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Abstract
A brief overview of the 13 June 1984 Denver hailstorm is presented.
This storm produced very large hail in a few locations and copious
amounts of small hail over a large area. Documentation of the storm
includes data from a surface mesonetwork, cooperative observers
and storm spotters, dual Doppler radar, profiler winds, radiosonde,
lightning detectors, and photographs of smoke tracers. Integration
of these data sets provides an interesting and informative look at this
destructive storm.

1. Introduction
On the afternoon of 13 June 1984, a slow-moving, hail-producing convective system struck the western suburbs of
Denver, Colorado. By the time it was over, the storm had
caused approximately $350 million in damage, making it one
of the most-destructive storms to hit that city. In fact, insurance claims indicate that this was the most-destructive and
most-costly single hailstorm in the United States to date
(.Denver Post, 1984). Hailstones of golfball to softball size
were reported, and duration of (smaller) hailfall in some
areas exceeded one and one-half hours with accumulations
of 0.25 m and drifts exceeding 1 m in many locations. The
storm remained quasi-stationary for a period of over two and
one-half hours, then moved rapidly to the northeast, as it
continued to deposit hail and torrential rains and finally dissipated in northeast Colorado.
This storm and its documentation were unique in several
aspects. First, the storm's occurrence over a major metropolitan area permitted numerous storm spotters to continuously
monitor the weather and relay storm reports to the National
Weather Service Forecast Office (WSFO) in Denver (DEN).
Second, the National Center for Atmospheric Research
(NCAR), using its 10-cm CP-2 and 5-cm CP-4 Doppler radars, recorded both velocity and reflectivity volume data.
Third, the Program for Regional Observing and Forecasting
Services (PROFS; Reynolds, 1983) operates a meteorological
mesonetwork that includes the Denver metropolitan area
(Fig. 1). Fourth, the 0000 GMT Denver National Weather
Service radiosonde ascended into the main inflow region of
the storm, permitting a cursory look at the updraft thermodynamics. Additionally, the NOAA Wave Propagation Laboratory profiler at DEN (Hogg et al., 1983) provided hourly
updates of the vertical wind profile. Fifth, a lightning detection and location system was mapping cloud-to-ground
strokes in the storm. Finally, the presence of smoke exhaust
from a nearby oil refinery permitted an interesting look at the
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FIG. 1. Map of northeastern Colorado showing contours (m) of
elevation (hatched above 3000 m) and locations of hourly and mesonet stations. Lower-case letters denote P R O F S mesonet stations
(capital letters used in text). Capital letters denote hourly NWS stations. Triangle with half circle denotes radar sites. Area coverage for
more-detailed mesonet and lightning analysis is depicted by dashed
rectangle.

four-dimensional characteristics of the storm inflow and
draft structure. All of this was in addition to the standard
hourly observations from DEN.

2. Description of the storm
Indications from the morning (1200 GMT) data all pointed
to the possibility of strong-to-severe thunderstorms in northeast Colorado. The synoptic and mesoscale pattern (not
shown) was very similar to the composite pattern presented
by Doswell (1980) and Maddox et al. (1981) in their discussions of severe weather events in the High Plains.
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FIG . 2. Surface plot of PROFS mesonet stations at a) 2130 GMT, b) 2230 GMT, c) 2330 GMT, and d) 0030 GMT. Contours and hatching as
in Fig. 1. Wind barbs are 5 m • s"1 and half barbs are 2.5 m • s"1. Arrows show wind-gust directions; speeds (m • s 1 ) are shown at the head of the
arrows.
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FIG . 3. Photograph taken from the Denver National Weather Service Forecast Office at 2315 GMT. Note the radiosonde balloon in the upper
left corner. Downtown Denver is visible in the center of the photograph. Heavy rain and hail on the right is over ARV (see Fig. 1.)

A nearly stationary surface front was located east-west
through central Colorado and eastward through Kansas and
Missouri. Surface winds in Colorado were generally east to
southeast north of the front and south to southwest south of
the front. Dewpoints were in the 13°-16°C ranges (55°-65°F).
At 500 mb, a southwesterly jet was oriented SW-NE to the
northwest of Colorado and had maximum winds of 20-30
m*s_1, while the Denver wind was —10 m-s _1 . The 1200
GMT precipitable water at DEN was 2.3 cm (0.91 in), or 175
percent of normal. The pattern was recognized early by the
DEN WSFO and the morning forecast mentioned the possibility of severe thunderstorms developing during the afternoon over northeast Colorado.
Figures 2a-2d are of standard meteorological parameters
observed in the PROFS mesonetwork at 2130, 2230, 2330,
and 0030 GMT (1530, 1630,1730, and 1830 Mountain Daylight Time [MDT]). These data are supplemented with NWS
Cooperative observer data located in Wheatridge (WHT).
Note that Arvada (ARV) is missing at 2230 and 2330 GMT
and Lakewood (LAK) is missing for all four time periods.
LAK had been nonoperational for a few days, but ARV had
been working well until it went off-line in the first burst of
baseball-size hail at approximately 2145 GMT. The data provided by the Cooperative observer and from the PROFS mesonet points to the strengthening of a convergence zone and
mesoscale circulation, the so-called "Denver convergencevorticity zone" (Szoke et al., 1984). This feature is fairly

common in the Denver area and is associated with southeast
surface winds over the eastern plains of Colorado. In the
warm season, it is not unusual for severe weather to occur in
its vicinity. A more-detailed discussion of this feature can be
found in Szoke et al. (1984). The storm remained imbedded
in this region for approximately two and one-half hours.
The 0000 GMT radiosonde was launched at approximately 2315 GMT (note the balloon visible in the extreme
upper left corner of Fig. 3) and moved into the inflow very
quickly. Vertical velocities of ~15 m* s-1 were observed before the balloon burst at a pressure of 481 mb. This velocity is
computed as the total ascent rate less the standard balloon
ascent rate. The track of the radiosonde (not shown) indicates a clockwise turning during the first few minutes of the
ascent, but a slight anticlockwise turning during its last minute. Figure 4 shows this sounding on a Skew-T-log P diagram. The sonde reached cloud base at 681 mb, then encountered the 0°C isotherm at 561 mb. It is probable that the
information plotted above 539 mb is incorrect owing to sensor error. This can occur when icing takes place on the instrument, with latent-heat release producing erroneous temperature readings. Since a source of air with these high values of
0W cannot be found in the meso- or synoptic-scale data, we
will assume them to be erroneous. In any case, if the moistadiabatic ascent present from 681 mb to 539 mb is continued
up to 500 mb, the lifted-parcel temperature is —4°C. Since the
morning 1200 GMT temperature at 500 mb is — 10°C, and the
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FIG. 4. Denver 0000 GMT 14 June 1984 sounding.
See text for discussion.

temperature at 500 mb the following morning is also — 10°C,
it is not unreasonable to assume that the temperature at 0000
GMT is not very different from these. Additionally, a detailed 500-mb isotherm analysis (not shown) indicated a temperature in the range of —9°C to — 10°C. This allows us to
calculate a Lifted Index of - 5 ° to - 6 ° C at 500 mb.
Figure 5 is a time-height cross-section depicting the 903
mHz profiler-measured winds. All heights are MSL and the
elevation of the profiler is 1.6 km MSL. These winds are all
one-hour averages for the period HH + 00 to HH + 59 and
are plotted at HH + 30. Wind shifts during this averaging
period can lead to errors. Additionally, rainfall at or very
near the profiler site can contaminate one or more of the
wind components resulting in erroneous values. Plotting the
high-, medium- and low-resolution wind measurements can
help point out errors and inconsistencies. All winds thought
to be in error have been deleted. Early in the day, the profilermeasured winds indicate moderate shear with low-level easterlies and southwesterlies aloft. The depth of the easterly
component increases until 0030 GMT when it extends almost
to 7 km. The winds plotted at 2315 GMT are from the DEN
0000 GMT radiosonde launch. Note the good correspondence
of wind directions and speeds from these two data sources.
By 0130 GMT, the easterlies have receded to below 5 km and
by 0230 GMT to below 2.5 km. It is suggested that the increasing depth of the easterly inflow can be attributed to the
mesoscale environment responding to the storm-induced
pressure perturbations (Cunning and DeMaria, 1985; Cunning et al., 1982). Alternatively, the meso-cyclone shown in
Fig. 2 may be stronger and better-defined aloft and increasing in depth with time.

The NCAR CP-4 Doppler radar, located a few kilometers
west of Brighton (BRI in Fig. 1) was recording full volumescan data of both reflectivity and velocity during the storm
while the CP-2 Doppler radar (located—10 kilometers southeast of Boulder) was executing sector volume scans and
RHI's. Figure 6 (top left) shows the CP-4 PPI reflectivities at
2144 GMT (1544 MDT). The hailstorm is located near 230°
at 30 km. Maximum reflectivities in this storm exceed 55
dBZ. A few minutes prior to this, hail measuring 7-8 cm was
reported in Arvada (ARV). (Incidentally, the cell located at
190° and 40 km moved northeast, then north, and finally
northwest becoming indistinguishable from the hailstorm.)
One and one-half hours later (2328 GMT) the storm was near
210° and 30 km (Fig. 6 (lower left)), indicating little motion
during that period. Figure 6 (top right) is a PPI from CP-2 at
2313 GMT (1713 MDT). The storm is located near 150° at 25
km. Especially interesting are the strong reflectivity gradients
and inflow notches along the southeast flank of the storm.
According to Conway (personal communication, 1985) dual
Doppler analyses of the storm have shown the existence of a
well-defined meso-cyclone with 30 m • s"1 shear over a distance of 15 km in the region of these inflow notches. Figure 6
(lower right) is an RHI as seen by the CP-2 radar at 2348
GMT (1748 MDT). Note the very high reflectivities (>60 dBZ)
extending through a deep column and the well-defined vault.
Figure 7a shows the location of the cloud-to-ground lightning strokes in the PROFS mesonet. The stroke values are
contoured at 1,2, 4, 8, 16, and 32 strokes for a 10 km X 10
km box for a two-hour period from 2200 GMT to 0000
GMT. The region experiencing the highest flash density lies
in the foothills west of Denver and agrees with the Colorado
lightning climatology of Lopez and Holle (1985). Figure 7b
shows the 5-min count of cloud-to-ground flashes for northeast Colorado. Note the rapid increase during mid-afternoon
and the equally rapid decrease in early evening. The majority
of these strokes came from the storm over the Denver area,
but a number of other small storms over northeast Colorado
contributed to the total. The most-active period was from
approximately 1730-1815 MDT, which corresponds with the
approximate time of the most intense meso-cyclone (Conway, personal communication, 1985).
The next set of photographs (Figs. 8-13) is thought to be
unique. The smoke visible in these photographs is the result
of a lightning strike to an oil-refinery gas-flaring tower in the
Commerce City area, located approximately 8 km northwest
of AUR. The smoke provides an interesting four-dimensional tracer of the draft structure beneath the storm. Figure
8, taken at 1740 MDT (2340 GMT) shows the smoke slowly
rising towards the cloud base under the influence of a northeast wind. Notice the laminar structure on the leading edge of
the smoke and the more-turbulent, trailing structure. Figure
9 (1748 MDT, 2348 GMT) shows a portion of the smoke
being deflected downwards as it passes to the west of the updraft and nears the rain-induced downdraft. Figure 10 is a
panorama, from southwest to northwest, of the entire storm at
1749 MDT (2349 GMT). Figure 11, taken a few minutes
later, hints at some sort of helical motion in the smoke plume
as it continues to be drawn into the storm. Figure 12 shows
some rain-cooled surface air being drawn into the updraft,
and condensing into a cloud form that was mistaken for a
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FIG. 5. Time-height cross-section of the NOAA profiler at Denver. Half barbs are 2.5 m • s -1 , full barbs are 5 m • s"1, and pennants are 25
m • s -1 . The hourly records and other special observations from the Denver National Weather Service Office are shown below with comments
using standard National Weather Service notation.
Unauthenticated | Downloaded 01/09/23 09:19 AM UTC

1128

Vol. 67, No. 9, September 1986

°a G
7 51
P
OQ K> On
n» oo

» 3«
2 O <T
5' & £
Oq OO g.
C/i M
g
P
J5 O <^T>
i-t D 3
^ a ^
N-O t3*
o
2T S *
3 SO
3.
gp O
Q >>d
3 Xu
s i_ PI
P

t (Jhrt—
<«»
o**
«n i^ c/3
Sol
y D £3
? *3! ?
& 5*
£ TJ
^P H
3J,
ro o
oo n
O T3
HS
Q K)
-J
on

£
^

*

£

S.o
<H
oP o
9 2
3 Q
p to
£ p®

*s

S 9
3 2
p

^a

Qd
K)C!
p O
Si.
ST n1-1>
CD

3 2
OQ" O
5:3
Unauthenticated | Downloaded 01/09/23 09:19 AM UTC

Bulletin American Meteorological Society

1129

funnel cloud by the public and some of the more-distant
storm spotters. No rotation was noted in this feature by the
authors, nor by any of the National Weather Service personnel monitoring the storm. Finally, at 1805 MDT (0005
GMT), the gust front wrapped around from the southwestern flank of the storm towards the north and northeast, resulting in the deflection of the smoke plume in the lowest layer,
as shown in Fig. 13. It is at about this time that the storm
began to accelerate toward the northeast. The PROFS mesonet data (see Fig. 2) suggests that the Denver convergencevorticity zone had increased in strength northeast of Denver.
This increased convergence, along with the northeastwardmoving gust front, may be responsible for the sudden acceleration and propagation of the storm in this direction. Moments later, storm spotters reported a rotating wall cloud
and pea-sized hail near Brighton. Within the next half-hour,
the Denver metro-area skies began to clear, and the job of
storm cleanup began.

3. Summary
The hailstorm that struck Denver and its suburbs on the afternoon of 13 June 1984 was a well-documented storm. Data
from many sensors were available, including surface mesonetwork stations, cloud-to-ground lightning detectors, standard hourly surface observations and twice daily upper-air
soundings, atmospheric profilers, and Doppler radars. This
brief overview of the storm cannot possibly answer all the
questions concerning the evolution of the storm and its interactions with the environment. To that end, a number of studies
are in progress within the NOAA, NCAR, and university
communities examining some of the data sets in order to
focus on particular aspects of this storm. The authors look
forward to the results of these studies.
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FIG. 8. Photograph taken at 1740 MDT from the Denver NWS
office looking to the west-northwest.

FIG. 9. As in Fig. 8, except for 1748 MDT.

FIG. 10. Panorama from the southwest to the northwest at 1749 MDT.

FIG. 11. As in Fig. 8, except for 1752 MDT.

FIG.

13.

FIG. 12. As in Fig. 8, except for 1754 MDT.

As in Fig. 8, except for 1805 MDT.
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announcements
NCAR Facilities Available
Advisory Panels for the Field Observing Facility (FOF) and the
Research Aviation Facility (RAF) of the National Center for
Atmospheric Research (NCAR) will meet in April 1987 to
consider requests for use of their facilities.
FOF operates one S-band (10-cm) and two C-band (5.5-cm)
Doppler radars, and 60 Portable Automated Mesonet (PAM)
stations with associated field base stations. The Global Atmospheric Measurements Program (GAMP) operates nine Crosschain LORAN Atmospheric Sounding Systems (CLASS), a new
upper-air system. Several are now available for community
use. The advisory panel will also consider requests for use of
the S-band (10 cm) CHILL radar operated by the Illinois State
Water Survey (ISWS), which may be available to the user community in the spring of 1987.
Requests for use of facilities from 1 October 1987 through
31 October 1988 should be submitted now. Scientists requesting NCAR field-observing support within the context of National Science Foundation (NSF) grants should include those
requirements in their NSF proposals.
In order to be considered by the panel at the April meeting,
radar and PAM requests should be submitted by 1 March 1987
and addressed to Brant Foote, Manager, Field Observing Facility, NCAR, P.O. Box 3000, Boulder, CO 80307. CLASS requests should be submitted by 1 March 1987 to Vincent Lally,
Manager, Global Atmospheric Measurements Program, at the
same address. Inquiries and proposals for use of the CHILL
radar system should be directed to John Vogel, ISWS, 2204
Griffith Drive, Champaign, IL 61820, telephone (217) 333-4261.
The RAF operates three aircraft: a Super King Air twin turboprop; the low-wing, twin-jet Sabreliner; and the large, lowwing, long-range, four-engine turboprop, the Electra.
The aircraft are all equipped to measure state parameters
including temperature, pressure, dew point, and winds. Also,
a large variety of equipment can be specified by users for a
particular project, including cloud and hydrometeor particle
spectrometers, aerosol spectrometers, shortwave and longwave optical radiometers, and remote radiometric surfacetemperature instrumentation.
1
Notice of registration deadlines for meetings, workshops,
and seminars, deadlines for submittal 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.

Allocations of the research aircraft will concentrate on programs scheduled during the period October 1987 through April
1988. Requests for the Electra aircraft will be considered for
the period October 1987 through October 1988. Requests for
NCAR flight support for programs within the context of NSF
grants should include a copy of the NSF proposal. Internal
NCAR flight requests and proposals not part of the NSF program should submit sufficient justification so that a meaningful comparison with NSF-supported programs can be made.
Requests should be submitted in completed form no later
than 13 February 1987 to the Manager, Research Aviation Facility, NCAR, P.O. Box 3000, Boulder, CO 80307. Additional
information is available at (303) 497-1036.

Meteorological Calendar Available
The Royal Meteorological Society has produced a Meteorological Calendar for 1987. This calendar contains excellent photographs from various worldwide locations. It is available from
the Executive Secretary, Royal Meteorological Society, James
Glaisher House, Grenville Place, Bracknell Berkshire RG121BX
UK. Price is $5.00 (postage free).

meeting of interest
3 December 1986. The Starr Memorial Lecture this year will
be held at the Massachusetts Institute of Technology in Room
66-110 at 2:30 in the afternoon on Wednesday, 3 December
1986. Walter H. Munk of the Institute of Geophysics and Planetary Physics, Scripps Institution of Oceanography, University
of California at San Diego will be the speaker. The title of his
speech is "Ships from Space."
3—6 February 1987. The Second Airborne Sensing Workshop
will be held in Miami, Florida in February 1987. The workshop
is an outgrowth of a similar conference held in Boulder, Colorado in August 1985. It is intended to provide a forum for
scientists to share the results of their experiments and obtain
the latest information on evolving instruments, measurement
techniques, and future flight opportunities. For more information, contact Ms. Lee Ann Adams, Science Applications
International Corporation, 400 Virginia Avenue, S. W., Suite
810, Washington, D.C., 20024, telephone (202) 479-0750.
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