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ABSTRACT

ENSEMBLE-BASED ANALYSIS OF EXTREME PRECIPITATION

EVENTS FROM 2007-2011

From 2007 to 2011, 22 widespread, multiday rain events occurred across the United
States. This study makes use of the European Centre for Medium-Range Weather Forecasts
(ECMWEF), the National Centers of Environmental Prediction (NCEP), and the United Kingdom
Office of Meteorology (UKMET) ensemble prediction systems (EPS) in order to assess their
forecast skill of these 22 widespread, precipitation events. Overall, the ECMWEF had a skillful
forecast for almost every event, with an exception of the 25-30 June 2007 event, the mesoscale
convective vortex (MCV) over the southern plains of the United States. Additionally, the
ECMWEF EPS generally outperformed both the NCEP and UKMET EPS. To better evaluate the
ECMWEF, two widespread, multiday precipitation events were selected for closer examination:
29 April-4 May 2010 and 23-28 April 2011.

The 29 April-4 May 2010 case study used ECMWF ensemble forecasts to explore the
processes responsible for the development and maintenance of a multiday precipitation event that
occurred in early May 2010, due to two successive quasi-stationary mesoscale convective
systems. Locations in central Tennessee accumulated more than 483 millimeters (19 inches) of
rain and the city of Nashville experienced a historic flash flood. Differences between ensemble
members that correctly predicted heavy precipitation and those that did not were determined in
order to determine the processes that were favorable or detrimental to the system’s development.
Statistical analysis was used to determine how synoptic-scale flows were correlated to area-

averaged precipitation. For this particular case, the distribution of precipitation was found to be
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closely related to the strength of an upper-level trough in the central United States and an
associated surface cyclone, with a weaker trough and cyclone being associated with more
precipitation in the area of interest.

The 23-28 April 2011 case study also used ECMWF ensemble forecasts to explore the
processes responsible for the development and maintenance of a multiday precipitation event.
This event was associated with persistent heavy rainfall, flooding more than six states lining the
Mississippi River. In this case, the largest difference in the ensemble members’ forecasts was the
strength of the upper-level trough and associated occluded low, as well as the speed at which this
system moved off to the east. These relatively small differences in the height field ultimately
resulted in different forecasts of precipitation over the Mississippi Valley. This sensitivity to
small-scale differences in the initial conditions highlights the importance of using ensembles for
predicting the development of precipitation systems over both land and ocean.

Comparison between the 29 April-4 May 2010 and 23-28 April 2011 widespread
precipitation events provide information regarding which of the two case studies was better
predicted in relation to both location and amount of precipitation. Heavy rainfall totals,
exceeding the 100 and 150 mm threshold, were better anticipated for the 29 April-4 May 2010
event, while location of the precipitation was better predicted for the 23-28 April 2011

widespread rain event.
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CHAPTER 1

INTRODUCTION

Widespread, heavy precipitation, capable of producing flooding, is often responsible for
crop damage, property damage, injuries and even fatalities across the United States. Chappell
(1986) noted that heavy precipitation is often a result of quasi-stationary convective systems.
Quasi-stationary convective systems occur when convective cells repeatedly form over the same
location, having the potential for exceptionally high point rainfall totals. For heavy rainfall to
occur, there also has to be sufficient moisture in the atmosphere. One mechanism that can
provide this moisture is an “atmospheric river.” An “atmospheric river” pulls tropical water
vapor straight into the midlatitudes, often time leading to an extreme precipitation event (Ralph
et al. 2011). Although all the necessary ingredients for heavy rainfall may be present, forecasting
for an event of such magnitude can prove to be difficult, especially when multiple threats are
present. One compelling problem found in operational meteorology is forecasting for
multifaceted weather systems. Forecasters can have an overriding concern for hail, high winds,
and tornadoes, seeming to overlook any imminent flood threat.

Ensemble prediction systems can be used to better forecast for these widespread, heavy
precipitation events by providing more understanding into the dynamics of weather systems
capable of producing heavy rainfall amounts and subsequent flooding. One benefit of using an
ensemble prediction system is that they are readily available. Ensemble prediction systems also
allow for the opportunity of studying multiple cases with very little computation. Considering the
countless impacts that heavy rainfall and flooding have on society, there is a need to further

research and understand the processes that lead to extreme precipitation events.



In the chapters to follow, a comparison will be made between the ECMWF, NCEP, and
UKMET EPS in order to assess model performance of 22 widespread rain events from 2007-
2011. This will provide insight into which model has consistently output a more skillful forecast
for widespread rain events, allowing forecasters to put more confidence into a single ensemble
prediction system for events of similar spatial scale. Then, two individual case studies will be
investigated using the ECMWEF EPS in order to determine the key factors that were favorable
for, or detrimental to, the development of widespread, multiple day rainfall. The results could
then be used to provide a better forecast for future events of similar spatial scale. Finally, a
comparison is made between the two individual case studies to offer information regarding
which of the two case studies was better predicted in relation to both location and amount of

precipitation.



CHAPTER 2

BACKGROUND AND MOTIVATION

2.1 Flash flooding

Flash flooding has become the convective storm related event annually producing the
most fatalities in the United States (Doswell et al. 1996). The major challenge associated with
flash flooding is the quantitative character of the forecast: the task is not just to forecast the
occurrence of an event, which is difficult enough by itself, but to anticipate the magnitude of the
event (Doswell et al. 1996). The magnitude of precipitation is what turns an otherwise ordinary,
short-term rainfall event into an extraordinary, life-threatening situation, likely to have a
profound impact over a large area. Doswell (1994) and Doswell et al. (1996) determined that in
order for large precipitation accumulations to occur, high rainfall rates must be sustained over an
extended period of time. That is, at any point on the earth, the total precipitation produced, P, is

simply:
P=RD (2.1)

where R is the average rainfall rate and D is the duration of the rainfall (Egn. 2.1). Instantaneous
rainfall rate, R, depends on g the mixing ratio of rising air, w the ascent rate, and E the
precipitation efficiency:

R = Ewq (2.2)
while duration of an event is associated with its speed of movement and the size of the system
causing the event along the direction of system movement (Egn. 2.2). Chappell (1986) found that

the most important flash floods are produced by quasi-stationary convective systems, wherein



many convective cells reach maturity and produce their heaviest rainfall over the same area for
an extended period of time. Predicting an event of such magnitude remains a difficult task for
forecasters, in part because they often occur on very small scales and can result from a wide
variety of storm types including landfalling hurricanes, tropical storms, synoptic cyclones, etc.
Flash flood forecasting posing a challenge because not only is an accurate meteorological
prediction required, a hydrological prediction is required as well. As stated by Doswell et al.
(1996), “this challenge is acerbated by the interaction of the meteorology with hydrology.”
Although the hydrological aspects of flash flooding are beyond the scope of this study, it
is still entirely relevant to the flash flood problem. The reminder of this study will investigate the
meteorological aspects of weather systems that often produce flooding, which, using the
terminology of Schumacher and Davis (2010), will be called “widespread rain events.” The
widespread rain events considered here will be selected and evaluated using meteorological
observations (i.e., rain gauge data), following the criteria of Schumacher and Davis (2010),
without regard for the magnitude of flooding. Ensemble forecasts are used in order to analyze the
synoptic- and mesoscale factors that led to the development of the widespread, multiday rain

events from the year 2007 to 2011.
2.2 Standardized anomalies

Many studies have used standardized anomalies as a tool to help explain and predict
heavy rainfall events (Hart and Grumm 2001, Kahana et al. 2002, Lyon 2003, Bond and Vecchi
2003, Graham and Grumm 2010, Romatschke and Houze 2011a, Houze et al. 2011, Romatschke
and Houze 2011b, Grumm 2011b, Lau and Kim 2012, Galarneau et al. 2012). For the 29 April-4
May 2010 widespread rain event, Moore et al. (2012) found integrated water vapor (IWV)

anomalies of 1.5-2.5 standard deviations above the mean extended from the Yucatan Peninsula



into the central Mississippi Valley at 1200 UTC 1 May 2010, as well as a large region of IWV
anomalies ranging from 2.5 to well above 4 standard deviations above the mean, which
coincided with the tropical IWV reservoir near Central America. These two conveyor belts of
moisture from both the eastern tropical Pacific and the Caribbean Sea will be discussed in detail
later in the study. For the 23-28 April 2011 widespread rain event, Doswell et al. (2012) found an
anomalously deep trough across the north-central United States and much of western Canada,
anomalously strong upper-level ridging along the east coast and over the Atlantic, as well as,

highly anomalous moisture further supporting the potential for widespread severe thunderstorms.
2.3 Ensemble-based methodology

Another approach often used is the ensemble-based approach of predicting weather
systems. Ensembles of numerical weather prediction models, comprised of many individual
deterministic forecasts, are now commonly used in weather forecasting. Additionally,
researchers are beginning to use ensemble forecasts to gain more understanding of the dynamics
of weather systems. Ensemble forecasting follows the work of Epstein (1969), Gleeson (1970),
Fleming (1971a, b), and Leith (1974), who all made contributions to stochastic dynamic
prediction, laying the theoretical and numerical foundations of a probabilistic approach to
weather forecasting. In the past, the use of an ensemble was most commonly applied to extended
range forecasts (6-10 days) (Tracton and Kalnay 1993, Toth and Kalnay 1993, Mureau et al.
1993, Molteni et al. 1996), however, studies also suggest that ensemble methods can benefit
short-range forecasts (1-2 days) (Mullen and Baumhefner 1991 and 1994, Brooks and Doswell
1993, Brooks et al. 1995, Du et al. 1997, Hamill et al. 2000). Many studies have evaluated the
performance of ensemble methods for precipitation forecasts (Hamill and Colucci 1997 and

1998, Du et al. 1997, Petroliagis et al. 1997, Eckel and Walters 1998, Buizza et al. 1999, Mullen



and Buizza 2001, Venugopal et al. 2005). Hakim and Torn (2008) executed ensemble synoptic
analysis of an extratropical cyclone, finding the relationships between different synoptic features
and computing statistical operators. Shortly after, using short-term ensemble forecasts, Torn
(2010) examined the dynamical mechanisms that led to downstream ridging during extratropical
transition. Hawblitzel et al. (2007) used similar techniques to examine the dynamics and
predictability of a mesoscale convective vortex (MCV). Sippel and Zhang (2008) and Sippel and
Zhang (2010) used short-range ensemble forecasts to study the dynamics and predictability of a
nondeveloping tropical disturbance in the Gulf of Mexico and Hurricane Humberto, which made
landfall along the Texas coast in 2007.

Froude et al. (2007) used both the ECMWF ensemble prediction system and the NCEP
ensemble prediction system to evaluate the predictions of extratropical cyclone storm tracks in
both the northern and southern hemisphere. Buizza et al. (1999) and Mullen and Buizza (2001)
assessed the performance of the ECMWF EPS on predicting accumulated rainfall, proposing
precipitation is more predictable during the winter than the summer due to enhanced synoptic
forcing and less prevalent convection. Buizza et al. (1999) and Mullen and Buizza (2001) also
found that the accuracy in precipitation forecasts decreases as the rainfall threshold increases. As
one would expect, Petroliagis et al. (1995) advised that probability forecasts of low-level
temperature and wind are more reliable than those of precipitation. Majumdar and Finocchio
(2010) evaluated the ability of ECMWF and UKMET to predict the probability that a tropical
cyclone would fall within a certain area for the 2008 Atlantic and western North Pacific seasons.
Additionally, Grumm (2008) compared forecasts from NCEP GFS, ECMWF, CMC, and
UKMET for the east coast winter storm of 14 January 2008. Schumacher (2011) used the

ECMWEF to study the predictability of a long-lived continental vortex that impacted the southern



plains on 25-30 June 2007. Chapter 4 of this study is essentially an extension of the work done
by Schumacher and Davis (2010), who used the ECMWEF to identify the skill and uncertainty of
nine widespread, multiple day precipitation events in the years 2007 and 2008. The Observing
System Research and Predictability Experiment (THORPEX) Interactive Grand Global
Ensemble (TIGGE, Bougeault et al. 2010) was used by Schumacher and Davis (2010) to
investigate the atmospheric processes associated with these events. TIGGE will also be used for

this study; the details of TIGGE will be described later in the study.
2.4 Synoptic type flash flood event

Maddox et al. (1979) has identified three primary types of synoptic and mesoscale
patterns as often producing excessive rain. Both the meso-high and frontal types are primarily
mesoscale phenomena, while synoptic forcing drives the synoptic type events. This study will
focus on synoptic type events because the widespread precipitation events on 29 April-4 May
2010 and 23-28 April 2011 were synoptic type events (event details are described later in the
study). Typically, the occurrence of synoptic type events peaks in October, with a second peak
during the spring and early summer (Fig. 2.1). During the spring, synoptic type events are most
commonly observed in the Mississippi Valley and the Midwest of the United States (Fig. 2.2). A
strong 500-hPa trough is seen slowly pushing to the east/northeast, and it is usually located to the
west of the location that experiences severe weather and flooding (Fig. 2.3a). The frontal
boundary begins to slow or stall as it becomes parallel to the upper-level flow. The associated
frontal boundaries are usually oriented southwest to northeast. Dew point temperatures at the
location prone to severe weather and flooding are typically 70°F or higher (Fig. 2.3c). Winds at

the 850- hPa level are typically strong, with strong vertical wind shear present through the cloud



depth (Fig. 2.3b, Maddox et al. 1979). All of these features are common for synoptic type flash

flood events.
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Figure 2.1: Monthly distribution of synoptic type flash flood events. From Maddox et al. (1979).
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Figure 2.2: Locations of 151 flash floods shown by season (Winter = Dec., Jan., Feb.; Spring =
Mar., Apr., May; etc.). Synoptic events are denoted by the shaded areas; mesohigh events by
squares; and frontal events by open circles. All events west of the heavy line were designated
western events (indicated by the solid circles). The five stars and shaded areas in the west were
explained in Section 6 of Maddox et al. (1979).
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Figure 2.3: (a) 500-hPa flow pattern, (b) 850-hPa flow pattern, and (c) surface pattern for a
synoptic type flash flood event. From Maddox et al. (1979).

2.5 Quasi-stationary mesoscale convective systems

The widespread precipitation events on 29 April-4 May 2010 and 23-28 April 2011 were
a result of mesoscale convective systems. The 29 April-4 May 2010 precipitation event was due
to two quasi-stationary mesoscale convective systems passing through Nashville, TN on the 1
and 2 May 2010 (Moore et al. 2012). Fritsch et al. (1986) found that mesoscale convective
weather systems account for approximately 30% - 70% of the warm-season (April — September)
precipitation over much of the region between the Rocky Mountains and the Mississippi River.
Almost always, linear warm sector MCSs occur near linear surface boundaries, most often near
warm or stationary fronts, with the presence of a low-level jet increasing the activity (Parker and
Johnson 2000). Tuttle and Davis (2006) have shown that corridors of warm season precipitation
over the central United States are associated with the northern terminus region of the nocturnal
low-level jet. Furthermore, the intensity of the rainfall is positively correlated with the strength

of the low-level jet through enhanced convergence and lifting, moisture transport, and



frontogenesis. A number of studies have then linked MCSs with many warm-season flash flood
events (Bosart and Sanders 1981, Maddox and Grice 1986, Junker et al. 1999, Glass 2000,
Moore et al. 2003, Schumacher and Johnson 2005 and 2006). Schumacher and Johnson (2009)
found that extreme rain producing mesoscale convective systems (MCSs) typically form in a
thermodynamic environment characterized by high relative humidity at low levels, moderate
convective available potential energy (CAPE), and very little convective inhibition (CIN, Fig.
2.4). The presence of a southerly low-level jet transporting water vapor poleward combined with
the above characteristics is favorable for deep moist convection. Deep moist convection fixed
over the same area for an extended period of time can result in extreme localized rainfall and
devastating flooding, a situation that often occurs in connection with quasi-stationary or

backbuilding MCSs (Bluestein and Jain 1985, Chappell 1986, Doswell 1994, Doswell et al.
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Figure 2.4: Composite skew-T-logp diagram for the extreme rainfall environment. The parcel

path for the parcel with the highest 8, in the lowest 3 km is shown by the dotted line. From
Schumacher and Johnson (2009).
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1996, Schumacher and Johnson 2005). Quasi-stationary or backbuilding MCSs occur when
convective cells repeatedly form over the same location, having the potential for exceptionally
high point rainfall totals. The decaying convective cells move downstream, relative to cell
motion, while new convective cells begin to form upstream (Fig. 2.5, Schumacher and Johnson
2005). Shi and Scofield (1987) and Juying and Scofield (1989) observed mesoscale convective
systems in satellite imagery, finding that the majority of the flash floods in the study were
produced by backward propagating MCSs. These systems appear to be moving very slowly or
remain stationary producing excessive rain because the propagation vector is opposite or nearly
opposite to the mean cell motion vector as described by Corfidi (1996 and 2003) and Chappell

(1986).
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Figure 2.5: Schematic diagram of the radar-observed features of the (b) BB patterns of extreme-
rain-producing MCSs. Contours (and shading) represent approximate radar reflectivity values of
20, 40, and 50 dBZ. The dash—dot line represents an outflow boundary; such boundaries were
observed in many of the BB MCS cases. The length scale at the bottom is approximate and can
vary substantially, especially for BB systems, depending on the number of mature convective
cells present at a given time. From Schumacher and Johnson (2005).
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2.6 Atmospheric rivers

For the event that took place 29 April-4 May 2010, there was a concentrated plume of
tropical moisture from the Caribbean Sea being advected poleward into the Mississippi Valley,
providing anomalous moisture to the region of interest. This narrow corridor of anomalously
high tropical water vapor has been termed “atmospheric river” (Fig. 2.6, Newell et al. 1992, Zhu

and Newell 1998, Ralph et al. 2004). These features pull tropical water vapor straight into the

Atmospheric river Central California
" , > 15 inches of rain

a)

Figure 2.6: Analysis of an atmospheric river (AR) that hit California on 13-14 October 2009. (a)
A Special Sensor Microwave Imager (SSM/I) satellite image from 13-14 October showing the
AR hitting the California coast; color bar shows, in centimeters, the amount of water vapor
present throughout the air column at any given point if all the water vapor were condensed into
one layer of liquid (vertically integrated water vapor). From Ralph and Dettinger (2011).
midlatitudes, often time leading to an extreme precipitation event (Ralph et al. 2011). A variety
of studies have linked water vapor transport from the western Gulf of Mexico and the western
Caribbean Sea to extreme rainfall events in the Midwest (Benton and Estoque 1954, Bell and
Janowiak 1995, Trenberth and Guillemot 1996, Higgins et al. 1997, Dirmeyer and Kinter 2009,
Bodner et al. 2011, Moore et al. 2012). Dirmeyer and Kinter (2009) dubbed this the “Maya

Express,” which is dependent upon the strength and location of the North Atlantic subtropical

ridge, a belt of high pressure also known as the “Bermuda High” (Dirmeyer and Kinter 2010).
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The North Atlantic subtropical ridge produces the easterly trade winds, carrying moisture from
the tropical north Atlantic into the Caribbean Sea. This moisture is then transported poleward
into the central United States by the Great Plains low-level jet, commonly observed during the
summer. A stronger than normal anticyclonic circulation around the subtropical ridge appears to
strengthen the “Maya Express,” as does the subtropical ridge being displaced west (Wang et al.
2007, 2008). The aforementioned Great Plains low-level jet plays a crucial role in the onset of
heavy precipitation in the central United States, allowing for the transport of tropical moisture
into the Midwest (Djuri¢ and Damiani 1980, Uccellini 1980, Mo et al. 1995, Whiteman et al.
1997). Higgins et al. (2011) examined five heavy rain events that occurred in 2010, including the
historic flood of Nashville, Tennessee. All five of the cases studied were associated with
moisture plumes that extended from deep in the Caribbean into the United States. Additionally,
these five heavy precipitation events exhibited the characteristics of “Maya Express” flood
events (Dirmeyer and Kinter 2009), which link tropical moisture from the Caribbean and Gulf of
Mexico to mid-latitude flooding over North America. More recently, Moore et al. (2012)
emphasized the role of an “atmospheric river” in the 29 April-4 May 2010 precipitation event,
providing support for the development and persistence of the two quasi-stationary mesoscale
convective systems that produced prolonged heavy rainfall and substantial flash flooding in the
Mississippi Valley.

A more common phenomena, the “Pineapple Express,” was coined for its ability to draw
warm, moist air from the Hawaiian tropics, transporting it to the west coast of the United States
(Fig. 2.6, Dettinger 2004, Dettinger et al. 2011). When atmospheric rivers impinge upon the west
coast of North America, orographic precipitation processes can occur producing heavy rainfall

and flooding along the mountainous terrain (Ralph and Dettinger 2011, Smith et al. 2010, Junker
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et al. 2009, Leung and Qian 2009, Neiman et al. 2008a, 2008b, and 2011, Ralph et al. 2004,
2005, and 2006).

Stohl et al. (2008) documented the formation of an atmospheric river due to two former
hurricanes, Nate and Maria, undergoing extratropical transition. This generated an atmospheric
river transporting water vapor from the tropical western North Atlantic and ending in the
Norwegian southwest coast, producing strong orographic enhancement of the precipitation.
Additionally, Halverson and Rabenhorst (2010) suggested a rich conveyor belt of tropical
moisture, originating as far away as the equator, contributed to the 5-6 February 2010 heavy
snowfall, bringing an impressive swath of 25-30 inches of snow to the Baltimore-Philadelphia
region.

2.7 Severe weather outbreaks and widespread flash flooding

The 23-28 April 2011 precipitation event was due to a series of mesoscale convective
systems impacting the Mississippi Valley. Heavy precipitation was not the only threat for this
particular event; tornadoes tore through the Mississippi Valley for the entire 5-day period,
culminating in a violent and destructive tornado outbreak on 27 April 2011. Several studies have
found thunderstorm complexes that produce both severe weather outbreaks and widespread flash
flooding (Maddox and Grice 1986, Corfidi et al. 1990, Schwartz et al. 1990, Rogash and Smith
2000, Smith et al. 2001, Rogash and Racy 2002). Doswell (1994) found that supercells,
themselves, can be prolific precipitation producers due to their ability to process enormous
amounts of moist air through their powerful, persistent updrafts, and their relatively slow
movement and long lifetime. This type of supercell was termed the high-precipitation supercell
(HP), characterized by a mesocyclone thoroughly wrapped in precipitation (Moller and Doswell

1988, Doswell et al. 1990, Moller et al. 1990).
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2.8 Forecasting concerns

One compelling problem found in operational meteorology is forecasting for multifaceted
weather systems. For the Minneapolis flash flood on 23-24 July 1987, Schwartz et al. (1990)
suggested that forecasters had an overriding concern for hail, high winds, and tornadoes, seeming
to overlook the imminent flash-flood threat. Similarly, Rogash and Smith (2000) propose
thunderstorm outbreaks that produce both violent tornadoes and flash flooding within a limited

time and area represent an exceptional challenge to operational meteorologists.
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CHAPTER 3

DATA AND METHODS

3.1 Precipitation dataset

The primary precipitation dataset used in this study is the U.S. Daily Precipitation
Analysis (Chen et al. 2008), obtained from the National Oceanographic and Atmospheric
Administration/Climate  Prediction  Center (NOAA/CPC) (information online at
http://www.cpc.ncep.noaa.gov/products/precip/realtime/G1S/retro.shtml). This dataset consists of
roughly 16,000 rain gauge observations, gridded to a 0.25° latitude by 0.25° longitude grid.
Because this dataset has relatively coarse resolution, it does not accurately represent local
precipitation maxima. However, this dataset is sufficient for analyzing the widespread, multiday
precipitation events that will be discussed below.

3.2 Selection of cases

To select the precipitation events for this study, the gridded precipitation data were
assessed to find widespread, multiday heavy rainfall. The 5-day periods in which 100 mm of
precipitation fell over more than 350 grid points (approximately 800,000 km?) were identified;
hereafter referred to as widespread rain events. The 350 grid points were not required to be
adjacent. Five days was chosen as the accumulation period to differentiate localized, short-term
rainfall events from those that persist for multiple days, likely to have a profound impact over a
large area. During the years 2007 to 2011, 22 cases met these criteria. Details about the location
of impact, forcing mechanism, as well as the number of fatalities and cost of damage for each of
the 22 cases are provided in Table 3.1. Additionally, the five-day accumulated precipitation for

the 22 widespread rain events is shown in Figs. 3.1a-v to provide an idea of the total rainfall
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amount and spatial distribution for each event. Schumacher and Davis (2010) found that from
1948 to 2006, these widespread heavy rain events were most common in the cool season near the
Gulf of Mexico coast and were rare in the warm season (Fig. 3.2). The characteristics of the

widespread precipitation events from 2007 to 2011 are consistent with their findings.

Table 3.1: Listing of the 22 widespread 5-day rain events between 2007 and 2011, selected as
described in the text. Each event has an areal coverage of 100 mm of precipitation greater than
350 precipitation grid points (approximately 800,000 km?). Each event is considered to have
started at 1200 UTC on the first date given and ended at 1200 UTC on the second date given.
The events have been classified as either cool season (CS), warm season (WS), or tropical
cyclone (TC). The number of flood-related fatalities and the amount of flood damage for each
event are shown, based on data from the Storm Events database. Asterisks are shown for three of
the landfalling tropical cyclones that had damage from both flooding and from other causes.

Dates Location Type Process No. of fatalities Damage (M)
25-30 Jun 2007  Southern Plains WS  Midlevel vortex 3 160
18-23 Aug 2007 Upper Midwest WS  Stationary front 15 625
22-27 Oct 2007  Southeast CS  Cutoff synoptic cyclone 0 0
15-20 Mar 2008 Mississippi Valley =~ CS  Synoptic-scale front 10 240

4-9 Jun 2008 Upper Midwest WS  Stationary front 11 2000
22-27 Aug 2008  Southeast TC  Tropical Storm Fay 3 40
1-6 Sep 2008 South TC  Hurricane Gustav * *
10-15 Sep 2008  South, Midwest TC  Hurricane Ike, frontal system ¥ *
8-13 Dec 2008  Southeast CS  Synoptic cyclone 0 1.4
24-29 Mar 2009  Southeast CS  Synoptic cyclone 2 3:1

1-6 May 2009  Mississippi Valley @ CS  Slow-moving front 2 30
5-100ct 2009  Mississippi Valley  CS  Synoptic cyclone 0 1.9
11-16 Oct 2009  South CS  Stationary front 0 30
26-31 Oct 2009  South CS  Two synoptic cyclones 6 30
9-14 Nov 2009  East Coast TC  Extratropical transition of Hurricane Ida 0 0.3
18-23 Jan 2010  West Coast CS  Synoptic cyclone, orographic 2 35
29 Apr-4 May 2010 Midwest CS  Synoptic cyclone 31 2290
26 Sep-1 Oct 2010 East Coast TC  Tropical Storm Nicole 12 165
17-22 Dec 2010  West Coast CS  "Atmospheric river", orographic 2 190
23-28 Apr2011  Mississippi Valley CS  Synoptic cyclone 14 125
25-30 Aug 2011  East Coast TC  Hurricane Irene * "
3-8 Sep 2011 South TC  Tropical Storm Lee, frontal system 23 1555
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a) Total precipitation, 25-30 June 2007: obs b) Total precipitation, 18-23 August 2007: obs €) Total precipitation, 22-27 October 2007: obs
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m) Total precipitation, 11-16 October 2009: obs n) Total precipitation, 26-31 October 2009: obs @) Total precipitation, 9-14 November 2009: obs

s) Total precipitation, 17-22 December 2010: obs  t) Total precipitation, 23-28 April 2011: obs ) Total precipitation, 25-30 August 2011: obs

Figure 3.1: Five-day accumulated precipitation (color shading) for each of the 22 widespread
precipitation events between 2007-2011 (see also Table 3.1): (a) 25-30 Jun 2007, (b) 18-23 Aug
2007, (c) 22-27 Oct 2007, (d) 15-20 Mar 2008, (e) 4-9 Jun 2008, (f) 22-27 Aug 2008, (g) 1-6 Sep
2008, (h) 10-15 Sep 2008, (i) 8-13 Dec 2008, (j) 24-29 Mar 2009, (k) 1-6 May 2009, (I) 5-10 Oct
2009, (m) 11-16 Oct 2009, (n) 26-31 Oct 2009, (0) 9-14 Nov 2009, (p) 18-23 Jan 2010, (q) 29
Apr-4 May 2010, (r) 26 Sep-1 Oct 2010, (s) 17-22 Dec 2010, (t) 23-28 Apr 2011, (u) 25-30 Aug
2011, and (v) 3-8 Sep 2011.
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Figure 3.2: Climatological frequency (based on 1948-2006) of 100 mm of rainfall in 5 days only
if it occurred as part of a widespread rain event as defined in the text. From Schumacher and
Davis (2010).

3.3 Numerical models

Operational ensemble forecasts will then be used to assess the key factors that were
favorable for, or detrimental to, the development of widespread, multiple day rainfall for the 29
April-4 May 2010 and 23-28 April 2011 events. To investigate the atmospheric processes
associated with these events, a large global ensemble dataset, such as the The Observing System
Research and Predictability Experiment (THORPEX) Interactive Grand Global Ensemble
(TIGGE, Bougeault et al. 2010), will be used. In 2007, seven global ensembles in the TIGGE
data archive became available and accessible to the public, providing an opportunity to explore
new dimensions in early flood forecasting and warning (Pappenberger et al. 2008). The TIGGE
dataset allows for quantitative analysis of synoptic- and mesoscale factors associated with the

development of heavy precipitation.
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The models that will be used are the ECMWF EPS, NCEP EPS, and UKMET EPS.
Because the ECMWF, NCEP, and UKMET had complete forecast data for the years 2007 to
2011, these were the only three numerical models used in the present study. The ECMWEF EPS is
a 51-member ensemble with a spectral truncation of T639 (corresponding to approximately 32-
km horizontal grid spacing) and 62 vertical levels through 240 forecast hours (10 days)
(ECMWEF 2010). The ECMWF EPS contains a control run and 50 members that are initially
perturbed by singular vectors in pairs (i.e., a positive and negative perturbation) and by
stochastic physics (ECMWF 2012). Singular vectors have been studied considerably in weather
prediction models (Buizza and Palmer 1995, Palmer 2000). The singular vector perturbations
within the ECMWEF EPS have a horizontal scale of T42 with 62 vertical levels and are designed
so that their impact is maximized over Europe at 48 hours into the forecast. Forecasts for all 51
members were obtained on a 0.5° latitude by 0.5° longitude grid from the TIGGE archive
(information online at http://tigge-portal.ecmwf.int). Additional information about the ECMWF
EPS can be found in Molteni et al. (1996) and Buizza et al. (2007) and references therein. The
NCEP EPS is a 21-member ensemble comprising a control run and 20 members with spectral
truncation of T254 (corresponding to approximately 90-km horizontal grid spacing) through 192
forecast hours (8 days) and a spectral truncation of T190 (corresponding to approximately 90-km
horizontal grid spacing) through 384 forecast hours (16 days). The NCEP EPS consists of 42
vertical levels. An ensemble transform with rescaling (ETR) method is implemented to create
initial perturbations (Wei et al. 2008). The UKMET EPS is a 25-member ensemble, comprising a
control run and 24 members, at approximately 60-km resolution with 70 vertical levels through
360 forecast hours (15 days). The local ensemble transform Kalman filter (ETKF) is used to

generate the initial condition perturbations within the ensemble, with model uncertainty
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perturbations prescribed by stochastic kinetic energy backscatter scheme (SKEB, Bowler et al.
2009). Below is a table of all model upgrades for the three numerical models - ECMWF, NCEP,
and UKMET EPS (Table 3.2). Between 2007 and 2011, each of the three models made
horizontal resolution upgrades. In January 2010, the ECMWF increased from a resolution of
T399 (0.4 degree) to T639 (0.25 degree) for day 1 to 10 forecasts. The NCEP increased
horizontal resolution from T126 (1.4 degree) to T190 (0.9 degree) in February 2010. Lastly, in
March 2010, the UKMET increased horizontal resolution from 90 km (38 levels) to 60 km (70
levels, Table 3.2).

Table 3.2: Listing of the three numerical models used for this study and all model upgrades
associated with each model.

ECMWF NCEP UKMET

Jan-10  *Day 1-10: T639 truncation (0.25 degree) Feb-12  *0-192 hours: T254 truncation (0.75 degree), Mar-10 60 km resolution (0.56 x 0.83 degree),
*To day 15: T319 truncation (0.5 degree) 42 levels 70 levels
*Same upgrades made to control run *192-384 hours: T190 truncation (0.9 degree),
42 levels Sep-08  *24 members
Nov-06 eForecast extended to 15 days *90 km resolution, 38 levels
*Day 1-10: T399 truncation (0.4 degree), Feb-10  *T190 truncation (0.9 degree), 28 levels *Forecast extended to 15 days
62 levels
*To day 15: T255 truncation (0.75 degree), Mar-07  *20 members
62 levels
*Two constant-resolution forecasts May-06 14 members
for calibration and validation
purposes: at T399 truncation, 62 levels Aug-05 *T126 truncation (1.4 degree), 28 levels
and at T255 truncation, 62 levels
for full forecast time day 1-15 Mar-04  <Day 0-7.5: T126 truncation (1.4 degree),
28 levels
Sep-05  *TL399 linear truncation (0.4 degree), *Day 7.5-16: T62 truncation (2.9 degree),
62 levels 28 levels
«Control run at TL399L62
Jan-01  eDay 0-3.5: T126 truncation (1.4 degree),
Nov-00  *TL255 linear truncation (0.75 degree), 28 levels
40 levels *Day 3.5-16: T62 truncation (2.9 degree),
«Control run at TL255L40 28 levels
Oct-99  *TL159 linear truncation (1.125 degree),  Jun-00  *10 members
40 levels *Day 0-2.5: T126 truncation (1.4 degree),
«Control run at TL159L40 28 levels
*Day 2.5-16: T62 truncation (2.9 degree),
Dec-96 50 members 28 levels
*TL159 linear truncation (1.125 degree),
31 levels Mar-94  +10 members at 00 UTC
*4 members at 12 UTC
Dec-92  *32 members *T62 truncation (2.9 degree), 28 levels
*T63 truncation (2.8 degree), 19 levels
Dec-92  +2 members

*T62 truncation (2.9 degree), 18 levels
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3.4 Use of ensemble forecasts

One benefit of using operational forecasts is that they are readily available. Operational
forecasts also allow for the opportunity of studying multiple cases with very little computation.
A significant disadvantage of using operational forecasts is that it is not possible to run
sensitivity tests or experiment with these forecasts; the data are fixed. Considering the countless
impacts that heavy rainfall and flooding have on society, there is a need to further research and
understand the processes that lead to extreme precipitation events. Following the work of
Schumacher (2011), the remainder of the study will use ensemble forecasts in order to analyze
the synoptic- and mesoscale factors that led to the development of the 29 April-4 May 2010 and
the 23-28 April 2011 widespread rain events. The ECMWF EPS is the primary ensemble
forecast that will be used. The ensemble prediction system provides information on the
probability of the event occurring and allows an objective risk assessment (Bottger et al. 2011).
This would include evaluating model performance and determining how far in advance an event
such as the 29 April-4 May 2010 widespread rain event and the 23-28 April 2011 widespread
rain event could have been predicted. As pointed out by Lorenz (1963), slightly differing initial
states of the atmosphere can evolve into considerably different states of the atmosphere, allowing
the use of an ensemble system to be very beneficial by providing multiple outcomes for the
atmosphere based on the number of ensemble members. Ensemble forecasts from other centers
were considered, notably NCEP. However, the ECMWF EPS was chosen because of its large
number of ensemble members and because it has a well tuned ensemble spread (Park et al.
2008). Additionally, Froude et al. (2007) found that the ECMWEF EPS has a slightly higher level
of skill than does the NCEP EPS in the Northern Hemisphere for predicting extratropical

cyclones.
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3.5 Evaluation of precipitation forecasts

One metric used in this study is the area under the relative operating characteristic (ROC)
curve [hereafter ROC area; Wilks (2005)]. The ROC area is used to evaluate model performance
of the 22 widespread rain events. For simplicity, the ROC area is calculated without accounting
for the varying climatology, as suggested by Hamil and Juras (2006); it is compared with a
random reference forecast with area 0.5. The ROC area is calculated using Egs. (10)—(12) of
Hamill and Juras (2006). The hit rate (HR) for the ith sorted member forecast is defined as:

HR; = ! (31)

Similarly, the false alarm rate (FAR) is defined as:

FAR = b (3.2)
b; + d;

Then an approximate integral ROC area can be calculated as:

n+1
ROC areas = 22 (FARi— FARL..)(HR; + HRi.1) (3.3)
i=1 2

A perfect forecast has a ROC area = 1.0, and forecasts that are random draws from climatology
are presumed to provide a ROC area = 0.5. The ROC area was calculated for three precipitation
thresholds — 50, 100, and 150 mm. Overlaid on the ROC area are error bars. The error bars are
calculated using the same methodology of Gallus et al. (2007). Statistical significance testing of
differences in the ROC areas associated with each model is performed using a permutation test.
For this study, the number of permutations taken was 1000.

For the individual case studies, rather than reviewing the forecasts of all 51 ECMWF
ensemble members, subsets of the most accurate and the least accurate ensemble members from

each forecast were focused on. In order to determine which ensembles members were most
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accurate and least accurate, the spatial distribution of precipitation was analyzed. The forecasted
precipitation of each ensemble member was subjectively compared to the CPC precipitation
dataset to determine the skill in its forecasts. This comparison focused on the spatial distribution
of the heavy rainfall as well as the maximum observed precipitation. Additionally, the observed
five-day area-averaged precipitation was calculated within a thick black box encompassing part
of the eastern United States and then compared to the five-day area-averaged precipitation of the
forecasted ensemble members (shown later in the study).

The equitable threat score (ETS) was the final method used to determine the most
accurate and least accurate ensemble members, also known as the Gilbert Skill Score (GS,
Schaefer 1990). The ETS measures the fraction of observed and/or forecast events that were
correctly predicted over a given threshold, and is adjusted for hits associated with random chance
(Egns. 3.1 and 3.2). A value of 1 is a perfect forecast and a value of zero is a forecast with no
skill relative to chance. The absolute minimum ETS is -1/3. The ETS is commonly used to assess
the skill of forecasts, in particular, precipitation forecasts (Rogers et al. 1995, Hamill 1999,
Bayler et al. 2000, Stensrud et al. 2000, Xu et al. 2001, Ebert 2001, Gallus and Segal 2001,
Chien et al. 2002, Accadia et al. 2003, Craig et al. 2011). Hamill and Juras (2006) demonstrate
the geographic dependence of the ETS, with the ETSs being much larger in the southeast United
States and along the west coast than in the northwestern Great Plains. The ETS is believed to be
strongly related to event frequency, with a larger ETS in locations where precipitation events
occur more frequently. Additionally, the ETS shows a clear seasonal dependence, with a higher
ETS in winter when rain is associated mainly with synoptic-scale systems, while in summer the
ETS is lower, reflecting the greater difficulty in forecasting convective rainfall (Ebert et al.

2003). The ETS is defined by:
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ETS = hits — hits random , (3.4)
hits + misses + false alarms — hits random

where hits random = (hits + misses) (hits + false alarms) (3.5
hits + misses + false alarms + hits random

For further details on the definition of the ETS, see CAWCR (2010).

A single ETS will also be calculated for the entire ECWMF ensemble, in an effort to
compare the forecast skill of the two individual case studies. In contrast to before, this will be
done by summing all the hits, misses, false alarms, and hits random from each of the ensemble
members. These totals will then be used to calculate one ensemble ETS (Eqns. 3.3 and 3.4). The
ensemble ETS is defined by:

ETS = total hits — total hits random , (3.6)
total hits + total misses + total false alarms — total hits random

where total hits random = (total hits + total misses) (total hits + total false alarms) (3.7)
total hits + total misses + total false alarms + total hits random

3.6 Correlations

As an alternate method of analysis, linear correlation plots were created and analyzed for
the two selected case studies. The linear correlations relate area-averaged precipitation to several
atmospheric variables. The correlation coefficient measures the strength of the linear relationship
between area-averaged precipitation and the variable of interest at each grid point and forecast
time, on a scale from -1 to 1. If the correlation coefficient is close to 1 (-1), the data are tightly
clustered around a line with a positive (negative) slope (Larget 2005). A correlation coefficient
near 0 is indicative of a weak linear relationship between the area-averaged precipitation and the
variable of interest. Correlations with magnitudes greater than approximately 0.36 are
statistically different from zero at the 99% confidence level using a two-tailed significance test,

assuming that beyond forecast hour 36 the 51 ensemble members of the ECMWF are equally
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likely. The correlation between variables shows the presence of linear relationships that can be

used along with physical interpretation to understand the behavior of the ensemble forecasts.
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CHAPTER 4

COMPARISON OF THE ECMWEF, NCEP, AND UKMET EPS

4.1 Numerical model evaluation

Figs. 4.1a-i show area under the ROC curve for the 22 widespread precipitation events
forecasted by each EPS, at precipitation thresholds of 50, 100, and 150 mm. By comparing area
under the ROC curve for each forecast, one can determine the type of events that are better
predicted by each numerical model, as well as, if the model has improved with time through the
5 year period. It also becomes apparent if one model generally has a better forecast than the
others. Looking first at the ROC curve for the ECMWEF at a 50 mm threshold, a majority of the
events were skillfully forecasted. Ten days prior to the onset of the event, the events 8-13
December 2008, 5-10 October 2009, 18-23 January 2010, 26 September-1 October 2010, and 25-
30 August 2011 had a ROC area above 0.9 (Fig. 4.1a). These events were either due to a
landfalling tropical cyclone or a synoptic cyclone tracking across the United States. The synoptic
cyclone event from 18-23 January 2010 was even better predicted at a threshold of 100 mm (Fig.
4.1b). Also, at the 150 mm threshold the 18-23 January 2010 synoptic scale event was well
forecasted, with the exception of the longest lead times (Fig. 4.1c). The other synoptic type
events that took place were 15-20 March 2008, 24-29 March 2009, 26-31 October 2009, 29
April-4 May 2010, and 23-28 April 2011, all of which have a relatively good forecast, even 10
days prior to the event taking place. Interestingly, the event that took place 4-9 June 2008, which
was a series of MCSs passing through the upper Midwest, had a good forecast at long lead times
but then began to worsen at short lead times (Fig. 4.1a). At the 150 mm threshold, the event from

1-6 September 2008 was well predicted at even the longest lead time (Fig. 4.1c). This event was
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landfalling Hurricane Gustav that entered the United States through Louisiana, when it then
began to slowly track poleward. Again, tropical cyclones appear to be a well-forecasted
phenomena by the ECMWEF. However, back at the 50 mm threshold, Tropical Storm Fay, 22-27
August 2008, was poorly forecasted at the longest lead time but very well forecasted at all the
subsequent lead times (Fig. 4.1a). At each threshold, the event that occurred on 25-30 June 2007
had a forecast of little to no skill at the longest lead time shown, but then showed improvement at
short lead times (Figs. 4.1a-c). The cases from 2007 and 2008 are discussed in greater detail in
Schumacher and Davis (2010). With time, the ECMWF model appears to show much
improvement. The forecasts with the lowest ROC area tend to have occurred prior to 2009, with
the best forecasts occurring during the years 2010 and 2011. In January of 2010, the ECMWF
upgraded the horizontal resolution of its EPS from a spectral truncation of T399 (0.4 degree) to
T639 (0.25 degree), likely contributing to the increased forecast skill in 2010 and 2011 (Table
3.1).

Looking now at the ROC curve for the NCEP at a 50 mm threshold, not a single forecast
has done as well as the ECMWEF, with an exception of the 23-28 April 2011 widespread rain
event. The synoptic cyclone events that took place 18-23 January 2010 and 23-28 April 2011
maintained a skillful forecast throughout the 10 day forecast period (Fig. 4.1d). At the 100 mm
threshold, the 18-23 January 2010 synoptic cyclone event was even better predicted. The events
from 29 April-4 May 2010 and 23-28 April 2011 were well predicted at a threshold of 100 mm,
with the exception of the longest lead time (Fig. 4.1e). Looking back at the 50 mm threshold, the
events 15-20 March 2008, 8-13 December 2008, and 26-31 October 2009 were not well
predicted (Fig. 4.1d). In February of 2010, the NCEP increased the spectral truncation of their

EPS from T126 (1.4 degree) to T190 (0.9 degree), likely helping to better predict synoptic scale
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events in 2010 and 2011 (Table 3.1). Tropical Storm Fay, 22-27 August 2008, was very poorly
predicted, continually jumping from a decent forecast to a forecast of absolutely no skill relative
to chance. Landfalling Hurricane Gustav, 1-6 September 2008, was also poorly predicted by the
NCEP EPS. Tropical Storm Nicole, 26 September-1 October 2010, and Hurricane Irene, 25-30
August 2011, were well predicted for the majority of the forecast period, however, appear to
have had a few poor initialization times throughout (Fig. 4.1e). It appears that with time, the
NCEP has made large improvements to the prediction of tropical cyclone rainfall, likely
attributed to the increase in horizontal resolution of the EPS (Table 3.1). As mentioned before, at
the 50 mm threshold, the event that occurred on 25-30 June 2007 had a very poor forecast at the
longest lead time shown, but then showed improvement at short lead times (Fig. 4.1d). At higher
thresholds however, the event was forecasted with almost no skill relative to chance (Figs. 4.1e
and 4.1f).

Finally, looking at the ROC curve for the UKMET at a 50 mm threshold, the forecasts
appear to be much better than the NCEP EPS, more comparable to the ECMWF EPS. Tropical
Storm Nicole, 26 September-1 October 2010, was very well predicted throughout the 10 day
forecast period. Tropical Storm Fay, 22-27 August 2008, Hurricane Ida, 9-14 November 2009,
Hurricane Irene, 25-30 August 2011, and Tropical Storm Lee, 3-8 September 2011 were also
well forecasted with the exception of early initialization times. However, landfalling Hurricane
Gustav, 1-6 September 2008, was very poorly predicted throughout the majority of the 10 day
forecast period (Fig. 4.1g). Majumdar and Finocchino (2010) studied this case in greater detail
using both the ECMWF and UKMET. It appears that the prediction of rainfall from land falling
hurricanes and tropical storms by the UKMET has improved over the 5 years of data shown. In

September 2008, the UKMET increased the horizontal resolution of their EPS from 90 km (with
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38 levels) to 60 km (with 70 levels), likely contributing to the improvements in forecasting land
falling hurricanes and tropical storms (Table 3.1). The synoptic cyclone impacting the
Mississippi Valley on 5-10 October 2010 remained very well forecasted throughout the entire
forecast period. The synoptic cyclone events that took place 24-29 March 2009 and 18-23
January 2010 remained extremely well predicted, with the exception of the longest lead time
(Fig. 4.1g). Even at a threshold of 100 mm, the event from 18-23 January 2010 was well
forecasted (Fig. 4.1h). Interestingly, at the 50 mm threshold, the widespread rain event from 8-13
December 2008 was extremely well forecasted at the longest lead times, but then the forecast
skill decreased at the shortest lead times (Fig. 4.1g). As mentioned before, at each threshold, the
event that occurred on 25-30 June 2007 had a very terrible forecast at the longest lead time
shown, but then showed improvements at short lead times (Figs. 4.1g-i). This event was poorly
forecasted by each of the three models, indicating models might need improvement in resolving
MCVs that produce widespread precipitation. On the other hand, high precipitation MCV's may

have low predictability overall.
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Figure 4.1: Area under the ROC curve for the ECMWF, NCEP, and UKMET ensembles for the
22 widespread 5-day precipitation events. Shown are 120-hr precipitation accumulation
thresholds for (a), (d), and (g) 50, (b), (e), and (h) 100, and (c), (f), and (i) 150 mm. The ROC
area does not account for seasonal climatology. A perfect forecast has a ROC area of 1; a random
reference forecast has an area of 0.5. Note that the legend for ECMWEF ensemble is also valid for
both the NCEP and UKMET ensemble.
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Table 4.1 provides a list of how many of the 22 widespread rain events were most
accurately forecasted by each of the ensemble prediction systems at each lead time at a threshold
of 50 mm using the ROC area. This table essentially summarizes the results from Fig. 4.1 at a
threshold of 50 mm. The most skillful forecasts at both the shortest and longest lead times were
from the ECMWEF. For many of the widespread rain events, all three ensemble prediction
systems were able to accurately forecast the precipitation at the shortest lead time (Table 4.1).
Table 4.1: Listing of how many of the 22 widespread rain events were most accurately forecasted
by each of the ensemble prediction systems at each lead time at a threshold of 50 mm.
“ECMWF/NCEP/UKMET” means that not one of the ensemble prediction systems was better
than another; there was no obvious better forecast. "ECMWF/UKMET","ECMWF/NCEP”, and
"NCEP/UKMET” means the two listed ensemble prediction systems had the most accurate

forecast. The method for the bootstrap error bar calculation was the method used for determining
the superior forecasts.

Lead time (hours) 0-120 12-132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228 120-240 132-252

ECWMF 5 9 10 10 10 12 8 7 7 8 6 11

NCEP 1 2 3 2 3 2 2

UKMET 2 1 2 1 1 1 2 4 4 3 5
ECMWEF/UKMET 6 4 4 6 6 6 7 8 4 4 1

ECMWEF/NCEP 3 1 1 1 1 1 4 3
NCEP/UKMET 1 2 1

ECMWF/NCEP/UKMET 8 6 5 4 4 3 4 1 2 2 5 1

TOTAL 22 22 22 22 22 22 22 22 22 22 22 22

4.2 Individual case evaluation

4.2.1 25-30 June 2007

The precipitation producer for this event was a mesoscale convective vortex (MCV,
Bartels and Maddox 1991) that up scaled into a much larger warm-core vortex over the southern
plains on the United States (Goebbert et al. 2008). Schumacher and Davis (2010) analyzed this
event, among eight other events, using the ECMWF to assess forecast skill and uncertainty.
Schumacher (2011) used operational global ensemble forecasts from the ECMWF to examine the

factors contributing to, or inhibiting, the development of this long-lived continental vortex and
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its associated rainfall. At the 50 mm threshold, each of the three models went from having a very
poor forecast at the longest lead time, to a good forecast at the shortest lead time. At the longest
lead times, both the ECMWF and NCEP had a forecast with absolute no skill relative to chance
(Fig. 4.2a). This is due to these models not predicting any heavy rain in the southern plains of the
United States. The UKMET forecasted for a chance of 50 mm precipitation 10 days prior to the
occurrence of the event (not shown). At a 100 mm threshold, both the ECMWF and UKMET
showed improvement in their forecast for this event, however, the NCEP had almost no forecast
skill for the entire 10 day period (Fig. 4.2b). The NCEP did not forecast for any precipitation
exceeding 100 mm for the entire forecast period (not shown). Lastly, at the 150 mm threshold,
the ECMWEF was the only model to consistently make improvements throughout the forecast
period. The NCEP forecasted with little to no skill, while the UKMET had very little skill with
the exception of the shortest lead times (Fig. 4.2c). Again, the NCEP did not forecast for any
precipitation exceeding 150 mm for the entire forecast period. At the shortest lead times, the
UKMET started to pick up on heavy precipitation in the southern plains of the United States (not

shown).
4.2.2 22-27 August 2008

The widespread flooding for this event was a result of Tropical Storm Fay. From 19 to 23
August 2008, Tropical Storm Fay moved slowly across Florida, continued into Alabama and
Mississippi from 23 to 25 August 2008, and finally curved northeastward. The slow-moving Fay
allowed for large rainfall totals across the southeastern United States. Looking at the 50 mm
threshold, the ECMWF had an outstanding forecast with the exception of the longest lead times
(Fig. 4.2d). At these longer lead times, the ECMWF had misplaced the heavy precipitation to the

east (not shown). The UKMET began with a poor forecast, gradually making improvements at
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shorter lead times (Fig. 4.2d). Similar to the ECMWEF, the UKMET initially forecasted for the
heavier rainfall totals to be too far to the southeast (not shown). The NCEP is missing data for
the following forecasts at all three precipitation thresholds: 96-216 hrs, 48-168 hrs, 36-156 hrs,
and 12-132 hrs (Fig. 4.2d). Initially, the NCEP had forecasted for heavy precipitation in the
southeastern United States, however, at the shorter lead times the NCEP misplaced the large core
of heavy precipitation to the south (not shown). At both the 100 and 150 mm thresholds, the
ECMWEF maintained a great forecast for the majority of the forecast period, except at the longest
lead times, again misplacing the heavy precipitation amounts to the east (not shown). The
UKMET was very similar with the exception that it took much longer for their model to make
advances in the forecast. The NCEP demonstrated little to no skill throughout almost the entire
forecast period, having not predicted for high rainfall amounts (Figs. 4.2e and 4.2f). At the
shortest lead times, the NCEP forecasted for heavier rainfall totals but they were displaced to the

southeast (not shown).
4.2.3 1-6 September 2008

From the 1 to 6 September 2008 Hurricane Gustav made landfall along the
Louisiana/Alabama coast, providing the southern United States with high rainfall totals. Looking
at the 50 mm threshold, the ECMWF maintained a fairly good forecast for this 10 day forecast
period. There appears to be a few bad initialization times within the model, but overall the
ECMWEF had a good forecast (Fig. 4.29). At the longest lead times, the ECMWF forecasted the
heavier rainfall amounts to be located to far south, largely off the Louisiana coast, possibly under
predicting the speed of landfalling Hurricane Gustav (not shown). Both the NCEP and UKMET
gave a forecast with very little skill at the longest lead time, showing gradual improvements to

their forecasts with time (Fig. 4.2g). At a threshold of 100 and 150 mm, the ECMWF had a great
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forecast for Hurricane Gustav. The NCEP had a forecast of absolutely no skill relative to chance
at the longest lead time, making steady advances with time throughout the 10 day forecast
period. The UKMET began with a moderate forecast at long lead times, worsened for the next
couple of lead times, and then finally showed improvements at the shortest lead times (Figs. 4.2h
and 4.2i). Both the NCEP and UKMET had strong model agreement among their ensemble
members that Hurricane Gustav would be located too far south for almost the entire forecast
period (not shown). Again, the speed of this landfalling Hurricane may have been a challenge for
all three numerical models.

4.2.4 18-23 January 2010

This event was brought upon the western coast of the United States when a synoptic
cyclone swept through, producing heavy rain, both convective and orographic. At the 50 and 100
mm threshold, the ECMWF, NCEP, and UKMET had an outstanding forecast for this event,
even 10 days in advance (Figs. 4.2j and 4.2k). It appears that this event was very well predicted
with greater than 90% model agreement 10 days prior to the event (not shown). At a threshold of
150 mm, the ECMWF maintained a great forecast throughout this 10 day forecast period,
accurately predicting the location of heaviest rainfall totals. The UKMET had a moderate
forecast at the longer lead times, showing gradual advances in the forecast at shorter lead times.
The NCEP maintained a not-so-great forecast for the entire forecast period at a threshold of 150
mm (Fig. 4.2l). Overall, it appears the NCEP did not anticipate rainfall totals exceeding 150 mm
for this widespread rain event (not shown).

4.2.5 29 April -4 May 2010

This widespread precipitation event was characterized by two quasi-stationary mesoscale

convective systems passing through Nashville, TN on the 1 and 2 May 2010 (Moore et al. 2012).
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At both the 50 and 100 mm threshold, all three of the models maintained a skillful forecast for
this precipitation event. The precipitation at a threshold of 100 mm was slightly better predicted
than the smaller threshold value of 50 mm. The NCEP and UKMET had a poor forecast at the
longest lead time but then demonstrated gradual improvements (Figs. 4.2m and 4.2n). At the
longest lead time, both of these models placed the heaviest rainfall totals much too far west of
the observed precipitation. The ECMWEF extended the spatial distribution of this precipitation
event too far west, however, maintained a great forecast overall (not shown). However, at the
150 mm threshold, the ECMWEF outshined both the NCEP and UKMET. The ECMWF
maintained skill throughout the entire forecast period. With an exception of the longest lead
times, the ECMWF had pinpointed exactly where the heaviest rainfall amounts would be located.
The UKMET had a poor forecast at the longer lead times, but showed improvements with time
(Fig. 4.20). Initially, the UKMET had forecasted the heaviest rainfall amounts to be much too far
south (not shown). The NCEP, on the other hand, had a poor forecast at the longest lead time,
showed major improvements at shorter lead times, and then plummeted to very little skill relative
to chance at the shortest lead time (Fig. 4.20). Ten days prior to the onset of the event, the NCEP
had very little indication of rainfall exceeding 150 mm. As the event came closer, the NCEP was
able to determine a nearly exact location for the heaviest rainfall amounts, with a ROC area of
0.990308 for the 72-192 hrs forecast. Finally, a day prior to the event, the NCEP displaced the

150 mm rainfall too far north, losing skill in their forecast (not shown).
4.2.6 23-28 April 2011

From 23 to 28 April 2011, a series of MCSs passed through the Mississippi Valley
producing widespread flooding for the area. At the culmination of this event, violent and

destructive tornadoes tore through Alabama, Arkansas, Georgia, Mississippi, North Carolina,

38



Virginia, Tennessee, and New York. At a threshold of 50 and 100 mm, the ECMWF, NCEP, and
UKMET all had a forecast that remained good and steady through the entire forecast period
(Figs. 4.2p and 4.2q). The ECMWEF and UKMET initially displaced the heaviest precipitation to
the northwest, explaining the decreased ROC score at the longest lead times (not shown). At the
150 mm threshold, each of the models demonstrates a lot more uncertainty. The ECMWF had a
few poor forecasts throughout the forecast period but ended with a pretty good forecast at the
shortest lead time (Fig. 4.2r). At the longest lead times, the ECMWEF predicted the heaviest
rainfall amounts too far to the west (not shown). The UKMET had a poor forecast at the longest
lead time but gradually showed advances, having a great forecast at the shortest lead time (Fig.
4.2r). At these longest lead times, the UKMET had forecasted for the heavier rainfall totals to be
located too far northwest (not shown). The NCEP began with a poor forecast, making slight
improvements to their forecast throughout the 10 day forecast period (Fig. 4.2r). Overall, the
NCEP had displaced the heaviest rainfall totals to the north of the observed 150 mm contour (not

shown).

39



ROC area

ROC area

ROC area

a) 50 mm Area under ROC curve d) 50 mm Area under ROC curve
10F T T 1.0F T T T T T

0.9

0.

o

0.7

ROC area

Wi ERRRRRRETE FRREN

0.6
i 05F 1
E 25-30 June 2007 ECMWF ] E — 22:27 August 2008 ECMWF 1
E 25-30 June 2007 NCEP 3 E ——— 22:27 August 2008 NCEP E
~———— 25:30 June 2007 UKMET E ——— 2227 August 2008 UKMET B
| | | | | | | | | | 3 04E I I I I I I I I I I 3

0-120 12-132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228 120-240 132-252 0-120 12-132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228 120-240 132-252

Forecast time Forecast time
100 mm Area under ROC curve e) 100 mm Area under ROC curve
T T T T T T 3] 10F T T T T T T 3
B 09f E
B 08f E
1 E E
3 o 3
3 @ |
— o 07H —
1 o E E
] « E 3
K 06
05 25-30 June 2007 ECMWF — E| O T 55 27 August 2008 ECMWF E|
E 25-30 June 2007 NCEP 3 E ——— 2227 August 2008 NGEP 3
———— 25-30 June 2007 UKMET E F ——— 2227 August 2008 UKMET E
I I I I I I I I 1 | 3 04f I I I I I I I 1 1 1 3
0-120 12-132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228 120-240 132-252 0-120 12-132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228 120-240 132-252
Forecast time Forecast time
C) 150 mm Area under ROC curve f) 150 mm Area under ROC curve
1.0 T T T T T T 3 1.0F T T T T T T 3
E—1 q 3 B
09 - 09 E
0.8 - 08 E
3] © 3]
3] o 3]
3 @ 3
0.7 = o 07F =
1 8 E E
3] o E 3
06 E 08 €
05 25-30 June 2007 ECMWF 3 08 5227 August 2008 ECMWF E
E 25-30 June 2007 NCEP E F ——— 2227 August 2008 NCEP 3
~————— 25-30 June 2007 UKMET 3 F ———— 2227 August 2008 UKMET 3
I I I I I I I I I I 3 04E I I I I I I I I I I 3
0-120 12-132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228 120-240 132-252 0-120 12-132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228 120-240 132-252
Forecast time Forecast time

40



ROC area

ROC area

ROC area

Area under ROC curve

Area under ROC curve

g)

50 mm
T T T T T

T T T
S

—
0.9 !
08 E
s F B
3 = 3
® E 3
o 07F E
<} £ 7
o E |
06 E
1-6 September 2008 ECMWF 3 05 C 18-23 January 2010 ECMWF i
16 September 2008 NCEP E 18-23 January 2010 NCEP 3
16 September 2008 UKMET E 18-23 January 2010 UKMET 3
I I I ! ! ! ! ! ! ! 3 04kt I I I I I I | | | | B
0-120 12-132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228120-240132-252  0-120 12-132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228 120-240 132-252
Forecast time Forecast time
h) 100 mm Area under ROC curve k) 100 mm Area under ROC curve
10F T T T T T T

1.0E+ i

— —
09F 1 \
08 -
E g 1w E 1
8 = |
S 0.7 -
o E B
o E 3]
] 06 3
1-6 September 2008 ECMWF 05 | 18-23 January 2010 ECMWF 3
1-6 September 2008 NCEP E 18-23 January 2010 NCEP E
C 1-6 September 2008 UKMET | ; 18-23 January 2010 UKMET |
04k ! ! ! ! ! ! I ! ! ! k| 04k | | | | | | | | | | Bl
0-120 12132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228120-240132-252  0-120 12-132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228 120-240 132-252
Forecast time Forecast time
.
) 150 mm Area under ROC curve I) 150 mm Area under ROC curve
1.0 T T T T T T 10 T T T T T T
! ! E I I
3 b—T—
09F
B E N
- 08F =
P F 1
8 E B
g ]
o 07F E
o F B
o E 3]
1 06F -
1-6 September 2008 ECMWF ] 05 C 18-23 January 2010 ECMWF ]
1-6 September 2008 NCEP 3 £ 18-23 January 2010 NCEP B
1-6 September 2008 UKMET £ 18-23 January 2010 UKMET B
04LC I I 1 1 1 1 I I I I 3 04fF I I I 1 1 1 | | | | 3
0-120 12-132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228120-240 132252  (0.120 12-132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228 120-240 132-252

Forecast time

41

Forecast time



m) 50 mm Area under ROC curve p) 50 mm Area under ROC curve
T T Bl

T TS WO%WW

09F 3 \L\ B
08 -
8 E 3 8
& £ 3 -1 £ 3
o 07F 4 5 orf -
e e | ]
06F = 06 -
05 - 05 -
E ——— 29 Aprik4 May 2010 ECMWF E 23-28 April 2011 ECMWF
£ 29 April-4 May 2010 NCEP E E 23-28 April 2011 NCEP
F 29 April-4 May 2010 UKMET E F 23-28 April 2011 UKMET
04k L L L L L L L L L L 3 04t L L L L L L L L L L
0-120 12132 24-144 36-156 48-168 60-180 72192 84-204 96-216 108-228120-240132-252  0-120 12132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228 120-240 132-252
Forecast time Forecast time
n) 100 mm Area under ROC curve q) 100 mm Area under ROC curve
1.0 T T T T T T 10 T T T T T T
i ] 1 1 TS E I L F
— < i — £ /I\ z [ - ’41\ F
0o o —— T I \ 09 N\ 4
1 I I I : <
£ - - E 1 T A
08 08f
8 E 1 8
5 L ] s L 7
& 0T 3 5 orfp -
g £ E £ 3
06 - 06 -
05F - ] 05F -
E ——— 29 Aprik4 May 2010 ECMWF 3] £ 23-28 April 2011 ECMWF
E ——— 29 Aprik4 May 2010 NGEP E E 23-28 April 2011 NCEP
F 29 April-4 May 2010 UKMET B E 23-28 April 2011 UKMET
04F I I I I I I | | I I 3 04kt | | | | I I I I I I
0-120 12132 24-144 36-156 48-168 60-180 72-192 84-204 96-216 108-228120-240 132252 0-120 12132 24-144 36-156 48-168 60-180 72192 84-204 96-216 108-228 120-240 132-252
Forecast time Forecast time
O) 150 mm Area under ROC curve I‘) 150 mm Area under ROC curve

1.0 E\;—“l ‘ r‘ ‘ T g 1.0 E T T T T T T

09F

ROC area
ROC area

08 E 55 Aprik4 May 2010 ECMWF E 05 23-28 April 2011 ECMWF
E ——— 29 April4 May 2010 NCEP E E 23-28 April 2011 NCEP
E 29 April-4 May 2010 UKMET 3 £ 23-28 April 2011 UKMET
04t I I I I I I I I I I E 04k I I I I I I I I I I
0120 12132 24-144 36-156 48-168 60-180 72-192 84-204 96216 108-228120-240132252  0-120 12132 24-144 36-156 48-168 60-180 72192 84-204 96-216 108-228 120-240 132-252
Forecast time Forecast time

Figure 4.2: Area under the ROC curve for the ECMWEF, NCEP, and UKMET ensembles for 6 of
the 22 widespread 5-day precipitation events: 25-30 Jun 2007, 22-27 Aug 2008, 1-6 Sep 2008,
18-23 Jan 2010, 29 Apr-4 May 2010, and 23-28 Apr 2011. Shown are 120-hr precipitation
accumulation thresholds for (a), (d), (9), (j), (m), and (p) 50, (b), (e), (h), (k), (n), and (q) 100,
and (c), (f), (), (1), (0), and (r) 150 mm. The ROC area does not account for seasonal
climatology. A perfect forecast has a ROC area of 1; a random reference forecast has an area of
0.5. Note that the legend for ECMWEF ensemble is also valid for both the NCEP and UKMET
ensemble.
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4.3 Discussion

Twenty-two widespread precipitation events were introduced in this study in an effort to
determine which model, the ECMWF, NCEP, or UKMET, is better at predicting multiday,
widespread rainfall events. The ECMWEF demonstrated a skillful precipitation forecast for many
types of events including tropical cyclones, synoptic cyclones, stationary fronts, etc. (Fig. 4.1a-
¢). The one type of scenario that the ECMWF, NCEP, and UKMET struggled the most with was
the MCV in the southern plains (Fig. 4.2a-c). With time, the forecast skill of the ECMWF
appears to have improved, likely attributed to the horizontal resolution increase in January 2010
from T399 (0.4 degree) to T639 (0.25 degree) valid out to 10 days (Fig. 4.1a-c, Table 3.1). The
NCEP has battled more with maintaining a skillful forecast throughout the entire forecast period.
The prediction of both tropical cyclone and synoptic cyclone events has drastically improved
with time for the NCEP model, again due to the upgrade in the EPS from a resolution of T126
(1.4 degree) to T190 (0.9 degree, Fig. 4.1d-f, Table 3.1). Lastly, the UKMET has had regularly
better forecasts than the NCEP, making this model more comparable to the ECMWF. More
recently, forecasts for tropical cyclones have shown advances within the UKMET, likely a result
of the spectral resolution increase in September 2008 from 90 km (38 levels) to 60 km (70 levels,
Fig. 4.1g-i, Table 3.1). Of the three numerical models, the ECMWEF appears to have outshined
the other two. This result does not come as a surprise seeing as the ECMWEF has consistently
maintained a higher horizontal resolution than both the NCEP and the UKMET (Table 3.1).
Overall, the ECMWEF has produced a skillful forecast for each of the events, with an exception of

the 25-30 June 2007 event, the MCV over the southern plains of the United States.
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CHAPTER 5

CASE STUDY: 29 APRIL-4 MAY 2010 WIDESPREAD PRECIPITATION
EVENT

5.1 Event overview

Beginning 1 May 2010 and lasting until 3 May 2010, Tennessee, Kentucky and
Mississippi, experienced an extended period of heavy precipitation, resulting in destructive
flooding and record rainfall in many locations. This rainfall was a result of two successive quasi-
stationary mesoscale convective systems associated with an upper-level low pressure system that
approached the eastern United States, along with a frontal boundary that stalled just west of
Tennessee (Figs. 5.1a and 5.1b, Moore et al. 2012). Consistent with the findings of Glass et al.
(1995) and Maddox et al. (1979) on heavy precipitation events, most of the heavy rainfall
associated with the 29 April-4 May 2010 widespread precipitation event occurred during the
overnight hours or occupied a large portion of the nocturnal hours. There was persistent tropical
moisture transport from the Gulf of Mexico, feeding the heavy precipitation. The bulk of heavy
rainfall pounded the Tennessee area, specifically Nashville. Nashville International Airport
recorded over 160 mm (6 inches) of rain on 1 May 2010 and over 183 mm (7 inches) on 2 May
2010. The two-day rainfall total stood at 13.53 inches (Fig. 5.2). This more than doubled the
previous two-day record of 6.68 inches set on 13-14 September 1979 (NOAA 2010c). Benton
County, just to the west of Nashville, recorded approximately 19.41 inches of precipitation over
this two-day period (NOAA 2010a). The Cumberland River, which winds through downtown
Nashville, Tennessee, crested at 51.86 feet on 3 May 2010, spilling into the city and surrounding
neighborhoods. It was the highest level recorded since the Cumberland River dam system was

built in the early 1960s (NOAA 2010b). Property damages were estimated to total into the
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Figure 5.1: Radar reflectivity (color shading in dBZ) at (a) 0956 UTC 1 May 2010 and (b) 1356
UTC 2 May 2010.

hundreds of millions of dollars, which helped to prompt a Presidential Disaster Declaration for
many counties in west and middle Tennessee (NOAA 2011b). In Greater Nashville, property

damage exceeded $2 billion and 11 fatalities occurred with 18 other fatalities occurring in

Total precipitation, 29 April - 4 May 2010: obs
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Figure 5.2: Five-day accumulated precipitation (color shading in mm) between 1200 UTC 29
April 2010 — 1200 UTC 4 May 2010. The black rectangle indicates the location for areal
averaging of precipitation and other fields.
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Middle Tennessee (NOAA 2011c). In the present study, medium-range ensemble forecasts of the
29 April 2010 to 4 May 2010 rain event will be examined to determine the reason why some
ensemble members produced a long-lived, slow-moving precipitation system, and others did not.
The overlying question is, what were the key factors that were favorable for, or detrimental to,
the development of widespread, multiple day rainfall? Looking at the spaghetti plot at a
threshold of 100 millimeters, the ECMWF ensemble members did a relatively good job
forecasting the location of the event (Fig. 5.3). The remainder of the study will only show

forecasts from the ECMWEF EPS.

Figure 5.3: “Spaghetti” plot showing the predicted 100-mm rainfall contour from 1200 UTC 29
April 2010 — 1200 UTC 4 May 2010 from each ECMWF ensemble member in a different color.
The observed 100-mm contour from 1200 UTC 29 April 2010 — 1200 UTC 4 May 2010 is
shown in thick black. The ensemble mean 100-mm contour is shown in thick red. Initialization
time of 1200 UTC 29 April 2010.
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5.2 Synoptic analysis

The primary source for upper-level atmospheric observations and analyses is the
University Corporation for Atmospheric Research (UCAR) image archive. Looking at the upper-
level conditions at the time of the event, many factors contributed to the support of heavy
precipitation across the eastern United States. At 1200 UTC 2 May 2010 at the 300-hPa level a
deep trough stretches across the continental United States. Additionally, there is a jet streak
oriented from the southwest to the northeast across the states of Arkansas, Illinois, and Michigan.
Relative to the jet streak and the upper-level trough, Nashville, Tennessee is in an area of upper-
level divergence, with convergence at the surface (Fig. 5.4a). This provides support for the
development of thunderstorms throughout the Tennessee area. At the 500-hPa level, there is an
area of absolute cyclonic vorticity being advected to the northeast, into the Kentucky, Tennessee
area (Fig. 5.4b). Again, the advection of cyclonic vorticity provides support for convection
across Tennessee. At the 700-hPa level, southerly flow is pulling in moisture from the Gulf of
Mexico, up into the northeastern United States. Throughout the eastern United States, dew points
are high, reaching a value of 12°C in southern Mississippi and Alabama (Fig. 5.4c). With
sufficient moisture present, heavy rainfall is imminent. At the 850-hPa level, slight warm air
advection is present in the Tennessee area, and an apparent baroclinic zone exists. Warm coastal
temperatures are being advected poleward, into Nashville and nearby areas. There is also
indication of a nocturnal low level jet positioned over the southeastern United States, with the
strongest winds overhead Alabama, Georgia, and Tennessee (Fig. 5.4d). The presence of a
southerly low level jet becomes a key player in the moisture transport into the Mississippi

Valley, promoting strong, persistent convection (Doswell 1994). Taking a look at the sounding
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Figure 5.4: (a) 300-hPa wind (vectors in knots), isotachs gcolor shading in knots), streamlines
(black contours), and divergence (yellow contours in x10® s™) at 1200 UTC 2 May 2010. (b)
500-hPa height (black contours in dm) and absolute vorticity (color shading in x10° s™) at 1200
UTC 2 May 2010. (c) 700-hPa wind (vectors in knots), height (black contours in dm),
temperature (dashed red-above freezing and blue-below freezing contours in Celsius), and dew
point temperature > -4 (green contours in Celsius) at 1200 UTC 2 May 2010. (d) 850-hPa wind
(vectors in knots), height (black contours in dm), temperature (dashed red-above freezing and
blue-below freezing contours in Celsius), and dew point temperature > 8 (green contours in
Celsius) at 1200 UTC 2 May 2010.

from 1200 UTC 2 May 2010, the atmosphere is saturated from the surface to about 700-hPa. The
surface temperature and the dew point are only a few degrees Celsius apart, indicative of
extremely moist conditions. The atmosphere has a moderate amount of directional shear at low

levels, as well as speed shear. Throughout the atmosphere, wind ranges from 5 m/s (10 knots) at

the surface to 50 m/s (95 knots) at the 400-hPa level (Fig. 5.5a). Because both moisture and lift
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Figure 5.5: (a) Skew-T and (b) hodograph from Nashville International Airport (KBNA) at 1200
UTC 2 May 2010.

are present, the only other ingredient needed for severe weather is instability. With convective
available potential energy (CAPE) at 2507 J kg™ (not shown), and a 500-hPa lifted index of -
11°C (not shown), the atmosphere is very unstable, capable of producing thunderstorms and
severe weather. Looking at the hodograph from 1200 UTC 2 May 2010, between approximately
900 hPa to 700 hPa, a nocturnal low level jet is present. The hodograph turns clockwise at lower
levels, with peak winds at around 800 hPa (Fig. 5.5b). For this particular event, all of the
ingredients pulled together to produce heavy precipitation for an extended period of time, as well
as severe weather.

Maddox et al. (1979) has identified three primary types of synoptic and mesoscale
patterns as often producing excessive rain. Both the meso-high and frontal types are primarily
mesoscale phenomena, while synoptic forcing drives the synoptic type events, described in detail
earlier in the study. The 29 April-4 May 2010 precipitation event occurred in the spring months,
between late April and early May. Not only did this widespread rain event happen in the Spring,

it occurred in the Mississippi Valley region. As noted by Maddox et al. (1979), the location
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where synoptic type flash flood events are most commonly observed in the spring is the
Mississippi Valley. At the 500-hPa level, a well-defined trough dug into the central plains and
then began to weaken and slide off to the east (Fig. 5.4b). Looking at the surface analysis, a cold
front approaching Tennessee from the west stalled as it became parallel to the upper-level flow.
The frontal boundary stalled oriented from southwest to northeast (Fig. 5.6). For the duration of
the precipitation event, dew point temperatures remained above 70°F in Nashville, Tennessee
and nearby areas (Fig. 5.6). Winds at the 850-hPa level reached a wind speed of about 60 knots,
with 0 to 6-kilometer wind shear reaching 72 knots (Fig. 5.5a). With that said, the 29 April-4

May 2010 widespread, precipitation event is a classic synoptic type flash flood event.

Figure 5.6: Hydrometeorological Prediction Center (HPC) surface analysis for 0000 UTC 2 May
2010.
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5.3 Results

5.3.1 Selection of “wet™ and ““dry”” ensemble members

With an initialization time of 1200 UTC 29 April 2010, the 84-hour (0000 UTC 3 May
2010) and 96-hour (1200 UTC 3 May 2010) forecasts were found to be the most useful for this
case to look at the synoptic analysis. At forecast hour 84, the second MCS was still training over
Nashville, Tennessee when it then began to slide off to the east impacting eastern Tennessee at
forecast hour 96. Both the 84-hour and 96-hour forecasts have a large spread in their respective
precipitation forecasts, with some members correctly predicting heavy precipitation and others
that were not. Whitaker and Loughe (1998) found that spread is much more useful as a predictor
of skill when it is extreme (very large or very small). Schumacher and Davis (2010) noted an
apparent inverse relationship between spread and skill in the precipitation forecasts. For
example, an event with large (small) spread in the forecasts also had the lowest (highest) skill.
Looking at the 12-hr accumulated precipitation time series at Nashville, Tennessee, a majority of
the ensemble members have forecasted for the heaviest precipitation to occur around forecast
hours 84 and 96 (Fig. 5.7). The observed 12-hr accumulated precipitation is shown by the thick
black contour. It appears each of the ensemble members largely underpredicted the amount of
precipitation Nashville, TN would receive from the first MCS (Fig. 5.7).

A few of the ensemble members realistically reflected the spatial distribution of
precipitation and the evolution of the precipitation system. Member 29 and member 31 had a
very similar spatial distribution as the observed event, while member 36 and member 5 had little
to no resemblance (shown later in the study). Additionally, the five-day area-averaged

precipitation was calculated within the thick black box encompassing the Tennessee area and
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Figure 5.7: Time series plot for Nashville, Tennessee (latitude: 36° N, longitude: 87° W)
showing the predicted 12-hr accumulated precipitation from each ensemble member in a
different color. Initialization time of 1200 UTC 29 April 2010. The observed 12-hr accumulated
precipitation contour is shown in thick black, obtained from the National Climatic Data Center
(NCDC).

then compared to the five-day area-averaged precipitation of the forecasted ensemble members.
The observed area-averaged precipitation for this event was 89 millimeters. Member 29 had a
five-day area-averaged precipitation of 98 millimeters and member 31 had a five-day area-
averaged precipitation of 95 millimeters. Interestingly, member 29 and member 31 slightly over-

predicted the five-day area-averaged precipitation. Member 36 had an area-averaged

precipitation of 48 millimeters and member 5 had a five-day area-averaged precipitation of 49
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Precipitation Amount vs. Equitable Threat Score
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Figure 5.8: Area-averaged precipitation vs. equitable threat score scatter plot at a threshold of
100 mm between 1200 UTC 29 April 2010 — 1200 UTC 4 May 2010. Equitable threat score was
calculated within the area-averaged box shown on Fig. 5.2. The wet ensemble members
(members 29 and 31) are plotted in green and the dry ensemble members (members 36 and 5) are
plotted in red.

millimeters (Fig. 5.8). At a threshold of 100 millimeters, the equitable threat score was calculated
for each ensemble member as the final method to determine the most accurate and least accurate
ensemble members. Also seen on the area-averaged precipitation vs. equitable threat score
scatter plot is the best-fit line. The best-fit line denotes the positive correlation between
precipitation amount and equitable threat score. For the Nashville, Tennessee case, the ensemble
members have a large spread, however, demonstrate high skill (Fig. 5.8).

Although analyzing the spatial distribution of precipitation and ETS to determine the

most accurate and least accurate ensemble members is beneficial, it is not sufficient. As pointed
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out by Roulston and Smith (2003), identification of the best ensemble member should be done
using multivariate forecasts, even if only univariate forecasts are required. This requires one to
analyze all weather variables that all relevant to identifying the best ensemble member. After
looking at all 50 members, it was determined that the most accurate forecast was from members
29 and 31 (the wet ensemble members), while the least accurate forecast was from members 36
and 5 (the dry ensemble members).

5.3.2 Correlations

Looking at the 84-hour forecast of the 500-hPa height correlations to area-averaged
precipitation, there is a region of positive correlation (r = 0.5) to the west/northwest of
Tennessee, in the Central Plains region (Fig. 5.9). This suggests that higher heights in the
Midwest resulted in more precipitation over the area of interest. A large core of positive
correlation resides over the Pacific Ocean and western United Sates, indicating the wet ensemble
members having a stronger upper-level ridge off the coast of the western United States, than do
the dry ensemble members (Fig. 5.9). In central Tennessee, 500-hPa height and area-averaged
precipitation are slightly anticorrelated, indicating the ensemble members with lower heights
over Tennessee also had more precipitation in that area (Fig. 5.9). A negative correlation (r = -
0.4) also resides along the Texas/Mexico border. This denotes a deep, more elongated upper-
level trough is correlated with more precipitation in the area of interest (Fig. 5.9). Taking a look
at the 84-hour forecast of the 850-hPa height correlations to area-averaged precipitation, there is
a region of positive correlation, with a correlation coefficient around 0.5, just to the northwest of
Tennessee, in the Central Planes region (Fig. 5.10). In this region of positive correlation,
encompassing Tennessee, as heights increase, area-averaged precipitation increases. When

considered along with the maps of the total height field, this suggests that a weaker cyclone over
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84-hr forecast 500mb height correlations to area-averaged precipitation
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Figure 5.9: Area-averaged precipitation between 1200 UTC 29 April 2010 — 1200 UTC 4 May
2010 correlated to 500-hPa height at 0000 UTC 3 May 2010, corresponding to forecast hour 84.
Warm colors represent a positive correlation, while cool colors represent a negative correlation.
The ensemble mean 500-hPa height contours are shown in thick black.

the central United States was associated with more precipitation over the area of interest.
Another region of positive correlation (r ~ 0.5) exists in the western United States and just off the
coast into the Pacific Ocean (Fig. 5.10). This strong correlation is due to the wet ensemble
members having much higher heights off the coast of the western United States, than do the dry
ensemble members. Also, the higher heights are a bit more inland in the wet ensemble members.

A strong negative correlation (r = -0.5) lies just east of Mexico (Fig. 5.10). This negative

correlation could denote the presence of a lee trough from the Sierra Madre Oriental Mountains

55



84-hr forecast 850mb height correlations to area-averaged precipitation
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Figure 5.10: Area-averaged precipitation between 1200 UTC 29 April 2010 — 1200 UTC 4 May
2010 correlated to 850-hPa height at 0000 UTC 3 May 2010, corresponding to forecast hour 84.
Warm colors represent a positive correlation, while cool colors represent a negative correlation.
The ensemble mean 850-hPa height contours are shown in thick black.

in Mexico, with lower heights indicative of more precipitation. Moore et al. (2012) suggest the
850-hPa lee trough positioned along the eastern Mexico coast was likely linked to downslope
flow along the Sierra Madre Oriental Mountains of eastern Mexico and a stronger height gradient
in the area. Taking a look at the 84-hour forecast of the 850-hPa v-wind correlations to area-
averaged precipitation, there is a large negative correlation (r ~ -0.4) to the west of Tennessee,

encompassing Arkansas, Missouri, Illinois, and Indiana (Fig. 5.11). In this region of negative

correlation, as the winds decrease, precipitation increases in the area of interest. It also helps to
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explain the position of the low level jet. More specifically, for heavy precipitation to occur in the
area of interest, the low level jet shouldn’t be positioned to the west of Tennessee. In Tennessee,
there is not a very strong correlation, indicating all ensemble members forecasted for strong
southerly winds. The location of the ensemble mean low level jet is denoted by the thick black
contours, with peak winds around 20 ms™ (Fig. 5.11).

84-hr forecast 850mb v-wind correlations to area-averaged precipitation

v

1.0
0.9

0.8
0.7
0.6
0.5
0.4

0.3

0.2

0.1

0.0

-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8

-0.9
-1.0

Figure 5.11: Area-averaged precipitation between 1200 UTC 29 April 2010 — 1200 UTC 4 May
2010 correlated to 850-hPa v-wind at 0000 UTC 3 May 2010, corresponding to forecast hour 84.
Warm colors represent a positive correlation, while cool colors represent a negative correlation.
The ensemble mean 850-hPa v-wind (in ms™) contours are shown in thick black.

Looking at the 72-hour forecast of the 850-hPa total column water correlations to area-

averaged precipitation, there is a slight positive correlation over Tennessee, indicating total
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column water is now slightly correlated with area-averaged precipitation, with a correlation
coefficient of about 0.2 (Fig. 5.12). At this time the initial quasi-stationary MCS was impacting
western Tennessee. To the northwest of Tennessee, in Illinois, lowa, Missouri, and surrounding
areas, 850-hPa total column water and area-averaged precipitation are strongly anticorrelated (r =
-0.6), oriented parallel to the stationary surface boundary (Fig. 5.12). At this time, the stationary
surface front appears to have pushed to the east slightly. This is verified by looking at the 72-

hour area-averaged precipitation and total column water scatter plot (Fig. 5.13). The scatter plot

v
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Figure 5.12: Area-averaged precipitation between 1200 UTC 29 April 2010 — 1200 UTC 4 May
2010 correlated to total column water at 1200 UTC 2 May 2010, corresponding to forecast hour
72. Warm colors represent a positive correlation, while cool colors represent a negative
correlation.
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shows a weak linear relationship between these two variables, as a result of all the ensemble
members (both wet and dry) forecasting for a high amount of total column water. The dry
ensemble members have a slightly smaller amount of total column water than do the wet
ensemble members (Fig. 5.13). Twenty-four hours later, looking at the 96-hour forecast of the
850-hPa total column water correlations to area-averaged precipitation, the large region of
negative correlation that was in the Great Lakes slides to the east slightly (Fig. 5.14). In
Tennessee, total column water is now strongly correlated with area-averaged precipitation, with a
correlation coefficient of about 0.7. This strong positive correlation appears to be oriented

parallel to the stationary surface boundary, from southwest to northeast (Fig. 5.14). To the

Precipitation Amount vs. Total Column Water
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Figure 5.13: Scatter plot of area-averaged precipitation between 1200 UTC 29 April 2010 — 1200
UTC 4 May 2010 vs. total column water at latitude: 36° N and longitude: 87° W at 1200 UTC 2
May 2010, corresponding to forecast hour 72. The wet ensemble members (members 29 and 31)
are plotted in green, the dry ensemble members (members 36 and 5) are plotted in red, and the
analysis is plotted in yellow.
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southeast of Tennessee, 850-hPa total column water and area-averaged precipitation are strongly
anticorrelated (r ~ -0.6), also oriented parallel to the stationary surface boundary (Fig. 5.14). This
is verified by looking at the 96-hour area-averaged precipitation and total column water scatter
plot (Fig. 5.15). The scatter plot now exhibits a strong linear relationship between these two
variables, with higher (lower) total column water corresponding to more (less) precipitation. The
strong anticorrelation in Tennessee indicates the wet ensemble members have advected the

96-hr forecast total column water correlations to area-averaged precip
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Figure 5.14: As in Fig. 5.12, except for correlated to total column water at 1200 UTC 3 May
2010, corresponding to forecast hour 96.

moisture into Tennessee and nearby areas, however, the strong negative correlation in the Great

Lakes region is a result of the dry ensemble members lofting the moisture much farther
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poleward. Interestingly, the analysis has one of the smallest amounts of total column water, yet
has a large precipitation amount (Fig. 5.15). The loss of total column water over this twelve-hour
period is likely associated to condensation and precipitation occurring slightly earlier in reality

compared to the forecast.

Precipitation Amount vs. Total Column Water
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Figure 5.15: Scatter plot of area-averaged precipitation between 1200 UTC 29 April 2010 — 1200
UTC 4 May 2010 vs. total column water at latitude: 36° N and longitude: 87° W at 1200 UTC 3
May 2010, corresponding to forecast hour 96. The wet ensemble members (members 29 and 31)
are plotted in green, the dry ensemble members (members 36 and 5) are plotted in red, and the
analysis is plotted in yellow.

5.3.2 Ensemble member comparison

To put the previously presented results into physical perspective, plots of the two most
accurate members and the two least accurate members, both spatially and temporally, were

constructed. As for the forecasted precipitation, member 29 and member 31 (the wet ensemble
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members) forecasted for a very strong, linear precipitation area. This area of heavy rainfall was
oriented from southwest to northeast and extended from northern Mississippi to northern
Kentucky. The system slowly pushed off to the southeast bringing high rainfall amounts to cities
in its path (Figs. 5.16a and 5.16c). Member 36 and member 5 (the dry ensemble members)
forecasted for much smaller rainfall amounts, with the heavier precipitation displacement slightly
to the west. Member 36 over-predicted precipitation in other locations such as Florida and
Georgia. Additionally, there is not much of a linear feature in the precipitation for the dry

ensemble members (Figs. 5.16b and 5.16d). When comparing the forecasted precipitation to the

Total precip, 29 April - 4 May 2010: member 29 fcst hour = 0-120 Total precip, 29 April - 4 May 2010: member 36 fcst hour = 0-120
a) % i =

Figure 5.16: Five-day accumulated precipitation (color shading in mm) between 1200 UTC 29
April 2010 — 1200 UTC 4 May 2010: (a) member 29 (wet), (b) member 36 (dry), (c) member 31
(wet), and (d) member 5 (dry). The black rectangle indicates the location for areal averaging of
precipitation and other fields.
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actual observed precipitation, it is easily seen that member 29 and member 31 (the wet ensemble
members) were quite accurate (Figs. 5.16a and 5.16¢). However, in member 29, the maximum
forecasted precipitation is displaced a bit to the southeast (Fig. 5.16a). The observed precipitation
is oriented southwest to northeast, with a linear feature. The bulk of heavy precipitation swept
across the state of Tennessee. The resulting precipitation accumulation between the wet
ensemble members and the dry ensemble members is very different, with comparable differences
also occurring among other individual ensemble members.

Something else to consider when looking at forecasted precipitation is the maximum
precipitation amount. From the U.S. Daily Precipitation Analysis dataset, the maximum observed
precipitation amount was 321 millimeters (yellow). Member 29 and member 31 (the wet
ensemble members, green) each forecasted a maximum precipitation amount of 304 millimeters.
Member 36 and member 5 (the dry ensemble members, red) forecasted a maximum precipitation
amount of 104 millimeters and 176 millimeters (Fig. 5.17). The wet ensemble members did a
much better job at predicting the maximum precipitation amount than did the dry ensemble
members, however, even the wet ensemble members slightly underpredicted the maximum
precipitation amount. Interestingly, a few of the ensemble members overpredicted the maximum
rainfall amount, including ensemble member 2, which forecasted for a maximum precipitation
amount of 417 millimeter. Although ensemble member 2 overpredicted the maximum
precipitation amount, it had a five-day area-averaged precipitation of 86, which is lower then the
chosen wet ensemble members. Ensemble member 2 forecasted for the heavy precipitation to be

displaced to far to the southeast in northern Alabama.
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Figure 5.17: Precipitation maximum between the 5-day period 1200 UTC 29 April 2010 — 1200
UTC 4 May 2010. The wet ensemble members (members 29 and 31) are plotted in green, the dry
ensemble members (members 36 and 5) are plotted in red, and the analysis is plotted in yellow.
The two main focuses for this precipitation event were the two successive quasi-
stationary mesoscale convective systems (MCSs) on 1 and 2 May 2010. On these particular days,
most of the ensemble members had a large amount of variability in their forecasts. Looking at
the radar composite from 1155 UTC 1 May 2010, the first MCS was seen passing through
western central Tennessee. This line of heavy precipitation was oriented from southwest to
northeast, extending from southwestern Tennessee to northern Kentucky (Fig. 5.18a). The MCS

then trains over central Tennessee for nearly 12 hours (not shown). Twenty-four hours following

the initial MCS, at 1154 UTC 2 May 2010, the second MCS was seen passing through western
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central Tennessee. This line of heavy precipitation was oriented from southwest to northeast,

extending from northeastern Louisiana to southern Ohio (Fig. 5.18b). The MCS then trained over

Figure 5.18: Radar reflectivity (color shading in dBZ) at (a) 1155 UTC 1 May 2010 and (b) 1154
UTC 2 May 2010.

central Tennessee for nearly 12 hours (not shown), similar to the previous MCS. As for the
accumulated 24-hr precipitation from 1200 UTC 1 May 2010 to 1200 UTC 2 May 2010, rainfall
totals exceeding 75 mm were observed in west/central Tennessee, western Kentucky, and
northern Mississippi (Fig. 5.19a). Looking at the forecasted 24-hr precipitation at 1200 UTC 2
May 2010, ensemble members 29 and 31 (the wet ensemble members) forecasted for high
rainfall totals in western Tennessee, northern Mississippi, and southeast Arkansas, a result of the
first quasi-stationary MCS. Each of the wet ensemble members underpredicted the spatial extent
of these higher precipitation amounts (Figs. 5.20a and 5.20b). Although member 5 and 36 (the
dry ensemble members) forecasted for high rainfall totals, they were displaced to the west,

completely voiding Nashville of high precipitation amounts (Figs. 5.20c and 5.20d). Twenty-four
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a) 24-hour precipitation, 2 May 2010: obs b) 24-hour precipitation, 3 May 2010: obs

T ] g AN

Figure 5.19: Observed 24-hr accumulated precipitation color shading in mm) (a) from 1200
UTC 1 May 2010 to 1200 UTC 2 May 2010 and (b) from 1200 UTC 2 May 2010 to 1200 UTC
3 May 2010.

hours later, at 1200 UTC 3 May 2010, the second quasi-stationary MCS was impacting
Nashville, Tennessee and surrounding areas. The accumulated 24-hr precipitation from 1200
UTC 2 May 2010 to 1200 UTC 3 May 2010 exceeded 75 mm throughout central Tennessee and
Kentucky, in the form of a linear feature due to the consistent training/backbuilding of the
second MCS. Alabama also received high rainfall totals exceeding 75 mm (Fig. 5.19b). Member
29 and 31 (the wet ensemble members) forecasted for high rainfall totals in central Tennessee,
also in the form of a linear feature (Figs. 5.20e and 5.20f). Members 5 and 36 (the dry ensemble
members) also forecasted for high rainfall totals, but the highest precipitation amounts were
displaced too far north, missing Nashville, Tennessee (Figs. 5.20g and 5.20h). This is consistent
with the 96-hour forecast of the 850-hPa total column water correlations to area-averaged
precipitation (Fig. 5.14). The dry ensemble members were advecting the high values of total

column water to the Great Lakes region, where it would then precipitate out.
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24-hour precip, initialized 1200 UTC 29 April 2010: member 29, fest hour = 72 24-hour precip, initialized 1200 UTC 29 April 2010: member 29, fcst hour = 96

24-hour precip, initialized 1200 UTC 29 April 2010: member 36, fcst hour = 72 24-hour precip, initialized 1200 UTC 29 April 2010: member 36, fcst hour = 96
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24-hour precip, initialized 1200 UTC 29 April 2010: member 5, fcst hour = 72 24-hour precip, initialized 1200 UTC 29 April 2010: member 5, fcst hour = 96

d) , )

Figure 5.20: Forecasted 24-hr accumulated precipitation (color shading in mm) at 1200 UTC 2
May 2010, corresponding to forecast hour 72: (a) member 29 (wet), (b) member 31 (wet), (c)
member 36 (dry), and (d) member 5 (dry), and at 1200 UTC 3 May 2010, corresponding to
forecast hour 96: (e) member 29 (wet), (f) member 31 (wet), (g) member 36 (dry), and (h)
member 5 (dry).

Looking at the synoptic set-up of the event, one can determine the processes that were
favorable or detrimental to the system’s development. Beginning at the 500-hPa level, there is a

strong upper-level trough digging into the central plains of the United States. The upper-level

trough is positively tilted from northeast to southwest (Fig. 5.21a). Twelve hours later, the upper-

Figure 5.21: ECMWEF analysis of 500-hPa height (color shading in m) at (a) 0000 UTC 3 May
2010 and (b) 1200 UTC 3 May 2010.
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level trough weakens in strength and begins to move east (Fig. 5.21b). Member 29 and member
31 (the wet ensemble members) forecasted for a strong upper-level trough extending into
southern New Mexico. Again, the trough axis is positively tilted from southwest to northeast
(Figs. 5.22a and 5.22c). Member 36 and member 5 (the dry ensemble members), however, have
a slightly deeper trough plunging into the central United States with its trough axis extending
north to south (Figs. 5.22b and 5.22d). This is quite different than member 29 and member 31
(the wet ensemble members), having a positively tilted trough axis (Figs. 5.22a and 5.22c). The

dry ensemble members forecasted for an upper-level trough with a tight gradient overhead the

state of Tennessee (Figs. 5.22b and 5.22d).

Figure 5.22: Forecasted 500-hPa height (color shading in m) at 0000 UTC 3 May 2010,
corresponding to forecast hour 84: (a) member 29 (wet), (b) member 36 (dry), (c) member 31
(wet), and (d) member 5 (dry).
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At the 850-hPa level, both the wet and the dry ensemble members forecasted for a low
pressure system in the northern United States. However, member 29 and member 31 (the wet
ensemble members) forecasted for a weak 850-hPa trough that extends down into the northern
United States. The wet ensemble members placed this weak 850-hPa cyclone in Canada. The
associated low pressure system is slightly weaker than what was observed (Figs. 5.24a and
5.24c). Contrastingly, member 36 and member 5 (the dry ensemble members) forecasted for a
much deeper trough extending down into the state of Texas. This 850-hPa cyclone was
forecasted to be located around Missouri for the dry ensemble members. This deep 850-hPa
trough has a tight pressure gradient over the state of Tennessee, supporting the aforementioned
nocturnal low level jet (Figs. 5.24b and 5.24d). When looking at the observed 850-hPa height, it
resembles that of member 29 and member 31 (the wet ensemble members). The trough and
associated low pressure system is quite weak (Fig. 5.23a). Progressing through time, only twelve

hours later the trough has weakened even more (Fig. 5.23b). Another parameter of interest is the

850-hPa wind speed and direction. On the day of the heavy precipitation event for Nashville,

Figure 5.23: ECMWEF analysis of 850-hPa temperature (color shading in C), height (black
contours overlaid in m), and wind (vectors overlaid, vector scale is shown at bottom right) at (a)
0000 UTC 3 May 2010 and (b) 1200 UTC 3 May 2010.
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Tennessee there were consistent southerly winds (Figs. 5.23a and 5.23b). This moisture allowed
for precipitation to occur. In time, westerly winds started to prevail, pushing the system off to the
east (Fig. 5.23b). Member 29 and member 31 (the wet ensemble members) have strong southerly
flow bringing in a surplus of moisture from the Gulf of Mexico (Figs. 5.24a and 5.24c). This was
a key component for the heavy precipitation that the Tennessee area received. When looking at

the 850-hPa winds for member 36 and member 5 (the dry ensemble members), a very strong

cyclonic rotation is present just to the west of Tennessee (Figs. 5.24b and 5.24d). This area of

Figure 5.24: Forecasted 850-hPa temperature (color shading in C), height (black contours
overlaid in m), and wind (vectors overlaid, vector scale is shown at bottom right) at 0000 UTC 3
May 2010, corresponding to forecast hour 84: (a) member 29 (wet), (b) member 36 (dry), (c)
member 31 (wet), and (d) member 5 (dry).
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rotation could be carrying drier air from the southwest into the Tennessee area, along with the
southerly flow already present. Although the winds are much stronger in the dry ensemble
members, this punch of dry air likely hindered the amount of precipitation that member 36 and
member 5 forecasted for. Taking a look at the 850-hPa temperature, the stalled frontal boundary
is easily distinguished. A fairly strong temperature gradient sits just to the west of Tennessee,
along with a stronger gradient to the east (Figs. 5.23a and 5.23b). This stalled frontal boundary
provides the necessary lift to initiate the thunderstorms and severe weather of the 29 April-4 May
2010 precipitation event. Member 29 and member 31 (the wet ensemble members) forecasted for
temperatures slightly cooler in central Tennessee, with a defined frontal boundary to the west of
Tennessee (Figs. 5.24a and 5.24c). Contrastingly, member 36 and member 5 (the dry ensemble
members) forecasted for slightly warmer temperatures throughout Tennessee, with a less defined
frontal boundary (Figs. 5.24b and 5.24d). This is likely due to strong cyclonic rotation causing
warm air advection from Texas and Mexico. Additionally, the dry ensemble members forecasted
for the warm front to be too far south, located around northern Kentucky (Figs. 5.24b and 5.24d).

Looking at the 850-hPa equivalent potential temperature, the location of the stationary
surface front is denoted by the tight gradient in equivalent potential temperature located in
western Tennessee. At 0000 UTC 3 May 2010, the surface frontal boundary is oriented from
southwest to northeast, extending as far north as the Great Lakes region (Fig. 5.25a). Twelve
hours later, at 1200 UTC 3 May 2010, the surface front is seen slowly pushing off to the east.
The warm front associated with this extratropical cyclone is present extending to the east around
Massachusetts (Fig. 5.25b). By looking at the forecasted 850-hPa equivalent potential
temperature field, the key frontal structure differences become obvious between the wet and dry

ensemble members. Ensemble members 29 and 31 (the wet ensemble members) forecasted for
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Figure 5.25: ECMWF analysis of 850-hPa equivalent potential temperature (color shading in K)
at (2) 0000 UTC 3 May 2010 and (b) 1200 UTC 3 May 2010.

the stationary surface front to be oriented southwest to northeast, extending into the New
England region. The wet ensemble members greatly resemble the observed equivalent potential
temperature (Figs. 5.26a and 5.26c). As for ensemble members 5 and 36 (the dry ensemble
members), the stationary surface front is forecasted to have a north south orientation. The surface
front only extends as far north as Illinois. Associated with this extratropical cyclone, the dry
ensemble members forecasted for the surface warm front to extend east of Illinois, oriented west
to east (Figs. 5.26b and 5.26d). One big difference between the wet and dry ensemble members

is the placement of this stationary surface front and associated warm front. The dry ensemble

members have forecasted for a much more prominent warm front (Figs. 5.26b and 5.26d).
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Figure 5.26: Forecasted 850-hPa equivalent potential temperature (color shading in K) at 0000
UTC 3 May 2010, corresponding to forecast hour 84: (a) member 29 (wet), (b) member 36 (dry),
(c) member 31 (wet), and (d) member 5 (dry).

When looking at the total column water, an impressive, linear feature is present feeding
in moisture from the Gulf of Mexico. The origin of this moisture plume extends farther south and
east towards the Caribbean Sea. Just south of Central America, in the eastern Pacific, a large
reservoir of tropical moisture resides, with values greater than 60 mm. Twenty-four hours prior,
a build up of this tropical moisture occurred, where it then rushed into the Mississippi Valley
carrying an exceptionally high value of total column water (Fig. 5.27a-d). Additional moisture is
being pulled into the southeastern United States from the deep tropics. The total column water in
central Tennessee is around 50 to 55 mm (Fig. 5.27c). This was able to supply Tennessee and the
Mid-Atlantic states with sufficient moisture to support heavy precipitation. Twelve hours later,
the moisture has pushed off to the east, toward the coast of the United States (Fig. 5.27d).
Member 29 and member 31 (the wet ensemble members) forecasted for a very strong inflow of
moisture from the Gulf of Mexico. This conveyor belt of moisture extended from the Caribbean
Sea up to northern Kentucky (Figs. 5.28a and 5.28c). Member 29 and member 31 (the wet

ensemble members) forecasted for central Tennessee to receive a high amount of total column
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Figure 5.27: ECMWEF analysis of total column water (color shading in mm) at (a) 0000 UTC 2
May 2010, (b) 1200 UTC 2 May 2010, (c) 0000 UTC 3 May 2010, and (d) 1200 UTC 3 May
2010.

water, while member 36 (one of the dry ensemble member) forecasted for high total column
water to be located in western Tennessee (Figs. 5.28b and 5.28d). Member 5 (one of the dry
ensemble members) forecasted quite differently, even from the other dry ensemble member.
Member 5 forecasted for moisture to be flowing in from the Gulf of Mexico, however, the
amount of such moisture is significantly decreased. Additionally, the bulk of moisture flowing in
from the Gulf of Mexico does not extend north of northern Alabama and northern Mississippi
(Fig. 5.28d). Therefore, Tennessee and surrounding areas are not receiving the moisture
necessary to support heavy precipitation. Although the moisture is displaced in ensemble

member 36 and slightly weakened in ensemble member 5, both ensemble members forecasted
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for a strong moisture plume (Figs. 5.28b and 5.28d). Overall, both the wet and dry ensemble
members accurately forecasted for the transport of deep tropical moisture poleward into the
Mississippi Valley. How that tropical moisture interacted with the synoptic scale flow is what
caused the forecasts between the wet and dry ensemble member to differ. Boyd and Roberts
(2010) examined the same precipitation event and noted the deep moisture plume, which
produced record precipitable water over the Nashville area. They found that the depth of the
moisture, combined with the duration of moisture transport, produced high rainfall rates and

impressive totals over the Nashville, Tennessee area.

Figure 5.28: Forecasted total column water (color shading in mm) at 0000 UTC 3 May 2010,
corresponding to forecast hour 84: (a) member 29 (wet), (b) member 36 (dry), (c) member 31
(wet), and (d) member 5 (dry).
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Junker et al. (1999) found that the scale and intensity of rainfall appears to be related to
the strength of low-level moisture flux. High values of moisture flux are associated with heavy
rainfall potential with convective systems. At the peak of the event, at 1200 UTC 2 May 2010, an
exceptionally large swath of moisture is fluxed into the Mississippi Valley, providing impressive
moisture for the region (Fig. 5.29a). At 0000 UTC 3 May 2010, 850-hPa moisture flux reaches

over 220 g kg™ m s™ extending from the Gulf of Mexico through eastern Tennessee, and then

Figure 5.29: ECMWEF analysis of 850-hPa moisture flux (color shading in g kg™* m s* with
vectors overlaid, vector scale is shown at bottom right) at (a) 1200 UTC 2 May 2010 and (b)
0000 UTC 3 May 2010.

pushing into the northeastern United States (Fig. 5.29b). Numerous studies have found an axis of
850-hPa moisture flux upstream from MCSs that produced heavy rainfall (Rochette and Moore
1996, Junker and Schneider 1997, Junker et al. 1999, Bodner et al. 2011). Members 29 and 31
(the wet ensemble members) closely resemble the observed 850-hPa moisture flux. Both the wet
ensemble members forecasted for a plume of moisture to protrude from the Gulf of Mexico,
extending northeastward through Tennessee and into the northeastern United States (Figs. 5.30a
and 5.30c). Similar to the wet ensemble members, the dry ensemble members, members 36 and

5, forecasted for a deep plume of moisture to make its way into Tennessee from the Gulf of
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Mexico. However, once the plume of moisture reaches the Great Lakes area it spreads out in the

horizontal over a large area, likely along the warm front (Figs. 5.30b and 5.30d).

Figure 5.30: Forecasted 850-hPa moisture flux (color shading in g kg® m s with vectors
overlaid, vector scale is shown at bottom right) at 0000 UTC 3 May 2010, corresponding to
forecast hour 84: (a) member 29 (wet), (b) member 36 (dry), (c) member 31 (wet), and (d)
member 5 (dry).

The following figures are the time-integrated moisture flux from 0000 UTC 1 May 2010
to 0000 UTC 3 May 2010 for three different levels of the atmosphere, 925-hPa, 850-hPa, and
700-hPa. Both the quasi-stationary MCSs passed through western Tennessee within this two-day
time frame. Starting with the ECMWEF analysis of 925-hPa time-integrated moisture flux from

0000 UTC 1 May 2010 to 0000 UTC 3 May 2010, large time-integrated moisture flux values are

entering the southeastern United States from the Caribbean Sea. At the lower levels, this time-
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integrated flux of moisture reaches over 25 x 10’ g kg™ m (Fig. 5.31a). As the steady plume of
moisture enters the southeastern United States, it begins to get lofted over the stationary surface
front. Looking at the 850-hPa level, the highest values of time-integrated moisture flux are
overhead Alabama and western Mississippi, reaching 24 x 10’ g kg™ m (Fig. 5.31b). Finally,
looking at the ECMWEF analysis of 700-hPa time-integrated moisture flux, large values of time-
integrated moisture flux lie in the Tennessee region with values reaching 16 x 10’ g kg™ m in
western Tennessee. The conveyor belt of moisture from the Caribbean Sea has been lofted over
the stationary surface front as the moisture was transported poleward, resulting in high amount of

time-integrated moisture flux in Tennessee (Fig. 5.31c). Looking at the forecasted 925-hPa time-

—
15 x 107 g kg™' m

Figure 5.31: ECMWEF analysis of (a) 925-hPa, (b) 850-hPa, and (c) 700-hPa time-integrated
moisture flux (color shading in 10" g kg m with vectors overlaid, vector scale is shown at
bottom right) from 0000 UTC 1 May 2010 to 0000 UTC 3 May 2010.
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integrated moisture flux, both the wet and dry ensemble members have forecasted for a flux of
moisture from the Caribbean Sea. However, ensemble members 29 and 31 (the wet ensemble
members) have forecasted for a much larger flux of moisture, reaching approximately 25 x 10’ g
kg’ m in the selected two day period (Figs. 5.32a and 5.32c). The dry ensemble members
(ensemble members 5 and 36) only forecasted for time-integrated moisture flux values reaching
approximately 23 x 10’ g kg m (Figs. 5.32b and 5.32d). At the 850-hPa level, ensemble
members 29 and 31 (the wet ensemble members) have forecasted for a large time-integrated
moisture flux, exceeding 24 x 10" g kg™ m, to enter west/central Tennessee, providing ample
moisture to the Nashville, Tennessee area (Figs. 5.33a and 5.33c). On the contrary, ensemble
members 36 and 5 (the dry ensemble members) have not forecasted for nearly as much time-
integrated moisture flux to impede western Tennessee. Ensemble members 36 and 5 (the dry
ensemble members) forecasted for time-integrated moisture flux values in western Tennessee of
19 x 10" g kg™ m and 22 x 10" g kg m (Figs. 5.33b and 5.33d). Finally, looking at the
forecasted time-integrated moisture flux at the 700-hPa level, ensemble members 29 and 31 (the
wet ensemble members) forecasted for the highest value of time-integrated moisture flux to be
located overhead western/central Tennessee. With values reaching 16 x 10’ g kg™ m, this
provides the necessary moisture for heavy precipitation totals in western Tennessee (Figs. 5.34a
and 5.34c). Ensemble member 36 (a dry ensemble member) also forecasted for high values of
time-integrated moisture flux, exceeding 16 x 10’ g kg™ m, however this moisture flux is
displaced too far to the west, nearly missing Nashville, Tennessee (Fig 5.34b). Ensemble
member 5 (a dry ensemble member) only forecasted for time-integrated moisture flux values to

reach 14 x 10" g kg™ m, also displacing the highest value to the west (Fig. 5.34d). As the
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moisture enters the southeastern United States, it is lofted over the stationary surface front,

resulting in high amounts of moisture overhead west central Tennessee at the 700-hPa level.

25
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Figure 5.32: Forecasted 925-hPa time-integrated moisture flux (color shading in 10’ g kg™ m
with vectors overlaid, vector scale is shown at bottom right) from 0000 UTC 1 May 2010 to
0000 UTC 3 May 2010, corresponding to forecast hour 36 to forecast hour 84: (a) member 29
(wet), (b) member 36 (dry), (c) member 31 (wet), and (d) member 5 (dry).
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Figure 5.34: As in Fig. 5.32, except for forecasted 700-hPa time-integrated moisture flux.
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5.4 Comparison at an alternate initialization time

In order to verify the findings at an initialization time of 1200 UTC 29 April 2010, the
same processes were used at a new initialization time of 0000 UTC 29 April 2010, twelve hours
prior. At a new initialization time, the selection process of the most accurate and least accurate
ensemble members must be repeated. As suggested by Bright and Nutter (2004), the “bad”
members may appear as the “best” members at an earlier initialization time. As before, each of
the 50 ensemble members was compared to the CPC precipitation dataset to determine the skill
in its forecasts. Member 14 and member 45 had a very similar spatial distribution as the observed
event, while member 18 and member 26 had little to no resemblance (shown later in the study).
After the five-day area-averaged precipitation was calculated within the thick black box
encompassing the Tennessee area, it was then compared to the five-day area-averaged
precipitation of the forecasted ensemble members (Fig. 5.2; shown later in the study). The
observed precipitation for this event had an area-averaged precipitation of 89 millimeters.
Member 14 had a five-day area-averaged precipitation of 106 millimeters and member 45 had a
five-day area-averaged precipitation of 92 millimeters. Member 18 had an area-averaged
precipitation of 68 millimeters and member 26 had a five-day area-averaged precipitation of 65
millimeters (Fig. 5.35). As before, the equitable threat score (ETS) was the final method used to
determine the most accurate and least accurate ensemble members at the new initialization time
of 0000 UTC 29 April 2010. The two ensemble members plotted in orange will be discussed

later as the “displaced ensemble members.”
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Precipitation Amount vs. Equitable Threat Score
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Figure 5.35: Area-averaged precipitation vs. equitable threat score scatter plot at a threshold of
100 mm between 1200 UTC 29 April 2010 — 1200 UTC 4 May 2010. The wet ensemble
members (members 14 and 45) are plotted in green, the dry ensemble members (members 18 and
26) are plotted in red, and the displaced ensemble members (members 0 and 37) are plotted in
orange.

After looking at all 50 members, it was determined that the most accurate forecast was
from members 14 and 45 (the wet ensemble members), while the least accurate forecast was
from members 18 and 26 (the dry ensemble members). Once the wet ensemble members and dry
ensemble members were selected, correlation plots were created and analyzed. The 96-hour
forecast of the 500-hPa height correlations to area-averaged precipitation looks extremely similar
to the correlations in the original initialization time of 1200 UTC 29 April 2010. There is a

region of positive correlation (r = 0.5) to the north/northwest of Tennessee indicating higher

heights result in more precipitation over the area of interest (Fig. 5.36). Interestingly, at the new
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initialization time of 0000 UTC 29 April 2010, the large core of positive correlation residing
over the Pacific Ocean and western United States is no longer present. In central Texas, 500-hPa
height and area-averaged precipitation are anticorrelated (r ~ - 0.4), indicating the ensemble

members with lower heights over Texas had more precipitation in the area of interest (Fig. 5.36).

96-hr forecast 500mb height correlations to area-averaged precipitation
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Figure 5.36: Area-averaged precipitation between 1200 UTC 29 April 2010 — 1200 UTC 4 May
2010 correlated to 500-hPa height at 0000 UTC 3 May 2010, corresponding to forecast hour 96.
Warm colors represent a positive correlation, while cool colors represent a negative correlation.
The ensemble mean 500-hPa height contours are shown in thick black.

Taking a look at the 96-hour forecast of the 850-hPa height correlations to area-averaged

precipitation, there is a region of positive correlation, with a correlation coefficient around 0.5, to

the north of Tennessee (Fig. 5.37). The position of this positive correlation is noteworthy
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because it is now positioned more to the north than in the previous initialization time of 1200
UTC 29 April 2010. Regardless of the slight position difference, this suggests that a weaker
trough over the central United States was associated with more precipitation over the area of
interest. As noted before, at the new initialization time of 0000 UTC 29 April 2010, the large
core of positive correlation residing over the Pacific Ocean and western United Sates is no longer
present (Fig. 5.37). A relatively strong negative correlation (r = -0.6) resides just east of Mexico,
suggesting as heights decrease, precipitation increases (Fig. 5.37). Again, this indicates the likely

presence of a lee trough from the Sierra Madre Oriental Mountains in Mexico.
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Figure 5.37: Area-averaged precipitation between 1200 UTC 29 April 2010 — 1200 UTC 4 May
2010 correlated to 850-hPa height at 0000 UTC 3 May 2010, corresponding to forecast hour 96.
Warm colors represent a positive correlation, while cool colors represent a negative correlation.
The ensemble mean 850-hPa height contours are shown in thick black.
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Looking at the 96-hour forecast of the 850-hPa v-wind correlations to area-averaged
precipitation, a strong positive correlation (r = 0.5) exists throughout Tennessee, extending south
into the Gulf of Mexico (Fig. 5.38). This indicates as the strength of the low level jet increases,
the amount of precipitation in the area of interest increases, likely allowing for more moisture
transport. In contrast to the results from an initialization time of 1200 UTC 29 April 2010, the
strong correlation indicates the wet ensemble members forecasted for a stronger low level jet,
while the dry ensemble members forecasted for a weaker low level jet. Consistent with the
findings found at an initialization time of 1200 UTC 29 April 2010, there is a region of

96-hr forecast 850mb v-wind correlations to area-averaged precipitation
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Figure 5.38: Area-averaged precipitation between 1200 UTC 29 April 2010 — 1200 UTC 4 May
2010 correlated to 850-hPa v-wind at 0000 UTC 3 May 2010, corresponding to forecast hour 96.
Warm colors represent a positive correlation, while cool colors represent a negative correlation.
The ensemble mean 850-hPa v-wind contours (in ms™) are shown in thick black.
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anticorrelation (r = -0.3) to the northwest of Tennessee, in the Midwestern United States. The
ensemble mean low level jet, in the thick black contours, is slightly weaker than predicted at the
later initialization time only peaking at about 16 ms™ (Fig. 5.38).

Looking at the 84-hour forecast of the 850-hPa total column water correlations to area-
averaged precipitation, there is a region of positive correlation (r = 0.3) in central Tennessee,
extending southwest into Texas (Fig. 5.39). This positive correlation appears to be oriented along

84-hr forecast total column water correlations to area-averaged precip
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Figure 5.39: Area-averaged precipitation between 1200 UTC 29 April 2010 — 1200 UTC 4 May
2010 correlated to total column water at 1200 UTC 2 May 2010, corresponding to forecast hour
84. Warm colors represent a positive correlation, while cool colors represent a negative
correlation.
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the stationary surface front in central Tennessee. At this time, the initial MCS was impacting
Nashville, Tennessee and surrounding areas. Directly southeast of Tennessee, 850-hPa total
column water and area-averaged precipitation are anticorrelated (r = -0.4, Fig. 5.39). The scatter
plot relating the forecast total column water at a point in central Tennessee to 84-hour area-
averaged precipitation exhibits little to no relationship between these two variables. This is an
indication that all the ensemble members forecasted for a high amount of total column water in
Nashville, Tennessee. One of the dry ensemble members has more total column water than both
of the wet ensemble members. However, both the dry ensemble members have a much smaller

amount of precipitation (Fig. 5.40). As noted before, the two ensemble members plotted in
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Figure 5.40: Scatter plot of area-averaged precipitation between 1200 UTC 29 April 2010 — 1200
UTC 4 May 2010 vs. total column water at latitude: 36° N and longitude: 87° W at 1200 UTC 2
May 2010, corresponding to forecast hour 84. The wet ensemble members (members 14 and 45)
are plotted in green, the dry ensemble members (members 18 and 26) are plotted in red, the
displaced ensemble members (members 0 and 37), and the analysis is plotted in yellow.
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orange will be discussed in greater detail later in the paper. Twenty-four hours later, the second
quasi-stationary MCS was affecting Tennessee. Looking at the 108-hour forecast of the 850-hPa
total column water correlations to area-averaged precipitation, there is a large core of positive
correlation (r =~ 0.7) centered to the west of Tennessee, but also encompassing a majority of
Tennessee (Fig. 5.41). This positive correlation appears to be oriented along the stationary
surface front, from southwest to northeast. Directly southeast of Tennessee, 850-hPa total
column water and area-averaged precipitation are anticorrelated (r =~ -0.5), also oriented parallel
to the stationary surface boundary (Fig. 5.41). The scatter plot relating the forecast total column

water at a point in central Tennessee to 108-hour area-averaged precipitation exhibits a strong

108-hr forecast total column water correlations to area-averaged precip
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Figure 5.41: As in Fig. 5.39, except for correlated to total column water at 1200 UTC 3 May
2010, corresponding to forecast hour 108.
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linear relationship between these two variables, with higher (lower) total column water
corresponding to more (less) precipitation. On the scatter plot, the analysis, and the 50 ensemble
members are plotted. Both of the dry ensemble members have much less total column water than
do the wet ensemble members, resulting in a smaller amount of precipitation (Fig. 5.42). As
noted before, the two ensemble members plotted in orange will be discussed in greater detail

later in the paper.
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Figure 5.42: Scatter plot of area-averaged precipitation between 1200 UTC 29 April 2010 — 1200
UTC 4 May 2010 vs. total column water at latitude: 36° N and longitude: 87° W at 1200 UTC 3
May 2010, corresponding to forecast hour 108. The wet ensemble members (members 14 and
45) are plotted in green, the dry ensemble members (members 18 and 26) are plotted in red, the
displaced ensemble members (members 0 and 37), and the analysis is plotted in yellow.

As seen before, plots of the two most accurate members and the two least accurate

members, both spatially and temporally, were constructed. As for the forecasted precipitation,

91



member 14 and member 45 (the wet ensemble members) forecasted for a very strong, linear
precipitation area over Nashville, TN and nearby areas (Figs. 5.43a and 5.43c). Member 18 and
member 26 (the dry ensemble members) forecasted for smaller rainfall amounts, over the entire
eastern United States (Figs. 5.43b and 5.43d). The dry ensemble members from an initialization
time of 1200 UTC 29 April 2010 resembled a very similar spatial distribution of precipitation as

ensemble members 18 and 26 (the dry ensemble members).

Total precip, 29 April - 4 May 2010: member 14 fcst hour = 12-132 Total precip, 29 April - 4 May 2010: member 18 fcst hour = 12-132

Figure 5.43: Five-day accumulated precipitation (color shading in mm) between 1200 UTC 29
April 2010 - 1200 UTC 4 May 2010: (a) member 14 (wet), (b) member 18 (dry), (c) member 45
(wet), and (d) member 26 (dry). The black rectangle indicates the location for areal averaging of
precipitation and other fields.
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From the U.S. Daily Precipitation Analysis dataset, the maximum observed precipitation
amount was 321 millimeters (yellow). Member 14 and member 45 (the wet ensemble members,
green) forecasted a maximum precipitation amount of 380 millimeters and 264 millimeters.
Member 18 and member 26 (the dry ensemble members, red) forecasted a maximum
precipitation amount of 137 millimeters and 140 millimeters (Fig. 5.44). The wet ensemble
members did a much better job at predicting the maximum precipitation amount than did the dry
ensemble members. Ensemble member 14 (a wet ensemble member) even overpredicted the
maximum precipitation amount by over 50 millimeters (Fig. 5.44). Again, the ensemble

members plotted in orange will be discussed later.

Precipitation Maximum

380
370
360
350
340
330
320
<= 310
E 300
~ 290
E 280
=1
£ 270
X 260
S 250
c 240
-8 230
S 20
2 210
@ 200
Q. 190
180
170
160
150

ERNNENNNNNNERNERIN] i I RRRRRRRNRNEN
TRRRRNRD 1 11 i 11} 1]
L
! & ! | I Y I 13 A H 2
o AH,HIL“{ ANR NP RN RN NN il
ANL 1 5 Z 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
Ensemble Member

Figure 5.44: Precipitation maximum between the 5-day period 1200 UTC 29 April 2010 — 1200
UTC 4 May 2010. The wet ensemble members (members 14 and 45) are plotted in green, the dry
ensemble members (members 18 and 26) are plotted in red, the displaced ensemble members
(members 0 and 37), and the analysis is plotted in yellow.
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Looking at the 500-hPa level, members 14 and 45 (the wet ensemble members)
forecasted for a shallow upper-level trough with a slight positive tilt (Figs. 5.45a and 5.45c).
Associated with a shallow upper-level trough is a weaker cyclone with less prominent southerly
flow. Members 18 and 26 (the dry ensemble members) forecasted for a much deeper upper-level
trough plunging into the southern plains. The dry ensemble members maintain a neutral tilt of the

trough axis (Figs. 5.45b and 5.45d). Associated with a stronger cyclone, robust southerly flow

bringing in ample moisture from the Gulf of Mexico is present.

Figure 5.45: Forecasted 500-hPa height (color shading in m) at 0000 UTC 3 May 2010,
corresponding to forecast hour 96: (a) member 14 (wet), (b) member 18 (dry), (c) member 45
(wet), and (d) member 26 (dry).

Looking at the 850-hPa moisture flux, members 14 and 45 (the wet ensemble members)

forecasted for a large flux of moisture from the Caribbean Sea, extending northeastward into
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Tennessee and nearby areas (Figs. 5.46a and 5.46c). This allowed for very localized precipitation
in Nashville, Tennessee. On the other hand, members 18 and 26 (the dry ensemble members)
forecasted for a plume of moisture from the Caribbean Sea to make its way poleward to the
northeast United States. Once the plume of moisture reaches the Great Lakes region, it spreads
out in the horizontal over a large area, distributing the rainfall over a wide spatial scale (Figs.

5.46b and 5.46d).

Figure 5.46: Forecasted 850-hPa moisture flux (color shading in g kg® m s™ with vectors
overlaid, vector scale is shown at bottom right) at 0000 UTC 3 May 2010, corresponding to
forecast hour 96: (a) member 14 (wet), (b) member 18 (dry), (c) member 45 (wet), and (d)
member 26 (dry).

Interestingly, many of the ensemble members displaced this line of heavy precipitation

much too far south. With this trend appearing in many of the ensemble members, two ensemble
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members will be analyzed in order to determine why they displaced this heavy line of
precipitation. Ensemble member 0 and 37 (the displaced ensemble members, orange) displaced
the line of heavy precipitation much too far to the south. They forecasted for the area of heavy

rainfall to be oriented from southwest to northeast, extending from southern Louisiana to

northern Georgia (Figs. 5.47a and 5.47b).

Total precip, 29 April - 4 May 2010: member 0 fcst hour = 12-132 Total precip, 29 April - 4 May 2010: member 37 fcst hour = 12-132

Figure 5.47: Five-day accumulated precipitation (color shading in mm) between 1200 UTC 29
April 2010 — 1200 UTC 4 May 2010: (a) member 0 (displaced), and (b) member 37 (displaced).
The black rectangle indicates the location for areal averaging of precipitation and other fields.
Beginning with the 500-hpa level, both the displaced members (member 0 and member
37) forecasted for a very weak upper-level trough extending only as far south as northern
Kansas, with an exceptionally strong positive tilt (Figs. 5.48a and 5.48b). This is much different
than the other members we have analyzed who extend the upper-level trough much farther south

into Texas. Another striking difference is ensemble member O (a displaced ensemble member)

forecasted for a cutoff low over northwestern Mexico (Fig. 5.48a).
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Figure 5.48: Forecasted 500-hPa height (color shading in m) at 0000 UTC 3 May 2010,
corresponding to forecast hour 96: (a) member O (displaced), and (b) member 37 (displaced).
Looking at the 850-hPa height, member O and member 37 (the displaced ensemble
members) forecasted for the 850-hPa trough to be much weaker than any of the other ensemble
members, only extending as far south as northern Kansas (Figs. 5.49a and 5.49b). Associated
with this weak trough is weak cyclonic flow and therefore slightly weaker southerly flow.
Looking at 850-hPa temperature, the displaced ensemble members forecasted for slightly cooler

temperatures in the Nashville, Tennessee area than what was observed. It appears the displaced

Figure 5.49: Forecasted 850-hPa temperature (color shading in C), height (black contours
overlaid in m), and wind (vectors overlaid, vector scale is shown at bottom right) at 0000 UTC 3
May 2010, corresponding to forecast hour 96: (a) member O (displaced), and (b) member 37
(displaced).
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ensemble members were forecasting for a much stronger cold front extending across the
Mississippi Valley. Additionally, ensemble member 0 and 37 (the displaced ensemble members)
have the frontal boundary located too far to the southeast, placing it in eastern Tennessee
extending as far south as Alabama. The highest temperatures were forecasted for Alabama and
Georgia, reaching a value of approximately 29°C (Figs. 5.49a and 5.49b).

Taking a look at the 850-hPa equivalent potential temperature, both ensemble member 0
and 37 (the displaced ensemble members) have forecasted for a strong frontal boundary
extending from the New England region to southern Texas. However, it appears both of the
displaced ensemble members have pushed this frontal boundary off to the east much to quickly

(Figs. 5.50a and 5.50D).

Figure 5.50: Forecasted 850-hPa equivalent potential temperature (color shading in K) at 0000
UTC 3 May 2010, corresponding to forecast hour 96: (a) member O (displaced), and (b) member
37 (displaced).

As for the total column water, both member 0 and member 37 (the displaced members)
forecasted for a feed of moisture from the Gulf of Mexico, originating near the Yucatan
Peninsula. However, the moisture plume only extends as far north as northern Alabama and
Georgia (Figs. 5.51a and 5.51b). Nashville, Tennessee appears to be on the outskirts of this

moisture plume, reducing the support for heavy precipitation in the area.
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Figure 5.51: Forecasted total column water (color shading in mm) at 0000 UTC 3 May 2010,
corresponding to forecast hour 96: (a) member O (displaced), and (b) member 37 (displaced).

The final parameter of interest is moisture flux. At the 850-hPa level, both member 0 and
member 37 (the displaced ensemble members) forecasted for a plume of moisture to protrude
from the Gulf of Mexico, extending northeastward through Alabama and Georgia, on into the
northeastern United States. Both the displaced ensemble members forecasted for moisture flux
values to reach around 220 g kg™ m s™ in Alabama and Georgia, providing support for heavy
rainfall totals in the region. As seen before, the plume of moisture was forecasted too far east,

leaving Nashville, Tennessee with very little moisture (Figs. 5.52a and 5.52b).
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Figure 5.52: Forecasted 850-hPa moisture flux (color shading in g kg® m s with vectors
overlaid, vector scale is shown at bottom right) at 0000 UTC 3 May 2010, corresponding to
forecast hour 96: (a) member O (displaced), and (b) member 37 (displaced).
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Overall, it appears that member 0 and member 37 (the displaced ensemble members)
forecasted for the heaviest precipitation to be located in northern Alabama and Georgia for a
variety of reasons. Namely, the 850-hPa trough was forecasted to be much weaker than the
observed 850-hPa trough. As expected with a weak 850-hPa trough, cyclonic flow around the
trough is weaker, causing southerly flow to be less robust. With weakened southerly flow,
moisture from the Gulf of Mexico was not able to make it as far north as Nashville, Tennessee.
This localized the heavy rainfall in northern Alabama and Georgia (Figs. 5.53a and 5.53b). This
event, among many others, reinstates the need for improving quantitative precipitation forecasts

(QPFs) in the warm season (Fritsch and Carbone 2004).

a)

Figure 5.53: Forecasted 24-hr accumulated precipitation (color shading in mm) at (a) 0000 UTC
4 May 2010, corresponding to forecast hour 72: (a) member 0 (displaced), and (b) member 37
(displaced).

5.5 Discussion

This case study provides a way of estimating the predictability of a widespread heavy

precipitation event. The analysis in this case study does provide some insight into the uncertainty
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in medium-range predictions of this event. Relatively small differences in the structure of the
height and wind field translated into vastly different precipitation predictions over Tennessee and
surrounding areas for multiple days. The wet ensemble members had forecasted for a much
weaker upper-level trough and associated low pressure system, which allowed for southerly
winds. Although the winds from the south were not exceptionally strong, they were able to pull
moisture from the Gulf of Mexico as far north as Tennessee, where it rained out (Fig. 5.54a). The
dry ensemble members, however, had forecasted for a strong upper-level trough and associated
low pressure system in the central United States. The cyclonic rotation of this low pressure
system caused much stronger winds out of the south. These southerly winds pushed moisture at
midlevels much farther to the north, into the Great Lakes. This caused moisture to spread over a
larger area across the eastern United States. With a smaller amount of midlevel moisture
overhead Tennessee, less precipitation was in the forecast (Fig. 5.54b). With the results being
very similar at both an initialization time of 1200 UTC 29 April 2010 and 0000 UTC 29 April

2010, much confidence goes into these findings.
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Figure 5.54: Schematic illustration of the key features and processes for (a) the wet ensemble
members and (b) the dry ensemble members (Black contours — 850-hPa geopotential height
distribution at 0000 UTC 3 May 2010, red arrows — 850-hPa streamlines, surface fronts are
shown in standard frontal notation, “H” and “L” symbols — position of the maxima and minima
in surface height, dashed red line — axis of the 850-hPa lee trough, thick blue arrow -
“atmospheric river”, A symbols — location of the Sierra Madre Oriental Mountains, dark green,
yellow, and red shaded regions — represent the radar reflectivity, respectively).
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CHAPTER 6

CASE STUDY: 23-28 APRIL 2011 WIDESPREAD PRECIPITATION EVENT

6.1 Event overview

From 23 April 2011 to 28 April 2011, the eastern United States was pounded by heavy
precipitation and severe weather, which were caused by an upper-level trough that moved into
the Southern Plains on 25 April 2011 (Figs. 6.1a and 6.1b). Ahead of this upper-level trough, an
extratropical cyclone developed. With continuous moisture feeding in from the Gulf of Mexico,
plenty of support was available for the production of heavy rainfall. More than six states lining
the Mississippi River were affected by flooding, including Missouri, Arkansas, Illinois,
Tennessee, Kentucky, and Mississippi. With heavy rainfall and snowmelt making its way down
the Mississippi River, the southern United States was being inundated with historic floods (Fig.
6.2). For the first time since 1973, the floodgates of the Morganza Spillway were opened,
spilling water out of the Mississippi River into the Atchafalaya River Basin (US Army Corps of

a)

Figure 6.1: Radar reflectivity (color shading in dBZ) at (a) 0525 UTC 27 April 2011 and (b)
1955 UTC 27 April 2011.
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Figure 6.2: Five-day accumulated precipitation (color shading in mm) between 1200 UTC 23
April 2011 - 1200 UTC 28 April 2011. The black rectangle indicates the location for areal
averaging of precipitation and other fields.

Engineers). This was done in order to prevent flooding in both Baton Rouge and New Orleans,
Louisiana. However, flooding was not the only threat for this weather event. Violent tornadoes
tore through Alabama, Arkansas, Georgia, Mississippi, North Carolina, Virginia, Tennessee, and
New York. On 27 April 2011, there were 316 tragic fatalities during a particularly destructive
tornado outbreak over the southern parts of the country (Fig. 6.1b, Doswell et al. 2012, Carbin
and Guyer 2012). In Alabama alone, there were 62 tornadoes, 8 of which were EF4 tornadoes
and 3 of which were EF5 tornadoes (NOAA 2011d). Damages from this outbreak totaled over
$4.2 billion with more than 2,400 injuries (NOAA 2012). In 2011, a confirmed 550 people lost
their lives to 59 killer tornadoes, making 2011 the fourth-deadliest year for tornadoes in United

States history (Carbin and Guyer 2012, Doswell et al. 2012). All tornado numbers for 2011
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remain preliminary pending further review by SPC and the NOAA National Climatic Data
Center. The numbers given here are the best estimated at the time of writing. In the present
study, medium-range ensemble forecasts of the 23 April 2011 to 28 April 2011 rain event will be
examined to determine the reasons why some ensemble members produced a long-lived, slow-
moving precipitation system, and others did not. The overlying question is, how accurately was
the flooding of the Mississippi River and the eastern United States predicted? Looking at the
spaghetti plot at a threshold of 100 millimeters, the ensemble members did a relatively good job
forecasting the location of the event (Fig. 6.3). The ensemble mean axis of heavy precipitation
was displaced slightly northward/northeastward, while also missing the southeastern extent of
the heavy precipitation (Fig. 6.3). Although not shown in the spaghetti plot, the observed

maximum amount of rainfall for this event was not well forecasted.

Figure 6.3: “Spaghetti” plot showing the predicted 100-mm rainfall contour from 1200 UTC 23
April 2011 — 1200 UTC 28 April 2011 from each ensemble member in a different color. The
observed 100-mm contour from 1200 UTC 23 April 2011 — 1200 UTC 28 April 2011 is shown
in thick black. The ensemble mean 100-mm contour is shown in thick red. Initialization time of
1200 UTC 23 April 2011.
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6.2 Synoptic analysis

The primary source for upper-level atmospheric information is the Earth System
Research Laboratory (ESRL) of NOAA. Composite anomalies will be used for the synoptic
analysis of the 23-28 April 2011 widespread rain event because this event occurred over the
whole five day period. Looking at the upper levels of the atmosphere, many factors contributed
to the support of long-lived, heavy precipitation and convection across the eastern United States.
At the 500-hPa level, there was an anomalously deep upper-level trough positioned over the
central United States. Cyclonic flow around the upper-level trough resulted in strong southerly
flow into the Mississippi River Valley. There was also an anomalously strong ridge just off the
coast of the eastern United States (Fig.6.4a). At the 850-hPa level, a strong occluded low
pressure system was positioned over the upper Midwest, extending south into the Mississippi
Valley (Fig. 6.4b). This occluded low also helped to enhance southerly flow from the Gulf of
Mexico. Finally, looking at the columnar precipitable water, there was a large region of
anomalously high moisture in the eastern United States, a result of the southerly flow from the
anomalous upper-level trough (Fig. 6.4c). This anomalous moisture present in the eastern United
States provided support for heavy rainfall amounts. Looking at the upper air sounding from
Nashville International Airport (KBNA) at 0000 UTC 27 April 2011, the atmosphere is saturated
at the 800-hPa level and then begins to dry out aloft. The surface temperature and dew point
temperature are only a few degrees apart, indicative of moist conditions at the surface. There is
very little directional shear throughout the atmosphere, except at the lower levels. Speed shear
exists throughout the atmosphere with wind speeds ranging from 5 knots at the surface to 80
knots at upper levels. Passage of the cold front has not yet occurred in Nashville, Tennessee,

with winds still out of the south (Fig. 6.5a). Prior to the passage of the cold front, the atmosphere
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Figure 6.4: (a) 500mb geopotential height (m) composite anomaly (1981-2010 climatology) from
23 April 2011 to 28 April 2011. (b) 850mb geopotential height (m) composite anomaly (1981-
2010 climatology) from 23 April 2011 to 28 April 2011. (c) Columnar precipitable water (kg m
%) composite anomaly (1981-2010 climatology) from 23 April 2011 to 28 April 2011.

is quite unstable. In Nashville, convective available potential energy (CAPE) reaches 3094 J kg™
(not shown), with a 500-hPa lifted index (LI) of -7°C (not shown), indicative of a very unstable
atmosphere where severe thunderstorms are likely with the presence of a lifting mechanism.
Looking farther south at a sounding from Jackson-Evers International Airport (KJAN) at 1800

UTC 27 April 2011, the atmosphere is very conducive to severe weather. There is little to no

directional shear throughout the atmosphere, with an exception for the lower levels. Speed shear
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Figure 6.5: Skew-T from (a) Nashville International Airport (KBNA) at 0000 UTC 27 April
2011 and (b) Jackson-Evers International Airport (KJAN) at 1800 UTC 27 April 2011. (c)
Hodograph from Jackson-Evers International Airport (KJAN) at 1200 UTC 27 April 2011.

exists with wind speeds ranging from about 10 knots at the surface to about 90 knots at the upper
levels. Remarkable speed shear exists at the lower levels, between approximately 950 — 750-
hPa, reaching 60-knots. Winds at the surface are coming from the south at about 10 knots (Fig.

6.5b). Convective available potential energy (CAPE) is exceptionally high at 4012 J kg™ (not

shown), indicative of an extremely unstable atmosphere. Additionally, a 500- hPa lifted index
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(LI) value of -9°C indicates an unstable atmosphere where thunderstorms are likely (not shown).
Severe weather is probable assuming a lifting mechanism is available, in this case the frontal
boundary. Looking at the hodograph from 1200 UTC 27 April 2011, between approximately 950
hPa to 650 hPa, a nocturnal low level jet is present. The hodograph turns clockwise at lower
levels, with peak winds at around 800 hPa (Fig. 6.5¢). Throughout this 5-day event, a relatively
strong and persistent nocturnal low level jet existed, providing the Mid-Mississippi Valley with
ample moisture from the Gulf of Mexico.

Maddox et al. (1979) has identified three primary types of synoptic and mesoscale
patterns as often producing excessive rain. Both the meso-high and frontal types are primarily
mesoscale phenomena, while synoptic forcing drives the synoptic type events, described in detail
earlier in the study. The flooding as a result of the 23-28 April 2011 widespread rain event
occurred in the spring months, in late April (Fig. 5.6). At the 500-hPa level, a well-defined
trough dug into the central plains and then began to weaken and slide off to the east (Fig. 6.4a).
Looking at the surface analysis, a cold front approaching the eastern United States from the west
stalled as it became parallel to the upper-level flow. The frontal boundary stalled oriented from
southwest to northeast (Fig. 6.6). For the duration of the precipitation event, dew point
temperatures remained slightly above 70°F in Alabama and nearby areas (Fig. 6.6). Winds at the
850-hPa level reached a wind speed of about 55 knots, with very strong vertical wind shear at
lower levels (Fig. 6.5b). With that said, the widespread rain event of 23-28 April 2011 is a

classic synoptic type heavy rainfall event.
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Figure 6.6: Hydrometeorological Prediction Center (HPC) surface analysis for 1200 UTC 27
April 2011.

6.3 Results

6.3.1 Selection of “wet™ and ““dry”” ensemble members

With an initialization time of 1200 UTC 23 April 2011, the 84-hour (0000 UTC 27 April
2011) and 96-hour (1200 UTC 27 April 2011) forecasts were found to be the most useful for this
case to look at the synoptic analysis. On this particular day, 27 April 2011, a squall line was seen
passing through central Tennessee, as well as, a cluster of strong thunderstorms in southeast
Arkansas (shown later in the study). Both the 84-hour and 96-hour forecasts have a large spread
in their respective precipitation forecasts and a large portion of the heaviest precipitation fell
around these times.

A majority of the ensemble members realistically reflected the spatial distribution of
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precipitation and the evolution of the precipitation system (shown later in the study). The area-
averaged precipitation for this event was 98 millimeters. Member 10 had a five-day area-
averaged precipitation of 85 millimeters, member 37 had a five-day area-averaged precipitation
of 86 millimeters, member 39 had a five-day area-averaged precipitation of 85 millimeters and
member 46 had a five-day area-averaged precipitation of 92 millimeters. Member O had a five-
day area-averaged precipitation of 64 millimeters, member 9 had a five-day area-averaged
precipitation of 63 millimeters, member 21 had a five-day area-averaged precipitation of 59
millimeters and member 23 had a five-day area-averaged precipitation of 62 millimeters (Fig.
6.7). All 50 members underpredicted the observed amount of precipitation over this five-day
period. The ETS was also calculated as a final measure of determining the least and most

accurate ensemble members.

Precipitation Amount vs. Equitable Threat Score

o
s
n

©0.420437

1
s

o
w
n

o
w

S
N
b

o
N

=4
=
«

e
-

o
=}
a

Equitable Threat Score (Gilbert Skill Score)

o

48 50 52 54 56 58 60762 64 66 68 70 72 74 76 78 80 82 84 8 88 90 92 94 9 98 100

e
o
-

-

Precipitation Amount (mm)

Figure 6.7: Area-averaged precipitation vs. equitable threat score scatter plot at a threshold of
100 mm between 1200 UTC 23 April 2011 — 1200 UTC 28 April 2011. The wet ensemble
members (members 10, 37, 39, and 46) are plotted in green and the dry ensemble members
(members 0, 9, 21, and 23) are plotted in red.
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Although analyzing the spatial distribution of precipitation and ETS to determine the
most accurate and least accurate ensemble members is beneficial, it is not sufficient. This
requires one to analyze all weather variables that all relevant to identifying the best ensemble
member. After looking at all 50 members, it was determined that the most accurate forecast was
from members 10, 37, 39, and 46 (the wet ensemble members), while the least accurate forecast
was from members 0, 9, 21, and 23 (the dry ensemble members). Also seen on the area-averaged
precipitation vs. equitable threat score scatter plot is the best-fit line. The best-fit line denotes the
positive correlation between precipitation amount and equitable threat score (Fig. 6.7). In
relation to other heavy rain events of similar spatial and temporal scales, the 23-28 April 2011
widespread rain event had remarkably large agreement between the ensemble members,
demonstrating high skill and small spread.

6.3.2 Correlations

Looking at the 96-hr forecast of the 500-hPa height correlations to area-averaged
precipitation, there is a large core of positive correlation (r = 0.4) encompassing a majority of the
eastern United States, indicating that as heights increase, area-averaged precipitation increases
(Fig. 6.8). This would suggest a stronger ridge over the eastern United States was favorable for
more precipitation. In Texas, there is a core of negative correlation with a correlation coefficient
around -0.5, indicating that as heights decrease, area-averaged precipitation increases (Fig. 6.8).
The negative correlation in Texas appears to play an important role in the southern extent of the

500-hPa trough.
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Figure 6.8: Area-averaged precipitation between 1200 UTC 23 April 2011 — 1200 UTC 28 April
2011 correlated to 500-hPa height at 1200 UTC 27 April 2011, corresponding to forecast hour
96. Warm colors represent a positive correlation, while cool colors represent a negative
correlation. The ensemble mean 500-hPa height contours are shown in thick black.

Taking a look at the 96-hr forecast of the 850-hPa height correlations to area-averaged
precipitation, there is a large core of positive correlation, with a correlation coefficient around
0.7, along the east coast of the United States (Fig. 6.9). In this region of positive correlation, as
heights increase, area-averaged precipitation increases. This could suggest importance in the
position of the Bermuda High pressure. If the Bermuda High were positioned more westward,

more moisture would be drawn into the Mississippi Valley resulting in more precipitation.

Another region of positive correlation exists in the western United States and just off the coast
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into the Pacific Ocean (Fig. 6.9). There is a core of negative correlation (r = -0.5) in Texas and
surrounding areas, suggesting as heights decrease, area-averaged precipitation increases (Fig.
6.9). The negative correlation in Texas appears to play a critical role in the southern extent of the
850-hPa occluded low pressure. The farther south the 850-hPa low pressure core digs, the more
precipitation associated.

96-hr forecast 850mb height correlations to area-averaged precipitation

v ~3

1.0
0.9

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8

-0.9
Ol -1.0

b
AN
[23

A A\ atistically significant: |r| > 0.36

Figure 6.9: Area-averaged precipitation between 1200 UTC 23 April 2011 — 1200 UTC 28 April
2011 correlated to 850-hPa height at 1200 UTC 27 April 2011, corresponding to forecast hour
96. Warm colors represent a positive correlation, while cool colors represent a negative
correlation. The ensemble mean 850-hPa height contours are shown in thick black.

Looking at the 96-hour forecast of the 850-hPa v-wind correlations to area-averaged

precipitation, there is a large positive correlation (r = 0.5) extending from the Gulf of Mexico
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into the Mississippi River Valley (Fig. 6.10). In this region of positive correlation, as the winds
increase, precipitation increases in the area of interest. This correlation indicates the wet
members had a much stronger low level jet present, supplying the southeastern United States
with ample moisture transport. The location of the low level jet is denoted by the thick black

contours, with peak winds around 20ms™ (Fig. 6.10).

96-hr forecast 850mb v-wind correlations to area-averaged precipitation

Figure 6.10: Area-averaged precipitation between 1200 UTC 23 April 2011 - 1200 UTC 28
April 2011 correlated to 850-hPa v-wind at 1200 UTC 27 April 2011, corresponding to forecast
hour 96. Warm colors represent a positive correlation, while cool colors represent a negative
correlation. The ensemble mean 850-hPa v-wind (in ms™) contours are shown in thick black.

Looking at the 96-hr forecast of the 850-hPa total column water correlations to area-

averaged precipitation, there is a large region of positive correlation (r = 0.5) encompassing
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Illinois, Arkansas, Missouri, lowa, western Tennessee and nearby areas (Fig. 6.11). As expected
for the region where the maximum precipitation fell, the more total column water, the more
rainfall. Additionally, there is an area of negative correlation extending from southeastern
Alabama to Ohio, oriented south-southwest to north-northeast, with a correlation coefficient
around -0.4 (Fig. 6.11).
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Figure 6.11: Area-averaged precipitation between 1200 UTC 23 April 2011 - 1200 UTC 28
April 2011 correlated to total column water at 1200 UTC 27 April 2011, corresponding to
forecast hour 96. Warm colors represent a positive correlation, while cool colors represent a
negative correlation.
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6.3.2 Ensemble member comparison

To put the previously presented results into physical perspective, plots of the four most
accurate members and the four least accurate members, both spatially and temporally, were
constructed. Prior to looking at the forecasted precipitation, radar composites were reviewed to
analyze the precipitation event. The heavy precipitation that flooded parts of the eastern United
States and the Mississippi River lasted for several days. On 23 April 2011 and 24 April 2011, the
precipitation area kept back building, continuously pounding southern Missouri with heavy
precipitation (not shown). On 25 April 2011, a squall line started to form in eastern Oklahoma,
and began to slowly push off to the east (Fig. 6.12a). The squall line continued to push east and
slowly dissipated on 26 April 2011 (Fig. 6.12b). On the 27 April 2011, a secondary squall line
formed, swept across eastern United States, dissipated, and then supercells began to form in

Alabama and nearby areas (Fig. 6.12c). Numerous supercell thunderstorms produced long-lived,

a)
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Figure 6.12: Radar reflectivity (color shading in dBZ) at (a) 2022 UTC 25 April. 2011, (b) 0423
UTC 26 April 2011, (c) 0525 UTC 27 April 2011, and (d) 0154 UTC 28 April 2011.

strong to violent tornadoes across Alabama. (NOAA 2011e) Finally, on 28 April 2011, the
supercells took the formation of a linear feature and pushed east, off the coast of the United
States (Fig. 6.12d). With consecutive days of heavy precipitation, rainfall amounts accumulated.
Looking at forecasted precipitation, almost every ensemble member accurately predicted the
location of precipitation. However, many of the ensemble members were unable to accurately
forecast the quantity of rainfall the eastern United States received. Ensemble members 10, 37,
39, and 46 (the wet ensemble members) forecasted for heavy precipitation amounts in southern
Missouri and surrounding areas. The wet ensemble members were very accurate when
forecasting for locally high rainfall totals in southeast Arkansas, having done a remarkable job
forecasting a squall line in this location 4 days in advance. The precipitation takes on a linear
pattern oriented from west/southwest to east/northeast (Fig. 6.13a-d). This linear feature of
precipitation was likely due to training, also known as backbuilding. Training occurs when
thunderstorms align in a linear fashion and repeatedly move over the same areas in a relatively
short period of time. Often, training causes rainfall amounts to accumulate producing a flash

flood (Bluestein and Jain 1985, Chappell 1986, Doswell 1994, Doswell et al. 1996, Schumacher
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and Johnson 2005, NOAA 2011a). As for members 0, 9, 21, and 23 (the dry ensemble members),
the location of precipitation was accurately predicted but the amount of precipitation was far
from exact (Fig. 6.13e-h). The overall location of heavy rainfall was well predicted by both the
wet and dry ensemble members, resulting in the 23-28 April 2011 widespread rain event being

well predicted. However, the amount of precipitation to fall appears to have been a challenge.

Total precip, 23 April - 28 April 2011: member 10 fcst hour = 0-120  Total precip, 23 April - 28 April 2011: member 37 fcst hour = 0-120
a)

Total precip, 23 April - 28 April 2011: member 39 fcst hour = 0-120  Total precip, 23 April - 28 April 2011: member 46 fcst hour = 0-120

d)
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Figure 6.13: Five-day accumulated precipitation (color shading in mm) between 1200 UTC 23
April 2011 — 1200 UTC 28 April 2011: (a) member 10 (wet), (b) member 37 (wet), (¢) member
39 (wet), (d) member 46 (wet), (e) member 0 (dry), (f) member 9 (dry), (g) member 21 (dry), and
(h) member 23 (dry). The black rectangle indicates the location for areal averaging of
precipitation and other fields.

As mentioned earlier, the ensemble members did a very good job at forecasting the
location of this precipitation event. However, most ensemble members were far from accurate
when predicting the maximum observed precipitation. From the U.S. Daily Precipitation
Analysis dataset, the maximum observed precipitation amount was 310 millimeters. Member 10,

member 37, member 39, and member 46 (the wet ensemble members) forecasted a maximum

precipitation amount of 234 millimeters, 258 millimeters, 295 millimeters, and 208 millimeters.
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Ensemble member 39 did an exceptional job forecasting for the maximum precipitation in this
event. Member 0, member 9, member 21, and member 23 (the dry ensemble members)
forecasted a maximum precipitation amount of 217 millimeters, 203 millimeters, 210
millimeters, and 190 millimeters (Fig. 6.14). Generally speaking, this is a great distribution for
an ensemble system; there are members that overpredicted, underpredicted, and accurately

forecasted the maximum observed precipitation.

Precipitation Maximum

ANL 1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49
Ensemble Member

Figure 6.14: Precipitation maximum between the 5-day period 1200 UTC 23 April 2011 — 1200
UTC 28 April 2011. The wet ensemble members (members 10, 37, 39, and 46) are plotted in
green, the dry ensemble members (members 0, 9, 21, and 23) are plotted in red, and the analysis
is plotted in yellow.

Looking at the radar composite from 1155 UTC 27 April 2011, a squall line was seen

passing through central Tennessee. This line of heavy precipitation was oriented from north to

south, extending from northern Kentucky to central Alabama. There is also a cluster of strong
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thunderstorms in southeast Arkansas, in the form of a squall line (Fig. 6.15a). Both the squall
line and cluster of strong thunderstorms are slowly propagating to the northeast (not shown). As
for the accumulated 12-hr precipitation from 0000 UTC 27 April 2011 to 1200 UTC 27 April
2011, rainfall totals exceeding 150 mm were observed in northern Louisiana, as well as in

southeastern Arkansas. Western Tennessee recorded over 75 mm in this 12-hr time period (Fig.

a) Composite Reflectivity — b) Stage Il [Gauge Adj Rad]
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Figure 6.15: (a) Radar reflectivity (color shading in dBZ) at 1155 UTC 27 April 2011 and (b)
Quantitative Precipitation Estimation (QPE) accumulation from the National Mosaic & Multi-
Sensor QPE (NMQ) valid for the period from 0000 UTC 27 April 2011 to 1200 UTC 27 April
2011 (color shading in in).

6.15b). Ensemble members 10, 37, and 46 (the wet ensemble members) were very accurate when
forecasting for a bulls eye of precipitation in southeast Arkansas, having done a remarkable job
forecasting a squall line in this location 4 days in advance (Figs. 6.16a, 6.16b, and 6.16d).
Ensemble member 39 (the wet ensemble member) also forecasted for localized heavy rainfall in
southeastern Arkansas, however the strength and spatial scale of the squall line was greatly
underpredicted (Fig. 6.16c). Ensemble members 37, 39, and 46 (the wet ensemble members) also
placed a line of heavier precipitation in central Tennessee (Figs. 6.16b, 6.16c, and 6.16d). Each

of the wet ensemble members underpredicted the total amount of precipitation for this 12-hr time

period, having only forecasted for a maximum rainfall amount of approximately 50 to 75 mm.
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As for the dry ensemble members, ensemble member O completely missed the squall line in
southeast Arkansas, moving the precipitation system off to the east much to quickly (Fig. 6.16e).
Ensemble member 9 (a dry ensemble member) forecasted for a squall line in southern Arkansas,
although the strength of the squall line was underpredicted (Fig. 6.16f). Ensemble members 0
and 9 (the dry ensemble members) also placed a cluster of heavier rainfall totals in central
Tennessee, representative of the squall line that was present (Figs. 6.16e and 6.16f). Ensemble
member 23 (a dry ensemble member) forecasted for a very strong squall line, however, it was
forecasted to be too far north, in northeastern Arkansas (Fig. 6.16h). Interestingly, ensemble
member 21 (the dry ensemble member) more closely resembles the wet ensemble members,
forecasting for a squall line in south central Arkansas (Fig. 6.16g). The 12-hr accumulation
rainfall was even more underpredicted by the dry ensemble members, having predicted

approximately 25 to 50 mm.

12-hour precip, initialized 1200 UTC 23 April 2011: member 10 fcst hour = 96 12-hour precip, initialized 1200 UTC 23 April 2011: member 37 fcst hour = 96
* A -
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12-hour precip, initialized 1200 UTC 23 April 2011: member 39 fcst hour = 96  12-hour precip, initialized 1200 UTC 23 April 2011: member 46 fcst hour = 96
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Figure 6.16: Forecasted precipitation (color shading in mm) for 1200 UTC 27 April 2011,
corresponding to forecast hour 96: (a) member 10 (wet), (b) member 37 (wet), (c) member 39
(wet), (d) member 46 (wet), (€) member O (dry), (f) member 9 (dry), (g) member 21 (dry), and
(h) member 23 (dry).
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Looking at the synoptic set-up of the event, one can determine the processes that were
favorable or detrimental to the system’s development. Beginning at the 500-hPa level, there is a
strong upper-level trough digging into the southern United States, along with a prominent ridge
to the east. A tight pressure gradient exists over central Texas, with the trough axis oriented north
to south. Cyclonic flow around the upper-level trough produces robust southerly flow, allowing
for transport of deep moisture from the Gulf of Mexico into the southeastern United States.
Additionally, an occluded low pressure center has formed in Minnesota (Fig. 6.17a). Twelve
hours later, the upper-level trough begins to recede and push to the east (Fig. 6.17b). The
forecasts from ensemble members 10, 37, 39, and 46 (the wet ensemble members) look nearly
identical to the observed 500-hPa pressure. The wet ensemble members forecasted for an upper-

level trough to extend down into central Texas, with a tight pressure gradient at the base of the

trough. Additionally, the trough axis is oriented from

Figure 6.17: ECMWF analysis of 500-hPa height (color shading in m) at (a) 1200 UTC 27 April
2011 and (b) 0000 UTC 28 April 2011.

north to south. Each of the wet ensemble members also forecasted for an occluded low pressure
in Minnesota (Fig. 6.18a-d). The dry ensemble members forecasted slightly different. Member 0

(the dry ensemble member) forecasted for an upper-level trough with a strong negative tilt. The
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trough axis is oriented from northwest to southeast. The base of the trough is located around
Mississippi and Alabama (Fig. 6.18e). It appears ensemble 0 has pushed the trough off to the east
approximately 12 hours too soon. Member 9 and 23 (the dry ensemble members) forecasted for a
slightly shallower trough than what was observed (Figs. 6.18f and 6.18h). However, ensemble
member 23 misplaced the occluded low pressure center, placing it too far southwest of
Minnesota extending as far south as Oklahoma (Fig. 6.18h). Lastly, member 21 (the dry
ensemble member) forecasted for the base of the trough to be located around the

Texas/Louisiana border, again seeming to push the upper-level trough through much too quickly

(Fig. 6.180).
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Figure 6.18: Forecasted 500-hPa height (color shading in m) at 1200 UTC 27 April 2011,
corresponding to forecast hour 96: (a) member 10 (wet), (b) member 37 (wet), (c) member 39
(wet), (d) member 46 (wet), (e) member 0 (dry), (f) member 9 (dry), (g) member 21 (dry), and
(h) member 23 (dry).

On the 27 April 2011, a very strong cyclone at the 850-hPa level was present over the
Midwest (Fig. 6.19a). This area of rotation brought strong southerly flow into the Mississippi
Valley, supplying sufficient moisture to support heavy precipitation. Both the wet and the dry
ensemble members forecasted for a low pressure system in the Midwest United States. Ensemble
members 10, 37, 39, and 46 (the wet ensemble members) forecasted for an elongated occluded
low pressure center to be located in Wisconsin, digging south into eastern Texas (Fig. 6.20a-d).
Member 46 (the wet ensemble member) most accurately forecasted for the 850-hPa pressure

field, placing a second, weaker occluded low pressure center in eastern Oklahoma (Fig. 6.20d).
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Although the remaining wet ensemble members did not forecasts for the second, weaker low
pressure center in northeastern Texas/Oklahoma, the core of low pressure extends far enough
southwest to encompass eastern Texas. Associated with the deep digging occluded low each of
the wet ensemble members forecasted for is strong cyclonic rotation. The cyclonic rotation
caused strong southerly flow, supplying the Mississippi Valley with increased moisture from the
Gulf of Mexico. Additionally, the wet ensemble members forecasted for the Bermuda High to be
positioned more to the west, helping to draw ample moisture into the southeastern United States

(Fig. 6.20a-d). Members 0, 9, and 23 (the dry ensemble members) also forecasted for a low

pressure center to be located around Wisconsin, however these ensemble members did not

Figure 6.19: ECMWEF analysis of 850-hPa temperature (color shading in C), height (black
contours overlaid in m), and wind (vectors overlaid, vector scale is shown at bottom right) at (a)
1200 UTC 27 April 2011 and (b) 0000 UTC 28 April 2011.

include the southern extension of the occluded low (Figs. 6.20e, 6.20f, and 6.20h). The cyclonic
flow around the occluded low did not extend far enough south to provide ample moisture from
the Gulf of Mexico, rather bringing in more dry air from the southern plains region. Ensemble
member 21 (the dry ensemble member) forecasted for the occluded low to be centered in Illinois,

extending down into northern Louisiana. Ensemble member 21 (a dry ensemble member) created

a better forecast when including the southern extension of the occluded low, however, the center

128



of the occluded low is placed too far south and it appears the cyclone has tracked off to the east
too quickly (Fig. 6.20g). The southern extent of the forecasted occluded low allowed for strong
cyclonic rotation to supply moisture to the southeastern United States, however, with the system
moving off to the east too quickly the moisture supply was cut off too soon. None of the dry
ensemble members forecasted for the second low pressure center in the Oklahoma area. The dry
ensemble members forecasted for the Bermuda High to be farther off the eastern coast of the
United States, suppressing the moisture transport into the southeastern United States (Fig. 6.20e-
h). Twelve hours later, the cyclone receded and tracked off to the northeast, sitting overhead the
Great Lakes region. Westerly winds started to prevail, pushing the system off to the east (Fig.
6.19b). As the low pressure system slides off to the east, the southerly flow bringing in moisture
from the Gulf of Mexico starts to diminish. Both the wet ensemble members and the dry
ensemble members forecasted for warm air advection throughout southeast United States.
However, the wet ensemble members forecasted for much stronger warm air advection. The
cyclonic rotation in north Texas causing strong southerly flow is allowing the transport of warm
temperatures inland from the Gulf of Mexico (Fig. 6.20a-d). The dry ensemble members do not

have the support of the surface cyclone in eastern Texas, weakening the southerly flow and

therefore the temperature transport (Fig. 6.20e-h).
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Figure 6.20: Forecasted 850-hPa temperature (color shading in C), height (black contours
overlaid in m), and wind (vectors overlaid, vector scale is shown at bottom right) at 1200 UTC
27 April 2011, corresponding to forecast hour 96: (a) member 10 (wet), (b) member 37 (wet),
(c) member 39 (wet), (d) member 46 (wet), () member O (dry), (f) member 9 (dry), (g) member
21 (dry), and (h) member 23 (dry).
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Taking a look at the total column water, there is an area of high total column water
located over northern Mississippi and Alabama, and extending to the north through central
Tennessee and Kentucky. The total column water in northern Mississippi and southeastern

Arkansas is greater than 50 mm (Fig. 6.21a). This is able to supply the Mississippi Valley with

sufficient moisture to support heavy precipitation. Twelve hours later, the region of high total

Figure 6.21: ECMWF analysis of total column water (color shading in mm) at (a) 1200 UTC 27
April 2011 and (b) 0000 UTC 28 April 2011.

column water weakens and begins to slide eastward (Fig. 6.21b). Ensemble members 10, 37, 39,
and 46 (the wet ensemble members) have forecasted for localized high total column water within
the area, however the abundance of total column water was underpredicted (Fig. 6.22a-d).
Members 10 and 46 (the wet ensemble members) forecasted for an area of high total column
water over northern Mississippi and southeastern Arkansas, however, both of these ensemble
members missed the arm of high total column water extending northward through central
Tennessee (Figs. 6.22a and 6.22d). Ensemble members 37 and 39 (the wet ensemble members)
forecasted for a narrow strip of moisture extending from northern Alabama to the Great Lake
region, similar to the observed total column water. However, these ensemble members greatly

under forecasted the amount of total column water in northern Mississippi and southeastern
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Arkansas, only forecasting for about 35 to 40 mm (Figs. 6.22b and 6.22c). Not only is there a
feed of moisture from the Gulf of Mexico, there is a plume of deep moisture from the
southwestern Atlantic Ocean pushing up the coast of the eastern United States (Figs. 6.21a and
6.21b). Each of the wet ensemble members forecasted for this plume of moisture to impinge
upon the southeastern United States, however its strength was slightly underpredicted (Fig.
6.22a-d). As for member 0 (a dry ensemble member), very little total column water was
forecasted for southeast Arkansas and central Tennessee, leaving minimal support for heavy
precipitation (Fig. 6.22e). For ensemble member 9 (a dry ensemble member), the region of
highest total column water seems to be placed in approximately the right location, however the
amount of total column water was underpredicted (Fig. 6.22f). The total column water associated
with member 21 (the dry ensemble member) has a linear feature extending from southern Texas
to northern Mississippi. The stream of moisture is feeding in from the Gulf of Mexico (Fig.
6.22g9). Member 23 (the dry ensemble member) has an area of higher total column water located
just overhead Louisiana and Alabama, however, the value of total column water only reaches
about 35 mm (Fig. 6.22h). Although each of the dry ensemble members have also forecasted for
a plume of moisture from the southwestern Atlantic Ocean, the plume of moisture impinges the
northeastern United States, hindering the moisture transport to the Mississippi Valley (Fig.

6.22e-h). This is likely a result of an eastward positioned Bermuda High, shown previously.
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Figure 6.22: Forecasted total column water (color shading in mm) at 1200 UTC 27 April 2011,
corresponding to forecast hour 96: (a) member 10 (wet), (b) member 37 (wet), (c) member 39
(wet), (d) member 46 (wet), (e) member 0 (dry), (f) member 9 (dry), (g) member 21 (dry), and
(h) member 23 (dry).

Junker et al. (1999) found that the scale and intensity of rainfall appears to be related to
the strength of low-level moisture flux convergence. High values of moisture transport are
associated with heavy rainfall potential with convective systems. At 1200 UTC 27 April 2011,
850-hPa moisture transport reaches over 220 g kg™ m s™ throughout the eastern United States.
Moisture is beginning to push northwards from the Gulf of Mexico into the coastal region. There
is also a deep plume of moisture from the Atlantic Ocean, pushing up the coast of the eastern
United States, providing the Mississippi Valley with excess moisture (Fig. 6.23a). Twelve hours
later, at 0000 UTC 28 April 2011, the moisture transport begins to increase over a larger area,
pushing as far north as the Great Lakes region (Fig. 6.23b). Members 10, 37, 39, and 46 (the wet
ensemble members) closely resemble the observed 850-hPa moisture flux. However, the wet
ensemble members slightly overpredicted the amount of moisture transport at 1200 UTC 27
April 2011. Similar to the observed 850-hPa moisture flux, moisture is entering the United States

through the Louisiana/Mississippi region, and then extending northeastward. The wet ensemble

members also forecasted for a flux of moisture from the Atlantic Ocean to impinge on the
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Figure 6.23: ECMWF analysis of 850-hPa moisture flux (color shading in g kg™ m s with
vectors overlaid, vector scale is shown at bottom right) at (a) 1200 UTC 27 April 2011 and (b)
0000 UTC 28 April 2011.

southeastern coast, supplying moisture to the Mississippi Valley (Fig. 6.24a-d). Members 0 and 9
(the dry ensemble members) underpredicted the amount of moisture transport from the Gulf of
Mexico (Figs. 6.24e and 6.24f). Ensemble member 0 has forecasted for higher values of moisture
transport too far to the east entering the United States through Alabama and Georgia (Fig. 6.24e).
Members 21 and 23 (the dry ensemble members) did a much better job of predicting the moisture
trasnport at 1200 UTC 27 April 2011. Both forecasted for a strong plume of moisture entering
the United States through Louisiana and Mississippi, with moisture transport reaching a value
over 220 g kg™ m s throughout the eastern United States (Figs. 6.24g and 6.24h). Ensemble
member 21 (a dry ensemble member) appears to have pushed the large plume of moisture off to
the east too early, likely cutting short the moisture supply to the Mississippi Valley (Fig. 6.249).
Each of the dry ensemble members also forecasted for a flux of moisture from the Atlantic
Ocean, however, the moisture enters the northeastern United States not supplying additional

support for heavy precipitation in the Mississippi Valley (Fig. 6.24e-h).
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Figure 6.24: Forecasted 850-hPa moisture flux (color shading in g kg® m s with vectors
overlaid, vector scale is shown at bottom right) at 1200 UTC 27 April 2011, corresponding to
forecast hour 96: (a) member 10 (wet), (b) member 37 (wet), (¢) member 39 (wet), (d) member
46 (wet), (e) member 0 (dry), (f) member 9 (dry), (g) member 21 (dry), and (h) member 23 (dry).
The following figure is the time-integrated moisture flux from 0000 UTC 24 April 2011
to 0000 UTC 28 April 2011 at the 850-hPa level. During this four-day time period, a series of
mesoscale convective systems passed through the Mississippi Valley. At the 850-hPa level, the
highest values of moisture flux are located in central Tennessee and northern Louisiana/southern
Arkansas. Moisture flux values exceed 50 x 10’ g kg™ m on the Arkansas/Louisiana border, as
well as in west central Tennessee and Kentucky. As the moisture entered the southeastern United
States, it was lofted over the surface frontal boundary, resulting in high amounts of moisture in
the Mississippi Valley at the 850-hPa level (Fig. 6.25). Looking at the forecasted 850-hPa time-
integrated moisture flux, ensemble members 10, 37, 39, and 46 (the wet ensemble members)
forecasted for a high value of time-integrated moisture flux, 50 x 10" g kg™ m, just east of Texas
extending northeast into Ohio. Although the wet ensemble members appear to have

overpredicted the amount of time-integrated moisture flux, the spatial distribution of these higher

values is correct (Fig. 6.26a-d). At this point it is still unknown why the wet ensemble members
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Figure 6.25: ECMWF analysis of 850-hPa time-integrated moisture flux (color shading in 10" g
kg™ m with vectors overlaid, vector scale is shown at bottom right) from 0000 UTC 24 Apr 2011
to 0000 UTC 28 Apr 2011.

overpredicted the amount of time-integrated moisture flux yet underpredicted the total amount of
precipitation for this widespread, multiday precipitation event. Ensemble member 0 (a dry
ensemble member) greatly underpredicted the amount of time-integrated moisture flux, only
calling for 46 x 10" g kg™ m in northern Kentucky (Fig. 6.26€). Ensemble members 9, 21, and 23

(the dry ensemble members) forecasted for higher values of time-integrated moisture flux,

however, they missed the bulls eye of higher values in southern Arkansas (Fig. 6.26f-h).
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Figure 6.26: Forecasted 850-hPa time-integrated moisture flux (color shading in 10’ g kg™ m
with vectors overlaid, vector scale is shown at bottom right) from 0000 UTC 24 April 2011 to
0000 UTC 28 April 2011, corresponding to forecast hour 12 to forecast hour 108: (a) member 10
(wet), (b) member 37 (wet), (c) member 39 (wet), (d) member 46 (wet), (€) member 0 (dry), (f)
member 9 (dry), (g) member 21 (dry), and (h) member 23 (dry).

6.4 Discussion

This case study provides a way of estimating the predictability of a widespread heavy

rain event capable of producing not only high precipitation amounts, but also destructive

tornadoes (Figs. 6.27a and 6.27b). Relatively small differences in the structure of the height field
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Figure 6.27: Storm Prediction Center (SPC) storm reports for (a) 26 April 2011 and (b) 27 April

2011.
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translated into different precipitation predictions over the Mississippi Valley for multiple days.
The dry ensemble members forecasted for a shallower upper-level trough, with an associated
occluded low pressure system not extending deep into the southern plains. With the cyclone not
digging into the deep southern plains, the supply of moisture from the Gulf of Mexico was
suppressed, also pulling in drier air from the southern plains. The dry ensemble members also
forecasted for the Bermuda High to be farther off the eastern coast of the United States, pulling
very little additional moisture into the southeastern United States. Additionally, two of the dry
ensemble members forecasted for the system to push through the Mississippi Valley too quickly.
Ensemble member 21 (a dry ensemble member) had sufficient moisture to support heavy
precipitation however, the upper-level trough was forecasted to move to the east much too
quickly. This prevented heavy rainfall from occurring across the Mississippi Valley, causing
ensemble member 21 to be one of the driest of the 50 ensemble members. The wet ensemble
members forecasted the upper-level trough to push down into central Texas with the occluded
low pressure center digging deep into the southern plains. The cyclonic rotation associated with
this occluded low caused robust southerly flow from the Gulf of Mexico, supplying moisture to
the Mississippi Valley. Additionally, the wet ensemble members forecasted for the Bermuda
High to be positioned more to the west, helping to draw additional moisture into the southeastern
United States. With sufficient moisture and a frontal boundary to provide lift, heavy precipitation
and severe weather affected the eastern United States. For this precipitation event, the strength of
the upper-level trough and associated occluded low pressure center was the determining factor in

the ensemble members’ forecasts.
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CHAPTER 7

COMPARISON BETWEEN CASE STUDIES 29 APRIL-4 MAY 2010 and 23-28
APRIL 2011

7.1 Standard deviation of area-averaged precipitation

In an effort to compare the two events, the forecast skill of both the 29 April-4
May 2010 and the 23-28 April 2011 widespread precipitation events are intercompared. The first
means of comparison is to calculate the standard deviation of the area-averaged precipitation.
After taking the standard deviation of the area-averaged precipitation for both the 29 April-4
May 2010 and 23-28 April 2011 widespread rain events, it becomes clear that the 23-28 April
2011 widespread rain event was forecasted with more certainty. The 23-28 April 2011
widespread rain event had a standard deviation of 7.83, while the 29 April-4 May 2010

widespread rain event had a standard deviation of 12.19.
7.2 Ensemble equitable threat score and ROC area

The ensemble ETS at different initialization times is then calculated, as well as at
multiple rainfall thresholds. Table 7.1 summarizes the different model runs, lead times, and
initialization times for the two widespread rain events of interest. Looking at the ensemble ETS
results in Table 7.2, with an initialization time of 1200 UTC 29 April 2010, the 29 April-4 May
2010 widespread precipitation event was better forecasted at a threshold of 100 and 150 mm.
However, with an initialization time of 1200 UTC 23 April 2011, the 23-28 April 2011 event
was better predicted at a threshold of 50 mm. At the other initialization times shown in Table 7.2,
it appears the heavy precipitation from the 29 April-4 May 2010 event was better forecasted,
specifically at the longer lead times. This may be due to the presence of an “atmospheric river,”

giving the ensemble confidence that this event would bring extreme rainfall totals.

142



Table 7.1: Listing of the different initialization times, lead times, and model runs for the 29

April-4 May 2010 and 23-28 April 2011 widespread rain events.

29 April-4 May 2010 23-28 April 2011

Run Lead time (hrs) Initialization time Initialization time
11 0-120 1200 UTC 29 April 2010 1200 UTC 23 April 2011
10 12-132 0000 UTC 29 April 2010 0000 UTC 23 April 2011
9 24-144 1200 UTC 28 April 2010 1200 UTC 22 April 2011
8 36-156 0000 UTC 28 April 2010 0000 UTC 22 April 2011
7 48-168 1200 UTC 27 April 2010 1200 UTC 21 April 2011
6 60-180 0000 UTC 27 April 2010 0000 UTC 21 April 2011
5 72-192 1200 UTC 26 April 2010 1200 UTC 20 April 2011
4 84-204 0000 UTC 26 April 2010 0000 UTC 20 April 2011
3 96-216 1200 UTC 25 April 2010 1200 UTC 19 April 2011
2 108-228 0000 UTC 25 April 2010 0000 UTC 19 April 2011
1 120-240 1200 UTC 24 April 2010 1200 UTC 18 April 2011
0 132-252 0000 UTC 24 April 2010 0000 UTC 18 April 2011

Table 7.2: Listing of the ensemble ETS for the 29 April-4 May 2010 and 23-28 April 2011
widespread rain events, at thresholds of 50, 100, and 150 mm, as well as the number of points

within the area-averaged box exceeding the given threshold.

Run 11

Run 10

Run 9

Run 8

29 April-4 May 2010 23-28 April 2011
Threshold Ensemble ETS Ensemble ETS

50 mm 0.198 0.204

100 mm 0.176 0.130

150 mm 0.109 0.101

50 mm 0.200 0.165

100 mm 0.094 0.113

150 mm 0.067 0.084

50 mm 0.153 0.109

100 mm 0.084 0.050

150 mm 0.039 0.035

50 mm 0.100 0.028

100 mm 0.058 -0.016

150 mm 0.028 0.001

29 April-4 May 2010 23-28 April 2011
Threshold Points exceeding threshold Points exceeding threshold

50 mm 174 253

100 mm 76 169

150 mm 37 93

200 mm 16 35

250 mm 10 14

300 mm 2 2
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Now looking at the ROC area for the two widespread precipitation events, one can assess
the forecast skill at each lead time prior to the onset of each event. One noteworthy comment is
the exceptional ROC area for the 29 April- 4 May 2010 widespread precipitation event at a
threshold of 150 mm. 252 hours prior to the event, the ROC area was 0.911005, steadily
improving to 0.993241 at the shortest lead time (Table 7.3). This is an extremely good forecast 5
days prior to the actual occurrence. The 150 mm ROC area for the 23-28 April 2011 widespread
rain event was not nearly as good, indicating that heavier precipitation for this event was not
nearly as well forecasted. This finding is consistent with the results from calculating the
ensemble ETS. At a threshold of 50 and 100 mm, the ROC area for both the widespread rain
events was about the same (Table 7.3).

Table 7.3: Listing of the area under the relative operating characteristic (ROC) curve “ROC

area” for the 29 April- 4 May 2010 and 23-28 April 2011 widespread rain events, at thresholds of
50, 100, and 150 mm.

29 April-4 May 2010 23-28 April 2011
ROC area threshold 50 mm 100mm 150 mm 50 mm 100mm 150 mm
0-120 hrs 0.935347 0.922842 0.993241 0.928556 0.959187 0.867572

12-132 hrs 0.922365 0.912244 0.984434 0.935789 0.968793 0.903919
24-144 hrs 0.926364 0.919769 0.969450 0.923400 0.931114 0.809482
36-156 hrs 0.910965 0.917694 0.966019 0.919106 0.856841 0.734343
48-168 hrs 0.910608 0.908739 0.966264 0.914594 0.848474 0.714573
60-180 hrs 0.912639 0.884457 0.935847 0.922466 0.922585 0.784894
72-192 hrs 0.882648 0.903813 0.980683 0.914965 0.925238 0.867273
84-204 hrs 0.882284 0.915714 0.978598 0.879394 0.889733 0.795670
96-216 hrs 0.851098 0.885551 0.849258 0.841796 0.816109 0.714270
108-228 hrs 0.883517 0.889395 0.811488 0.842617 0.864486 0.731406
120-240 hrs 0.848834 0.858629 0.886346 0.806594 0.776965 0.697741
132-252 hrs 0.868016 0.947877 0.911005 0.827369 0.912204 0.825028

7.3 500-hPa “spaghetti” plot and standard deviation

Digging further into the 29 April-4 May 2010 event, the 500-hPa height spaghetti plot

will be examined at 0000 UTC 3 May 2010, corresponding to forecast hour 84, and at 1200 UTC
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3 May 2010, corresponding to forecast hour 96. Looking now at the spaghetti plot of 500-hPa
heights for 0000 UTC 3 May 2010, there does not appear to be much agreement between
ensemble members (Fig. 7.1a). In an effort to better visualize the spread between the ensemble
members, standard deviation will be analyzed. Looking at the standard deviation for 0000 UTC 3
May 2010, the most spread appears to be related to the strength of the ridge along the western
coast of the United States. Additionally, there appears to be a lot of uncertainty in the strength of
the upper-level trough digging into the central United States (Fig. 7.1b). Twelve hours later, at
1200 UTC 3 May 2010, uncertainty in the forecast for 500-hPa heights has increased. The
spaghetti plot indicates little agreement between the ensemble members (Fig. 7.2a). As before,
on the standard deviation plots, the most spread lies in the northwestern United States due to the
strength of the upper-level ridge. A second peak in spread exists near the base of the trough
plunging into the central United States (Fig. 7.2b). Now looking at the 23-28 April 2011 event,
the 500-hPa height spaghetti plot will be examined at 0000 UTC 27 April 2011, corresponding to
forecast hour 84, and at 1200 UTC 27 April 2011, corresponding to forecast hour 96. Starting
with the spaghetti plot of 500-hPa heights for 0000 UTC 27 April 2011, there appears to be more
agreement among the ensemble members (Fig. 7.3a). As for the standard deviation plot, the
spread is noticeably less for the 23-28 April 2011 event than for the 29 April-4 May 2010 event.
The most spread lies at the base of the 500-hPa trough digging into the south central United
States (Fig. 7.3b). Twelve hours later, at 1200 UTC 27 April 2011, the agreement between
ensemble members has decreased slightly, as expected with time (Fig. 7.4a). The highest spread
among ensemble members now lies at the base of the upper-level trough, the placement of the
occluded low in the Upper-Midwest, and the strength of the upper-level ridge off the western

coast of the United States (Fig. 7.4b). Overall, it appears the widespread precipitation event of
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23-28 April 2011 was better predicted, with more agreement among the ensemble members. In
order to put there results into a qualitative perspective, the area-average of standard deviation of
500-hPa heights was taken. The area-averaged box had dimensions 20 N to 55 N and 60 W to
130 W. As one would expect, the area-averaged 500-hPa standard deviation increased for both of
the widespread rain events from the 84-hr to the 96-hr forecast. However, the area-averaged
standard deviation of 500-hPa heights is much larger for the 29 April-4 May 2010 widespread
rain event, indicating this event was forecasted with far more uncertainty in comparison to the

23-28 April 2011 event (Table 7.4).

Figure 7.1: (a) “Spaghetti” plot showing the predicted 500-hPa height contours from each
ensemble member in a different color and (b) standard deviation in 500-hPa heights at 0000 UTC
3 May 2010, corresponding to forecast hour 84 of the 29 April-4 May 2010 widespread rain
event. The ensemble mean 500-hPa height contours are shown in thick black. Initialization time
of 1200 UTC 29 April 2010.
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Figure 7.2: As in Fi/g.’ 7.1, except for at 1200 UTC 3 May 2010, corresponding to forecast hour
96 of the 29 April-4 May 2010 widespread rain event.

Figure 7.3: As in Fig. 7.1, except for at 0000 UTC 27 April 2011, corresponding to forecast hour
84 of the 23-28 April 2011 widespread rain event. Initialization time of 1200 UTC 23 April
2011.

Figure 7.4: As in Fig. 7.3, except for at 1200 UTC 27 April 2011, corresponding to forecast hour
96 of the 23-28 April 2011 widespread rain event.
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Table 7.4: Table of the 84-hr and 96-hr area-averaged standard deviation of 500-hPa heights for
the 29 April- 4 May 2010 and 23-28 April 2011 widespread rain events. The area-averaged box
has dimensions 20 N to 55 N and 60 W to 130 W.

29 April-4 May 2010 23-28 April 2011

84-hr 25.9311 16.1366
96-hr 31.1477 19.5186

7.4 Forecast error

Assessing the 500-hPa forecast error will allow one to gain insight into what regions of
the United States were the most and least well forecasted by the ECMWF ensemble members.
Beginning with the 29 April-4 May 2010 widespread rain event, many of the same regions of
error exist at both 0000 UTC 3 May 2010 and 1200 UTC 3 May 2010. There is a large area of
positive error in the upper Midwest and Mississippi Valley, indicating that many of the ensemble
members over predicted heights in these regions, not forecasting for the 500-hPa trough to be
deep enough through the central United States. Additionally, there is negative error along the
northeast Canadian coast, as well as, along the northwest coast of the United States (Fig. 7.5a,b).
Many of the ensemble members must have underpredicted the 500-hPa heights in these regions,
not building a strong enough upper-level ridge on either side of the upper-level trough. Now
looking at the 23-28 April 2011 widespread rain event, again, many of the same errors exist
between 0000 UTC 27 April 2011 and 1200 UTC 27 April 2011. One error that stands out is the
slight positive forecast error along the trough in the central United States (Fig. 7.6a,b). Again,
this positive error is indicative that many of the ensemble members over predicted 500-hPa
heights, not forecasting the upper-level trough to be deep enough into the central United States.
Although forecast error is seen for both of the widespread rain events, it is very apparent the 29
April-4 May 2010 widespread rain event had far more forecast error and therefore was forecasted

with a lot less certainty.
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500-hPa height error fcst hour = 96

Figure 7.5: 500-hPa height forecast error (ensemble mean — analysis) at (a) 0000 UTC 3 May
2010, corresponding to forecast hour 84 and (b) 1200 UTC 3 May 2010, corresponding to
forecast hour 96 of the 29 April-4 May 2010 widespread rain event. The ensemble mean 500-hPa
height contours are shown in thick black. Initialization time of 1200 UTC 29 April 2010.

500-hPa height error fcst hour = 84
2

Figure 7.6: As in Fig. 7.5, except for at (a) 0000 UTC 27 April 2011, corresponding to forecast
hour 84 and (b) 1200 UTC 27 April 2011, corresponding to forecast hour 96 of the 23-28 April
2011 widespread rain event. Initialization time of 1200 UTC 23 April 2011.

7.5 Raw ensemble probabilities

The following plots display the raw ensemble probabilities, at increasing lead times, for a
specified threshold of precipitation. Beginning with the 29 April-4 May 2010 event at a threshold

of 50 mm, for the longest lead time shown there was over 50% agreement among the ensemble
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members that Nashville, TN and nearby areas would receive 50 mm of precipitation. As the
event approached, the ensemble member began to agree more on the location of precipitation,
with over 90% agreement among the ensemble members (Fig. 7.7a). At higher rainfall thresholds
of 100 and 150 mm, for the longest lead time shown, there was very little indication that this
event would be one capable of producing over 480 mm of precipitation. With time, the ensemble
members began to agree more on the location of these high rainfall amounts. Over 50% of the
ensemble members agreed on the location that would receive at least 100 mm of precipitation
(Fig. 7.7b). Additionally, at a threshold of 150 mm, at the shortest lead time shown the ROC area
was 0.993241, indicating an exceptional forecast (Fig. 7.7c). Now looking at the 23-28 April
2011 event at a threshold of 50 mm, for the longest lead time shown there was over 70%
agreement among the ensemble members when forecasting for the location of 50 mm of
precipitation. As the event approached, the ensemble member began to agree more on the
location of precipitation, with over 90% agreement among the ensemble members (Fig. 7.8a).
Over 70% of the ensemble members agreed on the location that would receive at least 100 mm
of precipitation (Fig. 7.8b). At a threshold of 150 mm, at the shortest lead time shown the ROC
area was 0.867572, however, at the second longest lead time shown the ROC area was 0.697741

(Fig. 7.8c). The 150 mm threshold was much better predicted for the 29 April-4 May 2010 event.
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Figure 7.7: Raw ensemble probabilities, at increasing lead times, of (a) 50, (b) 100, and (c) 150
mm of precipitation in the 252-hr period between 1200 UTC 29 April and 1200 UTC 4 May
2010. Probabilities are contoured at 4% (i.e., two ensemble members), 10%, and every 10%
above that. The ensemble mean is shown by the thick black dashed line. Areas where (a) 50, (b)
100, and (c) 150 mm of precipitation was observed are contoured in thick green. Red shading
indicates at least 90% of the ensemble members were in agreement when forecasting the location
of (a) 50, (b) 100, and (c) 150 mm of precipitation, orange shading indicates at least 70% of the
ensemble members were in agreement, etc. Area under the relative operating characteristic
(ROC) curve is printed on each figure as “ROC area”.
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Figure 7.8: As in Fig. 7.5, except for in the 252-hr period between 1200 UTC 23 April and 1200
UTC 28 April 2011.

7.6 Discussion

In this chapter, the forecast skill of both the 29 April-4 May 2010 and 23-28 April 2011
widespread precipitation events was compared. From calculating the ensemble ETS at different
lead times and thresholds, it appears the heavy precipitation from the 29 April-4 May 2010 event
was better forecasted, specifically at the longer lead times. (Table 7.1). The ROC area was also a
useful tool to assess the forecast skill for the two widespread rain events. At a threshold of 50
and 100 mm, the ROC area for both the widespread rain events was about the same, however, at
a threshold of 150 mm, the ROC area was much better for the 29 April-4 May 2010 event. This

indicates that heavier precipitation amounts for the 23-28 April 2011 widespread rain event were

156



not well forecasted. (Table 7.2). Looking at the 500-hPa height spaghetti plots at 0000 UTC 3
May 2010 and 1200 UTC 3 May 2010, there was very little agreement between ensemble
members (Figs. 7.1a and 7.2a). The standard deviation in 500-hPa height at 0000 UTC 3 May
2010 and 1200 UTC 3 May 2010 indicated the most spread was related to the strength of the
ridge along the western coast of the United States and the strength of the upper-level trough
digging into the central United States (Figs. 7.1b and 7.2b). The spaghetti plots of 500-hPa
heights for 0000 UTC 27 April 2011 and 1200 UTC 27 April 2011 show much more agreement
among the ensemble members (Fig. 7.3a and 7.4a). As for the standard deviation plots of 500-
hPa height at 0000 UTC 27 April 2011 and 1200 UTC 27 April 2011, the most uncertainty lies at
the base of the 500-hPa trough digging into the south central United States and the placement of
the occluded low in the Upper-Midwest (Figs. 7.3b and 7.4b). Overall, the upper-level synoptic
pattern was predicted with more agreement among ensemble members for the 23-28 April 2011
widespread precipitation event. Taking a look at 500-hPa forecast error, it is very apparent the 29
April-4 May 2010 widespread rain event had far more forecast error than the 23-28 April 2011
event and therefore was forecasted with more uncertainty (Figs. 7.5 and 7.6). Finally, looking at
the raw ensemble probabilities, it appears the location of the 23-28 April 2011 event was better
anticipated than the 29 April-4 May 2010 event, but proved to have more difficulty forecasting
the location of higher rainfall thresholds, 100 and 150 mm (Figs. 7.7. and 7.8). This finding is

consistent with the results from calculating the ensemble ETS above (Table 7.1).
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK
8.1 Conclusions

This study made use of the ECMWEF, NCEP, and UKMET EPS in order to assess their
forecast skill of 22 widespread, precipitation events from 2007 to 2011. Overall, the ECMWF
had a more skillful forecast for almost every event, which doesn’t come as a surprise because the
ECMWEF has maintained a higher horizontal resolution than both the NCEP and the UKMET
(Table 3.1). This will allow forecasters to put more confidence into the ECMWF ensemble
prediction system for widespread rain events of similar spatial scale. The one widespread
precipitation event that proved to be a challenge for each of the three models was the MCV over
the southern plains of the United States from 25-30 June 2007 (Fig. 4.2a). The 29 April-4 May
2010 and 23-28 April 2011 events were then examined in greater detail in order to pinpoint the
processes that were favorable or detrimental to the system’s development.

The 29 April-4 May 2010 case study used ECMWF ensemble forecasts to explore the
processes responsible for the development and maintenance of a multiday precipitation event that
occurred in early May 2010, due to two successive quasi-stationary mesoscale convective
systems (Moore et al. 2012). This precipitation event proved to have uncertainty in medium
range predictions, relative to other events of similar spatial and temporal scales, with low skill
and large spread in ensemble forecasts. The accuracy of each forecast is dependent on each of
the atmospheric variables the member used in order to make its forecast. For this particular case,
one would think that a strong low pressure system and deep upper-level trough would bring

about heavier precipitation and severe weather. However, the reverse was true for the 29 April-4
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May 2010 widespread, precipitation event. The strong low pressure system caused much stronger
winds out of the south, pushing the moisture up into the Great Lakes. The members forecasting
for the weak low pressure system and shallow trough proved to be accurate. The weak low
pressure system caused much weaker southerly flow, pulling moisture from the Gulf of Mexico
as far north as Tennessee, where it rained out. These relatively small differences in the height
field ultimately resulted in vastly different forecasts of precipitation over Tennessee and
surrounding areas. This strong sensitivity to small-scale differences in the initial conditions
highlights the importance of using ensembles for predicting the development of precipitation
systems over both land and ocean, especially for an event such as the 29 April-4 May 2010
precipitation event, which received national attention for having produced extensive flooding,
multiple tornadoes, hail and wind reports across the area.

The 23-28 April 2011 case study also used ECMWF ensemble forecasts to explore the
processes responsible for the development and maintenance of a multiday precipitation event. In
relation to other heavy rain events of similar spatial and temporal scales, medium-range forecasts
of this event had high skill and small spread in ensemble forecasts. In this case, the largest
difference in the ensemble members’ forecasts was the strength of the upper-level trough and
associated occluded low, as well as the speed at which this system moved off to the east. These
relatively small differences in the height field ultimately resulted in different forecasts of
precipitation over the Mississippi Valley. This sensitivity to small-scale differences in the initial
conditions highlights the importance of using ensembles for predicting the development of
precipitation systems over both land and ocean. This is especially true for a weather event such
as the 23-28 April 2011 episode, which received national attention for having killed over 300

people, and spawned the fourth deadliest tornado outbreak in United States history.

159



Undoubtedly, anticipating and communicating this event to the public by the broader weather
community reduced the loss of life, however, more improvements to the accuracy of these
forecasts can be made (Grumm 2011a). If one can better understand the key factors that were
favorable for, or detrimental to, the development of widespread, multiple day rainfall, such as the
29 April-4 May 2010 and 23-28 April 2011 events, a better forecast could be made for future
events of similar spatial scale.

Comparison between the 29 April-4 May 2010 and 23-28 April 2011 widespread
precipitation events provided information regarding which of the two case studies was better
predicted in relation to both location and amount of precipitation. Heavy rainfall totals,
exceeding the 100 and 150 mm threshold, were better anticipated for the 29 April-4 May 2010
event. This may be a result of the pronounced “atmospheric river” playing a large role in the
moisture transport for this event. Location of the precipitation, however, was better predicted for
the 23-28 April 2011 widespread rain event. There was very little uncertainty in the synoptic
setup of the upper atmosphere for this particular event, likely contributing to the correct
placement of the precipitation event.

8.2 Suggestions for future work

One avenue for future work would be to investigate why the wet ensemble members
overpredicted the amount of time-integrated moisture flux yet underpredicted the total amount of
precipitation for the 23-28 April 2011 widespread, multiday precipitation event. The
representation of mesoscale processes in global models at coarse resolution may play an
important role in the underprediction of precipitation.

Combining additional ensemble forecasts from different systems into a grand ensemble

(the so-called superensemble) is another avenue for future work made possible by the availability
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of TIGGE data. Numerous studies have found a multimodel superensemble increases forecast
skill in a variety of ways: typhoon tracks and intensity, daily precipitation, rain rates, etc.
(Krishnamurti et al. 2001, 2003, Kumar et al. 2003, 2007, Mishra and Krishnamurti 2007).
Krishnamurti et al. (2001) suggests that the superensemble generally exhibits a much higher skill
compared to the ensemble mean and the participating member models for many forecast
variables, including daily precipitation. The use of a grand ensemble could potentially increase
the hit rate for prediction of high-impact weather without increasing the false-alarm rate

(Bougeault et al. 2010).
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