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Summary and Keywords

Heavy precipitation, which in many contexts is welcomed because it provides the water
necessary for agriculture and human use, in other situations is responsible for deadly and
destructive flash flooding. Over the 30-year period from 1986 to 2015, floods were
responsible for more fatalities in the United States than any other convective weather
hazard (www.nws.noaa.gov/om/hazstats.shtml), and similar findings are true in other
regions of the world. Although scientific understanding of the processes responsible for
heavy rainfall continues to advance, there are still many challenges associated with
predicting where, when, and how much precipitation will occur. Common ingredients are
required for heavy rainfall to occur, but there are vastly different ways in which the
atmosphere brings the ingredients together in different parts of the world. Heavy
precipitation often occurs on very small spatial scales in association with deep convection
(thunderstorms), factors that limit the ability of numerical models to represent or predict
the location and intensity of rainfall. Furthermore, because flash floods are dependent not
only on precipitation but also on the characteristics of the underlying land surface, there
are fundamental difficulties in accurately representing these coupled processes. Areas of
active current research on heavy rainfall and flash flooding include investigating the
storm-scale atmospheric processes that promote extreme precipitation, analyzing the
reasons that some rainfall predictions are very accurate while others fail, improving the
understanding and prediction of the flooding response to heavy precipitation, and
determining how heavy rainfall and floods have changed and may continue to change in a
changing climate.

Keywords: precipitation, rainfall, flash floods, extreme weather, atmospheric convection, predictability, weather
prediction, hydrology
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Heavy Rainfall and Flash Flooding

Introduction

Extreme precipitation is a hazard in nearly all parts of the world, but the amount of rain
that might be considered “extreme” varies widely. Similarly, the topography,
characteristics of the land surface, and human changes to the landscape—all of which
influence whether a flood occurs with a given amount of rain—are highly variable, even
over a limited geographic region. Although many advances have been made in
understanding both the meteorology and hydrology of flash floods, they remain very
difficult to predict. In part, this stems from the fact that flash-flood-producing rainfall
often occurs on small spatial scales (say, less than 100 km) and over relatively short
periods of time (12 h or less), and, in general, the smaller the scale of motion, the less
predictability there is for a phenomenon in the atmosphere. Hydrologic predictions are
highly sensitive to rainfall predictions, and therefore the challenge is compounded.
Nonetheless, greater understanding, improved numerical models, and enhanced
computing power have made highly accurate predictions possible in at least some heavy-
rainfall situations.

An assessment of the factors that produce heavy rainfall across atmospheric scales must
consider the large-scale conditions that set the stage for extreme rainfall in different
parts of the world, the mesoscale! processes that are responsible for organizing the
heavily raining storms, and the storm-scale processes that determine the production and
efficiency of excessive rainfall. A full understanding of these factors will include insights
obtained from observations and numerical models of the atmosphere, as well as some of
the reasons that predictive skill remains limited for heavy rainfall, along with advances in
understanding and prediction of the hydrologic and societal aspects of flash floods.
Finally, many questions remain about whether heavy precipitation has changed, and will
continue to change, in a changing climate, and some of the current research directions on
this topic are summarized.

Page 2 of 42

PRINTED FROM the OXFORD RESEARCH ENCYCLOPEDIA, NATURAL HAZARD SCIENCE (oxfordre.com/
naturalhazardscience). (c) Oxford University Press USA, 2018. All Rights Reserved. Personal use only; commercial use is
strictly prohibited (for details see Privacy Policy and Legal Notice).

date: 13 December 2018



Heavy Rainfall and Flash Flooding

Previous Research and Current Understanding

History of Research on Heavy Precipitation and Flash Floods

Modern meteorological research on extreme precipitation and flash floods is closely tied
to specific deadly and destructive events. In particular, several notable flash floods
occurred in the late 1970s, which happened to be the time when mesoscale atmospheric
observations (such as radars and satellites) and numerical models were becoming more
readily available. Although the general conclusions of the analyses were somewhat
limited because they represented single case studies, nonetheless they revealed
important insights about the processes that can result in a devastating rainstorm and
flood. In the United States, the extensively studied events included the Rapid City, South
Dakota, flash flood of June 9-10, 1972 (Maddox, Hoxit, Chappell, & Caracena, 1978; Nair
et al., 1997), the Big Thompson Canyon, Colorado, flood of July 31-August 1, 1976
(Caracena, Maddox, Hoxit, & Chappell, 1979; Maddox et al., 1978; Yoshizaki & Ogura,
1988), and the Johnstown, Pennsylvania, flood of July 19-20, 1977 (Bosart & Sanders,
1981; Hoxit et al., 1978; Zhang & Fritsch, 1986, 1987, 1988), among others.
Contemporaneously, Miller (1978) conducted a thorough investigation of a heavy rainfall
event over north London, United Kingdom, on August 14, 1975. The occurrence of the
devastating flash floods within several years of one another led Maddox, Chappell, and
Hoxit (1979) to conclude that, “During the 1970s flash floods have become the most
significant natural disaster problem within the United States.”

Many other valuable case studies have also been conducted since then, with some notable
studies (although far from a comprehensive list) including: Schwartz, Chappell, Togstad,
and Zhong (1990), who studied the 1987 Minneapolis, Minnesota, flash flood; Petersen et
al. (1999), on the 1997 Fort Collins, Colorado, flash flood; Pontrelli, Bryan, and Fritsch
(1999) on the 1995 Madison County, Virginia, flash flood; Smith, Baeck, Zhang, and
Doswell (2001) on flash-flood-producing supercells in Texas, Florida, Nebraska, and
Pennsylvania; Schumacher and Johnson (2008) on the 2000 Union County, Missouri, flash
flood; Moore, Neiman, Ralph, and Barthold (2012) on the 2010 Nashville, Tennessee,
flash flood; Zhang and Zhang (2012) on the July 2003 event in east China; Rasmussen and
Houze (2012) on the 2010 flash flood in Leh, Pakistan; and Gochis et al. (2015) on the
Colorado floods of September 2013. The historic 1993 flooding in the Midwest United
States was made up of numerous individual extreme rainfall events, which were analyzed
by Junker, Schneider, and Fauver (1999).

One of the first efforts to synthesize the results of the many case studies into a more
general understanding of heavy precipitation and flash flooding was the study by Maddox
et al. (1979). They examined 151 reported flash floods over the 5-year period from 1973
to 1977 from across the United States. They categorized each event in terms of its
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Heavy Rainfall and Flash Flooding

synoptic and mesoscale meteorological characteristics, but they found that several
characteristics were common to nearly all of the cases they analyzed, regardless of the
categorization:

* Heavy rains were produced by convective storms.
e Surface dewpoint temperatures were very high.
e Large moisture contents were present through a deep tropospheric layer.

¢ Vertical wind shear was weak to moderate through the cloud depth.

The quantitative values of “very high” surface dewpoints and “large moisture contents”
varied for the different event types and regions studied by Maddox et al. (1979), which is
discussed in greater detail in “SYNOPTIC AND MESOSCALE ENVIRONMENTS OF
EXTREME RAIN EVENTS.”
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Heavy Rainfall and Flash Flooding

The Ingredients for Heavy Precipitation

The characteristics originally presented by Maddox et al. (1979) were further distilled
into an “ingredients-based methodology” for forecasting heavy precipitation and flash
floods by Doswell, Brooks, and Maddox (1996). Ingredients-based methodologies, first
proposed by Johns and Doswell (1992) in the context of severe weather, are intended to
be applicable regardless of the geographic location or the particular methods being used
to predict the phenomenon of interest, and to reflect the basic conditions that must be
met for that phenomenon to occur. Although this ingredients-based thinking was designed
with forecasters in mind (e.g., the Doswell et al. 1996 article resulted from a course on
flash-flood forecasting for National Weather Service forecasters), it is equally useful as a
grounding for research investigations. For heavy precipitation, the ingredients are
summarized through a very simple equation for the rainfall accumulation. At any point on
the earth: P=RD, where P is the total precipitation, R is the average rainfall rate, and D is
the duration of the rainfall. Thus, for large precipitation totals, either the rainfall rate or
the rain duration (or both) must be large, or, in other words, “the heaviest precipitation
occurs where the rainfall rate is the highest for the longest time.”?

Further, since precipitation results from lifting moist air to condensation, R= Ewq, where
E is the precipitation efficiency, w is the ascent rate in an updraft, and q is the mixing
ratio of the air. This equation demonstrates that rapidly ascending air with large water
vapor content (i.e., large vertical moisture flux) is necessary to produce a high rainfall
rate. The rainfall rate can be limited by the precipitation efficiency, the percentage of
water going into the storm or convective system that actually falls out as precipitation.
Doswell et al. (1996) also point out that rainfall duration is related to system size and
speed and the variations in rainfall intensity within a storm.

This ingredients-based methodology remains the standard for both understanding and
predicting the factors necessary for heavy precipitation to occur. Yet, the difficulty lies in
understanding or predicting where, when, and in what ways the atmosphere brings the
necessary ingredients together. As noted by Doswell et al. (1996), “Flash flood event days
often are not manifestly different from the nonevent days that preceded them. The
difference between a rather nondescript day and a terrible flash flood situation may not
be obvious even at the time of the morning soundings on the fateful day.” Several
important studies have therefore focused on identifying the atmospheric conditions that
are (and are not) responsible for bringing the necessary ingredients together in a
particular location, and on improving predictions of those ingredients and conditions.

Synoptic and Mesoscale Environments of Extreme Rain Events

Maddox et al. (1979) summarized the synoptic and mesoscale conditions associated with
extreme rainfall and flash flooding in the United States and categorized them into four
types: “synoptic,” “frontal,” “mesohigh,” and “western.” The conditions in each of these
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Heavy Rainfall and Flash Flooding

patterns are configured such that they bring together the ingredients for heavy rainfall
and promote large rain rates, long-duration rainfall, or both. Maddox et al. (1979)
constructed the categories somewhat subjectively, using limited data in comparison to the
high-resolution satellite and radar observations and sophisticated gridded reanalyses of
the early 21st century. Yet the categories and schematic diagrams, along with the refined
versions presented by Chappell (1986), have proven to be highly insightful and are still
regularly used by forecasters and are cited in scientific research. Although there have
been a few flash-flood situations that are not well described by one of the four categories,
the vast majority of extreme precipitation events in mid-latitude locations fall into one of
these archetypes.

In the synoptic-type flash flood (Figure 1), a strong mid-tropospheric trough, and a slow-
moving surface front, exist upstream of the location of heavy precipitation. This results in
persistent forcing for ascent within a region of deep southerly flow and moisture
transport. Synoptic events often occur over a multiday period and affect a broad region.

" - The frontal and mesohigh

7

Figure 1. Illustration of Maddox et al.’s (1979)
synoptic flash flood. (a) Environmental conditions at
the onset of deep convection. Schematic
representations of low-level atmospheric moisture
are shown in green and potential temperature in
dashed orange. The light gray arrow indicates the
location of an upper-level trough, the dark gray
arrow indicates the low-level jet, and the area of red
shading indicates where forcing for ascent (including
both differential cyclonic vorticity advection and
warm-air advection) is maximized. (b) As in (a),
except at a later time, when an MCS has formed
along the stationary boundary. In many synoptic flash
floods, multiple MCSs develop in a similar location
over multiple days.

Figure courtesy of John Peters, Colorado State
University.

patterns are distinctly
different from the
synoptic-type flooding
pattern. Whereas synoptic
flash floods typically occur
in the warm sector of the
large-scale weather system
(i.e., on the warm side of a
cold front), frontal and
mesohigh flash floods
occur on the cool side of a
boundary. Warm, moist air,
often transported by the
nocturnal low-level jet
(LLJ) that is common in the
central United States,
flows over the boundary
(usually a warm front or
stationary front), leading

to convection on the cool side (Figure 2). Winds aloft are approximately parallel to the
boundary, and the heavy rains often occur near the upper-level ridge position (Figure 2)
with a weak mid-level shortwave trough upstream. This arrangement leads to the
development of new storms upstream, while mature cells are advected downstream by
the upper-level winds.
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Heavy Rainfall and Flash Flooding

Figure 2. Illustration of Maddox et al.’s (1979)
frontal flash flood. (a) Environmental conditions
preceding the heavy precipitation. Schematic
representations of low-level atmospheric moisture
are shown in green and potential temperature in
dashed orange. The gray vector indicates the low-
level jet, and the area of red shading indicates where
forcing for ascent is maximized, on the cool side of a
stationary surface front. (b) As in (a), except at a
slightly later time, when a TL/AS MCS has formed on
the cool side of the front.

Figure courtesy of John Peters, Colorado State
University.

Mesohigh events have
many similarities to frontal
events from the
perspective of fundamental
processes, but the scale
and timing are somewhat
different. Rather than
having the primary lifting
mechanism be a warm or
stationary front, mesohigh
events occur along a quasi-
stationary outflow
boundary left behind by
previous convection, with
the heaviest rain falling on
the cool side of the
boundary and to the south

or southwest of a convectively generated mesohigh pressure center (Figure 3). The
surface pattern is less defined for mesohigh flash floods; Maddox et al. (1979) noted that
some events occurred with a slow-moving surface front to the west, while for others there
were no nearby fronts. As with the frontal type, the upper-level winds are approximately
parallel to the outflow boundary (Figure 3), allowing storms to repeatedly develop and
move over the same area.
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Heavy Rainfall and Flash Flooding

e T e M et In all three of these types
H,f.{{".. " iy of events, Maddox et al.
i il (1979) found that the
N mean surface dewpoint of
the air flowing into the
Figure 3. Illustration of Maddox et al.’s (1979) storms exceeded 18 °C,
mesohigh flash flood. (a) Environmental conditions at and the precipitable water
the time of initial MCS development. This MCS may
move quickly to the southeast (and thus be less likely (PW, also referred to as
to produce locally heavy rainfall), but it produces a integrated water vapor,

cold pool and mesohigh that serve to focus
subsequent convection. Schematic representations of

IWV) in the layer from the

low-level atmospheric moisture are shown in green surface to 500 hPa was at
and potential temperature in dashed orange. The least 3.75 cm and was over
gray vector indicates the low-level jet, and the area o

of red shading indicates where forcing for ascent is 150% of the monthly
maximized, on the cool side of a stationary surface C]imatologjcal value.

front. The “H” represents the mesohigh, and the
boundary indicated by the thin blue line is the
convectively generated outflow boundary. (b) As in
(a), except at a later time, when a new, slow-moving, as readily classified by
heavy-rain-producing MCS has formed on the cool their large-scale

side of the outflow boundary.

Western events were not

conditions, in part because
the lift along topography
was more vital to the
development of heavily
raining storms than was the large-scale pattern. These events included instances of
strong synoptic forcing along the West Coast of North America (now referred to as
“atmospheric rivers”; Ralph & Dettinger, 2011; Zhu & Newell, 1998) as well as heavy
summer rainstorms associated with the North American monsoon (Adams & Comrie,
1997). These events are also associated with PW that is much greater than the local
climatological value, although the absolute values of PW tend to be less in the western
United States than in the central and eastern United States. The processes associated
with western flash floods were examined in greater detail by Maddox et al. (1978).

Figure courtesy of John Peters, Colorado State
University.

The advent of the national WSR-88D radar network in the United States in the 1990s,
along with the ability to digitize and archive the radar observations for ease of processing
and analysis, allowed for further understanding of the mesoscale processes responsible
for extreme rainfall. Schumacher and Johnson (2005, 2006) analyzed WSR-88D imagery
for 184 extreme rainfall events in the central and eastern United States (extreme rainfall
events were defined as a 24-hour gauge-observed rainfall accumulation exceeding the 50-
year recurrence interval amount for that location) over a 5-year period. Their analysis
revealed a wide variety of radar-observed storm types responsible for extreme
precipitation, including systems with strong synoptic forcing and tropical cyclones, but
the largest percentage of events were associated with mesoscale convective systems
(MCSs; Houze, 2004).
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Heavy Rainfall and Flash Flooding

The radar-observed evolution of an exemplary synoptic extreme rain event—which led to
the May 2010 Nashville, Tennessee, flash flood studied by National Weather Service
(2011), Moore et al. (2012), and others—is shown in Figure 4. (See also Video 1.) As in
many synoptic events, there are important contributions from both large-scale and
mesoscale processes. Here, multiple MCSs developed ahead of a strong, slow-moving,
upper-level trough and passed over the Nashville area over a three-day period (see also
Figure 1).

[This video cannot be viewed
in PDF format. To view it,
please go to the original web
version of this chapter.]

) UFS0UTC 1 May

] 1200 57TC 3 May

Figure 4. Composite radar reflectivity images of
MCSs on consecutive days within a synoptic flash
flood event (Maddox et al., 1979) at (a) 0900 UTC
May 1 and (b) 1200 UTC May 2, 2010. The rainfall
from these MCSs produced record flooding in
Kentucky and Tennessee, and particularly the
Nashville area (National Weather Service, 2011;
Moore et al., 2012). Images obtained from the Iowa
Environmental Mesonet at http://
mesonet.agron.iastate.edu/GIS/radmap_api.phtml.
See also included MP4 animation.

Video 1. Composite radar reflectivity images of MCSs on consecutive days within a
synoptic flash flood event (Maddox et al., 1979) at (a) 0900 UTC May 1 and (b) 1200 UTC
May 2, 2010. The rainfall from these MCSs produced record flooding in Kentucky and
Tennessee, and particularly the Nashville area (National Weather Service, 2011; Moore et
al., 2012). Images obtained from the Iowa Environmental Mesonet at http://
mesonet.agron.iastate.edu/GIS/radmap api.phtml. See also included MP4 animation.

Within the subset of MCS-related events, there was also a variety of organizational
modes, including the “trailing,” “leading,” and “parallel” stratiform types identified by
Parker and Johnson (2000). There were two MCS types, however, that were most
frequently responsible for extreme precipitation. The first was referred to as “training
line-adjoining stratiform,” or TL/AS (Figure 5). (See also Video 2.) TL/AS MCSs often
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Heavy Rainfall and Flash Flooding

occur in environments characterized by Maddox et al.’s (1979) frontal pattern: a
convective line developed on the cool side of a slow-moving front, with the line oriented
parallel to the front and individual cells also moving parallel to the front (a process
referred to as “echo training” because the radar echoes appear as if they are moving
along fixed tracks like a train). Locations under this convective line receive heavy rainfall
from the repeated passage of convective cells, resulting in large rainfall accumulations.

[This video cannot be viewed
in PDF format. To view it,
please go to the original web
version of this chapter.]
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Figure 5. Composite radar reflectivity images of a
TL/AS MCS at (a) 2330 UTC August 18, (b) 0300
UTC August 19, and (c) 0630 UTC August 19, 2007.
The rainfall from this MCS set a state record for 24-h
accumulation in Minnesota, and produced
widespread flash flooding in southeast Minnesota
and western Wisconsin (Schumacher et al., 2011).
Images obtained from the lowa Environmental
Mesonet at http://mesonet.agron.iastate.edu/GIS/
radmap_api.phtml. See also included MP4 animation.

Video 2. Composite radar reflectivity images of a TL/AS MCS at (a) 2330 UTC August 18,
(b) 0300 UTC August 19, and (c) 0630 UTC August 19, 2007. The rainfall from this MCS
set a state record for 24-h accumulation in Minnesota, and produced widespread flash
flooding in southeast Minnesota and western Wisconsin (Schumacher et al., 2011).
Images obtained from the lowa Environmental Mesonet at http://
mesonet.agron.iastate.edu/GIS/radmap api.phtml. See also included MP4 animation.

The second extreme-rain-producing MCS type was referred to as “back-building or quasi-
stationary” (BB; Figure 6). (See also Video 3.) BB MCSs are usually smaller in spatial
extent than TL/AS systems, but they also feature the training of convective cells. They
often develop on the cool side of a convectively generated outflow boundary, as in the
Maddox et al. (1979) mesohigh type, although this is not always true. BB systems are
characterized by a cancellation, or near-cancellation, of the cell motion vector and the
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Heavy Rainfall and Flash Flooding

propagation vector (Figure 7; Chappell, 1986; Corfidi, 2003; Corfidi, Merritt, & Fritsch,
1996; Doswell et al., 1996) such that the MCS as a whole is nearly stationary. This results
in long-duration heavy rainfall at the locations affected by the MCS.

W1 S T

Figure 6. Composite radar reflectivity images of a
BB MCS at (a) 0600, (b) 0800, and (c) 1000 UTC June
11, 2010. A flash flood that killed 20 people at a
campground occurred at the location denoted by the
“X” in (b). This case was investigated by Schumacher
et al. (2013). Images obtained from the Iowa
Environmental Mesonet at http://
mesonet.agron.iastate.edu/GIS/radmap_api.phtml.
See also included MP4 animation.
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Figure 7. Schematic diagram showing the
components of motion of convective systems. The
motion of individual convective cells (blue vector) is
slightly slower than the mean tropospheric wind
(thin gray vector). In (a), the propagation (where
new convective cells form relative to previous ones;
shown by the thin black vector) has a component in
the same direction as the cell motion, and, as a
result, the total system motion (green vector; the
sum of the cell motion and propagation vectors) is
large. In (b), the propagation vector nearly cancels
the cell motion vector; therefore, the total system
motion is near zero. This represents a situation
supportive of locally large rainfall accumulations.
Adapted from Doswell et al. (1996) and Corfidi
(2003).

Video 3. Composite radar reflectivity images of a BB MCS at (a) 0600, (b) 0800, and (c)
1000 UTC June 11, 2010. A flash flood that killed 20 people at a campground occurred at
the location denoted by the “X” in (b). This case was investigated by Schumacher et al.
(2013). Images obtained from the Iowa Environmental Mesonet at http://
mesonet.agron.iastate.edu/GIS/radmap api.phtml. See also included MP4 animation.

The important role of MCSs in the climatology of extreme precipitation and flash flooding
in the United States was corroborated by Stevenson and Schumacher (2014), who
performed a similar analysis with a longer (10-year) data record and used gridded
multisensor (radar and gauge) precipitation analyses that have consistent spatial
coverage, rather than gauge-only observations, which suffer from inconsistent sampling.
They found that 63% of extreme rain events in this period were associated with MCSs,
30% with synoptic systems, and 7% with tropical cyclones.3 However, Stevenson and
Schumacher (2014) also showed that using shorter rainfall accumulation periods (e.g., 1
hour or 6 hours instead of 24 hours) influences how the storm types are distributed.

The aforementioned summaries are admittedly U.S.-centric, in part because many of the
datasets (e.g., a national radar network with a sufficiently long record) used in these
studies first became available in the United States. With that said, there are also many
studies in the literature addressing extreme rainfall and flash flooding in other parts of
the world, many of which are consistent with the findings in the United States, but also
with some important differences. One region that regularly experiences heavy
precipitation is East Asia, and heavy rainfall is especially prevalent in the warm season
near a feature known alternately as the mei-yu, baiu, or changma front (in China, Japan,
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and Korea, respectively). This front, which is often nearly stationary during the Asian
monsoon rainy season (see Ding, 2004), is characterized by a relatively weak temperature
gradient, but a strong moisture gradient. MCSs often develop along or on the moist side
of this boundary, move slowly, and result in large rainfall accumulations, in a similar
manner to the heavy-rain-producing MCS patterns in the United States. L.ee and Kim
(2007) synthesized the patterns of MCS organization during heavy rainfall over Korea,
and there are many case studies that examine the detailed evolution of heavily raining
MCSs (for Japan, see Kato & Goda, 2001; for China, see Zhang & Zhang, 2012, and Luo,
Gong, & Zhang, 2014).

Another region that has received considerable attention for extreme precipitation leading
to devastating flash floods is the Mediterranean coast of Europe. In this region, warm,
moist air from over the Mediterranean Sea can be transported northward, where it is
forced to ascend along steep terrain, such as the Massif Central in southern France and
the Alps in France and Italy. In these cases, the ingredients for extreme precipitation are
brought together, and flooding is a particular concern because of the complex terrain and
small catchments (see Creutin et al., 2009; Ducrocq, Nuissier, Ricard, Lebeaupin, &
Thouvenin, 2008; Ricard, Ducrocq, & Auger, 2012).

Furthermore, topography has an important role in both the precipitation processes and
the hydrologic response to extreme precipitation. In some extreme precipitation events,
the ascent of moist air up a topographic barrier is the primary factor responsible for the
magnitude of the rainfall. For example, the world records for rainfall accumulations
longer than 1 hr (Arizona State University, cited 2016) occurred in places where
orographic lift is important: La Réunion Island or Cherrapunji, India. The La Réunion
records (e.g., 4936 mm in 4 days in February 2007) were set when tropical cyclones
impacted this steeply sloped island, a situation that also occurs with some regularity in
Taiwan (e.g., rainfall accumulations exceeding 1200 mm from Typhoon Morakot in 2009;
Chien & Kuo, 2011). The ascent of moist air from the Bay of Bengal toward the Himalayas
during the Asian monsoon (see Prokop & Walanus, 2015; Rasmussen & Houze, 2012),
from the Pacific Ocean toward the coastal range and Sierra Nevada in North America
(see Ralph & Dettinger, 2012), and from east to west toward the Rocky Mountains (see
Gochis et al., 2015; Milrad, Gyakum, & Atallah, 2015) are other situations in which
exceptional rainfall accumulations occur. Compounding the enhancement of precipitation
from steep terrain is the resulting flood response that results from water falling on steep
slopes that are often prone to rapid runoff and landslides. Although a full treatment of the
hydrologic processes resulting from heavy rainfall in steep topography is beyond the
scope of this article, it is clear that many of the deadliest and most destructive flash
floods in the world occur when orographic ascent enhances rainfall production and then
leads to rapid runoff along steep slopes and canyons; for example, the Big Thompson
Canyon flash flood in Colorado, 1976 (Caracena et al., 1979) and the Leh, Pakistan, flash
flood of 2010 (Rasmussen & Houze, 2012), among many others.
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A major challenge in attempting to identify what causes the “most extreme” or “most
destructive” flash flood is that flash floods themselves remain difficult to define and
quantify. Unlike other hazards, where well-established rating scales exist (e.g., the
Enhanced Fujita scale for tornadoes, the Saffir-Simpson scale for tropical cyclones), no
such scale exists for flash floods. This results, in part, from the fact that (as stated by
Doswell et al., 1996): “a flash flood event is the concatenation of a meteorological event
with a particular hydrological situation.” In other words, a given amount of precipitation
could yield everything from no flooding (if it occurred over a flat, dry, unpopulated area)
to a major flood (if it occurred in a highly urbanized area with poor drainage), along with
many possibilities in between. Thus, although the precipitation is (relatively)
straightforward to quantify, the magnitude of flash floods is not. Some attempts have
been made to address this gap (see Gourley et al., 2013; Gruntfest & Huber, 1991;
Schroeder et al., 2016B), but the issue is unlikely to be resolved in the near future
considering the multifaceted nature of flash floods.

Remaining Challenges in the Understanding
and Prediction of Extreme Precipitation and
Flash Floods

Prediction of Extreme Precipitation and Flash Floods

Although many advances have been made in understanding the general conditions under
which extreme precipitation occurs, translating this quantitative and conceptual
understanding to effective prediction has remained difficult. As concluded by Fritsch and
Carbone (2004), “warm-season QPFs [quantitative precipitation forecasts] are, certifiably,
the poorest performance area of forecast systems worldwide.” Some of this difficulty
stems from fundamental limitations to atmospheric predictability. As first described by
Thompson (1957) and Lorenz (1969) and corroborated by many others, the “lead time” at
which accurate predictions can be made is quite short when the phenomena of interest
occur on small spatial scales. Thus, because extreme precipitation nearly always occurs
on small spatial scales (even within a highly organized convective system or tropical
cyclone, only a small region typically has extreme precipitation amounts), expectations
for precise forecasts must remain tempered. Furthermore, heavy rainfall almost always
results from deep convection, which also has limited predictability (see Melhauser &
Zhang, 2012; Nielsen & Schumacher, 2016; Zhang, Snyder, & Rotunno, 2003; Zhang,
Odins, & Nielsen-Gammon, 2006). As a result, QPFs for heavy rainfall, especially in the
warm season, remain poor, although they have shown some improvements over time (see
Fritsch & Carbone, 2004; Sukovich, Ralph, Barthold, Reynolds, & Novak, 2014). Similar
to other convective weather hazards (e.g., tornadoes, severe winds), the overall
environments and ingredients that are favorable for heavy rainfall are fairly well
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understood and can be identified sometimes several days in advance, but the detailed
intensity and distribution of rainfall can often be anticipated only hours or minutes prior
to its occurrence.

Although there are fundamental limitations to the ability to predict the details of extreme
precipitation, there are also improvements that are attainable through improved physical
understanding and numerical modeling. The small spatial and temporal scales on which
rainfall occurs and the importance of moist convection argue for numerical weather
prediction models that can explicitly represent convective processes, rather than
estimating them through parameterizations. Furthermore, the limited predictability of the
atmospheric processes important for extreme rainfall suggests that attempts to forecast it
deterministically (i.e., predict a single specific outcome) are unlikely to succeed. Instead,
a probabilistic approach is required, which can, in principle, indicate the likelihood of
different possible outcomes, as well as identifying worst-case and best-case scenarios.
Indeed, convection-allowing numerical models (with horizontal grid spacing of 1-4 km,
which can explicitly represent convective systems if not individual cells) have come into
widespread use in both research and operational forecasting. Furthermore, ensembles of
convection-allowing models, in which numerous forecasts are integrated with the initial
conditions, the model physics, or both, slightly altered, are also becoming an important
tool for predicting heavy rainfall (and other convective weather hazards).

Despite some documented cases for which convection-allowing models degraded the
precipitation forecast (see Gallus, 1999; Zhang et al., 2006), evidence indicates that these
higher-resolution models outperform those with coarser resolution and parameterized
convection (see Davis, Manning, Carbone, Trier, & Tuttle, 2003; Roberts & Lean, 2008;
Schwartz et al., 2009; Weisman, Davis, Wang, Manning, & Klemp, 2008). Furthermore,
convection-allowing ensembles—even with a smaller number of members to mitigate the
greater computational expense of the higher resolution—produce better probabilistic
forecasts of warm-season precipitation than ensembles with parameterized convection
(see Clark, Gallus, Xue, & Kong, 2009; Iyer, Clark, Xue, & Kong, 2016). Following from
these results, and from the greater availability of high-performance computing systems,
the use of convection-allowing ensembles in research and operations has continued to
grow (see Clark et al., 2012; Schwartz, Romine, Sobash, Fossell, & Weisman, 2015;
Tennant, 2015).

As one example, the Houston, Texas, area was affected by two extreme precipitation
events in the spring of 2016, on April 18 and May 26-27. The development and evolution
of the convection in these two events were quite similar, as was the eventual spatial
distribution of rainfall (Figure 8A,C). The performance of the experimental High
Resolution Rapid Refresh (HRRRx) model for these two cases, at similar lead times, was
different, however.? In the April 18, event, the model forecast very closely matched the
observations, with the forecast heaviest rainfall in almost the exact location where it was
observed (Figure 8B), with the timing and evolution of the convection closely resembling
observations as well (not shown). The HRRRx performance in this case represents
essentially the best possible forecast that could be expected of an NWP model today. In
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contrast, for the May 26-27 case, the HRRRx forecast showed several regions with
moderately heavy precipitation, but no explicit forecasts of the extreme amounts (> 350
mm) that were observed (Figure 8C). This is a regular occurrence, by which one modeling
system will perform very well for one event, but then perform poorly for another, even in
the same geographical area. This is one underlying motivation for using a probabilistic
approach for heavy precipitation. Although many case studies have been conducted, few
studies exist of model performance for large numbers of extreme precipitation events, in
part because their rarity requires a long record of output from a consistent model
configuration. Herman and Schumacher (2016) provided one evaluation that includes
several modeling systems, but much more work is required to understand forecast
performance in extreme events.

Some studies have been
i conducted to examine the
performance of ensemble
il e = : 1‘ e prediction systems (with
' o either parameterized or
g[8 7+ iy IR, explicit convection) for
T T Ty - [ extreme rainfall. Thielen et
al. (2009B) evaluated how
much lead time could be
=3 reasonably expected for
; advance warning of floods
vl T T i by using ensembles

coupled with hydrologic
Figure 8. Comparison of HRRRx model forecasts to models. Schumacher and
NCEP Stage IV precipitation analyses for extreme )
rain events near Houston, Texas, on (a, b) April 18 Davis (2010) evaluated
and (c, d) May 26-27, 2016. (a) Stage IV global ensembles to

precipitation analysis (mm) for the 12-h period : ,
ending 1200 UTC April 18, 2016. (b) 0-12-h quantlfy the systems

- gl s, | -

precipitation forecast from the HRRRx model forecast accuracy and
initialized at 0000 UTC April 18, valid for the same representation of forecast
time period. (c) As in (a), except for 12-h period .

ending 0600 UTC May 27, 2016. (d) As in (b), except uncertainty for heavy

for the 0-12-h forecast initialized 1800 UTC May 26. rainfall events in the
HRRRx forecast output provided by Eric James of

United States with diverse
causes (e.g., tropical
cyclones, extratropical
cyclones, etc.). For the cases they studied, they found that forecast skill was highest for
landfalling tropical cyclones, and lowest for warm-season convective episodes. This result
was consistent with the findings of Sukovich et al. (2014), who found that human forecast
skill also improved in months with landfalling tropical cyclones. Evaluations of
convection-allowing models in a similar manner has thus far mainly been in the form of
case studies. Schumacher, Clark, Xue, and Kong (2013) and Dahl and Xue (2016) used a
convection-allowing ensemble forecast system to identify factors that contributed to, and
detracted from, forecast quality in two extreme rainfall events in the southern United

NOAA.
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States, and Luo and Chen (2015) used a similar approach for an event in China. A
recurring theme in the three studies is that the forecast skill at later times is very
sensitive to the representation of deep convection at earlier times in the forecast. In
particular, accurate prediction of the heavy-rain-producing convection was shown to
depend on whether or not convectively generated cold pools from previous convection
were accurately represented. As highlighted in Maddox et al.’s (1979) mesohigh flash
flood type, these boundaries serve as important lifting mechanisms for slow-moving,
heavily raining convective systems.

The current frontier in flood and flash-flood prediction involves coupling atmospheric
observations and models to hydrologic models, such that the runoff, inundation, and so
forth, in flash floods can be explicitly represented. European countries have pioneered
many of these efforts, leveraging the world-leading European Centre for Medium-Range
Weather Forecasts (ECMWF) ensemble prediction system as well as higher-resolution
atmospheric ensembles (see Cloke & Pappenberger, 2009; Golding, Roberts, Leoncini,
Myle, & Swinbank, 2016; Thielen, Bartholmes, Ramos, & de Roo, 2009A; Vincendon,
Ducrocq, Nuissier, & Vié, 2011; Zappa et al., 2008). Coupled atmospheric-hydrologic
prediction systems are now also being deployed operationally in North America (see
Brown, Seo, & Du, 2012; Gourley et al., 2016; Krajewski et al., 2016) as well as in
developing countries (see Hopson & Webster, 2010). Davis (2001) provides a review of
the concepts and challenges underlying these approaches. A promising development is
the release of the WRF-Hydro system (Gochis, Yu, & Yates, 2014), which is a community-
supported hydrologic modeling system and is integrated with the widely used WRF
atmospheric model. Many challenges remain to make these ensemble hydrologic
predictions accurate and useful, however. There are fundamental mismatches in scales
between the atmosphere and the land surface that must be overcome (e.g., even the
highest-resolution atmospheric forecasts have a grid spacing on the order of 1 km, which
is too coarse to adequately represent flooding in small catchments). Furthermore, urban
areas can be particularly prone to flooding, and the representation of urban land use and
the built environment in prediction models remains incomplete. Sufficiently detailed
observations of rainfall are also unavailable in many locations: rain gauges have sparse
coverage, and while radar and satellite rainfall measurements continue to improve, they
also have limitations in accuracy and coverage (see Zhang et al., 2016). Also, considering
the limitations of forecasting heavy precipitation in atmospheric models, new techniques
are required to account for these uncertainties (see Hardy et al., 2016). In the United
States, the Flash Flood and Intense Rainfall Experiment (FFalR, Barthold et al., 2015) has
been established to bring forecasters, researchers, and model developers together each
summer to assess new tools and techniques.

One limitation to current ensemble prediction systems is that they are generally not well
calibrated: they have insufficient ensemble spread (owing to the expense of running a
large number of ensemble members), individual members may have systemic biases, their
forecasts may not be reliable (where reliability can simply be defined by an n% frequency
of occurrence when an n% probability of occurrence is predicted), and so on. These
problems can be amplified for extreme events (such as heavy rainfall), and they present

Page 17 of 42

PRINTED FROM the OXFORD RESEARCH ENCYCLOPEDIA, NATURAL HAZARD SCIENCE (oxfordre.com/
naturalhazardscience). (c) Oxford University Press USA, 2018. All Rights Reserved. Personal use only; commercial use is
strictly prohibited (for details see Privacy Policy and Legal Notice).

date: 13 December 2018



Heavy Rainfall and Flash Flooding

challenges when considering coupling the atmospheric ensemble forecasts to hydrologic
models. To alleviate these problems, postprocessing of the “raw” numerical model output

is required. One straightforward method for postprocessing of convection-allowing
models is to use “neighborhood probabilities” (see Ebert, 2008; Schwartz & Coauthors,
2010) rather than the “raw” fraction of members predicting the precipitation to exceed a
threshold. In the case shown in Figure 9A,B,C, a convection-allowing ensemble very
accurately highlights the region with a potential for heavy precipitation over central
Oklahoma in terms of both raw and neighborhood probabilities. This example
demonstrates a very high-quality probabilistic forecast, but perhaps more representative
of convection-allowing ensembles is the second example (Figure 9D,E), in which the
likelihood of heavy rain is highlighted, but the highest probabilities are displaced from
the observed location, which may result from a combination of the limitations given

above.

_

Figure 9. Two examples of convection-allowing
ensemble forecasts for extreme rain events. (a)
Probability of exceeding 2" (approx. 50 mm) of rain
in the 6-h period ending 1800 UTC June 14, 2010,
from the Storm-Scale Ensemble Forecast (SSEF;
Clark et al., 2012) initialized at 0000 UTC June 14
(i.e., the 12-18-h forecast). (b) Same as (a), except
for the neighborhood probability, using a 40-km
radius. (c) Precipitation analysis showing only values
exceeding 2". This precipitation resulted in a flash
flood in Oklahoma City (for more details, see Dahl &
Xue, 2016). (d) Neighborhood probability of
exceeding 2" of rain in the 12 h ending April 18,
2016, from the NCAR convection-allowing ensemble
(Schwartz et al., 2015) initialized at 0000 UTC April
18 (i.e., the 0-12-h forecast). (e) Same as Figure 8B,
except showing a larger region and only values
exceeding 50 mm. Panels (a-c) obtained from http://
hwt.nssl.noaa.gov/Spring 2010/; panel (d) obtained
from http://ensemble.ucar.edu.

Another method to
improve the calibration of
ensembles and reduce
their biases is
“reforecasts,” in which a
static model configuration
is run over a long
historical period of time.
This allows for the error
statistics of the modeling
system to be quantified,
and then potentially
corrected in real-time
forecasts. This approach
has been pioneered by
Hamill and colleagues
(Hamill et al., 2013;
Hamill, Whitaker, &
Mullen, 2006; Hamill,
Whitaker, & Wei, 2004),
and the method has been
shown to yield significant
improvements in forecast
skill and reliability above
using the raw output of the

same model (see Hamill, 2012; Hamill, Hagedorn, & Whitaker, 2008), including for heavy
precipitation. However, existing reforecast datasets have been developed at only coarse
spatial resolution, and to date there have been no systematic efforts to create reforecast
datasets at convection-allowing resolution, owing to the high computational cost of the
runs. Methods for calibration and postprocessing of convection-allowing models are
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beginning to emerge (see Gagne, McGovern, & Xue, 2014; Marsh et al., 2012) and are an
active and important area of ongoing research, especially as they pertain to extreme
precipitation.

Finally, amid the rapid development of new models and other forecast tools, and the
proliferation of real-time, high-resolution ensemble systems, relatively little research has
been done into how these tools may be understood or used by human forecasters or other
users of forecast information, including the public. A few studies have examined
forecasters’ perceptions of convection-allowing ensembles (Barthold et al., 2015; Clark et
al., 2012; Evans, Van Dyke, & Lericos, 2014), and some studies have explored how people
understand the concept of “probability of precipitation” (Joslyn, Nadav-Greenberg, &
Nichols, 2009; Morss, Demuth, & Lazo, 2008; Stewart et al., 2016). One relevant topic
that has received some attention is how users understand and use forecast uncertainty
information for unusual events (see Frick & Hegg, 2011; Joslyn & Savelli, 2010; Morss,
Lazo, & Demuth, 2010) and similarly, how people perceive the risk of flooding in flood-
prone areas (see Lazrus, Morss, Demuth, Lazo, & Bostrom, 2016; Lutoff, Creutin, Ruin, &
Borga, 2016). It is clear that much remains to be learned on this topic, as well as
numerous other topics, including optimizing the “human-computer mix” when predicting
extreme events and communicating precipitation and flood hazards to various
populations.

Broader Impacts of Extreme Rainfall and Flash Floods

Closely linked with the goal of enhancing the coupling between meteorology and
hydrology to improve predictions is the goal of enhancing the coupling between these
disciplines and many others to improve the overall understanding of how flash floods
impact society. Floods can have long-term effects on people, economies, infrastructure,
and ecosystems: Jonkman (2005) concluded that “a comparison with figures for other
types of natural disasters shows that floods are the most significant disaster type in terms
of the number of persons affected.” Yet the analysis of floods often considers only a
portion of the effects, rather than considering them in an integrated manner.

One of the deadliest floods in U.S. history, the Big Thompson Canyon, Colorado, flood of
1976, led to pioneering work (Gruntfest, 1977) on whether and how people received flood
warnings, what decisions they made during the flood, and ultimately whether they
survived the event. Gruntfest (1977) found that people driving alone in the Big Thompson
Canyon were at the greatest risk, and subsequent research has confirmed that a large
fraction of flood fatalities occur when people are in vehicles: for example, Ashley and
Ashley (2008) found that over 60% of U.S. flood fatalities occurred in vehicles. This
happens for numerous reasons: vehicles can be washed away by a relatively small amount
of floodwater, people driving may not have access to current warning information (see
Hayden et al., 2007), and people may underestimate the risk associated with driving
across flooded roads (see Becker et al., 2015). In the United States, Kellar and Schmidlin
(2012) found that vehicle-related flood deaths occurred most frequently in particular
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flood-prone regions of the country. Recent research has thus focused on better
understanding the factors that increase vulnerabilty to flooding while driving, and
potentially how to mitigate that risk (Debionne, Ruin, Shabou, Lutoff, & Creutin, 2016;
Drobot, Benight, & Gruntfest, 2007; Ruin, Gaillard, & Lutoff, 2007).

Numerous approaches have been established with the goal of better integrating the
broad impacts of floods into research. Some of the approaches have involved building
networks of interdisciplinary researchers and practitioners with interests in studying
floods from multiple perspectives (Demuth, Gruntfest, Morss, Drobot, & Lazo, 2007; Ruin
et al., 2012; Schumacher, 2016). Ruin et al. (2014) proposed a research methodology for
studying floods that incorporates information from hydrometeorology, transportation, and
the behavioral sciences. They employed this method after a flood in France and found
that people’s situational context is very important in determining how they are affected
by the flood, echoing the results of Gruntfest (1977). With the populations of large cities
increasing, and with many cities being highly flood-prone, the factors that contribute to
vulnerability from urban floods are important to quantify but are not yet well understood
(National Research Council, 2010; Wilhelmi & Morss, 2013). The study of “socio-hydro-
meteorology” (a term coined by E. Gruntfest) remains an important frontier in pursuit of
the goal of reducing fatalities and damage from flooding.

Sources and Uncertainties in Atmospheric Water Vapor

From a meteorological perspective, one of the primary sources of uncertainty in
numerical model forecasts of extreme precipitation is the distribution of water vapor in
the atmosphere. Moist air is a prerequisite for heavy rainfall (Doswell et al., 1996), and
although moisture is well measured at the surface and in a column-integrated sense, the
vertical structure of moisture is not. Fabry and Sun (2010) showed that mesoscale model
forecasts are particularly sensitive to mid-level moisture errors, and several studies have
demonstrated that the structure, evolution, and precipitation production of convective
storms can be altered as a result of small moisture perturbations (Alfaro & Khairoutdinov,
2015; Bretherton, Peters, & Back, 2004; McCaul, Cohen, & Kirkpatrick, 2005;
Schumacher, 2015; Takemi, 2010). Several studies have found that large local anomalies
(deviations from the local climatology) in PW often precede extreme precipitation events,
although they are by no means a sufficient condition for occurrence (e.g., Hart & Grumm,
2001; Junker et al., 2008; Schroeder, Basara, Shepherd, & Nelson, 2016A). Thus, an
important line of research has focused on understanding, and anticipating, the sources of
anomalously abundant atmospheric moisture.

The most mature line of research on this topic has focused on “atmospheric rivers:”
narrow corridors of increased water vapor that transport moisture from the tropics into
middle and high latitudes. This concept was first introduced by Zhu and Newell (1998).
Atmospheric rivers that form over the Pacific Ocean and affect the West Coast of North
America have been studied most extensively (see Lackmann & Gyakum, 1999; Neiman,
Schick, Ralph, Hughes, & Wick, 2011; Ralph et al., 2006; Ralph & Dettinger, 2011; Ralph,
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Neiman, Kiladis, Weickmann, & Reynolds, 2011), although they have also been shown to
have connections to heavy rainfall in the southeast United States (see Mahoney et al.,
2016; Moore et al., 2012) and in Europe (see Lavers, Villarini, Allan, Wood, & Wade, 2012;
Stohl, Forster, & Sodemann, 2008). The physical processes responsible for the formation
of, and water vapor transport in, atmospheric rivers remain a subject of debate:
particularly the misunderstanding that they represent a direct transport of moisture from
the tropics (see Cordeira, Ralph, & Moore, 2013; Dacre, Clark, Martinez-Alvarado, &
Stringer, 2015). Nonetheless, the evidence connecting atmospheric rivers to heavy
precipitation and flooding is unquestionable, and their spatial and temporal coherence
represent a situation where there can be relatively high predictive accuracy for the
associated precipitation and flooding (see Cordeira et al., 2016; Junker et al., 2008;
Lavers, Waliser, Ralph, & Dettinger, 2016).

Another phenomenon that is distinct from, but related to, atmospheric rivers, is the
“predecessor rain event” (PRE) that can occur ahead of a recurving tropical cyclone. In
PREs (Galarneau, Bosart, & Schumacher, 2010; Schumacher, Galarneau, & Bosart, 2011),
tropical moisture is advected poleward of a tropical cyclone and is lifted along an
extratropical baroclinic zone. The atmospheric conditions in which the PREs occur are
often already favorable for the development of a heavy-rain-producing convective system
[many correspond to Maddox et al.’s (1979) frontal flash flood], and the deep tropical
moisture serves to increase the rainfall rates and accumulations within the MCS (see
Moore, Bosart, Keyser, & Jurewicz, 2013; Schumacher et al., 2011; Schumacher &
Galarneau, 2012). With PREs that have affected the U.S. Midwest, the rainfall has often
resulted in significant flooding (Rowe & Villarini, 2013). PREs are also an important
producer of extreme precipitation in East Asia, in association with west Pacific typhoons
(see Byun & Lee, 2012; Meng & Zhang, 2012).

The aforementioned phenomena implicate moisture originating from oceans as a primary
source for heavy precipitation, but land surfaces can also play a crucial role in supplying
moisture for rainfall over continents. Feedbacks between rainfall and surface fluxes—
known as moisture recycling—are important moisture sources, especially over geographic
regions where air parcels originating over oceans must travel a long distance to reach the
regions of frequent convection, such as North and South America (Dirmeyer & Kinter,
2010; Dirmeyer, Schlosser, & Brubaker, 2009; van der Ent & Savenije, 2011). Milrad et al.
(2015) suggest that moisture recycled from the land surface, rather than moisture
transported from a distant ocean, was the most important source of moisture in the June
2013 Alberta rain and flood event. Methods have been developed in numerical models to
“tag” water vapor sources, which can be used to identify the moist important moisture
sources to extreme rain events in different regions (see Piaget et al., 2015; Sodemann,
Wernli, & Schweirz, 2009).

Regardless of the initial source of moisture, it is clear that more observations of the
horizontal and vertical structure of water vapor are needed for improved predictions of
heavy precipitation, and that those observations must be appropriately assimilated into
numerical weather prediction models. There are several promising methods for collecting
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water vapor profiles at high vertical and temporal resolution, including differential
absorption lidar (DIAL; Spuler et al., 2015) and atmospheric emitted radiance
interferometer (AERI; Turner & Lohnert, 2014), although horizontally dense
measurements may be more challenging to routinely collect.

Role of Supercells and Mesovortices in Extreme Rainfall

Although a wide variety of storm types can lead to extreme precipitation, some of the
most extreme short-term rainfall rates and accumulations occur when the convection
occurs in the presence of rotation: either in pre-existing mesoscale convective vortices
(MCVs; Bartels & Maddox, 1991), or in supercell thunderstorms (defined by their rotating
updrafts; Lemon & Doswell, 1979). Schumacher and Johnson (2009) synthesized the
conditions associated with MCV-related extreme rainfall that had previously been
documented in numerous case studies (see Bosart & Sanders, 1981; Fritsch, Murphy, &
Kain, 1994; Schumacher & Johnson, 2008; Trier & Davis, 2002). In the central United
States, where the nocturnal LL] often approaches MCVs that were produced by
convection on the previous day, the environment can favor very slow-moving, heavily
raining convection. High relative humidity is concentrated near the vortex center, and
ascent is favored on the upwind side of the vortex, such that cells repeatedly form there
and move eastward, resulting in near-zero overall system motion, as illustrated in Figures
6 and 7. Feedbacks can occur on multiple scales that support further heavy rainfall: latent
heating in convection produces potential vorticity (PV) anomalies, which can reinforce an
MCV and even allow it to persist across multiple diurnal cycles (see Raymond & Jiang,
1990; Trier, Davis, & Tuttle, 2000). Latent heating can also enhance the strength of low-
level jets, transporting additional moisture into the convective system (Lackmann, 2002;
Morales, Schumacher, & Kreidenweis, 2015). Similar processes can also occur in the
outer rainbands of tropical cyclones and produce extreme rainfall (Wang et al., 2015).

Supercell thunderstorms occur on a smaller spatial scale than MCVs or MCSs, but they
can sometimes produce extremely large local rainfall accumulations. Smith et al. (2001)
analyzed several cases in which supercells produced short-term rain rates exceeding 200
mm/h. Although the environments in which supercells form can be detrimental to extreme
rainfall (e.g., they often have layers of dry air aloft, and their strong updrafts can favor
the production of hail at the expense of rain), because supercell updrafts can be strong,
large in area, and long lived, they can condense and precipitate large amounts of water
vapor despite the precipitation efficiency being relatively low, especially in “high-
precipitation” or “HP” supercells (i.e., wq is so large that it can make up for small E;
Doswell et al., 1996; Moller, Doswell, Foster, & Woodall, 1994; Smith et al., 2001). The
strong dynamic (as opposed to buoyant) forcing for low-level updrafts in supercells may
also support extreme rainfall production, although less is understood about the
importance of this process. Extreme rainfall from supercells is a topic that warrants
further research, especially considering that these situations can present hazards from
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both tornadoes and flash floods, which require very different protective actions (National
Weather Service, 2014; Nielsen, Herman, Tournay, Peters, & Schumacher, 2015).

Cloud Microphysical Processes in Exceptionally Heavy Rainfall

Storm types and environmental conditions support extreme precipitation, yet heavy
rainfall production is fundamentally a result of microphysical processes that occur within
convective clouds. All else being equal, high rain rates are favored when warm-rain
processes (i.e., rain produced solely by the condensation and accretion of water, with no
ice processes) are dominant in a convective storm. These processes, in turn, are favored
when there is a deep layer of cloud below the freezing level (Davis, 2001). When observed
by radar, storms of this type have what is referred to as a “low-echo centroid” (Caracena
et al., 1979; Ryan & Vitale, 2008), as the highest values of radar reflectivity are located
below the freezing level. Low-echo centroids have been identified in numerous instances
of extreme precipitation and flash flooding and are illustrative of high precipitation
efficiency. In a global survey of space-borne observations, Hamada and colleagues
(Hamada, Takayabu, Liu, & Zipser, 2015) found that the heaviest rainstorms were
generally not those that had the most intense convection, and recent results from the
Convective Precipitation Experiment (COPE) in the United Kingdom indicated that very
heavy precipitation can result from solely warm-rain processes even at high latitudes
(Leon et al., 2016).

Nonetheless, storms that produce a large quantity of ice hydrometeors—including
supercells—are also observed to produce extreme rainfall at the surface, and even in
storms in which warm-rain processes are key to the rainfall production, ice processes can
play an important role (Friedrich, Kalina, Aikins, Gochis, & Rasmussen, 2016; Gochis et
al., 2015). There remain many open questions and uncertainties regarding the
microphysical processes at work in very heavy rainfall, both in terms of fundamental
understanding and when trying to include what is known into numerical models. The
influences of atmospheric aerosol on the production of heavy precipitation are also poorly
understood. Some studies have worked to quantify the precipitation efficiency in heavy
rainstorms (Market, Allen, Scofield, Kuligowski, & Gruber, 2003; McCaul et al., 2005), but
predicting this quantity remains challenging. To summarize: in addition to improving
understanding and prediction of the mesoscale conditions and storm types that are
associated with heavy precipitation, greater understanding of the cloud and precipitation
microphysics at work in these storms is also required.

Climate Change and Its Possible Influences on Heavy Rainfall

Anthropogenic climate change, and its influences on weather, has been one of the
foremost research topics of the last few decades, and a full assessment of climate-change
influences on precipitation is well beyond the scope of this article. However, a brief
description of some of the lines of inquiry related to extreme precipitation is
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appropriate.® All else being equal, a warmer planet will have more atmospheric water
vapor: the Clausius-Clapeyron relation states that saturation vapor pressure increases
with increasing temperature, so if relative humidity remains approximately constant,
water vapor will increase by approximately 6% to 7% per 2C of warming. Then, because
water vapor is one of the key ingredients for heavy rainfall, one might expect that
precipitation will also increase. Although the mean global precipitation is constrained by
the global radiation balance, and will not increase at such a high rate (instead, on the
order of 2% to 3%; Allen & Ingram, 2002; Allan & Soden, 2008; Pall, Allen, & Stone,
2007), any given precipitation system is influenced by the nearby water vapor content
rather than by the radiative constraints. Thus, the expectation is that heavy rainfall will
contribute more to the climatology of precipitation than it has in the past: the total
rainfall should increase modestly, but the ability of the atmosphere to produce heavy
rainfall will be greater.

In some parts of the world, this has been shown to be true, at least in a broad sense. For
example, Groisman, Knight, and Karl (2012) found increases in the frequency of heavy,
very heavy, and extreme precipitation in the central United States from 1979 to 2009, but
no changes in moderately heavy rainfall events. However, attribution of the changes to
global climate change is difficult, as many of the regions seeing the changes also
underwent major land-use changes (e.g., changes in agricultural activity) over the same
time period. Westra, Alexander, and Zweirs (2013) analyzed global data and found that
locally extreme precipitation had increased from 1990 to 2009 at a rate between 5.9%
and 7.7% per 2C of warming, although this rate varied substantially with latitude.

How the theoretical and observed changes may translate to future changes in extreme
precipitation remains uncertain, however, and is a very active area of research. For the
same reasons that precipitation is a particularly difficult quantity to predict in NWP
models (e.g., model resolution, challenges of parameterizing convection, and
microphysics), it is also difficult to accurately represent in climate models. How the
characteristics of large-scale forcing for ascent, and of convective dynamics, will change
in different regions is also uncertain. Various approaches have been employed to run
convection-allowing models to examine future changes in extreme precipitation, including
“pseudo-global-warming” simulations of observed events (Lackmann, 2013), dynamical
downscaling for a particular region (Mahoney et al., 2013), and long integrations of
convection-permitting regional models forced by global climate models (Ban, Schmidli, &
Schar, 2015; Rajczak, Pall, & Schar, 2013). Westra et al. (2014) review the results of
climate simulations from both coarse-resolution climate models and convection-allowing
models, which suggest increases in heavy precipitation in most regions, but much
additional research is needed to achieve robust future projections. As it becomes more
feasible to run climate simulations at convection-allowing resolutions, the confidence in
these projections should increase.
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Conclusion

Although many advances have been made in the understanding and prediction of extreme
precipitation and flash floods, they remain among the deadliest and most destructive
natural hazards globally. Some of the aspects of extreme precipitation that are well
established, and applicable in most regions, include:

* The ingredients for large rainfall rates include moist air, upward motion (typically in
the form of deep convection), and efficient precipitation processes. When these
ingredients are maintained for a long period of time over a given area, large rainfall
accumulations result.

e A wide variety of storm types can produce extreme precipitation, including tropical
cyclones, extratropical cyclones, supercell thunderstorms, and mesoscale convective
systems. Some regions are at risk from all of these storm types, whereas in other
regions, only one or two storm types frequently produce heavy rain.

e When mesoscale convective systems become organized so that deep convective cells
repeatedly pass over a given area, they often produce extreme rainfall accumulations.

e Human and numerical model forecasts of heavy precipitation have improved over
time, but still have little skill, especially when the rain is produced by warm-season
convection.

Research has begun to address many of the remaining gaps in understanding and
prediction, which include:

e Understanding the predictability of extreme precipitation in different regions and
large-scale atmospheric flow patterns.

e Improving precipitation prediction through increased understanding, enhanced
observations, and improved numerical models.

e Coupling atmospheric and hydrologic predictions to produce forecasts of flooding,
including quantification of uncertainty.

e Understanding how people receive and perceive flood information, and analyzing the
wide-ranging impacts of floods on society.

¢ Observing the four-dimensional distribution of atmospheric water vapor, and its role
in leading to extreme precipitation.

* Diagnosing and quantifying feedbacks between cloud microphysical processes and
atmospheric dynamics in heavily raining convection.

e Understanding and projecting how changes to the global climate system may affect
the frequency and magnitude of extreme rainfall and flooding.
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Achieving adequate progress in all of these areas will require not only basic research, but
interdisciplinary research collaborations and collaborations between researchers,
practitioners, emergency managers, and the public.
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Notes:

(1.) The atmospheric “mesoscale” represents intermediate scales of motion: larger than
microscale processes, such as turbulence and thermals, and smaller than synoptic-scale
processes, such as extratropical cyclones. See Markowski and Richardson (2010) for
detailed definitions of the mesoscale.

(2.) This statement is attributed to C. F. Chappell, and is sometimes referred to as the
“first law of quantitative precipitation forecasting.”

(3.) The low percentage for tropical cyclones is somewhat misleading, because a single
landfalling tropical cyclone usually produces extreme rainfall over a much larger area
than a single MCS. See Rogers et al. (2009) for an overview of rainfall from tropical
cyclones.

(4.) The HRRR model was made operational in the United States in February 2014, and is
considered the state-of-the-art prediction system for short-term forecasts of convection.
The HRRRx is the experimental version that was being prepared for operational
deployment in August 2016.

(5.) For a more thorough treatment of the influences of climate change on extreme

weather, see Kunkel et al. (2013) and National Research Council (2016).
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