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ABSTRACT

The 1995 Arizona Program was a field experiment aimed at advancing the understanding of winter storm development in a mountainous region of central Arizona. From 15 January through 15 March 1995, a wide variety of instrumentation was operated in and around the Verde Valley southwest of Flagstaff, Arizona. These instruments included two
Doppler dual-polarization radars, an instrumented airplane, a lidar, microwave and infrared radiometers, an acoustic
sounder, and other surface-based facilities. Twenty-nine scientists from eight institutions took part in the program. Of
special interest was the interaction of topographically induced, storm-embedded gravity waves with ambient upslope
flow. It is hypothesized that these waves serve to augment the upslope-forced precipitation that falls on the mountain
ridges. A major thrust of the program was to compare the observations of these winter storms to those predicted with the
Clark-NCAR 3D, nonhydrostatic numerical model.
1 • Introduction

In Arizona, regionally light precipitation, high
mean temperatures, significant agricultural interests,
and a large and rapidly increasing human population
create a demand for water greater than the natural supply. In an attempt to meet this demand, alternative
methods of augmenting the water supply are being
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(ADWR) and other organizations. The projected longterm groundwater overdraft has led to the exploration
of a series of augmentation plans, including groundwater recharge, watershed management, capture of
urban storm-water runoff, effluent reuse, conservation, improved reservoir management, and weather
modification. As approximately half the surface water in central Arizona originates from the snowpack
accumulated on the mountainous Mogollon Rim, enhancement of this water source by cloud seeding has
been considered as one possible option for increasing
the available surface water.
The objective of the 1995 Arizona Program
(AP95), conducted from 15 January to 15 March 1995,
was to observe winter storm airflow patterns and
precipitation over the Verde Valley and Mogollon
Rim and to use these observations to test the ClarkNCAR (National Center for Atmospheric Research)
numerical model. The model and observational data
would, in turn, be used to explore the viability of cloud
seeding in this area. The focus was on the interaction of the Verde Valley gravity wave with the lowlevel upslope flow on the west side of the Mogollon
Rim.
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2. Background

The AP95 follows six years of preliminary research
on winter storms over a 100-mi section of the elevated,
complex terrain of central Arizona, south and east of
Flagstaff (Fig. 1). The large-scale topography is characterized by a series of three northwest-southeastoriented mountain ranges, where elevations exceed
2500 m above mean sea level (MSL), and between
which are two broad valleys under 800 m MSL. Most
operations were conducted in and around Cottonwood

in the Verde Valley. Preliminary research, conducted
by the U.S. Bureau of Reclamation (USBR) and later
by The University of Arizona, laid the groundwork for
mesoscale model development but was limited in
scope and unable to adequately elucidate the governing mesoscale and microscale aspects of winter precipitation systems. One of the most significant results
from this early research was the discovery of strong,
persistent gravity waves (wavelength of -20 km) over
the Verde Valley during typical winter storm episodes.
Numerical simulations led to the hypothesis that the

FIG. 1. Map of the AP95 study area (elevation in meters MSL; X- and y-axis origin at 34.7° lat, -111.9° long). The Black Hills,
including Mingus Mountain (MNG), and the Mogollon Rim, including Munds Park (MUN), are key weather generators. Cottonwood
(CTW), where most observing platforms were located, lies in the Verde Valley that trends SE to NW between them. The airplane was
stationed at Prescott (PRC). Circles and crosses indicate the positions of weather stations and other surface facilities.
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highest potential for seeding existed in the high cloud
liquid water (CLW) regions associated with the ascending portion of the terrain-induced gravity wave
over the Verde Valley (Bruintjes et al. 1994, 1995).
Thus, it was determined that the AP95 would focus on
the kinematic and microphysical aspects of the gravity
wave cloud system.
The roughly parallel ridges of the study area create an environment conducive to organized gravity
waves and other complicated airflows, which in turn
affect the distribution and amount of precipitation over
the area. Typically, significant snow falls on the ridges
from November through April. The valleys are arid;
the precipitation they receive usually falls as rain. On the
ridges, over 250 cm of snow falls during a typical cold
season; of this, a liquid equivalent of 15 to 30 cm normally is received above 2000-m elevation during the
January-March period. The quantities of precipitation
in the Verde Valley are strongly dependent on location. Cottonwood, on the western edge of the valley in
the lee (rain shadow) of the Black Hills, receives less
than 6 cm of rain from January through March, whereas
Sedona, on the eastern edge of the valley and on the
windward slopes of the Mogollon Rim, receives over
13.5 cm during the same period (Sellers and Hill 1974).
Winter storms approach from the west or northwest, with upper-level winds from the southwest ahead
of the approaching synoptic-scale trough axes. This
flow, orthogonal to the three mountain ranges, regularly generates gravity waves and precipitation during
stable intrastorm episodes. Numerical simulations
based on airplane and other observations taken during
the 1987 Arizona Snowpack Augmentation Program
(Super et al. 1989) predicted the presence of a persistent strong gravity wave over the Verde Valley downwind (northeast) of the Black Hills and upwind of the
Mogollon Rim during a 15-17 March 1987 storm
(Bruintjes et al. 1994). These simulations illustrated
that, while updrafts associated with the low-altitude
upslope flow on the mountains were generally weaker
than 1 m s , updrafts within the high-altitude Verde
Valley wave could be greater than 5 m s (Fig. 2).
Also, peak CLW values could be much greater than
those associated with the low-level upslope, exceeding 1.2 g kg in the wave (near the -10°C level), and
around 0.6 g kg in the shallower upslope clouds (at
0° to -5°C). The resulting concept (Fig. 2) suggested
that the greatest potential for cloud seeding in this region may be associated with the high CLW regions in
the gravity wave rather than the upslope cloud associated with the orographic uplift. The gravity wave could
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microphysically couple with the upslope cloud via a
seeder-feeder effect.
3. Objectives and experiments

The primary objective of AP95 was to document
the kinematic, thermodynamic, and microphysical
fields associated with the airflow and the attendant
gravity waves over the mountainous terrain during
storms. Seven specific core objectives were defined:
• Determine the spatial and temporal distribution of
CLW, ice, precipitation, and airflow associated
with the winter storm events.
• Determine the location and intensity of the gravity
wave flows and clouds and observe their characteristics in evolving storm conditions, different
airflows, and thermodynamic stratifications.
• Test a seeder-feeder hypothesis for hydrometeor
growth and precipitation development from the interaction of gravity waves with upslope clouds.
• Observe the transport and dispersion of tracer and
seeding material released from Mingus Mountain
and from the airplane into the gravity wave (and
also into winter convective clouds).
• Measure the depolarizations of radar and lidar signals in the observed storms and compare the inferred hydrometeor characteristics to in situ
measurements (aircraft, ice-crystal sondes).
• Observe the effects of hygroscopic or glaciogenic
seeding on hydrometeor concentrations, growth,
and precipitation formation.
• Determine the effects of diabatic heating and cooling and mountain/valley flow over the Verde Valley during winter storms. Investigate the possible
association between melting precipitation and
pooling of cold air in the valley, and the effect of
this pooling on valley-flow dynamics.
Other facility-oriented objectives were also proposed
to take advantage of the unique collage of instrumentation and weather patterns in the Verde Valley.
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4. Facilities, personnel, and overview of
operations

Twenty-nine scientists and support personnel from
eight institutions took part in AP95. The project was
conducted as part of the NOAA/Atmospheric Modi7 49
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FIG. 2. Planning concepts for AP95: vertical cross sections of topography and simulation of a 15 March 1987 prefrontal gravity
wave. The simulated fields are (a) vertical velocity (solid lines represent upward motion; dashed is down; contour interval 0.5 m s );
(b) potential temperature, contour interval 2°C; (c) cloud liquid water mixing ratio, contour interval 0.31 g kg ; and (d) ice particle
concentrations, contour interval 2 L (from Bruintjes et al. 1994).
_1
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fication Program (Reinking 1985), which the State of
Arizona joined in 1991. An operations plan was
drafted by Klimowski et al. (1995). The major facilities are listed in Table 1, where acronyms are defined.
Cottonwood was the primary location for the groundbased instrumentation. The Cheyenne II airplane was
fitted with a National Oceanic and Atmospheric Administration/Environmental Technology Laboratory
chaff cutter, Commonwealth Scientific and Industrial
802

Research Organisation King CLW probe, Particle
Measuring System forward-scattering spectrometer
probe (for measuring hydrometers between 2- and 47jum diameter), two-dimensional optical array cloud
probe (2D-C, for images of hydrometers between 25and 800-jUm diameter), and glaciogenic and hygroscopic seeding flares. The operations center was located at the Embry-Riddle Aeronautical University,
where weather forecasting, real-time model simulaVol. 79, No. 5, May 1998
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tions, aircraftflightdirection, and surface weather station monitoring were performed.
Real-time model simulations were run locally to
aid forecasting and to investigate significant weather
events for analysis. Predictions of the position and
intensity of the gravity waves were used to guide the
airplane and other observing platforms. The ClarkNCAR model was initialized with either threedimentional input from the National Meteorological
Center rapid update cycle (RUC) model or local
soundings (Benjamin et al. 1991).
The forecast or appearance of any significant
clouds usually prompted the beginning of intensive
operations for the radars and lidar. If significant cloudiness extended over the study area under favorable flow
conditions, the mobile radiometer traversed the Verde
Valley to map CLW. During most weather events, the
Mingus Mountain site was staffed to perform microphysical and chemical studies and to release chaff (an
aluminized fiber tracer) and silver iodide. If any snow
was forecast in the mountains, the microvan was directed to take ice-crystal samples and microphotographs at various locations on the Mogollon Rim. The
K a -band radar,' microwave radiometers,' acoustic
sounder, and IR radiometers, surface weather stations,
and field mills recorded data nearly continuously.
The airplane routinely measured the distribution of
CLW, cloud ice, and the position and strength of the
gravity wave; also, it often released chaff, sometimes
with seeding material, and the plumes were tracked by
the X-band radar to investigate atmospheric dispersion
under various airflows and seeding effects in selected
clouds. On all flights, cloud condensation nucleus
(CCN) bag samples were collected.
5. Meteorological conditions during the
field program

During the period of operations (15 January15 March 1995), central Arizona experienced an unusually wide range of weather conditions. Early in the
program, cold conditions prevailed with record low
temperatures and snowfall down to all but the lowest
elevations. Also, two abnormally strong warm winter
stratiform-gravity wave precipitation events (1415 February and 4-6 March) caused severe flooding
in the Verde Valley. There was a noticeable deficit of
the usual synoptic waves of polar origin that normally
enter the region from the northwest and move through
with a significant frontal passage at the surface (alBulletin of the American Meteorological Society857

though such occurred during the 4-6 March episode).
The majority of the program, however, was dominated
by split synoptic-scale flow, with a large highamplitude pressure ridge over the western United
States, and warm, wet systems of subtropical origin
moving through the southern region of the ridge,
bringing rain to all but the highest elevations. Nine
consecutive days with convective storms occurred late
in February, which allowed for an extension of the
experiments into unanticipated weather conditions.
The predominance of warm and moist subtropical
airflow resulted in significantly above-normal temperatures and precipitation. Mean surface temperatures
were about 2°-4°C above normal, while precipitation
through the period was 1.5-2.0 times the above normal.
6. Summary of observations and
preliminary results

Many of the storm characteristics targeted in the
objectives were documented in detail. These included
gravity waves, leeside downslope wind storms, and the
distribution of CLW and cloud ice. In situ and remotely sensed observations of cloud dynamical and
microphysical fields were successfully conducted.
Seeding material was released from the airplane on six
occasions (three silver iodide, three hygroscopic) and
from Mingus Mountain once. The following sections
present preliminary remarks and references to moredetailed discussions.
a. Modeling experiments
The nonhydrostatic mesoscale-cloud-scale interactive grid nesting model of Clark and Hall (1990),
with terrain-following coordinates, was run on an IBM
RISC 6000 workstation. Simulations were performed
in real time to aid in directing field operations. Two
new modifications were adopted prior to the field experiment: the real-time incorporation of synoptic-scale
weather data from RUC into the Clark model, and an
improved version of the warm rain and ice-phase microphysics. RUC data were used to initialize and update boundary conditions during the simulation of
a coarse 60-km horizontal resolution (3000 km
x 3000 km grid) outer domain that contained most of
the western United States. The second, nested, domain
of 12-km horizontal resolution (480 km x 480 km grid)
covered the state of Arizona. A third, nested, domain
of 4-km horizontal resolution (160 km x 160 km grid)
covered the study area. Each RUC dataset consisted
7 49
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TABLE 1. 1995 Arizona Program facilities.

Facility

Source

Location

Function

Cheyenne II aircraft

WMI

Prescott

Cloud physics, chaff and seeding releases, CCN
measurements

X-band radar

NOAA/ETL

Cottonwood

Reflectivity, Doppler winds, CDR, chaff tracking

Ka-band radar

NOAA/ETL

Cottonwood

Reflectivity, Doppler winds, CDR, and other
polarizations

HSRL

wise

Cottonwood

Backscatter cross section, optical depth,
extinction cross section, particle size (nighttime),
polarization, cloud base

IR spectroradiometers

NASA

Cottonwood

Cloud radiation budgets

Mobile microwave
radiometer

DRI

Cottonwood

Spatial and temporal distribution of CLW and
water vapor

Stationary microwave
radiometer

USBR

Sedona

Temporal evolution of CLW and water vapor

ETL scanning
microwave and
fixed IR radiometers

NOAA/ETL

Cottonwood

Spatial and temporal distribution of CLW and
water vapor, brightness temperature

Mingus Mountain

UA, ADWR,
USFS

Mingus Mountain

Chaff and seeding releases, ice crystals, snow
chemistry

Microvan

Navajo Nation,
NCAR

Mogollon Rim

Snow crystal sampling, microphotography,
snow chemistry

of an analysis and results of a forecast model that was
run for 12-h intervals (with output available at 3-h
intervals). The initial data were projected onto the
Clark-model surfaces and modified using a potential
flow-adjustment procedure to satisfy mass continuity
to the accuracy of the pressure solver. The Clark model
was then integrated forward in time, updating the outer
boundary conditions by linear interpolation from the
RUC forecast data.
The improved microphysical parameterizations included incorporation of the Berry (1969) warm-rain
scheme, an improved quasi-analytical treatment of the
supersaturation field (Clark 1973), and the addition of
homogeneous nucleation at temperatures below -40°C.
Modeling results from the 1995 cases are compared
with some of the measurements outlined below in preliminary analyses by Coen et al. (1996, 1997) and
Reinking et al. (1996a). An example for the 4-6 March
1995 storm (Fig. 3) has wave motion clearly present.
804

The wave indeed generated CLW, but less than that
in the simulated direct upslope flow. Also, the wave
CLW was being converted to ice, and it was naturally
seeding some of the upslope CLW. These preliminary
simulations demonstrated sensitivity to the coverage
and quality of large-scale input data. The model and
measurement comparisons conducted to date have revealed some differences and some significant similarities in many details of cloud development and
processes occurring between cloud formation and precipitation on the ground. Remarkable similarities have
been found in the dynamics, while CLW and precipitation differ considerably. The start time of heavy precipitation has been more readily modeled than the start
of light precipitation. The best model estimates of precipitation rates and amounts were achieved for periods of wave activity. Improvements are particularly
needed in handling frontal passage events and in the
timing of precipitation events.
Vol. 79, No. 5, May 1998
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TABLE 1.

Continued.

Facility

Source

Location

Function

Doppler acoustic sounder

USBR

Cottonwood

Boundary layer winds

CLASS rawinsonde

NCAR

Cottonwood

Atmospheric soundings 15 January-14 February

CLASS rawinsonde

NOAA/NSSL

Cottonwood,
Mingus Mountain

Atmospheric soundings 11 February-15 March

Electric field mills (2)

UA

Cottonwood,
Mingus Mountain

Electric field measurements

Ice-crystal sondes
(attached to radiosonde)

NCAR

Verde Valley,
Mingus Mountain

Replications of ice crystals and droplets

Clark-NCAR model

NCAR

Prescott

Forecasts of wave/cloud/precipitation

ALERT surface
weather stations (12)

UA, ADWR

Verde Valley,
Mingus Mountain,
Mogollon Rim

Wind speed/direction temperature, relative
humidity, precipitation

ADWR: Arizona Department of Water Resources; ALERT: Automated Local Evaluations in Real Time; CCN: cloud condensation
nuclei; CDR: circular depolarization ratio; CLASS: Cross-chain LORAN Atmospheric Sounding System; DRI: Desert Research
Institute; HSRL: High Spectral Resolution Lidar; NASA: National Aeronautical and Space Administration; NCAR: National
Center for Atmospheric Research; NOAA/ETL: National Oceanic and Atmospheric Administration/Environmental Technology
Laboratory; NOAA/NSSL: NOAA/National Severe Storms Laboratory; UA: The University of Arizona; USBR: U.S. Bureau of
Reclamation; USFS: U.S. Forest Service; WISC: University of Wisconsin; WMI: Weather Modification, Inc.

et al. 1995) and scanning microwave radiometer were
used to monitor the structure, dynamics, and CLW of
the storm systems and their embedded waves. The
radar and radiometer data and correlated modeling
verified the hypothesis (Bruintjes et al. 1994; Reinking
1995) that the topographic features and the atmosphere's
response at the 10-20-km scale strongly influence the
precipitation that falls on the Rim. Using upwinddownwind scans, the remote sensors observed the hypothesized orographic clouds at the top of Mingus
Mountain; the spill over of cloud water from that ridge,
the induced wave, the wave-generated CLW over the
valley; and the second orographic cloud, formed on the
slope of the Mogollon Rim.
Figure 5 shows an example of the reflectivity and
velocity fields observed within an 8-km-deep wave
cloud on 6 March 1995, at approximately the same
time as that of the simulation in Fig. 3. The wave amplitude is approximately 2.5 km, and the precipitation
generated by mountain interaction at both ends of the
Measurements of storm-embedded wave cloud
Verde Valley can be seen. The velocity signature also
structure and dynamics
shows the wave structure and indicates a wave updraft
The K -band cloud-sensing Doppler radar (Kropfli of some 2 m s between about 2.0 and 8.0 km directly

b. Characteristics

of CCN supersaturation

spectra

Airborne CCN samples were collected on all
flights and analyzed immediately upon landing with
a thermal gradient diffusion cloud chamber (Philippin
and Betterton 1997). The collection of samples was
performed for a variety of altitudes, locations, and
weather conditions, although emphasis was given to
sample collection immediately below cloud base on
the upwind side of the gravity wave near Cottonwood.
The CCN supersaturation spectrum parameters C
and k (Fig. 4, 34 samples) were relatively uniform for
below-cloud samples (Twomey 1977). The CCN number concentration, however, was clearly larger during
times of convective activity and unstable air masses
when upper-level, westerly winds were relatively weak
and the influences of the surface and local sources were
greater. Values for C ranged from 130 to -2900 cm .
Low C values (-50 to -60 cm ) were observed in the
foehn gap and above clouds.
-3

-3

c.

a

Bulletin of the American Meteorological Society

_1

8 57
Unauthenticated | Downloaded 01/09/23 12:12 PM UTC

flow upwind from the radar to enhanced CLW in the
updraft overhead and in the wave outflow is evident.
The precipitable water vapor (Fig. 6) was approximately 2.5 cm. These observations serve to verify
numerical simulations of the existence and position
of the wave-associated liquid maximum. A more indepth analysis of the wave CLW and its significance
for seeding potential is given by Reinking et al.
(1996a).
d. Hydrometeor identification with polarization
radar

It is possible to identify hydrometeor types with
the K -band dual-polarization radar (Matrosov 1991;
Kropfli et al. 1995; Reinking et al. 1997). Snow crystals of different growth habits result in uniquely
depolarized backscattered millimeter wavelength
FIG. 3. Simulation of the wave cloud, for 0 5 0 0 UTC 6 March
radiation
according to their aspect ratio, orientation,
1995: Cloud liquid water (contoured, intervals 0.01 g kg ) and
bulk density, and the polarization state of the incident
ice crystal concentration (g kg , grayscale at bottom).
waves. When the Ka-band radar is set to transmit an
elliptically polarized signal, the depolarization caused
over the radar. Relatively warm conditions in this case by the hydrometeors is measured as an elliptical
resulted in rain falling on preexisting snow on the depolarization ratio (EDR). With the polarization state
Mogollon Rim with subsequent flash flooding. The fixed, the varied hydrometeor types accordingly
melting level can be detected in the radar's depolar- provide unique depolarizations when the variation
ization field (not shown).
of EDR with radar elevation angle is measured
Figure 6 documents the raw measurements of (Reinking et al. 1997). During AP95, the suite of hythe path-integrated liquid water and vapor as a func- drometeors identified with the radar was extended to
tion of position in the wave. These were measured crystals with needle growth habit (Reinking et al.
along the wind with the scanning microwave radiom- 1995). The various crystal habits in either the columeter in range-height indicator (RHI) scanning mode. nar or planar class are differentiated by the magnitude
The transition from depleted CLW in the downslope of EDR. Figure 7 shows an example of needles observed and the resulting EDR signature.
With the radar's configuration as it was
in AP95, numerically modeled signatures of columnar crystals increase
monotonically with elevation angle to a
maximum depolarization at zenith,
whereas those of planar crystals show a
distinct minimum with EDR first decreasing and then increasing as the elevation angle is increased from 0° to zenith.
For the sample shown in Fig. 7, the
pattern and magnitude of EDR versus
elevation angle closely matched the
theoretical one for needles with an aspect
ratio of 0.15 and a density of 0.6 g cm
(Reinking et al. 1995), in agreement with
FIG. 4. Cloud condensation nucleus C and k parameters measured during A P 9 5 :
P l observations.
N = number concentration, S = supersaturation in Twomey's empirical approxiWith such observations, it is possible
mation for the supersaturation spectrum, N=CS (Twomey 1977).
to follow the real-time evolution of
a
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e. Particle-size and phase
discrimination with the HSRL
Measurements of cloud particle size
and cloud phase are needed for verification of the numerical model. The in situ
samplers (airplane, replicator sonde)
give infrequent point measurements;
thus, there is a great advantage to continuous remote sensing of both particle
size and cloud phase. The High Spectral
Resolution Lidar (HSRL) was used to
record information to derive these two
parameters in thin clouds and in the
lower reaches of thick clouds above
Cottonwood. Additionally, two special experiments were performed to provide in
situ cloud microphysics measurements
in order to verify the HSRL and other remote particle-size measurements.
The HSRL measurements were obtained in ice, water, and mixed-phase
clouds. For most of these measurements,
there were simultaneous radar and/or
FIG. 5. K.-band range-height indicator (RHI) images of (a) radial velocity radiometer measurements, and they
(m s- ) and (b) reflectivity (dBZ) (4-km range rings; 0533 UTC 6 March 1995). therefore provide an opportunity for synAzimuth at right is 30°; scan is approximately along the wind (left to right). The thesis of data from different remote sensgravity wave cloud is clearly evident in the reflectivity image.
ing instruments and in situ sampling
(Shipley et al. 1983).
The HSRL operated whenever weather conditions
clouds from droplets to ice of specific growth habits,
and from these to aggregates or graupel, which are permitted (i.e., when clouds were present and no sigmost effective precipitators of cloud water. Needles nificant precipitation was falling over the instruments).
would be the most probable product of glaciogenic The lidar collected data on 30 days (139 h) between
seeding at the relatively high temperatures (—5°C) 21 January and 12 March 1995. During this time
prevalent in the Arizona clouds. Other factors that can -167 000 vertical profiles of aerosol backscatter cross
be determined include, for example, the presence of section, optical depth, extinction cross section, and deCLW, the rate of glaciation or transitions between ice
hydrometeor types, the cloud volume through which
this occurs, and the presence or absence of ice feeding into the liquid water maximum in the embedded
waves. Microphysical aspects of the numerical cloud
model for seeded and nonseeded situations can thus
be tested. Early results on some of these factors from
the AP95 are included in observational analyses by
Reinking et al. (1996a,b).
Experiments were conducted using both radars to
simultaneously define and track seeded volumes by
marking them with chaff and then attempting to follow the glaciation within the seeded volume as indi6. Path-integrated cloud liquid water determined from
cated in the EDR. Synchronization was difficult given west-FIG.(left)
to-east (right) RHI sweeps with the scanning microrapid transport in the waves, but trial data were ob- wave radiometer, showing depletion in the foehn gap and dramatic
increases in wave cloud (-0500-0600 UTC 6 March 1995).
tained (see section 5f).
1
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FIG. 7. Example of ice crystals with needle-growth habit observed over the Cottonwood radar site, 25 January 1995, with (a)
the aircraft-mounted 2D-C probe and (b) as identified in the K band radar depolarization signature (EDR) from the same altitude.
a

polarization were obtained at a wavelength of 532 nm.
On 13 nights, when cloud base was higher than 4 km,
the cloud particle sizes were also estimated. The aerosol backscatter cross-section profiles provide a continuous record of cloud-base altitudes; the cloud-top
altitude was also recorded when the optical depth of
the cloud was less than 3. Data from 18 cirrus cases,
including thunderstorm anvils, will provide the basis
for a climate-effects study using lidar, radar, and radiometers with simultaneous satellite observations.
HSRL measurements obtained on 3 March 1995
were used to estimate particle sizes in a wave cloud.
In Fig. 8, the backscatter profile indicates the boundary
layer top at 1.8 km. A relatively clear layer lies between 1.8 km and a cloud begins at 3.5 km. The cloud
optical depth is 2.5. The depolarization is 40%-50%,
indicating that the cloud consists of ice crystals. The
-3% depolarization of the boundary layer aerosols
indicates that some of the particles are nonspherical.
The multiple scattered lidar returns have been modeled using the measured optical depth profile and an
algorithm described by Eloranta (1993). Multiple scattering in dense clouds produces substantial signal,
which is a function of the width of the field of view.
The HSRL has a channel with a variable wide field of
view and a channel with a 160-^rad field of view. The
ratio of the signals measured in the two channels, along
with the optical depth profile, provide an estimate of
the peak in forward diffraction, which has information
on particle size. The data from 3 March (Fig. 8) indicate a best-fit effective ice particle diameter of 224 /im,
which is similar to aircraft-measured mean diameters
of 165 to 205 jim. Beyond these determinations,
Matrosov et al. (1998) have used combinations of the
AP95 remote sensors to compare characteristic ice
808

particle sizes and cloud optical depths determined by
differing retrieval methods.
The HSRL data show that -85% of winter cloud
cases included ice at some point in the data record.
These observations are corroborated by the identification of ice-particle types and transitions in the
K -band radar depolarization measurements. These

FIG. 8. (top) Example of HSRL data obtained 0205-0207 UTC
3 March 1995 showing backscatter (P), depolarization (5), and
optical depth (T). Here, the boundary layer aerosols extend up to
1.8 km with cloud beginning at 3.5 km. (bottom) Ratios of signal
in varied wide field-of-view channel to that in 160-fjrad channel,
used to estimate ice particle size.
Vol. 79, No. 5, May 1998
Unauthenticated | Downloaded 01/09/23 12:12 PM UTC

measurements are useful for comparisons with the microphysics in the model.
f . Transport and dispersion
Chaff tracking with circular-polarization radar affords a means to estimate
dispersion of seeding material within
clouds (Martner et al. 1992; Reinking
and Martner 1996). The chaff fibers depolarize the radar signal, and the effect
is measured as the circular depolarization FIG. 9. Sample plots of the CDR > -6.0 dB surface obtained from X-band
ratio (CDR). Radar-observable X-band radar measurements, showing the transport and dispersion of chaff plumes rechaff was released from Mingus Moun- leased from Mingus Mountain on two days. Each analysis is 20-30 min after
release. The view is from above the Cottonwood radar site (marked with
tain on 14 occasions to study transport initial
an X); up is north.
and diffusion. A radiosonde normally
was launched as well. The X-band radar
was used to track the chaff while it advected over the
Chaff lines were released within the stable flow of
Verde Valley, while the K -band radar was used to several other storm-embedded waves (Fig. 11). In all
monitor cloud simultaneously. Chaff was released in cases, the line remained coherent throughout the peclear air and in convective and stratiform clouds, some riod of transit. The coherency indicates that seeding
of which were precipitating.
material released in these stable situations would probThere were significant differences in the disper- ably not fill the cloud volume within the 10-20 min
sion characteristics of the various chaff plumes (see available to initiate precipitation, so multiple line reFig. 9, for example). In general, the horizontal disper- leases would be needed.
sion was controlled largely by the mean low-level
wind velocity. The maximum height of the chaff was g. Simultaneous chaff and silver iodide releases
governed by the magnitude and size of the regions of
Seeding in the embedded wave of 6 March 1995
upward motion, both in the gravity wave downstream was correlated with an increase in cloud reflectivity
of Mingus Mountain and in convective cells.
that may be linked to crystal growth following the
Convection frequently generated cumulus conges- nucleation by silver iodide (Fig. 12). The airplane flew
tus clouds allowing many observations of chaff en- in a circle within the wave and upwind of available
trainment and dispersion. In one such case (Fig. 10) CLW while Agl flares were burned. The circle was
the chaff was evident (where CDR > -7 dB) in the up- marked with two arcs of chaff so it could be tracked
draft, which was adjacent to the core precipitation with the X-band radar. The effects of seeding could
shaft (evident in the measurement of reflectivity). The then be observed in the remaining parts of the circle
CDR of the cloud was approximately -20 to -30 dB unobscured by chaff (east and west sections of the
circle). The chaff arcs established the position of the
in the absence of the chaff.
Ground-based chaff releases were performed also circle as they advected eastward. The highest altitude
during gravity wave episodes. Transport through the of positively identified chaff initially increased and
foehn gap and into the updraft was observed in some then decreased with time, indicating passage through
cases. One such example occurred on 5 March, a day the wave and settling. The top of the chaff descended
characterized by the presence of a strong gravity wave somewhat faster than the top of enhanced reflectivity,
and significant precipitation. A 5-min release during suggesting that the chaff probably settled somewhat
a break in the precipitation resulted in chaff being car- faster than some of the nucleated ice crystals. After
ried down the lee side of the mountain, across the 20 min, the K -band radar reflectivity increased by apfoehn gap, and finally being lifted by the upward proximately 6-12 dB above the cloud background
branch of the gravity wave to nearly 2.7 km above along the entire circular flight track, as it would with
ground level (AGL). A preliminary analysis of the crystal growth, while the X-band radar CDR gradutransport and dispersion from these ground-based ally decreased due to dispersion and dilution of the
chaff releases is available by Orr and Klimowski chaff in the arcs. A preliminary analysis is presented
by Bruintjes et al. (1996).
(1996).
a
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FIG. 11. Chaff line released from the airplane in a lowreflectivity wave cloud: (a) partly visible in X-band radar plan
position indicator (PPI) image of reflectivity (Z , dBZ); dark
area is cloudless wave trough; (b) clearly visible in the image of
CDR (dB) (2052 UTC 25 January 1995; top of image is due
north).
e

reached a maximum height of 6 km MSL as they
progressed west across the valley at 6.0 m s . An area
of convective clouds was seeded at cloud base (2.8 km
MSL, +3°C) with hygroscopic particles (Hindman
1978). Chaff was dispensed simultaneously (23302336 UTC) to track the seeding agent. Analysis of the
X-band CDR measurements (not shown) showed that
the chaff was immediately taken up into the clouds
and then lofted into the tops to at least 6 km by
2355 UTC (19-25 min after seeding). The seeding
material was presumably transported with or slightly
farther than the chaff, and therefore extended through
most of the depth of the cloud. Updrafts calculated
from the chaff ascent rate (accounting for the chaff
fall speed) were between 3.0 and 5.0 m s , with several distinct pockets of chaff having the faster ascent
rates.
The X-band radar detected the chaff in the updrafts
at ~8-ll-km range. K -band radar scans along the
same azimuth showed regions where a seeding effect
may have occurred. The RHI cross section in Fig. 13
passes through each side of the seeding circle, at -8.0
and -10.0 km from the radar. Within this zone, the
K -band data showed two distinct reflectivity maxima.
These features were about 5-12 dBZ higher than the
-1

FIG. 10. X-band radar RHI scan at 247° azimuth from Cottonwood on 27 February, showing reflectivity of (a) orographic cumuli and (b) CDR signature of chaff within the main cumulus
updraft. The elongated black area at the base of the reflectivity
signature is the slope of Mingus Mountain; signatures below this
level are suppressed.

h. Simultaneous chaff and hygroscopic salt
releases
Convective showers developed in a warm, unstable air mass on 22 February. The unsettled weather
developed near Sedona and moved west into the Verde
Valley (toward the radars) within moderate westerly
flow aloft. The convective clouds produced light
precipitation (2-4 mm) with little lightning and
810
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FIG. 13. RHI scan of K -band radar reflectivity in convective
cells (Z , dBZ, grayscale). Horizontal axis is distance from the
radar (km); vertical axis, altitude, km AGL (azimuth 50°;
2046 UTC 22 February 1995). Two large rain shafts are seen to
reach the ground centered at = 9 km and 12 km.
a

e

FIG. 12. PPI sector scans from the X-band radar showing (a)
the portion of an Agl seeding circle marked by two arcs of chaff,
evident in the CDR (dB); (b) reflectivity (Z , dBZ) of the cloud,
enhanced along the circumference of the seeded circle where
there was no chaff, as well as along the chaff arcs (0620 UTC 6
March 1995).
e

background reflectivities and may have been due
to hydrometeor growth on the hygroscopic salt
(Klimowski et al. 1996). To carry this beyond speculation, careful separation of chaff and seeding effects
on reflectivity is necessary; this should be possible
with these data obtained at close range. Corresponding
aircraft observations of drop-size spectra will aid in the
interpretation.
i. Cloud boundary statistics
Cloud boundaries have been recognized for their
significant influences on radiative transfer and are
therefore important for assessing climatic effects including those on water resources. Studies are few
(Uttal et al. 1995) and the AP95 data are suitable for
such determinations. During periods when intensive
storm studies were not being conducted, the K -band
radar antenna was pointed vertically to collect timeheight data on clouds as they passed overhead. Data
were collected from the surface to 12 km AGL, with
range gates spaced at 37.5-m intervals and with
postprocessing beam averages of 3 s. During AP95,
490 h of data were collected in this mode. Using a
cloud-boundary detection algorithm that interrogates
each radar beam separately (Uttal et al. 1993), cloud
a
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boundaries can be identified and tabulated with no
limitations on the identification of multiple cloud layers. Using this dataset, statistical summaries of the
geometrical properties of the clouds can be determined. Cloud base had a bimodal distribution
(Fig. 14a) with peaks below 0.8 km AGL and at about
6 km AGL. Cloud-top distributions (Fig. 14b) were
also markedly bimodal. Cloud-thickness distributions
(Fig. 14c) indicate that most of the clouds observed
were less than 1.5 km thick, with the very thick clouds
(> 3 km) being associated with the relatively rare
deep storm events. Preliminary analysis indicates that
more than a single layer existed at least 50% of the
time. Continuous measurements of surface radiation
fluxes will be interrelated with the cloud-boundary
statistics and other observations. In ongoing research,
cloud-layer statistics will be compared with those
observed in several other geographic and climatic
locations.
7. Summary

The data and the simulations show predictable
wave dynamics; variable cloud liquid water production associated with gravity waves; measured types of
ice particles; the nature of transport dispersion in gravity waves and winter convection; observable seeding
effects; the types of hydrometeors produced; active
seeder-feeder processes; and the phase (rain vs snow)
of the precipitation. The dataset represents a resource
for much more exploration to understand orographic
cloud microphysics, dynamics, and precipitation development, with implications for mountain weather
and flash flood forecasting, seeding potential, climate
8 57
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FIG. 14. AP95 cloud frequency distributions derived from vertically pointing K -band radar: (a) cloud base, (b) cloud top, and
(c) cloud thickness.
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