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Summary
The western U.S. receives precipitation predominantly during the cold season when storms approach from
the Pacific Ocean. The snowpack that accumulates during winter storms provides about 70-90% of water
supply for the region. Understanding and modeling the fundamental processes that govern the large
precipitation variability and extremes in the western U.S. is a critical test for the ability of climate models
to predict the regional water cycle, including floods and droughts. Two elements of significant importance
in predicting precipitation variability in the western U.S. are atmospheric rivers and aerosols.
Atmospheric rivers (ARs) are narrow bands of enhanced water vapor associated with the warm sector of
extratropical cyclones over the Pacific and Atlantic oceans. Because of the large lower-tropospheric water
vapor content, strong atmospheric winds and neutral moist static stability, some ARs can produce heavy
precipitation by orographic enhancement during landfall on the U.S. West Coast. While ARs are
responsible for a large fraction of heavy precipitation in that region during winter, much of the rest of the
orographic precipitation occurs in post-frontal clouds, which are typically quite shallow, with tops just
high enough to pass the mountain barrier. Such clouds are inherently quite susceptible to aerosol effects
on both warm rain and ice precipitation-forming processes.
The Atmospheric Radiation Measurement (ARM) Cloud Aerosol Precipitation Experiment (ACAPEX)
will deploy the DOE ARM Mobile Facility 2 (AMF2) and the ARM Aircraft Facility (AAF) G1 in
January – March 2015 in conjunction with CalWater 2 – a NOAA field campaign. The joint field
campaign aims to improve understanding and modeling of large-scale dynamics and cloud and
precipitation processes associated with ARs and aerosol-cloud interactions that influence precipitation
variability and extremes in the western U.S. Our observational strategy consists of the use of land and
offshore assets to monitor (1) the evolution and structure of ARs and their moisture sources from near
their regions of development, (2) long-range transport of aerosols in eastern North Pacific and potential
interactions with ARs, and (3) how aerosols from long-range transport and local sources influence cloud
and precipitation in the U.S. West Coast where ARs make landfall and post-frontal clouds are frequent.
Deployed onboard the NOAA R/V Ron Brown, AMF2 will provide critical measurements to quantify the
moisture budget and cloud and precipitation processes associated with ARs, and to characterize aerosols
and aerosol-cloud-precipitation interactions associated with aerosols from long-range transport in the
Pacific Ocean. The G1 aircraft will probe the clouds that form over the ocean and their transformations
upon landfall as well as the orographic effects over the coastal range and the Sierra Nevada. The G1
flights will provide critical information needed for comparing the simulated and observed processes of the
vertical profiles of cloud microstructure, and the resultant precipitation initiation and glaciation. This will
allow the development and validation of more realistic simulations that will replicate the aircraft
measurements and thus quantify more reliably the entities that cannot be obtained directly by the aircraft
measurements to improve understanding and modeling of aerosol-cloud-precipitation interactions.
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Acronyms and Abbreviations
ACAPEX

ARM Cloud Aerosol Precipitation Experiment

AR

Atmospheric Rivers

ARM

Atmospheric Radiation Measurement

BC

Black Carbon

CALIPSO

Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observation

CAS

Cloud Aerosol Spectrometer

CCN

Cloud Condensation Nuclei

CIP

Cloud Imaging Probe

CPC

Condensation Particle Counter

CSPHOT

Cimel sunphotometer

CVI

Counter-flow Virtual Impactor

DOE

U.S. Department of Energy

EFREP

Enhanced Flood Response and Emergency Preparedness

FRSR

Fast Rotating Shadow Band Radiometer

HIAPER

High-performance Instrumented Airborne Platform for Environmental
Research

HIPPO

HIAPER Pole-to-Pole Observations

HMT

Hydrometeorological Testbed

IN

Ice Nuclei

INS

Inertial Navigation System

MAERI

Marine Atmospheric Emitted Radiance Interferometer

MET

Marine Meteorological Instruments

MFRSR

Multi-filter Rotating Shadowband Radiometer

MISR

Multi-angle Imaging Spectro Radiometer

MJO

Madden-Julian Oscillation

MPL

Micropulse Lidar

NOAA

National Oceanic and Atmospheric Administration

PIR

Precision Infrared Radiometer

PNNL

Pacific Northwest National Laboratory

PRP

Portable Radiation Package

PSD

Particle Size Distributions

PSP

Precision Spectral Pyranometer

RASS

Radio Acoustic Sounding System

RPH

Roll, Pitch and Heave

SBJ

Sierra Barrier Jet
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SEANAV

Sea-borne Navigation System

SWE

Snow Water Equivalent

TDR

Tail Doppler Radar

WISPAR

Winter Storms and Pacific Atmospheric Rivers

WV

Water Vapor
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1.0 Introduction
The western U.S. receives precipitation predominantly during the cold season when storms approach from
the Pacific Ocean. The snowpack that accumulates during winter storms provides about 70-90% of water
supply for hydropower generation, irrigation, and other uses. Understanding and modeling the
fundamental processes that govern the large variability of precipitation in the western U.S. is a critical test
for the ability of climate models to simulate clouds and precipitation and to predict the regional water
cycle and extremes from intraseasonal to century time scales. Two elements of significant importance in
predicting precipitation variability in the western U.S. are atmospheric rivers (AR) and aerosols. ARs are
narrow bands of enhanced water vapor associated with the warm sector of extratropical cyclones over the
Pacific and Atlantic oceans (Zhu and Newell 1998; Ralph et al. 2004; Bao et al. 2006). Because of the
large lower-tropospheric water vapor content, strong atmospheric winds and neutral moist static stability
(Figure 1), some ARs can produce heavy precipitation by orographic enhancement during landfall on the
U.S. West Coast (Ralph et al. 2005, 2006; Neiman et al. 2008).

Figure 1.

Left: Special Sensor Microwave Imager (SSM/I) retrieved vertically integrated water vapor
on February 16, 2004 in which an AR was detected. Right: A schematic showing the vertical
profiles of atmospheric moisture flux, moist stability, and wind speed associated with an
AR and heavy precipitation as the AR makes landfall on the mountainous west coast
(Source: Ralph et al. 2005).

While ARs are responsible for a large fraction of heavy precipitation in the western U.S. during winter,
much of the rest of the orographic precipitation occurs in post-frontal clouds, which are typically quite
shallow, with tops just high enough to pass the mountain barrier. In such conditions supercooled cloud
water was documented to occur quite regularly in the western side of the orographic clouds over the
topographic barrier when the cloud tops were >-15°C to -20°C (Heggli et al. 1983, Reynolds and Dennis
1986). Such clouds are inherently quite susceptible to aerosol effects on both warm rain and ice
precipitation-forming processes. Measurements from the Suppression of Precipitation (SUPRECIP) field
campaigns (Rosenfeld et al. 2008) suggest that aerosols that are incorporated in orographic clouds can
efficiently slow down cloud-drop coalescence and riming on ice precipitation and delay the conversion of
cloud water into precipitation. As a result, precipitation is redistributed with significant reductions on the
upwind slopes and small compensation on the lee side, resulting in a net loss of precipitation and winter
snowpack in the mountains.
In an effort to advance scientific understanding, numerical modeling, and measurements of critical
physical processes underlying future changes in water supply and flood risks, a multi-year field
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experiment CalWater has been formulated to study the AR and aerosol effects on precipitation
(http://www.esrl.noaa.gov/psd/CalWater/). Field experiments were carried out in Jan – Feb 2009 and Jan
– Mar 2010 at Sierra Nevada sites that include ground-based aerosol and hydrometeorological
measurements. In the Dec 2010 – Mar 2011 experiment, the Pacific Northwest National Laboratory
(PNNL) G1 research aircraft flew between 2 February and 7 March 2011 and documented meteorology,
cloud microphysics, and aerosol size and sources/composition in the Sierra Nevada and Central Valley.
The CalWater field experiments have documented important cloud and precipitation processes associated
with the ARs and the significant role of the Sierra Barrier Jet (SBJ) in orographic enhancement of
precipitation (Neiman et al. 2010; Lundquist et al. 2010). However, much remains unanswered as to the
development of ARs and the amount and origin of moisture that is transported by the AR to feed the
heavy precipitation in the west coast of the U.S. Previous studies by Mo (1999) and Bond and Vecchi
(2003) have linked tropical variability including the Madden-Julian Oscillation (MJO) to precipitation in
the western U.S. Based on a detailed case study, Ralph et al. (2011) found that the phasing of several
major planetary-scale phenomena including the MJO and extratropical wave activities led to the direct
entrainment of tropical water vapor into the AR that subsequently produced heavy precipitation over the
coastal mountain ranges. Guan et al. (2011) showed that AR timing and frequency and snow water
equivalent (SWE) in the Sierra Nevada are significantly augmented when MJO is active over the far
western tropical Pacific. However, to what extent tropical-extratropical interactions involving the MJO
play a role in ARs and the importance of the tropical and other moisture sources to heavy precipitation as
ARs make landfall on the west coast is not known.
During the 2009 and 2010 CalWater field experiments, comprehensive aerosol chemistry and
meteorological measurements documented the potential role of long-range (Asian) dust transport to
precipitation in the Sierra Nevada. Comparing two storms with enhanced water vapor associated with AR
conditions, Ault et al. (2011) hypothesized that Asian dust transported across the Pacific and incorporated
into the upper altitudes of precipitation-producing clouds of a storm increased snowpack compared to the
other storm with similar meteorological conditions but lower dust content in precipitation. Augmented by
data collected on the G1 aircraft, the 2011 CalWater field experiment further provided important evidence
of Asian dust on snowfall in the Sierra Nevada. In addition, the High-performance Instrumented Airborne
Platform for Environmental Research (HIAPER) Pole-to-Pole Observations (HIPPO) field campaigns
measured a comprehensive suite of tracers of the carbon cycle and related species using the NSF/NCAR
G-V aircraft during 2009-2011. From several meridional cross sections over the mid-Pacific, the HIPPO
data showed episodes of high concentrations of black carbon (BC) from Asian sources. How Asian
aerosols including dust and BC influence precipitation in the western U.S. depends on their composition
and concentrations as well as their ability to serve as ice nuclei (IN) and cloud condensation nuclei (CCN)
as they are transported across the Pacific.
To fill the above gaps in our understanding and ability to simulate and predict AR and aerosol effects that
influence cloud and precipitation, the Atmospheric Radiation Measurement (ARM) Cloud Aerosol
Precipitation Experiment (ACAPEX) will deploy the DOE ARM Mobile Facility 2 (AMF2) and the
ARM Aircraft Facility (AAF) G1 in January – March 2015 in conjunction with the NOAA CalWater 2
observational assets to improve understanding and modeling of large-scale dynamics and cloud and
precipitation processes associated with AR and aerosol-cloud interactions that influence precipitation
variability and extremes in the western U.S. AMF2 will be deployed on NOAA R/V Ron Brown, together
with the NOAA G-IV and P-3 aircrafts to quantify the atmospheric water budget in ARs and characterize
aerosols from long-range transport over the Pacific Ocean, while the G1 aircraft will document the
2
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precipitation-forming processes and their interactions with aerosols upon landfall of the moist air masses
and their impinging on the orographic barriers.

2.0 Objectives and Science Questions
The overarching objectives of ACAPEX and CalWater 2 are to provide measurements to:
Document and quantify the structure and evolution of ARs and their moisture budgets
Improve understanding and modeling of the influence of the tropics, including tropical convection
and the various intraseasonal modes of variability associated with tropical convection, on
extratropical storms and ARs
Characterize aerosols and their microphysical properties over the Pacific Ocean
Improve understanding and modeling of aerosol-cloud-precipitation interactions in clouds
transitioning from the maritime regime to the orographic regime
ACAPEX, in conjunction with CalWater 2, will address two broad sets of science questions:
What influences the evolution and structure of AR and its associated cloud and precipitation?
–

To what extent does water vapor in ARs originate from the tropics? What role does tropical
convection play in this?

–

What are the roles of air-sea fluxes and ocean mixed-layer processes in AR evolution?

–

What are the key dynamical processes that modulate cloud and precipitation from landfalling
ARs?

How do aerosols affect the amount and phase of precipitation?
–

How frequent are aerosols transported across the Pacific and what characteristics make them
effective CCN and/or IN?

–

How do aerosols from long-range transport and local sources influence cloud and precipitation
over California, in both AR and non-AR conditions?

–

How do aerosols influence cyclogenesis and the thermodynamic development of extratropical
cyclones and the coupled ARs associated with these storms?

The above scientific questions are encapsulated by the schematic presented in Figure 2. The figure shows
how the remote northern hemisphere Pacific troposphere is a dynamic part of the atmosphere that fosters
the rapid development of extratropical cyclones. It also serves as the conveyor of some of the most
polluted air masses globally. As shown in Figure 2, the large-scale flow advects anthropogenic and
biomass-burning pollution as well as dust from Asia into the central Pacific, a region favorable for the
development of storms especially during the cool season. Coastal mountains have important effects on
mesoscale circulation and on how aerosols influence clouds and precipitation.

3
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Figure 2.

Conceptual framework for CalWater 2 / ACAPEX science objectives. The observational
strategy requests airborne and ship-based assets over the central and eastern Pacific
complemented by ground-based and aircraft measurements along the U.S. West Coast.

Through data analysis and modeling, measurements collected from ACAPEX and CalWater 2 will be
used to improve parameterizations of aerosol-cloud-precipitation interactions and to advance
understanding and modeling of extratropical storms that produce heavy precipitation in the western U.S.
Advances in these areas will lead to improvements in the predictions of global and regional hydrologic
cycle, including droughts and extreme precipitation, and potential changes in the future climate, as well as
improve weather forecasts of heavy precipitation distribution, including floods and droughts, in the
western U.S.

3.0 Observations
3.1 Overarching Strategy for the Joint CalWater 2/ACAPEX
CalWater 2/ACAPEX will use an observational strategy consisting of the use of land and offshore assets
to monitor the evolution and structure of ARs from near their regions of development and long-range
transport of aerosols in eastern North Pacific and potential interactions between the two, as well as to
investigate the interactions between aerosols and cloud/precipitation in the U.S. West Coast where ARs
make landfall and post-frontal clouds are frequent. The ACAPEX observations are designed to
complement the assets for CalWater 2. More specifically, ACAPEX will deploy the DOE ARM Mobile
Facility 2 (AMF2) and the ARM Aircraft Facility (AAF) G1, in conjunction with instruments provided by
NOAA for CalWater 2, to study moisture transport by AR and the role of tropical convection and
tropical-extratropical interactions on AR development and aerosol effects on cloud and precipitation,
respectively. Figure 3 shows a schematic of the overall CalWater 2/ACAPEX observational strategy.

4
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Figure 3.

The CalWater 2/ACAPEX observational strategy using high- and low-altitude aircraft
platforms, a ship (NOAA R/V Ron Brown) with the AMF2, and a ground-based network
including Hydrometeorology Testbed (HMT) assets and the UCSD /SIO ATOFMS.

The aircraft assets include two aircrafts offshore (NOAA WP-3D and NOAA G-IV) and the DOE G1
onshore. The experimental design is superimposed on SSM/I satellite observations from a strong AR
event discussed in Ralph and Dettinger (2012). An Asian aerosol plume is shown schematically in the
context of the AR to conceptually show the sampling strategy for both the AR (transects and water vapor
flux boxes) and aerosol (profiling to the north and west of the AR) objectives. During such an AR event,
the ship would be vectored along an aircraft transect of an AR to coordinate the observations. As the
parent storm moves to the east, the AR would move to the south and east (toward the G1 sampling region
in the diagram).
Both CalWater 2 and ACAPEX will also be able to leverage major land-based observations of the water
cycle and ARs that are deployed as part of NOAA’s Hydrometeorology Testbed (HMT; hmt.noaa.gov)
and its legacy network for Enhanced Flood Response and Emergency Preparedness (EFREP) of
93 ground-based observing sites in California (Figure 4). We will also make use of polarimetric radars of
the national network that can provide information on hydrometeor types and sizes. Data from six
locations (San Francisco, Eureka, Beale Air Force Base, Sacramento, San Joaquin Valley, Reno) in the
vicinity of our study region in central California will be particularly useful.

5
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Figure 4.

A combined >100-site network of state-of-the-art hydrometeorological observations from
NOAA’s HMT and EFREP.

CalWater 2/ACAPEX will include aircrafts and measurement systems, including AMF2, on board Ron
Brown to measure all the water budget components of the AR including air-sea fluxes, atmospheric
transport, and cloud and precipitation. The mid-altitude aircraft NOAA WP-3D will measure
thermodynamic and wind profiles using dropsonde observations and provide aerosol and microphysical
measurements to support the meteorological measurements. With its Tail Doppler Radar (TDR), the
NOAA P-3 will be used to measure horizontal divergence fields on the scales that drive precipitation and
will use the high-spatial resolution reflectivity information to provide spatially extensive precipitation
estimates. The WP-3D will also house the particle size distribution(PSD) W-band Doppler radar (clouds,
sea spray) and the PSD Scanning Surface Radar Altimeter (surface wave spectra, surface mean square
slope, and rain rate). The NOAA G-IV aircraft will provide the larger context for the offshore
observations including dropsondes and TDR. The G1 aircraft will be deployed in the coastal and inland
region of central California to provide measurements of clouds and aerosols. In addition, polar-orbiting
observations from Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) and
CloudSat (A-Train satellite instruments) and Multi-angle Imaging Spectro Radiometer (MISR) (onboard
the Terra satellite) will provide important context for the planned field observations on clouds, aerosols,
and precipitation in the region of study. The overall suite of measurement platforms and instruments for
CalWater 2 and ACAPEX is described below.
Aircraft Observations (NOAA, DOE)
The platforms and accompanying payloads for CalWater 2 and ACAPEX are described in Table 1.

6
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Table 1.
Aircraft
Platform

Altitude
Range
(kft)

NOAA WP-3D

NOAA G-IV

DOE G-1

Location

1–22

Coastal
California

1–45

Coastal
California and/or
Honolulu, HI

1–23

Coastal/inland
California

Aircraft observations.

Theater of
Operations

Measurements

Vertical profiles of P, T, RH, and wind speed/direction
(dropsondes)
Ocean mixed-layer thermodynamic structure (AXBTs)
Aerosols (total aerosol in the accumulation/coarse
On/Offshore
modes)
California
Microphysics (CCN, IN, cloud water/ice, precipitation
spectra)
Horizontal convergence observed by TDR
PSD W-band radar (clouds)
PSD WSRA (ocean waves, roughness)
HI to
California

Vertical profiles of P, T, RH, and wind speed/direction
(dropsondes)
Precipitation and surface winds from TDR
Tracer of pollution (O3) and strat-trop exchange

Aerosols (total aerosol number and size distributions,
BC mass, dust, scattering/absorption, singleparticle mass spectrometer) and chemical pollution
On/Offshore
tracers (CO, O3)
California
Microphysics (CCN, IN, cloud-drop size distribution,
cloud water/ice content)
Atmospheric state (T, P, RH, wind, turbulence)

Ship-based Observations (NOAA, DOE)
NOAA instruments:
Eddy correlation fluxes
Near-surface meteorology
Ocean mixed-layer structure, currents, turbulence and surface waves
Balloon-borne vertical profiles of temperature, relative humidity, and wind speed/direction and ozone
mixing ratio
DOE AMF2 (more detailed provided in Section 3.2):
Aerosol Observing System (AOS)
Radar Wind Profiler (RWP)
Cloud radars
Ceilometer, micropulse lidar (MPL), and high spectral resolution lidar (HSRL)
3-channel microwave radiometer (MWR3C)
Portable Radiation Measurement Package (PRP2) and sun pyranometer (SPN)
Marine meteorological instruments (MET) including balloon-borne vertical profiles of temperature,
relative humidity, and wind speed/direction

7
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Ground-based Observations (NOAA, UCSD)
NOAA Hydrometeorological Testbed (HMT) and EFREP networks (Coastal and Central California,
Figure 4):
Wind profilers/Atmospheric river observatories (1-2 coastal sites, 2 inland sites)
S-band precipitation profilers (4 sites in and near the Sonoma valley)
Snow-level radars (10 sites)
National polarimetric radar network (San Francisco, Eureka, Beale Air Force Base, Sacramento, San
Joaquin Valley, Reno. See http://radar.weather.gov/)
Meteorological tower observations
IWV from GPS-met sites (>40 sites)
Soil moisture at 10 cm depth (>30 sites)
UCSD/NOAA-HMT: Bodega Bay:
Surface meteorology and rain gauge
449 MHz wind profiling radar w/ radio acoustic sounding system (RASS) (profile of horizontal wind
and virtual temperature in the lowest few kilometers; reflectivity echoes to estimate cloud base and
cloud top height)
Aerosol time-of-flight mass spectrometer for source apportionment of ground-based aerosols to
complement G1 measurements
Aerosol size distributions (10 nm – 10 micron)
CCN measurements
Gas phase measurements (O3, CO, SO2)
Aethalometer BC measurements
Meteorology measurements
35 km south of Cazadero, California (CZC), with NOAA-HMT that with surface meteorology, rain
gauge, soil moisture, and S-band profiling precipitation radar

3.2 Objectives and Strategies for ACAPEX
3.2.1

AMF2 Deployment

The overarching goals of deploying AMF2 in the joint CalWater 2/ACAPEX campaign are twofold:
(1) To quantify the moisture budget and cloud and precipitation processes associated with ARs, and (2) to
characterize aerosols and aerosol-cloud-precipitation interactions associated with aerosols from longrange transport in the Pacific Ocean.
AMF2 will be deployed on the NOAA R/V Ron Brown, in conjunction with other instruments on board
the ship. AMF2 will provide profile information, in conjunction with the dropsondes from the NOAA
G-IV, to quantify the AR moisture budget. AMF2 will also provide surface flux measurements, which
will be used in conjunction with other surface flux measurements from the ship. Combining these data
8
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with satellite measurements of clouds and moisture will provide information to quantify the role of
tropical convection and the associated tropical waves on the development of ARs and quantify the
evolution of moisture, cloud, and precipitation associated with ARs.
AMF2 will also provide measurements of clouds and aerosols that will be used in conjunction with
cloud/aerosol measurements from NOAA P-3 to characterize aerosols from long-range transport. Table 2
lists the AMF2 instruments and measurements that will be used in ACAPEX.
Table 2.

AMF2 instruments and measurements.

Instrument

Measurement

Aerosol Observing System
Cloud Condensation Nuclei Counter
(CCN100)

Concentrations of CCNs as a function of supersaturation

Condensation Particle Counter (CPC
Concentration of aerosol particles down to an aerodynamic diameter of 10 nm
model 3772)
Hygroscopic Tandem Differential
Mobility Analyzer (HTDMA)

Aerosol (size, mass or number) distribution as a function of relative humidity

Ambient Nephelometer

Light scattering coefficient of aerosols at ambient relative humidity

Wet Nephelometer/f(RH)
(humidigraph)

Light scattering coefficient of aerosols over a range of relative humidities

Particle Soot Absorption Photometer
(PSAP), 3 wavelength

Optical transmittance of particles deposited on a filter and three wavelengths

Ozone

Concentration (range) by absorption
Cloud Radars

Ka/X-band Scanning ARM Cloud
Radar (Ka/X-SACR)

Primary measurements are cloud particle size distribution, hydrometeor fall
velocity, radar polarization, radar reflectivity

Marine W-band ARM Cloud Radar
(MWACR)

The primary measurements are radar Doppler (the power spectrum and
moments of the radar signal expressed as a function of Doppler frequency or
Doppler velocity) and radar reflectivity

Ka-Band Zenith Pointing Radar
(KAZR)

Determines the first three Doppler moments (reflectivity, vertical velocity, and
spectral width) at a range resolution of ~30m from near-ground to ~20km

Roll, Pitch and Heave (RPH) stable
platform

Hydraulic controlled platform using data provided by the Sea-borne Navigation
System (SEANAV) system – compensates for ship’s motion for the vertically
pointing w-band radar

Cloud Macrophysics and AOD
Micropulse Lidar (MPL)

Detect the altitude of clouds

Microwave Radiometer (MWR)

Column integrated amounts of water vapor and liquid water at 23.8 and 31.4
GHz

Microwave Radiometer, 3-channel
(MWR3C)

Brightness temperature from three channels centered at 23.834, 30 and 89
GHz

High Spectral Resolution Lidar
(HSRL)

Aerosol optical depth, volume backscatter coefficient, cross section and
depolarization

Total Sky Imager (TSI)

Hemispheric sky images during daylight hours and retrievals of fractional sky
cover when solar elevation > 10 degrees

Vaisala Ceilometer (VCEIL)

Cloud base height, vertical visibility and potential backscatter signals by
aerosols - maximum vertical range is 7700m

9
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Table 2. (cont.)
Instrument

Measurement

Winds, Temperature, Emissivity
Beam Steerable Radar Wind Profiler
(BSRWP)

Backscattered radiation, horizontal winds, radar Doppler, radar reflectivity,
virtual temperature

Marine Atmospheric Emitted
Radiance Interferometer (M-AERI)

Absolute thermal infrared spectral radiance emitted by the atmosphere down
to the instruments. The Marine Atmospheric Emitted Radiance Interferometer
(MAERI) has additional functionality to observe off-zenith scenes and
measures surface temperature and emissivity (ocean skin temp)

Laser ring gyro GPS aided Inertial Navigation System (INS) provides high
Inertial Navigation System (SEANAV) accuracy motion data in three translational frames and three rotational frames
of reference: surge, sway, and heave; roll, pitch and yaw
Meteorology and Radiation
Radiosondes

Measure profiles of pressure, temperature, humidity, and geopotential height;
launch four times per day

Portable Radiation Package (PRP)
and Sun Pyranometer (SPN)

The PRP consists of an unshaded Precision Spectral Pyranometer (PSP) and
Precision Infrared Radiometer (PIR) and a Fast Rotating Shadow Band
Radiometer (FRSR). The FRSR uses the same detector as a Multi-filter
Rotating Shadowband Radiometer (MFRSR). A Sun Pyranometer is available
to be deployed alongside the PRP

CIMEL Sunphotometer (CSPHOT)

For ocean deployments the CSPHOT sensor is put in a zenith-only mode. No
scanning of other sectors of the sky is provided

3.2.2

AAF G1 Deployment

The G1 aircraft will probe the clouds that form over the ocean and their transformations upon landfall as
well as the orographic effects over the coastal range and the Sierra Nevada. This will include both
thermodynamic and aerosol effects. Single-particle measurements by ATOFMS (UCSD/SIO) will probe
how the sources of aerosols seeding the clouds play a role in impacting cloud microphysics.
Thermodynamic effects include the added solar surface heating or radiative surface cooling over land.
The daytime solar heating can lead to enhanced convection and mixing with locally emitted aerosols and
their precursors. The nighttime surface cooling can lead to decoupling of the surface from the marine air
that invades the land, all the way to the Sierra Nevada, keeping the marine microstructure of the clouds
undisturbed. Another important thermodynamic feature is the barrier jet, both ahead of the coastal range
and the Sierra Nevada. Table 3 lists the instruments that will be used in G1.
The G1 flights will focus on the initiation processes of precipitation and glaciation, as the evolution in
both time and height provides key information for simulating the processes for the full lifetime of the
clouds. Little information can be gained by flying through mature and glaciated cloud systems, because
this state of the cloud could have been reached by a large variety of microphysical and thermodynamic
processes. Documenting the way by which the cloud reaches this state is critically important, as it
determines the precipitation distribution in time and space, as well as the vertical diabatic heating profiles,
which couples the cloud and circulation systems.
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Table 3.

G1 instruments and measurements.

Instrument

Measurement

Platform Pos/Vel/Attitude
Trimble GPS DSM 232

Position/velocity @ ~10Hz

Trimble TANS 10Hz

Position, velocity, altitude

Systron Donner C-MIGITS III

Position, velocity, altitude

Atmospheric State
Rosemount 102 probe

Temperature

Rosemount 1201F1

Static pressure

Rosemount 1221F2 (3x)

5-Port air motion sensing: true airspeed, angle-of-attack, side-slip

GE-1011B chilled-mirror hygrometer

Dew-point temperature

Tunable Diode Laser Hygrometer (TDL-H)

Absolute humidity

AIMMS-20

Wind and turbulence

Video Camera P1347

Downward video images from fuselage bottom

Video Camera P1344

Forward video images behind cockpit window

Liquid and Total Water Content
SEA WCM-2000

Liquid water content, total water content, and ice water content
(derived)

CAPS-hotwire

Liquid water content

DMT Cloud Spectrometer and Impactor (CSI)

Total condensed cloud water content

Particle Volume Monitor-100A (PVM-100A)

Cloud liquid water content

Cloud Microphysics
High Volume Precipitation Spectrometer
(HVPS-3)
2-Dimensional Stereo Probe (2D-S)

Cloud droplets size distribution (150-19,600 μm)
Cloud droplets size distribution (10 – 3,000 μm)

Cloud Imaging Probe (CIP) of the Cloud
Aerosol and Precipitation Spectrometer
(CAPS)
Fast-Cloud-Droplet Probe (F-CDP)

Cloud particle size distribution (2-50 μm)

Cloud-Droplet Probe (CDP-2)

Large aerosol and cloud droplets (2-50 μm)

Cloud Aerosol Spectrometer (CAS) (part of
CAPS)

Large aerosol and cloud droplets (0.5-50 μm)

Cloud-droplet size distribution (25-1550 μm)

Aerosol
UCPC TSI 3025

Total particle concentration (> 3 nm)

CPC TSI 3010

Total particle concentration (> 10 nm)

CPC TSI 2010

Total particle concentration (> 10 nm) behind CVI

PCASP-100X

Aerosol size distribution (100-3000 nm)

UHSAS-A

Aerosol size distribution (60-1000 nm)

CAS of CAPS

Aerosol size distribution (500-50,000 nm)

CCN counter (dual SS)

CCN concentration at two super-saturations
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Table 3. (cont.)
Instrument

Measurement

Aircraft ATOFMS

Aerosol single-particle composition, mixing state and size

Radiance Particle/Soot Absorption Photometer
(PSAP)

Aerosol absorption, 3 wavelengths

Single-Particle Soot Photometer (SP2)

Soot spectrometer

Nephelometer (TSI 3563)

Aerosol scattering, 3 wavelengths

CFDC

IN concentration

Sample Collection
Optical Particle Counter (OPC) 0 Model CI3100
Optical Particle Counter (OPC) 0 Model CI3100

Aerosol size distribution (0.7 to 15 µm) to monitor isokinetic inlet
performance
Aerosol size distribution (0.7 to 15 µm) to monitor CVI inlet
performance

Pumps for aerosol flow

Maintains flow through aerosol inlet and internal plumbing

Counter-flow Virtual Impactor (CVI)

Sample stream of cloud-droplet residuals

TDL-H closed path

Absolute humidity behind CVI

Gases
N2O/CO -23r
Thermo Electron 49i

Concentration of CO, N2O, and H2O
Ozone

The flights will provide the critical information needed to address the objective of comparing the
simulated and observed processes of the vertical profiles of cloud microstructure, and the resultant
precipitation initiation and glaciation. This will allow the development and validation of more realistic
simulations that will replicate the aircraft measurements and thus quantify more reliably the entities that
cannot be obtained directly by the aircraft measurements.
The G1 aircraft was deployed in the CalWater campaign during February–March 2011 to collect
measurements for investigating aerosol-cloud interactions and their role in precipitation in central
California. The instrument package for ACAPEX is similar to that used in CalWater, including
atmospheric states, liquid and total water content, cloud microphysics, aerosols, and gases, but with the
benefit of the operational experience that will make instruments including CCN/IN counter and CVI fully
operational in their optimal settings.
CalWater used flight plans with pre-determined trajectory, as shown in Figure 5. We will extend the flight
plans to about 100 km into the ocean and adding more pre-determined trajectories in areas where clouds
of interest occurred in CalWater, including:
At the foothills and western slope of the Sierra Nevada to the east of Sacramento
Over the crest to the east of Sacramento
Over the high terrain of the Yosemite for best cap clouds
Over the coastal mountains
Over the ocean near the coast
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The flight plans will be prioritized for areas with good coverage of polarimetric radars of the national
network for a better determination of the hydrometeor types. Similar to CalWater in spring of 2011,
numerical weather forecasts in support of the field campaign will be provided by NOAA and tracer
forecasts will be provided by PNNL for planning of the G1 deployment.

Figure 5.

The main orographic flight plan for CalWater in the coastal and foothill areas of central
California. The order of the flight plan was along the following points: 1-2-3-4-3-5-6-5-7-89-10-11-12-13-14-15-16-9-10-17-18-19-20-21-22-30.

4.0 Science
This section highlights some key findings from CalWater that motivate the CalWater 2/ACAPEX field
campaign, and provides more detailed science questions that will be addressed using data collected from
the joint CalWater 2/ACAPEX. The deployment of AMF2 will contribute primarily to science questions
related to the ARs and the deployment of AAF G1 will contribute primarily to science questions related to
aerosol-cloud-precipitation interactions, but some science questions such as long-range transport of
aerosols and potential influence on AR development and cloud and precipitation over land can take
advantage of both platforms.

4.1 Evolution and Structure of Atmospheric Rivers
The Winter Storms and Pacific Atmospheric Rivers (WISPAR) field campaign using the NOAA
dropsondes system on the NASA Global Hawk provided unique insight into the performance of current
operations reanalysis products on representing the water transport in ARs. Based on four flights on
WISPAR and two from NOAA’s P-3 in earlier experiments, preliminary analyses show that errors in AR
water vapor transport range from 0.5-2 million acre-feet/day of equivalent liquid water in individual ARs
(Figure 6). To put these results in context, the entire annual flow of the Colorado River averages about 15
million acre-feet PER YEAR. Multiply this error by the several ARs present normally on the globe at any
one time and then by the number days per year, and it is apparent that this represents a major uncertainty
in the representation of the water cycle in state-of-the-art reanalysis (e.g., CFS-R, ERA-Interim,
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MERRA). This error was 3-4 times worse in the NCEP-NCAR reanalysis. Climate models likely have
similar, if not more severe, biases with significant implications on their abilities to simulate moisture
transport responsible for heavy precipitation and how heavy precipitation events may change in a warmer
climate in many regions worldwide.
The unique observations including critical instruments from AMF2 such as the cloud radar,
wind/humidity profiler, and microwave radiometer would enable the following analyses to fill gaps in
current understanding of AR structure and evolution, especially regarding the water vapor transport
budget and the associated cloud and precipitation processes:
How much water vapor is entrained directly from the tropics and how much of this makes it to the
coast and falls as precipitation? What role does tropical convection play in the development of AR
and its moisture budget?
What fraction of rainfall in landfalling ARs results from air-sea fluxes of moisture from the ocean’s
surface and how much is from horizontal convergence of pre-existing atmospheric water vapor?
How much rainout occurs in ARs over the ocean, and are the cloud and precipitation processes
sensitive to possible influences of Asian aerosols?
Does “recycling” of atmospheric water via evaporation in virga play a significant role in the AR
water vapor transport budget?
Can mesoscale frontal waves associated with the parent cold front of an AR be detected and if so, can
this aid in predictions of AR duration at coastal sites (a critical factor controlling how extreme
precipitation will be and where)?
How does the SBJ behavior modulate the mesoscale distribution of precipitation, aerosols, and their
impacts in the mountains near the north end of the Central valley (the primary water supply for
northern California)?
What global weather patterns (e.g., MJO, ENSO, Western Pacific decaying typhoons) affected by
tropical convection most influence AR evolution, structure and impacts on the U.S. West Coast?
Do ARs transport other key atmospheric gases or aerosols besides moisture?
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Figure 6.

Cross section showing the dropsonde data through the AR in the inset figure (top left panel)
for the first Global Hawk science flight. The contours are along-front water vapor (WV) flux
in units of kg m-1 s-1. The AR, with a width of about 403 km, provides vertically integrated
vapor transport equivalent to 11 times the water flow of the Mississippi River.

4.2 Aerosol Effects on Cloud and Precipitation
Orographic forcing is a unique and dominant mechanism for harnessing WV into consumable fresh water
in the form of precipitation, snowpack, and runoff. How mountains redistribute the fresh water in time
and space is an important aspect of the regional and global water cycle. About 60 – 90% of water
resources originate from mountains worldwide. Aerosols, however, have an important role in determining
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the precipitation properties in orographic clouds. By modulating the amount and phase of precipitation,
aerosols can redistribute precipitation spatially, leading to subsequent changes in snowpack, soil moisture,
and runoff with important implications to regions that rely on mountain water resources.
Adding aerosols increases the CCN that nucleate more numerous and smaller cloud drops. This slows the
drop coalescence and in turn the conversion of cloud water into rain drops. Aerosols can also slow the
mixed-phase precipitation-forming processes by decreasing the riming and growth rate of ice
hydrometeors. Such effects have been demonstrated by a large number of studies using measurements
from field campaigns (e.g., Rosenfeld 2000; Hudson and Yum 2001; McFarquhar and Heymsfield 2001;
Yum and Hudson 2002; Borys et al. 2003; Andreae et al. 2004; Hudson and Mishra, 2007; Rosenfeld et
al., 2008; Saleeby et al. 2008). Slowing the precipitation-forming processes in shallow and short lived
orographic clouds is expected to cause a net decrease in precipitation amount in the upwind slope of the
mountains (Griffith et al. 2005), with some compensation at the downwind slope (Givati and Rosenfeld
2004 and 2005; Jirak and Cotton 2005; Rosenfeld and Givati 2006; Givati and Rosenfeld 2007; Rosenfeld
et al. 2007; Cotton et al., 2010). Model simulations supported the hypothesis that adding CCN suppresses
orographic precipitation (Lynn et al. 2007). However, adding IN to supercooled liquid clouds would
increase precipitation. Numerical simulations that show enhancement of mixed-phase precipitation in the
presence of aerosols that act as IN support these general trends (Muhlbauer and Lohmann 2009; Lohmann
2002).
In addition to the above processes, recent field campaigns including SUPRECIP and CalWater in central
California where aerosol sources are abundant provided further insights on the role of aerosols on cloud
and precipitation, and highlighted the presence of supercooled liquid water down to -21oC and
supercooled rain down to -12°C in weak convective cloud band associated with a cyclone over the ocean,
and in laminar layer cap clouds over the ridge of the high peaks of the Yosemite section of the Sierra
Nevada, at temperatures down to -21°C. Analysis of remote sensing data and modeling by Choi et al.
(2010) suggests that supercooled liquid droplets can exist at temperatures as low as -40oC and that the
variations in the supercooled cloud fraction is negatively correlated with the frequency of dust aerosols.
This finding suggests that the seeder-feeder mechanism that greatly enhances precipitation from cold
clouds (Houze 1993) can be modulated by the IN concentration.
Indeed long-range transport of Asian dust has been shown to have an impact on air quality in western
North American (VanCuren and Cahill 2002). Observational studies have also speculated the impacts of
Asian dust through its role as IN on clouds and precipitation that impact snow production (Pratt et al.
2009; Sassen 2002). Using data from the CalWater Early Start campaign (22 February to 11 March 2009),
Ault et al. (2011) showed that the presence of Asian dust may have increased precipitation by 1.4 times in
an AR event compared to another AR event with similar WV transport, but without the presence of dust.
As a follow-on to the measurements in 2009 reported by Ault et al. (2011), one goal of G1 flights in
CalWater 2011 was to assess the role of dust and biological particles that had been detected in groundbased precipitation samples. Indeed, in the 2011 G1 flights, single-particle measurements showed the
repeated importance of long-range transported dust and biological particles from Asia and perhaps even
further west impacting upper layer high altitude clouds. Importantly, days when long-range transported
dust and biological particles were present in the high altitude clouds corresponded with the largest
amounts of snowfall on the ground. Such impacts of dust and biological particles were shown to impact a
broad range of the mountains through precipitation measurements over a several hundred-mile northsouth transect along the Sierras. In general, as shown in 2009 through precipitation measurements, a
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strong correlation (almost linear) was found between larger snowstorms and high amounts of dust in
precipitation sample at ground level. From these measurements we hypothesized that days with extensive
precipitation occurred when IN formed in high level clouds by dust/bio particles acted in the seederfeeder mechanism with enhanced riming occurring as IN fell through the lower level orographic marine
clouds with large droplets, leading to extensive amounts of precipitation at the ground.
Previous research as well as specific findings described above has answered some old questions, while
opening more new ones. Scientific questions that will be addressed using data from CalWater 2/ACAPEX
include:
How frequent is supercooled rain a main precipitation-forming process in the CalWater area of
interest in the various cloud types? Why was supercooled rain so abundant during CalWater while it
was rarely reported earlier?
How does dust and biological particles influence the occurrence of supercooled rain?
How can highly marine clouds exist with sustained supercooled water and rain? This directly
contradicts extensive reports that clouds glaciate naturally very fast in clouds that form in pristine air
with large cloud drops (e.g., Rangno and Hobbs 1988 and 1991).
How do different added aerosol types change the cloud and precipitation-forming processes in
maritime, weak convective cloud band over the ocean, and laminar layer cap clouds over the
mountain ridges?
How well do current cloud microphysical parameterizations capture aerosol-cloud interactions in
mixed-phase clouds?
What are the implications for more accurate simulations of precipitation and modeling of aerosol
impacts on precipitation?
How do aerosols from local sources versus long-range transport affect precipitation phase and spatial
distribution?
What is the role of the SBJ in aerosol transport and how does this influence cloud and precipitation?
Data to be collected from G1 in the ACAPEX experiment will provide important information to elucidate
different mechanisms of how aerosols influence cloud microphysical and precipitation-forming processes.

5.0 Relevance to DOE Mission
The mission of the ARM Climate Research Facility is to deliver improved climate data and models for
policy makers. A major weakness in global climate models is their limitations in simulating the regional
hydrological cycle, particularly extremes such as floods and droughts. The west coast of North America
presents a specific challenge because of the large precipitation variability and significant implications to
water resource management coupled with the growing demand. Although local mountains have a large
influence on precipitation, accurately predicting precipitation variability and potential changes in the
future requires improved understanding and modeling of atmospheric processes across a wide range of
scales. On the intraseasonal time scales, tropical-extratropical interactions involving processes such as the
MJO and extratropical wave activities may play an important role in the entrainment of tropical or nearsurface moisture by ARs that is a key component of heavy precipitation along the west coast. The IPCC
AR4 models show varying degrees of fidelity in simulating AR frequency (Dettinger et al. 2011) and the
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MJO (Lin et al. 2006), but their ability to correctly simulate the development of ARs and their link to
tropical processes including the MJO and the AR moisture transport is not clear because current
understanding of these various aspects have not been well quantified by measurements. An additional
complicating factor is how aerosols from long-range transport across the Pacific Ocean and local sources
may influence clouds and precipitation, leading to changes in frequency and intensity of heavy
precipitation, spatial distribution of precipitation, and partitioning between snowfall to rainfall, all with
important implications in the western U.S.
ACAPEX, in conjunction with CalWater 2, will provide the much-needed data over the central/eastern
Pacific Ocean to study AR evolution and AR moisture budget and sources, and long-range transport of
Asian aerosols, and the potential for interactions between the two and effects on heavy precipitation. The
field campaign will also address leading-edge issues related to aerosol-cloud-precipitation interactions in
clouds transitioning from the maritime regime to the orographic regime in central California, and how the
effects of aerosols may vary for aerosols from long-range transport versus local sources. The data to be
collected by AMF2 and G1 as part of ACAPEX, in conjunction with the CalWater 2 aircrafts and shipand ground- based measurements with data analysis and modeling will enable improved understanding
and modeling of the targeted processes that play key roles in the water cycle of the western U.S. and
regions influenced by similar processes.

6.0 References
Andreae, MO, D Rosenfeld, P Artaxo, AA Costa, GP Frank, KM Longo, and MAF Silva-Dias. 2004.
“Smoking rain clouds over the Amazon.” Science 303: 1337–1342.
Ault, AP, CR Williams, AB White, PJ Neiman, JM Creamean, CJ Gaston, FM Ralph, and KA Prather.
2011. “Detection of Asian dust in California orographic precipitation.” Journal of Geophysical Research
116: D16205, DOI:10.1029/2010JD015351.
Bao, J-W, SA Michelson, PJ Neiman, FM Ralph, and JM Wilczak. 2006. “Interpretation of enhanced
integrated water vapor bands associated with extratropical cyclones: Their formation and connection to
tropical moisture.” Monthly Weather Review 134: 1063–1080.
Bigg, EK. 1953. “The formation of atmospheric ice crystals by the freezing of droplets.” Quarterly
Journal of the Royal Meteorological Society 79: 510–519.
Bond, NA and GA Vecchi. 2003. “The influence of the Madden-Julian Oscillation on precipitation in
Oregon and Washington.” Weather and Forecasting 18: 600–613.
Borys, RD, DH Lowenthal, SA Cohn, and WOJ Brown. 2003. “Mountaintop and radar measurements of
anthropogenic aerosol effects on snow growth and snowfall rate.” Geophysical Research Letters
30(10): 1538.
Carter, DA, KS Gage, WL Ecklund, WM Angevine, PE Johnston, AC Riddle, J Wilson, and
CR Williams. 1995. “Developments in UHF lower tropospheric wind profiling at NOAA’s Aeronomy
Laboratory.” Radio Science 30(4): 977–1001.

18

LR Leung, September 2014, DOE/SC-ARM-14-030

Choi, Y-S, RS Lindzen, C-H Ho, and J Kim. 2010. “Space observations of cold-cloud phase change.”
Proceedings of the National Academy of Sciences 107: 11211–11216.
Connolly, PJ, O Mohler, PR Field, H Saathoff, R Burgess, T Choularton, and M Gallagher. 2009.
“Studies of heterogeneous freezing by three different desert dust samples.” Atmospheric Chemistry and
Physics 9 (8): 2805–2824.
Cooper, WA. 1986. “Ice initiation in natural clouds. Precipitation Enhancement–A Scientific Challenge.”
Meteorological Monographs 43: 29–32.
Cotton, WR, H Zhang, GM McFarquhar, and SM Saleeby. 2007. “Should we consider polluting
hurricanes to reduce their intensity?” Journal of Weather Modification 39: 70–73.
Cotton, WR, D Ward, and S Saleeby. 2010. “Aerosol impacts on wintertime orographic precipitation.”
DeMott, PJ, AJ Prenni, X Liu, SM Kreidenweis, MD Petters, CH Twohy, MS Richardson, T Eidhammer,
and DC Rogers. 2010. “Predicting global atmospheric ice nuclei distributions and their impacts on
climate.” Proceedings of the National Academy of Science 107 (25): 11,217–11,222.
Dettinger, MD. 2011. “Climate change, atmospheric rivers, and floods in California—A multimodel
analysis of storm frequency and magnitude changes.” Journal of the American Water Resources
Association 47: 514–523.
Drumond, A, R Nieto, and L Gimeno. 2011. “On the contribution of the Tropical Western Hemisphere
warm pool source of moisture to the northern Hemisphere precipitation through a Lagrangian approach.”
Journal of Geophysical Research 116: D00Q04, DOI:10.1029/2010JD015397.
Fan, J, D Rosenfeld, Y Deng, LR Leung, and Z Li. 2012. “Potential aerosols indirect effects on
atmospheric circulation and radiative Forcing.” Geophysical Research Letters
DOI:10.1029/2012GL051851. In press.
Fan, J, M Ovtchinnikov, J Comstock, SA McFarlane, and A Khain. 2009. “Ice formation in Arctic mixedphase clouds - Insights from a 3-D cloud-resolving model with size-resolved aerosol and cloud
microphysics.” Journal of Geophysical Research 114: D04205, DOI:10.1029/2008JD010782.
Feltz, WF, WL Smith, RO Knutson, HE Revercomb, HM Woolf, and HB Howell. 1998. “Meteorological
applications of temperature and water vapor retrievals from the ground-based atmospheric emitted
radiance interferometer (AERI).” Journal of Applied Meteorology 37: 857–875.
Ghan, SJ, TA Rissman, R Elleman, RA Ferrare, D Turner, C Flynn, J Wang, J Ogren, J Hudson,
H Jonsson, T VanReken, RC Flagan, and JH Seinfeld. 2006. “Use of in situ cloud condensation nuclei,
extinction, and aerosol size distribution measurements to test a method for retrieving cloud condensation
nuclei profiles from surface measurements.” Journal of Geophysical Research 111: D05S10,
DOI:10.1029/2004JD005752.
Givati, A, and D Rosenfeld. 2004. “Quantifying precipitation suppression due to air pollution.” Journal of
Applied Meteorology” 43: 1038–1056.

19

LR Leung, September 2014, DOE/SC-ARM-14-030

Givati, A, and D Rosenfeld. 2005. “Separation between Cloud Seeding and Air Pollution Effects.”
Journal of Applied Meteorology 44: 1298–1314.
Givati, A, and D Rosenfeld. 2007. “Possible impacts of anthropogenic aerosols on water resources of the
Jordan River and the Sea of Galilee.” Water Resources Research 43(10): W10419.
Grell, GA, SE Peckham, R Schmitz, SA McKeen, G Frost, WC Skamarock, and B Eder. 2005. “Fully
coupled “online” chemistry within the WRF model.” Atmospheric Environment 39: 6957–6976.
Griffith, DA, ME Solak, and DP Yorty. 2005. “Is air pollution impacting winter orograhic precipitation in
Utah?” Journal of Weather Modification 37: 14–20.
Guan, B, NP Molotch, DE Waliser, EJ Fetzer, and PJ Neiman. 2010. “Extreme snowfall events linked to
atmospheric rivers and surface air temperature via satellite measurements.” Geophysical Research Letters
37: L20401, DOI:10.1029/2010GL044696.
Guan, B, DE Waliser, NP Molotch, EJ Fetzer, and PJ Neiman. 2011. “Does the Madden-Julian
Oscillation influence wintertime atmospheric rivers and snowpack in the Sierra Nevada?” Monthly
Weather Review DOI: http://dx.doi.org/10.1175/MWR-D-11-00087.1.
Heggli, MF, L Vardiman, RE Stewart, and AW Huggins. 1983. “Supercooled liquid water and ice crystal
distributions within Sierra Nevada winter storms.” Journal of Climate and Applied Meteorology 22:
1875–1886.
Houze, RA Jr. 1993. Orographic clouds, Cloud Dynamics, Academic Press, 502–538pp.
Hudson, JG, and SS Yum. 2001. “Maritime-continental drizzle contrasts in small cumuli.” Journal of the
Atmospheric Sciences 58: 915–926.
Hudson, JG, and S Mishra. 2007. “Relationships between CCN and cloud microphysics variations in
clean maritime air.” Geophysical Research Letters 34: L16804, 6pp.
Jiang, T, and Y Deng. 2011. “Downstream modulation of North Pacific atmospheric river activity by East
Asian cold surges.” Geophysical Research Letters 38: L20807, DOI:10.1029/2011GL049462.
Jin, F-F, and BJ Hoskin. 1995. “The direct response to tropical heating in a baroclinic atmosphere.”
Journal of the Atmospheric Sciences 52: 307–319.
Jirak, IL, and WR Cotton. 2005. “Effect of Air Pollution on Precipitation along the Front Range of the
Rocky Mountain.” Journal of Applied Meteorology 45: 236–245.
Khain, A, B Lynn, and J Dudhia. 2010. “Aerosol effects on intensity of landfalling hurricanes as seen
from simulations with the WRF model with spectral bin microphysics.” Journal of the Atmospheric
Sciences 67: 365–384. DOI: http://dx.doi.org/10.1175/2009JAS3210.1.
Kim, J and L Mahrt. 1992. “Momentum transport by gravity waves.” Journal of the Atmospheric Sciences
49: 735–748.

20

LR Leung, September 2014, DOE/SC-ARM-14-030

Kim, J, and H Kang. 2007. “Impact of the Sierra Nevada on low-level winds and water vapor transport.”
Journal of Hydrometeorology 8: 790–804.
Knippertz, P. 2007. “Tropical-extratropical interactions related to upperlevel troughs at low latitudes.”
Dynnamics of Atmospheres and Oceans 43: 36–62.
Leung, LR, and Y Qian. 2009. “Atmospheric rivers induced heavy precipitation and flooding in the
western U.S. simulated by the WRF regional climate model.” Geophysical Research Letters 36: L03820,
DOI:10.1029/2008GL036445.
Lin, JL, GN Kiladis, BE Mapes, KM Weickmann, KR Sperber, W Lin, MC Wheeler, SD Schubert,
A Del Genio, LJ Donner, S Emori, JF Gueremy, F Hourdin, PJ, Rasch, E Roeckner, and JF Scinocca.
2006. “Tropical intraseasonal variability in 14 IPCC AR4 climate models. Part I: Convective signals.”
Journal of Climate 19: 2665–2690.
Lohmann, U. 2002. “A glaciation indirect aerosol effect caused by soot aerosols.” Geophysical Research
Letters 29(4): 1052, DOI:10.1029/2001GL014357.
Lundquist, JD, JR Minder, PJ Neiman, and E Sukovich. 2010. “Relationships between Barrier Jet
Heights, Orographic Precipitation Gradients, and Streamflow in the Northern Sierra Nevada.” Journal of
Hydrometeorology 11: 1141–1156.
Lynn, B, A Khain, D Rosenfeld, and WL Woodley. 2007. “Effects of aerosols on precipitation from
orographic clouds.” Journal of Geophysical Research 112: DOI:10.1029/2006JD007537.
Matthews, AJ, and GN Kiladis. 1999. “The tropical-extratropical interaction between high-frequency
transients and the Madden-Julian Oscillation.” Monthly Weather Review 127: 661–677.
Mattioli, V, ER Westwater, D Cimini, JC Liljegren, BM Lesht, SI Gutman, and FJ Schmidlin. 2007.
“Analysis of Radiosonde and Ground-Based Remotely Sensed PWV Data from the 2004 North Slope of
Alaska Arctic Winter Radiometric Experiment.” Journal of Atmospheric and Oceanic Technology 24:
415–431. DOI: http://dx.doi.org/10.1175/JTECH1982.1.
McFarquhar, GM, and AJ Heymsfield. 2001. “Parameterizations of INDOEX microphysical
measurements and calculations of cloud susceptibility: Applications for climate studies.” Journal of
Geophysical Research 106: 28,675–28,698.
Mo, KC. 1999. “Alternating wet and dry episodes over California and intraseasonal oscillations.” Monthly
Weather Review 127: 2759–2776.
Muhlbauer, A, and U Lohmann. 2009. “Sensitivity Studies of Aerosol-Cloud Interactions in Mixed-Phase
Orographic Precipitation.” Journal of the Atmospheric Sciences 66: 2517–2538.
Neale, RB, et al. 2010. Description of the NCAR Community Atmosphere Model (CAM 5.0). Technical
Note NCAR/TN-486+STR, National Center for Atmospheric Research, Boulder, Colorado. June 2010.

21

LR Leung, September 2014, DOE/SC-ARM-14-030

Neiman, PJ, FM Ralph, GA Wick, Y-H. Kuo, T-K Wee, Z Ma, GH Taylor, and MD Dettinger. 2008.
“Diagnosis of an intense atmospheric river impacting the Pacific Northwest. Storm summary and offshore
vertical structure observed with COSMIC satellite retrievals.” Monthly Weather Review 136: 4398–4420.
Neiman, PJ, EM Sukovich, FM Ralph, and M Hughes. 2010. “A seven-year wind profiler-based
climatology of the windward barrier jet along California’s northern Sierra Nevada.” Monthly Weather
Review 138(4): 1206–1233. DOI: 10.1175/2009MWR3170.1.
Niemand, M, O Möhler, B Vogel, H Vogel, C Hoose, P Connolly, H Klein, H Bingemer, P DeMott, J
Skrotzki, and T Leisner. 2012. “A particle surface area based parameterization of immersion freezing on
desert dust particles.” Journal of the Atmospheric Sciences 69: 3077–3092, DOI:10.1175/jas-d-11-0249.1.
Parish, T. 1982. “Barrier winds along the Sierra Nevada Mountains.” Journal of Applied Meteorology 21:
925–930.
Pratt, KA, PJ DeMott, JR French, Z Wang, DL Westphal, AJ Heymsfield, CH Twoh, AJ Prenni, and KA
Prather. 2009. “In situ detection of biological particles in cloud ice-crystals.” Nature Geoscience 2:
398–401, DOI:10.1038/ngeo521.
Pratt, KA, SM Murphy, R Subramanian, PJ DeMott, GL Kok, T Campos, DC Rogers, AJ Prenni,
AJ Heymsfield, JH Seinfeld, and KA Prather. 2011. “Flight-based chemical characterization of biomass
burning aerosols within two prescribed burn smoke plumes.” Atmospheric Chemistry and Physics 11(24):
12549–12565.
Ralph, FM, PJ Neiman, and GA Wick. 2004. “Satellite and CALJET aircraft observations of atmospheric
rivers over the Eastern North Pacific Ocean during the El Niño winter of 1997/98.” Monthly Weather
Review 132: 1721–1745.
Ralph, FM, PJ, Neiman, and R Rotunno. 2005. Dropsonde observations in low-level jets over the
Northeastern Pacific Ocean from CALJET-1998 and PACJET-2001: Mean vertical-profile and
atmospheric-river characteristics. Monthly Weather Review 133: 88–910.
Ralph, FM, PJ Neiman, GA Wick, SI Gutman, MD Dettinger, DR Cayan, and AB White. 2006.
“Flooding on California’s Russian River: Role of atmospheric rivers.” Geophysical Research Letters
33: L13801, DOI:10.1029/2006GL026689.
Ralph, FM, PJ Neiman, GN Kiladis, K Weickman, and DW Reynolds. 2011. “A multi-scale observational
case study of a Pacific atmospheric river exhibiting tropical-extratropical connections and a mesoscale
frontal wave.” Monthly Weather Review 139: DOI: 10.1175/2010MWR3596.1.
Ralph, FM, et al., 2012. “Research aircraft observations of water vapor transport in atmospheric rivers
and evaluation of reanalysis products.” Journal of Geophysical Research. In preparation.
Ralph, FM, and MD Dettinger. 2012. “West coast precipitation associated with atmospheric rivers during
December 2010.” Bulletin of the American Meteorological Society, DOI:10.1175/BAMS-D-11-00188.1.
In press.

22

LR Leung, September 2014, DOE/SC-ARM-14-030

Rangno, AL, and PV Hobbs. 1988. “Criteria for the development of significant concentrations of ice
particles in cumulus clouds.” Atmospheric Research 21: 1–13.
Rangno, AL, and PV Hobbs. 1991. “Ice particle concentrations and precipitation development in
small polar maritime cumuliform clouds.” Quarterly Journal of the Royal Meteeorological Society
117: 207–241.
Reynolds, DW, and AS Dennis. 1986. “A review of the Sierra Cooperative Pilot Project.” Bulletin of the
American Meteorological Society 67: 513–523.
Revercomb, HE, DD Turner, DC Tobin, RO Knuteson, WF Feltz, J Barnard, J Bosenberg, S Clough,
D Cook, R Ferrare, J Goldsmith, S Gutman, R Halthore, B Lesht, J Liljegren, H Linne, J Michalsky,
V Morris, W Porch, S Richardson, B Schmid, M Splitt, T Van Hove, E Westwater, and D Whiteman.
2003. “The ARM program’s water vapor intensive observation periods.” Bulletin of the American
Meteorological Society 84(2): 217-236. DOI: 10.1175/BAMS-84-2-217.
Ringler, T, DW Jacobsen, M Gunzburger, L Ju, M Duda, and W Skamarock. 2011. “Exploring a MultiResolution Modeling Approach within the Shallow-Water Equations.” Monthly Weather Review 139(11):
3348–3368. DOI: 10.1175/MWR-D-10-05049.1.
Rosenfeld, D. 2000. “Suppression of rain and snow by urban air pollution.” Science 287: 1793–1796.
Rosenfeld, D, and A Givati. 2006. “Evidence of Orographic Precipitation Suppression by Air Pollution–
Induced Aerosols in the Western United States.” Journal of Applied Meteorology 45: 893–911.
Rosenfeld, D, J Dai, X Yu, Z Yao, X Xu, X Yang, and C Du. 2007. “Inverse relations between amounts
of air pollution and orographic precipitation.” Science 315: 1396–1398.
Rosenfeld, D, WL Woodley, D Axisa, E Freud, JG Hudson, and A Givati. 2008. “Aircraft measurements
of the impacts of pollution aerosols on clouds and precipitation over the Sierra Nevada.” Journal of
Geophysical Research 113: D15203, DOI:10.1029/2007JD009544.
Saleeby, SM, WR Cotton, D Lowenthal, R Borys, and MA Wetzel. 2008. “Influence of Cloud
Condensation Nuclei on Orographic Snowfall.” Journal of Applied Meteorology 48: 903–922.
Sassen, K 2002. “Indirect climate forcing over the western US from Asian dust storms.” Geophysical
Research Letters 29: 10.1029/2001GL014051.
Skamarock, W, JB Klemp, J Dudhia, DO Gill, D Barker, MG Duda, X-Y Huang, and W Wang. 2008. A
Description of the Advanced Research WRF Version 3. NCAR Technical Note, NCAR/TN–475+STR,
112 pp.
Spackman, JR, JP Schwarz, RS Gao, LA Watts, DW Fahey, and SC Wofsy. “Black carbon burden in the
remote Northern Hemisphere springtime Pacific.” Geophysical Research Letters. In preparation.
VanCuren, RA, and TA Cahill. 2002. “Asian aerosols in North America: Frequency and concentration of
fine dust.” Journal of Geophysical Research 107(D24): 4804, DOI:10.1029/2002JD002204.

23

LR Leung, September 2014, DOE/SC-ARM-14-030

White, AB, DJ Gottas, ET Strem, FM Ralph, and PJ Neiman. 2002. “An automated brightband height
detection algorithm for use with Doppler radar spectral moments.” Journal of Atmospheric and Oceanic
Technology 19: 687–697. DOI: http://dx.doi.org/10.1175/15200426(2002)019<0687:AABHDA>2.0.CO;2.
Yum, SS, and JG Hudson. 2002. “Maritime/continental microphysical contrasts in stratus.” Tellus Series
A and Series B 54(1): 61–73.
Zhu, Y, and RE Newell. 1998. “A proposed algorithm for moisture fluxes from atmospheric rivers.”
Monthly Weather Review 126: 725–735.

24

