONS

6.1  Review of research questions in the eastern North Pacific

The eastern North Pacific basin has the densest area of genesis of any tropical basin 

around the world. Most tropical cyclones form near Mexico or Central America before tracking 

westward over open ocean. As a result, most land-based observations of these systems are made 

early in their lifetimes and decrease as the tropical cyclone develops. This creates a need for 

strong reliance on remotely-sensed data from satellites in order to monitor activity in the eastern 

North Pacific. Techniques that evaluate the potential for tropical weather systems to undergo 

cyclogenesis and objectively estimate the intensity of tropical cyclones that do form using 

remotely-sensed data are thus invaluable to forecasters responsible for maintaining and updating 

historical records as well as informing interests in the region of potential hazards.

Not all tropical cyclones that form in this basin move away from land. Some systems 

move parallel to the Mexican coastline for days, producing heavy precipitation that can lead to 

flooding and mudslides. Others bring strong winds and storm surge to coastal locations in 

addition to precipitation when they make landfall. Some tropical cyclones weaken before making 

landfall, in some cases falling below advisory criteria from the NHC, but they still have the 

potential to produce large amounts of precipitation as their remnant moisture interacts with 

topography and the large-scale flow. This moisture can impact the southwestern United States as 

well as Mexico, a semi-arid region which receives much of its precipitation during the summer 

months in association with the North American monsoon. As in Mexico, the complex topography 

of the southwestern United States can lead to rainfall as a result of moisture from tropical 

cyclones or their remnants. It can be difficult to predict the timing and intensity of rainfall related 
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to TC remnants, particularly in the southwestern United States, and it is important that the ability 

to forecast these systems improves.

A phenomenon documented in many tropical basins worldwide, the process of a tropical 

cyclone transforming into an extratropical cyclone, or extratropical transition, is rarely observed 

in the eastern North Pacific. However, cases of ET have been documented, with Tropical Storm 

Ignacio in 1997 earning the distinction of becoming a cold core yet symmetric system prior to 

completing ET. This stands in contrast to other basins, such as the North Atlantic and western 

North Pacific, where tropical cyclones become asymmetric but retain their warm core before 

completing ET. A climatology of ET in the eastern North Pacific, as well as an assessment of the 

large-scale atmospheric fields and structural changes involved in the ET process in this region, 

has yet to be produced for this basin.

6.2 Tropical cyclone impacts on the southwestern United States

A 21-y database of eastern North Pacific tropical cyclones that impacted Mexico and the 

southwestern United States was developed that included 167 named storms from 1989 to 2009. 

These storms moved within 550 km of the western coast of North America or had moisture 

advected over land by the mid-latitude flow and brought varying impacts that included high 

winds, rainfall, and, in the steep terrain of the Sierra Madre mountain range, associated 

mudslides. The ERA-Interim reanalysis was used to objectively explore the large-scale 

circulation patterns associated with these tropical cyclones, and the 1-degree CPC unified 

precipitation data set was used to extract rainfall swaths associated with the tropical cyclone's 

moisture.
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The dominant patterns associated with these tropical cyclones impacting the southwestern 

United States include trough interactions that occur due to a weakness or break in the ridge. Each 

of the four leading EOFs had at least one mode with a trough pattern. Other EOF patterns 

involved the strength of the ridge and of the tropical cyclone. Stronger tropical cyclones were 

able to track farther northward as they propagated along the planetary vorticity gradient, while 

weaker tropical cyclones were deflected westward away from North America by the flow around 

the subtropical ridge. Each mode of the two statistically significant EOFs corresponded with one 

of the subjectively determined groups from Ritchie et al. (2011).

Though the patterns of precipitation shown by REOF analysis did not show clear 

delineation between rainfall swath types and tended to show low amounts of rain north of 

Mexico, the overall structure did resemble real-world cases. MCA revealed high covariance 

between a trough interaction pattern and a swath of precipitation along the coast of Mexico 

extending into the southwestern and central United States. That analysis also highlighted the 

pattern in which tropical cyclones that produce rain along the coast of Mexico can also 

contribute to precipitation in the southwestern United States when moisture is advected from the 

system by the ridge. These patterns also support the subjectively determined trough, ridge, and 

rainfall pattern relationships shown in Ritchie et al. (2011). Tropical cyclones that do contribute 

to rainfall north of Mexico generally take place later in the season as the subtropical ridge 

weakens and mid-latitude troughs protrude farther southward.

The tropical cyclones that moved within 550 km of the west coast of Mexico or the 

United States but did not bring rain to the United States comprised 22% of the data set over the 

1989-2009 period of study. The large-scale patterns associated with these cases were dominated 



113

by the subtropical ridge. A mid-latitude trough, if present, remained far north of the tropical 

cyclone. These non-rain cases tend to occur earlier in the season, as this is the period when the 

subtropical ridge is strongest.

The number of tropical cyclones impacting the southwestern United States varies from 

year to year. However, ENSO did not appear to have a strong impact on the frequency of tropical 

cyclones bringing rainfall to the southwestern United States.

6.3  Extratropical transition in the eastern North Pacific

In this dissertation, the first climatology of ET in the eastern North Pacific was presented. 

ET occurs less frequently than in other tropical basins due to the presence of a subtropical ridge 

during most of the eastern North Pacific hurricane season. Tropical cyclones undergoing ET in 

the eastern North Pacific tend to recurve, often impacting Mexico and the southwestern United 

States as a result.

In addition, the process of ET in the eastern North Pacific differs from that observed in 

the North Atlantic and western North Pacific. In the North Atlantic, tropical cyclones retain their 

warm core while becoming asymmetric before undergoing ET, a signature found even more 

strongly in the western North Pacific. However, eastern North Pacific tropical cyclones tend to 

retain their symmetry rather than their warm core before undergoing ET. Cool SSTs to the north 

and west of the main development region in this basin contribute to these structural changes.

ET in the eastern North Pacific tends to occur in conjunction with the approach of a mid-

latitude trough. As seen in the southwestern United States study (Chapter 3), a weakness or break 

in the subtropical ridge generally needs to exist in order for a tropical cyclone to track far enough 
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northward that it will interact with the mid-latitude flow. Over the 42-y period, ET occurred 

more often during El Niño events compared with La Niña events.

Cases that completed ET were classified using cyclone phase space. In order to determine 

which tropical cyclones underwent ET, all 631 named storms in the HURDAT database from 

1970 to 2011 were analyzed. They fell into four groups, one of which was comprised of the ET-

ing systems. Surprisingly, over half of the tropical cyclones during this 42-y period were those 

that dissipated as cold core systems, losing their warm core structure but maintaining thermal 

symmetry before dissipating.

6.4  Objective estimation of intensity in the eastern North Pacific

A relatively new technique for objective, satellite-based intensity estimation, the DAV 

technique, was successfully applied to the eastern North Pacific basin following the methodology 

used in the North Atlantic (Ritchie et al. 2012). Ninety storms were examined using the DAV 

technique over the 7-y period of 2005-2011. The minimum RMS error for any individual year 

was 9.3 kt, and the RMS error calculated over all years was 13.5 kt. Intensity estimates were 

made by fitting a “best fit” sigmoid to training data. That curve was then used to extract intensity 

estimates every half hour. The DAV intensity estimates were compared to the HURDAT database 

using an RMS error calculation.

This technique performs best at lower intensities, with the lowest RMS errors in the 

tropical depression and tropical storm bins. It should be noted that these low intensity bins also 

have the most samples for training and testing, with the number of available samples rapidly 

decreasing as intensity increases. The category 5 bin had the worst performance, with an RMS 
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error of 51.6 kt calculated over the 7-y period of study.

As seen in other basins, the DAV technique observes higher-frequency oscillations of 

intensity in eastern North Pacific tropical cyclones than noted in the 6-h NHC best track data.

6.5  Future work

All tropical cyclones that moved within 550 km of the Mexican and Californian 

coastlines were examined in this study and included in the EOF analysis. Future work will 

discriminate between high-impact rainfall events in the southwestern United States and patterns 

that lead to cloud cover or minimal rainfall. Both situations pose problems for forecasters, thus 

this future analysis should produce tools that will assist in the prediction of such events.

Work is currently underway to objectively assess the relationship between patterns in 500 

hPa geopotential height and rainfall. Results from MCA were shown in this work, but another 

method, canonical correlation analysis (CCA), is considered a more robust method by the 

scientific community. CCA is a multivariate statistical model that examines how different 

variables are related to one another and assesses the variability each resulting pattern represents 

as an extension of EOF analysis. The objective patterns obtained from this method will be 

compared to the subjective results presented in Ritchie et al. (2011) and the MCA results 

discussed in Chapter 3.

Further investigation can be done regarding interannual variability of tropical cyclone 

impacts on the southwestern United States. For example, the PDO may influence the frequency 

of these events, but the short period examined in this study does not cover a full PDO cycle and 

thus could not be explored for the 1989-2009 period.
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The impact of Mexico's terrain on the circulation of a landfalling tropical cyclone has yet 

to be fully explored. A numerical simulation of an idealized tropical cyclone interacting with 

complex topography would provide insight into the erosion of the lower-level circulation as well 

as localized wind effects due to the terrain. The high resolution of the model would extend 

beyond the spatial resolution provided by reanalyses and better represent variations in the 

mountains along Mexico's west coast. The interaction of a tropical cyclone in the eastern North 

Pacific with a mid-latitude trough can also be investigated through the use of numerical models.

The creation of a climatology of ET in the eastern North Pacific highlighted the unique 

nature of the SST distribution in this basin, particularly in the high frequency of cold core 

dissipators across the reanalysis data sets. The influence of sharp SST gradients on the structure 

of a mature tropical cyclone could be examined through the use of a high-resolution numerical 

model. Other factors to be examined include the stability of the atmosphere over the cooler SSTs 

these tropical cyclones encounter and vertical wind shear.

In addition, the relationship of ET frequency with ENSO needs to be explored further. 

Composites of atmospheric and surface fields with respect to ET in each set of years can be 

examined to assess the differences that occur in each ENSO phase. A rigorous assessment of the 

influence of ENSO on ET in the eastern North Pacific could improve future seasonal forecasts 

regarding the impact of these systems on North America.

As the sigmoid fit poses issues for intensity estimation, particularly for the strongest 

tropical cyclones, work is currently underway to find an alternative fit. A promising solution fits 

the original sigmoid with the lower intensities and an exponential curve with the higher 

intensities. Concurrent research involves utilizing model simulations to refine DAV intensity 
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estimation for the weakest systems, which should also greatly assist in improving the DAV 

technique.

Individual systems for which the DAV technique performed poorly compared to the NHC 

best track can be further investigated. For example, tropical cyclones that appear to strengthen 

based on DAV intensity estimates can be explored in greater depth in order to determine whether 

or not this intensification is truly occurring.

The DAV study presented in this dissertation focused on the estimation of intensity of 

tropical cyclones in the eastern North Pacific. Future work will use the DAV technique to assess 

genesis in this basin following the methodology of Piñeros et al. (2010). Since the DAV 

technique evaluates the level of axisymmetry, and thus the level of organization, present in a 

cloud system, it can objectively identify cloud clusters with the potential to develop into tropical 

cyclones.
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APPENDIX A: TROPICAL CYCLONES IN THE DOMINANT EOF PATTERNS

Table A.1 lists the tropical cyclones used to compute the average spatial pattern for each 

mode of the two statistically significant EOFs, EOF1 and EOF4, from the analysis of 500 hPa 

geopotential heights. The lists are not exclusive, as the positive modes of each significant EOF 

resemble one another, as do the negative modes. However, the magnitude of the normalized PC 

value for each tropical cyclone varies between EOFs. For example, 1990 Kenna, a member of 

EOF1 (+) EOF1 (-) EOF4 (+) EOF4 (-)
1989 Octave 1.40 1989 Barbara -1.07 1989 Raymond 2.15 1989 Priscilla -1.67
1990 Kenna 1.28 1989 Flossie -1.39 1990 Kenna 3.24 1990 Douglas -1.26
1991 Nora 1.85 1989 Narda -1.14 1990 Rachel 1.43 1990 Lowell -1.68
1992 Virgil 1.05 1990 Boris -1.13 1991 Hilda 1.12 1990 Vance -1.29
1992 Winifred 1.02 1993 Irwin -1.11 1991 Nora 2.11 1991 Linda -1.24
1992 Zeke 2.04 1995 Gil -1.42 1992 Lester 1.14 1994 Ileana -1.70
1994 Rosa 1.45 1995 Henriette -1.12 1993 Calvin 1.45 1995 Henriette -2.57
1995 Juliette 1.13 1996 Boris -1.37 1993 Lidia 1.03 1995 Juliette -1.52
1996 Fausto 2.54 1996 Douglas -1.23 1995 Ismael 1.08 1996 Fausto -2.34
1997 Nora 1.63 1998 Blas -1.43 1998 Madeline 2.72 1997 Blanca -1.07
1998 Madeline 1.95 1998 Celia -1.83 2000 Bud 1.04 1997 Nora -2.16
2000 Norman 1.47 1998 Frank -1.02 2002 Iselle 1.53 1997 Rick -1.45
2002 Kenna 2.20 2000 Hector -1.14 2004 Blas 2.28 1998 Lester -1.49
2003 Kevin 1.44 2000 Ileana -1.43 2004 Frank 1.77 2000 Miriam -1.25
2004 Agatha 1.93 2002 Genevieve -1.24 2004 Georgette 1.11 2001 Adolph -1.19
2004 Javier 2.83 2003 Ignacio -1.39 2005 Hilary 1.00 2001 Manuel -1.07
2004 Lester 1.30 2004 Georgette -1.39 2005 Otis 1.69 2004 Howard -1.20
2005 Otis 2.43 2005 Calvin -1.44 2006 Miriam 1.10 2004 Lester -1.14
2006 Miriam 1.15 2005 Dora -1.69 2007 Ivo 1.91 2006 Norman -1.15
2006 Norman 1.51 2005 Eugene -1.64 2007 Kiko 1.63 2006 Paul -1.34
2006 Paul 1.29 2005 Irwin -1.48 2008 Norbert 1.93 2008 Douglas -1.66
2007 Ivo 1.56 2006 Carlotta -1.70 2009 Blanca 1.87 2008 Julio -1.28
2007 Kiko 1.04 2006 Gilma -1.57 2009 Andres -1.47
2008 Julio 1.07 2006 Ileana -1.35 2009 Ignacio -2.57
2008 Norbert 2.40 2007 Gil -1.25 2009 Jimena -1.42
2008 Odile 1.24 2007 Henriette -1.48 2009 Patricia -2.13
2009 Ignacio 1.85
2009 Olaf 2.15
2009 Patricia 2.37
2009 Rick 1.01

Table A.1. List of the tropical cyclones with a normalized PC value of 1.0 or greater or of -1.0 or 
less. TC-centered fields for these cases were included in the averages shown in Figures 3.5c, 
3.5d, 3.6c, and 3.6d.
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both positive modes, has a value of 3.24 for the fourth EOF and 1.28 for the first EOF. Likewise, 

1995 Henriette, a member of both negative modes, has a value of -2.57 for the fourth EOF and 

-1.12 for the first EOF. The most overlap occurs between modes with a ridge and trough present, 

and the least overlap with the negative mode of the first EOF, which had a very strong ridge and 

no trough (Figure 3.5b,d). The overlapping cases will need to be investigated in greater detail in 

order to determine what characteristics are shared with each of the patterns to which they 

correspond.

Table A.2 names the tropical cyclones that contributed to rainfall in Mexico but did not 

produce any precipitation in the United States. Many, but not all, of these cases are also in Table 

A.1 in the negative EOF1 pattern, which reflects on the fact that the positive mode of the 

significant EOF for the non-rain cases (Figure 3.10a) does not have a ridge extending far 

westward over the Pacific Ocean. These cases need to be examined further in order to extract 

physical reasoning for the absence of rain as a result of these ridge interactions.

1989 Ismael 1993 Irwin 2000 Emilia 2004 Agatha
1989 Lorena 1996 Cristina 2000 Hector 2004 Lester
1989 Manuel 1996 Douglas 2000 Ileana 2005 Beatriz
1990 Douglas 1996 Elida 2001 Adolph 2005 Calvin
1990 Iselle 1997 Carlos 2001 Lorena 2005 Dora
1990 Lowell 1997 Rick 2001 Manuel 2006 Carlotta
1991 Delores 1998 Celia 2002 Douglas 2007 Barbara
1991 Guillermo 1998 Javier 2002 Julio 2007 Gil
1991 Marty 1999 Irwin 2003 Carlos 2008 Douglas
1992 Tina

Table A.2. List of the tropical cyclones that did not produce precipitation in the United States.
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