Orographic Precipitation Processes in West Coast Mountains
Ellen Sukovich
Research Meteorologist
NOAA Earth System Research Laboratory
325 Broadway, Mail Code R/PSD2
Boulder, CO 80305

Tel:
(303) 497-4811
Email: ellen.sukovich@noaa.gov
Web:

BIOGRAPHICAL SKETCH
Ellen Sukovich is a research meteorologist for the University of Colorado’s Cooperative Institute of Research
in the Environmental Sciences (CU/CIRES) and for NOAA’s Physical Sciences Division (NOAA/PSD). Her
research focuses on hydrometeorological process studies with an emphasis on the microphysics and remote
sensing of precipitation and on the verification and analysis of numerical model output. For the past five
years, she has been involved in NOAA Hydrometeorology Testbed-West in California which is aimed at
improving short-term forecasting of land-falling storms impacting the west coast of the U.S.
Ellen earned a bachelor’s degree in Chemistry from Carleton College in 2001 and a master’s degree in
Atmospheric Sciences from the University of Washington in 2005 under the guidance of Dr. Robert Houze.
She has worked for CU/CIRES and NOAA/PSD from 2005 to present.
ABSTRACT

For the past 15 years, the Water Cycle Branch of the Physical Sciences Division within NOAA’s Earth System
Research Laboratory (ESRL) has been studying orographic precipitation processes with the goal of better
understanding and better forecasting extreme precipitation and flooding events. This talk highlights three
orographic processes that impact California precipitation: moisture flux, orographic precipitation rain types,
and Sierra barrier jets.

The first orographic process presented is the moisture flux. The moisture flux (upslope flow × integrated
water vapor) is directly correlated to the coastal rain rate and amount when atmospheric rivers impact the
terrain of California. Atmospheric river observatories and the Coastal Atmospheric River Monitoring and
Early Warning System (aka "the flux tool") were developed to monitor the moisture flux and to provide
enhanced situational awareness and forecast guidance for extreme precipitation events along the U.S. West
Coast.
The second process described is non-brightband rain. Orographic rainfall can be partitioned into three
rainfall types: non-brightband (NBB), bright band (BB), and hybrid rain. Of the three, NBB rain is found to
contribute significantly (28%) to the total rainfall amount, and yet this key orographic precipitation process
had not been documented until 2003. The characteristics of NBB rain are presented.
The final orographic process discussed is the Sierra barrier jet which significantly impacts the precipitation
distribution in the Sierra Nevada. The Sierra barrier jet occurs when an airstream approaching the Sierra
Nevada slows down and is deflected leftward as a result of a weakened Coriolis force when the Froude
number is less than unity. A corridor of low-level blocked flow forms upstream and below the top of that
barrier and usually contains a barrier jet paralleling the long axis of the high terrain. The presence of this
orographically-induced jet tends to redistribute precipitation upwind of the barrier.

This talk will present research by NOAA’s Physical Sciences Division regarding orographic
precipitation processes in the West Coast mountains and how these processes are related
to West Coast extreme precipitation events and flooding.
This picture was taken December 22, 2010 in the Los Angeles area in the wake of a
significant precipitation event.
(http://www.msnbc.msn.com/id/40779006/ns/weather/t/mud‐more‐evacuations‐wake‐la‐
area storm/)
area‐storm/)
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1. Background and Motivation:
(Orography, atmospheric rivers, and HMT)
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• Orography can influence both large and smaller scale weather.
• Orographic precipitation occurs when an air mass is lifted over terrain.
• Most orographic precipitation falls upwind of the mountain ridge.
• Unblocked flow occurs when the flow approaching a mountain barrier is lifted
over the terrain.
‐Precipitation enhancement occurs almost entirely over the lower windward
slopes of the barrier with little upstream enhancement.
• Blocked flow occurs when the flow approaching a mountain barrier too weak or too
stable to be carried over the barrier.
‐ Precipitation enhancement occurs upstream of the barrier.

• Atmospheric Rivers (AR) are relatively narrow regions in the atmosphere that are
responsible for most of the horizontal transport of water vapor outside of the tropics.

• On average ARs are 400‐600 km wide.
• ARs move with the weather and are present somewhere on the earth at any given
time.
• While ARs come in many shapes and sizes, those that contain the largest amounts
of water vapor, the strongest winds, and stall over watersheds vulnerable to
flooding, can create extreme rainfall and floods.
• Not all ARs cause damage – most are weak, and simply provide beneficial rain or
snow that is crucial to water supply.

• The Hydrometeorology Testbed (HMT) conducts research on precipitation and
weather conditions that can lead to flooding.
• HMT fosters transition of scientific advances and new tools into forecasting
operations.
• HMT's outputs support efforts to balance water resource demands and flood
control in a changing climate.
• HMT is led by the Water Cycle Branch of NOAA’s ESRL Physical Sciences Division
with partners across NOAA, other agencies and universities.

2. Relationship between wind, water
vapor, and orographic precipitation
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• Rain rate in coastal mountains is directly correlated to upslope flow at the coast,
as measured by wind profilers and collocated rain gauges over multiple winters.
• Upslope flow at ~1 km is the best indicator of orographic rains.

• Relationship between integrated water vapor (IWV) and upslope flow shows that
increased rain rate is directly correlated to increased IWV and increased upslope
flow.
• Rain rate and orographic rain enhancement increases with increasing water vapor
flux.
• These conditions are characteristic of the atmospheric river region of landfalling
midlatitude cyclones.

• To better monitor these conditions, atmospheric river observatories were created.
• AROs monitor the wind speed, direction, snow level and water vapor content in real‐
time above the earth's surface.

• GPS receivers provide measurements of integrated water vapor (IWV).
• Integrated water vapor flux (upslope × IWV) correlates more strongly with
mountain rain intensities than do either 1 km upslope flow or IWV separately.

• With AROs located at various sites, we can monitor AR events both spatially and
temporally.

• Real time IWV flux tool available online at http://www.etl.noaa.gov/et7/data
‐ Panel 1: Time height section of hourly averaged wind profiles and brightband
height
‐ Panel 2: Time series of hourly averaged upslope flow in the layer between 750
and 1250 MSL and IWV
‐ Panel 3: Time series of hourly averaged IWV flux and hourly rainfall histogram at
a coastal and a mountain site.
• Black box indicates model output

3. Types of rain associated with
orographic precipitation

• Vertically pointing S‐band radars documented a key shallow rain process without a
brightband (NBB rain), as well as deep brightband (BB) rain.
• Rain rates in West Coast storms can exceed 20 mm h‐1 during NBB rain.
• For comparable rain rates, reflectivities were ~10 dBZ lower during NBB rain.
• NBB rain is common but hard to detect with NEXRAD due to its shallow character.
• NBB rain has also been observed by ESRL S‐ band profilers in the Sierra and
Cascades.

• NBB rain is a quasi‐steady, shallow rain process that does not exhibit a radar bright
band, occurs largely beneath the melting level, has smaller Doppler vertical fall
velocities, and can produce rain rates exceeding 20 mm h−1.
• BB rain is formed through ice crystal growth and subsequent melting which increases
radar reflectivity and is positively correlated with Doppler vertical velocity.

• Rainfall partitioning results for 12 winter seasons show that NBB rain accounts for 15‐
35% of the total rain depending on site location.
• Coastal sites (CZD, BBY, PTS) and sites directly across from the Petaluma Gap (GVY, ATA,
SPD) have higher NBB rain percentages (24‐35%).
• Sites further inland and sites blocked by the coastal terrain (RVD, MBO, MPI) have lower
NBB rain percentages (15‐16%).

Detection of nonbright band (NBB) rain

Non bright‐band rain: 50% of total rain in this 3 inch event
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• NBB rain is common and hard to detect with NEXRAD due to its shallow character.
• Reflectivity-rainfall rate relations for NBB rain are dramatically different than those
used by operational radars.

4. Sierra barrier jet (SBJ) and its
impact on precipitation distribution
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• To study the Sierra barrier jet (SBJ) we conducted a wind profiler–based study along the
windward slope of California’s Sierra Nevada.
• In the Northern Hemisphere, an airstream approaching a mountain barrier slows down
and is deflected leftward as a result of a weakened Coriolis force when the Froude number
of that airstream is less than unity.
• The corridor of low‐level blocked flow resides upstream and below the top of that barrier
and usually contains a barrier jet paralleling the long axis of the high terrain.
• Barrier jet flows
flows, which are maintained by a statically stable pressure ridge dammed
against the windward slope, have been documented along the western slope of California’s
Sierra Nevada.
• Studies show that barrier jet–related flows can redistribute precipitation in physically
plausible patterns which makes this an important orographic process to study.

• The seasonal distribution of SBJ wind profiles shows a well‐defined maximum during the
cooler months and a marked minimum during the summer.
• This cycle mirrors the landfalling baroclinic cyclone climatology and the associated
seasonal cycle of precipitation in California.
• SBJ events have the greatest potential to modulate precipitation and associated
hydrology during California’s cool season because this is when most of the precipitation
falls in the state and SBJs are typically tied to transient storm systems during the cool
season.
season
• Composite V‐component wind profiles highlight the seasonally dependent vertical
structures of the SBJ wind profiles.
• The wintertime SBJ cases (DJF) contain ~55% of the total number of SBJ wind profiles,
whereas the summer SBJ cases (JJA) account for ~4% of those profiles.
• The SBJ wind profiles are strongest in winter and weakest in summer, consistent with the
seasonal variation in the strength of landfalling extratropical cyclones.
• The shoulder seasons (SON and MAM) exhibit intermediate magnitudes of flow.

• To estimate the impact of cool‐season SBJ cases on regional precipitation, data from a
three precipitation gauges along the Sierra’s windward slope plus a gauge located at the
head of the Central Valley were examined.
• The precipitation was stratified into two bins: the amount that fell during SBJ events and
the amount that fell in the absence of SBJ conditions.
• Approximately 47%–60% of the observed precipitation fell during SBJ events, thus
revealing the dominant role of SBJs in contributing to the water supply in the north/central
part of California.
California
• SBJ cases shifted precipitation down the windward slope.
• SBJ cases significantly enhanced precipitation at the north end of the Central Valley.

• SBJ conditions can be stratified into “strong” and “weak” SBJs based on the mean
strength.
• Strong SBJs are tied to transient, high‐amplitude waves at 500 impacting California,
whereas weak SBJs occur with low‐amplitude waves in zonal flow making landfall in the
Pacific Northwest.
• Composites of vertically integrated horizontal water vapor transport between the surface
and 300 hPa show that the strong composite is characterized by a corridor of large vapor
fluxes (400 kg s−1 m−1) approaching California from the southwest, whereas the weak
composite contains a weaker (300 kg s−1 m−1), zonally oriented plume at a more northern
location.
• The strong IVT composite shows evidence of terrain modulation, both in California’s
Central Valley and along its northern coastal zone.
• The weak IVT composite exhibits no significant inland penetration of enhanced vapor
fluxes and only marginally enhanced fluxes along California’s northern coastal zone.
• Both IVT composites show a landfalling AR‐like plume which highlights the fact that SBJs
are typically tied to warm‐sector flows in extratropical cyclones.

• Stratification by SBJ strength yields much larger precipitation rates (by a factor of 4–8) for
the strong cases.
• Both stratifications show a steady increase in precipitation rate with altitude up the Sierra
slope between CHI and FOR.
• Strong SBJ cases are associated with hydrologically significant storms, whereas the weak
cases are not.

Summary of results.

