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ABSTRACT

The structure and evolution of flash flood—producing storms over a small urban watershed in the mid-
Atlantic United States with a prototypical flash flood response is examined. Lagrangian storm properties
are investigated through analyses of the 32 storms that produced the largest peak discharges in Moores
Run between January 2000 and May 2014. The Thunderstorm Identification, Tracking, Analysis, and
Nowecasting (TITAN) algorithm is used to track storm characteristics over their life cycle with a focus on
storm size, movement, intensity, and location. First, the 13 June 2003 and 1 June 2006 storms, which
produced the two largest peak discharges for the study period, are analyzed. Heavy rainfall for the
13 June 2003 and 1 June 2006 storms were caused by a collapsing thunderstorm cell and a slow-moving,
low-echo centroid storm. Analyses of the 32 storms show that collapsing storm cells play an important
role in peak rainfall rate production and flash flooding. Storm motion is predominantly southwest-to-
northeast, and approximately half of the storms exhibited some linear organization. Mean storm total
rainfall for the 32 storms displayed an asymmetric distribution around Moores Run, with sharply de-
creasing gradients southwest of the watershed (upwind and into the city) and increased rainfall to the
northeast (downwind and away from the city). Results indicate urban modification of rainfall in flash
flood—producing storms. There was no evidence that the storms split around Baltimore. Flood-producing
rainfall was highly concentrated in time; on average, approximately 21% of the storm total rainfall fell
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within 15 min.

1. Introduction

Flash flooding in urban watersheds causes fatalities
(Mooney 1983; Ashley and Ashley 2008), damages
(Ogden et al. 2000), and degradation of stream channel
health (Booth 1990; Paul and Meyer 2001). These im-
pacts can be mitigated through better flash flood fore-
casting and urban storm water infrastructure design,
which is often based on design storm calculations. In this
study, we seek to characterize storms that cause flash
flooding in a prototypical flash flood—prone urban wa-
tershed on the U.S. East Coast.

Small urbanized watersheds flood in response to
short-term, high-intensity rainfall (Morin et al. 2001;
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Berne et al. 2004; Wright et al. 2012; Smith et al. 2013).
Thunderstorm systems are responsible for more than
half of flash floods in U.S. urban watersheds east of the
Rocky Mountains (Smith and Smith 2015). Previous
studies examined flash flood—producing storms from
a large-scale perspective. Maddox et al. (1979) investi-
gated the synoptic- and meso-a-scale conditions leading
to flash flood—producing storms across the contiguous
United States. Therein they identified common features
including association with convective storms, repeated
formation of convective cells in the same area, and
storm occurrence during nighttime hours. Characteristics
identified by Maddox et al. (1979) were investigated
on a storm basis for many flood events in the central
and eastern United States (Pontrelli et al. 1999;
Schumacher and Johnson 2008; Schwartz et al. 1990;
Elsner et al. 1989). The organization of flash flood-
producing storms has been found to vary nationally,
with mesoscale convective systems producing up to 65%
of heavy precipitation events east of the Rocky Moun-
tains (Schumacher and Johnson 2005). In the Northeast,
scattered, cellular modes of convection are more com-
mon (Jessup and Colucci 2012).
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FI1G. 1. Study area map with elevation. Moores Run is repre-
sented in black, and Baltimore is outlined in yellow. The KLWX
radar at Sterling, VA, is represented by a green star. The red box
outlines the extent used for TITAN analyses. Chesapeake Bay is
colored blue for clarity.

We investigate flash flood—producing storms in a
prototypical flashy urban watershed in the mid-Atlantic
United States. Moores Run is a small (9.1km?) urban
watershed in Baltimore, Maryland, that has a charac-
teristic flood response time of approximately 15min
(Smith et al. 2005, 2013). Moores Run displays the
quintessential flash flood response for a small urban
watershed by rapidly concentrating runoff in large storm
drains (Smith et al. 2005).

A Lagrangian perspective is used to examine storm
structure and evolution as storms pass over Moores Run.
This Lagrangian storm-tracking perspective has been
used for a number of studies of heavy precipitation
(Tapia et al. 1998; Niyogi et al. 2011; Thorndahl et al.
2014), particularly to objectively examine large storm
samples (Javier et al. 2007; Peleg and Morin 2012;
Yeung et al. 2015). Automated storm tracking can result
in some errors in identifying storm cell evolution and
splitting/merging (e.g., Lakshmanan and Smith 2010);
however, it also allows for objectively processing large
storm samples in ways that would not be possible
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otherwise. The Thunderstorm Identification, Tracking,
Analysis, and Nowcasting (TITAN) algorithms are used
to follow the flash flood—producing storms in time using
3D volume scan reflectivity (Dixon and Wiener 1993).
TITAN has been used to examine Lagrangian storm
properties in the New York-New Jersey urban envi-
ronment (Yeung et al. 2015).

Previous studies have examined aspects of the
rainfall climatology and storm evolution for the Bal-
timore metropolitan region. Ntelekos et al. (2007)
examined the life cycle of flash flood—producing
thunderstorms and identified pronounced seasonal
and diurnal cycles to flash flood—producing thunder-
storm occurrence, with peaks in the warm season and
evening (2100-2200 UTC). Heavy rainfall for the
13 June 2003 flash flood event in Moores Run was
found to be caused by collapse of a convective storm
cell over the Moores Run watershed (Smith et al.
2005).

Other studies have focused on urban modification of
rainfall in the Baltimore region. Urban areas can cause
downwind rainfall maxima, as a result of urban heat is-
land effects, increased surface roughness, and urban
aerosols (Shepherd 2005). A 10-yr, bias-corrected radar
rainfall dataset was developed using the Hydro-
NEXRAD system and a collection of rain gauges to
investigate rainfall climatology in the Baltimore area
(Smith et al. 2012). Minima in warm season rainfall were
observed in the Maryland Piedmont region and west of
Baltimore. Pronounced maxima in warm season rainfall
were observed northeast of Baltimore. Atmospheric
modeling studies have interpreted the regional clima-
tology of extreme rainfall and urban modification of
rainfall (Ntelekos et al. 2008; Li et al. 2013; Ryu et al.
2016). Moores Run is located in the northeast (down-
wind) corner of Baltimore and experiences slightly
higher short-term rainfall rates than other similarly sized
watersheds in the region, likely as a result of its location
(Smith et al. 2013). Some studies outside of the Balti-
more region have suggested that thunderstorms may
also bifurcate around cities (Bornstein and Lin 2000;
Niyogi et al. 2011).

TABLE 1. TITAN parameters.

Parameter Definition Track type®
Total area Area of entire storm Complex track
Speed Storm speed Averaged value of all simple tracks in complex track
Direction Direction of storm cell motion Representative simple track
Max reflectivity Largest reflectivity value in storm cell Extended simple track
Eco top Tallest height of 45 dBZ threshold Extended simple track

Max reflectivity height Height of max reflectivity value

Extended simple track

? Representative simple track is the track with the largest area at each time step, and extended simple track is the dominant simple track at

each time that extends from the flood-producing simple track.
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TABLE 2. Top 32 discharge peaks in Moores Run from January 2000 to May 2014. Asterisks indicate where values are estimated.

Peak rank  Peak time (EST) Date Peak discharge (m ’1) Max 15-min rain rate (mm h") Storm total rainfall (mm)
1 1924* 13 Jun 2003 124.0 131 47
2 1918 1 Jun 2006 114.6 66 59
3 2103 10 Jun 2013 103.4 104 106
4 2218 12 Aug 2010 95.1 78 154
5 1621 16 Nov 2006 83.0 48 66
6 1310 30 Sep 2010 69.9 39 144
7 0144%* 3 Aug 2002 69.4 100 72
8 2238 2 Jun 2006 68.2 38 48
9 0442 23 Sep 2003 66.9 36 60

10 2353 7 Sep 2011 66.8 67 57
11 2255 29 Jun 2012 61.7 113 59
12 0959 14 Aug 2011 59.7 52 39
13 2323 5 Jul 2006 58.9 93 147
14 1545 13 Jun 2013 56.4 47 30
15 2106 6 Jul 2003 56.3 62 38
16 1454 30 Apr 2014 53.8 44 148
17 1336 21 Aug 2011 53.0 31 29
18 1433 23 Sep 2011 53.0 54 132
19 1531 17 May 2004 52.8 32 16
20 1342 13 Aug 2011 52.7 51 39
21 1251 7 Sep 2011 524 44 115
22 2102 1 Jul 2009 50.2 45 35
23 2044 27 Jul 2004 49.7 80 106
24 2036 23 Jul 2008 47.8 66 47
25 1509 19 Jul 2011 46.2 35 21
26 1447 27 Sep 2008 45.6 51 97
27 0152 7 Jul 2008 44.6 89 55
28 2149 27 Jun 2006 442 37 157
29 1646 12 Jun 2003 422 75 64
30 2121 16 Jul 2005 40.8 30 43
31 1900 25 May 2004 40.5 39 19
32 1701 22 Jul 2006 40.2 54 24

Our analyses of flash flood—producing storm proper-
ties in Moores Run are designed to provide a better
understanding of rainfall processes that cause flash
flooding in urban areas. We use a collection of 32 storm
events to determine the characteristic properties of
storm structure and evolution for flash floods in small
urban watersheds in the mid-Atlantic United States.

2. Study area, data, and methodology

Moores Run is a 9.1km? urban watershed in Balti-
more, Maryland (94 % in the city of Baltimore and 6% in
Baltimore County; see Fig. 1). Runoff in Moores Run is
rapidly concentrated in storm drains, resulting in re-
sponse times between the rainfall volume centroid and
peak discharge as short as 15min (Smith et al. 2005).
Moores Run floods in response to intense short-term
(15-60 min) rain rates (Smith et al. 2013). We focus on
Moores Run because of its rapid hydrologic response.
Moores Run is one of the flashiest watersheds in the
country (Smith and Smith 2015) and is chosen for its

prototypical urban flash flooding. Much work has been
done to investigate the hydrologic properties of Moores
Run (Smith et al. 2005; Nelson et al. 2006; Meierdiercks
et al. 2010; Bhaskar and Welty 2012; Smith et al. 2013;
Schwartz and Smith 2014) as well as the rainfall clima-
tology and storm evolution for the area (Ntelekos et al.
2007, 2008; Smith et al. 2012, 2013).

This study is based on analyses of the largest 32 dis-
charge peaks in Moores Run from January 2000 through
May 2014. Moores Run streamflow data, with a 1-min
time resolution, were obtained from the U.S. Geological
Survey (USGS) Instantaneous Data Archive (pre-
October 2007, http://ida.water.usgs.gov/ida/) and the
USGS Instantaneous Values Service (post-October
2007, http://waterservices.usgs.gov/rest/IV-Test-Tool.html).
Instantaneous streamflow data were updated using cor-
rected stage—discharge relationships. Discharge peaks were
calculated as local maxima in instantaneous streamflow
separated by at least 6h. Missing discharge peaks were
supplemented with USGS annual peak data. One discharge
peak was excluded because of missing radar rainfall data,
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FI1G. 2. Storm-averaged rainfall map (contours; mm) for all 32
storm events. Moores Run is outlined in black, Baltimore is out-
lined in gray, and Chesapeake Bay is colored blue for clarity.

the 19 July 2012 flood with the sixteenth-largest discharge
peak (55m’s™ ).

The Hydro-NEXRAD system (Smith et al. 2012;
Krajewski et al. 2011) was used to develop 1km?
rainfall fields from the Sterling, Virginia, WSR-88D
radar reflectivity fields. Radar rainfall fields were bias
corrected with rain gauge data. For storms through
December 2009, multiplicative bias values were de-
veloped through a diverse network of rain gauges (see
Smith et al. 2012) and for storms after January 2010,
Community Collaborative Rain, Hail, and Snow Net-
work (CoCoRaHS) rain gauges (http://www.cocorahs.
org) were used for bias correction (as in Smith et al.
2015). Basin-averaged rain rates at a 15-min time res-
olution were derived from the bias-corrected radar
rainfall fields.

Storm tracking was performed using the TITAN
system with 3D radar reflectivity fields (Dixon and
Wiener 1993). The TITAN domain is shown in Fig. 1
and covers the range of the KLWX WSR-88D radar in
Sterling, Virginia. TITAN identifies storm cells that
exceed a specified threshold in reflectivity over a con-
tiguous specified volume threshold. A centroid track-
ing algorithm (Austin and Bellon 1982) is optimized to
track these storm cells between successive radar scans.
Storm cells can merge or split in time, creating simple
and complex tracks. Simple storm tracks represent
storm cells during a period of time during which they
do not split or merge with other storm cells. Complex
storm tracks represent all storm cells that split or merge
with each other at some point in the TITAN domain
and specified time period. In this study complex storm
tracks may consist of a single simple track or multiple
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FIG. 3. Histogram of flood peak seasonality.

simple tracks. TITAN records a number of storm at-
tributes through time for each simple track, including
area, speed, direction, maximum reflectivity, echo-top
height, and maximum reflectivity height (Table 1). For
this study, storm identification thresholds of 45dBZ
and 50 km? were set. These thresholds help to identify
convective storm elements and exclude stratiform
precipitation [for threshold guidelines, see Dixon and
Wiener (1993), and for use of other thresholds, see
Javier et al. (2007)].

To interpret storm-tracking results, the flood-
producing storm cell was identified manually through
visual inspection of 3D reflectivity fields with the
tracked storm elements. The simple and complex track
numbers as well as the time at which the storm cell hit

Number of floods
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FIG. 4. Histogram of hour of day for flood peak discharge.
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Vertical Cross-

FIG. 5. Radar map and vertical cross section for the 13 Jun 2003 storm at 2354 UTC 13 Jun
2003. Moores Run is in white and Baltimore is outlined in yellow. The red dashed line shows the

location of the vertical cross section.

Moores Run were recorded. The storm cell was assumed
to hit Moores Run when the boundaries of the storm cell
were most directly over the watershed. This generally
occurred 15-30 min before the flood peak discharge. For
time series analyses, the time the storm cell reaches
Moores Run was set as time 0 to allow for comparison of
storm evolution across flash flood events. To analyze
storm structure and evolution, several approaches were
used to compute time series for different storm attri-
butes (Table 1).

3. Results and discussion
a. Storm discharge and rainfall

The 32 storm events with the highest peak discharges
from January 2000 to May 2014 have peak discharge
values ranging from 40 to 124m>s ™! (Table 2). The max-
imum 15-min rain rate for these storm events ranges from
30 to 131 mmh . Large peak discharge values do not di-
rectly correspond to large values of maximum 15-min rain
rate. The Pearson correlation coefficient between peak
discharge and maximum 15-min rain rate is 0.52.

The map of the storm-averaged rainfall for the 30
storm events shows an asymmetric distribution of rainfall

concentrated around the Moores Run watershed (Fig. 2).
The spatial concentration of rainfall highlights the lo-
calized, intense rainfall that causes flash flooding in
Moores Run. A similar analysis of flash flood—producing
rainfall in a nonurban Baltimore County watershed ex-
hibits much smoother rainfall contours, suggesting that
urban watersheds are particularly prone to flooding from
intense, spatially concentrated rainfall (Smith et al.
2013). There are sharp gradients in rainfall around the
local maximum in Moores Run, especially to the south-
west (upwind and into the city), which exhibits a decrease
of approximately 1.8mmkm ™' between the maximum
rainfall contour of 65mm and the 55-mm contour.
Northeast (downwind) of Moores Run, rainfall gradients
are approximately 0.6mmkm ™! for the storm total
rainfall between the maximum rainfall contour of 65 mm
and the 55-mm contour. The extensive region of elevated
rainfall to the northeast of Moores Run and Baltimore
corresponds to the observed downwind rainfall maxima
in the Baltimore area (Smith et al. 2012). This element of
the regional rainfall climatology has been linked to the
interacting effects of the urban heat island circulation
and the bay breeze circulation (see Ryu et al. 2016).
The average storm total rainfall over Moores Run is
71 mm, while the average maximum 15-min accumulation
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FIG. 6. As in Fig. 5, but for the 13 Jun 2003 storm at 0004 UTC 14 Jun 2003.

is 15 mm, suggesting that 21 % of the storm rainfall tends
to come in the most intense 15min of rainfall. On
average for the 32 storm events, 21 % of the storm total
rainfall falls within 15min, 34% falls within 30 min,
and 48% falls within 1h. The rainfall that causes flash
flooding in Moores Run is both spatially and temporally
concentrated.

The 32 storm events occur primarily during the warm
season. A histogram of storm occurrence throughout
the year shows increased occurrence during summer
months (Fig. 3), and a probability density function of
storm occurrence has a peak around 22 July (the 203rd
day of the year). The tendency for warm season thun-
derstorms to cause flooding in urban areas has been
observed in the Baltimore area (Ntelekos et al. 2007;
Smith et al. 2013) and nationally (Doswell et al. 1996;
Yang et al. 2013). Flood peaks tend to occur in the
evening, with a peak in the diurnal probability density
function around 2200 eastern standard time (EST; for
histogram see Fig. 4). Flood peaks with missing times
were assumed to occur 20min after the storm cell
reached Moores Run.

b. 13 June 2003 storm

The 13 June 2003 and 1 June 2006 storms caused
the two largest discharge peaks in Moores Run. These

storms are presented as examples of two potential storm
patterns that cause flash flooding in the Moores Run
watershed. Results obtained from these two storms will
be extended to the entire 32-storm sample in later
sections.

The 13 June 2003 flood peak is the flood of record in
Moores Run. This event was not represented in USGS
instantaneous streamflow data because the stream
gauge was not operational during the flood. Modeling
studies to recreate the storm hydrograph based on radar
rainfall fields indicate that the discharge peak occurred
at approximately 1924 EST 13 June 2003 (Smith et al.
2005).

The 13 June 2003 storm was a linearly organized
multicell thunderstorm (Figs. 5-7). An intense storm cell
with reflectivity values of 65 dBZ at 4.5 km height moved
through Baltimore toward Moores Run. The storm cell
collapsed as it decayed and entered a downdraft-
dominated phase over Moores Run. The collapse was
observed through a decrease in reflectivity and echo-top
height on radar reflectivity scans. This storm cell col-
lapse coincided with maximum rainfall measurements
from local rain gauges (Smith et al. 2005). Basin-
averaged rainfall for the storm is estimated at 47 mm,
which is below average for the 32-storm sample (Table 1).
Maximum 15-min rainfall intensity is estimated to be
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FIG. 7. As in Fig. 5, but for the 13 Jun 2003 storm at 0014 UTC 14 Jun 2003.

131 mmh ™', which is the largest peak rain rate in the
32-storm sample (Table 1). Average basin-averaged
rainfall for all 32 events is 71 mm, and the average
maximum 15-min rainfall intensity for the 32 events is
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FI1G. 8. Storm characteristics time series for the 13 Jun 2003
storm. (top) Total area of the flood-causing complex storm track.
(bottom) Average speed of all simple tracks within the flood-
causing complex track (gray) and direction of the simple track with
the largest area (black; counterclockwise degrees from east). Time
0 represents the time that the flood-producing storm cell was over
Moores Run.

60 mm. Flooding for the 13 June 2003 storm was driven
by this high 15-min rainfall rate, which resulted from
storm cell collapse.

Storm-tracking analyses highlight the changing
structure of the storm system that passed over Moores
Run. The area is at its maximum (1181 km?, Fig. 8) as the
storm passes over Moores Run (time 0) and decreases
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FIG. 9. Storm characteristics time series for the 13 Jun 2003
storm. Max reflectivity, height of max reflectivity, and echo-top
height for the extended simple track.
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FIG. 10. Plot of hydrograph and rainfall for 1 Jun 2006 storm.

rapidly after passing Moores Run (Fig. 8). Storm speed
increases sharply from 4.8 ms~ ! 40 min before reaching
Moores Run to a value of 8.9ms~! while passing over
Moores Run. Storm speed is influenced by growth and
collapse of storm cells. Storm direction is generally to-
ward the northeast, with a median value of 67° coun-
terclockwise from the east.
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Collapse of the Moores Run storm can best be seen
through time series of maximum reflectivity and echo-
top height (Fig. 9). The maximum reflectivity peaks at a
value of 64.5dBZ 11 min before passing over Moores
Run, then decreases to a value of 54.5dBZ 1h after
passing Moores Run. The echo-top height shows a
similar pattern, reaching a maximum value of 9.75km
21 min before passing over Moores Run, then decreasing
to a value of 5.75km 1 h after passing Moores Run. The
height of the maximum reflectivity reaches its largest
value of 6.5 km 16 min before reaching Moores Run. The
decrease in area, decrease in maximum reflectivity, and
decrease in echo-top height indicate the collapse of the
storm cell as it passes Moores Run.

c. 1 June 2006 storm

The 1 June 2006 storm produced the second-largest
discharge (115m>s™') in Moores Run over the study
period (Table 2). The flood peak occurred in the evening
at 1918 EST (0018 UTC 2 June 2006). The maximum
15-min rain rate is 66 mm h™ !, which ranks as the elev-
enth largest in 15-min rain rate among the 32 flood
events. The storm total rainfall accumulation of 59 mm is
not exceptional, compared with the 31 other flood
events. The storm is most exceptional at the 30-min time
interval, with a rain rate of 61 mmh ' (Fig. 10).

Vertical Cross-Section

x-section

FIG. 11. As in Fig. 5, but for the 1 Jun 2006 storm at 2257 UTC 1 Jun 2006.
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FIG. 12. As in Fig. 11, but for the 1 Jun 2006 storm at 2313 UTC 1 Jun 2006.

The 1 June 2006 flash flood was caused by a system of
slow-moving thunderstorms that did not exhibit any
linear organization prior to or during the period of
heavy rainfall over Moores Run. An intense storm cell,
with reflectivity up to 65dBZ, formed north of Balti-
more and moved slowly southeast to Moores Run. The
storm cell remained over Moores Run for nearly an
hour, merging with storm cells that moved in from
the west, and then eventually organized into a linear
storm and moved eastward away from Moores Run
(Figs. 11-14).

The storm area generally increases as the storm
passes Moores Run, from a value of 114 km? 1 h before
passing Moores Run to a value of 934km* 1h after
passing Moores Run (Fig. 15). This increase in area
represents growth of the newly formed complex storm
track and creation of new (simple track) storm cells.
There is a small decrease in storm area from 838 to
616 km? as the storm passes over Moores Run.

The anomalous behavior observed in the movement
of the 1 June 2006 storm is reflected in the time series of
storm speed and direction (Fig. 15). The storm moves in
an unusual direction before the flood, between 124° and
167° from east (from northwest to west). As the storm
reaches Moores Run, it changes direction and begins to
move northeast at 86°-98°. This change in direction

marks the storm movement over Moores Run and the
eventual evolution into a linear storm structure. The
storm speed remains low as the storm passes over
Moores Run, with a mean velocity of 3.9ms™'. As the
storm moves past Moores Run and develops a linear
storm structure, the velocity increases to an average of
83ms L.

The echo-top height decreases for the 1 June 2006
storm, from 16.25km 13min before it passes over
Moores Run to 9.75 km 4 min after passing Moores Run
(Fig. 16). The maximum reflectivity does not show a
clear decrease, and is quite variable between 57 and
66 dBZ within 1 h of the flood-producing rainfall hitting
Moores Run. The height of the maximum reflectivity
remains near 4km as the storm passes Moores Run.
Time series of maximum reflectivity and maximum re-
flectivity height indicate that the storm is a low-echo
centroid (LEC) storm, with extreme reflectivity at low
levels driving the rainfall as the storm hit Moores Run.
These LEC storms have been found to cause flooding in
other urban areas, such as Fort Collins, Colorado
(Petersen et al. 1999).

d. Composite storm characteristics

Storm patterns from the 13 June 2003 and 1 June 2006
storms were used as a basis to analyze the 32-storm
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FIG. 13. As in Fig. 11, but for the 1 Jun 2006 storm at 2322 UTC 1 Jun 2006.

sample. We examine the roles of collapsing storm cells,
slow storm motion, LEC, and linear organization in the
structure of flash flood—producing storms.

Storm organization is roughly similar to the 13 June
2003 and 1 June 2006 storms, with 50% of storms being
organized in a linear manner and 50% of storms not
having linear organization at the time they hit Moores
Run. Storms with linear organization include squall
lines and quasi-linear storms. Storms without linear
organization tend to be scattered, unorganized storms.
The distinction between linear storms and storms
without linear organization was made by tracking all
storms at a lower reflectivity threshold of 42dBZ to
include multiple nearby storms cells within the same
tracks. Then storms with large areas (over 500 km?) and
large aspect ratios (major ellipse axis/minor ellipse axis
over 3) were identified as linear. Storms that met only
one criterion were categorized via observation of
radar data.

Like the 13 June 2003 storm system, storms tend to
move from east to northeast near Moores Run (Fig. 17).
Average storm direction, at the time the storms pass
Moores Run, is most commonly 0°-30°, and 28 storms
are between 0° and 120°. Storms tend to exhibit north—
south orientation, with 17 storms oriented within 30° of
north—south.

Flood-producing storms tend to be elliptical at the
time they pass Moores Run, with a median aspect ratio
of 2.6 (Fig. 18). The median complex track area, at the
time the storms pass Moores Run, is 389 km?, less than
the area for the 13 June 2003 storm or the 1 June 2006
storm. Only eight storms had areas that exceeded
1000 km?; the 23 July 2008 and 29 June 2012 storms were
large, with areas of 2780 and 3120km?, respectively.
They ranked as the twenty-fourth- and eleventh-largest
peak discharge events.

Storm speeds when passing Moores Run range widely,
with 0.10 and 0.90 quantiles at 3.8-18.1ms ' and a
median value of 89ms~ ' (Fig. 18). Storm speed data
suggest that slow storms, like the 1 June 2006 storm, do
account for some portion of flash flood events. Maxi-
mum reflectivity values indicate heavy to extremely
heavy rainfall with values ranging from 52.2 to 61.3dBZ
for the 0.10-0.90 quantiles. The height of these maxi-
mum reflectivities varies considerably by storm, ranging
from 1.5 to 6.0km. Echo-top height displays similar
variation, with values ranging from 4.6 to 10.9 km. The
low maximum reflectivity heights and echo-top heights
indicate that LEC storms do produce flash floods in
Moores Run.

Storms that cause flash flooding in Moores Run have
storm centroids that typically pass through Moores Run
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FIG. 14. As in Fig. 11, but for the 1 Jun 2006 storm at 2334 UTC 1 Jun 2006.

(Fig. 19). The density of complex tracks, calculated from
the location of the reflectivity centroid for all simple
tracks contained within flood-producing complex tracks,
is greatest over and to the northeast of Moores Run. The
spatial pattern is similar to that for storm-averaged
rainfall (Fig. 2). These figures suggest that a consistent
characteristic of flash flood—producing storms in Moores
Run is that their centroids predominantly pass directly
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FIG. 15. As in Fig. 8, but for the 1 Jun 2006 storm.

over Moores Run. The increased density of tracks over
and downwind of Baltimore also suggests that intense,
flash flood—producing storms do not split around Balti-
more. Observation of storm tracks with radar reflectivity
data also did not provide evidence of storm splitting for
the 32 storm events. Storms-producing flash floods in
Baltimore are not associated with storm splitting, as has
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FIG. 16. As in Fig. 9, but for the 1 Jun 2006 storm.
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been shown for convective systems in other urban areas
(Bornstein and Lin 2000).

Storm-tracking methods developed above were ap-
plied to all 32 storm events. To create comparable time
series across all storms, the time series for each indi-
vidual storm were smoothed with a moving average over
the period of study. These smoothed time series were
normalized by the time series value at time 0. Quantiles
for time series values were calculated from these
smoothed, normalized data.

Storm size, as represented by the area of the com-
plex track passing over Moores Run, tends to reach a
maximum as the storm passes over Moores Run
(Fig. 20). The median storm size increases gradually
for approximately 15min, then decreases steadily.
There are populations of storms that decay rapidly, as
reflected in the 0.25 quantile, and a population of
storms that increase in area for approximately 30 min
after passing over the basin.

Storm speed generally increases slightly as the storms
approach and pass Moores Run, particularly for the top
25th percentile of storm speeds (Fig. 21). This increase
in speed may be related to the organization of storm
cells into a line as observed in the 1 June 2006 storm.
Stronger outflows associated with an organized storm
system could be increasing speed.

Measures of storm intensity decrease soon after the
storms pass Moores Run, suggesting that many storms
are collapsing. Time series of normalized echo-top
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FIG. 18. Box plots of characteristics of flood-producing storms
at the time they hit Moores Run (time 0). Boxes represent 25th
and 75th quantiles, lines represent medians, and whiskers extend
to 10th and 90th quantiles. (top left) Total area of flood-
producing complex track, (top right) average aspect ratio (major
axis/minor axis lengths) of ellipse for the largest simple track of
the flood-producing complex track, (middle left) average speed
of the simple tracks included in the flood-producing complex
track, (middle right) max reflectivity of the extended simple
track, (bottom left) height of max reflectivity of the extended
simple track, and (bottom right) echo-top height of extended
simple track.

height (Fig. 22) and normalized maximum reflectivity
(Fig. 23) have a similar shape. Both time series feature a
maximum value beginning 10-20 min before the storms
reach Moores Run and lasting until the storms reach
Moores Run. After passing Moores Run, the storms
tend to decrease in both echo-top height and reflectivity
over a period of 30-45min. This decreasing pattern
is similar to the 13 June 2003 storm cell collapse. Ob-
servations of spatial radar reflectivity and vertical re-
flectivity cross sections for the 32 individual storm
events indicated that nearly half the storm events (14)
involved storm cell collapse.

Storms were divided into the linearly organized
storms and storms without linear organization to see
their impacts on storm evolution. Normalized total area
time series of storms without linear organization
(Fig. 24) closely resemble time series for the entire
32-storm selection (Fig. 20), with a maximum value during
times 0-0.5h and a decrease to 0.76 of their maximum
value 1h after passing Moores Run. Normalized total
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a.

FIG. 19. Density of storm tracks passing through Moores Run for all simple tracks contained in the flood-
producing complex tracks for the 32-storm events. Densities are for (a) simple tracks starts, (b) simple tracks ends,
and (c) all simple tracks. Darker values represent higher densities. Moores Run is outlined in white and Baltimore is

outlined in gray.

area time series for linear storms, however, display a
different trend, with maximum values at time 0 and a
decrease in total area starting shortly after the storms
reach Moores Run.

Convective intensity trends in the 32-storm sample
more closely resemble those of linear storms. Both
normalized echo-top height (Fig. 25) and normalized
maximum reflectivity (Fig. 26) decrease in the 30 min
after the storm reaches Moores Run for linearly or-
ganized storms. Time series of normalized echo-top
height and normalized maximum reflectivity show
relatively steady values for storms without linear or-
ganization. The normalized echo-top height has a
slowly decreasing trend after passing Moores Run for
storms without linear organization, while the normal-
ized maximum reflectivity is more varying. These re-
sults suggest that the pattern of storm collapse
exhibited by the 13 June 2003 storm is more prevalent
in linear storms. However, radar observations of storm
collapse are divided, with six of the collapsing storms

being linearly organized at the time of the flash flood—
producing rain and eight storms that do not exhibit
linear organization.

4. Summary and conclusions

We characterize flash flood—producing storms in a
prototypical urban watershed in the mid-Atlantic
United States using Lagrangian analyses. The 13 June
2003 and 1 June 2006 storms were used as storm patterns
in order to generalize the structure and evolution of
storms that produce flash flooding in Moores Run. The
13 June 2003 flood was produced by a thunderstorm
system with linear organization and a storm cell that
collapsed over Moores Run, causing extreme 15-min
rainfall rates. The 1 June 2006 flood was produced by a
thunderstorm system with anomalous storm motion and
an absence of linear organization through its life cycle.
The storm exhibited an LEC. Our methods were ex-
tended to a sample of 32 storms that produced the
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FIG. 20. Total area of complex tracks for the 32 storm events
normalized to the average value of the three readings closest to the
time the storm hit Moores Run. The black line represents the
median value of the 32 storm events and the gray lines represent
the 25th and 75th percentiles. Gray circles represent readings for
individual storm events.

largest flood peaks in Moores Run during the period
from January 2000 to May 2014. The main conclusions
are summarized below.

1) Flash flooding in Moores Run is often associated

with collapsing thunderstorm cells. The time evo-
lution of echo-top height and maximum reflectivity

251
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FIG. 21. Average speed of simple tracks included in flood-
producing complex tracks for the 32 storm events normalized to
the average value of the three readings closest to the time the
storm hit Moores Run. The black line represents the median value
of the 32 storm events and the gray lines represent the 25th and
75th percentiles. Gray circles represent readings for individual
storm events.
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F1G. 22. Height of echo top for extended simple tracks for the 32
storm events normalized to the average value of the three readings
closest to the time the storm hit Moores Run. The black line rep-
resents the median value of the 32 storm events and the gray lines
represent the 25th and 75th percentiles. Gray circles represent
readings for individual storm events.

indicate that 14 of the 32 events exhibited storm
cell collapse. The 13 June 2003 storm collapsed
over Moores Run and produced the flood of record
for the watershed. It appears that storm cell
collapse is an important and recurring mechanism
for generating the intense short-term rain rates
that drive flash flooding in small urban watersheds.
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FIG. 23. Max reflectivity for extended simple tracks for the 32
storm events normalized to the average value of the three readings
closest to the time the storm hit Moores Run. The black line rep-
resents the median value of the 32 storm events and the gray lines
represent the 25th and 75th percentiles. Gray circles represent
readings for individual storm events.
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FIG. 24. Total area of complex tracks for (top) the 16 linearly

organized storm events and (bottom) the 16 storm events
without linear organization normalized to the average value of
the three readings closest to the time the storm hit Moores
Run. The black line represents the median value of the 32
storm events and the gray lines represent the 25th and 75th
percentiles. Gray circles represent readings for individual
storm events.

2) Flash flood—producing rainfall in Moores Run is spa-

3)

tially and temporally concentrated. The maximum
storm-averaged rainfall contour (65mm) for the 32
storms is centered over the Moores Run watershed.
Average rainfall accumulations decrease rapidly up-
wind of the watershed (1.8mmkm ') and decrease
less rapidly downwind of the watershed (0.6 mm km ™).
This difference can be attributed to urban modifica-
tion of rainfall. The maximum 15-min rainfall accu-
mulation accounts for 21% of the storm total rainfall
on average. There are pronounced diurnal and
seasonal impacts on flash flood occurrence, with
floods predominantly occurring during the evening
and warm season.

Storm evolution sampled from 32 events is domi-
nated by motion from southwest to northeast, with 18
of the storms moving between 0° and 60° (east and
north-northeast). Storms are split evenly between
those with linear organization and those without
linear organization. Storm structure is often charac-
terized by a north-south orientation (especially for
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storms with linear organization), with 17 storms ori-
ented within 30° of north-south. Storm speed is
highly variable for the 32-event sample, with
4.8ms ! for the 1 June 2006 storm on the low end
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FIG. 26. As in Fig. 24, but for max reflectivity for extended simple tracks.
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and 8.9ms ™" for the 13 June 2003 storm close to the
median value; peak values of storm speed exceed
20ms~'. Storm size ranges from 19 to 3120km?.
Both the 13 June 2003 storm and 1 June 2006 storm
show steady increases in storm size leading up to the
period of peak rainfall and flooding.

4) A number of typical flash flood-producing storm
characteristics are identified; these include occur-
rence of evening storms in the warm season,
northeast storm motion, and north-south storm
orientation. Storm reflectivities were greater than
52dBZ, and storm heights varied greatly between
storm events.

5) Storm tracks for flash flood—producing storms do not
generally split around Baltimore. The density of
storm tracks is concentrated in a southwest-to-
northeast-oriented ellipse centered on the Moores
Run watershed. The distribution of storm initiation
locations, which include the locations of storm splits,
exhibits a circular distribution with a peak in central
Baltimore.

6) Storm organization is linked with evolution of the
storm events. Linearly organized storms exhibited a
slowly decreasing trend in total area after passing
Moores Run, while storms without linear organiza-
tion stayed at a maximum area for 30min after
passing Moores Run. Storm cell collapse was more
evident for linear storms than for storms without
linear organization.
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