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Abstract

The increasing regularity and intensity of heavy preciptaevents across the United
States during the latter part of the®®@entury is widely recognized. Many climate models
predict continued growth in the proportion of precipitatiom extreme rainfall events
concurrent with the projected increase in average glolmaperatures.

To evaluate heavy precipitation events on a regional st¢h&e principal component
analysis (PCA) technique is applied using the expandedoreds the evenly-distributed
Richman—Lamb precipitation dataset. The PCA techniquetifies climatologically sim-
ilar regions with respect to rainfall in the United Statestesf the Rocky Mountains over
a 52-year period. Results revealed 13 regions of coheregtptation patterns across the
eastern two-thirds of the Continental U.S.

A subset of observations from the Global Historical Climagry Network-Daily dataset
for the same domain was used to identify heavy and significantall events between
1950-2009. The heavy event definition is based on tife@thigher percentile of total
precipitation events with at least 1 inch (25 mm) of rainfeélimilarly, significant events
were the top twenty unique heavy events in each region. Eurtbre, when the heavy and
significant events were stratified by decade, region, arsfason, meaningful spatial and
temporal trends were revealed.

The NCEP-NCAR 40-Year Reanalysis data were used to creat@aite synoptic
maps from the significant events in each region. A regiondgien analysis revealed
strong similarities but unique differences in the synogstiale environment associated
with non-tropical significant events across different oe. A national composite of non-
tropical events from inland regions enabled the identilicabf common patterns in the
synoptic environments associated with significant eveAstsomparison of national com-
posites from the first half and second half of the study peépdbled the assessment of
potential temporal trends in the synoptic-scale enviramm®f all variables, precipitable

water had a noticeable increase in the post-1980 signifesaarits over those prior to 1980.
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The final work on this research focused on the dynamical figxias calculated using
terms in the Q-G Omega equation) and assessed possibleranmeads that occurred
in the troposphere during the course of the significant pr&tion events. This study
discovered that, during episodes of significant rainfadkticity advection plays little role
in initiating or modulating the rainfall event. Insteadickness advection is by far the most
dominant synoptic-scale forcing mechanism to initiate atbreak of heavy to significant

rainfall.
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Chapter 1

Introduction

With each passing decade during thé"a@ntury, floods caused more property dam-
age and loss of life in the United States than did any otharrahtlisaster (Perry 2000).
Climate extremes, population growth, development andipydalicy were factors in es-
tablishing trends in flood damage across the United StatetkéPand Downton 2000).
Underlying these episodic events, major flood damages @carresult of heavy precipi-
tation concentrated in a small region (i.e., basin). Tylhyca second or a third in a series
of convective cells creates the flooding when these new tedig’ over previously satu-
rated soil (e.g., Austin, Texas in May 1981 and Minneap8tisPaul in July 1987 are older
examples while 14 June 2010 in Oklahoma City is a recent el@mpigure 1.1 shows
a plot of flood fatalities and fatality events from 1959 thgau2005, excluding Hurricane
Katrina but including Hurricanes Camille and Agnes. Foy eitanagers and state offi-
cials to develop plans to mitigate extreme events of highaichpveather, meteorologists
must quickly and accurately identify the likelihood of petially devastating precipitation
episodes in an ever-changing climate (National Researcim€id2010).

The evidence is compelling that the global average tempier# warming and the cli-
mate is changing. Although the frequency of all types of jmigation is increasing in a
few regions (Groisman et al. 2001, 2004), the increasinglegy and intensity of heavy
precipitation events across the United States during ttierlpart of the 28 century is

widely recognized (Kunkel et al. 1993, 1999b; Changnon andKe¢l 1995; Karl et al.
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cane Katrina fatalities from Louisiana (adapted from Agtdad Ashley 2008).
1995a,b; Karl and Knight 1998; Easterling et al. 2000; Gnais et al. 2001, 2004, 2005;
Madsen and Figdor 2007). Many climate models predict cometingrowth in the propor-
tion of precipitation from extreme rainfall events con@nt with the projected increase in
average global temperatures (Hennessy et al. 1997; Wildyweigley 2002; Kharin and
Zwiers 2005; Meehl et al. 2005; Barnett et al. 2006). Theaasing frequency and inten-
sity of heavy precipitation events will create greater rifiHess ground water recharge, and
more opportunities for floods. The more frequent and intdresry rainfall events are ex-
pected to impact urbanized areas to a greater extent, daedrby the rise of populations
in flood-prone areas such as the coastal United States, ainauns regions and recently

converted wetlands. The importance of assessing and pirgecsk from these events has

grown ever more important (Western Governors’ AssociafiohO).



The observed increase in heavy precipitation in the UnitateS and in other locations
across the world (e.g., Groisman et al. 1999) during thedgiart of the 28 century raises
guestions about whether these changes in precipitatioa de to the general warming
of the environment documented during the same period. Adtarely, perhaps changes in
the atmospheric forcing mechanisms have occurred to caelaigional heavy precipitation
events. The first issue (i.e., general warming leading toeges in heavy precipitation)
is beyond the scope of this study. However, it may be adddesgbrectly by focusing
on the latter issue (i.e., changes in atmospheric forcing}hapters Five and Six, which
culminates a search for detectable trends in rainfall ithstions and the transition toward
more favorable synoptic environments. Thus, the focus isfréssearch was facilitated by
data mining efforts to quantify the frequency and extenawbfable atmospheric dynamics
associated with observed heavy precipitation events.

This dissertation is based on the null hypothesis thatobserved increased frequency
and intensity of extreme rainfall events from 1950-2009 nedsaccompanied by changes
in the dynamical forcings in the atmosphere on the nationales

To evaluate this hypothesis, the principal component ama§PCA) technique was ap-
plied using the expanded version of the Richman—-Lamb (R&shand Lamb 1985, 1987)
precipitation dataset. The PCA technique was used to igartyions of climatologically
similar precipitation across the United States east of thekig Mountains. In addition, a
subset of observations from the Global Historical Climagl Network (GHCN) was ac-
quired for the same domain along with a complete history ehestation. The resulting
subset of observations, containing a reasonably high dexjrguality in the data, was used
to identify ‘heavy’ and ‘significant’ rainfall events dugna 24-hour period. The heavy
event definition was based on the percentile ranking of ath@dr precipitation events that
exceeded a threshold of at least 1 inch (25 mm) of rainfall. ti@nother hand, the sig-
nificant event definition depended upon the ranking of eviengaich PCA-defined region.
These heavy and significant precipitation events wereifgthby season, decade, and re-

gion to assist in uncovering meaningful temporal trendfiendvent classifications and the



synoptic-scale environment.

The identification of climatologically coherent areas ot precipitation and the de-
velopment of a heavy precipitation climatology spanningheaf the PCA-determined re-
gions will provide the foundation for new insights into theahanisms for heavy precipi-
tation and spatial/temporal trends (i.e., seasonal, ggead regional) across much of the
continental United States. This work will define the synognvironment and the rele-
vant dynamical forcing associated with many regional eveithus, an overarching goal
of this work is to provide forecasters with quantitative I[®to improve their forecasts of
excessive precipitation. For example, by comparing théred and national composite
patterns with extended synoptic-scale guidance maps (&yS id advance) produced by
state-of-the-science numerical weather prediction nmdeftecasters can be alerted to high
impact weather during a given period. More specifically, wiies extended guidance maps
resemble composite maps from a given region, operationsden@ogists will be able to
recognize dangerous events several days in advance and@rooere accurate quantita-
tive precipitation forecasts (QPFs), heavy precipitatatiooks, and flood watches with a
substantial lead time.

Three intermediate goals must be met to achieve the ovengrgfoal of improving

human forecasts of excessive rainfall. They are:

1. Use the PCA technique to define spatially coherent regibrieeavy precipitation
across the eastern half of the United States so that a clioggt@wan be devel-
oped to reveal potential spatial/temporal trends of heagygipitation across seasons,

decades and regions.

2. Create composite maps of the synoptic-scale environassaiciated with significant
rainfall events on a regional level and national level arehidy any trends in the

regions over the period from 1950-20009.

3. Assess the accuracy of a qualitative statement made 38 gga when Maddox

and Doswell (1982) said: “It is felt that by shifting the enagis away from mid-
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tropospheric vorticity advection, the operational metdagist might be better able to
anticipate one of the most difficult forecast problems: aiged, intense convective
storms occurring within relatively benign synoptic segsii By quantifying this
statement through the development of region-specific camtgmaps, this work will
meet its overarching goal and have an immediate impact @cést operations in the

study domain.

To provide a contextual background for the proposed rebeéine second chapter de-
scribes previous scientific work and the development ofyditall tools used to form the
foundation of this study. The climatological data, the data, and their characteristics are
described in the third chapter. Chapter Four introducesié#hods used to identify clima-
tologically similar regions with respect to rainfall, waithe fifth chapter describes the clas-
sification of heavy and significant precipitation eventsasdéamal and decadal trends also
are discussed in this chapter. The sixth chapter of thisd®son describes the synoptic
environment and the dynamical forcing in the troposphemndusignificant non-tropical
precipitation events and any spatial/temporal trends énabsociated dynamical forcings.
These ‘cause and effect’ relationships uncovered and skgclin Chapter Six will use the
three-dimensional reanalysis data set developed by Kahay. (1996). The same con-
cepts listed within the paragraph above and how they areraté¢ed are illustrated on the

flow chart of Figure 1.2.
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Chapter 2

Literature Review

2.1 20" Century Heavy Precipitation-The Continental United States

Groisman et al. (2001) noted an increase of mean seasomgbipaeon totals over the
contiguous United States during all seasons except wilmtex.similar study, Groisman et
al. (2004) documented an increase~of% in the nationwide mean precipitation between
1908-2002 with results statistically significant at the 84el. Many scientific manuscripts
in recent years focused on detecting trends in the occuerenteavy precipitation by
studying observations of daily precipitation; it is the w0 extreme precipitation events
that are most likely to have the greatest societal and ecaniompact (e.g., Kunkel et al.
1993, 1999Db; Karl et al. 1995a,b; Karl and Knight 1998; Eéstget al. 2000; Groisman
et al. 2001, 2004, 2005; Madsen and Figdor 2007).

Numerous studies established that heavy precipitationtsvescalated in both fre-
quency and intensity across the United States during ther lpart of the 28 century at
rates greater than observed with lighter precipitation am®. Kunkel et al. (1993) studied
daily heavy precipitation events in the Midwest from 192990 by developing one-year
return periods and comparing them with concurrent streg@gdservations to uncover
heavy precipitation events which were followed closely Ipysedic floods. The number
of heavy precipitation events were aggregated into 5-yedogs (pentads) and compared

with the total pentad precipitation. Their work revealediacreased trend in both the



pentad precipitation amounts and the number of extremeaptaion events. Karl et al.
(1995a) also documented an increase in precipitation sa¢haslower 48 states (CONUS)
from 1970-1995 and concluded that precipitation amourdeeased to be, on average,
about 5% higher than observed during the previous 70 yedwss, Taverage rainfall across
the CONUS during the latter part of the®®@entury has been documented to be higher ver-
sus the century mean. They also determined that rainfakased in magnitude primarily
due to an increase in regional precipitation during auturkdarl et al. (1995b) detected
an increase in the proportion of annual precipitation detifrom a category of extreme
precipitation ¢ 50.8 mm day 1) across the continental United States between 1911-1994.
Most of the increase in precipitation across the CONUS tedudtom increases in extreme
precipitation events during the convective season (Makcigust). However, the authors
noticed little systematic change in precipitation varid@piover the former Soviet Union
between 1935-1989 or across China between 1952—-19809.

Karl and Knight (1998) documented an 8% increase in preatipit across the United
States at USHCN stations since 1910. Most of the incread@srhistorical dataset was
attributed to increases in the top 10% of rainfall amountsdi@ly events. Kunkel et al.
(1999a) detected an upward trend in the 7-day precipitatients with a one-year re-
turn period of about 3% per decade between 1931-1996; tbsilts were significant at
the 0.5% level. They detected the largest increase in ptatgn across the East North
Central region/Great Lakes states. Easterling et al. (R&&® studied changes in daily
precipitation for numerous countries around the worldytbencluded that changes in the
magnitude of heavy precipitation on a daily basis were $igamtly larger than magni-
tude changes in seasonal precipitation (i.e., while extrerrents became more frequent,
less rain fell during a given season). Although precipitatthanges across the®@en-
tury were not linear, Groisman et al. (2001) determined théien a linear approximation
is used, precipitation totals during the twentieth centusye increased significantly over
most of the contiguous United States in all seasons excepéewi The authors also noted

that, during the 28 century, the frequency of very heavy precipitation eventseased



after 1910 while the return periods shortened across mutireafastern United States (e.g.
from 10 to 7 years in the Midwest, from 4 to 2.7 years in the 8@utd from 26 to 11 years
in the Northeast. Groisman et al. (2004) noted an averagease in annual U.S. pre-
cipitation of 7% during the preceding hundred years (190022. Throughout the same
period, the magnitude of heavy precipitation events (tlpeli% of all precipitation event
totals) increased by an average of 20% and were greatestsaitre eastern two-thirds of
the country, primarily during the warm season. A similadstueported that the frequency
of very heavy precipitation events from 1893-2002 in thet@nited States increased
by 20%, with all of the increase occurring during the last &ng of that period (Gro-
isman et al. 2005). Most recently, Madsen and Figdor (20@cuthented that extreme
precipitation events (historical 1-year return periodjreased in frequency by 24% across
the contiguous United States, and even more in New EnglagdrenMid-Atlantic States
(61% and 42%, respectively).

Studies from other regions of the world detailed similarutes (Iwashima and Ya-
mamoto 1993; Osborn et al. 1999; Groisman et al. 1999; Brueeal. 2001a; Brunetti
et al. 2001b). For example, Groisman et al. (1999) deterdhihat summer precipitation
increased by at least 5% in Canada, the United States, Mekiedormer Soviet Union,
Australia, Norway, and Poland during the second half of tB8 gentury. A mean sta-
tistical model revealed a 20% increase in daily summer pittion totals in excess of
25.4 mm across Canada, Norway, Russia, and Poland coineuitarthe 5% rise in mean
summer rainfall. The same model also revealed a 20% incieak@ly amounts in excess
of 50.8 mm across the USA, Mexico, China, and Australia as giathe overall 5% in-
crease in mean summer precipitation. Brunetti et al. (2pAtted an increase in the mean
precipitation on wet days across northern Italy betweenl439996 due to an increasing
trend in heavy precipitation events. Using seven statiomortheastern Italy and observa-
tions between 1920-1998, Brunetti et al. (2001b) deteateid@ease in the contribution
of extreme rainfall events (upper 0.1%) to total precipaiat Karl et al. (1995b) also re-

ported an increase in the proportion of total annual préaijpn derived from the extreme



precipitation category> 50.8 mm day 1) across the United States between 1911-1994.
Unfortunately, high-quality historic climate records inany countries are not available
and much reliance instead is placed on numerical modelghnimulate climatic changes
with time (e.g., Duffy et al. 2001).

The heaviest precipitation events, often convective imrgatusually occur over very
small areas and often may be unreported at nearby statj@neisman et al. 2001, 2004).
The Hourly Precipitation Dataset (HPD), archived at theidvatl Climatic Data Center
(NCDC), may be the most complete and accurate set of pratigopitmeasurements across
the contiguous United States presently available at the tifthe current research. The
HPD, which contains observations deployed with an averdd®-&«m spacing, remains
inadequate for capturing these extreme events due to tlydarge spatial gradients that
characterize convective precipitation (Brooks and Stah&000). Konrad (2001) noted
that relatively few of the small-scale events—those witima-gear return period in a small
spatial area—were characterized by the same return peegdéncy on the larger spatial
scale. Nevertheless, it may be possible to distinguistdgém heavy precipitation based
on the less extreme events, which occur more frequently emohare likely to be recorded
by a surface-based observing network.

What could cause the escalating frequency and/or intensitiye very heavy events?
Some scientists hypothesized (Ross and Elliot 1996; Trémh898, 1999) that an increase
in globally-averaged surface temperatures creates aadserin the saturation vapor pres-
sure of the atmosphere and consequently, precipitati@m-twugh the atmosphere can
be supersaturated on occasions. According to Wentz et@7{2the Clausius-Clapeyron
equation implies that the total amount of water in the sadaratmosphere will increase at

a rate of approximately 7% per degree Kelvin of surface waghjat the standard surface

1Based upon personal observations of maps of radar estimaitédll during the 1980s in central Okla-
homa, excessive rainfall was recorded by weather radarswbere in the area of surveillance at a frequency
that was~ 3 times greater than the frequency of excessive rainfaliured by a surface-based rain gauge
network. (Personal communication from Ken Crawford, 2010)
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temperature of 288.15 K). This equation:

17.67T ) 2.1)

(7= %exp(m

whereT is temperature®C), e, is the saturation water vapor pressure a€ @6.112 hPa),
andes is saturation water vapor pressure (hPa; Bolton 1980),esstgghat saturation water
vapor pressure increases exponentially with an increageniperaturé Numerical sim-
ulations with global climate models (GCMSs) also reveal tabospheric moisture in the
troposphere will increase and will be accompanied by are@se in tropospheric warm-
ing across the globe (Del Genio et al. 1991; Bony et al. 19@&)servational studies also
support this concept. For example, rawinsonde data betd®8@8-1990 revealed a pos-
itive correlation between surface air temperature andipitable water (surface to 500
hPa) in the middle and high latitudes (Gaffen et al. 1992)addition, Ross and Elliot
(1996) discerned a statistically significant increase smdahnual mean precipitable water
from the surface to 500 hPa across the United States, Haamaithe Caribbean by 3—7%
per decade between 1973-1995. During the same period, ¢hagevannual temperature
across the contiguous United States increased at the r&dF per decade (available
from NCDC). Ross and Elliott (2001) examined 850 hPa spehifimidity from 1958—
1995 and surface—-500 hPa precipitable water from 1973—-188%y rawinsonde data in
the Northern Hemisphere. The authors noted an increaseese thariables occurred at
most stations across the study period; larger and more umifiocreases occurred across
North America (namely the eastern United States), while @edese was observed over
Europe. Although specific humidity increased throughowet skudy period, the greatest

increase occurred in the post-1973 period. Cao and Ma (28@8rved an increase in the

2Bolton’s formula is empirically derived and is accurate t8% for —35°C to +35°C. The fundamental
version of the Clausius-Clapeyron equation is
des L

a7~ T(op-o (22)

(Petty 2008, p. 180), wheteis the latent heat of vaporizatioa; is the specific volume of liquid water and
a» is the specific volume of water vapor.
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number of summertime severe precipitation events over i@nt@anada between 1979—
2002 and associated this with an observed increase in biajpaecipitable water across
the same area during this period. Gaffen et al. (1991) alsedrn increase in the specific
humidity across North America in the late 1970s; this ocediseveral years after the 1972
change in U.S. radiosonde instruments that measured hiyrmd@ingyvil et al. (2010) noted
an increase in moisture flux convergence associated witeased precipitation over the
southern Great Plains during May and June in 2006 and 200@laadcross the Midwest
during the summers of 1975, 1976, 1979 and 1988; differamices of data were used in
each region. A comprehensive review of changes in atmogppecipitable water during
the 20" century is beyond the scope of this research.

With more abundant precipitable water available in the sphere, the magnitude of
resultant rainfall events also may increase. The work oéwland Ingram (2002), who
used the Hadley Centre model, estimated a precipitatiaoe&se of 3.4% for every degree
Celsius increase in the average surface temperature. Therawexpected an even greater
increase (6.5% per degree Celsius) in the uppermost geswfirainfall distribution across
the middle latitudes and still greater increases acrosgopes.

Frei et al. (1998) suggested that modeled increases ingit&odn intensity and fre-
guency are closely guided by the relationship expressedarClausius-Clapeyron equa-
tion (Eq. 2.1). However, an increase of atmospheric watporday itself may not offer a
complete explanation for the significant increases in thewarhand frequency of heavy
precipitation versus the slight-to-no increase in nomreae precipitation observed during
the last half of the 28 century. While increased temperature and moisture in therdo
troposphere are favorable conditions for the developmEobovective clouds (Groisman
et al. 2004), global climate models indicate that an ina@aseavy precipitation also is an
anticipated result (Ross and Elliot 1996; Trenberth 19989). This scenario assumes, of
course, that the tropospheric warming is not concentrateda upper troposphere, which
in turn would create more stable conditions inside the medi@tmosphere. Thus, Tren-

berth (1998, 1999) indicated that increases in atmosphasisture content likely would
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enhance local precipitation by strengthening convectteenss through more available
moisture and subsequent latent heat release. Changnob) (20&ed the average annual
number of thunderstorm days with the average number of rays dvhen more than one
inch or two inches of precipitation occurred (dependingl@region of the U.S), suggest-
ing that thunderstorms were the primary cause of most heaivyavents. Additionally,
Changnon (2001) detected significant increases in thuttersainfall across most of the
United States, except across the upper Midwest and a sméilbpof the Southeast be-
tween 1950 and 1994, those results are consistent with sthdres of non-thunderstorm
heavy precipitation events. It should be noted that, despé results of Changnon (2001)
and Groisman et al. (2004), an earlier study by Changnongjl@&tailed an 8% decrease
in the number of days reporting thunder in North America kew 1945-1980, primar-
ily because airport observations of thunderstorms no Ioage located in rural settings
(where thunder can be heard by a human observer) but haveoegaken by automation
and urban sprawl. Perhaps those thunderstorms that do fermare intense and produce
heavier amounts of rainfall due to increased availableng@kenergy and moisture than
their counterparts of past decades.

Several studies used GCMs and other climate models to dstitha effects of in-
creased globally-averaged surface temperature and meituthe distribution of precipi-
tation events in a simulated atmosphere. Hennessy et 8i7{18ed a GCM to demonstrate
that with an equilibrium doubling of carbon dioxide (392 tsgver million observed in June
2010), precipitation in the middle latitudes will shift tavd more intense convective events
with fewer moderate non-convective events. While the Hepret al. (1997) study used
an early GCM, more recent work by Wilby and Wigley (2002) usked HadCM2 and
CSM climate models over North America to determine that yesavd extreme precipita-
tion events likely will constitute an increasingly greaggoportion of the total precipita-
tion (at the expense of lighter rainfall events that will octess frequently). Kharin and
Zwiers (2005) demonstrated, using a GCM, that increasestierae global daily precipi-

tation rates (those with 10-, 20-, and 50-year return valuese greater than the modeled
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changes in the annual mean precipitation. Their resultgestgd the probability of ex-
treme precipitation events will nearly double by the end e 25! century. Based on
GCM forecasts of increased water vapor, Meehl et al. (200&}ipted an increase in both
mean and extreme precipitation intensity across northaedtnortheast North America,
northern Europe, northern Asia, the east coast of Asia,h&ast Australia, and south-
central South America. Their results suggested that pitatign intensity would increase
over most continental areas in the tropics. Recently, Baatal. (2006) estimated that the
relative frequency of the top 1% of precipitation events@@ would increase to approxi-
mately 20—-30% of future events under doubled@0nditions (not expected until well into
the 229 century). Frei et al. (1998) used a regional climate model &urope to simulate
the effects of a warmer and more humid atmosphere on heacipgiegion patterns. Their
numerical experiments indicated a substantial shift towanore intense and more frequent
heavy precipitation events during the autumn (and, coresatyy a shift away from light
and moderate events). These results imply that an increatmopspheric moisture content
associated with higher temperatures could be sufficiengate significant increases in the
intensity and frequency of heavy precipitation events.

Despite similar results by numerous researchers who usdipiaumodels, it should
be noted that GCMs and other climate models have a limitedyatw capture both the
diurnal precipitation cycle and convective precipitati@nenberth et al. 2003). Thus, the
modeling results should be interpreted with caution. Thiecfumplexity of the atmosphere

cannot be represented by a simple equation or even a lodstesoclimate model.

2.2 Principal Component Analysis

The principal component analysis (PCA) technique, firsettgyed by Hotelling (1933),
is a widely used multivariate statistical data reductiochteque in the atmospheric sci-
ences. The usefulness of PCA lies in its ability to explaircmaf the variance in an origi-

nal data set by reducing the number of variables needed faiaxpat variance. The new
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variables, or principal components, are uncorrelatedalim®@mbinations of the initial cor-
related variables; each principal component represeetsniéiximum amount of variance
possible from the original data (Haan 1977; Wilks 2006). Nmthogonal components,
called principal components (PCs), explain a certain armofithe system variance, with
the first components explaining the most variance. An adgnbf using PCA on mete-
orological data is the potential to gain insight into thetsgdand temporal variations of
meteorological fields (Wilks 2006). For example, PC loadifthe individual elements of
the scaled eigenvectors) can be used to identify regionsmies coherent rainfall patterns
(e.g., Boone 2010). A coherent rainfall pattern is a regidrere the anomalies of rain-
fall tend to occur over the observational time unit beingdstd (e.g., 24 hours). In this
research, the coherent areas are defined by the spatialatmmestructure of the rainfall.
Because the correlation structure of rainfall is localizedpace, rotated PC loadings are a
useful tool to summarize the set of coherent rainfall paercross a large domain, such as
the United States. Alternately, one might define ‘coheramtfall patterns’ as those areas
where the spatial autocorrelation function of the preaipiin events has a very slow spatial
decay. Chapter 4 of this work will describe and apply the PE#hnhique in greater detail.
An eigentechnique was first applied to meteorological datafdrecasting purposes
by Fukuoka (1951). Later, Lorenz (1956) developed the teofoigy further and gave it
the nameempirical orthogonal functiofEOF) analysis. More recently, Richman (1986)
demonstrated the benefits of rotating the PCs for meteaic@bgnalysis. Although unro-
tated PCs retain temporal orthogonality and are inserditithe number of retained PCs,
rotated solutions offer significant advantages, becawesedatre unaffected by a dependence
on the domain shape, sampling errors, or modal patternhitisga(Richman 1986). The
rotated results are as physically meaningful as the cdioelgatterns from which they
are derived, unlike the results of unrotated EOFs or PCs k3\(2006) also added that
rotated PCs are not limited by the orthogonality constrafninrotated components. This
allows multiple PCs to reflect multiple physical procesddeswever, rotated PCs lack the

economy, pattern insensitivity to the number of PCs rethirand ability to extract the
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maximum variance on a PC-by-PC basis from a data set whenareohpo the unrotated
method (Richman 1986). It is the eigenvalue truncation @sedhat separates noise from
the signal, a fact that is not implicit in the unrotated swlns. If the full set of unrotated
PCs are retained, most represent noise.

Richman and Lamb (1985; hereafter RL85) examined individady rainfall amounts
across the Central United States over 3- and 7-day inteduaisg the May—August periods
of 1949-1980 to demonstrate the advantage of using PCs @/ es kith meteorological
data. This important study, as evidenced by its frequentuseimerous studies (96 ci-
tations in the literature), established that the primaryaaage of using PCs over EOFs
stemmed from the ability to rotate the PCs and derive medmipgtterns (EOFs can be
rotated, but rotated EOFs have great uncertainty in theammg). The Varimax-rotated
PCs (Kaiser 1958) portrayed spatial patterns in 3- and 7sdaymer rainfall events in the
Central United States. The unrotated PC loading patteoself resembled the domain-
dependent results described by Buell (1975, 1979). Unikainrotated PCs, the Varimax-
rotated PCs were of uniform strength (i.e., they explainilsiramounts of variance) and
uniform size and were not influenced by the shape of the damEne ten orthogonally
rotated PCs that explained the most variance each refleadéteeent coherent region of
precipitation. Richman and Lamb (1987; hereafter RL87pot&d similar results, which
supported the use of Varimax-rotated PCs in a precipitatiady using data from stations
in southern Canada.

Cluster analysis (CA) is another statistical method thatideen used in the atmospheric
sciences to regionalize precipitation patterns (e.g. gédadd lyengar 1980; Winkler 1985;
Easterling 1989; White and Perry 1989; White et al. 1991;efland Fovell 1993; Gong
and Richman 1995). CA is an exploratory data analysis taal $kparates (clusters) data
into groups based on distance or the degree of similaritwéen individual observations
(Wilks 2006). Although the technique can regionalize gréation data, similar to the ca-
pabilities of PCA, CA possesses several weaknesses. Forpéxacertain types of CA

are susceptible to the chaining phenomenon (e.g., sindlage clusters) when additional
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observations are close to a point at the edge of the groum, teaeigh the observations
may be quite far from other points in the same group (Wilks0@5ong and Richman
(1995) pointed out that CA is susceptible to aggregatioarewhich is the clustering of
two or more geographically diverse areas. This cluster@syits in an unrealistic and dis-
jointed regionalization of the data where the algorithm wlad fit the problem or identify
the coherent cluster patterns. The regionalized spatitdipeboundaries produced by a CA
vary from method to method and can vary based upon slightlgrdnt amounts of input
variance (Gong and Richman 1995). Similar to PCA, the mdagahoof the cluster re-
sults can vary depending on the number of clusters retaidediever, Gong and Richman
(1995) asserted that further research is needed on the@pisocutoff for cluster reten-
tion, whereas several methods for PC retention have alrbady established. Unlike the
smooth overlapping regions produced by PCA, CA regions raegularly shaped due to
the hard boundary constraint (required for the majoritylgbathms) that each observation
can be assigned to only one cluster at most (Gong and Rich8&#%).1Finally, the authors
noted a decrease in accuracy of nearly 24% variance in noappeng methods. The re-
sults of Gong and Richman (1995) suggested that the PCA m@ifomluced regions that
were as accurate as or more accurate than those produced bgshCA methods, given
a sufficient sample size. The authors suggested that stakistethods be chosen based on
the data characteristics and goals of the research prdjeet. statement, when applied to
this study, must accommodate the underlying meteorolbgaalitions of heavy precipita-
tion events. Because the atmosphere has no hard boundhatiesshorizontal, a clustering
methodology with overlapping boundaries is required. TB&ARechnique produces PCs
with overlapping loadings (when a loading threshold is Istieed based on the suggested
probability of a station belonging to a given PC). Thus, tiARechnique best preserves
the underlying physical processes associated with heagiptation events.

PCA is an important tool when used in a meteorological cantésequently, climato-
logically similar regions can be identified with respect foeaticular atmospheric variable.

For example, Changnon (1985) performed a PCA on the numlabays reporting thunder
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across the United States during most of th# 2@ntury and identified nine similar regions
in North America. PCA also has been used to identify teleegtian relationships, such

as between sea surface temperature anomalies in the Pacdan@nd precipitation in

Central America or North America (e.g., Montroy 1997; Maytet al. 1998).

Historically, the results of rotated PCs have often beerd usereveal insights with
regard to the spatial distribution of precipitation pat&erwhich can be associated with
synoptic features in the atmosphere. For example, Walsh @t%82) performed a PCA of
monthly precipitation data across the United States aradeelthe PC patterns to surface
pressure. Molteni et al. (1983) used PCA to examine raimfiglributions over northern
Italy during the cold season and associated each of thedustHCs with a synoptic pres-
sure pattern. The results of the PCA performed in the sermmnak of RL85 regionalized
the study domain into ten areas of spatially-coherent sunpaterns associated with 3-
and 7-day rainfall. Similarly, RL87 performed a PCA with aafiplly-expanded version
of the original RL85 daily precipitation dataset to idept#patial patterns in three- and
seven-day summer precipitation totals in southern Caresatd,of the Rockies. Easterling
(1990) used the PCA technique to identify climatologicg@érsistent synoptic-scale pat-
terns associated with warm-season thunderstorm activitite Central United States for
the period 1948-1977. The regions identified by Easterlir8pQ) for the primary four
rotated components were tied to synoptic-scale featurels as the low level jet, north-
west flow outbreaks, and mesoscale convective complexese Moently, Boone (2010)
identified and characterized recurring precipitation grat$ in Oklahoma using the PCA
technique.

The capability of the PCA technique to identify climatolcaily meaningful patterns in
rainfall makes it a powerful tool for the current study, wingeeks to regionalize daily pre-
cipitation patterns based on data from 1949-2000. Subsdgudecadal trends in heavy
rainfall events will be an important focus of this work. A prary focus of this study is
to develop conceptual models of the synoptic environmedtthe associated atmospheric

dynamics that create intense episodes of precipitatiordch of the PCA regions identi-
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fied.

2.3 Synoptic Environment of Heavy Rainfall-The Continent& United

States

As described in Section 2.1, many authors have investigaedcreasing frequency
and intensity of heavy precipitation events during the sddualf of the 28 century in the
United States and other parts of the world. In addition, esteuforecasts of such events
have become more critical. Based on the work of Rockwood aadddx (1988) and
Schwartz et al. (1990), two distinct phases exist in thedaséng process for convective
weather events. The first step involves an examination ofyineptic-scale environment
for large areas favorable for developing and sustainingective storms. The second step
identifies smaller areas within the broad favorable envitent where convective storms
are most likely to initiate, grow, and mature. The currentikvimcuses on the first step in
this process.

Because a single mesoscale convective complex (MCC; Matlelita) has been shown
by Fritsch et al. (1981) to produce “about half of an averageraer month’s rainfall across
an area the size of the state of Missouri”, accurate foreadst¥ICCs are one of the most
critical forecasts the NWS is charged with issuing.

Numerous studies already have examined the synoptic emagats associated with
many types of heavy precipitation events on both a regioméhational scale, establishing
groundwork upon which this project will build (e.g., Maddexk al. 1979; Uccellini and
Kocin 1987; Junker et al. 1999). Fundamentally, a moistglarist rise to its lifting con-
densation level and continue upward until the condensatelme enough to fall to the
surface. Considering the most basic ingredients, heawjitation requires atmospheric
moisture, condensation nuclei, an unstable atmosphede &fting mechanism. Not sur-
prisingly, heavy precipitation events tend to occur withneas with copious amounts of

deep-layer moisture (i.e., Maddox et al. 1979; Bradley amitl$1994); precipitable water
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values are close to 200% of seasonal normals at the locatiomjor floods. The en-
vironment supplies this moisture partially in the form oflsooisture (Mo et al. 1997),
evapotranspiration (Raddatz 2000, 2005) and, to some textenugh horizontal advec-
tion. Regions of highB: (equivalent potential temperature) air have been shownritain
the necessary moisture (e.g., Pontrelli et al. 1999).

The low level jet (LLJ), synoptically evident east of the Rpdviountains, has been
associated with numerous heavy precipitation events, (8lgddox et al. 1979; Maddox
and Doswell 1982; Mo et al. 1997; Moore et al. 2003). Prinyadiiring the warm sea-
son, moisture flux made available by the LLJ and moisture em@nce downwind from
the LLJ provide the essential water vapor ingredients neé¢dereate heavy precipitation
events (Mo et al. 1997; Moore et al. 2003). An unusually ggrbbhJ may contribute large
volumes of moisture convergence, which often facilitabes‘training’ of convective cells
(also known as ‘backbuilding’ cells that develop when piggdéon overpowers translation).
The results are sometimes catastrophic due to the exceaswall produced (Junker et al.
1999). In addition to providing moisture, the LLJ plays arportant role in strengthening
the warm air advection an@: advection, two valuable indicators for identifying locats
of heavy precipitation events (Junket et al. 1999). Bonh868) examined LLJs and dis-
covered that the majority of jets were nocturnal, occurrexsoften with southerly flow,
and were located over the southern Great Plains centeredvastern Oklahoma. How-
ever, low level jets occur in multiple locations across thated States east of the Rocky
Mountains; this fact will be demonstrated in Chapter 6.

Multiple mechanisms play a role in lifting the moist parcéh. the absence of strong
dynamic forcing, the flow of moist air over surface boundsyriguch as quasi-stationary
fronts and residual outflow boundaries produced by earliesascale systems, can lift
moist parcels sufficiently to generate heavy precipitatieents (Bradley and Smith 1994).
Strong frontal systems can force air parcels to rise aloogesl isentropic surfaces. Ter-
rain, in the appropriate atmospheric environment, can plag an important role as a

lifting mechanism for convective events near the Rocky apgalachian Mountains (e.g.,
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Petersen et al. 1999; Pontrelli et al. 1999; Carbone et &R 2daddox et al. 1978). In ad-
dition, diurnal surface heating plays an important roleifitinlg parcels on a smaller scale
and in the generation of land, vegetation, and sea breeeesY@n and Anthes 1988). Sur-
face convergence from these breezes can force lifting andrgee precipitation under the
right stability conditions.

Moisture and surface lifting alone are insufficient to geterstorms capable of pro-
ducing heavy precipitation; the atmosphere must be suftigieinstable to allow a rising
parcel to continue its ascent to the point of condensatiaitauits level of free convection.
Zawadzki and Ro (1978) noted the connection between heaagigwation events and
available convective energy for a surface parcel. Liftinghe lowest several kilometers
can release conditional instability, which supports andagices convective development
(Maddox and Doswell 1982). Diffluence and divergence in thpeu troposphere, when
combined with an approaching shortwave trough aloft, atsists in destabilizing the at-
mosphere (Pontrelli et al. 1999).

Large-scale ascent also can result from divergence of teestigpphic wind at upper
levels. In the vicinity of an upper-level trough, cold airvadtion at low levels causes
geopotential height falls aloft, which in turn intensifidgethorizontal pressure (height)
gradient high in the troposphere. At the entrance to thisoregf stronger height gradi-
ents, the real wind develops an ageostrophic componentdswiae area of lower pressure
(or lower heights). This progression causes the surfacgspre to decrease beneath the
ageostrophic divergence, which in turn creates weak seidacvergence, and that begets
weak ascending vertical motion. In addition, concentratezhs of warm and cold air ad-
vection at lower levels in the troposphere both act to ineeethe strength of the thermal
wind (because horizontal gradients of temperature aragtinened), which reveals itself
as an intensifying upper level jet. This scenario leads tinarease in the ageostrophic
divergence at upper levels, creating transverse agedstropculations, strengthening the
cycle and leading to increasingly stronger vertical mation

Appendix A describes several methods for assessing symsgdie vertical motion in
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the atmosphere using established mathematical relatfpsshhe quasi-geostrophic omega
equation, as thoroughly explained in Appendix A, expresseselationship between dif-
ferential vorticity advection and thickness advection docké vertical motion. At times,
differential advection of geostrophic absolute vortiatyd thickness advection oppose one
another (Hoskins et al. 1978). In many situations, diffée¢radvection of geostrophic
absolute vorticity (the first term on the right-hand side loé tquasi-geostrophic omega
equation) is the primary mechanism that causes verticalbmoHowever, low-level ther-
mal advection (part of the second term on the right-hand) $ide been shown to dominate
mid-level differential vorticity advection by forcing viécal motion during synoptically
benign situations (Maddox and Doswell 1982), such as wheasaof intense low-level
warm air advection occur in a region of strong conditionatability. Warm thickness ad-
vection in the lower troposphere is often the key ingredmesponsible for the intensity
and persistence of several widespread and persistensa@mnvective storms when the
synoptic environment is weak (i.e., during the middle of Werm season; Maddox and
Doswell 1982). Moore et al. (2003) supported these resolidlaeorized that warm air ad-
vection/isentropic lift in the lower atmosphere assistethie production of mesa-scale
vertical motion.

A few studies used the quasi-geostrophic omega equatiaketdify regions of vertical
motion associated with synoptic storms (e.g., Lupo et @21 Mercer and Richman 2007).
Mercer and Richman (2007) used this equation to conduct a thorough review of three
types of cyclones in North America: Alberta Clippers, Caldo Cyclones, and East Coast
storms. The authors noticed that low-level warm air adweecivas present east or northeast
of the surface low for all three types of storms. Using thesinggeostrophic omega equa-
tion, the differential advection of geostrophic absoluteticity was determined to reach its
maximum value south of the 500 hPa low near the northern meti@f the warm sector.

Convective systems often produce heavy rainfall and acgietly responsible for flash
floods (e.g., Maddox et al. 1979; 1980; Petersen et al. 1998tré&lli et al. 1999). Flash

floods are created when intense rainfall repeatedly tragettse same region. Doswell et
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al. (1996) described the necessary atmospheric ingredientainfall events that produce
flash-floods. The authors asserted that atmospheric meistuntent associated with flash
flood events was well above seasonable normals (freque@@%2f normal). These nar-
row corridors of rich low-level moisture sometimes are fmicto rapidly ascend to the
point of condensation (i.e., its lifting condensation IgveA high precipitation rate oc-
curs when low-level moisture is copious (i.e., collisiomawmalescence become effective),
storms slowly translate, and propagation or backbuildiogpes into play. Environmental
factors such as the entrainment rate, environmental velatumidity, and wind shear also
can affect the precipitation efficiency, as do mesoscalefa@and microphysical processes
(topics beyond the scope of this research). Doswell et 8Bg)lnoted that convective sys-
tems tend to produce higher rainfall rates than other rantipcing systems due to their
favorable moist and unstable environment. Slow-movingipr&ation systems often are
responsible for flash flood events (e.g., Chappell 1985; M@bral. 1995; Doswell et al.
1996; Pontrelli et al. 1999; Pettet and Johnson 2003), &dpeahen the prevailing flow
aloft is toward the cold side of a low-level boundary (e.ge MSP flood of July 1987 and
the OKC flood of June 2010). Weak tropospheric winds (Pdn&elal. 1999; Doswell
et al. 1996) or strong moisture convergence on the rear flarsdkmesoscale convective
system (MCS; Chappell 1985) may slow the system movementaliee added factor of
propagation.

Meteorological processes on multiple scales contribufmitant factors necessary for
flash flood events (Doswell et al. 1996). On the microscalegdeasation nuclei, ice mi-
crophysics (such as condensation/deposition, accretmor,splintering, aggregation, col-
lision and coalescence), temperature, and liquid watetecdnnfluence the formation of
rain drops which produce heavy precipitation (Rogers and ¥289). On the storm-scale,
numerous processes, such as the environmental evapopatiential, the perturbation of
synoptic-scale flow by the release of latent heat (Fritsah Maddox 1981), location of
the precipitation cascade, and environmental shear, darente whether or not copious

rainfall might occur (Doswell et al. 1996). Mesoscale pss®s such as latent heat re-
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lease, mid-level entrainment of cooler environmental agd aubsequent mid-tropospheric
inflow help strengthen the developing convection. Theseostse processes associated
with MCSs can influence system propagation, create new aukftaundaries, and provide
copious amounts of precipitation within the embedded cciive and stratiform segments
(Doswell et al. 1996). In turn, MCSs alter their environmbmgtinducing a large region
of anticyclonic difluence aloft, a warm moist region at 30 KB&0 mb), relatively colder
air at the tropopause, and a deep layer of moist ascent on ¢iseswale in response to
convection (Fritsch and Maddox 1981; Maddox et al. 1981 esBupper-level mesohighs
are producedn response tdahe low-level convergence of mass, which helps force ascent
and the release of latent heat, and the geostrophic adjostwhéhe pressure field to the
anticyclonic flow over several hours (Fritsch and Maddox1)98laddox et al. (1981) no-
ticed the development of a large mesoscale anticyclone eédelokein the upper-level wind
that had been created by mesoscale processes associdied petsistent MCS. On the
planetary scale, the underlying causes of extreme raiafahts within the United States
likely have global teleconnections (e.g., the El Nifo $eut Oscillation, North Atlantic
Oscillation, and the Pacific-North American teleconnatpatternfPNA] indirectly impact
weather across the United States). Henderson and Robih884)(and Yin (1994) associ-
ated the PNA teleconnection pattern with the number of pretion events and moisture
conditions in the southeastern United States. Although seileconnection patterns may
influence the number of rainfall events, Henderson and Rumini{1994) surmised that
the actual precipitation amount and event duration aregradlantly determined by more
localized conditions. Furthermore, oceanic currentscaffeneral circulation patterns ev-
ident in the atmosphere. Thus, for example, periods of codhse temperatures in the
eastern Pacific Ocean (La Nifha) have been associated \edis af increased precipitation
across the central United States (CPC 2010). However, slebannections are beyond
the scope of this study, which examined the synoptic-scale@ment in the atmosphere
directly above the continental United States.

Synoptic-scale weather systems also have an importantection with deep, moist
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convection (e.g., Maddox et al. 1980; Doswell et al. 1996hisTconnection is evident
ahead of shortwave troughs (Maddox et al. 1980; Doswell },9&4ar a synoptic-scale 500-
hParidge axis (Maddox et al. 1979; Glass and Ferry 1995;&®b2001), and in association
with tropical cyclones (Konrad 2001). Konrad (2001) obserthat the center of most 500
hPa cyclones were located northwest of the center of heagiptation events. Mo et al.
(1997) noted that low pressure was predominant across teemehalf of North America
during summertime heavy precipitation events, while higéspure was typically located
in the east.

Several studies examined the types of systems responailiiedvy precipitation events
across the United States (e.g., Heideman and Fritsch 198&dHet al. 1990; Doswell et
al. 1996; Schumacher and Johnson 2005, 2006). For examgiantacher and Johnson
(2005; hereafter SJO5) studied heavy rainfall events éhdsch exceeded the 50-year re-
currence interval for 24-hour accumulated precipitatibajween 1999-2001 east of the
Rocky Mountains, excluding Florida. The authors classiffeticause of each event as an
MCS, a synoptic system, or a tropical system based on raflactieity data at the time
of heaviest precipitation. Of the 116 extreme rain eventsv@red, 65% were caused by
MCSs, 27% were associated with synoptic weather systendsth@nremaining 8% were
the result of tropical systems. SJO5 discovered that 90%inéme rainfall events asso-
ciated with synoptic weather systems were convective inreatMost convective events
occurred in the warm sector of an extratropical cyclone dh&faa synoptic-scale cold
front. Schumacher and Johnson (2006; hereafter SJO6) addled results of SJO5 by in-
cluding two additional years of data (2002—2003) and examgithe distribution of events
by definition and region. Similar to SJ05, SJ06 noted thatipé&ao-thirds of all extreme
rainfall events (using the same definition as SJO5) werecased with MCSs, 25% were
associated with synoptic systems, and tropical systems mesponsible for the remainder
of events. When synoptic events were stratified, the autthetermined that convectively-
dominated synoptic events produced a greater proportiathefextreme rainfall events

than did non-convective events. Heideman and Fritsch (1888ced that precipitation
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associated with extratropical cyclones and associatettdreystems accounted for ap-
proximately half of the summertime significant events in theted States in 1982-1983;
the rest were a result of mesoscale forcing mechanisms susioat waves and convective
feedback events. These studies provide convincing eveddrat synoptic systems, tropi-
cal storms, MCSs and other mesoscale forcing mechanisitis asumesoscale convective
complexes (MCCs), are predominantly responsible for hgaegipitation events in the
conterminous United States east of the Rocky Mountains.

Elsewhere across North America, Raddatz and Hanesiak Y20@8marized mesoscale
processes that initiated summertime convective eventpiutlice significant precipitation
across the Canadian prairies. Most were convective, buesesre non-convective in
nature. Both types of storms were created by surface lowspresenters, surface troughs,
and both warm and cold fronts.

Flash flood events occur generally with multiple types ofmsi®such as multicell and
supercell convective systems, squall lines, MCSs, norexdiiwe systems, and orographi-
cally-forced events (Moore et al. 1995; Doswell et al. 199%ith et al. 2001). SJO6 noted
that, although infrequent, the most widespread and desteutoods during the period of
their study were associated with tropical systems. Gallias ¢2008) examined nine types
of convective storms and determined that squall lines viite-parallel stratiform rain or
with trailing stratiform rain and broken lines created theagest number of flood reports.

Numerous studies (e.g., Chappell 1985; Fritsch et al. 19d6éss and Ferry 1995;
Parker and Johnson 2000; Moore et al. 2003; Pettet and Jol20€3; SJO5; SJ06) have
indicated that MCSs are responsible for many heavy pretipit events in certain regions
of the United States. Of the 116 extreme rain events exanbgeJ05 in the eastern part
of the nation (excluding Florida), nearly two-thirds weraused by MCSs. Parker and
Johnson (2000, 2004) separated MCSs into sub-classifisatibtrailing stratiform (TS),
parallel stratiform (PS), and leading stratiform (LS); theoticed that LS systems moved
slower than PS or TS systems, and consequently, produced teeafall in some instances.

SJO5 used the MCS classifications of Parker and Johnson )2800 added two more
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classes: training line/adjoining stratiform (TL/AS) anddibuilding/quasi-stationary. Of
these five, the TL/AS and backbuilding/quasi-stationaryeaeost commonly associated
with extreme rainfall events, followed by TS. SJO6 also daket the TL/AS type produced

more extreme rainfall events than did any other MCS clasdibn. Pettet and Johnson
(2003) studied LS precipitation modes and documented patiential association with

flash flood events with slow system motion.

Although many heavy precipitation events are associatéul MCSs, these events are
not distributed evenly by season, time of occurrence or mgggphy. SJO6, in their study
of heavy rainfall east of the Rocky Mountains (excludingrféla) observed that 74% of
summer extreme precipitation events east of the Rocky Monstwere associated with
MCSs, but the cool-season events were primarily caused bypsic weather systems.
Their results are supported by most MCSs are limited to thenwseason, when moisture
content in the atmosphere is greatest whereas synoptiersgsend to be driven by the
strong baroclinic conditions present during the cool seasteideman and Fritsch (1988)
observed that nearly three-quarters of significant summerprecipitation events between
the Rockies and the Mississippi River occurred at night, garable to the observations of
SJO05 and SJOG.

Heavy precipitation from MCSs have been associated with Kigndexes (Maddox
et al. 1979; Glass and Ferry 1995; hereafter GF95), cooltropiespheric temperatures
(below 10C; GF95; Junker et al. 1999), anticyclonic and diffluent udpeel flow (GF95;
Moore et al. 2003) or weak upper-level flow (Moore et al. 1995)-95 and Moore et al.
(2003) documented the presence of low-level warm air adweetith MCSs that produced
heavy amounts of rainfall, while other authors noted theartgmce of the LLJ in such
systems (i.e., Maddox et al. 1979; Houze et al. 1990; GF95rk¥let al. 2003; Tuttle and
Davis 2006). Stron@. gradients or positivée advection (Shi and Scofield 1987; Juying
and Scofield 1989; GF95; Junker et al. 1999; Moore et al. 2@0@)oist lower troposphere
(Junker et al. 1999) and echo training (Fristch et al. 19880%3 Moore et al. 1995; Junker

et al. 1999) are ingredient that also contributed to the pecadn of heavy precipitation in
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MCSs.

Typically, MCS-induced heavy rainfall is located west of apper-level ridge axis
(Maddox et al. 1979; GF95) and east of an upstream short-tvaugh (GF95; Moore
et al. 2003). Moore et al. (2003) observed a 500-hPa jet aassregularly located west of
an elevated MCS. Often, heavy rain-producing MCSs are &gsodowith anticyclonic and
diffluent upper-level flow on the west or southwest edge of smmdetimes underneath the
area of maximum divergence (GF95; Moore et al. 2003). The haslbeen shown to be
the most important forcing mechanism for heavy rain-pradgidICSs (GF95) and other
heavy rainfall events (Maddox et al. 1979) due to its transpiche necessary warm moist
air (Means 1952, 1954). Tuttle and Davis (2006) observetdNI@S rainfall intensity is
typically proportional to the strength of the nocturnal LOIhese authors noted that ‘corri-
dors’ of MCS precipitation are strongly associated withtloethern edge of the nocturnal
LLJ. Despite the important role of the LLJ in organized catien (such as MCSs), the
LLJ does not play a role in unorganized areas of convectiahdib not possess a linear
structure (Houze et al. 1990).

When mesoscale convective weather systems occur in siwegetal accumulated pre-
cipitation can rival or surpass that of hurricanes or trapgystems (Fritsch et al. 1986).
Some MCSs produced more than 10 inches (254 mm) of rainfallventy-four hours
(GF95). Precipitation amounts from mesoscale convectrather systems can be modu-
lated by changes and trends in the large-scale circulattteqms, although the frequency
of MCSs have not changed significantly (Fritsch et al. 198®&}tle and Davis (2006) ob-
served that 68% of MCSs occurred as part of a series of eveatsaok place over a 2-13
day period.

Although few studies examined all regions across the Unitades, several investi-
gated the synoptic features associated with heavy pratigit events in specific regions.
For example, Bradley and Smith (1994) used proximity soogslito study the meteoro-
logical environments associated with convective storrasphoduced more than 25 mm of

rainfall in 24 hours across the southern plains. The auttiisovered that extreme rainfall
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events occurred in an environment of convectively unstablevith abundant moisture,
where low-level winds advected additional warm moist aig &inds veered with height.
More specifically, extreme precipitation events, chanaotel by strong dynamic forcing,
tended to be associated with the approach of an upper-lésteiridance, often a cutoff
low or a short-wave trough at the 500-mb level (Maddox et @BQ, Bradley and Smith
1994). The heaviest precipitation amounts across the spufiiains tended to occur in the
warm sector ahead of a quasi-stationary front as the low amabedded short-wave ap-
proached the region. Events which were characterized bk ayaamic forcing tended to
be associated with a quasi-stationary front or residudlfgoist in the presence of low-level
southerly winds transporting warm moist air. The storms tieveloped moved as a system
along the frontal boundary (a result of translation towdwel ¢old side of the boundary and
propagation back toward the tongue of higdvalues); the result was a training of multiple
storms over the same area that created large totals of getmp (Bradley and Smith 1994;
Moore et al. 1995). Aylward and Dyer (2010) studied traincogvective storms across the
east-central United States from 2004—-2006 and observéthise events tended to be as-
sociated with either a closed upper-level trough (CULL)upper-level trough (ULT), or
an 850-hPa trough—low (850TL). The CULL and ULT events tehtteoccur in strongly
forced synoptic environments, while the 850TL tended tcehaeak upper-level forcing.
On the large synoptic-scale, involving areas as large asontise conterminous United
States, Carbone et al. (2002) examined clusters of heawypjtegion during the warm
seasons of 1997-2000 and noticed that these episodes wagilyr initiated by diurnal
forcing (thermal and topographical) near the Appalachiad Rocky Mountains and by
semidiurnal forcing between these mountain ranges. Madtak (1980) observed similar
patterns in the western United States, even though the heaviall events in the west
tended to be lesser in magnitude than their eastern coamterpCarbone et al. (2002)
suggested that convection near the Rockies created umpaspheric potential vorticity
anomalies that were advected east and thus linked with qubsé convective systems.

They also asserted that trapped gravity waves in the boytalger or inertial gravity waves
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in the free troposphere could connect successive conesetents of a longer duration and
zonal extent than can be explained by a single MCS.

Two recent studies (SJO5 and SJ06) examined heavy prempitvents in the eastern
two-thirds of the United States by region and classified thgmparent storm type (MCS,
synoptic event, tropical cyclone). SJO5 noted that extresn&all events in the eastern
part of the country were primarily caused by synoptic or ttapsystems. MCSs tended
to produce a greater proportion of the extreme rainfall &¥¢8J05) across every region
except the Southeast, where tropical systems createchvexegents (SJO6). In the plains
and north regions, nearly all extreme rain events resultmd MCSs during the warm sea-
son, when the most moisture was available (SJ06). Fritsaeh €1986) also reported that
mesoscale convective weather systems are the primary gecglof warm-season rainfall
across much of the Midwest. Although MCSs dominate, sycagtstems played a larger
role than the national average role in the Northeast, Ohissidsippi River Valleys, and
South regions (SJ06). SJO6 observed that MCSs also domiitieextreme precipitation
events in the Ohio-Mississippi River Valley, although ceedson synoptic systems played
a more significant role in this area than in other areas. Exrevents in the South were
primarily associated with late-spring MCSs and with muéipources during the fall. Rel-
atively few extreme events occurred in the Northeast duieg five year period of study,
although all three types of systems contributed to the 1@mesl extreme events (SJ06).

Heavy precipitation events in the winter also are drivendrgé synoptic-scale forcing
mechanisms. Uccellini and Kocin (1987) studied 8 snowssastong the eastern coast of
the United States. The authors noticed that the heaviest ttals tended to occur in an
area where two upper-level jets produce overlapping aréasing vertical motion (Fig-
ure 2.1). These transverse circulations are associatédivatdiffluent exit region of a more
southern subtropical jet and the confluent entrance redidheomore northern polar jet.
Upper-level divergence near the region of favorable irdgoa by these two circulations
facilitates surface cyclonic development. The advectiomam moist air northward along

sloped isentropes supported this development and supg@i@dus moisture sufficient for
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FIG. 2.1: Three-dimensional schematic of jet-related cirtokapatterns during East
Coast snowstorms. The transverse circulations are assdaidth the diffluent exit re-
gion of a southern jet streak and the confluent entrancemsgibnortheastern jet streak.
Surface low and high pressure systems, isobars, and frpositions are also indicated
(from Uccellini and Kocin 1987).

producing heavy snowfall totals.

2.4 Early applications of composite maps in operational fagcasting

The development of composite maps for use as a decisioredupl in operational
weather forecast offices is not a new concept. Theoreticdietsmf the atmosphere (better
termed as a ‘conceptual model’), such as the Norwegian @gdidodel, have been around
since early in the 20 century. Because rawinsonde data were hard to access andilg/P
from the old “National Meteorological Center” were impdssito access by those outside

of the national center, the development of three-dimeraisets of composite images from
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FIG. 2.2: Conceptual model of favorable area for heavy convecéinfall (shaded) from

MCSs. Dashed lines represent 850-300 mb thickness conffoons Glass and Ferry

1995).
selected case-study maps did not really begin until the @&T0s. The work of Smith and
Younkin (1972) led to the creation of a regionally-focusetisf composite images used to
improve forecasts of heavy snowfall in the northeast UnSiéaites. Based on the study of
151 significant rain events (mostly MCSs that occurred betwday and October), the de-
velopment work by Maddox et al. (1979; 1980) became the fostgrehensive set of tools
to help forecasters with difficult decisions prior to flootbgucing rain events. Though
the early composite modeling work of Maddox et al. (1979) suasjectively derived, their
composite models remain in widespread use today, primagitause their models became
‘proxies for experience’ in a forecast environment.

During the late 1980s, Uccellini and Kocin (1987) studiegh¢iEast Coast snow-
storms and created a composite map of the ageostrophidatimu patterns associated
with two high-level jet streams that were interacting faldy (Figure 2.1). A few years
later, Glass and Ferry (1995) examined warm season heawecive rainfall events in

the mid-Mississippi Valley during 1993-94 and generatedamosite model of the area
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jet (ULJ) streak, and the dashed-dotted oval represen@@Tiizassociated with the low-

level frontogenetical forcing (from Moore et al. 2003).
favorable for the development of heavy rainfall (Figure)2 Based on their studies of 12
heavy rain events in the vicinity of lowa and Missouri duritigg summer of 1993, the
compositing work of Junker et al. (1999; not shown) is coesd to be a polished edi-
tion of the compositing technique. The most recent compasidels of heavy rain events
were developed by Moore et al. (2003), who examined 21 MC8teweith heavy rainfall.
Their maps (Figures 2.3 and 2.4) illustrate a composite wean MCS centroid relative
to important synoptic-scale features.

The template proposed to generate a three-dimensiondl gbjeztively-derived com-
posite maps is a moveable Cartesian grid centered on thedoad heaviest precipitation.
During the application of the technique, the appropriatativer maps for the cases under
investigation are digitized onto the moveable grid. Howgewdnen only a small region is

considered, it may not be necessary to use a moveable grid \(Winkler 1988). Once

all cases have been digitized, the average value of eachblans calculated. The re-
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FiG. 2.4: Plan view of the typical synoptic environment of waseason heavy precip-
itation events from elevated thunderstorms in a) lower dsghere and b) middle tro-
posphere. In both figures, the encircled X represents the BED®o0id location. In a),
dashed lines represent typicilvalues decreasing to the north, dashed-cross lines repre-
sent 925-850 mb moisture convergence maxima, the shadesaesgion of maximum

6. advection, and the broad arrow represents the LLJ. In bYj&élsbed lines are isotachs
associated with the upper-level jet, the 500 hPa heighs lare represented by the solid
lines, the shaded area indicates a region of mean surfa@&dPa relative humidity
above 70%, and the arrow represents the 700-hPa jet (fromréviial. 2003).
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sult is a series of composite maps. This established teshrdgnveys information about
synoptic-scale features relative to the epicenters ofynpascipitation. Knowledge about
the synoptic environment continues to assist operatiarakasters in the assimilation of
information from real-time atmospheric conditions.

While the previous composite studies are noteworthy ancewensidered state-of-
the-art in the late 20 century, all previous composite maps of heavy rain evente we
subjectively derived through the eyes and minds of the rekescientits who developed
them. Three-dimensional sets of objectively-derived cosite maps associated with heavy
precipitation events does not exist in the current liteatu

This dissertation will access objectively-analyzed atphasic data using the 40-Year
Reanalysis (Kalnay et al. 1996) produced by the Nationat&srior Environmental Pre-
diction/National Center for Atmospheric Research (NCEBAR).2 This unique dataset
provides a detailed, hydrostatically consistent analysispace and time of numerous
upper-air parameters for a multitude of uses, includingiineelopment of conceptual mod-
els and for quantifying the magnitude of dynamic forcinggmaeters. Although the NCEP
North American Regional Reanalysis (NARR; Mesinger et BD&) offers a higher res-
olution than does the 40-Year Reanalysis, the NARR data\a#able only from 1971

through the first half of 2009, which excludes nearly halflef Hataset used in this study.

2.5 This Study

Although the trends of heavy precipitation events and tigmoptic environments have
been studied extensively, two issues raised in Chapter direemanswered. First: Are the
increases in heavy precipitation simply a result of inciregglobal temperature and mois-
ture? The literature suggests this scenario is happenutghis scientific issue is beyond
the scope of this research. Second: Have changes occurtieg fiorcing mechanisms that

drive heavy precipitation events? In other words, has tm®giic environment or atmo-

3The NCEP/NCAR Reanalysis has been expanded and curreclilylzs data from 1950-2008.

35



spheric dynamics associated with heavy precipitation tsvelmanged during the past half
century? The lack of research on this topic provides a unapportunity for the topic to
become a prime focus in this study.

While a number of studies examined synoptic environmentsigoive for heavy pre-
cipitation, almost all prior work did little to provide deston-support tools for operational
forecasters during tense moments when high impact weaherfolding and life saving
decisions must be made. In other words, objectively-ddrdexision support tools remain
as a void in the forecasters’ arsenal. Thus, this work wiledep composite maps for small
but spatially coherent regions of precipitation acrossuinged States east of the Rocky
Mountains. These tools will be used to describe regionalesenvironments in three di-
mensions that are favorable for the production of signifiqganecipitation. In addition,
the forcing mechanisms for synoptic-scale vertical matiaill be evaluated qualitatively
within each of the spatially coherent regions of precijotat

The study of synoptic features related to heavy precipitagvents across small re-
gions can reveal meteorological features not capturedudies that developed national
composites (Winkler 1988). Thus, a classification of theogfit environment and atmo-
spheric dynamics associated with observed heavy pretgitavents for spatially coherent
regions of the United States will benefit operational fostees at local offices of the Na-
tional Weather Service.

This study will seek to uncover the relevant features and-@mm trends in the syn-
optic environments and atmospheric dynamics associatédtihe heaviest precipitation
events during the past 60 years on both the national andnalgaoale. A prime motivation
for this climatological study of significant weather eveli¢s in the immediate applicabil-
ity and practical implementation of the study results at NA(Becast Offices across the
United States.

Results from the research portion of this work will be repdrin Chapters 4, 5, and 6

and include:

1. Use of the PCA technique to identify spatially coheregiors of precipitation us-
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ing the expanded Richman—Lamb precipitation dataset. Base¢he PCA analysis
and the associated frequency distributions of precipiteseasonal, decadal and re-

gional), a set of climatologically similar regions for pretation will be determined.

. The dissertation work also will develop composite imagfesap features considered
important to operational meteorologists (e.g., surfacdass, corridors of precip-
itable water, zones of low-level convergence, 850 hPa wamtsthermal advection,
500 hPa vertical motion and vorticity advection, 200 hPaasls and divergence,

etc.).

. The study ends with a quantitative evaluation of the aphesc variables that force
vertical motion. These latter results will be developedimsmaller PCA-determined
regions, on a national scale, and across the 60-year studymkiring which the key

events occurred.
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Chapter 3

Data and Methodological Framework

While high-quality rainfall data are available worldwid@ost of the available rain-
fall data falls below desirable standards. However, in timtédl States, automated and
manually acquired gauge observations have been archivedrilatively dense networks;
these data are reasonably high in quality and extend badt@to the 18 century. This
historically long record of precipitation observationsa@ss the United States provides an
excellent dataset to enable a wide range of precipitatiatyans.

To conduct a principal component analysis that reflects ttieased correlation struc-
ture within the data, variables must be evenly distributedpace to equalize the spatial
variance (Karl et al. 1982). However, the gauge networkesscthe Rocky Mountains
are irregularly spaced, and that fact could negatively ichi@e results of a PCA for these
regions by underestimating the covariance structure optkeipitation. In addition, pre-
cipitation systems are discontinuous in mountainousiterféhus, the results from studies
of precipitation data across the Rocky Mountains will difiom study results that used
data from the rest of the United States. Thus, only predipitadata east of the Rocky
Mountains will be used in this study.

The Global Historical Climatology Network (GHCN; Vose et 4b92), compiled by
the NCDC in Asheville, North Carolina, provides a dense $étigh-quality precipitation
observations whose periods-of-record exceed 75 yearse an 43,000 locations around

the globe are involved. Approximately 8500 of these statiiiil provide data on a regular
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basis (Menne et al. 2009). The GHCN-Daily data (GHCN-D) cosapa subset of the
monthly GHCN data and include observations of maximum angirmim temperature,
temperature at the time of observation, precipitation ambosnowfall amount, and snow
depth (Menne et al. 2009). Within the contiguous U.S., 060@0 GHCN-D stations exist
with varying periods-of-record. The majority of U.S. mee=uents are acquired from the
U.S. Cooperative Summary of the Day, which includes the dvati Weather Service’s
(NWS) Cooperative Observer Network as well as automatedsaremnents from some
“first order” stations. Other GHCN-D data are acquired fréva tollowing sources: Global
Climate Observing System Surface Network, U.S. Fort daigh IRlains Regional Climate
Center Cooperative Summary of the Day, CDMP U.S. Coopar&@ivmmary of the Day,
U.S. First Order Summary of the Day, ASOS Summary of the Ddgh& Summary of the
Day, International collection, Governmental ExchangeaDat well as the U.S. Climate
Reference Network. The high density of the GHCN-D data gtesimuch more data than
does the more sparsely deployed USHCN or is available in tbenkRan—Lamb datasets.
Thus, use of the GHCN-D data will contain the observationsofe extreme precipitation
events, thereby partially addressing the concerns of Braokl Stensrud (2000).

The daily precipitation data in the GHCN-D record underwagbrous quality control
procedures at the NCDC to ensure data reliability. Spedlifichke results from each day
reporting more than five inches (127 mm) of precipitationevesmpared with the original
manuscript forms of data, volumes of climatological datemate record books, Monthly
Weather Review, and occasionally Weekly Weather and Crdjefws and the Bulletin of
the American Meteorological Society (Claude Williams, NC[2009, personal communi-
cation). The NCDC methodology reduced the likelihood ofuding erroneous reports or
omitting actual extreme precipitation events. More thglodescriptions of the GHCN-D
dataset appear in Vose et al. (1992) and Menne et al. (2009).

Despite the many advantages of using GHCN-D data, the staéice somewhat irreg-
ularly spaced and could therefore create an artificial mathe PCA results. Regions of

high station concentrations tend to dominate a PCA, whita-dparse regions receive less
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FiG. 3.1: Locations of the 576 U.S. stations from the expandetifRan—Lamb precipi-

tation dataset.
weight (Wilks 2006). The PCA technique also requires theiocoous availability of data
in time, which is nearly impossible to secure in datasetsiftgpical station observations
that span a 52-year record. Most sites report some missitagdiee to instrument failure,
human error, or other reasons at some point in the statiasteriy.

To conduct a principal component analysis on precipitatiate across the eastern
two-thirds of the United States and to minimize bias in thalgsis, the research in this
manuscript required an evenly-spaced set of observatitthsw missing data during the
52-year span (1949-2000). While objective analysis tephas can be used to interpolate
the observations from the GHCN dataset onto a grid (e.g.né&ad 964, 1973; Maddox
et al. 1979), this strategy would harm efforts to examinerttost extreme rainfall events
by reducing their intensity after the objective analysiatnoes ‘smoothed’ the extremes
(Daley 1991). Fortunately, a nearly uniform grid of obsehyeecipitation data over the
time period in question already existed. RL85 developeth sudataset by selecting those
U.S. Cooperative Observer Network stations and NWS firdepstations with the most

complete record and located closest to a prescribed It grid mesh. In so doing, the
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authors created a nearly uniform array of precipitationesstions (Figure 3.1). The av-
erage distance between the primary observation locatidnaagiven grid in RL85 point

is 10.4 km. On days when observations at the primary site wessing, the observation
from the next-closest station to the grid point was subititdor the missing observation.
This approach prevented temporal gaps in the dataset. Ald8atf the daily precipitation

values come from secondary or tertiary station locationsemwttata from the primary site
were unavailable (Timmer and Lamb 2007).

The expanded Richman—-Lamb dataset (Timmer and Lamb 200iides U.S. tem-
perature and precipitation observations east of the Redkaen 1 January 1949 through
31 December 2000, and represents 52 years of evenly spaaty; gridded observations.
The large temporal extent of the Timmer-Lamb dataset widld® a search for trends
and meet the requirements for an unbiased PCA componenisiménuscript. A com-
plete description of this unique dataset appears in RL8B8MRGong and Richman (1995),
Montroy et al. (1998), and Timmer and Lamb (2007).

The stations composing the updated Richman-Lamb datagetamaaverage station
spacing between 80-110 km. This spatial resolution doeadeuately capture many of
the heaviest precipitation events that occurred duringthey period—events which tended
to be convective in nature and occurred on spatial scaledew &ilometers (as outlined
by Brooks and Stensrud 2000). These events are better edghyrthe higher-resolution
GHCN. However, the large timeframe of precipitation recordthe Richman—Lamb data
allow for a sufficient sampling of extreme precipitation Biseas well as heavy events that
covered an extensive spatial area. Most importantly, th83Rdlata can be used in a PCA
to identify regions of coherent daily precipitation thahdze used to study extreme rainfall
events as documented in Chapters Five and Six.

An examination of the synoptic environment and dynamicatifg associated with
heavy rainfall events requires a high-quality upper-atadat. Because changes in numeri-
cal assimilation systems can affect atmospheric analysasdy et al. 1996), the National

Centers for Environmental Prediction (NCEP) and Nationah@r for Atmospheric Re-
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Class Field type

Zonal wind

Meridional wind

Geopotential height

Virtual temperature

Absolute vorticity

Vertical velocity (1000-100 hPa onty)
Specific humidity (1000-300 hPa only)

@®E>Err >

FiG. 3.2: Data fields on standard pressure levels saved dst ée2itude x 2.5° longitude
grid (144x 73; from Kalnay et al. 1996).

search (NCAR) jointly developed the NCEP-NCAR 40-Year Réysis (Kalnay et al.
1996) dataset. The Reanalysis Data provides atmospheeistists and climatologists
with a high-quality record of assimilated atmospheric dalde reanalysis contains an
analysis and forecast of atmospheric variables from sewaeh as surface observations,
radiosondes, ships, pibal, and satellites for the perigt81Brough 2006. These data were
incorporated into the NCEP global spectral model, which &dm®rizontal resolution of
approximately 210 km and 28 vertical levels across the globlee reanalysis contains
three classes of gridded variablég/pe A variablessuch as upper air temperature, wind,
and geopotential height, which were considered the mosthiel variable because they
were strongly influenced by observatioribype B variablessuch as surface parameters,
divergent wind, and moisture variables, were influenced &y bhe model itself and by
the observations. On the other hafdgpe C variablessuch as precipitation and surface
fluxes, were solely determined by the model and are the lekable of the variables in the
Reanalysis Data (Kistler et al., 2001). The research redart this manuscript primarily
used the first two classes of variables (Figures 3.2 and 3.3).

Fewer upper-air observations were acquired between 1948 @57 than during more
recent periods. During the early days of NWP, upper air olzgegms were acquired three
hours before the now-standard observation times of 00000,06200, and 1800 UTC ob-
servation times. To facilitate a comparison with upper aservations from the later years,

three-hour forecasts were calculated to match the primarggstic times of the later years
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Class Field type

Surface temperature

Skin temperature

2-m temperature

Surface pressure

Albedo

Surface sensitivity and latent fluxes
Top-of-the-atmosphere fluxes
Zonal wind at 10 m

Meridional wind at 10 m

Surface wind stress

Mean sea level pressure
Precipitable water

Snow depth

Snow cover

Precipitation (total and convective)
Mean relative humidity (multiple layers)
Soil wetness and temperature
Surface runoff

Cloud fraction (high, middle, low)
Cloud forcing, clear-sky fluxes

Gravity wave drag

TN ONENMEAEPFNEEZONTWREONO®E

Max and min temperature

FIG. 3.3: Surface flux data saved on the T62 Gaussian grid X192 from Kalnay et al.

1996).
(Kistler et al., 2001). Thus, the reanalysis data prior t68fnhay be of lesser quality than
that available during later years, and the reanalysis di¢a 2979, which incorporated
satellite data, may be of higher quality than its predeasg$astler et al., 2001). Kistler et
al. (2001) also cautioned that trends estimated using #reafgsis data would be unreliable
due to changes in the observing systems over the course ef fline authors suggested
that it may be possible to calculate trends if the period®fgeand after 1979 were ex-
amined separately and if the observational rawinsonderageeavailable to the reanalysis
prior to 1979 was taken into account. Considering the desmsesonde coverage over the
study domain in the eastern continental United States arabsawest of the study domain,
personal communication with Eugenia Kalnay, and the residlPortis et al. (2006), the re-
analysis data may be useful for examining trends. The verdithe reanalysis dataset used
in this study made use of observations at 0000Z and 1200 UESpite a few unavoidable

changes in the reanalysis techniques, the reanalysisedatasides unique analyses of the
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tropospheric features. Thus, the current study of the syo@nvironment and dynamic
parameters associated with heavy precipitation eventsiggialy enabled.

To calculate the terms on the right hand side of the quasstggghic (Q-G) omega
equation in terms of the geopotential field (see AppendixtiAg, gradient and Laplacian
operators were calculated using a centered-difference faiiferencing scheme between
adjacent horizontal grid points. Vertical derivativese(j.%)) at the 850 hPa level used
a centered differencing scheme between the 1000 and 50Ceté€la.| Similarly, vertical
derivatives at the 500 hPa level used a centered differgretheme between the 850 and
200 hPa levels. The accuracy of the centered differencingree results is limited by the
wide spacing of the observations (i.e., the reanalysis edtech may not best represent the
data); this scheme will not be accurate in situations whegevariable has a sharp gradient.
However, the data provided in the reanalysis is limitedsrspatial and vertical resolution.
Thus, this differencing scheme is the best possible metliasbmputing variables that
require a spatial derivative (such as vorticity, diverggnadvection, and the terms of the
Q-G omega equation).

The average rainfall across the eastern two-thirds of théedistates ranges from less
than ten inches (254 mm) annually in arid regions of the glamover 65 inches (1651
mm) per year near the Gulf of Mexico. The average annual pitation during the period
from 1949-2000 for the study domain (Figure 3.4) is basederdata from the expanded
Richman-Lamb dataset. This map of average precipitatimugh like many others pub-
lished elsewhere, represent the characteristics of aetataast was critical to the current
investigation. This annual rainfall map was included tgphitle reader better understand
the data used in this study. Across the eastern two-thirdseoUnited States, 35.6 inches
(904 mm) of precipitation typically falls each year at theclknan—Lamb stations. The
maximum average annual precipitation of 67.4 inches (17410 octcurred at the Sheridan
Firetower in southeast Louisiana. In contrast, the mininaw@rage precipitation of 9.83
inches (250 mm) occurred at Boquillas Ranger Station infseest Texas during the same

period.

44



115W 110W 105W 100W 95W 90W 85W 80W 75W 70W 65W 60W

I [
12 17 22 26 31 36 40 45 50 54 59 64
Average Annual Precipitation (inches)

FiG. 3.4: Average total annual precipitation (inches) at tagiehs in the Richman—Lamb
dataset shown in Fig. 3.1 from 1949-2000.

The variance of precipitation for the period 1949-2000 ssrihe eastern two-thirds
of the United States is shown in Figure 3.5. The average megi@ver the Richman—
Lamb dataset is 0.0988&cheg, which corresponds to an average standard deviation of
0.314 inches. Lower variance values occurred in the wegiiins, northern plains, and
northern edges of the domain—areas characterized by loveeage annual precipitation.
The station in Rock Spring, Montana had the lowest predipitavariance (0.015M?).
Precipitation events that occur in regions of low varianikely have similar magnitude;
fewer exceptionally large precipitation events occur iesth areas than regions with higher
variance. Larger variance amounts occurred along the ewortboastline of the Gulf of
Mexico in an area that also has some of the highest averageabprecipitation totals.
The largest precipitation variance (0.3189 occurred in Fort Morgan, Alabama, which
is located on the tip of a narrow peninsula in the Gulf of Mexitt is possible that some
of the larger variance along the Gulf Coast stemmed fromrtiegular patterns of tropical

systems, which tended to drop extremely large amounts ofaii Irregular but intense
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FiG. 3.5: Precipitation varianceo®) for the period 1949—2000 at the stations in the
Richman—Lamb dataset shown in Fig. 3.1.
orographically-induced rainfall likely led to higher varice along the escarpment in the
western Carolinas.

Based on an inspection of Figure 3.4, regional similaritremean precipitation be-
come evident. For example, an area which encompasses ttralcgulf Coast states and
which extends from Louisiana and parts of eastern Arkanastsvard to Georgia, the Car-
olinas and the Florida Panhandle received the most pratipiteach year. The far western
portions of the domain, in contrast, received very little@pitation. As is well known
among those familiar with high impact weather across thehs@irong gradients of pre-
cipitation are very evident across the southern plains anthern Ohio River Valley. They
are caused partially by abrupt changes in terrain featundsbg the availability or non-
availability of moisture. Along the Appalachian Mountaiiem Georgia to Maine, the
topography impacts the amount of precipitation becausententains provide enhanced
precipitation via orographic lift of unstable, surfacesbd moist air. The terrain also limits

the east-west transport of moisture. The Northeast redeivederate amounts of annual
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precipitation and is also influenced by terrain and proxjyritotthe Atlantic Ocean.
Regions of similar rainfall means become apparent when msygects Figure 3.4. For
example, the southern Gulf Coast states, the northeadgrtherthwest, the upper Missis-
sippi Valley, the southeast, and the west Central Plaine Bawilar precipitation patterns.
A PCA of the daily precipitation observations will quantiftye features in these general

patterns; the results of the PCA are described in Chapter 4.
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Chapter 4

Principal Component Analysis

4.1 PCA Technique

Principal component analysis (PCA) reduces a large nunfherables in a data set to
a smaller number of uncorrelated variables with the sigafi@dvantage that the variance
in the original data set is retained. Some of the applicatmiithe PCA technique to me-
teorological data and its usefulness for precipitationligtsi were discussed in Section 2.2.
Longer descriptions of the PCA technique can be found in Ha8@A7), Wilks (2006), and
Richman (1986). A brief review of this analysis techniqueegrs below.

A principal component analysis is represented best usirepgrgphically uniform dis-
tribution of data to avoid a misrepresentation of data festwherein certain regions are
over-sampled with numerous stations (i.e., overweightdu)e other regions are under-
sampled with only a paucity of data stations available,(uederweighted). In general, the
covariance structure of the observing locations of metegioal fields has higher values
in data-rich areas (i.e., stations are not evenly spacedesul$ to cluster in areas of higher
population density). In many analysis techniques, the ai@anterpolated to an equal-area
grid (i.e., a Fibonacci grid or a Cartesian grid over the neddtitudes; Mercer 2008). On
the other hand, the interpolation of precipitation datartg grid and by any interpolation
method lessens the impact of extreme events. Because eqrecipitation events are the

focus of this study, an alternative is to use observatigssiear grid points to approximate
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a gridded dataset without modifying the original rainfadtd. The Richman—-Lamb dataset,
described in Chapter 3, provides a set of near-griddedathiolbservations that is of suffi-
cient spatial homogeneity to minimize this bias. The Richriamb data also contains no
missing observations, a second requirement for PCA.

Most often, PCA is applied to either the correlati®®) Or covariance $) matrix of the
original data. A PCA on the covariance matrix removes themwahe data and accen-
tuates the anomalies with the largest variance, those andlaigh spatial variability in
the observations. In contrast, a PCA on the correlationimatralyzes the standardized
anomalies of equally weighted data to examine the joinewene structure of the precipita-
tion data. For example, if every variable had a variance eguiO in a correlation matrix,
the joint variance structure would be represented by thalaifjonal similarities that are
decomposed. This method identifies patterns of data sityiland is appropriate for the
detection of spatial precipitation patterns. A PCA of therelation matrix also is the pre-
ferred analyses tool when the data set contains varialdesdrwide range of sensors, each
using different units (e.g., temperature data with preatpn observations) because the
data are first standardized (Wilks 2006).

The PCA is conducted in an S-mode analysis to associatedtiens with time periods
for a single parameter, such as precipitation (RL85; Compag and Richman 2007).
In the current analysis, the eigenvectors represent spaiteerns of a single field (i.e.,
precipitation). Following the notation of Wilks (2006),t X represent the data matrix
of dimensiona: x k, wheren denotes time andét the variable index (i.e., the number of

stations). The standardized data vecipige given by

zZ=——, (4.1)

whereX represents the mean of the variable (the mean value of eaibrss$ precipitation

averaged across the entire dataset) arile standard deviation of data from each station.
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The standardized data vectarare used in the correlation matiX such that

_ 1 T
R=-—(2'2) (4.2)

and represents the variance-covariance matrix of the atdimbd data matrixZ. The
eigenvaluesX) of the correlation matrix are used in the following equatio calculate the
eigenvectorsx:

(R—Al)g =0, (4.3)

wherel is the identity matrix. The full matrix of eigenvectoEs when weighted by the
diagonal matrix of the square roots of the correspondingraiglues D%°, sorted in de-

scending order) generates the PC loadiAgs,

A = ED%>. (4.4)

Thek x k principal component score matrixis given by

U=ZA(ATA)"L (4.5)

The first PC points in the direction of maximum variance otladl variables, the second
toward the second-highest variance, and so forth while eacnthogonal to all of the
others. Typically, data reduction is a goal of PCA and therxatf PC loadings has a
certain number of columns discarded. Those columns areciassd with the smallest
eigenvalues, thought to represent noise. The orthoggnaidperty of the eigenvectors
tends to result in a set of predictable spatial patterns.u¢hsorthogonality in space is
deemed undesirable or if there is theory to explain why sishsfevariables should cluster
together, then a transformation can be applied to the PGrgado rotate them into a
new reference frame that explains such localizations irvéinence field. As described in

Section 2.2, rotated PC loading vectors are unaffected éygdimain shape and reproduce
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the clusters of data from the correlation matrix when sualstelrs are present. Spatial
studies of atmospheric data may benefit from rotation by lemalthe identification of
subsets (subregions) of the data. Although rotations catel the analysis somewhat,
the benefits from improved pattern recognition and the sddaom dependence on the
domain’s shape outweigh the increased computational coxitypl

The retained PCs are rotated using a Varimax rotation (Kai@&8; Boone 2010), the
most widely used orthogonal rotation (Richman 1986). Thervax rotation iteratively
seeks to maximize the sum of the variances of the squaretédotggenvector elements
(Wilks 2006) to simplify each PC loading vector so that it&es a highly correlated subset
of the variables. This iteration causes the rotated PCsfterdiepending on the number
of PCs retained. Consequently, care must be taken with ps®dection for component
truncation prior to rotation.

The rotated PC loading vectofscan be represented by the linear transformatiomof
of the originalk PCs:
A=AT 1 (4.6)

whereA andA arek x m matrices, but the orthogonal transformation maftils anmx m
matrix. The new rotated PC Ioadingg, are used to calculate the new rotated principal

component scoresX e.g., Eq. 4.5). BottA andU will be shown.

4.2 PCA Results

S-PLUS, a statistical software package (Insightful Casgion 2007), was used to per-
form the calculations necessary to complete a PCA of therRach-Lamb dataset. Prior to
rotating the PCs, a decision must be made on the number of@oengs to retain. Although
retaining all PCs would recreate the original dataset, itagher necessary nor beneficial
to retain all 576 components to describe rainfall pattetrisé stations as the higher-order
PCs (those associated with the smallest eigenvalues)@ughhto be associated with ran-

dom and meteorological noise. The first goal of the curresgaech is to identify coherent
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regions within the rainfall signal. Due to the geographioahtions and synoptic environ-
ments of the regions, the heaviest rainfall events in eagiomewill vary in magnitude and
by season of occurrence. Successfully identifying the$em@nt regions will be used to
help meet the second goal of this research, which is to exathm atmospheric environ-
ment associated with major precipitation events from eagion and search for large-scale
trends in the 60-year dataset. Consequently, relativeélyH€s need remain.

Several methods provide general guidance for estimatiagrtincation point for PC
retention. The scree test (Cattell 1966) narrows down piatiecutoff values to 12 or 15
retained components (Figure 4.1), while the LEV test suggesaining 10, 14 or 18 com-
ponents (not shown). The estimated sample errors on thewalyes, employing North's
test (North et al. 1982), also are shown in Figure 4.1. Bezdlus sample size in North’s
test assumes independent samples, the effective samplaizdetermined by examining
the autocorrelation function. At lag 8, the correlation vmaslarger than white noise. De-
spite their nomenclature, these screened LEV tests arlg reéds of thumb. They do not
provide quantitative statistical guidance; instead, timplve subjectivity. Nevertheless,
these tools can be used for some clarification of the otheraunsbiguous PC results. The
scree and LEV plots suggest a starting approximation of ab?dtPCs to experiment with
different rotation methods. As described in Section 4.& Marimax rotation is appropriate
for use with time series of spatial precipitation data meagwithin a network of stations.
Accordingly, the Varimax rotation provides rotated PC lwggs with the highest (absolute)
magnitude in locations where the greatest correlationsdx the stations exist.

Calculating PC loading congruence coefficients (RL85) les guidance about po-
tential cutoff points for PC retention. Using the Varimaxait@d PCs with the correlation
matrix, Figure 4.2 shows a box-plot of the congruence caefits (i.e., RL85) between the
rotated PC loadings and the correlation match vectors. Téengbar represents the upper
and lower quatrtiles, the upper and lower whiskers show thkedst and lowest coefficients,
respectively, the white line shows the median value, anddtidine shows the median of

13 PCs. Based on this plot alone, the results suggest nege®iPCs due to the highest co-
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FiG. 4.1: Scree Test of the correlation matrix eigenvaluesHerfirst 25 principal com-
ponents shown with the corresponding sampling error maried; North et al. 1982).

efficient values (all congruence coefficient®.89), while 13 PCs has a higher coefficient
median.

The retention of only six, nine, ten or eleven componentsaae sufficiently capture
the variability of precipitation across the eastern twweth of the Continental U.S. (see
RL85). With only six components retained, over 40% of theistes have a maximum
loading value below 0.4. This value drops to nearly 30% forenietained PCs, 28% for
11 PCs, and 14% for 18 retained components. Although 21%atbsats have a maximum
loading value below 0.4 when 13 components are retainedi (€. 3), less than 10% of all
stations have a maximum loading below 0.35 (Figure 4.4).géreent variance explained

by the retention of 6, 9, 10, 11 and 13 PCs is shown in Table Bhirteen retained PCs
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FIG. 4.2: Boxplot of the congruence coefficients between thaimet! PCs and the cor-
relation matrix values at the stations with the maximum Ingdor that PC. The short
white lines indicate the median value of the retained PCglamtbng horizontal red line
(at 0.925) indicates the median value of 13 retained PCs.

explain more variance than did fewer principal componethis;percentage increases with
additional retained PCs. However, the retention of more ttacomponents appears sim-
ply to subdivide existing areas (Figures 4.4 and 4.5), gielaninishing return, and does

not contribute improvements to the congruence values. Dieenevel of the higher order

PCs with very small eigenvalues is thought to representamhtise. Consequently, the
selection of thirteen components is most logical from bofhgsical and statistical point

of view.

Interestingly, the 0.35 loading isopleths of the 13 retdiR€s (Figure 4.4) bear a strong
resemblance to those shown in RL85 (Figure 4.6). The prirdédfgrences are the more
irregular boundaries of the current results and the smasiker of the components centered
over the west Texas panhandle and southern Texas. Theseeddes likely result from a

disparity between the study periods (summer versus anndeB-alay versus 1-day rainfall
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TABLE 4.1: Percent variance explained from each Varimax-rotptettipal component
for different numbers of retained components using theydRithman—Lamb precipita-
tion data from 1949-2000.

PC Number 6 PCs 9 PCs 10 PCs 11 PCs 12 PCs 13 PCs
1 3.93 3.03 2.86 2.75 2.57 2.37
2 4.17 3.03 3.04 3.12 3.07 3.03
3 3.37 3.51 3.26 2.36 2.24 1.72
4 3.68 2.79 2.84 2.80 2.02 2.03
5 3.96 3.07 2.83 2.57 2.44 2.69
6 4.28 2.65 2.33 2.04 1.94 211
7 3.52 3.07 3.04 2.97 2.85
8 3.14 3.01 2.97 2.76 2.61
9 3.67 3.73 3.67 3.19 3.07
10 2.79 2.68 2.48 2.57
11 2.98 3.41 3.34
12 2.94 2.35
13 2.33
Total Variance 23.40 28.41 29.75 30.97 32.04 33.07
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FIG. 4.3: Regionalization of the eastern and central UnitedeStéor one-day annual
rainfall on the basis of the Varimax-rotated PC patternagi®.4 loading isopleths. Thir-

teen PCs were retained.
totals, respectively). The similarities suggest that skenm rainfall events less than 24
hours in duration may play a significant role in summer rdirdaer much of the central
United States, excluding Texas. Summer rainfall, in turaynmfluence substantially the
annual precipitation patterns in these regions. Altewedj perhaps precipitation patterns

do not shift notably from season to season. The distributigorecipitation by season is
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FIG. 4.5: As in Fig. 4.3, but with 18 retained PCs identified alOmgp isopleths.

described in Chapter Five.
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FIG. 4.6: Regionalization of the central United States for¢hday 1949-1980 summer

rainfall on the basis of the Varimax-rotated PC patterna@l®.4 loading isopleths (from
RL85).

To determine the efficacy of the Varimax PC rotation, paieaptots of select principal
components were examined (Figure 4.7). These plots contipamaagnitude of the load-
ings for each station against two PCs simultaneously byiptpthe loadings of one PC on
the horizontal axis and the other on the vertical axis. Suotsghow clusters of stations
and the degree of local maximization of the precipitationatgon, known as simple struc-
ture (Thurstone 1947; Richman 1986). Strong simple stracthows clusters of stations
appearing along the axes of each PC and near the origin, adeata with weak simple
structure appear scattered and have moderate loadingsvauboth PCs (e.g., Richman
1986). Whereas the results with strong simple structuratifjesubsets (or subregions)
in the data, results with weak simple structure may indipaterly defined subregions and
the failure of the Varimax rotation to capture a simple stuue for the dataset studied. In
the latter instance, a different and non-simple-structatation, such as Procrustes target
rotation, may produce more meaningful results (Richmar6).98

For the present study, the simple structure plots of two neighboring PC regions,
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FIG. 4.7: Plots of rotated principal component loadings fror®@p 1 and 12 and b) PCs
6 and 10 based on the regions shown in Fig. 4.4. Fig. a) showsgssimple structure
from two non-adjacent regions and Figure b) shows moderatpls structure results
from two adjacent regions in the southern Great Plains.

such as PC 1 in the northwest portion of the domain and PC 1Reirceéntral U.S. (see
Figure 4.4), the loadings generally follow the axes thathsecondary PC loading values
less than 0.1 (Figure 4.7a). These strong simple struotsidits make physical sense due to
the significant geographic separation between the compenkelowever, somewhat more
complex results appear in the comparison of neighboringpmrants such as PC 6 and
PC 10 (Figure 4.7b). Some loadings (representing indiVvidtaions) are more complex
and contribute to both PCs. These moderate simple structgtdts are expected in that
the components have a geographical overlap (Figure 4.40alge precipitation systems
do not follow firm geographic boundaries, neither do pateatarived from the variance
structure of that precipitation. Results with weak struetdo not appear in this study, even
when comparing overlapping PCs that were isoplethed at 0.35

Inspection of Table 4.2 reveals that the combination of tfe 13 of the 576 total un-
rotated PCs accounts for 33.1% of the total station variadghough the contributions
from the individual components vary substantially, theatxsame amount of variance is
explained by the first thirteen rotated Varimax PCs. Thisus tb the orthogonal trans-
formation matrix of the Varimax rotation that preserves timeorrelated properties of the

PC scores. Given the large number of data points and the sim@tscale of the rainfall
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TABLE 4.2: Results from the unrotated and Varimax-rotated ppalccomponents for
24-hour precipitation observations for all stations inudfigy3.1 from 1949-2000. The PC
numbers in Figure 4.4 correspond with the numbered comgemgren here.

PC Number  Unrotated % variance ~ Cumulative unrot. variaf6e ( Varimax % variance ~ Cum. Var. variance (%)

1 6.06 6.06 2.37 2.37
2 5.66 11.72 3.03 5.40
3 3.74 15.46 1.72 7.12
4 2.95 18.41 2.03 9.16
5 2.81 21.22 2.69 11.84
6 2.18 23.40 211 13.95
7 1.92 25.33 2.85 16.81
8 1.63 26.95 2.61 19.41
9 1.46 28.41 3.07 22.48
10 1.34 29.75 2.57 25.05
11 1.22 30.97 3.34 28.39
12 1.07 32.04 2.35 30.74
13 1.03 33.07 2.33 33.07

observations, these results are expected. The resultsdasrariance explained across the
total domain compare well with those of RL85, who explain&éd#1% of the joint vari-
ance in 3-day rainfall (a less noisy dataset than 1-dayatjnfith 10 components (out of
402 PCs). The relatively even distribution of the variangal@ned by each of the 13 Vari-
max PCs (Table 4.2) confirms the method’s ability to identifgependent and coherent
precipitation patterns.

Choosing an appropriate cutoff value of the PC loadings, @€, 0.35, or 0.4) sig-
nificantly impacts the quality of the analysis results. I& ttutoff value is set too high,
important precipitation signal information may be lost. vwver, including those load-
ings with a very weak signal may result in using informatioonf those PCs that are not
optimally aligned with data clusters, relationships or pang variability (Richman and
Gong 1999). Thus, it is important to select a loading cutaefire that extracts the maxi-
mum amount of useful information from the precipitationretation matrix (Richman and
Gong 1999). The number of stations excluded from the cutaf¥ides insight into the
amount of potentially relevant data ignored or those statett which the precipitation pat-
terns are different from those of the surrounding classifegons. The latter is often due
to a large distance from the region’s center.

The PC scores provide insight into the influence of individaracipitation events on

the PC region categorization. Those dates with a high PGesapresent precipitation
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FIG. 4.8: Principal component scores from region 10 shown in4from 1949-2000.

events that significantly influenced the definition of theoassted PC region. A set of PC
scores from region 10 (eastern OK, AR, and southern MO) fr@#91lthrough 2000 is
shown in Figure 4.8. In this figure, the event with the high&Stscore (14.49) occurred on
3 December 1982. A plot of precipitation from 3 December 1B32hown in Figure 4.9.
Precipitation was measured at nearly every station in Reg@) giving it a high PC score
for this region. On this day, 357.1 mm (14.06 inches) of p#ation was measured at Big
Fork, Arkansas, which was one of the largest 20 unique 24-&eents (significant events)
described in Section 5.1.2.

Because the PCA used data through 2000, those events frahtf2@digh 2009 are not
included. Thus, the PC scores would not reflect the biggestnaost meaningful events
between 1949 and 2009. Additionally, fewer than half of tlBeetents with the highest
PC score in each region appeared in the top 20 unique heagippation events (260
significant events) in each region. This is because pretipit events with a high PC score

typically affected much of the region and are not necesseaxilremely large events (which
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FiG. 4.9: Precipitation (centimeters) on 3 December 1982 in [eGiéth 10.

usually occur over a very small area). Events occurringsthe border of neighboring
PC regions likely would have weak PC scores if the event didfiect most of one region.
Due to these issues, the current study did not use PC scacestify extraordinarily large
precipitation events.

The 13 orthogonally rotated components encompass most gtaldly domain and each
PC identified a distinct area of spatially coherent preatwn (Figure 4.4). The regions
were relatively similar to one another in area and in the nitage of the loading coeffi-
cients. The simple structure, as illustrated in the datactloy the Varimax criterion (e.g.,
Figure 4.7), represents very little station variance aléghe area that is contoured. Be-
cause relatively little overlap existed between PC region$y 15 stations have a loading
> 0.4 in more than one region and none had loadings above 0.4 ia than two regions.
Fifty-six stations possessed a maximum loading below GBle only six stations were
below 0.2 for all 13 PC regions. These six stations were &xtat southern Florida, a

peninsula that contained relatively few observations ahitlwvwere far removed from the
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nearest coherent rainfall pattern centered over southeordia. Each station was classi-
fied into the principal component for which it possessed tlgadst loading. Overall, the
Varimax rotation of 13 principal components subdividedehstern two-thirds of the Con-
tinental U.S. into regions of coherent rainfall patternee3e 13 unique regions will be used
in the following chapters of this dissertation to analyzevheand significant precipitation

events based on event definitions.

4.3 Seasonal Reanalysis Results

To see if the PCA results revealed a seasonal dependency avBEconducted on all
precipitation data in the Richman—Lamb dataset by warmaseé&&pril through Septem-
ber) and by cool season (October through March). The cosloseBRCA had very similar
patterns to the PCA of annual precipitation data, althobghcutoff for the number of the
number of PCs to retain was somewhat ambiguous. The higbagtrwence coefficient
mean occurred when 9 PC regions were retained (13 retainechB€the second-highest
mean; Figure 4.10), but the number of unclassified statitos € with a maximum loading
under 0.4) was 2.5 times larger for 9 PC regions than for 13d®ns. Consequently, 13
PC regions—from the cool season events—could be justifi@dyned; these results were
similar to those determined from the annual PCA.

The warm season results were not clear-cut. The congruerafgatent values, which
ideally would decrease after the optimal number of retaiR€s, formed a wide plateau
between 12 and 19 retained PCs, then progressively dedréagend 19 (Figure 4.11).
The number of unclassified stations increased sharply whemtimber of PC regions
exceeded 17, ruling out a cut-off point greater than 17. Ttention of 13 PC regions
provides the highest median congruence coefficients anceratalvariability. A map of
the loadings for 13 retained PCs (Figure 4.12) shows verylaimesults to the annual
results (Figure 4.4). However, due to the plateau in the ngrge coefficient values, it

was difficult to determine a definitive cutoff point for thember of PCs to retain for warm-
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FIG. 4.10: As in Figure 4.2, but boxplots of cool-season congecescoefficients. Box-
plots of 19 and 20 components are not shown due to their louegal

season precipitation events. Therefore, 13 is deemed tabewenient number of PCs to

retain; these 13 regions will be used to develop the synaptitatologies and evaluate the

dynamical forces to be reported in Chapters Five and Six.
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FIG. 4.11: As in Figure 4.2 but for warm-season congruence abeffis. The boxplot of
20 components is not shown due to low values.
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FIG. 4.12: As in Fig. 4.4, but for 13 retained PCs from warm-segsecipitation data.
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Chapter 5

Precipitation Events

5.1 Precipitation Data

As described in Chapter 3, the GHCN-D precipitation datpsetides daily observa-
tions from thousands of stations across the Continental Ho8/ever, only those GHCN-D
stations within the same domain as the Richman—-Lamb dat efenterest in this study.
Thus, only those GHCN-D stations located within 85 km (52igg) of the primary sta-
tions used in the Richman—-Lamb dataset were selected. To# ngth of 85 km is
slightly larger than half the average diagonal distafice7 km (105.6 mileg)between
Richman—Lamb grid points (Figure 5.1). While the GHCN-[Dtistas within the Richman-
Lamb domain were selected, those stations more than 85 krhofi¢ise domain were
elminated.

Of the remaining 15,100 GHCN-D stations coinciding with RRehman-Lamb do-
main, not all provided sufficient temporal coverage to detssnds in the precipitation
data. In addition, those stations missing 10% or more of tesible daily observations
during the period January 1950 to December 2009 were disddrdm the current study
(cf. Kunkel et al. 2003). The remaining stations (i.e., thost discarded or were missing
more than 10% of their station observations) were assatiatdh a principal component
region (Figure 4.4) based on the region identification ofdlosest Richman—Lamb station.

Althoughitis likely that many extreme precipitation eventere excluded by removing sta-
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FIG. 5.1: Average station spacing of the Richman—Lamb primtaiia1s. The average
distance from one grid point to the center of their grid is578m (48.8 miles), slightly
less than the 85 km (52.8 miles) distance cutoff used for GHICMations located near
Richman—Lamb primary sites.

tions, selecting stations with long-term data records |éechthe identification of trends
in the data. These quality control measures reduced thg statd set to 2978 GHCN-D
stations with> 90% of the precipitation observations archived for the gtpdriod. The
location of the remaining GHCN-D stations (Figure 5.2) asored by the associated PC
region as shown in Figure 4.4. These stations are relatd@atgely spaced. Only a few re-
gions have relatively sparse data coverage; these regiohsle northern Maine, southwest

Texas, northwest Nebraska, northern Minnesota, southdaoand a few others.

5.1.1 Heavy Rainfall Events: Top 10% and Above 1 inch (25 mm)

Of the 2978 GHCN-D stations with 90% of the data available between January 1950
and December 2009, the daily non-zero precipitation valwe® ranked from lowest to
highest in magnitude. At each station, the top 10% of all mess precipitation events
(those above a trace), which also had an observation grgnieone inch (25 mm), were
categorized as heavy rainfall events. Approximately 1.@8Ban events at 2978 sites in the
eastern two-thirds of the Continental U.S. were stratified this category. Despite quality

control measures at several points along the collectiohiang path, erroneous measure-
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FiG. 5.2: Map of the 2978 GHCN-D stations within 85 km of the RiehmLamb stations
and with less than 10% missing data between 1950-2009. Sadorespond to the colors
of the associated PC regions shown in Fig. 4.4.

ments occasionally slipped into the database. To ensuréhthdeavy event observations
did not exceed verified observations, a list of the largegt@dr rainfall events in each state
was obtained from NCDC (Karsten Shein, personal commubitatHeavy precipitation
events at each station were compared with the largest \e@flehour event in its home
state; events larger than the state record were discardkdarused in this work. Thus,
the dataset of heavy precipitation does not include errosigdarge precipitation events.
All flagged GHCN-D data were discarded with the exceptionajdl for climatologically
unusual daily rainfall totals. The most extreme events ntaydsout as climatological out-
liers and could have had erroneous flags; 15 observatiom®iretained dataset had such
a flag. These 15 observations were compared with NCDC's feauards, but only 7 were
verified as being correct and were retained. It is possildettie remaining data may still

contain unchecked errors, but time and the effort requineygnted a manual check of
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TABLE 5.1: Number and percentage of the heavy precipitation eugntegion, average
of the heavy precipitation amounts (cm) by region, appr@tersize of each PC region
(thousands okn?), and precipitation thresholds (cm).

Region 1 2 3 4 5 6 7 8 9 10 11 12 13
Number 16646 109353 97766 130901 96659 91283 153260 840317322 199634 224322 162742 37406
Percentage  1.02 6.70 5.99 8.02 592 559 9.39 515 13.96 312.23.75 9.97 2.29
Average 3.7 3.9 4.7 4.4 3.9 4.2 3.9 3.9 4.4 4.4 4.1 4.2 3.9
Est. Area 322 479 221 282 282 347 422 479 487 394 468 379 406

90% 1.27 211 3.30 3.18 188 254 211 1.96 3.43 3.38 251 2.59.70
95% 191 2.97 4.70 4.45 2.69 3.63 2.95 2.82 4.72 4.67 351 3.682.54
99% 3.66 5.21 8.59 7.72 488 6.48 5.13 5.08 8.18 7.92 6.10 6.5@.72
99.9% 6.73 9.47 16.76 1422 894 11.68 9.09 9.27 1473  13.541.401 1158 8.79

every observation in the top 10%, or even top 1%, of all resahdring the study period.
Thus, it is presumed that the remaining events are correct.

As expected, the distribution of heavy events varied frogiae to region. The number
and percentage of all heavy events tabulated in each of tHeCl8gions are shown in
Table 5.1. Region 1, located in the northwest corner of threaln, had the lowest average
amount and the smallest percentage of heavy precipitatiente. Regions 2, 5, 7, 8, and
13 all had an average between 3.8 and 4.0 cm. Region 3, inesamsitfiexas, had the largest
average of 4.7 cm. Regions 9, 10 and 11 in the Deep South and\WNédtic states had the
largest percentage of heavy precipitation events. RedoBs 9 and 11 were the largest
areas, which may explain why Regions 9 and 11 had such a largber of heavy events.
In contrast, Regions 3, 4, and 5 were the smallest regions.

The frequency distribution of the heavy precipitation dgegicross the study domain
is shown in Figure 5.3. As expected, the plot is skewed towsedmaller magnitudes of
heavy events; in addition, the number of events decayed aadynog-linear rate (based
on a ‘best fit line’—not shown) with increasing magnitudespaécipitation. The events
at the extremely large end of the rainfall spectrum were $@equent that the semi-log
line no longer approximated the data (in fact, between 1Bes@nd 26 inches, no single
distribution fit the plot).

The intensity of precipitation by region will vary due to tlhgailability of moisture
(notably in the planetary boundary layer), the scale of ipi&tion-producing weather

systems, and the underlying forcing mechanisms. To no aneijsrise, the distribution

68



10000000

1000000

100000

10000

1000 g i

100

Number of events

10

2 3 45 6 7 8 910111213 141516 17 18 19 20 21 22 23 24 25 26
Precipitation (inches)

FiG. 5.3: Frequency distribution of heavy precipitation egeint one-inch increments
plotted on a logarithmic scale. The first bin includes preatjpn observations greater
than one but less than two inches (25-51 mm), the seconddieslobservations greater
than two but less than three inches (51-76 mm), and so fortle. Iargest event in the
study dataset was 25.8 inches (654 mm).

of heavy precipitation events separated by region and madmirevealed major differ-
ences between the moisture-laden Gulf Coast and the dry Plahs (Figure 5.4). The
far northwestern PC regions (1 and 13) had many fewer heasmytswf all magnitudes. In
the northwest, precipitation events with more than ten @sc{254 mm) did not occur or
were not captured in the study dataset. Region 1, in eastemtdvia and western North
Dakota, had only one event above 7 inches (178 mm) and fewaer 14,000 events be-
tween 1-2 inches (25-51 mm). In contrast, regions along thk & Mexico and Atlantic
Ocean (with the exception of Region 2 in the northeast) hadjtbatest number of events
across the spectrum of precipitation. Along the mid-Atlamipast, Region 11 had ap-
proximately 180,000 events in the 1-2 inch category but did§ events in the 7-8 inch
category (Region 9 had 286 events in this latter categoryle ifitensity distribution of
PC Region 10 (eastern Oklahoma, northeastern Texas, Aakaaad southern Missouri)

closely resembled those regions along the Gulf of Mexio® Sbutheast, and Mid-Atlantic
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rather than surrounding regions to the west, north, ancheast (Figure 5.4a-b), likely due
to the ready ability of moisture and the nocturnal LLJ. Sarly, Region 8 and Region 5
(Nebraska/South Dakota and Wisconsin/Michigan, respag)i more closely resembled
neighboring regions in the Central United States in mostg@ies except the category of
most extreme events (Figure 5.4b-c).

The 90%, 95%, 99% and 99.9% precipitation thresholds in edthe 13 PC regions
varied from region to region (Figure 5.5 and Table 5.1). Bameple, the threshold for the
top 1% of observations in Region 5 (Great Lakes) is lower {@ches versus 3.2 inches)
than that of Region 4 (southeast). Regions 3, 4, and 9 aloagsthlif Coast have the
biggest spread between the 99% and 99.9% event threshdidQ9P%6 threshold is plotted
in Figure 5.6 along with the total number of non-zero prdeiffon observations in each
region. Interestingly, the regions with the largest numbkeobservations (Regions 11,
7, 5, and 2) do not have the highest thresholds for eventsveZsaly, the regions with
the highest event thresholds (Regions 3, 4, 6, 9, and 10gtetalhave fewer measurable
precipitation events. These previously unknown paringgated that the southern regions
(3, 4, 6, 9 and 10) tended to have fewer days with measuredpfiegon than regions
farther north and east (Great Lakes and Ohio Valley eashwarbwever, the southern
regions tended to have more extreme events than those sdfgioher north.

To investigate the existence of temporal trends in thisdalgtaset, heavy events were
separated by decade (i.e., 1950-1959, 1960-1969, and tk. fétigure 5.7 shows the
distribution of heavy precipitation events between Japa860 and August 2009. Consid-
erably fewer heavy precipitation events occurred in thénéigategories during the 1950s
and 1960s than in during subsequent decades. Data from #@s Ehd 1980s revealed
a long transition period into the extreme events that charaed the 1990s. The decade
of the 1990s witnessed more heavy events than occurredglotiner decades as revealed
by the number of events in rainfall categories in all praafion measurement categories
above 9 inches (228.6 mm). A timeline of heavy events witHitree and ten-year running

means is shown in Figure 5.8. The ten-year running mean Iseaestrong increasing trend
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FIG. 5.4: As in Fig. 5.3 but for each of the 13 PC regions shown @ Ei4. The plots

display the distribution for those regions a) along the @dfst and Mid-Atlantic, b) in

the Central through Northeast U.S., and c) in the northwegiart of the domain and
High Plains regions. PC Region 10 is depicted in both a) armth)Region 5 is depicted
in both b) and c) for ease of a visual comparison across ths.plo
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FIG. 5.6: The 99% precipitation threshold of each of the 13 P@regzshown in Fig. 4.4
(left axis). The blue dashed line (right axis) denotes tha&l ttumber of non-zero precip-
itation observations in each region (thousands).

in the number of heavy events from the beginning of the stuathjod through the 1970s,
a gradual increase through the mid-1990s and a slight dezi@athe number of heavy
events through the 2000s. The variance in the number of he@gypitation events during
the 1990s and 2000s was considerably lower (by approxisnd@¥o) than the amount of
variance during the 1950s and 1970s (meaning that the heentshad less variability
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late in the study period when compared to the beginning ofthdy period).
When the data of the frequency distribution plotted in Feg&t3 are stratified by

decade, Figure 5.7 is the result. The resulting frequenstyidutions revealed:

» Heavy events of between 5-8 inches (127-208 mm) during bho24-period in-
creased in frequency with each passing decade through tieedpef record (i.e.,

1950-2009).

» Very heavy events that exceeded 10 inches (254 mm) inateage=quency during

each passing decade through the end of the@mtury.

» Between 1950-2009, the top 1% of all rainfall observatigrst shown) occurred

with increasing frequency in all regions.

» Fewer heavy events —those that produgetl inches (305 mm)-occurred during the

1950s and 1960s than occurred during subsequent decades.

* The most extreme events (i.e., those witll5 inches/381 mm) were so infrequent
that they represent the truly rare event (the top 0.0001%vehts across all PC

Regions).

» The decade of the 1990s stands out as the ‘wettest’ decaie the period of record

for events above 1 inch while the 1950s stand out as the tddesade in this study.

» The 1990s had the largest number of events in 15 of the 22pieon bins from
1-23 inches (25-548 mm).

When the data of the frequency distribution plotted in Fegbr3 were stratified by PC

region, the resulting frequency distributions (not shovavealed:

» The decadal variation of heavy rainfall events across rabgte 13 PC regions re-

vealed an increasing trend from the 1950s through the 1940are 5.8).
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FIG. 5.7: Asin Fig. 5.3 but stratified by decade from 1950-2009.

Region 7 (the Ohio River Valley) and Region 8 (Nebraska amatisDakota) showed
a tendency for the increased occurrence of heavy rairféllinches (152 mm) over

the study period.

Across PC Region 4, more heavy rainfall events occurregnduhe 1990s than
during other decades, a result similar to those revealedldtg pf the frequency

distributions from the national database (Figure 5.4).

Across PC Region 9 (south-central Gulf Coast states) getarumber of heavy pre-
cipitation events between 6-8 inches (152-203 mm) werededaduring the 1990s

and the early part of the 2Ycentury than were recorded during previous decades.

Across PC Regions 4 and 11 during the 1950s, fewer heavyswene recorded than
occurred during later decades; on the other hand, these semnegions recorded
more events between 6-8 inches (152-203 mm) than all othen® did in this

specific rainfall category.
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events.

5.1.2 Significant Rainfall Events: The Twenty Largest Unige Events per PC Region

Giventhat the PCA has served its purpose (to identify thewsit precipitation regions
across the United States east of the Rocky Mountains), flasngoint forward in the
narrative, the emphasis will shift to an examination of tverity largest events in each of

the 13 PC-defined Regions. Three reasons exist for thisislgéfhphasis:

1. These twenty largest rainfall events (i.e., the extren@nts in each region) are the
type that most concern operational forecasters and theégeablarge, because they

are extremely rare events by any standard of measure.

2. These type of events, now being termed “very high impacither” (VHIW) re-
ceived a call for increased research and development inémgrhena known as
VHIW (National Research Council 2010). The NRC noted thatprtions of very

high impact weather are "not recognized or emphasized inigue studies (ibid,
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FIG. 5.9: As in Fig. 5.3 but separated by pre-1980 events and828&® events.
Page 1).

3. Synoptic-scale, decision-support tools are needed byatipnal forecasters that are
guantitative and regionally focused in nature. On aver#ggenew tools—in reality,
three-dimensional composite models of the atmosphere isnds$ed in Chapter 6—
were based on approximately twice as many case events asgedten all previous

subjective studies of synoptic-scale composites.

To examine the largest rainfall events on a region-by-negasis, the top twenty unique
extreme rainfall events in each region were identified; tiveye defined to be ‘significant’
events in this study (i.e., those in the top 0.0009% of allsnead precipitation events in
Region 11 and the top 0.003% of all events in Region 1). Whéreee rainfall occurred
at multiple observing stations during a 24-hour observggieriod in the same region, only
the largest significant event was identified for further stigation.

Although it was not possible to quality-check the thousaofibeavy precipitation

events observed during the temporal domain of the study tiaia set (e.g., most were
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tabulated on original paper archives preserved by the NatiGlimatic Data Center), the
much smaller subset of significant events made this taskipahcThe most extreme ob-
servations were the most prone to errors during the manggiziition process (e.g., a
misplaced decimal point by a human observer, a key-entryakes or a possible human
override of the quality control results). These extremeeoestions, if verified to be accu-
rate, contain the most interesting data for study (as nogdgrboks and Stensrud 2000). To
verify the accuracy of these events, the precipitation ntag®ns fromall GHCN-D sta-
tions in the study area were plotted for each of the 260 evays ¢.e., using more than the
2978 stations by including those stations with more than h@%sing data during the 60
year period). An examination of these plots revealed mangmi@lly erroneous observa-
tions. Questionable observations were individually clegicky a direct comparison of the
archived rainfall amounts with scanned copies of the oaaooperative observer forms
(NCDC) or the historic monthly climate reports issued byreatate (NCDC). From these
manual inspections, numerous errors were detected ingingisant events dataset. These
errors often were caused by multi-day reports totaled byhtirean observer as a one-day
total, by sloppy recordkeeping or handwriting on the obsgsforms, or simply data that
differed significantly from NCDC's historical records. Aduspicious observations were
removed from the study dataset and replaced with the ney¢égaunique event in each PC
region. All substituted events also were hand-verified withobservation forms or climate
reports. The precipitation plots also revealed severatsven a given day with rainfall to-
tals greater than the significant event reported in the dataives; these events occurred
at stations not used in this study because these stationsibigthan 10% missing data
between 1950-2009.

The precipitation plots from the verified 260 significant eigerevealed some patterns
that appeared tropical in nature. Every potentially trapevent was checked against his-
torical tropical storm and hurricane tracks. Those eveatssed by a tropical storm or
hurricane (or a formerly tropical system) were flagged in significant events database.

Region 11 had the most tropical significant events with 12obtihe 20 significant events
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TABLE 5.2: Number of significant events caused by tropical systeynmegion.

Region 1 2 3 4 5 6 7 8 9 10 11 12 13
Tropical 0 8 8 5 0 1 0 0 9 0 13 0 0

caused by tropical systems (Table 5.2).

In many instances, two very large rainfall events occurrethé same region on neigh-
boring days. Sometimes the ‘apparent’ extended rainfahewas due to different record-
ing times by the human observer (i.e., 7 p.m. at one site anch 7the next day at another);
sometimes the two large rainfall events were caused by alowing synoptic system that
produced significant precipitation events on neighboriagsd See Fiebrich (2007) for a
discussion of the accuracy of “time of day flags.” In eithesesghe synoptic environments
from these multi-day events do not represent multiple uaigiovironments; they show the
evolution of a single event environment. To identify 20 wegnvironments, only one day
from each of these multi-day events was used (16 events vigrarded). The chosen date
was selected based on the amount of rain that fell each dagpétial extent of the event
and, in some cases, a subjective decision based on the gypapironment thought to
be more representative. The next-largest unique singjeedant in each region replaced
the duplicate event to retain 20 unique significant eventsaich region. All replacement
events were subjected to the quality-control measuregitesicabove. In total, 34 of the
260 significant events were replaced due to data archiwngrfding errors or multi-day
events. Appendix B contains a list of the 260 significant éveised in this study.

As expected, the significant rainfall events varied in magte from region to region.
The maximum, minimum, and average precipitation totalswfemach region are displayed

in Table 5.3 to help the reader better understand charattsrof the dissertation dataset:

» The northwest PC Regions 1 and 13 had the smallest sigrifes@mts, while the
largest events were found in Region 3 (SE Texas), Region 4USE), Region 9
(Southern Gulf states), and Region 11 (Mid-Atlantic).

* The smallest significant events in the moisture-rich PCi&teg3, 4, and 9 surpass
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TABLE 5.3: Statistics of the significant precipitation eventségion. Precipitation mea-
surements are in centimeters.

Region 1 2 3 4 5 6 7 8 9 10 11 12 13

Maximum  19.69 33.63 6541 5359 3454 4069 28.80 31.83 739.85.71 46.48 33.48 24.84
Average 1434 2158 39.70 34.19 2398 2652 22.66 21.88 733.29.68 29.97 2555 18091
Minimum 12,07 17.96 30.99 29.08 19.76 2235 19.96 18.29 ®9.®591 2512 2223 16.13

J_i\ E amat* 4 .\\\10152025
N

FIG. 5.10: Locations of significant events. Color indicatesrtregnitude of the precipi-
tation event at each station (inches). In instances where than one significant event
occurred at the same point, the color represents the mafgnitithe largest event at that
station.

even the largest events in the much drier northwest PC Redicend 13 and PC

Region 7 across the Ohio Valley.

The location and magnitude of the top twenty significant eveletected in the study
13 PCA-determined regions are plotted in Figure 5.10. A alisnspection of this fig-
ure reveals that most of the significant events with the sraalhtensity occurred across
the northern Great Plains, while significant events withldrgest magnitude of rainfall
occurred in the regions bordering the Gulf of Mexico and Atla Ocean.

The total number of significant events varied consideratdynfdecade to decade (Ta-

ble 5.4). The 1990s captured many more significant eventsatather decades (by more
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TABLE 5.4: Percentages of heavy and significant events with réspewent type and
organized by decade.

1950s 1960s 1970s 1980s 1990s 2000s
Heavy events 15.1 15.8 17.3 16.6 18.0 17.2
Significant events 14.2 16.5 15.8 135 20.4 19.6

than 20%) during the study period while the 1950s and 1986w ded the fewest. These
numbers indicate an increasing trend in the number of s@gmfievents in recent decades.
Similarly, the heavy event totals reflected a gradual teogémincrease in magnitude with
time. The locations of the significant events by decade aogvshin Figure 5.11. The
spatial distribution of these events does not reveal anrlyidg pattern, but an increasing

number of heavy rainfall events were classified as signifidaring recent decades.

5.1.3 Seasonal distribution

To determine if the forcing mechanisms which produced heang/significant precipi-

tation events differed based on the time of year, an exaiimaft the seasonal distribution
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FiG. 5.11: As in Fig. 5.10; except color coding indicates theadkecduring which the

significant event occurred. In instances where more tharsigméficant event occurred
at the same point, the color represents the decade durirgiliné event with the largest
maghnitude occurred.
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of precipitation was performed to provide additional ind€g) The percentages of heavy
and significant events by climatological seasons(Tableeéxbibited a marked difference
between the high percentages of events which fell duringtimemer and autumn and low
percentages of events, which were uncommon in the springvantdr. In fact, nearly 80%
of the significant events occurred during the two seasonsioiger and autumn. A less
substantial difference arose with the occurrence of heaents, which tended to have a
larger presence (over 40%) during the winter and spring.eM@avy events occurred dur-
ing the spring than during autumn, while significant evengsanmore common during the
autumn than during spring.

When the data of Table 5.5 are stratified by PC regions, Figut@ results. Across PC
Regions 1, 5, 8 and 13, fewer than 5% of the annual heavy ewentsred during winter
but~ 50% of the heavy events were summer events. The drier aragasted sharply with
the substantially warmer and more moist PC Regions 9 and hiéhwecorded over half of
their heavy precipitation events during the winter andrggpand less than a quarter during
the summer. Those regions near the Gulf of Mexico and Ata@tean (PC Regions 2,
3,9, 10, and 11) received less than one-third of their heaggipitation events during the
summer. The exception is Region 4, where disorganizedrafter thunderstorms during
the summer can create considerable rainfall.

The distribution of the extreme precipitation events (itee top 1% in each region)
were plotted by region and season in Figure 5.13. When tbisgblthe extreme events is
compared with the plot of heavy events (Figure 5.12), thel@gpof events in each region
occurred more frequently during the summer across moss a&aezept PC Regions 4, 9 and

10. Notably, fewer of the top 1% events than the heavy evasusreed during the winter

TABLE 5.5: Percentages of heavy and significant events organigedirhatological
season, defined as March—May, June—August, Septemberr¥deveand December—
February for spring, summer, autumn and winter, respelgtive

Spring Summer Autumn Winter
Heavy events 26.3 32.9 24.6 16.3
Significant events 20.0 47.7 315 0.8
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FiG. 5.12: The seasonal distribution of heavy precipitatioargs for each PC region
shown in Fig. 4.4.

months in every region.

The significant events, similar to the heavy events, disgaaywide range of variability
when stratified by region and by season. At least half of theiicant events in PC Regions
across the northwest, Midwest and Great Lakes occurreagltine summer months. Of
the 20 significant events across PC Region 8 (NE and SD) andiRe&dGreat Lakes), 17
and 16 events, respectively, occurred during the summeheddther extreme, the Atlantic
PC Regions 2 (Northeast) and 11 (Mid-Atlantic) witnessedafid 14 significant events,
respectively, during the autumn months. The vast majo84£4) of significant events in
this study occurred during the warm season (April-Septeniegion 2 (Northeast) had
the most cool season events (8) while Region 1 (MT and ND) agidR 8 (NE and SD)
had no significant events during the cool season. Other faaisbe gleaned by a visual
inspection of Table 5.6.

The seasonal distribution of heavy precipitation eventségson and decade (Fig-

ure 5.14a) revealed two well known facts:
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FiG. 5.13: The seasonal distribution of the top 1% of preciftagvents in each of the
PC regions shown in Fig. 4.4.

TABLE 5.6: Statistics of the significant precipitation events limatological season. The
warm season includes events which occurred in April-Sepg&zrwhile the cool season
includes events in October—March.

Region 1 2 3 4 5 6 7 8 9 10 11 12 13
Spring 6 2 1 7 0 6 4 3 8 10 1 1 3
Summer 12 7 10 7 16 8 14 17 3 2 5 10 13
Autumn 2 11 9 6 4 6 2 0 9 6 14 9 4
Winter 0 0 0 0 0 0 0 0 0 2 0 0 0
Warm Season 20 12 18 15 19 14 18 20 18 14 16 15 19
Cool Season 0 8 2 5 1 6 2 0 2 6 4 5 1

1. Most heavy precipitation events occurred during the semwhile relatively few

happened during the winter.

2. Temporal trends in the seasonal distribution of preatjph events are hard to discern
and were not evident. A greater occurrence of autumn heaggtewere recorded
during the 1980s and the early part of thé'zentury, but during the 1950s-1960s,
the greatest number were summertime events. By decadeateignember of events

occurred during the 1990s than during other decades acliossagons except au-
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FIG. 5.14: The a) percentage of seasonal heavy precipitatiemeyseparated by decade,
and b) the percentage of significant precipitation eveeisasated by decade from 1950—

2009.

tumn. Relatively few heavy events were recorded during 8%0% and 1960s.

When the significant events from several regions were groupgether into a larger
dataset based on their precipitation distributions (Fegbi4), an increasing trend in the
number of significant events clearly is evident throughtet period of record across all
coastal and southern regions (Figure 5.14b). Across thairetar of the United States, the

number of significant events reached their peak during thiedeeade of the 1990s, thus
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ending the upward trend of significant events in those region
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Chapter 6

Composite Maps of the Synoptic-Scale Atmosphere

6.1 The Genesis of Composite Maps

The work of Maddox et al. (1979), Junker et al. (1999), and Maat al. (2003) began
a series of independent investigations, each designedist aperational forecasters with
recognizing favorable weather patterns prior to the o@noe of very high impact weather
events (in their cases, flood-producing rainfall). The itigvforce behind the work of
Maddox et al. (1979) was their unrelenting desire to develementary decision support
tools as a step toward eliminating the possibility of catgdtic flood events occurring
when the official NWS forecast called for ‘fair weather.” "Elercatastrophic floods—Rapid
City (SD) of June 1972, Big Thompson (CO) of August 1976, astthdtown (PA) of July
1977-all “struck without warning.” At the end of each evemindreds of fatalities were
the grim results. While the work of Maddox et al. (1979) shibloé considered successful,
their composite maps were subjectively derived througir thend’s eye after a thorough
study of 151 flood events drawn from a 5-year period duringlt®é0s. Unfortunately,
almost all of their events were Mesoscale Convective System

While the work of Junker et al. (1999) and Moore et al. (2003sva more modern
approach to the work of Maddox et al. (1979), they never8sleere subjective in nature.
In addition, the work of these latter two teams produced Iteghat had the following

characteristics:
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* |f the work of all three teams were combined (i.e., Maddanker, and Moore), the
number of cases investigated still will be less than the 2@ies investigated in this

dissertation.

» Junker et al. (1999) used only 12 cases of heavy rainfalvdritom the concen-
trated area of lowa and Missouri during 1993, the year of theaGFlood along the

Mississippi and Missouri Rivers.

« To their great credit, Junker e(@b99) were the first to use data from an initial analy-

sis of gridded fields produced by NCEP (versus interpolatgd ffom rawinsondes).

» However, the composites by Junker et al. (1999) were vailid between the ground

surface and 850 hPa; only a minimal effort at 200 hPa is repart their work.

* Finally, the last of the role model examples was produceldbgre et al. (2003), who
investigated only 21 MCS systems that occurred across tdlenMississippi River
Valley. Their results, while composite in nature, actualigre vertical cross-sections

that displayed the thermally-driven circulations asswelavith a mature MCS.

With the retirement of Wes Junker and the death of ProfessorMoore, the early
leaders who valued composite models are no longer availallee scientific community.
Fortunately, a just-released report from the NRC (2010antyestated that predictions of
very high impact weather was “not recognized or emphasinquarevious studies.” Sud-
denly, three external events created a broad audiencedavaik in this dissertation, even
going beyond the overarching goal stated in Chapter 1. AsatreChapter 6 begins the
final transition to evaluate the previously-stated nullttyyesis. Regardless of whether the
null hypothesis is accepted or rejected, the path forwalidedd to the creation of region-
alized composite maps of synoptic features for use as decssipport tools. At the end of
this process, the three intermediate goals stated in Chagteould have been met as well.

To help the reader better understand the flow of this rese&igure 1.2 provides an

overview that links the theoretical foundation of this @igation (Chapters 1-2) with the
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data available for data mining purposes (Chapter 3). Thee @adlysis tools are linked with
the quality controlled data to identify 13 coherent regiohprecipitation across the United
States east of the Rocky Mountains (Chapter 4). Using thg@$8CA-determined regions,
a synoptic climatology of heavy and significant heavy rdinias conducted and reported
on in Chapter 5. Finally, in Chapter 6, the dissertation uské the PCA-determined regions
to develop a new generation of objectively-determinedsienisupport tools. The work
described in Chapter 6 will build off the results reportegmevious chapters and will use

the scientific literature as guidance to conclude with aruataon of the null hypothesis.

6.2 Significant Rainfall-A New Generation of Decision Suppt Tools

The twenty largest rainfall events (i.e., the extreme eventeach of the 13 PCA-
determined regions) represent 260 extreme events fronegibns of the United States
east of the Rocky Mountains. It is these 260 events that wili$ed to develop regionally-
and nationally-focused composite maps in a three-dimeasaontext to serve as quantita-
tive decision support tools for operational forecastansd doing, the second intermediate
goal and the overarching goal of Chapter 1 will be achieved byccessful completion of
these composites.

Composite maps, if properly developed, can reveal importaaracteristics of the
synoptic-scale environment associated with significaetipitation events across each re-
gion. To generate these maps, the grid point on the NCEP—-NR&dhalysis closest to the
significant event location was first identified. This grid mioiorms the center point of a
23x 23 data grid for each significant event. The grid spacing ahehrection follows the
grid spacing of the Reanalysis (approximatel§75° longitudex 1.905 latitude).

While other scientists have used the Reanalysis data fopositing work (primarily to
calculate proximity soundings), this project was the ficstise the NCEP-NCAR Reanal-
ysis to examine the synoptic-scale environment assocuwithdsignificant rainfall events

across a large domain over a long period of time. Upon plggiach of the 260 significant
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events using the Reanalysis, it became clear that the emuaots favorable for produc-

ing significant events across each inland region (i.e.,dtibat do not border either the
Gulf of Mexico or Atlantic Ocean) had synoptic-scale featithat appeared similar and
had ingredients supportive of strong convection (e.g . égel divergence over a zone of
low-level convergence and a tongue of high precipitableewativected on the heels of a
lower level jet into a well-defined zone of low-level warm thal advection). On the other
hand, synoptic-scale composites developed for the caasgfains (2, 3, 4, 9, and 11) failed
to provide a convergence of favorable ingredients into gleiarea (i.e., the features were
broad and diffuse). These important but seemingly anonsadwents along the coastal re-
gions were examined individually to garner clues as to wieydignificant rainfall events

across these regions failed to provide a striking array afea®logical clues that would

help explain each event. In the end, the coastal events veeraed to be driven by ther-
modynamic and/or mesoscale features (i.e., low-to-tloesgel LCLS, mesoscale outflow
boundaries, microscale features in the underlying teretinn). Consequently, the coastal
regions were excluded from the national composites desdrib Section 6.3. Even so,

composite maps for each region, including the coastal R€4téned regions, were ana-
lyzed independently and individually in Sections 6.5 and C.

To create the composites, the value of each parameter oégttat each grid point sur-
rounding a significant event was averaged with the corredipgrpoint from each of the
approximately 160 significant events digitized across thand regions. This averaging
process created a national composite map for each Rean@éldiused in this study. One
significant event, caused by a tropical storm which moveandl(Erin in 2007), was ex-
cluded from the composite process. Reanalysis data for @08 not available at the time
of this study, so the single non-coastal significant evenind2009 (in Region 10) was
excluded. Computations and composite maps were produdeg tine Grid Analysis and

Display System (GrADS; COLA 2010¥.

1The GrADS code which generated the composite maps is alaitatline at http://blizzard.atms.unca.
eduf~cgodfrey/elaine/comp/.
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All composite maps are overlaid on a map of the central Ung&ates to give the
reader a feel for the scale of the events. The black squaleiognter of each map, which
indicates the centroid of heaviest rainfall for each conpow/as located at the average lat-
itude/longitude coordinates of all non-tropical signifitavents in the non-coastal regions
(40.7°N, —95.1°W). The following maps represent national composites ancesgmt 60
years of data associated with thel60 significant rainfall events. As a convenience to the
reader, all should note that any geographical descriptbfesature locations (i.e., a surface
low along the Colorado-Kansas border) are features relaithe location of the heaviest
rainfall. The geographic location of specific features walty with the location of specific

events.

6.3 Composite Map Results—A New Generation of Decision Suppg

Tools

Across the non-coastal regions of the United States easteoRbcky Mountains, the
preferred location for significant rainfall during a 24-maueriod between the years of
1950-2009 occurred- 800 km (500 miles) northeast of a 1008 hPa surface low (Fig-
ure 6.1). The centroid of significant rainfall center wasaltad at the north end of a narrow
tongue of maximum precipitable water (values ne@50kg m 2; not shown), and along
a surface dew point ridge that extended north-northwest fite central Gulf Coast states
(Figure 6.1). This rainfall centroid also was in the middfeaa axis of warm thermal ad-
vection (Figure 6.1) that stretched southwest-to-noghe#his location was at the nose
of a 6 ridge (equivalent potential temperature; not shown). Atlmeast/southwest zone
of surface-based convergence begaB00 km (200 miles) west-southwest of the signif-
icant event centroid (Figure 6.1); maximum convergenceagl(in excess of & 10°°
s~1) were west-southwest of the centroid of significant rairdat along a baroclinic zone
(Figure 6.1). The LCL height (Lawrence 2005) was orl\150 m above the surface (not

shown).
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FiG. 6.1: Composite map of a) mean seal level pressure (MSLRyumare hPa), 1000
hPa wind vectors (ms) andTy (shaded?C), b) 1000 hPa thermal advection (contours,
K s~1) and temperature (shaded, K), and ¢) 1000 hPa divergenagddhs?’) and wind
vectors (m s1). The grid is centered on the calculated centroid locatibsignificant
rainfall contributed by each composite member. Thus, th®nal composite has been
normalized to a centroid location along the western lowadduri border (the small
black square).

At 850 hPa, the rainfall centroid occurred at the convergantof a strong southerly jet
at 850 hPa (loosely termed as the ‘low level jet’ or the LL3Yh& nose of a broad ridge of
warm 6. and was almost in the center of an elongated area of warm ghewshection (Fig-
ure 6.2). Although the significant precipitation eventswoed in an area of convergence
at 850 hPa, the strongest convergence was loca@b km (400 miles) west-southwest of

the precipitation event center (Figure 6.2). However, tioisvergence zone was northwest
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FIG. 6.2: Asin Figure 6.1 but for 850 hPa. Map a) is a national cositp 0f6e (contours,
K) and thermal advection (shaded, K$ while Map b) represents 850 hPa divergence
(s~1) and wind vectors (mg).

of the warm thermal advection below and very nearly co-ledatith the axis of 1000 hPa
convergence.

By 500 hPa, the most remarkable feature was the concentbatiésieye of ascent
(—0.12 Pa sec?) located slightly west of the preferred location of sigrfit rainfall (Fig-
ure 6.3). This location also was very near the inflexion po&gion where ageostrophic
divergence (due to curvature; Figure 6.3) was created bguglr west of the significant
event centroid and a well-defined ridge to the east. A polawgs well northeast of the
significant rainfall location; hence, the ageostrophipoeses were weak in the vicinity of
the heaviest precipitation (Figure 6.3). Instead, thegretl location of significant rain-
fall was downwind from a weak vorticity maximum (central was near 0.00025 set;
Figure 6.3) and in an area of weak cold thermal advection @tta.

At 200 hPa, the significant rainfall events were classicalbated in the right entrance
region of an anticyclonically curved jet and just downwimarh the inflexion point of the
trough/ridge pattern (Figure 6.4). A weak ageostrophic gonent in the wind field was
evident at the entrance and exit regions of the Polar jetufEi®.4). As a result of these

features, a concentrated bulls-eye of divergence {8 ° s~1) was centered- 300 km
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divergence (contours; 8) and geopotential heights (shaded, m).

(185 miles) north of the location of maximum rainfall (Figu6.4) and west of the 200
hPa ridge apex. The veering of a relatively weak wind fielduMeetn 850 hPa and 200 hPa
supported the movement of storms along the baroclinic zonerevthe LLJ provided a
steady supply of warm moist air.

The composite averages©f160 inland significant rainfall events revealed dynamiyeall

consistent relationships between the preferred locati@igmificant rainfall features that
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led to synoptic-scale forcing. In the national composhe,dynoptic scale forcing focused
on an area slightly north of the centroid of maximum rainfalhese forcing features in-

cluded the presence of strong moisture convergence intareee (Figure 6.1), low-level

warm thermal advection (Figure 6.2), 500 hPa ascent dueflExian point divergence

(Figure 6.3) and weak cold thermal advection (Figure 6.®)ederred location in the right

entrance region of an anticyclonically-curved Polar jag(6.4), and the underneath the
resulting bulls-eye of high-level divergence (Fig 6.4).

That these many synoptic-scale features were alignedadlgati a dynamically con-
sistent relationship is a testimony to the correct use @dhlooncepts of synoptic meteo-
rology: (1) the compositing methodology was thoughtfullyplemented (otherwise, the
features would have been ‘smeared’ across the weather r{Bpihe ~ 160 members,
when juxtaposed next to each other, were like mirror imageme another (discussions
to follow will provide details of how closely related the vams members were to their na-
tional or regional composite), and (3) significant pre@pdn events require the presence
of key ingredients that are aligned—from a synopticianispective—in a classical manner
(otherwise, significant rainfall would have failed to deyg).

A common method for estimating vertical motion in the atmuee utilizes the Q-G

Omega equation (described extensively in Appendix A):

f2 92 fo 0 R

2 0 0 2

5] 07 oop R DIm g e )
A B c

Here, w is vertical velocity in pressure coordinatgsjs pressurefg is the Coriolis pa-
rameter,o is the static stability parametefy is relative vorticity, f is planetary vorticity,
Ris the specific gas constaiit,is temperature, and is the geostrophic wind. Based on
the national composite images just discussed, differerdiéicity advection from the Q-G
Omega equation (“Term B”) played a minimal role at best iratirgy or sustaining the many

significant rainfall events (Figure 6.5). Differential woity advection atop the centroid of
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FIG. 6.5: As in Figure 6.1 but for the two terms on the right-haide ©f the Q-G Omega
equation. Map a) is the differential advection of absoluigivity (“Term B”, Pa kni?
hour1) through 500 hPa while Map b) is the 850 hPa thickness adwe¢trerm C”, Pa
km~2 hour1).

significant rainfall was-zero in value (even though a well defined vorticity maximunswa
~ 650 km (400 miles) west-northwest of the precipitation o&idt Figure 6.5). As Mad-
dox and Doswell (1982) suggested, low-level warm thermeaéation played a substantial
role in initiating and sustaining the majority of signific¢aainfall events during their own
investigations. In the national composite of the inland8igant events, the maximum in
warm thermal advection (“Term C”) was centered on the ceéditfor significant rainfall
(Figure 6.5); values ranged betwee®@1 and 0002 Pa km? hr—1. The influx of warm
air at lower levels strengthened the isentropic lift aneéaskd conditional instability, creat-
ing upward vertical motion conducive for heavy rainfall ate(see Maddox and Doswell
1982). An in-depth explanation of how vertical motion in gatenosphere is created will
rest on an understanding of terms in the Q-G Omega equatippgAdix A).

The national composite map images also have similaritids thie results of Maddox
et al. (1979), Junker et al. (1999) and Moore et al. (2003wéi@r, there are fundamental
differences between the work of the previous three teamstlamavork reported in this
dissertation. First, all Chapter 6 results are quantiéativnature. Second, the results of
this chapter are based en 160 unique events (compared to a fraction of that total by

two of the three previous scientific teams). Third, the Chaptresults are dynamically
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FIG. 6.6: Surface pattern for a typical Maddox frontal eventtelftial for heavy rains
and flash flooding exists in the shaded area. (From Maddox £929).

consistent through 200 hPa (other investigators eith@pstd at 850 hPa or drew schematic
images of high-level features based on their understarditite atmosphere). Fourth, the
composites developed in this work used the hydrostaticahsistent reanalysis data set
and applied it to significant precipitation events (otheteipolated between soundings or
used limited model initialization data). Fifth, the resuh this chapter quantitatively reveal
that differential advection of vorticity played no role ingtaining significant rainfall events
whereas thickness advection near the ground was a dominiget in creating ascending
motion in a very focused area during the significant rainfall

The national synoptic composite images documented in Eggérl— 6.4 are similar to
the “frontal” pattern of flash flood events described by Maddoal. (1979) and shown
in Figure 6.6. Although Junker et al. (1999) examined onlyjh&avy summertime events
over a small portion of the Midwest during one summer, thedamental ingredients in
those events were present in the national composite mapsasad of~ 160 events from
eight inland regions across a 60-year period. At the endeaf thork, Moore et al. (2003)

concisely summarized the work of Junker et al. (1999) byrmpti

“Large-scale isentropic ascent, suggested by the lovepespheric warm-
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air advection and frontogenesis in the presence of the recgreegion of the
ULJ [upper-level jef, appears to be instrumental in lifting the layer to satu-
ration. Moisture convergence within the left-exit regiohtloe LLJ helps to
initiate deep convection in the unstable layer along or atibe frontal zone as
parcels are lifted to their LF@evel of free convection The LLJ contributes to
an axis of moisture convergence aligned nearly paralleh¢osurface bound-
ary and cloud-layer winds, which promotes cell training antdsequent high
rainfall totals.”

Based on the work reported in Section 5.1.3, the vast mgj(84%) of significant
events occurred during the warm season. Consequentlyhonkdsnot be surprised to learn
that the current results have common characteristics \Wweghatork of Junker et al. (1999)
and Moore et al. (2003). However, the inclusion0160 cases from many different inland
regions demonstrates the applicability of the current cositp models across a broad area
of the United States. When composite maps were examined egi@nrby-region basis
(see Section 6.5 below), major differences with the workwofkgr et al. (1999) become
apparent. When the national composite images reported apt€h6 are compared with
composites developed by Moore et al. (2003; studied 21 wsason elevated MCSs over
Missouri, lllinois, lowa, eastern South Dakota and soutsteen Minnesota from 1993—
1998), several differences become apparent. Because ttkeoiviMaddox et al. (1979),
Junker et al. (1999) and Moore et al. (2003) was based on amdataset of rainfall events
across a limited domain, the capability of the three subjectomposites in representing

significant rainfall events from other regions across theteya United States has not been

established.

6.4 National Composite Maps: Large-Scale Trends

To address the hypothesis of this dissertation, one mustieeathe synoptic environ-
ment and dynamical forcings associated with significamfedlievents for temporal trends.
Due to the small sample size in each region, a national comeposnon-tropical events
from inland regions could reveal trends in the data, if theadae subdivided carefully.

Data prior to 1980 constitute the first half of the datasetdvdnts) and data from 1980
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through 2008 constitute the second half (84 events).

Maps of Reanalysis data for the pre- and post-1980 evemtslgsito the Figures 6.1—
6.5 shown above) revealed few differences. Both sets of csitgimages displayed a
strong surface low to the west, a surface-temperature gmadidicating the presence of a
baroclinic zone near the significant events, a strong LL¥eging warm moist air from
the south, an especially strong center of warm thermal dohreat 850 hPa centered over
the events, strong vertical velocities at 500 hPa, and vieong upper-level divergence at
and slightly north of the event centroid.

To quantify variations between the pre- and post-1980 ayéiné differences between
composite maps from the early and late event environments eeamined (Figure 6.7).
These difference maps between the late and early eventaleeveiarmer surface tem-
peratures well south and far to the northeast of the sigmifiesent locations during the
latter decades. Cooler surface temperatures in latteidésoaere located far to the north-
west when compared with the pre-1980 events. Surface peessar and northwest of the
significant event centroid was 2 hPa higher in the post-198ats. Greater values of pre-
cipitable water occurred across much of the area south oftbat centroid (Figure 6.7b)
in the post-1980 events. An area of stronger downward \a&rtielocity at 500 hPa was
present in the post-1980 events approximately 1000 km (6B&ymorth-northwest of the
significant event centroid (Figure 6.7c). The 200 hPa diffiee plot (Figure 6.7d) revealed
the presence of a broad area of upper-level divergence ipdbe1980 events southwest
and east-northeast of the event centroid and the preseneeadf convergence nearly co-
incident with the sinking motion at 500 hPa, northwest ofelient centroid. Differences
in the differential advection of vorticity (Term B) throudd®00 hPa were nearly an order
of magnitude smaller than the features of positive vostiaitlvection at 500 hPa west of
the event centroid. A plot of the differential thermal adie term from the Q-G omega
equation (Term C) revealed no difference between the eadyate events.

In order to evaluate the atmospheric moisture content adtesdomain, daily warm-

season (April-September) precipitable water values wdra&ed from the reanalysis data
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precipitable water (mm), ¢) 500 hPa vertical velocity fie@a s 1), and d) 200 hPa
divergence fields (). Note that the scales on these plots differ from previousrég.

(Figure 6.8a). The average daily warm-season precipitabter value in the second half
of the study period (1980-2008) was greater than that in teeHalf of the study period

(1950-1979) across the Continental United States by up ton2igure 6.8b). The ob-

served increase in precipitable water represents a kegdlgnt in support of the observed
increases in heavy and significant rainfall events docuetkimt Chapter 5. The observed
increase of seasonal precipitable water is consistenttivéhesults shown in Figure 6.7b,
which illustrates an increase in available precipitableéen#o the south of the significant

event centroid on days with significant rainfall events. i@egl precipitable water values
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FiG. 6.8: a) Average warm-season (April-September) predjstavater values during
the period 1950-2008 and b) the difference in precipitabd¢ew(mm) for all warm-

season days during the period 1980-2008 versus the pere@-1979 (most recent
composite minus earlier composite).

associated with significant events averaged0-50% higher than the daily averages for
the 1950-2008 warm-season (April-September) calculaedjthe reanalysis data. Some
individual events had much higher values than the seasopedge. The reasons behind
the observed increases up to 5% above average seasonagitpi@ei water (in the lower
Mississippi Valley) are beyond the scope of this dissartatclearly further research on
this topic is required.

Despite minor disparities between the early and late ey@iits of most parameters
revealed few large differences aside from the increase égipitable water south of the
centroid of post-1980 events. Consequently, one can cdadhat no other appreciable
changes in the synoptic environment or with the dynamiaa&ifgs associated with signif-

icant rainfall have occurred during the past 60 years.

6.5 Regional Composite Maps—Featured Results

Several significant rainfall events in each of the regioaslordered the Atlantic Ocean
or the Gulf of Mexico (Regions 2, 3, 4, 9, and 11, Figure 4.4yioated from tropical
systems (Table 5.2). The tropical events were flagged andsemt. Consequently, some

of the non-tropical composite maps in the coastal regioesl diewer than 20 significant
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events. Because reanalysis data for 2009 were not avadabte time of this study, three
significant events during 2009 (one from Regions 3, 10 andvkt¢ excluded and only 19
events were considered in these regions.

Table 6.1 lists the values of several key parameters at ¢mafisiant event centroid for
each PC region. The average precipitable water values weingdver 30 mm) for all but
Region 1 in the northwest corner of the domain. The averageiptable water across all
13 regions was 36 mm; Region 3 (southeast Texas) had theshigéggonal value of 42
mm. Overall, the air was conditionally unstable with an ager Total Totakindex value
of 45; the highest value (52) occurred in Region 1 (MT/ND)eBtrongest composite value
of the 850 hPa LLJ was found in Region 10 (near AR), with a spé&3.5 knots. Region
13 (northern MS valley) had the strongest thermal advet@50 hPa (96 107 % K s™1).
The highest averagé value at the precipitation centroid was found in Region 8/BE)
with a value of 337 K. The thickness advection (Term C of th& @mega equation) had
the strongest value in PC Region 12 (eastern KS through emrth) of 0.0035 Pa km?
hr-1. However, the differential advection of vorticity (Term Bjrough 500 hPa had near-
zero values at the event centroids for each region. Thegsaxgdues of vorticity advection
at 500 hPa were in Region 1 (0.001 Panir—1) and Region 12 (0.0008 Pa krahr—1).
At midlevels, Regions 7 (Ohio Valley) and 10 (near AR) hadgtrengest vertical velocity
at 500 hPa+0.26 Pa s1). At 200 hPa, the average upper-level divergence was 10 °
s~1 above the location of heaviest precipitation; Region 10thadstrongest regional value
(15x10°8s™1).

A discussion of the meteorological features in the compasiaps for each of the 13
PC Regions is either featured in this narrative (PC Regidh216, 13, and 11) or they
were placed in Appendix C to serve as background informadioout the remaining PC

Regions.

2Even though Peppler and Lamb (1989) nicely summarized teagths and weaknesses of various sta-
bility indices, the reanalysis only provided the data focatating one index—Total Totals. That index is not
applicable for heavy rainfall environments, but severetiveaenvironments.
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TABLE 6.1: Statistics of the environments associated with thepmmite maps in each
region and the average value across all regions. Individalaks occur at the composite
centroid. The LLJ, thermal advectiof; and thickness advection were from 850 hPa,
the vertical velocity and vorticity advection were at 500atdhd the divergence was at
200 hPa. Note to Reader: Seasonal biases have not been tsetfourin the magnitudes
reported for each variable.

Pwat TT LLJ Thrm. Adv. O Thick. Adv. Vert. Vel. \ort. Adv. Div.
Region (mm) (K) (kts) (10 %Ks1) (K) (Pakm2hrl) (Pasl) (Pakm2hrl) (x10%s?)
1 25 52 7.8 30 331 0.0025 -0.17 0.00100 11
2 34 42 17.5 35 319 0.0030 -0.19 -0.00070 9
3 42 42 14.2 10 333 -0.0004 -0.11 0.00010 10
4 34 39 8.5 15 325 0 -0.0500 -0.00020 5
5 39 45 175 55 333 0.0003 -0.11 0.00050 6
6 35 48 155 26 334 0.0020 -0.15 0 11
7 41 45 22.0 61 332 0.0010 -0.26 0.00010 10
8 37 49 155 67 337 0.0030 -0.12 -0.00010 9
9 40 46 17.9 40 330 0.0015 -0.17 -0.00050 10
10 41 47 23.5 55 331 0.0013 -0.26 0.00010 15
11 32 41 7.8 15 321 -0.0001 -0.09 0.00030 6
12 39 46 16.1 67 333 0.0035 -0.16 -0.00100 11
13 34 47 175 96 328 0.0025 -0.13 0.00080 12
Avg 36 45 15.5 54 330 0.0015 -0.15 0.00003 10
o 4.7 3.6 4.9 25.4 5.2 0.0013 0.1 0.00056 2.7

6.5.1 Region 12: Eastern KS Through Northwestern IL

The majority of the 20 significant rainfall events in PC Reygil®? occurred in one of
two seasons: the usual season for early summer rains (8saverurred during June-July)
or the fall transition season (8 events occurred during&aper—October). The significant
events in Region 12 occurred in the northeast quadrant offacgulow in the warm sector
of a baroclinic zone (Figure 6.9). The composite maps rektiat the strongest atmo-
spheric forcing was located over or upwind (i.e., back togbathwest) of the preferred
location for significant rainfall. For example, the rainfaaximum was located at the nose
of a low-level jet (also part of the warm conveyor belt) codent with a narrow corridor
of concentrated precipitable water (39 mm); the inferreshisopic ascent reached a maxi-
mum slightly to the southwest of the heaviest rainfall. Liawel convergence (magnitude
> 1x107° sec!) was strongest 240 km (150 miles) to the southwest of theraieint
The center of significant rainfall was underneath the aremafimum thermal advection
(67x 107 K sec!) at 850 hPa and near the right edge of a ridge of lghalues (Fig-
ure 6.9).

In the middle of the troposphere, the maximum asceift {6 Pa sec!) also was per-
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FiG. 6.9: As in Figure 6.1 but the a) MSLP (contours, hPa), 1008 wihd vectors
(m s1) and 1000 hPa temperature (shaded, K) and b) 8506aReontours, K) and
temperature advection (shaded, K sfor Region 12. White line shows 0.35 isopleth for
PC Region 12 (from Figure 4.4).

fectly aligned with the low-level thermal advection patiet 850 hPa (located above the
event centroid) and slightly northeast of the maxima of areftbased convergence (Fig-
ure 6.10). The location of significant rainfall occurred hetright entrance region of
the anticyclonically curved polar jet located 725 km (450as) northeast of the signif-
icant rainfall (Figure 6.10). Tropopause-level divergefit2 x 10~° sec!) was over and
slightly north of the rainfall maximum; it was created by giin a ‘textbook’ location
relative to all other meteorological features revealedse composites.

Vorticity advection at 500 hPa was weakly positive over apgraximately 450 km
(250 miles) southwest of the centroid of significant raihfellowever, differential vorticity
advection through 500 hPa was weakly negative.001 Pa km2 hr-1) at the significant
rainfall location (Figure 6.11). In contrast, the thickaeslvection at 850 hPa was very
strong (0.0035 Pa knt hour 1) and was centered directly over the precipitation centroid
(Figure 6.11).

To illustrate an example of the internal consistency of #gganal composites, the com-
posite map of vertical velocities and geopotential heigh&00 hPa for Region 12 is shown

with images for each of the 20 members in this region (Figut@) A linear spatial corre-
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FIG. 6.10: As in Figure 6.9 but the a) 500 hPa vertical velocignfours, Pas!) and
wind vectors (m s) and b) 200 hPa divergence (contourst)sand isotachs (shaded, m
s~ 1) for Region 12.
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FiG. 6.11: As in Figure 6.9 but the a) 500 hPa differential abeolorticity advection
(“Term B”, Pa knT2 hour 1) and b) 850 hPa thickness advection (“Term C”, Pakm
hour 1) for Region 12.

lation coefficient between the 500 hPa geopotential heightes for each individual case
and the composite field quantified the robustness of the ceitgpd high correlation co-
efficient would indicate that there is agreement betweempd#tirns of the composite field
and the individual fields (e.g., Moore et al. 2003). In costtra low correlation coefficient
may indicate that the patterns are shifted, there is ligtleemblance with the composite

field, or the individual case may have a pattern opposite tfrahof the composite (Moore
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et al. 2003). The median correlation value of 500 hPa geopiatéheights for each of the
20 cases in this region was 0.89. The 200 hPa divergence fielcahmedian correlation
coefficient of 0.37. The high correlation values of the gdgepbal height and low corre-
lation values of the derived 200 hPa divergence field weresistent with the results of
Moore et al. (2003). These authors postulated that the tvatat derivatives involved in
the calculation of divergence amplifies ‘noise’ in the dathjch decreases the correlation

values.
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FIG. 6.13: As in Figure 6.1 but the a) MSLP (contours, hPa), 1088 Wwind vectors (m
s~1) and 1000 hPa temperature (shaded, K) and b) 1000 hPa paitépivater (contours,
mm) and divergence (shaded;'$ for Region 2. White line shows 0.35 isopleth for PC
Region 2 (from Figure 4.4).

6.5.2 Region 2: Eastern PA Through ME

The average location of significant rainfall was positiod&@ km (280 miles) north-
northeast of a closed low in the field of mean sea level presgig., maximum rainfall
was in the northeast quadrant), on the cyclonic-shear didesorface-based wind max-
ima, and slightly north of an inferred warm front (Figure 8; based on composite wind
directions and the strong gradient@falong coastal sections of PC Region 2). Due to the
strong southeasterly winds and temperature gradient vegiaroximately perpendicular
to the coast, implied isentropic ascent was located in thenfit just off the coast of New
England. Once onshore, these winds also were forced toaiesshigher topography; this
further enhanced vertical motion. The significant rain adsa was located at the nose of a
precipitable water ridge (maximum values exceeded 3.6 chilpva convergence bulls-eye
was located 200 km (125 miles) east of the center of signifienfall (Figure 6.13). The
rainfall maximum appears unrelated to the ill defined 1008 fidge (not shown).

At 850 hPa, the non-tropical significant events occurredhendastern side of a deep

trough, in the cyclonic-shear side of the low level jet, ie thft exit region of the 850 hPa
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wind maxima (Figure 6.14), and at the nose of a wéaldge (320 K; Figure 6.14). Strong
warm thermal advection{ 40 x 106 K sec'!) was aligned with the nose of the 850 hPa
jet 300 km (190 miles) east of the significant rainfall looatiFigure 6.14); the thermal
advection also was co-located with the inferred isentrdifii@at 1000 mb. The thickness
advection through 850 hPa (Term C in the Q-G Omega equateathed a maxima just
upstream from the heaviest rainfall location; these magiais exceeded 0.004 Pa kfn
hour! (Figure 6.14). A strong convergence maxima at 850 hPa wagdddn between
the areas of strong cold and warm air advection, and slighbith of the surface low
pressure center (Figure 6.14).

Midway through the troposphere, a near-classic spatiaticgiship (Figure 6.15) ex-
isted between the left exit region of a cyclonically curvedbgropical jet maxima (and a
tight isotach gradient along the flow) and the inflexion pdiatween the synoptic-scale
ridge to the east and trough to the west. These short-wangtHdeatures created a distinct
region of weak ageostrophic divergence. In fact, a welhidied bulls-eye of synoptic-
scale vertical velocities (magnitudes exceed€dl8 Pa secl) extended over the center of
significant precipitation (Figure 6.15). Thermal advertai 500 hPa reached a maximum
300 km (190 miles) to the northeast of the significant ralrdehtroid (Figure 6.15). At
the rainfall centroid, vorticity advection at 500 hPa exiess0.0003 sec, but differential
vorticity advection through the 850-200 hPa layer (Term EEguationfefqgomegaeql)
was weakly negative and an order of magnitude smaller thasebond term evaluated at
850 hPa.

Although coupled jets were not evident at 500 hPa, two caljels were clearly appar-
ent in the composite map at 200 hPa (Figure 6.16). Thus, siclggatial relationship with
two aligned transverse ageostrophic circulations wasilseadident near the tropopause
with a well-defined maximum of divergence (magnitudes edededx 10°¢ sec! cen-
tered slightly northeast of the significant rainfall cemdtd=igure 6.16). Most importantly,
the composite map of features at 200 hPa mirrored the worlco€llni and Kocin (1987),

who studied heavy snowfall events along the east coast dfiited States.
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FIG. 6.14: As in Figure 6.13 but a) the 850 hPa wind vectors(f),sjeopotential heights
(contours, m), and isotachs (shaded, Th)sb) 850 hP&, (K), ¢) 850 hPa wind vectors
(m s1), divergence (contours; 8), and temperature advection (shaded, K)sand d)
850 hPa thickness advection (“Term C”, Pakhhour 1) for Region 2.

When the composite images from PC Region 2 were comparedhativork of others,
they had the classic look of an Uccellini and Kocin (1987)teasst snowstorm (Fig-
ure 6.17): coupled jets, inflection point divergence, sgrom-shore flow of moist air at
lower levels, and strong positive vertical velocities. $aeertical velocities were spatially
located about midway between the location of convergen8&@hPa (approximately 200
km or 125 miles southwest of the mean location for significamfall) and upper level

divergence (located just northeast of the centroid of iggmt rainfall). In addition, the
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FIG. 6.16: As in Figure 6.13 but a) 200 hPa wind vectors, geopiatidreights (contours,
m) and isotachs (shaded, m'$ and b) 200 hPa divergence (contourst)sor Region 2.

composite maps of Region 2 closely resembled the work ofelugtkal. (1999) in that the
rainfall events occurred on the cyclonic shear side of thelkvel jet apex, in the northeast
guadrant of a surface low with the preferred rainfall looatwest of the ageostrophic diver-
gence aloft, and downwind from the thermal advection andtispic ascent at low levels.

This “sloped response” is consistent with the work of Udoeknd Kocin (1987) and the
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FIG. 6.17: Schematic of surface cold and warm fronts, high amdoiiessure centers, sea
level isobars (dotted), precipitation (shading—asterigpresent snowfall; dots represent
rain), upper-level flow (arrows), upper-level trough axdstfdashed), and jet streaks
(cross-hatched shading) associated with a “typical” heawyw event along the East

Coast (from Uccellini and Kocin 1987).

experience of most operational forecasters—i.e., the gjpimere operates along sloped isen-
tropic surfaces. The implication is that latent heat hasnbeéased in large quantities
during the significant events that occurred in Region 2; h@anean isentropic vertical
cross section bisecting the location of significant rainfeduld be needed to unambigu-
ously reveal this fact (cf. Uccellini and Kocin 1987). Besauhermal advection at 500 mb
was weakly positive and lower-level features more stropglsitive, the events in Region 2
were driven by synoptic-scale forces, though maybe noeduoithe magnitude discovered
in Region 12. Perhaps features in the significant rainfathgosites from PC Region 2
resembled the work of Uccellini and Kocin (1987) so closelyults from the fact that 7 of
the 12 significant events occurred late in the warm seasogygtuthrough October), and

one during late November, when fall-like features can accur
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6.5.3 Region 6: Western TX, Western OK, and Southwestern KS

The average location of significant rainfall in PC Region 6wced at the nose of the
low-level jet in a region of strong southeasterly flow frone tBulf of Mexico (Figure 6.18)
that ascended along the terrain gradient. Due to the topbgraf the Southern Plains,
southeasterly winds can cause terrain-induced lift. Tégan of significant rainfall was
located 400 km (250 miles) east-northeast of the apex oftandi®, ridge (values over
330 K). This thermal ridge was co-located with a strong gratiof dew point tempera-
ture, likely indicting a dry line (Figure 6.18). The strongpss-isodrosotherm flow of the
surface winds was also conducive to lift. Of the 20 significarents in this region, nine
occurred during the dry-line months of May-June; an adddisix events occurred during
the secondary rainy season of October. A closed surface2&ké (140 miles) southwest
of the rainfall maxima (not shown) no doubt contributed te #ignificant rainfall events
occurring in the northeast quadrant of the developing lowe Bignificant events occur
on the western tip of a narrow moist tongue from the Gulf of Mex(Figure 6.18) with
over 3.5 cm of available precipitable water. Different frétegion 12, thermal advection
peaked 160 km (100 miles) west of the significant events. Mari values of surface-
based convergence also were co-located withGhedge and the strong gradient of dew
point (Figure 6.18) even further west of the significant eécamter.

By 850 hPa, the average location of heavy rainfall was atafigilocated at the nose of
a very strong southerly jet and at the center of substantiahair advection (Figure 6.19).
The thermal advection also was evaluated using thicknesstidn and Term C of the Q-G
Omega equation in Appendix A). These terms display a maximuwectly over the signif-
icant event center (Figure 6.19; the magnitude of therimakhess advection was almost
30x 10% K sec'! and 0002— 0.003 Pa kn? hour1, respectively. The spatial relation-
ships of these features perfectly mirrored the work of Juekal. (1999). In addition, the
convergence maximum was located well to the west of the pesfdocation of signifi-

cant rainfall (Figure 6.19; this convergence feature sekatigned with the location of the
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FIG. 6.18: As in Figure 6.13 but a) the MSLP (contours, hPa), 18Pa wind vectors
(m s1) and 1000 hPa temperature (shaded, K), b) 1000 ®&Raontours, K) andly
(shaded;C), and c) 1000 hPa precipitable water (contours, mm) and ¢eatpre advec-
tion (shaded, Kst) for Region 6. White line shows 0.35 isopleth for PC Regiofrén
Figure 4.4).

dry line, its very strong gradient of dew point temperatumed the 850 hP#&; ridge (not
shown).

Midway through the troposphere, the average location afiBaant rainfall was located
in the right exit region of a weak upper level jet (Figure §.2Bor significant rainfall to
have occurred in this average location relative to the j808thPa, transverse ageostrophic
circulations and isentropic lift had to have initiated sigoconvection due—most likely—to
a close-to-the-ground LCL. An inspection of individual pimity soundings from the PC

Region revealed the LCL was less than 100 hPa above groueldiied a simple calculation
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FIG. 6.19: As in Figure 6.18 but a) the 850 hPa temperature aidvethaded, K st)
and wind vectors (mt), b) 850 hPa thickness advection (“Term C”, Painhour 1),
and c) 850 hPa divergence {3 for Region 6.

places the LCL at 140 m above the surface (Lawrence 2005).sé&prently, very little
lifting was required to lift a parcel to its LCL at the centdrsignificant rainfall. Vorticity
advection at 500 hPa and differential vorticity advectibrotugh 500 hPa (i.e., Term B
in the quasi-geostrophic omega equation) were both apmiately zero at the centroid of
significant rainfall, though a substantial vorticity maxim was located over 1120 km (700
miles) to the west-southwest (not shown).

Upward vertical velocities at 500 hPa (greater in magnitinde —0.21 Pa s?; (Fig-
ure 6.21) were present west-southwest of the significartitation events, not far from

the classic location where curvature-induced ageostoogiviergence is typically found
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FiG. 6.20: As in Figure 6.18 but 500 hPa wind vectors (n)s geopotential heights
(contours, m), and isotachs (shaded, Th ®r Region 6.

(Uccellini and Kocin 1987). A well identified temperatured‘change line” was oriented
north-to-south slightly west of the location of heavy raih{Figure 6.21), revealing weak
cold thermal advection aloft in the composite mean that westwf the rainfall centroid
but over the western half of the concentrated warm therhiaekbess advection noted at
850 hPa.

Near the tropopause, strong divergence was located abewsgghificant rainfall events
(Figure 6.22); it was above and slightly east of the warmrttegfthickness advection at 850
hPa and the cold thermal advection at 500 hPa (Figure 6.@dyesting that the thermody-
namical properties of the atmosphere at lower levels haagtole in helping dynamical
forcings create the preferred location of significant raiinf

The meteorological features in this PC region resemble tiv& oy Junker et al. (1999),

but are rotated 45to the northwest. The 200 mb jet is northwest of the signifiement
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FIG. 6.21: As in Figure 6.18 but 500 hPa thermal advection (amstd< s 1) and vertical
velocity (shaded, Pa$) for Region 6.

centroid, but still nearly perpendicular to the LLJ orietida (cf. Junker et al. 1999). These
meteorological ingredients were aided by the low LCL (140 lno\ee ground) and the

associated isentropic lift in the right exit region of a S0Pa jet.

6.5.4 Region 13: Eastern ND Through Western Wi

The centroid of significant rainfall was in a text-book ldoatof a composite cyclonic
circulation (northeast quadrant, along a baroclinic zarel at the termination of a long
finger of precipitable water 33 mm extending northward from the Gulf of Mexico; Fig-
ure 6.23). A well-defined baroclinic zone, determined by#gtting the composite vector
wind field across the Upper Mississippi River Valley, wasdisd at the nose of a com-
posite low-level jet, in a narrow corridor of mass convergel2 x 10~° K sec't), and
co-located with an axis of warm thermal advectionZ0x 10°® K sec?), not shown.

These features extended northeast from the cyclonic eitiom toward the centroid of sig-
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FIG. 6.22: As in Figure 6.18 but 200 hPa divergence (shasiely,and wind vectors (m
s~1) for Region 6.

nificant rainfall. Most were warm season events (16 of the \&hes occurred between
June and September).

By 850 hPa, the warm thermal advection was even better defin88x 107° K sec'!)
and extended northeast/southwest through the centroigmifisant rainfall (Figure 6.24).
While the mass convergence (not shown) was weaker, it wadadesd northwest of the
surface-based convergence to lie along the expected sgrsmatie location for an 850-hPa
front relative to its surface location (west of the surfaow). A strong polar jet at 500
hPa was 1100 km (680 miles) northeast of the rainfall maxinfeigure 6.24), placing the
preferred location for significant rainfall in the right eance region of the weakly curved
anticyclonic flow. As expected for a ‘text book’ set of everggong vertical motion at
500 hPa t —0.12 Pa sec!) was centered exactly over the location for significantfedin
(Figure 6.24). The center of maximum ascent was approxisnatelocated with the center

of maximum tropopause-level divergence 1.2 x 107> K sec™}).
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FIG. 6.23: As in Figure 6.13 but a) the MSLP (contours, hPa), Itl@wind vectors (m
s 1) and 1000 hPa temperature (shaded, K) and b) the 1000 hRgetiee (contours,
s~ 1) and precipitable water (shaded, mm) for Region 13. White §hows 0.35 isopleth
for PC Region 13 (from Figure 4.4).

The composite of 500 hPa vorticity advection was weakly tpasupstream from the
centroid of significant rainfall while differential voriity advection through 500 hPa (Term
B) was more supportive of tropospheric ascent (0.002 Pa?kmur-1) and strong convec-
tion approximately 320 km (200 miles) to the southwest (Fegi125). On the other hand,
thickness advection at 850 hPa (almost 0.003 PaZdnour-1) was strongly supportive of
strong convection in a large oval-shaped area stretchinthsest to northeast, centered
on the centroid of significant rainfall.

It is difficult to discriminate any differences between tloenposites models of Regions
12 and 13; both sets of maps mirrored the lower-level com@asabdels in the work of
Junker et al. (1999) and the upper-level composite modelscoéllini and Kocin (1987).
The composite models produced in Regions 12 and 13 also nteraally consistent when

the various forcing functions were inter-related.

6.5.5 Region 11: Mid-Atlantic States

Across the Mid-Atlantic States (PC Region 11), 18 of the 2biicant events occurred

during August, September and October. Of the 20 significantall events in Region 11,
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FIG. 6.24: As in Figure 6.23 but a) the 850 hPa temperature aidve(thaded, K st
and wind vectors (ms'), b) the 500 hPa isotachs (shaded, Th)sand wind vectors (m
s 1), and c) the 500 hPa vertical velocity (contours, P8 $or Region 13.

12 were classified as tropical by NOAAs National Hurricanentr. Of the remaining
8 non-tropical events wherein Reanalysis data were avajlame event appears to be a
pre-satellite era tropical feature heretofore unrecoggphizy the National Hurricane Center.
The 1000 mb surface MSLP, winds and temperature for 00Z orug@ 1962 are shown
in Figure 6.26 and a circular wind pattern and warm-core reatdi this closed-low at 500
hPa are visible in Figure 6.26. Consequently, this manpisdetermined that 13 of the
20 significant rainfall events in Region 11 were tropical ature. Accordingly, these 13

tropical events were excluded from the composite imagesrohied for each PC Region
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FiG. 6.25: As in Figure 6.23 but the 500 hPa thickness advectitarifh C”, contours,
Pa knm? hourt) and thermal advection (shaded, K for Region 13.

because their study was beyond the scope of this researciddition, Reanalysis Data
from one of the 7 remaining events also was missing.

As aresult, a narrative to discuss the prevailing dynaniargkes that created synoptic-
scale heavy rainfall across this middle latitude region based only on the meteorological
patterns from the remaining 6 significant rainfall eventsc8use the remaining sample size
was so small, it was impractical to calculate composite @sagf meteorological features
from this region. Thus, the following summary is a subjeetagsessment of the antecedent
synoptic conditions associated with some heavy rainfadinév across the Mid-Atlantic
States; the narrative was composed after visually inspgatimerous synoptic maps from
individual events made possible by the Reanalysis Data.

Of the remaining 6 non-tropical events in Region 11, 4 oci@long an east-west
escarpment between North and South Carolina in an envirohofesoutherly low-level

wind flow (e.g., Figure 6.27). Although not in an area of masimwarm air advection,
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(shaded, m) and wind vectors (m'3 for the significant event on 30 June 1962 in Region
11.

these orographically-induced events had sufficient theaahaection and moisture to pro-
duce significant rainfall totals. These 4 terrain-drivermg were located in an area of high
850 hPa heights to the southeast, east or northeast and ight$it the west or northwest.
At 500 hPa, the four orographically-induced events ocalrrear the inflexion point of a
trough-ridge pattern in an area of nonexistent to moderetgcal motion (0.03 to-0.25
Pas?).

The remaining two events (1 September 1975 and 1 SeptemB&) both occurred
southwest of a strong surface high in an area of onshore flawthe Atlantic Ocean. The
significant events were in an area of moderate to strongeatmiotion (-0.25 and -0.7 Pa
s 1 at 500 hPa, respectively) and strong to moderate warm agciidn at 850 hPa (40
and 25x 107 K sec'1). Both of these non-tropical and non-orographic eventsioed
in an area of strong upper-level divergence {170 ® and 8x 10-¢ sec?) in the right
entrance region of a weak 200 hPa jet (one jet was cyclogicallved and the other was
anticyclonically curved).

Side-by-side comparisons of composite maps from each df3HC regions are shown

in Figures 6.28, 6.29, and 6.30. A brief overview of the remrag eight regions not de-
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scribed above is provided in Appendix C.
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Chapter 7

Conclusions

Although a limited number of studies of heavy to extremefadirvents have been con-
ducted across a few areas of the United States during thelphestades, a detailed study
of events on a region-by-region basis represents an unfiéged. This study is unique in
that no previous work has used the PCA technique to idertafyssically stratified regions
of coherent precipitation patterns across such large ameddengthy study periods, nor
have they examined the intensity or seasonal distributigigmificant but rare precipita-
tion events. Although the NCEP-NCAR Reanalysis data haee bgailable since 1996,
this unique, high-quality dataset has not been used to exaugper atmospheric features
associated with a large number of significant rainfall esemt a regional or national level
over a long study period, or used it to quantify the forcingttproduces synoptic scale
ascent (i.e., the two terms on the right side of the Q-G omeggat&n).

To identify regions of statistically similar precipitatigpatterns, a PCA of 576 nearly
evenly-spaced precipitation stations uncovered 13 fitatily coherent regions across the
eastern two-thirds of the Continental United States. Tive R€ regions reported in this
manuscript bore a strong resemblance to those presentddi between the Rocky and
Appalachian Mountains, even though different integrapeniods and precipitation sea-
sons were studied. The similarity of the two results sugtestextremely large summer
rainfall events, as studied by RL85, played an importarg imldetermining the PC pat-

terns from annual data. This finding was supported by an exaton of the seasonal
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distributions of heavy precipitation events across a singpatial domain. The similarity
between the PCA regions in this study and those in RL85 wakestan southern and
western Texas. Heavy summertime precipitation events l@sssfrequent in this area than
in other regions of the United States, and consequentlysainemertime events played a
less important role in the determining the PC patterns framual data.

The PCA-derived regions had unique characteristics i fhrecipitation distributions.
For example, the distributions of precipitation intendity heavy and significant events
differed considerably from one region to another. The shsirpontrasts existed between
those regions in the northern Great Plains versus the P@R&giong the coastlines with
the Gulf of Mexico and the Atlantic Ocean. Stations locatEx$e to sources of warm,
moist air recorded extremely large precipitation eventsprevalent in drier parts of the
country. The magnitude of the rainfall events classifiedigsificant (the top 20 heaviest
unique events in each region) increased from lower maximalunes in the northwest to
a largest maximum in the south and southeast. These sigritvants ranged from the
lowest observation of 12.07 cm (4.75 inches) in Montana (RQiéh 1) to the largest
observation of 65.41 cm (25.75 inches) in Texas (PC Region 3)

The likelihood of a heavy or significant precipitation eveturring during a given
season varied substantially from region to region. Heawn&yin those regions near the
Gulf of Mexico and Atlantic Ocean were more evenly distrdmithroughout the year.
In contrast, most heavy events in the northern Plains and theawestern Great Lakes
occurred during the summer months of June, July, and AugOster half of all heavy
events in Regions 1 and 13 occurred during this peak perigbdeofvarm-season. Heavy
events during the winter months in these regions were exderare; only 1% of all heavy
events in the far northwest region (Region 1) occurred duthre climatological winter
(December, January, and February). In contrast, nearly @8 heavy events occurred in
the Deep South region (Region 9) during the same cool-sqasood. The vast majority
of significant events (84%) occurred during the warm seasonths of April-September.

This study uncovered decadal differences in the distrdnstiof heavy and significant
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rainfall events. Of all precipitation bins of heavy everdsging from 1-23 inches (25—
584 mm), the 1990s had the largest number of heavy events of itfe 22 bins—larger
than any other decade. The early part of th& 2éntury had the largest number of heavy
events in four categories. The number of significant evdatsravealed an increasing trend
throughout the study period; more significant events oetlduring the second half of the
study period (post-1980) than during the first half (19509 with the most number of
significant events recorded during the 1990s.

The classification of 13 coherent patterns of annual rdiatabss the United States east
of the Rocky Mountains enabled the identification of the tBpeftreme rainfall events in
each of the 13 regions. The costly and deadly impacts frosetlegtremely large rainfall
events make accurate long-range forecasts a necessitgf attwo phases of forecasting
convective weather described by Rockwood and Maddox (19Bi8)study focuses on the
first step—assessing the synoptic-scale environment mtifgéhe broad areas which have
the greatest potential for developing convective stormbe NCEP-NCAR Reanalysis
data provided an excellent, high-quality dataset for angatomposite maps of the synop-
tic environment of significant rainfall events on a regioaatl national level. These ‘re-
gionalized’ composite maps will provide operational metéagists with easy-to-identify
synoptic-scale patterns associated with significant adlievents. Using these composite
images alongside the best numerical guidance that exter®isit and 5 days, forecasters
will be able to identify regions likely to receive very heapsecipitation.

Although the Reanalysis data set provided sufficient datadquiring relevant synoptic-
scale features, it has limitations. Due to its coarse gracs, the NCEP-NCAR 40-
year Reanalysis failed to capture important mesoscaleres{including outflow bound-
aries, mesolows and land surface discontinuities) andp@phical elements that may have
played an important role in the development and evolutiondividual storms. Neverthe-
less, the composite Reanalysis maps used in this manupoohatie the critical synoptic-
scale ingredients that are essential for significant rditdaccur.

Composite maps from significant events, which occurredsacregions bordering the
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Gulf of Mexico and Atlantic Ocean, had characteristics mdifferent from the composite
images calculated for the eight inland regions. The pratyinto the Gulf of Mexico or
Atlantic Ocean helped create an environment wherein thailyeavailable supply of mois-
ture and unstable air masses led to relatively low liftinga®ensation levels (LCL). The
Deep South region along the Gulf Coast had a bi-modal freqyudistribution of signifi-
cant events. Along the coastal regions, a large number pifsignt events occurred during
the spring and fall months—more so than was observed acrassimand PC Regions. For
two PC Regions along the Atlantic Ocean, more than half ositpeificant events occurred
during the fall season, primarily due to the increased feeqy of tropical systems. Con-
versely, at least half of the significant events across maland regions occurred during
the summer months of June, July and August. Due to the largep@ge of inland signif-
icant events (87%) which occurred during the warm seasedmposite maps generated
in this study predominantly reflect warm season significaatipitation events. A study
of cool season events may reveal different features that wet represented in this work.

The environments that characterized significant eventsioland regions had stronger,
better defined synoptic features than did the environmdmisro-tropical significant events
in coastal regions. When the coastal and inland composiégés were calculated sep-
arately, the 850 hPa thermal and thickness advection vdarethe inland composites
were approximately 2.5 times stronger than the thermal argkriess advection magni-
tudes across coastal regions. Not surprisingly, the LLJ 28% stronger for significant
events over inland regions than over coastal regions. AtB&4) the vertical velocity was
39% stronger over inland regions than along coastal sextiNear the tropopause, diver-
gence at 200 hPa was 33% stronger in the composite imagesaissiovith inland regions
compared with those from coastal regions.

Consequently, only the inland PC Regions were used to devie¢éonational composite
images of important synoptic-scale features. The naticnalposite of nearly 160 sig-
nificant events in 8 regions revealed a preferred locatiorttfe heaviest rainfall in the

northeast quadrant of a surface low along a baroclinic z8mgnificant events occurred at
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the northern limits of a narrow tongue of copious moistureé arstrong LLJ, and in an area
of concentrated surface convergence and maximum thermratadn at 850 hPa. At 500

hPa, a concentrated bulls-eye of ascent was located §liglest of the heaviest precipi-

tation, near the inflexion point region of ageostrophic dyemce between a trough to the
west and ridge to the east. The significant event centroidecaded in the right entrance

region of an anticyclonically curved Polar jet at 200 hPa amdn area of strong upper-

level divergence. These important ingredients, when aligim a dynamically consistent
manner, create an ideal setup for unusually large 24-hanfiatbevents.

Regarding forcing terms in the Q-G Omega equation (AppeAdjxhe 500 hPa dif-
ferential advection of vorticity (Term B) near the centrafisignificant rainfall was near
zero for all 13 PC regions (weakly positive at inland locai@nd slightly negative across
coastal regions). Conversely, the thickness advection &r850 hPa (Term C) was sub-
stantially larger £ 2.5 times larger for events across inland regions than for tsvacross
coastal regions). This important result means that, dugjpigodes of significant rainfall,
vorticity advection plays little role in initiating or modhting the rainfall event. Instead,
thickness advection is by far the most dominant synoptatestorcing mechanism to initi-
ate an outbreak of heavy to significant rainfall.

These findings substantiate the work of Maddox and Dosw882}, who wrote:

“It is suggested that, for situations in which mid-level troity and vor-
ticity advection patterns are weak, the operational faseramight better sub-
jectively diagnose significant upward motion areas...lacwlg much less em-
phasis on the 500 mb height/vorticity analyses and prognhasd examining
instead the low-level thermal advection fields. The metegioal logic sup-
porting this approach is that convective development afggrends upon lifting
within the lowest several kilometers to release conditiomstability and that
one’s attention should therefore be directed to these |tevets.”

The low-level jet played a prominent role in the inferrednepic lifting of warm
air from the 6, ridge impinging upon the baroclinic zone. All regional copsfie maps
(except those in the southeast United States north to theAthadtic Coast) revealed an

area of strong warm air advection at 850 hPa located overdheiést precipitation. These
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areas were coincident with high levels of conditional ibgity (determined using the Total
Totals index), which created synoptic-scale environmeatglucive to strong convection,
and consequently, significant precipitation events. Ttus,dissertation documented and
described synoptic patterns favorable for the productibsignificant precipitation on a
national and region-by-region basis.

An examination of the composite maps developed for all §icant rainfall events
across the inland PC Regions from 1950-1979 (the first 36sy@&athe dissertation data
set) and 1980-2009 (the final 30-years of the dissertatitanst) revealed no substantial
trends based on an inspection of the national compositeamafthe synoptic environ-
ment or the magnitude of the dynamical forcing terms from@i& omega equation. Both
the early (first 30 years) and late events (last 30 years)cteflestrong environments that
were remarkably similar to those described for the 60-yeanmosite over all inland re-
gions. Consequently, this dissertation rejects the agighypothesis that trends exist in
the synoptic-scale environments associated with the &sang frequency of exceptionally
large rainfall events during the latter part of this studyipe.

In summary, this manuscript adds the following accomplishta to the body of sci-
entific knowledge on the subject of synoptic-scale envirents during significant rainfall

events:

* |dentified 13 coherent patterns of daily precipitationadatross the eastern two-
thirds of the Continental United States using the princqguathponent analysis tech-

nique and the full Richman-Lamb precipitation dataset f@60-2009;

» Developed a subset of heavy precipitation events andfgignt precipitation events
associated with each of the 13 PCA-derived regions usinglauality data set that

spanned the 60-year period from 1950-2009;

» Determined that regional and seasonal differences wesept and trends were not
present in the heavy and significant precipitation evemtsnereasing decadal trend

through the 1990s was evident in the heavy events, and signifevents in the
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Southern-Coastal PC Regions increased throughout thg parad,;

» Quantitatively recreated the synoptic environments @ased with each significant

rainfall event using the NCEP-NCAR Reanalysis Dataset;

» Created regional and national composite maps of the emviemts associated with
significant rainfall events by upgrading the qualitativetnogls used by scientists

since the first known data composites produced by Smith andRio in 1972;

» Determined the magnitude of the terms on the right-harelgithe quasi-geostrophic
omega equation to identify the dominant mechanism whictidea vertical motion
and created composite maps of these terms for all 13 PCAmtkregions and for a

national set of composite images; and

» Evaluated the national composite maps for trends in themyn environment and
the magnitude of dynamical forcing terms prior to and af@8d. Because no trends
were discovered in the early and late portions of the diatiert data set, the null

hypothesis of this dissertation is hereby accepted.

These seven accomplishments listed above are new to th&iBcibterature and go
well beyond the work of Maddox et al. (1979; 1980), Maddox &us$well (1982), Rich-
man and Lamb (1985), Uccellini and Kocin (1987), and Junkat.€1999). Each accom-
plishment contributed unequivocal new results to the fi¢ldheteorology. The original
work in this dissertation tied together the results of poergi research, advanced the scien-
tific understanding through use of novel methodologies,@ms$tructed a new framework
for the early identification of significant rainfall basedampthe best forecasts possible by

today’s synoptic scale models to save lives and property.
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Appendix A

Assessing Vertical Motion in the Atmosphere

The ascent of air in the atmosphere is essential for the gagaprof precipitation and,
consequently, heavy precipitation events. When a paradiofj air reaches its lifting con-
densation level (LCL), water vapor in that parcel condersses given continued ascent,
may accumulate and fall as precipitation. To understandyheptic environment and dy-
namical parameters associated with heavy precipitatientsythe mechanisms and means
of assessing vertical motion in the atmosphere are examined

It is possible to directly and indirectly measure rising @mking air in the atmosphere
using a sonic anemometer, dual-Doppler radar, lidar, amaisicc sounders. However,
networks of such instrumentation are sparse and do not@k@ckward in time to encom-
pass the entire period of study for this research. Many cféhiestruments cannot measure
vertical velocity with sufficient accuracy due to the smalgnitudes of vertical motion.
Instead, alternative techniques based on mathematieagiaeships of physical processes
are used to diagnose vertical motion in the atmosphere gitaerdard surface and upper-
air observations or grid point representations of thesa (&ag., in the reanalysis data set).
This appendix will outline several important techniquesdstimating rising and sinking

motion in the atmosphere.
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A.1 Quasi-Geostrophic Omega Method

The most common method used to estimate vertical motioreiatimosphere is through
application of the quasi-geostrophic (Q-@)equation,

[D%+ f—gd—z} w= —%0% [—Vy-Op(Zg+ )] — G—F\;D% [~V - OpT]. (A.1)

This equation has been derived and described in great dstaiolton (1992) and
Bluestein (1992). Thus, this appendix will discuss the reathtical and physical inter-
pretation of terms in this widely used equation. The Que@ethod is valid for assessing
vertical motion on the synoptic-scale, where vorticity &any geostrophic and temperature
is hydrostatic. In other words, the application of this ggurais valid only when horizontal
motions in the atmosphere are ‘quasi-geostrophic’.

Petterssen (1956) provided an excellent summary of the imgaha quasi-geostrophic
atmosphere. In his eloquent synopsis, Petterssen (1346)st The synoptic charts of any
large area of the globe, and especially in middle and higtutigs, show well-defined dy-
namic systems in which the motion is overwhelmingly horizband largely determined by
the horizontal gradients of pressure and temperature.€limegions indicate the existence
of a near balance between the horizontal pressure forceshanirces arising from the
rotation of the earth. ... The velocity calculated from thédance is called thgeostrophic
wind. Observations show that the deviation of the actual winthftbe geostrophic wind
usually is so small that it may be neglected in the routindysea of synoptic charts. Nev-
ertheless, in many problems (e.g., those concerning pesanations, the formation and
intensification of circulation systems), these small digetes and their spatial distribution
constitute essential parts of the mechanisms involved. ...

“Within certain limits, therefore, the Rossby number pars a characteristic estimate
of the degree of geostrophic balance, such that the smakenamber, the higher the
degree of balance. In the experiments, a Rossby number widimity of 0.01 indicates a

very strong balance; a number of about 0.1 would correspon¢hit is commonly called
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guasi-geostrophic motion... and a number in the vicinityeity would be very strongly
a-geostrophic.”

The left-hand side of Equation A.1,

[D% + fggaa_;} w, (A.2)
represents a simple operator anthe vertical velocity in pressure coordinates. The quan-
tity w can be estimated by reversing this operator and solvingh®itérms on the right-
hand side (RHS) of Equation A.1.

For a mathematical description of this equation, the firgshten the RHS of Equation
A.1 represents the differential vorticity advection of baelative {g) and planetary {)
vorticity by the geostrophic windyy. The differential advection of vorticity is scaled by
the Coriolis parameterfg, and the static stability parameter, When vorticity advec-
tion increases with height, this first term can be summarasethe negative of the partial
derivative of the vorticity advection with respect to press mathematically, this term is
greater than zero, leading the Laplaciancoto also be greater than zero. Thus, from a
mathematical perspective, the vertical derivative witkpect to pressure implies thatis
negative, hencasing motion Conversely, vorticity advection decreasing with heiglatds
to sinking motion.

A more meaningful view of this term would be the physical rptetation of this equa-
tion. When cyclonic vorticity advection increases withdtgiand the vorticity is assumed
to be nearly geostrophic, then large increases in geostroplative vorticity at upper lev-
els must create (or be accompanied by) large upper-levghhtzlls based on the definition
of geostrophic vorticity. This definition,

)

{g= f—OD%z, (A.3)

establishes the inverse relationship between height texydsnd changes in the magnitude

of geostrophic vorticity. Concurrently, at lower levelssmall increase in the geostrophic
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relative vorticity leads to small upper-level height fadllsove a given location. When one
considers the height changes necessary in the entire cabwemma given area, it is clear
thatthe thickness of a given layarust decrease (i.e., large height falls aloft versus smalle
height falls at lower levels). The decrease in layer thide®es is greatest in areas where
vorticity advection increases the most with height (suchlas/e a surface low located east
of a 500-mb trough). The hypsometric equation reveals tnadrlthicknesses are propor-
tional to the mean virtual temperature in that layer. Thias,dolumn must cool to maintain
a hydrostatic temperature field. In the absence of horizaahzection of temperature such
as warm or cold air advection, decreases in layer thickrsassest be accomplished by adi-
abatic cooling through vertical motion. Thusgsing motionmust occur in the atmosphere
when vorticity advection increases with height. Conversginking motionresults from
cyclonic vorticity advection decreasing with height besaadiabatic warming is required
for the resultant thickness increases (Holton 1992).

The second term on the RHS of Equation A.1 represents theilootndn of tempera-
ture advection in the atmosphere to vertical motion. Theld@pn of thermal advection
is scaled by the specific gas constaRy, (he static stability parameter, and pressupk (
When temperature gradients are large or the geostrophid isistrong, therw also will
be large. In the case of warm air advectiorvg - O,T > 0, by definition; the Lapla-
cian of the temperature advection term is less than zerol@degative of this Laplacian
(O D%w) is greater than zero. Mathematically, this implies tat O (due to the Lapla-
cian operator on the LHS of Equation A.1),rsing motion Conversely, cold air advection
leads to sinking air in the atmosphere.

Physically, warm air advection leads to rising motion besgathe thickness of an at-
mospheric layer (e.g., 1000—700 hPa) must increase as tae temperature in the layer
increases. The height tendency equation,

{ 2 5 02

08+ Ed—pz} X = fo[—Vg-Op(dg+ )] - o 9p [_(_VQ'DPT)} (A4
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reveals that geopotential heights of a given pressure taust increase above the level of
maximum advection and decrease below the level of maximwmedciitn. In this situation,
and to maintain geostrophic balance, cyclonic vorticitysindecrease at the top of the
layer and increase at the bottom of the layer. To compensatkd additional anticyclonic
vorticity at higher levels, horizontal divergence deved@ upper levels. At lower levels,
cyclonic vorticity increases and horizontal convergenoeuos. Continuity of mass requires
that the diverging air at upper levels be replaced by risingassuming stratospheric air
above is so stable as to defy any vertical motion). Fortupdtee atmosphere has created
converging air at lower levels (this scenario also creatsg motion because the surface
of the earth is a material surface). Thus, warm air advediangiven geopotential height
represents rising motion through that pressure level. I&itygj subsidence occurs in regions
of cold air advection, such as beneath a 500-mb trough.

Written in terms of the geopotential fiel®, the w equation becomes,

f2 92 fo 0 1 1 Lo
e Giple- S o (ires] e fuo(5)] s

This version of the omega equation relates the fielddd the ® field at any moment in

time. It does not require:

« direct observations of the ageostrophic wind (unlike tbetmuity equation method

discussed below),

» direct wind observations or vorticity tendency (unlike thorticity equation method

described below),

* direct observations of the temperature tendency (unhieadiabatic method high-

lighted below).

Based on Equation A.5, the vertical motion field can be ddraienply from the geopoten-
tial field at a single instant in time. The primary disadvaet#o using this version of the

omega equation is the required higher-order derivativethemight-hand side of the equa-
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tion, which may prevent the accurate estimatiorwofrom noisy ® observations (Holton

1992).

A.2 Kinematic Method

The kinematic method for estimating vertical motion invsvthe vertical integration

of the continuity equation in pressure coordinates,

ow
Dp~\7+d—p_0, (A.6)

to obtain an estimate ab. Here, V represents the horizontal velocity vector apds
pressure. Both the geostrophic and ageostrophic compoénthe wind are included
in V such that this method linke with the ageostrophic wind. However, Equation A.6
becomes deficient when the flow is non-divergent (such as whkulations performed
using pressure coordinates), leaving the partial dexigadf w with respect to pressure
equal to zero. Estimates af derived with this method depend heavily upon the horizontal
wind field. Unlike surface winds that typically blow at spseon the order of tens of
kilometers per hour under clear conditions and upper-lesetis that can reach speeds in
excess of one hundred kilometers per hour, vertical mosooni the scale of only a few
centimeters per second. Consequently, small errors indhedntal wind field lead to large
errors in the derived vertical motion. As a result, the kim¢immethod is not recommended

to estimate vertical motion for most purposes (Holton 1992)

A.3 Adiabatic Method

Alternatively, the adiabatic form of the thermodynamic gyysequation,

(G +9-0pT)

, A7
@) A7)
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can be used to estimate if the diabatic heating is assumed to be small. The adiabatic
method linksw with temperature advection, which is dominated by the gepkic wind.
This method requires the local rate of change of temperatuhech rarely (if ever) is
measured over large areas with sufficient temporal frequertus adiabatic method works
best near the tropopause, but not in areas with diabaticeinfies such as near clouds,
precipitation, or near the surface. Because of these séwatations, the adiabatic method
cannot be applied near areas of heavy precipitation such #eeipresent study (Holton

1992).

A.4 Vorticity Method

The vorticity method combines the simplified vorticity e¢joa in an Eulerian frame-
work,
¢

—t =V 0pl —B -5, (A.8)

and the continuity equation (Equation A.6) to obtain anneate of the vertical velocity as
a function of pressure,
ow 1 <o"Z

=1 (5 +v-0nt). (A9)

Here, { represents the relative vertical vorticity, is the Coriolis paramete - [ is

. . . . _of . .
the advection of relative vorticityy the y-component of velocityfy = 3y the latitudinal
variation in the Coriolis parameter, addhe horizontal divergence of the wind field. When
integrated with respect to pressure, the vertical veloagya function of pressure can be

calculated as

a)(p)z%/op (%w-mpuvﬁ)dp (A.10)

However,% andV- Op{ have similar orders of magnitude and tend to oppose one an-
other. Thus, these terms must be computed with extremeanctw prevent large errors
in w. This method neglects the twisting/tilting and verticalection terms in the vorticity

eguation; on occasion, these terms may be significant (Blue$992).
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Appendix B

Table of Significant Events

TABLE B.1: Table of 260 significant events from every PC regionchitation amounts
are in cm, the station ID number is the GHCN-D identificatiam®, and ‘N’ indicates
non-tropical events while ‘T’ indicates tropical events.

Station ID State Region Prcp Year Mon Day Lat Lon Tropical
USC00240770 MT 1 15.01 1961 5 31 48.13 -110.05 N
USC00244538 MT 1 12.07 1962 5 20 46.67 -109.75 N
USC00329425 ND 1 12.52 1963 7 10 48.18 -103.63 N
USC00392797 SD 1 17.09 1964 6 18 45.78 -99.63 N
USC00323826 ND 1 12.90 1965 6 26 46.03 -100.00 N
USC00320995 ND 1 13.72 1966 7 13 46.18 -103.38 N
USC00328913 ND 1 13.56 1968 8 24 48.62 -100.73 N
uUSC00328627 ND 1 12.70 1972 5 22 48.33 -101.93 N
USC00243554 MT 1 15.93 1972 6 9 48.38 -106.82 N
USC00240770 MT 1 12.50 1974 5 13 48.13 -110.05 N
UsC00242122 MT 1 12.40 1976 6 12 48.15 -104.50 N
USC00243929 MT 1 14.63 1986 9 25 48.55 -108.85 N
USC00395544 SD 1 16.48 1987 7 18 44.52 -101.62 N
USC00325988 ND 1 14.55 1987 8 14 48.27 -101.28 N
USC00246586 MT 1 16.64 1993 7 22 48.77 -104.55 N
USC00245045 MT 1 14.02 1997 7 1 47.22 -105.15 N
USC00394864 SD 1 12.80 1999 8 12 45.93 -102.17 N
USC00246918 MT 1 19.69 2000 5 17 45.20 -109.23 N
USC00327450 ND 1 12.67 2003 9 10 46.10 -102.95 N
USC00246918 MT 1 14.91 2005 5 11 45.20 -109.23 N
USC00307799 NY 2 19.76 1950 11 26 42.02 -74.42 N
USC00170934 ME 2 20.45 1954 9 11 43.90 -69.93 T
USC00193702 MA 2 33.63 1955 8 19 42.20 -72.60 N
USC00307799 NY 2 20.93 1955 10 16 42.02 -74.42 N
USC00276818 NH 2 22.81 1959 10 24 44.27 -71.25 N
USC00063207 CT 2 18.87 1961 9 21 41.35 -72.05 N
USC00194744 MA 2 21.95 1962 10 6 42.60 -71.02 T
USC00368758 PA 2 19.02 1969 8 2 40.78 -75.97 T
USC00283516 NJ 2 18.49 1971 8 28 41.13 -74.32 T
USC00369728 PA 2 22.00 1972 6 22 41.23 -76.92 N
USC00196486 MA 2 18.92 1972 9 4 41.98 -70.70 T
USC00307799 NY 2 18.95 1980 3 22 42.02 -74.42 T
USC00194711 MA 2 20.29 1990 7 25 41.88 -70.92 N
USC00288816 NJ 2 17.96 1991 7 14 39.95 -74.22 N
USC00176905 ME 2 19.69 1991 8 19 43.63 -70.30 T
USC00176905 ME 2 29.82 1996 10 21 43.63 -70.30 N
uUSC00287587 NJ 2 25.02 1999 9 17 41.08 -74.27 T
USC00309292 NY 2 23.24 2005 10 9 41.38 -73.95 N
USC00194760 MA 2 19.53 2005 10 15 42.17 -71.52 N
USC00198367 MA 2 20.35 2006 5 15 41.90 -71.07 N
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TABLE B.1: (Continued

Station ID State Region Prcp Year Mon Day Lat Lon Tropical
USC00415659 X 3 30.99 1951 5 7 28.68 -95.97 N
USC00414402 X 3 52.58 1952 9 11 30.25 -98.57 N
USC00412266 X 3 32.92 1960 6 26 29.05 -96.23 T
USC00414705 X 3 32.39 1962 7 27 32.55 -96.27 N
USC00163979 LA 3 55.88 1962 8 29 29.88 -93.42 N
USC00416664 X 3 40.13 1963 9 18 30.12 -93.78 T
USC00415757 X 3 33.22 1964 6 16 31.43 -97.40 N
USC00417622 X 3 31.78 1967 9 22 26.38 -98.87 T
USC00410204 X 3 32.00 1973 6 12 29.37 -95.23 N
USC00410204 X 3 65.41 1979 7 26 29.37 -95.23 T
USC00413340 X 3 31.34 1979 9 19 28.98 -95.38 T
USC00414810 X 3 38.23 1980 8 10 27.50 -97.80 T
USC00410235 X 3 33.53 1981 6 5 29.78 -94.67 N
USC00413622 X 3 41.43 1981 8 31 29.53 -97.45 N
USC00416024 X 3 44.45 1994 10 17 30.38 -95.70 N
USC00416276 X 3 46.61 1998 10 18 29.73 -98.12 N
USC00414321 X 3 49.73 2001 6 9 29.78 -95.43 T
USC00413299 X 3 32.51 2002 9 9 28.48 -98.87 N
USC00419076 X 3 32.39 2008 9 15 30.10 -95.62 T
USC00414556 X 3 36.40 2009 9 12 30.82 -97.60 N
USC00085539 FL 4 37.13 1964 9 12 30.05 -83.17 T
USC00091345 GA 4 31.39 1969 8 22 31.15 -81.38 N
USC00085793 FL 4 30.68 1970 6 3 30.77 -87.13 N
USC00010252 AL 4 31.19 1975 4 10 31.30 -86.52 N
USC00085663 FL 4 29.24 1977 5 4 25.82 -80.28 N
USC00083909 FL 4 41.63 1979 4 25 25.83 -80.28 N
uUSC00088788 FL 4 29.08 1979 5 8 27.97 -82.53 N
USC00086414 FL 4 29.77 1982 4 8 29.20 -82.08 N
uUSC00088841 FL 4 35.03 1982 6 2 25.00 -80.52 N
USC00010252 AL 4 31.34 1990 3 17 31.30 -86.52 N
USC00095314 GA 4 41.71 1990 10 12 33.00 -82.38 N
USC00089176 FL 4 30.02 1992 6 25 27.10 -82.43 T
USC00090253 GA 4 53.59 1994 7 6 32.05 -84.27 T
USC00084366 FL 4 31.90 1995 8 19 30.28 -81.38 N
USC00010252 AL 4 3251 1995 10 4 31.30 -86.52 T
USC00010252 AL 4 29.08 1998 3 8 31.30 -86.52 N
USC00085793 FL 4 30.48 1998 9 26 30.77 -87.13 N
USC00010252 AL 4 45.42 1998 9 29 31.30 -86.52 T
USC00085663 FL 4 31.90 2000 10 3 25.82 -80.28 N
uUSC00083207 FL 4 30.76 2008 8 20 27.47 -80.35 T
uSCo0478827 Wi 5 21.08 1951 7 21 43.53 -90.87 N
USC00110338 IL 5 26.62 1954 10 10 41.77 -88.32 N
USC00116526 IL 5 22.28 1958 7 14 41.32 -88.90 N
USC00135837 IA 5 24.16 1967 6 7 41.40 -91.07 N
USC00132367 IA 5 22.48 1967 9 14 42.38 -90.70 N
USC00132388 IA 5 28.65 1968 7 17 42.75 -92.97 N
USC00217405 MN 5 21.89 1968 8 7 44.30 -93.98 N
uSC00218227 MN 5 20.32 1978 7 1 44.30 -92.22 N
USC00203858 Ml 5 20.29 1982 7 17 42.78 -86.12 N
USC00205488 Ml 5 21.74 1986 9 11 43.23 -83.57 N
USC00215435 MN 5 23.24 1987 7 23 44.87 -93.22 N
USC00470516 wi 5 19.76 1993 7 18 43.45 -89.72 N
USC00476764 Wi 5 25.07 1996 6 18 43.38 -87.87 N
USC00114530 IL 5 34.54 1996 7 18 41.50 -88.10 N
USC00477725 wi 5 27.53 1998 8 6 43.75 -87.72 N
USC00477113 wi 5 21.01 2000 7 8 45.62 -89.42 N
USC00473405 wi 5 23.95 2002 6 21 44.10 -89.53 N
USC00113312 IL 5 29.69 2002 8 22 42.42 -90.43 N
USC00219046 MN 5 21.95 2005 9 25 43.77 -94.17 N
uUSC00478827 Wi 5 23.44 2007 8 19 43.53 -90.87 N
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TABLE B.1: (Continued

Station ID State Region Prcp Year Mon Day Lat Lon Tropical
USC00416780 X 6 40.69 1954 6 27 30.20 -101.58 N
USC00342660 OK 6 25.02 1955 5 19 34.50 -97.97 N
uUSC00414517 X 6 24.38 1957 4 26 33.23 -98.15 N
USC00344055 OK 6 24.84 1957 5 15 36.10 -97.83 N
USC00415821 X 6 22.35 1960 6 7 34.72 -100.53 N
USC00413411 X 6 23.19 1960 10 17 32.77 -101.45 N
USC00054076 CcoO 6 28.14 1965 6 17 38.05 -102.12 N
USC00346139 OK 6 23.19 1972 7 8 36.23 -99.17 N
USC00344573 OK 6 25.40 1973 10 11 36.72 -97.78 N
USC00413992 X 6 36.30 1978 8 4 33.15 -99.73 N
USC00348110 OK 6 26.97 1983 10 20 35.35 -96.90 N
USC00413828 X 6 22.48 1986 7 4 33.62 -100.32 N
USC00415707 X 6 23.19 1986 10 4 31.13 -102.20 N
USC00349278 OK 6 29.57 1987 5 28 34.35 -98.30 N
USC00410271 X 6 28.40 1989 5 16 33.43 -98.37 N
USC00347505 OK 6 24.99 1998 10 4 36.47 -97.17 N
USC00412096 X 6 28.14 2000 6 4 32.53 -97.62 N
USC00340224 OK 6 23.24 2000 10 23 35.05 -98.18 N
USC00411761 X 6 23.50 2001 5 4 34.95 -100.93 N
USC00343497 OK 6 26.44 2007 8 19 35.62 -98.32 T
USC00111475 IL 7 20.83 1951 7 9 40.73 -88.70 N
USC00238561 MO 7 28.80 1957 6 15 38.55 -90.48 N
USC00116610 IL 7 25.91 1957 6 28 39.63 -87.68 N
USC00116725 IL 7 24.28 1957 7 13 41.32 -87.78 N
USC00110608 IL 7 20.80 1959 8 17 38.03 -88.92 N
USC00153430 KY 7 20.45 1967 8 1 37.25 -85.50 N
USC00155067 KY 7 20.70 1969 6 23 37.35 -87.52 N
USC00339312 OH 7 23.80 1969 7 5 40.78 -81.92 N
USC00116725 IL 7 20.12 1972 6 13 41.32 -87.78 N
USC00127125 IN 7 21.06 1979 7 26 38.37 -87.57 N
USC00200146 Ml 7 23.70 1986 9 11 43.38 -84.67 N
uUSC00127522 IN 7 20.45 1989 5 26 39.77 -87.23 N
uUSC00127875 IN 7 20.32 1992 8 8 38.70 -85.77 N
USC00336645 OH 7 19.96 1995 8 8 40.15 -84.23 N
USC00110608 IL 7 22.28 1996 4 29 38.03 -88.92 N
USC00155067 KY 7 26.04 1997 3 2 37.35 -87.52 N
USC00366233 PA 7 20.32 2004 9 9 41.02 -80.37 N
USC00338534 OH 7 23.75 2007 8 21 40.83 -83.28 N
uUSC00113879 IL 7 25.40 2008 3 18 37.75 -88.55 N
usCo00120877 IN 7 24.13 2008 6 7 39.42 -86.97 N
USC00133718 IA 8 19.20 1953 6 7 43.00 -96.48 N
USC00130923 IA 8 21.84 1954 6 18 43.10 -93.80 N
USC00130385 IA 8 31.83 1958 7 2 41.70 -94.92 N
USC00130923 IA 8 18.95 1959 5 21 43.10 -93.80 N
USC00257640 NE 8 23.62 1959 8 2 41.45 -97.07 N
USC00134038 IA 8 27.97 1962 8 31 42.35 -95.48 N
USC00255250 NE 8 19.05 1964 6 30 41.22 -99.28 N
USC00250070 NE 8 26.14 1966 8 13 41.67 -98.10 N
USC00136800 IA 8 19.56 1973 8 23 43.08 -95.62 N
USC00259510 NE 8 18.29 1985 7 19 40.87 -97.60 N
USC00134735 IA 8 22.25 1985 8 29 42.77 -96.13 N
USsCo00132171 IA 8 20.04 1993 7 9 42.03 -95.32 N
USC00251990 NE 8 18.75 1995 8 22 42.45 -97.90 N
uUSsCo00131277 IA 8 30.53 1996 7 17 42.05 -95.83 N
USC00257640 NE 8 19.56 1996 8 5 41.45 -97.07 N
USC00258480 NE 8 20.96 1999 8 7 41.77 -96.22 N
USC00397052 SD 8 18.80 2007 5 6 44.88 -98.38 N
USC00142459 KS 8 18.42 2007 5 24 38.72 -98.22 N
USC00132689 IA 8 22.86 2007 8 18 43.10 -94.67 N
USC00256837 NE 8 19.05 2008 6 5 41.07 -97.78 N
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TABLE B.1: (Continued

Station ID State Region Prcp Year Mon Day Lat Lon Tropical
USC00166911 LA 9 32.08 1953 5 18 30.75 -90.98 N
USC00015478 AL 9 33.93 1955 4 13 30.68 -88.25 N
USC00086997 FL 9 29.67 1956 9 24 30.47 -87.18 T
USC00167096 LA 9 30.48 1959 5 31 29.78 -90.43 N
USC00162534 LA 9 30.73 1961 11 14 30.12 -90.98 N
USC00160549 LA 9 30.45 1967 4 14 30.53 -91.13 N
uSCo00016847 AL 9 3231 1979 4 13 33.37 -88.02 N
USC00166938 LA 9 32.64 1979 9 20 30.60 -92.78 T
USC00406012 TN 9 34.54 1982 9 13 35.90 -88.73 T
USC00221865 MS 9 34.80 1983 4 7 31.23 -89.83 N
USC00166836 LA 9 34.95 1983 8 3 30.82 -92.67 N
USC00164674 LA 9 29.39 1984 10 23 29.95 -91.72 N
USC00169803 LA 9 32.77 1989 6 29 31.93 -92.68 T
USC00166660 LA 9 31.09 1995 5 8 29.98 -90.25 N
USC00010583 AL 9 39.57 1997 7 20 30.92 -87.78 T
USC00010583 AL 9 38.38 1998 9 28 30.92 -87.78 T
USC00166666 LA 9 38.96 2002 9 26 29.93 -90.03 T
USC00016988 AL 9 36.55 2005 4 1 30.62 -87.65 N
USC00162367 LA 9 34.54 2005 9 24 30.83 -93.28 T
USC00169806 LA 9 33.66 2008 9 3 32.10 -91.72 T
USC00032300 AR 10 27.05 1958 4 26 33.22 -92.80 N
USC00341711 OK 10 29.72 1960 7 25 35.47 -95.52 N
USC00415766 X 10 30.73 1964 9 21 33.17 -96.62 N
USC00349118 OK 10 26.54 1971 12 10 34.00 -95.15 N
USC00032842 AR 10 30.25 1972 9 18 34.32 -93.53 N
USC00034756 AR 10 26.49 1972 10 31 34.57 -94.25 N
USC00238700 MO 10 27.94 1977 3 28 36.92 -90.28 N
USC00031750 AR 10 31.12 1978 9 13 34.70 -92.45 N
USC00034528 AR 10 26.54 1980 7 22 35.02 -90.73 N
USC00419125 X 10 33.07 1982 5 13 33.38 -96.33 N
USC00030664 AR 10 35.71 1982 12 3 34.50 -93.93 N
USC00414081 X 10 28.07 1989 3 29 32.17 -94.78 N
uUSC00168067 LA 10 30.07 1989 5 5 32.52 -92.65 N
USC00033466 AR 10 32.94 1990 5 20 34.52 -93.05 N
USC00034756 AR 10 30.23 1990 10 8 34.57 -94.25 N
USC00166244 LA 10 32.69 1991 4 13 32.60 -93.28 N
USC00034548 AR 10 29.79 1997 4 5 33.32 -93.23 N
USC00035112 AR 10 26.16 1998 5 28 34.00 -93.93 N
USC00236970 MO 10 25.91 2006 9 23 36.58 -90.23 N
USC00345563 OK 10 32.56 2009 4 30 33.87 -97.15 N
USC00440720 VA 11 27.20 1954 10 15 38.52 -78.43 T
USC00316108 NC 11 25.15 1955 9 19 35.07 -77.05 T
USC00310674 NC 11 31.52 1962 6 30 35.48 -76.68 T
USC00314055 NC 11 30.15 1964 9 29 35.05 -83.18 N
USC00314055 NC 11 25.17 1964 10 4 35.05 -83.18 N
USC00445050 VA 11 28.40 1969 8 20 38.03 -78.00 T
USC00317486 NC 11 26.42 1970 10 11 35.13 -82.83 N
uSC00284887 NJ 11 25.32 1971 8 28 40.88 -74.23 T
USC00449151 VA 11 25.27 1975 9 1 37.30 -76.70 N
USC00314788 NC 11 25.65 1979 3 4 35.13 -82.93 N
USC00449151 VA 11 28.78 1989 8 18 37.30 -76.70 T
USC00318113 NC 11 29.97 1996 9 6 33.98 -78.00 T
USC00319467 NC 11 36.58 1998 8 27 34.32 -77.92 T
USC00318113 NC 11 46.48 1999 9 16 33.98 -78.00 T
uSC00188380 MD 11 36.35 2002 9 1 38.18 -75.38 N
USC00311624 NC 11 37.47 2004 9 8 35.82 -82.17 T
USC00091982 GA 11 32.39 2004 9 17 34.85 -83.40 T
USC00318113 NC 11 25.12 2005 9 14 33.98 -78.00 T
USC00319467 NC 11 2591 2006 9 1 34.32 -77.92 T
USC00098740 GA 11 30.15 2009 9 21 34.58 -83.32 N
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TABLE B.1: (Continued

Station ID State Region Prcp Year Mon Day Lat Lon Tropical
USC00233793 MO 12 22.86 1957 6 29 38.70 -91.42 N
USC00143667 KS 12 24.03 1963 7 11 38.33 -97.18 N
USC00137669 IA 12 22.23 1965 7 19 40.75 -95.65 N
USC00148964 KS 12 23.16 1973 10 11 37.25 -97.00 N
USC00143822 KS 12 28.96 1976 7 3 37.52 -96.18 N
UsC00143248 KS 12 27.76 1977 6 22 37.35 -96.43 N
USC00134063 IA 12 22.61 1977 8 26 41.37 -93.55 N
USC00142409 KS 12 24.38 1979 11 21 37.00 -96.27 N
USC00142409 KS 12 23.37 1984 10 13 37.00 -96.27 N
USC00230204 MO 12 23.11 1986 10 3 38.18 -94.02 N
USC00136316 IA 12 22.35 1992 9 15 41.02 -93.82 N
USC00238664 MO 12 27.94 1993 9 25 37.23 -94.55 N
USC00235987 MO 12 27.05 1994 4 11 37.83 -94.37 N
USC00130364 IA 12 33.48 1998 6 14 41.42 -95.00 N
USC00142835 KS 12 31.75 1998 9 15 37.85 -94.70 N
USC00144857 KS 12 23.85 2003 6 23 39.90 -98.02 N
USC00142401 KS 12 22.99 2005 8 25 37.82 -96.83 N
USC00148341 KS 12 22.99 2005 10 2 39.35 -95.45 N
USC00142894 KS 12 29.87 2007 6 30 37.53 -95.80 N
USC00148830 KS 12 26.19 2008 9 12 37.63 -97.42 N
USC00215638 MN 13 17.53 1954 4 26 45.58 -95.88 N
USC00214652 MN 13 17.83 1954 7 10 47.23 -94.22 N
USC00215482 MN 13 22.02 1957 6 17 44.55 -95.98 N
USC00323594 ND 13 18.85 1957 9 2 48.42 -97.42 N
USC00479304 wi 13 17.45 1958 7 1 45.88 -91.07 N
USC00473332 wi 13 16.94 1960 4 23 46.47 -90.50 N
USC00471923 wi 13 16.26 1960 8 28 45.53 -92.02 N
USC00214008 MN 13 16.33 1972 7 20 48.62 -93.88 N
USC00214861 MN 13 22.61 1972 7 22 45.97 -94.87 N
USC00325230 ND 13 20.57 1975 6 29 46.65 -98.22 N
USC00324203 ND 13 16.21 1987 7 21 47.43 -97.05 N
USC00211630 MN 13 21.44 1990 9 6 46.70 -92.52 N
USC00324413 ND 13 16.13 1993 7 15 46.92 -98.68 N
USC00218520 MN 13 17.27 1994 8 10 44.50 -95.45 N
USC00215400 MN 13 24.84 1995 7 4 45.12 -95.92 N
USC00212500 MN 13 16.76 2003 6 25 45.30 -93.58 N
USC00473244 wi 13 19.89 2005 10 5 45.80 -92.67 N
USC00391873 SD 13 19.35 2007 5 6 45.73 -98.30 N
USC00218907 MN 13 17.83 2007 6 2 45.80 -96.48 N
USC00218311 MN 13 22.10 2007 9 7 47.75 -92.28 N
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Appendix C

Remaining Regional Composite Map Results

The following is a brief overview of the remaining 8 regior described in Chapter 6.
Many of the features described below can be viewed in Figbu28, 6.29, and 6.30 or are

quite similar to features in neighboring regions descrilbe@Ghapter 6.

C.1 Region 1: Eastern MT Through the Western Dakotas

Significant precipitation events in region 1, located in thienorthwest corner of the
domain encompassing parts of Montana and the Dakotas, kasirihllest magnitude of
all significant events by region (Table 5.3). Neverthel#dss,region displayed very strong
synoptic signals in the composite maps. Aside from its gaplgic location in the western
high plains and the fact that 18 out of the 20 significant evexturred from May to Au-
gust, the composites for PC Region 1 have the classic lookJatallini and Kocin (1987)
east-coast snowstorm: coupled jets with their high-leiadrgence (1x 10~° sec'!) posi-
tioned over the location of significant rainfall and syncopgcale ascent at 500 hPa (mag-
nitude > 0.21Pa sec™!) spatially located about midway between the location of 880
vergence and the high-level divergence. In other wordsptageorological features tilted
almost south-to-north with increasing height. This “sldpesponse” is consistent with the
work of Uccellini and Kocin (1987) who revealed cold seaseattires that sloped along
isentropic surfaces. The implication is that latent heatlteen released in large quantities,
but only a vertical cross section bisecting the heavy réditdeation would reveal this fact.

Furthermore, the composite maps resembled the work of Juatlke. (1999) quite closely
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(heaviest precipitation west of and at the nose of the lowllgt, in the northeast quadrant
of a surface low with the preferred rainfall location undeaith the ageostrophic divergence
aloft, and downwind from the thermal advection at 850 hPaloft 80~ ° K sec'1). A nar-
row tongue of moisture (precipitable water of 25 mm) from tBelf of Mexico curved
cyclonically around the surface cyclone and pointed towhedregion of significant rain-
fall.

The most surprising fact from Region 1 is the magnitude ofl @i advection at 500
hPa located over the lower-level convergence; this camieoto differential thermal ad-
vection working to quickly decrease atmospheric stabil@iearly, the events in Region 1
are strongly driven by synoptic-scale forces. This lattatesnent is supported by the fact
that positive vorticity advection in the composite 500 hidage for Region 1 is nearly cen-
tered over the location of significant rainfall (magnitud®d®04 sec?). Even differential
vorticity advection through 500 hPa (Term B of the Q-G Omegaation) is supportive of
ascent over the region of rainfall, though weaker in the cositp of 20 cases (magnitude
of approximately 0.002 Pa knd hour~?1) that simple advection at 500 hPa. However, the
strongest support for ascending air comes from Term C of H& Qmega equation, which
has warm thickness advection centered over (magnituded@@8 Pa km? hour 1) the

region of significant rainfall and stretching southeastamhthe low-level jet.

C.2 Region 3: Southeast TX

PC Region 3, located in southeast Texas, did not revealdedihed dynamical signals
in the many non-tropical composite images produced fordisisussion. Most meteorolog-
ical ingredients were supportive for significant rainféllit all were very weak and rarely
aligned favorably compared to the forcing ingredients ineotregions described above.
Perhaps the strongest clue to support the location and toggnof significant rainfall in
Region 1 was hidden in the isentropic ascent over the adjacastal waters off the central

Texas coast. Even so, the composite low-level moisturesfiefdl moisture axes (precip-
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itable water in excess of 40 mm) were co-located with the llevel jet at 850 hPa, which
extended north-northwest from the average location ofiggmt rainfall. The warm ther-
mal advection and mass convergence at 850 hPa were wealdiy@oser and just west of
the average location of significant rainfall x110-° K sec! and 5x 107 sec?, respec-
tively), and an inflection point center-of-divergence a02{Pa was located less than 100
km north (1x 10~° sec'!). Ascending air at 500 hPa-(L Pa secl) was centered over the
location of significant rainfall. The advection of relativerticity at 500 hPa and the dif-
ferential vorticity advection (Term B) through 500 hPa wbogh near zero. The thickness
advection through 850 hPa (Term C) was effectively zero dk we

Thus, the scientific explanation for the location and magitetof significant rainfall
across Texas likely lies in the thermodynamic variableg.(& close-to-the-ground LCL)
and a strong moist LLJ. These results agree with the cormigsif Bradley and Smith
(1994) and Moore et al. (1995) that events characterizeddakwynamic forcing tend to
be associated with a quasi-stationary front or residuat fjost in the presence of low-
level southerly winds transporting warm moist air. Storrattdid form may have been
driven along the frontal boundary and heavy precipitatiatals may have resulted from
the training of multiple storms. Despite the likely majote@f mesoscale boundaries in
the evolution of these significant rain events (Maddox andvizl 1982), an examination
of these features were beyond both the capability of the &gsis dataset and the scope
of this research. Finally, the events in Region 3 most oftecuged during June (6) and
September (9) and accounted for 75% of the significant rinf¢his region of the United
States. Many of these were tropical in nature. Of the twebtwetmopical significant events
in Region 3, three occurred in June, three in Septemberanest were spread throughout

the warm season months of May through October.
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C.3 Region 4: Southeastern U.S.

Like PC Region 3, non-tropical events in the southeast regfdhe United States did
not reveal any well-defined dynamical signals. Perhapsttbagest dynamical clue, albeit
several hundred kilometers northwest of the PC Region, nastuiper-ageostrophic flow
into a low-amplitude ridge along the east coast that prodweeak divergence at 200 hPa
(1x 107°). A broadly defined axis of precipitable water had been parted northwest by
the prevailing lower-level flow but maximum values were haabove normal values (30—
40 mm) for the 14 non-tropical significant events spreadlgeaenly across the months of
March—October. At 850 hPa, the warm thermal advection wasmzaed in a long corridor
to the northwest of the PC Region but thickness advectionzaees at the event centroid.
In addition, low-level mass convergence was centered férgaorthwest while vorticity
advection at 500 hPa and differential vorticity advectia@revboth near zero. Thus, a broad
scientific explanation for all non-tropical significantméall across the southeast USA was
not readily apparent, although it could be hidden in therttegtynamic variables (such as
the low height of the LCL). In other words, there was no preade forcing cause for the
non-tropical significant rainfall events in the southeasfion.

The lack of a coherent pattern in Region 4 likely was due ttetghces in the envi-
ronments of each of the 14 non-tropical significant eventselthe individual composite
members were examined, a large variability occurred froeneto event. For example, 6
of the 14 non-tropical events had a bulls-eye of warm themlakection at 850 hPa over
the significant event location, while the remaining 8 hatikelito no (or negative) thermal
advection near the rainfall maxima. Some inland eventsh(siscin Alabama or Georgia)
were associated with synoptic-scale low pressure systetm#s most events across the
Florida Peninsula were unassociated with large synopstesys. The disparity between
individual events in Region 4 makes a composite map implessitless one first classifies
a type of event and makes multiple types of composite mappgro8uch groups of com-

posite maps would likely lose the wide-range of applic#paind value by compositing the
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very small sample size of 14 non-tropical events.

C.4 Region 5: WI Through Ml

The features associated with significant rainfall in PC Bedi, near the Great Lakes,
blend nicely with the work of Johns (1984) and his study of swertime northwest flow
events. In this region, the magnitudes of the thermodynalnféatures were quite strong.
Although the significant events do not fit into the Johns ()@®dssification as northwest
flow events, the significant events in Region 5 display onénefstrongest warm air ad-
vection areas of all PC regions (610° K s~1). The significant events in the PC Region
are distinctly warm season in nature (19 of the 20 signifiemeints occurred during the
months of June—September and the remaining event in eathb@g. Consequently, the
forcing mechanisms for large storms may vary by season @fng 1984). In contrast,
the magnitudes of the dynamical features were quite wedker@ntial vorticity advection
through 500 hPa, vorticity advection at 500 hPa, and théiigss advection at 850 hPa all
were barely positive. Furthermore, the composite modeils fthis region mirror the great
Chicago flood of October 1998 and are a close fit to the compaositdels developed by
Junker et al. (1999).

However, this PC Region had one distinguishing charatieigempared to the other
regions: the major features at multiple levels were justtweeshorthwest of the centroid
of significant rainfall: warm thermal advection at 850 hP& 610-° K sec!), ascent at
500 hPa {0.1 Pa sec?), and divergence at 200 hPax@0® sec't). While the synoptic-
scale atmosphere tends to work on sloped isentropic s@ifoe composite models from
PC Region 5 suggest something was slightly different inrbggon. Perhaps the thermody-
namical variables of region 5 were much stronger than thos¢her regions (possibly due
to evapotranspiration from corn across the upper Midwesgipitable water was in excess
of 39 mm upwind of the favored area for significant rainfaldgeratured a maximum that

had its roots in eastern lowa through southern Wisconsin).
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C.5 Region 7: Ohio River Valley

Synoptic-scale forces that signaled significant rainfaloas the Ohio River Valley,
primarily during the months of June—August (14 of the 20 ¢és@tcurred during this 90-
day period), were tightly packed across the PC Region 7.df) feone of the major features
discussed in the other PC Regions were located outside @hi@River Valley (850 hPa
convergence of & 1078 sec!; ascent at 500 hPa more negative thah25 Pa sec’;
divergence of 16 x 107 sec’! at 200 hPa). The slight tilt of features with increasing
height was toward the northeast in less than 300 km, suggestat low-level moisture
from the Gulf of Mexico increased the convective instapiind forced the atmosphere
to respond vertically more so than along gently sloped repit surfaces. The strongest
signal in the composites for this PC Region was the narroguerof copious Gulf moisture
(precipitable water values of 0.42 mm). As with many of tHamd PC Regions, the lower-
level maps from Region 7 closely resembled the compositg@snaf Junker et al. (1999).
Strong thermal advection and thickness advection (Term.@DPa km? hour 1) were
evident across the Region but differential vorticity adie@t was zero. A low LCL was

associated with isentropic lift in the right exit region ofe at 500 hPa.

C.6 Region 8: NE and SD

Lower level features in PC Region 8, across parts of Nebraskh South Dakota,
strongly resembled the Maddox et al. (1979) frontal typeaiwective event and clearly
were confined to the warm season months of May-August (alli@@fgcant events oc-
curred during this four month period). For example, a ricanpé of precipitable water
(> 36 mm) from the Gulf of Mexico pointed toward the location gjrgficant rainfall as
determined by mass convergence at 850 hPa, which was assbeith a quasi-permanent
baroclinic zone and at the nose of a strong low level jet. €HHeatures appeared strongest
southwest of the centroid of significant rainfall and werel@oated with strong 850 hPa

thermal advection (in excess of&10° K sec’!). Vertical velocities at 500 hPa were
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strongest (magnitudes were—0.15 Pa set!) over the low-level mass convergence. The
presence of a basic west-to-east high-level jet streangaloe Canadian border created
ageostrophic divergence 810~° sec'!) over the preferred location of significant rainfall.
Differential vorticity advection through 500 hPa (Term Basvzero at the event centroid
(although high to the northwest), while a maximum of thickmiadvection at 850 hPa (Term

C; > 0.003 Pa knm? hour1) was positioned above the center of significant rainfall.

C.7 Region 9: LA Through TN

Of the 11 non-tropical events in Region 9, along the centrdf Goast, the preferred
location for significant rainfall was at the nose of the LLJ,an inferred area of strong
isentropic ascent, near the maximum in precipitable wate84 mm) that was co-located
with a weak convergence zone. At 850 hPa, the southerly jetaligned with the maxi-
mum of warm thermal advection and a zone of strong mass cgenee (7x 10°° sec'?).
The thickness advection (term C) was weakly positive dowevitiom the nose of the low
level jet. Vertical velocities at 500 hPa were very strongagmitude of ascent exceeded
0.25 Pa sec! just northwest of the event centroid). Relative vorticitwaction and dif-
ferential vorticity advection through 500 hPa were bothrre=so at the center of heaviest
rainfall. All features were aligned north-to-south but mtd upper-level features were
shifted 50-100 km to the north-northwest relative to thetrmed of significant rainfall. By
200 hPa, inflection point divergence over-powered the rgiittregion of a subtropical jet
stream (divergence was stillZLx 10~° sec'l). Thus, isentropic lift associated with the
indirect circulation of the exit region, combined with we@apographic lift, was able to tap
a low-to-the-ground LCL and a baroclinic zone (apparenha1000 hPa wind vectors) to
create strong convection by utilizing the moisture plunwarfrthe Gulf of Mexico via the
strong LLJ. In a final analysis, the composite patterns forRe@ion 9 closely resembled
the frontal zone composites of Maddox et al. (1979).

The significant rainfall events in this PC Region were verycmbi-modal in their
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frequency of occurrence: 8 non-tropical events occurrégonl—-May and 7 tropical events

took place in September; no other month recorded more tharsignificant rainfall event.

C.8 Region 10: Northeast TX Through Southern IL

Significant rainfall events in PC Region 10, covering an drean northeast Texas
through southern lllinois, also were bimodal in their fregay of occurrence: ten events
occurred in March-May and six events in September—Octdbewever, no events in this
region were found to be tropical in origin. The compositeg@siof meteorological features
revealed that the centroid of significant rainfall occuregédhe nose of a southerly surface
jet, in an area of inferred isentropic ascent, and at thehnend of a narrow corridor of
copious precipitable water (maximum values near 42 mm). 2Q BPa, the preferred
location for significant rainfall was located in the centétlee low-level jet, in an area of
strong thermal advection, and in a narrow zone of subsiantias convergence (610 °
sec!). Midway through the troposphere, vertical motions-@f 25 Pa sec! were centered
over the location of maximum rainfall. This general areaalsas located in the right
entrance region of an anticyclonically curved jet strearthv200 hPa divergence peaking
at 18 x 107° sec! slightly northeast of the event centroid. Relative votyicdvection at
500 hPa along with differential vorticity advection thrdug00 hPa were both near zero
at the event location but peaked further west and northwespectively. However, the
thickness advection at 850 hPa was positiv®(001 Pa knt2 hour-1) in a narrow corridor

that mirrored the location of the low-level jet.
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