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Abstract On 1 September 2021, the remnants of Hurricane Ida transformed into a lethal variant of tropical
cyclone in which unprecedented short-duration rainfall from clusters of supercells produced catastrophic
flooding in watersheds of the Northeastern US. Short-duration rainfall extremes from Ida are examined
through analyses of polarimetric radar fields and rain gauge observations. Rainfall estimates are constructed
from a polarimetric rainfall algorithm that is grounded in specific differential phase shift (K),) fields. Rainfall
accumulations at multiple locations exceed 1000-year values for 1-3 hr time scales. Radar observations show
that supercells are the principal agents of rainfall extremes. Record flood peaks occurred throughout the eastern
Pennsylvania—New Jersey region; the peak discharge of the Elizabeth River is one of the most extreme in the
eastern US, based on the ratio of the peak discharge to the sample 10-year flood at the gaging station. As with
other tropical cyclones that have produced record flooding in the Northeastern US, Extratropical Transition
was a key element of extreme rainfall and flooding from Ida. Tropical and extratropical elements of the storm
system contributed to extremes of atmospheric water balance variables and Convective Available Potential
Energy, providing the environment for extreme short-duration rainfall from supercells.

1. Introduction

On 1 September 2021, the remnants of Hurricane Ida produced unprecedented rainfall and catastrophic flooding
in watersheds of the Mid-Atlantic and Northeastern US, with more than 50 flood fatalities (Beven et al., 2022;
Figure 1). At numerous locations, 1-3 hr rainfall accumulations were markedly larger than 1000-year values from
NOAA Atlas 14 (Bonin et al., 2016). Supercell thunderstorms were the agents of extreme, short-duration rainfall.
Record flood peaks were measured at numerous U. S. Geological Survey (USGS) stream gaging stations on 1 and
2 September. The 2 September 2021 flood peak at the Elizabeth River gaging station, which has a record length
of 100 years, was more than 3 times larger than the second largest flood peak, which occurred on 28 August 2011
from Hurricane Irene. The peak discharge was more than 5 times larger than the sample 10-year flood magnitude,
making it one of the most extreme flood peaks in the eastern US (Smith et al., 2018).

In this study, we document short-duration rainfall extremes through analyses of polarimetric radar fields and rain
gauge observations. Rainfall fields are computed from WSR-88D polarimetric radar measurements using an algo-
rithm based on specific differential phase shift, K,,, (Section 2; see Chandrasekar et al., 1990; Chaney et al., 2022;
Giangrande & Ryzhkov, 2008; A. V. Ryzhkov et al., 2005). The polarimetric upgrade of the WSR-88D radar
network in the US, which began in 2012, has resulted in major advances in rainfall estimation (see A. Ryzhkov
etal., 2022 for a summary of polarimetric methods and discussion of potential for future advances; see also Zhang
et al., 2016). Specific differential phase shift fields have been generally employed for extreme rainfall environ-
ments and specifically for settings in which hail is a component of the hydrometeor population sampled by the
radar (Kumjian, 2013; A. Ryzhkov et al., 2022).

A supercell is a thunderstorm characterized by the presence of a mesocyclone—a deep, persistently rotating
updraft (Markowski & Richardson, 2011). Supercells have been discounted as heavy rainfall producers based on
arguments revolving around low precipitation efficiency and rapid storm motion (for background on this perspec-
tive, see the text by Cotton and Anthes (1989)). More generally, the relationships between convective intensity
and extreme rain have been the subject of recent research, with supercells representing the extremes of convective
intensity (see Zipser & Liu, 2022 for a review). Mounting evidence has pointed to supercells and mesovortices
as important agents of extreme short-duration rainfall and flash flooding (e.g., Doswell et al., 1996; Nielsen &
Schumacher, 2020a; Nielsen & Schumacher, 2020b; Smith et al., 2001, 2018; Zipser & Liu, 2022). Based on
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Figure 1. Storm total rainfall (mm) from Stage IV rainfall fields, with locations of Ida (from Storm Prediction Center surface
analyses) shown as black circles with time (UTC) on 1 and 2 September. The time period for the storm total is from 00 UTC
on 1 to 12 September UTC on 2 September. Red circles show initiation and dissipation locations for long-track supercell in
the Mid-Atlantic region (Section 5).

numerical simulations, Nielsen & Schumacher, 2018 conclude that low-level rotation can enhance updrafts and
rainfall accumulations (see Markowski & Richardson, 2011; Nielsen & Schumacher, 2020a for additional details).

Rainfall variability in time and space plays an important role in extreme flood response (e.g., Braud et al., 2014;
Morin et al., 2006), but a broad theoretical foundation for rainfall variability has proven elusive. In Sections 4
and 5, we present analyses of rainfall variability that characterize key ingredients of short-duration rainfall
extremes for the remnants of Hurricane Ida. Lagrangian analyses of the structure, motion and evolution of super-
cells provide a framework for examining rainfall variability for Ida. These analyses build on previous studies in
which high-resolution measurements from radar have been used with storm tracking algorithms to relate Lagran-
gian properties of storms to rainfall extremes (Dixon & Wiener, 1993; see also Smith et al., 2019).

Polarimetric radar studies have provided major advances in understanding the dynamics and microphysical
processes associated with supercells that produce tornadoes (e.g., Kumjian, 2011; Kumjian & Ryzhkov, 2008;
Loeffler et al., 2020; Romine et al., 2008; Snyder et al., 2015). Observations of the evolving 3-D structures of
polarimetric radar fields have contributed to enhanced understanding of storm kinematics—notably properties of
updrafts and downdrafts—and of storm microphysics. These studies provide a foundation for examining polari-
metric signatures of extreme rainfall from supercells.

Supercells from Ida produced multiple tornadoes in Maryland, Pennsylvania, and New Jersey on 1 Septem-
ber 2021, including an EF3 tornado in New Jersey and two EF2 tornadoes in eastern Pennsylvania (Beven
et al., 2022). Tropical cyclone tornadoes are not unprecedented in the region, but they are rare. Schultz and
Cecil (2009) report three tropical cyclone tornadoes in New Jersey during the period from 1950 to 2007 (see
also Edwards, 2012). The environment of tropical cyclone supercells has been examined in McCaul (1991)
(see also Edwards, 2012). Notable examples of tropical cyclones producing supercells, tornadoes and extreme
short-duration rainfall include Hurricanes Harvey (2017; see Edwards et al., 2018; Nowotarski et al., 2021) and
Beulah (1967, see Edwards et al., 2018; Smith et al., 2018).
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Tropical cyclones are principal agents of extreme floods in the Northeastern US (Villarini & Smith, 2010).
Like most tropical cyclones that produce extreme flooding in the region, Extratropical Transition (Atallah &
Bosart, 2003; Hart & Evans, 2001; Liu & Smith, 2016) is a central feature of extreme rainfall and flooding from
Ida. Tropical and extratropical elements of the storm system contributed to extremes in the atmospheric water
balance, as detailed in Section 3. In addition to water balance extremes, Extratropical Transition contributed to
the environment for supercell thunderstorms, with large values of Convective Available Potential Energy (CAPE)
and wind shear. Storm environment was also tied to key features of supercell organization. Extreme rainfall was
associated with both long-lived supercells and clusters of supercells (see Bunkers et al., 2006; Davenport, 2021
for discussion of long-lived supercells and Knupp et al., 2014 for background on clusters of supercells).

The magnitudes of rainfall accumulations in the Northeastern US from Ida exceeded estimates of 1000-year
return interval values at 1-3 hr time scales, as detailed in Section 4. Over the past decade, evidence for increasing
short-duration rainfall extremes in a warming climate has mounted (Fowler et al., 2021; Prein et al., 2016; Westra
et al., 2014; see DeGaetano & Tran, 2021 for analyses of changing rainfall extremes in New Jersey). The avail-
ability of radar rainfall data sets covering the past two decades creates an important resource for climatological
assessments of rainfall extremes and flood hazards; analyses of rainfall extremes based on radar rainfall data sets
will provide increasingly important tools for hydroclimatological analyses (Saltikoff et al., 2019; see also Allen
& DeGaetano, 2005; Ghebreyesus & Sharif, 2021; Marra et al., 2017; McGraw et al., 2019; Molter et al., 2021;
Overeem et al., 2009; Smith et al., 2012). Accurate estimates of short-duration rainfall extremes are critical for
radar-based frequency analysis tools and remain an important area of research (e.g., Lengfeld et al., 2020; Molter
et al., 2021; Schleiss et al., 2020; Seo et al., 2014; Wright et al., 2013, 2020).

Rainfall analyses for Ida are also relevant for assessments of Probable Maximum Precipitation (PMP) in the
eastern US. Climate change has introduced growing uncertainties in PMP products, which are used to determine
design storms for high-hazard structures subject to extreme floods (e.g., Kunkel et al., 2013). Development
of storm catalogs of extreme rainfall events is the lynchpin for computing PMP (AWA, 2019; Hansen, 1987,
NRC, 1994; Schreiner & Riedel, 1978; World Meteorological Organization, 2009). Estimates of PMP using
Storm Transposition are especially sensitive to the accuracy of rainfall estimates for the most extreme events (e.g.,
World Meteorological Organization, 2009; Wright et al., 2014). Radar rainfall estimates, like those presented
in Sections 4 and 5 for Ida, will play an increasingly important role in hydrometeorological analyses of rainfall
extremes based on storm catalogs.

Smith et al. (2018) introduced the term “Strange Floods” to characterize record floods that are not just markedly
larger than other flood events, but also result from unusual flood agents. The central idea is that flood peak distri-
butions can result from mixtures of different flood agents and the upper tail may be determined by rare events
that are poorly represented in observational records. Hirschboeck (1987) introduced the notion that flood regimes
can be distinguished by those in which record events result from extremes of common events (see also Marra
et al., 2018; Zorzetto et al., 2016) or from unusual events (see also Smith et al., 2011; Villarini & Smith, 2010).
Assessing the upper tail of rainfall or flood distributions based on extreme value methods is especially challeng-
ing for Strange Floods. As detailed in Sections 4 and 5, tropical cyclone supercells in the Northeastern US are
agents of Strange Floods and represent a challenging addition to estimation of short-duration rainfall extremes
and flood peaks.

The main results of this study are presented in Sections 3—5. Data and methods are introduced in Section 2, focus-
ing on the rainfall estimation tools that are central to analyses in Sections 3-5. In Section 3, we introduce elements
of the storm environment for extreme rainfall on 1-2 September 2021. Documenting rainfall and flood extremes
from the remnants of Ida is the principal goal of Section 4. We focus on the region of peak rainfall and flooding in
eastern Pennsylvania and New Jersey. The three regions used to organize rainfall and flood analyses in Section 4
(eastern Pennsylvania, central New Jersey, and northern New Jersey) provide the structure in Section 5 for docu-
menting the role of supercells as agents of extreme rainfall. The role of tropical cyclones as extreme flood agents
in the Northeastern US provides the organizing theme for Section 6. Conclusions are summarized in Section 7.

2. Data and Methods

Radar rainfall estimates are constructed from WSR-88D (Weather Surveillance Radar—1988 Doppler) polarimet-
ric radar fields derived from the Fort Dix radar in New Jersey (KDIX). We use volume scan Level II polarimetric
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fields, which are downloaded from the National Center for Environmental Information (see Data Availability
section). The principal polarimetric measurements we use are horizontal reflectivity, Z, and differential phase
shift, ¢, (in degrees). The specific differential phase shift, K, (degrees km™'), is the range derivative of ¢,,,;
we compute K, using the Bringi method (with default parameters) implemented in CSU Radar Tools (see Lang
et al., 2007; Reimel & Kumjian, 2021 for summaries; see also Wang & Chandrasekar, 2009). Kumjian (2013)
and A. Ryzhkov et al. (2022) provide detailed introductions to polarimetric radar measurements, including K},

Volume-scan polarimetric radar fields are converted to Cartesian grids with 0.5-km resolution using the Python
ARM Radar Toolkit routines (Py-ART; Helmus & Collis, 2016). Rain rate fields are computed from all low
elevation scans, which for the KDIX measurements during Ida have an elevation angle of approximately 0.53°.
The time resolution of low elevation scans is approximately 2 min. Multiple low-elevation scans within a volume
scan were implemented for the WSR-88D system through the SAILS (Supplemental Adaptive Intra-Volume
Low-Level Scan) and MESO-SAILS (Multiple Elevation Scan Option for SAILS) scanning strategies (Cho
et al., 2022; Kingfield & French, 2022). Although principally targeting tornado and severe weather forecasts
(see, e.g., M. S. Van Den Broeke, 2015), the multiple low-elevation scan strategies provide important insights to
rainfall variability, especially for watersheds experiencing extreme, short-duration rainfall (Section 5; see also
Chaney et al., 2022; Cho et al., 2022). We used manual quality control procedures to check whether incomplete
beam filling, ground returns or biological scatterers adversely affected polarimetric fields; no issues were found
that affect rainfall analyses.

We focus on K, estimates of extreme rainfall, with horizontal reflectivity, Z, used for estimating lower rain rates.
We follow previous studies (see, e.g., Chandrasekar et al., 1990; Chaney et al., 2022), in using a K,,, power law
equation when reflectivity is large and K ,, noise is modest. Specifically, for reflectivity greater than 45 dBZ and
K, greater than 0.1° km~!, rainfall rate R (in mm h~!) is estimated as:

R =a X Kpr (1)

For the power law parameters, we take a = 44.0 and b = 0.822 (A. Ryzhkov et al., 2022). If the two conditions
above do not both hold, rainfall rate is estimated using a Z-R relationship:

R=axZ @)
where Z is in linear units (mm® m~3), @ = 0.017 and 8 = 0.71 (see Fulton et al., 1998).

Our focus on K, for rainfall estimation is based in part on the prevalence of “hail with rain” in the operational
NWS Hydrometeor Classification Algorithm (Giangrande & Ryzhkov, 2008; A. Ryzhkov et al., 2022), especially
for the areas of heaviest rainfall from Ida. The hail hydrometeor classification is a common feature of supercells.
Application of K, for rainfall estimation has also been recommended for extreme rainfall, dating back to early
studies (e.g., Chandrasekar et al., 1990). Our approach to rainfall estimation provides a direct approach for assess-
ing the utility of K, for estimating extreme rainfall.

Rain gauge observations are used in combination with polarimetric fields for rainfall analyses. Daily observations
from the CoCoRaHS (Community Collaborative Rain, Hail, and Snow) network provide the bulk of rain gauge
observations. Sub-hourly rain gauge data from the Rutgers New Jersey Weather Network and the USGS also
provide key observations for assessing extreme rainfall from Ida. We use daily observations from CoCoRaHS for
assessing multiplicative bias of polarimetric rainfall fields computed from Equations 1 and 2. Bias correction of
radar rainfall fields based on rain gauge observations has been an important element of rainfall estimation (e.g.,
Seo et al., 1999; Smith & Krajewski, 1991). Bias correction is used for both operational forecasting (Berne &
Krajewski 2013; Imhoff et al., 2021) and for climatological applications (e.g., Smith et al., 2012).

We follow regional bias correction procedures (Smith et al., 2012; Zhou et al., 2019), with mean field bias
computed as the ratio of the sum of rainfall from rain gauge observations to the sum of radar rainfall accumu-
lations for locations of rain gages. In Figure 2 (top), we show the regional domain used for bias correction and
locations of CoCoRaHS gauges. The domain covers portions of eastern Pennsylvania, central New Jersey, and
northern New Jersey. A scatterplot of rainfall observations from gauges and radar are shown in Figure 2 (bottom);
radar rainfall estimates are bias-corrected. The multiplicative bias of 1.4 is used throughout our analyses below.

Regional analyses of rainfall over the eastern US are based on the Stage IV radar rainfall fields developed by the
National Weather Service (Figure 1). The spatial resolution of these rainfall fields is approximately 4 km and the
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Figure 2. Bias-corrected storm total rainfall (mm) from K,,-based algorithm, with locations of CoCoRaHS rain gauges
used for bias correction (top); scatterplot of storm total rain gauge and bias-corrected radar accumulations (bottom). The time
period for the bias computation is 12 UTC on 1 to 12 September UTC on 2 September.
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time resolution is hourly (Lin & Mitchell, 2005). Stage IV rainfall fields have been increasingly used for climato-
logical applications (e.g., Ghebreyesus & Sharif, 2021).

We identify supercells through local maxima in azimuthal shear fields computed from Doppler velocity meas-
urements using the SPORK-SPIN algorithms (Van Den Broeke, 2021; M. Wilson and Van Den Broeke, 2021;
Wilson et al., 2020). We use a threshold of 1.0 m s~ km~! for identifying mesocyclones.

Analyses of storm environment utilize model fields from the Global Data Assimilation System (GDAS; Derber
et al., 1991). We compute components of the atmospheric water balance using GDAS fields and procedures
described in Su and Smith (2021). We also use GDAS fields for analyses of Extratropical Transition based on
cyclone phase space methods (Hart & Evans, 2001).

3. Storm Environment

The remnants of Hurricane Ida passed through the Mid-Atlantic and Northeastern US on 1 September, with the
center of circulation moving from southwestern Virginia at local noon past New York City by midnight local
time (Figure 1; UTC is local time plus 4 hr). Rainfall accumulations exceeding 200 mm extend in an arc from
southeastern Pennsylvania through New Jersey and New York into Connecticut (Figure 1). Rainfall along this arc
was concentrated during the 6-hr period beginning at 2000 UTC on 1 September.

Extratropical Transition—in which a warm core, symmetric tropical cyclone transitions to a cold core, asym-
metric cyclone (Hart & Evans, 2001)—was a prominent feature of the storm environment on 1 September, as is
the case for most major tropical cyclone flood events in the Northeastern US (Atallah & Bosart, 2003; Atallah
et al., 2007; Liu & Smith, 2016). Ida completed its transition to a cold core, asymmetric cyclone by 12 UTC
on 1 September based on cyclone phase space analyses of GDAS model fields (figure not shown; see Hart &
Evans, 2001; Liu et al., 2017 for discussion of methods). At that time, the center of circulation of the storm was
located southwest of the domain shown in Figure 1.

As the storm moved up the East Coast on 1 September, extreme rainfall was organized along and south of a warm
front. At 12 UTC the warm front extended through Maryland into southern New Jersey (Figure 3). By 00 UTC
on 2 September, the frontal boundary was located in northern New Jersey, with a surface low in southeastern
Pennsylvania along the New Jersey border.

Tropical and extratropical features of Ida contributed to extremes of the atmospheric water balance (Figure 4).
Precipitable water values peaked between 18 UTC on 1 September and 00 UTC on 2 September, with values
exceeding 65 mm near in southeastern Pennsylvania near Philadelphia at 0000 UTC, approaching record values
for the region. Peak magnitudes of vertically integrated water vapor flux (IVT), which exceeded 2,100 kg s~ m~!,
were comparably extreme (Su & Smith, 2021). Moisture transport was aided by the strengthening low-level jet
ahead of Ida's extratropical low. The IVT field at 0000 UTC (Figure 5) illustrates the convergence of ingredients
producing catastrophic flooding in eastern Pennsylvania and New Jersey.

4. Extreme Rainfall and Flooding

In this section, we examine rainfall and flooding, documenting the most extreme magnitudes associated with
the remnants of Ida. We organize analyses in this section (and analyses in Section 5) around three geographic
regions—central New Jersey, eastern Pennsylvania, and northern New Jersey. We begin with the central New
Jersey region, which includes the core of peak rainfall shown in Figure 1. The central New Jersey region also
includes rain gauge stations with the most extreme sub-daily rainfall accumulations; these stations are operated
by the New Jersey Rutgers Weather Network and USGS. Flooding in eastern Pennsylvania, New Jersey and New
York resulted in 51 flood fatalities, with 29 in New Jersey.

Storm total rainfall based on the bias-adjusted K, rainfall fields for the Central New Jersey region reached
260 mm between the watershed boundaries of the Neshanic River and Stony Brook (Figure 6). The period of
peak rainfall extended from approximately 22 UTC on 1 September to 01 UTC on 2 September. Rainfall was
organized along the southwest-to-northeast tracks of supercells, as detailed in Section 5. The largest rain gauge
accumulation is 230 mm from a station in Hopewell, NJ, which is located in the Stony Brook watershed southeast
of the core of peak rainfall (see Figure 6 for locations).

SMITH ET AL.

6 of 27

85U017 SUOWILLIOD 8AIERID 3|qeal|dde au Aq peusenob ase SajoiLe YO ‘88N Jo s8N oy Aeig1 8ulUQO /8|1 UO (SUONIPUCD-PUE-SWLB)/L0D A8 | IM"Ake.q 1 [pul [UO;/:SdL) SUOTIPUOD pue SWe | 8y} 89S *[£202/S0/08] Uo Akl 8uljuo A8|IM ‘YE6EE0MMZZ02/620T 0T/10pwod Ao | m Atelq puljuo'sgndnBe//:sdny woiy pepeojumoq ‘€ ‘€202 ‘SL6. 76T



APy
Fa\C [0 Water Resources Research

ADVANCING EARTH
AND SPACE SCIENCE

10.1029/2022WR033934

S50 11661
o ®
. St

Figure 3. Storm prediction center surface analysis for 1200 UTC on 1 September (top) and 0000 UTC on 2 September (bottom).
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Figure 4. Precipitable water fields (mm; left column) and IVT magnitude fields (kg s~! m~!; right column), derived from GDAS analysis fields. The top row is for 18
UTC on 1 September 2021 the bottom row is for 00 UTC on 2 September.

Intercomparisons of rain gauge observations with K, rainfall rate time series illustrate the utility of polarimetric
radar observations in resolving variability of the most intense rainfall from Ida (Figures 7 and 8). K/,, rainfall
fields accurately capture the variability of rainfall rate at 15-min time scale. For each of the five rain gauge
stations, peak 15-min rainfall rates exceed 100 mm hr~!. Peak 15-min rainfall rates at Stockton around 2230
UTC (Figure 7) are from a supercell that passed over the Neshanic River basin during the following 30 min (see
Section 5), producing a sharp spike of rainfall over the watershed and record flooding. The Hopewell rain gauge
captures extreme short-duration rainfall (Figure 7) from supercells producing record flooding in the Stony Brook
watershed.

The Skillman, Belle Mead and Hillsborough rain gauges are closely spaced along the southwest-to-northeast
track of supercells (see Figure 6 for rain gauge locations). Gauge—radar intercomparisons (Figure 8) demonstrate
the utility of K, ,-based rainfall fields in resolving fine-scale variability of extreme rainfall in space and time.

Rainfall accumulations at the Stockton, Hopewell, Skillman, Belle Mead, and Hillsborough rain gauge sites are
extreme, relative to NOAA precipitation frequency values (Table 1). Observations approach 500 year return
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Figure 5. Vertically integrated water vapor flux field at 00 UTC on 2 September (derived from GDAS fields); length of
arrows denotes the magnitude of the flux vector (kg s~! m~"), which is also represented by the color fill. The Wallops Island,
Virginia radiosonde site is marked by a red “W.”

interval values at 60-min time period and exceed 1000-year accumulations at 2—3 hr duration. The 3-hr accumu-
lation of 173 mm at Belle Mead is 29 mm larger than the 1000-year return interval value.

Rain gauge observations did not, however, sample the region of peak rainfall as represented by radar rainfall
fields. The peak 1-, 2-, and 3-hr rainfall accumulations based on radar rainfall fields are 106, 159, and 193 mm.
The peak hourly accumulation is 9% larger than the 1000-year rainfall value; the 2-hr accumulation exceeds the
1000-year value by 23% and the 3-hr accumulation is 34% larger than the 1000-year value (Table 1). Locations
of the maximum 1, 2, and 3 hr accumulations are in the region of maximum storm total accumulation extending
from the boundaries of the Neshanic River to the Stony Brook watershed (Figure 6).

The peak discharge in the Neshanic River of 430 m? s~! is 50% larger than the second ranking flood peak in
a stream gaging record of more than 90 years (Figure 9; see Figure 6 for basin location). The drainage area of
the Neshanic River at the USGS stream gaging station is 67 km?. Record flooding in the Neshanic River was
principally due to extreme, short-duration rainfall (Figure 9). The 5-min, basin-average rainfall rate at 2245 UTC
exceeded 145 mm hr~!, a remarkably large value for a 67 km? watershed. The sharp spike in rainfall rate over
the Neshanic River watershed (Figure 9) reflects peak rainfall rates from the storm element that passed over the
Stockton rain gauge from 2200 to 2230 UTC (Figure 7).

Record flooding was also recorded at the USGS stream gaging station on Stony Brook (Figure 10), which has an
annual peak series of 68 years. Drainage area of the Stony Brook watershed (see Figure 6 for location) is 115 km?.
Basin average rainfall rates spiked over 90 mm hr~! from supercell clusters during the period from 2245 UTC to
0015 UTC (see Section 5), producing the record flood peak of 385 m3 s~! (Figure 10).

Extreme rainfall in eastern Pennsylvania from the remnants of Ida (Figure 11), which occurred principally during
the period from 1900 to 2200 UTC on 1 September, produced record flooding at numerous USGS stream gaging
stations. The peak discharge of 230 m? s~! in Valley Creek, which has a drainage area of 54 km?, is 30% larger
than the September 1999 peak from Hurricane Floyd, the second largest flood peak in the stream gaging record
(Figure 12). The annual peak series for Valley Creek extends from 1983 through 2021.
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Figure 6. Storm total radar rainfall map (mm) for central New Jersey (1200 UTC on 1 September to 1200 UTC on 2

..

September) with Stony Brook and Neshanic basin boundaries; basin outlets are denoted by a black “x.” Rain gauge locations
for Stockton (blue star; USGS network), Hopewell (magenta star; Rutgers New Jersey Weather network), Skillman (white
star; USGS network), Belle Mead (green star; USGS network) and Hillsborough (yellow star; Rutgers New Jersey Weather
network) are shown (see Table 1).

Flooding in eastern Pennsylvania, like in the Neshanic River basin, was principally due to extreme, short-duration
rainfall. Basin-average rainfall in Valley Creek (Figure 12 top) exhibits a sharp peak exceeding 130 mm hr~!
around 2130 UTC. A fast-moving supercell that tracked from southwest to northeast produced peak rainfall rates
in Valley Creek (Figure 11), as detailed in Section 5.

The most extreme flooding from Ida and the largest concentration of flood fatalities occurred in northeastern
New Jersey (Figure 13) and was the product of extreme rainfall, principally during the period from 23 UTC on 1
September to 02 UTC on 2 September. Multiple supercells (Section 5) produced extreme rainfall over 1-3 hr time
scale and catastrophic flooding in the Elizabeth River, which has a drainage area of 44 km? at the USGS stream
gaging station (Figure 14 top). The peak discharge of 600 m? s~! exceeds the second largest peak by a factor of
more than 3, from a stream gaging record of more than 100 years (Figure 14 bottom). The ratio of peak discharge
to the sample 10-year flood is greater than 5, placing the Elizabeth River flood peak among the most extreme in
the Eastern US (Smith et al., 2018).

A CoCoRaHS station north of the Elizabeth River basin (Figure 13, see also discussion in Section 5) reported
a storm total accumulation of 224 mm. We time-distributed the storm total accumulation using the K,,-based
rainfall time series for the gauge location, yielding a 5-min time series with 224 mm accumulation and the time
profile of rain rate matching the polarimetric rainfall field. The peak hourly rainfall based on this analysis is
114 mm, which is 10 mm larger than the 1000-year rainfall accumulation. The 3-hr accumulation of 191 mm
is 47 mm larger than the 1000-year return interval value and just less than the maximum 3-hr accumulation of
193 mm between the Neshanic River and Stony Brook watersheds (as detailed above).

From Valley Creek in eastern Pennsylvania to the Elizabeth River in northern New Jersey, rainfall extremes and
flooding are tied to striking temporal and spatial variability of rainfall, as detailed in the following section.
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Figure 7. Time series of rain gauge and radar rainfall estimates (KDP) at the Stockton rain gauge location (top) and
Hopewell rain gauge location (bottom); see Figure 6 for locations.
5. Supercells and Short-Duration Rainfall Extremes
A prominent feature of Hurricane Ida's passage through the Northeastern US was the outbreak of tornadoes in
Pennsylvania and New Jersey, including the EF3 Mullica Hills tornado in New Jersey. The tornado outbreak
points to the role of supercells in producing extreme rainfall from the remnants of Ida. Supercells are not an inci-
dental piece of the story, but a central agent of extreme flooding, as detailed below.
The record flood peak in Valley Creek (Figure 12) was produced by extreme short duration rainfall, with peak
rainfall rates exceeding 200 mm hr~! in the eastern portion of the watershed at 2117 UTC on 1 September
(Figure 15). A supercell passing southeast of the watershed was the agent of extreme rainfall—mesocyclone loca-
tions (based on storm rotation analyses; see Section 3) are shown for the period 2111-2129 UTC in Figure 15.
Shortly after the peak rainfall in Valley Creek, the Fort Washington tornado (EF2) formed northeast of the water-
shed. Location of the tornado at 2135 UTC is denoted by the downward black triangle in Figure 15.
SMITH ET AL. 11 of 27
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Figure 8. Time series of rain gauge and radar rainfall estimates (KDP) at Skillman (top), Belle Mead (middle) and
Hillsborough (bottom); see Figure 6 for locations.
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Table 1 Storm motion and evolution resulted in striking spatial variability of rainfall,

Maximum Rainfall (mm) at 60, 120, and 180 min Time Scale for Ida and
NOAA Precipitation Frequency Results

Station 60 min 120 min 180 min
Stockton 87 134 163
Hopewell 87 134 163
Skillman 88 142 163
Belle Mead 89 147 173
Hillsborough 87 134 163
NOAA 200 81 104 116
NOAA 1000 97 129 144

Note. Rain gauge locations are shown in Figure 6. The NOAA 200 row
provides 200-year return interval rainfall values; the NOAA 1000 row
presents 1000-year return interval values.

as illustrated through rain rate fields at 2113, 2115, 2117, and 2119 UTC
(Figure 16) and time series of storm properties from 2100 to 2145 UTC
(Figure 17). Structure of the rain rate fields reflects the evolving dynamical
and microphysical processes in the forward flank downdraft of the supercell
(Markowski & Richardson, 2011). Peak rain rate in the supercell increases
sharply from 150 mm hr=" at 2100 UTC to its peak at 2117 UTC exceeding
200 mm hr~!. Peak rain rate decreased briefly from the 2117 UTC peak, but
returned to values close to 200 mm hr~! at 2128 UTC, immediately preced-
ing first reports of the Fort Washington Tornado. Paired with the period of
peak rain rates is a rapid increase in the area with extreme rain rates; from
2113 to 2128 UTC the area with rain rates greater than 150 mm hr~! plateaus
above 60 km? (Figure 17). Sharp increases in extreme rainfall prior to 2113
UTC and sharp decreases in extreme rainfall after 2128 UTC characterize the
evolving structure of the supercell. Spinup and decay of the mesoscyclone
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Figure 9. Basin-average rain rate (blue) and discharge (red) time series for the Neshanic River; 1 September 1900 UTC to 2
September 0900 UTC (top panel). Annual flood peaks (m? s~!) for the Neshanic River are shown in the bottom panel.
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Figure 10. Basin-average rain rate (blue) and discharge (red) time series for Stony Brook; 1 September 1900 UTC to 2
September 0900 UTC (top panel). Annual flood peaks (m? s~!) for Stony Brook are shown in the bottom panel.

likely contributed to rain rate variability over the period from 2100 to 2145 UTC and the large spatial gradients
in rainfall over the region (Figure 11).

Size of the supercell rain area is a key feature of extreme flooding in Valley Creek (Figure 17) and other watersheds
experiencing record floods in Pennsylvania and New Jersey. At 2117 UTC, the area with rain rates greater than
100 mm hr~! was larger than 250 km? and the 150 mm hr~! rain area exceeded 70 km?. As noted above, the area
exceeding 150 mm hr~! increased sharply, plateaued for a brief period and decreased sharply. The rain area exceed-
ing 100 mm hr~! shows less variability—the area exceeded 170 km? at 2100 UTC and 190 km? at 2145 UTC.

Storm motion for the supercell as it approached and passed through the Valley Creek watershed was to the north-
east at approximately 15 m s~! (based on storm tracking analyses using reflectivity centroids). For the 2-min time
step of rainfall fields in Figure 16, storm motion implies a translation of approximately 2 km to the northeast.
Elements of rainfall variability that control the sharp spike in basin-average rainfall rate and record flooding in
Valley Creek (Figure 12) can be characterized by structure, motion and rainfall evolution of the supercell.

Record flooding for the Neshanic River in central New Jersey (Figure 9) also resulted from extreme, short-duration
rainfall. A supercell tracking southeast of the basin from 2230 to 2300 UTC on 1 September (upward red trian-
gles in Figure 18 denote locations of the mesocyclone) produced a sharp spike in basin-average rainfall rates,
with a peak value exceeding 140 mm hr~' at 2244 UTC (Figure 9). The supercell produced 15-min rainfall rates
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Figure 11. Storm total radar rainfall map (mm) for eastern Pennsylvania (1200 UTC on 1 September to 1200 UTC on 2
September) with Valley Creek and Neshanic River basin boundaries. Basin outlets are denoted by black “x.”

of 120 mm hr~! at the Stockton rain gauge (Figure 7) prior to passing over the Neshanic River watershed (see
Figure 18 for location of the Stockton rain gauge). The Upper Makefield Tornado (EF1) passed to the southeast
of the watershed from 2230 to 2235 UTC (denoted by the downward black triangle in Figure 18).

At 2244 UTC, rainfall rates exceeding 150 mm hr~! covered much of the Neshanic River basin (Figure 18).
Unprecedented flooding in the Neshanic River (Figure 9) was fundamentally tied to the footprint of extreme
rainfall rates from the supercell that tracked over the region from 2230 to 2300 UTC. The area with rain rates
greater than 150 mm hr~! approached 80 km? for the supercell; the area with rainfall rates exceeding 100 mm hr~!
peaked at 350 km?. These values are somewhat larger than peak values from the supercell that produced extreme
flooding around Valley Creek (Figure 17).

Storms producing extreme rainfall and flooding from Valley Creek to the Neshanic River were elements of a
long-lived cluster of supercells that moved through eastern Pennsylvania into New Jersey from 2100 to 2300 UTC
(Figures 11, 15, and 18). The large variability in rainfall over the region was driven by motion and evolution of
the supercell clusters. During the period from 2100 to 2300 UTC, supercells moved rapidly from southwest to
northeast, based on tracking locations of low-level reflectivity centroids. Storm speed ranged from 10 to 15 m s~!
with higher speeds on the southwest end of the domain and lower speeds on the northeast end of the domain in
New Jersey. Slower storm motion over New Jersey contributed to the larger accumulations in the region (Doswell
et al., 1996). The area covered by extreme rainfall was exceptionally large, with somewhat larger values on the
northeast end of the supercell track (Figures 15 and 18).

Record flooding in the Stony Brook resulted from a sequence of supercells during the period from 2230 UTC on 1
September to 0030 UTC on 2 September, each producing spikes of basin-average rain rate exceeding 90 mm hr~!
over the 115 km? watershed (Figure 10). Peak rain rates over Stony Brook at 2330 UTC (Figure 19) were paired
with the Princeton tornado (EF1), the last of the day. Extreme rainfall and the Princeton tornado were produced
by a long-lived supercell that had spawned the Mullica Hill tornado (EF3) in southern New Jersey around 2210
UTC on 1 September.

The core of peak rainfall at 2330 UTC (Figure 19) was located between the Hopewell rain gauge to the southwest
and the Skillman rain gauge to the northeast. The largest 15-min rainfall rates at the Hopewell rain gauge occurred
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Figure 12. Basin-average rain rate (blue) and discharge (red) time series for Valley Creek; 1 September 1900 UTC to 2
September 0900 UTC (top panel). Annual flood peaks (m? s~!) for Valley Creek are shown in the bottom panel.

during the preceding 30 min (Figure 7). The 140 mm hr~! peak rain rate at the Skillman rain gauge (Figure 8)
covered the 15 min period following 2330 UTC, as the supercell moved to the northeast (Figure 19). Flood
response in Stony Brook was tied to striking spatial variability in rainfall over the watershed during the periods of
peak rain (Figure 19). Gauge-radar intercomparisons illustrate the utility of K,,-based rainfall fields in resolving
spatial and temporal variability of rainfall extremes over Stony Brook—sized watersheds.

Over the course of the afternoon and evening, the number of supercells increased as the focus of flooding shifted
to New Jersey and New York. At 2330 UTC, there were five supercells identified by storm rotation in central New
Jersey and eastern Pennsylvania; these storm elements were responsible for peak rain rates throughout the region.
Clustering of supercells occurred throughout the day, organized in part by the evolution of the warm front that
pushed into central New Jersey and the cold front, that extended from southeastern Pennsylvania into the South-
eastern US by 00 UTC on 2 September (Figure 3). The striking convergence of water vapor flux over central New
Jersey (Figure 5) set the stage for unprecedented rainfall and flooding from clusters of supercells.

Catastrophic flooding in the Elizabeth River resulted from a sequence of supercells that tracked over the water-
shed from 2300 to 0100 UTC on 2 September (Figure 14). The most extreme rainfall, with basin-average rain
rates approaching 110 mm hr~!, occurred around 0038 UTC (Figure 20). The track of the supercell along the
eastern margin of the basin is shown in Figure 20.
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Figure 13. Storm total rainfall map (mm) for northern New Jersey (1200 UTC on 1 September to 1200 UTC on 2
September) with the Elizabeth River basin boundary and location of the North Arlington CoCoRaHS rain gauge (white star).

Clusters of supercells in New Jersey produced some of the largest short-duration and storm total rainfall accumu-
lations from Ida (Section 4). A supercell passed over the North Arlington CoCoRaHS station around 0030 UTC
on 2 September (Figure 20) producing the reconstructed hourly rainfall accumulation of 114 mm, as detailed in
the previous section. Earlier, this storm element produced extreme rainfall rates over the Elizabeth River water-
shed. Tracks of supercells moved to the east after 0030 UTC, triggering devastating flooding in New York City.

Further south and earlier on 1 September, a long-lived supercell produced a narrow line of 75-100 mm rainfall
extending from near Charlottesville, Virgina to Baltimore, Maryland, a distance of more than 300 km (red circles
in Figure 1). The Virginia-Maryland storm system reflects the early phase of extreme rainfall on 1 Septem-
ber when a single supercell track is responsible for extreme flooding. The first fatality of the day occurred in
Rockville, Maryland during the early morning when a basement apartment was flooded, presaging events late in
the day in New York City.

Supercells were the dominant agents of extreme rainfall and flooding in the Northeastern US on 1-2 September.
Attributes that contributed to the unprecedented rainfall include size, motion and evolution of individual super-
cells and diverse modes of clustering of supercells. Tracks of multiple supercells along a similar path were an
important aspect of record 1-3 hr rainfall accumulations. The life cycles of supercells and their mesocyclones
contributed to the pulsating nature of extreme rainfall (Smith et al., 2019) and spatial variability of the most
severe flood impacts.

6. Discussion

“Mixtures” of distinct flood types have been viewed as important aspects of the upper tail of flood peaks,
dating back to the development of hydrometeorological tools for engineering design by Arthur Morgan and
Miami Conservancy engineers (Morgan, 1917; for more recent developments, see Hirschboeck, 1987; Merz &
Bloschl, 2003; Miniussi et al., 2020; Smith et al., 2011, Villarini, 2016). Mixtures of flood types are a prominent
feature of annual peak distributions for the eastern United States, with tropical cyclones standing out as principal
agents of extreme floods (Villarini & Smith, 2010). How does Ida fit into a mixtures framework for assessing the
upper tail of flood peaks and short-duration rainfall?
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Figure 14. Basin-average rain rate (blue) and discharge (red) time series for Elizabeth River; 1 September 1900 UTC to 2
September 0900 UTC. Annual flood peaks (m? s~!) for the Elizabeth River are shown in the bottom panel.
Six tropical cyclones—Diane (1955), Doria (1971), Agnes (1972), Floyd (1999), Irene (2011), and Ida (2021) are
responsible for many of the largest flood peaks at USGS stream gaging stations in eastern Pennsylvania and New
Jersey (e.g., Figures 9, 10, 12, and 14). Extratropical Transition is a key element of extreme rainfall and flooding,
with Agnes, Floyd and Irene providing the material for previous studies of Extratropical Transition and flooding
(Atallah & Bosart, 2003; Colle, 2003; DiMego & Bosart, 1982; Jung & Lackmann, 2019; Liu & Smith, 2016;
Liu et al., 2020; Matyas, 2017).
Rainfall from tropical cyclones that undergo Extratropical Transition along
the East Coast, however, exhibit contrasting spatial and temporal distribu-
Table 2 tions (Atallah et al., 2007; Bailey et al., 1975; Matyas, 2017; United States

Maximum 60-Minute Increase in Discharge (m’ s=! hr™!) for Ida, Irene and
Floyd From Valley Creek, Neshanic River, Stony Brook, and Elizabeth River

Weather Bureau, 1955; Villarini et al., 2011). A feature that distinguishes
Ida from the other five tropical cyclones is concentration of rainfall extremes
during short durations. This conclusion is supported by rainfall and discharge
observations from each of the storms (as detailed above; the most comprehen-
sive summary of short-duration rainfall observations from tropical cyclones
is presented in AWA (2019)). The flood peaks from Ida are larger than peaks
from the other five storms and the response times are more rapid. In Table 2,
the maximum 1-hr rate of increase in discharge in Valley Creek, Neshanic

Basin Ida Irene Floyd

Valley 82 54 27

Neshanic 167 63 NA

Stony Brook 92 56 49

Elizabeth 88 44 37
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Figure 15. Radar rain rate field (mm hr~') at 2117 UTC on 1 September with Valley Creek basin boundary and mesocyclone
locations at 2111, 2117, 2123, and 2129 UTC (red triangles). Inverted black triangle shows location of the Fort Washington
tornado (EF2) at 2135 UTC. Black “x” marks location of the Valley Creek basin outlet.

River, Stony Brook and the Elizabeth River are compared for Hurricanes Floyd (1999), Irene (2011) and Ida
(2021). The maximum 1-hr rate of increase provides a quantitative tool for assessing rise times of flood hydro-
graphs (see also Saharia et al., 2017). For each of the watersheds, short-duration rainfall extremes from Ida result
in the most rapid rise times. In Stony Brook, for example, the peak value is 92 m* s~! per hour for Ida, 56 m?3 s~!
per hour for Irene and 49 m? s~! per hour for Floyd.

The 1 September 1940 Ewan, New Jersey storm, which produced record 24-hr rainfall (610 mm) for New Jersey
(Schoner & Molansky, 1956; Schreiner & Riedel, 1978; U.S. Army Corps of Engineers, 1973), illustrates the chal-
lenges of storm classification. Extreme rainfall was linked to moisture from Hurricane 4 (1940), which was located
approximately 500 km southeast of the region of extreme rainfall (see Galarneau et al., 2010 for discussion of
“predecessor” rainfall events ahead of tropical cyclones). Schoner and Molansky (1956) note that “although there
was a tropical cyclone located some distance off the Virginia coast during the period of heavy rain... storm precip-
itation was more directly associated with a very slow moving cold front.” The 1940 Ewan, New Jersey storm is
classified as a “local” storm in the 2018 PMP study for Pennsylvania (AWA, 2019). For PMP studies, the local
classification is principally used for organized convective storms. The 610 mm accumulation at Ewan was based on
a bucket survey measurement, so there is no direct evidence for short-duration accumulations. Time distribution of
rainfall in the US Army Corps of Engineers storm catalog (U.S. Army Corps of Engineers, 1973) points to accumu-
lations at sub-daily time scales that are comparable to the peaks from Ida.

Rainfall extremes for the six tropical cyclones—Diane, Doria, Agnes, Floyd, Ireane and Ida—are paired with
extremes of atmospheric water balance components. Precipitable water at 00 UTC on 2 September from the
Wallops Island, Virginia sounding, which is located upstream of the New Jersey flood region (see location in
Figure 5) was 57 mm. Comparably large values of precipitable water characterized the other five tropical cyclones
(based on 20th Century Reanalysis fields). Extremes of the atmospheric water balance are an important piece of
the tropical cyclone role in determining the upper tail of flood peak distributions, but they do not provide sharp
contrasts between Ida and other tropical cyclone floods in the region.

CAPE from the Wallops Island sounding at 00 UTC on 2 September was 1,130 J kg~ (based on virtual temper-
ature). Storm Prediction Center analyses show values of CAPE greater than 2,000 J kg~ preceding the period of
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Figure 16. Radar rain rate fields (mm hr™"') at 2113 UTC (upper left), 2115 UTC (upper right), 2117 UTC (lower left) and 2119 UTC (lower right) on 1 September
with Valley Creek basin boundary in black.

peak rainfall in central New Jersey. Temperature and moisture advection by the low level jet east of the developing
cold front created a storm environment with both large values of precipitable water and CAPE for the remnants
of Ida. For the non-Ida storms, CAPE values from 20th Century reanalysis fields have peak values less than
200 J kg~'. Available evidence suggests that large values of CAPE distinguish Ida from Diane, Doria, Agnes,
Floyd, and Irene. Additional analyses of CAPE fields for previous storms and for tropical cyclones in a warming
environment (e.g., Liu et al., 2017) can provide guidance on the role of CAPE for extreme short-duration rainfall
from Ida-like storms.

Supercells are the key ingredient of extreme rainfall from Ida. From the storm environment perspective, the extra-
tropical element of Extratropical Transition creates a setting not unlike that of a Southern Plains severe weather
outbreak (Figure 3) and the tropical element introduces water vapor that exceeds Southern Plains norms. Size,
motion and organization of supercells all contribute to creating the distribution of extreme rainfall from Ida.
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Figure 17. Time series of peak rainfall rate for the supercell shown in Figures 15 and 16 (top); the bottom panel shows the
area with rainfall rates exceeding 100 mm hr~! (left axis) and 150 mm hr~! (right axis).
Polarimetric radar studies have been used to distinguish tornadic from non-tornadic supercells (Kumjian &
Ryzhkov, 2008; M. S. Van Den Broeke, 2020). Less attention has been devoted to assessing polarimetric signa-
tures of extreme rainfall from supercells. Lessons from the tornado literature can inform extreme rainfall studies.
Analyses of updrafts and downdrafts through Z,,, and K,,, columns (Kumjian, 2013) should provide insights
to the water balance of storms. Polarimetric studies of low-level K, features (Romine et al., 2008) provide a
backdrop for assessing processes controlling the size of the extreme rain area of supercells. Doppler radar anal-
yses of rotational motion can provide insights to proposed mechanisms for amplifying rainfall in supercells and
mesovortices (Nielsen & Schumacher, 2020a).
For Ida, the hydrometeor classification in areas of extreme rainfall was predominantly hail with rain. Negative
buoyancy in downdrafts can amplify rain rates through its effects on vertical motion. Evaporating rain and melting
hail and graupel can both induce negative buoyancy that can contribute to extreme rain rates in downdrafts. For
the near-saturated conditions in Ida, melting of mixed phase hydrometeors is likely an important source of nega-
tive buoyancy. Descending K, columns provide a potentially useful polarimetric signature of downdraft-driven
rainfall extremes (Kuster et al., 2021; see also Kumjian et al., 2010; Romine et al., 2008; Trapp et al., 2017). The
SMITH ET AL. 21 of 27
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Figure 18. Radar rain rate field (mm hr~') at 2244 UTC on 1 September with Neshanic River basin boundary and
mesocyclone locations at 2232, 2239, and 2246 UTC (red triangles). Inverted black triangle shows location of the Upper
Makefield tornado (EF1) at 2230 UTC. White star marks location of the Stockton NJ rain gauge (Table 1).

tropical aspect of the storm environment contributed to a deep layer of humidity, a typical setting for extreme
rainfall from warm rain processes. The combination of efficient warm rain processes and mixed phase processes
strengthening downdrafts through melting hail and graupel provides an environment supporting extreme rain
rates.

Polarimetric measurements provide rainfall estimates that capture key elements of rainfall variability, but a
significant bias adjustment based on rain gauge observations is necessary; the multiplicative bias is 1.4 for Ida.
It would be useful to better understand the physical processes that result in significant bias in extreme rain-
fall estimates based on polarimetric measurements. Three factors warrant additional consideration. Emerging
research suggests that the pre-factor in R(K,,) relationships is quite variable depending on the type of raindrop
size distributions (A. Ryzhkov et al., 2022). Pre-factors are generally higher for tropical (“warm”) rain domi-
nated by smaller raindrops and they are smaller for continental (“cold”) rain with an abundance of large rain-
drops that originate from melting graupel and hail. Large vertical gradients of rain rate at the lowest altitudes,
especially for warm rain, provide a second factor that may contribute to varying pre-factors in K/, relationships.
Strong downdrafts provide a third mechanism leading to varying pre-factors in polarimetric algorithms. Bias
adjustments based on rain gauge and bucket survey observations will likely continue to prove useful for useful
for computing rainfall fields used for storm catalogs and PMP estimates.

Rainfall variability for the remnants of Ida (as illustrated, e.g., in Figures 16 and 17) is striking. New methods
for quantifying space-time variability of rainfall are needed along the lines envisioned by Le Cam (1961) and
Waymire et al. (1984). The goal of these studies was to mesh physical representations of rainfall with statistical
models, largely based on point process representations of initiation, motion and structure of storm cells. From a
practical standpoint, the absence of a sound statistical model of extreme rainfall in time and space has resulted in
the reliance on ad-hoc adjustments for translating point estimates of precipitation frequency to areal assessments
(Wright et al., 2020). Lagrangian analyses of rainfall fields from Ida provide a conceptual framework for examin-
ing rainfall variability of storms producing extreme rainfall over sub-daily time scales.
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Figure 19. Radar rain rate field (mm hr~') at 2330 UTC on 1 September with
Stony Brook basin boundary; mesocyclone locations at 2329, 2338, and 2344
UTC are denoted by red triangles. Inverted black triangle shows location of
the Princeton tornado (EF1) at 2330 UTC. Magenta star marks location of the
Hopewell, NJ rain gauge; white star is location of the Skillman rain gauge (see
also Figure 7 and Table 1).

40.7

Latitude

~74.4 —-74.3 —74.2 -74.1 -74.0
Longitude

] |
25 50 75 100 125 150 175 200

Rainfall (mm/h)

Figure 20. Radar rain rate field at 0038 UTC on 2 September with Elizabeth
River basin boundary. Mesocyclone locations at 0021, 0028, and 0034 for two
supercells are denoted by red triangles. White star marks location of the North
Arlington CoCoRaHS station.

The center of storm circulation is the frame of reference for “physics-based
tropical cyclone rainfall models” used for examining the changing climatol-
ogy of tropical cyclone rainfall in a warming climate (Feldmann et al., 2019;
Lu et al., 2018; Xi et al., 2020). The distribution of rainfall relative to the
center of circulation of a tropical cyclone changes rapidly as the storm moves
over land, especially for transitioning storms. The evolution of extreme rain-
fall from the remnants of Ida illustrates the difficulties in modeling tropical
cyclone rainfall over land in the mid-latitudes.

Quantifying the evolving frequency of short-duration rainfall extremes
is a challenge for climate change assessments (Fowler et al., 2021; Prein
et al., 2016; Westra et al., 2014). From a practical standpoint, revising the
NOAA Precipitation Frequency results (Bonin et al., 2016) is a critical
step for addressing flood hazards. For sub-daily time scales, the sparsity of
rain gauge data is a major obstacle to development of updated precipitation
frequency products. For the eastern Pennsylvania—New Jersey region, only
a handfull of long-term rain gauge observations are available for precipitation
frequency studies (DeGaetano & Tran, 2021). Radar rainfall data sets provide
an important resource for future precipitation frequency studies (Saltikoff
et al., 2019).

Ida was a “strange storm” based on the record rainfall totals and flood peaks
and based on the prominent role of tropical cyclone supercells as agents of
extreme rainfall in the Northeastern US. Smith et al. (2018) refer to flood
events for which the ratio of the record flood peak to the 10-year flood magni-
tude (the Upper Tail Ratio) is large as “strange floods.” The strangest flood in
the USGS stream gaging record is the June 1903 Heppner flood, which has
an Upper Tail Ratio of 200, that is, the June 1903 flood peak was 200 times
larger than the sample 10-year flood magnitude. The Heppner Flood, which
resulted in more than 250 fatalities, was the product of extreme rainfall from
a supercell in a setting dominated by snowmelt floods.

Characterizing the “nature” of the upper tail of rainfall is central to advances
in methods used for precipitation frequency analysis and for computing
PMP. The extreme nature of rainfall from Ida may derive from the unusual
interplay of common heavy rainfall ingredients. Or the rainfall extremes may
reflect systematic changes that create Ida-like convective environments more
frequently in a warming climate—a challenging scenario for extreme rainfall
and flood hazards in the Northeastern US.

7. Summary and Conclusions

In this study, we examine rainfall extremes from the remnants of Hurricane
Ida in eastern Pennsylvania and New Jersey. Polarimetric radar analyses
provide the grounding for rainfall assessments and for characterization of
the storms responsible for rainfall extremes. The principal conclusions of the
study are summarized below.

e Rainfall accumulations on 1-2 September 2021 exceeded 1000-year
magnitudes, based on NOAA Atlas 14, for time intervals ranging from
1 to 3 hr at numerous locations in an arc from eastern Pennsylvania to
New York City. Paired with rainfall extremes were record flood peaks at
USGS stream gaging stations. The flood peak in the Elizabeth River—
the setting for multiple flood fatalities—is one of the most extreme in the
USGS record for the Eastern US (Smith et al., 2018).
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e Supercells were the principal agents of extreme rainfall and flooding on 1 September. Long-lived supercells
and clusters of supercells contributed to the spatial and temporal pattern of rainfall extremes. The size of
extreme rainfall regions from individual supercells was an important factor in dictating rainfall variability
for watersheds experiencing record flooding from Ida. Cycles of mesocyclone growth and occlusion likely
contributed to the pulsating nature of extreme rainfall in time and the large spatial gradients in rainfall. Future
research should more fully address polarimeteric signatures of extreme rainfall in supercells.

e Like other extreme flood events from tropical cyclones in the Northeastern US, Extratropical Transition
was a key element of extreme rainfall from Ida. Tropical and extratropical components of storm evolution
contributed to extremes of precipitable water, IVT and CAPE. Extremes of atmospheric water balance compo-
nents for Ida are comparable to those from five tropical cyclones—Diane (1955), Doria (1971), Agnes (1972),
Floyd (1999), and Irene (2011)—that dominate the upper tail of flood peak distributions in eastern Pennsyl-
vania and New Jersey. Analyses of reanalysis fields suggest that CAPE values for Diane, Doria, Agnes, Floyd,
and Irene were smaller than those from Ida.

¢ The remnants of Ida not only produced record flood peaks at USGS stream gaging stations, but also anom-
alously rapid rising limbs of the flood hydrograph, relative to other tropical cyclone floods. Extreme flood
response from Ida was closely linked to short-duration rainfall extremes.

* Polarimetric radar fields—in particular, specific differential phase shift, K, ,—provide accurate measurements
of extreme rainfall at fine temporal and spatial scales for the regions of heaviest rainfall from Ida. Gauge—radar
intercomparisons suggest that K, measurements can play an increasing role in developing rainfall estimates for
extreme storms. Future research should more closely examine strengths and limitations of K}, ,-based rainfall
estimates (Kumjian, 2013; A. Ryzhkov et al., 2022). The enhanced low elevation scanning strategy employed
for Ida—Ilargely due to the tornado threat—provided 2 min time resolution for rainfall fields. Rapid low eleva-
tion scans are especially useful for rainfall estimation in supercells due to their rapid motion and evolution.

Data Availability Statement

WSR-88D Level II polarimetric fields are available from the National Centers for Environmental Information

(NCEI) at https://www.ncdc.noaa.gov/nexradinv/. We use the “bulk download” option for accessing Level II

fields. Code used for processing Level II polarimetric fields can be obtained from the Py-ART github site (https://

arm-doe.github.io/pyart/; see Helmus and Collis (2016)). Code used for computing specific differential phase
shift from Level II polarimetric fields can be obtained from the CSU-RadarTools github site (https://github.com/

CSU-Radarmet/CSURadarTools). SPORK-SPIN algorithms used for rotational motion can be found at https://

github.com/mwilson14/SPORK-SPIN. NEXRAD Stage IV rainfall fields can be obtained from https://rda.ucar.

edu/datasets/ds507.5/. GDAS analysis fields can be obtained at https://rda.ucar.edu/datasets/ds083.3/. USGS
streamflow and rain gauge data are available at https://waterdata.usgs.gov/usa/nwis. Rain gauge data from the

Rutgers New Jersey Weather network can be downloaded at https://www.njweather.org/data. Rain gauge data

from the CoCoRaHS network can be downloaded at https://www.cocorahs.org.
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