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Abstract Narrow cold-frontal rainbands (NCFRs) produce short-duration, high-intensity precipitation
associated with flash flooding and debris flows in Southern California, including the extremely destructive
2018 Montecito event. This manuscript presents the first known catalog of NCFR events in this region during
winter seasons 1995-2020. A manual approach was used to identify NCFRs in radar imagery, supported by
rain gauges and atmospheric reanalysis products. In total, 94 NCFRs were observed, with an average of three
landfalling events occurring per water year. Propagation and impacts of these NCFRs were also investigated.
Composite analyses of synoptic conditions reveal similarities across events; however, individual NCFRs

exist on a spectrum of atmospheric conditions, precipitation intensity, and associated hazards. This regional
record serves as a control dataset for the development of an objective identification algorithm and supports the
evaluation and improvement of forecasting procedures. Methods established here are transferrable to other mid-
latitude regions with limited radar coverage.

Plain Language Summary Narrow cold-frontal rainbands produce short-duration (<1-hr),
high-intensity precipitation associated with flash floods and debris flows in Southern California, including

the extremely destructive 2018 Montecito event. Prior research describes development, predictability, and
associated hazards of these bands, though no known long-term record of their occurrence and climatological
characteristics exists within the United States. This study provides the first known catalog of narrow cold-
frontal rainbands during the winter seasons of 1995-2020 in Southern California, and explores characteristics
of these features such as frequency, movement, and the large-scale meteorology that drives them. Events were
documented manually using rain gauge observations, radar data, and output from atmospheric models. In total,
94 rainbands were documented during the study period, with an average of three landfalling events occurring
in Southern California per water year. The intensity and impacts across the recorded events varied, though
common weather patterns, including strengthening cyclones near the California coast, were associated with the
documented events. This catalog supports weather forecasting efforts as well as the future development of an
automated detection algorithm.

1. Introduction

Narrow cold-frontal rainbands (NCFRs) generate short-duration, high-intensity precipitation with notable im-
pacts in Southern California (Cannon et al., 2018; Oakley et al., 2017; Sukup et al., 2016), which include the de-
structive and deadly 2018 Montecito debris flow (County of Santa Barbara, 2018; Lukashov et al., 2019; Oakley,
Cannon, Munroe, et al., 2018). Existing research provides a comprehensive understanding of the meteorological
characteristics of NCFRs using observations and models (e.g., Carbone, 1982; Geerts & Hobbs, 1995; Houze
etal., 1976; Jorgensen et al., 2003; Parsons, 1992). Recent case studies have documented NCFR occurrence, char-
acteristics, and predictability in several events that impacted Southern California (e.g., Cannon et al., 2018, 2020;
Oakley, Cannon, Munroe, et al., 2018; Sukup et al., 2016). However, prior to this work, no known long-term
record of NCFR occurrence in Southern California had been established. The primary objective of this study was
to create a radar-based record of NCFRs in the Southern California Bight (hereafter “the Bight”), describe their
climatological characteristics, frequency and impacts, and discuss future applications of the developed record.

Establishing a record of NCFRs in Southern California benefitted from past studies that developed manual,
radar-based records of NCFRs as well as other convective lines in various regions (Clark, 2013; Clark & Park-
er, 2020; Gatzen, 2011; Trapp et al., 2005), and that generated automated methods to track mesoscale convective
systems in other parts of the United States (e.g., Haberlie & Ashley, 2019; Prein et al., 2017). However, the
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application of automated methods in Southern California was not pursued due to region-specific radar limitations
such as radar elevation and topographic blocking (Maddox et al., 2002; National Research Council, 2005; Thomp-
son, 2001). These limitations are exacerbated by regional NCFR characteristics. Notably, the relatively shallow
convective precipitation signal (typically <3 km in height; Hobbs & Biswas, 1979; Hobbs et al., 1978), gap and
core structure (Cannon et al., 2020; Jorgensen et al., 2003), and topographic interactions (Neiman et al., 2004)
collectively degrade the ability of the regional radar network to identify NCFRs.

This manuscript presents a manual approach to NCFR identification that leveraged both radar data and additional
meteorological datasets to overcome the described radar limitations. These methods may be transferrable to other
mid-latitude locations where radar is available and limited in coverage. In addition to cataloging NCFRs, syn-
optic conditions associated with events were evaluated in the context of several recent extreme events (Cannon
et al., 2018, 2020; Oakley, Cannon, Munroe, et al., 2018). Further, National Weather Service (NWS) Watches,
Warnings and Advisories (WWAs) were used to quantify typical hazards associated with NCFRs. The results
presented address an immediate need in Southern California-specific meteorological research and operations, in-
cluding subsequent research on objective methods for identifying and tracking NCFRs, quantifying regional radar
limitations, and evaluating the representation of NCFRs in both nowcasting and numerical weather prediction.

2. Data and Methods

The NCEFR identification process utilized a quality-controlled hourly precipitation dataset, gridded daily precip-
itation product, archived radar imagery, and an atmospheric reanalysis for the period October-May 1995-2019
and January—May for 2020 only. This period corresponds to the beginning of reliable and easily accessible ar-
chived radar imagery, as well the region's wet season, when extratropical cyclones bring the potential for NCFR
development (Cannon et al., 2018). The ensuing descriptions outline each step taken in the NCFR identification
process, which include using a 5 mm/hr threshold to identify precipitation events, subsequently viewing radar
reflectivity imagery to search for narrow and long structures of at least 45 dBZ, and supporting identification
decisions using reanalysis.

2.1. Precipitation Observations and Products

A record of moderate-to high-intensity precipitation dates was generated from 30 Remote Automatic Weather
Station (RAWS; Zacharaissen et al., 2003) hourly tipping bucket rain gauges across Southern California (Fig-
ure 1). Precipitation data were quality controlled following the methods of Oakley, Lancaster, et al. (2018). A
minimum hourly accumulation threshold of 5 mm was employed as a conservative baseline for identifying pre-
cipitation dates. This relatively low threshold, in addition to the vast majority of regional precipitation occurring
in a handful of intense, short-duration winter storms each year (Lamyjiri et al., 2018; Oakley, Cannon, Boldt,
et al., 2018), mitigates the possibility of missing an event due to the gauge network's limited temporal and spatial
sampling. In total, 4,349 individual hours exceeded the 5 mm threshold for at least one RAWS station and were
subsequently evaluated in radar imagery (Section 2.1.3).

The Parameter Regression on Independent Slopes (PRISM; Daly et al., 1994) product was used as a supplemental
method to ensure the RAWS analysis did not miss a potential event. The dates evaluated for NCFR activity (i.e., at
least one 5 mm or greater observation at a minimum of one station) collectively accounted for between 85% and
95% of all PRISM precipitation at each individual pixel within the study domain (all grid cells in a box covering
32°-36°N, 122°-116°W). Thus, while the RAWS data set restricted our analyses to moderate intensity events, at
a minimum, the relatively low threshold and buffer period that was employed resulted in a nearly complete record
of Southern California precipitation.

2.2. Precipitation Radar

Level-Il base reflectivity (https://www.ncdc.noaa.gov/wcet/) and level-Ill composite reflectivity mosaics
(https://www.ncei.noaa.gov/maps/radar/) from four regional NWS Next-Generation Weather Radar (NEX-
RAD; NOAA, 1991) installations were used to identify NCFRs. These included radars at San Diego (KNKX;
1996-present), Santa Ana (KSOX; 1997-present), Los Angeles (KVTX; 1995-present), and Vandenberg (KVBX;
1995-present, though a considerable amount of data was not archived for this site). Radar imagery concurrent
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Figure 1. The minimum elevation of a 0.5° scan angle with a 1° beam width from each radar site as an approximation of minimum radar coverage height over the
Bight (color fill; m). A radius of 100 km (black circles) is plotted for each radar (white squares). The location of the 30 RAWS stations (pink circles) used for NCFR

identification are also shown.

with the gauge-based record of moderate-to-high intensity rainfall events was visually inspected at ~5 min inter-
vals for evidence of narrow (e.g., visually appearing to be approximately several km in width), elongated (e.g.,
visually appearing to be approximately tens to hundreds of km in length), banded reflectivity structures exceeding
45 dBZ and propagating across the Bight. Length and width measurements were estimated visually, and were not
quantified during analysis. The threshold of 45 dBZ was chosen based on previously studied narrow cold-frontal
rainband events such as those found in Jorgensen et al. (2003; See their Section 3b and Figure 6), Oakley, Can-
non, Munroe, et al. (2018; see their Figure 4), and Sukup et al. (2016; See their Figures 5, 7, and 8). During radar
imagery inspection, the characteristic “gap and core” structure, which consists of high reflectivity cores and low
reflectivity gap regions (e.g., Hobbs & Biswas, 1979; James & Browning, 1979; Jorgensen et al., 2003; Oakley,
Cannon, Munroe, et al., 2018; Sukup et al., 2016), was also taken into consideration. In addition, radar imagery
was typically viewed beyond the hourly intervals provided by the raingauge network if it was apparent that pre-
cipitation had been continuously occurring prior to or after any particular timestep.

While numerous radar tracking methods for convective features have been established in other locations (e.g.,
Haberlie & Ashley, 2019; Prein et al., 2017), a manual approach to NCFR identification—similar to that of
Gatzen (2011)—was desirable to surmount the limitations of the regional radar network. As NCFRs are typically
shallow convective features, their identification in radar is affected by elevation, range, beam broadening, and
topographic blocking (e.g., Thompson, 2001). The four NEXRAD radar installations that cover the Bight range
in elevation from ~300 to 1,000 m and have a base scan elevation angle of ~0.5°. Figure 1 demonstrates the
minimum elevation of a 0.5° scan angle with a 1° beam width from each radar using a standard atmosphere and
4/3 Earth model (Doviak & Zrni¢, 1993) to approximate minimum NEXRAD beam height over the Bight (color
fill; m)—at just 100 km distance the majority of the radar beam is above 2 km altitude, which is higher than the
NCEFR signal extends in many cases (e.g., Cannon et al., 2020; Jorgensen et al., 2003). Because these limitations
are event-dependent (e.g., the observed echo is affected by NCFR location, depth, intensity, interaction with to-
pography in relation to radar scan geometry, and event freezing level height), developing a rules-based approach
to automated detection would require a-priori knowledge of whether a NCFR had occurred.
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2.3. Atmospheric Reanalysis

Hourly meteorological parameters (e.g., mean sea-level pressure, integrated water vapor, along with wind, tem-
perature, geopotential heights, and specific humidity at 850 hPa, and winds at 250 hPa) from the European
Center for Medium-Range Weather Forecasting fifth generation reanalysis (ERAS, 0.25° x 0.25° horizontal grid;
Copernicus Climate Change Service, 2017) were used to identify synoptic characteristics of NCFR events and to
evaluate variability across events in the catalog. The ERAS reanalysis product also supported NCFR identifica-
tion in questionable cases to determine if banded convective features were tied to a cold-front via examination of
derived equivalent potential temperature (6 ; Bolton, 1980).

2.4. National Weather Service Watches, Warnings, and Advisories

NWS WWAs were evaluated to quantify the relationship between NCFRs and regional hazard potential. The
WWASs were obtained from the Iowa State University lowa Environmental Mesonet archive (mesonet.agron.ia-
state.edu/request/gis/watchwarn.phtml) for the Los Angeles/Oxnard (LOX) and San Diego (SGX) NWS forecast
offices responsible for forecasting over the Bight. Here, only “Warnings” in the “New” issuance category within
24 hr of the NCFR observations were considered to limit the analyses to high hazard-potential events. While NC-
FRs are often embedded within larger precipitating systems (e.g., atmospheric rivers—roughly two-thirds of the
events were associated with an atmospheric river as identified by the methods of Rutz et al., 2014) the analyses
were exclusive to warnings for flash floods, severe thunderstorms, and tornados, which can be associated with
the extreme conditions generated by NCFRs (Oakley, Cannon, Munroe, et al., 2018; Sukup et al., 2016; Thomp-
son, 2001), as opposed to atmospheric rivers. Proxy variables, such as streamflow or runoff, were not considered
in this hazards analysis due to the complex nature of how they may relate to the spotty and fast moving precipi-
tation associated with NCFRs.

2.5. Sensitivity Testing

The use of a manual, qualitative approach to identify NCFRs raises concern as to whether the climatology is
complete and subsequent conclusions are accurate. Sensitivity testing to determine the impact of individual de-
cisions was performed to ensure that the results presented here are robust and that any statements about NCFR
climatology are insensitive to the inclusion or exclusion of a handful of individual events. Testing entailed both
including and excluding questionable NCFRs from further analysis in addition to randomly sampling a subset of
50% of the NCFR events via Monte Carlo methods.

3. Results
3.1. Case Study: Narrow Cold-Frontal Rainband Example

The method to identify NCFRs in this study is best described through a representative example. A characteristic
and impactful event that met the defined NCFR criteria occurred in Southern California on February 17-18,
2017. The meteorological conditions and regional impacts of this event are detailed in Cannon et al. (2018). The
NCEFR prompted issuances of multiple warnings by the NWS LOX and SGX Weather Forecast Offices, including
flash flood warnings across the coastal Bight and adjacent mountains, and severe thunderstorm warnings for
Orange and San Diego Counties.

From ~23:00 to 04:00 UTC on February 17-18, 2017, multiple Southern California RAWS gauges reported
hourly accumulations of >5 mm associated with the NCFR passage (Figure 2a). Radar imagery from 01:16 UTC
on 18 February demonstrates a characteristic NCFR gap and core structure within the Bight, along with reflec-
tivity values of ~50-55 dBZ (Figure 2b). Over the subsequent hours the NCFR's northernmost cores near Los
Angeles County weakened upon encountering coastal topography, while the southernmost cores intensified and
impacted San Diego County at ~02:30 UTC 18 February. Intensity and length/width requirements for identifying
NCFRs defined in this study (Section 2.2) were met. The overall NCFR length was on the order of >400 km
(though it likely extended beyond radar range to the south), and each of the cores was roughly 5-8 km in width
and 25-50 km in length. The NCFR structure diminished by ~04:00 UTC, giving way to broader scale and lighter
precipitation as the associated atmospheric river propagated eastward over land.
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Figure 2. RAWS hourly accumulations during the passing of a NCFR in Southern California on February 17-18, 2017 (a). The black dotted line indicates the 5 mm
hourly threshold. Radar reflectivity at 01:16 UTC on 18 February (b). The RAWS stations in (a) are colored accordingly in (b).

3.2. Record of NCFR Events
3.2.1. Seasonality

In the 26-year period considered in this study, 94 NCFRs were identified. In instances where multiple NCFRs
were observed within the same 48-hr period, only the single maximum-intensity band was retained for synoptic
weather and hazard impact analysis in order to not double count large-scale conditions (we term this an “NCFR
episode,” of which there are 76). On average, approximately three NCFRs occurred within the Bight per water
year, with 6 of 26 water years actually experiencing three events (Figure S1 in Supporting information S1; note
water year 1995 excludes the months of October—December 1994). The statistical range of NCFR events per
water year was 10, demonstrating high interseason variability of passing NCFRs in the Bight. January, February,
and March experienced the greatest number of NCFRs over the full record, with a total of 18, 20, and 18 in each
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Figure 3. Maximum radar reflectivity within 100 km of four NEXRAD sites for 91 NCFRs (1996-2020) (color fill). Black contours identify topography at 500 m

increments.

month respectively (Figure S2 in Supporting information S1). December experienced 16, November 10, April 6,
October 3, and May 3 across the 26-year record (Figure S2 in Supporting information S1).

3.2.2. Reflectivity Characteristics

Maximum Level-II NEXRAD base reflectivity from each available regional radar for 91 NCFRs (all three NC-
FRs in 1995 did not have archived radar data files available) was composited at 250 m resolution within 100 km
of each radar (Figure 3). While nearly all of coastal Southern California has experienced NCFR activity over the
past 26 years, their characteristics have been spatially variable. Multiple intense NCFRs appear to have impact-
ed San Diego County, though it is difficult to discern whether the KNKX radar's low elevation favors stronger
returns. The KVBX radar had considerably less data available for the NCFR record (noted in Section 2.2), and
the KVTX and KSOX radars have a comparatively high base elevation scan (Figure 1), so it is unclear whether
the apparent east-west gradient in reflectivity intensity is physical or an artifact of the observing network. The
issues of beam blockage and radar height are also evident in Figure 3 as spatially discontinuous and apparently
non-physical regions of weak maximum composite reflectivity (e.g., west of the Channel Islands and north of
the Transverse Ranges), which further render the influence of topography on NCFR propagation challenging to
discern.

3.2.3. Propagation

A subsample of 10 individual NCFRs were tracked through radar imagery to characterize their typical propaga-
tion. For each NCFR, 1-hr of 5-min reflectivity imagery (inclusive; 13 total individual volume scans) was used to
identify and track the center of a single core region within the larger NCFR structure. The center of each tracked
NCEFR core was approximated as the median coordinates of all grid points within the core. Using the starting
and ending center points over a single hour, the distance, azimuth angle, and speed of the core's propagation was
calculated. Due to the simple tracking method employed, the 10 chosen NCFRs represent events where processed
NEXRAD radar imagery of a single core region within each event was easily identifiable and uninterrupted for a
1-hr period. Any spatial or temporal characteristics between tracked events was not considered.
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On average, single cores propagated a distance of 51 km in 1-hr (average speed of 14.2 m s™1), with a range of 36—
67 km (10-18.5 m s~1). The average azimuth angle of propagation was 59° (ENE) with a range of 34-100° (NNE
to ESE). These observations are similar to those reported for individual events by Cannon et al. (2018, 2020). The
average maximum reflectivity value observed across events was 61 dBZ (range of 56-69 dBZ), while the average
maximum 95th percentile reflectivity value was 55 dBZ (range of 52-61 dBZ). Note that NWS does not typically
convert reflectivity >55 dBZ to precipitation rate as the sampled volume is assumed to contain ice. Although
the sample size (n = 10) was small, the aforementioned propagation statistics (Table S1 in Supporting informa-
tion S1) provide preliminary insight to the movement of NCFR cores within Southern California.

3.3. Synoptic Conditions Preceding NCFR Development

Though a variety of large-scale conditions support NCFR development, composites revealed common charac-
teristics. The sea level pressure (SLP) composite mean of 76 NCFR episodes 6-hr prior to their peak reflectivity
demonstrated a characteristic surface cyclone immediately offshore of northern California, centered at approx-
imately 125°W, 40°N (Figure 4a). A composite integrated water vapor maximum was present over the Bight
(Figure 4a). SLP tendency over the 18-hr period beginning 24-hr prior to the NCFR peak until the time of the
mean SLP composite (6-hr prior to the peak) demonstrated a negative tendency of ~5 hPa over the 18-hr period
(Figure 4a). The largest pressure falls occurred immediately west of the Bight, under the left exit region of a
250 hPa jet streak (Figure 4a). The surface pressure falls are characteristic of a system with ageostrophic frontal
circulation in the region of enhanced deepening that would support frontogenesis, frontally-forced ascent, and
NCFR development (e.g., Cannon et al., 2020). Composite 850 hPa derived equivalent potential temperature
and winds 1-hr prior to NCFR peak showed an 8 K gradient and ~45° shift in wind direction (from westerly to
south-southwesterly) across the Bight (Figure 4b), characteristic of a cold front. The composite signal is com-
prised of a range of cyclone intensities, including a handful of extreme events with considerably deeper cyclones
and more rapid deepening (the type of synoptic conditions that have been investigated in impactful case studies;
e.g., Cannon et al., 2018, 2020; Oakley, Cannon, Munroe, et al., 2018).

DE ORLA-BARILE ET AL.

7 of 10



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL095362

3.4. Hazards Associated With NCFRs

The record of NWS flash flood, severe thunderstorm, and tornado warnings was compared to the created NCFR
catalog to highlight associated hazards, similar to an analysis performed by Cordeira et al. (2018) for atmospheric
rivers. NWS-issued warnings are forecasts; their verification is conditional on the intersection of the forecasted
meteorological phenomenon, such as a NCFR, and some physical point of concern (e.g., a flood prone watershed,
or a recently burned area). Therefore, the issuance of a warning does not necessarily indicate the occurrence of
impacts. However, the issuance of warnings lends insight to the relative importance of NCFRs to weather-related
threats to life and property in the region.

The 76 NCFR episodes identified were associated with 279 flash flood warnings, 110 severe thunderstorm warn-
ings, and 18 tornado warnings—these account for 28%, 43%, and 36%, respectively, of all warnings in those
categories issued over the study period. In all, 31 events were associated with no warnings, 45 had at least one
warning, and 15 had more than 10, indicating that a handful of NCFR episodes in recent decades were responsible
for a disproportionately large number of NWS warnings (45 individual dates represent ~1% of the study period
but account for ~32% of the warnings). Although the NCFR climatology features a set of extreme precipitation
events driven by common meteorological processes (e.g., a deepening cyclone), the behavior of any individual
NCEFR, the intensity of its precipitation, and its regional impacts exist on a spectrum. Case studies have focused
exclusively on the upper end of that spectrum, but future work to determine the lead time from identification
to landfalling impacts, as well as the predictability of these events in operational numerical weather prediction
systems, will benefit from analysis of the full record of event characteristics.

4. Summary and Discussion

The first known long-term record of NCFR occurrences in the Southern California Bight is presented here and
used to describe NCFR climatological characteristics and impacts. On average, three NCFR events were observed
in the Bight per year with as few as zero and as many as 11 in any given year. NCFRs were found to be most
common in January, February, and March. On average, NCFRs cores move across the Bight at a speed of approx-
imately 14.2 m s~! in an east-northeastward direction. A composite of the synoptic conditions across 76 NCFR
episodes in the climatology reveals a surface cyclone just offshore of Northern California (~125°W, 40°N) and
deepening sea level pressure over Central and Southern California in the 18-hr preceding the maximum NCFR
intensity in the Bight. Roughly 60% of identified NCFR episodes resulted in the NWS issuing at least one flash
flood, severe thunderstorm, or tornado warning.

The NCFR climatology was developed through manual methods, as automated radar detection methods that have
been used for convective hazard applications in other regions were not suitable in Southern California due to both
the meteorological conditions being sampled and limitations of the radar network. The potential for not identi-
fying NCFR events does exist due to radar limitations and the subjective nature of the analyses, though the vast
majority of events display spatially similar synoptic meteorology environments prior to peak strength (Figure S3
in Supporting information S1), and Monte Carlo random sampling of a subset of events indicate that the results
are insensitive to the inclusion or exclusion of individual NCFRs. The work presented here suggests that NCFR
detection with radar is important, and that the challenges encountered are illustrative of necessary considerations
in employing radar data toward developing convective hazard climatologies in other regions with limited cover-
age. As progress continues toward rectifying radar and other related observational gaps (e.g., Ralph et al., 2014),
and applications for the data become apparent, the steps taken to generate this NCFR climatology for Southern
California will prove transferrable to other regions with complex terrain impacting radar coverage.

This comprehensive record of NCFRs is an important step toward improved observation and understanding of
NCEFR characteristics relative to the local area and climatology, overcoming forecasting challenges, and develop-
ing an objective identification algorithm. The catalog developed here can serve as a training dataset to develop an
automated identification methodology, which could then be applied to other NCFR impacted locations, and can
be used to evaluate the ability of numerical weather prediction models to resolve fine scale features in NCFRs
that have been shown to be challenging to predict with accuracy (Cannon et al., 2020). Improved forecast skill and
understanding of NCFR characteristics supports the protection of life and property in areas susceptible to impacts
associated with short-duration, high intensity rainfall, such as urban and recent burn areas.
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