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ABSTRACT

Radar and rain gauge observations collected in coastal mountains during the California Land-Falling Jets
Experiment (CALJET) are used to diagnose the bulk physical properties of rainfall during a wet winter season
(January–March 1998). Three rainfall types were clearly distinguishable by differences in their vertical profiles
of radar reflectivity and Doppler vertical velocity: nonbright band, bright band, and hybrid (seeder–feeder). The
contribution of each rainfall type to the total rainfall observed at the radar site (1841 mm) was determined by
a new, objective algorithm. While hybrid rain occurred most often, nonbrightband rain (NBB rain) contributed
significantly (28%) to the total. This paper focuses on characterizing NBB rain because of the need to document
this key physical process and because of its impact on Weather Surveillance Radar-1988 Doppler (WSR-88D)
precipitation surveillance capabilities.

NBB rain is a quasi-steady, shallow rain process that does not exhibit a radar bright band, that occurs largely
beneath the melting level, and that can produce rain rates exceeding 20 mm h21. Composite vertical profiles
were produced for NBB rain using 1417 samples and brightband rain using 5061 samples. Although the mean
rain rate for each composite was 3.95 mm h21, at all altitudes NBB rain had systematically weaker equivalent
radar reflectivity (e.g., 20.5 dBZe vs 28.5 dBZe at 263 m above ground level) and much smaller Doppler vertical
fall velocities (e.g., 2.25 m s21 vs 6.25 m s21 at 263 m) than did brightband rain. The reflectivity–rain-rate (Z–
R) relationship for NBB rain (Z 5 1.2R1.8) differs significantly from that of brightband/hybrid rain (Z 5 207R1.1).

The meteorological context in which NBB rain occurred is described through case studies and seasonal
statistics. NBB rain occurred in a wide variety of positions relative to frontal zones within land-falling storms,
but three-quarters of it fell when the layer-mean, profiler-observed wind direction at 1250 m MSL (the altitude
of the composite low-level jet) was between 1908 and 2208. The importance of orographic forcing during NBB
rain, relative to all rain events, was indicated by a stronger correlation between upslope wind speed and coastal
rain rates at 1250 m MSL (r 5 0.74 vs r 5 0.54), stronger low-level wind speeds, and wind directions more
orthogonal to the mean terrain orientation.

1. Introduction

The overarching goal of the California Land-Falling
Jets Experiment (CALJET; Ralph et al. 1998) was to
help improve the 0–24-h forecasts of damaging weather
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impacting the western United States, with a particular
emphasis on the coast of California. This goal is being
pursued further and expanded to other West Coast states
through the ongoing efforts of the Pacific Land-Falling
Jets Experiment (PACJET; for more information on PAC-
JET, see http://www.etl.noaa.gov/programs/pacjet/). Dur-
ing CALJET, both ground-based and airborne platforms
were used to obtain detailed measurements in storm
environments across California’s coastal domain and the
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FIG. 1. Base map of California showing gray-shaded terrain (m)
and the locations of the upper-air observing sites (see key) used during
CALJET. The inset box highlights the CALJET orographic processes
array, including the Cazadero (CZD) site that housed the vertically
pointing S-band profiler, a 915-MHz wind profiler with RASS, a
surface meteorological station, and a laser ceilometer. Each observing
site discussed in the text is accompanied by its three- or four-letter
station name.

data-sparse eastern Pacific Ocean (see Fig. 1). An oro-
graphic processes array was deployed within the larger
CALJET network to study orographic precipitation en-
hancement in the climatologically flood-prone Russian
River watershed. In this array, the National Oceanic and
Atmospheric Administration’s Environmental Technol-
ogy Laboratory (NOAA/ETL) operated an S-band radar
profiler (hereafter, S-PROF) at a coastal mountain site
(labeled CZD in Fig. 1) above the town of Cazadero,
California. This vertically pointing radar was designed
with an extended dynamic-range capability to provide
sensitivity to the more strongly reflecting regions of
nonprecipitating clouds and to prevent receiver satu-
ration in regions of high reflectivity, including the melt-
ing layer.

Improvements in quantitative precipitation forecast-
ing for the coastal zone will depend on a better under-
standing of the microphysical processes associated with
orographic precipitation. In this paper we identify and
describe a quasi-steady, orographically forced, shallow
rain process observed by S-PROF that contributed sub-
stantially to the total rainfall during CALJET and, yet,
was mostly undetected by the operational network of
the National Weather Service (NWS) Weather Surveil-
lance Radar-1988 Doppler (WSR-88D). The Russian
River watershed is not alone in experiencing this cov-
erage problem. Gaps in WSR-88D coverage caused both

by the density of radars and restricted minimum scan-
ning elevation angle occur at many other flood-prone
watersheds in the coastal mountains along the West
Coast (Westrick et al. 1999). Reynolds (1995) suggested
that lowering the minimum scanning elevation to 08
would be required to significantly improve WSR-88D
precipitation estimates associated with shallow rain
sampled over the West Coast. The detailed microphys-
ical observations necessary to explain the physical
mechanisms responsible for this shallow rain process
were not undertaken during CALJET. In fact it was only
after CALJET that analysis of the data collected during
this first-time deployment of S-PROF revealed this rain
process and its frequency of occurrence. We begin with
descriptions of specific rainfall processes used later to
categorize the radar reflectivity and Doppler vertical ve-
locity measurements collected by S-PROF at CZD.

Brightband rain is formed through ice crystal growth
and subsequent melting (e.g., Battan 1959; Anagnostou
and Kummerow 1997). The process begins in clouds
containing both water droplets and ice crystals. The
introduction of ice can occur when ice particles fall from
higher clouds, when supercooled droplets freeze, or
when ice forms directly on ice nuclei. Ice crystals grow
preferentially compared to water droplets because the
saturation pressure over water is greater than that over
ice. As ice particles fall, they may grow further by col-
liding with supercooled cloud droplets in the cloud,
which freeze on the surface of the ice particles, a process
known as riming. As ice or snow particles fall through
the melting level, they obtain wet surfaces as they begin
to melt. This process makes the particles sticky, and
aggregation leads to larger particles. Radar reflectivity
increases and is positively correlated with Doppler ver-
tical velocity (DVV) in this region because of the in-
creasing particle size. However, radar reflectivity also
increases because the dielectric factor is greater for wa-
ter than for ice (Battan 1973). The region of increasing
reflectivity below the melting level defines the upper
portion of the radar bright band. As the particles undergo
further melting their density increases, which leads to
larger fall velocities. Hydrodynamically unstable drops
break up into smaller drops. Radar reflectivity decreases
and is negatively correlated with DVV in this region
because, although the particles are smaller, their fall
velocities increase. Radar reflectivity also decreases be-
cause of the vertical mass flux divergence resulting from
the increased fall velocities, which causes the number
concentration to decrease (Atlas 1964). The region of
decreasing reflectivity defines the lower portion of the
radar bright band. As pointed out by Fabry and Za-
wadzki (1995), other factors contribute to the shape of
the radar bright band: particle growth rate, terminal ve-
locity, particle size distribution, and particle shape and
orientation. In this paper we use both radar reflectivity
and DVV profiles recorded with the S-PROF at CZD
to detect the radar bright band. White et al. (2002) as-
serted that the use of DVV in addition to radar reflec-
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tivity gives added confidence to brightband detection
while also allowing for detection when the precipitation
does not reach the surface or is too weak to produce a
definitive brightband signature in only the radar reflec-
tivity profile. We refer to rainfall that occurs when a
radar bright band is detected as BB rain.

Not all rain, however, is accompanied by a bright
band. For example, a class of rainfall called warm rain
is initiated in clouds with temperatures down to about
2158C, indicating the relative scarcity of ice nuclei
compared to cloud condensation nuclei (Whiteman
2000; Rogers and Yau 1989). In warm rain, collision
and coalescence allow cloud droplets to grow into rain-
drops (Zipser and LeMone 1980; Song and Marwitz
1989). This growth process is most efficient when cloud
droplets are of different sizes and fall at different speeds.
Consequently, warm rain often occurs in coastal regions
because of the wide range of aerosol sizes that exists
over the oceans (Whiteman 2000). We do not have direct
in situ microphysical or cloud-top temperature mea-
surements during CALJET that would allow us to de-
termine unambiguously the presence or absence of ice
in the upper regions of precipitating clouds that we ex-
pect to be part of a warm rain event. Thus, we do not
feel it is appropriate to use the warm rain terminology
in this paper. Instead we use the term nonbrightband
rain (NBB rain) to indicate a shallow rainfall process
which does not produce a detectable bright band, sug-
gesting that ice microphysics does not play a dominant
role in the precipitation growth process. We also have
ancillary evidence showing that, excluding convection,
the NBB rain encountered at CZD often occurred wholly
or substantially below the melting level as well as below
the lowest beam of the WSR-88D radar situated south-
east of San Francisco (KMUX; Fig. 1).1 The NBB rain
referred to here is not to be confused with the NBB or
warm rain associated with tropical convection (Szoke
and Zipser 1986; Williams et al. 1995; Atlas and Ulbrich
2000) or with the convective cores imbedded in strat-
iform precipitation often found in midlatitude cyclones
(e.g., Smyth and Illingworth 1998). However, as will
be shown later, similarities exist between the NBB rain
discussed here and the semitropical orographic rain ob-
served in the Hawaiian Islands (e.g., Blanchard 1953).

On some occasions, the BB rain measured by the S-
PROF exhibited some of the properties of the NBB rain,
namely that the radar reflectivity and DVV magnitude
increased below the melting layer. The behavior of the
DVV alone suggests further growth by collision and
coalescence, since fall speed is inversely proportional
to air density (e.g., Foote and duToit 1969). We have
labeled this subcategory of BB rain ‘‘hybrid’’ rain. It

1 Only the NWS Doppler radar near Sacramento, California
(KDAX), is closer to CZD than KMUX (;133 vs ;198 km, re-
spectively). However, the lowest beam from KDAX in the direction
of CZD is blocked by terrain, making KMUX the better choice for
NWS precipitation surveillance above CZD.

is unclear whether this behavior is simply a manifes-
tation of the seeder–feeder mechanism (Bergeron 1965).
In the orographic version of this process precipitation
falls from a ‘‘seeder’’ cloud, formed by large-scale as-
cent, into a moisture-rich ‘‘feeder’’ cloud, formed by
flow over elevated terrain. The orographic enhancement
depends on, among other factors, the intensity of seeder
precipitation and the speed of the upslope flow. Further
details are given by Cotton and Anthes (1989). Another
manifestation of the seeder–feeder mechanism is seeder
clouds in the form of generating cells, which seed a
lower-level feeder cloud produced by frontal ascent.
This can result in mesoscale rainbands that propagate
in the storm environment (e.g., Rutledge and Hobbs
1983).

The observing systems used in this study are de-
scribed in section 2. In revealing the structure of NBB
rain, we felt it was necessary to describe meteorological
conditions under which this rain process occurs. This
is our primary motivation for section 3, which uses the
case study approach to highlight synoptic environments
that contributed to NBB rain events. However, the case
study approach does not tell the whole story, because
individual cases are chosen, subjectively, based on
whether they exhibited a certain behavior. Therefore, in
section 4 we use statistical approaches and develop an
objective algorithm that determines whether a radar
bright band is present in the S-PROF data collected
during a specified averaging period. The algorithm then
is applied to the 3 months of S-PROF data collected
during the CALJET period (January through March
1998) to determine the contribution of NBB rain to the
total rainfall observed at the coastal mountain site. Sec-
tion 5 describes the mean meteorological attributes of
NBB rain events and uses wind profiler observations to
determine whether orographic forcing contributed to
these events, while study conclusions are presented in
section 6.

2. Observing systems

a. Ground-based observing network

During CALJET, a ground-based network of spe-
cialized meteorological instrumentation was strategi-
cally deployed along the California coast to supplement
the operational tropospheric observing systems (i.e., the
WSR-88D radars and rawinsondes). Together with
CALJET’s aircraft observations taken offshore, the
combined ground-based network provided an invaluable
dataset for researchers, weather forecasters, and forecast
users during an active winter season. The location of
key sites within the ground-based network is shown in
Fig. 1. Table 1 lists the instruments and measurements
at each site that provided data for, or is mentioned in,
this paper.
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TABLE 1. Ground-based instrument locations and characteristics for each site that provided data for, or is mentioned in, this paper. All of
these sites are located in or near the CALJET orographic processes array (see Fig. 1).

Site Lat (8N) Lon (8W)

Height
MSL
(m) Instrument

Variables
measured

or retrieved*
Temporal
sampling

Max
height

or range
(km)

Range-gate
resolution

(m)

Cazadero (CZD) 38.61 123.21 475 3-GHz (S-band) profiler
915-MHz profiler
RASS
Surface met. package

Z, w
y , w, Vr, S
Tv

P, T, Td, y , r

90 s
6 min–1 h
1 h
2 min

8.5
4.5
1.0

—

100
60–100

100
—

Bodega Bay (BBY) 38.31 123.07 12 915-MHz profiler
RASS
Surface met. package

y , w, Vr, S
Tv

P, T, Td, y , r

6 min–1 hr
1 h
2 min

4.5
1.0

—

60–100
100
—

Oakland (OAK)
Mount Umunhum (KMUX)
Sacramento (KDAX)

37.75
37.16
38.50

122.22
121.90
121.68

6
1077

9

Rawinsonde
WSR-88D Doppler radar
WSR-88D Doppler radar

P, T, Td, y
Z, y , Vr

Z, y , Vr

12 h
1–60 min
1–60 min

.16
230
230

variable
1000
1000

* Variables measured or retrieved include horizontal wind velocity (y), vertical radial velocity (w), oblique radial velocity (Vr), reflectivity
(Z), signal power (S), virtual temperature (Tv), temperature (T ), dewpoint temperature (Td), pressure (P), rainfall (r).

1) VERTICALLY POINTING S-BAND PROFILER AT

CAZADERO

The NOAA/ETL vertically pointing S-band profiler
or S-PROF is based on the prototype built at the NOAA
Aeronomy Laboratory (NOAA/AL; Ecklund et al.
1999). The radar’s wavelength of 10 cm is ideally suited
for rainfall measurements, though its receiver has a lin-
ear dynamic range of only approximately 45 dB, which
is not sufficient to cover the full range of reflectivities
present in all types of precipitation. Therefore, the S-
PROF hardware includes a switchable, 30-dB coupler
placed between the radar antenna and the receiver to
help extend the dynamic range of the receiver. Further
details are given by White et al. (2000).

During CALJET, the S-PROF at Cazadero was pro-
grammed to continuously alternate sampling between
three modes: a ‘‘coupled mode’’ for heavy precipitation,
a ‘‘standard mode’’ for light to moderate precipitation,
and a ‘‘pulse coded’’ mode for cloud measurements.
Pulse coding provides a means of increasing the average
transmitted power without sacrificing range resolution
(e.g., Schmidt et al. 1979). The three operating modes
used during CALJET are shown schematically in Fig.
2. Details of the profiler calibration are provided by
White et al. (2000).

After CALJET, radar reflectivity and DVV measure-
ments from the three operating modes were composited
using reflectivity thresholds to determine which operating
mode provided the optimal measurement at a particular
height. For example, the radar reflectivity measurements
from the first eight range gates of the coupled mode are
compromised because the received signals are only par-
tially decoded. Therefore, the compositing routine would
select standard mode measurements in place of coupled
mode measurements for the first eight heights of each
composited profile. However, if the reflectivity in the
standard mode at a particular height approached the upper
limit of its useable reflectivity range as shown in Fig. 2,
then the coupled mode would be selected for that par-

ticular range gate. We refer to the composited measure-
ments as comprising a ‘‘combined mode.’’ By taking
advantage of pulse coding and the microwave coupler,
the radar reflectivity measurements in the combined mode
have a dynamic range of 96 dB (see Fig. 2).

2) INTEGRATED WIND-PROFILER OBSERVING

SYSTEMS

The integrated wind-profiler observing system was
developed at NOAA/AL and NOAA/ETL and has been
an important part of meteorological and climate research
since 1990. At the heart of this observing system is a
915-MHz boundary layer wind profiler (Carter et al.
1995). The wind profiler routinely provides hourly av-
eraged vertical profiles of horizontal wind velocity from
;0.1 to 4.0 km above ground with #100 m vertical
resolution in clear, cloudy, and precipitating conditions.
After CALJET, the winds were objectively edited using
the vertical–temporal continuity method of Weber et al.
(1993), and an extra level of quality control was per-
formed by visual inspection. A radio acoustic sounding
system (RASS; May et al. 1989) provided vertical pro-
files of virtual temperature, which we later transformed
into profiles of virtual potential temperature using the
method described by Neiman et al. (1992). The upper
range of these profiles typically reaches ;500–1000 m
above ground.

Wind and temperature data measured by a collocated
10-m surface meteorological tower at each profiler site
extended the hourly wind and temperature profiles down
to the surface. The tower was also equipped with a
tipping-bucket rain gauge that measured rainfall every
2 min with 0.01-in (;0.25 mm) resolution. Surface mea-
surements of wind, temperature, moisture, and pressure
were also taken at each site. The meteorological tower
data collected during CALJET were postprocessed at
NOAA/ETL using an automated quality-control routine
designed to remove obvious outliers. The final meteo-
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FIG. 2. Characteristics of the NOAA/ETL vertically pointing S-
band profiler at Cazadero, and a summary of its three operating modes
used during CALJET. Radar sensitivity ranges (dBZ ) are indicated
at altitudes of 1 and 4 km for all three operating modes and at 8 km
for the pulse-coded mode.

FIG. 3. Terrain base map showing gray-shaded elevations (m), the
Cazadero (CZD) and Bodega Bay (BBY) integrated observing sites
and their respective elevations (MSL), and projection lines (dashed)
of aft- and fore-pointing RHI scans from the P-3 tail radar at 0047:
02 and 0048:56 UTC 27 Jan 1998, respectively (see Fig. 4). The
relevant southeast-bound P-3 flight track is portrayed as a dotted line,
and the time-averaged flight-level data (z: altitude; p: pressure; T:
temperature) for this leg are shown. Counties are labeled.

rological data products are available at 2-min and hourly
resolution.

b. NOAA P-3 research aircraft

A NOAA P-3 turboprop research aircraft measured
nearly continuous (1 s) standard navigational and me-
teorological parameters during 26 CALJET flights be-
tween 18 January and 24 March 1998, all of which
originated from Monterey, California (location shown
in Fig. 1). More than 200 Global Positioning System
(GPS) dropsondes were released from the P-3 during
the CALJET campaign to obtain high-resolution vertical
profiles of wind velocity, temperature, and moisture
over the data-sparse Pacific Ocean offshore of Califor-
nia. A helically scanning tail-mounted X-band (;3.2
cm wavelength) radar provided measurements of re-
flectivity and Doppler motions within precipitation el-
ements. The radar produced alternating fore- and aft-
pointing range–height indicator (RHI) or cross-section
scans directed ;19.58 fore and aft of a baseline or-
thogonal to the aircraft heading (e.g., Jorgensen et al.
1996). Though these fore/aft RHIs can be combined into
pseudo-dual-Doppler volume renderings of the flow
field (e.g., Jorgensen et al. 1996), our study utilizes only
the raw RHIs.

3. Selected nonbrightband rain events and their
synoptic environments

Section 1 introduced the vertical-structure character-
istics of NBB rain as observed by the S-PROF at CZD.
In this section, we utilize a case study approach to de-
scribe the vertical–temporal characteristics of NBB rain,
and the synoptic conditions in which it occurs.

a. 26–27 January 1998

Early on 27 January 1998, the NOAA P-3 was ideally
situated to observe finescale precipitation characteristics
over California’s coastal mountains near CZD with its
tail-mounted Doppler radar (Figs. 3 and 4). An aft-point-
ing RHI scan of reflectivity at 0047:02 UTC (Fig. 4a)
observed a region of rain to the west-northwest of the
P-3 that was capped by a well-defined bright band
($;30 dBZ) approximately 150–200 m beneath the
aircraft, or at ;2.3 km above mean sea level (MSL).
The brightband location is consistent with the flight-
level temperature of 0.48C. On the opposite (i.e., east-
northeast) side of the aircraft, spatially homogeneous
and shallow (,;2 km deep) reflectivities ranging be-
tween ;5 and 24 dBZ are depicted. This shallow pre-
cipitation was, in fact, NBB rain since it was devoid of
a bright band and positioned exclusively beneath the
melting level. Additional pockets of shallow NBB rain
were observed to the west-northwest of the P-3 beyond
the BB rain. Less than 2 min later at 0048:56 UTC, a
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FIG. 4. RHI scans of radar reflectivity (dBZ; scale lower-right) from the P-3 tail radar at (a) 0047:02 UTC,
and (b) 0048:56 UTC 27 Jan 1998. Range rings are in 5-km intervals. The flight level is portrayed as a
horizontal white line, and the aircraft is located at the center of the range rings. The time-averaged flight-
level data are as in Fig. 3.

fore-pointing RHI scan (Fig. 4b) also clearly captured
the spatial uniformity and shallow character of the NBB
rain hugging the terrain beneath the melting level, which
is approximated by the flight level. The NBB rain re-
flectivities to the east-southeast of the aircraft ranged
between 20 and 30 dBZ. It should be noted that the
NBB rain east of the P-3 decreased in intensity south-
ward from the southern RHI.

A companion analysis of remote-sensing and surface
data from CZD (Fig. 5) provides detailed information
of the passage of the relevant frontal features, as well
as a comprehensive description of the radar-observed
properties of the precipitation. The warm front at the
surface moved northward beyond CZD at 0448 UTC 26
January, as evinced by slight veering of the surface flow
and the cessation of a 5-h period of nocturnal warming
at the surface (Fig. 5d) and aloft (RASS data not shown).
Between 0448 and 2340 UTC 26 January, CZD was
situated in the warm sector, where the wind profiler
observed deep south-to-southwest flow (Fig. 5a), and
the surface temperature remained relatively constant
(Fig. 5d). The final 6 h of warm-sector conditions were
characterized by enhanced deep southerly flow associ-
ated with a prefrontal jet. The cold frontal zone passed
CZD between 2340 UTC 26 January and 0030 UTC 27
January, during which time the flow in the layer between
;1.5 and 3.0 km MSL shifted clockwise by ;208 to
408 (Fig. 5a), and the alongfront component of the flow
in this layer decreased by ;10 m s21. Terrain-blocked
flow (e.g., Parish 1982; Bell and Bosart 1988; Colle and
Mass 1995; Overland and Bond 1995; Doyle 1997) be-
low ;1.5 km retarded the frontal wind shift and surface

thermodynamic response until after 0115 UTC 27 Jan-
uary. Prior to the warm-frontal passage at the surface
(i.e., during warm-frontal conditions), NBB rain totaling
7.3 mm was observed by the S-PROF in the warm-
frontal zone until 0400 UTC (Figs. 5b–d). There was
no bright band or companion vertical gradient of Dopp-
ler vertical velocity observed near the melting level dur-
ing this period. Between 0448 and 2340 UTC, steady
rain fell in the warm sector. The rain exhibited mostly
hybrid characteristics (i.e., distinct bright band and as-
sociated DVV gradient near the melting level; Figs.
5b,c), though intermittent episodes of NBB rain were
also observed. Rainfall increased in intensity leading up
to, and during, the cold-frontal passage (Fig. 5d), and
it was dominated by hybrid rain characteristics (Figs.
5b,c). Following the passage of the back edge of cold
front aloft, only NBB rain fell, and the reflectivities in
this shallow precipitation approached 20 dBZ below 1
km MSL (i.e., well beneath the melting level of ;2.5
km MSL). It was during this post-cold-frontal period
that the P-3 radar observations of NBB rain were also
taken; the magnitude of the reflectivities from the P-3
and S-PROF were similar. Though only a modest
amount of NBB rain fell during this post-cold-frontal
period (2.8 mm) and the earlier warm-frontal period (7.3
mm), this case was presented because the P-3 was ide-
ally situated to document the spatial distribution of NBB
rain that fell, behind the cold front, in the coastal moun-
tains. In contrast, the following two case studies reveal
NBB rain events that yielded very significant accu-
mulations in these synoptic environments.
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FIG. 5. Time series of data from the Cazadero (CZD) integrated
observing site between 0000 UTC 26 Jan and 0600 UTC 27 Jan 1998.
(a) Time–height section of wind flags and barbs (flags 5 25 m s21;
full barbs 5 5 m s21; half barbs 5 2.5 m s21) and alongfront isotachs
(directed from 1808; thin solid) from the 915-MHz wind profiler.
Surface winds from CZD are included. (b),(c) Time–height sections
of equivalent radar reflectivity factor (dBZe; i.e., reflectivity) and
Doppler vertical velocity (m s21) from the S-band profiler. Melting-
level heights are shown from Oakland rawinsondes (OAK; solid dots
are direct measurements, and stars are interpolated measurements
from adjacent 12-h soundings), Salt Point airsondes (SPS; located on
the coast, west of CZD), and the P-3 aircraft (P3; flight-level data in
the vicinity of CZD). (d) Time series traces of surface data [SPD 5
wind speed (m s21); DIR 5 wind direction (deg); TMP 5 temperature

←

(8C); PPT 5 accumulated rainfall (mm)]. The vertical dashed line
and gray-shaded bar mark relevant frontal passages. The dominant
rainfall type periods are shown in (b)–(d), and the two periods of
nonbrightband (NBB) rain accumulation are documented in (d). Rain-
fall type ‘‘mix’’ refers to a complex period characterized by NBB
rain occurring intermittently with either brightband (BB) and/or hy-
brid rain.

b. 23–24 March 1998

The event of 23–24 March contained the heaviest
episode of NBB rain during CALJET. During this event,
a dropsonde-intensive P-3 flight on 23–24 March pro-
vided critical observations of relevant weather features
over the otherwise data-sparse Pacific Ocean offshore
of California (Fig. 6a). A dropsonde-based cross section
of u and alongfront wind at ;0000 UTC 24 March (Fig.
6b; along line AA9 in Fig. 6a) shows the vertical con-
tinuity of a cold front extending upward and westward
from the ocean surface just offshore of central California
to ;400 mb over the open ocean. Strong southwesterly
flow was situated on the warm side of the front, while
weaker west-southwesterly flow resided on its cold side.
Enhanced vertical shear encompassed the frontal zone.
Companion infrared satellite imagery (not shown) con-
tained a well-defined comma-cloud tail that tracked
southward with this front.

A time–height section of hourly wind profiles and
alongfront isotachs from the CZD wind profiler (Fig.
7a) documented the cold-frontal passage between 1600
and ;1720 UTC 23 March above ;1.3 km MSL,
though the back edge of the front was ill-defined. The
winds between 1.3 and 2.5 km MSL veered with time
from south-southwesterly ahead of the front to weaker
southwesterly behind, and the strongest alongfront flow
was situated immediately ahead of the front. Because a
prolonged period of terrain-parallel flow in excess of
10–15 m s21 was observed in the lower troposphere in
response to blocked flow in the coastal zone, the front
did not penetrate downward to the surface until after
0000 UTC 24 March (Figs. 7a,d). Prior to the cold
front’s arrival, a mixture of mostly hybrid and NBB rain
fell (Figs. 7b–d). The front itself was accompanied by
a convective narrow cold-frontal rainband (NCFR) and
a trailing region of stratiform hybrid rain that, together,
persisted for ;1.6 h. Following a subsequent 20-min
lull, NBB rain commenced at 1800 UTC 23 March in
the post-cold-frontal environment and continued until
0000 UTC 24 March. During this 6-h period, a total of
53.7 mm of NBB rain fell, accounting for 71% of the
rainfall accumulation on this day.

Time–height sections of DVV and equivalent radar
reflectivity factor covering the full vertical range of S-
PROF’s combined mode (see section 2a) are shown in
Fig. 8. The added height range reveals the evolving
vertical distribution of cloud observed during this event.
Early in the period (1000–1400 UTC) two cloud layers
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FIG. 6. (a) Base map showing the westbound P-3 flight track (dotted
line) and dropsonde deployment locations (bold squares) and times
between 2213 UTC 23 Mar and 0153 UTC 24 Mar 1998. The wind
flags and barbs (as in Fig. 5) with the square heads are dropsonde
observations at 850 mb and the remaining vector is a flight-level
observation at 850 mb; companion temperatures (8C) at 850 mb are
plotted. The bold dashed line is a projection line for the cross section
in (b). (b) Cross section of potential temperature (K, solid) and along-
front wind speed directed from 2258 (m s21, dashed) along AA9 of
(a) at ;0000 UTC 24 Mar 1998. Bold solid lines are the frontal
boundaries. Dropsonde soundings are labeled with times of deploy-
ment (UTC). The P-3 flight track is depicted with a thin dotted line.
Selected flight-level and dropsonde wind flags and barbs are plotted;
flags and barbs are as in Fig. 5.

FIG. 7. The same as in Fig. 5, except for the period 0900 UTC 23
Mar to 0200 UTC 24 Mar 1998. The alongfront flow in (a) is directed
from 2258. Light and dark shading in (a) portrays terrain-parallel flow
(directed from 1408) greater than 10 and 15 m s21, respectively. The
solid dot labeled drop in (b) refers to a P-3 dropsonde observation
of the melting level. The white dashed line in (b) denotes the bottom
of the ;3.2 km deep beamwidth, over CZD, of the lowest beam (0.58
elev) from the WSR-88D at KMUX. Rainfall type NCFR in (c),(d)
refers to the narrow cold-frontal rainband.

were present, but the upper cloud was decoupled from
the lower cloud. The lower cloud deepened and was
able to sustain light (0.3 mm h21) precipitation for 2 h.
After 1400 UTC the upper and lower cloud layers were
coupled, producing heavier rain through the hybrid pro-
cess. After passage of the cold front and its accompa-
nying NCFR, the upper cloud decoupled again and even-
tually disappeared by ;1930 UTC. Meanwhile, the
NBB rain process ensued. Substantial NBB rain (18.3
mm) was observed during the 1-h period ending 1900
UTC (Fig. 7d), which far surpasses the rule-of-thumb
rainrate threshold of 12 mm h21 used by local forecasters
for guidance in issuing flood statements. Subsequent

hourly NBB rainfall totals of 9.1 and 11.2 mm ap-
proached this threshold. These hourly rain rates were
the largest of the entire event. Based on the S-PROF
and rain gauge observations, it is clear that NBB rain
can contribute significantly to individual rain events in
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FIG. 8. Time–height sections of (a) Doppler vertical velocity (DVV;
m s21) and (b) equivalent radar reflectivity factor (dBZe), recorded
by the S-band profiler at CZD for the period 1000 UTC 23 Mar to
0000 UTC 24 Mar 1998. The hourly rainfall accumulations (mm)
measured by a tipping-bucket rain gauge collocated with the radar
are listed in (a). The horizontal dashed lines denote the ;3.2 km
deep beamwidth, over CZD, of the lowest beam (0.58 elevation) from
the San Francisco area WSR-88D at KMUX.

FIG. 9. The same as in Fig. 5 except for the period 0400 to 2100
UTC 21 Feb 1998. (a) Includes the axis of max thermal-wind-derived
warm advection (gray-shaded dashed line), and an analysis of RASS
virtual potential temperature (red dashed; K). The alongfront flow in
(a) is directed from 2258. The white dashed line in (b) is as in Fig.
7. Rainfall type NCFR in (c),(d) refers to the narrow cold-frontal
rainband.

the coastal mountains. However, major NBB rain events
do not occur solely in post-cold-frontal conditions, as
the case from 21 February 1998 will reveal. Signifi-
cantly, the lowest-angle radar beam from the operational
NWS Doppler radar at KMUX scanned almost entirely
above the potentially flood-producing NBB rain de-
tected beneath the melting level by the S-PROF at CZD
(Fig. 8).

c. 21 February 1998

The second heaviest episode of NBB rain during
CALJET occurred in the event of 21 February 1998.
Because all transient weather features during this event
were well defined, in part because low-level blocking
was not significant, the remote-sensing and surface data
and analyses from CZD (Fig. 9) provided persuasive
evidence to unambiguously diagnose synoptic regimes
without using supplemental data sources. The wind-pro-
filer and RASS2 analyses, and companion surface traces,
from CZD (Figs. 9a and 9d) show the descent of a warm
front to the surface between 0400 and 1145 UTC 21
February. During this warm-frontal period, the surface
flow veered with time from southerly to southwesterly,
strong southwesterly component flow (.;20 m s21)
and an axis of maximum thermal-wind-derived warm

2 RASS analyses for the previous two events were not shown, be-
cause blocked flow during those events extended above the RASS
measurements. Hence, in those cases, RASS could not provide useful
information on the transient frontal features aloft.

advection (i.e., clockwise turning of the wind direction
with increasing height) descended toward the surface
from aloft, the temperature in the lowest ;750 m in-
creased by ;3 K, and nearly one-half of the total rain
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FIG. 10. Schematic showing the criteria used to partition brightband
rain and nonbrightband rain. Indicated are the magnitudes of the
jumps (denoted by Ds) in Doppler vertical velocity (DVV; positive
downward) and equivalent radar reflectivity factor (i.e., reflectivity)
that were employed to objectively detect the lower portion of the
bright band. An additional criterion is shown that was used to further
partition the hybrid portion of the brightband rain (dashed line).

for this event fell. Between 1145 and 1505 UTC warm-
sector conditions prevailed, characterized by warm
(108–118C) and strong (12–25 m s21) southwesterly
flow at the surface and aloft, and significant rainfall.
The leading edge of a sharp cold front raced across CZD
at 1505 UTC, accompanied by a burst of heavy rain,
an abrupt wind shift in the lower troposphere from
strong southwesterly to weaker westerly flow, and a
sharp 2.5–3.0-K decrease in temperature in the lowest
;750 m. A layer of enhanced vertical wind shear as-
sociated with the cold front ascended to ;3 km MSL
by 2100 UTC 21 February.

Based on the S-PROF observations at CZD (Figs.
9b,c), exclusively NBB rain fell prior to the warm-fron-
tal passage at the surface at 1145 UTC. A total of 47.5
mm NBB rain fell during this warm-frontal period and
at the onset of warm-sector conditions (Fig. 9d). The
rain rate ranged between 10 and 13 mm h21 for three
consecutive 1-h periods between 0900 and 1200 UTC,
thus highlighting the fact that NBB rain can contribute
to heavy rainfall during warm-frontal, as well as during
post-cold-frontal, episodes. As was the case during the
previously described NBB rain event on 23–24 March,
the heavy NBB rain on 21 February was situated be-
neath the lowest-angle NWS Doppler radar beam from
KMUX and largely beneath the melting level (Fig. 9b).
Within the warm sector, a mixture of rain types was
observed (Figs. 9b,c). The subsequent cold-frontal pas-
sage was accompanied by a convective NCFR and trail-
ing region of stratiform hybrid rain.

4. S-PROF statistical analyses

a. Rainfall process partitioning

An objective algorithm was developed to estimate the
contribution of each rainfall process (i.e., NBB, BB, and
hybrid) to the total rainfall observed at CZD during the
CALJET period (1 January–31 March 1998). We chose
a 30-min averaging period for the radar and accumu-
lation period for the rain gauge. This period is long
enough to provide an adequate number of samples to
apply statistical methods. The 30-min window contains
15 rain gauge measurements and ;20 radar profiles.
Analysis was performed on all half-hour periods when
the rain rate exceeded ;1 mm h21. Because the bucket
in the gauge is designed to tip with every 0.01 in (0.254
mm) of accumulation, this rain-rate threshold corre-
sponds to a requirement of two tips in the half-hour
period.

Within the periods satisfying the rain-rate threshold,
the rainfall process partitioning algorithm (RPPA) se-
lects only those radar profiles where the equivalent radar
reflectivity factor in the lowest range gate is at least 10
dBZe, to make it more likely that the profile was ob-
tained in rain and to avoid including gaps in the pre-
cipitation. A test is then applied on each of these profiles
to determine if a bright band is present. For this test,

the RPPA searches for the lower portion of the bright
band, where the DVV magnitude decreases with height
and the radar reflectivity increases with height. If an
increase of at least 2.5 dBZe in radar reflectivity and a
decrease of at least 1.5 m s21 in DVV magnitude occur
over an altitude span of 210 m (i.e., two radar range
gates), the profile is determined to contain a bright band
(Fig. 10). White et al. (2002) developed a similar meth-
od for deducing the brightband height from radar re-
flectivity and DVV measurements taken with the com-
mercially available 915-MHz wind profilers. If the per-
centage of profiles containing a bright band in the half-
hour meets or exceeds 50%, the rainfall is ascribed to
BB rain. Otherwise, the NBB rain process is designated.

The RPPA uses the slope of reflectivity below the
melting layer as the criterion for distinguishing between
BB rain and its subcategory of hybrid rain. For the
results presented here, we chose a slope of 20.1 dBZe

km21 to be the threshold at which the hybrid process is
designated (i.e., a slope #20.1 dBZe km21 indicates
hybrid rain). In other words, we assume that any growth
of the raindrops reflected in a positive downward in-
crease in reflectivity below the melting layer indicates
the hybrid process. Regardless, the partitioning of NBB
rain does not involve this parameter and, thus, is not
affected by this assumption. Figure 10 summarizes the
criteria used in the RPPA.

In convective rain, the classic brightband structure is
often not visible because of enhanced turbulence, or the
presence of graupel or hail, even though convective rain
clouds may extend well above the melting level. This
is especially true in the NCFR. We used the unaveraged
S-PROF, wind profiler, and surface meteorology data
collected during each half-hour period ascribed to NBB
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TABLE 2. Results of a rainfall process partitioning algorithm applied
to half-hourly periods of rainfall observed at CZD during CALJET
(1 Jan–31 Mar 1998).

Rain process
Rainfall

(mm)
Time
(h)

Brightband rain (BB rain)
Hybrid rain
Nonbrightband rain (NBB rain)
Rain rate ,1 mm h21

Missing radar data
Dry

292 (16%)
805 (44%)
647 (35%)*

76 (4%)
21 (1%)

0

84.0 (15%)
162.0 (29%)
166.0 (29%)
149.5 (27%)

2.5 (;0%)
1596.0

Totals 1841 564/2160** (26%)

* Total for all NBB rain events including 134 mm of convective
rain. Excluding the convective rain, the NBB rain contribution
would be 513 mm or 28% of total rainfall observed.

** The fraction of half-hour periods when rainfall was observed by
the CZD rain gauge.

FIG. 11. (a) Histogram of rainfall intensity measured at CZD during
the period Jan–Mar 1998. The rainfall rates are based on 30-min
accumulations measured by a tipping-bucket rain gauge. (b) The per-
centage of time that each rainfall process occurred for a given rainfall
intensity. The rainfall process breakdown is not shown for rain rates
exceeding 15 mm h21 because of the limited data availability at the
heaviest rain rates, and it is not shown for rain rates , 1 mm h21

because the process partitioning technique requires rain rates of at
least 1 mm h21.

rain by the RPPA to subjectively evaluate whether or
not the rain was associated with convection. We did not
attempt to do this objectively for two reasons. First, the
convective rain associated with the NCFRs, which ac-
counted for most of the convective rainfall that occurred
during the 3-month period, was easily diagnosed by
visual inspection with support from the aforementioned
datasets. Second, it was not obvious how to develop an
objective algorithm to remove all convective rainfall,
because the precipitation that fell in the cold sector was
often weakly convective but shallow enough to be con-
sidered NBB rain. The rare events when the melting
layer fell below the minimum detectable range of the
radar were attributed to BB rain.

Results of the RPPA are listed in Table 2. Close to
half (44%) of the rainfall was attributed to the hybrid
process. We believe this could be an indication of the
prevalence of the seeder–feeder mechanism contributing
to the orographic rainfall observed at CZD. On the other
hand, NBB rain contributed significantly (28% after ex-
cluding convective rainfall) to the winter season total,
and, although this process resulted in a slightly lower
average hourly rainfall rate than the other processes, we
have shown that NBB rain could cause rain rates ex-
ceeding the 12 mm h21 rule-of-thumb threshold used
by forecasters for guidance in issuing flood statements
(see Fig. 7).

A histogram of rainfall intensity for the 564 h (1841
mm) of rainfall that fell at CZD during the period 1
January through 31 March, 1998 is shown in Fig. 11a.
Here, all half-hour periods of rainfall are included. Light
rain was observed with the greatest frequency, similar
to what has been observed at many other locations. The
percentage of time that each rainfall process occurred
at a given rainfall intensity is shown in Fig. 11b. Be-
cause the RPPA excluded cases with rain rates ,1 mm
h21, there is no information available for the first rain-
fall-rate bin. Bars corresponding to rainfall rates with
less than eight half-hour data points (i.e., 4 h in Fig.
11a) are also not shown. Rainfall determined to be con-

vective in nature was not included in the NBB rain bars
(see Table 2). NBB rain was slightly favored for the
lower rainfall rates but contributed as strongly to the
higher rainfall rates as well. Curiously, neither NBB rain
nor BB rain occurred when the measured rainfall rate
was in the range of 12–13 mm h21.

Prominent differences in the vertical structure of BB
and NBB rain are evident in Fig. 12, which compares
profiles of radar reflectivity and DVV measured in pe-
riods of light and heavy rainfall. The large differences
in the values of radar reflectivity and DVV measured
near the surface in periods of BB and NBB rain that
produced very similar rain rates indicate variance in the
drop-size distributions (DSDs) associated with each
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FIG. 12. Vertical profiles of equivalent radar reflectivity factor
(dBZe) measured with the NOAA/ETL S-band profiler for (a) a period
of light brightband rain (4.7 mm h21; solid) and nonbrightband rain
(4.7 mm h21; dotted), and (b) a period of heavy brightband rain (17.2
mm h21; solid) and nonbrightband rain (16.6 mm h21; dotted). The
companion vertical profiles of Doppler vertical velocity (m s21; pos-
itive downward) for the same periods are also shown: (c) light rain
and (d) heavy rain. The date, averaging time window, rain type, and
rain rate for each sample period are shown in the keys below. The
horizontal dashed lines in (a)–(d) denote the bottom of the ;3.2 km
deep beamwidth, over CZD, of the lowest beam (0.58 elevation) from
the WSR-88D at KMUX. The horizontal solid lines mark ground
level.

rainfall process. These limited comparisons support the
hypothesis that NBB rain contains a higher concentra-
tion of small drops than BB rain. The next section in-
vestigates whether this hypothesis applies on a statistical
basis to all BB and NBB rain events observed during
CALJET.

b. Vertical profile statistics

Using the results of the RPPA, we produced con-
toured frequency-by-altitude diagrams, or CFADs (see
appendix A in Yuter and Houze 1995) from the winter
season S-PROF dataset to compare the bulk physical
properties of BB and NBB rain in a statistical manner.
Because our intent here is to identify the characteristic
structures of rainfall observed when a BB is or is not
present, we combined BB rain and hybrid rain into a
single category and denoted this category as BB/hybrid
rain. Figure 13 shows CFADs of DVV and radar re-
flectivity for BB/hybrid rain and NBB rain. To help

separate the radar data for this purpose, we included
half-hour periods in the CFAD analysis if at least 80%
of the profiles obtained within the half-hour indicated
BB/hybrid rain or NBB rain. Approximately 2% of the
heavier BB/hybrid rain events were not included to al-
low the average rain rate to be the same for both sets
of CFADs. For BB/hybrid rain (Figs. 13a,b), the height
of individual profiles was adjusted so that the range gate
where the BB peak in radar reflectivity occurred was
closest to the average BB height (BBH) for the entire
winter season. This explains why the relative frequency
of profiles used in the BB/hybrid CFADs drops off be-
low 1.6 km MSL (Fig. 13c).

The relative frequency of profiles used in the NBB
CFADs begins to drop off significantly above 2.4 km
(Fig. 13f) because the radar reflectivities measured in
NBB rain above the melting level (approximated by the
inferred BBH in Figs. 13d,e) were often too small to
be detected with S-PROF operating in its most sensitive
pulse-coded mode (see Fig. 2). The large spread in the
distribution of radar reflectivity and DVV in this region
aloft occurs (Figs. 13d,e) because sky conditions above
the NBB rain varied from clear to overcast over the
course of the winter season. When two or more cloud
layers were present, the upper layer(s) were decoupled
from the NBB rain cloud layer; that is, there was no
indication of precipitation falling out of the upper cloud
layer(s). The upper portion of the velocity CFAD for
NBB rain (Fig. 13d) shows slightly positive modal
DVVs, indicating the presence of small ice particles in
some of the deeper NBB cases. However, the modal
DVV does not increase with decreasing height above
the inferred BBH for the NBB rain, suggesting that the
growth of the NBB raindrops is primarily a warm pro-
cess.

The spread in DVV and radar reflectivity at the lowest
gate of the CFADs for BB/hybrid and NBB rain (Figs.
13a,d) result from the distribution of rainfall intensities
observed over the course of the winter season. Yet, the
modal velocity at the lowest gate in NBB rain is only
2.25 m s21 compared to 6.25 m s21 for BB/hybrid rain,
even though the average rainfall rate is the same in both
cases. In BB/hybrid rain, the effect of the variation in
rainfall intensity near the surface is not reflected above
the freezing level because of the narrow range of fall
velocities exhibited by snowflakes, which is indicated
by the narrow distributions of DVV above the BBH
(Fig. 13a). The spread of the distributions of radar re-
flectivity remains fairly uniform in height for BB/hybrid
rain (Fig. 13b). The modal radar reflectivity at the lowest
gate of the BB/hybrid rain is 28.5 dBZe compared to
20.5 dBZe for the NBB rain, despite the fact that both
radar reflectivity distributions produced the same av-
erage rainfall rate. Blanchard (1953) found that oro-
graphic rains observed in Hawaii with intensities greater
than 10 mm h21 had radar reflectivities that were 4 to
10 dBZe lower than the radar reflectivity measured in
nonorographic (i.e., thunderstorm type) rains. The
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FIG. 13. Contoured frequency-by-altitude diagrams, or CFADs, produced from profiles of Doppler vertical velocity (DVV; m
s21) and equivalent radar reflectivity factor (dBZe) collected in rain with the S-band profiler at CZD during CALJET (Jan–Mar
1998). Colored contours display the frequency of occurrence relative to the total number of observations available at a particular
height. The DVV bin size is 0.5 m s21 and the radar reflectivity bin size is 3 dBZe, (a),(b) Brightband (BB) rain. The height of
each BB rain profile was adjusted in 105-m increments so that the bright band occurred at the range-gate height closest to the
average brightband height (BBH) for the entire winter season (indicated by the white lines). (d),(e) Nonbrightband (NBB) rain.
The average BBH for NBB rain was inferred from brightband rain profiles, when available, recorded immediately before or after
a NBB rain period. Roughly 2% of the BB rain profiles obtained in heavier rain events were excluded from the analysis in order
to produce the same average rainfall rate (3.95 mm h21) for the BB and NBB CFADs. (c),(f ) The percentage of profiles available
at each range gate relative to the total number of profiles listed for BB rain and NBB rain, respectively. The NBB CFADs are
shown for all range gates where the relative frequency exceeds 60%.

marked differences in the bulk physical properties of
NBB and BB/hybrid rain evidenced by these results
further demonstrate that the NBB and BB/hybrid rain
observed in this study were composed of substantially
different DSDs.

These results also suggest that the NBB rainfall pro-
cess would be misrepresented in rainfall estimates de-
rived from satellite. Passive microwave techniques that
map brightness temperatures to rainfall rate (e.g., Wil-
heit et al. 1977) likely would underestimate NBB rain
because of the relatively warm cloud-top temperatures
of the shallow NBB rain clouds. Techniques involving
satellite precipitation radars (e.g., Schumacher and

Houze 2000) must assume a DSD to relate radar re-
flectivity to rainfall rate. Applying a DSD that is not
applicable to the NBB rain also would yield inaccurate
satellite rainfall estimates.

c. Reflectivity–rain-rate relationships

Another way of comparing the bulk physical prop-
erties of BB/hybrid and NBB rain in a statistical manner
is to compute reflectivity–rain-rate (Z–R) relationships
for each rainfall process. By doing so, we are not ad-
vocating Z–R as a diagnostic tool, although historically
this method has been used for quantitative precipitation
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FIG. 14. Scatterplot of radar reflectivity at 273 m AGL vs rain rate
for NBB rain (plus symbols) and BB/hybrid rain (open circles). The
lines denote the linear (in log space) regression fits for NBB rain
(short dashed) and BB rain (solid), excluding rainfall rates , 3 mm
h21. The default Z–R relationship used with the WSR-88D is indicated
by the long-dashed line. The correlation coefficient, r, is listed for
the regression fits to BB rain and NBB rain.

estimation (QPE) with the WSR-88D network. Here,
our intention is to provide a means of summarizing the
different characteristics of BB/hybrid and NBB rain.
Scatterplots of Z–R for the half-hour periods used to
establish the CFADs, including the heavier BB rain pe-
riods that were not included in the BB CFADs in order
to match rainfall rates, are shown in Fig. 14, along with
the default Z–R relationship used for QPE with the
WSR-88D network. The reflectivity data are from 263
m AGL, the height of the lowest useable range gate
from S-PROF in its CALJET configuration. The Z–R
relationships for BB/hybrid and NBB rain were calcu-
lated from linear (in log space) regression fits. We ex-
cluded rain rates less than 3 mm h21 to prevent the
scatter associated with the numerous light rain events
from influencing the slopes of the regression fits. The
NBB rain is characterized by a steeper slope than either
the BB/hybrid rain or the WSR-88D default. However,
for the range of half-hourly rainfall rates observed, the
NBB radar reflectivities are consistently less than the
BB/hybrid reflectivities, which was also evident in Fig.
13. The Z–R coefficient for NBB rain is two orders of
magnitude less than the coefficient for BB rain and the
WSR-88D relationship. Blanchard (1953) reported on
the Z–R coefficient for Hawaiian orographic rains and
found that it was one to two orders of magnitude lower
than the coefficient for other types of rain. The corre-
lation coefficient for NBB rain (0.87) is substantially
greater than the correlation coefficient for BB/hybrid
rain (0.65), perhaps because of the increased variability

of the DSDs in BB/hybrid rain introduced by ice mi-
crophysics.

5. Orographic forcing during NBB rain

Though the S-PROF observations during CALJET
were limited to a single winter season that experienced
record rainfall during a prominent warm phase (i.e., El
Niño phase) of the El Niño–Southern Oscillation
(ENSO), they may provide clues as to why shallow NBB
rain is most likely to occur in California’s coastal moun-
tains. Using a subset of the objectively tagged NBB
rainfall that was deemed nonconvective, we will now
briefly explore the connection between orographic forc-
ing and NBB rain by examining composited and indi-
vidual hourly wind profiles associated with both NBB
rain and all significant rain events that occurred during
the CALJET winter season.

To determine the mean wind conditions at CZD dur-
ing the significant rain events for the CALJET winter
season, we first examined the rainfall database from late
November 1997 through March 1998 and chose events
at CZD that exceeded 12.5-mm rainfall and 8-h dura-
tion. A total of 33 cases spanning 602 h fit these criteria.
This winter-season inventory captured 88% of the 2158
mm of rain that fell during this ;100 day period (not
shown). Then, by averaging the hourly wind profiles
measured by the 915-MHz profiler at CZD during these
602 h, we constructed mean winter-season profiles of
wind speed, wind direction, and the components of the
flow perpendicular and parallel to the mean mountain-
barrier orientation (directed from 2308 and 1408, re-
spectively). We also constructed mean wind profiles us-
ing hourly wind-profiler measurements taken during
NBB rain episodes. To ensure that an hourly wind profile
properly represented conditions associated with NBB
rain, at least 80% of the rain observed by the S-PROF
for that hour was required to exhibit NBB characteristics
(based on the rainfall partitioning analysis). Using this
stringent definition, a total of 38 1-h periods contained
NBB rain (Table 3), though considerably more than 38
h of NBB rain fell during the 3-month S-PROF de-
ployment (Table 2).

The mean wind speed and direction profiles from the
NBB and winter-season inventories are shown in Fig.
15. Though the speed profiles are quite similar above
1.75 km MSL, only the NBB profile exhibits a weak
low-level jet (LLJ), which is centered at 1.25 km MSL.
A study of the impact of the low-level jet on orographic
precipitation by Neiman et al. (2002) defined the LLJ
as a maximum of total wind speed below 1.5 km MSL
residing beneath a local minimum aloft. To meet the
LLJ criteria, the maximum was required to be at least
2 m s21 greater than the minimum aloft. The composite
wind speed profile for NBB rain does not satisfy the
second criterion. The LLJ is centered at 1.25 km MSL,
but the maximum is only 0.48 m s21 greater than the
minimum aloft. Of the 38 individual profiles in the NBB
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TABLE 3. Data inventory for those 1-h periods of rainfall at CZD that contained at least 80% NBB rain.a

Case
NBB rain period

(1997–98)b

Duration
(h)

CZD rainfall
(mm)

CZD rain
rate

(mm h21)
BBY rainfall

(mm)

BBY rain
rate

(mm h21)
Rainfall ratio
(CZD/BBY)

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

0700 UTC 2 Jan–1000 UTC 2 Jan
1900 UTC 2 Jan–2100 UTC 2 Jan
0100 UTC 3 Jan–0200 UTC 3 Jan
0700 UTC 10 Jan–0800 UTC 10 Jan
0900 UTC 10 Jan–1000 UTC 10 Jan
0200 UTC 12 Jan–0500 UTC 12 Jan
0600 UTC 12 Jan–0700 UTC 12 Jan
0900 UTC 12 Jan–1000 UTC 12 Jan
0900 UTC 14 Jan–1000 UTC 14 Jan
0900 UTC 15 Jan–1000 UTC 15 Jan
2300 UTC 23 Jan–0000 UTC 24 Jan
0100 UTC 24 Jan–0300 UTC 24 Jan
0100 UTC 26 Jan–0300 UTC 26 Jan
0100 UTC 27 Jan–0200 UTC 27 Jan
0300 UTC 29 Jan–0400 UTC 29 Jan
1500 UTC 31 Jan–1600 UTC 31 Jan
1600 UTC 1 Feb–1700 UTC 1 Feb
1900 UTC 10 Feb–2100 UTC 10 Feb
1900 UTC 12 Feb–2000 UTC 12 Feb
0700 UTC 21 Feb–1200 UTC 21 Feb
1800 UTC 23 Mar–0000 UTC 24 Mar

3
2
1
1
1
3
1
1
1
1
1
2
2
1
1
1
1
2
1
5
6

18.54
5.33
3.30
1.52
5.33

10.16
1.29
2.79
1.02
1.79
3.56
3.81
4.06
1.78
1.78
1.27
6.10
9.40
1.78

46.23
54.09

6.18
2.67
3.30
1.52
5.33
3.39
1.29
2.79
1.02
1.79
3.56
1.91
2.03
1.78
1.78
1.27
6.10
4.70
1.78
9.25
9.02

2.54
0.51
0.00
6.27
0.76
3.75
0.00
0.25
0.00
0.25
1.02
0.00
0.51
0.00
0.00
0.00
6.10

11.62
1.52
5.25
6.01

0.85
0.26
0.00
6.27
0.76
1.25
0.00
0.25
0.00
0.25
1.02
0.00
0.26
0.00
0.00
0.00
6.10
5.81
1.52
1.05
1.00

7.30
10.45

—
0.24
7.01
2.71
—

11.16
—
7.16
3.49
—
7.96
—
—
—
1.00
0.81
1.17
8.81
9.00

NBB rain totals 38 184.93 46.36
NBB rain avg 4.87 1.22 3.99
33-case winter season rain avgc 3.14 1.45 2.21

a The fractional occurrence of NBB rain in each 1-h period was determined by applying the objective rainfall partitioning algorithm to the
vertically pointing S-PROF data. The S-PROF operated at CZD between 1 Jan and 31 Mar 1998.

b The two date–time stamps for each entry correspond to the start and end dates and times. The format of the date–time stamps is as follows:
time (UTC), day, month.

c The winter season at this site is defined as 20 Nov 1997 to 31 Mar 1998. Events less than 12.5 mm total rainfall and less than 8-h duration
were excluded from this winter-season rainfall inventory. A total of 602 h of data are included in this inventory.

FIG. 15. Composite profiles of wind direction (DIR; deg) and wind
speed (SPD; m s21) based on data from the 38-h NBB rain inventory
(dashed) and the 602-h winter-season rainfall inventory (solid).

composite, 79% contain an LLJ below 1.5 km MSL and
40% of those, or 32% of the total, satisfy the jet-strength
criterion. Nevertheless, the composite LLJ associated
with NBB rain is 1.5 to 2.0 m s21 stronger than the
composite flow based on the winter-season inventory.
The mean wind direction for NBB events is rotated 108–
158 clockwise relative to the winter-season profile. Sig-
nificantly, the direction of flow is much more restrictive
during NBB rain than during all rain events, especially
below 1.5 km MSL (standard deviation of 26.18 versus
40.38, respectively; not shown). The terrain-perpendic-
ular or upslope component of the flow (not shown) is
larger by 1.5–2.5 m s21 during NBB rain, with the larg-
est offset of nearly 30% occurring at the altitude of the
composite LLJ. The enhanced upslope flow at low lev-
els, which was a direct result of the weak LLJ at 1.25
km MSL, quite likely contributed to the generation of
NBB rain via orographic forcing, as we will now de-
scribe.

A comparison of rainfall totals of the NBB and win-
ter-season inventories in the coastal mountains at CZD,
and immediately upstream along the coast at Bodega
Bay, California (BBY; Table 3), provides clear docu-
mentation of substantial rainfall enhancement at CZD,
especially during NBB conditions. Specifically, the av-
erage rainfall ratio between CZD and BBY during the
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FIG. 16. Scatterplot of hourly averaged upslope flow (at 1250 m
MSL) vs hourly rain at CZD during NBB rain episodes. The linear
regression fit is shown. The upslope component of the flow is directed
toward 508.

FIG. 17. Hourly averaged wind direction (at 1250 m MSL) vs total
rainfall at CZD based on data from the 38-h NBB rain inventory
(dashed) and the 602-h winter-season rainfall inventory (solid). The
rainfall data were placed in 108 wind-direction bins.

NBB rain events is 3.99:1, whereas the rainfall ratio
during the winter-season inventory is only 2.21:1. This
80% increase in rainfall ratio during NBB rain reveals
the importance of orographic forcing in these condi-
tions. To quantify the impact of orographic forcing on
rainfall, we statistically examined the linear relationship
between upslope flow and rain rate at CZD for the 38
h of NBB rain data, and also for the 602 h of rainfall
data that make up the winter-season inventory. We de-
rived a correlation coefficient of upslope flow versus
rain rate at each range gate (and at the surface) for each
data inventory by employing the same technique as de-
scribed in Neiman et al. (2002). Figure 16 shows a
scatterplot diagram of upslope flow at 1250 m MSL
(i.e., at the height of maximum correlation coefficient
and the low-level jet) versus NBB rain rate. The linear
regression fit yields a correlation coefficient of 0.74. In
contrast, the correlation coefficient at the same level
derived from the 602-h inventory is only 0.52. Alter-
nately stated, 54% of the rain-rate variation was attri-
buted to linear changes in the magnitude of the upslope
flow for NBB conditions, whereas this value decreased
substantially to 27% for the winter-season rainfall, thus
highlighting the added importance of orographic forcing
during NBB rain.

In an attempt to discover the flow directions that yield
the heaviest rainfall for each of the two rain inventories,
we segmented the rainfall as a function of wind direction
at the level of maximum correlation (i.e., at 1250 m
MSL). Using the 38 h (602 h) of data from the NBB
(winter season) inventory at CZD, each hourly rain mea-
surement was placed into a preassigned 108 wind-di-
rection bin based on the simultaneously observed wind
direction. The accumulated results are displayed in Fig.

17. The NBB rain occurred within a much narrower
wind-direction range than did the winter-season rainfall.
In fact, 74% of the NBB rain occurred when the direc-
tion of flow at 1250 m MSL ranged between 1908 and
2208. In addition, the heavier NBB rain events occurred
with low-level wind directions that were more upslope-
oriented than during the bulk of the winter-season rain-
fall events. Since the results in Fig. 17 are based on a
statistical analysis during only a single winter season
characterized by a strong El Niño episode, it might be
premature to use low-level wind direction as a predictive
tool for nowcasting NBB rain in California’s coastal
mountains. Ultimately, a comparable analysis based on
multiple years of winter-season data over a wide range
of ENSO conditions is required before these research
results can be applied definitively by the forecasting
community.

6. Conclusions

a. Summary and discussion

This paper used radar reflectivity and Doppler vertical
velocity measurements from a vertically pointing S-
band radar (S-PROF) to document a shallow, orograph-
ic, quasi-steady, NBB rain process and compared this
structure to what is found in the much more well-doc-
umented BB rain. The distinctively different patterns of
radar reflectivity and Doppler vertical velocity associ-
ated with each rainfall process were revealed. A sche-
matic that characterizes the statistical behavior of the
radar profiles in BB/hybrid and NBB rain for the same
rain rate is shown in Fig. 18a. NBB rain consistently
occurred with weaker radar reflectivity and smaller
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FIG. 18. (a) Composite winter-season profiles of (left) Doppler
vertical velocity (m s21; positive downward) and (right) equivalent
radar reflectivity factor (dBZe) measured by the S-band profiler during
brightband rain (BB; solid) and nonbrightband rain (NBB; dashed).
The altitude scale of individual brightband profiles was normalized
with respect to the brightband height prior to the compositing, and
the composite brightband profiles were then plotted relative to the
average brightband height. The average rain rate for each rain type
is approximately the same (3.95 mm h21). These profiles were ob-
tained from Fig. 14. (b) Conceptual representation of shallow NBB
rain in California’s coastal mountains, and the inability of the op-
erational WSR-88D radars to adequately observe it. NBB rain is
portrayed falling from a shallow feeder cloud forced by warm and
moist onshore flow associated with a land-falling low-level jet (bold
arrow).

Doppler vertical velocity than BB rain for rainfall events
that produced nearly equivalent rain rates, implying that
NBB rain consists of smaller drops. Unfortunately, di-
rect measurements of the drop-size distributions were
not available in this study. Excluding convection, NBB
rain accounted for more than one-quarter of the total
rainfall (i.e., 512 of 1841 mm) observed at a coastal
mountain site during CALJET (1 January–31 March
1998).

In all BB situations, ice crystals must be present
above the melting level. However, without in situ sam-
pling or polarimetric radar observations, we could not
identify the phase of hydrometeors above the 08C iso-
therm in the NBB cases. There may have been super-
cooled water drops alone, but it is possible also that

small ice crystals were present. It seems unlikely, how-
ever, that large aggregates of crystals (snowflakes) were
involved, because the aggregation process and the large
water-coated surface area of melting snowflakes both
contribute strongly to producing BB profiles. Falling
dendrite crystals are especially efficient at producing
large aggregates. In the NBB periods shown in the case
studies and in the CFAD statistical analysis, the echo
tops were relatively low (,;3 km MSL) and probably
did not reach the 2158C level where dendritic ice crystal
growth flourishes. Thus, these NBB rain periods were
less likely to have significant aggregation occurring than
the BB rain periods when echo tops were considerably
higher and colder.

The difficulty of observing NBB rain with the Na-
tional Weather Service WSR-88D network is shown
conceptually in Fig. 18b. Poor radar coverage of rainfall
in the coastal mountains of the western United States
is a result of the limited density of radars within the
network, the restricted minimum scanning elevation an-
gle, and complex topography. The S-band radar de-
ployed at Cazadero during CALJET has elucidated the
problem. However, these vertically directed instruments
provide information only above one point, and it might
require dozens of them to act as an adequate gap-filling
supplement to the WSR-88D network in California
alone. By allowing the existing WSR-88D radars to scan
with elevation angles less than the current minimum
limit of 0.58, some of the coastal gap problem may be
alleviated, depending on topographic blocking geome-
tries. Adding new WSR-88D radars to the network, care-
fully sited near the coastline would be a good, but ex-
pensive, solution. Using less expensive, and perhaps
shorter wavelength, scanning radars along the coastline
is another possible way to fill these gaps. These radars
could be less sophisticated than the WSR-88D and de-
voted solely to monitoring storms approaching from the
sea and ascending the mountains at vulnerable water-
shed locations.

An examination of NBB rain observed by S-PROF
during three cases yielded crucial information about its
vertical–temporal characteristics, and on synoptic con-
ditions in which it occurs. These radar signatures of
NBB rain were largely temporally continuous, often per-
sisting for multiple hours, and they did not contain large
vertical undulations. The continuous, rather than inter-
mittent, vertical–temporal character of NBB rain sug-
gests strongly that this class of shallow rain is noncon-
vective. Airborne radar observations of NBB rain during
one of these cases support this assertion. Though most
NBB rain is light (,;5 mm h21), we observed episodes
where it contributed significantly to individual rain
events in California’s coastal mountains. For example,
two of the case studies contained substantial NBB rain
rates ranging between 12 and 18 mm h21, which sur-
passes the rule-of-thumb rain-rate threshold of 12 mm
h21 used by local forecasters for guidance in issuing
flood statements. During the three case studies, contin-
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uous NBB rain accompanied two different post-cold-
frontal regimes with shallow blocked flow, and contin-
uous NBB rain also occurred during the descent of two
different warm fronts toward the surface. These synoptic
and blocked regimes are typically accompanied by shal-
low stable stratification. Hence, our results suggest that
shallow stably stratified flows may produce conditions
favorable for the generation of NBB rain over Califor-
nia’s coastal mountains. Unfortunately, we did not have
routine measurements of the stratification through a suf-
ficiently deep layer in the vicinity of S-PROF during
CALJET.

A CALJET winter-season composite analysis of
wind-profiler data taken during all significant rain
events, and during NBB rain episodes, provided addi-
tional documentation of the meteorological conditions
associated with NBB rain in California’s coastal moun-
tains. NBB rain was accompanied by stronger (1.5–2.0
m s21) and more prominent low-level jet conditions at
;1 km MSL than during all rain events. The direction
of the incoming flow during NBB rain was 108–158 more
orthogonal to the mountain barrier than during all rain
events. In addition, the low-level wind direction was
much more restrictive during NBB rain. In fact, three-
quarters of the NBB rain fell when the layer-mean wind
direction at the height of the composite low-level jet
ranged between 1908 and 2208.

A comparison of rainfall totals in the coastal moun-
tains, and immediately upstream along the coast, pro-
vided clear documentation of substantial orographic
rainfall enhancement in the coastal mountains during
NBB conditions. To quantify the impact of orographic
forcing on rainfall, we statistically examined the linear
relationship between upslope flow and rain rate (tech-
nique described in Neiman et al. 2002) in the coastal
mountains during NBB episodes and during all signif-
icant rain events of CALJET. The maximum linear cor-
relation between upslope flow and rain rate at the al-
titude of the low-level jet (;1.25 km MSL) was 0.74
for NBB rain episodes and only 0.54 for rainfall during
the entire winter season, thus highlighting the added
importance of orographic forcing during NBB rain.

b. Future work

Using various datasets collected during CALJET, this
paper documented the existence of NBB rain, the unique
bulk physical attributes of NBB rain relative to its
brightband counterpart, the significant contribution of
NBB rain to individual rain events and to the winter-
season rainfall total, synoptic regimes that support NBB
rain, and a physical connection between orographic
forcing and NBB rain. Nevertheless, significant gaps in
our understanding of NBB rain remain, though these
gaps can be bridged in the future with additional ob-
servations.

The combination of polarimetric radar, in situ aircraft,
and ground-based disdrometer observations could pro-

vide information about the detailed microphysical char-
acteristics of NBB rain, including the phase of hydro-
meteors above the melting level. In addition, serial ra-
winsonde observations could measure the low-level
conditions (i.e., stable stratification, potential instability,
moisture flux) that contribute to generating NBB rain.
Knowledge gleaned from these new observations can
ultimately be applied operationally by improving fore-
casting of shallow rain events in the coastal zone and
by revising reflectivity-based quantitative precipitation
estimation algorithms that take into account DSDs as-
sociated with NBB rain.

The reflectivity characteristics and Z–R relationships
for the NBB rain shown in this paper were consistent
with the results found in a study of semitropical oro-
graphic rains (Blanchard 1953), perhaps indicating a
climate–weather connection between El Niño and the
NBB rain observed along the California coast during
CALJET. To understand the climatological significance
of NBB rain, it will be necessary to obtain the afore-
mentioned datasets at other coastal mountain locations
and over the course of other winter seasons that are
influenced by different phases of ENSO.
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