Improving Precipitation Forecasts in Land-Falling Pacific Winter Storms:
PACIJET Results and Future Outlook*
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PACJET Mission Statement

The mission of the Pacific Land-falling Jets experiment (PACJET) is to “Develop, test, and
implement methods to improve short-term (0-24 h) forecasts of damaging weather on the U. S.
West Coast in land-falling winter storms emerging from the data sparse Pacific Ocean.” This
goal is pursued through a combination of physical process studies, assessment of observing
system capabilities and limitations, testing of modeling techniques and parameterizations, and
developing forecasting techniques. It’s goals and methods address two of the US Weather
Research Program’s (USWRP) three foci: quantitative precipitation forecasting (QPF), and
optimal mix of observations for weather prediction. Researchers, forecasters and forecast users
are fully integrated into the effort.
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The Statistical Relationship Between Upslope Flow and Rainfall in California’s Coastal Mountains:
Observations during CALJET*

Paul J. Neiman', F.M. Ralph', A.B. White?, D.E. Kingsmill®°, P.O.G. Persson?

'NOAA/ Environmental Technology Laboratory, Boulder, Colorado
2Cooperative Institute for Research in Environmental Sciences/NOAA/ETL, Boulder, Colorado
3Desert Research Institute, Reno, Nevada

This study found that hourly rain rates in
California’s coastal mountains during land-
falling Pacific winter storms were most strongly
controlled by the upslope wind speed at 1-km
altitude (Fig. 1), which corresponds to the
altitude of the low-level jet (LLJ) located ahead
of cold fronts. Also, when a LLJ was present
the orographic precipitation process was 50%
more efficient than at other times. Overall,
roughly half of the hourly variability in coastal
mountain rain rates resulted from hourly
variations in upslope wind speed at 1 km
altitude. Conversely, coastal surface winds
were often uncorrelated with rain rates in nearby
mountains due to blocking of the low-level
airflow, although rainfall on the coast increased
when blocking was present. Results are based
upon a full season of rain-gauge and 915-MHz
wind-profiler observations that greatly increased
the number of samples available compared to
earlier studies and allowed documentation of
the altitude dependency.

This study was part of the California Land-
falling Jets experiment (CALJET), which aimed
at improving quantitative precipitation
forecasting through better understanding of
physical processes and evaluation of the
capabilities and limitations of current and
potential future operational observations.
Although it was known that the LLJ plays a role
in producing floods in the region, important
scientific questions remained, and gaps in the
current observational network made it difficult to
monitor the LLJ, even as it hit the coast. These
results establish a scientific and practical basis
for improving West Coast observations and
nowcasting in ways that can aid the issuance of
Watches and Warnings and help in decision
making by forecast users, especially in terms of
flooding. Flooding is particularly important
because it causes an annual average of $0.5 to
$1 billion dollars in damage in the region, it is a
leading emergency management concern, and
Californiais second in the nation in flood-related
fatalities.

Future scientific issues to address include
the impact of water-vapor availability and short-
term climate variability on coastal orographic
rainfall.  Potential future observing system
enhancements focused on monitoring the LLJ
offshore could include improved satellite
observations, the development of buoy-mounted
wind profilers, and the use of piloted and
unmanned aircraft for reconnaissance.
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Fig. 1. Conceptual representation of orographic rainfall in
California’s coastal mountains, 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 = 25 m s™'; barbs = 5 m s™; half-barbs = 2.5 m s™) and

correlation coefficient (based on the magnitude of the upslope
flow at the coast versus 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.

*A full-length paper with the same title and authors appears in the
2002 issue of Monthly Weather Review, vol. 130, pp. 1468-1492.



An Automated Brightband Height Detection Algorithm for Use with
Doppler Radar Spectral Moments*

Allen B. White', Daniel J. Gottas', Eric T. Strem?, F. Martin Ralph®, and Paul J. Neiman?®

'Cooperative Institute for Research in Environmental Sciences,
University of Colorado/NOAA Environmental Technology Laboratory, Boulder, Colorado
’NOAA/National Weather Service, California-Nevada River Forecast Center, Sacramento, CA
*NOAA/Environmental Technology Laboratory, Boulder, Colorado

Because knowledge of the melting level is critical
to river forecasters and other users, an objective
algorithm to detect the bright-band height from
profiles of radar reflectivity and Doppler vertical
velocity collected with a Doppler wind profiling radar
is presented. The importance of melting level
information in hydrological prediction is illustrated
using the NWS operational river forecast model
applied to mountainous watersheds in California
(Fig. 1 and Table 1). It is shown that a 2000 ft
increase in the melting level can triple runoff during
a modest 24-hr rainfall event.

The algorithm uses vertical profiles to detect the
bottom portion of the bright band, where vertical
gradients of radar reflectivity and Doppler vertical
velocity are negatively correlated (Figs. 2 and 3). A
search is then performed to find the peak radar
reflectivity above this feature, and the bright-band
height is assigned to the altitude of the peak.
Reflectivity profiles from the off-vertical beams
produced when the radar is in the Doppler beam
swinging mode provide additional bright-band
measurements. A consensus test is applied to sub-
hourly values to produce a quality-controlled, hourly-
averaged bright-band height. An example of the
graphical display used to relay algorithm results to
the public in near real time via the internet is shown
in Fig. 4.

A comparison of radar-deduced bright-band
heights with melting levels derived from temperature
profiles measured with rawinsondes launched from
the same radar site shows that the bright-band
height is, on average, 192 m lower than the melting
level (Fig. 5). The bright-band height is a better
estimate of the snow level than the melting level (i.e.,
0° C isotherm) because of the time required for ice
particles to melt as they descend. The ability to
monitor the bright-band height is likely, therefore, to
aid in snow-level forecasting and verification.

*This material is extracted from a paper that
appeared in the Journal of Atmospheric and Oceanic
Technology, Vol. 19, pages 687-697.
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Fig. 1. River forecast model simulations of the

sensitivity of runoff to changes in melting level for
four river basins in California. The simulations were
conducted by the California/Nevada River Forecast
Center using the National Weather Service River
Forecast System (NWRFS). Each run used a
different melting level ranging from low to high
elevations within the basin. Initially, each basin was
brought to a mid-winter soil moisture condition by
adjusting the parameters of the Sacramento Soil
Moisture Accounting Model of the NWRFS. The 24-
hour quantitative precipitation forecast used to drive
the model is shown in the upper left. The peak
streamflow for each run is plotted. The posted
numbers give the approximate percentage of basin
area below the altitude corresponding to the melting
level. These percentages were determined by
linearly interpolating the area elevation curves
generated for each basin in the SNOW-17 module of
the NWRFS.



Table 1. California river basins used in the NWSRFS model runs.
River/Basin Basin Response Monitor/ Monitor/ MAP**
Area Time* Flood Stage Flood Flow
(sq. mi.) (h) (ft) (10° cfs) (in)

Klamath River near 772 18 NA NA 69.5
Turwar Creek
Smith River at Jedediah 614 6 25/29 76.2/117.7 102.5
Smith State Park
Trinity River at Hoopa 650 18 44/48 129.3/157.5 62.6
Truckee River at Farad 204 6 10/11 8.64/10.5 411

* Response time = peak ordinate of the 6-hour unit hydrograph.

** MAP = basin mean annual precipitation
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Fig. 2. Hourly median profiles of radar reflectivity, in
the form of range corrected signal-to-noise ratio
(SNR), and Doppler vertical velocity (DVV; positive
downward) measured with the vertical beam of the
915-MHz wind profiler at Bodega Bay, California,
between 1100 and 1200 UTC on 24 February, 2001.
The bright-band height (BBH) is indicated by the bold
dashed lines at 0.772 km above ground level (AGL).
The melting level or melting-layer top measured by
a rawinsonde launched from Bodega Bay at 1126
UTC is shown by the dashed line at 0.994 km AGL.
For illustration, the bottom of the melting layer is
estimated to be at the bottom of the bright band,
which is also where DVV is largest. The profiles
were measured in stratiform rain during a period of
decreasing BBH (see Fig. 4).
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Fig. 3. Schematic showing the classic bright-band
structure in vertical profiles of Doppler vertical
velocity (DVV; positive downward) and range-
corrected signal-to-noise ratio (SNR). Indicated are
the magnitudes of the jumps (denoted by A’s) and
thresholds (dashed vertical lines) in DVV and SNR
used by the algorithm to detect the lower portion of
the bright band.
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Fig. 4. (a) Example of a bright-band height (BBH)
image from the Pacific Land-falling Jets Experiment
displayed on a real-time data web page (http://
www7.etl.noaa.gov/data/). The colored rectangles
display hourly averaged values of Doppler vertical
velocity (DVV; positive downward) recorded by the
wind profiler at Bodega Bay, California (BBY, elev.
12 m) on 24 February, 2001. The BBH data are
indicated by black dots. The time axis proceeds
from right to left. Heights are above mean sea level
(MSL). The image has been annotated to indicate
patterns of DVV corresponding to radar backscatter
from different atmospheric media. Noise refers to
measurement noise caused by low signal power. (b)
Time-height cross section of wind barbs (flag = 25
m s™; full barb = 5 m s"; half barb = 2.5 m s™") and
isotachs (m s™) of the zonal wind component

recorded by the wind profiler at Bodega Bay for the
same period as in (a). A descending warm front is
dilineated by a region of enhanced speed and
directional wind shear. The black dots are the same
BBHs plotted in (a).
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(solid) and 1:1 agreement (dashed).



Bulk Microphysical Characteristics of Rainfall Observed at a California Coastal Mountain Site
During CALJET*

Allen B. White', Paul J. Neiman?, F. Martin Ralph?, David E. Kingsmill’, and P. Ola G. Persson'

'Cooperative Institute for Research in Environmental Sciences,
University of Colorado/NOAA Environmental Technology Laboratory, Boulder, Colorado
NOAA/Environmental Technology Laboratory, Boulder, Colorado
®*Desert Research Institute, Reno, Nevada

Radar and rain gauge observations collected in
coastal mountains during the California Land-falling
Jets Experiment (CALJET - site locations shown in
Fig. 1) are used to diagnose the bulk microphysical
characteristics of rainfall during a wet winter season
(January-March,1998). Three rainfall types were
clearly distinguishable by differences in their vertical
profiles of radar reflectivity and Doppler vertical
velocity: i.e., non-bright-band, bright-band, and
hybrid (seeder-feeder). The contribution of each
rainfall type to the total rainfall observed at the radar
site (1841 mm) was determined by a new, objective
algorithm. While hybrid rain occurred most often,
non-bright-band rain (NBB rain) contributed
significantly (28% ) to the total (Fig. 2). This paper
focuses on characterizing NBB rain because of the
need to document this key physical process and
because of its impact on WSR-88D radar
precipitation surveillance capabilities.

NBB rain is a quasi-steady, shallow rain process
that does not exhibit a radar bright band, that occurs
largely beneath the melting level, and that can
produce rain rates exceeding 20 mm hr' (for
example, see Fig. 3). Composite vertical profiles
were produced for NBB rain using 1417 samples and
bright-band rain using 5061 samples. Although the
mean rain rate for each composite was 3.95 mm hr’,
at all altitudes NBB rain had systematically weaker
reflectivity (e.g., 20.5 dBZe vs. 28.5 dBZe at 263 m
above ground level) and much smaller Doppler
vertical fall velocities (e.g., 2.25m s vs. 6.25 m s™
at 263 m) than bright-band rain (Fig. 4). The
reflectivity-rain rate (Z-R) relationship for NBB rain
(Z=1.2R"®) differs significantly from that of bright-
band/hybrid rain (Z=207R"").

The meteorological context in which NBB rain
occurred is described through case studies and
seasonal statistics. NBB rain occurred in a wide
variety of positions relative to frontal zones within
land-falling storms, but 3/4 of it fell when the layer-
mean, profiler-observed wind direction at 1250 m
MSL (the altitude of the composite low-level jet) was
between 190 and 220°. The importance of
orographic forcing during NBB rain, relative to all rain
events, was indicated by a stronger correlation
between upslope wind speed and coastal rain rates
at 1250 m MSL (r=0.74 vs. r=0.54), stronger low-
level wind speeds, and wind directions more
orthogonal to the mean terrain orientation.

*This material is extracted from a paper that has
been submitted to the Journal of Hydrometeorology.
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Fig. 1. Base map of California showing gray-shaded
terrain (m) and the locations of the upper-air
observing sites (see key) used during CALJET. The
inset box highlights the CALJET microphysics array,
including the Cazadero (CZD) site that housed the
vertically pointing S-band profiler, a 915-MHz wind
profiler with RASS, a surface meteorological station,
and a laser ceilometer.
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Fig. 2. (a) Histogram of rainfall intensity measured at
CZD during the period January through March 1998.
The rainfall rates are based on 30-minute
accumulations measured by a tipping bucket rain
gauge. (b) The percentage of time that each rainfall
process occurred for a given rainfall intensity. The
rainfall process breakdown is not shown for rain
rates exceeding 15 mm h™' because of the limited
data availability at the heaviest rain rates, and it is
not shown for rain rates <1 mm h” because the
process partitioning technique requires rain rates of
atleast 1 mmh ™.
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The Impact of a Prominent Rain Shadow on Flooding
in California’s Santa Cruz Mountains:
A CALJET Case Study and Sensitivity to the ENSO Cycle*

F. Martin Ralph', P.J. Neiman', D.E. Kingsmill?, P.O.G. Persson®, A.B. White*, E.T. Strem*, E.D.
Andrews®, R.C. Antweiler®

NOAA/Environmental Technology Laboratory, Boulder, CO
’Desert Research Institute, Reno, NV
3Cooperative Institute for Research in Environmental Sciences/NOAA/ETL, Boulder, CO
“NOAA/National Weather Service/California-Nevada River Forecast Center, Sacramento, CA
®United States Geological Survey, Boulder, CO

Observations collected during the California
Land-falling Jets experiment (CALJET) are used to
explore the causes of significant variations in flood
severity in adjacent watersheds within the ~1000-m-
tall Santa Cruz Mountains during the storm of 2-3
February 1998 (Fig. 1 shows the stormwide rainfall).
While Pescadero Creek (PES: 118 km? rural)
experienced its flood of record, the adjacent San
Lorenzo Creek (SLO: 275 km?; heavily populated),
attained only its 4™ highest flow (Fig. 2). This
difference resulted from conditions present while the
warm sector of the storm, with its associated low-
level jet, high water vapor content and weak static
stability, were overhead (Figs. 3 and 4).
Observations from well-positioned wind profilers and
a NEXRAD radar (Figs. 4 and 5) show that
orographic processes, most strongly modulated by
wind speed and direction from 0.6 - 1.4 km MSL in
the warm sector (Neiman et al. 2002), dominated the
event. While the wind speed strongly modulated rain
rates on windward slopes (Fig. 4c), the wind
direction positioned the edge of a rain shadow cast
by the Santa Lucia Mountains (denoted by a “dividing
streamline” — see Figs. 5 and 6) partially over the
San Lorenzo basin, thus protecting the town of Santa
Cruz from a more severe flood. The meteorological
diagnoses were combined with the hydrological data
to infer that roughly one-third of the flow at flood
peak on Pescadero Creek resulted from rainfall
during a key 6-h period in the warm sector when the
rain shadow resided over the adjacent watershed
(Fig. 7). Without this one-third contribution, the flow
on Pescadero Creek would not have attained record
status.

These results, along with anomalous flood
frequency statistics found in this region (Andrews et
al. 2002), led to examination of ~50 y of stream flow
records for these and two other nearby watersheds
and comparison with NCEP/NCAR reanalyses. The
western-most watersheds were found to have their
greatest floods during EI Nifios, while the
easternmost watersheds peaked during La Nifas
(Fig. 8). These results are consistent with the case
study in that the composite 925 mb wind direction
during El Nifios favors a rainshadow over the eastern
watersheds (Fig. 9). During La Nifias, the composite
wind direction indicates that the sheltering effect of
the rain shadow on the eastern watersheds is
reduced, while weaker winds, less water vapor, and
stronger stratification reduce the peak runoff in the
western watersheds.

These case study and climatological results
illustrate the importance of conditions in the warm
sector of land-falling Pacific winter storms. In
particular, variations of £10° in wind direction can
modulate the location of floods. While terrain can
increase predictability (e.g., rainfall typically
increases with altitude), the predictability is reduced
when conditions are close to a threshold separating
very different regimes (e.g., in or out of a rain
shadow).

*This material is extracted from a paper that is in
preparation for submission to the Journal of
Hydrometeorology.
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Fig. 1. Terrain base map showing the observing
systems and a 45-h accumulated rainfall analysis
(mm) between 0300 UTC 2 February and 0000 UTC
4 February 1998. The dashed 150-mm contour over
the Santa Cruz Mountains is a conservative estimate
of the rainfall based partly on radar reflectivity
observations from the NEXRAD radar at MUX; there
were no functioning rain gauges within this enclosed
contour. The inset box defines the domain of Figs.
5. The rain gauge site at TPK is labeled.

Fig. 2. Time series traces of measured stream flow
(m®s™; solid) and normalized stream flow (percent of
record stream flow; dashed) between 1500 UTC 2
February and 1800 UTC 3 February 1998 at (a)
PES, (b) SLO, (c) SOQ, and (d) COR. The
normalized stream-flow trace and peak-flow ranking
at each site are based on a comparison with data
dating back to 1950 at SLO and SOQ, 1952 at PES,
and 1955 at COR. These sites are located in the
Santa Cruz Mountains and are shown and labeled in
Fig. 8. The vertical gray-shaded bar identifies the
crucial time period in the warm sector between 2200
UTC 2 February and 0400 UTC 3 February.
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(b) 18 UTC 2 Feb 98; Near-surface fronts and GOES imagery/winds
o — e c —_—

Fig. 3. NOAA GOES infrared satellite images with frontal positions at (a) 1200 UTC 2 February 1998, (b) 1800
UTC 2 February, (¢) 0000 UTC 3 February, and (d) 0600 UTC 3 February. Satellite-derived feature-tracked
winds below 600 mb are shown. Wind flags are 25 m s™, full barbs are 5m s™, and half-barbs are 2.5 m s™.
The coastal wind-profiler array is defined by the string of triangles along the West Coast. Panel (b) includes
P-3 flights legs time-to-space adjusted to 1200 UTC 2 February: blue line, upper-level leg (~400 mb) that
released dropsondes; red line, low-level leg (below 850 mb).
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Fig. 4. Time-height section and time-series of data between 0600 UTC 2 February and 1800 UTC 3 February
1998: (a) Time-height section of hourly-averaged horizontal wind profiles, upslope-component isotachs
(directed from 225°), and fronts at PPB (wind flags and barbs are the same as in Fig. 3). The wind profiler
data within the horizontal gray-shaded bar (0.6 - 1.4 km MSL) were layer-averaged and then presented in
panel (c). The approximate top of the Santa Cruz and Santa Lucia Mountains are shown. (b) Time series
of accumulated rainfall at PPB and TPK. (c) Time series of hourly-averaged, layer-mean upslope flow
between 0.6 and 1.4 km MSL at PPB [layer shown in (a)] and corresponding hourly rain rate at TPK. The 20-h
correlation coefficient between these two traces (r = 0.91) is shown. The vertical dashed lines in (b) and (c)
mark the times of frontal passage at the surface, and the vertical gray-shaded bar in each panel is as in Fig.

2.
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Fig. 5. (a) Quantitative precipitation estimate QPE
(mm, see scale) for the 6-h period 2200 UTC 2
February to 0400 UTC 3 February 1998 based on a
coastal mountain Z-R relationship applied to the
mean reflectivity field measured by the NEXRAD
radar at MUX. (b) As in (a), but for the QPE field
advected 7.5 km downstream from 169°; this
advective adjustment is based on the observed
low-level winds and rainfall characteristics. 6-h
rainfall totals (rounded to the nearest mm) in each
panel are shown next to the corresponding rain-
gauge sites (bold dots). The four stream gauges
displayed and labeled in Fig. 8 are also shown here
(open triangles). The Pescadero and San Lorenzo
watersheds are outlined. The bold dashed black line
marks the limiting streamline from 169° (see also
Fig. 6).
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Fig. 6. Terrain base map and inset box, as in Fig. 1.
Limiting streamlines directed from 169° and 199°
(solid and dashed, respectively) emanating from the
northwestern tip of the Santa Lucia Mountains are
shown. The dotted line AA’ is a projection line for a
terrain cross section (not shown).



Fig 7. The hydrograph trace from Pescadero Creek
on 2-3 February 1998 (m® s™'; solid curve), with
estimated flow contributions for scenarios with the
(a) greatest and (b) least impact of the 6-h period of
orographically forced warm-sector rain ending at
0400 UTC 3 February on the record runoff at 0945
UTC 3 February. Dark shading between the dotted
curves in each panel denotes the estimated
contribution to the total stream flow due to the 6-h
period of orographically forced warm-sector rain
ending at 0400 UTC 3 February (R,.), and the light
shading above the top dotted curve and beneath the
bottom dotted curve mark the estimated
contributions to the total stream flow due to the cold-
frontal rain commencing at 0400 UTC 3 February
(Ry) and the warm-frontal rain ending at 2200 UTC
2 February (R,), respectively. The magnitude of the
eight largest floods observed in Pescadero Creek
are shown (bold dots) relative to the magnitude of
the record flow at 0945 UTC 3 February 1998. The
“X” in each panel denotes the estimated peak
stream flow that excludes the impact of the 6-h
period of orographically forced warm-sector rain.

Fig. 8. Terrain base map showing the locations of
the stream-gauge stations unaffected by flow
regulation (a) in California’s central-coast region that
were first analyzed in Andrews et al. (2002). The
normalized El Nifio flood ratio R, for a 5-year flood,
based on recorded annual peak flows for El Nifio
and non-El Nifo conditions (MEI greater than and
less than 0.5, respectively), is shown in parentheses
next to the corresponding station name. This ratio is
based on the relative magnitudes of the El Nifio and
non-El Nifo annual peak floods that occur, on
average, once every 5 years at each site. The limits
of R, range from 2 when EI Nifio flooding dominates
to 0 when non-El Nifio flooding dominates. The
second number in each pair of parentheses is the
year that data were initially recorded at that site; all
sites gathered data through 2000. The wind profiler
site at PPB is indicated ().
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Fig. 9. Composite 925-mb geopotential height (m) 50

based on the NCEP/NCAR reanalysis global gridded

data set during the annual peak flood at each of the

eight stations in Fig. 8 for (a) El Nifio conditions and 48

(b) non-El Nifio conditions. The 24-h averaged 600
reanalysis data for the day of each flood and the day

preceding each flood were included in the 42 620 &
Pa

(a) 925 mb composite heights (m)
for El Nifio annual peak floods

appropriate composite. The white dot in each panel
marks the location of the Santa Cruz Mountains, and
the table in the lower right of each panel contains 3 680
composite data at 925 mb (DIR,,; = geostrophic 680
wind direction, SPDy,;=geostrophic wind speed, Tq,5
= temperature, qq,; = mixing ratio), and composite
lapse-rate data between 1000 and 700 mb (Y000-700)s
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