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ABSTRACT

The California Landfalling Jets Experiment (CALJET) was carried out during the winter of 1997/98, in part
to study orographic rainfall in California’s coastal mountains using coastal wind profilers. This observational
study statistically links hourly rainfall rates observed by tipping-bucket rain gauges in California’s quasi-linear
coastal mountains to the hourly averaged upslope component of the flow measured by coastal wind profilers
immediately upstream. Vertical profiles of the linear correlation coefficient of upslope flow versus rain rate are
calculated on a case-by-case basis, for all cases containing a low-level jet (LLJ), and for the winter season of
1997/98. These correlation coefficient profiles show a direct relationship between the magnitude of the upslope
flow impacting the coast and the magnitude of the rain rate in the downstream coastal mountains. Maximum
correlation coefficients are as large as 0.94 in some individual cases, 0.75 for a composite of LLJ cases, and
0.70 for the winter season.

Using three locations with differing coastal terrain characteristics, it is found that the layer of upsiope flow
that optimally modulates orographic rainfall is near mountaintop, that is, about 1 km above mean sea level for
California’s coastal ranges. This height also corresponds to the mean altitude of landfalling LLJs observed by
the coastal profilers. The correlation coefficient in this layer is largest when the rain rates are used from the
coastal mountain sites rather than from the coastal sites, thus further highlighting the physical connection between
upslope flow and orographic rainfall in the coastal mountains. The presence of shallow, terrain-blocked flow
modulates the correlation coefficient profiles below mountaintop, such that the low-level flow at the coast is
poorly correlated with rain rates observed in the coastal mountains. However, cases without significant blocking
retain relatively large correlation coefficient values below mountaintop.

Landfalling LLJs produce the largest enhancement of upslope flow at the altitude of the LLJ, despite the
existence of terrain-modified flows below mountaintop during some LLJ events. The steepest increase in rain
rate for a given increase in upslope flow also occurs at jet level, as does the largest correlation coefficient of
upslope flow versus rain rate. Therefore, the upslope-induced orographic rain-rate response associated with
landfalling LLJs is largest (2.55 mm h~') and statistically most robust near the altitude of those LLJs.

1. Introduction

During atypical winter, many mountain ranges of the
western United States are inundated with copious
amounts of orographically enhanced precipitation. Per-
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haps the largest of these ranges is the Sierra Nevada of
Cdlifornia, reaching an altitude of morethan 4 km above
mean sea level (MSL) and extending horizontally for
over 600 km. Because California depends on runoff
from the Sierra for its water supply and power gener-
ation, numerous investigators (e.g., Myers 1962; Colton
1976; Heggli and Rauber 1988; Meyers and Cotton
1992; Pandey et al. 1999) have studied wintertime oro-
graphic precipitation associated with this lofty and
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lengthy mountain range. Though far less dramatic than
the Sierra, California’s coastal mountain ranges aso
generate significant orographic precipitation. These
modest ranges are typically less than 100 km long and
extend upward to only about 500—1500 m MSL, but
they can generate orographically induced floods during
the landfall of winter storms, incurring millions of dol-
larsin property damage and fatalities (e.g., NOAA 1982;
NCDC 1995, 1998). As California’s coastal population
continues to blossom, orographic floods generated by
these mountains pose an increasing threat. Motivated
by this threat, the California Landfalling Jets Experi-
ment (CALJET; Ralph et al. 1998, 1999) was carried
out during the winter of 1997/98. CALJET's experi-
mental objectives led to the offshore deployment of a
National Oceanic and Atmospheric Administration
(NOAA) P-3 research aircraft and the coastal-zone de-
ployment of an array of wind profilers that measure
winds with 100-m resolution from near the surface up
to ~4 km, well above the highest coastal terrain.

Wintertime precipitation in mountainous terrain is
typically enhanced by one of two orographic mecha
nisms: the low-level growth of falling hydrometeorsvia
the ‘‘seeder—feeder’” process, or the development of
convective precipitation elements via the release of po-
tential instability. In the seeder—feeder mechanism, oro-
graphic uplift generates or enhances low-level feeder
clouds with high liquid water content that cap the moun-
tains. The enhanced liquid water content in the feeder
clouds leads to rapid and efficient low-level growth of
seeder precipitation falling into the feeder clouds from
above (e.g., Bergeron 1965; Storebg 1976; Bader and
Roach 1977; Gocho 1978; Browning 1980; Carruthers
and Choularton 1983). The release of potential insta-
bility is realized when air parcels are orographically
lifted to the level of free convection (e.g., Browning et
al. 1974; Hill 1983). The heaviest orographic rains often
occur within potentially unstable warm sectors of ex-
tratropical cyclonesthat do not contain significant large-
scale lift, because the potential instability is preserved
until acted upon by orographic lift (e.g., Lowndes 1968;
Browning et al. 1974).

Because both of these mechanisms involve orograph-
ically forced ascent, it is commonly known that moist
flow ascending a mountain barrier (i.e., upslope flow)
will typically enhance precipitation along the windward
slope of that barrier, and that the amount of precipitation
that fallsisrelated to the magnitude of the upslope flow.
The dependence of orographic precipitation on upsliope
flow is borne out in avariety of orographic precipitation
modeling studies (e.g., Collier 1975; Bell 1978; Rhea
1978; Alpert and Shafir 1989, 1991; Sinclair 1994) that
show orographic precipitation and its mesoscale distri-
butions are generated largely by horizontal flow im-
pinging upon windward mountain slopes. A variant of
the Rhea (1978) orographic precipitation model has
been coupled with operational three-dimensional model
output to forecast wintertime precipitation across the
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mountai nous western United States. These precipitation
forecasts are based on the magnitude of the predicted
flow (at 50-mb increments, from 1000 to 450 mb)
aligned along the wind direction at 700 mb impinging
upon the mountain barrier, when sufficient moisture is
present. Previous observational studies have also shown
aprimary dependence of orographic precipitation on the
upslope component of the flow (e.g., Nordg and
Hjortnaes 1966; Hill et al. 1981; Hill 1983; Pandey et
al. 1999).

Clearly, the relationship between upslope flow and
orographic precipitation is modulated on a case-by-case
basis by avariety of factors, including the ambient ther-
modynamic stratification and resulting dynamics of the
atmospheric flow over or around orographic obstacles,
the availability of moisture, latent heat release, the ef-
ficiency and timescale of hydrometeor generation, and
the downstream advection of those hydrometeors (e.g.,
Sawyer 1956; Smith 1979). Nevertheless, the modeling
results cited above suggest that, on the simplest level,
orographic precipitation is the product of moist, terrain-
following flow. Therefore, given the availability of
CALJET wind profiler data, it must be asked if a mean-
ingful statistical relationship exists between high tem-
poral resolution (1 h) observations of upslope flow and
orographic rainfall within winter storm environments,
irrespective of these other factors? If so, is this rela-
tionship impacted by differing terrain characteristicsand
weather regimes, and by wind measurementsat different
heights? Observational studies by Nordg and Hjortnaes
(1966) and Hill et al. (1981) partially address the first
guestion. Nordg and Hjortnaes show alinear dependence
of winter precipitation in Norway's mountains on sur-
face geostrophic upsliope flow at the coast using data
over a multiyear span. However, their data are tempo-
raly coarse (=12-h resolution), and their study does not
consider the onshore flow above the often-blocked
boundary layer along Norway's coast. Hill et al. show
a direct relationship between the magnitude of the low-
level onshore flow measured by rawinsondes 600 m
above the coast of Wales and wintertime orographic
rain-rate enhancement in the shallow hills downwind.
However, they used only 14 data points of wind speed
versus rain-rate enhancement, thus limiting the statis-
tical significance of their findings. These data points
were based on events ranging from 1.7 to 10.0 h du-
ration, thus introducing additional uncertainty to their
results, since the magnitude of rain rate is typically in-
versely proportional to the duration of the event. They
applied a power regression fit to their data, which is not
physically plausible in strong onshore flow where the
inferred rain rate becomes unrealistically large. The ob-
servational study by Pandey et al. (1999) took an ad-
ditional step by considering the relationship between
the horizontal moisture flux orthogonal to the Sierraand
orographic precipitation. However, their study is based
on data taken only at mandatory levels between 850 and
300 mb on a daily basis.



1470

To more fully address the questions posed above, we
applied alinear regression analysis technique to ~1000
hourly CALJET wind-profiler wind profiles taken along
California's coast and companion rain gauge observa-
tions in the downstream quasi-linear coastal mountains
during landfalling winter storms. This approach provid-
ed the opportunity to adequately evaluate the simple
linear relationship between coastal upsiope flow in the
lowest 4 km of the troposphere and mountain rain rate
at three locations with differing coastal terrain charac-
teristics. Unlike earlier upper-air observational studies
of orographic precipitation that used either a small sam-
ple of multihour wind data at asinglelevel or used daily
moisture-flux calculations at coarsely spaced multiple
levels for high mountain barriers, our study utilizes a
continuous stream of ~100-m-vertical-resolution hour-
ly profiles of horizontal wind to determine the layer of
upslope flow that optimally modulates rain ratesin Cal-
ifornia’s shallow coastal mountain ranges. As we will
show, this layer is situated well above the surface. On
the other hand, it is considerably lower than that used
for obtaining the direction of flow in Rhea's (1978)
operational orographic precipitation model, and it re-
sides beneath the lowest level used by Pandey et al.
(1999) to observationally assess the upstream impacts
on orographic precipitation in the high Sierra. We also
utilized the profiler observations to explore the impacts
of terrain-modified lower-tropospheric flows on rainfall
behavior in the coastal zone, and to investigate the mod-
ulation of mountain rain rates by landfalling low-level
jets where low-level moisture tends to be concentrated.
Unfortunately, wind profilers lack the thermodynamic
and moisture information needed to comprehensively
address all aspects of orographic precipitation enhance-
ment. Nevertheless, our profiler-based study follows a
primary recommendation offered by the Mountain Me-
teorology Prospectus Development Team of the United
States Weather Research Program (Smith et al. 1997),
namely, to explore and devel op techniquesfor improved
observations of orographic precipitation. Like CALJET,
the Mesoscale Alpine Programme (MAP; Bougeault et
al. 2001) explored orographic precipitation; however, it
focused on the more complex alpine environment and
thus required an emphasis on three-dimensional aspects
of the problem that were not a central issuein the CAL-
JET experiment.

2. Observing systems and basic data processing

During its field phase in the winter of 1997/98, the
CALJET program deployed and utilized an extensive
suite of mobile and anchored observing platformsacross
its experimental domain over the data-sparse eastern
Pacific Ocean and in California(Ralph et al. 1998). This
suite included a NOAA P-3 research aircraft (e.g., Jor-
gensen 1984; Jorgensen and Smull 1993) that docu-
mented tropospheric conditions offshore of California
and an array of 12 915-MHz radar wind profilers (Eck-
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Fic. 1. Smoothed terrain base map of CA showing gray-shaded
terrain (m), the three wind profiler—rain gauge observing couplets
(A), and the offshore profiler at FNI (*).

lund et al. 1988) deployed along California’s coast by
NOAA's Environmental Technology Laboratory (ETL).
These profilers routinely provided hourly averaged ver-
tical 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. The hourly
averaged winds were calculated from measurements
made about every 6 min. The subhourly measurements
and hourly averaged winds were objectively edited us-
ing the vertical-temporal continuity method of Weber
et a. (1993). Wind data measured by a collocated sur-
face meteorological tower at each profiler extended the
hourly wind profiles down to the surface. Each profiler
site was also equipped with atipping-bucket rain gauge
that measured rainfall every 2 min with 0.01-in. (~0.25
mm) resolution. Two-minute surface measurements of
temperature, moisture, and pressure were also taken at
each site. Another key component of this observational
suite was California’s operational ALERT (automated
local evaluation in real time) network of ~900 rain
gauges that provided measurements of rainfall with
0.04-in. (~1.0 mm) resolution as frequently as every
15 min. A brief description of this heterogeneous net-
work is provided in Mendell (1992). All rain-rate mea-
surements were susceptible to wind-speed-dependent
undercatchment errors that can range from 2% to as
much as 20% (e.g., Yang et al. 1998; Groisman et al.
1999).

Four of these profilers and collocated rain gauges,
plus two additional rain gauges from the ALERT net-
work, composed three observing couplets in northern,
central, and southern Californiathat are the centerpiece
of this study (Figs. 1 and 2, Table 1). Each couplet



JUNE 2002

- 38.8 =y
"
T N
CZD (475 m)
SR

b SONOMA

- 38.6

dir = 230°
BBY (12 m)

Elev. (m) (a)
-1253,5

dir =225° P¥

Elev. (m)

-121.6 -121.4

ﬁ dir = 195°

[T o ]

342  Elev.(m) 100 300 500 700

(c)

-119.8 -119.6

900 1100 1300 T

Cﬁ _120.3——3-120.0

FiG. 2. Smoothed terrain base maps (m, gray shading) of the (a)
northern, (b) central, and (c) southern wind profiler—rain gauge ob-
serving couplets. The site elevations (MSL) and the vectors portraying
the flow direction most nearly perpendicular to the mountain barrierat
each couplet are also shown. Each coastal site (BBY: Bodega Bay;
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consisted of a coastal site and a mountain site that were
separated by ~10-30 km. The coastal sites ranged from
3to 12 m MSL and the mountain sites were at 475—
1021 m MSL. The northern couplet had a wind profiler
at each site, and the central and southern couplets each
had an ALERT rain gauge at their mountain site. Our
study also utilized datafrom afifth wind profiler, located
on the Farollon Islands (FNI in Fig. 1), to measure tro-
pospheric winds ~70 km offshore of the northern cou-
plet.

Because the profilers were configured to routinely
provide quality-controlled wind velocity data on an
hourly averaged basis, and based on the rationale de-
scribed in section b of the appendix, the analyses pre-
sented in the body of this study utilize hourly averaged
wind-profiler and rain gauge data. The time series of
these hourly wind velocity data at each range gate (in-
cluding surface winds), and hourly rain-rate data, were
subjected to one pass of a 1-2-1 temporal Hann filter
to obtain a mean characterization of the winds and rain-
fall while reducing measurement uncertainties. Thisfil-
tering procedure removed the 2-delta(i.e., 2-h) temporal
variability, atimeinterval that is much smaller than the
duration of the shortest-lived rain events treated in this
study (i.e., 15 and 8 h for the case-study and winter-
season events, respectively).

3. Methodology for deriving correlation coefficient
profiles of upslope flow versusrain rate

a. Basic theory

To establish the statistical relationship between mar-
itime air ascending a coastal mountain barrier and rain-
fall rates observed in those mountains, we first adapted
the formulation for rain rate derived in Alpert (1986).
This adaptation essentially equates the upward flux of
water vapor with rain rate R for steady-state conditions,
thus yielding

R = pq(V - VZ), D

where p and g are the layer-mean air density and water
vapor mixing ratio, respectively, and V - VZ_ represents
the horizontal wind flowing over the mean mountain
slope whose height is defined as Z.. Eqg. (1) assumes
rain rate is minimally impacted by evaporation, oro-
graphically forced ascent is appreciably larger than syn-
optic ascent, and hydrometeor generation is instanta-
neous and 100% efficient. While the impact of evapo-
ration was minimal for the rain events analyzed in this
paper (i.e., the lower and middle troposphere were es-

—

PPB: Piedras Blancas; and GLA: Goleta) hosted a 915-MHz wind
profiler, and each nearby mountain site (CZD: Cazadero; TPK: Three
Peaks; and SMC: San Marcos Pass) hosted a tipping-bucket rain
gauge. CZD aso had a wind profiler. Counties are labeled. Selected
mountain elevations in (c) are shown in white.
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TaBLE 1. Site information and mean terrain characteristics of the three wind-profiler—rain gauge observing couplets in CA. Each wind
profiler operated at a frequency of 915 MHz and was accompanied by a tipping-bucket rain gauge.

Mean Mean
Coastal Coastal Mountain Mountain Mean barrier barrier
profiler Lat Lon elevation rain gauge Lat Lon elevation barrier height  steepness
Couplet site (°N) (°W) (m MSL) site (°N) (°W) (m MSL)  orientation (m) (8h/8s)e
Northern BBY 38.31 123.07 12 CzD# 3861 12321 475 140°-320° 650 0.08
Central PPB 35.66 121.28 11 TPK® 3585 121.31 1021 135°-315° 1150 0.16
Southern GLA 34.43 119.85 3 SMCP 3451 119.82 701 105°-285° 1050 0.19

a2 A 915-MHz wind profiler was also situated at this site.
5 ALERT rain gauge.

¢ The mean barrier steepness or slope is a bulk value that was determined by going from the initial significant rise in terrain near the coast
upward to the mountain site along the vector oriented perpendicular to the mean barrier.

sentially saturated in each of these storms), this is not
necessarily the case for all rain events in California’s
coastal mountains. In addition, the impact of evapora-
tion can be significant in arid mountainous regions. Re-
garding the second assumption, whileit isgenerally true
that synoptic ascent is much weaker than orographically
forced ascent, some of the events analyzed in this study
were associated with landfalling fronts that contained
narrow bands of heavier rainfall. In these narrow bands,
the magnitude of mesoscal e ascent can approach that of
orographically forced ascent, especially if the upslope
component of the flow is simultaneously weak. Hence,
these transient mesoscal e features introduced uncertain-
ty in the application of Eq. (1). Perhaps the largest po-
tential source of error utilizing Eq. (1) istied to micro-
physics. The efficiency of hydrometeor generation for
orographic precipitation is often less than 100% and is
scaled to mountain height (e.g., Myers 1962; Elliot and
Hovind 1964; Browning et al. 1975). Elliot and Hovind
(1964) show an efficiency of only 17.4% in stably strat-
ified flow impacting California’'s Santa Ynez coastal
mountains.

For simplicity, our three observing coupl etswere cho-
sen because the nearby coastal mountains were quasi-
two-dimensional. Hence, assuming two-dimensionality,
Eqg. (1) reduces to:

R ~ pq(Uah/as), o)

where Uah/ds is the orographically forced ascent as-
sociated with the barrier-perpendicular (i.e., upslope)
component of the flow (U) ascending the two-dimen-
sional barrier slope (9h/ds). Because thermodynamic
soundings were not launched frequently during CAL-
JET, this study was not able to obtain the layer-mean
air density and water vapor mixing ratio profiles with
the same rapid temporal resolution as the wind profiler
observations (i.e., at least hourly). Therefore, we sta-
tistically examined the linear proportionality that relates
the upslope component of the flow to rainfall rate:

R o« Uah/as, @)

where the terrain in the vicinity of each couplet pos-
sesses a characteristic steepness (Table 1). Measure-
ments of hourly averaged upslope flow were obtained

by the profilers at the coastal sites, and hourly rain rates
were measured there and in the high terrainimmediately
downstream of the profilers.

b. Determining the upslope component of the flow

The first step toward calculating the hourly averaged
upslope component of the flow from wind profiler ob-
servations was to assess the two-dimensional terrain ori-
entation at each of the three observing couplets. This
exercise was performed based on the detail ed base maps
shown in Figs. 2a—c. We subjectively chose the domi-
nant quasi-linear terrain orientation possessing long-axis
continuity of ~30—60 km in thevicinity of each couplet.
These orientations are summarized in Table 1 and yield
barrier-perpendicular directions of 230°, 225°, and 195°
at the northern, central, and southern couplets, respec-
tively (Fig. 2). Note that the direction at the southern
couplet is oriented orthogonal to the abrupt and highly
two-dimensional Santa Ynez Mountains just north of
Goleta, California (GLA) rather than perpendicular to
the taller but less organized mountains north of San
Marcos Pass, California (SMC) (Fig. 2c). Vertical pro-
files of upslopeflow U(2) at each observing couplet were
then cal culated from the wind vel ocity profilesmeasured
by that couplet's coastal wind profiler, based on the
magnitude of the flow aligned perpendicular to the bar-
rier.

c. Rationale for site selection and case selection

Correlation analyses of upslope flow measured by the
coastal profilers versus rain rate observed in the down-
stream coastal mountains were performed at each of the
three observing couplets, as will be described in section
3d. The three couplets possessed differing physiograph-
ic attributes (Fig. 2; Table 1) and were chosen to assess
the impact of these differences on the correlation results.
Though the mean barrier orientation is similar at the
northern and central couplets, the barrier istaller, steep-
er, and more two-dimensional at the central couplet.
Moreover, though the height, steepness, and two-di-
mensional character of the terrain are similar at the cen-
tral and southern couplets, the barrier orientations are
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markedly different. It should be noted that detailed dif-
ferences in the siting of the mountain rain gauges rel-
ative to the local mountain peaks (e.g., the central gauge
was near the crest of the mesoscale terrain while the
southern gauge was well below) could impact our sta-
tistical results.

The correlation analyses are divided into case-study
and winter-season perspectives. The winter-season
methodology and results are presented in section 5. The
case-study approach is described here, and the results
from the seven cases listed in Table 2 are presented in
section 4. Each case was characterized by substantial
total rainfall at the mountain site (ranging from 42.03
to 210.17 mm) and a duration of at least 15 h. High-
amplitude, long-lasting cases were chosen to increase
the likelihood that significant rainfall was generated by
orographic ascent, and to provide statistically significant
correlation analyses based on a sufficient sample size.
Each case commenced shortly (i.e., <2 h) before rain
started falling at the mountain site and ended shortly
after the rain ended at the mountain site, with two ex-
ceptions. The end of the unblocked case at the central
couplet coincided with a major change in the synoptic
rainfall distribution at that couplet (i.e., the onset of
intense cold-frontal rainfall), and the end of the blocked
case at the southern couplet coincided with a flooding-
induced failure of the coastal wind profiler.

d. Correlation coefficient analysis

Because Eq. (3) contains a linear proportionality be-
tween upslope flow U and rain rate R, a least squares
linear regression fit was applied to time series of U
observed at the altitude of each wind-profiler range gate
and corresponding time series of R measured in the
downstream coastal mountains, thus yielding a vertical
profile of correlation coefficient r(z) for each case. These
correlation profiles extended from the surface to 4 km
MSL, and they are based on routinely available, hourly
averaged wind-profiler measurements of upslope flow
in 500-m-thick layers (and at the surface) and hourly
observations of rainfall; wind velocities that contained
a downslope component (i.e., U < 0 m s~1) were ex-
cluded from the correlation analysis at that height. The
rationale for utilizing these temporal and vertical av-
erages is provided in the appendix. The interpretation
of these correlation resultsis subject to inaccuracies due
to the working assumptions described in section 3a and
because 1) the mountain barrier is not fully two-di-
mensional, 2) it takes a finite amount of time (though
typically lessthan ~15 min) for conditionsto propagate
from the coastal profilers to the mountain rain gauges,
3) the profiler—rain gauge couplets are not necessarily
perfectly aligned with the mean flow, and 4) the wind
and precipitation fields may exhibit spatial inhomoge-
neities. Nevertheless, our linear methodology is sup-
ported by the observational results of Nordg and
Hjortnaes (1966). They explored the dependence of
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mountain precipitation in Norway on the upslope com-
ponent of the surface geostrophic flow and found that
most of the explained variance between these variables
was linear.

Though our correlation technique is based on alinear
dependence of rain rate on upslope flow, thermodynamic
factors such as moisture, static stability, and potential
instability can also affect the rain rate. Because we did
not launch frequent thermodynamic soundings during
CALJET with the same finescale temporal resolution
(i.e.,, ~1 h) as the wind-profiler observations, this study
could not fully link these factors to the rain rates ob-
served in the coastal mountains. A bivariate linear cor-
relation analysis of upslope flow and moisture versus
rain rate was carried out based on Eqg. (2), but we were
forced to use surface measurements of hourly water va-
por mixing ratio rather than tropospheric values. The
correlation analyses to be presented in this paper were
not improved by the inclusion of the surface moisture
data (not shown), either because the surface measure-
ments were unrepresentative of conditions aloft or be-
cause the low-level moisture flux affecting the oro-
graphic precipitation was not greatly affected by vari-
ations in low-level mixing ratios during the rain events.
This latter hypothesis is supported by the fact that the
magnitude of low-level upslope flow can range between
0 and 20 m s~* during individual rain events whereas
concurrent surface mixing ratios vary by less than 25%
(typically between about 8 and 10 g kg—*; not shown),
that is, the moisture flux is determined largely by the
magnitude of the upslope flow. The strength of the am-
bient static stability can modulate the magnitude and
direction of thelow-level flow asit approachesthe orog-
raphy (e.g., Smith 1979; Pierrehumbert and Wyman
1985; Smolarkiewicz and Rotunno 1990), which can
then modify the precipitation distributions in and near
the high terrain (e.g., Dunn 1987; Peterson et al. 1991;
Sinclair et al. 1997; Doyle 1997; Yu and Smull 2000).
A statistical connection between terrain-modified low-
level flows and rain rate is offered in this paper. Static
stability and potential instability areintimately coupled,
though adequate exploration of the statistical relation-
ship between potential instability and rain rate was not
possible because of alack of supporting thermodynamic
data with high temporal resolution.

4. Orographic precipitation enhancement: Case-
study examples

Based on the correlation methodology described
above, this section explores occurrences of orographic
precipitation enhancement observed at the three cou-
plets using a case-study approach. A case study is pre-
sented from each couplet for unblocked and blocked
conditions. We also explore the statistical relationship
between upslope flow and rain rate for a case at the
northern couplet that exhibited complex flow charac-
teristics. These seven cases are listed in Table 2.
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TaBLE 2. Time windows of the seven case studies and winter-season databases for the three observing couplets. Rainfall characteristics
of these case studies, and of the winter season for each couplet, are also shown. The values labeled “WS” in parentheses are the couplet-
specific rain ratios based on the winter-season data. The value labeled “avg WS in parentheses is an average of the winter-season rain

ratios from the three couplets.

Rainfall
Mountain Coastal ratio Average rain
Duration rainfall  rainfall  (mountain/ ratio of

Couplet Event (1997/98) (h) Case type (mm) (mm) coastal) specific regime
Northern 0600 UTC 11 Jan—0000 UTC 13 Jan 42* Warm sector ~ 203.45 36.30 5.60

(WS: 2.22)
Central 1200 UTC 2 Feb-0800 UTC 3 Feb 20 Warm sector ~ 210.17 26.87 7.82 Warm sector: 5.06

(WS: 3.40) (avg WS: 2.26)
Southern 0800 UTC 23 Feb—2300 UTC 23 Feb 15 Warm sector ~ 147.32 83.32 1.77

(WS: 1.16)
Northern 0000 UTC 14 Jan—-0000 UTC 15 Jan 24 Blocked 42.03 58.81 0.71

(WS: 2.22)
Central 0300 UTC 5 Dec—2300 UTC 6 Dec 44 Blocked 144.56 73.60 1.96 Blocked: 1.26

(WS: 3.40) (avg WS: 2.26)
Southern 2200 UTC 1 Feb—1300 UTC 2 Feb 15 Blocked 108.20  105.48 1.03

(WS: 1.16)
Northern 0400 UTC 5 Feb—1600 UTC 6 Feb 36 Complex 204.83 94.69 2.16

(WS: 2.22)
Northern 20 Nov 1997-31 Mar 1998 Winter season 215755  972.23 2.22
Central 1 Dec 1997-31 Mar 1998 Winter season 2256.79  663.69 3.40
Southern 1 Dec 1997-31 Mar 1998 Winter season 1434.34 1238.94 1.16

* The analysis in section b of the appendix utilizes a 33-h subset within this temporal window, from 1200 UTC 11 Jan to 2100 UTC 12

Jan 1998.

a. Unblocked cases

The unblocked cases possessed the following com-
mon attributes:* 1) each event occurred primarily within
the moist warm sector of a transient extratropical cy-
clone where the synoptic forcing was weak, 2) most of
the rain at each mountain site fell within the warm sec-
tor, and 3) the low-level flow was not strongly deflected
by the terrain. The rainfall ratio between the mountain
and coastal sites at each couplet was considerably great-
er for each unblocked event than for the winter season
(Table 2), thus highlighting the importance of orograph-
ic rainfall enhancement in California’s coastal moun-
tains in these conditions. The release of potential insta-
bility by orographically forced ascent likely contributed
to this large enhancement, since maritime warm sectors
frequently possess low- to midlevel potential instability
that istriggered by orographic lift, thus producing heavy
mountain rains (e.g., Lowndes 1968; Browning et al.
1974; Hill and Browning 1979; Hill 1983). In situ ob-
servations from NOAA's P-3 research aircraft offshore
of the central couplet on 2 February 1998 (not shown)
confirmed the presence of potential-instability laminae
in the warm sector below ~4 km MSL.

The time-height section of hourly averaged winds
and upslope isotachs from the northern couplet at BBY
(Fig. 3a) shows exclusively upslope-component flow for
the duration of the 42-h event. The strongest low-level
upslope flow occurred in two periods within the warm

1 These attributes were determined by interpreting data from wind
profilers, rain gauges, the NOAA P-3 research aircraft, rawinsondes,
ships, buoys, surface stations, and satellites.

sector: following the warm-frontal passage and preced-
ing the cold front. The warmest equivalent potential
temperature 6, at the surface was observed in the moist
warm sector (Fig. 3a, bottom panel). Diverging time
series traces of accumulated rainfall at Cazadero, Cal-
ifornia (CZD) and Bodega Bay, California (BBY; Fig.
3a) highlight the orographic rainfall enhancement that
occurred in the coastal mountains. Coastal measure-
ments of the layer-mean upslope flow at BBY between
0.6 and 1.1 km MSL at each hour were combined with
the corresponding mountain rain-rate observations at
CZD into a scatterplot diagram (Fig. 3b). This diagram,
which represents the layer of maximum correlation co-
efficient for this case, reveals a correlation coefficient
of 0.880 and alinear regression slope of 0.91. Applying
this same regression technique to each 500-m layer (and
to the surface) of the 42 wind profiles yields the cor-
relation profile in Fig. 3c. This profile shows a robust
correlation between the upslope flow in the lower tro-
posphere at BBY and the rain rate in the coastal moun-
tains at CZD. The correlation is maximized just above
mountaintop (i.e., ~0.65 km MSL) and then decreases
significantly with height above ~1.2 km MSL, thus re-
vealing that the rain rate was optimally related to the
magnitude of the upslope flow slightly above moun-
taintop. The surface flow was also a useful indicator of
mountain rain rate (i.e., a surface correlation coefficient
of 0.656).

At the central couplet, the Piedras Blancas, California
(PPB) profiler observed the temporal descent of warm-
frontal, upslope-component shear from ~3 km MSL at
1200 UTC 2 February to the surface 6 h later, followed
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s1) and upslope-component isotachs at BBY (top panel), and time series traces of surface equivalent potential temperature 6, at BBY and
accumulated rainfall at BBY and CZD (bottom panel), between 0600 UTC 11 Jan and 0000 UTC 13 Jan 1998. (b) Scatterplot of hourly
averaged, layer-mean (0.6-1.1 km MSL) upslope flow at BBY vs hourly rain rate at CZD for the period shown in (a). The linear regression
fit is shown. (c) Vertical profile of linear correlation coef (black) based on hourly averaged profiles of upsiope flow at BBY vs hourly rain
rate at CZD for the period shown in (a). The vertica profile of percent occurrence of upslope flow is also shown (gray shade), as is the
mean mountaintop height of the neighboring coastal mountains. The vertical pressure coordinate in (a) and (c), and in subsequent figures,

is based on a standard atmosphere.

by enhanced upslope flow in the high-6, warm sector
(Fig. 4a). A nearly 8:1 ratio in rainfall between Three
Peaks, California (TPK) and PPB (Fig. 4a) highlights
the orographic rain enhancement that occurred during
this event. The scatterplot diagram of upslope flow at
PPB versus rain rate at TPK for the layer of maximum
correlation (Fig. 4b) yields a correlation coefficient of

0.939 and aregression slope of 1.19. Thisslopeislarger
than that at the northern couplet, a result that is phys-
ically consistent with the fact that the terrain is steeper
at the central couplet (Table 1), that is, alarger fraction
of the upslope flow is deflected vertically to produce
heavier rain at the central couplet. The vertical profile
of correlation coefficient for upslope flow at PPB versus
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FiG. 4. (a) Time-height section of hourly averaged horizontal wind profiles and upslope-component isotachs at PPB (top panel), and time
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rain rate at TPK (Fig. 4c, solid line) shows a large of the low-level upsiope flow at PPB was not correlated
correlation below mountaintop, then a sharp decrease well with the rain rate at this site (i.e., the terrain did
with height aloft. Because this case represents an ex- not affect rainfall at PPB, only in the downstream coast-
treme example of orographic rainfall variation between al mountains).

the mountains and the coast, we also cal culated the cor- Profiler observations from the southern couplet at
relation profile for upslope flow versusrain rate at PPB GLA on 23 February (Fig. 5a) mirrored those from far-
(Fig. 4c, dashed line). Not surprisingly, the magnitude ther north, that is, the strongest low-level upsliope flow
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Fic. 5. (a) Time-height section of hourly averaged horizontal wind profiles and upslope-component isotachs at GLA (top panel), and time
series traces of surface 6, at GLA and accumulated rainfall at GLA and SMC (bottom panel), between 0800 UTC and 2300 UTC 23 Feb
1998. Wind flags and barbs are as in Fig. 3. (b) Scatterplot of hourly averaged layer-mean (0.8-1.3 km MSL) upslope flow at GLA vs hourly
rain rate at SMC for the period shown in (a). The linear regression fit is shown. (c) Vertical profile of linear correlation coef (black) based
on hourly averaged profiles of upslope flow at GLA vs hourly rain rate at SMC for the period shown in (a). The vertical profile of percent
occurrence of upslope flow is also shown (gray shade), as is the mean mountaintop height of the neighboring coastal mountains.

was observed in the high-6, warm sector. Though the
rainfall ratio between the mountain and coastal siteswas
less than that observed at the other couplets, this value
still represents a larger-than-average ratio for this cou-
plet (Table 2). The scatterplot of upsiope flow at GLA
versus rain rate at SMC for the layer of maximum cor-
relation (Fig. 5b) yields acorrelation coefficient of 0.874
and a regression slope of 1.52. This slope is the largest
of the three couplets, as is the terrain steepness. The

vertical structure of the correlation profile at the south-
ern couplet (Fig. 5¢), and the magnitude of the corre-
lation values at low levels, are comparable to what was
obtained at the northern two couplets.

For each unblocked event, we estimated the efficiency
of hydrometeor generation associated with orographic
lift. This was accomplished by dividing the mean rain
rate observed at each mountain site by the mean rain
rate calculated from Eq. (2) using the mean barrier
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steepness at each couplet (Table 1) and representative
thermodynamic and kinematic observations for that
event. This exercise was carried out only for the un-
blocked warm-sector cases where orographic lift was
the dominant forcing mechanism for generating rainfall
in the coastal mountains. Thermodynamic data at the
northern couplet were obtained from the surface moun-
tain site at CZD. At the central couplet, thermodynamic
data were acquired from NOAA's P-3 research aircraft
and from rawinsonde soundings at Vandenberg and Oak-
land, California. A Vandenberg sounding was used for
the case at the southern couplet. At each couplet, atime-
averaged, layer-mean value of upslope flow below mean
mountaintop height was determined from the coasta
wind-profiler and surface data. The rain-rate efficiency
differed only slightly from couplet to couplet, ranging
from 17.2% at the southern couplet to 19.0% at the
northern couplet, thus suggesting that microphysical
processes were similar above the different coastal moun-
tain ranges and that the statistical results from these
couplets can be intercompared. These values mirror the
17.4% efficiency obtained in Elliot and Hovind (1964)
for stably stratified flow impacting the Santa 'Y nez coast-
al mountains in the vicinity of the southern couplet, thus
providing further evidence of the common character of
the microphysics above the coastal mountains. Given
that the maximum correlation of upslope flow versus
rain rate was very large for each case, it is likely that
the microphysics at each couplet also did not change
appreciably during the course of each event.

b. Blocked cases

Mountains can have a profound impact on the lower
troposphere via ‘‘ upstream blocking,” including the de-
flection of low-level flow upstream, and below the top,
of mountain ranges (e.g., Bell and Bosart 1988; Colle
and Mass 1995). Blocking commonly results in the for-
mation of a barrier jet below mountaintop that parallels
the long axis of quasi-two-dimensional high terrain
(e.g., Parish 1982; Overland and Bond 1995; Doyle
1997) such as California’s coastal mountain ranges. An-
other manifestation of blocked flow is a layer of en-
hanced static stability that caps the barrier jet and slopes
downward to the surface immediately upstream of the
mountains (e.g., Overland and Bond 1995; Doyle 1997),
resulting in a terrain-induced baroclinic zone in Cali-
fornia's coastal zone. The sloping isentropes within this
zone represent a secondary orographic forcing mecha-
nism for precipitation, thus producing rainfall enhance-
ment upstream of the coastal orography (Doyle 1997).
A similar upwind redistribution of precipitation by
blocked flows has occurred in association with many
mountain ranges worldwide (e.g., Grossman and Durran
1984; Dunn 1987; Peterson et al. 1991; Sinclair et al.
1997).

This subsection presents a case-study correlation
analysis from each of the three couplets for blocked
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flow conditions (Table 2). Unlike the unblocked warm-
sector cases, the blocked cases contained shallow flow
that was oriented roughly parallel to the mountain bar-
rier for the duration of the event, with weak downslope-
component flow commonly observed at thelowest levels
(Figs. 6a-84). In addition, each blocked case possessed
barrier-jet characteristics near or below mountaintop
(terrain-parallel isotachs not shown). At each of the
three couplets the mountain-to-coast rainfal ratio for
the blocked cases was considerably smaller than that
for the unblocked cases and for the CALJET winter
season (Table 2)—comparisons that support the asser-
tion that isentropic lift over ashallow blocked air stream
resulted in significant rain at the coast. Surface traces
of 6, are not shown, because the surface conditionswere
decoupled from transient features above the shallow
blocked flow.

The correlation profile at each couplet for blocked
conditions (solid curves in Figs. 6b—8b) has its largest
value just above mountaintop and then decreases with
height above this maximum, similar to what occurred
in the unblocked events (dashed curves in Figs. 6b, 7b,
and 8b). Peak correlation coefficients for the blocked
and unblocked events range over 0.761-0.832 and
0.874-0.939, respectively. The smaller peak values, to-
gether with the smaller rainfall ratios, for the blocked
cases suggest that the shallow blocked air masses re-
duced the impact of mountaintop upsiope flow on rain-
fall in the coastal mountains. Below mountaintop, the
correlation values for blocked conditions generally de-
creases with decreasing height, becausethelowest levels
contained mostly terrain-parallel or weakly downslope-
component flow. In stark contrast, the unblocked events
maintain high correlations below mountaintop, because
the upslope flow in these events extended downward
toward the surface.

c. A case of complex flow at the northern couplet

To investigate the statistical relationship between up-
slope flow and rain rate on a case-by-case basis across
a broad spectrum of events, we also applied the cor-
relation analysis technique to data from the northern
couplet on 5-6 February 1998. This lengthy case was
characterized by a complex series of frontal passages
and alternating periods of shallow blocked and un-
blocked flow (Fig. 9a). Because this case exhibited a
variety of low-level flow regimes that commonly impact
the northern couplet, it is not surprising that the moun-
tain-to-coast rainfall ratio for thisevent (i.e., 2.16:1; Fig.
9a) mirrored that for the CALJET winter season (Table
2). The correlation coefficient profile for this case (Fig.
9b) contains amaximum value of 0.877 at 0.85 km MSL
or slightly above mountaintop, similar to the magnitude
and altitude of the correlation maxima diagnosed during
the unblocked and blocked cases at the northern couplet.
The correlation coefficient for this event is small at the
surface, where only a small fraction of hourly surface
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FiG. 6. (8) Time-height section of hourly averaged horizontal wind
profiles and upslope-component isotachs at BBY (top panel), and time
series traces of accumulated rainfall at BBY and CZD (bottom panel),
between 0000 UTC 14 Jan and 0000 UTC 15 Jan 1998. Wind flags
and barbs are asin Fig. 3. (b) Vertical profile of linear correlation coef
(solid black) based on hourly averaged profiles of upsiope flow at BBY
vs hourly rain rate at CZD for the period shown in (a). The vertica
profile of percent occurrence of upslope flow isalso shown (gray shade),
as is the correlation coef profile from Fig. 3c (dashed) and the mean
mountaintop height of the neighboring coastal mountains.
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FiG. 7. (a) Time-height section of hourly averaged horizontal wind
profiles and upslope-component isotachs at PPB (top panel), and time
series traces of accumulated rainfall at PPB and TPK (bottom), be-
tween 0300 UTC 5 Dec and 2300 UTC 6 Dec 1997. Wind flags and
barbs are as in Fig. 3. (b) Vertical profile of linear correlation coef
(solid black) based on hourly averaged profiles of upslope flow at
PPB vs hourly rain rate at TPK for the period shown in (a). The
vertical profile of percent occurrence of upslope flow is also shown
(gray shade), as is the correlation coef profile from Fig. 4c (dashed)
and the mean mountaintop height of the neighboring coastal moun-
tains.
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FiG. 8. () Time-height section of hourly averaged horizontal wind
profiles and upslope-component isotachs at GLA (top panel), and time
series traces of accumulated rainfall at GLA and SMC (bottom panel),
between 2200 UTC 1 Feb and 1300 UTC 2 Feb 1998. Wind flags and
barbs are as in Fig. 3. (b) Vertica profile of linear correlation coef
(solid black) based on hourly averaged profiles of upslope flow at GLA
vs hourly rain rate at SMC for the period shown in (a). The vertical
profile of percent occurrence of upslope flow isalso shown (gray shade),
as is the correlation coef profile from Fig. 5¢ (dashed) and the mean
mountaintop height of the neighboring coastal mountains.
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Fic. 9. (a) Time-height section of hourly averaged horizontal wind
profiles and upslope-component isotachs at BBY (top panel), and
time series traces of accumulated rainfall at BBY and CZD (bottom
panel), between 0400 UTC 5 Feb and 1600 UTC 6 Feb 1998. Wind
flagsand barbsareasin Fig. 3. (b) Vertical profile of linear correlation
coefficient (solid black) based on hourly averaged profiles of upsiope
flow at BBY vs hourly rain rate at CZD for the period shown in (a).
The vertical profile of percent occurrence of upslope flow is also
shown (gray shade), as are the correlation coef profiles from Fig. 6b
(dashed) and Fig. 3c (dotted). The mean mountaintop height of the
neighboring coastal mountains is also shown.
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TaBLE 3. Northern couplet case inventory for the statistical analysis of upslope flow at BBY vs rain rate at CZD for the CALJET

winter season.*

CzD CzD BBY BBY Rainfall
Duration rainfall rain rate rainfall ran rate ratio
Case Event (1997/98) (h) (mm) (mm h-t) (mm) (mm h-t) (CZD/BBY)

1 1000 UTC 24 Nov—2300 UTC 24 Nov 13 40.46 311 8.07 0.62 5.01

2 0200 UTC 26 Nov—0000 UTC 27 Nov 22 80.64 3.67 37.35 1.70 2.16

3 1900 UTC 29 Nov—0600 UTC 30 Nov 11 2561 2.33 22.94 2.09 112

4 1900 UTC 3 Dec-1000 UTC 4 Dec 15 16.00 1.07 12.25 0.82 131

5 0000 UTC 5 Dec—1000 UTC 5 Dec 10 21.60 2.16 6.75 0.68 3.20

6 0700 UTC 7 Dec—2000 UTC 7 Dec 13 40.62 3.12 16.34 1.26 2.49

7 0400 UTC 14 Dec—2000 UTC 14 Dec 16 52.35 3.27 40.60 254 1.29

8 0000 UTC 2 Jan—0300 UTC 3 Jan 27 79.67 2.95 18.55 0.69 4.29

9 1200 UTC 3 Jan—-0800 UTC 4 Jan 20 65.84 3.29 13.56 0.68 4.86

10 2200 UTC 9 Jan—2000 UTC 10 Jan 22 29.28 1.33 17.27 0.79 1.70

11 0600 UTC 11 Jan—0000 UTC 13 Jan 42 203.45 4.84 36.30 0.86 5.60

12 0000 UTC 14 Jan-0000 UTC 15 Jan 24 42.03 1.75 58.81 245 0.71

13 0000 UTC 15 Jan-0000 UTC 16 Jan 24 30.50 1.27 15.50 0.65 197

14 0300 UTC 19 Jan-2200 UTC 19 Jan 19 19.60 1.03 7.02 0.37 2.79

15 1900 UTC 23 Jan—-0700 UTC 24 Jan 12 20.32 1.69 5.50 0.46 3.69

16 0000 UTC 26 Jan-0400 UTC 27 Jan 28 88.43 3.16 22.26 0.80 3.97

17 0000 UTC 29 Feb-1100 UTC 29 Jan 11 50.25 457 17.88 1.63 281

18 0400 UTC 5 Feb-1600 UTC 6 Feb 36 204.83 5.69 94.69 2.63 2.16

19 0500 UTC 7 Feb—-1800 UTC 7 Feb 13 50.11 3.85 18.31 141 2.74

20 1300 UTC 10 Feb—2200 UTC 10 Feb 9 25.76 2.86 26.70 2.97 0.96

21 1000 UTC 12 Feb-2300 UTC 12 Feb 13 20.03 1.54 19.00 1.46 1.05

22 1100 UTC 16 Feb—0000 UTC 17 Feb 13 39.41 3.03 17.52 1.35 2.25

23 0000 UTC 19 Feb—2300 UTC 19 Feb 23 114.92 5.00 74.28 3.23 155

24 0900 UTC 23 Feb—-2100 UTC 23 Feb 12 34.03 2.84 21.53 1.79 1.58

25 1300 UTC 12 Mar-0900 UTC 13 Mar 20 39.41 1.97 24.36 122 1.62
Totals 468 1435.15 653.34

Avg 3.07 1.40 2.20
Percent of total rainfall during CALJET winter season 0.67 0.67

Total rainfall during CALJET winter season 2157.55 972.23 222

* The winter season at this couplet is defined as 20 Nov 1997-31 Mar 1998. Events of less than 12.5 mm total rainfall and less than 8-h

duration at the mountain site were excluded from the inventory.

winds contained an upslope component. A mesoscale
and microphysical description of this event is found in
Ralph et al. (1998) and White et al. (1999). Comparable
events of extended duration did not occur at the two
other couplets.

5. Winter-season statistical assessment

Case studies highlight characteristics unique to those
cases, but they are not necessarily representative of
mean behaviors over extended periods of time. There-
fore, to extend the statistical significance of the case-
study results, we examined the linear relationship be-
tween upslope flow and rain rate at each observing cou-
plet for the entire CALJET winter season. CALJET ser-
endipitously coincided with a strong El Nifio episode
that may have contributed to the record rainfall and
numerous rain events observed across much of coastal
California (Livezey et al. 1997) during the winter of
1997/98. Hence, the fortuitous timing of CALJET
proved ideal for generating these winter-season statis-
tics. We examined the rainfall database from late No-
vember 1997 through March 1998 and chose events at
each mountain site that we deemed significant, that is,
at least 12.5 mm rainfall and 8 h duration. These min-

imum criteria were chosen to increase the likelihood
that rain events yielded significant total rainfall attrib-
utable to orographic ascent. For the northern couplet, a
total of 25 cases spanning 468 h fit these criteria (Table
3). This 25-case inventory was representative of rainfall
behavior at the northern couplet for the entire winter
season because two-thirds of the rainfall for the entire
season was captured at BBY and CZD during this in-
ventory, and because the rain ratio between CZD and
BBY for this inventory (2.20:1) was nearly identical
to that for the entire winter season (2.22:1). For the
central couplet, 20 cases representing 362 h of datawere
compiled (Table 4). Theinventory for the southern cou-
plet comprised 9 events spanning 145 h (Table 5). As
at the northern couplet, these inventories were repre-
sentative of rainfall behavior for the winter season.
When a coastal profiler was inoperative during a rain
event that met the criteria outlined above, the event was
not included in a winter-season inventory. These in-
ventories contain data from landfalling storms with
widely differing synoptic characteristics, from open-
wave warm-sectors to deeply occluded frontal passages.

A winter-season profile of linear correlation coeffi-
cient was calculated for each couplet. To generate each
profile, all of the hourly rain-rate observations and cor-
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TaBLE 4. Central couplet case inventory for the statistical analysis of upsiope flow at PPB vs rain rate at TPK for the CALJET winter

season.*
TPK TPK PPB PPB Rainfall
Duration rainfall rain rate rainfall rain rate ratio
Case Event (1997/98) (h) (mm) (mm h-1) (mm) (mm h-1) (TPK/PPB)
1 0300 UTC 5 Dec—2300 UTC 6 Dec a4 144.56 3.29 73.60 167 1.96
2 1200 UTC 7 Dec—2300 UTC 7 Dec 11 48.51 441 — — —
3 1200 UTC 14 Dec—2000 UTC 14 Dec 8 69.09 8.64 17.00 213 4.06
4 1400 UTC 2 Jan—-1900 UTC 3 Jan 29 60.71 2.09 16.85 0.58 3.60
5 0600 UTC 4 Jan—2000 UTC 4 Jan 14 32.77 234 10.31 0.74 3.18
6 0900 UTC 9 Jan—1100 UTC 10 Jan 26 87.38 3.36 22.33 0.86 391
7 0800 UTC 12 Jan-0100 UTC 13 Jan 17 68.07 4.00 8.52 0.50 7.99
8 2300 UTC 14 Jan-0500 UTC 16 Jan 30 128.02 4.27 22.79 0.76 5.62
9 2100 UTC 18 Jan—1000 UTC 19 Jan 13 75.69 5.82 14.33 1.10 5.28
10 0300 UTC 29 Jan-1800 UTC 29 Jan 15 95.00 6.33 11.78 0.79 8.06
11 1000 UTC 31 Jan—-2100 UTC 31 Jan 11 47.75 4.34 23.04 2.09 2.07
12 1600 UTC 1 Feb-0300 UTC 2 Feb 11 137.67 12.52 37.85 344 3.64
13 0800 UTC 2 Feb—-1700 UTC 3 Feb 33 343.66 10.41 83.60 253 411
14 1000 UTC 14 Feb-0200 UTC 15 Feb 16 86.11 5.38 37.47 2.34 2.30
15 1800 UTC 16 Feb—0400 UTC 17 Feb 10 63.50 6.35 20.33 2.03 3.12
16 1700 UTC 19 Feb-0100 UTC 20 Feb 8 50.29 6.29 20.84 261 241
17 1400 UTC 21 Feb-0400 UTC 22 Feb 14 96.27 6.88 19.36 1.38 4.97
18 1000 UTC 23 Feb-1900 UTC 23 Feb 9 31.24 347 5.02 0.56 6.22
19 1900 UTC 5 Mar-0800 UTC 6 Mar 13 30.99 2.38 10.77 0.83 2.88
20 0500 UTC 24 Mar-1100 UTC 25 Mar 30 100.08 3.34 31.42 1.05 3.19
Totals 362 1797.36 487.21
Avg 497 1.35 3.69
Percent of total rainfall during CALJET winter season 0.80 0.73
Total rainfall during CALJET winter season 2256.79 663.69 3.40

* The winter season at this couplet is defined as 1 Dec 1997-31 Mar 1998. Events of less than 12.5 mm total rainfall and less than 8-h
duration at the mountain site were excluded from the inventory. Precipitation data were not available at PPB for case 2.

responding upslope-flow measurements (i.e., U = 0m
s~1) from that couplet’s winter-season inventory were
first grouped together at each vertically averaged (i.e.,
500-m thick) range gate and at the surface. Then, a
correlation coefficient of upslope flow versus rain rate
was derived for each range gate and at the surface, thus
yielding a winter-season profile of correlation coeffi-
cient for that couplet. Because this statistical technique
only used vertically averaged wind measurements that

possessed an upslope component, a companion profile
of the percent occurrence of upslope flow is also shown
for each couplet.

The winter-season correlation coefficient profile at the
northern couplet (Fig. 10) yields a maximum value of
0.644 at 0.95 km MSL, or 300 m above mean moun-
taintop. The correlation coefficient decreases signifi-
cantly above and below the height of this maximum.
The decreasein correlation below mountaintop, coupled

TaBLE 5. Southern couplet case inventory for the statistical analysis of upsiope flow at GLA vs rain rate at SMC for the CALJET winter

season.*
SMC SMC GLA GLA Rainfall
Duration rainfall rain rate rainfall rain rate ratio
Case Event (1997/98) (h) (mm) (mm h-1) (mm) (mm h-1) (SMC/GLA)
1 0800 UTC 5 Dec—1800 UTC 6 Dec 34 199.14 5.86 178.13 5.24 1.12
2 1400 UTC 9 Jan—1000 UTC 10 Jan 20 78.99 3.95 76.02 3.80 1.04
3 0600 UTC 29 Jan—1400 UTC 29 Jan 8 57.15 7.14 28.87 3.61 1.98
4 2200 UTC 1 Feb—1300 UTC 2 Feb 15 108.20 7.21 105.48 7.03 1.03
5 2300 UTC 2 Feb-1900 UTC 3 Feb 20 137.47 6.87 86.67 4.33 1.59
6 0000 UTC 17 Feb—1200 UTC 17 Feb 12 35.56 2.96 32.17 2.68 1.11
7 0200 UTC 22 Feb-1100 UTC 22 Feb 9 47.24 5.25 58.52 6.50 0.81
8 0800 UTC 23 Feb—2300 UTC 23 Feb 15 147.32 9.82 83.32 5.55 1.77
9 0000 UTC 6 Mar—1200 UTC 6 Mar 12 16.00 1.33 13.41 1.12 1.19
Totals 145 827.07 662.59
Avg 5.70 4.57 1.25
Percent of total rainfall during CALJET winter season 0.58 0.53
Total rainfall during CALJET winter season 1434.34 1238.94 1.16

* The winter season at this couplet is defined as 1 Dec 1997-31 Mar 1998. Events of less than 12.5-mm total rainfall and less than 8-h

duration at the mountain site were excluded from the inventory.
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Fic. 10. Vertical profiles of linear correlation coef (black) based
on hourly averaged profiles of upslope flow at BBY vs hourly rain
rate at CZD from the 25-case winter-season inventory. The vertical
profile of percent occurrence of upslope flow is aso shown (gray
shade), as is the mean mountaintop height of the neighboring coastal
mountains.

with the fact that the fractional occurrence of upslope
flow decreased from 100% near mountain top to only
53% at the surface, are suggestive of BBY'’s suscepti-
bility to a variety of shallow terrain-modulated flows
forced by the locally complex orography (Ralph et al.
1999).

The winter-season correl ation coefficient profile at the
central couplet (Fig. 11) exhibits its largest values (i.e.,
0.677-0.692) in the layer between 0.55 and 1.45 km
MSL. Above this broad maximum, the correlation co-
efficient decreases significantly with height similar to
that observed at the northern couplet, though the initial
significant decrease in correlation coefficient with
height at the central couplet occurs at a higher altitude
than at the northern couplet. This vertical offset is con-
sistent with the difference in terrain height at the two
couplets. Unlike at the northern couplet, however, the
correlation at the central couplet remainsrelatively large
below mountaintop. Furthermore, the surface winds at
the central couplet possessed an upslope component
16% more often than at the northern couplet. These
results suggest that the lower troposphere here was less
susceptible to terrain-modulated flows than at the north-
ern couplet, even though the terrain orientation at the
two couplets was similar (Table 1).

The winter-season correl ation coefficient profile at the
southern couplet (Fig. 12) has a peak value of 0.560 at
0.85 km MSL, or 200 m below mean mountaintop.
Above and below this peak, the correlation decreases
steadily. Despite the disparity in mountain-barrier ori-
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Fic. 11. Vertical profiles of linear correlation coef (black) based
on hourly averaged profiles of upslope flow at PPB vs hourly rain
rate at TPK from the 20-case winter-season inventory. The vertical
profile of percent occurrence of upslope flow is also shown (gray
shade), as is the mean mountaintop height of the neighboring coastal
mountains.
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Correlation coefficient:
Hourly averaged upslope flow at GLA vs. hourly rain rate at SMC

Fic. 12. Vertical profiles of linear correlation coef (black) based
on hourly averaged profiles of upslope flow at GLA vs hourly rain
rate at SMC from the 9-case winter-season inventory. The vertical
profile of percent occurrence of upslope flow is also shown (gray
shade), as is the mean mountaintop height of the neighboring coastal
mountains.
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Fic. 13. Vertical profiles of winter-season linear correlation coef
based on hourly averaged profiles of upslope flow at the coast vs
hourly rain rate in the mountains for the northern couplet (N: bold
solid), the central couplet (C: medium solid), and the southern couplet
(S: thin solid). The mean mountaintop height of the neighboring
coastal mountains for each couplet is also shown (relative line-weight
convention same as for the correlation coef profiles). The solid
squares correspond to the linear correlation coef based on hourly
averaged upslope flow in the 0.6-1.1 km MSL layer at the coast vs
hourly rain rate at the collocated wind-profiler sites at the northern,
central, and southern couplets (large, medium, and small sizes, re-
spectively).

entation between the southern couplet and the two other
couplets (Table 1), the vertical structure of the corre-
lation profile at the southern couplet is similar to its
northern counterparts. However, given that upslope flow
at the southern couplet’s coastal site at GLA decreased
from nearly 100% occurrence at mountaintop to only
35% at the surface (i.e., the smallest fractional occur-
rence of the three couplets), and based on a comparison
of winter-season profiler data at GLA with companion
profiler data at Santa Catalina and San Clemente Islands
offshore of Los Angeles (not shown), the ambient south-
erly flow approaching the southern couplet was deflect-
ed by the terrain more frequently and more significantly
than at the two other couplets. Despite the prevalence
of blocking here, the surface upslope flow at the south-
ern couplet is more positively correlated with mountain
rain rate than at the other couplets where blocking was
less pronounced. It isunclear precisely why the southern
couplet exhibits the largest surface correlation coeffi-
cient, though it may be related to the west—east orien-
tation of the barrier at this couplet versus the northwest—
southeast orientation of the barrier at the other couplets.

The winter-season correlation coefficient profiles
from the three couplets are displayed together in Fig.
13. The maximum winter-season value at the northern,
central, and southern couplets is amodest 0.644, 0.692,
and 0.560, respectively; that is, only 41%, 48%, and
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31% of the variation in rain rate is accounted for by a
linear relationship with the magnitude of the upslope
flow at the height of maximum correlation. These mod-
est values are not surprising, given that the winter-sea-
son composites include cases where orographic forcing
was not the dominant mechanism for producing rainfall.
Significantly, however, the winter-season correlation co-
efficient profiles demonstrate clearly that the rain in the
coastal mountains was optimally tied to the magnitude
of the upslope flow near mountaintop rather than at the
surface or in the middle troposphere. These winter-sea-
son profiles also strongly resemble the case-study pro-
files presented earlier, with the exception that the peak
correlation values in the case-study examples attribute
as much as 88% of the rain-rate variation to linear
changes in the magnitude of the upslope flow.

The winter-season correlation maximum is largest at
the central couplet and smallest at the southern couplet,
consistent with the winter-season rainfall characteristics
observed at these couplets (Table 2). Specifically, the
winter-season rainfall ratio between the mountain and
coastal siteswaslargest at the central couplet and small-
est at the southern couple; that is, the central and south-
ern couplets experienced the greatest and least oro-
graphic rainfall enhancement in the mountains, respec-
tively. The relative absence of low-level blocking at the
central couplet likely contributed to the greatest oro-
graphic rain enhancement in the mountains and, hence,
the largest peak correlation coefficient, because thelow-
level upslope flow directly ascended the mountain bar-
rier. Conversely, the prevalence of low-level blocking
at the southern couplet likely resulted in the smallest
rainfall ratio and smallest peak correlation coefficient,
because isentropic lift occurred over the blocked flow
thus producing significant rain at the coast. Figure 13
also reveals that the correlation coefficients calculated
from upslope flow 0.85 km above each coastal site and
rain rate at the same coastal site are considerably less
than the corresponding correlation coefficients based on
upslope flow above each coastal site versustherain rate
at the downstream mountain site. In short, the low-level
upslope flow observed above each coastal siteisamuch
better indicator of rain intensity in the coastal mountains
than at the coast.

6. Impact of landfalling low-level jets on rain rate
at the northern couplet

A focal point of CALJET's observing strategy was
to document the structure and physical processesin the
low-level jet (LLJ) region ahead of landfalling cold
fronts over the eastern Pacific Ocean, because it is be-
lieved that landfalling LLJs contribute to heavy oro-
graphic rainfall as they impact the windward slopes of
coastal mountains (e.g., Browning et al. 1975). During
CALUJET, a prominent LLJ was observed by NOAA's
P-3 research aircraft during 10 flights offshore of Cal-
ifornia. Composite profiles of wind velocity and mois-
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Fic. 14. Composite vertical profiles of wind speed (SPD, medium
solid), wind direction (DIR, thin solid), and water vapor mixing ratio
(q, thin dashed) based on NOAA P-3 flight-level and dropsonde mea-
surements taken over the eastern Pacific Ocean during 10 CALJET
storms that contained an LLJ.

ture through the LLJ were generated (Fig. 14) using
flight-level and dropsonde observations from those
flights. To construct the composites, a representative
pre-cold-frontal sounding through the LLJ from each
case was interpolated onto a 10-m-resolution vertical
grid, and these gridded profiles were then averaged. The
composite wind speed profile containsaLLJof ~31 m
s~ centered at about 0.9 km MSL and aloca minimum
of ~26 m st at about 1.8 km MSL. The companion
wind-direction profile veers with height from south-
southwesterly near the ocean surface to southwesterly
above the LLJ at ~2 km. The composite water vapor
mixing ratio profile shows moist conditions (nearly 10
g kg1) below ~300 m MSL, and a steady decrease of
moisture with height aloft.

Despite the presence of well-defined LLJ character-
istics over the open ocean, are LLJs readily observable
at the coast or do they dissipate prior to landfall because
of terrain blocking and enhanced friction in the coastal
zone? If LLJs make landfall, do they modulate rainfall
in California’s coastal mountains? To answer these ques-
tions, we inspected the BBY profiler data from each of
the 25 cases that composed the winter-season inventory
at the northern couplet (Table 3) for evidence of aland-
falling LLJ. We defined an LLJ as a maximum of total
wind speed below 1.5 km MSL residing beneath alocal
minimum aloft. This low-level maximum was required
to be at least 2 m s~ larger than the minimum aloft.
At least two consecutive hourly profiles meeting these
criteria were required to generate a mean wind profile
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Fic. 15. Composite vertical profiles of wind speed (SPD, medium
solid), wind direction (DIR, thin solid), and upsiope flow (U, bold
solid) based on an averaged of the 18 CALJET winter-season cases
from BBY that contained an LLJ. The gray-shaded dashed lines por-
tray modified profiles of wind speed (medium) and upsiope flow
(bold) with the LLJ removed. The shaded regions portray the wind
speed and upslope-flow perturbations associated with the LLJ. The
mean mountaintop height of the neighboring coastal mountains is
shown.

representative of an LLJ for that case. Based on these
criteria, 18 of the 25 cases contained an LLJ episode
(Table 6), totaling 81 h of data. Composite wind speed,
wind direction, and upslope-flow profiles were con-
structed (Fig. 15) by averaging the mean wind profiles
from the 18 LLJ events. The composite wind speed
profile contains an LLJ of nearly 18 m st at ~1 km
MSL, or only ~100 m above that of the offshore com-
posite (Fig. 14). However, the core speed within the
coastal LLJ composite is < 60% of the magnitude of
its offshore counterpart. Some of this difference may
be due to the fact that the coastal and offshore com-
posites were composed of different populations of LLJs,
and that the P-3 flights from which the offshore com-
posite was derived focused on the strongest events. It
is also possible that at least part of this reduction in
speed arose through enhanced frictional effects in the
coastal zone. The composite wind-direction profile at
BBY isrotated counterclockwise by ~25° below mean
mountaintop relative to its offshore counterpart, thus
suggesting that the coastal mountains may have deflect-
ed the low-level flow below jet level to anearly terrain-
parallel orientation. The composite upslope-flow profile
contains a local maximum of ~14 m s=* at about the
height of the composite LLJ and above the shallow ter-
rain-deflected flow. Similar LLJcomposite structurewas
observed at the offshore profiler at FNI (location shown
in Fig. 1) and in the downstream coastal mountain pro-
filer at CZD (composites not shown).
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TaBLE 6. Northern couplet case inventory for the statistical analysis of upslope flow at BBY vsrain rate at CZD for the 18 of 25 CALJET

cases that exhibited an LLJ.*

Rainfall
Mean LLJ CZD CZD rain BBY BBY rain ratio
Duration  core speed  Height of rainfal rate rainfall rate (Czb/
Event (1997/98) (h) (ms?') meanLLI(m) (mm) (mmh?) (mm) (mmh?) BBY)
1900 UTC 24 Nov—2200 UTC 24 Nov 3 14.04 842 6.54 2.18 1.26 0.42 5.19
0600 UTC 26 Nov—1000 UTC 26 Nov 4 22.34 1145 19.09 4.77 6.75 1.69 2.83
2100 UTC 29 Nov—2300 UTC 29 Nov 2 14.06 943 4.00 2.00 2.50 1.25 1.60
2200 UTC 3 Dec—1000 UTC 4 Dec 12 19.65 1145 11.00 0.92 8.25 0.69 133
0800 UTC 7 Dec—1200 UTC 7 Dec 4 12.82 1145 6.53 1.63 251 0.63 2.60
0600 UTC 14 Dec-0800 UTC 14 Dec 2 20.47 1246 8.26 4.13 7.00 3.50 1.18
0400 UTC 2 Jan-0900 UTC 2 Jan 5 15.40 640 33.45 6.69 11.03 221 3.03
1800 UTC 3 Jan—2300 UTC 3 Jan 5 16.05 993 12.87 257 0.00 0.00 o
0700 UTC 10 Jan-1100 UTC 10 Jan 4 12.00 1145 11.02 2.76 9.52 2.38 1.16
1900 UTC 11 Jan-0100 UTC 12 Jan 6 16.29 539 69.58 11.60 11.76 1.96 5.92
1000 UTC 14 Jan—2000 UTC 14 Jan 10 15.69 1246 23.28 2.33 29.60 2.96 0.79
1100 UTC 26 Jan—-1400 UTC 26 Jan 3 11.98 943 9.00 3.00 1.75 0.58 5.14
0300 UTC 29 Jan-0600 UTC 29 Jan 3 25.50 741 10.06 3.35 0.25 0.08 40.24
1800 UTC 5 Feb-2300 UTC 5 Feb 5 2451 943 66.39 13.28 20.85 4.17 3.18
1600 UTC 7 Feb-1800 UTC 7 Feb 2 27.81 741 16.45 8.23 10.81 5.41 152
1900 UTC 12 Feb-2300 UTC 12 Feb 4 18.63 1347 325 0.82 9.00 225 0.36
0900 UTC 19 Feb-1400 UTC 19 Feb 5 19.25 943 53.31 10.66 13.03 261 4.09
0900 UTC 23 Feb-1100 UTC 23 Feb 2 19.55 1044 0.25 0.13 0.50 0.25 0.50
Totals 81 364.33 146.37 2.49
Avg 18.11 985 4.50 181
Percent of 25-case winter-season
inventory (see Table 3) 0.17 0.25 1.47 0.22 1.29 1.13

* The LLJ was defined as a max of total wind speed below 1.5 km MSL residing beneath a local min aloft. This low-level max was
required to be at least 2 m s* larger than the min aloft. At least two consecutive hourly profiles meeting these criteria were required to

generate a mean wind profile for each case.
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Fic. 16. Vertical profiles of linear correlation coef based on hourly
averaged profiles of upslope flow at BBY vs hourly rain rate at CZD
for the 18 LLJ cases (solid black) and for the compl ete 25-case winter-
season inventory (dashed black). The vertical profiles of percent oc-
currence of upslope flow are also shown for the 18 and 25 cases
(solid and dashed gray shade, respectively). The shaded region de-
notes the position of the LLJ. The mean mountaintop height of the
neighboring coastal mountains is also shown.

To assess the impact of landfalling LLJs on rain rate
in California’s coastal mountains, the 81 h of profiler
and rain-rate datafrom the LLJinventory at the northern
couplet (Table 6) were used to calcul ate vertical profiles
of linear correlation coefficient and linear regression
slope for the LLJ environment (Figs. 16 and 17, re-
spectively). The vertical structure of the correlation co-
efficient profile (Fig. 16) mirrored that of the correlation
coefficient profile based on the 468-h winter-season in-
ventory, i.e., a prominent maximum at 0.95 km MSL
at the atitude of the LLJflanked by much lower values.
Companion profiles of percent occurrence of upsiope
flow were aso similar for the LLJ and winter-season
inventories. Significantly, the maximum correlation co-
efficient increased from 0.644 based on the winter-sea-
son inventory to 0.751 for the LLJ subsample, thus in-
dicating that the linear relationship between upsiope
flow and rain rate is more robust in LLJ conditions than
for the less restrictive winter-season inventory. The pro-
files of linear regression slope for the LLJ and winter-
season inventories (Fig. 17) show ajet-level maximum
of 0.92 mm h-* [m s7%]* for the LLJ subsample that
is approximately 50% steeper than for the winter-season
inventory. Because the LLJ inventory yields a substan-
tially more efficient rain-rate response at jet level than
the winter-season inventory for a given increase in up-
slope flow, it is likely that the LLJ environment pos-
sessed more favorable thermodynamics (e.g., greater
low-level moisture and larger potential instability) that
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FiG. 17. Vertical profiles of linear regression slope based on hourly
averaged profiles of upslope flow at BBY vs hourly rain rate at CZD
for the 18 LLJ cases (solid) and for the complete 25-case winter-
season inventory (dashed). The shaded region denotes the position
of the LLJ. The mean mountaintop height of the neighboring coastal
mountains is also shown.

allowed heavier orographic rains to develop and persist
over the mountains during periods of enhanced upsiope
flow. A comparison of average rainfall characteristics
between the LLJ and winter-season inventories support
this assertion (Tables 3 and 6): the rain rate at CZD was
47% larger during the LLJ cases and the rainfall ratio
between CZD and BBY was 13% larger.

The orographic rain-rate enhancement at CZD asso-
ciated with the composite LLJ profile at BBY was es-
timated, based on the assumption that the composite LLJ
and its upslope maximum is a perturbation from a mean
state that is devoid of the LLJ. A vertical profile of rain-
rate enhancement was calculated (Fig. 18) by multiply-
ing the upslope perturbation at each level (Fig. 15) with
the LLJ-based linear regression slope at the same alti-
tude (Fig. 17). Because the upslope-flow perturbation
is largest at the height of the LLJ and at the height of
the steepest regression slope, the orographic rain-rate
enhancement is also maximized at the altitude of the
LLJ. Thisis also the altitude where the linear relation-
ship between upslope flow at BBY and rain rate at CZD
is statistically most robust. Though the maximum rain-
rate enhancement of 2.55 mm h-* (Fig. 18) is not ex-
ceptionally large, it does represent 57% of the average
rain rate of 4.50 mm h-* at CZD for the LLJ inventory
(or atotal of 206 mm of rainfall; Table 6) and 83% of
the average rain rate of 3.07 mm h-* at CZD for the
less restrictive winter-season inventory (Table 3). Fur-
thermore, persistent LLJ events can yield significant
rainfall amounts. Individual events possessing a much
larger LLJ perturbation than the composite can yield
much greater rain rates associated with the LLJ. It
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should also be noted that the migration of LLJsinto the
coastal mountains should provide a temporal increase
of upslope flow regardiess of the vertical structure of
the wind profile, thus yielding an additional rain-rate
enhancement, though that topic of research is not cov-
ered in this paper. We plan to further explore the rela-
tionship between the LLJ environment and orographic
rainfall in future research.

7. Discussion and conclusions

This observationally based study statistically linked
rainfall rates in California’s quasi-linear coastal moun-
tains to the upslope component of the flow measured
immediately upstream along the coast during the CAL-
JET field program, using hourly averaged rain gauge
and wind-profiler data from three observing couplets
with differing coastal terrain characteristics. A least
squares linear regression fit was applied to time series
of upslope flow at each 500-m-thick vertically averaged
wind-profiler range gate (and at the surface) and cor-
responding time series of rain rate measured in the
downstream coastal mountains, thus yielding vertical
profiles of correlation coefficient r(z) on a case-by-case
basis, for the CALJET winter season, and for a com-
posite of LLJ cases. These r(2) profiles extended from
the surface upward to 4 km M SL, well above the highest
coastal terrain.

The case-study, winter-season, and LLJ correlation
coefficient profiles documented a direct linear relation-
ship between the magnitude of the upslope component
of the flow measured by the coastal wind profilers and
the magnitude of the rain rate in the downstream coastal
mountains. These profiles also pinpointed the layer of
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Fic. 19. Conceptual representation of orographic rainfall distribution in California’s coastal moun-
tains, and the impact of terrain-blocked flow on this distribution: (a) plan view, and (b) cross-section
perspective, with representative coastal profiles of wind velocity (flags and barbs as in Fig. 3) and
correlation coef (based on the magnitude of the upsiope flow at the coast vs the rain rate in the coastal
mountains) shown on the left. The variable h in (b) is the scale height of the mountain barrier. The
spacing between the rain streaks in (b) is proportional to rain intensity. The symbol ‘& within the
blocked flow in (b) portrays a terrain-parallel barrier jet.

upslope flow that is optimally correlated to mountain
rainfall. This layer was situated well above the surface,
residing near mountaintop and at the altitude of the LL Js
(~1 km MSL), as is depicted in the conceptual sche-
matic in Fig. 19. It should be noted that this layer is
much lower than the level of 700 mb (~3 km MSL)

used for obtaining the direction of flow in Rhea's (1978)
operational orographic precipitation model and lower
than the lowest level used to observationally assess the
upstream impacts on orographic precipitation in the high
Sierra by Pandey et al. (1999). The seven case studies
from the three couplets yielded maximum correlation
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coefficients between 0.761 and 0.939. Alternately stat-
ed, 58% to 88% of the variation in rain rate during these
events was accounted for by a linear relationship with
the upslope component of the flow at the height of max-
imum correlation. These large correlation coefficients
provide strong observational evidence that the magni-
tude of upslope flow played aprimary rolein generating
rainfall in California’s coastal mountains on a case-by-
case basis, that is, the simple relationship in Eqg. (3) was
largely applicable for describing the rain rate observed
during these cases. In contrast, the maximum correlation
near mountaintop for each winter-season profile was
such that only 41%, 48%, and 31% of the rain-rate
variation was attributable to linear changes in the mag-
nitude of the upslope flow at the northern, central, and
southern couplets, respectively. These modest valuesare
not surprising, given that the winter-season composites
included cases where upslope forcing was not the dom-
inant mechanism for producing rainfall, that is, the lin-
ear relationship between upsiope flow and rain rate was
modulated significantly by other physical and/or dy-
namical processes. The variance for the LLJ events was
amore robust 56%, thus suggesting that upslope forcing
contributed more to the rainfall in LLJ conditions than
for the entire winter season. Significantly, the vertical
structure of the winter-season and LLJ correlation pro-
files mirrored that of the case-study profiles. Based on
these correlation results, model forecasts of crest-level
(~1 km) winds within storm environments should be
monitored closely to assess the likelihood of orograph-
ically enhanced rains in California’s shallow coastal
mountains.

The case-study and winter-season results provide ev-
idence that shallow terrain-blocked flows modulated
rainfall in California’s coastal mountains (Fig. 19). The
case-study results yielded peak correlation coefficients
of 0.874-0.939 and 0.761-0.832 for unblocked and
blocked conditions, respectively. The average rainfall
ratio between the mountain and coastal sites for these
unblocked and blocked cases was 5.06 and 1.26, re-
spectively. The smaller peak correlation coefficientsand
average rainfall ratio for the blocked cases suggest that
the shallow blocked flows reduced the impact of moun-
taintop upslope flow onrainfall in the coastal mountains.
Because the low-level flow (i.e., below mountaintop)
during the blocked cases was oriented roughly parallel
to the mountain barrier, the upslope component of the
flow in this layer was poorly correlated with rain rates
observed in the coastal mountains. From awinter-season
perspective, the correlation maximum was largest at the
central couplet and smallest at the southern couplet,
consistent with the different winter-season rainfall char-
acteristics observed at these couplets. Specifically, the
winter-season rainfall ratio between the mountain and
coastal siteswas largest at the central couplet and small-
est at the southern couplet; that is, the central and south-
ern couplets experienced the greatest and least oro-
graphic rainfall enhancement in the mountains, respec-
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tively. The relative absence of low-level blocking at the
central couplet (and for the unblocked cases) likely con-
tributed to the largest rainfall ratio and largest corre-
lation maximum, because the low-level upslope flow
directly ascended the mountain barrier. Conversely, the
prevalence of low-level blocking at the southern couplet
(and for the blocked cases) likely resulted in the smallest
rainfall ratio and smallest correlation maximum, be-
cause isentropic lift occurred over the blocked flow thus
producing significant rain at the coast. Interestingly, the
winter-season correlation coefficients near mountaintop
were largest when rain rates were used from the coastal
mountain sites rather than from the coastal sites, thus
further highlighting the physical connection between
upslope flow and rainfall in the coastal mountains.

A foca point of CALJET’s observing strategy was
to document the structure and physical processesin the
LLJ region ahead of landfalling cold fronts over the
eastern Pacific Ocean and along the California coast.
This strategy provided the opportunity to explore the
physical connection between LLJ structure impacting
the coast and orographic precipitation enhancement in
the coastal mountains. Landfalling LLJs produced the
largest enhancement of upslope flow at jet level, despite
the presence of terrain-modified flows below mountain-
top during some LLJ events. The steepest increase in
rainrate for a given increase in upsiope flow (i.e., the
steepest regression slope) also occurred at the altitude
of the LLJ, as did the largest correlation coefficient.
Therefore, the upslope-induced orographic rain-rate re-
sponse associated with landfalling L L Js was maximized
(2.55 mm h~*) and was statistically most robust at the
altitude of those LLJs. It should be reiterated that the
height of maximum correlation coefficient not only re-
sided at the atitude of landfalling LLJs, but it also cor-
responded approximately to the top of the coastal ter-
rain. Our study did not resolve the relative contributions
of terrain height versus landfalling LLJs to this corre-
lation maximum, and, therefore, it remains a ripe topic
for future research.

Acknowledgments. The implementation and success
of the CALJET field program was made possible by the
dedicated participation of many individualsrepresenting
numerous organizations. We are grateful to all of them.
Special thanks are given to Clark King and the rest of
NOAA/ETL's talented field team for deploying and
maintaining the wind profiler network, to Cat Russell
for maintaining the profiler’s surface meteorological sta-
tions and processing the rain gauge data taken from
these sites, and to Dan Gottas for meticulously pro-
cessing the wind profiler data. The offshore composite
of LLJs would not have been possible without the ex-
ceptional efforts of NOAA's Aircraft Operations Center
and the crew of the P-3 aircraft. We are also indebted
to The National Biological Service, The University of
California at Davis Bodega Marine Laboratory, Robert
Mann, and the United States Forest Service for granting



1490

us permission to deploy and operate the wind profilers
at Point Piedras Blancas (PPB), Bodega Bay (BBY),
Cazadero (CzZD), and Goleta (GLA), respectively. Rob
Hartman of the California-Nevada River Forecast Cen-
ter provided the ALERT rain gauge data, and Jim Adams
provided exceptional drafting services. We greatly ap-
preciate the thoughtful comments and suggestions of-
fered by three anonymous reviewers, and by John
Brown of NOAA/FSL and Lisa Darby of NOAA/ETL;
their insights enhanced the scope and quality of this
manuscript. The collection of data and subsequent study
presented here were supported by NOAA Research, the
Environmental Technology Laboratory, and the U.S.
Weather Research Program.

APPENDIX

Impacts of Vertical and Temporal Averaging on
Correlation Coefficient Calculations

a. Optimizing vertical averaging

Using hourly averaged, Hann-filtered, wind profiler
and rain-rate data from the seven case studies (Table 2),
we examine the sensitivity of the maximum correlation
coefficient (within each of the seven correlation coef-
ficient profiles) to changesin the vertical averaging res-
olution or layer-mean thickness of the profiles of up-
slope flow U. The vertical averaging resolution of the
U profiles was changed in 100-m increments, from 100-
m deep layers (i.e., single range gates) to 1500-m-deep
layers (a vertical average of 15 range gates). For each
averaging depth, the U profiles were subjected to over-
lapping running-mean vertical averagesthat retained the
original 100-m vertical resolution of the wind profiles.
Then, for each of the seven case studies, correlation
coefficient profiles were calculated using each of the 15
different vertical averages. The stand-alone surface
wind data were not included in these running-mean ver-
tical averages. The maximum correlation coefficient
from each of these profiles is summarized in Fig. Al.

Other than the outlying case of 5-6 December 1997
from the central couplet, there is not a large sensitivity
of maximum correlation coefficient to the layer-mean
thickness of the upslope-flow range gates (Fig. A1). An
average of the six remaining cases reveals a low-am-
plitude peak correlation for 500- and 600-m-deep layers.
Hence, for this study we appied 500-m-deep, running-
mean vertical averages to the profiles of upslope flow,
excluding surface data. A 500-m layer is thick enough
to remove finescale vertical perturbations and thin
enough to retain meaningful vertical structures associ-
ated with frontal- and terrain-forced shear layers. The
layer averaging also improves upon the mean charac-
terization of the upslope flow while reducing measure-
ment uncertainties. Layer-mean wind velocities that
contained a downslope component were excluded from
the correlation analysis at that height. Also, the lowest
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two range gates at PPB were not included in the 500-
m layer-mean averaging because of intermittent sea-
clutter contamination.

b. Optimizing temporal averaging

Using data from the northern couplet and guided by
the results in section a of the appendix, we used a 500-
m-deep, layer-mean average of upslope flow between
600 and 1100 m MSLA* from 11-12 January 1998 (see
Table 2) to investigate the sensitivity of the correlation
coefficient to changes in the temporal averaging reso-
[ution. The northern couplet afforded this opportunity,
because the mountain site at CZD had a reliable rain
gauge with 2-min resolution. This exercise also required
the use of high-time-resolution (i.e., ~6 min) profiler
data and the manual editing of these data. Unlike the
relatively quick and automated quality control editing
employed to obtain hourly averaged wind profiles, the
manual editing applied to the 6-min wind profiles was
very time consuming. To apply the correlation diag-
nostic to the high-time-resolution profiler data, the 6-
min wind profiles could not contain large blocks of spu-
rious data, and these data needed to span alarge enough
period of time to ensure a statistically significant sample
size for averaging periods in excess of 2 h. The case of

AL Thislayer is slightly above mean mountaintop, and it was chosen
because it is the layer where the correlation coefficient between up-
slope flow and rain rate is nearly maximized (shown in body of text).
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11-12 January 1998 fit these criteria and has therefore
been used.

The sensitivity of correlation coefficient to temporal
averaging period was examined using two averaging
techniques: the running-mean and block-average tech-
niques. For each averaging technique, the temporal av-
eraging resolution of the upslope-flow (in the 600—
1100-m layer) and rain-rate measurements was changed
in 12-min increments, from a 6-min period (i.e., tem-
poral averages of 1 and 3 wind-profiler and rain-rate
observations, respectively) to a 138-min period (i.e.,
temporal averages of 23 and 69 wind-profiler and rain-
rate observations, respectively).A2 For the running-mean
technique, the data were subjected to overlapping run-
ning-mean temporal averages that retained the 6-min
resolution of these wind profiles. The block-average
technique simply averaged data from adjacent temporal
bins that did not contain any overlapping data. The
block-average technique has the advantage of mirroring
the technique used to calculate the automated hourly
wind profiles, though the running-mean technique pro-
vides more data points for the correlation calculations.
We present the sensitivity of correlation coefficient to
temporal averaging period using both techniques (Fig.
A2).

The greatest sensitivity of correlation coefficient to
temporal averaging period occurs for temporal averages
less than 1 h, especially for the block-averaging tech-

A2 As with the hourly averaged data, the time series of profiler
winds and rain rate based on these subhourly averaged data were
subjected to one pass of a 1-2-1 temporal Hann filter.
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nique. As the temporal averaging period decreasesfrom
1 h, the correlation coefficients degrade rapidly for at
least four reasons. First, noise in the data increases for
successively smaller averaging periods. Second, fines-
cale features in the upslope flow and rain rate become
resolvable, but the upslope flow measured at the coast
may not be directly related to the rain rate measured in
the downstream coastal mountains. Third, consideration
of the advective timescale between the coastal profiler
and the mountain rain gauge (e.g., 12.5 min for 20 m
st flow to advect 15 km inland) reveals that, for av-
eraging periods of less than about 0.5 h, a time-lag
regression likely becomesincreasingly important to take
into account the propagation of conditions from the
coastal profiler to the mountain rain gauge. Fourth, the
timescale of microphysical processes that form precip-
itation and the timescale of its fallout become increas-
ingly important to consider for successively shorter time
periods. As the averaging period increases beyond 1 h,
then fewer data points are available to perform mean-
ingful correlation analyses; that is, there is a trade-off
between optimizing the temporal averaging period and
having enough data points for a statistically meaningful
correlation analysis. For all averaging periods greater
than 6 min, the correlation coefficient is larger for the
block-averaging technique than for the running-mean
technique. Therefore, based on the results in Fig. A2,
we use the routinely available hourly averaged wind
profiles for the correlation analyses. The hourly aver-
aging period is also suitable for the temporal sampling
of the ALERT rain gauges in the coastal mountains.
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