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Abstract 

An integral aspect of accurate precipitation outlooks are timely forecasts of 

teleconnective phase transitions (i.e., the El Niño Southern Oscillation (ENSO) and the 

Pacific Decadal Oscillation (PDO)).  Through executing comprehensive synoptic 

analyses of twenty-seven rainfall events between 2000 and 2014, results should bolster 

the integration of climatic signals in forecasting.  An integral part of this work is 

evaluating characteristics of the dominant synoptic modes: low pressure systems (i.e., 

extra-tropical cyclones or shortwave troughs), tropical cyclones, and quasi-stationary 

frontal boundaries.  Other studied parameters include: 300-mb height and divergence, 

400 to 250-mb potential vorticity coupled with potential vorticity advection and 300-mb 

streamlines, 500-mb height and absolute vorticity coupled with 700 to 400-mb 

differential vorticity advection, 850-mb height/moisture transport/Θe, and precipitable 

water.  Lastly, synoptic analyses were conducted for every event at 250 mb, 300 mb, 500 

mb, 700 mb, 850 mb, and the surface.  

An assessment of sea surface temperatures (SST) and anomalies was conducted to 

evaluate how SST fluctuations influenced events.  Upper air soundings were studied to 

evaluate synoptic regime-based differences.  To establish the origins of various air 

masses, HYSPLIT backward air parcel trajectories were generated.  A core objective was 

to identify critical factors that fostered heavy rainfall events (e.g., moisture advection, 

wind profile behavior, precipitation enhancement via isentropic upglide along frontal 

boundaries, and orographic enhancement associated with tropical cyclones (TCs) during 

post-landfall frontal interactions).  A critical aspect of rainfall forecasts is knowing how 

atmospheric blocking affects the movement of moisture-laden air masses relative to the 
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region of concern (i.e., the North-Central Mississippi River Valley).  Another major 

influence on the intensity and duration of heavy rainfall events was that generated by 

atmospheric rivers.  To address the USDA-ARS questions, Intensity-Duration-Frequency 

(IDF) output is studied to help confirm or deny the presence of climate signals in rainfall 

data from the Goodwater Creek Experimental Watershed located in Centralia, MO.  By 

taking stock of these factors, the results should help forecasters anticipate the intensity 

and duration of flooding events and associated infrastructural needs. 



1 

Chapter 1: Introduction 

Amidst an era where climate research is taking center stage, climatological 

forecasting and modelling is rapidly becoming a core focus of atmospheric science and 

related commercial interests.  In addition, higher resolution data is quickly becoming the 

trend for climatic outlooks as numerical weather prediction (NWP) output becomes 

increasingly more sophisticated (Novak et al. 2013).  Through an improved 

understanding of relevant teleconnections, atmospheric research will be able to develop a 

greater expertise on both short and longer-term precipitation forecasting.  One of the 

paramount issues within climate modelling is the adjustment of temporal (time function) 

and spatial (distancing function) resolution of these forecast models to foster a more 

accurate depiction of desired output.  A core motivator for trending towards higher 

resolution climatic output is the tremendous revenue (i.e., generally between $90,000,000 

and $130,000,000 nationally each year) at stake with respect to agricultural concerns.  

The effectiveness of agricultural production is based upon the ability to accurately 

anticipate periods of drought or excessive precipitation (i.e., based upon geographically-

dependent statistical averages).  Based on established impacts of global climatic 

variability, it is imperative to further evaluate the impacts these teleconnections have on 

synoptic flow regimes.  Through an improved understanding of these teleconnections, a 

methodology can be generated to assess what parameters are most closely associated with 

the generation of drought and/or flooding scenarios.  

Much recent work on this topic has focused on analyzing the impacts of the 

ENSO and the PDO.  A key aspect of previous work has been the culmination of detailed 

synoptic-scale pattern climatologies governing the transport of moisture across different 
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sections of the Pacific Ocean (often originating from convection linked to the inter-

tropical convergence zone (ITCZ)) (Donohoe et al. 2013).  Much previous work 

referenced throughout this research studied the impacts from the El Niño Southern 

Oscillation and the Pacific Decadal Oscillation (Mantua et al. 1997; Higgins et al. 2006; 

Hu and Huang 2009; Newberry et al. 2014; Vincent et al. 2015; Myoung et al. 2015).  

Some more recent work has focused on studying the impacts of the PDO (coupled with 

influences from ENSO) on temperature and precipitation trends across the North-Central 

Mississippi River Valley (Newberry et al. 2014).  The key finding from this work was 

that the most reliable temperature and precipitation forecasts based on climatological 

ENSO-based statistics are held in higher regard when there is a strong ENSO-signal (i.e., 

based on recent month-to-month climatic trends within the region of concern).  Thus, 

during periods defined by weaker ENSO phase signals (i.e., regardless of it being 

positive, negative, or Neutral-ENSO), it is often much more difficult to accurately 

anticipate seasonal rainfall and temperature trends. 

Another crucial section of this research is connected to the findings of previous 

research which focused on the implications of landfalling atmospheric rivers (ARs).  

Specific research has worked to evaluate the relevance of ARs emanating from either the 

Gulf of Mexico (via the Great Plains low-level jet (LLJ) or a cyclone-enhanced LLJ 

circulation), or (in rarer cases) ARs emanating from the central/eastern Pacific Ocean 

which are colloquially referred to as the Pineapple Express (Fig. 1 and 2).  Since most of 

past flooding events across the region of concern occurred via “Maya Express” AR 

scenarios (i.e., those atmospheric river events which typically emerge from the Gulf of 

Mexico and/or the Caribbean Sea, there was a strong interest in studying previous work 
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which analyzed a variety of computer model simulations and past case studies (Fig. 3) 

(Schubert et al. 1997; Moore et al. 2003; Schumacher and Johnson 2008; Wang and Chen 

2009; Barandiaran et al. 2013; Harding and Snyder 2015).  

A secondary component of recent work has been studying the implications of 

atmospheric blocking events across the central and/or eastern Pacific Ocean on heavy 

rainfall events across the contiguous U.S. (Rex 1950).  It has been well established that 

the onset of atmospheric blocking events has an impact on the progressive deep layer 

flow (Lupo and Smith 1995b; Barriopedro et al. 2006).  Previous work has investigated 

the downwind impacts of these blocking episodes on storm tracks across the contiguous 

U.S. and subsequent impacts on sensible weather trends (Wiedenmann et al. 2002; 

Carrera et al. 2004).  However, a major question that remains is the extent to which 

atmospheric blocking events physically perturbs the transport of moisture across the 

Pacific Ocean before moving ashore into western North America.  By the same token, 

another question that needs refinement is how blocking events (specifically across the 

central/eastern Pacific Ocean) affect the transport of atmospheric water vapor associated 

with moisture plumes emanating from the Gulf of Mexico and/or Caribbean Sea. 

This paper is separated into seven chapters.  Chapter 1 includes the purpose and 

the objectives of this research work.  Chapter 2 consists of a methodology and is followed 

by Chapter 3 which discusses data pertaining to all the post-2000 rainfall events with 

respect to both interannual and inter-decadal variability (i.e., ENSO, and PDO). Chapter 

4 assesses the implications of the research results on agricultural, civil, and municipal 

concerns from the United States Department of Agriculture’s Agricultural Research 

Service.  Chapter 5 investigates the impacts of ARs on post-2000 heavy rainfall events 
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with respect to the intensity and the duration of the impacts.  Chapter 6 evaluates the 

ramifications of atmospheric blocking events on the evolution of heavy rainfall events.  

Chapter 7 examines details pertaining to upper-air soundings and highlights pertinent 

findings tied to sounding evolution during the 48 hours prior to each event.   

 

1.1: Purpose 

The purpose of this research is to evaluate heavy rainfall events across the 

Midwest region of the United States (U.S.).  The analyzed rainfall data is from the St. 

Louis, Missouri ASOS station during the period between 2000 through 2014 (27 out of 

123 total events which occurred between 1945 and 2014) as well as from the Goodwater 

Creek Experimental Watershed (GCEW) located in Centralia, MO between 1976 and 

2012.  The primary objective is to assess which synoptic flow regimes and atmospheric 

sounding behavior is most conducive for heavy rainfall.  Another important consideration 

is studying the influences of landfalling ARs on both the intensity and the duration of 

heavy rainfall events.  The final part of this work studies impacts of atmospheric 

sounding evolution as well as atmospheric blocking across the central/eastern Pacific 

Ocean prior to and during heavy rainfall events. 

 

1.2: Objective 

 To achieve the purpose stated above, the following objectives have been 

established: 
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 Determine the synoptic patterns that produced the environments most likely to 

generate heavy rainfall and identify the origins of the responsible air masses. 

o This will be done by analyzing archived synoptic maps and inspecting 

water vapor imagery and HYSPLIT backward air parcel trajectories. 

 Study precursors of atmospheric blocking that affect heavy rainfall events. 

o Analyze archived upper/mid–level atmospheric analyses to assess the 

impact of atmospheric blocking on heavy rainfall events. 

 Evaluate the impacts of the El Niño Southern Oscillation and the Pacific Decadal 

Oscillation on the heavy rainfall events. 

o This will be accomplished by evaluating the evolution of the various 

precipitation events during the respective phases of these teleconnections. 

 Evaluate the impacts of ARs on the intensity and duration of water vapor plumes 

which episodically propagate across the western and/or south-central U.S. 

 Investigate similarities and differences between rainfall data and corresponding 

details associated with both the St. Louis and the GCEW rainfall data. 

 

Chapter 2: Methodology 

 The process of selecting rainfall events commenced by establishing criteria for a 

heavy rainfall event within a 24-hour period across the North-Central Mississippi Valley 

region.  The American Meteorological Society’s definition for heavy rainfall is any rate 

of accumulation exceeding a geographically-dependent value (AMS Glossary- 

glossary.ametsoc.org/wiki/ Heavy _rain).  The average annual rainfall in St. Louis, 

Missouri, is typically around 952 mm and the record 24-hour rainfall totals during each 
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month ranged from 55.88 to 107.19 mm (NWS St. Louis, MO- 

www.weather.gov/media/lsx/climate/stl/precip/precip_stl_monthly_seasonal.pdf).  Based 

on regional rainfall climatologies, it was apparent that a 24-hour rainfall threshold of 50.8 

mm was acceptable since many events that exceeded 50.8 mm of rainfall within a 24-

hour period were associated with convection and/or ‘atmospheric training’ (i.e., which 

often coincided with influences from the Great Plains LLJ).  A second reason for the 50.8 

mm threshold is that smaller values generated an excessively large data set that would be 

superfluous to the goals of this work.  Thus, a detailed analysis of the twenty-seven post-

2000 events that produced rainfall amounts of at least 50.8 mm was conducted. 

Another component of this research was studying the evolution of atmospheric 

soundings during the 48 hours preceding the start of each event.  These soundings were 

acquired via the Plymouth State Weather Center’s thermodynamic diagram generator 

courtesy of Plymouth State University (vortex.plymouth.edu/uacalplt-u.html).  In 

addition, upper-air soundings from the University of Wyoming 

(weather.uwyo.edu/upperair/sounding.html) and the SPC Severe Weather Event Archive 

Database (www.spc.noaa.gov/exper/archive/events/) were also utilized for comparison 

due to slightly different vertical resolution.  The reason for analyzing upper-air sounding 

evolution during the 48 hours preceding each event was to assess how vertical wind 

profiles evolved prior to and during each event.  Two critical aspects of this upper-air 

sounding analysis are precipitable water (measured in millimeters) 

(http://glossary.ametsoc.org/wiki/Precipitable_water) and a newly-coined parameter 

(designed for this research) known as the sounding saturated layer depth (measured in 

millibars).  The saturated layer depth was established as the layer which extends from a 

http://www.weather.gov/media/lsx/climate/stl/precip/precip_stl_monthly_seasonal.pdf
http://vortex.plymouth.edu/uacalplt-u.html
http://weather.uwyo.edu/upperair/sounding.html
http://www.spc.noaa.gov/exper/archive/events/
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sounding’s parcel-based lifting condensation level (LCL) and the height (or pressure 

level) at which the dew point depression reaches 6°C.  It is imperative to acknowledge 

that a parcel’s lifting condensation level (LCL) is the height at which an air parcel 

becomes saturated and is presumed to be a reasonable estimate of the cloud base height in 

situations where air parcels experience forced ascent 

(www.spc.noaa.gov/misc/search.html). 

An important observation related to a sounding’s saturated layer depth was that 

amongst most of the analyzed soundings, the lifted air parcel approximately followed the 

moist adiabatic lapse rate of 6.5°C km-1.  The dew point depression threshold value of 

6°C was chosen based on previous work finding that dew point depression values less 

than or equal to 6°C typically represent the threshold for lower and upper cloud-base 

heights (U.S. Air Force 1979).  A sounding’s saturated layer depth is based upon the 

following points from “The Use of the Skew-T, Log P Diagram in Analysis and 

Forecasting” (U.S. Air Force 1979).  Upper-air soundings containing a finite layer with a 

dew point depression of 6°C or less are typically associated with near-uniform cloud-

cover within the above finite sounding layer.  However, areas above such sounding 

layer(s) with a dew point depression greater than 6°C and areas below the LCL are not 

axiomatically synonymous with cloud-free regions (U.S. Air Force 1979; Houze Jr. 

2007).  Hence, a cloud deck base is most commonly found at the base of the given 

atmospheric layer which has more rapidly decreasing dew point depression values (often 

found near the LCL).  Therefore, if an atmospheric layer characterized by more gradually 

decreasing dew point depression values is adjacent to a layer characterized by more 

rapidly decreasing dew point depression values, then the cloud base is assumed to be at 

http://www.spc.noaa.gov/misc/search.html
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the base of the layer associated with the more rapidly decreasing dew point depression 

values and extends up to the height at which significant dew point depression increase 

begins (U.S. Air Force 1979).  Thus, precipitable water and the sounding saturated layer 

depth are the two core components of upper-air soundings that helped to differentiate 

how different events varied with respect to moisture depth.  

To assess the influences of ARs, the Hybrid Single Particle Lagrangian Integrated 

Trajectory (HYSPLIT) model (http://ready.arl.noaa.gov/HYSPLIT_traj.php) was used to 

generate ensemble backward parcel trajectories at 850, 700, and 600 mb.  The calculated 

vertical motion methods chosen for assessing the presence of ARs within the HYSPLIT 

model included model vertical velocity and isentropic vertical motion.  These methods 

were used to calculate backward parcel trajectories during the 148-hour period preceding 

the day of the event.  It is important to mention that the vertical motion methods are 

calculated through the integration of chosen model data (i.e. the Global Deterministic 

Assimilation System (GDAS) with 3-hourly, 1° latitudinal/longitudinal resolution data 

available from 2005 to the present day and the Eta Data Assimilation System (EDAS) 

with 3-hourly, 80 km resolution data available from 1997 to 2004) (Arl.noaa.gov).   

Amongst many of the analyzed events, the isentropic vertical motion approach 

was weighted more heavily (especially for AR-influenced events) due to its effectiveness 

at capturing flow along a constant potential temperature (Θ) surface (Market et al. 2000; 

Moore et al. 2003; Schumacher and Johnson 2008).  Due to several events occurring near 

frontal boundaries (i.e., warm, cold, and/or stationary fronts), this was the preferred 

method for analyzing the movement of atmospheric water vapor (Fig. 4).  Additionally, 

ensemble backward air parcel trajectories generated using the model vertical velocity 
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approach were used because that method directly incorporates the vertical velocity field 

from a model’s meteorological data (http://ready.arl.noaa.gov/HYSPLIT_traj.php).  Thus, 

a model vertical velocity approach was practical for estimating the strength of vertical 

motions associated with upstream convection.  As is typical of early to mid-Spring 

flooding events, isentropic upglide often occurs in the warm sector of strengthening 

extratropical cyclones (Fig. 5) (Market et al. 2000; Schumacher and Johnson 2008).  

Hence, there was a need to more closely evaluate the influences of isentropic upglide, 

depending upon the synoptic flow regime and corresponding ensemble backward parcel 

trajectory behavior.  Another important part of the AR analyses was evaluating 24-hour 

mean SSTs across the western Atlantic Ocean and the Caribbean Sea 

(www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.highres.html).  The purpose of 

studying 24-hour mean SST values was to complement the HYSPLIT backward air 

parcel trajectory analyses by evaluating if warmer SSTs upstream from the region of 

concern influenced the intensity or duration of events. 

Another critical product incorporated into the AR analyses was the Cooperative 

Institute for Meteorological Satellite Studies (CIMSS) Morphed Integrated Microwave 

Imagery at CIMSS (MIMIC) Total Precipitable Water (TPW) product 

(http://tropic.ssec.wisc.edu/real-time/mimic-tpw/natl/main.html).  This product was used 

to verify influences from ARs on the analyzed events based on the presence of 

precipitable water from their original source-points.  MIMIC-TPW uses a data-blending 

technique that combines disparate swaths of microwave observations from polar orbiting 

satellites to create animations of advecting radiance features (http://tropic.ssec.wisc.edu 

/real-time/mimic-tpw/prodDesc/).  The MIMC-TPW product incorporates total 

http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.highres.html
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precipitable water values (based on the algorithm from Alihouse et al. (1990)) derived 

from a linear function based on 19, 22, and 37 GHz brightness temperatures available 

from passive microwave sensors (i.e., SSMI and AMSR-E microwave sensors) aboard 

several polar orbiting satellites (http://tropic.ssec.wisc .edu/real-time/mimic-

tpw/prodDesc/).  It is worth noting that CIMSS MIMIC-TPW data for the North Atlantic 

Ocean (including the Gulf of Mexico and the Caribbean Sea) has only been available 

since 7 July 2007.  This limited the analysis for events prior to 7 July 2007 (thirteen of 

the twenty-seven events) except for HYSPLIT backward parcel trajectories which were 

fully available. 

To foster a comprehensive assessment of the synoptic regimes, an in-depth 

synoptic analysis (i.e. upper, middle, and lower levels) was conducted.  The procedure 

involved studying several mandatory levels (i.e. 250, 300, 500, 700, and 850 mb) 

courtesy of the Storm Prediction Center’s Surface and Upper-Air Map Archive 

(www.spc.noaa.gov/obswx/maps/).  Surface analyses were acquired from the Storm 

Prediction Center’s Surface and Upper-Air Map Archive (archived every 12 hours), the 

Weather Prediction Center’s Surface Analysis archive 

(www.wpc.ncep.noaa.gov/archives/web_pages/sfc/sfc_archive.php) (archived every 3 

hours), and the National Weather Service (NWS) DIFAX Weather Map Archive 

(http://archive.atmos.colostate.edu/) (archived every 3 hours).  Archived data became 

available through the Storm Prediction Center’s Surface and Upper-Air Map Archive 

starting on 30 November 1998.  The Weather Prediction Center’s Surface Analysis 

archive of surface analyses became available on 30 March 2006; while the surface 

analyses through the NWS DIFAX Map Archive became available on 1 May 2002.  

http://www.spc.noaa.gov/obswx/maps/
http://www.wpc.ncep.noaa.gov/archives/web_pages/sfc/sfc_archive.php
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Surface analyses were acquired from these resources due to missing data in the Storm 

Prediction Center’s Surface and Upper-Air Map Archive and the Weather Prediction 

Center’s Surface Analysis Archive along with lower resolution images in earlier portions 

of the NWS DIFAX Map Archive.  Surface analyses were investigated to study how 

synoptic features such as frontal boundaries, extratropical cyclones, and landfalling TCs 

influenced the events (i.e., influences on precipitation intensity and duration).  

To assess supplemental parameters that were hypothesized to have helped 

generate many of these events, the following model-derived synoptic parameters are 

evaluated: 300-mb height and divergence, 400-250 potential vorticity coupled with 

potential vorticity advection and 300-mb streamlines, 500-mb height and absolute 

vorticity coupled with 700 to 400-mb differential vorticity advection, 850-mb moisture 

transport coupled with 850-mb height and Θe, and precipitable water.  These parameters 

became available through the Storm Prediction Center’s Hourly Mesoscale Analysis 

National Sector archive starting on 18 October 2005.  However, between 3 May 2005 and 

17 October 2005, there was limited data availability between 17:00 UTC and 03:00 UTC 

on the following day.  In terms of the principles of the quasi-geostrophic equation, the 

primary focus was studying the impacts of upper- and mid-level potential vorticity 

advection as well as absolute vorticity advection on both the regional and larger-scale 

thermodynamic environments both prior to and during heavy rainfall events.  To evaluate 

impacts from the second half of the quasi-geostrophic equation which focuses on the 

behavior of thickness (thermal) advection, low/mid-level temperature advection was 

more closely studied for cases which involved the presence of frontal boundaries.  This 

investigation was conducted by evaluating the impacts of differential atmospheric flow 
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regimes (i.e., the impact of 850/925-mb temperature advection on specific events) and 

how different air-stream orientations impacted the intensity and/or duration of given 

events.  The analysis of these synoptic variables for El Niño, La Niña, and Neutral-ENSO 

events helped to create a detailed understanding for how the atmosphere evolved. 

 

Chapter 3: Interannual and Interdecadal Variability 

Chapter 3.1: El Niño Southern Oscillation  Background  

 Prior to evaluating the statistics and analyses pertaining to the events distributed 

amongst the respective ENSO phases, there is a need to define the El Niño Southern 

Oscillation.  Additionally, it is necessary to explain the variable consequences of its 

different phases in regards to weather patterns across the contiguous U.S. and the world.  

The El Niño–Southern Oscillation (ENSO) is a climate pattern that is quasi-periodic in 

nature, occurring roughly every half-decade, of which there are two main phases: El Niño 

and La Niña (Ncdc.noaa.gov, 2016a).  El Niño is also known as the warm ENSO phase, 

which generally displays warmer than normal temperatures in Southeast Asia, Australia, 

and South America along with wetter than normal conditions on the West Coast of the 

United States and South America, and dry conditions in Indonesia (Cpc.ncep.noaa.gov, 

2005; Bom.gov.au, 2016).  El Niño patterns are typically first identified as an eastward 

extension and equatorward-shift of the East-Asian jet stream from the International Date 

Line (located approximately halfway across the central Pacific Ocean) and downstream 

toward the southwestern U.S.  The second noticeable pattern change is the presence of 

stronger-than-normal west-to-east (or zonal) flow associated with the jet stream-level 

winds across the U.S. (Ncdc.noaa.gov, 2016a).  The third prognostic signal during El 
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Niño years is a southward shift of the storm track from the northern to the southern U.S.  

The fourth signal that indicates the presence of an El Niño pattern is a southward and 

eastward shift of the main region of favorable cyclone formation to just west of 

California (i.e., over far eastern sections of the eastern Pacific Ocean).  These conditions 

are, in general, reversed for La Niña episodes, or the cold phase of ENSO 

(Cpc.ncep.noaa.gov, 2005). 

Considering that ENSO is climatologically strongest during the winter months, it 

was imperative to identify characteristic impacts across the contiguous U.S. as observed 

during the winter months in the presence of El Niño and La Niña events respectively.  

Due to this storm track shift towards the southern tier of the U.S., this results in El Niño 

years being stormier with increased precipitation across California as well as across the 

southern U.S. (Cpc.ncep.noaa.gov, 2005).  However, across the northern tier of the U.S. 

during El Niño winters, there is typically below-average storminess since most low 

pressure systems are restricted to the southern tier of the U.S.  Additionally, during El 

Niño years there is an enhanced flow of marine air into western North America, along 

with a reduction in the magnitude of northerly flow of cold air from Canada to the United 

States (Cpc.ncep.noaa.gov, 2005).  These conditions result in a milder-than-normal 

winter across the northern U.S. and western Canada.  Hence, during El Niño years, fall 

and winter months across the southeast, south-central, and Central Plains regions of the 

U.S. are defined by below-average seasonal precipitation totals (Cpc.ncep.noaa.gov, 

2005; Ncdc.noaa.gov, 2016a). 

Alternatively, as noted above, La Niña winter impacts tend to be approximately 

opposite of those observed during El Niño winters.  Moreover, several atmospheric 
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variables are very different during La Niña years and consequently facilitate very 

different atmospheric flow regimes across the contiguous U.S. (i.e., as compared to those 

found during El Niño years).  During La Niña years, there is generally an amplification of 

the climatological wave pattern and subsequently increased meridional flow across North 

America and the eastern North Pacific Ocean.  The second indicative signal for La Niña 

influence(s) is defined by increased blocking activity over the high latitudes of the 

eastern North Pacific Ocean.  The third significant change that is unique to La Niña years 

is defined by a highly variable jet stream strength over the eastern North Pacific Ocean 

(Cpc.ncep.noaa.gov, 2005).  Concurrent with variable jet stream intensity, the mean jet 

stream position is typically observed to enter western North America in the northwestern 

U.S. and/or southwestern Canada.  Additionally, many parts of central North America 

experience an increase in storminess, precipitation, and the frequency of significant cold 

air outbreaks (Cpc.ncep.noaa.gov, 2005).  However, across the southern tier of the U.S. 

there typically is mitigated storminess and less precipitation.  During La Niña years, there 

is also considerable month-to-month variations in temperature, rainfall and storminess 

across central North America during the winter and spring seasons.  This month-to-month 

variation in temperature, rainfall and storminess has been diagnosed as a response to the 

more variable atmospheric circulations across the Northern Hemisphere during La Niña 

years (Cpc.ncep.noaa.gov, 2005). 

More specifically, La Niña winters are often defined by above-average 

precipitation across the Pacific Northwest, Great Lakes, and Ohio/Tennessee Valley 

regions of the U.S. due to the northern shift in the typical storm tracks across the 

contiguous U.S. (as opposed to storm tracks confined to the southern tier of the U.S. 
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during La Niña winters).  In addition, there are typically warmer and drier conditions 

across the southwestern and southeastern U.S. during La Niña winters 

(Cpc.ncep.noaa.gov, 2005; Ncdc.noaa.gov, 2016a).  This warmer/drier weather across the 

southern tier of the U.S. is a result of the polar jet stream being positioned over the 

central-to-northern tier of the U.S. coupled with influences from the subtropical jet 

stream.  This restricts the movement of many storm systems to traversing across only 

parts of the central to northern U.S.; coupled with hotter/drier desert air being advected 

northward (i.e., toward the southwestern and south-central U.S.) due to southerly-to-

southwesterly flow originating from the higher terrain of central/northern Mexico.  As a 

result of this northward-moving flow across central/northern Mexico, the movement of 

air parcels across the higher terrain (i.e., predominant southwesterly flow across the 

north-to-south oriented peaks of the Sierra Madre Oriental and the Sierra Madre 

Occidental Mountains of central/northern Mexico), induces pronounced drying as a result 

of down-sloping on the lee-side of these mountain ranges before being advected toward 

the southern U.S. (Cpc.ncep.noaa.gov, 2005; Lindsey, 2016). 

During El Niño events, there are higher-than-normal sea surface temperatures 

(SSTs) coupled with surface pressure values being abnormally high across the western 

Pacific Ocean.  However, La Niña events are often characterized by roughly opposite 

oceanic parameters as defined by below-average SST’s coupled with below average 

surface pressure values across the western Pacific Ocean.  The warming (cooling) of the 

eastern Tropical Pacific Ocean is usually the indicator of a warm (cool) episode’s onset 

(Ncdc.noaa.gov, 2016a).  It has been hypothesized that the onset of ENSO occurs when 

the trade winds falter for several months, causing temperature fluctuations over the 
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Pacific Ocean which have a direct effect on the overlying atmosphere and underlying 

ocean.  It is assumed that the atmosphere and the ocean collectively interact and facilitate 

the onset of ENSO events across the equatorial Pacific Ocean (Ncdc.noaa.gov, 2016a).  

The impacts of ENSO help maintain global climatic stability by transporting heat from 

the tropics to higher latitudes (Higgins et al. 2011; Mayer et al. 2014; Wang et al. 2014).  

Thus, the intention behind analyzing events with respect to ENSO is to garner insights for 

why different ENSO phases were biased towards heavier versus lighter rainfall events.  

The underlying goal is to evaluate whether certain parts of the respective ENSO phases 

are uniquely defined by specific synoptic flow regimes (e.g., whether the predominant 

atmospheric flow regime originates in the tropics or the subtropics).  

 

Chapter 3.2: El Niño Event Analyses 

 The first leg of this research analyzed rainfall events that occurred during El Niño 

periods between 2000 and 2014.  The limiting factor in analyzing events before 2000 was 

incomplete and coarsely-resolved archived upper-air data.  Amongst the 123 KSTL 

events, the highest average rainfall occurred during Neutral-ENSO years with an average 

rainfall value of 68.06 mm.  The average rainfall value during El Niño years was 63.14 

mm; while during La Niña years the average value was 63.06 mm.  The heaviest average 

rainfall occurred during El Niño years with an average value of 66.8 mm (103.92% of the 

27-event average).  The average rainfall value during Neutral-ENSO years was 64.16 mm 

(99.81% of the 27-event average); while during La Niña years there was an average value 

of 62.77 mm (97.64% of the 27-event average).  These statistics concur with previous 

work that has studied ENSO-based influences on rainfall intensity (Gershunov and 
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Barnett 1997; White and Gershunov 2007; Groisman et al. 2012).  A notable aspect of El 

Niño events was the average 500-mb absolute vorticity value of 30x10-5s-1 (just below 

135% of the cumulative ENSO-phase average despite two events not being archived).  It 

is important to note that the average 500-mb absolute vorticity values were determined by 

accounting for the variable values of absolute vorticity which propagated over the region 

of concern every 3 hours during the period of greatest concern (i.e., from 24 hours prior 

to until 12 hours after the period of heaviest rainfall during each event).  The results 

above are significant because greater absolute vorticity has been linked to greater lifting 

of air parcels; increasing the potential for heavier precipitation from low pressure systems 

that develop upwind of the region of concern (Archambault et al. 2007).       

 To begin studying the evolution of the upper levels, 300-mb height and 

divergence was first analyzed.  A consistent trend emerged with weak high pressure 

systems giving way to positively-tilted troughs that transitioned toward neutrally and/or 

negatively-tilted troughs (Fig. 6A-D).  This is significant because these trough transitions 

often occurred prior to and during the periods of heaviest rainfall.  This synoptic pattern 

is characteristic of heavier rainfall events since negatively-tilted troughs are often 

associated with greater differential cyclonic vorticity advection (DCVA).  The presence 

of larger DCVA values is significant due to its ability to boost the lifting of air parcels via 

the presence of enhanced turbulence in the lower-to-middle parts of the troposphere 

(Konrad 1997).  This increased turbulence dynamically enhances the horizontal/vertical 

transport of water vapor; increasing the potential for heavier rainfall via higher 

precipitable water availability.  Thus, the combination of the higher absolute vorticity and 

higher DCVA increases the potential for heavier rainfall.   
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Depending on the position and the propagation rate of the absolute vorticity 

maximum, training of convective cells can sometimes occur as shown in recent work 

(Galarneau et al. 2010).  Training is defined as reinvigorated areas of rain that repeatedly 

re-develop over the same region over a short period.  The occurrence of convective 

training during any given event was an important and relevant consideration to the 

forthcoming analyses since convective training increases the potential for heavier rainfall 

totals (www.nws.noaa.gov/glossary/index.php?letter=t).  This phenomenon is noteworthy 

since multiple events exhibited radar signatures which showed signs of convective 

training.  El Niño events were also characterized by a weak upper-level ridge (positioned 

zonally from the Gulf of Mexico to the western Bahamas) that shifted eastward based on 

analyses of 400 to 250-mb potential vorticity and 300-mb streamlines.  Based on the 

downstream propagation of this upper-level ridge across the Gulf of Mexico, the 

subsidence associated with these upper-level ridges ostensibly slowed the forward 

progression of developing low pressure systems upstream from the region of concern. 

The second aspect of 300-mb height and divergence that supported heavy rainfall 

was the presence of jet streaks with core wind speed maxima of between 51 and 62 m/s 

that promoted divergent flow in two of three archived El Niño events (30 November 2006 

and 8 October 2009).  The months during which these events occurred indicate that the 

predominant forcing was likely caused by a combined influence from the polar jet and the 

subtropical jet.  This is a consequence of meteorological fall being a period of 

atmospheric transition across much of North America.  During these two events, the 

region of concern was positioned under the left-exit and/or the right-entrance region of 

these jet streaks.  As noted in previous straight-jet dynamics work, the left-exit and right-

http://www.nws.noaa.gov/glossary/index.php?letter=t
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entrance regions of jet streaks are well-documented for being associated with strong 

upper-level divergence (Uccellini et al. 1987a; Uccellini and Kocin 1987b).  Due to 

strong upper-level divergence and efficient mass removal from the lower troposphere, 

this induced lower surface pressures and facilitated environments that were more 

conducive for heavy rainfall potential.  However, in the third archived El Niño event (19 

July 2007), there was much less upper-level forcing due to a strong upper-level ridge, 

indicating the increased influence of mid/low-level dynamics.   

The final component of the upper-level analysis was studying the 250-mb and 

300-mb height analyses.  Among these respective height analyses, there was evidence of 

positively-tilted troughs shifting towards neutrally or quasi-negatively-tilted troughs in 

four of six El Niño events (12 June 2003, 30 November 2006, 19 July 2007, and 8 

October 2009) (Fig. 6A-6D).  Around the time at which this trough tilt transition 

occurred, the 51 to 62 m/s jet streaks simultaneously developed on the lee side of the 

trough axes in two of the six El Niño events (30 November 2006 and 8 October 2009).  

As a result of this trough transition process, coupled by strong cyclonic vorticity 

advection (CVA), there was a tendency for strong jet streak maxima to develop between 

250 and 300 mb during many of the El Niño events.  Thus, this increase in CVA further 

supported the potential for heavy rainfall due to the presence of increased upper-level 

divergent flow.  Based on the upper-level analyses for the four remaining El Niño events 

revealing between 10 and 26 m/s winds at jet-stream level, there was a strong likelihood 

that low/mid-level tropospheric dynamics played a larger role in priming the atmosphere 

for heavier rainfall during the four other El Niño events.   
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 To further inspect the upper-level regime, 400 to 250-mb potential vorticity 

coupled with potential vorticity advection and 300-mb streamlines was studied.  Most 

events exhibited a strong positively-tilted trough that dug into the southwestern U.S. 

before transitioning into a strong negatively-tilted trough across the south-central U.S. 

(Fig. 6A-6D).  Amidst the transition from positively to negatively-tilted trough axes, 

there was substantial CVA occurring over the region of concern during one of three 

archived El Niño events (19 July 2007) and just to the west in two of the three archived 

El Niño events (30 November 2006 and 8 October 2009).  This strong CVA was a 

plausible catalyst of the trough transition process, coupled by an enhanced trough-ridge 

regime due to strengthening warm air advection (downwind of the trough axis) and 

strengthening cold air advection (upwind of the trough axis) (Bell and Bosart 1992).  

Another similarity was the presence of an upper-level ridge, which propagated between 

Florida and the Bahamian Islands or eastward across the Gulf of Mexico before 

oscillating just north of the Bahamian Islands amongst the analyzed El Niño events.  The 

first of the two situations with an upper-level ridge that oscillated between Florida and 

the Bahamian Islands likely slowed the progression of the associated low pressure system 

due to the upper-level ridge reducing the downstream propagation rates of these trough 

axes, leading to heavier rainfall totals.  

 To begin studying the mid-levels, an analysis of 500-mb height and absolute 

vorticity coupled with 700 to 400-mb differential vorticity advection was first conducted.  

Two of the six archived El Niño events (30 November 2006 and 8 October 2009) 

occurred in association with a neutrally to negatively-tilted upper-level trough near the 

periods of heaviest rainfall.  Prior to and during the periods of heaviest rainfall, DCVA 
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increased to between 15 and 35x10-9 s-1 in association with the deepening trough, which 

fostered deepening of the associated low pressure systems.  This increasing DCVA also 

helped to facilitate more pronounced (and often localized) destabilization of air parcels in 

the low/mid-troposphere via increasing warm air advection generating greater buoyancy; 

thereby increasing the potential for heavier rainfall (Konrad 1997 and Sherwood 2000).  

In addition, marginal CVA values were observed ahead of the approaching low pressure 

systems in the two cases above (i.e. 10 to 20x10-9 s-1).  In the third archived event (19 

July 2007), anticyclonic vorticity advection (AVA) was found in association with a 

southward-moving frontal boundary (i.e. values between 5 and 15x10-9 s-1).  For cases 

with greater DCVA values, there was a greater tendency for vertically-stacked lows (i.e., 

collocated low pressure positions in the lower, middle, and upper-levels) to become cut 

off from the larger-scale synoptic flow in less time.   

The next part of the mid-level analysis involved an investigation of the 500-mb 

height analyses.  At the 500-mb level; prior to the heaviest rainfall in four of six El Niño 

events (12 and 25 June 2003, 30 November 2006, and 8 October 2009), there were south 

to southwest winds of between 21 and 31 m/s over and upstream from the North-Central 

Mississippi Valley region.  During the 12 to 24 hours preceding the periods of heaviest 

rainfall there was air stream convergence at the 500-mb level, further supporting the 

presence of low/mid-level moisture convergence.  This is germane to this work since 

deep moisture was prevalent in many analyzed upper-air soundings from Springfield, 

Missouri (KSGF) which provided the deep-layer moisture needed for the generation of 

heavier rainfall events (to be discussed more in Chapter 7).  The two remaining events 

(10 June 2003 and 19 July 2007) were characterized by convergent westerly flow of 10 to 
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15 m/s and divergent northerly flow of 5 to 8 m/s respectively at 500 mb.  These two 

events were unique since they involved a cold (stationary) front moving across the North-

Central Plains; heading east (south) toward the region of concern.  As a result of the 

persistent warm air advection and isentropic upglide along these frontal boundaries, air 

parcels along these north-to-south (west-to-east) corridors were lifted and destabilized 

(Fig. 5).  These findings concur with previous work which conducted analogous studies 

(Wiesmueller and Brady 1993; Market et al. 2000; Sherwood 2000, Smith 2006; 

Schumacher et al. 2013; Trier et al. 2014).    

A meaningful trend amongst the minimum 500-mb heights (measured in 

decameters) were fluctuating minimum heights from smaller to larger events (with some 

exceptions).  The respective rainfall amounts and minimum 500-mb heights were: 53.09 

mm (574 dam), 53.85 mm (585 dam), 67.56 mm (566 dam), 68.07 mm (576 dam), 74.17 

mm (536 dam), and 84.07 mm (584 dam).  The variability of the 500-mb heights was 

likely due to the strength and proximity of the associated low pressure systems with 

respect to the region of concern.  The strength of a low pressure system and its proximity 

to the region of concern governs the magnitude of the associated pressure gradient, 

influencing the amount of warm, moist air being advected.  These results concur that 

lower tropospheric heights are linked to a greater propensity for stronger lifting of air 

parcels and an increased potential for heavy rainfall given the presence of an adequate 

trigger mechanism. (Harding and Snyder 2015).   

The next part of the mid-level synoptic analysis was studying the 700-mb height 

analyses.  An important observation noted in one of six El Niño events (12 June 2003) 

was the trough orientation transition going from slightly positively-tilted to slightly 



23 
 

negatively-tilted (Fig. 6A-6D).  This transition induced greater upper-level divergence 

and stronger air parcel ascension due to more pronounced DCVA which facilitated more 

efficient deep-layer mass evacuation; favoring greater heavier rainfall potential.  During 

the five remaining events, the trough orientation shifted from positively-to-neutrally-

tilted (10 and 25 June 2003, 30 November 2006, 19 July 2007, and 8 October 2009).  

This indicated the presence of weaker upper-level divergence and weaker air parcel 

ascension due to weaker DCVA occurring.  The second pertinent observation was south 

to southwesterly winds of between 10 and 15 m/s occurring over and upstream from the 

region of concern prior to the periods of heaviest rainfall.  This south to southwesterly 

flow indicated warm air advection emanating from the Gulf of Mexico, favoring the 

northward progression of warm/moist air towards the region of concern (Fig. 6A-6D, 7).   

Analogous to the minimum 500-mb heights, the minimum 700-mb heights also 

had notable height variability from smaller to larger events but with more variability than 

at the 500-mb level.  The respective rainfall amounts and minimum 700-mb heights were: 

53.09 mm (308 dam), 53.85 mm (316 dam), 67.56 mm (302 dam), 68.07 mm (310 dam), 

74.17 mm (282 dam), and 84.07 mm (314 dam).  At both the 500-mb and the 700-mb 

level (in two of the six El Niño events), there was a common occurrence for cut-off low 

pressure systems or negatively-tilted trough axes to move over the region of concern.  

These mid-level factors greatly increased heavier rainfall potential based on negatively-

tilted troughs inducing stronger localized height falls, facilitating the development of cut-

off low pressure systems.  By invoking stronger localized height falls, this facilitated 

stronger rising motion and a greater potential for heavy precipitation. 
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 To begin the low-level analysis for the El Niño events, 850-mb moisture transport 

coupled with 850-mb height and Θe were analyzed.  850-mb moisture transport (V · ∇·q) 

is the product of the wind speed (measured in meters per second (m/s)) and the mixing 

ratio (measured in grams per gram (g/g)) at 850 mb.  Moisture transport values are scaled 

by a factor of 100, such that a wind speed of 30 m/s and a mixing ratio of 0.015 g/g 

results in a moisture transport value of 45 m/s 

(www.spc.noaa.gov/exper/mesoanalysis/help/help_tran.html).  As the wind speed and the 

moisture content of the incoming air increases, the larger the moisture transport vector 

becomes.  Graphically, the longer the moisture transport vector becomes, the greater the 

amplitude of the warm air advection that is occurring.  A pertinent finding among the 

three archived events was the primary moisture source being the western and/or central 

Gulf of Mexico (Fig. 1, 7).  Based on the evolution of the vector length and orientation, it 

was evident that LLJ jet circulations (either via the Great Plains radiative-cooling 

pressure gradient-induced or cyclone-enhanced LLJs) influenced the strength and 

persistence of moisture transport as found in previous work (Fig. 2) (Schubert et al. 1997; 

Moore et al. 2003; Schumacher and Johnson 2008; Wang and Chen 2009; Barandiaran et 

al. 2013).   

Amongst the three data-ready El Niño events, the largest difference was 

associated with the behavior of the associated air parcel trajectories.  The defining factor 

was whether the moisture transport vectors followed a quasi-linear trajectory (i.e., 

southerly flow off the central Gulf of Mexico) or a veering trajectory (i.e., southeasterly 

flow off the western Gulf of Mexico and then southwesterly flow towards the Mississippi 

River Valley).  The difference between these two moisture transport scenarios was 

http://www.spc.noaa.gov/exper/mesoanalysis/help/help_tran.html
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dictated by the governing atmospheric dynamics which defined whether the LLJ was 

governed by a Great Plains LLJ circulation or a cyclone-enhanced LLJ circulation.  The 

Great Plains LLJ is generated through the combined effects of the pressure gradient 

differential across the south-central U.S., the Coriolis force, and the frictional force (Fig. 

2) (Schubert et al. 1997; Moore et al. 2003; Wang and Chen 2009).  This Great Plains 

LLJ scenario was observed during one of three data-ready El Niño events (19 July 2007).  

The second scenario involved the cyclone-enhanced (i.e., thermal wind-enhanced) LLJ 

circulation is a cyclone-induced enhancement of the Great Plains LLJ circulation). and 

this occurred in two of the data-ready three events (30 November 2006 and 8 October 

2009) (Mo 2000; Wang and Chen 2009; Harding and Snyder 2015).  

To begin studying the low levels for the El Niño events, 850-mb moisture 

transport coupled with 850-mb heights and Θe was inspected.  Upon evaluating 850-mb 

moisture transport, there were different synoptic-scale flow regimes governing each of 

the three data-ready El Niño events (30 November 2006, 19 July 2007, and 8 October 

2009).  The 30 November 2006 event occurred as a product of warm air advection (i.e., 

maximum moisture transport vector values of between 10 and 15 m/s) off the Gulf of 

Mexico that veered from southeast-to-southwest; ultimately angled towards the region of 

concern.  The influx of warm/moist air occurred in association with a stationary front 

draped from southwest-to-northeast across the south-central U.S. (Fig. 4).  The position 

of this stationary front facilitated overrunning due to weak isentropic upglide occurring 

perpendicular to the strong Θe gradient resulted in 74.17 mm of rainfall (Fig. 5, 9).   

The 19 July 2007 occurred as strong warm/moist advection off the Gulf of 

Mexico was coupled by an interaction between a southward-moving cold front and a 
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classic Great Plains LLJ circulation with a veering moisture trajectory (i.e., southeasterly 

to southwesterly-oriented moisture transport with maximum moisture transport vector 

values of 15 to 20 m/s) (Fig. 1, 2, 7, 8, 10).  Due to the progressive southward-moving 

cold front, the deepest moisture remained over the region of concern for less time which 

resulted in a smaller event rainfall total of 53.85 mm.  The heaviest rainfall occurred after 

21:00 UTC on 19 July as a strengthening Θe gradient approached the region of concern 

from the north.  The 8 October 2009 event was a product of strong warm air advection 

associated with the warm front of a cut-off low pressure system positioned over the 

North-Central U.S. coupled with enhancement from a weak Colorado low and a 

retrograding high pressure system over the eastern/central Gulf of Mexico (Fig. 1, 7, 8).  

The heaviest rainfall during the 8 October 2009 event occurred in the presence of a 

tightening Θe gradient over the region of concern coupled with strong moisture transport 

(i.e., maximum moisture transport values of 15 to 20 m/s) courtesy of a veering moisture 

plume off the Gulf of Mexico.  The combination of strong moisture transport coupled 

with low-to-mid-level frontogenetic forcing produced the heaviest rainfall based on the 

850-mb moisture transport analyses. 

Another critical aspect of the 850-mb analysis was investigating the evolution of 

the 850-mb Θe fields for each event.  The 30 November 2006 event was unique due to the 

heaviest rainfall occurring as the deepest water vapor remained on the southern-edge of a 

tight northeast-to-southwest Θe gradient.  The higher rainfall total was due to the 

persistent influx of moisture-laden air along the warm-side of the stationary front (Moore 

et al. 2003) (Fig. 4).  The 19 July 2007 event was facilitated by a weaker Θe gradient 

located to the north of the region of concern which generated strong convection as the 
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cold front progressed southward (Fig. 4, 10).  A similarity amongst all three El Niño 

events was that they all occurred in association with a Θe ridge that strengthened the 

transport of warm, moist air into the region of concern.  As studied in previous work, Θe 

ridges are defined as sources (e.g., the surface to 850-mb or surface to 700-mb layer) of 

warm/moist air which often serve as triggers for heavier precipitation (Thiao et al. 1995).   

The next component of the low-level analysis for the El Niño events involved 

studying the 850-mb analyses.  A consistent wind pattern trend found in four of six El 

Niño events (10 June 2006, 25 June 2006, 19 July 2007, and 8 October 2009) was 

southerly winds veering to westerly winds (i.e., during the 6 to 12 hours preceding each 

event).  Another key finding during three of the six El Niño events (25 June 2003, 30 

November 2006, and 8 October 2009) was the contraction of the isotherm gradient over 

and/or just to the north of the region of concern.  This contracting isotherm gradient near 

the region of concern indicated the presence of strong mid-level frontogenetical forcing 

(Moore et al. 2003; Moore et al. 2013).  Another crucial aspect of the 850-mb analysis 

was the variation of minimum 850-mb heights values in going from smaller to larger 

events.  The respective rainfall amounts and minimum 850-mb heights were: 53.09 mm 

(145 dam), 53.85 mm (152 dam), 67.56 mm (143 dam), 68.07 mm (147 dam), 71.17 mm 

(132 dam), and 84.07 mm (151 dam).  Analysis of these minimum height statistics 

(despite the minimum height values oscillating), indicated a trend for decreasing height 

values from smaller to larger rainfall events.  This further supports the results of previous 

work, namely, that heavier rainfall events are often associated with lower heights in the 

lower and middle troposphere (Harding and Snyder 2015). 
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The final component of the low-level analysis was studying the evolution of 

surface analyses for the six El Niño events.  As discussed earlier, the impetus for 

studying surface analyses was to better understand the evolution of each event in regards 

to the evolution of specific atmospheric dynamics.  Of the six archived El Niño events, 

three events were triggered by slow-moving cold fronts that developed leading-edge 

outflow boundaries (10 June 2003, 25 June 2003, and 19 July 2007).  These events 

generated heavier rainfall by lifting and destabilizing air parcels downwind of the cold 

front’s position as the front progressed eastward (Fig. 4, 9).  Two of the three cold front 

cases had radar signatures analogous to bow-echoes or quasi-linear convective systems.  

These three events were due in part to their occurrence in June 2003 and July 2007, 

justifying a greater influence from the subtropical jet.   

Two of the six archived events were associated with slow-moving warm fronts 

but they had very different evolutions.  The first event (30 November 2006) occurred 

with a weak shortwave trough moving south of the Rocky Mountains prior to 

strengthening into a mature extratropical cyclone in the vicinity of the Gulf of Mexico 

(Fig. 8, 9).  From there, the region of concern was positioned on the northwest side of this 

extratropical low pressure system, which facilitated heavier rainfall.  The second event (8 

October 2009) occurred as a result of a cut-off low pressure system moving from Ontario 

to Québec, Canada with a trailing cold front approaching the region of concern.  At the 

same time, a warm front tied to a weak low pressure system over western and central 

Oklahoma was moving north (Fig. 2).  The combination of the warm air surging north in 

association with the warm front coupled by enhanced lifting and destabilization of air 
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parcels near and just south of the approaching cold front further supported heavier 

rainfall production (Moore et al. 2003; Moore et al. 2013).   

The final event (12 June 2003) occurred as the result of a stationary front 

(positioned north of the region of concern) interacting with a developing shortwave 

trough that was approaching from central Iowa (Fig. 4, 9).  This event was unique since 

the shortwave trough originated from a weak low pressure system that had formed near 

the intersection of the mature low pressure system’s cold front and a long stationary front 

that extended from eastern Nebraska to western Indiana (Fig. 2).  Ultimately, the weaker 

low pressure system phased with the stationary front before converging with the 

shortwave trough and triggering heavy rainfall as the low pressure system progressed 

southward (Fig. 10).  The consensus amongst the surface analyses indicated that events 

during El Niño years were not correlated with a specific synoptic flow regime.  However, 

the results concur with previous work such that lower heights coupled with the advection 

of strong warm/moist air into the region of concern facilitates greater potential for heavy 

rainfall events (Moore et al. 2003; Moore et al. 2013).      

      

Chapter 3.3: La Niña Event Analyses  

This phase of the research work involved analyzing events that occurred at KSTL 

during La Niña periods between 2000 and 2014.  Amongst the twenty-seven analyzed 

events, La Niña events had the lowest average rainfall total, which was 62.77 mm based 

on the nine analyzed La Niña events.  Contrary to the above-average 500-mb absolute 

vorticity observed during El Niño events, La Niña events had an average 500-mb 

absolute vorticity value of 17.33x10-5s-1 (just under 78% of the cumulative ENSO-phase 
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average).  This is significant since weaker vorticity values are often associated with 

weaker lifting of air parcels, reducing the potential for heavier rainfall (Konrad 1997).  

Amongst the six archived La Niña events, the three main synoptic regimes included: 

positively to neutrally-tilted troughs, positively-tilted troughs, or neutrally-tilted troughs 

(Fig. 6A-6D).  Amongst these different situations, there was notable variability of the 

maximum upper-level jet streak wind speeds.   

To begin studying the evolution of the upper-levels during La Niña events (and in 

accordance with the procedure for the El Niño events), an analysis of 300-mb height and 

divergence was first conducted.  Two of the higher-amplitude positively to neutrally-

tilted trough transition cases involved positively-tilted trough axes centered near southern 

Arizona (southwestern Arizona) before pushing east and transitioning towards neutrally-

tilted troughs near southern New Mexico (north-central Mexico) (5 February 2008 and 18 

March 2008).  In both situations, as the trough axis moved downstream, the region of 

concern remained approximately 200 to 250 km to the south of the right-entrance region 

of a 61 to 67 m/s upper-level jet streak.  Since the region of concern was positioned 

underneath these quadrants of the respective upper-level jet streaks, this strengthened 

upper-level divergence and deep tropospheric mass evacuation during the period of 

heaviest rainfall (Uccellini et al. 1987a; Uccellini and Kocin 1987b). 

Upon inspecting the two positively-tilted trough cases, there was much less 

resemblance when compared to the previously discussed positively to neutrally-tilted 

cases.  The more significant positively-tilted trough case (24 November 2010) was 

defined by a high-amplitude positively-tilted trough axis centered near the California and 

Arizona state border.  Closer to the periods of heaviest rainfall, the region of concern was 
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positioned between two separate 57 and 67 m/s jet streaks to the east and west of the 

region of concern.  This indicated much less influence from the left-exit or right-entrance 

regions of jet streaks, which was an important finding since these are strong sources of 

upper-level divergence and deep tropospheric mass evacuation (Uccellini et al. 1987a; 

Uccellini and Kocin 1987b).  The less pronounced positively-tilted trough case (26 May 

2008) was defined by a lower-amplitude positively-tilted trough axis centered over 

southern California.  During this event, the right-entrance region of a 51 to 62 m/s upper-

level jet streak remained approximately 300 km north of the region of concern.  Around 

the time of heaviest rainfall, there was notable divergence occurring (i.e., 3 to 6x10-6s-1) 

which facilitated greater air parcel ascension and heavier rainfall potential. 

Through analyzing the two neutrally-tilted trough cases, there were considerable 

differences observed.  The more significant neutrally-tilted trough case (25 June 2011) 

was defined by a broader neutrally-tilted trough axis centered over the Pacific Northwest.  

However, in this case there was no measurable upper-level jet streak within 600 km close 

in time to the period of heaviest rainfall, indicating the absence of strong upper-level 

support.  The neutrally-tilted trough case (1 September 2014) was defined by a higher-

amplitude neutrally-tilted trough axis centered over North Dakota and South Dakota.  

Contrary to the 25 June 2011 event (i.e., less rainfall but stronger upper-level dynamics), 

there was greater upper-level support considering that the region of concern was located 

south of the right-entrance region of a 57 m/s jet streak near the period of heaviest 

rainfall.  Through studying 400-250 potential vorticity (and advection thereof) as well as 

300-mb streamlines, there was weak DCVA occurring during the 6 to 12 hours preceding 

the periods of heaviest rainfall.  In addition, the 300-mb streamline flow regimes verified 
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the presence of significant upper-level divergence which bolstered the potential for 

heavier rainfall during La Niña events. 

The final component of the upper-level analysis was inspecting the evolution of 

the synoptic flow at 250 and 300 mb.  Aside from some minor differences, the synoptic 

flow regimes at 250 and 300 mb reflected similar results as those found in the analysis of 

300-mb height and divergence.  The key points ascertained from these mandatory height 

levels (i.e., standard atmospheric heights used most often in meteorological analysis) was 

the occurrence of heavier rainfall near or just to the south of right entrance regions of 

upper-level jet streaks.  As previously stated, the presence of right-entrance regions of 

eastward-moving straight jet streak dynamics in the Northern Hemisphere generated a 

more conducive environment for heavy rainfall (Uccellini et al. 1987a; Uccellini and 

Kocin 1987b).  The exceptions to this scenario were defined by upper-level jet streaks 

located to the west or north of the region of concern.  Despite the strongest upper-level 

forcing being displaced by more than 250 km, there was divergent flow over the region of 

concern, which aided in localized air parcel ascension and destabilization.       

To start inspecting the mid-levels, 500-mb height and absolute vorticity coupled 

with 700 to 400-mb differential vorticity advection was studied.  Analysis of the six 

archived La Niña events revealed that the upper-level synoptic pattern at 500 mb was 

analogous to the meridional flow regimes observed at both 250 and 300 mb.  Five of the 

six archived La Niña events (5 February 2008, 18 March 2008, 26 May 2008, 24 

November 2010, and 25 June 2011) were associated with positive-to-neutral or static 

neutrally-tilted troughs.  Amongst these five events, absolute vorticity values remained 

between 10 and 25x10-5s-1 (over or just west of the region of concern) which supported 
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stronger parcel ascension prior to and during the periods of heavier rainfall.  During those 

four events, DCVA occurring (i.e., values between 10 and 25x10-9s-1) during the 12 hours 

preceding the periods of heavier rainfall acted to bolster upper-level support.  The last 

event (1 September 2014) was characterized by a broader neutrally-tilted trough.  

However, the key difference was the lack of upper-level support based on weaker 

absolute vorticity and DCVA (i.e., values between 0 and 5x10-9s-1). 

The next component of the mid-level analyses for La Niña events involved an 

inspection of the 500-mb heights.  At the 500-mb level, during the 12 hours preceding the 

heaviest rainfall in seven of the nine archived La Niña events (18 February 2000, 7 May 

2000, 5 February 2008, 18 March 2008, 26 May 2008, 24 November 2010, and 25 June 

2011), there was divergent flow in place with wind speeds between 15 and 41 m/s.  This 

recurring 500-mb divergent flow was a product of increasing DCVA initiated by 

deepening positively-tilted troughs across the western, northwestern, or south-central 

U.S. during the 24 to 48 hours preceding the periods of heavier rainfall.  The two 

remaining events (24 June 2000 and 1 September 2014) were characterized by neutrally-

tilted trough with convergent (divergent) wind speeds of 10 (26) m/s.  A meaningful 

trend found amongst the minimum 500-mb heights were decreasing minimum heights 

from smaller to larger events (with some exceptions).  The respective rainfall amounts 

and minimum 500-mb heights were: 51.31 mm (580 dam), 54.61 mm (582 dam), 55.63 

mm (580 dam), 56.9 mm (554 dam), 59.94 mm (546 dam), and 62.48 mm (554 dam), 

71.12 mm (582 dam), 74.68 mm (582 dam), and 78.23 mm (562 dam).  The variability of 

the 500-mb heights was due to the strength and proximity of the associated low pressure 

systems with respect to the region of concern as discussed in the El Niño event analyses 
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(Harding and Snyder 2015).  These statistics further support the meteorological premise 

that lower tropospheric heights are correlated with greater lifting of air parcels.  This 

statement is supported by the above statistics, illustrating the decreasing height trend 

which often correlates with increasing rainfall totals. 

The final part of the mid-level analysis was inspecting the 700-mb height 

analyses.  At the 700-mb level, five of the nine La Niña events (18 February 2000, 5 

February 2008, 18 March 2008, 26 May 2008, and 24 November 2010) were associated 

with cut-off low pressure systems positioned to the southwest of, to the northwest of, or 

directly over the region of concern (Fig. 8).  Within 12 to 24 hours of the heaviest 

rainfall, the 700-mb heights of these four cut-off low pressure systems ranged from 276 

decameters (centered over north-central Montana) to 297 decameters (centered over 

central Texas).  This variability in the 700-mb heights verified the range of low pressure 

intensities coinciding with the events being analyzed.  The four remaining events (7 May 

2000, 24 June 2000, 25 June 2011, and 1 September 2014) were characterized by 

shortwave troughs moving either marginally or well to the north around the time(s) of 

heavier rainfall.  Contrary to the minimum 500-mb heights, the minimum 700-mb heights 

did not exhibit predominantly decreasing heights from smaller to larger events.  The 

respective rainfall amounts and minimum 700-mb heights were: 51.31 mm (311 dam), 

54.61 mm (314 dam), 55.63 mm (312 dam), 56.9 mm (296 dam), 59.94 mm (288 dam), 

and 62.48 mm (293 dam), 71.12 mm (311 dam), 74.68 mm (311 dam), and 78.23 mm 

(298 dam).  As stated in the height analyses for the El Niño events, the variability in the 

height values were attributed to the greater distance between the region of concern and 

each respective low pressure system.  
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To begin inspecting the low-levels for the La Niña events, 850-mb moisture 

transport coupled with 850-mb heights and Θe was evaluated.  Through studying 850-mb 

moisture transport, there were two predominant atmospheric flow regimes amongst the 

six data-ready La Niña events.  These two atmospheric flow regimes included the Great 

Plains LLJ (26 May 2008, 24 November 2010, and 25 June 2011) or the cyclone-

enhanced LLJ (5 February 2008, 18 March 2008, and 1 September 2014).  A subtle 

difference between these two scenarios were the slightly lower 850-mb moisture 

transport values (i.e., values of 15 to 20 m/s) associated with the cyclone-enhanced LLJ 

events as compared to the Great Plains LLJ events (i.e., with 850-mb moisture transport 

values between 15 and 25 m/s).  This concurs with previous work finding that moisture 

transport associated with cyclone-enhanced LLJ events is inferior to the magnitude of the 

moisture transport affiliated with the Great Plains LLJ (Fig. 2) (Schubert et al. 1997; Hu 

et al. 1998; Moore et al. 2003; Wang and Chen 2009; Barandiaran et al. 2013; Harding 

and Snyder 2015).  Another important difference was weaker Θe ridges over and to the 

south of the region of concern for cyclone-enhanced LLJ events (i.e., maximum Θe values 

between 315 and 345 K).  Whereas for Great Plains LLJ events, there were stronger Θe 

ridges preceding events (i.e., maximum Θe values between 335 and 350 K).  The 

persistent convection in many cases was due to the warm/moist air being advected 

northward from a region of higher-to-lower Θe; indicating that isentropic upglide 

increased heavy rainfall potential based on previous work (Fig. 5) (Wiesmueller and 

Brady 1993; Market et al. 2000; Moore et al. 2003; Schumacher et al. 2013).  

The second part of the 850-mb level analysis was the inspection of the 850-mb 

height analyses.  Six of the nine analyzed La Niña events (18 February 2000, 5 February 
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2008, 18 March 2008, 26 May 2008, 24 November 2010, and 1 September 2014) 

occurred either partly or directly in association with a closed 850-mb low pressure system 

positioned to the north, west, or southwest of the region of concern.  Additional factors 

that facilitated some of these events included the Great Plains LLJ or cyclone-enhanced 

LLJ influences, pre-frontal trough-enhanced convection downstream of strengthening 

low pressure systems, and/or shortwave-trough convective training along and ahead of 

northward-propagating warm fronts.  During the 12 to 18 hours preceding each event, 

convergent 850-mb flow was observed to the southwest or west of the region of concern, 

which aided in air stream and moisture convergence.  Another contributive factor during 

all six events was tightening 850-mb temperature gradients over or just north of the 

region of concern during the 6 to 12 hours preceding the periods of heaviest rainfall.  

This was a critical factor since the contraction of isotherms with either a west-to-east or 

southwest-to-northeast orientation facilitated maximized frontogenetic forcing prior to 

the periods of heavier rainfall (Moore et al. 2003; Moore et al. 2013).  

Two of the nine analyzed La Niña events (7 May 2000 and 24 June 2000) 

occurred in association with a slightly negatively-tilted and slight positively-tilted trough 

respectively.  The 7 May 2000 event was driven by persistent advection of warm/moist 

air emanating from the Gulf of Mexico as well as 850-mb southwesterly convergent flow 

during the 6 to 12 hours preceding the heaviest rainfall (Fig. 1).  The combination of 

these factors led to a brief convective training event which unfolded over the course of 

6.5 hours.  The 24 June 2000 event was influenced by analogous factors to the 7 May 

2000 event except that the most intense convection was associated with a bowing 

thunderstorm complex that was moving south early on 24 June.  Later in the day, a 
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second round of convection moved through concurrently with the southern flank of a 

mesoscale convective vortex which moved just north of the region of concern.  The final 

La Niña event (25 June 2011) was unique due to the absence of a closed or cut-off low 

pressure system.  The presumed catalyst of the intense convection which moved through 

during the late evening on 25 June 2011 was increasing low-level convergence to the 

south and southwest of the region of concern.  This low-level convergence was associated 

with a 15 to 20 m/s LLJ emanating from the Gulf of Mexico based on the 850-mb 

moisture transport analysis (Fig. 1, 7).   

The third part of the low-level analysis was evaluating the presence of possible 

trends in the 850-mb heights associated with the respective events.  Analysis of the 850-

mb heights revealed that the minimum 850-mb height values fluctuated in going from the 

smaller to larger events.  The respective rainfall amounts and minimum 850-mb heights 

were: 51.31 mm (146 dam), 54.61 mm (151 dam), 55.63 mm (148 dam), 56.9 mm (140 

dam), 59.94 mm (132 dam), and 62.48 mm (141 dam), 71.12 mm (149 dam), 74.68 mm 

(148 dam), and 78.23 mm (140 dam).  These values added further support to the results 

of previous work finding that increasingly heavier rainfall events are often correlated 

with increasingly lower average minimum atmospheric heights (Harding and Snyder 

2015).  The final component of the low-level analysis was studying the surface analyses 

for the nine archived La Niña events.  Among the nine La Niña events, five events (18 

February 2000, 7 May 2000, 24 June 2000, 5 February 2008, and 18 March 2008) were 

triggered by weak low pressure systems propagating along frontal boundaries oriented 

from southwest-to-northeast across the south-central U.S. (Fig. 4, 9).  Four of those five 

events (18 February 2000, 24 June 2000, 5 February 2008, and 18 March 2008) were 
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generated by strong low-level convergence occurring in the warm sector of the low 

pressure systems moving towards the region of concern.  The last of these five events (7 

May 2000) was generated by a mesoscale convective vortex which formed ahead of a low 

pressure system in the vicinity of northeast Colorado and southwest Nebraska.   

Two of the nine La Niña events (26 May 2008 and 1 September 2014) were 

triggered by slow-moving cold fronts (Fig. 4).  The heaviest rainfall during these events 

was sparked by outflow boundaries (oriented from southwest to northeast) generated by 

antecedent upstream convection.  As these outflow boundaries propagated in a 

southeasterly direction towards the region of concern, deep convection was initiated 

within 100 km of the St. Louis rainfall site before generating heavy rainfall over a 2 to 3 

hour period.  One of the nine La Niña events (24 November 2010) was triggered by 

strong warm air advection occurring in the warm-sector of a developing low pressure 

system positioned over northeastern Colorado.  The heaviest rainfall occurred as this low 

pressure system drifted off to the southeast towards western and central Kansas, which 

strengthened the pressure gradient between the low pressure system over the central U.S. 

and a high pressure system across the eastern U.S.; increasing the magnitude of the warm 

air advection.  The last analyzed La Niña event (25 June 2011) was triggered by a 

southward-moving outflow boundary (generated by upstream convection across the 

north-central U.S. from the previous day).  The southward-moving outflow boundary 

collided with a frontal boundary which oscillated between the status of a warm front and 

a stationary front near the period of heaviest rainfall.  Hence, most La Niña events were 

triggered by nearby outflow boundaries interacting with frontal boundaries due to in-situ 

dynamics associated with frontal boundaries (e.g., isentropic upglide) generating 
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conducive environments for heavy rainfall events (Fig. 4, 5) (Market et al. 2000, Moore 

et al. 2003; Schumacher and Johnson 2008; Schumacher et al. 2013; Trier et al. 2014). 

 

Chapter 3.4: Neutral-ENSO Event Analyses  

 To assess which synoptic regimes were most conducive for heavier rainfall 

events, the final component of the interannual variability analysis was studying rainfall 

events which occurred at KSTL during Neutral-ENSO periods between 2000 and 2014.  

Amongst the twelve Neutral-ENSO events, there was an average rainfall event total of 

64.16 mm which was the median average rainfall total between El Niño and La Niña 

years.  In addition, the average absolute vorticity value of 23.33x10-5s-1 observed during 

Neutral-ENSO events fell between the average absolute vorticity values found during El 

Niño and La Niña years as well.  Amongst the six archived Neutral-ENSO events, the 

predominant synoptic regime was defined by slightly-positively or neutrally-tilted high-

amplitude troughs and one case which occurred in association with a neutrally-tilted 

lower-amplitude longwave trough.  The main difference between the primary synoptic 

flow regimes was the proximity of the mid/upper level forcing with respect to the 

positioning of the heaviest precipitation.  In addition, three of the six Neutral-ENSO 

events were induced by tropical low pressure systems. 

 To begin studying the evolution of the upper-levels during Neutral-ENSO events, 

300-mb height and divergence was first analyzed.  Four of the six archived Neutral-

ENSO events (4 September 2008, 14 September 2008, 18 April 2013, 3 April 2014) 

occurred in association with slightly positively or neutrally-tilted troughs just west of the 

region of concern. Two of the six archived Neutral-ENSO events (25 May 2009 and 2 
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April 2014) occurred in the presence of a weaker neutrally-tilted longwave trough and a 

strongly positively-tilted trough centered over the California/Arizona state border 

respectively.  The heaviest rainfall events (4 September 2008 and 14 September 2008) 

occurred in association with the post-landfall phases of Hurricane Gustav and Hurricane 

Ike.  During these two events, the heaviest rainfall occurred while the region of concern 

was roughly 300 to 400 km to the south of the right-entrance region of a 51 to 62 m/s jet 

streak; maximizing deep tropospheric mass evacuation.  Another critical aspect of the 

300-mb height and divergence analysis was that the greatest upper-level divergence 

values (i.e., between 4 and 6x10-6s-1) developed as the trough tilt orientation changed 

most rapidly.  This was a consequence of the upper-level flow undergoing the greatest 

bifurcation as the trough transitioned from being positively- to neutrally-tilted (i.e., split 

flow due to stronger upper-level divergence) (Uccellini and Kocin 1987b).   

 A thorough investigation of the 400 to 250-mb potential vorticity and 300-mb 

streamlines revealed several important findings amongst the different events.  For the two 

previously noted events (4 September 2008 and 14 September 2008), there were discrete 

vorticity centers (with values of 1 and 2.5x10-5 s-1 respectively) emerging from the Gulf 

of Mexico in association with the weakening TCs.  These respective vorticity maxima 

were eventually absorbed by the dominant upstream trough prior to moving towards the 

Great Lakes region.  In the latter of these two events (14 September 2008), there was a 

discernible presence of weak CVA and weak AVA prior to and just after the period of 

heaviest rainfall.  During two later events (18 April 2013 and 3 April 2014), there was 

substantial evidence of upper-level divergence based on the splitting of the 300-mb 

streamline flow over the region of concern prior to the periods of heaviest rainfall.  For 
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the last two archived events (25 May 2009 and 2 April 2014), there was insufficient 

upper-level forcing present (i.e., a lack of potential vorticity (or advection thereof) near 

the time of the heaviest rainfall).  This indicated that low-level forcing played a more 

critical role in the heavy rainfall which unfolded.   

 The final component of the upper level analyses was the inspection of 250- and 

300-mb height analyses.  Upon studying the 250-mb height analyses, nine of the twelve 

Neutral-ENSO events (12 May 2002, 4 January 2004, 27 May 2004, 30 July 2004, 4 

September 2008, 14 September 2008, 18 April 2013, and 2-3 April 2014) occurred in 

conjunction with upper-level forcing provided by the collocated presence of the left-exit 

or right-entrance region of between 41 and 82 m/s jet streaks positioned over or north of 

the region of concern.  Coincident with the upper-level forcing during these events, there 

was notable divergent flow present during the 12 to 18 hours preceding the periods of 

heaviest rainfall.  This upper-level divergent flow coupled with the strong upper-level 

forcing aided in strong deep tropospheric mass evacuation within the left-exit or right-

entrance regions of these jet streaks (Uccellini and Kocin 1987b).  Hence, this promoted 

stronger upward motion which boosted the potential for heavier rainfall.  Amongst three 

of the twelve Neutral-ENSO events (5 August 2002, 11 June 2005, and 25 May 2009), 

there was negligible upper-level forcing during the 24 hours preceding the heaviest 

rainfall which suggested that low/mid-level dynamics played a larger role.   

Upon inspecting the 300-mb analyses, there was evidence that the upper-level 

pattern was analogous to the upper-level flow observed at the 250-mb level.  By putting 

the events in chronological order from the heaviest to the lightest rainfall events, there 

was a decreasing trend amongst the upper-level divergence values.  During the two 
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heaviest rainfall events (i.e., 4 September 2008 and 14 September 2008), maximum 

upper-level divergence values ranged between 8 and 11x10-6 s-1.  During the two smallest 

events (e.g., 11 June 2005 and 25 May 2009), maximum upper-level divergence values 

remained between 0 and 1x10-6 s-1, while the remaining events had decreasing divergence 

values which matched up with decreasing rainfall totals.  This concurs with previous 

work finding that low/mid-level frontogenetic forcing often is the critical for generating 

heavy rainfall events (Moore et al. 2003; Moore et al. 2013). 

   In stepping down to the mid-levels, the first analyzed parameter was 500-mb 

height and vorticity coupled with 700-mb differential vorticity advection.  Amongst the 

six data-ready Neutral-ENSO events, one similarity was the presence of consistent CVA 

occurring within 24 hours prior to the periods of heaviest rainfall.  From a standpoint of 

synoptic-scale flow, four of the six archived Neutral-ENSO events (14 September 2008, 

18 April 2013, and 2-3 April 2014) occurred in association with a deep positively-tilted 

trough.  Two of the six archived Neutral-ENSO events (1 September 2014 and 25 May 

2009) occurred in association with neutrally to slightly negatively-tilted troughs.  Of 

interest is why the two heaviest rainfall events (i.e., the TC-induced events) occurred 

under similar synoptic-scale flow regimes but resulted in different event rainfall totals.  A 

hypothesized explanation is that due to the barotropic nature of TCs, the prevailing 

upper-level flow had the largest impact on the spatial coverage of the heaviest rainfall 

associated with TCs (Atallah et al. 2007; Galarneau et al. 2010; Moore et al. 2013).   

During the heaviest rainfall events (4 September 2008 and 14 September 2008), 

there were observed CVA values between 10 to 20x10-9s-1; indicating robust upward 

vertical velocities occurred within the quasi-equivalent barotropic environment associated 
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with the post-landfall phase of Hurricane Gustav (4 September 2008) and Hurricane Ike 

(14 September 2008).  Another critical observation was that for all six data-ready events, 

the heaviest rainfall was synchronized with increasing absolute vorticity values and/or the 

arrival of the associated vorticity maxima (i.e., either associated with the TC circulation 

centers or pre-frontal trough of approaching low pressure systems).  During the more 

intense rainfall events (4 September 2008 and 14 September 2008), the absolute vorticity 

maxima were between 18 and 30x10-5s-1.  However, during the less intense events (25 

May 2009 and 3 April 2014), the maximum absolute vorticity values ranged between 10 

and 14x10-5s-1.  

The next part of the mid-level analyses for La Niña events involved an inspection 

of the 500-mb heights.  During seven of the twelve archived events (12 May 2005, 4 

January 2004, 27 May 2004, 30 July 2004, 18 April 2013, and 2-3 April 2014), divergent 

flow was observed at 500 mb in association with positively-tilted troughs (centered over 

the southwestern U.S.) with wind speeds between 23 and 44 m/s.  Three of the twelve 

events (25 May 2009, 4 September 2008, and 14 September 2008) occurred in 

association with slightly negatively-tilted troughs centered over or just west of the 

Mississippi River Valley.  One of the twelve events (6 August 2002) occurred around the 

northern-to-northeastern periphery of an omega block.  On the synoptic-scale, a ridge of 

high pressure was centered over the Kansas-Missouri region and a weak shortwave 

trough was propagating around the north-to-northeast periphery of the blocking high 

pressure system. The last of the twelve events (11 June 2005) occurred in association 

with a broad neutrally-tilted trough centered over southern Arizona.   
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Analysis of the minimum 500-mb heights indicated a decreasing trend in the 

minimum heights from smaller to larger events (with several exceptions).  The respective 

rainfall amounts and minimum 500-mb heights were: 51.05 mm (574 dam), 51.31 mm 

(579 dam), 53.09 mm (572 dam), 55.37 mm (567 dam), 55.88 mm (539 dam), and 56.64 

mm (551 dam), 57.15 mm (581 dam), 62.99 mm (542 dam), 64.26 mm (566 dam), 68.07 

mm (593 dam), 77.72 mm (577 dam), and 116.33 mm (575 dam).  The variability noted 

in the observed 500-mb height values was ostensibly due to the strength and proximity of 

the associated extratropical or tropical low pressure systems relative to the region of 

concern.  Another responsible factor for this variability was certain events not having a 

distinct closed low pressure system associated with them.  Rather, there was a pre-frontal 

trough approaching the region of concern ahead of a cold front which triggered a squall-

line or mesoscale convective system (MCS).  Thus, the lowest atmospheric heights were 

measured during the passage of the ‘wake low’ associated with an MCS or an intense 

convective cell embedded within an approaching squall-line.   

At the 700-mb level, six of the twelve archived Neutral-ENSO events (12 May 

2002, 11 June 2005, 4 September 2008, 14 September 2008, 25 May 2009, and 18 April 

2013) occurred in association with cut-off low pressure systems positioned to the west or 

north of the region of concern.  Within 12 to 24 hours of the heaviest rainfall, the 700-mb 

heights associated with these six cut-off low pressure systems ranged from 297 

decameters (centered along an elongated axis running north-northeast to south-southwest 

from east/central South Dakota to northern Texas and northeastern New Mexico) to 306 

decameters (associated with the weakening circulation of Hurricane Gustav positioned 

over the Arklatex region).  Four of the twelve Neutral-ENSO events (4 January 2004, 27 
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May 2004, and 2-3 April 2014) occurred in association with weak shortwave troughs 

embedded within broader positively-tilted troughs across the western and central U.S.  

The intensity and persistence of the warm air advection occurring during these events 

was a major factor which helped to facilitate the heavy rainfall.   

One of the twelve events (30 July 2004) occurred concurrently with a weak 

shortwave trough (embedded within a broader neutrally-tilted trough positioned across 

the north-central U.S.) which passed directly over the region of concern during the 

periods of heaviest rainfall.  The last of the twelve events (6 August 2002) occurred 

around the northern periphery of a ridge.  At the 700-mb level, there was an increasing 

amplitude of the upstream low pressure system as defined by the high pressure system 

over the center of the U.S. and the downstream low pressure system which comprised the 

omega block.  The second important observation at the 700-mb level was the presence of 

stronger low-level moisture convergence; caused by the propagation of the attendant cold 

front associated with the downstream low pressure system (Fig. 4).  Hence, the 

combination of the higher amplitude of the synoptic-scale flow coupled with the 

increasing low-level moisture convergence facilitated the heavier rainfall event despite 

the strong upper-level ridge as found in similar situations during previous studies 

(Uccellini et al. 1987a; Uccellini and Kocin 1987b). 

The final aspect of the 700-mb analysis was composed of analyzing the respective 

minimum 700-mb heights for the twelve Neutral-ENSO events.  The minimum 700-mb 

heights did not exhibit a decreasing trend in the minimum 700-mb heights from smaller 

to larger events.  The respective rainfall amounts and minimum 700-mb heights were: 

51.05 mm (306 dam), 51.31 mm (312 dam), 53.09 mm (305 dam), 55.37 mm (304 dam), 



46 
 

55.88 mm (294 dam), and 56.64 mm (302 dam), 57.15 mm (311 dam), 62.99 mm (288 

dam), 64.26 mm (306 dam), 68.07 mm (314 dam), 77.72 mm (305 dam), and 116.33 mm 

(300 dam).  The logical explanation for the absent decreasing 700-mb height trend 

observed with Neutral-ENSO events was the large amount of warm/moist air being 

advected into the region of concern.  Based on the proximity of colder air upstream from 

the developing system, this affected the strength of the low pressure system and the 

coincident 700-mb height values.  Thus, low pressure systems encompassing a 

strengthening low-level temperature gradient (i.e., most often caused by an amplified 

trough-ridge pattern and an increase in low-to-mid-level frontogenetic forcing) usually 

deepened more and generated lower 700-mb heights (Moore et al. 2003; Moore et al. 

2013; Harding and Snyder 2015).  From an atmospheric dynamics perspective, many 

differences tied to the low pressure intensities were a consequence of variable 

intensification rates based on the parameters which comprise Sutcliffe’s Self-

Development Concept (Sutcliffe 1956; Uccellini and Kocin 1987b).   

In stepping down to the low-levels for the Neutral-ENSO events, 850-mb 

moisture transport coupled with 850-mb heights and Θe was first evaluated.  Among the 

six data-ready events, there were two main synoptic flow regimes.  The first synoptic 

flow regime which occurred in three events (4 September 2008, 14 September 2008, and 

25 May 2009) involved strong deep-layer moisture advection invoked by the equivalent 

barotropic environment which persists during the post-landfall phase of TCs.  The second 

synoptic flow regime which occurred during the other three data-ready Neutral-ENSO 

events (18 April 2013, and 2-3 April 2014) involved a weak shortwave trough coupled by 

influences from the Great Plains LLJ (Fig. 2).  A major difference was that in the former 
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synoptic-scale flow regime there were maximum moisture transport vector values 

between 50 and 60 m/s; whereas during the latter synoptic-scale flow regime the 

maximum moisture transport vector values were between 20 and 30 m/s.  This agrees 

with previous work since TCs are typically associated with strong deep-layer moisture 

convergence both close to and farther away from the circulation center (Atallah et al. 

2007; Galarneau et al. 2010).  The last important observation was the presence of tight Θe 

ridges being positioned between the Gulf Coast region and the region of concern.  The 

tight Θe gradient (i.e., oriented from south to north) strongly suggested the presence of 

localized isentropic upglide prior to and during many events (Fig. 5) (Market et al. 2000, 

Moore et al. 2003; Schumacher et al. 2013; Trier et al. 2014).   

The second part of the 850-mb level analysis was the inspection of the 850-mb 

heights.  Among the twelve archived Neutral-ENSO events, ten events (12 May 2002, 4 

January 2004, 30 July 2004, 11 June 2005, 4 September 2008, 14 September 2008, 25 

May 2009, 18 April 2013, and 2-3 April 2014) occurred in association with either closed 

and/or cut-off 850-mb low pressure systems.  Amongst the ten events, the respective low 

pressure systems were centered either to the south, southwest, or north of the region of 

concern.  During five of those ten events (12 May 2002, 4 January 2004, 18 April 2013, 

and 2-3 April 2014), the 850-mb temperature gradient tightened substantially as the 850-

mb isotherms contracted while maintaining a southwest-to-northeast orientation over or 

just north of the region of concern.  This was an indication of significant frontogenetic 

forcing occurring in the lower to middle troposphere (Moore et al. 2003; Moore et al. 

2013).  The prospects of significant frontogenetic forcing occurring during these five 

events was further supported by the verification of south and/or southwesterly flow being 
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observed to the south of the 850-mb thermal gradients as well as northerly and/or 

northwesterly flow on the north side of these thermal gradients.   

During the other five of those ten Neutral-ENSO events (4 September 2008, 14 

September 2008, 25 May 2009, and 18 April 2013), there was either a direct or indirect 

association with the post-landfall phase of TCs.  Considering the equivalent barotropic 

nature of the TC circulations, there was little to no baroclinic and/or convective 

instability influence apart from the 12 June 2005 and 25 May 2009 events.  The 12 June 

2005 event was triggered by the interaction between the pre-frontal trough of a 

developing low pressure system (centered between central Kansas and western Missouri) 

and the remnant low of former Tropical Storm Arlene.  The periods of heaviest rainfall 

on 12 June were due in part to the presence of sufficient convective instability (provided 

by the warm, buoyant air advected from the Gulf of Mexico) based on the discrete nature 

of the convective cells which developed during the early/mid-afternoon hours.  The bulk 

of the convective development was a result of the collision between the shortwave pre-

frontal trough and the outer spiral bands of TS Arlene.  The 25 May 2009 event occurred 

concurrently with a weak tropical low pressure system which emanated from the eastern 

Gulf of Mexico.  This event was characterized by broken east-to-west oriented 

convective bands which propagated from south to north towards the region of concern. 

The two remaining Neutral-ENSO events (6 August 2002 and 27 May 2004) were 

unique from the ten other events discussed above.  The 6 August 2002 event was 

triggered by a weak shortwave trough which rode along the northern periphery of a ridge 

which resulted in intense, discrete convection that moved through during a brief 2.5-hour 

period.  The 27 May 2004 event occurred in association with a neutrally-tilted trough 
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centered over the region between central Colorado and western Kansas.  The heaviest 

precipitation occurred as a closed 850-mb low pressure system (identified by cyclonic 

flow in the regional wind field just west of the region of concern) approaching from 

eastern Kansas interacted with a cold front approaching from the north (i.e., the cold front 

being associated with a weaker closed 850-mb low pressure system centered between 

northern Québec and northern Ontario, Canada) (Fig. 8).    

The third part of the low-level analysis was assessing trends in relation to the 850-

mb heights for the twelve Neutral-ENSO events.  The 850-mb height analysis indicated 

that the minimum 850-mb height values oscillated with a decreasing trend from smaller 

to larger events (with a few exceptions).  The respective rainfall amounts and minimum 

850-mb heights were: 51.05 mm (144 dam), 51.31 mm (148 dam), 53.09 mm (143 dam), 

55.37 mm (148 dam), 55.88 mm (140 dam), and 56.64 mm (140 dam), 57.15 mm (149 

dam), 62.99 mm (137 dam), 64.26 mm (147 dam), 68.07 mm (156 dam), 77.72 mm (143 

dam), and 116.33 mm (147 dam).  The best explanation for the variability in the 850-mb 

height values was the barotropic nature of the post-landfall tropical low pressure systems 

as well as the proximity/strength of the shortwave(s) or closed/cut-off low pressure 

systems influencing the heavy rainfall events.  These values further support previous 

work in that heavier rainfall events often correspond with lower atmospheric heights 

(Harding and Snyder 2015). 

The final component of the low-level analysis was studying the evolution of 

surface analyses for the twelve archived Neutral-ENSO events (12 May 2002, 6 August 

2002, 4 January 2004, 27 May 2004, 30 July 2004, 11 June 2005, 4 September 2008, 14 

September 2008, 25 May 2009, 18 April 2013, and 2-3 April 2014).  Amongst the twelve 
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archived Neutral-ENSO events, eight events (12 May 2002, 6 August 2002, 4 January 

2004, 27 May 2004, 30 July 2004, 18 April 2013, and 2-3 April 2014) occurred in 

association with weak and/or deepening extratropical low pressure systems.  Amongst 

those eight cases, the respective low pressure systems moved either directly over, just 

north, or just to the south of the region of concern depending on the exact synoptic flow 

regime.  Seven of those eight events (12 May 2002, 6 August 2002, 4 January 2004, 27 

May 2004, 18 April 2013, and 2-3 April 2014) occurred as a result of an eastward-

moving low pressure system which emanated from either the east side (i.e., the lee side) 

or the south side of the Rocky Mountains.  These seven events (and the last remaining 

case out of the first eight events) will be discussed before discussing the four remaining 

Neutral-ENSO events. 

The 12 May 2002 event was driven by a weak low pressure system which 

emerged from the eastern Rocky Mountains before moving east-northeastward (Fig. 2).  

As this low pressure system moved downstream, warm air advection strengthened to the 

south of the warm front which was positioned just to the north of the region of concern.  

The heaviest rainfall occurred as the attendant cold front approached central and eastern 

Missouri during the pre-dawn to late morning hours on 12 May 2002 via diurnal heating 

and sufficient convective instability (Fig. 4).  The 6 August 2002 event occurred as a 

result of the southward progression of a trailing cold front associated with a closed low 

pressure system positioned over central to eastern Québec, Canada.  In far eastern 

Colorado, there was a weak low pressure system sliding eastward with a warm front 

extending eastward and ultimately coalesced with the cold front (Fig. 2, 4).  The 

southward progression of the cold front (in the wake of the approaching high pressure 
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system from north-central Canada) was the primary cause of the heaviest rainfall during 

the early morning hours of 6 August.  This was confirmed by a cluster of deep convective 

cells quickly moving through the region of concern between 6:00 and 8:30 UTC on the 

morning of 6 August 2002.   

The 4 January 2004 event was driven by a Colorado low (lee trough cyclone) 

which emerged from the lee-side of the Rocky Mountains.  During this event, the low 

pressure system proceeded south towards northern Texas prior to re-developing along a 

west-southwest to east-northeast oriented stationary boundary.  The main difference with 

the 4 January 2004 event was the stronger pressure-gradient in place near the deepening 

low pressure system which fostered stronger cyclonic flow, moist/warm air advection, 

and more pronounced isentropic upglide prior to and during the periods of heaviest 

rainfall.  The last relevant aspect of the 4 January 2004 event was that the most 

convective rainfall occurred as the triple point of the low pressure system passed just 

south of the region of concern.  The 27 May 2004 event occurred in association with a 

weak low pressure system (which formed in southeast Colorado) that was linked to a dry-

line located across western/central Texas.  As this low pressure system heading east, it 

interacted with a cold front associated with a low pressure system located over the 

interior northeastern U.S.  This forced the cold front to evolve into a stationary front due 

to cold air advection (north of the cold front) and increasing warm air advection (south of 

the cold front) before phasing into a warm front as the magnitude of the warm air 

advection overtook the residual cold air advection (Fig. 4).  Through the day on 27 May, 

this weak low pressure system headed northeast before being pushed south by an 

elongated cold front draped across the north-central U.S. ahead of a southward-moving 
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high pressure system (Fig. 3).  The most convective rainfall occurred prior to the cold 

front’s passage; though the strongest convection developed when the cold front was 

closest to region of concern (i.e., during the 6 hours prior to the cold front’s passage).   

The 30 July 2004 event was triggered by a weak low pressure system forming 

along a stationary front which extended along the Gulf Coast region as well as along the 

East Coast.  As this weak area of low pressure headed northeast, steady rainfall 

commenced early on 30 July.  Towards the mid to late-morning hours, the rainfall 

intensity increased substantially as the triple point approached the region of concern 

(though while remaining just to the south).  During the period in which the triple point 

was within approximately 50 km of the region of concern was also when the heaviest 

rainfall occurred.  Another noteworthy observation was that the precipitation shield never 

exhibited reflectivity returns of 40 dBZ or more at any time which further substantiated 

this event being characterized by a longer-duration and stratiform-type rainfall event.   

The 18 April 2013 event occurred in association with a weak low pressure system 

that developed over central Colorado on 17 April before moving south towards the Texas 

Panhandle in the wake of a deepening trough across the central U.S. (Fig. 2).  As the 

developing trough-ridge pattern became more amplified, the strength of the warm air 

advection off the Gulf of Mexico increased; bolstering the development of intense 

convection ahead of the trailing cold front (Fig. 1, 7, 8).  As this cold front slowly headed 

east, two distinct outflow boundaries developed (as observed in radar imagery analysis 

and verified in the surface analyses) ahead of the eastward-moving convection.  The 

eastward propagation of these two outflow boundaries facilitated the initiation of a 

trailing stratiform-type squall line which generated the heaviest rainfall during this event 
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and in previous work (Fig. 4) (Bauer-Messmer et al. 1997).  The strongest convection 

within the squall line moved slowly through the region of concern due to a quasi-

stationary high pressure system which was centered over southern Ontario, Canada.  The 

importance of this high pressure system was that it mitigated the downstream progression 

of this low pressure system; increasing the potential for higher rainfall totals.   

The 2-3 April 2014 events occurred via a complex evolution of an eastward-

moving low pressure system.  Early on 1 April, there was a closed low pressure system 

centered over eastern Ontario, Canada whose trailing cold front (by early on 2 April) 

extended down towards the Tennessee Valley.  Around the same time, a weak Colorado 

low developed and briefly headed southeast before moving east-northeast towards the 

region of concern.  During the early to mid-morning hours on 2 April, strengthening 

warm air advection (south of the trailing cold front) provoked this cold front to transition 

into a stationary front and eventually into a warm front.  As warm air advection increased 

due to strengthening southerly flow south of this warm front, deeper convection 

developed just to the west of the region of concern.  The 3 April 2014 event developed 

once this low pressure system slowly moved northeast during the late morning to early 

afternoon hours.  Due to the persistent warm air advection, multiple rounds of convection 

moved through the region of concern which produced brief periods of heavier rainfall. 

 The four remaining events out of the twelve analyzed Neutral-ENSO events were 

either directly or indirectly associated with a tropical low pressure system which 

emanated from the Gulf of Mexico (Fig. 1, 7).  The critical precursor to the first event (11 

June 2005) was a stationary front oriented from northeast-to-southwest from north Iowa 

to north Texas; coupled with Tropical Storm Arlene approaching the Alabama and 
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Mississippi coastlines.  Early on 11 June, increasing warm air (cold air) advection on the 

south side (north side) of the stationary front fostered the development of a weak closed 

low pressure system over central Nebraska (Fig. 4).  As diurnal heating increased through 

the morning and early afternoon hours, an outflow boundary propagated away from 

convection over eastern Kansas and interacted with the outer bands of an approaching 

and weakening Tropical Storm Arlene.  The interaction of the spiral rain-bands from 

Tropical Storm Arlene and the outflow boundary initiated intense, discrete convective 

cells across central and east-central Missouri between 17:00 UTC 11 June 2005 and 

00:00 UTC 12 June 2005.   

 The second event (4 September 2008) was due in part to a low pressure system 

quickly moving east from northeastern Ontario, Canada to northern Québec, Canada with 

its associated trailing cold front extending south-to-southwestward down through 

northern Texas.  As a weakening Tropical Depression Gustav interacted with the 

southern edge of the cold front, the presence of strong warm/moist air advection triggered 

the evolution of a stationary front at the southern tip of the cold front (Fig. 4).  As the 

remnant low associated with Tropical Depression Gustav continued interacting with the 

cold front before merging with the cold front, there was increasingly stronger warm air 

advection which initiated the process of extratropical transition.  The heaviest rainfall 

occurred during extratropical transition which was within 6 to 12 hours of when the 

remnant circulation of Tropical Depression Gustav moved over the region of concern.   

The third event (14 September 2008) was associated with the landfall of Tropical 

Storm Ike and was nearly identical to the 4 September event associated with Tropical 

Depression Gustav.  During this event, a closed low pressure system was positioned over 
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eastern Wisconsin to western Michigan with a cold front extending southwestward 

through central Oklahoma.  During the post-landfall phase, Tropical Storm Ike headed 

northeast and underwent rapid extratropical transition via its phasing with the cold front.  

This evolving low pressure system (i.e., associated with the remnants of Tropical Storm 

Ike) became more intense than the extratropical low pressure system associated with the 

4 September 2008 event.  Another difference was that during the 14 September 2008 

event there was a more significant displacement of the heaviest rainfall associated with 

the outer rain bands of Ike which delivered greater impacts to areas positioned further to 

the north.  As the remnant low associated with Tropical Storm Ike moved further inland 

and the extratropical-transitioned low pressure system deepened, embedded convection 

increased and moved through between 09:00 UTC and 15:00 UTC 14 September 2008. 

The fourth event (25 May 2009) was associated with a tropical low pressure 

system emanating from the eastern Gulf of Mexico early on 24 May.  In addition, a 

closed low pressure system was moving from central to northern Québec, Canada with a 

trailing cold front extending to the southwest (through the Ohio Valley) and westward 

towards eastern Kansas.  During 24 May, a weak closed low pressure system remained 

stationary over southeastern Colorado; bolstering the warm-air advection occurring.  As 

the tropical low pressure system slowly propagated northward towards the region of 

concern, scattered convection developed across the south-central U.S. in association with 

the large-scale cyclonic spin evident in radar imagery.  Much of the rainfall was defined 

by rounds of stratiform and/or convective rainfall which propagated from north to south 

between 06:00 UTC 25 May 2009 and 03:30 UTC on 26 May 2009. 

 



56 
 

Chapter 3.5: Investigation of PDO Influences 

            Beyond evaluating the impacts of interannual variability on precipitation, there 

remains another pertinent climate-oriented influence, namely, the impacts associated with 

interdecadal variability.  The Pacific Decadal Oscillation (PDO) is one such type of 

interdecadal variability which has been shown to influence the interseasonal and 

intraseasonal variability of heavy precipitation events across the North-Central 

Mississippi River Valley region (Mantua et al. 1997; Higgins et al. 2006; Hu and Huang 

2009; Vincent et al. 2015; Myoung et al. 2015).  The PDO is a longer-term teleconnective 

pattern that is defined by warm and cold phases.  The PDO’s warm phase is denoted by 

anomalously cold sea-surface temperatures (SSTs) observed across the northeast Pacific 

Ocean along with anomalously warm SSTs along the coast of western North America.  

Conversely, the PDO’s cold phase is denoted by anomalously warm SSTs observed 

across the northeast Pacific Ocean along with anomalously warm SSTs along the coast of 

western North America (Mantua et al. 1997; Birk et al. 2010; Ncdc.noaa.gov, 2016b). 

 The relevance of the PDO to heavy rainfall events which occurred at KSTL is 

contingent upon the synchronization of the positive or negative PDO and ENSO phases.  

Their harmonic interaction leads to either the strengthening or the mitigation of 

ENSO/PDO influences, which increases or reduces heavier rainfall potential depending 

upon the given synoptic flow regime in place (i.e., the orientation of the upper-level 

trough axis as well as the predominant air-mass origin) (Birk et al. 2010; SCO, 2016).  

Previous work has found that a typical warm PDO phase is characterized by warm 

surface temperature anomalies across the western/northwestern U.S. coupled with cold 

surface temperature anomalies across the south-central to southeastern U.S.  This pattern 
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generates a quasi-persistent baroclinic zone oriented from southwest-to-northeast across 

the U.S. Central Plains region; favoring heavier rainfall potential via greater tendency for 

the presence of stronger low/mid-level frontogenetic forcing (Mantua et al. 1997).  This 

climatological combination of increased baroclinicity (i.e., greater thermodynamic 

instability facilitated the collision of warmer and colder air masses across the central 

U.S.) coupled with the climatologically-northward transport of warm/moisture-laden air 

increases the potential for heavy rainfall events.   

 Since the warm PDO phase is associated with anomalously cold SSTs across the 

northeast Pacific Ocean, Hu and Huang (2009) found that the core of below-average 

SSTs positioned across the tropical central and northeast Pacific Ocean (typically 

associated with the warm phase of the PDO) was correlated with wetter conditions across 

the Great Plains.  Alternatively, Hu and Huang (2009) found that the core of above-

average SSTs positioned across the Tropical central and northeast Pacific Ocean 

(associated with the cold phase of the PDO) correlated with drier conditions across the 

Great Plains.  These drier conditions across the Great Plains during a cold phase of the 

PDO were due to a greater prevalence of blocking high pressure systems which form 

across the central and/or eastern Pacific Ocean as well as western/central North America.  

Thus, the focus of this PDO analysis is to evaluate the variability of the synoptic regimes 

and the timing of events with respect to periods of maximum (minimum) intensity of 

warm (cold) PDO and ENSO. 

 The first part of the PDO analysis was analyzing output from Intensity Duration 

Frequency (IDF) graphical results from four rainfall gauges located within the Goodwater 

Creek Experimental Watershed (GCEW) located in Centralia, Missouri (Sadler et al. 
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2015).  To answer the USDA-ARS’s primary research question of whether a climate 

signal existed within the long-term rainfall trends pertaining to rainfall intensity, 

duration, and frequency, four specific rainfall gauges which had uninterrupted datasets 

from 1976 to 2012 were studied.  Despite the data associated with the four rainfall gauges 

failing to generate any statistically significant trend based on a four-period split of the 

IDF graphical output (in accordance with the ENSO phases between 1976 and 2012), 

there was a very different outcome upon separating the data based upon the most recent 

PDO cycle.  Upon reanalysis in accordance with the most recent phases of the PDO, there 

was consistent graphical evidence of an increase in the intensity of shorter and longer 

duration rainfall events amongst the four rainfall gauges.   

 This evidence was characterized by event rainfall totals associated with rainfall 

events defined by 5, 20, and 100-year return periods showing a consistent increase in 

terms of rainfall intensity (measured in mm).  This increase was determined by studying 

the differences between the last positive PDO phase (which lasted approximately from 

1977 to the mid-1990’s) and the more recent negative PDO phase (which lasted 

approximately from the mid-1990s to 2013 though some argue it is still persisting to the 

present day) (Fig. 11-18).  Hence, this is more evidence that supports the likelihood of 

heavier rainfall events occurring more frequently in the most recent negative PDO phase.  

An issue with this statement is that there is not enough archived rainfall data to 

substantiate this claim since there were not enough rainfall gauges with uninterrupted 

datasets as far back as the early 1940s (i.e., to encompass at least two cycles of the PDO) 

for a stronger statistical conclusion.  Thus, the addition of more rainfall events into the 

current dataset and analyzing rainfall events from other nearby cities and/or regions will 



59 
 

add more information to help support or refute the results of previous work regarding the 

influences of synchronized ENSO/PDO phases.   

 The second part of the PDO analysis involved studying rainfall data from the St. 

Louis rainfall gauge in relation to the intensity of the PDO during both older and more 

recent cycles of the PDO.  A specific focus was placed on evaluating both recent and 

older rainfall events in relation to the strength of the PDO index during the month prior to 

as well as the month in which each rainfall event occurred.  Amongst the 123 archived 

rainfall events between 1945 and 2014, a good portion of the anomalously heavy rainfall 

events occurred in the presence of a few common trends tied to the PDO Index.  The first 

significant trend was the consistent occurrence of more anomalous events during, just 

before, or just after a period of greater (lesser) intensity within a given positive (negative) 

phase of the PDO (Fig. 19-24).  It is important to specify that this trend was associated 

with the 3-month mean SST anomalies specifically during the 3-month periods from 

April to June (AMJ) and from July to August (JAS).  This trend was induced by greater 

effects from the PDO coupled with perturbations in the position of the subtropical and 

polar jet stream as is observed with the onset of Spring and Summer.  Another ostensible 

reason for this correlation between heavier rainfall events and the relative phase intensity 

of the PDO is the influence of blocking events across the central/eastern Pacific Ocean 

(Barriopedro et al. 2006).  Due to the upstream perturbation of mid-latitude troughs and 

associated synoptic-scale low pressure systems, this consequently impacted the flow of 

atmospheric water vapor with major consequences on longer-term flow regime trends.  

The most prolific impact as diagnosed by this and previous work was a bias for the 

development of atmospheric flow regimes which were variably conducive for heavy 
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rainfall events depending upon the exact latitude of blocking onset and the block size 

(Barriopedro et al. 2006; Hu and Huang 2009). 

 Another relevant trend was defined by the magnitude of event rainfall totals 

appearing to be quasi-proportional to the intensity of the PDO index (regardless of 

whether it was during a negative or positive phase thereof) (Fig. 21-24).  The most 

plausible explanation for this correlation between event rainfall totals and the strength of 

the PDO index is the periodic synchronization of the given ENSO phase with the given 

PDO phase which facilitates an enhancement of ENSO impacts.  During periods with a 

positive PDO and a negative ENSO (La Niña) phase, there was an enhancement of ENSO 

impacts due to the back-building of anomalously cold SSTs courtesy of La Niña being 

coupled with below-average SSTs courtesy of the positive PDO.  During periods 

characterized by positive PDO and negative ENSO (La Niña) conditions, the bolstered 

effects of La Niña are often realized in the way of a notable reduction in the average 

precipitation across the region of concern (Fig. 21, 23).   Alternatively, periods with a 

negative PDO and a positive ENSO (El Niño) phase exhibited multiple instances of 

enhanced ENSO impacts due to anomalously warm SSTs courtesy of El Niño being 

coupled with above-average SSTs courtesy of the negative PDO (Fig. 22, 24).  Amidst 

periods controlled by negative PDO and positive ENSO (El Niño) conditions, the 

reinforced effects of El Niño are typically realized by above-average precipitation totals 

across the region of concern.  

 Thus, the synchronization of ENSO and PDO has the effect of enhancing 

(reducing) the propensity for the development of favorable (adverse) upstream flow 

regimes for the generation of heavy rainfall events.  However, an important detail that 
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bears further investigation is the degree to which PDO/ENSO impacts are enhanced or 

modified based on the strength and position of the warmest SSTs across the central to 

eastern Pacific Ocean.  Depending upon the exact depth and spatial extent of warm (cold) 

water anomalies along and to the west of western North America, periods defined by 

positive PDO/La Niña or negative PDO/El Niño regimes experience notably different 

impacts.  Nonetheless, the correlation between the proximity and the proportionality of 

heavy rainfall events to PDO intensity maxima or minima is relevant since this can be 

appended to the results of other sections to help develop a procedure to further improve 

heavy rainfall forecasting.  

 

Chapter 3.6: Impacts of Climate Change on Heavy Rainfall Statistics 

Chapter 3.6.1: Climate Change Assessment  Background Information  

 Beyond the scope of analyzing the combined influences of ENSO and PDO on 

synoptic flow regimes across the contiguous United States, another issue being evaluated 

is the extent to which climatic variability influences the intensity, duration, and frequency 

of heavy rainfall events.  This assessment was conducted by acquiring the hourly rainfall 

rates (measured in hundredths of inches) from the National Climatic Data Center website 

(www.ncdc.noaa.gov/cdo-web/search?datasetid=PRECIP_HLY).  This hourly rainfall 

data was acquired to assess how the different ENSO phases coupled with effects from the 

PDO may affect both the intensity, duration, and frequency of heavy rainfall events 

across the region of concern.  Considering the massive quantity of hourly rainfall data 

being analyzed, the data was analyzed in the standard archived format wherein the hourly 

rainfall rates are recorded in hundredths of inches since it fostered a quicker analysis.  

http://www.ncdc.noaa.gov/cdo-web/search?datasetid=PRECIP_HLY
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Although much of this work is discussed in millimeters, this did not affect the continuity 

of the work since this section was included for the purposes of evaluating trends in the 

rainfall data in terms of changes associated with the El Niño Southern Oscillation 

(ENSO) and the Pacific Decadal Oscillation (PDO). 

  

Chapter 3.6.2: ENSO/PDO Statistical Analysis 

 Through taking the specifications of the dataset into consideration, the average 

values for the analyzed phases of the PDO in chronological order (i.e., in going from the 

cold, to the warm, to the cold, and to the most recent warm phase of the PDO) were: 2.92 

inches (74.17 mm), 2.53 inches (64.26 mm), 2.62 inches (66.55 mm), and 2.54 inches 

(64.52 mm).  Thus, in going through the four PDO phases between 1925 and 2014, there 

was no significant measurable difference amongst the average event rainfall totals during 

each of the four analyzed PDO phases.  Granted, this also accounted for the exclusion of 

the slightly higher average event rainfall total during the first positive phase of the PDO 

from 1925 through 1946 based on the limited hourly rainfall data available during that 

period.  Another necessary angle as part of this ENSO/PDO climate change signal 

assessment was generating a recurrence frequency breakdown.  This was accomplished 

by separating the event rainfall totals (x) per the following rainfall thresholds: 2.00 ≤ x ≤ 

2.50 inches (50.8 ≤ x ≤ 63.5 mm), 2.50 ≤ x ≤ 3.00 inches (63.5 ≤ x ≤ 76.2 mm), 3.00 ≤ x 

≤ 3.50 inches (76.2 ≤ x ≤ 88.9 mm), 3.50 ≤ x ≤ 4.00 inches (88.9 mm ≤ x ≤ 101.6 mm), 

and x ≥ 4.00 inches (x ≥ 101.6 mm).  Due to the limited available hourly and daily 

rainfall data for the St. Louis, Missouri, rainfall site during the first positive (warm) phase 

of the PDO that lasted from 1925 through 1946, there was not much insight gained from 
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this part of the analysis.  However, amongst the eight events which occurred near the end 

of this positive PDO phase, all of them occurred during Neutral-ENSO years.  For most 

of the events (i.e., five of the eight events or 62.5% of the analyzed events), event rainfall 

totals ranged between 2.00 and 2.50 inches (50.8 and 63.5 mm) with a few exceptions.   

 Upon analyzing the archived hourly rainfall data in accordance with the phases 

(i.e., both the positive (warm) and negative (cold) phase) of the PDO, there were no 

apparent indications of influences from the PDO.  This conclusion was ascertained 

through studying the average event rainfall totals distributed amongst the respective PDO 

phases. It is worthwhile to re-state that the specific PDO phases which were studied for 

the purposes of this analysis included the following: the negative PDO phase which 

lasted from 1925 to 1946, the warm PDO phase which lasted from 1947 to 1976, the 

negative PDO phase which lasted from 1977 to 1998, and the positive PDO phase which 

lasted from 1999 to 2014.  The specification of these periods is imperative since rainfall 

data (i.e., both daily and hourly rainfall data from the St. Louis, Missouri rainfall site) has 

only been fully archived since 1 August 1948.  Hence, analysis of the first included phase 

of the PDO (i.e., the negative PDO phase from 1925 to 1946) was restricted because of 

the abbreviated dataset.  Upon calculating rolling thirty-year average monthly rainfall 

totals since 1841, a series of oscillating patterns emerged.  The general trend found 

amongst the fifteen thirty-year periods was a consistent interdecadal oscillation of 

increasing and decreasing average monthly rainfall totals.  However, as was noted by the 

National Climatic Data Center’s data archiver (and is known from conventional 

knowledge), some of the rainfall data from St. Louis, Missouri during the mid/late 1930’s 

was unreliable due to technological inconsistences.  Therefore, some of the observed 
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rainfall trends during that period were cautiously considered when evaluating the trends 

over the entire 150 + year period.   

 The most important and practically relevant observation was a gradual increase in 

the annual monthly rainfall totals throughout most months of the year since the 1951-

1980 period.  Despite the intensity increase of the annual monthly rainfall totals since the 

mid-1950’s, the distribution of the rainfall events of 2.00 inches (50.8 mm) or greater has 

remained the same.  Hence, this provides evidence to support that rainfall intensity has 

been increasing at least due in part to the presence of stronger ENSO impacts (as well as 

enhancement of these impacts via synchronization of large-scale impacts from the Pacific 

Decadal Oscillation).  Yet, in the presence of this increased rainfall intensity over the past 

half-century plus, the percentage distribution of heavier rainfall events has remained 

approximately the same.  This lends to an end-result of there being an expectation for 

more anomalously heavy rainfall events due to the greater frequency of above-average 

warm-air advection (and therefore greater advection of low/mid-level moisture and 

convective instability) into the region of concern.   

 Through shifting attention to the subsequent negative (cold) PDO phase which 

stretched from 1947 through 1976, there was a more complex event distribution.  

Amongst the forty-one events which occurred throughout this negative PDO phase, 

twenty-eight (or 68.29% of the analyzed events) had event rainfall totals between 2.00 

and 2.50 inches (50.8 and 63.5 mm).  Moreover, eight (or 19.51% of the analyzed events) 

had event rainfall totals between 2.50 and 3.00 inches (63.5 and 76.2 mm).  Hence, 

87.80% of the events which occurred during the 1947-1976 negative PDO phase occurred 

in association with event rainfall totals between 2.00 and 3.00 inches (50.8 and 76.2 mm).  
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The remaining 12.20% of the events which occurred between 1947 and 1976 were 

randomly distributed amongst the ENSO phases with no clear pattern.  Additionally, 

those forty-one events had a near-perfect distribution amongst the El Niño, La Niña, and 

Neutral-ENSO years based on the percentage of ENSO phase occurrence breakdown 

working out as follows: El Niño (29.27%), La Niña (36.59%), and Neutral-ENSO 

(34.15%).  Hence, there was not a clear ENSO signal based on the relatively balanced 

event distribution amongst the respective ENSO phases with no preference in the 

frequency of anomalously heavy rainfall events. 

 Through studying the second positive (warm) PDO phase which lasted from 1977 

through 1998, there was a somewhat different statistical breakdown.  Amongst the forty-

five events which occurred within this negative PDO, twenty-six (57.78% of the analyzed 

events) had event rainfall totals between 2.00 and 2.50 inches (50.8 and 63.5 mm).  In 

addition, eleven (24.44% of the analyzed events) had event rainfall totals between 2.50 

and 3.00 inches (63.5 and 76.2 mm).  Hence, 82.22% of the events which occurred during 

this second positive PDO phase (i.e., between 1977 and 1998) had event rainfall totals of 

between 2.00 and 3.00 inches (50.8 and 76.2 mm).  The remaining 17.78% of the events 

which occurred between 1977 and 1998 were more randomly distributed amongst the 

respective ENSO phases.  It is also important to note that these forty-five events were less 

evenly distributed amongst the respective ENSO phases than during the previous 

negative PDO phase from 1947 through 1976.  In addition, the ENSO phase event 

occurrence frequency breakdown worked out as follows: El Niño (22.22%), La Niña 

(2.22%), and Neutral-ENSO (75.56%).  Thus, these statistics indicated that Neutral-

ENSO conditions dominated much of this second positive PDO phase.  Moreover, in the 
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presence of a predominantly Neutral-ENSO regime, there was a slightly greater 

percentage of event rainfall totals greater than 3.00 inches (76.2 mm) (i.e., 12.20% of the 

events from the previous negative PDO phase versus 17.78% of the events from the 

1977-1998 positive PDO phase).  Hence, there was an indication of slightly greater 

variability of rainfall totals during a Neutral-ENSO dominated regime. 

 By shifting to the second negative (cold) PDO phase which lasted from 1999 

through 2014, there was more useful information garnered from the associated analysis.  

Amongst the twenty-nine events which occurred within this negative PDO, seven 

(58.62% of the analyzed events) had event rainfall totals between 2.00 and 2.50 inches 

(50.8 and 63.5 mm).  In addition, seven (24.14% of the analyzed events) had event 

rainfall totals between 2.50 and 3.00 inches (63.5 and 76.2 mm).  Thus, 82.76% of the 

events which occurred during this second negative PDO phase (i.e., between 1999 and 

2014) had event rainfall totals of between 2.00 and 3.00 inches (50.8 and 76.2 mm).  The 

remaining 17.24% of the events which occurred between 1999 and 2014 were a bit more 

randomly distributed amongst the 3.00 to 3.50 inch (76.2 to 88.9 mm) and the 4.00 inch 

(101.6 mm) + rainfall thresholds.  In addition, the ENSO phase event occurrence 

frequency breakdown worked out as follows: El Niño (20.69%), La Niña (37.93%), and 

Neutral-ENSO (41.38%).  It is important to acknowledge that in spite of the different 

number of total events between the first and the second negative PDO phases, the relative 

percentages of total events within each threshold were somewhat similar.  Through 

looking at the distribution of events during the 1947-1976 and the 1999-2014 negative 

PDO phases, Neutral-ENSO and La Niña conditions were effectively tied as the primary 

ENSO mode during the respective periods.  These findings indicate that events occurring 
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during positive PDO phases tend to have rainfall totals between 2.00 and 3.00 inches 

(50.8 and 76.2 mm).  Moreover, during periods dominated by Neutral-ENSO conditions, 

there tends to be more events with rainfall totals of more than 3.00 inches (76.2 mm). 

 

Chapter 3.6.3: Climate Change Assessment  ENSO/PDO Rainfall 

Rate Analysis for Events with Rainfall Totals of ≥ 2.50 Inches (63.5 mm) 

 The second part of the climate change signal assessment was evaluating if average 

rainfall rates during the respective ENSO phases and/or rainfall rate averages in the PDO 

phases provided any reasonable indication of a climatic signal.  Due to rainfall data for 

the St. Louis rainfall site only being available after the latter part of 1948, this part of the 

analysis was initiated at the start of the negative PDO phase (i.e., from 1947 through 

1976) and approximately through the end of 2014.  As part of this analysis, the entire 

collection of events was divided into two groups: events with rainfall totals of at least 

2.50 inches (63.5 mm) and events with rainfall totals of at least 3.00 inches (76.3 mm).  

This rainfall event separation was conducted to assess whether there was a notable 

difference in the average rainfall rates associated with events which were closer to the 

event rainfall threshold of 2.00 inches (50.8 mm) versus those events which far surpassed 

this 24-hour rainfall threshold.  The first group of events being discussed were those 

events which generated rainfall totals of at least 2.50 inches (63.5 mm). 

 To begin studying the average rainfall rates throughout the negative PDO phase 

(i.e., from 1947-1976), it is imperative to note that the respective percentages for ENSO 

phase occurrence broke down as follows: El Niño (29.27%), La Niña (36.59%), and 

Neutral-ENSO (34.15%).  Thus, La Niña and Neutral-ENSO conditions had a relatively 
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similar percentage impact (and a large cumulative impact based on a collective 

percentage of occurrence just over 70%) on the sensible weather trends throughout this 

negative PDO phase.  Amongst the twelve events which occurred during this negative 

PDO phase, there was an accumulated hourly rainfall rate average of 0.3683 inches/hour 

(9.3548 mm/hour).  Another important consideration for each part of this rainfall rate 

analysis was establishing the breakdown of the overall number of events by ENSO phase.  

Amongst the respective ENSO phases, five events occurred during El Niño years, five 

events during La Niña years, and two events during Neutral-ENSO years.  Hence, there 

was a reasonable number of events during El Niño and La Niña years to make 

preliminary conclusions based on the forthcoming statistics pertaining to this negative 

PDO phase.  The respective event hourly rainfall rate averages for each ENSO phase 

broke down with an average hourly rainfall rate of 9.4 mm/hour (0.38 inches/hour) 

during El Niño years, 9.2 mm/hour (0.36 inches/hour) during La Niña years, and 8.8 

mm/hour (0.35 inches/hour) during Neutral-ENSO.  Thus, during this first negative PDO 

phase there were above-average rainfall rates associated with events during El Niño years 

as compared to below-average rainfall rates associated with events during Neutral-ENSO 

years.  The near-average average hourly rainfall rate found during La Niña years is less 

useful due to the small number of events during La Niña years within this negative PDO 

phase. 

 Through shifting to the subsequent positive PDO phase (i.e. from 1977 to 1998), 

the percentages for ENSO phase occurrence broke down in the following manner: El 

Niño (22.22%), La Niña (2.22%), and Neutral-ENSO (75.56%).  Therefore, this provided 

reasonable evidence to substantiate that Neutral-ENSO conditions had a major influence 
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throughout much of this positive PDO phase.  Through aggregating the eighteen events 

which occurred during this positive PDO phase, there was an average hourly rainfall rate 

of 8.5 mm/hour (0.34 inches/hour).  The respective event hourly rainfall rate averages for 

each ENSO phase broke down with an average hourly rainfall rate of 5.4 mm/hour (0.21 

inches/hour) during El Niño years and 9.5 mm/hour (0.38 inches/hour) during Neutral-

ENSO years.  Amongst the respective ENSO phases, three events occurred during El 

Niño years, no events during La Niña years, and fourteen events during Neutral-ENSO 

years.  Thus, events which occurred during Neutral-ENSO years within this positive PDO 

phase had above-average hourly rainfall rates as compared to below-average hourly 

rainfall rates found with events which occurred during El Niño years.  It is important to 

acknowledge that only three events occurred during El Niño years, which explains the 

below-average hourly rainfall rates associated with events during El Niño years. 

 By shifting to the more recent negative PDO phase (i.e., from 1999 to 2014), the 

percentages for ENSO phase occurrence broke down in the following manner: El Niño 

(20.69%), La Niña (37.93%), and Neutral-ENSO (41.38%).  Hence, the greatest 

percentage of ENSO phase occurrence was found to be during Neutral-ENSO years with 

La Niña years falling just short percentage-wise as a close second.  Thus, this ENSO 

phase percentage of occurrence breakdown was somewhat analogous to the ENSO 

percentage breakdown from the earlier negative PDO phase (i.e., between 1947 and 

1976) with Neutral-ENSO and La Niña years being the most prevalent.  Through 

accounting for all eleven events which occurred during this negative PDO phase, there 

was an hourly rainfall rate average of 7.8 mm/hour (0.31 inches/hour).  The respective 

event hourly rainfall rate averages for each ENSO phase broke down with an average 
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hourly rainfall rate of 6.1 mm/hour (0.24 inches/hour) during El Niño years, 7.9 mm/hour 

(0.31 inches/hour) during La Niña years, and 10.3 mm/hour (0.41 inches/hour) during 

Neutral-ENSO years.  Amongst the respective ENSO phases, four events occurred during 

El Niño years, four events occurred during La Niña years, and three events occur during 

Neutral-ENSO years.  Hence, these eleven events were nearly evenly distributed amongst 

the respective ENSO phases.  In addition, there was a subtle indication that events which 

occurred during Neutral-ENSO years within this negative PDO phase had notably above-

average hourly rainfall rates.  Moreover, events which occurred during El Niño years 

have below-average hourly rainfall rates, while those events occurring during La Niña 

years had near-average hourly rainfall rates. 

   

Chapter 3.6.4: Climate Change Assessment  ENSO/PDO Rainfall 

Rate Analysis for Events with Rainfall Totals of ≥ 3.00 Inches (76.2 mm) 

 The second part of this hourly rainfall rate analysis was studying the hourly 

rainfall rates associated with events which generated event rainfall totals of at least 3.00 

inches (76.2 mm).  To avoid unnecessary redundancy, statistical observations between 

the forthcoming average hourly rainfall rates for the 3.00 inch (88.9 mm) + events and 

the respective ENSO phases will be based on the percentages of ENSO phase occurrence 

as noted above with respect to each analyzed PDO phase for the 2.50 inch (63.5 mm) + 

events.  Amongst the four events which occurred during the first negative PDO phase 

(i.e., from 1947 to 1976), there was an accumulated hourly rainfall rate average of 8.6 

mm/hour (0.34 inches/hour).  Collectively, one event occurred during El Niño years, two 

events occurred during La Niña years, and one event occurred during Neutral-ENSO 
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years.  The respective event hourly rainfall rate averages for each ENSO phase broke 

down with an average hourly rainfall rate of 6.6 mm/hour (0.26 inches/hour) during El 

Niño years, 9.5 mm/hour (0.38 inches/hour) during La Niña years, and 8.5 mm/hour 

(0.34 inches/hour) during Neutral-ENSO years.  Hence, during this first negative PDO 

phase there were above-average rainfall rates associated with events during La Niña years 

as compared to below-average rainfall rates associated with events during El Niño and 

Neutral-ENSO years.  The near-average average hourly rainfall rate found during 

Neutral-ENSO years was less useful based on the small number of events during Neutral-

ENSO years within this negative PDO phase. 

 By turning to the subsequent positive PDO phase which lasted from 1977 to 1998, 

there were some interesting results uncovered.  Amongst the four events which occurred 

during this positive PDO phase (i.e., from 1947 to 1976), there was an accumulated 

hourly rainfall rate average of 8.6 mm/hour (0.34 inches/hour).  Collectively, one event 

occurred during El Niño years, no events during La Niña years, and seven events during 

Neutral-ENSO years.  The respective event hourly rainfall rate averages for each ENSO 

phase broke down with an average hourly rainfall rate of 7.7 mm/hour (0.30 inches/hour) 

during El Niño years and 8.8 mm/hour (0.35 inches/hour) during Neutral-ENSO years.  

Hence, during this positive PDO phase there were above-average rainfall rates associated 

with events during Neutral-ENSO years as compared to below-average rainfall rates 

associated with events during El Niño years.  

 Through shifting to the more recent negative PDO phase which lasted from 1999 

through 2014, there was a different outcome as compared to the earlier statistics which 

emerged from the 2.50 inch + (63.5 mm) events.  Through accounting for the five events 
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which occurred during this negative PDO phase, there was an average hourly rainfall rate 

of 8.9 mm/hour (0.35 inches/hour).  The respective event hourly rainfall rate averages for 

each ENSO phase broke down with an average hourly rainfall rate of 13.8 mm/hour (0.54 

inches/hour) during El Niño years, 8.4 mm/hour (0.33 inches/hour) during La Niña years, 

and 7.0 mm/hour (0.28 inches/hour) during Neutral-ENSO years.  Amongst the 

respective ENSO phases, one event occurred during El Niño years, two events occurred 

during La Niña years, and two events occurred during Neutral-ENSO years.  Thus, events 

which occurred during El Niño years had above-average hourly rainfall rates associated 

with them.  However, events which occurred during La Niña and Neutral-ENSO years 

had below-average hourly rainfall rates. 

 

Chapter 3.6.5: Climate Change Assessment  Evaluation of Statistical 

Significance (Results, Discussion, and Operational Implications)  

  Beyond the earlier numerical and statistical analysis breakdowns discussed 

above, there continued to be a necessity to test the collective dataset for statistical 

significance.  To begin testing for statistical significance, the relative percentages of 

event occurrence within the rainfall intensity bins were compared using the chi-squared 

test.  The chi-squared test was applied such that the percentage of events within each 

rainfall intensity bin during the positive PDO phase (which lasted from 1977 to 1998) 

was analyzed with respect to the negative PDO phase (which lasted from 1947 to 1976).  

In effect, the 1997-1998 positive PDO was viewed as the original value while the 1947-

1976 negative PDO was viewed as the expected value in the framework of the chi-

squared test.  In looking to the 1999-2014 negative PDO phase, this more recent negative 
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PDO was viewed as the original value while the 1977-1998 positive PDO was viewed as 

the expected value in the framework of the chi-squared test.  The results of both paired 

chi-squared tests revealed that there were effectively no differences between the 

respective distributions of event occurrence frequencies amongst the respective intensity 

bins with an alpha of 0.95.  Thus, there have been no significant changes in regards to the 

distribution of average rainfall event intensity over the last 50 to 60 years. 

 The second statistical test which was implemented to test for statistical 

significance was the F-Test.  The F-Test was used to evaluate relationships between event 

years and associated event rainfall totals amongst PDO, ENSO, and ENSO/PDO phase 

combinations.  This process was conducted to isolate numerical evidence which either 

would support or refute the presence of statistical significance anywhere from the larger 

dataset to the more compartmentalized dataset.  This was achieved through the separation 

of the rainfall data in accordance with the positive, negative, and neutral phases of ENSO 

as well as the positive and negative phases of the PDO.  In the context of this dataset, the 

F-Test was applied through the implementation of the total sum of squares (SSTO) and 

the total regression sum of squares (SSTR) components along with the application of the 

F-Test via a 95% confidence level in the right-tail of the distribution.  Collectively, the 

results of the F-Test indicated a lack of statistical significance across most PDO, ENSO, 

and ENSO/PDO phase combinations.  This conclusion was based on the corresponding 

F-values (extracted from the chart containing the respective number of degrees of 

freedom in both the numerator and the denominator) being lower than the numeric value 

thresholds for statistical significance.   
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 In addition, upon incorporating the F-Test for this rainfall dataset based on the 

period studied by Lupo et al. (2012) in which they studied dew point data from 1948 to 

2010, there was a desire to test the St. Louis rainfall dataset with the F-Test during the 

same period.  Upon applying the F-Test to the St. Louis rainfall data to the same period, 

there was no evidence of statistical significance amongst the collective annual rainfall 

totals from the St. Louis rainfall dataset.  Since Lupo et al. (2012) found strong statistical 

significance with the regional dew point trends during the 1948 to 2010 period, this result 

provided statistical confirmation of no statistical significance associated with the St. 

Louis rainfall dataset.  Despite the absence of any statistical significance based on the 

results from the F-Test during the period from 1948 to 2010, the calculated F-Test value 

for the St. Louis rainfall dataset fell short of being statistically significant by a small 

margin.  Therefore, it would be optimal to analyze other nearby rainfall sites to generate a 

more comprehensive regional (and ultimately nationwide) understanding of regional 

rainfall statistics and potential statistical significance.  Despite the marginal absence of 

statistical significance, it is important to note amongst the respective combinations of 

PDO, ENSO, and PDO/ENSO phases there was a consistent trend for positive PDO as 

well as positive and neutral ENSO phases to have a positive influence on the overall 

rainfall totals.  Hence, anytime during which a positive PDO, positive ENSO, or neutral 

ENSO phase (or some combination of the three) was in control, there was a tendency for 

positive rainfall trends. 

 The final statistical test employed to study the St. Louis rainfall dataset was the 

Kolmogorov-Smirnov test (KS test).  The KS test is implemented to compare how the 

distribution of two datasets differ.  Thus, the KS test it is a non-biased statistical test 
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which was determined to be a reasonable statistical approach to further analyze the St. 

Louis rainfall data.  To capture a bit more of the earlier PDO cycle, the KS-test was 

applied to annual rainfall totals from the St. Louis rainfall site between 1940 and 2010; 

thereby encompassing a 71-year dataset.  Upon implementing the KS-test, the first part 

involved studying the graphical output from a KS-test Comparison Cumulative Fraction 

Plot using a logarithmic scale along the x-axis and a percentage scale along the y-axis 

which was acceptable since all the annual rainfall totals were obviously well above zero.  

The take-away from the graphical output was that at both the lower end and the upper end 

of the cumulative rainfall total distribution there was a reasonably close fit to the 

underlying log-normal distribution.  However, it is worth noting that at the upper end of 

the cumulative rainfall total distribution, there was an even better fit to the conventional 

statistical distribution.  This indicated that during a longer term period with increasing 

rainfall event intensity, the distribution of the heavier rainfall events remains close to a 

log-normal distribution from the standpoint of the KS-test (which as previously stated 

assumes no pre-determined distribution of the rainfall data).   

 The second part of the KS-test involved studying the same period but through the 

lens of a KS-test Comparison Percentile Plot which was characterized by a logarithmic 

scale along the x-axis and a probability-based scale along the y-axis.  The main take-

away from analysis of this KS-test Comparison Percentile Plot was the compaction of the 

rainfall data along the x-axis towards the far right-end of the logarithmic distribution 

which made sense based on most of the annual rainfall totals remaining well above the 

50.8 mm (2.00-inch) threshold.  Analogous to the findings tied to the KS-test Comparison 

Cumulative Fraction Plot, there was a relatively close fit of the rainfall data within the 
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KS-test Comparison Percentile Plot for all the annual rainfall totals above the 50th 

percentile of the 71-year annual rainfall dataset.  This supports the earlier finding for the 

distribution of the heavier rainfall events evidently remains close to a log-normal 

distribution from the standpoint of the KS-test.  Another important result of the KS-test is 

that the annual rainfall data distribution was found to be consistent with a log normal 

distribution with a calculated P-value of 0.70 where the log normal distribution had a 

geometric mean of 935.2 mm (36.82 inches) and a multiplicative standard deviation of 

31.7 mm (1.25 inches).  Thus, this numerical output from the KS-test statistics further 

supported the increasing statistical significance affiliated with the events with larger 

rainfall totals. 

 The final part of this climate change signal assessment was evaluating the 

frequency of event occurrence during each respective ENSO phase.  It is worth noting 

that the first step in this procedure was organizing the entire collection of events by the 

respective PDO phases and then by the respective ENSO phases therein.  This generated 

more transparency regarding the event distribution by PDO and ENSO collectively.  

Since the most useful metric for detecting a climate signal within the event rainfall data 

was determined to be a normalization of the overall PDO/ENSO coupled statistics, this 

was conducted for the respective rainfall intensity bins as discussed in greater detail 

below.  Upon normalizing the frequency of event occurrence during a given ENSO phase 

within all the analyzed PDO phases between 1947 and 2014, there were increasingly 

more useful results.  During the first analyzed negative PDO phase (i.e., from 1947 

through 1976) the frequency of event occurrence by ENSO phase was such that during a 

given El Niño, La Niña, and Neutral-ENSO year there were 1.7143, 1.3636, and 1.1667 
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events respectively.  By shifting to the subsequent positive PDO phase which lasted from 

1977 through 1998, the frequency of event occurrence was such that during a given El 

Niño, La Niña, and Neutral-ENSO year there were 2, 0.5, and 2.2667 events respectively.  

Through turning the focus to the more recent negative PDO phase which lasted from 

1999 through 2014, the frequency of event occurrence was such that during a given El 

Niño, La Niña, and Neutral-ENSO year there were 2, 2.2, and 1.5 events respectively.   

 Through evaluating the above statistics, there was a reasonably consistent 

indication of an above-average event frequency during both El Niño and La Niña years 

within both negative PDO phases (i.e., from 1947 to 1976 and from 1999 to 2014).  

Additionally, during the single analyzed positive PDO phase (i.e., which lasted from 

1997 through 1998), the higher frequencies of occurrence were found during both El 

Niño and Neutral-ENSO years.  Thus, these statistics indicate that El Niño and La Niña 

years are slightly more conducive for heavy rainfall event potential across the central 

United States.  Despite the somewhat lower frequency of event occurrence during 

Neutral-ENSO years during much of the period of study, this still reflected that during 

any given year there was an average of at least 1 heavy rainfall event.  This is important 

since it begins to clarify when there is a greater likelihood of heavier rainfall events. 

 Analysis of the individual ENSO phase average hourly rainfall rates distributed 

amongst each analyzed PDO phase between 1947 and 2014 revealed several pieces of 

potentially useful information.  Through looking at the average hourly rainfall rates for 

each respective ENSO phase during the positive PDO phase which lasted from 1976 to 

1998, there was a consistent trend for El Niño and Neutral-ENSO years to have below- 

and above-average hourly rainfall rates respectively.  Through studying the two negative 
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PDO phases (i.e., from 1947 to 1976 and from 1999 to 2014), the trends for above- or 

below-average hourly rainfall rates alternated unpredictably between the group of 2.50 

inch (63.5 mm) + events and the group of 3.00 inch (76.2 mm) + events.  Thus, aside 

from the positive PDO phase, there was little consistency amongst the average hourly 

rainfall rates for the respective ENSO phases during both negative PDO phases.  

Therefore, it would be useful to monitor the distribution of hourly rainfall rates within the 

respective ENSO phases during future positive and negative PDO phases to help generate 

a more conclusive argument which either supports or refutes the above statistics. 

 

Chapter 4: USDA-ARS Research  Results and Implications 

 To effectively evaluate the presence of a climate signal within any collection of 

rainfall data, there are several questions which need to be answered.  One of the first 

questions is whether a connection exists between the intensity of rainfall events and 

nearby maximum or minimum periods of intensity associated with a given 

teleconnection.  The two teleconnections focused on in this work were the El Niño 

Southern Oscillation and the Pacific Decadal Oscillation.  The results of this research as 

well as previous work have indicated that rather than each individual teleconnection 

having a separate influence, there is often a coupled influence from these teleconnections 

in regards to the relative intensity of the twenty-seven events which were more closely 

analyzed as part of the larger 123 event dataset from KSTL.  Amongst the different 

interactions that can unfold between ENSO and PDO, the most conducive combination 

for heavy rainfall potential within the region of concern were periods dominated by a 

negative PDO and a positive ENSO regime.   
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Chapter 4.1: Implications of Interannual and Interdecadal Variability  

 The reasoning behind the above scenario favoring heavier rainfall across the 

region of concern was due to a combination of negative PDO and positive ENSO (El 

Niño) phases promoting significant enhancement of ENSO impacts.  This notable 

enhancement of ENSO impacts was due to anomalously warm SSTs associated with El 

Niño coupled with above-average SSTs from the ongoing negative PDO.  Thus, during 

periods governed by negative PDO and positive ENSO (El Niño or sometimes Neutral-

ENSO) conditions, the reinforced effects of El Niño are typically realized in the form of 

an above-average amount of precipitation across the region of concern.  In regards to 

concerns surrounding agriculturally-, municipally-, and civil-based engineering design, 

there is a reasonably high degree of certainty behind the notion that the combination of a 

negative PDO and an El Niño (or Neutral-ENSO) phase is most conducive for facilitating 

large-scale flow regimes which are more favorable for heavy rainfall events.  Despite this 

not being a concretely statistically-verified conclusion, there is substantial evidence 

within the forthcoming analyses as well as the findings of much previous work that 

support this claim (Higgins et al 2006; Newberry et al. 2014). 

 

Chapter 4.2: Implications of Atmospheric Rivers and Blocking Events  

 Another important factor in assessing potential climate signals within the rainfall 

data is the influence of relevant factors across hydrometeorological research which 

include but are not limited to the impacts imposed by landfalling atmospheric rivers as 

well as atmospheric blocking events.  As discussed in the next chapter, atmospheric 

rivers (especially those which made landfall across the western U.S. or along the U.S. 
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Gulf Coast) have a profound impact on the magnitude and the duration of heavy rainfall 

events due to the large spatial dimensions associated with them.  One of the primary 

reasons that atmospheric rivers have such profound impacts on the extent of heavy 

rainfall events is their having long corridors of deep moisture which are quite persistent 

under certain synoptic flow regimes.   

 Another critical aspect of atmospheric river trajectories is linked to the trajectories 

of ensemble air parcels that are often traced back to parts of the Gulf of Mexico and/or 

the Caribbean Sea.  For events associated with ensemble air parcel trajectories that 

remain relatively close to the surface of the ocean as they traverse parts of the Tropical 

Atlantic basin, there is an increased threat for heavy rainfall potential.  The reason for this 

is that when air parcels remain closer to the ocean’s surface, they tend to gather moisture 

more efficiently within the depth of developing cloud-systems as discussed in Chapter 5.  

Through the accumulation of more moisture, air parcels have more moisture content to 

support intensifying inland convection moving towards the region of concern.  Through 

an improved understanding for the origins of air masses that help produce heavy rainfall 

events, this should improve the accuracy of heavy rainfall forecasts for concerns 

including but not limited to agriculture, municipally-based, and/or civil-engineering 

based concerns well ahead of the onset of heavy rainfall events.   

 Thus, given sufficiently conducive conditions with respect to the progressive 

nature of associated low pressure systems, there can sometimes be long-duration influxes 

of deep tropical moisture into the region of concern.  It is during these situations that the 

greatest threat exists for long-duration and high-impact rainfall events.  Despite a few 

events occurring beyond the scope of these parameters which have consistently found to 
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be conducive for heavy rainfall potential, there was sufficient consistency in the data to 

test these results moving forward.  Therefore, it would be advantageous to incorporate 

these findings into the development of future operational procedures.  In terms of 

blocking events, as will be discussed in chapter 6, stronger and larger blocking events 

often have the effect of inducing more pronounced large-scale perturbations of critical 

moisture needed for heavier rainfall events.  Thus, given the ideal positioning of a 

blocking event in concert with favorable air parcel trajectories, there is an increased 

threat for heavier rainfall events.  Heavier rainfall events most often occurred 

concurrently with blocking events which developed across the central Pacific Ocean. 

  

Chapter 4.3: Implications of Upper-Air Sounding Characteristics 

 The final critical component which would be incredibly useful to incorporate into 

future forecast decisions would be taking a stronger consideration for the implications of 

different upper-air sounding signatures.  As discussed in more detail within Chapter 7, 

there are many details pertaining to upper-air soundings which (if utilized with more 

frequency) would lead to more accurate anticipation and more efficient decision-making 

for agriculturally-, municipally-, and civil engineering-operations.  For example, making 

a stronger consideration for events forecasted to have lower-than-average LCL and LFC 

heights would help boost preparation efficiency from the standpoint of different agencies 

being able to more effectively prepare for event rainfall totals over a given threshold.  

Secondly, making a consideration for the prevalence of vertical wind profiles which veer 

with height (i.e., turn clockwise with height) versus those which back with height (i.e., 

turn counter-clockwise with height) coupled with the results from Chapter 7 should 
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further boost the efficiency of advanced warning issuance for events expected to produce 

significantly large rainfall totals.  By taking these factors into consideration, more 

effective forecasting procedures can be developed to maximize the integration of 

resources (e.g., financial, logistical, etc.). 

 

Chapter 5: Impacts of Atmospheric Rivers 

Chapter 5.1: Atmospheric Rivers: Background 

Over the past decade, atmospheric rivers (AR) have been diagnosed as features 

which greatly influence the advection of warm, moisture-laden air towards the mid-

latitudes.  As coined by Zhu and Newell (1998), ARs are characterized as long/narrow 

corridors of high water vapor concentrations in the atmosphere which move moisture 

from the tropics, across the mid-latitudes, and toward the poles. Conventionally, an AR is 

classified by spatial thresholds of 400 km in width, 1000 km in length, and vertically by 

approximately 33 to 57 mm of vertically integrated water vapor content (Dettinger et al. 

2011).  Inadequate forecasting of AR intensity and duration has major implications on 

agricultural and infrastructural interests prior to, during, and after heavy rainfall events.  

The impetus for examining ARs is expanding upon the results of previous work in terms 

of understanding the extent that AR intensity (i.e., the largest integrated water vapor 

depth measured within an AR prior to and during an event), and AR duration (i.e., the 

length of time during which an AR has notable impacts on events) affects heavy rainfall 

events (Zhu and Newell 1998; Villarini et al. 2011; Rutz et al. 2014).  
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As noted in the methodology, an essential product utilized in the AR analyses was 

the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model.  This air-

parcel trajectory model was used to generate ensemble backward parcel trajectories at 

850, 700, and 600 mb.  The second product used in the AR analyses was the Morphed 

Integrated Microwave Imagery at CIMSS (MIMIC) Total Precipitable Water (TPW) 

product which helped to visually verify AR influences.  The isobaric and isentropic 

analysis options associated with the HYSPLIT model were used to evaluate model 

vertical velocity along a constant pressure surface and a constant potential temperature 

surface, respectively.  Both approaches were highly valued based on them being effective 

analytical approaches per the results of much previous work (Wiesmueller and Brady 

1993; Market et al. 2000; Smith 2006; Schumacher and Johnson 2008; Schumacher et al. 

2013; Trier et al. 2014).  Taking an isentropic approach (i.e., studying flow along a 

constant potential temperature (Θ) surface) was the preferred analytical technique due to 

several events occurring near frontal boundaries (i.e., warm, cold, and/or stationary 

fronts) (Fig. 5).  Since an isentropic approach was the optimal vertical motion analytical 

method, it was more heavily weighted analysis method in the forthcoming analyses.   

 

Chapter 5.2: Atmospheric Rivers  AR Analysis Context Breakdown 

The first part of the AR analysis involved statistical and graphical analyses of 

separate scatterplots containing AR intensity and AR duration data.  AR intensity and AR 

duration data was analyzed for all the data-ready events as well as those data-ready 

events coupled with a consideration for the different ENSO phases.  The second part was 

conducting a comprehensive examination of the behavior of archived ensemble backward 
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air parcel trajectories generated via the HYSPLIT model.  A critical aspect of these 

HYSPLIT backward trajectory analyses was examining the trajectories with respect to 

observed differences amongst the different ENSO phases.  The third part of these AR 

analysis was evaluating the relationship between precipitable water values, ensemble 

backward air parcel trajectories, and the magnitude of the respective event rainfall totals.  

The purpose of evaluating potential relationships pertaining to precipitable water depth 

was to gain further insights into how the transport of precipitable water varied amongst 

different synoptic flow regimes.  The final part of the AR analysis involved examining 

24-hour mean SST values across the western Atlantic Ocean and the Caribbean Sea 

(www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.highres.html).  It has been well-

documented that moisture fluxes from warmer SSTs greatly influences the amount of 

atmospheric water vapor within the planetary boundary layer (Wang and Chen 2009; 

Moore et al. 2015).  Thus, the goal is to evaluate possible relationships between the 

advection of anomalously warm ocean water towards the U.S. Gulf Coast and the 

tendency for heavier rainfall events to occur.   

 Amongst the fourteen data-ready events examined with the MIMIC-TPW 

product, the ENSO phase event distribution was composed of two El Niño events, six La 

Niña events, and six Neutral-ENSO events.  Among those fourteen studied events, the 

highest average integrated water vapor depth was observed during El Niño years.  Based 

on only two events occurring during El Niño years, it is plausible that the highest 

integrated water vapor depth was observed during Neutral-ENSO years due to more 

events and a greater tendency of TC-induced events.  Thus, it is reasonable to propose 

that the ARs with the greatest intensity occurred during Neutral-ENSO years based on the 

http://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.highres.html
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highest average impact durations occurring during Neutral-ENSO years.  This was 

chiefly attributed to the greater presence of TC-induced events (4 September 2008 and 14 

September 2008); increasing the duration of strong/deep-layer moisture advection well-

ahead of approaching TC circulation centers.  Moreover, there was a trend for events 

affiliated with greater impact durations to generate larger rainfall totals. 

 

Chapter 5.3: Atmospheric Rivers  AR Intensity Statistical Analysis  

Analysis of scatterplots which encompassed a breakdown of AR intensity and AR 

duration (on the ordinate) vs. event rainfall totals (on the abscissa) was essential to 

diagnose potential relationships.  AR intensity scatterplot analyses indicated the absence 

of a definite connection between AR intensities and corresponding rainfall totals for the 

data-ready events.  Moreover, eleven of the fifteen data-ready events occurred in 

association with AR intensities ranging between 33 and 57 mm of vertically-integrated 

water vapor content (Fig. 25).  Despite the four remaining events occurring with 

respective AR intensities of 32 mm and 65 mm (which occurred in association with three 

events), this range of values indicated that most AR intensities fit the restraints of the 

criteria found to be characteristic of ARs (Fig. 25) (Dettinger et al. 2011). 

To assess the presence of statistical correlation and/or significance, an AR 

intensity scatterplot was studied to evaluate possible correlations between the vertically 

integrated water vapor data and the respective heavy rainfall events (Fig. 25).  It is well 

understood that moisture advection linked to TCs constitutes a relatively small 

percentage of the heavy rainfall events that impact the central U.S. based on regional 

climatological data (Atallah et al. 2007; Galarneau et al. 2010; Moore et al. 2013).  Thus, 
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to gain deeper insights into any statistical influences of TCs on heavy rainfall events, the 

two TC-induced events were methodically removed in the forthcoming calculations.  

Upon removing the 14 September 2008 event (i.e., the landfall of Hurricane Gustav) to 

eliminate the largest TC-induced anomaly with an event rainfall of 116.33 mm, there was 

a calculated R-squared value of 0.366.  Furthermore, by also removing the 4 September 

2008 event (i.e., the landfall of Hurricane Ike) to eliminate the second TC-induced 

anomaly with an event rainfall of 77.72 mm, the R-squared value was then calculated to 

be 0.4393.  These statistics indicated that by sequentially removing the larger and then 

smaller TC-induced anomalies, the thirteen-remaining data-ready events had increasing 

statistical correlation.  As mentioned earlier, a large percentage (i.e., eleven of the 

fourteen data-ready events) occurred concurrently with integrated water vapor of between 

50.8 and 69.85 mm.  This data concurs with previous work, such that many heavy rainfall 

events are often associated with vertically integrated water vapor values close to the 

typical range of average PWAT values (Dettinger et al. 2011). 

 

Chapter 5.4: Atmospheric Rivers  AR Duration Statistical Analysis  

  The second part of the AR statistical analysis was examining the scatterplot of 

AR impact duration with respect to the associated event rainfall totals.  Analysis of the 

AR impact duration scatterplot also indicated no clear relationship between AR impact 

durations and corresponding rainfall totals for the fifteen data-ready events.  Eleven of 

the fifteen events had AR durations of between 30 and 60 hours coupled with integrated 

water vapor data values between 5.08 and 69.85 mm as shown in (Fig. 26).  This concurs 

with previous work in terms of AR-influences on heavy rainfall events being found to 
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persist for more than 36 to 48 hours in many situations (Thiao et al. 1995; Galarneau et 

al. 2010; Rutz et al. 2014; Trier et al. 2014).  The four other events which had more 

anomalous AR durations (i.e., AR durations of 22, 67, and 84 hours) verified the 

existence of anomalously brief and/or persistent ARs which more strongly favored long-

duration events.  Through accounting for all fifteen data-ready events, there was a 

calculated R-squared value of 0.3409.  This indicated less statistical correlation as 

compared to the R-squared value of 0.4891 found with the AR intensity values.  

As mentioned above, the frequency of heavy rainfall events across the central 

U.S. driven by AR influences represents a large percentage of the overall average annual 

number of heavy rainfall events (Dirmeyer and Kinter 2009; Dirmeyer and Kinter 2010; 

Galarneau et al. 2010; Villarini et al. 2011; Knippertz et al. 2013).  In keeping with the 

procedure for the AR intensity scatterplot analysis, the two TC-induced cases were again 

methodically removed from the calculations pertaining to the AR impact duration 

scatterplot.  The extraction of the 14 September 2008 event generated a calculated R-

squared value of 0.3487 and the removal of the 4 September 2008 event to eliminate the 

second TC anomaly generated an R-squared value of 0.6927.  These results are 

perplexing based on the slight decrease and large increase in the statistical correlation 

induced by the removal of the respective TC anomalies.  This decrease and subsequent 

increase in the R-squared values associated with the removal of the two anomalous TC 

cases may be a statistical coincidence due to the presence of other large AR impact 

durations beyond the TC-induced events.   

Since most AR impact durations ranged from 30 to 60 hours, the net increase in 

the R-squared values may carry some statistical correlation.  The reasoning is that many 
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TC-induced events were associated with a slow-moving TC at the start of the post-

landfall stage before being moving downstream more quickly with time due to an 

approaching upper-level trough which often acts to speed up a landfalled tropical low 

pressure system’s forward velocity.  Moreover, the magnitude, intensity, and persistence 

of the warm/moist air advection during the post-landfall stage of a TC was greater than in 

most other events; increasing the likelihood of heavier rainfall potential (Atallah et al. 

2007; Galarneau et al. 2010, Moore et al. 2013).  Thus, the net increase in the R-squared 

value trends with and without the TC-induced events revealed more statistical correlation.  

 

Chapter 5.5: AR Intensity/Duration Coupled Statistical Analyses  

Results and Implications 

 From an observational standpoint, twenty-six of the twenty-seven cases involved 

AR events which were best characterized as “Maya Express” scenarios.  As defined by 

Dirmeyer and Kinter (2009), “Maya Express” AR scenarios are characterized by a flow 

of tropical moisture typically emanating from the Gulf of Mexico or the Caribbean Sea 

(Fig. 1, 3).  Previous work has found that this transport of tropical moisture from the Gulf 

of Mexico and/or the Caribbean Sea towards the mid-latitudes is typically facilitated by 

two primary synoptic flow regimes.  These two synoptic flow regimes were respectively 

defined by a strengthening and/or westward expansion of the Atlantic subtropical ridge 

(Dirmeyer and Kinter 2010; Higgins et al. 2011; Lavers and Villarini 2013).  During 

North American Spring, “Maya Express” ARs sometimes converge with the Great Plains 

LLJ circulation; strengthening the transport of tropical moisture towards the mid-latitudes 

(Fig. 2, 3) (Knippertz et al. 2013; Lavers and Villarini 2013).  This enhanced tropical 
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moisture transport bolsters the potential for heavier rainfall events due to the advection of 

higher precipitable water; consequently, increasing the potential for a saturated planetary 

boundary layer.  Previous work has also found that in the presence of strong Θe gradients 

(e.g., found in regions under the influence of strong warm air advection), there is often 

proportionally strong isentropic upglide which increases heavier rainfall potential (Fig. 5) 

(Wiesmueller and Brady 1993; Market et al. 2000; Moore et al. 2003; Galarneau et al. 

2010; Schumacher et al. 2013; Knippertz et al. 2013; Trier et al. 2014). 

 

Chapter 5.6: Atmospheric Rivers  AR Intensity ENSO-Based Analysis 

The next part of the AR analysis involved assessing the relevance of ARs to 

heavy rainfall events by evaluating the variability of AR intensity as a function of ENSO 

and transitions therein.  Overall, the average AR intensity values for each ENSO phase 

from highest-to-lowest were: El Niño (52.5 mm), Neutral-ENSO (47.5 mm) and La Niña 

(42.3 mm).  It is pertinent to note that the ENSO phase breakdown for the data-ready 

events was: two El Niño, six La Niña, and six Neutral-ENSO events.  Therefore, although 

the highest average AR intensity values were observed for events which occurred during 

El Niño years, it is plausible that future events would cause Neutral-ENSO years to have 

the highest-average AR intensity values.  These statistics concur with Lupo et al. (2012) 

such that ENSO and the strength/orientation of the Great Plains LLJ are related since 

Neutral-ENSO years typically have the strongest Great Plains LLJ circulations. 

Since La Niña years had the lowest average event rainfall total amongst the three 

ENSO phases and that AR intensity statistics revealed the lowest average values during 

La Niña years, this corroborates with La Niña years having the lowest average AR 
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intensity.  Despite El Niño years having a higher average event rainfall total than Neutral-

ENSO years by a margin of 2.54 mm, the missing data for events during El Niño and 

Neutral-ENSO bears consideration for the following reasons.  The four missing El Niño 

events had an average event rainfall total of 69.85 mm while the six missing Neutral-

ENSO events had an average rainfall totals of 57.15 mm.  Barring the small dataset, the 

occurrence of heavier average rainfall events within the region of concern points to more 

intense and more persistent ARs having an influence anywhere from 24 to 148 hours 

prior to the onset of events during El Niño years.  Since inexact estimation of the AR 

intensities tied to the missing events is illogical, the appropriate conclusion was that the 

AR intensity relationship is more complex than a simple connection between the depth of 

the integrated water vapor content and the corresponding event rainfall totals.  Rather, it 

is a consequence of the associated air parcel trajectories between two and seven days 

prior to the event which is the focus of the final part of this AR analysis section.   

 

Chapter 5.7: Atmospheric Rivers  AR Duration ENSO Analysis 

To evaluate AR intensity as a function of ENSO, the second half of the AR 

assessment involved examining potential relationships between ENSO and AR impact 

durations.  As noted during the AR intensity data analyses, the same respective events for 

each ENSO phase were also missing for the AR impact duration data.  An important 

finding was that the highest average AR impact duration of 51 hours was found to occur 

during Neutral-ENSO years.  This concurs with Lupo et al. (2012) that the most 

persistent moisture advection (i.e., the strongest flow of atmospheric water vapor) 

emanated from the Gulf of Mexico and/or the western Caribbean Sea during Neutral-
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ENSO years.  Yet, the average AR impact durations for El Niño and La Niña years was 

42 and 49.67 hours respectively.  Barring the missing data, this was an important finding 

since this indicated that La Niña years were more favorable than El Niño years for the 

generation of heavier rainfall events based on longer average AR impact durations.   

This was an important finding since it concurs with results from Birk et al. (2009) 

in terms of the greater tendency for higher average positive rainfall anomalies during La 

Niña years coupled with a positive PDO phase.  Despite contentious recent debate, the 

PDO either has or will soon switch from the negative to the positive phase.  This lends 

further support to La Niña years having longer average AR impact durations since Lupo 

et al. (2012) also found the largest positive departure in average rainfall during La Niña 

years to be concurrent with a shift from the negative to the positive phase of the PDO.  

From a synoptic-scale and dynamical standpoint, heavy rainfall events during La Niña 

years ranking second to those during Neutral-ENSO years is fundamentally sound.  This 

finding is backed by previous work identifying a shift towards larger-scale meridional 

flow (i.e., more frequent transport of warm, tropical air towards the mid-latitudes) across 

the Tropical Atlantic basin (i.e., specifically across the western/central Caribbean Sea) 

during La Niña years as well as transitional periods between Neutral and La Niña years 

(Knippertz et al. 2013; Mayer et al. 2014; Krishnamurthy et al. 2015).  This increase in 

larger-scale meridional flow favors more frequent advection of warm, tropical air towards 

the mid-latitudes which promotes more frequent and heavier rainfall events. 
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Chapter 5.8: HYSPLIT Model 

Chapter 5.8.1: HYSPLIT Air Parcel Trajectory Model  Background  

As noted above, another critical part of the AR analyses was a comprehensive 

analysis of ensemble backward air parcel trajectories using the Hybrid Single Particle 

Lagrangian Integrated Trajectory (HYSPLIT) model developed by the Air Resources 

Laboratory (ARL) division of National Oceanic and Atmospheric Administration 

(NOAA).  The secondary aspect of the ensemble backward air parcel trajectory analyses 

was the examination of 24-hour mean SST values across the western Atlantic Ocean as 

well as the Caribbean Sea.  The motivation for analyzing 24-hour mean SSTs was to 

assess relationships between warmer ocean water being advected towards the U.S. Gulf 

Coast and the timing of given events.  Amongst the twenty-seven events, detailed 

analysis of archived radar imagery from twelve of the twenty-four data-ready events 

(www2.mmm.ucar.edu/imagearchive/) provided evidence for quasi-persistent southerly 

flow.  This initial finding verified the necessity to examine these events via backward air 

parcel trajectory analyses; ergo the integration of the HYSPLIT model into the AR 

analyses.  A paramount concern at the forefront of the HYSPLIT analyses was the extent 

of the variance found amongst the ensemble backward air parcel trajectories (i.e., their 

positions relative to the surface during their journey towards the region of concern).  

Another point of interest was the influence of the maximum vertical height of air parcel 

trajectories on given events based upon model-derived vertical velocity data.  The goal is 

to evaluate potential relationships between stronger (weaker) model-derived vertical 

velocities and more (less) anomalous events.  These questions are also assessed with 

respect to influences associated with the El Niño Southern Oscillation. 

http://www2.mmm.ucar.edu/imagearchive/
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Chapter 5.8.2: HYSPLIT Air Parcel Trajectories  El Niño Events    

  Upon analyzing the events which occurred during El Niño years, two of the six 

events which had a southerly component tied to them also had low/mid-level flow which 

originated and/or moved over the western Caribbean Sea as well as the Gulf of Mexico.  

Based on the warmer ocean water and the subsequent fluxing of water vapor out of these 

tropical regions as noted in the analysis of MIMIC-TPW imagery, air parcel trajectories 

emanating from the tropics had a notable influence.  This is based on the second of the 

two events (30 November 2006) having air parcel trajectories which had a long fetch over 

northern and/or northeastern parts of the Gulf of Mexico.  In addition, this event 

generated the second-highest event rainfall total amongst all six El Niño events.  The 

longer temporal residence of the associated air parcels over the tropical waters of the Gulf 

of Mexico increased heavier rainfall potential due to these air parcels accumulating more 

water vapor in the lower to middle planetary boundary layer.  Several ensemble backward 

air parcel trajectory members for cases of a tropical origin were positioned between 750 

mb and 850 mb for a prolonged time; whereas the cases associated with air masses of a 

non-tropical origin were typically positioned at or above 750 mb.  This evidence 

substantiates the presence of enhanced low-level water vapor content associated with El 

Niño events of a tropical origin based on associated air parcels staying closer to the 

surface and moving over warmer water for a longer time (Molinari 1986).   

Analysis of the events which occurred during La Niña years provided some 

evidential support as well as some contradictory evidence to the findings affiliated with 

the El Niño events of a tropical-origin.  Analysis of the HYSPLIT ensemble backward air 

parcel trajectories indicated that seven of the nine La Niña events had several ensemble 
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members originating from the tropics.  However, this contradicted the evidence gathered 

from the analysis of archived radar imagery since only three events had a connection to 

the tropics (i.e., the presence of a strong southerly wind component) prior to and during 

the periods of heaviest rainfall.  Two of those seven events (7 May 2000 and 24 June 

2000) had several ensemble backward air parcel trajectory members emanating from the 

tropics.  However, there was no archived radar data for those events since they occurred 

prior to the start of the University Corporation for Atmospheric Research’s archiving 

initiative; preventing further analysis on those two events.  Two other La Niña events (25 

June 2011 and 18 March 2008) which produced the third and fourth highest event rainfall 

totals were associated with ensemble backward air parcel trajectories which had a 

predominantly downward slope.   

Hence, as the air masses approached the Gulf Coast (i.e., from the north and south 

respectively), they became more surface-based before again becoming more elevated due 

to isentropic upglide occurring as the associated air masses moved further inland.  This 

agrees with previous work such as Market and Cissell (2002) who found that isentropic 

upglide often triggers intense, prolonged rainfall events due to strong warm air advection 

along a given isentropic surface (Fig. 5).  Another thought-provoking observation was 

that the two La Niña events (18 March 2008 and 26 May 2008) which had the strongest 

tropical connection were associated with near or below-average event rainfall totals as 

compared to the El Niño event rainfall average.  These two events provided contradictory 

evidence to the findings associated with the La Niña events based on the 18 March 2008 

event (which had multiple ensemble backward air parcel trajectory members briefly track 

over the northeastern Gulf of Mexico) producing more rainfall than the 26 May 2008 
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event.  This was unexpected since the 26 May 2008 had a longer tropical fetch with many 

the ensemble members emanating from the central and/or eastern Caribbean Sea. 

   

Chapter 5.8.3: HYSPLIT Air Parcel Trajectories  La Niña Events 

Amongst the La Niña events, there was a consistent trend for the less pronounced 

rainfall events (i.e., those which produced near or below-average rainfall totals) to be 

affiliated with ensemble backward air parcel trajectories that remained elevated prior to 

and during the periods of heaviest rainfall.  In a few cases, the tendency for air parcel 

trajectories to remain elevated (i.e., at or above the 900-mb level) was concurrent with 

lower rainfall totals.  It is important to note that a heavy rainfall event being elevated 

does not always axiomatically correlate to less precipitation potential since elevated 

convection can generate heavy precipitation totals (Colman 1989).  Colman (1989) 

organized a climatology concerning the geographic distribution of heavy rainfall and/or 

severe weather potential across the contiguous U.S. as driven by elevated convection.  

Collectively, the La Niña event analysis showed that in the presence of weaker 

convective instability, five of the seven events (7 May 2000, 5 February 2008, 18 March 

2008, 26 May 2008, and 1 September 2014) had several ensemble backward air parcel 

trajectory members originating from various parts of the Tropical Atlantic Ocean.   

Secondly, those five events which collectively produced below-average event 

rainfall totals were associated with relatively elevated air parcel trajectories for most of 

the 148 hours preceding each event.  The only exception to these findings was the 24 

June 2000 event which had its ensemble backward air parcel trajectories emanating from 

the western Gulf of Mexico as well as the western/central Caribbean Sea.  The exception 
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was that despite generating 74.68 mm of rainfall, many ensemble backward air parcel 

trajectory members were positioned at or just above the 850-mb level for most of the 148 

hours preceding this event.  The best explanation for the above-average rainfall total for 

this La Niña event were the high precipitable water values in place along the tracks (i.e., 

a west-northwest to east-southeast trajectory across the western Gulf of Mexico, the Bay 

of Campeche, and the Caribbean Sea) of many ensemble backward air parcel trajectories. 

 

Chapter 5.8.4: HYSPLIT Air Parcel Trajectories  Neutral-ENSO 

Events 

Amongst the twelve analyzed Neutral-ENSO events, there was evidence which 

both concurred with and differentiated from the findings for both El Niño and the La 

Niña events.  A critical finding garnered through studying the Neutral-ENSO events was 

that nine of the twelve data-ready events (12 May 2002, 4 January 2004, 27 May 2004, 

11 June 2005, 4 September 2008, 14 September 2008, 25 May 2009, 18 April 2013, and 

3 April 2014) occurred in association with a large percentage of the ensemble backward 

air parcel trajectory members emanating from the tropics.  Two more anomalous events 

(4 September 2008 and 14 September 2008) were unique with respect to the ensemble 

backward air parcel trajectory behavior associated with the landfall of Hurricane Ike and 

Hurricane Gustav.  These two events were unique based on most ensemble backward air 

parcel trajectories being located between 700 mb and 850 mb as they moved westward 

from the eastern to the western Caribbean Sea.  The logical explanation for the more 

elevated position of the backward air parcel trajectories for the TC-based moisture 

plumes was the equivalent barotropic nature of the TCs which was maintained during the 
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pre- and post-landfall phase of the respective TCs (Galarneau et al. 2010; Moore et al. 

2013).  The equivalent barotropic framework justifies the banded convection associated 

with the typical horizontal and vertical structure found in TCs both pre- and post-landfall.   

Two of the twelve Neutral-ENSO events (11 June 2005 and 25 May 2009) were 

analogous to but also different from the two previous TC-induced cases discussed above.  

The 11 June 2005 event (which produced an event rainfall total of 51.31 mm) was driven 

by an interaction between Tropical Storm Arlene and a weak low pressure system’s cold 

front which was draped across the central U.S. (Fig. 4).  Many of the backward air parcel 

trajectories oscillated between 800 mb and 900 mb during much of the air parcel 

trajectories’ path towards the Gulf Coast.  As the air parcels approached the Gulf Coast, 

they began interacting with the circulation of Tropical Storm Arlene and became more 

surface-based as several ensemble backward air parcel trajectories lowered to between 

900 mb and 950 mb during the 36 to 48 hours preceding the event.  The 25 May 2009 

event (which produced an event rainfall total of 51.05 mm) was driven by convective-

enhancement induced by robust diurnal heating associated with a weak tropical low 

pressure system.  In this case, the bulk of the backward air parcel trajectories were 

positioned between 750 mb and 850 mb for the first 72 hours of the air parcel trajectories.  

Though, many of the backward air parcel trajectories became more surface-based (i.e., 

between 850 mb and 950 mb) due to the air mass interacting with the weak tropical low 

pressure system moving northward up the Mississippi River Valley.   

Two of the twelve Neutral-ENSO events (4 January 2004 and 27 May 2004) (i.e., 

two of the nine events which had a tropically-oriented influence based on HYSPLIT 

backward trajectory analyses) generated 55.88 mm and 53.09 mm of rainfall.  In addition, 
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both cases exhibited relatively similar backward air parcel trajectory behavior.  The first 

48 hours of these two events were characterized by a large percentage of the ensemble 

backward air parcel trajectories being positioned between 750 mb and 850 mb.  As the 

respective air masses approached the Gulf Coast, they descended to between 900 mb and 

1000 mb.  Thus, as these air parcels transitioned from being more elevated to more 

surface-based, this helped to generate scattered convection which comprised the periods 

of heaviest rainfall during these two events.  Two of the other three remaining events (12 

May 2002 and 18 April 2013) (which generated 55.37 mm and 62.99 mm of total 

rainfall) exhibited backward air parcel trajectories which were positioned between 800 

mb and 900 mb during the first 48 to 60 hours of the air parcel trajectories’ tracks.  As the 

respective air masses approached the Gulf Coast, they descended to between 900 mb and 

950 mb as the approaching air mass merged with the warm sector of low pressure 

systems positioned across northern Missouri.   

The final event (3 April 2014) which generated 56.64 mm of rainfall was 

associated with backward air parcel trajectory behavior characterized by most air parcel 

trajectories remaining between 900 mb and 1000 mb during the 148 hours preceding the 

event.  Amongst the twelve analyzed Neutral-ENSO events, this event had nearly all 

ensemble air parcel trajectory members centered over the eastern to central Gulf of 

Mexico.  Collectively, there was a trend for backward air parcel trajectories which 

emanated from and/or moved over the Gulf of Mexico to be associated with greater 

rainfall totals than events whose trajectories did not traverse the Gulf of Mexico.  A 

possible explanation for events whose backward air parcel trajectories traversed the Gulf 

of Mexico to produce more rainfall than those which did not may be due to the strength 
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of the Loop Current (i.e., a smaller ocean current which governs the transport of warmer 

ocean water throughout the Gulf of Mexico).  Within the Gulf of Mexico, the Loop 

Current is identified as a series of eddies and current-based undulations which is 

positioned between where the Caribbean Current (located in the southern Gulf of 

Mexico) ends and another ocean current referred to as the Gulf Stream (located in the 

eastern Gulf of Mexico) begins.  The Caribbean Current is identified as the oceanic 

current which extends from the eastern to the western Caribbean Sea (i.e., the terminus of 

the Caribbean Current being the region defined by the gap between the eastern Yucatán 

Peninsula of Mexico and western Cuba).  This region between the Yucatán Peninsula and 

western Cuba is recognized as the beginning of the Loop Current.  Further details and 

implications of the Loop Current’s influence on the heavy rainfall events will be 

discussed more in the AR regional SST and HYSPLIT coupled assessment. 

 

Chapter 5.9: Atmospheric Rivers  Precipitable Water 

Chapter 5.9.1: Precipitable Water Analyses  Background 

 The third part of the AR analyses was examining precipitable water data which 

was archived every 3 hours for each event that occurred on or after 18 October 2005 

(courtesy of the Storm Prediction Center).  Due to these temporal restrictions, archived 

precipitable water data was only available for fifteen of the twenty-seven events.  These 

fifteen events broke down amongst the ENSO phases as follows: three of the six El Niño 

events (30 November 2006, 19 July 2007, and 8 October 2009), six of the nine La Niña 

events (5 February 2008, 18 March 2008, 26 May 2008, 24 November 2010, 25 June 

2011, and 1 September 2014) and six of the twelve Neutral-ENSO events (4 September 
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2008, 14 September 2008, 25 May 2009, 18 April 2013, and 2-3 April 2014). Despite the 

small sample set for the precipitable water-based analysis as compared to the other AR 

analysis components, there were many important findings amongst the fifteen events both 

collectively and when separated by ENSO. 

 

Chapter 5.9.2: Precipitable Water Analyses  El Niño Events 

 Through examining the El Niño events with respect to the evolution of the 

precipitable water (PWAT) associated with each of the three analyzed events, there was 

some similar and different behavior observed.  Two of the three El Niño events (30 

November 2006 and 8 October 2009) exhibited analogous changes in the PWAT field 

across the south-central U.S. and the Gulf of Mexico.  In the interest of generating 

comprehensive PWAT analyses, each event’s synoptic flow regime was re-iterated to 

procure a better understanding of each event’s PWAT evolution with respect to the 

atmospheric thermodynamics in place.  The 30 November 2006 event was characterized 

by a slow northward-moving low pressure system which formed near the end of a cold 

front before proceeding northeastward.  Concurrent with the heaviest rainfall occurring 

just to the northwest of low pressure center’s position (which passed just east of the 

region of concern), a narrow corridor of PWAT with a measured depth of 25.4 mm 

meandered over southern/southeastern Missouri throughout the day on 30 November 

2006 with its associated PWAT positioned in a tight northwest-to-southeast gradient.  

The 8 October 2009 event was driven by a coupled interaction between an 

approaching warm front from the northern Gulf of Mexico and an approaching cold front 

from the north-central U.S.  Because of the strengthening southerly flow associated with 



101 
 

the warm air advection to the south of the warm front, there were larger PWAT values 

advected into the region with a maximum PWAT value of around 43.18 mm.  This higher 

maximum PWAT value contradicted the event rainfall total of 67.56 mm and was likely 

due to entrainment of drier air into the low-to-mid-levels via cooler/drier return flow 

associated with the approaching cold front.  The third El Niño event (19 July 2007) was 

different since it was associated with a slowly southward-moving cold front associated 

with a parent low pressure system moving across the southern Great Lakes region.  

Despite this event being driven by weak isentropic upglide and a maximum PWAT value 

of 48.26 mm, there was only 53.85 mm of rainfall.  The best explanation for this near-

threshold rainfall was increasing dry-air entrainment due to the approaching cold front. 

 

Chapter 5.9.3: Precipitable Water Analyses  La Niña events 

The next part of the PWAT analysis involved an examination of the La Niña 

events with respect to changes in the evolving PWAT fields.  The six data-ready La Niña 

events were broken down into two main categories: four closed-low warm front-induced 

events (5 February 2008, 18 March 2008, 24 November 2010, and 25 June 2011) and two 

closed-low cold front-induced events (26 May 2008 and 1 September 2014).  As with the 

PWAT analysis for the El Niño events, a brief synoptic overview is conducted.  The first 

part of the PWAT analysis for the La Niña events focused on those events categorized as 

being closed-low warm front-induced cases.  The 5 February 2008 event was associated 

with a weak low pressure system moving to the northeast (while being positioned just to 

the southeast of the region of concern during the periods of heaviest rainfall) and had a 

maximum PWAT value of 30.48 mm.  Although the predominant southerly or 
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southwesterly flow was off the Gulf of Mexico, this event only generated 59.94 mm of 

total rainfall.  Hence, the behavior of this La Niña event was akin to the behavior of the 

30 November 2006 event which occurred during an El Niño year.  The 18 March 2008 

event was driven by a weak low pressure system which moved directly over the region of 

concern and was associated with a maximum PWAT value of around 30.48 mm (Fig. 2).  

An interesting observation for this event was that despite the highest precipitable water 

values advected from the Gulf of Mexico remaining south of the region of concern, there 

was a slightly higher rainfall total of 62.48 mm as compared to the 5 February 2008 

event.  This higher rainfall total was a product of higher PWAT values remaining over 

the region of concern for a longer duration.   

The 24 November 2010 event was triggered by a low pressure system which 

formed in northeastern Colorado between a stationary front and a weak low pressure 

system in northwestern Colorado early on 24 November (Fig. 4).  During the late 

morning to early afternoon hours on 24 November, the warm air advection courtesy of 

the approaching warm front fostered the influx of PWAT values which maximized at 

around 35.56 mm.  Though many ensemble backward air parcel trajectories originated 

from the northwestern U.S. and southern/southwestern Canada, the larger rainfall total of 

78.23 mm was due to persistent overrunning of warm/moist air over the warm front.  The 

25 June 2011 event was associated with a weak low pressure system which remained 

nearly stationary just west of the region of concern (i.e., near the western/central parts of 

the Kansas/Oklahoma state border) (Fig. 2).  The stationary warm front associated with 

this weak low pressure system facilitated warm air advection out of the Gulf of Mexico 

coupled with northerly flow out of eastern/northeastern Canada with a maximum PWAT 
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values of around 55.88 mm.  The collision of the northerly and southerly flow facilitated 

the longer-duration rainfall along the warm front which generated 71.12 mm of rainfall. 

The second part of the PWAT analyses for the La Niña events was studying the 

evolution of the PWAT fields associated with events which occurred via closed-low cold 

front-induced events.  The 26 May 2008 event occurred as a result of diurnally-driven 

convection which was triggered by outflow boundaries which propagated away from 

distant convection associated with the advance of a cold front tied to a low pressure 

system positioned over the western/northern Great Lakes (Fig. 4).  Despite a maximum 

PWAT value of around 43.18 mm supplied by warm air advection off the Gulf of 

Mexico, there was an event rainfall total of 55.63 mm.  The reason for the lower rainfall 

total was due to most of the heavier precipitation occurring with intense, fast-moving 

convection.  In addition, despite the higher PWAT value, the PWAT depth oscillated 

throughout the event, leading to an inconsistent moisture source.  The second cold front-

induced event (1 September 2014) was driven by the approach of a cold front (and a 

single outflow boundary which emanated from convection that developed late on 31 

August 2014) tied to a low pressure system centered over southeastern Canada (Fig. 4).  

During the first 24 to 48 hours, most of the ensemble backward air parcel trajectories 

emanated from the western Atlantic Ocean.  Due to most of these trajectories remaining 

close to the surface while tracking across the northeastern Gulf of Mexico, this fostered 

maximum PWAT values of roughly 45.72 mm and an event rainfall total of 54.61 mm.   
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Chapter 5.9.4: Precipitable Water Analyses  Neutral-ENSO Events 

The final part of the PWAT analysis involved studying all the Neutral-ENSO 

events with respect to the evolution of the PWAT fields.  The six data-ready Neutral-

ENSO events were broken down into two main categories: three TC or tropical low-

induced events (4 September 2008, 14 September 2008, and 25 May 2009) and three 

closed-low warm front-induced events (18 April 2013 and 2-3 April 2014).  The first part 

of the PWAT analysis for the Neutral-ENSO events will focus on those events which 

were categorized as events triggered by TCs or tropical low pressure systems.  The 4 

September 2008 event was associated with the landfall and post-landfall phase of 

Tropical Depression Gustav as it gradually phased with a low pressure system moving 

across the Great Plains region.  Due to the moisture-laden nature of the tropical low 

pressure system which acted as the primary moisture source, there was a maximum 

PWAT value of around 53.34 mm and an event rainfall total of 77.72 mm.   

Despite most of the moisture advection being associated with Tropical Storm 

Gustav, the presence of a subtropical ridge across the western Atlantic Ocean served as a 

secondary moisture source.  This was confirmed due to a substantial portion of the 

ensemble backward air parcel trajectories emanating from the western Atlantic Ocean.  

The second tropically-oriented event (14 September 2008) was associated with the 

landfall and post-landfall phase of Hurricane Ike.  Coincidentally, the post-landfall 

interaction of Hurricane Ike (i.e., the interaction of Ike with a cold front tied to a low 

pressure system centered over the Midwest U.S.) was nearly identical to that found with 

the post-landfall interactions associated with Hurricane Gustav.  A significant difference 

with the 14 September 2008 event was the larger rainfall total of 116.33 mm along with a 
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greater maximum PWAT value of 58.42 mm.  Additionally, the Gulf of Mexico had a 

greater influence since most of the ensemble backward air parcel trajectories emanated 

from the Gulf of Mexico.   

The third event (25 May 2009) was associated with frontal and diurnal-heating 

interactions between a weak tropical low pressure system (emanating from the Gulf of 

Mexico) and a cold front tied to a low pressure system moving across southeast Canada 

during the periods of heaviest rainfall.  Although much of the moisture for this event was 

supplied by the tropical low, the larger-scale moisture transport originated from the 

western Atlantic Ocean (offshore from the Mid-Atlantic U.S. coastlines).  This was 

confirmed by the evolution of the PWAT field based on a tongue of higher PWAT values 

advancing from southeast to northwest off the western Atlantic Ocean during the 

afternoon/evening hours of 25 May.  Despite a maximum PWAT value of around 45.72 

mm, there was an event rainfall total of 51.05 mm.  Therefore, despite the maximum 

PWAT values remaining over the area of concern for a prolonged time, the relationship 

between PWAT values and rainfall totals is more complicated than previously thought. 

The second part of the PWAT analyses for the Neutral-ENSO events involved 

studying the evolution of the PWAT fields associated with those events that occurred 

concurrently with the three closed-low warm front-induced events (18 April 2013 and 2-3 

April 2014).  The 18 April 2013 event was driven by strong southerly flow tied to a warm 

front associated with a weak low pressure system which was developing as of 17 April, 

near the eastern part of the state border between Kansas and Oklahoma (Fig. 2).  The 

secondary trigger was an outflow boundary which propagated away from a distant cold 

front associated with the low pressure system.  Despite the persistent warm air advection 
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emerging from the Gulf of Mexico and the central/eastern Caribbean (verified by the 

geographic timeline of the ensemble backward air parcel trajectories) and a maximum 

PWAT value of around 40.64 mm, the event rainfall total was 62.99 mm.  Hence, even 

with moisture transport emanating from the tropics, the position of the deepest moisture 

was the difference between more anomalous events and those of a lesser magnitude. 

The 2 April 2014 event was driven by southerly flow off the Gulf of Mexico 

coupled with northwesterly flow emanating from the northwestern U.S.  The heaviest 

rainfall occurred in association with a weak disturbance which propagated along a 

stationary front whose west-to-east axis was positioned along and to the west of the 

region of concern (Fig. 4).  Additionally, although many ensemble backward air parcel 

trajectories originated from the northwestern U.S., the trajectories did pass over the 

northeastern Gulf of Mexico during the 24 to 48 hours preceding the morning of 2 April.  

Despite air parcel trajectories moving over the northeastern Gulf of Mexico, the 

maximum PWAT value was around 30.48 mm with a corresponding event rainfall total 

of 64.26 mm.  The 3 April 2014 event was analogous to the 2 April 2014 event since it 

was initiated by a disturbance passing along a warm front which evolved along the 

stationary front from the previous day.  A major difference with the 3 April 2014 event 

was that most ensemble backward air parcel trajectories remaining over the central and 

eastern Gulf of Mexico for a longer time, facilitating the higher maximum PWAT value 

of 38.1 mm.  Despite the deeper PWAT values observed with the 3 April 2014 event, 

there was a comparable event rainfall total of 56.64 mm.  This provided additional 

evidence to further support the notion that 24-hour rainfall totals are not axiomatically 

correlated with PWAT depth. 
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Chapter 5.10: Tropical Atlantic Sea-Surface Temperature Analyses 

The final component taken into consideration for the AR analyses was the 24-

hour mean SST values across the western/central Caribbean Sea and the Gulf of Mexico 

during the 148 hours preceding each event.  A major factor which had substantial 

influence on several events was the Loop Current which is a warm ocean current which 

has maximum influences across the central and eastern Gulf of Mexico.  Amongst the 

twenty-seven analyzed events, fourteen events occurred in association with the Loop 

Current which was confirmed by the existence of a narrow (north-to-south oriented) 

corridor of particularly warm SSTs (i.e., higher SST values with respect to the larger SST 

field across the entire Gulf of Mexico).  In most pronounced cases, the SSTs associated 

with the Loop Current ranged between 25.5°C and 31°C.  Therefore, as air masses 

traversed the warmer waters of the Gulf of Mexico, stronger positive SSTs anomalies 

associated with the Loop Current bolsters the amount of available water vapor in the 

planetary boundary layer via the fluxing of water vapor off the warmer ocean water. 

The confirmation of such warm SSTs found in association with the Loop Current 

verifies the potential for fluxing of large quantities of water vapor off the warm ocean 

water (provided sufficient near-surface/surface-based friction).  Thus, the presence of the 

Loop Current at least indirectly influences the amount of atmospheric water vapor 

available within the planetary boundary layer (Dirmeyer and Kinter 2010).  Amongst the 

events, the presence of the Loop Current is often the strongest from late October through 

mid/late April and sometimes as late as early May.  However, heavy rainfall events do 

occur beyond this timeframe since the presence of warmer SSTs is not restricted to the 

Loop Current’s region of influence within the Gulf of Mexico.  Rather, between mid-May 
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and late September/early October, much of the Tropical Atlantic basin is quite warm with 

SSTs at or over 27°C).  Thus, based on the widespread presence of warmer ocean water, 

Summer-time SSTs help to provide high atmospheric water vapor procurable for heavy 

rainfall events (Hastenrath 1966).  From late Autumn (i.e., from mid/late October through 

late November), as well as between Winter and early/mid Spring (i.e., from early/mid-

December through late April to early May), warm/moist tropical air is supplied by the 

Loop Current coupled by periodic enhancement from the Caribbean Current.  

For events associated with backward air parcel trajectories passing over areas to 

the east or southeast of the Gulf of Mexico, the transport of atmospheric water vapor 

became much more intricate.  Several cases exhibited backward air parcel trajectories 

which traversed over islands including (but not limited to) Puerto Rico, the Dominican 

Republic, Haiti, and Cuba.  The propagation of associated air masses over these countries 

is relevant due to the presence of more mountainous terrain.  As noted in previous work, 

the presence of orography can extract moisture from an air mass due to windward down-

sloping and/or the entrainment of drier air (Bender et al. 1986; Jury and Sanchez 2008; 

Nugent et al. 2014).  Thus, depending on the path of an air mass across the Caribbean 

Sea, there is differential addition or removal of water vapor that affects the potential for 

heavier rainfall.  Much recent research has studied the extent to which specific mesoscale 

and/or microscale processes affect the addition and/or removal of water vapor within the 

realm of NWP and the real atmosphere (Maddox et al. 1979; Schumacher et al. 2013). 
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Chapter 5.10.1: Tropical Atlantic SST ENSO-Based Statistical Analysis 

Upon evaluating the potential for Loop Current-based influences through an 

ENSO-based lens, the percentage of events which occurred in conjunction with possible 

influences from the Loop Current during the respective ENSO phases was: 16.67% (one 

of the six El Niño events), 66.67% (six of the nine La Niña events), and 58.33% (seven of 

the twelve Neutral-ENSO events).  The three ENSO phases culminated to an average of 

51.85% (fourteen of the twenty-seven events) which indicated that events which occurred 

during La Niña and Neutral-ENSO years had an above-average statistical likelihood of 

bearing Loop Current influences.  Based on previous work finding that La Niña and 

Neutral-ENSO years are more favorable for TC formation across the Tropical Atlantic, 

this substantiates influences the Loop Current during La Niña and Neutral-ENSO years 

(Larson et al. 2004; Karloski and Evans 2015).  This hypothesis was further supported by 

moisture-laden air masses emerging from the Caribbean more frequently during La Niña 

and Neutral-ENSO years.  

 

Chapter 6: Impacts of Atmospheric Blocking 

Over the last six decades, there have been periodic bursts of interest in studying 

the behavior and consequences of atmospheric blocking events.  A blocking event is 

defined as obstructing, on a large scale, of normal west-to-east progression of migratory 

cyclones and anticyclones (Lupo and Smith 1995a; Wiedenmann et al. 2002; Barriopedro 

et al. 2006).  There are two types of blocking highs which dominate across the mid-

latitudes: omega blocks and rex blocks.  Omega blocks are typically associated with a 

height pattern resembling the shape of the Greek letter “Omega” as shown in the 
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idealized schematic presented in Fig. 27.  Rex blocks are associated with situations 

characterized by a high pressure system being situated to the north of a low pressure 

system as illustrated in Fig. 28 (Rex 1950).  Climatologically, blocking highs typically 

develop at high latitudes and block the progression of cyclones; obstructing progressive 

flow in the atmosphere.  From a dynamical standpoint, blocking highs must last at least 

five days at the 500-mb level and have a westerly flow split around them based on the 

original definition established by Rex (1950).  Blocking is identified by examining the 

upper-level air flow and searching for associated patterns as established by Rex (1950) 

and later revisited by more recent work such as (but not limited to) Wiedenmann et al. 

(2002) and Barriopedro et al. (2006). 

 

Chapter 6.1: Atmospheric Blocking  Background Information 

Amongst much previous work, there has been a major focus on examining 

blocking events which developed over large ocean basins such as the Atlantic, Pacific, 

and Indian Ocean basins.  The impetus for studying blocking events which formed across 

these ocean basins was to foster an improved understanding for how blocking events 

affect both synoptic-scale and planetary-scale flow regimes.  Since the 1950’s, there has 

been a more concerted effort to bolster the operational recognition of blocking onset, 

blocking strength, and blocking duration for the purposes of improving the forecasting of 

atmospheric blocking events (Wiedenmann et al. 2002).  The primary motivation for 

studying these aspects of atmospheric blocking has been to assess potential relationships 

between blocking events and anomalous weather patterns in different parts of the world.  

The goal of this analysis is to expand upon previous work by assessing the influences of 
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blocking events across the Pacific Ocean on heavy rainfall events across the south-central 

U.S.  The contextual basis of this work was studying blocking events between 2000 and 

2014 with respect to trends pertaining to block intensity, block duration, block size, block 

onset lead time, and the longitude at block onset.   

 

Chapter 6.2: Atmospheric Blocking  Blocking Parameter Details 

The block intensity (BI) parameter was incorporated based upon the work of Lupo 

and Smith (1995b) wherein they calculated the BI value by normalizing a given high 

pressure system’s central height value using a subjectively determined contour line that 

represented the flow pattern.  The BI values were subsequently scaled and rated from 1 to 

10, with increasing values being stronger.  The calculation of BI was represented by the 

following equation as presented in Lupo and Smith (1995a) and Lupo and Smith (1995b): 

BI = 100 ∗ ((
𝑀𝑍

𝑅𝐶
) − 1).  As part of this equation for BI, MZ was denoted as the 

maximum 500-mb height in the closed anticyclone region or on a line associated with the 

ridge axis and RC was the subjectively chosen representative contour.  To calculate the 

BI parameter, the BI calculation was modified to automate the aforementioned procedure 

such that the component RC was replaced with: 𝑅𝐶 =
𝑍𝑢+𝑀𝑍

2
+
𝑍𝑑+𝑀𝑍

2

2
 where Zu (Zd) 

represents the lowest height value in the trough axis upstream (downstream) of the block 

center at the same latitude (Lupo and Smith 1995b).  With this revision, the newer 

definition normalizes the central height value by using a mean ‘‘contour’’ estimated 

across the area encompassed by the upstream and downstream troughs at the same 

latitude as the block center (Lupo and Smith 1995b).  Thus, the normalization of height 



112 
 

values generates BI values which are proportional to the height gradients in regions 

where blocking is occurring and can be used as a diagnostic tool to examine the strength 

of large-scale flow regimes within blocking regions (Lupo and Smith 1995b).   

The block duration (BD) parameter was included based on the criteria established 

by Rex (1950); whereby a blocking event is verifiable only if a blocking high pressure 

persists for a minimum of five days as evaluated by flow at the 500-mb level.  The intent 

behind evaluating BD is to study observed differences between the respective ENSO 

phases and the persistence of the blocking events which formed between 2000 and 2014.  

Collectively, this BD analysis is an extension of previous work (Lupo and Smith 1995a; 

Lupo and Smith 1995b; Barriopedro 2006).  The block size (BS) parameter was included 

based upon the framework presented by Lupo and Smith (1995a) wherein they designated 

the BS value as the half-wavelength distance (measured in units of km).  The BS 

parameter was included to assess whether a relationship existed between BS and event 

rainfall duration as well as seasonality biases (i.e., whether larger or smaller blocking 

events occurred more frequently during certain seasons).  The intent behind the 

consideration for seasonality biases was to assess the extent to which larger or smaller 

blocking events exhibited a correlation with heavier or lighter rainfall events.  The 

forthcoming analysis pertaining to the BS parameter was an extension of pertinent results 

from previous work (Lupo and Smith 1995a; Carrera et al. 2004). 

The blocking onset lead time (BOLT) parameter was a newly-coined parameter 

(designed for this research) to distinguish blocking events which had the greatest 

influence.  The definition for the BOLT parameter was designed such that only blocking 

events existing for at least two days preceding an event would be considered.  All the 
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data used for the BOLT parameter as well as all the other blocking-oriented variables was 

acquired from the blocking archive organized by Dr. Anthony Lupo at the University of 

Missouri which can be accessed through his Global Climate Change website 

(http://weather.missouri.edu/gcc/).  Another important aspect taken into consideration 

was the “longitude at block onset” (LABO) parameter which was used to assess possible 

relationships between the location of blocking event formation (i.e., the specific 

longitudinal position within the Pacific Ocean at which blocking events were centered) 

and the duration/intensity of the respective heavy rainfall events.  The forthcoming 

results are then compared to previous work such as Barriopedro et al. (2006) to evaluate 

how the results from the respective analyses of the LABO parameter compare.  For the 

purposes of this part of the blocking analysis, the Pacific Ocean was divided into four 

regions to effectively differentiate between the various blocking events.  These four 

regions were designated as the eastern Pacific Ocean (blocking events between -120°W 

and -140°W), the central Pacific Ocean (blocking events which between -140°W and -

180°W), the eastern-portion of the western Pacific Ocean (blocking events between 

160°W and 180°W), and the central-portion of the western Pacific Ocean (blocking 

events between 140°W and 160°W). 

The secondary part of this blocking analysis appended a consideration for the 

calendar month(s) of the blocking events in terms of the event intensity and precipitation 

intensity-type (i.e., whether the precipitation was of a stratiform or a convective mode).  

Much previous work has shown that heavy rainfall events during the Spring-time and 

Summer-time months (i.e., between April and August) are more frequently associated 

with deep, convective storms than during the Fall and Winter months (i.e., between 
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September and March) (Schubert et al. 1997; Wang and Chen 2009; Hagen et al. 2010; 

Villarini et al. 2011).  Before analyzing the blocking data, there was a preconceived 

hypothesis that events which occurred between April and August were more likely to be 

associated with convective precipitation.  The point in question was the extent to which a 

block’s position, size, or intensity influenced whether events were defined by convective 

vs. stratiform precipitation based on the preferred months of occurrence.  Another motive 

for assessing preferred blocking months was to reveal possible connections between the 

preferred blocking months, the duration of respective blocking events, and the magnitude 

of heavy rainfall events.  Through developing a better understanding of the preferred 

blocking months across the Pacific Ocean, this should foster a renewed comprehension 

between blocking events and the influences from atmospheric factors such as ARs (i.e., 

details pertaining to both AR orientation and depth) and convective instability. 

Thus, a comprehensive analysis is conducted to assess the extent to which ENSO 

influences the intensity, duration, size, blocking onset lead time, the longitude at blocking 

onset, and the preferred months for blocking events.  One of the core goals was to 

generate a better understanding for how ENSO affects blocking and how the parameters 

noted above influence the behavior of blocking events during the respective ENSO 

phases.  A keen focus is placed on assessing the impacts of ENSO on Pacific blocking 

events and subsequent impacts on the duration and intensity of heavy rainfall events 

across the region of concern.  This blocking analysis is organized into six sections which 

consist of the analyses pertaining to block intensity, block duration, block size, block 

onset lead time, the longitude at block onset, and the preferred blocking months for 

blocking events which occurred during El Niño, La Niña, and Neutral-ENSO years. 
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Chapter 6.3: Blocking Intensity  Statistical and ENSO-Based Analysis 

In accordance with the above procedure, the first parameter being examined is 

blocking intensity (BI) as defined by Wiedenmann et al. (2002).  This analysis is 

complemented by a consideration for ENSO-based influences for all sixteen events which 

occurred at the same time during which there was a blocking event over the Pacific 

Ocean.  Of the six El Niño events, four events occurred concurrently with a blocking 

event.  Amongst those four events, there was an accumulated BI average of 2.39 and an 

associated standard deviation of 0.95.  Of the nine La Niña events, seven events occurred 

concurrently with a blocking event.  Amongst those seven events, there was an 

accumulated BI average of 2.99 and an associated standard deviation of 1.06.  Out of the 

twelve events which occurred during Neutral-ENSO years, five events occurred 

concurrently with a blocking event over the Pacific Ocean.  Among those five events, 

there was an accumulated BI average of 2.53 and a standard deviation of 1.18.  

Through considering the BI average values for the respective ENSO phases, there 

was a trend for those blocking events which contained a greater BI value to correspond to 

events with larger rainfall totals.  This trend was extrapolated based upon a visual 

assessment of a clustered column plot with the event rainfall totals plotted in sequential 

order from lowest-to-highest along with the corresponding blocking event BI values as 

shown in Fig. 29.  The purpose of organizing the event rainfall totals from lowest-to-

highest was to foster a more effective visual confirmation of possible trends embedded 

within the BI values.  To bolster this analysis, a linear trend line was plotted with respect 

to the BI data as well as the representative equation for the BI data.  This resulted in a 

linear trend line with a slightly positive slope and a representative equation of y = 
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0.0305x + 2.5293 which verified the positive slope “m” as defined by the standard 

equation “y= mx + b” used to analyze the slopes of lines.  Thus, there was a trend for 

event rainfall totals to be weakly positively correlated with increasing BI values for 

blocking events across the Pacific Ocean.  

The second part of the BI analysis involved an examination of the BI average 

values; coupled with an examination of the BI standard deviation values which were 

calculated for the respective El Niño, La Niña, and Neutral-ENSO events.  The average 

BI values from highest-to-lowest were 2.99 (La Niña events), 2.53 (Neutral-ENSO 

events), and 2.39 (El Niño events) which made for an inconsistent trend since the average 

event rainfall totals from highest-to-lowest were 65.53 mm (La Niña events), 64.77 mm 

(El Niño events), and 57.56 mm (Neutral-ENSO events).  Thus, the decreasing order for 

the average BI values did not mirror the decreasing order of the event rainfall totals for 

the respective ENSO phases.  However, closer inspection of the individual BI intensity 

values indicated an anomaly amongst the Neutral-ENSO events.  This anomaly was 

identified as the blocking event which corresponded with the 4 January 2004 event being 

much stronger than the other four Neutral-ENSO events (i.e., a BI value of 4.52 

compared to the Neutral-ENSO blocking event BI average of 2.53).  Due to the absence 

of data for this event’s BI anomaly, it was removed from the forthcoming calculations.  

The removal of this more anomalous blocking event generated a Neutral-ENSO average 

BI value of 2.04.  This Neutral-ENSO average BI value of 2.04 reordered the decreasing 

order of average BI values by ENSO phase such that it mirrored the decreasing order of 

the average event rainfall totals by ENSO phase.  These findings concurred with the 
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results of previous work considering the state of the PDO and ENSO during the period of 

study evaluated by Birk et al. (2010). 

Amidst evaluating the BI standard deviation values, there was a similar issue as 

that found in association with the decreasing sequence of average BI values amongst the 

ENSO phases.  As stated above, the average event rainfall totals from highest-to-lowest 

were 65.53 mm (La Niña events), 64.77 mm (El Niño events), and 57.56 mm (Neutral-

ENSO events) while the respective BI standard deviation values from highest-to-lowest 

were 1.18 (Neutral-ENSO events), 1.06 (La Niña events), and 0.95 (El Niño events).  

However, removal of the anomaly associated with the 4 January 2004 event generated a 

revised Neutral-ENSO BI standard deviation value of 0.48 which mirrored the decreasing 

order of the average event rainfall totals for the respective ENSO phases.  Thus, amongst 

the average BI values and the corresponding standard deviation values, there was a trend 

for increasing event rainfall totals to be synonymous with increasing BI values as well as 

greater variance thereof.  This is justified since stronger blocking events typically 

facilitate more pronounced bifurcations of progressive atmospheric flow; inducing 

persistent (mitigated) downstream transport of atmospheric water vapor that favors 

heavier (lighter) event rainfall totals (Carrera et al. 2004).  

 

Chapter 6.4: Blocking Duration  Statistical and ENSO-Based Analysis 

The second parameter being assessed is the blocking duration (BD) parameter 

which was included based on the criteria established by Rex (1950); whereby a blocking 

event was analyzed only if a blocking high pressure persisted for a minimum of five days 

as evaluated by flow at the 500-mb level.  Amongst the sixteen blocking events which 
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formed near the time of heavy rainfall events, the average BD values for each ENSO 

phase from highest-to-lowest were: 13.13 days (El Niño events), 11.93 days (La Niña 

events), and 8.2 days (Neutral-ENSO events).  As noted above, the average event rainfall 

totals from highest-to-lowest were 65.53 mm (La Niña events), 64.77 mm (El Niño 

events), and 57.56 mm (Neutral-ENSO events).  Thus, despite the average event rainfall 

total being slightly higher during La Niña years than during El Niño years, the average 

BD values were slightly greater during El Niño years than during La Niña years.  This 

reversed sequence was likely a statistical coincidence since there were only four heavy 

rainfall events associated with Pacific blocking events during El Niño years; while during 

La Niña years there were seven events associated with Pacific blocking events.  Hence, 

the analysis of more heavy rainfall events which occurred concurrently with Pacific 

blocking events should help to alleviate differences pertaining to the average BD values 

during El Niño and La Niña years.   

During Neutral-ENSO years, the lowest average event rainfall totals correlating 

with the lowest BD values may be misleading since several events did not occur with a 

Pacific blocking event.  Moreover, three of these events had a tropical origin which was a 

critical factor that was strongly considered.  Since TCs are often steered by large-scale 

deep-layer atmospheric flow, TCs are sensitive to the presence of upstream blocking 

events (Carrera et al. 2004; Atallah et al. 2007; Galarneau et al. 2010).  TCs are often 

impacted by the development, upstream propagation, and/or downstream propagation of 

subtropical high pressure systems (e.g., semi-permanent high pressure systems across the 

Pacific and Atlantic Ocean).  TCs positioned near a semi-permanent high pressure system 
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are often impacted in terms of both the trajectory and depth of the associated atmospheric 

water vapor transport supplied by TCs which are approaching the U.S. mainland.   

During the life-span of many past TCs which interacted with at least one of these 

three semi-permanent high pressure system types, there was a consistent change in the 

direction of maximum moisture transport.  This directional change for moisture transport 

induced differential between the forecast and verified locations of the heaviest rainfall.  

One case study which exemplifies this point was the forecast associated with Hurricane 

Katrina.  Between 26 and 28 August 2005, the forecast track for Hurricane Katrina was 

perturbed progressively further west than was forecast during the earlier parts of that 

three-day period.  This westerly shift in the forecast track of Hurricane Katrina after it 

exited western Florida on 26 August was due to a subtropical high pressure system which 

built into the Mid-Atlantic U.S.  Hence, if the original forecast verified, the strongest 

moisture transport would have been near the Florida Panhandle rather than coastal/inland 

sections of Louisiana and Mississippi.  Hence, for other past as well as future tropically-

originated events, Pacific blocking events may also influence the above statistics.    

 

Chapter 6.5: Blocking Size  Statistical and ENSO-Based Analysis 

The third parameter being study is the blocking size (BS) parameter.  It is 

important to recall that the framework of the BS parameter was included based on Lupo 

and Smith (1995) wherein they designated the BS value as the half-wavelength distance 

(measured in km) associated with a blocking high pressure system.  Amongst the sixteen 

blocking events which formed near the time of corresponding heavy rainfall events, the 

average BS values for each ENSO phase from highest-to-lowest were: 2,697.84 (Neutral-
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ENSO events), 2,119.39 (La Niña events), and 2,078.18 (El Niño events).  As noted 

above, the average event rainfall totals from highest-to-lowest for each ENSO phase 

were: 65.53 mm (La Niña events), 64.77 mm (El Niño events), and 57.56 mm (Neutral-

ENSO events).  Thus, comparison of the average BS values with respect to the average 

event rainfall totals for each ENSO phase did not exhibit any noticeable correlation based 

on the different decreasing orders of the respective average values.  

Despite the differences noted above, the decreasing average BS standard 

deviation values garnered some useful insights.  Firstly, bear in mind (as noted above) 

that the average BS values for each ENSO phase from highest-to-lowest were: 2,697.84 

(Neutral-ENSO events), 2,119.39 (La Niña events), and 2,078.18 (El Niño events).  In 

addition, the BS standard deviation values for each ENSO phase from highest-to-lowest 

were: 826.94 (Neutral-ENSO events), 705.29 (La Niña events), and 340.21 (El Niño 

events).  Thus, despite the order of the decreasing average BS values not matching the 

decreasing order of the average event rainfall totals, the decreasing order of the average 

BS values and the associated BS standard deviation values did match amongst the 

respective ENSO phases.  Therefore, the largest variance associated with the BS values 

were found (in decreasing order) during: Neutral-ENSO years, La Niña years, and El 

Niño years.  Nonetheless, it is important to acknowledge the inherent skepticism for how 

the average BS values would change with a larger dataset based on the two El Niño, two 

La Niña, and seven Neutral-ENSO events which were not associated with Pacific 

blocking events.  This small dataset with respect to the ENSO-based event distribution 

inspired additional graphical and statistical analyses which are discussed below.  



121 
 

This preliminary objective analysis was further investigated with a column plot 

and a scatterplot.  The column plot was designed such that event rainfall totals (from 

lowest-to-highest) were plotted on the abscissa and the respective BS values on the 

ordinate (Fig. 30).  To analyze BS from a different approach, a scatterplot was generated 

with the event rainfall totals (from lowest-to-highest) on the abscissa and the 

corresponding BS values on the ordinate (Fig. 31).  Through observing the effective 

“peaks” and “valleys” in the BS data (i.e., denoted by these oscillating event rainfall 

totals) as illustrated in Fig. 31, this concurred with the earlier statistical results which 

showed no correlation between the event rainfall totals and the corresponding BS values.  

Therefore, the BS parameter would not be as useful for improving rainfall forecasting 

when considering blocking events across the Pacific Ocean.  

 

Chapter 6.6: Blocking Onset Lead Time  Statistical and ENSO-Based 

Analysis 

  The fourth, newly-coined parameter (designed for this research) analyzed as part 

of the blocking analysis was blocking onset lead time (BOLT).  The BOLT parameter 

was designed such that only blocking events existing for at least two days prior to the day 

of an event were considered.  Among the sixteen events which occurred concurrently 

with a blocking event over the Pacific Ocean, the average BOLT values for each ENSO 

phase from highest-to-lowest were: 6.57 days (La Niña events), 6 days (El Niño events), 

and 4.2 days (Neutral-ENSO events).  Anew, it is imperative to recall that the average 

event rainfall totals for each ENSO phase from highest-to-lowest were: 65.53 mm (La 

Niña events), 64.77 mm (El Niño events), and 57.56 mm (Neutral-ENSO events).  A 

comparison of the average BOLT values with respect to the average event rainfall totals 
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for each ENSO phase revealed a matching decreasing order.  A relevant statistical 

correlation is that the largest average BOLT values and the largest average event rainfall 

totals were associated with La Niña events.  Since La Niña years had the highest 

percentage of ensemble backward air parcel trajectories emanating from the Caribbean 

Sea, this justified La Niña events having the largest average BOLT values and the largest 

average rainfall totals.   

Barring the La Niña events, Neutral-ENSO events had a slightly larger percentage 

of ensemble backward air parcel trajectories originating from the Caribbean Sea than did 

El Niño events.  This presented a contradiction since the four El Niño events which 

occurred concurrently with a Pacific blocking event had a larger average event rainfall 

total than did the five Neutral-ENSO events.  A possible explanation for this 

contradiction is that three of the seven Neutral-ENSO events which occurred in the 

absence of a corresponding Pacific blocking event originated in the tropics.  Low 

pressure systems originating in the tropics (i.e., especially those which reach hurricane 

status) are often associated with a dynamic ridge positioned above the surface-based low 

pressure center.  As a result of the dynamic ridge, intense tropical low pressure systems 

are often relatively unaffected (i.e., in terms of the low pressure system’s net water vapor 

transport) by upstream blocking events across the Pacific Ocean.  These inconsistencies 

demanded further analysis of the BOLT parameter by way of a statistical approach.  

Therefore, a column plot was generated with the increasing event rainfall totals plotted on 

the abscissa and the corresponding BOLT values on the ordinate (Fig. 32).  Amongst the 

sixteen heavy rainfall events which occurred concurrently with Pacific blocking events, 

there was no seasonal preference for the occurrence of larger vs. smaller BOLT values.  
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Chapter 6.7: Longitude at Blocking Onset  Statistical and ENSO-

Based Analyses 

The fifth parameter examined as part of the blocking analysis was the longitude at 

blocking onset (LABO) parameter.  As mentioned earlier, the LABO parameter was 

incorporated into this research to evaluate potential relationships between the locations of 

blocking event formation (i.e., the longitudinal positions within the Pacific Ocean at 

which blocking events were centered) as well as the duration and intensity of the heavy 

rainfall events.  Additionally, as noted earlier, the Pacific Ocean was divided into four 

regions to differentiate blocking events with respect to their specific longitudinal onset 

position.  These four regions were the eastern Pacific Ocean (designated for blocking 

events between -120°W and -140°W), the central Pacific Ocean (designated for blocking 

events between -140°W and -180°W), the eastern-portion of the western Pacific Ocean 

(designated for blocking events between 160°W and 180°W), and the central-portion of 

the western Pacific Ocean (designated for blocking events between 140°W and 160°W). 

Among the four El Niño events which occurred concurrently with a Pacific 

blocking event, two of the events occurred concurrently with blocking events positioned 

across the central Pacific Ocean (i.e., with a blocking onset longitude of -150°W (two 

blocking events) and -170°W (one blocking event)).  The last remaining El Niño event 

occurred concurrently with a blocking event positioned across the central-portion of the 

western Pacific Ocean (i.e., with a blocking onset longitude of 150°W).  Among the 

seven La Niña events which occurred concurrently with a Pacific blocking event, three of 

the events occurred concurrently with blocking events positioned across the central 

Pacific Ocean (i.e., with a blocking onset longitude of -150°W (three blocking events)).  

Three of the four remaining La Niña events occurred concurrently with blocking events 
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positioned across the eastern-portion of the western Pacific Ocean (i.e., with blocking 

onset longitudes of 170°W, 175°W, and 180°W).  The last La Niña event occurred 

concurrently with a blocking event positioned across the central-portion of the western 

Pacific Ocean (i.e., with a blocking onset longitude of 140°W).  Among the five Neutral-

ENSO events which occurred concurrently with a Pacific blocking event, one of the five 

events occurred concurrently with a blocking event positioned across the eastern Pacific 

Ocean (i.e., with a blocking onset longitude of -130°W).  Two of the five Neutral-ENSO 

events occurred in association with blocking events positioned across the central Pacific 

Ocean (i.e., with blocking onset longitudes of -150°W and -160°W).  The last two 

remaining Neutral-ENSO events occurred concurrently with blocking events positioned 

across the central-portion of the western Pacific Ocean (i.e., with a blocking onset 

longitude of 140°W (two blocking events)).   

An important result from these statistics is that eight of the sixteen analyzed 

heavy rainfall events occurred concurrently with blocking events which were positioned 

across the central Pacific Ocean (Fig. 33).  Three (four) of the sixteen remaining events 

occurred in association with blocking events positioned across the eastern-portion 

(central-portion) of the western Pacific Ocean (Fig. 34-35).  One of the sixteen events 

occurred concurrently with a blocking event positioned across the eastern Pacific Ocean.  

Therefore, most of the blocking events developed across the central Pacific Ocean.  

Supplemental analysis of those blocking events which developed across the central 

Pacific Ocean (via a clustered column plot), illustrated an increasing trend in the event 

rainfall total values as the position of the blocking events moved from east to west across 

the central Pacific Ocean (Fig. 33).  One plausible explanation is that by going further 
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west across the central Pacific Ocean, there is a larger fetch over which warm/moist 

tropical air can accumulate and be transported downstream (Molinari 1986; Carrera et al. 

2004; Donohoe et al. 2013).  However, due to the position of the Rocky Mountains across 

the central U.S., the associated orography perturbed atmospheric water vapor transport 

into two primary scenarios (discussed below in more detail) which governed moisture 

transport linked to heavy rainfall events across the south-central U.S. 

 

Chapter 6.8: Effects of Atmospheric Blocking  Influences on AR 

Landfalls   

Amongst the events which were at least indirectly affiliated with landfalling ARs, 

there were two main categorical scenarios.  The first scenario was defined by moisture 

transport from the central Pacific Ocean being carried downstream towards the western 

and/or southwestern U.S. due to AR interactions associated with the “Pineapple Express.”   

The second scenario was defined by moisture transport from the western and/or central 

Caribbean and being carried towards the mid-latitudes which is referred to as the “Maya 

Express.”  More specifically, associated moisture transport was typically positioned at 

lower latitudes and often interacted with developing low pressure systems across the 

southwestern U.S.  These low pressure systems seldom gained additional moisture by 

way of water vapor emanating from the Caribbean Sea (Fig. 3) (Dirmeyer and Kinter 

2009).  The associated moisture transport remained at lower latitudes because of more 

dominant westerly flow which is more typically associated with “Pineapple Express.”   

The “Pineapple Express” refers to AR events characterized by moisture plumes 

which extend northeastward from the western Pacific Ocean, towards the Hawaiian 
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Islands, and ultimately towards western North America.  The alternative evolution of the 

first scenario involved similar moisture transport confined to the lower latitudes. By 

remaining at lower latitudes, a small percentage of the associated moisture content 

successfully moves across Mexico and/or northern Central America (i.e., due to the 

extraction of moisture content via moisture-laden air moving over some of the higher-

terrain across northern Central America and being rained out) before aggregating with 

U.S.-bound moisture plumes affiliated with “Maya Express” AR events (Fig. 3).  Thus, 

the two variations of the first scenario involved complex atmospheric dynamics which 

were difficult to quantify in terms of net transport of water vapor.  

The second scenario was defined by the presence of persistent blocking events 

across the central Pacific Ocean.  This second scenario was characterized by a trend for 

blocking events to be positioned further west and consequently amplified the downstream 

trough-ridge pattern.  This enhancement of the trough-ridge pattern as defined by the 

governing atmospheric dynamics of “Sutcliffe’s Self-Development Theory” thereby 

amplifies the strength of the large-scale pressure gradient across the central and eastern 

Pacific Ocean (i.e., between upstream high pressure systems and downstream low 

pressure systems) (Sutcliffe 1956; Uccellini and Kocin 1987b).  This stronger large-scale 

pressure gradient was characterized by a recurring trough which was typically positioned 

between the eastern Pacific Ocean and western North America.  To the east of this 

recurring trough, there was a trend for the development of extratropical low pressure 

systems across the south-central U.S. which advected a plethora of warm/moist air into 

the region of concern.  Hence, the further west a blocking event was positioned, the more 

conducive the planetary boundary layer generally became for heavy rainfall potential. 
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Through shifting the analysis to the eastern Pacific Ocean, there was minimal 

information garnered since only one heavy rainfall event was associated with a blocking 

event.  It is worth noting that this event (12 May 2002) involved a slow southeast-moving 

cold front which initiated broken lines of intermittent convection during the afternoon 

and evening hours on 12 May 2002 (Fig. 4).  Therefore, there may be a connection 

between blocking events across the eastern Pacific Ocean and return flow on the east side 

of the ridge which induced south/southeast-moving low pressure systems across the 

region of concern.  In shifting further west to the eastern-portion of the western Pacific 

Ocean, there were three heavy rainfall events which occurred concurrently with western 

Pacific blocking events.  Amongst these three events, the further west they developed 

(i.e., from 170°W, to 175°W, and to 180°W), the higher the event rainfall totals became 

(i.e., 62.48 mm, 74.68 mm, and 78.23 mm).  This finding was confirmed via analysis of a 

column plot with the event precipitation totals plotted on the abscissa and the LABO 

positions plotted on the ordinate (Fig. 36).  The primary reason for this gradual increase 

in the event rainfall totals was the longer fetch over which water vapor accumulated 

across an increasing larger percentage of the western Pacific Ocean before impacting 

western North America (Molinari 1986; Carrera et al. 2004; Donohoe et al. 2013). 

By shifting towards the central-portion of the western Pacific Ocean, there were 

four heavy rainfall events which occurred concurrently with western Pacific blocking 

events.  In moving further west across the central-portion of the western Pacific Ocean 

(i.e., from 140°W to 150°W), there were no trends between the position/magnitude of the 

blocking events and the associated event rainfall totals.  An explanation for the absence 

of any distinct trends between the position of the blocking events and the respective event 
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rainfall totals was the large distance of these atmospheric water vapor plumes from 

western North America.  The large distance between the central-portion of the western 

Pacific Ocean and western North America mitigates efficient AR moisture transport since 

the moisture sources are so far from western North America.  This increases the difficulty 

in there being efficient moisture transport across Mexico and/or northern Central 

America before the associated moisture merges with “Maya Express” events (Fig. 3) 

(Hirschboeck 1991; Dirmeyer and Kinter 2009; Krishnamurthy et al. 2015).  Over this 

large distance there is often too much synoptic-scale variability for any moisture transport 

from the central-portion of the western Pacific Ocean to have a notable impact on heavy 

rainfall events across the south-central U.S.  

Amongst the sixteen heavy rainfall events which occurred concurrently with 

Pacific-based blocking events, nine of the sixteen blocking events occurred in the Eastern 

Hemisphere while the seven remaining blocking events occurred in the Western 

Hemisphere.  Thus, there was a slight preference towards heavy rainfall events occurring 

in association with blocking events within the Eastern Hemisphere.  This makes sense 

since blocking events in the Eastern Hemisphere have more influence on atmospheric 

water vapor transport upstream from western North America based on the closer 

proximity to the region of concern.  Additionally, the presence of persistent blocking 

events within the Eastern Hemisphere often will strengthen the larger-scale trough-ridge 

pattern as noted in Lupo and Bosart (1999).  As part of their work, Lupo and Bosart 

(1999) found that “the development of individual synoptic cyclones within one-half 

wavelength upstream of large-scale ridging provides a favorable phase relationship for 

resonant interaction between each scale. As the upstream cyclone develops via dynamic 
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(e.g., cyclonic vorticity advection or flux) and thermodynamic forcing processes, the 

forcing mechanisms contributing to cyclone development and downstream ridging are 

synergistically enhanced, resulting in anticyclonic vorticity transport into the developing 

or strengthening blocking event.”  Through studying blocking events west of the region 

designated as the central Pacific Ocean, the impacts of the blocking events had less 

influence on synoptic flow regime(s) across western North America.  Therefore, blocking 

events west of the central Pacific Ocean had little influence on the intensity, duration, or 

frequency of heavy rainfall events.   

 

Chapter 6.9: Atmospheric Blocking  Monthly Frequency Breakdown  

The final aspect of the blocking analysis was evaluating the preferred blocking 

months across the Pacific Ocean during the respective ENSO phases.  The intent behind 

this part of the blocking analysis was assessing relationships between the occurrence of 

blocking during a given calendar month and the frequency of heavy rainfall events.  The 

secondary impetus for this preferred blocking month assessment was to evaluate why 

certain preferred blocking months existed and what meteorological and/or climatological 

reasons may explain their existence.  Out of the sixteen analyzed heavy rainfall events 

which occurred concurrently with Pacific blocking events, six of those events occurred 

concurrently with blocking events during June 2000, June 2003 (three events), June 2005, 

and June 2011.  Thus, June had the highest monthly blocking occurrence frequency 

amongst the sixteen analyzed blocking events. 

Beyond the highest monthly blocking frequency for Pacific blocking events 

occurring in June, the months of January (i.e., January 2004 and January 2008), May (i.e., 
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May 2002 and May 2008), and July (i.e., July 2004 and July 2007) each had two 

associated Pacific blocking events.  Hence, the blocking event recurrence during the 

months of January, May, and July each represented 12.5% of the overall blocking event 

population being examined between 1 January 2000 and 31 December 2014.  Therefore, 

those three months represented the second highest monthly reoccurrence for Pacific-

based blocking events.  Barring the months discussed above, February 2000, March 2008, 

August 2002, and November 2010 each had one Pacific-based blocking event associated 

with an individual heavy rainfall event.  This distribution of monthly Pacific-based 

blocking reoccurrence culminated to a near-symmetric normal distribution.  However, 

there was some positive skewness in the bell curve associated with the overall blocking 

event distribution due to the two blocking events which formed during the month of 

January.  Aside from the two January blocking events, there was a near-symmetric 

monthly blocking event distribution with an annual blocking maximum peaking during 

June with respective increases (decreases) in the cumulative blocking frequency prior to 

(after) the month of June.  This near-symmetric normal distribution is graphically 

represented by the normal distribution in the bar plot (Fig. 37).  

The annual monthly blocking maximum during the month of June was an 

important finding for several reasons.  Firstly, this blocking analysis was conducted based 

upon the definition for ENSO as established by the work of Birk et al. (2009) and Lupo et 

al. (2012).  The definition for ENSO’s existence stipulates that an ENSO phase (i.e., El 

Niño, La Niña, or Neutral-ENSO) typically has its onset during early to mid-October and 

persists until the latter part of the following September (Lupo et al. 2012).  In addition, an 

ENSO phase typically reaches maximum strength during the winter months (i.e., 
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approximately between December and March) with associated effects often being felt 

beyond that timeframe across the contiguous U.S.  Therefore, although ENSO typically 

reaches its maximum strength during the winter months, there is a time lag between when 

a given ENSO phase reaches maximum intensity and a corresponding blocking event 

forms across the Pacific Ocean.  The early Summer-time heavy rainfall maximum in June 

appears justified based on this time-lag between the period of maximum ENSO intensity 

and the monthly blocking maximum.  Based on the time lag between an ENSO phase’s 

maximum intensity and the seasonal blocking maximum, this supports the notion of a 

delayed response from the ocean to the atmosphere.  

Recent research has more closely investigated the positioning of SST anomalies 

found across the central and eastern Pacific Ocean (Bayr et al. 2014).  The principal 

finding was that interannual variability tied to the oscillation of the Walker circulation 

generally positioned El Niño events further east than La Niña events.  Thus, the increase 

(decrease) in the magnitude of latent heat fluxing off the warmer (cooler) central and/or 

eastern Pacific Ocean facilitates the development of stronger (weaker) ENSO-based 

convection (Mayer et al. 2014).  However, due to the relative positions of ENSO-phase 

onset and persistence, heavier rainfall totals should theoretically occur in association with 

El Niño events (rather than with La Niña events), based on the presence of stronger 

convection upstream of western North America.  Amongst the eleven heavy rainfall 

events which occurred during El Niño and La Niña years (i.e., four of which were El 

Niño-based and seven of which were La Niña-based), there was a slightly higher average 

event rainfall total associated with the seven La Niña events.  Thus, analysis of additional 

events associated with Pacific blocking events may make these preliminary statistics 
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irrelevant based on the average event rainfall totals during El Niño years having a 

standard deviation of 0.57; while La Niña years had a standard deviation of 0.36.  The 

larger variability associated with event rainfall totals during El Niño years indicates the 

likelihood of more events inducing a higher average event rainfall total during El Niño 

years than during La Niña years. 

Another reason for investigating the monthly occurrences of Pacific blocking 

events is the positive skewness as reflected by the distribution of the January, February 

and March blocking events (Fig. 37).  An important point is that the annual monthly 

blocking maximum occurring in June was based on the month of occurrence for all 

sixteen heavy rainfall events.  Hence, another point of interest was whether the secondary 

Pacific blocking event maxima during the months of January, February, and March 

would persist with the addition of future blocking events or if the dominant blocking 

months would remain between May and July.  Another question was whether the other 

secondary maximum Pacific blocking occurrence in November would also persist or give 

way to the period of May through July.  There is a legitimate argument that the secondary 

periods of Pacific blocking occurrences (i.e., the periods between January to March as 

well as November) may persist with the addition of future blocking events.  This is based 

on the heavy rainfall events occurring between January and March coinciding with the 

period of maximum climatological impacts from ENSO.  The other secondary monthly 

Pacific blocking event maximum occurring during November may persist due to 

climatological transitions between different ENSO phases occurring around mid/late 

September to early October.  Therefore, despite this period of ENSO transition, the 
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remnant influences from an El Niño and La Niña may be subtly responsible for 

facilitating atmospheric responses which are conducive for heavy rainfall potential.  

 

Chapter 7: Upper-Air Sounding Analyses 

Chapter 7.1: Upper-Air Sounding Analyses  Background Information 

Since the onset of remote sensing capabilities in the 1960s, there has been an 

increasingly global initiative to study the atmosphere with weather balloons to generate 

vertical profiles of the atmosphere.  The wide array of operational and research 

applications for upper-air soundings has led to revolutionary advancements in the 

understanding and the forecasting of the atmosphere.  Upper-air soundings have paved 

the way for ground-breaking discoveries of atmospheric phenomena such as LLJs, the 

passage of frontal boundaries, nocturnal inversion layers, the effects of diurnal mixing 

cycles, etc.  Thus, upper-air soundings have played an integral role in timely assessments 

of critical thermodynamic characteristics pertaining to the state of the planetary boundary 

layer as well as the free-atmosphere.  The planetary boundary layer (as defined by the 

National Weather Service glossary) is the layer in which the effects of friction are 

significant and is generally located in the lowest 1 or 2 km of the atmosphere.  It is within 

the planetary boundary layer that temperature fluctuations are most strongly influenced 

by contributions from diurnal heating and nighttime-based radiational cooling 

(http://forecast.weather.gov/glossary.php?word=boundary%20layer).  The free 

atmosphere (as defined by the American Meteorological Society’s Glossary of 

Meteorology) is recognized as the layer of the atmosphere (located above the planetary 

boundary layer) within which the effects of friction on the motion of air streams are 
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effectively negligible.  Further, within the “free atmosphere,” the motion of air is 

typically presumed to act as an inviscid, incompressible (i.e., an ideal) fluid 

(http://glossary.ametsoc.org/wiki/Free_atmosphere).   

The integration of upper-air soundings has enabled forecasters to better 

understand how factors such as vertical wind shear, precipitable water depth, convective 

available potential energy (CAPE), convective inhibition (CIN), the height of the lifting 

condensation level (LCL), and the height of the level of free convection (LFC) influence 

heavy rainfall events.  As part of the sounding analysis, the above factors are considered 

in terms of their influence on heavy rainfall events (i.e., specifically on the magnitude of 

rainfall totals and event durations).  Strong focus is placed on assessing the presence of 

potential relationships between the respective factors (e.g., how CAPE and CIN values 

were distributed amongst stratiform vs. the convective rainfall events).  The goal is to 

engender a better understanding for how upper-air soundings vary among different 

situations and which parameters had the most influence.   

A presumptive hypothesis was that stratiform precipitation (i.e., less intense but 

typically longer-duration precipitation which result from: mid-latitude frontal boundaries, 

convergence into low pressure systems, or upslope flow) would be the dominant 

precipitation mode for most of the twenty-seven analyzed events.  This hypothesis 

appeared justified since CAPE values more commonly associated with severe weather 

(i.e., CAPE values greater than 2,000 J/kg) were not reached prior to or during many 

analyzed events (Shafer et al. 2012).  The justification for this hypothesis is that in the 

presence of higher CAPE values (given the presence of sufficient moisture and an 

adequate trigger-mechanism), the atmosphere often responds with deep convection.  



135 
 

Within convective storms, in-situ dynamics often promote the development of storms 

with rapid downstream propagation rates, leading to brief periods of heavy rainfall (e.g., 

associated with the movement of a squall line, derecho, bow echo, quasi-linear 

convective system, or high-precipitation supercell thunderstorm).  With lower CAPE 

values, there is often a less “over-forced” atmospheric response within the planetary 

boundary layer (sometimes referred to as the convective boundary layer depending on the 

specific thermodynamic set-up preceding an event).  When lower CAPE values are 

coupled with weak-to-moderate CIN values, this inhibits the development of robust 

convection and promotes more stratiform-type precipitation events.  It is imperative to 

note that stratiform-type was the primary precipitation mode amongst the events.  The 

secondary aspect of the CAPE assessment was evaluating the relationship between CAPE 

and CIN with respect to ENSO-based differences. 

A secondary interest was evaluating the presence of statistical and/or ENSO-

based relationships between precipitable water depth and the event rainfall totals.  There 

were several pertinent reasons for investigating the relationship between precipitable 

water and event rainfall totals collectively and with respect to ENSO.  A primary reason 

for investigating possible linkages between precipitable water depth and event rainfall 

totals is that many past rainfall events have occurred concurrently with atmospheric flow 

regimes associated with a “Maya Express” AR connection (Fig. 3) (Dirmeyer and Kinter 

2009; Dirmeyer and Kinter 2010).  Another reason for conducting this precipitable water 

depth vs. event rainfall total assessment is that increasing precipitable water depth has 

been found to have a positive correlation with increased heavy rainfall potential due to 

the consequences of the Clausius-Clapeyron relationship.  The consequences of the 
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Clausius-Clapeyron equation are such that the atmospheric capacity for water vapor is 

chiefly determined by changes in air temperature.  As the air temperature increases, the 

saturation vapor pressure increases exponentially which increases the specific humidity.  

This process bolsters the atmosphere’s capacity for water vapor (i.e., an increase in the 

atmospheric capacity of water vapor of about 7% for every 1°C increase in temperature) 

(Ipcc.ch, 2007).  Therefore, at higher temperatures, the atmosphere has a higher capacity 

for water vapor.  Thus, these sounding-based and model-derived regional precipitable 

water fields will be examined to assess relationships amongst the twenty-seven events 

and the respective ENSO phases. 

The content of this sounding analysis will consist of both graphical and statistical 

analyses of pertinent sounding data (i.e., Surface-based CAPE (SBCAPE) and Mixed-

layer CAPE (MLCAPE), Surface-based CIN (SBCIN) and Mixed-layer CIN (MLCIN), 

the height of the lifting condensation level (LCL), the height of the level of free 

convection (LFC), the frequency of veering and/or backing vertical wind profiles).  

Additional parts of this sounding analysis include evaluating differences observed with 

various aspects of soundings such as the maximum vertically-veering sounding heights, 

the maximum sounding saturation levels, and the maximum sounding saturated layer 

depths.  Prior to discussing the details of this sounding analysis, it is important to define 

these sounding components (i.e., a sounding’s LCL, LFC, SBCAPE, MLCAPE, SBCIN, 

and MLCIN) and explain what they physically represent. 
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Chapter 7.2: Upper-Air Sounding Analyses  Sounding Parameters 

The criteria for including a given sounding was first based upon upper-air 

soundings being launched within 6 to 12 hours of the heaviest rainfall.  The number of 

soundings used to study the twenty-seven analyzed events were distributed such that 

there were nine soundings for the six El Niño events, fourteen soundings for the nine La 

Niña events, and sixteen soundings for the twelve Neutral-ENSO events.  Since sixteen 

soundings were used to study the twelve Neutral-ENSO events and fourteen soundings 

were used to study the nine La Niña events, there was greater variability tied to the 

SBCAPE values during Neutral-ENSO and La Niña years.  This was an important finding 

since the statistics associated with the longer-term dataset (i.e., the St. Louis rainfall data 

from 1945 to 2014) broke down such that the average rainfall amounts from highest to 

lowest occurred during: Neutral-ENSO years, El Niño years, and La Niña years. 

The following parameters (i.e., SBCAPE, MLCAPE, SBCIN, and MLCIN) are 

the first four sounding components which are studied.  Surface-based CAPE (SBCAPE) 

is defined as the total amount of potential energy which is available to a parcel of air 

originating at the surface prior to being lifted to the LFC.  It is important to note that in 

the calculation of SBCAPE, no parcel entrainment is considered.  Mixed-layer CAPE 

(MLCAPE) is defined as the mean potential energy available to parcels of air located 

within the lowest 100-mb when lifted to the LFC.  Analogous to the calculation of 

SBCAPE, there is no parcel entrainment taken into consideration for the calculation of 

MLCAPE.  Surface-based CIN (SBCIN) is defined as the measure of the amount of 

opposing (i.e., non-buoyant) energy that an air parcel must overcome to reach the LFC.  

Mixed-layer CIN (MLCIN) is defined as the measure of the amount of opposing (i.e., 
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non-buoyant) energy that an air parcel must overcome to reach the LFC in regards to 

vertical motion within the lowest 100-mb of the planetary boundary layer (Fig. 38) 

(www.spc.noaa.gov/misc/search.html). 

The second part of this sounding analysis involves studying details pertaining to 

both LCL and LFC heights amongst the twenty-seven analyzed events.  As previously 

discussed, the lifting condensation level (LCL) is defined as the level at which a parcel 

becomes saturated and is a reasonable estimate of cloud base height during situations 

where air parcels experience forced ascent (www.spc.noaa.gov/misc/search.html).  The 

level of free convection (LFC) is the height at which an air parcel is warmer than its 

surroundings and becomes convectively buoyant. 

(www.meted.ucar.edu/mesoprim/tephigram/navmenu.php?tab=2&page=4.3.1&type=flas 

h).  Hence, the height differential between the LCL and the LFC is critical since the 

smaller the height differential between the LCL and the LFC, the more likely it is that air 

parcels will ascend to the LFC; increasing the probability of deep convection.   

The third part of this sounding analysis involved studying the vertical wind 

profiles associated with the upper-air soundings.  This part of the sounding analysis 

examined the frequency with which vertical wind profiles veered and/or backed with 

height.  The relevance of assessing the propensity for upper-air soundings to have winds 

which veered and/or backed with height is based on upper-air soundings with different 

types of vertical wind profiles often being affiliated with different atmospheric responses.  

Vertically-veering wind profiles are associated with winds which turn clockwise with 

increasing height (i.e., typically from out of the southeast closer to the surface and from 

out of the southwest/west aloft).  Alternatively, vertically-backing wind profiles are 

http://www.spc.noaa.gov/misc/search.html
http://www.spc.noaa.gov/misc/search.html
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associated with winds which turn counter-clockwise with height (i.e., typically from out 

of the west closer to the surface and from out of the south aloft).  Vertically-veering 

winds are often linked to synoptic-scale flow regimes associated with strong warm air 

advection which promotes the influx of deeper moisture and a more favorable set-up for 

heavy rainfall potential (Bluestein and Banacos 2001; Moore et al. 2003).   

Vertically-backing winds are more conducive for cold air advection which 

mitigates the influx of moisture-laden air into the region of concern (Bluestein and 

Banacos 2001).  It is imperative to note that cold air advection does not axiomatically 

correlate to the incoming air masses’ air temperature being much colder.  Rather, that the 

average air temperature of incoming air masses is cooler in comparison to the ambient 

temperature field (i.e., during the Spring and Summer-time months).  Another reason for 

why vertically-backing wind profiles are climatologically unfavorable for heavy rainfall 

events is a result of air parcels associated with vertically-backing wind profiles often 

originating from the north-central or the northwestern U.S.  Since these regions are 

climatologically affiliated with continental polar (Cp) and maritime polar (Mp) air 

masses (i.e., colder and drier air masses) which originate at higher latitudes, these air 

masses are most often associated with vertically-backing wind profiles that are 

climatologically unfavorable for heavy rainfall events.   

The fourth part of the sounding analysis involved a detailed examination of the 

newly-coined “saturated layer depth” (SLD) parameter.  As discussed in the 

methodology, the saturated layer depth is defined as the layer which extends between a 

sounding’s parcel-based lifting condensation level (LCL) and the height (or pressure 

level) at which the associated dew point depression reaches 6°C.  The impetus for 
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studying the SLD was to gain an improved understanding for the atmosphere’s response 

time in the presence of changing atmospheric conditions prior to and during heavy 

rainfall events.  The goal was to assess if a relationship exists between the event rainfall 

totals and respective SLDs.  The secondary goal was to establish whether a relationship 

exists between the SLDs and the respective ENSO phases.  As previously stated, the 

reason for the established vertical dew point depression threshold of 6°C was based on 

previous work finding dew point depression values less than or equal to 6°C (and then 

dew point depression values greater than or equal to 6°C at a higher altitude in the 

sounding) to be representative of the lower (upper) vertical-limit for the height of the 

lowest (highest) cloud-bases (U.S. Air Force 1979; Houze Jr. 2007; Met Office 2011). 

The fifth part of the sounding analysis involved analyzing specific aspects of the 

upper-air soundings which included the maximum vertically-veering sounding heights, 

the maximum sounding saturation levels, and the maximum sounding saturated layer 

depths.  Based on the uniqueness of these sounding characteristics, it is imperative to 

specify the meaning of these sounding component and their relevance to the analysis.  

The first of these three parameters being analyzed is the maximum vertically-veering 

sounding heights which was determined by identifying the height up to which the wind 

direction increased (i.e., turned clockwise with height).  For cases in which the winds 

backed with increasing height from the surface (i.e., turned counterclockwise with 

height), a different calculation was employed.  This calculation was conducted from the 

top of the surface-based layer in which the winds backed with increasing height and up to 

the height at which the winds started backing with height.  This was a critical part of the 
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sounding analysis since it provided more evidence for how different events evolved from 

a standpoint of variable deep-layer moisture content. 

The second parameter being analyzed, the maximum sounding saturation levels, 

was calculated by determining the height at which the dew point depression reached a 

minimum value of 6°C from the sounding’s lifting condensation level.  The reason for 

evaluating differences observed with the maximum height up to which the sounding 

maintained saturation was to assess any relationships between the maximum height of the 

saturated layer and the corresponding event rainfall totals.  By evaluating whether a 

relationship existed between these two sounding variables, this should help operational 

forecasters improve the effectiveness and accuracy of heavy rainfall forecasts.  This will 

be especially beneficial when these results are aggregated with the results of the other 

components being analyzed throughout the sounding analysis. 

The third parameter being analyzed was the maximum sounding saturation layer 

depths which was determined in an analogous fashion to how maximum sounding 

saturation levels were calculated.  As discussed earlier, the sounding saturated layer depth 

is the layer which extends from a sounding’s parcel-based lifting condensation level 

(LCL) and the height (or pressure level) at which the dew point depression reaches 6°C 

(www.spc.noaa.gov/misc/search.html).  The reason for studying the variability tied to 

maximum sounding saturation layer depths was to assess how moisture depth varied 

amongst the twenty-seven analyzed events with respect to the corresponding event 

rainfall totals.  Another point of interest was to evaluate the presence of any trends 

pertaining to the rate at which the amount of moisture in and around the region of 

concern changed during the 24 to 48 hours preceding a given event. 

http://www.spc.noaa.gov/misc/search.html
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The final part of the sounding analysis involved studying grouped temperature 

and dew point profiles amongst El Niño, La Niña, and Neutral-ENSO events.  The 

motivation for conducting this compiled analysis was to assess any differences with 

respect to the behavior of the vertical temperature and/or dew point profiles amongst the 

six El Niño, nine La Niña, and twelve Neutral-ENSO events.  Another reason for 

evaluating these grouped temperature and dew point profiles was to assess variability 

with respect to a monthly breakdown.  By generating a clearer comprehension of these 

details, there should be more insight into why certain months are more favorable for 

heavy rainfall potential.  With an improved understanding for how different months 

behave with respect to upper-air soundings, this should greatly assist operational 

forecasters recognize how different upper-air sounding behavior correlates with different 

types of quantitative precipitation forecasts. 

 

Chapter 7.3: Upper-Air Sounding Analyses  Atmospheric 

Thermodynamics 

Prior to discussing the results of this sounding analysis, it is necessary to first 

explain how the lower-to-middle parts of the planetary boundary layer function from a 

thermodynamic standpoint.  Amidst the Earth’s 24-hour rotational cycle coupled with its 

annual 365-day revolution cycle, different parts of the Earth experience variable amounts 

of sunlight depending on the time of year (i.e., contingent on the Earth’s position relative 

to the Sun).  Due to this increasing (decreasing) amount of sunlight which reaches 

different parts of the Earth during the Spring/Summer-time (Fall/Winter-time), there is a 

coincident daily heating cycle which occurs.  This daily heating cycle, conventionally 

referred to as the “diurnal cycle,” is responsible for the vertical (i.e., the upward and 
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downward) mixing and redistribution of infrared/ultraviolet heat energy (i.e., by way of 

vertically-oriented microscale heat energy undulations known as “thermal eddies”) within 

the lower-to-middle parts of the planetary boundary layer (U.S. Air Force 1979; Bluestein 

and Banacos 2001).  As the Sun rises above the Earth’s horizon, heat energy accumulates 

near the surface coupled with heat energy leaving the Earth’s atmosphere.  As the sun 

continues to rise and warm the surface/near-surface layer, the amount of incoming heat 

energy approaches and eventually surpasses the outgoing heat energy (typically occurs 

near the early to mid-afternoon hours) and is observed as maximum daytime heating.   

Therefore, it is the accumulation of surface-based heat energy which drives this 

diurnal cycle and typically facilitates higher surface-based instability than mixed-layer 

instability.  Additionally, the presence of cooler air aloft can mitigate the ability of a 

rising air parcel within a convectively unstable layer to reach the LFC.  The factor which 

often mitigates the vertical mixing of air parcels and associated heat energy is known as 

convective inhibition (discussed in more detail later in this section).  During many events, 

surface-based instability values were slightly or much greater than mixed-layer instability 

values due to the more intense diurnal heating which occurred closer to the surface.  

Therefore, the two primary scenarios were defined by: strong surface-based convective 

instability which initiated quicker-moving lines and/or episodic rounds of deep 

convection or weak/moderate elevated convective instability which triggered lower-

topped convection and therefore more stratiform precipitation (Alfieri et al. 2008). 
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Chapter 7.4: Surface-Based CAPE  Statistical and ENSO-Based 

Analyses  

In accordance with the above procedure, the first set of parameters being 

evaluated are surface-based CAPE (SBCAPE) and mixed-layer CAPE (MLCAPE).  It is 

important to note that there was a complete dataset for SBCAPE; while MLCAPE data 

was only available for twenty-three of the twenty-seven events.  Therefore, throughout 

the SBCAPE and MLCAPE analyses, twenty-three of the twenty-seven events are used in 

generating the forthcoming results.  The first part of the SBCAPE/MLCAPE analysis 

involved assessing statistical significance for the event rainfall totals and the coinciding 

SBCAPE values amongst the twenty-three data-ready events.  The organization of the 

event rainfall totals from highest-to-lowest along with the respective SBCAPE values 

revealed a lack of any statistically-relevant trends (e.g., increasing or decreasing 

SBCAPE values concurrent with increasing/decreasing event rainfall totals).  To study 

SBCAPE from a statistical standpoint, SBCAPE values were plotted onto a scatterplot 

which revealed a trend for increasing SBCAPE values to correlate with decreasing event 

rainfall totals (Fig. 39).  This scatterplot indicated that increasing SBCAPE values were 

quasi-correlated with heavier rainfall events.  Amongst the twenty-seven analyzed events, 

three unique cases were associated with high SBCAPE values (i.e., SBCAPE values 

greater than 3,000 J kg-1) along with larger event rainfall totals.  Amongst many of the 

events, there was a tendency for higher SBCAPE values to correlate with shorter and 

more convective events. 
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Chapter 7.5: Mixed-Layer CAPE  Statistical and ENSO-Based 

Analyses  

As with the population size associated with the SBCAPE analysis, there were 

twenty-three data-ready events available for analysis of the MLCAPE parameter.  To 

begin the statistical analysis of the MLCAPE values, the event rainfall totals were first 

ordered chronologically from highest-to-lowest along with the corresponding MLCAPE 

values.  This part of the MLCAPE analysis did not reveal any discernible trends (i.e., 

increasing or decreasing MLCAPE values corresponding to increasing or decreasing 

event rainfall totals).  The credible explanation for the increasing trend associated with 

MLCAPE was due to a combination of several different factors.  During events defined 

by convective precipitation, a large percentage of the available atmospheric instability 

was surface-based.  Amidst many situations involving the overrunning of northward-

bound warm air advection near quasi-stationary frontal boundaries, there were often 

longer-duration rainfall events characterized by stratiform precipitation (Fig. 4).  It is 

during these situations that greater SBCAPE values are equilibrated by means of 

vertically mixing courtesy of the diurnal cycle.   

However, this did not concur within the scatterplots for both SBCAPE and 

MLCAPE.  The average SBCAPE value (amongst the thirty-four data-ready soundings) 

was calculated to be 1166.88 J kg-1; while the average MLCAPE (amongst the thirty-two 

data-ready soundings) was 1769.56 J kg-1.  This SBCAPE-to-MLCAPE differential of 

roughly 600 J kg-1 was likely a statistical coincidence since more events were facilitated 

by stronger low-to-mid-level (rather than only low-level) forcing since most 

thermodynamic environments were characterized by elevated instability.  To study the 

MLCAPE parameter from a statistical standpoint, MLCAPE values were plotted onto a 
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scatterplot (Fig. 40).  The distribution of the twenty-three events lacked any relationship 

between the MLCAPE values and the associated event rainfall totals based on the random 

distribution of the MLCAPE values.  However, with a large percentage of the events, 

increasing event rainfall totals coincided with increasing MLCAPE values.  This 

indicated that greater MLCAPE values facilitated shorter and heavier rainfall events 

characterized by convective precipitation modes.   

The last part of the SBCAPE/MLCAPE analysis was evaluating statistical trends 

pertaining to the distribution of SBCAPE and MLCAPE values amongst the respective 

ENSO phases.  The intent behind the analysis of SBCAPE and MLCAPE with respect to 

the ENSO phases was to evaluate the presence of trends which may explain the timing 

and ENSO phase breakdown of the heavy rainfall events.  Based on the temporal 

restrictions of this study (i.e., the twenty-seven post-2000 events), the heaviest average 

rainfall occurred during El Niño years.  Through considering the entire dataset spanning 

from 1945 to 2014, the heaviest average rainfall was found to occur during Neutral-

ENSO years.  Thus, an examination of the SBCAPE and MLCAPE values distributed 

amongst each ENSO phase is conducted to help explain why heavier average rainfall 

totals occurred during El Niño years over the short-term as compared to during Neutral-

ENSO years over the long-term. 

Through studying the SBCAPE values amongst the twenty-seven analyzed events, 

the average SBCAPE values for each ENSO phase from highest-to-lowest were: 1155.22 

J kg-1 during El Niño years, 1099.15 J kg-1 during La Niña years, and 969.94 J kg-1 during 

Neutral-ENSO years.  Therefore, the highest average SBCAPE was found during El Niño 

years in the shorter-term dataset, rather than during Neutral-ENSO years for the longer-
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term dataset.  The closeness of the average El Niño and La Niña SBCAPE values in 

addition to La Niña events having more soundings than El Niño events, provided 

additional evidence which concurred with the highest average rainfall occurring during El 

Niño years (i.e., during the 15-year study).  Despite La Niña events having a lower 

average rainfall than Neutral-ENSO events over the short-term period, the small average 

SBCAPE differential between the highest average value (during El Niño years) and the 

smallest average value (during Neutral-ENSO years) being less than 250 J kg-1 may be 

less significant due to the small sample set.  It is worth noting that another factor which 

influenced the average SBCAPE values was the number of soundings utilized to study 

heavy rainfall events during each ENSO phase.   

The second part of the SBCAPE/MLCAPE ENSO-based analysis was 

investigating the statistics pertaining to MLCAPE values amongst the respective ENSO 

phases.  Amongst the twenty-seven analyzed events, the average MLCAPE values from 

highest-to-lowest for each ENSO phase were: 2005.15 J kg-1 during El Niño years, 

1741.44 J kg-1 during La Niña years, and 1630.54 J kg-1 during Neutral-ENSO years.  

Identical to the statistics associated with the average ENSO-based SBCAPE values, the 

decreasing order of the average MLCAPE values was during El Niño, La Niña, and 

Neutral-ENSO years.  Over the longer-term data set (i.e., the St. Louis rainfall data from 

1945 to 2014), Neutral-ENSO years had the highest average rainfall which contradicted 

the short-term SBCAPE and MLCAPE analyses.  Another noticeable difference was the 

larger range in the average MLCAPE values amongst the respective ENSO phases (i.e., 

just under 400 J kg-1).  This larger range of values indicated somewhat greater variability 

in the magnitude of the instability in the low/mid-levels of the atmosphere amongst each 
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ENSO phase.  This further supports the existence of stronger low/mid-level forcing 

(rather than strictly low-level forcing) based on the prevalence of the stratiform 

precipitation environments amongst the twenty-three data-ready events. 

 

Chapter 7.6: Surface-Based Convective Inhibition  Statistical and 

ENSO-Based Analyses  

The second set of parameters being analyzed are surface-based CIN (SBCIN) and 

mixed-layer CIN (MLCIN).  The first aspect of the SBCIN/MLCIN analysis involved 

assessing the presence of any statistical correlation amongst the twenty-three data-ready 

events between the event rainfall totals and the corresponding SBCIN values.  The 

organization of the respective event rainfall totals from highest-to-lowest along with the 

corresponding SBCIN values revealed no statistically-relevant correlation or trends (e.g., 

increasing or decreasing SBCIN values concurrent with increasing or decreasing event 

rainfall totals).  It is worth noting that many of these events were the result of 

intense/quick-moving convective storms whose initiation was delayed until the afternoon 

or evening hours due to stronger convective inhibition deterring convective initiation 

earlier in the day.  In many cases, the heaviest rainfall occurred between late afternoon 

and overnight period due to stronger convective inhibition delaying convective initiation.  

To assess SBCIN from a more statistical perspective, SBCIN values were plotted 

onto a scatterplot (Fig. 41).  Despite the absence of any statistical significance, there was 

a trend for decreasing SBCIN values being concurrent with increasing event rainfall 

totals.  Hence, as SBCIN values increased, there was a propensity for higher-intensity and 
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shorter-duration events.  This concurs with meteorological theory since with strong 

atmospheric capping mechanisms (i.e., stronger SBCIN values which prevents convective 

initiation from occurring earlier in the day), there are often brief, heavy rainfall events.  

These late-day heavy rainfall events are often triggered due to the late-afternoon/evening 

convective “burst” which occurs in response to buoyant air parcels breaching the LFC 

and rapidly ascending through the convectively unstable layer.  

 

Chapter 7.7: Mixed-Layer Convective Inhibition  Statistical and 

ENSO-Based Analyses  

  The second half of the SBCIN/MLCIN analysis involved a graphical and 

statistical analysis of the MLCIN parameter.  The first step in analyzing MLCIN involved 

assessing the presence of any statistical significance and/or correlation amongst the 

twenty-three data-ready events between the event rainfall totals and the corresponding 

MLCIN values.  The organization of the respective event rainfall totals from highest-to-

lowest along with the corresponding MLCIN values again revealed a lack of any 

statistically-relevant trends (e.g., increasing or decreasing MLCIN values concurrent with 

increasing or decreasing event rainfall totals).  To study MLCIN from a different 

perspective, MLCIN values were plotted onto a scatterplot (Fig. 42).  Despite there not 

being any apparent trends, a meaningful observation garnered from the scatterplot was 

some decent clustering of data points associated with event rainfall totals between 

approximately 50 and 70 mm and corresponding MLCIN values of between 50 and 350 

J/kg.  In addition, there was a semi-consistent trend for the heavy rainfall events at the 

heavier end of the event intensity spectrum gravitated towards higher values of MLCIN.  
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This concurs with meteorological theory since with stronger convective capping 

mechanisms (i.e., stronger MLCIN values prevent convective initiation from occurring 

earlier in the day), there are often brief/heavier rainfall events.  These late-day heavy 

rainfall events are often triggered by a typical late-afternoon/evening convective “burst” 

which occurs as buoyant air parcels breach the LFC as discussed in the SBCIN analysis.   

 

Chapter 7.8: Lifting Condensation Level  Statistical and ENSO-Based 

Analyses  

Another critical aspect of the upper-air sounding analysis was assessing 

differences in the height of the lifting condensation level (LCL) as well as the height of 

the level of free convection (LFC) amongst the respective ENSO phases.  Prior to 

discussing the results of the LCL and the LFC analysis, it is imperative to establish their 

respective meaning.  As previously discussed, the lifting condensation level (LCL) is 

recognized as the height at which an air parcel becomes saturated and is presumed to be a 

reasonable estimate of cloud base height during situations defined by air parcels 

experiencing forced ascent (www.spc.noaa.gov/misc/search.html).  The level of free 

convection (LFC) is defined as the height at which a parcel becomes warmer than its 

surroundings and consequently becomes convectively buoyant. 

(www.meted.ucar.edu/mesoprim/tephigram/navmenu.php?tab=2&page=4.3.1&type=flas

h).  The purpose of this coupled LCL/LFC analysis is to evaluate how the LCL and the 

LFC heights differentiated amongst the respective ENSO phases and seasons (i.e., 

Spring, Summer, Fall, and Winter).  The second aspect of this LCL/LFC analysis was 

evaluate variability among the event rainfall totals for the twenty-seven analyzed events. 

http://www.spc.noaa.gov/misc/search.html
http://www.meted.ucar.edu/mesoprim/tephigram/navmenu.php?tab=2&page=4.3.1&type=flash
http://www.meted.ucar.edu/mesoprim/tephigram/navmenu.php?tab=2&page=4.3.1&type=flash
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The leading section of the LCL/LFC coupled analysis involved a statistical 

analysis of the LCL sounding heights.  Amongst the twenty-seven analyzed events, there 

was an average LCL height of 913.76 mb based on data from thirty-eight analyzed upper-

air soundings.  Thirty-four of these thirty-eight soundings were more closely analyzed 

based on missing data for the parameters discussed above (e.g., CAPE and CIN).  Those 

thirty-four soundings had an average LCL height of 913.77 mb, indicating that those four 

soundings with incomplete data did not have a notable impact on the analysis based on 

the similar average LCL heights for the groups of thirty-eight and thirty-four soundings.  

The reason for analyzing the average LCL and LFC heights was to garner a composite 

event overview to account for the fluid nature of the atmosphere (i.e., the natural 

variability observed in the low/mid-levels between successive upper-air soundings).  By 

accounting for the average LCL and LFC heights for both the multi-sounding events and 

the single-sounding events, this reduced sounding-to-sounding variability. 

The first part of the LCL height analysis involved analyzing the same data via a 

scatterplot.  Amongst the twenty-seven analyzed events, many of the events (i.e., those 

events with event rainfall totals of 51 to 80 mm) occurred with LCL heights between 

roughly 850 and 960 mb (Fig. 43).  Within this scatterplot there were two primary 

clusters of LCL heights which comprised much of the twenty-seven analyzed events.  

The first clustering of LCL heights occurred with events with rainfall totals of between 

50 and 80 mm with corresponding LCL heights of between about 850 and 900 mb (Fig. 

43).  The second clustering of LCL heights occurred with events which produced rainfall 

totals of between 50 and 70 mm with corresponding LCL heights of between roughly 900 

and 960 mb (Fig. 43).  Despite the two adjacent clusters of LCL heights being close (i.e., 
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in terms of the rainfall totals), this finding was substantiated by the 60-mm event rainfall 

threshold separating the heavier and lighter events.  Pending the inclusion of additional 

LCL data from future rainfall events, this would be a useful metric by which rainfall 

forecasts could be improved (i.e., via the accurate anticipation of LCL heights prior to 

heavy rainfall events).  

The second and final part of the LCL analysis involved studying differences 

observed amongst the upper-air soundings for the respective ENSO phases.  Through 

breaking down all twenty-seven events, the respective ENSO phases had average LCL 

height values from highest-to-lowest of: 903.62 mb for La Niña events (based on thirteen 

soundings), 917.78 mb for El Niño events (based on nine soundings), and 919.75 mb for 

Neutral-ENSO events (based on sixteen soundings).  Based on the events from all three 

ENSO phases accruing an average LCL height of 913.76 mb, this indicated that events 

which occurred during both El Niño and Neutral-ENSO years were associated with 

below-average LCL heights.  However, those events which occurred during La Niña 

years were associated with above-average LCL heights.  This was thought-provoking 

since events during La Niña years in this short-term study (i.e., the St. Louis rainfall data 

between 2000 and 2014) as well as the longer-term period of study (from 1945 to 2014) 

had the lowest average rainfall totals amongst the three ENSO phases.   

These results concur with previous work finding that a higher LCL is unfavorable 

for heavy rainfall since an elevated LCL typically allows for more dry air entrainment; 

thereby affecting the extent of the saturated layer (U.S. Air Force 1979; Houze Jr. 2007).  

Alternatively, in the presence of a lower LCL, the presence of stronger (and often more 

surface-based) deep moisture convergence tends to generate environments which are 
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more conducive for heavy rainfall based on ascending air parcels reaching their point of 

saturation at a lower height.  Hence, a higher LCL typically generates a lower probability 

for deep-layer saturation within the planetary boundary layer (despite recurring strong 

warm air advection regimes often being in place) due to dry-air entrainment.  Therefore, 

situations characterized by highly-saturated planetary boundary layers provide the 

moisture required for heavy rainfall events.  In situations with broken (i.e., separate 

saturated layers) or sub-saturated planetary boundary layer, dry-air entrainment affects 

the magnitude and extent of deep-layer saturation required for heavy rainfall events. 

Due to certain soundings having incomplete datasets, specific soundings were 

removed to evaluate how they would affect the average LCL heights for each ENSO 

phase.  The four events which were removed from the calculations occurred during the 

months of January (one event), May (one event), and November (two events).  Three of 

these four events (4 January 2004, 30 November 2006, and 24 November 2010) occurred 

as a product of strong warm air advection occurring within the warm front sector of an 

approaching low pressure system.  All these events were associated with stratiform 

precipitation coupled by periodic bursts of quasi-convective precipitation embedded 

within the larger stratiform precipitation shield.  Although these three events were 

associated with warm front-based precipitation, this was common with many events 

during the late Fall, Winter, or Spring-time months.  The fourth event (25 May 2009) 

occurred as a weak low pressure system which had emerged from the Gulf of Mexico 

advanced northward through the Mississippi River Valley.  This low pressure system 

generated repeated cyclonically-rotating rounds of discrete convective cells which 

produced periodic bursts of heavier rainfall that generated large rainfall totals. 
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In addition, prior to re-calculating the average LCL heights for the respective 

ENSO phases, two additional events (1 September 2014 and 6 August 2002) which 

occurred in association with vertically-backing wind profiles were extracted from the 

forthcoming calculations as well.  The impetus for removing those two events was 

isolating the events which occurred in association with vertically-veering wind profiles.  

Moreover, vertically-veering wind profiles have been found to more consistently generate 

atmospheric flow regimes more conducive for heavy rainfall events.  This bias towards 

vertical wind profiles which veer with height is due to the clockwise-turning of the winds 

with height (i.e., from typically a southerly or southeasterly direction at the surface to a 

southwesterly or westerly direction aloft).  Therefore, vertically-veering wind profiles 

climatologically favor stronger warm air advection, while vertically-backing wind 

profiles (i.e., winds turning counterclockwise with height) favor the presence of cold air 

advection (Bluestein and Banacos 2001).   

Upon re-calculating the average LCL heights for events which met the above 

criteria, the average LCL heights for each ENSO phase from highest-to-lowest were: 

910.09 mb for La Niña events (based on eleven soundings), 912.25 mb for El Niño events 

(based on eight soundings), and 921.23 mb for Neutral-ENSO events (based on thirteen 

soundings).  Despite the average LCL heights for each ENSO phase decreasing in the 

same order as discussed above for all the upper-air soundings, there were a few important 

differences observed.  In the first part of the ENSO-based average LCL height analysis, 

La Niña events had a slightly higher average LCL height value than El Niño and Neutral-

ENSO events.  The separation between the average LCL height for La Niña events and El 
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Niño events was around 2 mb; whereas the differential between the average LCL height 

for El Niño events and Neutral-ENSO events was around 9 mb.  

These statistics indicate that accounting for all the upper-air soundings partly 

affected the average LCL heights based on La Niña events occurring in association with a 

slightly higher average LCL height for all thirteen soundings as opposed to the 

“streamlined” eleven soundings based on the above criteria.  For the latter sounding 

group, Neutral-ENSO events were unique based on them having a lower average LCL 

height.  This was an important observation since over the longer-term period (i.e., 

between 1945 and 2014), there was a higher average rainfall total associated with events 

that occurred during Neutral-ENSO years.  This concurs with synoptic flow regimes 

observed during Neutral-ENSO years based on the greater tendency for events occurring 

during Neutral-ENSO years or during a transition from La Niña/El Niño years to Neutral-

ENSO years to be affiliated with low pressure systems either from the tropics or those 

which interact with moisture emanating from tropics (Larson et al. 2004; Karloski and 

Evans 2015).  Therefore, these results concur with observations often characterized by La 

Niña and Neutral-ENSO events in terms of lower average LCL heights in both the entire 

collection as well as the streamlined group of event soundings. 

 

Chapter 7.9: Level of Free Convection  Statistical and ENSO-Based 

Analyses  

 The second half of the LCL/LFC coupled analysis involved evaluating the LFC 

heights.  Amongst the twenty-four data-ready analyzed events, there was an average LFC 

height of 754.34 mb based on data from thirty-five upper-air soundings.  For this LFC 
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analysis, thirty-two of the thirty-five soundings were more closely studied due to a 

combination of lacking data availability for the parameters discussed above for the 24 

November 2010 event (i.e., CAPE and CIN) as well as missing LFC data for two other 

events (18 February 2000 and 18 March 2008).  Amongst these thirty-two soundings, 

they accrued an average LFC height of 748.19 mb; indicating that those three soundings 

generated a subtle statistical impact based on the slightly higher average LFC heights for 

the group of thirty-two versus the group of thirty-five soundings.  Identical to the 

procedure conducted for the average LCL heights, the average LFC heights were 

examined to study the multi-sounding events to account for sounding-to-sounding 

variability.  It is imperative to state that an air parcel can only reach the LFC if it remains 

warmer than its ambient environment and has sufficient forcing to ascend.  Therefore, the 

lower the height of the LFC, the shorter the distance an air parcel needs to ascend to 

reach the LFC, and the quicker an air parcel can become more unstable which bolsters the 

potential for heavier rainfall events. 

The first part of the LFC height analysis encompassed an analysis of the same 

data via a scatterplot.  Within the LFC scatterplot there was one primary cluster of LFC 

heights coupled by two secondary clusters of LFC heights amongst the twenty-four 

analyzed events (Fig. 44).  The primary cluster of LFC heights (i.e., eighteen of the 

twenty-four data-ready events) were associated with events which produced rainfall totals 

between 51 and 85 mm and corresponding LFC heights of 650 to 850 mb.  The first of 

the two secondary LFC height clusters was associated with events with rainfall totals of 

53.85 and 67.56 mm respectively and corresponding LFC heights of 537 and 488 mb.  A 

thought-provoking finding (i.e., in terms of the higher-than-average LFC heights) were 
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these events being associated with a southward-moving cold front and a slower 

northward-moving warm front respectively.  Meaning, the higher LFC heights associated 

with these two cases was the result of air parcels being lifted over and across the 

southward-moving cold front which induced higher-than-average LFC heights. 

In the former event with an LFC height of 537 mb, the combination of sufficient 

diurnal mixing (supported by longer amount of daylight and lower-atmospheric heating) 

and sufficient convective instability along and south of the cold front provided enough 

thermodynamic forcing to compensate for the higher-than-average LFC height.  This 

combination of factors facilitated the brief, intense convective event on 19 July 2007 

which produced an event rainfall total of 53.85 mm.  The latter case in which the LFC 

height was located at 488 mb was more puzzling since (like the 19 July 2007 with the 

LCL height of 928 mb) the 8 October 2009 event which had an LCL height of 939 mb 

was driven by warm air advection processes to the south and along a slowly northward-

moving warm front.  The presence of weaker surface-based instability and stronger 

mixed-layer instability indicated that the periods of convective rainfall embedded within 

the stratiform rain shield were facilitated by a combination of upper-level support and 

mid-level frontogenetic forcing coupled with isentropic upglide (Fig. 5).  The latter of the 

two secondary LFC height clusters was comprised of events with event rainfall totals 

which ranged between 51.05 and 116.33 mm and corresponding LFC heights between 

860 and 920 mb.  Thus, with the more anomalous event rainfall totals, the LFC heights 

were restricted to between 950 and 850 mb.  As discussed in the statistical results for the 

average LCL heights, the combination of lower LCL and LFC heights favors the potential 

for heavier rainfall events given sufficient forcing and atmospheric instability. 



158 
 

   The second and final part of the LFC analysis involved examining differences 

amongst the ENSO phases.  Through breaking down the twenty-four data-ready events, 

the respective ENSO phases were found to have the following average LFC height values 

(from highest-to-lowest): 712.22 mb for El Niño events (based on nine soundings), 734.6 

mb for La Niña events (based on ten soundings), and 790.38 mb for Neutral-ENSO 

events (based on sixteen soundings).  Since the events from the three ENSO phases 

amassed an average LFC height of 754.34 mb, this indicated that events occurring during 

both El Niño and La Niña years were associated with higher-than-average LFC heights.  

Alternatively, those events which occurred Neutral-ENSO years were associated lower-

than-average LFC heights.  In addition, the strongest low-level moisture convergence 

during El Niño and La Niña events occurring near the top of the planetary boundary layer 

supports average LFC heights being between 700 and 750 mb.   

Identical to the procedure for the LCL height analysis, the soundings which had 

incomplete datasets were removed to evaluate the effect on the average LFC heights for 

each ENSO phase.  As discussed in the LCL ENSO-breakdown, the four events removed 

from the calculations were 4 January 2004, 30 November 2006, and 24 November 2010, 

and 25 May 2009.  In accordance with the procedure for the LCL height analysis, prior to 

re-calculating the average LFC heights for the respective ENSO phases, the two events (1 

September 2014 and 6 August 2002) which occurred in association with vertically-

backing wind profiles were also removed from the forthcoming calculations for the 

average LFC heights.  Upon re-calculating the average LFC heights for the remaining 

eighteen events, the average LFC heights for each ENSO phase from highest-to-lowest 

were: 686.63 mb for El Niño events (based on eight soundings), 742.33 mb for La Niña 
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events (based on nine soundings), and 796.08 mb for Neutral-ENSO events (based on 

thirteen soundings).  Therefore, with these average LFC heights decreasing in the same 

order as that discussed above for the LFC data-ready upper-air soundings, the differential 

between each average LFC height value was somewhat similar between each ENSO 

phase despite the different height values based on the experimental sounding removal.  

Moreover, the inclusion of the upper-air soundings with incomplete data as well as the 

upper-air soundings with vertically backing wind profiles did not affect the LFC analysis. 

 

Chapter 7.10: Vertical Wind Profiles  Statistical Analysis  

The next parameter taken into consideration was the tendency for vertical wind 

profiles to veer and/or back with height.  The intent behind this part of the sounding 

analysis was to reveal possible trends pertaining to different atmospheric responses under 

different synoptic flow regimes.  As discussed earlier, previous work such as Bluestein 

and Banacos (2001) and Moore et al. (2003) found that vertically-veering wind profiles 

favor synoptic patterns conducive for heavy rainfall potential.  Their results concurred 

with previous work from the latter part of the 20th century; indicating that upper-air 

soundings with vertically-veering wind profiles favor atmospheric flow regimes which 

bolster the potential for heavier rainfall events (U.S. Air Force 1979; Bluestein and 

Banacos 2001).  The structure of this sounding analysis is compartmentalized into two 

primary sections.  The first section consists of an examination of all the maximum 

veering heights (i.e., the maximum height up to which the winds veered either from the 

surface or from some height above the surface) to assess potential trends between 

maximum sounding veering height depths and event rainfall totals.  The second section 
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involved studying maximum upper-air sounding veering heights with respect to 

differences observed among both individual events as well as event population averages 

amongst the respective ENSO phases. 

The cumulative maximum veering height analysis involved the analysis of a 

scatterplot assess the presence of statistical significance and/or the clustering of 

maximum veering heights associated with specific event rainfall total thresholds (Fig. 

45).  Amongst these twenty-six events, eighteen (69.23%) of them occurred in 

association with maximum veering wind profile heights of 700 to 800 mb with event 

rainfall totals of between 50 and 80 mm.  This is relevant since rainfall totals between 50 

and 80 mm within a 24-hour period often meets National Weather Service criteria for the 

issuance of weather advisories such as flash flood warnings (especially if events are 

defined by shorter durations and higher hourly rainfall rates). 

 

Chapter 7.11: Vertical Wind Profiles  ENSO-Based Analysis  

The next part of the maximum veering wind profile height analysis was 

evaluating all twenty-seven events with respect to differences observed amongst the 

ENSO phases.  During La Niña years, one event had a vertically backing profile from the 

surface coupled with a veering layer above the surface-based backing layer.  During 

Neutral-ENSO years, there was one event in which there a surface-based backing profile.  

Therefore, the averages during La Niña years and Neutral-ENSO years were calculated 

based on the data from eight and one half events and eleven events respectively.  The 

respective ENSO phases had average maximum veering wind profile heights (ordered 
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from lowest-to-highest) of: 786.44 mb for the eight and one half La Niña events, 771.87 

mb for the six El Niño events, and 724.09 mb for the eleven Neutral-ENSO events. 

Thus, Neutral-ENSO events had the highest average veering wind layer depth 

which concurs with the ENSO-based statistics since the shorter- and longer-term datasets 

both were found to have Neutral-ENSO years with the highest average event rainfall 

total.  El Niño events having the second-highest average veering wind layer depth also 

concurs with the shorter- and longer-term datasets since El Niño years had the second-

highest average event rainfall total.  Neutral-ENSO events having the highest average 

event rainfall totals supports the findings of both typical synoptic flow regimes and AR 

influences based on a consistent trend for the occurrence of more frequent tropical air-

mass interactions.  The more frequent tropical connections promote saturated surface-

based profiles which often are associated with synoptic flow regimes that favor stronger 

warm air advection.   

 

Chapter 7.12: Temperature and Dew Point Profile Analyses  

The final section of this sounding analysis involved studying upper-air sounding 

temperature and dew point profile groups.  These temperature and dew point profile 

groups were assessed to evaluate potential trends associated with individual months as 

well as the respective ENSO phases.  Through examining temperature and dew point 

profile groups during each of twelve calendar months as well as during the respective 

ENSO phases, this should bolster the understanding for how soundings vary depending 

upon ENSO or the time of year in which an event occurs.  The results from this part of 
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the sounding analysis should also improve forecaster ability in terms of accurate 

forecasting of heavy rainfall events well ahead of their onset. 

 

Chapter 7.12.1: Temperature/Dew Point Profiles: Monthly Analysis 

 The first part of the temperature and dew point profile compilation analysis was 

studying the entire collection of soundings with respect to each month.  The motivation 

for studying the entire collection of upper-air soundings was to determine if there were 

any similarities or differences upon breaking down the soundings by season and/or 

calendar month.  The first major finding amongst the soundings when separated by 

seasons involved the degree of heating observed within the lowest 100 mb of atmosphere.  

During the climatologically cooler months of the year (i.e., between October and March) 

the lowest 100 mb of the atmosphere warmed to between 0 and 15°C (Fig. 46-48, 49-50); 

whereas during the warmer months (i.e., between April and September) the lowest 100 

mb of the atmosphere warmed to between 15 and 30°C (Fig. 51-56).  There were no 

December events since between 2000 and 2014 there were no heavy rainfall events 

during December which met the criteria discussed in the methodology.   

The second aspect focused on differences observed with the average rate of 

cooling (environmental lapse rates) observed within and just above the planetary 

boundary layer (i.e., roughly from the surface to about 700 mb).  Through going from the 

Winter-time months (between December and February) (Fig. 46-47) to the Spring-time 

months (between March and May) (Fig. 48, 51-52), there was a trend for environmental 

lapse rates to transition from being near the dry adiabatic lapse rate (changes in 

temperature of roughly 10.5°C/km in the vertical) to being near the moist adiabatic lapse 
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rate (changes in temperature of roughly 6.5°C/km in the vertical).  This concurs with 

meteorological theory since the transition from Winter to Spring is characterized by an 

increased influence from the subtropical jet (i.e., the southern-most jet stream which 

typically facilitates warmer and wetter air mass regimes) which overcomes influences 

from the polar jet (i.e., the northern-most jet stream which typically facilitates colder and 

drier air mass regimes).  This transition from a wintry to a Spring-like pattern correlates 

with warmer and increasingly more moisture-laden air masses (associated with steeper 

lapse rates due to greater diurnal mixing cycles) generating more vertical mixing in the 

low-to-mid-levels of the atmosphere. 

In going from the Spring-time months (between March and May) (Fig. 48, 51-52) 

to the Summer-time months (between June and August) (Fig. 53-55), the primary trend 

was characterized by increasing variability with respect to dew point depression values 

observed between the Springtime to the summertime months.  This variability was due to 

the subtropical jet and warmer associated air masses compensating for the influences of 

the retreating polar jet.  This variability is observed via increasing dry-air entrainment 

which is identified as mid-layer “pockets” of CAPE/CIN which make Spring- and 

Summer-time convective events more commonplace.  This was supported by the period 

between May and July comprising many of the events.  By shifting from the Summer-

time months (between June and August) (Fig. 53-55) to the Fall-time months (between 

September and November) (Fig. 48, 50, 56), there was a trend for a transition towards a 

cooler planetary boundary layer due to less diurnal mixing.  Another important finding 

was the transition from moist to dry adiabatic lapse rates within the planetary boundary 
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layer.  This change in lapse rate character was also coupled by less variability due to less 

dry-air entrainment by way of less diurnal mixing due to a lower Sun angle.      

 

Chapter 7.12.2: Temperature/Dew Point Profiles: ENSO-Based Analysis 

The second part of the temperature and dew point profile compilation analysis 

was studying the entire collection of soundings with respect to each phase of ENSO.  The 

intent behind studying the analyzed upper-air soundings with respect to ENSO was to 

uncover differences in the behavior of temperature and/or dew point profiles amongst the 

positive, negative, and neutral states of ENSO.  A keen focus was placed on assessing the 

prevalence of warmer versus cooler planetary boundary layer tendencies as well as the 

propensity for dry-air entrainment to appear in upper-air soundings.  The structure of the 

temperature/dew point profile ENSO-based analysis is separated in two sections: an 

ENSO-based analysis of the temperature profile compilation and an ENSO-based 

analysis of the dew point profile compilation. 

Upper-air soundings associated with Neutral-ENSO events were affiliated with 

the warmest temperature profiles within the lower-to-middle planetary boundary layer 

based on near-surface temperatures ranging between roughly 20 and 30°C (Fig. 53).  The 

logical explanation for the relatively confined range of near-surface temperatures is the 

more frequent affiliation with tropically-based air masses which have more steady-state 

temperature regimes associated with them.  Through studying the upper-air soundings 

associated with La Niña events, there was much greater variability in the near-surface 

temperatures as they ranged between roughly 8 and 33°C (Fig. 54).  This indicated that 

La Niña events had a greater variety of point sources from which the associated air 
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masses originated based on the larger range of lower to middle planetary boundary layer 

temperatures.  Upon studying the upper-air soundings associated with El Niño events, 

there was slightly greater variability than that observed with the La Niña events with the 

near-surface temperatures ranging between approximately 0 and 30°C (Fig. 55).  

Analogous to the explanation provided for the variability amongst the La Niña events, the 

larger range of near-surface temperatures associated with the El Niño events can be 

justified by El Niño events having more meridional flow (i.e., based on the findings 

within the ENSO-based synoptic analysis section). 

By turning the attention to the dew point profile compilations based on ENSO, 

there were much different results.  Through analyzing the dew point profiles associated 

with the Neutral-ENSO events, there was some variability associated with the near-

surface dew point temperatures based on values ranging between 8 and 23°C (Fig. 56).  

Upon studying the dew point profiles affiliated with the La Niña events, there was larger 

variability in the near-surface dew point temperatures based on values ranging between 2 

and 22°C (Fig. 62).  Albeit there being the least number of upper-air soundings for El 

Niño events, the largest variability was found with the near-surface dew point 

temperatures based on values ranging between -1 and 23°C (Fig. 50).  Analogous to the 

variability associated with the El Niño near-surface temperatures, this larger variability 

with near-surface dew point temperatures during El Niño years was induced by the 

greater frequency of synoptic-scale meridional flow. 
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Chapter 8: Summary/Conclusions 

8.1: Interannual and Interdecadal Variability  Conclusions 

 The ENSO-based analysis of synoptic-scale trends associated with the analyzed 

events revealed several important results.  During El Niño years, there were no trends 

present with respect to El Niño years being associated with specific synoptic-scale flow 

regimes.  In addition, there also was a consistent pattern for El Niño events to be 

associated with relatively weak upper-level support due to unfavorable positioning and 

weaker upper-level jet streams.  Thus, a large percentage of El Niño events were 

principally induced by warm-air advection processes facilitated by influences from the 

Great Plains LLJ circulation and/or overrunning (isentropic upglide) occurring in 

association with pre-existing frontal boundaries.  During La Niña years, pre-rainfall 

environments were defined by stronger upper-level support from the right-entrance 

and/or left exit regions of jet streaks coupled by robust low/mid-level thermodynamic 

contributions from the Great Plains LLJ (Fig. 2).  Moreover, the average duration of more 

conducive atmospheric thermodynamics for heavy rainfall during La Niña years was 

slightly shorter than that found during El Niño years.  This finding supported the smaller 

average event rainfall total during La Niña years than during El Niño years. 

 During Neutral-ENSO years there was a consistent pattern for periodic upper-

level support being associated with events of a non-tropical origin coupled by shortwave 

troughs advecting moisture from the Gulf of Mexico and/or the Caribbean Sea.  Despite 

not originating from the tropics, many Neutral-ENSO events interacted with moisture 

emanating from areas both adjacent to and within the tropics.  It is important to 

acknowledge that just under one-half of the Neutral-ENSO events originated from the 
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tropics.  Due to the prevalence of events with a tropical origin, there was a greater 

frequency for deeper and more extensive precipitable water procurable for heavy rainfall 

events.  Amongst the three ENSO phases, Neutral-ENSO events had the highest average 

event rainfall total, which concurs with the atmospheric river tendencies and influences.  

 

8.2: Atmospheric Rivers  Conclusions 

  Throughout the analysis of details pertaining to atmospheric rivers, there was a 

consistent trend for events with higher AR intensities and durations to have higher event 

rainfall totals.  The events which originated and/or interacted with the tropics consistently 

produced higher event rainfall totals than those events which had little to no interaction 

with tropical systems or moisture emanating from the tropics.  The events which occurred 

during La Niña and Neutral-ENSO years exhibited a greater tendency for AR interactions 

defined by robust moisture transport within the landfalling AR colliding into the southern 

periphery of pre-existing frontal boundaries; triggering significant isentropic upglide in 

many cases which generated persistent stratiform precipitation events (Fig. 5).  Some of 

the exceptions were defined by events with a tropical origin which occurred during 

Neutral-ENSO and were characterized by confined plumes of deep, tropical moisture 

which supported long-duration rainfall events.  During El Niño years, the situation was 

different in terms of the AR influences having shorter durations. 

 In regards to the HYSPLIT analyses, events with a large percentage of air parcel 

trajectories which originated from or moved across part of the Gulf of Mexico or 

Caribbean Sea generated much higher-average event rainfall totals.  Therefore, events 

which were associated with air parcels which moved over warmer tropical waters near 
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the ocean’s surface produced the highest event rainfall totals.  The recurring reason for 

the higher-average rainfall correlating with more surface-based parcel trajectories was 

due to low pressure systems achieving maximized ingestion of water vapor fluxing off 

the warm waters across the Tropical Atlantic basin.  Amongst the cases which had 

particularly deep precipitable water, there was an especially high threat for larger rainfall 

totals which concurs with much previous work finding that higher precipitable water 

values often leads to more prolific rainfall events.  Much of the water vapor provided for 

these higher-magnitude rainfall events was supplied by moisture fluxes off ocean currents 

such as (but not limited to) the Caribbean Current and the Loop Current.  One aspect of 

the AR analyses which bears further analysis is how the inclusion of additional events 

induced by landfalling TCs would statistically compare to the overall dataset in terms of 

AR intensity and duration statistical and ENSO-based average. 

 

8.3: Atmospheric Blocking  Conclusions 

 Amongst the various parameters analyzed as part of the blocking analysis, the 

premier parameters which proved to be most relevant were block intensity and the 

longitude at block onset.  There was a general trend for blocking events which occurred 

over the central Pacific Ocean to be more favorable for procuring atmospheric flow 

regimes conducive for generating heavier rainfall events across the region of concern.  

Another major factor which differentiated between the more prolific and the more 

commonplace events was the magnitude of the blocking intensity (and in some cases the 

block size as well as block duration).  The reasoning for the perceived high level of 

importance associated with block intensity (coupled with block size and block duration) 
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was that a stronger blocking event has more influence on the ambient synoptic-scale flow 

regime.  This more prolific influence is most often observed as a block’s increasingly 

stronger ability to perturb the flow of moisture in various directions depending on the 

exact latitude, duration, and strength of the block throughout its existence.  Another 

major finding within the latter part of the blocking analysis was the crucial role which 

blocking events (especially across the central/eastern Pacific Ocean) play in re-directing 

the movement of low pressure systems and associated moisture.   

 A particularly important result was the consistent trend for “Maya Express” AR 

landfalls to comprise most AR influences throughout the twenty-seven events.  Despite 

the occasional variance in the spatial dimensions of the ARs emanating from the Gulf of 

Mexico and/or the Caribbean Sea, there is very high confidence that “Maya Express” 

ARs have a tremendous influence on events across the region of concern (especially 

during La Niña and Neutral-ENSO years).  One item requiring further research is the 

further validation of the statistical results by including future events diagnosed as having 

direct influences from landfalling ARs.  An important point of curiosity is how the 

magnitude of a given BOLT value coupled with a given BI value precisely affects the 

degree to which atmospheric flow (i.e., critical atmospheric water vapor transport) is split 

(e.g., being diverted to the north and/or south of a given blocking event).  The precise 

timing of a blocking event’s onset coupled with both a blocking event’s intensity/size has 

major implications on the intensity and duration of a given heavy rainfall event.  

Therefore, in future work, many more events are necessary to gain more insights into 

how a larger climatology may agrees or possibly modify the results of these analyses as 

discussed above in Chapter 6. 
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8.4: Upper-Air Soundings  Conclusions 

 The results of the upper-air sounding analysis provided very useful information 

beyond what previous research has accomplished.  An important finding from the upper-

air sounding analysis was the trend for larger CAPE values coupled with smaller-to-

moderate CIN values promoting deep convective storms that produced heavier and 

shorter-duration rainfall events.  Alternatively, in other cases which had more modest 

CAPE values coupled with moderate-to-large CIN values, this combination promoted 

stratiform-type and longer-duration events.  Other relevant observations included the 

trend for lower LCL and lower LFC heights to be more conducive for heavy rainfall 

events due to air parcels not having to ascend as high to reach condensation as defined by 

lower LCL heights.  With lower LFC heights, air parcels became more unstable in a 

shorter vertical distance; helping to facilitate deeper convection without as much internal 

energy exchange required.   

 Another important aspect of the upper-air sounding analysis was the consistent 

trend for vertical wind profiles to have an impact on the evolution and the intensity of 

heavy rainfall events.  The large majority of the events which were associated with winds 

that veered with height were much more conducive for supporting atmospheric flow 

regimes which boosted the potential for heavy rainfall events.  The critical differential 

which separated vertical wind profiles which veered with height (versus those which 

backed with height) was the correlation between vertically-veering wind profiles and 

warm air advection processes.  For events with vertically-veering wind profiles from the 

surface, this consistently was found to be most favorable for the occurrence of heavy 

rainfall events due to these situations often having the deepest saturated layers.   
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 The final pertinent component of the sounding analysis was studying differences 

amongst both monthly and ENSO-based distributions of temperature and dew point 

profiles.  The first major finding was the similar distribution of the temperature and dew 

point profiles both closer to the surface and further aloft during Neutral-ENSO years.  

The best explanation for the similarity in the temperature and dew point profiles during 

Neutral-ENSO years was the more frequent tropical connections which played about 

prior to and/or during Neutral-ENSO events.  Due to the barotropic and isothermal nature 

of air masses which emerge from the tropics, this very much agrees with well-established 

meteorological theory.  In transitioning from La Niña to El Niño soundings, there was 

increased near-surface variability.  The best explanation for this finding is that El Niño 

years are often defined by drier and cooler conditions across the region of concern which 

supports the greater variability amongst temperature and dew point profiles due to the 

greater prevalence of more variable air masses.  Therefore, the different climatological 

impacts of the respective ENSO phases within the region of concern was the primary 

catalyst of the observed differences amongst the temperature and dew point profiles. 
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Figure 1: Graphical representation of typical summertime Gulf return flow pattern and its 

impact on the Southeastern U.S (credit: The COMET Program) 
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Figure 2: Schematic of upper- and lower-level jet coupling in a region of severe weather 

outbreak. (credit: Uccellini and Johnson 1979 from Newton 1967 and The COMET 

Program)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Schematic of the “Maya Express” atmospheric river set-up (credit: Moore et al. 

2012) 
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Figure 4: Conceptual graphic of stationary frontal fog events (courtesy: The COMET 

Program) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



182 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: A conceptual diagram showing low-level jet ascending over cool, moist air 

creating a layer of elevated convective instability (credit: Trier and Parson 1993) 
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Figures 6A-D: Schematic depiction of the propagation of a mid-tropospheric jet streak 

through a synoptic-scale wave over a 72-hour period (Fig. 6A  Time = 00 hours (top-

left), Fig. 6B  Time = 24 hours (top-right), Fig. 6C  Time = 48 hours (bottom-left), 

Fig. 6D  Time=72 hours (bottom-right)) (credit: The COMET Program) 
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Figure 7: Graphical example of penetration of return flow to the Great Lakes region 

(credit: The COMET Program) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Conceptual graphic of filling low pressure systems that are still producing 

rainfall (credit: The COMET Program) 
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Figure 9: Conceptual graphic of slow moving, non-intensifying lows or open waves 

(credit: The COMET Program) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Conceptual graphic of lows with cold air damming (credit: The COMET 

Program) 
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Figure 11: Intensity, Duration, and Frequency (IDF) plot of rainfall events from the 

Goodwater Creek Experimental Watershed (GCEW) rainfall gauge #116 (pre-1997  

positive PDO) 
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Figure 12: Intensity, Duration, and Frequency (IDF) plot of rainfall events from the 

Goodwater Creek Experimental Watershed (GCEW) rainfall gauge #116 (post-1997  

negative PDO) 
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Figure 13: Intensity, Duration, and Frequency (IDF) plot of rainfall events from the 

Goodwater Creek Experimental Watershed (GCEW) rainfall gauge #126 (pre-1997  

positive PDO) 
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Figure 14: Intensity, Duration, and Frequency (IDF) plot of rainfall events from the 

Goodwater Creek Experimental Watershed (GCEW) rainfall gauge #126 (post-1997  

negative PDO) 
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Figure 15: Intensity, Duration, and Frequency (IDF) plot of rainfall events from the 

Goodwater Creek Experimental Watershed (GCEW) rainfall gauge #127 (pre-1997  

positive PDO) 
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Figure 16: Intensity, Duration, and Frequency (IDF) plot of rainfall events from the 

Goodwater Creek Experimental Watershed (GCEW) rainfall gauge #127 (post-1997  

negative PDO) 
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Figure 17: Intensity, Duration, and Frequency (IDF) plot of rainfall events from the 

Goodwater Creek Experimental Watershed (GCEW) rainfall gauge #132 (pre-1997  

positive PDO) 

 

 

 

 



193 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Intensity, Duration, and Frequency (IDF) plot of rainfall events from the 

Goodwater Creek Experimental Watershed (GCEW) rainfall gauge #132 (post-1997  

negative PDO)  
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Figure 19: Line plot of PDO Index 3-Month Mean SST Anomalies from 1995 to 2015 
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Figure 20: Line plot of PDO Index 3-Month Mean SST Anomalies from 1945 to 2015 
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Figure 21: Bar plot of PDO Index values and corresponding event rainfall totals during 

the latter part of the 1925 to 1946 positive PDO phase 
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Figure 22: Bar plot of PDO Index values and corresponding event rainfall totals during 

the 1947 to 1975 negative PDO phase 
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Figure 23: Bar plot of PDO Index values and corresponding event rainfall totals during 

the 1977 to 1998 positive PDO phase 
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Figure 24: Bar plot of PDO Index values and corresponding event rainfall totals during 

most recent negative PDO phase from 1999 to roughly 2014 
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Figure 25: Scatterplot plot of atmospheric river (AR) intensities for all 15 data-ready 

events with event rainfall totals (measured in millimeters) and AR intensities (measured 

in millimeters) 
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Figure 26: Scatterplot plot of atmospheric river impact durations for all 15 data-ready 

events with event rainfall totals (measured in millimeters) and impact durations 

(measured in hours) 
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Figure 27: An idealized schematic of an omega block as observed in large-scale flow at 

500 mb with the green arrows denoting the mid/upper-level deformation zone and the 

blue contours denoting the 500 mb geopotential height pattern (credit: The COMET 

Program) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28: An idealized schematic of a rex block as observed in large-scale flow at 500 

mb with the green arrow denoting the mid/upper-level deformation zone and the blue 

contours denoting the 500 mb geopotential height pattern (credit: The COMET Program) 
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Figure 29: Bar plot of the Wiedenmann block intensity for all 16 analyzed blocking 

events with event rainfall totals (measured in millimeters) and block intensity  
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Figure 30: Bar plot of block sizes for all 16 analyzed blocking events with event rainfall 

totals (measured in millimeters) and block size (measured in kilometers) 
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Figure 31: Scatterplot plot of block size for all 16 analyzed blocking events with event 

rainfall totals (measured in millimeters) and block size (measured in kilometers) 
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Figure 32: Bar plot of block onset lead times for all 16 analyzed blocking events with 

event rainfall totals (measured in millimeters) and number of days 
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Figure 33: Bar plot of blocking events across the Central Pacific Ocean with event 

rainfall totals (measured in millimeters) and longitudinal position (° West or East) 
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Figure 34: Bar plot of blocking events across the eastern-portion of the Western Pacific 

Ocean with event rainfall totals (measured in millimeters and denoted by the blue bars) 

and longitudinal position (° West or East and denoted by the orange bars) 
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Figure 35: Bar plot of analyzed blocking events across the central-portion of the Western 

Pacific Ocean with event rainfall totals (measured in millimeters) and longitudinal 

position (° West or East) 
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Figure 36: Bar plot of longitude at block onset positions for all 16 analyzed blocking 

events with event rainfall totals (measured in millimeters) and longitudinal position (° 

West or East) 
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Figure 37: Bar plot of monthly blocking event frequency for the 16 analyzed blocking 

events 
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Figure 38: Descriptive upper-air sounding idealized schematic with detailed parameter 

explanations (credit: Tornado.sfsu.edu (2015)) 
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Figure 39: Scatterplot of maximum SBCAPE values for the 23 data-ready upper-air 

soundings with event rainfall totals (measured in millimeters) and sounding SBCAPE 

(measured in J kg-1) 
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Figure 40: Scatterplot of maximum MLCAPE values for the 27 data-ready upper-air 

soundings with event rainfall totals (measured in millimeters) and sounding MLCAPE 

(measured in J kg-1) 
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Figure 41: Scatterplot of maximum SBCIN values for the 23 data-ready upper-air 

soundings with event rainfall totals (measured in millimeters) and sounding SBCIN 

(measured in J kg-1) 
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Figure 42: Scatterplot of maximum MLCIN values for the 27 data-ready upper-air 

soundings with event rainfall totals (measured in millimeters) and sounding MLCIN 

(measured in J kg-1) 
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Figure 43: Scatterplot of maximum LCL heights for the 27 data-ready upper-air 

soundings with event rainfall totals (measured in millimeters) and sounding LCL heights 

(measured in hectopascals (hPa)) 
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Figure 44: Scatterplot of maximum LFC heights for the 24 data-ready upper-air 

soundings with event rainfall totals (measured in millimeters) and sounding LFC heights 

(measured in hectopascals (hPa)) 
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Figure 45: Scatterplot of maximum upper-air sounding veering heights for the 27 data-

ready upper-air soundings with event rainfall totals (measured in millimeters) and 

sounding veering heights (measured in hectopascals) 
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Figure 46: Upper-air soundings for January events with temperature and dew point 

profiles (measured in °C) and pressure (measured in hectopascals (hPa))  
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Figure 47: Upper-air soundings for February events with temperature and dew point 

profiles (measured in °C) and pressure (measured in hectopascals (hPa))  
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Figure 48: Upper-air soundings for March events with temperature and dew point profiles 

(measured in °C) and pressure (measured in hectopascals (hPa))  
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Figure 49: Upper-air soundings for October events with temperature and dew point 

profiles (measured in °C) and pressure (measured in hectopascals (hPa))  
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Figure 50: Upper-air soundings for November events with temperature and dew point 

profiles (measured in °C) and pressure (measured in hectopascals (hPa))  

 

 

 

 

 

 

0

100

200

300

400

500

600

700

800

900

1000

-100 -80 -60 -40 -20 0 20

P
re

ss
u

re
 (

h
P

a)

Temperature (°C)

November Event Upper-Air Soundings

11/30/06 Temperature (30th @ 12 Z) 11/30/06 Dew Point (30th @ 12 Z)

11/24/10 Temperature (24th @ 0Z) 11/24/10 Dew Point (24th @ 0Z)



225 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 51: Upper-air soundings for April events with temperature and dew point profiles 

(measured in °C) and pressure (measured in hectopascals (hPa))  
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Figure 52: Upper-air soundings for May events with temperature and dew point profiles 

(measured in °C) and pressure (measured in hectopascals (hPa))  
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Figure 53: Upper-air soundings for June events with temperature and dew point profiles 

(measured in °C) and pressure (measured in hectopascals (hPa)) 
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Figure 54: Upper-air soundings for July events with temperature and dew point profiles 

(measured in °C) and pressure (measured in hectopascals (hPa)) 
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Figure 55: Upper-air soundings for August events with temperature and dew point 

profiles (measured in °C) and pressure (measured in hectopascals (hPa))  

 

 

 

 

 

 

0

100

200

300

400

500

600

700

800

900

1000

-100 -80 -60 -40 -20 0 20 40

P
re

ss
u

re
 (

h
P

a)

Temperature (°C)

August Event Upper-Air Soundings

08/06/02 Temperature (6th @ 12Z) 08/06/02 Dew Point (6th @ 12Z)



230 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56: Upper-air soundings for September events with temperature and dew point 

profiles (measured in °C) and pressure (measured in hectopascals (hPa))  
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Figure 57: Upper-air sounding temperature profile composites for Neutral-ENSO events 

with temperature (measured in °C) and pressure (measured in hectopascals (hPa))  
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Figure 58: Upper-air sounding temperature profile composites for La Niña events with 

temperature (measured in °C) and pressure (measured in hectopascals (hPa))  
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Figure 59: Upper-air sounding temperature profile composites for El Niño events with 

temperature (measured in °C) and pressure (measured in hectopascals (hPa))  
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Figure 60: Upper-air sounding dew point profile composites for Neutral-ENSO events 

with dew point (measured in °C) and pressure (measured in hectopascals (hPa))  
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Figure 61: Upper-air sounding dew point profile composites for La Niña events with dew 

point (measured in °C) and pressure (measured in hectopascals (hPa))  
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Figure 62: Upper-air sounding dew point profile composites for El Niño events 

with dew point (measured in °C) and pressure (measured in hectopascals (hPa)) 
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Table 1: Tabulated breakdown of ENSO during the past 148 years (credit: Center for 

Ocean-Atmospheric Prediction Studies, 2016) 
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Table 2: Graphical breakdown of the PDO during the past 148 years (credit: 

Ncdc.noaa.gov, 2016) 

 


