Convection Initiation and
H
Downburst Experiment (CINDE)
Abstract

The Convection Initiation and Downburst Experiment (CINDE) was
conducted in the Denver, Colorado area from 22 June to 7 August
1987 to study processes leading to the formation of deep convection
and the physics of downbursts. A total of 6 Doppler radars, 87 mesonet
stations, 3 research aircraft, 8 sounding systems and numerous photographic facilities were deployed within an 85 km x 85 km area. A
comprehensive data set was obtained including measurements of convergence lines, downbursts, and tornadoes that occurred on 35, 22,
and 11 days, respectively.
This paper describes the objectives of the experiment and the specific
facilities employed. Highlights and preliminary results are presented
for several studies underway to show the type of data collected and to
illustrate the sorts of analyses being pursued. Examples chosen include
the topics of cloud initiation on stationary convergence lines, terraininduced circulations, downbursts, tornadoes, and tracking chaff in precipitation-filled regions.
1. Introduction

The Convection Initiation and Downburst Experiment (CINDE)
was conducted along the front range of the Rocky mountains
in the Denver, Colorado, area from 22 June to 7 August 1987.
It was designed to further our understanding of the kinematic
and thermodynamic structure of the boundary layer, emphasizing those processes that influence the development of convective storms, including terrain effects, and to investigate the
forcing and initiation of intense downdrafts known as microbursts. In this paper we describe the objectives of the experiment and the available observing systems. We also present
results of preliminary analyses that illustrate the kinds of data
collected and the research avenues being taken.
Earlier studies have shown a high frequency of occurrence
of deep convection in the CINDE study area (e.g., Wilson and
Schreiber 1986). This convective activity is commonly initiated
in close proximity to convergence lines in the boundary layer,
whose position can be detected by sensitive radars, giving rise
to obvious forecasting applications. However, the processes
that are responsible for determining when and where storms
will actually develop along these convergence lines are not well
understood. The development of more accurate short-period
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prediction techniques requires that more attention be paid to
the detailed thermodynamic structure of the lower atmosphere
and the acting dynamical processes.
Research into the cause of downbursts as it relates to aviation
hazard is ongoing in this region. Results from the Joint Airport
Weather Studies (JAWS) project confirm the frequent occurrence (about 60 percent of all project days) of this phenomenon
in eastern Colorado during the summertime (Fujita 1985). A
major limitation of earlier experiments was the lack of high
spatial and temporal thermodynamic data coupled with high
resolution dual-Doppler wind measurements.
The geographic setting of the experiment was the plains
region around Denver, Colorado, as shown in figure 1. This
location was chosen to encompass a topographically induced
feature known as the Denver convergence zone (Szoke et al.
1984), and to collocate as much as possible with three other
experiments. These experiments were the Terminal Doppler
Weather Radar (TDWR) operational test, the Denver Advanced
Weather Information Processing System (AWIPS)-90 Risk Reduction and Requirement Evaluation, and a precipitation and
cloud-physics study conducted by Colorado State University
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FIG. 1. Geographical location of the CINDE network. Contours are
elevation in feet. Elevations above 9000 ft. (2745 m) are shaded gray.
(Prepared by Roger Wakimoto)
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(CSU) using the NCAR (National Center for Atmospheric Research) multiparameter CP-2 radar. A high degree of cooperation occurred between the projects including the sharing of
facilities, data, and scientific personnel.
Twenty nine scientists from six institutions participated in
the field program, as listed in Appendix A. The scientific objectives and background of CINDE are given in sections 2 and
3. The observing facilities and a description of the operations
center and associated activities are discussed in section 4. Section 5 contains preliminary results from studies of convection
initiation along a convergence line, the Denver cyclone-convergence line, downbursts, tornadoes, and a new method for
using chaff to trace motions inside storms.
2. Background

a. Convection Initiation
With the advent of ultra-sensitive radars, observations of structure in the optically clear boundary layer have become commonplace. Using Doppler radar, regions of convergence can
be detected and tracked, revealing a frequency of occurrence
not anticipated. Furthermore, strong statistical correlations between the position of radar-detectable convergence lines and
convective storm formation have been documented in eastern
Colorado by Wilson and Schreiber (1986). Physical principles
that determine the timing and location of storm development,
however, are not yet evident. Moreover, some boundary layer
convergence lines initiate new convection and some do not.
In 1984 and 1985, convection initiation experiments in eastern Colorado conducted by NCAR, the National Oceanic and
Atmospheric Administration (NOAA), and the University of
Oklahoma utilized a single Doppler radar, surface mesonet,
and a mobile and a fixed sounding system to examine the
structure and evolution of clear air boundaries, to make nowcasts of convective activity, and to determine where new storms
formed in relation to boundaries. Using this data set, Wilson
and Schreiber (1986) showed that at least 80% of the storms
forming on the Colorado plains were initiated along pre-existing
radar-detected boundaries. The origin of boundaries included
synoptic-scale fronts, outflows from previous storms, orographic influences, and surface differential heating. These experiments clearly showed the importance of the boundary-layer
kinematics in determining where storms will form, and Mueller
and Carbone (1987) used data from the experiment to document
the fine-scale structure of the convergence region and discuss
some of the dynamical processes involved.
5

The subject is not entirely new. The importance of boundary-layer
convergence in initiating convection was discussed early on by Byers
and Braham (1949). More recently, zones of enhanced convergence
found along outflow boundaries have been recognized as areas of convection initiation by Purdom (1982), and Watson and Holle (1982).
Zones of convergence induced by terrain, moisture gradients, and differential heating have also been identified as favorable areas for thunderstorm development (Szoke et al. 1984 and Schreiber 1986). Wilson
and Carbone (1984) discussed the use of a single Doppler radar in the
nowcasting of thunderstorm initiation by tracking and monitoring convergence lines detected in Doppler velocity or as reflectivity thin-line
echoes. These radar features were referred to as boundaries.
5

b. Downbursts
A downburst as defined by Fujita (1981), is a small-scale downdraft that creates strong, divergent horizontal outflow at the
surface with a spatial scale of 1-15 km and temporal scale of
5-60 min. A microburst is a smaller downburst with a surface
diameter of up to 4 km and with a temporal scale of 5-15 min.
In the Denver area, downbursts can occur with low-, moderate-, and high-reflectivity storms. Wilson et al. (1984) showed
that the downdraft descends and the surface outflow reaches
peak intensity in about 5 min. Near the surface, the average
maximum Doppler velocity differential across the divergence
signature is 24 m • s . The typical downburst environment is
relatively dry with a nearly dry adiabatic temperature lapse rate
to about 500 mb.
Downbursts and their relation to aviation safety are a relatively new topic in the meteorological literature. They were
first studied by Fujita and Caracena (1977), and Fujita and
Byers (1977) after several aircraft crashed following encounters
with small-scale downdrafts. In 1978, the Northern Illinios
Meteorological Research on Downbursts (NIMROD) Project
was carried out specifically to study the downburst event. The
project was successful in documenting the existence of downbursts in the Midwest using Doppler radar and surface mesonet
data (Fujita 1985). The limitations of the Project NIMROD
data set were the coarse resolution of the surface network and
the wide separation between Doppler radars. In 1982, the JAWS
project was conducted to document the boundary layer structure
of downburst outflows in the Denver area using multiple Doppler analysis, instrumented aircraft, surface mesonet, and rawinsondes. Over 100 downburst outflows were identified and
the detailed structure of the outflow documented (McCarthy et
al. 1983; Hjelmfelt 1988). A shortcoming of the JAWS data
set concerned the lack of information about downdraft forcing
mechanisms, a result partly due to the fact that the radars usually
scanned only from the surface to 2 km. In 1986, the Microburst
and Severe Thunderstorm (MIST) experiment carried out in
Alabama used multiple Doppler radar, surface mesonet, and
instrumented aircraft to study the downburst in a moist environment (Dodge et al. 1986).
_I

3. Scientific Objectives

The scientific objectives related to convection initiation were
an outgrowth of earlier, more modest field experiments in the
vicinity, as described in section 2. The scientific objectives
related to downbursts and their evolution were a logical followon to research conducted during the JAWS and MIST programs.
The opportunity for new objectives related to tornadoes arose
during the course of the project. They are discussed below.
a. Convection Initiation
1. Gain an improved understanding of the dynamics and
thermodynamics of the planetary boundary layer in relation to convergence lines that develop as a result of
thunderstorm outflows, synoptic fronts, gravity waves,
surface moisture discontinuities, topography, and other
factors.
2. Document the development of clouds and convective
storms that occur along these convergence lines, and iden-
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tify factors controlling preferred locations, periods, and
scales of convective development.
3. Determine the time and space changes in the larger-scale
environment with particular consideration for topographic
influences affecting convergence line formation. This will
be accomplished by measuring the evolving vertical profiles of moisture, temperature, and winds throughout the
troposphere prior to convective development.
b. Downbursts
1. Investigate the fine-scale dynamics and thermodynamics
of the downdraft-initiation processes. A principal goal is
to determine what dynamical events are responsible for
producing a microburst in one storm and not in another
nearby storm.
2. Identify radar features that may be useful for anticipating
those storms that will produce downbursts vs. those that
will not.
3. Examine the fine-scale vertical and horizontal structure
of downburst outflows.
4. Determine the kinematic and thermodynamic structure of
downdrafts resulting from "virga-type" microbursts that
originate from cloud remnants of mountain convection.
These clouds often appear to be stratiform; an important
question is whether the downburst-producing virga originates from stratiform or convective processes.
c. Tornadoes
While the study of tornadoes was not a planned objective, the
occurrence of at least 25 tornadoes within the heavily instrumented network provided a unique opportunity. These tornadoes, which were typical of the region, were significantly weaker
than those traditionally studied in the Midwest. They were
associated with non-rotating storms in their rapid development
stage, rather than the more often studied tornado that is associated with supercell storms. High-resolution dual-Doppler radar data are available for at least one case, providing a unique
opportunity to study vorticity production. Also, because of the
great number of tornadoes of apparently similar type observed,
it may be possible to provide a comprehensive description of
their characteristics and formation processes.
4. Observing Systems and Conduct
of Experiment

In pursuit of the above goals, an array of instruments was
deployed as listed in table 1. Figure 2 shows the location of
the stationary observing systems.
a. Surface Mesonets
1. PAM Network
Forty-six Portable Automated Mesonet (PAM) II weather stations were deployed as shown in figure 2. Forty-one stations
comprised the primary grid, with a typical station spacing of
about 10 km. The purpose of this network was to provide time
and space continuity of surface mesoscale features moving
through the dual-Doppler region.
The remaining five PAM II stations were deployed in areas
surrounding this network. The stations to the south were located

FIG. 2. CINDE network showing location of PAM stations, PROF
stations, Doppler radars, and CLASS sites. (Prepared by Roger Wakimoto)

to observe the origins of terrain-induced mesoscale features;
the two near the foothills west of Denver were placed to observe
thermal and wind features resulting from mountain convection.
The PAM II stations provided 1-min averages of wet and dry
bulb temperature, pressure, the u and v components of the wind,
and rainfall. The peak 1-sec wind speed observed during each
1-min period was also reported. The data from each station
were transmitted through the GOES satellite at 3-min intervals.
2. PROFS and FLOWS Networks
Program for Regional Observing and Forecasting Services
(PROFS) and the Federal Aviation Administration (FAA)-Lincoln Laboratory Operational Weather Studies (FLOWS) mesonet stations located in and around the CINDE PAM network
provided additional information on the structure of the mesoscale meteorological fields over the region. The locations of
the PROFS stations are shown in figures 1 and 2. The PROFS
automated mesonet contained 22 stations recording 5-min averages of temperature, dew point temperature, pressure, wind
direction and speed, accumulated rainfall, solar insolation and
visibility. Eleven of the stations were located within the CINDE
network. The FLOWS mesonet consisted of 30 stations contained in a 15 km x 10 km array centered on Stapleton Airport.
The stations operated continuously and recorded 1-min averages of temperature, relative humidity, barometric pressure,
wind speed and direction, and rainfall with the peak wind speed
during each 1-min period also being recorded.
b. Soundings
1. CLASS
A fixed network of upper-air sounding stations consisted of
five NCAR Cross-chain LORAN (Long-Range Aid to Navi-

TABLE 1. CINDE observing systems.
System
RADARS
C-band Doppler

Agency/System
Type (PI)

Number
Deployed

Measurements

Comments

NCAR CP-3
(Wilson)

1

Doppler velocity and reflectivity

X-band Doppler

UND* (Osborne)
NOAA C&D
(Kropfli)

1
2

S/X-band Doppler

NCAR CP-2*
(Bringi)

1

S-band Doppler

MIT/LL FL-2*

1

Doppler velocity and reflectivity
Reflectivity, Doppler velocity, spectrum
width. In addition, NOAA C has
circular depolarization (CDR)
Reflectivity, Doppler velocity, differential Radar located at Marshall and also part
reflectivity (ZDR), Linear
of DARRRE Project
Depolarization Ratio (LDR)
Reflectivity, Doppler velocity, spectrum Part of TDWR Project
width

NCAR (N312D)
Univ. of
Wyoming
(N2UW)
(Fankhauser,
Rodi)
UND (N77ND)*
(Stith, Burrows)
Boulder Flying
Service

2

Air motion, thermodynamics,
microphysics

Boundary layer, storm structure,
downdraft measurements

1
1

Air motion, thermodynamics,
microphysics
None

Boundary layer, downdraft structure,
storm structure measurements
Chaff Release Airacraft, Rate 10
filaments/min at X-band wavelength

NCAR Cross Chain
LORAN, (Wade)
NCAR (2), NOAA
(1) Air, Inc.,
ADAS (Wade)
NOAA, ART type*

5

State**

3

State,** winds by theodolite

1

State**

Minimum time between releases —60
min.
Minimum time between releases —60
min. System totally mobile; typical
sounding to 250 mb.
Located at Stapleton Airport; 12 hr

AIRCRAFT
King Air 200T

Citation II
Cessna 182
SOUNDINGS
CLASS System
Mobile Sounding
System
Denver, NWS
SURFACE
PAM System

Used for operations control and
occasional dual Doppler data
collection. Located on STP.
Part of TDWR Project
Used for dual-Doppler collection (15.9
km base line)

7

46

PROFS Mesonet

NCAR, PAM II
(Wade)
NOAA, PROFS*

FLOWS Mesonet

MIT, Lincoln Labs*

30

PROFILERS
50 MHz System

NOAA, WPL*

3

Wind direction and speed. 1.7——15 km
AGL

915 MHz System

NOAA, WPL*

1

Wind direction and speed. 350 m-4 km
AGL

3

Daily time-lapse film

Located at 3 sites

9

Daily time lapse film

Located at 6 sites and radar sites.

8

Case-by-case slides

Located at 5 sites and 3 mobile
sounding vehicles. 35 mm cameras
have data backs

3

Case-by-case slides

Cameras have data backs

2
3
3

Case-by-case film

Unit slaved to radar.

Forward looking view, all flights

Aircraft videos have date time displays;
UND records analog traces of
selected parameters

1

Visible, IR imagery VAS

Geostationary 108°W

PHOTOGRAPHY
NCAR, NOAA
Ground-Based 16
mm movie format
(Knight)
Super 8 mm movie NCAR (Knight)
format
35 mm still format NCAR, UCLA,
NOAA
(Wakimoto,
Knight)
Airborne 35 mm still NCAR, UW, UND
(Stith, Rodi,
format
Fankhauser)
NOAA radars,
Videos
PROFS chase*
Research Aircraft
NCAR, UW,
UND
SATELLITE
NOAA*
GOES-6

22

* Not specifically deployed for CINDE Experiment

State,** peak wind, accum. rainfall

10 km grid spacing covering NOAA
dual Doppler radar lobes
State,** peak wind, accum. rainfall, solar Uneven spacing (20-60 km); 4
insolation, visibility
mountain locations; 5 min. sample
intervals
State,** accum. rainfall, peak wind
2 km avg. spacing within 8 km radius
of Stapleton Airport, 1 min. averages
Located at Platteville, Fleming, Flagler,
CO. Sample 12 times /hr. yield
single 1 hr. average; 290 m vertical
sample spacing
Located at Stapleton Airport, 60
samples/hr. yield 12 averages/hr. or
single avg./hr.; 145 m vertical
sample spacing

** State = pressure, temperature, relative humidity, windspeed, and direction
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gation) Atmospheric Sounding System (CLASS) stations located at sites near Hudson, Byers, Elizabeth, Golden, and
Stapleton Airport (see figure 2). The CLASS soundings provided real-time displays of temperature, pressure, dew-point,
wind direction, and wind speed at 10-sec intervals. With an
average ascent rate of 5 m • s , the vertical resolution of the
data was about 50 m (5 mb). The CLASS winds were derived
using the LORAN-C navigation system.
2. Mobile
Three mobile sounding systems were used to supplement the
soundings made from the fixed CLASS sites. The systems
utilized the Atmospheric Instrumentation Research (AIR) Automatic Data Acquisition System (ADAS) sounding equipment
operating at 400 MHz. Each AIR radiosonde transmitted temperature, pressure, and relative humidity at 5-sec intervals (Wade
and Street 1987). Winds aloft were obtained by tracking the
balloon visually using an optical theodolite. The mobile sounding vans were operated by two-person crews.

surface mesonetwork. Flight levels ranged from minimum safe
altitude to as high as 25,000 ft (-7.0 km).
All three aircraft had a variety of sensors for making air
motion and thermodynamic measurements. Cloud-physics instrumentation was also available for downburst studies. All
three aircraft had a sophisticated pointer system allowing for
accurate flying of complex flight patterns and tracking of individual air parcels.
e. Profilers
A pre-existing network of wind profilers operated by NOAA
was present in the vicinity. One of these profilers was located
within the CINDE network at the Denver office of the National
Weather Service. A second was located just north of the network at Platteville. The 50-MHz profiler at Platteville generated
an average wind profile once per hour from about 1.7 km to
18 km above ground level (AGL). The 915-MHz profiler at
Denver obtained an average profile every 12 min from about
0.3.to 5.5 km AGL.

c. Radars
Three radars were dedicated to CINDE. They were the NOAAC and NOAA-D X-band Doppler radars and the NCAR CP-3
C-band Doppler radar. The CP-3 radar was located at Denver
Stapleton International Airport along with the operations center.
The sensitivity of CP-3 was specifically increased for this project to enhance its ability to observe clear air features. Typically,
boundary layer returns were detectable to a range of at least
60 km. It scanned a full 360° in azimuth at a variety of elevation
angles to provide a history of evolving weather features for
later research purposes as well as real-time direction of the
experiment. The NO A A radars were separated by 15.9 km,
allowing for high resolution dual-Doppler measurements. While
the two NO A A radars were the same in most respects, NOAAC had additional dual-circular polarization capability. A light,
single engine aircraft was employed to dispense chaff since the
NO A A radars had only a limited clear air detection capability.
The NCAR CP-2 Doppler radar was operated from 10 July
to 10 August in support of a research program of Colorado
State University. Prior to 10 July, CP-2 was operated for PROFS
in connection with real-time nowcasting experiments being conducted by PROFS and the National Weather Service. In addition, two other radars, the FL-2 S-band Doppler from Lincoln
Laboratory and the University of North Dakota (UND) C-band
Doppler radar, were located within the CINDE network. These
radars collected data primarily for the TDWR program. The
location of these six Doppler radars is shown in figure 2.

/. Operations Center
A new operations center termed MOCCA (Mobile Operations
Center for Communication and Analysis) was developed at
NCAR in time for use in CINDE. It was based on concepts
used previously in the Cooperative Convective Precipitation
Experiment (CCOPE; see Knight 1982). In most respects it
may be regarded as a more modern portable version of the
CCOPE facility as described by Biter and Johnson (1982),
though with important additional capabilities related to realtime analysis and nowcasting. It was located at Stapleton Airport along with the CP-3 radar and the PAM-base trailer. All
experiment coordination was directed from MOCCA. It housed
five communication consoles, six CP-3 radar displays, three
PAM real-time wind displays, a PAM workstation and a synoptic and mesoscale workstation called The STORM Education
and Research System (SERS). Eight primary work positions
were housed in the facility in response to needs specific to
CINDE. They were operations director, radar analyst, radar
scan optimizer, aircraft coordinator, sounding coordinator, experiment forecaster, nowcaster, and data analyst. The highquality, real-time radar displays provided two images, each
with separate magnification and center. For each image it was
possible to rapidly toggle between reflectivity and Doppler velocity. Flexible ground-to-air and ground-to-ground radio communication, and voice intercoms between operations center
positions were provided. Various components of MOCCA are
discussed in more detail below.

_1

d. Research Aircraft
The airborne research activities were planned around the capabilities of two Beechcraft King Air aircraft, one operated by
the Research Aviation Facility of NCAR (N312D), and the
other by the University of Wyoming (N2UW). A Cessna Citation (N77ND) flown by the UND Center for the Aerospace
Sciences under contract to FAA in cooperation with Lincoln
Laboratories was a planned component in the TDWR research
program and was available in a cooperative role.
The King Air aircraft were available from 22 June through
28 July. The UND Citation was available to CINDE on an
occasional basis from 7 July through 7 August. Research flights
were primarily within the region covered by the dense PAM

1. SERS Workstation
The STORM Education and Research System, or SERS, workstation supported by PROFS displayed conventional surface,
upper-air, and satellite data, along with local research data sets
provided by the profilers, PROFS mesonet, CP-2, and CLASS.
The system was capable of showing the evolution of displayed
fields in time-lapse mode, was easy to use and interpret, and
proved to be of great value to the project.
2. PAM Workstation
PAM data were displayed in either a time-series mode for
selected stations or in map form for specified time periods.
Numerous variables could be displayed, including dry-bulb
temperature, dew point, winds, pressure, rain, mixing ratio,
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TABLE 2 .

Boundaries
Day
6/22
6/23
6/24
6/25
6/26
6/27
6/28
6/29
6/30
7/1
7/2
7/3
7/4
7/5
7/6
7/7
7/8
7/9
7/10
7/11
7/12
7/13
7/14
7/15
7/16
7/17
7/18
7/19
7/20
7/21
7/22
7/23
7/24
7/25
7/26
7/27
7/28
7/29
7/30
7/31
8/1
8/2
8/3
8/4
8/5
8/6
8/7

Stationary
X
X
X

Moving

Colliding

X
X
X
X

X
X

X
X

X
X

X
X
X
X
X

X
X
X
X
X

X

X
X
X
X
X

X
X
X
X
X

X
X
X
X
X

X
X
X

X
X

X
X

X
X

X
X

X

X

X

X
X

X
X

X

X
X

X

X

X
X
X
X
X

X
X
X
X
X

X

X

X
X
X
X

X
X
X
X

* Total from 1100-2000 mdt

X

Summary of CINDE weather events.
PAM
# Stations
>1 mm

Rain*
Max
mm

0
26
0
5
0
1
13
43
14
0
27
2
14
2
0
14
24
1
0
12
14
0
0
0
1
18
0
0
0
0
8
0
15
0
0
0
25
17
0
26
0
0
0
3
0
4
19

0
17
0
16
0
1
12
34
14
0
14
2
14
3
0
8
36
5
0
3
3
0
0
0
4
18
0
0
0
0
8
0
42
0
0
0
15
18
0
12
0
0
0
2
0
3
21

Downbursts
<40dBZ

>40dBZ

Tornadoes

Denver
Cyclone

X

X

X

X

X

X
X

X

X

X

X

X

X

X

X
X

X

X

X

X

X
X

X

X

X

X

X

X

X

X

X
X

X
X

X

X
X
X
X
X

X
X

X

X

X
X

X
X
X
X

X
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FIG. 3. Evolution of clouds along a convergence line as seen from the photo location indicated on the lower wind vector plots. The field of
view for each time period is shown. The heavy line is the location of the convergence line based on CP-3 radar measurements. The wind vectors
are from PAM II; the scale is shown in the top right corner of the first plot. Balloon soundings were taken at the times and locations shown by
the large black dots. Times are MDT. The east-west distance across the vector plot is 85 km.

1335

Bulletin American Meteorological Society

FIG. 4. Three-dimensional depiction of the wind data obtained about 1530 MDT on 17 July in the vicinity of the convergence line shown,
comprising the northern half of the vector plot at 1531 MDT in FIG. 3. The radar-detected boundary is shown by the heavy line. The winds from
three balloon soundings are shown as vectors on small horizontal surfaces. The winds from the NCAR King Air are shown in bold lines along
the aircraft track, which was at — 7 0 0 m AGL; the PAM winds are indicated with light lines (a flag represents 5 m • s~\ a full barb 1 m • s~\
and a half-barb 0.5 m • S" )- The underlying grid represents distances from CP-3 in kilometers. (Prepared by Charles Wade)
1

potential temperature, divergence, moisture divergence, and
vorticity. Selected, analyzed fields could be overlaid in different colors. Three continuously updating, real-time displays
of PAM data were placed throughout the operations center.
3. Scan Optimizer
The NCAR scan optimizer was available to the radar meteorologists. An eight-sided figure could be overlaid on the radar
data and then manually moved, stretched, and rotated via a key
pad to delineate the area of interest. It was used by the analyst
to select pre-programmed scans for the NOAA radars.
4. Aircraft Coordination
A radar display was available to the aircraft coordinator during
all research aircraft and chaff-release operations. Real-time
tracking of aircraft was possible via a link to the FAA Air
Route Traffic Control Center, with updated positions received
every 6 sec. Unique transponder codes for CINDE aircraft were
extracted from the FAA tracking-radar data stream, fed into
MOCCA, and overlaid on the radar display. While not as accurate as the aircraft tracking system described by Johnson and
Fink (1982) for research applications in CCOPE, this tracking
system was nevertheless quite suitable for research coordination
and for issuing advisories regarding hazardous weather avoidance.
5. Sounding Coordination
The positioning of the mobile-sounding crews and the timing
of balloon launches from all CINDE stations were directed by

radio communication from the operation center.
g. Research Operations
Research operations were conducted daily. A planning meeting
was held between 1000 and 1100 MDT (Mountain Daylight
Time) at the operation center. The operations center staff and
representatives of major research systems participated. A debriefing of the previous day's activities was conducted as part
of the morning meeting. An operations director implemented
the daily research plans with the assistance of the forecasters
and system coordinators. Operations normally occurred between 1200 and 2000 MDT. There were provisions for early
operations (0800-1100 MDT) in anticipation of the Denver
Convergence Zone or other mesoscale environment studies.
The Scientific Steering Committee had the responsibility of
ensuring that the research objectives and goals, as specified in
the experimental design, were adequately addressed during the
course of the project. The committee met periodically throughout the experiment to review progress in the attainment of
research goals and to consider shifts in research priorities based
on results obtained to date.
6

Membership of the Scientific Steering Committee consisted of
J. C. Fankhauser, M. R. Hjelmfelt, C. Kessinger, R. A. Kropfli, A.
R. Rodi, J. M. Wilczak, and J. W. Wilson.
6
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FIG. 5. Cross sections of the wind field perpendicular to the convergence line at the same time as the photographs in FIG. 3. The plots were
obtained by averaging CP-3 radial velocities over a distance of 10 km along the line. The upper two panels are for times before precipitation
echo was detected. In the bottom panel the storm reflectivity had reached more than 50 dBZ. The upward motion produced by the convergence
line is seen to be confined to a region only a few kilometers across. The distances shown are from the CP-3 radar, and a reference velocity scale
is shown.
5. Selected Observations and
Preliminary Results

A wide variety of convective weather of interest to the project
occurred during the 47-day field experiment. Weather events
in the network are tabulated chronologically in table 2. The
occurrence of rain and the maximum rainfall measured in the
PAM network are also shown on a daily basis. There were 35
days with radar-detected convergence lines, 22 days with downbursts, 10 days with Denver-cyclone convergence zones, and
11 days with tornadoes.
In the following we present examples of ongoing analyses
that illustrate the sort of data collected and the types of investigations being undertaken.

a. Convection Initiation
A good example of storm initiation along a stationary boundary
occurred on 17 July. This case was intensively monitored for
a seven-hour period. Cumulus clouds developed slowly along
the convergence region, eventually producing a line of storms
in excess of 65 dBZ, three small tornadoes, and several downbursts. The boundary became stationary in the study area after
a weak cold front moving from the northwest collided with an
apparent thunderstorm outflow from older activity hundreds of
kilometers to the east.
The boundary was in evidence well before any clouds had
formed. Figure 3 shows the dramatic cloud development that
occurred over a 75-min period. The surface winds are also
shown, as is the position of the boundary based on its "thinline" echo. Figure 4 is a three-dimensional view illustrating
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the wind field in the vicinity of the boundary at 1530 MDT as
measured by mesonet, aircraft, and soundings. Southeasterly
flow east of the boundary was clearly running up against lowlevel westerly flow west of the boundary. Details of the air
motion at the boundary are shown in figure 5, for the three
times corresponding to the photographs in figure 3. The vertical
sections of winds perpendicular to the line were obtained by
averaging CP-3 derived radial velocities over a distance of 10
km along the boundary, and integrating from the surface upward
to compute the vertical component. Figure 5 shows that the
circulation extended through the depth of the boundary layer,
and that quite strong upward velocities existed in the convergence zone even during times when only cumulus mediocris
were evident (though the vertical velocities at the top of the
boundary layer appear to be overestimates). The primary effect
of this long-lived convergence zone was apparently more in
deepening the moist layer than in directly causing vertical motions that themselves forced cloud initiation. Figure 6, for example, shows an east-west vertical cross section of potential
temperature and mixing ratio across the boundary as deduced
from soundings and aircraft measurements. A relatively deep
mixed layer 10-20 km wide is evident along the east side of
the boundary, with mixing ratios about 2 g • kg higher than
the surroundings. It appears that the vertical motions associated
with the line of convergence transported the relatively high
low-level moisture upward, producing an environment increasingly favorable to storm development.
-1

b. Terrain-Induced Circulations
One component of the CINDE project involved documenting
the structure of a frequently observed, terrain-induced, mesoscale wind gyre that occurs on the lee side of the Palmer Ridge
(see figure 1) under conditions of southeasterly flow. Because
of its proximity to the Denver metropolitan area, local forecasters refer to this gyre, which is approximately 50 km in
diameter, as the Denver cyclone. Often associated with the
Denver cyclone is a band of intensified convergence and vorticity, known as the Denver Cyclone Convergence Zone
(DCVZ). Numerical simulations have replicated both the Denver cyclone and DCVZ, and have demonstrated that the wind
gyre is a baroclinic response to flow over the Palmer Ridge
(Wilczak and Glendening, 1988).
Previous observations have indicated that the Denver cyclone
is associated with an anomalously high percentage of severe
weather events in the Denver area, including hail (Blanchard
and Howard 1986) and tornadoes (Szoke et al. 1984; Brady
and Szoke 1988). In particular, the later studies have indicated
that the DCVZ may have an important role in the generation
of tornadic storms.
The CINDE network was ideally situated for observations
of the Denver cyclone, with the center of the network located
near the center of the cyclonic vortex. The CLASS and mobilesounding systems, in addition to the wind and thermodynamic
profilers at Stapleton Airport, made possible detailed northsouth and east-west cross sections through the cyclone. The
PAM surface mesonet, with additional PROFS mesonet stations, was sufficient to document the general characteristics of
the larger-scale eddy structure, and provided exceptional detail
in the most likely region for the DCVZ, southeast of the cyclone's center. The region of dual-Doppler coverage by the

FIG. 6. West-to-east vertical cross section at 1530 MDT through
the boundary in FIGS. 3 and 4. Solid contours are potential temperature
(K) and the dashed contours are mixing ratio (g • kg ). The dashed,
vertical lines are sounding locations and the horizontal dashed line is
the NCAR King Air flight path.
-1

NOAA C and D radars also centered on the most likely region
for the DCVZ.
The cyclones were found to form both during the day and
at night, and to last from several to as many as 24 hours. In
almost all cases, the cyclone was associated with intense convection, including tornadoes observed on 23 June, 30 June, 2
July, and 17 July.
An example of the Denver cyclone, as observed by the surface mesonet, is shown in figure 7. On this day (25 June), the
eddy formed at 0400 MDT and remained nearly stationary for
24 hours before dissipating when the larger-scale surface flow
turned from the southeast to the southwest. In figure 8 an eastwest cross section at 1400 MDT, utilizing three CLASS and
one mobile-sounding units, indicates that the cyclone was essentially a boundary-layer phenomenon, with northerly winds
at Golden (GDN) extending up to the capping inversion at the
top of the daytime boundary layer.
The collected data sets will make possible a detailed description of the Denver cyclone, one that discriminates between
various numerical-model results. Analyses of several case study
days are under way.
c. Downbursts
Coordinated studies were performed to meet the cloud-physics
objectives on the forcing and initiation of microburst downdrafts. The research aircraft provided excellent coverage in
space and time of many downdraft features. An example is
shown from 9 July 1987 (figure 9). On this day numerous lowreflectivity microbursts associated with virga developed in the
research area. In the southern part of the network, a small
private aircraft was forced to make an emergency landing when
caught in one of the downdrafts. The classic microburst signature of blowing dust on the ground was evident in numerous
instances. In conjunction with coordinated radar scanning, the
University of Wyoming and NCAR King Air aircraft made
essentially simultaneous penetrations, in stacked formation, of
developing downdrafts below cloud base, and the University
of North Dakota Citation flew patterns in the lowest levels.
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FIG. 7. Gridded and interpolated surface winds from the network of 46 PAM and 22 PROFS surface meteorological stations, for a Denver
cyclone case on 25 June 1987 at 1000 MDT. Solid gray lines show the cities of Denver, Boulder, and Longmont; dashed gray lines show major
highways.

The flight plans in CINDE were designed to measure kinematic
and thermodynamic structure of the downdrafts in three dimensions. Two aircraft flew along the same track close in time
but separated by typically 300-600 m vertically. Air-relative
navigation techniques were used to help guide the aircraft back
to the downdraft so that successive penetrations could be compared.
Figure 10 shows examples of data from the two King Air
aircraft. At this time, the downdrafts were about 2-5 km in
horizontal extent at 3 km AGL, and had peak magnitudes of
10-20 m • s . The coherence of vertical wind and buoyancy
between the levels is evident, as is the coincidence between
the heaviest rain (as indicated by the 2D-P concentration) and
the downdraft. This supports the picture of evaporation and
melting being dominant as reported by Mahoney and Rodi
_1

(1987) from analysis of the JAWS data.
The two-dimensional optical-array probes provided images
of precipitation-size hydrometeors as they evaporated and
melted. In figure 11, 2D images sampled at two levels at the
same time on 9 July are shown; 1-25 mm aggregates of crystals
are evident in this penetration (the temperature was <0°C).
The ice phase is thought to be important for most microbursts
in the Denver area, as appears to be the situation in this case.
An example of the North Dakota Citation data is shown in
figure 12, taken about the same time as penetrations of the
King Airs. Each of the major updraft and downdraft regions
was correlated with areas of horizontal-wind convergence or
divergence (figure 12). At the sampling altitude (300 m AGL)
the size and magnitude of the updrafts and downdrafts were
similar (Figure 12b). The most intense updraft region (t/j)
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appears to have resulted from the interaction of the outflow
regions of downdrafts labelled D and D . The strongest horizontal winds (up to 19 m • s ) were observed on the eastern
side of the downdraft D . This generated a considerable amount
of blowing dust (figure 9) which reached the sampling altitude
and was detected by the Forward Scattering Spectrometer Probe
(FSSP) at 1713:30 MDT, during the second pass through the
microburst region (figure 12b). Smaller amounts of dust were
also observed at the other updraft areas. At the strongest downdraft (D in figure 12), a few drops of rain were observed;
however, these had little affect on the humidity, as the dew
point depression of approximately 30°C was maintained.
The aircraft and radar data will be examined to look at questions of downdraft expansion, mass-entrainment rates, and horizontal edge vortices. Further analysis of this case will also
involve a look "upscale" to see how the downdrafts fit into
larger scale forcing. Other cloud-physics objectives involve
processes above cloud base which initiate downdrafts, such as
precipitation formation and cloud entrainment. These data sets
should provide extremely good resolution of downdraft structure and evolution.
]

2

1

2

2

FIG. 8. An east-west cross section based on four balloon soundings
through the Denver cyclone in FIG. 7 at 1400 MDT. A full barb represents 5 m • s , a half bar 2.5 m • s ; solid lines are contours of
potential temperature; dashed lines are contours of mixing ratio.
-1

_l

d.

Tornadoes

A total of 25 tornadoes were observed by CINDE personnel
within the network during the field project. Wakimoto and

FIG. 9. Photo of blowing dust caused by a microburst on 9 July. The photo was taken from the UND Citation at 1712 MDT, towards the
north from an altitude of 300 m above the ground. The location of the blowing dust relative to the flight track of the Citation is indicated in FIG.
12. (Photo by R. L. Tilbury)
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growth stage of the associated storm, and that the visual vortex,
which consisted primarily of dirt, developed upward with time.
Close inspection of the radar data shows numerous inflection
points along the boundary that often evolved into small circulations 1-2 km wide. These apparently were the roll-up of
shear instabilities as previously discussed by Carbone (1983)
and Mueller and Carbone (1987). One of these circulations
eventually evolved into the tornado in figure 13. Figure 14
shows four time periods at about 20-min intervals of the radardetermined location of the convergence line, echoes, and circulations, as well as wind vectors from PAM. The circulation
labelled 2 is the one that eventually developed into the tornado
discussed here. Circulations labelled 1,3, and 6 also developed
tornadoes or funnel clouds; in fact, 1 is faintly visible in figure
13 at 1524 MDT. It can be seen that these circulations initially
developed independently of the precipitation echoes.
Figure 15 shows the horizontal-wind field at 0.4 km AGL
when the tornado was fully developed. The figure illustrates
the air converging from the north, east, and south in the vicinity
of the tornado as well as the circulation about the tornado itself.
Figure 16 is an expanded view of figure 15 in the vicinity of
the tornado with horizontal winds overlaid on a contoured plot
of the vertical component of vorticity obtained from the dualDoppler analysis. The maximum vorticity at this height was
1.4 x 10~ s at the tornado's center. The figure also shows
a second and much weaker vortex located about one kilometer
to the northeast (labelled 3 in figure 14). The 0.2 x 10" s"
vorticity contour in figure 16 is distorted northeastward, encompassing the second weaker vortex. The large values of
vorticity in this case compared with most previous dual-Doppler
studies of tornadoes are indicative of the higher resolution of
the data. The tornado itself was not exceptionally strong.
1

FIG. 10. Time series traces from the University of Wyoming and
NCAR King Airs flying close in time along the same track at 4400 m
and 4100 m, respectively. The NCAR King Air was approximately 10
sec behind the Wyoming King Air, so the panels are shifted appropriately. (a) Particle concentration (/"') from the Particle Measuring
Systems 2D-P probe (200-//m resolution); (b) virtual potential temperature, 0 (K); (c) vertical wind speed (m • s ). Ten sec corresponds
to about 1 km.
V

_l

Wilson (1988) have conducted an extensive study of these
tornadoes, describing their visual and radar characteristics.
Typically they were weak, most likely of F0 and F\ intensity,
and short lived. This type of tornado is quite common in the
area and has previously been described by Brady and Szoke
(1988), Zipser and Golden (1979), and Wilson (1986).
Visually, the most impressive case occurred on 2 July. This
tornado was particularly well documented, including timed
photography, four video tapes, mesonet data (it occurred within
0.4 km of PAM station 13), radar coverage from CP-2, CP-3,
and FL-2, and soundings from five CLASS and three mobile
units. In addition, the NOAA radars obtained high-resolution,
coordinated, dual-Doppler scans. The tornado was visible for
19 min. During this period the base of the tornado was stationary over fallow farmland and large quantities of dirt were
lofted, giving the tornado a dramatic visual appearance.
This tornado formed along a WNW-ESE oriented, stationary
convergence line in the northern position of the CINDE network. This convergence line appeared to be associated with
the Denver cyclone. Figure 13 shows a 90-min sequence of
photographs depicting the cloud and tornado evolution. The
pointing angle of the camera remained constant throughout the
sequence since the photographer was positioned to record the
expected development of storms along the convergence line.
Figure 13 clearly shows that the tornado developed during the

_1

1

1

e. Chaff Experiments
Chaff was used in experiments designed to test a new air-parcel
tracking technique proposed by Moninger and Kropfli (1987)
that relies on the dual-circular polarization capabilities of the
NOAA-C radar.
Older techniques for tracking chaff to deduce air motions
depend only on the reflectivity signal backscattered from chaff
fibers, and have been limited to clear-air situations because the
chaff's reflectivity is normally overwhelmed inside a storm
cloud by the reflectivity of the cloud's hydrometeors. The new
technique, known as TRACIR (Tracking Air with Circularpolarized Radar), exploits the large difference between the depolarizing properties of chaff dipoles and hydrometeors.
The NOAA-C radar measures the circular depolarization ratio (CDR), which for chaff is about 20 dB stronger than for
large raindrops. This allows the radar to observe chaff-filled
air parcels as they move around inside clouds, across cloud
boundaries, and in clear air.
Earlier tests (Moninger and Kropfli 1987) demonstrated that
the technique is successful for detecting and following chaff in
non-precipitating and weakly precipitating clouds. Tests were
conducted as part of CINDE in much more intense precipitation
with chaff releases inside thunderstorms by the Wyoming King
Air.
Such a case is illustrated in figure 17 for chaff released in a
rapidly growing storm on 28 July. The upper panel of the figure
shows the King Air's flight track during two penetrations of
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FIG. 11. Images of hydrometeors from the 2D probes on the NCAR (top) and University of Wyoming (bottom) King Airs. The information
below each horizontal image bar begins with " C " or " P " to indicate probe resolution: 25 or 200 //m, respectively. The designations CI/PI are
for the NCAR data, and C2/P2 for UW data.

FIG. 12. (a) Flight track at 300 m AGL of the University of North
Dakota Citation between 1710 and 1715 MDT in the microburst feature
shown in FIG. 9. Superimposed on the track are the measured horizontal
winds, averaged over 4-sec intervals. Each long barb represents 5
m • s ; small barbs are 2.5 m • s" . The location of the blowing dust
shown in FIG. 9 is indicated by P. (b) Measured vertical wind speed
and dust concentrations (from FSSP) between 1710 and 1715 MDT.
The locations of major updrafts and downdrafts are indicated by U and
D, respectively. (Prepared by Jeff Stith)
_l
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FIG. 13. Time series (90 min) of the evolution of clouds and a
tornado along a convergence line on 2 July 87. The camera is pointed
toward the WNW from the site of the NOAA-C radar. The time (MDT)
is shown in the upper right of each photograph. (Photos by Roger
Wakimoto)
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the storm. The lower panels are two-dimensional perspective
views of radar data surfaces, where the height of the peaks is
proportional to the signal strength. Chaff was detectable from
the reflectivity measurements (middle panel) outside the storm's
western edge, but the signal was obscured within the storm.
However, the CDR measurements (lower panel) clearly reveal
the chaff's location along the flight track inside the storm as
well as outside. Further studies will assess the feasibility of
using such data to examine the kinematics of convective clouds.
6. Summary

FIG. 14. Evolution of storms and circulations along the convergence
line in FIG. 13 as seen by Doppler radar at foUr time periods. The solid,
black line is the radar-detected boundary. The numbered black dots
represent radar detected circulations with a lifetime of at least 20 min
and the open circles are shorter-lived circulations. The contour represents 30 dBZ radar reflectivities and the shaded areas 50 dBZ. The
vectors are PAM winds. Distances are in kilometers north and east of
CP-3.

An experiment to study the factors associated with the initiation
of convective storms and the physics of downburst phenomena
was conducted on the plains in the vicinity of Denver, Colorado. The formation and observation of tornadoes in the midst
of the CINDE network provided additional opportunities for
research. In the data collection sense, the experiment, which
included aircraft, Doppler radars, soundings, surface mesonets,
and cloud photography, must be regarded as highly successful.
The availability of a modern operations center, including stronger
emphasis on real-time analysis and nowcasting than was previously possible, played an important role in the coordination

FIG. 15. Horizontal flow field and radar reflectivity at 0.4 km above the ground at 1535 MDT. Vectors are derived from the radial Doppler
velocity measurements of the NOAA-C and NOAA-D X-band radars. Wind speed is proportional to the length of the vectors as shown in the
margin.

1345

Bulletin American Meteorological Society

FIG. 16. Expanded view of flow field in FIG. 15 with the vertical component of vorticity superimposed on the vector flow field. The contour
interval is 2 x 10" s beginning with a value of 2 x 10" s at the outer contour.
2
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2

_1

of the complex aspects of the experiment. A wide variety of
studies have been undertaken, as illustrated by the subset highlighted here. One anticipates substantial progress will be made
in addressing the project's scientific goals.
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FIG. 17. Chaff releases in a thunderstorm on 28 July 1987. Upper panel shows the location of the Wyoming King Air as it penetrated the
storm. Reflectivity and CDR patterns measured by the NOAA-C radar are shown in the middle and lower panels, respectively. The radar data
are for the same height as the aircraft penetration.
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announcements1
Australian Weather Calendar

The 1989 issue of the Australian Weather Calendar is scheduled for completion by November 1988. The Calendar features
twelve color photographs and a variety of information on
meteorological phenomena. The calendar is jointly produced
by the Australian Bureau of Meteorology and the Australian
Meteorological & Oceanographic Society (formerly the Royal
Meteorlogical Society—Australian Branch).
Copies of the calendar and price information can be obtained
from the administrative assistant of the Australian Meteorological & Oceanographic Society, PO Box 654E, Melbourne,
Australia 3001. Payment of calendars must be by Bankdraft
in Australian currency payable to AMOS.
Call for Papers:
Journal of Weather Modification

The Journal of Weather Modification is once again accepting
papers for annual publication. The editorial board is very
anxious to make this next volume an interesting and important issue.
Any subject within the general field of weather modification
is acceptable for consideration. Authors may submit their
papers for possible publication in either the reviewed or nonreviewed section. Reviewers will include those on the editorial
board, as well as others with special expertise in each author's
specific area of interest.
For information on submitting papers, contact Thomas J.
Henderson, Editor, Journal of Weather Modification, PO Box
Office 8116, Fresno, CA 93747, tel. (209) 291-8466. Paper
deadline is 15 December 1988.
CIRES Fellowships in Environmental Sciences

The Cooperative Insitute for Research in Environmental Sciences (CIRES) at the University of Colorado at Boulder offers
five one-year Visiting Fellowships to scientists with research
interests in the areas of atmospheric chemistry, atmospheric
dynamics, climate dynamics, environmental chemistry and
Notice of registration deadlines for meetings, workshops,
and seminars, deadlines for submission of abstracts or papers
to be presented at meetings, and deadlines for grants, proposals,
awards, nominations, and fellowships must be received at
least three months before deadline dates.—News Ed.
1

geochemistry, environmental biochemistry and biology, remote sensing, and global change.
Awards may be made to senior scientists, including faculty
on sabbatical leave, or to recent Ph.D. recipients. Stipends
average $26,500 for twelve months. Those receiving these
awards will pursue their own research programs and participate in institute seminars. Selection is based in part on the
likelihood of interaction between the Visiting Fellow and the
scientists at CIRES. Candidates are encouraged to contact one
or more of the senior investigators as they are preparing their
proposals.
The program is open to scientists of all countries. Appointments can begin at any time during the year. Applications for
the 1989-90 academic year awards should be sent to Prof.
Robert Sievers, Director CIRES, Visiting Fellows Program,
Campus Box 449, University of Colorado, Boulder, CO 803090449.
Applications should be accompanied by a curriculum vitae,
publications list, a brief outline of the intended research, and
letters of recommendation from three persons familiar with
the applicant's qualifications. Junior applicants must submit
undergraduate and graduate transcripts. First consideration
will be given to applications received by 1 December 1988.
The final application deadline is 15 February 1989.
New Journal from Elsevier Science Publishers

Elsevier Science Publishers announces the new journal Global
and Planetary Change, a daughter-journal to Palaeogeography/climatology/ecology. The objective of the journal is to
achieve a multidisciplinary view of the causes, processes, and
limits of variability in planetary change. The journal will
focus on the record of change in earth history and the prospect
of future changes. Topics will include, but are not limited to,
changes in the chemical composition of the oceans and
atmosphere, climate change, sea level variations, human
geography, global tectonics, global ecology and biogeography.
Global and Planetary Change will be managed by an
international team of seven editors, each specializing in one
or more of the areas covered by the journal's scope. Papers
should be submitted in triplicate to one of the editors. Further
information and a guide for authors is available from Elsevier
Science Publishers, PO Box 330, 1000 AH Amsterdam, The
Netherlands.
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