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ABSTRACT
Heavy precipitation in the northeastern United States is examined through observational and numerical
modeling analyses for a weather system that produced extreme rainfall rates and urban flash flooding over
the New York–New Jersey region on 4–5 October 2006. Hydrometeorological analyses combine observations from Weather Surveillance Radar-1988 Doppler (WSR-88D) weather radars, the National Lightning
Detection Network, surface observing stations in the northeastern United States, a vertically pointing lidar
system, and a Joss–Waldvogel disdrometer with simulations from the Weather Research and Forecasting
Model (WRF). Rainfall analyses from the Hydro-Next Generation Weather Radar (NEXRAD) system,
based on observations from WSR-88D radars in State College, Pennsylvania, and Fort Dix, New Jersey, and
WRF model simulations show that heavy rainfall was organized into long-lived lines of convective precipitation, with associated regions of stratiform precipitation, that develop along a frontal zone.
Structure and evolution of convective storm elements that produced extreme rainfall rates over the New
York–New Jersey urban corridor were influenced by the complex terrain of the central Appalachians, the
diurnal cycle of convection, and the history of convective evolution in the frontal zone. Extreme rainfall rates
and flash flooding were produced by a ‘‘leading line–trailing stratiform’’ system that was rapidly dissipating as
it passed over the New York–New Jersey region. Radar, disdrometer, and lidar observations are used in
combination with model analyses to examine the dynamical and cloud microphysical processes that control
the spatial and temporal structure of heavy rainfall. The study illustrates key elements of the spatial and
temporal distribution of rainfall that can be used to characterize flash flood hazards in the urban corridor of
the northeastern United States.

1. Introduction
The East Coast of the United States is a densely urbanized region with a complex precipitation climatology. Extreme flood-producing rainfall in this region is
strongly influenced by orographic precipitation mechanisms associated with the Appalachian Mountains to
the west and differential surface heating and moisture
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availability associated with the land–ocean boundary to
the east (Barros and Kuligowski 1998; Ntelekos et al.
2007, 2008; Holt and Pullen 2007; Pullen et al. 2007). In
addition to these large-scale influences, the urban environment may affect rainfall climatology in and near
heavily developed urban centers as a result of differential heating of the atmosphere from the ‘‘urban heat
island,’’ contrasts in surface roughness associated with
the ‘‘urban canopy’’ and microphysical controls of precipitation mechanisms associated with urban aerosols
(Shepherd 2005; Ntelekos et al. 2007, 2008).
Extreme rainfall rates along the urban corridor of
the northeastern United States, and the associated flash

DOI: 10.1175/2009JHM1046.1
Ó 2009 American Meteorological Society
Unauthenticated | Downloaded 01/09/23 05:11 AM UTC

1244

JOURNAL OF HYDROMETEOROLOGY

flood hazards, are closely linked to organized thunderstorm systems embedded in extratropical cyclone systems (Ntelekos et al. 2007, 2008). A cold front passed
through the eastern United States on 4–5 October 2006,
producing extreme short-term rainfall rates in the
New York –New Jersey (NY–NJ) region. Two convective systems with linear organization were responsible
for rainfall over the New York–New Jersey region. The
first formed in western Pennsylvania around 1700 UTC
4 October and passed over the NY–NJ region from
0000 to 0200 UTC 5 October. The second formed
around 2300 UTC 4 October in the Appalachian Mountains to the rear of the first system and passed over the
NY–NJ region from 0300 to 0500 UTC 5 October.
Observations of raindrop size distributions from a
Joss–Waldvogel disdrometer in Princeton, New Jersey,
indicated peak rainfall rates of 125 mm h21 over the
Harry’s Brook watershed (Fig. 1). Peak discharge from
Harry’s Brook, which drains the urban core of Princeton,
New Jersey, exceeded 11.2 m3 s21 from a drainage area of
approximately 1.1 km2. The ‘‘unit discharge’’ (discharge
divided by drainage area) peak of 10.2 m3 s21 km22 approached the envelope curve of flood peaks for the
eastern United States (Smith et al. 2005). Variability of
rainfall rates at 1–30 min time scales plays a critical role in
flood response for small urban watersheds. In section 3,
we examine short-term variability of rainfall rate for the
4–5 October 2006 storm.
Analyses of the 4–5 October 2006 storm combine
numerical model simulations using the Weather Research and Forecasting Model (WRF; Skamarock et al.
2007) and observations from in situ and remote sensing
systems to examine the space-time distribution of rainfall associated with passage of a frontal zone through
the northeastern US. Analyses are used to examine
structure and evolution of rainfall in the frontal zone.
Regional rainfall analyses covering the area affected
by the frontal zone are based on high-resolution rainfall fields derived using the Hydro-Next Generation
Weather Radar (NEXRAD) system (Krajewski et al.
2007). Volume scan radar reflectivity observations and
cloud-to-ground (CG) lightning observations from the
National Lightning Detection Network (NLDN) are used
to examine convective evolution of organized thunderstorm systems embedded in the frontal zone. Disdrometer and lidar observations are used to examine microphysical processes associated with extreme short-term
rainfall rates in this region. Regional analyses of storm
evolution are used to enhance the understanding of physical mechanisms associated with extreme short-term rainfall rates along the urban corridor of the NY–NJ region.
Characterization of rainfall distribution centers on
Lagrangian analyses of storm structure, motion, and
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FIG. 1. Time series of 1-min rainfall rate (gray line with closed
circles in mm h21; from Joss–Waldvogel disdrometer, as described
in section 2) and discharge (black line with open circles in m3 s21)
for Harry’s Brook watershed (at a drainage area of 1.1 square
miles) in Princeton, NJ (see Fig. 2 for location).

magnitudes of rainfall rate. Models of rainfall distribution in which the space–time rainfall distribution is
tied to the organization of convective rainfall elements
(Austin and Houze 1972; Waymire et al. 1984; Smith
and Karr 1990) motivate the analyses of space–time
rainfall variability. We focus on structure and motion of
convective–stratiform rain elements relative to 1) the
frontal boundary, 2) complex terrain of the central
Appalachians, and 3) the diurnal cycle of convection
(see Ntelekos et al. 2007). Radar, disdrometer, and lidar
observations provide the observational resources for
linking rainfall rate distribution over the urban corridor
of the NY–NJ region to the evolving storm structure.
Contents of the sections are as follows. In section 2,
we introduce data used for analyses and the details of
the WRF implementation. Results are presented in
section 3. The meteorological environment of the storm
systems is introduced in section 3a. The mesoscale
structure and evolution of the two convective systems
that affect the New York–New Jersey region are discussed in section 3b. In section 3c, the coupled microphysical and dynamical processes associated with extreme
rainfall rates over the urban corridor of the New York–
New Jersey region are presented. A summary and conclusions are given in the final section.

2. Data and methods
Analyses of heavy rainfall for the 4–5 October 2006
storm system focus on the New York–New Jersey metropolitan area, but the study domain extends into
western Pennsylvania (Fig. 2). The domain for model
simulations is illustrated in Fig. 2, along with locations
of principal observing systems.
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FIG. 2. Study domain for the 4–5 Oct 2006 storm with locations
of observing systems, including WSR-88D weather radars KCCX
and KDIX, a Joss–Waldvogel disdrometer at Princeton, NJ (PRZ),
a lidar system at CCNY, and a radiosonde station in Upton, NY.
The shaded area indicates the area of coverage for the KCCX and
KDIX radars. Most of the WRF model simulations were performed for the region D1, shown in the figure; WRF-Chem simulations were performed with nested domains D1 and D2.

The Hydro-NEXRAD system is used to derive radar
rainfall fields, based on volume scan reflectivity observations from WSR-88D weather radars in State College,
Pennsylvania (KCCX), and Fort Dix, New Jersey (KDIX;
Fig. 2). Rainfall analyses are derived at 15-min time interval on a ‘‘super Hydrologic Rainfall Analysis Project
(HRAP)’’ grid (roughly 1-km horizontal resolution; see
Reed and Maidment 1999). Analyses use a ‘‘convective’’
Z–R relationship (R 5 aZb; a 5 0.017, b 5 0.71, where R
is rainfall rate in mm h21 and Z is radar reflectivity factor
in mm6 m23) and an extensive set of quality-control algorithms (see Krajewski et al. 2007 for algorithm details).
Additional observing systems used in this study include the NLDN for CG lightning data (Orville and
Huffines 2001; see also Ntelekos et al. 2007); a Joss–
Waldvogel disdrometer at the Princeton study site for
raindrop size distributions (Smith et al. 2008; Uijlenhoet
et al. 2003); a vertically pointing lidar system at the City
College of New York (CCNY) in Manhattan for aerosol
observations; surface observations for the northeastern
United States (Fig. 4); upper-air observations from Upton,
New York; and discharge observations from Harry’s
Brook stream gauging network (Fig. 1). The disdrometer
provides raindrop size distribution observations at 1-min
time interval and is used for analyses of microphysical
properties of extreme rainfall rates. The lidar system

provides vertical profiles of backscatter and extinction at
1064 (near IR), 532 (visible), and 355 nm (UV). Data were
collected at 1-min time interval and are used to examine
aerosol properties in the prestorm environment.
The WRF, developed by the National Center for
Atmospheric Research (NCAR), is a nonhydrostatic
mesoscale model. The Advanced Research WRF (ARWWRF; Skamarock et al. 2007), version 2.2, was used in
this study. Initial and boundary conditions for most of the
ARW-WRF model simulations presented in this study
are obtained from Eta Model output fields (Rogers et al.
1996) with 40-km resolution. For sensitivity studies, we
also carry out simulations using Global Forecast System
(GFS) model fields (Shea et al. 1995, 2003) with 18 resolution (GFS-BC), and North American Regional Reanalysis (NARR) model fields (Ebisuzaki et al. 2004)
with 32-km resolution (NARR-BC) as initial and boundary conditions.
Most WRF simulations were performed on a grid
with a resolution of 3 km. The study domain for WRF
analyses covers the area shown in Fig. 2, which is approximately 900 km (378–458N) by 900 km (818–718W).
The time step of model simulations is 18 s. The simulations were initiated at 0000 UTC 4 October 2006 and
ended at 1200 UTC 5 October 2006. The physics options
(Skamarock et al. 2007) for the ‘‘base’’ model simulation with Eta Model fields as initial and boundary conditions were the 1) Thompson microphysics scheme,
2) Rapid Radiative Transfer Model (RRTM) scheme
for longwave radiation, 3) fifth-generation Pennsylvania
State University–National Center for Atmospheric Research Mesoscale Model (MM5) Dudhia scheme for
shortwave radiation, 4) Monin–Obukhov (Janjić) surface layer scheme, 5) Noah land surface model, and
6) Mellor–Yamada–Janjić turbulent kinetic energy
(TKE) boundary layer scheme. Sensitivity analyses also
use the Lin et al. (1983) microphysics scheme (Lin-MP)
and WRF coupled with chemistry (WRF-Chem) with
the modified Lin et al. microphysics scheme and the
Carbon-Bond Mechanism version Z (CBMZ) chemical
mechanism incorporating Model for Simulating Aerosol
Interactions and Chemistry (MOSAIC) aerosol interactions, which also include some aqueous reactions (based
on the results of Ntelekos et al. 2008). Unlike the other
simulations, the WRF-Chem simulation was performed
on a nested domain as shown in Fig. 2 with 9- and 3-km
resolution, respectively.

3. Results
a. Structure and evolution of the frontal zone
A cold front moved across the northeastern United
States from 1800 UTC 4 October 2006 until 0400 UTC
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FIG. 3. Model-simulated sea level pressure (hPa) and wind field at 10-m height from 1800 UTC 4 Oct through
0400 UTC 5 Oct 2006. Frontal location is illustrated for 0200 UTC 5 Oct 2006.

5 October 2006 (Figs. 3 and 4). The base simulation
captures broad features of the structure and evolution
of the frontal zone (Fig. 3). In the model simulation, the
cold front moves too rapidly through the region compared with surface observations (Fig. 4). This feature is
unchanged in the GFS-BC and NARR-BC simulations.
Model fields and surface observations indicate dewpoint
temperatures greater than 168C in the warm sector
ahead of the cold front. The model simulations provide
good representations of steering-level winds. For the
Upton, New York, radiosonde station, ‘‘storm motion,’’
derived as the vertically integrated mass-weighted wind
field, is characterized by the direction of 2948 and speed
of 12 m s21 at 0000 UTC 5 October. The model simulated values of steering wind 2888 and 13 m s21.
Heavy rainfall over the study region on 4–5 October
2006 was dominated by convective rainfall, and the life
cycle of convection exhibited a pronounced temporal
variation, as represented in Fig. 5 through the time
series of CG lightning strike density. CG lightning
strikes peaked between 2200 and 2300 UTC October 4
(Fig. 5) and a sharp increase in CG strikes initiated
around 1900 UTC with a local maximum at 2000 UTC.
CG strikes decreased steadily and rapidly after 0200 UTC
October 5.

Model simulations were used to reconstruct the
evolving fields of convective available potential energy
(CAPE) during the storm life cycle (Fig. 6). Simulations
show an axis of elevated CAPE in the warm sector that
progresses eastward and assumes maximum values between 2100 and 2300 UTC (Fig. 6). The spatial positions
of the CAPE maximum should be interpreted in light of
the model simulation bias of rapid movement of the
frontal boundary. As will be shown in the following
section, organization of convective systems parallels the
evolution of the CAPE field. The elevated values of
CAPE are closely linked to strong low-level moisture
transport, as reflected in the 850-hPa dewpoint temperature and wind fields (Fig. 7).
Model simulations (Fig. 8) capture broad features of
the heavy rainfall distribution over the NY–NJ region
but not the details of storm structure and rainfall rate
variability. In addition to the base simulation, we examined rainfall distribution for GFS-BC, Lin-MP, and
WRF-Chem model simulations. Although the rainfall
distribution differs for all the simulations, rainfall is
concentrated along the frontal boundary for all the
simulations.
At 0200 UTC, composite radar imagery shows that
rainfall was organized into convective elements in the
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FIG. 5. Time series of NLDN CG lightning strikes over the study
domain shown in Fig. 2.

FIG. 4. Surface wind fields (m s21) and dewpoint temperature
(8C) at surface meteorological stations for 0200 UTC 5 Oct 2006.
Frontal location is illustrated.

warm sector to the southeast of the cold front (Fig. 9a;
see also Fig. 4). A decaying convective system had passed
over Manhattan and was located over Long Island at
0200 UTC. Convective rain areas extended along the
frontal zone from New England through Pennsylvania,
along the southern boundary of Pennsylvania, and into
Ohio (Fig. 9a).
Rainfall organization in the frontal zone (Fig. 9a) can
be related to the structure and motion of the frontal
zone. Rainfall organization for the 4–5 October storm
system was characterized by mesoscale rain areas with
regions of convective (darker shading in Fig. 9b) and
stratiform precipitation [lighter shading in Fig. 9b; see
Steiner et al. (1995); Steiner and Smith (1998) for discussions of convective–stratiform separation]. Linear
organization of convective rain areas (systems C, D, and E
in Fig. 9b) was a persistent feature of rainfall distribution, but the relationship of linear organization of
rainfall to organization and the position of the frontal
zone varied over the life cycle of the system. The
evolution of mesoscale rain areas [relative to terrain
features (Fig. 2)], the position during the cycle of convective evolution over the course of the day (Fig. 4),
and the position within the frontal zone were all important elements of the space–time distribution of rainfall. These elements are examined below in the context of
their role in determining the heavy rainfall distribution
along the urban corridor of the northeastern United
States.

b. Mesoscale rainfall analyses
Rainfall over the metropolitan NY–NJ region on
4–5 October 2006 was associated with two convective
systems that developed in association with the frontal
zone. The first was a long-lived linear convective system
that developed in western Pennsylvania around 1700 UTC
4 October and decayed over the NY–NJ region from
0000 to 0200 UTC October 5 (illustrated schematically
as system D in Fig. 9b). The second system developed as
isolated convective elements in the central Appalachians to the rear of the first system around 2300 UTC
and organized into a leading line–trailing stratiform
system (illustrated schematically as system C in Fig. 9b)
that produced extreme short-term rainfall rates over the
NY–NJ metropolitan region.
During the 9-h period from 1700 UTC 4 October until
0200 UTC 5 October, system D evolved from an extended line of convection along the western margin of the
Appalachians to an intense convective system along the
eastern portion of the Appalachians to a decaying convective system over the NY–NJ coastal region (Fig. 10).
The position and orientation of the line of convection
were analyzed from the 15-min Hydro-NEXRAD rainfall products. The ‘‘position’’ of the line is defined as the
centroid of the 25 mm h21 rain area, and the orientation
refers to the angle of the line relative to due north
(08–908, with 08 denoting the north–south orientation and
908 denoting the west–east orientation).
At 1800 UTC 4 October, the line of convection was
located along the western margin of the central Appalachians. The orientation of the line was 708 from due
north (see Fig. 10). From 1800 to 0000 UTC, the mean
speed of the convective line was 6.7 m s21. As the system
evolved, the orientation of the convective line shifted
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FIG. 6. Model simulated maximum CAPE (J kg21) from 1800 UTC 4 Oct through 0400 UTC 5 Oct 2006 with base
model configuration described in section 2.

toward an east–west orientation (Fig. 10); at 2000 UTC,
the convective line was oriented 608 from north. The
rainfall structure for system D was characterized by a
line of convective rainfall and an evolving region of
stratiform rainfall (Fig. 10). Stratiform rainfall was
concentrated on the northeastern end of the line of
convection over the life cycle of the system.
The evolving distribution of convective and stratiform
rainfall was examined through time series analyses of
the rainfall rate distribution within the line (Fig. 11).

The rain area with a 15-min rainfall rate exceeding
25 mm h21 is used as a surrogate for convective rain
area (Fig. 11, top). The additional area associated with
stratiform rainfall is characterized by the area with 15-min
rainfall rates exceeding 2 mm h21 (Fig. 11, bottom).
Convective rain area (Fig. 11, top) increased from
400 km2 at 1800 UTC to a local maximum of more than
900 km2 at 2000 UTC when the system reached the
western margin of the Appalachian Mountains. Convective rain area increased rapidly to its maximum of
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FIG. 7. Model simulated wind field (m s21) and dewpoint temperature (8C) at 850 hPa from 1800 UTC 4 Oct through 0400 UTC on 5 Oct
2006 with base model configuration.

1600 km2 at 2200 UTC as it approached the eastern
margin of the central Appalachians (Fig. 11, top). Convective rain area was less than the 2000 UTC local
maximum and the 2200 UTC maximum during much of
its passage through the interior mountain region of the
central Appalachians (Fig. 11, top). The maximum
value of rain area exceeding 2 mm h21 (Fig. 11, bottom)
was 16 000 km2 and coincided with the 2200 UTC convective rain area maximum.
The system decayed rapidly following the 2200 UTC
maximum in convective and stratiform rain area (Fig. 11).
From 0000 to 0200 UTC 5 October, surface precipitation
from system D was produced mainly by a region of
stratiform rainfall. The system produced light rainfall as
it passed over the New York City (NYC) metropolitan
region between 0100 and 0200 UTC.
The period with largest convective rain area for the
first system (2200 UTC, see Figs. 10 and 11) corresponded to the regional peak in CG lightning (see Fig. 5).
It was also the period of the most intensive convection
for the system, based on vertical profiles of reflectivity
(figures not shown). Values of reflectivity exceeding
35 dBZ extended above 10 km at 2200 UTC; 50-dBZ

reflectivity values reached 7 km. The vertical extent of
the large reflectivity values at 2200 UTC was much
greater than earlier in the system life cycle and rapid
decay in convective intensity occurred as the system
moved east of the complex terrain of the central Appalachians after 2200 UTC.
Local maxima in the contour map of storm total CG
lightning flash density (Fig. 12) in the western and eastern
portions of the Appalachian region are separated by a
local minimum in the interior of the central Appalachian
region. The spatial distribution of CG lightning for the
4–5 October storm reflects the climatological distribution
of lightning (Orville and Huffines 2001) and highlights the
role of complex terrain for the evolution of thunderstorm
systems in the region (see also Ntelekos et al. 2007, 2008).
The spatial distribution of storm total lightning density
also highlights the pronounced decay in convective intensity of storm elements east of the central Appalachians during the period after 2300 UTC 4 October.
System C formed to the rear of the long-lived line
(system D) but was still in the warm sector ahead of the
cold front. The system initiated before 2300 UTC as a
region of isolated convective elements (Fig. 13); from
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FIG. 8. Model-simulated accumulated precipitation (mm) during the period 1800 UTC 4 Oct through 0500 UTC
Oct 5 2006 over domain 2 (see Fig. 2). Simulations are as follows: (top left) base model configuration, (top right) with
GFS model fields as initial and boundary conditions, (bottom left) with Lin et al. (1983) microphysical scheme
replacing Thompson scheme, and (bottom right) WRF-Chem simulation with CBMZ-MOSAIC configuration.

0000 to 0200 UTC, it organized into multioriented lines of
convection (Fig. 14). By 0300 UTC, the system had assumed leading line–trailing stratiform structure (Fig. 14).
System C was responsible for heavy rainfall over the
urban corridor of the New York–New Jersey metropolitan area. The leading line–trailing stratiform system developed a large area with rain rates exceeding
25 mm h21. By 0200 UTC (Fig. 14), this area exceeded
2500 km2 and the rain area exceeding 2 mm h21 was
13 000 km2. The corresponding maxima for the first
system were 1600 and 16 000 km2. The rain area exceeding 25 mm h21 at 0300 UTC had changed little from
the preceding hour, but the total rain area grew to approximately 20 000 km2. Heavy rainfall over the region
extending from Princeton to New York City (Fig. 1)
during the period from 0300 to 0430 UTC was associated with a sharp drop in convective rain area. From
0300 to 0400 UTC, the rain area exceeding 25 mm h21
decreased from more than 2500 km2 at 0300 UTC to less
than 1000 km2 at 0400 UTC.

c. Microphysics of extreme rainfall rates
The links between storm structure and extreme rainfall rates are examined in this section using radar,
disdrometer, and lidar observations from the New York–
New Jersey region. The temporal variability in extreme
rainfall rates at time scales ranging from 1–60 min plays
a central role in determining flood hazards in many
urban environments (Ogden et al. 2000; Smith et al.
2002, 2005; Zhang and Smith 2003).
The leading line–trailing stratiform system (system C),
which produced extreme rainfall rates over the urban
corridor of the NY–NJ region, exhibited pronounced
contrasts in structure and convective intensity to the
earlier system. Convective intensity was weak relative
to the maximum intensity of system D (Fig. 15; see also
the CG lightning time series of Fig. 5). Reflectivity values greater than 35 dBZ barely exceeded 5 km (Fig. 15)
for system C. In contrast to system D, which produced
large CG lightning flash rates, there was virtually no
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FIG. 10. The 15-min Hydro-NEXRAD rainfall accumulation
fields (mm) for the period from 1800 to 2300 UTC. Each of the
rainfall fields represents accumulation during the 15-min period
ending at the indicated time (i.e., 1800 UTC fields represents the
period from 1745 to 1800 UTC).

FIG. 9. (top) Composite radar reflectivity (dBZ) at 0200 UTC
5 Oct 2006. (bottom) Conceptual model of spatial rainfall organization for the 4–5 Oct storm (see also top). Within the frontal
zone, there are multiple mesoscale rain areas. The arrow indicates
the direction of motion of the front. Systems C and D are the
mesoscale rain areas analyzed in the text. Dark colors (shaded)
represent convective (stratiform) rain areas.

lightning in system C, even in the leading line of convective precipitation (Fig. 14).
System C produced extreme short-term rainfall rates
in Princeton during the period from 0330 through
0430 UTC (Figs. 1 and 16). Peak 1-min rainfall rates
in Princeton computed from disdrometer observations
reached 125 mm h21 (0401 UTC), with three rain rate
spikes above 75 mm h21 between 0340 and 0402 UTC.
Extreme rainfall rates over Princeton were characterized by large drop arrival rates (Fig. 16) for each of the
three rainfall rate peaks. The peak drop arrival rate of
5200 m22 s21 at 0343 UTC is one of the largest observed
at the Princeton disdrometer site during a 2-yr period of
observation (Smith et al. 2008). There was pronounced
variation over the three peaks in the size and number of
raindrops. The largest drop arrival rate and smallest
mean diameter was for the first spike, with decreasing

drop arrival rates and increasing values of mean diameter for the following two peaks (in contrast with
many leading line–trailing stratiform systems in which a
‘‘large drop’’ zone at the leading line of convection is a
common feature; see Uijlenhoet et al. 2003).
The temporal distribution of rainfall rate over Princeton
from 0330 to 0430 UTC (Fig. 16) can be related to the
vertical structure of the storm at 0400 UTC (Fig. 15) along

FIG. 11. Time series of area (km2) with 15-min rain rates greater
than (top) 25 mm h21 and (bottom) 2 mm h21.
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FIG. 12. Contour map of storm total lightning flash density strikes
(km22) over the study region.

a line perpendicular to the line of convection and reflecting the direction of motion over the Princeton disdrometer. The initial spike of the rainfall rate (0343 UTC
in Fig. 16) was associated with weak convection ahead

VOLUME 10

FIG. 13. The 15-min Hydro-NEXRAD fields’ rainfall (mm) for
2300 UTC (2245–2300 UTC) 4 Oct.

of the main convective line (represented by the storm
structure at 0400 UTC around location 75 km in Fig. 15).
The broader spike of extreme rainfall rates (centered
around 0353 UTC) was produced by the most intense
convection (locations 64–70 km in Fig. 15). The peak

FIG. 14. The 15-min Hydro-NEXRAD fields’ rainfall (mm) for (top left) 0100 UTC (i.e., 0045–0100 UTC),
(top right) 0200 UTC, (bottom left) 0300 UTC, and (bottom right) 0400 UTC 5 Oct observed at KCCX and KDIX
(see Fig. 2).
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FIG. 16. Time series of (a) rainfall rate (mm h21), (b) mean drop
diameter (mm), and (c) drop arrival rate (m22 s21) computed from
raindrop size distribution measurements from a Joss–Waldvogel
disdrometer in Princeton, NJ (see Fig. 2).

FIG. 15. Radar reflectivity (dBZ) field at 3-km AGL for the
mesoscale rain area D (see Fig. 9) depicted by (top) radar observations, and (bottom) vertical cross section of radar reflectivity
(dBZ) along a line perpendicular to the convective line and passing
through the element D.

rainfall rate at 0401 UTC was associated with trailing
region of enhanced low-level reflectivity (locations
58–61 km). A region of elevated stratiform rain rates
(0408–0420 UTC) is linked to the region with strong
brightband amplification of reflectivity (36–48-km location).
Lidar observations from the CCNY system in Manhattan were used, along with model analyses of evolution
of vertical profiles of relative humidity, to examine aerosol properties in the NY–NJ corridor for the 4–5 October
storm. In the prestorm environment, the mean aerosol
backscatter coefficient (Kovalev and Eichinger 2004) between 2 and 4 km increased by a factor of more than 5
during a 3-h period from 1800 to 2100 UTC on 4 October
2006 (Figs. 17 and 18). In the corresponding time domain,
WRF simulations of relative humidity profiles over
CCNY indicate a rapid increase in relative humidity over
the lowest 4 km of the atmosphere (figure not shown).
Lidar observations and WRF model simulations
suggest that hygroscopic growth (Feingold and Morley

2003) played an important role in shaping the population of cloud condensation nuclei (CCN) for the
4–5 October storm systems over the urban corridor of
the NY–NJ region. An important related issue concerns
the role of CCN in promoting efficient precipitation
mechanisms that maximize rainfall rates given the inflow of water vapor to the storm system. Efficient precipitation mechanisms can be especially important for
extreme rainfall rates in settings with relatively weak
convection (see, e.g., Petersen et al. 1999).
The 4–5 October 2006 storm was typical of flash flood–
producing storms exhibiting pronounced temporal variability of rainfall rates at 1–60-min time scales (see
Petersen et al. 1999; Ogden et al. 2000; Smith et al. 2005).
This variability of point rainfall rates over time is closely
linked to the structure and evolution of storm elements,
such as system C for the 4–5 October storm. Microphysical processes, especially as they relate to anthropogenically altered aerosol populations, play a critical,
but poorly understood, role in determining the climatology of extreme rainfall rates in urban environments.

4. Summary and conclusions
Observational and numerical model analyses of precipitation associated with a frontal zone that passed
through the New York–New Jersey region on 4–5 October 2006 are used to examine the temporal and spatial
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FIG. 17. Vertical profiles of aerosol backscatter coefficient (km21 sr21) derived from lidarreceived backscatter power over CCNY at a wavelength of 1064 nm at 1630, 1800, and 1930 UTC
on 4 Oct 2006.

variability of flash flood–producing rainfall in the urban
corridor of the northeastern United States. The principal conclusions of the study are as follows:
1) Regional radar analyses show that rainfall over the
NY–NJ urban corridor on 4–5 October 2006 was
produced by two mesoscale rain areas. The first
(system D) was a long-lived line of convective rainfall with associated stratiform rain area on the
northeastern end of the convective line. It produced
light rainfall over the NY–NJ region from 0000 to
0200 UTC 5 October after a history of producing
locally heavy rainfall rates during its path through
much of Pennsylvania. The second mesoscale rain
area (system C) evolved into a leading line–trailing
stratiform structure and produced extreme shortterm rain rates over the NY–NJ region from 0300 to
0500 UTC 5 October.

2) Simulations with ARW-WRF capture the broad
features of the storm environment. They do not,
however, capture the structure, motion, and evolution of the two mesoscale rain areas. The evolution
of the convective line of rainfall and associated
stratiform rain area for system D was influenced by
orographic mechanisms in the Appalachian region.
The mesoscale rain area weakened east of the Appalachian Mountains as it propagated across the
NY–NJ region and approached the Atlantic Coast.
System C developed to the rear of system D from
embedded convective elements that formed in the
central Appalachians. Heterogeneities in rainfall distribution associated with the complex terrain of the
central Appalachians and the land–water boundary
at the Atlantic coast play an important role in the
extreme rainfall climatology of the NY–NJ urban
corridor.
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urban corridor of the eastern United States. Analyses of
the 4–5 October 2006 storm provide insights into the
processes that control the distribution of heavy rainfall
from an important class of flash flood–producing storms
in the northeastern United States. Future research will
place the case-study analyses presented in this paper in the
context of a flash-flood climatology for the urban corridor
of the New York–New Jersey region. We will also examine the effects of urbanization on flash flood–producing
storm systems in the region, with a particular focus on
aerosol effects on warm-season thunderstorm systems.

FIG. 18. Time series of mean aerosol backscatter coefficient
(km21 sr21) in the layer between 2 and 4 km over Manhattan on
4 Oct 2006.

3) There are pronounced temporal heterogeneities
in extreme rainfall over the NY–NJ urban corridor
that are tied to the diurnal cycle of convection (see
Ntelekos et al. 2007 for related analyses). The evolution of convection for the 4–5 October storm system
was characterized by a sharp peak in CG lightning
flash density between 2200 and 2300 UTC 4 October.
Equally striking is the 2200 UTC peak in convective
rain area for system D based on Hydro-NEXRAD
rainfall analyses. Peak rainfall rates over the NY–NJ
urban corridor occurred well after the peak in convective intensity of the larger storm system and were
associated with a rapidly decaying phase of system C.
4) The temporal variability of rainfall rate during the
period of heavy rainfall over the NY–NJ urban corridor was closely linked to the leading line–trailing
stratiform structure of system C. Disdrometer observations show that there are pronounced contrasts in
drop arrival rates and characteristic drop sizes that
are tied to the structural features of the mesoscale
rain area.
5) Lidar observations suggest that hygroscopic growth
plays an important role in determining the CCN
population associated with extreme rainfall rates
over the NY–NJ region.
The long-term objective of this research is to develop
an enhanced understanding of flash-flood hazards in the
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