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ABSTRACT
Observations from northern California during the California Landfalling Jets (CALJET) experiment are
used to examine the mean characteristics of precipitation and their variances as functions of synoptic and
topographic regimes. Ten cases involving the landfall of extratropical cyclones are analyzed with radar and
rain gauge data collected at two sites: one in the coastal mountains north of San Francisco (CZD) and the
other in the Central Valley just west of Sacramento (KDAX). Aside from the melting-layer bright band, the
most striking feature in the 10-case composite vertical profile of radar reflectivity at CZD was a distinct
change in slope about 2.5 km above the bright band. This “shoulder” is thought to represent a change in the
growth rate of hydrometeors. Although the bright band was quite distinct, about one-third of the profiles
in the composite did not exhibit this feature. These nonbrightband (NBB) profiles had a low-level slope
where reflectivity increased with decreasing altitude, a structure suggesting that collision–coalescence was
the primary growth process. The relationship between surface rainfall rate and low-level radar reflectivity
implies that all profiles were composed of larger numbers of small drops than expected from a Marshall–
Palmer drop size distribution, a trend that was especially apparent for NBB profiles.
Synoptic variability of precipitation characteristics at CZD were examined by identifying five distinct
regimes (cold sector, warm front, warm sector, cold front, and cool sector) based on a simplified conceptual
model. The shoulder remained approximately 2.5 km above the bright band in each regime. Rainfall
intensity was highest during the cold-frontal regime and NBB rainfall was most common during the warmfrontal, warm-sector, and cool-sector regimes. Topographic variability of precipitation characteristics was
investigated by comparing results at CZD and KDAX. A shoulder structure located about 2.5 km above the
bright band was also evident in the KDAX profiles, suggesting that this feature is related to large-scale
dynamic, thermodynamic, and microphysical processes rather than orographic effects. The relationship
between surface rainfall rate and low-level radar reflectivity near KDAX closely followed a trend expected
for a Marshall–Palmer drop size distribution, implying the presence of relatively larger raindrops than
observed at CZD and indicating that NBB rainfall occurs less frequently near KDAX.

1. Introduction
Landfalling winter storms have large impacts on the
State of California. The precipitation from these systems creates substantial challenges for water resource
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management, particularly maintaining the balance between water supply and flood mitigation. Other affected industries include transportation, power generation, and recreation, all significant contributors to one
of the world’s largest economies. A better understanding of these storms is needed to minimize their negative
impacts and maximize their beneficial properties for
these groups and the public at large. Improved knowledge of the character of precipitation, particularly the

© 2006 American Meteorological Society

Unauthenticated | Downloaded 01/09/23 07:46 AM UTC

MWR3166

AUGUST 2006

KINGSMILL ET AL.

modes by which it is formed, is one area where progress
is needed to make strides in quantitative precipitation
forecasting (QPF) and estimation (QPE).
Precipitating clouds associated with extratropical cyclones form in regions of ascending air motions, the
spatial scales of which are quite varied. On the scale of
the cyclone, geostrophic theory dictates that there is
deep and broad ascent downstream of the upper-level
trough and over the surface warm- and cold-frontal
zones in order to maintain thermal wind balance (Wallace and Hobbs 1977). This ascent, usually on the order
of tens of centimeters per second, produces an extensive area of stratiform precipitation. Houze (1993) defines stratiform precipitation as a process originating in
the ice phase where the fall velocity of hydrometeors is
greater than the vertical air velocity, and particles grow
principally by vapor deposition and aggregation. At
somewhat smaller scales, the sloping warm- and coldfrontal boundaries act as additional lifting mechanisms
for air parcels, which lead to various banded structures
of enhanced precipitation (e.g., Browning 1974; Houze
and Hobbs 1982; Heggli et al. 1983). The intense forced
ascent at the surface cold front can sometimes organize
precipitation into narrow rainbands (e.g., James and
Browning 1979; Carbone 1982; Hobbs and Persson
1982; Jorgensen et al. 2003) that are convective in nature. Precipitation development in these rainbands is
dominated by the accretion of liquid water by ice particles, often referred to as riming. Convective rainbands
with similarities to squall lines (Newton 1963; Houze et
al. 1990) are also sometimes observed in the warm sector (Matejka et al. 1980). They have been hypothesized
to form in response to gravity waves excited by the cold
front (Lindzen and Tung 1976; Ross and Orlanski
1978). Relatively wide rainbands can form at and ahead
of the surface warm front or warm occluded front and
at and behind the surface cold front (e.g., Hobbs et al.
1980; Matejka et al. 1980; Houze et al. 1981; Knight and
Hobbs 1988). The initiation of these bands appears to
be linked with the lifting of potentially or conditionally
symmetric unstable layers of air just above the frontal
surfaces, which destabilizes those regions and produces
elevated small-scale convection, sometimes referred to
as generating cells. Supercooled liquid water formation
in these cells stimulates hydrometeor growth via riming
and vapor deposition. These “seeder” particles then fall
through the stratiform “feeder” cloud below, where
they continue to grow, mainly by deposition and aggregation. Aggregation, of course, does not add mass to
the precipitation but rather redistributes the mass into
larger-sized particles. Ultimately these processes produce enhanced precipitation at the surface. Thermodynamic instability also plays a role in developing rela-
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tively shallow convective rainbands (e.g., Matejka et al.
1980; Reed and Blier 1986) or cellular convective elements (e.g., Heggli et al. 1983; Heggli and Reynolds
1985; Heggli and Rauber 1988) well behind the coldfrontal zone, although it is in the lower levels of the
atmosphere where destabilization takes place in these
cases.
Topography can modulate the circulation and precipitating clouds found in extratropical cyclones. Flow
impinging on windward slopes either rides over the barrier or is diverted laterally. In the former regime, enhanced cloud and precipitation development can occur
in response to orographically forced ascent. The most
commonly documented example of this enhancement is
through the seeder–feeder process (Bergeron 1965). In
this process, water droplets in the orographic feeder
cloud are accreted or collected by larger ice or liquid
hydrometeors, respectively, emanating from seeder
clouds aloft. Precipitation enhancement has also been
attributed to a process lacking a seeder cloud, where
hydrometeor growth occurs in relatively shallow orographic clouds and the liquid phase dominates (White
et al. 2003; Neiman et al. 2005). Convection is possible
if orographic lifting occurs in the presence of low- to
midlevel potential instability, often observed in warmsector environments (e.g., Browning et al. 1974; Medina
and Houze 2003). One effect of the convection is to
deepen the orographic feeder cloud and increase its
liquid water content, which acts to enhance precipitation to a larger degree.
The latter flow regime often manifests itself as a zone
of terrain-parallel wind abutting a barrier (e.g., Parish
1982; Marwitz 1983; Overland and Bond 1995; Neiman
et al. 2002). These “blocked” flows occur when the lowlevel thermodynamic stratification is stable, a state that
often exists in advance of a surface warm front. The
stably stratified air creates a virtual barrier that can
induce gentle ascent and enhance cloud and precipitation development at the interface between blocked and
unblocked flow (e.g., Doyle 1997; Medina and Houze
2003). The end result of this process is to shift the zone
of orographic precipitation enhancement upstream of
the physical barrier.
Over the last 30–40 years, studies examining the linkages between synoptic regimes, topography, and precipitation characteristics in extratropical cyclones have
primarily taken the approach of qualitatively compositing individual case studies to develop conceptual models. Investigations in the British Isles focused on radar,
rawinsonde, and rain gauge observations collected over
horizontally expansive areas with some coarsely resolved information about vertical structure (e.g., Harrold 1973; Hill and Browning 1979; Browning 1980).
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Pacific Northwest studies (e.g., Matejka et al. 1980;
Houze and Hobbs 1982) and Sierra Nevada studies
(e.g., Heggli et al. 1983; Rauber 1992) employed similar
observational techniques, but also incorporated in situ
data collected by aircraft to gain insight into microphysical processes. In this investigation, a different but
complementary analysis methodology is applied to
the problem. Specifically, radar and rain gauge data
collected during the landfall of 10 extratropical cyclones observed during the California Landfalling Jets
(CALJET) experiment (Ralph et al. 1999) are composited in a systematic and quantitative manner to examine
the mean characteristics of precipitation and their variance as a function of synoptic and topographic regime.
The focus is on observations at the surface and in vertical columns above two sites in northern California:
one in the coastal mountains north of San Francisco
and the other in the Central Valley just west of Sacramento where the terrain is flat and orographic influences are presumed to be largely negligible. Section 2
describes the data used in this study and how they were
processed. An overview of the cases selected for analysis is presented in section 3. Section 4 examines precipitation characteristics at the coastal mountain site, including their variations as functions of synoptic regime,
while section 5 documents the characteristics of precipitation at the Central Valley site and how they differ
from the coastal mountains. Finally, a summary and
conclusions are presented in section 6.

2. Observing systems and data processing
CALJET was aimed at improving 0–24-h forecasts of
winter storms making landfall on the California coast
(Ralph et al. 1999). A major focus of the January–
March 1998 effort was sampling the moisture-laden
low-level jet that is often located in advance of the
extratropical cyclone cold-frontal boundary, a channel
of air that is embedded within a feature sometimes referred to as an atmospheric river (Ralph et al. 2004).
Offshore measurements were provided by a National
Oceanic and Atmospheric Administration (NOAA)
WP-3D research aircraft. The landfall of these storms
was also monitored by this aircraft, but more continuous observations were provided by an array of groundbased in situ and remote sensing instruments from the
NOAA/Environmental Technology Laboratory (ETL).
This study makes use of a subset of the CALJET instruments along with elements of the regional and national operational observing system.
The locations of the primary observing sites are
shown in Fig. 1. ETL instrumentation was deployed at
the coastal mountain site (475 m MSL) north of San
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FIG. 1. Locations of the observing systems used in this study
overlaid on a gray-shaded terrain map of northern CA.

Francisco, near the town of Cazadero (CZD). One of
the key observing systems was a vertically pointing Sband (3 GHz) Doppler radar (S-PROF) that provided
profiles of reflectivity and Doppler vertical velocity up
to 9 km MSL with 100-m vertical resolution every 90 s.
This radar operated in three different modes that, when
combined, produced an effective dynamic range of 96
dB, suitable for sampling heavy rain, light drizzle, and
nonprecipitating clouds. Further details are given by
White et al. (2000). Another critical remote sensing system at CZD was a 915-MHz boundary layer wind profiler (Carter et al. 1995) paired with a Radio Acoustic
Sounding System (RASS; May et al. 1989). The wind
profiler provided hourly averaged vertical profiles of
horizontal wind velocity from ⬃0.1 to 4.0 km above
ground with 60–100-m vertical resolution in clear,
cloudy, and precipitating conditions. These profiles
were subsequently edited in an objective manner using
the vertical–temporal continuity method of Weber et
al. (1993) and then visually inspected to remove any
remaining artifacts. The RASS provided hourly averaged vertical profiles of virtual temperature at 100-m
resolution, which were later transformed into profiles
of virtual potential temperature using the technique described by Neiman et al. (1992). These profiles typically
reached 500–1000 m above ground. Complementing
these remote sensors was a 10-m meteorological tower
instrumented with in situ sensors to measure horizontal
winds, basic-state parameters (e.g., temperature, pressure, relative humidity), and rainfall near the surface at
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TABLE 1. Dates, times, and durations for the 10 cases in this study observed at CZD and in the domain within 30 km of KDAX.
CZD

KDAX

Case

Time (UTC) and date (1998)

Duration (h)

Time (UTC) and date (1998)

Duration (h)

1
2
3
4
5
6
7
8
9
10

2000 1 Jan–1000 2 Jan
1300 11 Jan–2100 12 Jan
1500 18 Jan–0000 19 Jan
0000 26 Jan–0300 27 Jan
1400 2 Feb–1400 3 Feb
0400 5 Feb–0200 6 Feb
0800 6 Feb–0000 7 Feb
0300 19 Feb–0600 20 Feb
0600 21 Feb–2000 21 Feb
1200 23 Mar–0100 24 Mar

14
32
9
27
24
22
16
27
14
13

0500 2 Jan–1600 2 Jan
1400 11 Jan–2300 12 Jan
1900 18 Jan–0200 19 Jan
2300 26 Jan–0700 27 Jan
1300 2 Feb–2200 3 Feb
0700 5 Feb–0300 6 Feb
1000 6 Feb–0600 7 Feb
0600 19 Feb–2300 19 Feb
1300 21 Feb–0100 22 Feb
1700 23 Mar–0800 24 Mar

11
33
7
8
33
20
20
17
12
15

2-min intervals. The rain gauge was of the tippingbucket variety with 0.01-in. (⬃0.25 mm) resolution.
The remaining observing assets for this study are operational in nature. Chief among these is the National
Weather Service (NWS) Weather Surveillance Radar1988 Doppler (WSR-88D) located in the Central Valley
near Davis, just west of Sacramento (KDAX; Fig. 1).
To provide a dataset that complemented and could be
compared with the vertical profiles from S-PROF, reflectivity from all sweeps of each 6-min duration
KDAX precipitation-mode volume (Crum et al. 1993)
was converted into a single vertical profile from 0.3 to
8.1 km MSL with height increments of 300 m. All data
within 150-m altitude of a given height bin were used to
compute average reflectivity for the profile. Data out to
a range of only 30 km were used in this processing
because of a desire to focus on precipitation influenced
minimally by orography. As is evident in Fig. 1, this
30-km range domain is entirely within the Central Valley. With the prevailing southwesterly flow associated
with the landfalling extratropical cyclones of CALJET
(Neiman et al. 2002), the domain is downwind of a
relative low spot in the coastal mountains over the San
Francisco Bay area, where possible lee effects should
be minimized. A relative calibration between the
KDAX and S-PROF reflectivities was derived by comparing KDAX reflectivity directly above S-PROF with
a mean S-PROF reflectivity computed from the 3.5–5.7km MSL layer, the levels that correspond to the bottom
and top of the 1.5°-elevation beam from KDAX. The
0.5°-elevation sweep from KDAX was blocked by
mountainous terrain in the direction of S-PROF. After
examining 140 hours of data during January–March
1998, KDAX reflectivities were found to be on average
⬃1.1 dB lower than those of the S-PROF. This offset
was applied to all KDAX reflectivities to bring them
into relative calibration with S-PROF reflectivities.
Rain gauges from California’s operational Automated Local Evaluation in Real Time (ALERT) net-

work were also utilized. Although this network is composed of ⬃900 gauges, our study focuses on the data
from 20 gauges that are within the 30-km range domain
of KDAX. These gauges provided measurements of
rainfall with 0.04-in. (⬃1.0 mm) resolution with updates
as frequent as every 15 minutes. A brief description of
this heterogeneous network is provided in Mendell
(1992). Finally, rawinsonde data from the NWS station
in Oakland (OAK) are used to provide an overall thermodynamic context, particularly at the altitudes of two
important temperature levels (viz., 0° and ⫺15°C) in
the atmosphere for cloud microphysical processes.

3. Case selection and overview
There was an abundance of landfalling extratropical
cyclone events during CALJET, a fact that is likely
related to the concurrently evolving El Niño episode,
one of the strongest during the twentieth century
(Barnston et al. 1999). Large amounts of rain accompanied these storms as they made landfall in California,
particularly in the coastal mountains. A number of
these storms led to flooding. At CZD, a total of 1841
mm fell during the period between 1 January and 31
March. Our study focuses on the 10 largest rainfallproducing events at CZD during this period.
The dates, time periods, and durations for each of
these events at CZD are shown in Table 1. An event is
defined as a period of surface rainfall with no greater
than a 3-h break in accumulation. The duration of these
events varied from 9 to 32 h with an average duration of
19.8 h. Corresponding rainfall accumulations for these
events totaled 1042 mm, with an average of 104 mm and
a range of 58–204 mm (Fig. 2). Mean rainfall rates for
each event, calculated only for those periods when rain
was falling, varied from 3.6 to 7.7 mm h⫺1, with an
overall average of 5.3 mm h⫺1. For reference, a sixseason sample of precipitation in the Sierra Nevada
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by calculating the average accumulation from ALERT
gauges within the 30-km range domain over the periods
listed for KDAX in Table 1. Average rainfall rate for
each event was derived by dividing the accumulation by
the event duration. As seen in Fig. 2, rainfall accumulations and rates are almost all substantially lower near
KDAX compared to CZD. The overall average rate of
2.7 mm h⫺1 is half as large as that at CZD, while the
overall average accumulation of 23 mm is almost a factor of 5 lower than that at CZD. These differences are
significant even when considering the 12%–35% standard deviations arising from averaging the ALERT
gauge data for each event. One explanation for this
trend is orographic enhancement of precipitation in the
coastal mountains near CZD. However, there is one
significant outlier, the case on 2–3 February, where accumulations and rates near KDAX are somewhat
larger than at CZD. As will be mentioned in section 4b,
this case was associated with the strongest landfalling
extratropical cyclone observed during CALJET, which
likely overwhelmed the orographic signal.
FIG. 2. Rain accumulations (mm) for the 10 cases in this study
(Table 1). The black bars are rain gauge accumulations at CZD,
while the gray bars are mean accumulations from all ALERT rain
gauges within 30 km of KDAX (Fig. 1). Numbers to the right of
each bar correspond to mean rainfall rates (mm h⫺1).

showed a somewhat larger mean precipitation event
duration of 24–30 h and a smaller mean rainfall rate of
2.25 mm h⫺1 (Solak et al. 1984). The higher mean rainfall rate in our study may be related to the exceptionally
strong El Niño episode that occurred during our sampling period.
The timing of these events at KDAX is not the same
as at CZD (Table 1). Events at KDAX were defined by
identifying the echo patterns over CZD for each event
as seen by KDAX and other nearby WSR-88Ds
(KMUX near Santa Cruz and KBHX near Eureka) and
tracking their progression toward, and eventually
across, the 30-km range domain centered on KDAX
(Fig. 1). Most often, events at KDAX started and
ended after the associated start and end times at CZD.
To a large extent, this can be attributed to the fact that
KDAX is about 135 km east-southeast from CZD (Fig.
1) and that precipitation features generally progressed
from west to east as storm systems made landfall. However, there are complicating factors such as variable
storm orientation and evolution that sometimes modulated the trend (i.e., cases 5 and 8). The duration of the
events near KDAX varied from 7 to 33 h with an average of 17.6 h.
Event rainfall accumulations at KDAX were derived

4. Precipitation characteristics at CZD
In this section, the character of precipitation at CZD
is explored by examining vertical profiles of S-PROF
reflectivity and the relationship between reflectivity at
the lowest S-PROF range gate (260 m AGL) and rainfall rate derived from the CZD surface rain gauge.
There are separate subsections to investigate the variation of these metrics as a function of case and synoptic
regime. However, prior to these discussions, it is instructive to study these characteristics for the 10-case
composite.

a. Ten-case composite
The 10-case composite vertical profile of S-PROF
reflectivity is presented in two forms (Fig. 3). One is a
mean profile and another is a height-segregated histogram referred to as a contoured frequency by altitude
diagram (CFAD; Yuter and Houze 1995). Both are
plotted in a coordinate system relative to the height of
the radar bright band (Battan 1973), where reflectivity
is enhanced in association with the melting of snowflakes. Averaging in a brightband-relative sense, as will
be described below, preserves the vertically thin nature
of the bright band.
Brightband height for profiles containing a bright
band was determined objectively using the technique
employed by White et al. (2003). The corresponding
height for nonbrightband profiles was determined from
linear interpolation or extrapolation from time-adjacent brightband profiles. The average brightband
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FIG. 3. CFAD of CZD radar reflectivity composited from the 10
cases in this study. Data are plotted in a brightband-relative vertical coordinate system (i.e., the brightband height is at 0 km).
Mean brightband height (BBH) in km MSL for the 10-case composite is indicated along with the mean altitudes of the ⫺15° and
0°C isotherm levels from the Oakland rawinsonde. The CFAD
bin size is 2.5 dBZe and is contoured according to the grayscale
shown adjacent to the plot. The corresponding mean profile of
reflectivity for the 10-case composite is plotted as a solid black
line. The horizontal dashed line is plotted at the lowest radar
range gate of the profile with the minimum brightband height.

height for the 10-case composite was just above 2 km
MSL, which is 200 m higher than the full season (January–March 1998) mean value obtained by White et al.
(2003). For reference, the 10-case composite average
height of the 0°C isotherm from OAK rawinsonde data
was 2.3 km MSL, or about 300 m above the mean SPROF brightband height. White et al. (2002) found that
bright bands in this region are, on average, about 200 m
below the 0°C isotherm. The remaining portion of the
offset may result from the location of OAK, which is
almost 100 km south of CZD and therefore may be
somewhat warmer.
Each S-PROF profile in the composite was shifted in
the vertical so that its brightband height was located at
0 km in the relative vertical coordinate (BBREL0). Figure 4 illustrates the process schematically. A byproduct of this approach is that the bottom of these
relative profiles can be noisy compared to higher levels
because there are generally fewer data points in the
sample. Data at the bottom of the brightband-relative
profiles come from individual profiles with the highest
brightband heights. The number of samples in a brightband-relative profile maximizes at the lowest radar
range gate (ZL) of the profile with the lowest brightband height (BBHMIN). For the most robust statistics,
all data below this level (BBREL1) would be ignored.
However, from a practical standpoint, this would eliminate much of the structure that is of interest (e.g., the
levels below the bright band in Fig. 3). As a compromise, the difference in altitude between the lowest ra-
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dar range gate and the mean brightband height (BBH)
is used to determine the level above which the CFAD
and mean profile are plotted (BBREL2).
The dominant feature in the 10-case composite vertical profile of S-PROF reflectivity is the bright band.
Physical processes associated with this structure have
been discussed by many authors (e.g., Battan 1973;
Stewart et al. 1984; Klaasen 1988; Fabry and Zawadzki
1995). Aside from the bright band, the most striking
feature of the vertical profile is the distinct change in
slope at about 2.5 km above the bright band. Fabry and
Zawadzki (1995) did not document this structure because their analysis was restricted to levels no greater
than about 1.5 km above the bright band. Below the
2.5-km level the slope1 is about ⫺2.2 dBZe km⫺1,
whereas just above, it is about ⫺7.8 dBZe km⫺1. One
interpretation of this feature, referred to hereafter as a
“shoulder,” is a change in the mass growth rate of hydrometeors with higher values above and lower values
below. Although this assertion is based on observations
of reflectivity, it is justified in light of the fact that mass
and reflectivity are related to each other from different
moments of the particle size distribution; that is, reflectivity is based on the sixth moment while mass is based
on the third moment. The maximum diffusional growth
rate for ice crystals occurs in a range from about ⫺17°
to ⫺14°C (Rogers and Yau 1989). The mean altitude of
the ⫺15°C isotherm from OAK rawinsonde data is 3
km in the relative vertical coordinate system, which is in
close vertical proximity to the higher-valued slope portion of the vertical profile above the shoulder. Aggregation is another possible contributor to particle growth
for temperatures near ⫺15°C where dendritic growth is
favored. Although aggregation is most dominant near
the 0°C level, the branches of colliding dendrites can
easily become entangled and thus increase aggregation
efficiency relative to collisions of nondendritic crystals
(Pruppacher and Klett 1997). This assertion is supported by several in situ cloud microphysics studies
near the Sierra Nevada such as Stewart et al. (1984),
Gordon and Marwitz (1986), and Rauber (1992). Despite the fact that aggregation redistributes rather than
increases precipitation mass, the larger particle sizes it
produces results in higher-valued radar reflectivity. The
slight increase in reflectivity slope from the 4-km to
3-km relative coordinate levels may be in response to
aggregation because diffusional growth rates decrease
as ice particles grow larger. If diffusion were acting
alone, the slope of reflectivity would tend to decrease

1
In this study, slope is defined as the change in reflectivity
divided by the change in altitude.
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FIG. 4. Schematic diagram illustrating the process of deriving mean profiles of reflectivity in a brightband-relative framework.

rather than increase (Fabry and Zawadzki 1995). The
reduction in slope of reflectivity immediately below the
shoulder may be the result of lower diffusional growth
rates due to warmer temperatures, larger particle sizes,
and increased atmospheric pressure. A decrease in aggregation efficiency just below the shoulder may also
explain the observed trend.
Despite the strong brightband signature in the 10case composite, about one-third of the individual profiles making up the composite did not exhibit this feature. That is, there were periods within these storms
when no bright band was observed. White et al. (2003)
have shown that these nonbrightband (NBB) profiles
are often associated with rainfall rates that can approach or even exceed rainfall rates associated with

brightband (BB) profiles. Their analysis indicates that
NBB profiles are associated with weaker reflectivity
and shallower echo tops than BB profiles and they have
a low-level slope where reflectivity increases with decreasing altitude, a structure that implies hydrometeor
growth via the collision–coalescence process. A third
category of profile exists that contains elements of both
BB and NBB profiles. These hybrid (HYB) profiles
contain a bright band, but reflectivity values below the
bright band increase with decreasing altitude, consistent with the trend observed in NBB profiles. Of all the
rain that fell at CZD during the 10 cases, about half of
the accumulation and duration was associated with
HYB profiles, about a third with NBB profiles, and
most of the remaining with BB profiles.
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FIG. 5. Scatterplots of CZD radar reflectivity at the lowest range
gate (263 m AGL) vs CZD rain gauge–derived surface rainfall
rate averaged over 16-min intervals and composited for the 10
cases in this study. (a) All data points are plotted with different
symbols indicating the precipitation process type that was dominant during the averaging period (bright band: solid square; hybrid: open triangle; nonbrightband: gray circle; and convection:
open square). Results for the (b) brightband, (c) hybrid, and (d)
nonbrightband precipitation partitioning types. The thick solid
and dashed lines in each panel indicate established relationships
between reflectivity and rainfall rate from Marshall and Palmer
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The 10-case composite scatterplots relating S-PROF
reflectivity at the lowest range gate (263 m AGL) and
rainfall rate from the CZD rain gauge are shown in Fig.
5. In this presentation, the intent is to provide another
means for examining the character of precipitation
rather than developing new relationships for radarbased rainfall estimation. Each data point is derived
from a 16-min average, a period selected to provide the
greatest number of data points while retaining sensitivity to rainfall rates greater than 1 mm h⫺1, roughly the
boundary between drizzle and rainfall (Glickman
2000). Profiles with brightband height at the lowest
range gate are excluded from the analysis to avoid complications from frozen or partially melted hydrometeors. Overall, there is considerable scatter, especially at
lower rainfall rates (Fig. 5a). The linear fit of log reflectivity and log rainfall rate has a correlation coefficient of 0.73. While the slope of this fit is the same as
that in the relation used for operational rainfall estimation by the NWS (Fulton et al. 1998) and comparable to
that from Marshall and Palmer (1948), the intercept is
much lower. This means that a given rainfall rate is
associated with smaller reflectivities at CZD compared
to the established relationships, a trend that suggests a
drop size distribution composed of relatively large
numbers of small drops.
Each 16-min-averaged S-PROF profile was objectively classified as either BB, NBB, or HYB according
to the methodology outlined in White et al. (2003). A
further subjective examination of the S-PROF data exposed the fact that eight profiles classified as NBB
were, in fact, convective in nature (i.e., deep, intense
echo with no bright band). These profiles were extracted from the NBB category and populated a fourth
category for convection (CON). They were all associated with surface rainfall rates greater than 6 mm h⫺1
where there was the least scatter.
To add clarity, separate scatterplots for the BB,
HYB, and NBB categories are shown in Figs. 5b–d.
Individually, each category shows less scatter than the
composite, with correlation coefficients of 0.82–0.83.
Slope increases and intercept decreases for the linear
fits of each category from BB to HYB to NBB. These
differences are manifested most clearly at rainfall rates
between 1 and 5 mm h⫺1, with the greatest contrast

←
(1948) and for the NWS WSR-88D (Fulton et al. 1998), respectively. The thin solid line in each panel indicates the curve fit for
each grouping of data points. The parameters for each fit are
shown along with the number of points and coefficient of correlation.

Unauthenticated | Downloaded 01/09/23 07:46 AM UTC

2080

MONTHLY WEATHER REVIEW

between BB and NBB. The physical inference drawn
from this trend is that NBB profiles are associated with
greater numbers of smaller drops than for BB profiles.
This makes sense from a conceptual standpoint since
the ice crystal aggregates (snowflakes) usually linked
with bright bands melt to form relatively large drops
compared to drops resulting only from a shallow collision–coalescence process. Terminal fall speeds implied
from Doppler vertical velocity measurements also support this assertion (White et al. 2003). HYB profiles
may be composed of a blended drop size distribution
that is bimodal in character. Even though potentially a
blend, the HYB linear fit is much closer to the fit for
BB than the fit for NBB. Obviously, direct measurements of the drop size distribution in conjunction with
the S-PROF measurements are required to fully test
these hypotheses.

b. Case-to-case variation
The vertical profiles of S-PROF reflectivity at CZD
display considerable variability from case to case (Fig.
6). Mean brightband heights varied from 1.5 to 2.5 km
MSL. Most of the cases have narrower frequency distributions than the 10-case composite. Notable exceptions to this trend are the cases on 19–20 February, 21
February, and 23–24 March that displayed bimodal frequency distributions. Bimodality on 19–20 February is
at levels at and above the shoulder. The large-valued
mode of this structure results from a discrete increase in
echo top height for a 6-h period of the event. In contrast, bimodality on 21 February and 23–24 March is at
levels below the shoulder. The low-valued mode of this
structure results from 6-h periods of almost exclusively
NBB profiles. Peak values of frequency for the individual cases are generally larger than those for the 10case composite, especially for cases with particularly
narrow distributions such as 18–19 January and 2–3
February. The cases on 18–19 January and 6–7 February have reflectivity values that are noticeably larger
than the 10-case composite while the cases on 1–2 January and 26–27 January have substantially smaller reflectivity values. Echo tops for the 1–2 January case are
also more than 1 km lower than the other cases.
Vertical profiles of reflectivity below the bright band
exhibited contrasting structures, some of which are artifacts of compiling statistics in a brightband-relative
framework. In particular, sudden changes in slope of
the lowest levels of the mean profile below the horizontal dashed lines are likely erroneous. However,
there are aspects of these structures that appear robust.
Reflectivity increases with decreasing altitude for the
first four cases. This suggests that NBB or HYB vertical
profiles commonly occur in these cases. In contrast, re-
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flectivity is almost constant below the bright band on
2–3 February, at least above a likely artifact 1 km below
the bright band. This structure suggests that BB vertical
profiles may be more common in this case. Finally, the
weaker reflectivity mode exhibited at low levels of the
CFADs on 21 February and 23–24 March indicates that
NBB profiles occurred frequently in these cases, even
though the mean profiles do not suggest that type of
structure.
Shoulder elevation ranged from 2.0 to 2.8 km above
the mean brightband height. The sharpness of the
shoulder varied from case to case. Of the sharper cases,
1–2 January and 21 February exhibited reflectivity decreases below the shoulder in a manner that partially
resembles a brightband structure. The decreasing reflectivity may be a result of evaporation in a noncloudy
layer below the shoulder. Half of the cases (Figs.
6c,e,f,g,i) exhibited distinct increases in reflectivity
slope just above the shoulder, suggestive of growth by a
means other than just diffusion, such as aggregation.
Although the largest surface rainfall accumulations
at CZD for the 10-case composite were associated with
the HYB category (Fig. 7), there were three cases (1–2
January, 21 February, 23–24 March) when NBB rainfall
produced the largest accumulations. The BB rainfall
did not account for a majority of rainfall during any
case. In all cases, the sum of NBB and HYB rainfall
accumulation always exceeded the BB rainfall accumulation. This suggests that the collision–coalescence process is a critical element of low-level hydrometeor
growth for the majority of accumulating surface rainfall
at CZD. CON rainfall was present in 7 of the 10 cases
and produced the heaviest rain rates (i.e., ⱖ20 mm
h⫺1).

c. Variation as a function of synoptic regime
A significant contributor to the breadth of the vertical profiles of reflectivity (Fig. 6) observed in each case
is the impact of different synoptic regimes on the development of precipitation. To address this issue, the
S-PROF and CZD rain gauge datasets were segregated
as a function of five distinct synoptic regimes (cold sector, warm front, warm sector, cold front, and cool sector). Prior to examining the results of this analysis, we
outline the methodology employed to make the synoptic classifications at CZD using S-PROF, wind profiler/
RASS, and surface meteorology observations.

1) SYNOPTIC

CLASSIFICATION METHODOLOGY

Consider a sketch of a traditional extratropical cyclone with fronts at the surface and zones of warm and
cold advection ahead of and behind the warm and cold
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FIG. 6. Separate CFADs of CZD radar reflectivity for each of the 10 cases in this study. Data are plotted in a brightband-relative
vertical coordinate system as in Fig. 3. Mean brightband height (BBH) in kilometers MSL is indicated for each case along with its
difference from the 10-case composite value of 2.01 km (⌬BBH). The mean altitudes of the ⫺15° and 0°C isotherm levels at Oakland
for each case are also shown. The CFAD bin size is 2.5 dBZe and is contoured according to the color scale in (a). The corresponding
mean profile of reflectivity for each case is plotted as a solid black line. For reference, the CFAD and mean profile for each case are
CFAD contour (light gray) and mean profile (dark gray) for the 10-case composite (Fig. 3).
overlaid on the 2% dBZ⫺1
e
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FIG. 7. Rain accumulations at CZD for each of the 10 cases in
this study segregated by precipitation process type (BB: bright
band; NBB: nonbrightband; HYB: hybrid; and CONV: convection). Numbers adjacent to each bar correspond to mean rainfall
rates (mm h⫺1) for each precipitation process type observed in a
given case.

front, respectively (Fig. 8a). Warm, cool, and cold sectors are adjacent to the frontal zones. Although the
term “cold sector” is often associated with the region
behind the surface cold front, we have opted to use this
term for the region ahead of the elevated warm front
since the data in our study indicate that this region is
always colder than the region behind the surface cold
front.
A complicating factor in using this paradigm is that
the frontal zones have a slope in the vertical (Fig. 8b),
and thus the frontal regime assignments are in reality a
function of height. Therefore, a combination of surface
in situ and upper-air remote sensing observations at
CZD was employed to best define the synoptic regimes
associated with this simplified model of an extratropical
cyclone. Note that the conceptualization of the cold
front indicates that it slopes back over the cool sector.
Our data show no evidence to support the existence of
forward-tilting cold fronts associated with the splitfront model (Browning and Monk 1982; Hobbs et al.
1990). In particular, echo tops were highest in close
proximity to the surface cold front, a trend that is not
consistent with the split-front model.
The start time of the warm-frontal regime was deter-

FIG. 8. Simplified conceptual model of an extratropical cyclone.
(a) Plan view of fronts at the surface and (b) vertical cross section
along line segment A–A⬘ in (a). Gray shading indicates zones of
warm and cold advection.

mined when the S-PROF melting level began to rise,
while the end time was defined by a warm-frontal passage at the surface based on temperature, pressure, and
wind observations. Evidence of a warm advection pattern (clockwise turning of wind direction with height) in
profiler winds was often used to confirm the bounds of
this classification. Identification of the cold-frontal regime followed a similar approach, but in reverse order.
The start time of this regime was defined by a coldfrontal passage at the surface that was often accompanied by a narrow cold-frontal rainband (NCFR; Hobbs
and Persson 1982) defined by a combination of SPROF radar signatures and rain rate peak, while the
end time was defined as when the melting level ceased
its descent. Similar to the warm-frontal regime, profiler
winds were often used to confirm the bounds of this
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classification, in this case by looking for evidence of a
cold advection pattern (counterclockwise turning of
wind direction with height). The cold sector, warm sector, and cool sector were characterized generally by a
quasi-horizontal melting level and weak temporal thermodynamic and kinematic gradients at the surface and
aloft. Temporal bounds for these sector regimes were
based on the start or end times of adjacent warm- or
cold-frontal regimes.
A case study example for 2–3 February (Ralph et al.
2003; Neiman et al. 2004) is now presented to showcase
the observed characteristics of these regimes and to
illustrate the procedure for implementing the methodology. An analysis of wind profiler/RASS, S-PROF,
and surface data from CZD (Fig. 9) provides detailed
information of the passage of all five synoptic regimes
during a 24-h period. Between 1400 and 2030 UTC 2
February, CZD experienced cold-sector conditions:
southeasterly flow in a low- environment below 1 km
MSL, a quasi-horizontal bright band, and steady light
rain with the surface pressure beginning to decrease.
The warm front moved across the site between 2030
UTC 2 February and 0030 UTC 3 February and was
marked by a layer of enhanced warm-advection vertical
wind shear that descended through the rising melting
level and ultimately reached the surface. During this
period, the lower-tropospheric temperature and  increased by 3–4 K and the wind velocity shifted from
southeasterly to much stronger southerly. In addition,
rainfall intensity increased, and the surface pressure
continued to decrease. The warm sector at the surface
persisted from 0030 to 0530 UTC 3 February and was
characterized by warm and strong southerly flow with
light rainfall, which increased in intensity with the approaching cold front. Aloft, the warm sector was defined generally by the region of strong southerly flow.
The brightband altitude did not change appreciably

←

FIG. 9. Time series overview of 2–3 Feb 1998 case as observed
at CZD. (a) Time–height section of wind barbs (flag: 25 m s⫺1; full
barbs: 5 m s⫺1; half barbs: 2.5 m s⫺1), meridional isotachs (di-

rected from 180°; solid black contours with values greater than 20
m s⫺1 shaded gray), and virtual potential temperature (dashed red
contours) from the 915-MHz wind profiler with RASS. Surface
winds and virtual potential temperatures from CZD are included.
(b) Time–height section of equivalent radar reflectivity factor
(dBZe; i.e., reflectivity) from the S-band profiler. Heights of the
⫺15° and 0°C isotherms from Oakland (OAK) rawinsonde data
are indicated (black dots are direct measurements and black stars
are interpolated measurements from adjacent 12-h soundings). (c)
Time series traces of surface data [SPD: wind speed (m s⫺1); DIR:
wind direction (°); TMP: temperature (°C); PRS: pressure (mb);
PPT: accumulated rainfall (mm)]. The boundaries for categorized
synoptic regimes of the event are shown at the bottom of the
panel with the light-red-shaded bar indicating a warm-frontal regime and the blue-shaded bar indicating a cold-frontal regime.
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FIG. 10. Rain accumulations at CZD for each of the 10 cases in
this study segregated by synoptic regime. Numbers adjacent to
each bar correspond to mean rainfall rates (mm h⫺1) for each
synoptic regime observed in a given case.

during this period. The leading edge of the cold front
was accompanied by a NCFR at 0530 UTC when a brief
spike in radar reflectivity and rain rate were observed
in tandem with a sharp decrease in lower-tropospheric
temperature, a prominent wind velocity shift from
strong southerly to weaker southwesterly, a surface
pressure trough, and a decrease in the melting level
height. The cold-frontal regime transitioned to the cool
sector when the melting level ceased descending at 0830
UTC 3 February.

2) RESULTS
Except for 2–3 February and 19–20 February, all
cases were lacking in at least one of the five synoptic
regimes (Fig. 10). The most common scenario was the
absence of a precipitating cold-sector or warm-frontal
regime at the beginning of an event. In addition, warmsector regimes were not observed for 5–6 February and
6–7 February, an indication that warm occlusions made
landfall at CZD in these cases. Precipitation occurring
during these warm occlusions was classified as cold
frontal since it was associated with an elevated cold
front. The most extreme example of limited synoptic
regime participation occurred on 1–2 January, when all
precipitation occurred in association with a warmfrontal regime.

VOLUME 134

FIG. 11. Rain accumulations at CZD for each of the synoptic
regimes from the 10-case composite segregated by precipitation
process type (BB: bright band; NBB: nonbrightband; HYB: hybrid; CONV: convection). Numbers adjacent to each bar correspond to mean rainfall rates (mm h⫺1) for each precipitation process type observed in a given synoptic regime while numbers on
the far right correspond to the overall mean rainfall rates (mm
h⫺1) for each synoptic regime.

About 40% of the accumulated rainfall at CZD was
associated with the warm-frontal regime, while warmsector, cool-sector, and cold-frontal regimes contributed about 21%, 18%, and 16%, respectively, to the
total (Fig. 11). The cold-sector regime produced the
least rainfall and the lowest rainfall rates. Rainfall rates
were largest in the cold-frontal regime (Figs. 10 and 11),
a trend that can be attributed to the passage of NCFRs
with relatively intense but brief rainfall.
HYB rainfall contributed more than 50% to the total
accumulated rainfall at CZD in all synoptic regimes
except the cool sector, where almost 50% was associated with NBB rainfall (Fig. 11). However, this NBB
cool-sector rainfall primarily resulted from one case, on
23–24 March (Figs. 7 and 10). NBB rainfall contributions of 36% and 38% from the warm-sector and warmfrontal regimes, respectively, are more representative
throughout the 10-case dataset. The cold-sector regime
produced the largest fraction of BB rainfall accumulation, just above 45%. This suggests that a low-level orographically forced cloud was often not present. CON
rainfall was only observed during the cold-frontal regime and produced the largest rates.
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Frequency distributions of S-PROF vertical profiles
of reflectivity at CZD subdivided by synoptic regime
are generally narrower than the 10-case composite (Fig.
12). The warm-sector regime is the exception, as its 2%
dBZ⫺1
e frequency bounds are nearly coincident with the
gray outline depicting the same bounds from the 10case composite. In contrast to the individual cases,
there is only limited evidence of bimodality in these
frequency distributions. The only weak indications are
at the brightband level for the cold-frontal regime profile and greater than 3 km above the bright band for the
cool-sector regime profile. Reflectivity values are largest in the cold-frontal regime, especially below ⬃3 km,
where forcing from the cold-frontal circulation is
strongest (e.g., Hobbs and Persson 1982). At upper levels, approximately 2.5 km above the bright band, the
magnitude of reflectivity gradually increases through
each synoptic regime from cold sector to cool sector,
although the latter mean profile may be somewhat misleading owing to the bimodal nature of the frequency
distribution at those levels.
Mean brightband height varied from regime to regime in a manner consistent with the simplified conceptual model for synoptic classification (Fig. 8b). It was
lowest during the cold-sector regime (1.68 km MSL),
increased during the warm-frontal regime (2.07 km
MSL), maximized during the warm-sector regime (2.31
km MSL), decreased during the cold-frontal regime
(1.95 km MSL), and then decreased further during the
cool-sector regime (1.72 km MSL). This consistency
suggests that the simplified conceptual model and its
implementation to the data were appropriate, at least
on average across the 10 events.
Below the bright band, the vertical profile of reflectivity displays structures that vary as a function of synoptic regime. Increasing reflectivity with decreasing altitude, suggestive of NBB or HYB vertical profiles, is
most apparent during the warm-frontal regime. Reflectivity is close to constant below the bright bands for the
warm-sector and cool-sector regimes. This does not
mean that NBB or HYB were not present during these
regimes, but suggests that a more even mix of all types
of profiles occurred. In contrast to the other regimes,
reflectivity decreased with decreasing altitude below
the bright band for the cold-sector regime, suggesting
that low-level evaporation might have been active as
the eastern extent of storm systems made landfall on
the coast. This is consistent with the large fraction of
BB rainfall observed during the cold-sector regime
(Fig. 11), indicating that low-level orographically forced
clouds were often not present. The character of coldsector precipitation is similar to precipitation associated

2085

FIG. 12. As in Fig. 6 but subdivided by synoptic regime: (a) cold
sector, (b) warm front, (c) warm sector, (d) cold front, and (e)
cool sector.
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with kata fronts observed in the Sierra Nevada (Heggli
and Reynolds 1985).
The height of the shoulder varied from 2.3 to 2.6 km
above the mean brightband height. The sharpest shoulder occurred during the cold-sector regime. A key factor contributing to the sharpness is that the reflectivity
slope above the shoulder was larger during the coldsector regime than in any other regime. It is hypothesized that the elevated portion of the warm-frontal
boundary above the bright band and in advance of the
warm-frontal regime may be responsible for forcing this
layer of enhanced particle growth, possibly resulting
from a more efficient aggregation process. The shoulder for the cold-frontal regime was also quite distinct.
This feature stands out because the slope of reflectivity
in a shallow layer just below the shoulder was near zero,
smaller than in any other regime.
The relationship between 263 m AGL S-PROF reflectivity and CZD surface rainfall rate shows two distinct patterns when the data are subdivided by synoptic
regime (Fig. 13). In the cold-sector and cold-frontal regimes, the linear fit intercepts are relatively high (215–
242), while the linear fit slopes are relatively low (1.0–
1.1). Although the data sample for these regimes is
somewhat small, the correlation coefficients are relatively high (0.79–0.88). In contrast, the data sample for
the warm-frontal, warm-sector, and cool-sector regime
is larger and the correlation coefficients lower. The
grouping of data points for each regime falls into a
similar envelope, with the only significant difference
being larger numbers of points in the warm-frontal regime for rainfall rates from 5 to 20 mm h⫺1. Linear fit
intercepts are relatively low (40 to 88), while the linear
fit slopes are relatively high (1.4 to 1.8). The biggest
factor contributing to the differences in these patterns
is the large amount of NBB rainfall in the warm-frontal,
warm-sector, and cool-sector regime scatterplots and
the near absence of this rainfall type in the cold-sector
and cold-frontal regimes (Fig. 11).

5. Precipitation characteristics near KDAX
The preceding section described observed precipitation characteristics in a setting strongly modulated by
orography. In this section, we compare those results
with observations collected in California’s Central Valley within a 30-km range domain of the KDAX WSR88D radar where orographic influences are presumed
←
FIG. 13. As in Fig. 5a but subdivided by synoptic regime: (a)
cold sector, (b) warm front, (c) warm sector, (d) cold front, and
(e) cool sector.
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FIG. 14. CFAD of KDAX radar reflectivity composited from
the 10 cases in this study. Data are plotted in a brightband-relative
vertical coordinate system as in Fig. 3, but using a brightband
identification technique similar to Gourley and Calvert (2003).
Mean brightband height (BBH) in kilometers MSL for the
KDAX 10-case composite is indicated along with its difference
from the CZD 10-case composite value of 2.01 kilometers
(⌬BBH). The KDAX CFAD bin size is 2.5 dBZe and is contoured
according to the color scale shown adjacent to the plot. The corresponding KDAX mean profile of reflectivity for the 10-case
composite is plotted as a solid black line. For reference, the
KDAX CFAD and mean profile are overlaid on the CZD 2%
CFAD contour (light gray) and mean profile (dark gray)
dBZ⫺1
e
for the 10-case composite (Fig. 3).

to be largely negligible. The datasets available for this
analysis do not allow subdivision by precipitation process or synoptic regime. At CZD, these classifications
were based on S-PROF and wind profiler data, observations that were not collected near KDAX. However,
even with these limitations, meaningful inferences can
still be made about the influence of orography on precipitation characteristics by comparison with the CZD
results.
Like the S-PROF data at CZD, the vertical profiles
of reflectivity from KDAX are plotted in a brightbandrelative vertical coordinate system. Determination of
brightband height was accomplished objectively
through use of an algorithm patterned after Gourley
and Calvert (2003), although some subjective adjustments were applied based on visual examination of the
data. The 10-case composite mean brightband height at
KDAX was 1.9 km MSL (Fig. 14), about 100 m lower
than the mean S-PROF brightband height at CZD. This
downward offset of brightband height near KDAX pos-
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sibly resulted from relatively cooler air being trapped in
the Central Valley compared to the air mass over CZD
that is modulated more strongly by the ocean. Another
explanation is that precipitation falling into the relatively drier Central Valley air mass would lower the
melting level through enhanced evaporative cooling.
The magnitude of reflectivity is 2–3 dBZe lower at
KDAX compared to CZD, a result seen both in the
mean profiles and the CFADs. Orographic enhancement of precipitation at CZD is a likely explanation for
this difference. As illustrated by Browning et al. (1974),
enhancement of precipitation by shallow orography is
not necessarily restricted to the low-level feeder cloud
since the orography is capable of releasing potential
instability at mid- and upper levels of the atmosphere.
The breadth of the reflectivity frequency distribution
also differs between the two sites. Relative to the 2%
frequency envelope for CZD, the KDAX 2%
dBZ⫺1
e
dBZ⫺1
e frequency envelope is broader at and below the
bright band and narrower 2–3 km above the bright
band. Orographic effects may also be responsible for
these differences. At low levels, orography can produce
clouds that tend to anchor the precipitation growth process and thus lessen the number of possible outcomes
compared to a location with minimal orographic influence. As a result, the distribution of low-level radar
reflectivity would be broader in an area away from
orography. Orography can also impact precipitation
growth at higher levels through its ability to lift potentially unstable layers of the atmosphere. This effect is
usually intermittent, with occasional spurts in precipitation growth that are almost convective in nature. The
distribution of reflectivity at higher levels in such an
environment would be broader compared to a location
without orography where potential instability is less
likely to be released. At levels 3–5 km above the bright
band, there is a secondary mode of KDAX reflectivity
centered at ⫺10 dBZe that is not evident in the S-PROF
dataset. This feature occurs because the WSR-88D
noise floor is very near ⫺10 dBZe (Crum and Alberty
1993), whereas S-PROF is much more sensitive (White
et al. 2000).
The structure of the KDAX vertical profile of reflectivity exhibits many of the same traits seen at CZD with
→

FIG. 15. Separate CFADs of KDAX radar reflectivity for each of the 10 cases in this study. Data are plotted in a brightband-relative
vertical coordinate system as in Fig. 3, but using a brightband identification technique similar to Gourley and Calvert (2003). Mean
KDAX brightband height (BBH) in kilometers MSL for each case is indicated along with its difference from the corresponding CZD
value for that case (⌬BBH; negative values indicate KDAX mean brightband height below the CZD value). The KDAX CFAD bin
size is 2.5 dBZe and is contoured according to the color scale shown in (a). The corresponding KDAX mean profile of reflectivity for
each case is plotted as a solid black line. For reference, the KDAX CFAD and mean profiles for each case are overlaid on the
CFAD contour (light gray) and mean profile (dark gray) for each case (Fig. 6).
corresponding CZD 2% dBZ⫺1
e
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S-PROF. Below the bright band, the mean profiles at
KDAX and CZD are analogous in that there is very
little change in reflectivity (Fig. 14). Data from KDAX
extend farther below the bright band because that radar
is positioned at a lower altitude than is S-PROF. The
corresponding frequency distributions provide a more
frequency
stark contrast. At KDAX, the 2% dBZ⫺1
e
contour indicates decreasing reflectivity with decreasing altitude beneath the bright band, likely a result of
evaporation, whereas at CZD these contours show
slightly increasing reflectivity with decreasing altitude
(Fig. 3), a pattern inconsistent with evaporation and
suggestive of some raindrop growth. The evaporation
signature at KDAX probably results from the relatively
dry conditions at low altitudes of the California Central
Valley, an effect that may be partially related to lee
effects from the coastal mountains.
A distinct change in the slope of the KDAX reflectivity profile occurs 2.5 km above the bright band, the
same relative altitude where this feature was observed
at CZD by S-PROF (Fig. 14). The slopes of the mean
profiles almost mirror each other through this transition. These observations suggest that the shoulder is
not related to orography but rather is more likely a
consequence of similar larger-scale dynamic and thermodynamic conditions at mid- to upper levels above
both sites leading to similar microphysical processes.
The case-to-case presentation of KDAX reflectivity
CFADs (Fig. 15) shows generally larger values of frequency than the corresponding plots of S-PROF reflectivity at CZD (Fig. 6). Most of these larger-frequency
values occur above the bright band and are associated
with relatively narrow frequency distributions, a trend
consistent with the KDAX 10-case composite (Fig. 14).
However, six of the cases exhibit bimodal frequency
distributions (Fig. 15). Bimodality is apparent throughout most of the profile depth for five of the cases (1–2
January, 26–27 January, 19–20 February, 21 February,
23–24 March). This structure results from a combination of discontinuous echo intensities and echo-top
heights during the events, with the most intense echoes
being taller. In contrast, bimodality on 11–12 January is
evident only at levels below the bright band. Echo intensities for this case are also discontinuous, but echotop heights are more uniform. Evaporation signatures
below the bright band were more common at KDAX
than at CZD, which suggests that low-level particle
growth does not occur with comparable regularity in
the nonorographic geography of the Central Valley.
Although the mean brightband height at KDAX for
the 10-case composite was 100 m lower than at CZD,
there was noticeable variability from case to case. On
5–6 February, the mean KDAX brightband height was
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FIG. 16. Scatterplots of (a) CZD radar reflectivity at the lowest
range gate (263 m AGL) vs CZD rain gauge–derived surface
rainfall rate averaged over 60-min intervals, and (b) KDAX radar
reflectivity at 500–900 m AGL vs corresponding ALERT rain
gauge–derived surface rainfall rate averaged over 30–90-min intervals composited for the 10 cases in this study. The thick solid
and thin dashed lines in both panels indicate established relationships between reflectivity and rainfall rate from Marshall and
Palmer (1948) and for the NWS WSR-88D (Fulton et al. 1998),
respectively. The thin solid line in each panel indicates the curve
fit for each grouping of data points. The parameters for each fit
are shown along with the number of points and the coefficient of
correlation.

a little more than 300 m below the mean CZD brightband height, whereas on 23–24 March, it was a little
more than 200 m above the mean CZD brightband
height. These variations probably resulted from differing intensities and orientations of the landfalling
storms, the degree that they remained intact upon
crossing the coastal orography, and the amount of cool
air residing in the Central Valley prior to storm landfall.
The first two of these reasons may also explain the
differing relative magnitudes of reflectivity from case to
case, especially as manifested from the mean profiles.
The approach to examining the relationship between
reflectivity and rainfall rate near KDAX was different
than that employed at CZD. This was necessitated by
the areal nature of the KDAX data as opposed to the
vertically pointing nature of the S-PROF data. Reflectivity–rainfall rate pairs near KDAX were compiled by
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FIG. 17. Schematic illustration of precipitation characteristics in (a) the northern California Coastal Mountains
at CZD and (b) the northern Central Valley near KDAX. The location and structure of the bright band and
shoulder are indicated by the dark gray bands within the light gray cloud boundaries. Rainfall rate below the
melting layer is proportional to the spacing of the dashed lines, with the more closely spaced lines indicating a
larger rainfall rate. The size of the dashes is proportional to the hypothesized drop size. Relatively low cloud bases
are associated with low-level precipitation growth whereas relatively high cloud bases are associated with low-level
precipitation evaporation or negligible growth.

averaging the 0.5° elevation angle KDAX reflectivity
from the beam and range gate nearest and immediately
above one of the 20 ALERT rain gauges for a period
between 30 and 90 min, the time intervals over which
rainfall rates were calculated from rain gauge data. The
scatterplot of all such pairs for the 10-case composite
near KDAX is presented in Fig. 16b. For comparison, a
scatterplot of reflectivity–rainfall rate pairs at CZD is
presented in Fig. 16a. This scatterplot differs from Fig.
5a in that the time resolution has been degraded from
16 to 60 min, a period in the middle of the range of time
intervals utilized for the KDAX scatterplot, and thus
allows a more meaningful comparison. Degradation of
the time resolution reduces the number of data points
by a factor of about 3.5, increases the linear fit correlation by about 8%, increases the linear fit intercept by
about 38%, and slightly reduces the linear fit slope from
1.4 to 1.3.
Relative to CZD, the KDAX scatterplot has many
more points, a fact that results from the 20 different
rain gauges contributing to the sample, compared with
the single rain gauge at CZD. The KDAX scatter is
spread as far above the Marshall–Palmer and WSR88D reference lines as it is spread below. In contrast,
the scatter at CZD is almost all below the reference
lines. Linear fit slopes for KDAX and CZD are similar,
but fitted intercepts differ significantly. The KDAX intercept is comparable to the reference relations,
whereas the CZD linear fit intercept is a half to a third

the values associated with the reference relations.
Therefore, a given reflectivity is associated with a
smaller rainfall rate near KDAX than at CZD. The
KDAX scatterplot also suggests that NBB rainfall occurs less frequently in the California Central Valley
compared to the Coastal Mountains since very few data
points occupy the parameter space for NBB rainfall
characterized by observations at CZD (Fig. 5d). This
assertion is also supported by the fact that low-level
particle growth is less common near KDAX (Fig. 15).

6. Conclusions
This study has presented analyses of radar and rain
gauge data collected in northern California during the
landfall of 10 extratropical cyclone events observed
during CALJET. The data were composited in a systematic and quantitative manner to examine the mean
characteristics of precipitation and their variance as a
function of synoptic and topographic regime. Two sites
were the focus of the study: one in the coastal mountains north of San Francisco (CZD) and the other in the
Central Valley just west of Sacramento (KDAX). Observations at CZD were from NOAA/ETL experimental systems that included S-PROF, a 915-MHz wind
profiler, and a 10-m surface meteorology tower with a
tipping-bucket rain gauge. Operational radar and rain
gauge observations were employed within a 30-km
range domain of KDAX.
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FIG. 18. Schematic illustration of the precipitation
characteristics in the northern California Coastal
Mountains at CZD as a function of synoptic regime:
(a) cold sector, (b) warm front, (c) warm sector, (d)
cold front, and (e) cool sector. The brightband,
shoulder, and precipitation characteristics below the
melting layer are depicted as in Fig. 17.

A schematic that summarizes precipitation characteristics observed at CZD is presented in Fig. 17a. The
S-PROF reflectivity observations composited from the
10 cases (Fig. 3) revealed a mean brightband structure
that was 1 km thick and whose maximum reflectivity
values were 8 dB larger than reflectivity values in the

rain layer below. A distinct change in slope of the vertical profile of reflectivity was evident about 2.5 km
above the bright band, with relatively higher values of
slope above compared to below. This feature, referred
to as a shoulder, is thought to represent a change in
the growth rate of hydrometeors. Thermodynamic
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soundings indicate that this transition occurred just below the ⫺15°C level, an air temperature at which diffusional growth rates for ice crystals maximize.
Although the bright band was quite distinct, approximately one-third of the reflectivity profiles in the composite did not exhibit this feature. These NBB profiles,
first documented by White et al. (2003), had weaker
reflectivity and shallower echo tops than profiles with
bright bands and did not contain a shoulder structure.
They also had a low-level slope where reflectivity increased with decreasing altitude, a structure that suggests that collision–coalescence was the primary hydrometeor growth process. HYB profiles, associated
with half of the accumulated rainfall at CZD, contained
a bright band but also displayed this low-level growth
structure. Examination of surface rainfall rate versus
reflectivity from the lowest S-PROF range gate indicates that all profiles were composed of larger numbers
of small drops than expected from a Marshall–Palmer
drop size distribution, a trend especially apparent for
NBB profiles (Fig. 5).
The different synoptic regimes associated with each
landfalling storm contributed significantly to the
breadth evident in the 10-case composites of vertical
reflectivity profiles and reflectivity–rainfall rate relationships. Five distinct synoptic regimes (cold sector,
warm front, warm sector, cold front, and cool sector)
were identified based on a simplified conceptual model
(Fig. 8). Figure 18 presents a schematic that summarizes
the precipitation characteristics at CZD as a function of
these synoptic regimes. Mean brightband altitude was
lowest during the cold-sector and cool-sector regimes,
highest during the warm-sector regime, and at intermediate levels during the warm-frontal and cold-frontal
regimes. Brightband thickness was largest and the difference between reflectivity at and below the bright
band was smallest during the cold-frontal regime. Both
trends are linked to the occurrence of convection within
narrow cold-frontal rainbands that passed CZD during
this regime. The shoulder remained approximately 2.5
km above the bright band in each regime. The sharpest
transitions in shoulder slope occurred during the coldsector and cold-frontal regimes. In the former regime,
the slope was especially large just above the shoulder,
whereas in the latter regime, the slope was near zero
just below the shoulder. Rainfall intensity was highest
during the cold-frontal regime, a result that can be attributed to the aforementioned occurrence of convection. NBB rainfall was most common during the warmfrontal, warm-sector, and cool-sector regimes and occurred rarely during the cold-frontal and cold-sector
regimes. In fact, during the latter regime, an evaporation signature was often apparent at low levels.
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Observations of precipitation characteristics over the
relatively flat terrain near KDAX provide an interesting contrast to those in the coastal mountains at CZD
(Fig. 17). Mean rainfall rates near KDAX were about
half the magnitude of those at CZD and led to only
about 20% of the accumulated rainfall. The mean
KDAX bright band was somewhat thicker than at CZD
and its altitude was slightly lower, likely in response to
relatively cooler air being trapped in the Central Valley. A shoulder structure located about 2.5 km above
the bright band was also evident in the KDAX profiles,
suggesting that this feature is related to large-scale dynamic, thermodynamic, and microphysical processes
rather than orographic effects. Below the bright band,
there was almost no evidence of low-level precipitation
growth in the KDAX profiles. This observation might
be attributed to the lack of an orographic feeder cloud.
Indeed, many of the profiles exhibited an evaporation
signature. The relationship between reflectivity and
rainfall rate near KDAX also provided a distinct contrast to similar observations at CZD. Namely, the relationship at KDAX closely followed a trend expected
for a Marshall–Palmer drop size distribution, implying
the presence of relatively larger raindrops than observed at CZD, which further highlights differences in
precipitation development processes between these two
topographic regimes.
The data employed in this study were collected during an exceptionally strong El Niño episode. Synoptic
and topographic variabilities of the precipitation characteristics discussed could differ substantially as a function of El Niño–Southern Oscillation phase (e.g., Neiman et al. 2005). Future studies will explore this issue in
greater detail.
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