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Photographs taken by John Asztalos from Mitchell Lake
(near the Continental Divide 20 miles west-northwest of
Boulder, Colorado). The sequence (1-4) captures the
development of a large thunderstorm just southwest of
Lyons, Colorado, during the period from about 0010 to
0045 GMT (6:10 to 6:45 p.m. MDT). This was one of the
initial storms in the northeastern Colorado foothills on the
evening of the Big Thompson flood.
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Figure 1. Locations and topographical features in Colorado and surrounding states.



METEOROLOGICAL ASPECTS OF THE BIG THOMPSON

FLASH FLOOD OF 31 JULY 1976

Robert A. Maddox, Fernando Caracena,
Lee R. Hoxit, and Charles F. Chappell

Abstract. Analyses and descriptions of meteorological conditions that pro-
duced the devastating flash flood in the Big Thompson Canyon on 31 July 1976
are presented. The storm developed when strong low-level easterly winds to
the rear ofa polar front pushed a moist, conditionally unstable air mass upslope
into the Front Range of the Rocky Mountains. Orographic uplift released the
convective instability, and light south-southeasterly winds at steering levels
allowed the storm complex to remain nearly stationary over the foothills.
Minimal entrainment of relatively moist air at middle and upper levels, very
low cloud bases, and a slightly tilted updraft structure contributed to a high
precipitation efficiency. Meteorological conditions that produced the Big
Thompson and Rapid City flash floods are compared and shown to have been
very similar. A set of meteorological conditions is defined for the purpose of

identifying the potential for flash floods in Front Range canyons.

1. Introduction

During the evening hours of 31 July
1976, a destructive flash flood rushed
through the Big Thompson Canyon west of
Loveland, Colorado. U.S. Highway
34—the primary route into Estes Park and
Rocky Mountain National Park—parallels
the river; the canyon had been extensively
developed with businesses, motels, and
campgrounds located along the scenic river
bank. Larimer County officials estimated
that between 2,5(X) and 3,500 people were
in the canyon when the flood occurred
(NOAA, 1976), and the toll was heavy: at
least 139 people were killed, and property
damage of about $35.5 million occurred.

The storm produced very heavy rains
in a narrow band along the Front Range
from the Big Thompson drainage north-
ward into Wyoming. Maximum amounts

exceeded 12 in (305 mm) with much of the
precipitation in the Big Thompson drain-
age falling during the 4 h from 0030 to 0430
Greenwich Mean Time (GMT). (GMT is
converted to Mountain Daylight Time by
subtracting 6 h.) Significant flooding and
damage occurred in Colorado on the Big
Thompson and the North Fork of the Big
Thompson River, within Rist Canyon west
of Ft. Collins, on the lower portion of the
Cache la Poudre River (Poudre Park to Ft.
Collins), and on the North Fork of the
Cache la Poudre River. Flash flooding was
also reported over areas south and west of
Wheatland, Wyoming.

Fig. 1 shows Colorado and surround-
ing states and identifies landmarks and
towns that are referred to in the report.
The Big Thompson drainage, areas affected
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Figure 2. Big Thompson and North Fork of the Big Thompson drainages. Towns within and near
the flash flood area are identified. Cumulative rainfall isohyets (black lines) for the period 31
July-2 August 1976 are shown. Terrain contours (orange lines) are in feet above mean sea level.

The precipitation summary and isohyetal map were prepared by the National Weather Service
Central Region Headquarters in cooperation with other Federal agencies.
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Figure 3. Mean July rainfall (inches) for Colorado (data from NOAA-EDS Climatological Summary
for Colorado). The area shown in Fig. 2 is shaded.

by the flash flooding, and cumulative rain-
fall isohyets are depicted in Fig. 2. The pre-
cipitation summary covered the period 31
July through 2 August 1976. Mean July
precipitation for Colorado is shown in Fig.
3. Note that within a few hours the Big
Thompson storm produced rain amounts 5
to 10 times that normally expected for the
entire month of July.

On July 31 a large thunderstorm com-
plex developed over the mountains from
west of Ft. Collins to southeast Estes Park
just before dark when strong, unusually
moist, easterly winds pushed upslope into
the Front Range of the Rocky Mountains.
| he thunderstorm intensified very rapidly
and by 0045 GMT radar measured tops
exceeded 62,000 ft MSL (18.9 km) (NWS
radar at Limon, Colorado) and reflectivities
exceeded 60 dBZ (National Hail Research
Experiment radar at Grover, Colorado).
During its intense phase, the storm com-
plex remained nearly stationary for 2 to 3 h;

subsequently, it moved slowly northward
into Wyoming. The behavior and charac-
teristics of the Big Thompson storm were
markedly different from those of typical
summer afternoon storms in northeastern
Colorado. These storms usually develop
over the mountains and ridges in early af-
ternoon and then move eastward across the
plains. Rainfall is most often localized and
of short duration, and is frequently accom-
panied by hail.

Stream flow records (Grozier et al.l
1976) indicate that the precipitation that
produced the flood crest on the main fork of
the Big Thompson River at Drake probably
fell within the first 2 h ofthe storm. Grozier
et al. also reported a maximum measured
stream flow on the Big Thompson River at
the month of the canyon of 31,200 ft3 s"l
(884 m3 s 1) from an effective drainage
basin of approximately 60 mi2 (155 km?2).
| able 1. compares maximum measured
stream flows with drainages of varying
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sizes. Note the similarity ofthe Rapid City
and Big Thompson flash flood events.
This study describes the meteorological
conditions that produced this localized, ex-
tremely heavy rainfall along the Colorado
Front Range during the evening and night

of 31 July 1976. These conditions are com-
pared with those associated with the Rapid
City, South Dakota, flash flood of 9 June
1972, and a summary ofcommon features is
presented.

Table 1.
Comparison of maximum measured peak flows during flood events with the drainage areas
involved
. . Peak Flow
Maximum Drainage (f2 secl) Location
Peak Area
Flow (mi2) Drainage
(ft2 sec 1) Area (mi2)
2,630 0.3 8,767 Little Pinto Creek
tributary, Newcastle, Utah
7,210 1.0 7,210 Dark Gulch, Glen Comfort,
Colo., during Big Thompson Flood
45,000 6.9 6,522 Trujillo Arroyo near
Hillsboro, N.Mex.
76,000 22.9 3,319 Eldorado Canyon, Nev.
31,200 60 520 Big Thompson River at
mouth of canyon
50,600 91 556 Rapid Creek at Rapid
City, S.Dak.
25,000 692 36 Animas River near

*Many of the data are from Williams (1976).

2. Meteorological
Conditions Prior to
Storm Development

A series of upper-air analyses was
used, in conjunction with hourly surface
analyses, upper-air soundings, radar scope
and satellite photographs, and stability
charts, to study the evolution of
meteorological conditions that culminated
in the development of the Big Thompson

storm.

Durango, Colo.

2.1 Synoptic Scale Analyses for
1200 GMT, 31 July 1976

Detailed surface and upper-air
analyses for 700, 500, and 300 mb are pre-
sented in Figs. 4 through 7. Important sur-
face features included a strong polar high
pressure area centered over southern
Canada, and a weak low pressure area lo-
cated near Grand Junction in western Col-
orado. A double frontal structure at the
periphery of the polar air mass (Fig. 4)



stretched from the Great Lakes through
Kansas and Colorado northward across
central Montana. The leading front was
characterized by wind shifts and a pressure
trough, whereas the trailing front was
marked by a less pronounced pressure
trough, relatively strong temperature gra-
dients, and an increase in wind speed.
Thermal packing was most pronounced
along and to the rear of the trailing front
across Kansas and Nebraska.

Dewpoint temperatures were high
with values of 60°F (15.5°C) extending
northwestward from Kansas into Colorado
and Nebraska. A band of very moist air lay
just to the rear of the trailing front where
dewpoints of >65°F (18°C) had moved into
southwestern Nebraska. Early morning
shower and thundershower activity was oc-
curring from Missouri to western South
Dakota and also over much of the inter-
mountain West.

Upper-air features were dominated by
a large, negatively tilted or “bent back
ridge'(the ridgeline sloped from NNW to
SSE), which extended from southern Texas
to western Canada. A closed high was
present over the Central Plains. Moist
conditions were present over the inter-
mountain West and eastern slopes of the
Rockies from 700 through 300 mb.

A weak short-wave trough at 700 mb
(Fig. 5) arced from near Salt Lake City,
Utah, to El Paso, Texas. Light southeast-
erly winds were present over southwest-
ern Nebraska, northwestern Kansas, and
much of eastern Colorado. Hot, dry condi-
tions at 7(X) mb over the southern plains
indicated that deep convection would
probably be suppressed south of the polar
air mass.

Two weak 500 mb (Fig. 6) short-wave
troughs—one over Mexico and another
over Arizona and New Mexico—were im-
bedded in the southerly flow west of the
ridgeline. A broad area of falling heights
with a weak fall center over the Four Cor-
ners area was associated with these
troughs. A small, closed anticyclonic circu-
lation over the Colorado mountains pro-

duced westerly winds at 500 mb over Den-
ver while winds were southerly at Grand
Junction. At 300 mb (Fig. 7) winds were
light southerly over Colorado while
stronger (20 to 45 kt—10 to 23 m s-1) south
to south-southeasterly flow extended from
Baja California northward to Utah.

The LFM 500 mb vorticity analysis
(Fig. 8a) defined a weak vorticity maximum
over New Mexico. The 12 h forecast (Fig.
8b) indicated that the “bent back” ridge-
line would move slightly eastward during
the day, allowing weak south-southeasterly
flow to become established over the Front
Range. The two weak short waves merged
into a single trough that was forecast to
extend from southeastern ldaho to west
Texas. Weak positive vorticity advection
was forecast to occur over most of the
Rocky Mountain region during the day,
which would contribute to further de-
stabilization of the air mass.

Analyses ofthe Totals and Lifted Indi-
ces (Fig. 9) depicted a potential for moder-
ate to heavy thunderstorm activity over
northern Arizona, much of Utah and
Nevada, and from western Kansas into
northeastern Colorado. The Totals Index is
defined as 2(T850 — T500) — D850, where T 850
is the 850 mb temperature, T500 is the 500
mb temperature, and D850 is the 850 mb
dewpoint depression, all expressed in °C.
Values of this index >46 reflect favorable
conditions for thunderstorm development,
and values 750 indicate a potential for
moderate to heavy storm activity. (See Mill-
er, 1972, for a more complete discussion of
this index.) The Lifted Index (L.l.) was
computed by lifting a parcel possessing the
mean thermodynamic characteristics ofthe
lowest 1(X) mb layer adiabatically to 500
mb, and then subtracting its temperature
from the environmental temperature at
that level.

The 12(X) GMT Denver sounding (Fig.
10) was very moist (average vapor mixing
ratio for the lowest 100 mb layer was 12.0 g
kg-1) below a temperature inversion at 670
mb. Winds above the inversion were light
and variable, and winds in the cool air mass
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Figure 4. Synoptic scale surface analysis for 1200 GMT, 31 July 1976. Frontal positions, pressure
centers, and isobars for 2 mb intervals (1012 = 12) are shown in black. Isotherms for 5° F
intervals are in orange. Dewpoint temperatures > 60 F are analyzed at 5°F intervals with the high
dewpoint region shaded orange.



06

X >01

08\167

Figure 5. 700 mb analysis for 1200 GMT, 31 July 1976. Height contours (drawn for every 20 m, 310
= 3100 m), short-wave troughs, and circulation centers are shown in black. Isotherms for 2°C
intervals are in orange. Regions where T T(,< 6°C are shaded orange to indicate moist condi-
tions.
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Figure 6. 500 mb analysis for 1200 GMT, 31 July 1976. Height contours (drawn for every 30 m, 570
= 5700 m), short-wave troughs, and circulation centers are shown in black. Isotherms for 2°C
intervals are in orange. Regions where T-T,,s 6 Care shaded orange to indicate moist condi-
tions.
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Figure 7. 300 mb analysis for 1200 GMT, 31 July 1976. Height contours (drawn for every 100 m, 960
= 9600 m) and circulation centers are shown in black. Isotherms for 2°C intervals are in orange.
Regions where T-Td < 10 C are shaded orange to indicate moist conditions.
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Figure 8a. National Meteorological Center (NMC) Limited Fine Mesh (LFM) vorticity analysis for
1200 GMT, 31 July 1976. Vorticity field is shown in orange; LFM 500 mb height analysis, surface
frontal positions, and 500 mb short-wave troughs are shown in black. Surface analysis and

trough positions are from Figs. 4 and 6.

lielow were easterly with speeds of less
than 10 kt (5 m s_1). The L.lI. was —1, hut
the height ofthe Level of Free Convection
(LFC) found at 530 mb indicated consider-
able lifting and/or heating would be needed
to initiate deep convection. The high mois-
ture content was the most unusual feature
of the sounding. Precipitable water con-
tents of 0.67 in (1.71 cm) in the lowest 150
mb layer and 1.00 in (2.54 cm) in the layer
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from the surface to 500 mb, were approxi-
mately 50% above Denver July means
(from Lott, 1976) of 0.40 in (1.02 cm) and
0.69in (1.74 cm), respectively. A low over-
cast at 1200 ft ACL (366 m) was reported at
Denver at sounding time.

The 1340 GMT Sterling, Colorado,
sounding (Fig. 11) was taken during opera-
tions of the National Hail Research Exper-
iment (NHRE). A pronounced radiational
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Figure 8b. NMC-LFM 12 h forecast of 500 mb heights (black) and vorticity (orange), valid 0000

GMT, 1 August 1976.

inversion near the surface was topped by a
weaker inversion at 725 mb. Winds in the
cool air mass were light easterly. The L.I.
was +1 and the LFC was at 480 ml). Pre-
cipitable water contents 0f0.59in (1.49cm)
in the lowest 150 mb layer and 1.04 in (2.64
cm) in the surface-to-500 mb layer were
similar to the Denver values. Middle level
cloudiness was present in the Sterling area
at the time of the sounding.

The 1200 GMT synoptic analyses
suggested that the stage was set for the
development of significant thunderstorm
activity over much of the western part of
the country. Abundant moisture, a poten-
tially unstable atmosphere, and weak up-
ward motion did combine to trigger
numerous storms during the afternoon and
evening of.31 July west of the Continental
Divide. Some of these reached severe

11
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Figure 9. Stability chart for 1200 GMT, 31 July 1976. Totals Index and synoptic scale surface
analyses are shown in black. Unstable regions with a Totals Index > 50 are shaded gray. Lifted
Index values (orange) are shown for Colorado and portions of surrounding states.

levels in Idaho and Utah, and heavy rains
with flash flooding were reported in por-
tions of Idaho, Oregon, Nevada, Utah,
Wyoming, and Colorado. Synoptic
weather conditions were quite similar to
those associated with the Las Vegas flood of
3 July 1975 (Randerson, 1976).

East of the Continental Divide the
atmosphere was conditionally unstable,
but high LFC s indicated that considerable
lifting and/or heating would be needed to

12

trigger deep convection. It was apparent
that, should storms develop over the east-
ern slopes or high plains, they would be
very slow moving because of the light
winds aloft. Unusually large amounts of
precipitable water, combined with slow
storm movement, suggested that thun-
derstorms would have the potential to pro-
duce heavy precipitation over localized

areas.
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Figure 10. Skew T/Log P plot of 1200 GMT, 31 July 1976, Denver upper-air sounding. Totals Index
was estimated since Denver was above the 850 mb level. Wind speeds are in knots with a full
barb = 10 kt and a half barb = 5 kt.
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Figure 11. Skew T/Log P plot of Sterling, Colorado, upper-air sounding taken at 1340 GMT, 31 July
1976.
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Figure 12a. Regional surface analysis for 1800 GMT, 31 July 1976. Frontal positions, squall lines,
and pressure analysis (altimeter setting shown at 0.05 in intervals) are in black. The 3 h pressure
change field (at 0.5 mb intervals) is shown in gray. Dewpoints > 60 F are analyzed at 5°F
intervals and shaded orange. Surface observations and pertinent remarks are plotted.
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Figure 12b. Radar summary chart for 1735 GMT, 31 July 1976. Regional frontal positions are
indicated.



Figure 12c. GOES-1 photograph (visible channel, 1 km resolution at satellite sub-point) for 1800

GMT, 31 July 1976.

2.2 Regional Analyses from
1800 to 2200 GMT, 31 July
1976

Hourly surface charts were plotted
and analyzed for a region that included
Colorado and portions of nearby states. All
available surface reports were used, along
with radar and satellite data, so that the
movement and development of important
weather features could be followed. In
Figs. 12-17 these regional analyses are pre-
sented, at 2 h intervals, along with corre-
sponding radar summary charts, GOES
satellite photographs, and additional Ster-
ling upper-air data.

At 1800 GMT the secondary frontal
surge (Fig. 12a) had moved into the north-
eastern corner of Colorado, and surface
pressures were rising over Nebraska and
falling in western Colorado. Surface winds
were easterly and gusting from 20 to 25 kt

(10—13 m s-1) to the rear of this trail-
ing front. Dewpoint temperatures were
>60°F (15.5°C) in the cooler air masses but
were considerably lower south of the lead-
ing front. The pressure analysis indicates
counter-gradient flow in parts of eastern
Colorado and the southern Plains. This was
thought to be a result of reduction
techniques rather than an actual feature.
Notice that the trailing front had just
moved past Sterling.

Radar and satellite data (Figs. 12b and
¢) indicated that cumulus development was
occurring over the mountains, especially in
southern Colorado and New Mexico, and a
squall line had already developed over
southwestern Utah. A large area oflow and
middle cloudiness, with some embedded
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shower activity, lay generally to the rear of
the trailing front over the plains. This
cloudiness persisted through the after-
noon, and the reduction in insolation
helped to maintain the thermal contrast
across the trailing front.

The 1920 GMT Sterling sounding
(Fig. 13) was taken about 40 km to the rear

of the trailing front and exhibited impor-
tant differences from the Sterling and Den-
ver morning soundings. The L.l. had de-
creased from +1 to —4, while the LFC had
lowered 160 mb to 640 mb. Preeipitable
water contents of 0.78 in (1.97 cm) in the
lowest 150 mb layer and of 1.31 in (3.34 cm)
in the surface-to-500 mb layer were almost
double the July means for Denver. Winds
above a temperature inversion (considered
to be offrontal origin) at 720 mb were west-
erly at 10 to 20 kt (5-10 m s-1), indicating
that Sterling was very near the upper ridge-
line. Easterly low level flow had increased
to 10 to 15 kt (58 m s-1). The Sterling
sonde had sampled the air massjust behind
the trailing front and found it to be condi-
tionally very unstable with an unusually
high moisture content. This air mass re-
quired lifting of approximately 140 mb to
release its instability, and was moving
westward and southwestward toward the
Colorado Front Range at 15 to 20 kt (8-10 m
s-1).

The 2(X)0 GMT regional analysis (Fig.
14a) showed that the leading front had re-
mained nearly stationary except over
southwestern Kansas and southeastern
Colorado. Veering winds and decreasing
dewpoints at Garden City and Dodge City,
Kansas, indicated that the leading front had
retreated northward in this region. The
trailing front had moved southward and
westward and was about to overtake the
leading front across southern Kansas.

Radar and satellite data (Figs. 14b and
c) showed that convective cloud and thun-
derstorm activity had continued to in-
crease. The Utah squall line had intensified
and was moving north-northeastward.
Large thunderstorms had developed over

16

northwestern New Mexico and southwest-
ern Colorado. An intense thunderstorm
had formed along the leading frontal
boundary in southeastern Colorado. Small
cumulus clouds dotted most of the Plains,
and a line of small cumulonimbus and tow-
ering cumulus clouds had begun to de-
velop along the secondary frontal surge as it
moved onto the Palmer Ridge.

By 2200 CMT (see Fig. 15a) the trail-
ing front had overtaken and reinforced the
leading front across Kansas. It had become
better defined with higher dewpoints and
stronger easterly winds behind it. High
temperatures in eastern Colorado and
Kansas had helped trigger a line of thun-
derstorms along and to the rear ofthe front.
The large storm in eastern Colorado had a
top indicated by radar (Fig. 15b) of 56,000
ft MSL (17 km). The storms in this line
appeared nearly circular on the satellite
photograph (Fig. 15c), which indicated that
they had developed in a low wind shear
environment.

Surface pressure had continued to fall
west of the Continental Divide, and the
surface low pressure area was centered
north of Grand Junction. The pressure at
Rawlins, Wyoming, only 150 n mi (278 km)
to the northeast, was holding 10 mb higher
than that at Grand Junction. Thunderstorm
activity was widespread over the West with
large, apparently intense storms indicated
over northwestern New Mexico, south-
western Colorado, and central Utah. Some
thunderstorms had developed over the
north-central mountains in Colorado; how-
ever, they remained well west of the Big
Thompson drainage.

A final sounding was taken at Sterling
at 2202 GMT (Fig. 16) when the trailing
front was located approximately 120 km to
the west. During the 2 h and 40 min that
had elapsed since the 1920 GMT sounding
several important changes in the air mass
had occurred. The mean vapor mixing ratio
in the lowest 100 mb layer had decreased
1.3 g kg ' to 12,5 g kg-'. The L.l. had
increased to a value of —2 (indicating more



stable conditions) and the LFC was now at
6(X) mb (compared to the earlier 640 mb).
Precipitable water amounts of 0.70 in (1.79
cm) in the lowest 150 mb layer and of 1.14
in (2.90 cm) in the surface-to-500 mb layer
had also decreased slightly from the 1920
GMT values.

A plot of equivalent potential temper-
ature (Oe) vs. height for the three Sterling
soundings (Fig. 17) demonstrates the dif-
ferences in moisture and stability charac-
teristics of the air masses ahead of, im-
mediately behind, and well behind the
trailing front. Of most interest are the
changes that occurred within the lowest 2
km. The 1340 GMT sounding showed a
layer of high 6e values very near the surface
with a rapid decrease to a minimum just
above 2 km. Although Sterling was well
within the cool air mass behind the leading

TiualS'Index - 52 *

front, the moist layer was actually very
shallow. The 1920 GMT sounding indi-
cated a dramatic increase in 6e throughouta
layer extending from the surface to almost 4
km. Values of de at the surface had in-
creased from 343 K to 353 K, and Oeat 1 km
AGL had increased from 334 K to 345 K.
During the same period the surface tem-
perature had increased only 5.9°C, while the
temperature at 1 km AGL had actually de-
creased 0.9°C. The large changes in de
were therefore primarily due to the arrival
of the more moist air behind the trailing
front. The zone characterized by high 0e
and a deep moist layer was approximately
100 km in width. The 2202 GMT sounding,
taken when the trailing front was about 120
km west of Sterling, showed a decrease of
4.5 K in mean de for the lowest kilometer.

Figure 13. Skew T/Log P plot of Sterling, Colorado, upper-air sounding taken at 1920 GMT, 31 July

17
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Figure 14a. Regional surface analysis for 2000 GMT, 31 July 1976. Refer to legend of Fig
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Figure 14c. GOES-1 photograph for 2000 GMT, 31 July 1976.
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Figure 15a. Regional surface analysis for 2200 GMT, 31 July 1976. Refer to legend of Fig
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Figure 15b. Radar summary chart for 2135 GMT, 31 July 1976.

. 12a for



Figure 15c. GOES-1 photograph for 2200 GMT, 31 July 1976.
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Figure 16. Skew T/Log P plot of Sterling, Colorado, upper-air sounding taken at 2202 GMT, 31 July
1976.
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1920 GMT

2202 GMT

1340 GMT

Figure 17. Plot of equivalent potential temperature (0V) versus height for Sterling, Colorado,

soundings.

2.3 Analyses for 0000 GMT,
1 August 1976

Synoptic and regional scale conditions
at 0000 GMT, 1 August, were studied using
a variety of charts and data. Surface
analyses along with 700, 500, and 300 mb
upper-air analyses are presented in Figs.
18 through 23.

By (XXM) GMT the trailing front had
overtaken and reinforced the leading front
(see Figs. 18 and 19), except in south cen-
tral Colorado where the leading front had
become diffuse and was analyzed as under-
going frontolysis. The low pressure center
in western Colorado had deepened to 1005
mb and was located just north of Eagle.

22

Surface pressures had remained nearly
constant along the Front Range, and had
risen 1 to 3 mb over southwestern Ne-
braska, northwestern Kansas, and north-
eastern Colorado. A 1200 GMT pressure
difference of 2.9 mb between Grand Junc-
tion and Sidney, Nebraska, had increased
to 10.5 mb by evening. Twelve-hour
changes in the 850 to 500 mb thickness
(Fig. 20), which included 70 m increases
over northwestern Colorado and 20 m de-
creases over southern Nebraska, indicated
a strengthening of the easterly pressure
gradient through a large depth of the



Figure 18. Synoptic scale surface analysis for 0000 GMT, 1 August 1976. Refer to legend of Fig. 4

for details.

troposphere. In response to this increasing
pressure gradient low-level easterly flow
had maximized in a broad band from cen-
tral Kansas westward to northeastern Col-
orado and eastern Wyoming. Surface re-
ports included steady winds of 25 kt (13 m
s 1) at Akron, gusts to 21 kt (11 m s_I) at Ft.
Collins, and gusts to 24 kt (12 m s_1) at
Denver. This strong, moist flow was
oriented nearly normal to the Front Range.

Surface observations and the radar
and satellite data shown in Figs. 19b and ¢
indicated widespread mountain thun-
derstorm activity. A large squall line

stretched from northern Nevada through
southern Idaho to southeastern Utah. Salt
Lake City reported gusts to 52 kt (27 m s-1)
and % in (9.5 mm) hailstones as this squall
line passed. A line of strong and visually
impressive thunderstorms stretched from
Colorado to southern Missouri along and
behind the polar front. Even though tops
on several of these storms grew to over
50,000 ft MSL (15.3 km), their intensities
remained below severe limits although lo-
cally heavy rains were likely produced.

A large area ofthunderstorms had de-
veloped over east central Wyoming to the
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Figure 19a. Regional surface analysis for 0000 GMT, 1 August 1976. Refer to legend of Fig. 12a
for details.

RW-/-
RW-/+
TRW++
TRW++
TRW TRWXx
TRW+
TRW+
TRW+
TRW TRWx
TRWU/-
RW++/+ NO ECHOES

Figure 19b. Radar summary chart for 2335 GMT, 31 July 1976.



Figure 19c. GOES-1 photograph for 0000 GMT, 1 August 1976.

'+70

12 hr thickness change (m)

Figure 20. Changes in 850-500 mb thickness (in meters) from 1200 GMT on July 31 to 0000 GMT on
August 1. Regions where thickness decreased are shaded orange.
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Figure 21. 700 mb analysis for 0000 GMT, 1 August 1976. Refer to legend of Fig. 5 for details.

rear of the front, and the first cells in the
area of Big Thompson were just beginning
to develop over the mountains southwest of
Ft. Collins. The smaller cumulus clouds
over northern Kansas, southwestern Ne-
braska, and northeastern Colorado had dis-
sipated as boundary layer cooling began.
Upper-air analyses indicated that the
large, negatively tilted ridge had intensi-
fied and developed northward during the
day. The cutoff high within the ridge had
drifted slightly southward over the Central
Plains, and the ridgeline extended from
western Kansas to central Montana. Warm
air aloft had suppressed development of
deep convection over the plains south of
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the surface front. Winds aloft over eastern
Colorado were east to south-southeasterly
at only 10 to 25 kt (5 to 13 m s-1).

Warm 700 mb (Fig. 21) temperatures
(>16°C) over western Colorado reflected
strong summer afternoon heating. The 500
mb (Fig. 22) short wave extended in an arc
from central Nevada to New Mexico as it
continued to move north-northeastward.
The position of this short wave suggests
that falling pressures in western Colorado
were probably caused by a combination of
dynamical effects and the afternoon heat-
ing. High moisture content was evident
over the western United States ahead of
the trough. An unusually strong (for the
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Figure 22. 500 mb analysis for 0000 GMT, 1 August 1976. Refer to legend of Fig. 6 for details.

season) southerly wind band with speeds of
40 to 60 kt (21 to 31 m s"1) at 300 mb (Fig.
23) extended from Baja California north-
ward across Utah.

The 0030 GMT infrared satellite
photograph (Fig. 24) showed the large areal
extent of clouds and convection over the
western United States. An influx of mois-
ture from the Inter-Tropical Convergence
Zone was indicated by the band of clouds
streaming northward out of the tropics and
into the western United States.

Vorticity and stability analyses along
with sounding data are presented in Figs.
25 through 27. The 500 mb short-wave
trough was clearly depicted on the 0000

GMT vorticity analysis (Fig. 25) with posi-
tive vorticity advection indicated over a
broad area from northwest Texas to Idaho
and northern Nevada. Comparison with
Fig. 8b shows that the position ofthe short
wave was accurately forecast although it
was more intense than predicted. The Big
Thompson storm was developing in a region
of minimum vorticity and weak positive
vorticity advection. The active squall line
in Nevada and Utah was just ahead of the
northward moving short wave.

The (X)0() GMT stability analyses (Fig.
26) showed that the centers of instability,
which were over Arizona and western Kan-
sas in the morning, had merged to form one
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Figure 23. 300 mb analysis for 0000 GMT, 1 August 1976. Refer to legend of Fig. 7 for details.

large area of unstable conditions that
stretched from New Mexico to Montana.
Thunderstorms were occurring throughout
this region and Totals of 50 to 52, along with
L.I. values of—2 to —4, indicated the po-
tential for moderate to heavy storm activity.

The 0000 GMT Denver sounding
(Fig. 27) showed that the air mass structure
had modified significantly during the day.
The temperature inversion had lifted 80 mb
to the 590 mb level. Strong diurnal heating
vyas probably responsible for this lifting
since a dry adiabatic lapse rate existed
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below the inversion. The low cloud layer
had dissipated during the morning, and the
mean vapor mixing ratio in the lowest 100
mb layer had decreased from 12.0 to 9.5 g
kg-1. Easterly flow had increased slightly
and the LFC had lowered to 620 mb. The
L.lI. was —2 and thunderstorm activity was
developing in the vicinity. Precipitable
water for the surface-to-500 mb layer was
2.47 cm, little different from the 2.54 cm
value at 1200 GMT. Strong afternoon heat-
ing and mixing had redistributed the mois-
ture through a deeper layer. The Denver
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Figure 24. GOES-1 infrared (4 km resolution) satellite photograph for 0030 GMT, 1 August 1976.
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Figure 25. NMC-LFM vorticity analysis (orange) for 0000 GMT, 1 August 1976. Synoptic surface
analysis and 500 mb height analysis are in black. Position of the important 500 mb short wave is

also shown in black.

sonde was released at approximately 2315
GMT, prior to passage of the trailing front.
Table 2 compares soundings taken
during the day of 31 July 1976. Note the
considerable difference between the 1920
GMT Sterling sounding and the 0000 GMT
Denver sounding. Precipitable water con-
tents were about 50% higher at Sterling.
While the Lifted Condensation Level
(LCL) was much lower at Sterling (780 vs.
630 mb), the Denver air mass needed only
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10 mb of additional lift to reach the LFC.
This is in contrast with the air mass at Ster-
ling in which 140 mb of lift was required to
attain the LFC. Diurnal cooling could be
expected to suppress the ongoing convec-
tion in the Denver area, and orographic
lifting would be required to trigger storm
development within the post-frontal air
mass that was moving into the foothills of
northern Colorado.

Denver and Dodge City soundings at
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Figure 26. Stability chart for 0000 GMT, 1 August 1976. Refer to legend of Fig. 9 for details.

0000 GMT were similar and indicated that
the air mass between the leading and trail-
ing fronts had been modified by heating
and mixing of boundary layer air; thus, lit-
tle contrast remained across the leading
front. The narrow band of very moist, con-
ditionally unstable air, which played a vital
role in the development of the Big
Thompson storm, was not sampled by the
synoptic rawinsonde network. Denver was
located just south and west ofthe important

air mass at ()))() GMT, and North Platte
was located just east ofthe deep moist layer
at 1200 GMT. However, surface reports
from such locations as Imperial and
McCook, Nebraska; Goodland, Kansas;
and Akron, Limon, and Ft. Collins, Col-
orado, indicated the presence and helped
delineate the extent of the moist tongue of
air.

All available data suggest that the air
mass that fed the Big Thompson storm was
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Figure 27. Skew T/Log P plot of 0000 GMT, 1 August 1976, Denver upper-air sounding.

Table 2. _
Upper-air sounding parameters for several locations on 31 July 1976 and 1 August 1976
Lifted Precipitable water
Mean vapor Condensation Level of Free  Height of
Time  mixing ratio Lifted Index Level Convection  temperature  Surface Lowest Surface to
Location ~ (GMT) (lowest 100 mb) (lowest 100 mb) (lowest 100 mb) (lowest 100 mb) inversion  pressure 150 mb 500 mb
(910 " (mb) (mb) (mb) (mb) (cm) (cm)
Denver 1200 12.0 -1 785 530 670 843 171 2.54
Sterling 1340 11.0 +1 760 480 725 882 1.49 2.64
Sterling 1920 13.8 -4 780 640 720 882 1.97 3.34
Sterling 2202 125 -2 765 600 680 882 1.79 2.90
- 1.37 2.47
Denver 0000 9.5 2 630 620 590 840 1,02 1 74%
Grand 121 2.17
Junction 0000 8.5 -1 615 550 none 850 0.90* 1.66*
Dodge 1.45 281
City 0000 9.7 -1 650 650 none 935 1 a3+ 5 64

“July mean precipitable water



like that sampled by the 1920 CMT Ster-
ling sonde. Strong easterly flow behind the
trailing front carried this moist, condition-
ally unstable but strongly capped air mass
into the foothills of the Front Range. Oro-
graphic lifting triggered a large convective
storm complex, which became oriented
north to south along the foothills, and
which fed on the very moist air mass be-
neath the frontal inversion. Weak south-
southeasterly winds above the inversion

3. Conditions During the
Storm Period

Meteorological conditions associated
with the evolution of the Big Thompson
storm complex were studied along the
Front Range from Denver to the area just
north and west of Ft. Collins. Data were
available.from the following sites: Ft. Col-
lins (Colorado State University, Atmos-
pheric Science Building), Greeley (Uni-
versity of Northern Colorado, Ross Hall),
Table Mountain (NOAA-ERL), Boulder
(NOAA-ERL), Jefferson County Airport
(FAA), Rocky Flats (ERDA), Denver
(Stapleton International Airport, NOAA-
NWS), and Arapahoe County Airport
(FAA). Radar reflectivity data were avail-
able for the entire storm period from the
NWS WSR-57 radar at Limon, Colorado,
(located approximately 205 km southeast of
the Big Thompson area). Reflectivity data
were also available from the NHRE 10 cm
radar (located at Grover, Colorado, approx-
imately 115 km east-northeast of the Big
Thompson area) for a 45 min period near
the beginning of the storm. Thunderstorms
that produced flooding on the North Fork
of the Cache la Poudre River were gener-
ally beyond the area of radar coverage.

3.1Local Area Analyses

At three sites (Stapleton International
Airport, Table Mountain, and Rocky Flats)

allowed the storm complex to remain
nearly stationary over the foothills. Fur-
thermore, individual cells continued to
form on the southeast flank ofthe storm and
moved north-northwestward into the com-
plex before dissipating. Thus a nearly
stationary rainstorm developed over the
Big Thompson drainage.

surface data were recorded on an almost
continuous basis. At Table Mountain
(about 6 mi north of Boulder) the east-west
component of the wind was measured,
from the surface to 600 m, with a Doppler
acoustic echo sounder operated by the
Wave Propagation Laboratory of NOAA-
ERL. Detailed time series were con-
structed using these data and are presented
in Figs. 28-30. These time series, hourly
observations from the remaining sites, and
Limon radar data were utilized to construct
the local-scale surface analyses shown in
Fig. 31. These analyses are at V2 h intervals
for the time period 2330-0100 GMT. Radar
echo contours for VIP (Video Integrator
Processor) levels 1, 2, and 3 are depicted.
These contours correspond to the
minimum detectable signal, 30dBZ and 41
dBZ respectively.

lu the Ft. Collins, Loveland, and
Greeley areas an increase in wind speeds

and gustiness were the only indications of r

the passage ofthe trailing front. These areas:
had remained partly cloudy with upslope
southeasterly flow during the afternoon,
resulting in little temperature difference
across the front. In the Denver-Boulder
area, however, afternoon cloudiness was
minimal. The resulting heating and mixing
had elevated surface temperatures and
lowered dewpoints. Winds were also more
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< 30.00
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Figure 28. Time series plots of surface wind (in knots), altimeter setting (inches of mercury), and
temperature and dewpoint temperature (°F) as recorded at Stapleton International Airport,
Denver, Colorado. Time covered is from 2200 GMT, 31 July 1976 to 0500 GMT, 1 August 1976.

southerly. The trailing front passed both
Stapleton (fig. 28) and Table Mountain
(Fig. 29) at about 2330 GMT. At both of
these sites, the passage was accompanied
by a significant increase in easterly or
southeasterly winds. Dewpoint tempera-
tures increased 10°-13°F (5.5°-7°C) and
temperatures dropped 10°-12°F (5.5°-
6.5°C) in a 30 min period.

Prior to 2330 GMT a large thun-
derstorm had developed along the higher
terrain southeast of Denver as the trailing
front moved into this region. This storm
moved northwestward and merged with
cells that formed between 2330-0000 GMT
ahead of the front in the region west of
Denver. The resulting arc of echoes (see
Fig. 31) moved into the Boulder area
around 0030 GMT.

A gust front and clouds of blowing dust
were associated with this line of thunder-
showers. A strong cell moved across Rocky
Flats, and the time series (Fig. 30) shows
that wind gusts to 41 kt (21 m s-1) occurred
about 0015 GMT just ahead of a brief, but
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heavy rainshower. Temperature and dew-
point temperature changes comparable
to those at Stapleton and Table Mountain
also occurred. It is difficult to determine
whether these changes were caused by
passage ofthe trailing front or by the line of
thundershowers.

Eyewitness accounts and the 0000
GMT Denver rawinsonde data indicated
that the clouds that formed ahead of the
trailing front had higher bases than the
storms that developed along the foothills to
the north. Between 0030 and 0100 GMT
pressure rises of about 1 mb were observed
at Rocky Flats and Boulder. These pres-
sure changes were accompanied by a wind
shift to the southwest. Evidently, rain
showers and evaporative cooling in drier
air along the foothills between Boulder and
Golden had produced a small meso-high
pressure area. The winds at both Boulder
and Rocky Flats remained light southerly
to westerly until about 0400 GMT.

That portion of the arc ofechoes east of
Boulder dissipated rapidly after 0030 GMT
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Figure 29. Time series of east-west component of wind (m s 1), temperature, and dewpoint
temperature (°F) from the Wave Propagation Laboratory site on Table Mountain. Negative values
indicate easterly winds. Occurrence of light westerly winds near the surface is denoted by
orange shading. Time covered extends from 2230 GMT, 31 July 1976 to 0230 GMT, 1 August

1976.
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Figure 30. Time series plots, similar to Fig. 28, for Rocky Flats, Colorado. Winds were measured at
20 and 200 ft AGL on an instrumented tower. Time during which 0.31 in of rain fell is shaded

orange.
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Figure 31. Local scale surface analyses. Frontal positions and reported winds are in black; Limon
radar echoes are shown with VIP Level 1 return shaded gray, level 2 shaded orange, and level 3
shaded black, (a) 2330 GMT, 31 July 1976. (b) 0000 GMT, 1 August 1976.

while the western portion moved over the
foothills southwest of Boulder. Rainfall
amounts, however, were much less than
those observed 20 to 80 mi to the north.
Moreover, the echoes west and south of
Boulder moved westward almost to the
Continental Divide, indicating that they
were not strongly affected by the terrain. It
seems likely that the trailing front became
quasi-stationary between Denver and the
foothills south of Boulder; therefore the
very moist, unstable air probably did not
reach the elevated terrain southwest of
Boulder.

From Boidder northward, meteoro-
logical conditions were very different. The
trailing front had moved into the foothills
shortly iifter 2330 GMT, and convective
clouds developed very rapidly. By 0000
GMT a few echoes were detected by radar,
and by 0030 GMT several strong thun-
derstorms were oriented in a north-south
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line along the foothills. Many residents of
the Ft. Collins, Loveland, and Longmont
areas reported strong easterly or southeast-
erly winds and low clouds moving rapidly
into the foothills. Cloud bases were esti-
mated to be at 7000-9000 ft MSL (2.2-2.7
km). Surface winds at Ft. Collins and
Greeley remained southeasterly until
around 0400 GMT after which the wind at
Ft. Collins shifted to the northwest. The
time series at Table Mountain shows that
strong easterly flow persisted iifter passage
of the trailing front with a maximum east-
erly component exceeding 20 m s-1, 400-
6(X) m above the surface. The surface east-
erly flow was temporarily interrupted
around 0100 GMT by a shallow region of
westerly winds. This was probably weak
outflow from the large cell located a few
miles to the west of the site.

Using the afternoon rawinsonde data
from Sterling, Denver, and Grand Junction
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Figure 31. Continued, (c) 0025 GMT, 1 August

in conjunction with surface observations and
the Table Mountain wind data, a sounding
was constructed for Loveland, Colorado,
valid at (KKK) GMT. This sounding, shown in
Fig. 32, is an estimate of the Big Thompson
storm environment. The L.l. was —6, and
the mean vapor mixing ratio below the
temperature inversion was 14.8 g kg-1.
The LCL was at 730 mb (= 1.1 km AGL),
which agrees with observed low cloud
heights at Ft. Collins. An additional 80 mb
of lift was necessary to bring this air to its
LFC.

3.2 Radar Coverage

The NHRE 10 cm radar at Grover
scanned the storm complex along the
northern Colorado foothills until a few mi-
nutes after 0100 GMT. During this period
the storm’s intensity peaked about 0045
GMT and then weakened temporarily. Re-
flectivitv data from Limon and Grover
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76. (d) 0100 GMT, 1 August 1976.

radars were compared during the
period.

Limon (0° elevation angle) and Grover
(1.9° elevation angle) radar echoes at 0045
GMT are superimposed on a map ofthe Big
Thompson area in Fig. 33. Roth radars
scanned a section through the storms at
elevations between 15,000 ft MSL (4.6 km)
and 20,000 ft MSL (6.1 km). Limon radar
showed only a VIP level 3 contour, which
corresponds to reflectivities between 41
and 46 dBZ. However, Grover radar ob-
served a level 5 (55—65 dBZ) with a meas-
ured peak reflectivity of 64.6 dBZ. The
Grover data contained more detail than the
Limon data. This is partially explained by
the narrower beam width of the Grover
radar (1° conical beam compared with Li-
mon s 2° conical beam) and Grover’s loca-
tion closer to the storm area. Fig. 33
suggests that Limon radar underestimated
the true intensity in the core of the storms
by about 15 dBZ.

peak
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Figure 32. Skew T/Log P plot of upper-air sounding constructed for Loveland, Colorado, at 0000
GMT, 1 August 1976. LCL and LFC levels and moist adiabat are shown for a lifted parcel with
mean thermodynamic characteristics of lowest 100 mb layer.

Although it underestimated rainfall
intensities, Limon radar data still provide
an excellent description of the temporal
and spatial variation of precipitation over
the Big Thompson drainage. Fig. 34 shows
the radar echo locations and intensities for
the period 2300-0400 GMT (20 min inter-
vals prior to 01(K) GMT and 10 min inter-
vals thereafter).

The first cells that developed around
0000-0030 GMT were several miles east of
the maximum rainfall zone. These storms
reached their peak intensities near 0045
GMT. During the period 0100—0130 GMT
the echoes in the foothills tended to merge,
weaken slightly, and shift westward. The
most intense rainfall was indicated south-
west of the town of Drake by 0130 GMT.
From about 0130 to shortly after 0300 GMT
the “cloudburst phase of the storm occur-
red in the Big Thompson drainage around
Glen Comfort. After 0300 GMT the area of
intense rain moved slightly northwest over
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the tributaries ofthe North Fork of the Big
Thompson. The rainfall intensity de-
creased after 0400 GMT, and most of the
precipitation shifted northward into the
foothills west of Ft. Collins.

The rainfall amounts shown in Fig. 2 at
the beginning ofthis report were for a 36 to
48 h period. Radar data and eyewitness
accounts suggest that the intense rain in
the Big Thompson drainage was over by
0400-0430 GMT; however, showers per-
sisted throughout the night. Rain showers
were present again the following afternoon
and evening and were locally heavy, espe-
cially west of Ft. Collins. Therefore, the 36
to 48 h totals are an overestimation of the
precipitation that contributed to the flash
flooding.

It was shown above that Limon radar
echoes of the Big Thompson storm under-
stated the true intensity of the storm; how-
ever, if the reflectivity were of! by a con-
stant factor, it should be possible to correct
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Figure 34. Time series plots of Limon radar echoes covering period 2301 GMT, 31 July 1976
through 0400 GMT, 1 August 1976. Time interval is approximately 20 min prior to 0100 GMT and
approximately 10 min after 0100 GMT. Level 1 and 2 returns are shaded gray, and level 3 returns
are shaded orange.
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Figure 34. Continued.
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Glen Comfort

Glen Haven

Time (GMT)

Figure 35. Accumulated rainfall (inches) curves for Glen Comfort and Glen Haven, Colorado, from
0040 GMT to 0630 GMT, 1 August 1976. Curves were developed using Limon reflectivity data.

for this error and use the following radar
equation to calculate more realistic pre-
cipitation rates:

Z = 200P! 6, 1)

where Z is the reflectivity factor (mm6 m-3),
and P is the precipitation rate (mm h_1).
At Glen Comfort, a total ofabout 12 in
(305 mm) ofrain fell in the 48 h period. Itis
not known for certain how much ofthis fell
from the Big Thompson storm complex,
hut the amount was probably 10 in or more.
For the purpose of the following calcula-
tions it was assumed that the total rainfall
accumulated during the period 0000 to
0600 GMT on 1 August at Glen Comfort
was 10 in (254 mm). It was further assumed
that reflectivities within the central halfofa
VIP level 3 area were 2 dBZ higher than the
level 3 threshold value. Level 4 interior
contours fleetingly occurred in the storm
area indicating that the assumed 43 dBZ for
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the core areas may have been conservative.

An accumulated rainfall total for Glen
Comfort was computed using the Limon
reflectivities, equation 1, and the above
assumptions. The resulting precipitation
amount was only 0.98 in (24.9 mm) for the
period 0000 to 0600 GMT. For this particu-
lar event an intensity correction ol +16.1
dBZ had to be applied to the Limon reflec-
tivity data to yield the assumed rainfall ol
10 in*. This adjustment agrees quite well
with the approximate 15 dBZ difference
between Limon and Grover reflectivities
noted at 0045 GMT within the echo cores.
With the 16.1 dBZ correction applied to

*The radar equation currently being used by
NWS for convective precipitation is Z = 55P! 6
Use of this relation yields an accumulated rainfall
of 2.19 in (55.6 mm) at Glen Comfort during the
period 0000 to 0600 GMT. The required Limon
reflectivity correction decreases to + 10.6 dBZ.



Union data, VIP levels 2, 3, and 3+ (level 3
threshold +2 dBZ) represent rainfall rates
of 1.21, 5.91, and 7.89 in frl (31, 150, 200
mm h-1), respectively.

These modified rainfall rates were
used to construct the accumulated precipi-
tation curves for Glen Comfort and Glen
Haven shown in Fig. 35. The curve for
Glen Comfort shows that about 7.5 in (191
mm) ofrain probably fell in the period 0130
to 0245 GMT. The Glen Haven curve indi-
cates that heavy rains began somewhat
later in that area and continued for a longer

4. Post-Storm Conditions

4.1 Regional Scale Analyses
from 0200 to 0600 GMT,
1 August 1976

Regional surface analyses and corre-
sponding radar summaries and infrared
satellite photographs are shown for 2 h in-
tervals for the period 0200 to 0600 GMT in
Figs. 36 through 38.

At 0200 GMT the front had pushed
into the Front Range, the Big Thompson
storm had developed (note that a squall line
symbol was used on Fig. 36a to indicate the
position ofthe Big Thompson echoes), and
easterly winds of 20 to 26 kt (10-13 m s-1)
were carrying cool, moist air into the storm
area. The low pressure area over western
Colorado had begun to fill as temperatures
cooled and thunderstorm activity spread
northward into that area. Thunderstorms
over southwestern Colorado had organized
into a squall line, which stretched from
north of Grand Junction to east of Al-
buquerque, New Mexico. This line of
storms was moving northward ahead ofand
associated with the 500 mb short-wave
trough. The northward moving squall line

period oftime. These curves are consistent
with the Grozier et al. (1976) report that
the flood crest on the Big Thompson River
just downstream from Drake occurred be-
fore the crest from the North Fork arrived
at Drake.

in Utah and the westward moving surface
front were closing rapidly toward a
juncture in southwestern Wyoming.

The Big Thompson storm had a top of
62,000 ft MSL (18.9 km), measured by the
Limon radar (see Fig. 36b), which is ex-
tremely high for a thunderstorm over the
Rocky Mountain area. The line of storms
over the plains of Colorado and Kansas had
weakened rapidly. These storms had de-
veloped during maximum heating as the
trailing front pushed into the region. Once
developed, they had remained nearly
stationary (see Fig. 36c¢). As the front
continued to move southward, the bound-
ary layer air mass changed from that sam-
pled by the 0000 GMT Denver and Dodge
City soundings to conditions similar to
those depicted in the reconstructed Love-
land sounding. Over the plains this effect,
coupled with slight diurnal cooling, caused
dissipation ofthe storms. Even though the
air mass had become conditionally much
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Figure 36a. Regional surface analysis for 0200 GMT, 1 August 1976. Refer to legend of Fig. 12a for

details.
110°
RW-
SCTD
TRW++
TRW+ 1
TRWI/-
OTRW
a0 TRW
TRW+

DRKS

.CBW N

CB TCU

55V CB

NO ECHOES

(DRW-

TRW+
TRW++/-

"TRW++

Figure 36b. Radar summary chart for 0135 GMT, 1 August 1976.



Figure 36c. GOES-1 infrared photograph for 0200 GMT, 1 August 1976.

more unstable, there was no mechanism
acting over the plains to lift this air to its
LFC and release the instability.

By 0400 GMT (refer to Figs. 37a, b,
and c) the meso-high pressure system be-
hind the Colorado squall line had inten-
sified, and the low pressure area over
northwestern Colorado had continued to
fill. This squall line was moving northward
toward the Big Thompson storm complex.

The squall line moving northward out
of Utah and the moist air moving westward
across southern Wyoming met near Rock
Springs, Wyoming. A large thunderstorm
intensified rapidly in the area where the
two features interacted. The intense nature
of both the Big Thompson and Rock
Springs storms was indicated by continu-
ous lightning reported by observers in
these areas and by the very bright and cold
storm tops in the infrared satellite photo-
graph.

By 0600 GMT (Figs. 38a, b, and c) the
Big Thompson storm had begun moving
northward along the Front Range in re-
sponse to the approaching short wave and
associated squall line. The Rock Springs
storm now appeared (in the satellite photo-
graph) larger and more intense than the
Big Thompson storm, as it moved north-
ward across sparsely populated portions of
western Wyoming. However, an impor-
tant difference between this storm and the
Big Thompson storm was that the stronger
steering level winds over western Wyo-
ming kept it moving steadily northward.
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Figure 37a. Regional surface analysis for 0400 GMT, 1 August 1976. Refer to legend of Fig. 12a for
details.
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Figure 37b. Radar summary chart for 0335 GMT, 1 August 1976.
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Figure 37c. GOES-1 infrared photograph for 0400 GMT, 1 August 1976.
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Figure 38a. Regional surface analysis for 0600 GMT, 1 August 1976. Refer to legend of Fig. 12a for
details.
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Figure 38b. Radar summary chart for 0535 GMT, | August 1976.



Figure 38c. GOES-1 infrared photograph for 0600 GMT, 1 August 1976.
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4.2 Synoptic Scale Analyses

for 1200 GMT, 1 August
1976

Surface and upper-air analyses are
shown, along with vorticity and continuity
charts, for 12(X) GMT in Figs. 39 through
44. Thunderstorm activity had merged into
one convective feature during the early
morning hours, and had continued to move
north-northeastward ahead of the 500 mb
short-wave trough. This arc of shower and
thunderstorm activity had persisted
through the early morning hours and

130° 125° 120° 115° 110°

24 26

18 20

105*

stretched from central Idaho through
western South Dakota to western Kansas
(refer to Fig. 39). This line of convective
activity was immediately followed by a
meso-high pressure area, which in turn was
trailed by a wake of low pressure (bubble
high/wake depression).

Positions of the squall lines are shown
on the continuity map of Fig. 40. The or-
ganization and movement of these lines of
storms were strongly controlled by the
movement of the 500 mb short-wave
trough. Between 0600 and 1000 GMT
thunderstorm activity merged into one

100° 95"

90 85+ 80

Figure 39. Synoptic scale surface analysis for 1200 GMT, 1 August 1976. Refer to legend of Fig. 4

for details.
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large arc of storms along and ahead of the
trough. One important effect of this
short-wave trough was its role in moving
the storm complex northward out ofthe Big
Thompson drainage.

The upper level ridge (refer to Figs.
41, 42, and 43) had continued to build and
increase in amplitude overnight ahead of
the 500 mb short-wave trough, which
stretched from northern California through
western Wyoming to west Texas. Winds at
700 and 5(X) mb had veered and become
south to southwesterly over Colorado. The
short-wave trough was easily identifiable

115° 110° 105°

on the vorticity analysis shown in Fig. 44,
and the squall line lay in the region of posi-
tive vorticity advection just ahead of the
trough.

Although the synoptic scale pattern of
a trough over the West and a ridge over the
plains persisted for the next several days,
the interaction of mesoscale weather fea-
tures and orographic features that had pro-
duced the nearly stationary Big Thompson
storm complex was not repeated along the
Front Range of the Rocky Mountains.

100° 95°

06

Figure 40. Continuity positions of Utah squall line (black), Colorado squall line (orange), and Big
Thompson storm complex (broken orange). Time in GMT is given for each line.
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Figure 41. 700 mb analysis for 1200 GMT, 1 August 1976. Refer to legend of Fig. 5 for details.
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Figure 42. 500 mb analysis for 1200 GMT, 1 August 1976. Refer to legend of Fig. 6 for details.
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Figure 43. 300 mb analysis for 1200 GMT, | August 1976. Refer to legend of Fig. 7 for details.



Figure 44. NMC-LFM vorticity analysis for 1200 GMT, 1 August 1976. Refer to legend of Fig. 25 for
details.



5. Physical Model of the
Storm

NHRE radar data were taken at 1.4°
increments in elevation angle, and these
data were used in conjunction with the
constructed Loveland sounding (Fig. 32) to
develop a physical model of the Big
Thompson storm. A 0030 GMT GOES
photograph was used to estimate the hori-
zontal extent ofthe anvil. The model (Fig.
45) is valid for an approximate time of 0045
GMT (note the 5 to 1 compression of the
horizontal scale). The cross section is along
a NW-SE line (oriented from 314° to 134°)
that passes through a point at 40°30'N,
105°21'W. The cross section lies nearly
along the storm inflow.

The strong low-level inflow allowed a
large amount of mass to he processed by
the storm. As the low-level flow ap-
proached the Front Range, stratus and
stratocumulus formed in the shallow layer
between the LCL and the LFC. The 0000
GMT Ft. Collins surface observation indi-
cated a thin, broken deck of cloud based at
4,000 It AGL (1.2 km). When this low-level
air was forced above the LFC, explosive
convective growth occurred. Radar data
indicated that new cells formed in the in-
flow and moved north-northwestward into
the storm complex. Cloud base was effec-
tively on the ground in the storm area. This,
combined with the high incloud freezing
level (5.8 km MSL) and height of the
—25°C isotherm (9.6 km MSL), indicated
an unusually deep (for Colorado storms)
layer for warm cloud coalescence processes

to act.
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Since there was weak wind shear, rela-
tively moist environmental air, and little
flow relative to the storm above the LFC,
entrainment of drier air into the storm was
suppressed. This reduced evaporative loss-
es and increased the storm’s precipitation
efficiency. With cloud base at the surface,
subcloud evaporation was also minimized,
further enhancing the precipitation effi-
ciency. Neither entrainment nor evapora-
tive processes were able to produce strong
downdrafts within the storm.

It might be expected that light
windshear and rapid cloud droplet growth
would combine to quickly overload the up-
draft with precipitation. However, notice
that the echo contours slope toward the
northwest with height. Vertical transport
of strong, low-level easterly momentum
into upper parts of the storm produced an
updraft structure that sloped with height
toward the northwest. The tilted updraft
allowed large precipitation droplets to fall
out ofthe rear of the updraft, enabling the
system to exist in a nearly steady state.

This model of the Big Thompson
storm is considerably different from that
developed by St. Amand et al. (1972) for
the Rapid City, South Dakota, storm com-
plex. Their model cloud sloped strongly to
the east above 450 mb and invoked a recy-
cling ofwater substance to help explain the
high precipitation efficiency of the system.
Deep convection that develops within a
negatively sheared air mass (characterized



Poudre Little South Buckhorn ngﬁgﬁ:
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Figure 45. Physical model of one of the initial ceils of the Big Thompson storm complex. LCL,
LFC, winds, and levels of 0°C and -25°C isotherms are from interpolated Loveland, Colorado,
sounding. Grover 0045 GMT radar reflectivities are shown with 10 dBZ contours beginning with
15 dBZ level.
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Figure 46a. Grover radar reflectivity (dBZ) cross section through one of the initial cells of the Big
Thompson storm complex at 0045 GMT. Winds (in knots) are from the Loveland, Colorado,
interpolated sounding. Cross section was orientated from 314° to 134° through a point at 40°30 N
and 105°21 W. Cross section lies nearly along storm inflow.

Distance (km)

Figure 46b. Grover radar reflectivity (dBZ) cross section through the severe Fleming, Colorado,
hailstorm (after Browning and Foote, 1975). Winds (in knots) are from a nearby upper-air
sounding. Cross section lies nearly along storm inflow.



by strong easterly flow in low levels de-
creasing with height) will normally tend to
slope toward the east with height. West-
ward movement is greater near cloud base
than at middle and upper levels and pro-
duces the slope. However, if terrain lifting
triggers intense convection within a nega-
tively sheared air mass, the structure and
dynamics of the resulting storms may be
quite different from those of a moving
storm. The orography effectively forces the
lower portions of the cloud system to re-
main quasi-stationary. The vertical trans-
port of strong, low-level easterly momen-
tum then produces an updraft structure
that slopes along the direction of inflow.
Grover radar data seem to verify this
hypothesis. When the thunderstorm cells
initially formed they moved rapidly toward
the higher terrain and sloped toward the
southeast with height. However, once they
moved over the higher terrain they became
nearly stationary and developed a north-
westward slope with height.

An efficient unloading ofthe updraftin
the lower halfofthe cloud would encourage
large updraft velocities to develop within
the glaciated upper cloud and allow cloud
tops to grow to very high levels. Indeed,
radar observations indicated that tops of
the Big Thompson storm complex were
about 6,000 ft (1.8 km) higher than those of
other storms on the eastern slopes and
plains.

Fig. 46 shows cross sections along the
inflow of (a) the Big Thompson storm and
(b) the Fleming storm (a severe hailstorm).
The Big Thompson storm was tilted along
the direction of inflow. There was little
echo overhang and only a hint of Weak
Echo Region (WER). High reflectivities

>55 dBZ were low in the cloud, below 7
km. This suggests that warm cloud coales-
cence processes were highly efficient.

The severe Fleming hailstorm de-
veloped in a strongly sheared environment
and bore little resemblance to the Big
Thompson storm. (For details on the Flem-
ing storm refer to Browning and Foote,
1975.) It displayed a large WER with a

massive overhang of high reflectivity parti-
cles. High reflectivities ™ 55 dBZ extended
upward within the storm to over 10 km.
Severely sheared storms are highly ineffi-
cient precipitation producers (Browning
and Foote, 1975; Marwitz, 1972).

The negatively sheared Big Thompson
storm was characterized by a high precipi-
tation efficiency and by a lack of large hail
or strong surface outflow. Similar features
were characteristic ofthe Rapid City storm
(Dennis et ah, 1973). Schroeders (1977)
conceptual model of a flood producing
thunderstorm over the Koolau Range in
Hawaii is quite similar to the Big
Thompson model indicating that this type
of highly efficient precipitation system is
probably not unique to the Front Range

area.

6. Comparison of
Conditions Associated
With the Big Thompson
and Rapid City Floods

Meteorological aspects of the destruc-
tive flood that occurred at Rapid City,
South Dakota, on 9 June 1972 (Dennis et
ah, 1973) were very similar to those of the
Big Thompson flood event. These features
are compared since it is felt that the condi-
tions that produce this type of intense
east-slope rainstorm are recognizable 3 to
12 h in advance. Early recognition of this
type of flash flood potential woidd allow
more effective use of special statements
and watches to alert the pubilic.

The surface analyses at 1200 GMT
(Fig. 47) prior to the floods show that sur-
face conditions were dominated by large
polar highs with lower pressures south and
west ofthe threat areas. The dashed line on
the Rapid City map (Fig. 47a) represents a
weak wind shift line. Both cases were
characterized by a zone of unusually moist
air with high dewpoints north of the polar
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front and by hotter, drier air west and south
of the front.

Figs. 48 and 49 are the 700 and 500 mb
analyses at 1200 GMT. The common fea-
tures of importance are the following:

1. The large, negatively tilted ridge
over the plains with a trough over
the west.

2. A short-wave trough south and
west of the threat areas. This short
wave was moving northward up
the back of the ridge.

3. Light south to southeasterly winds
over the threat areas.

4. Abundant moisture over much of
the western United States.

Fig. 50 presents the 1200 GMT
upper-air soundings taken at Rapid City
and Huron, South Dakota, and also shows
the 1200 GMT Denver sounding and the
1920 GMT Sterling sounding. In both
cases, the soundings taken east-northeast
of the threat areas were more representa-
tive of the air mass in which intense thun-
derstorms were triggered later in the day.
Both the Huron and Sterling soundings
were conditionally very unstable but with
temperature inversions capping the unsta-
ble, moist boundary layer. Both soundings
were taken near the upper ridgeline and
showed easterly winds below the inver-
sions.

Table 3.

The surface analyses at 0000 GMT
(Fig. 51), just prior to the floods, showed
that strong easterly winds were pushing
moist, conditionally unstable, boundary
layer air westward onto higher terrain. A
zone of moist air north ofthe polar front fed
the storms, while drier air lay south and
west of the front. Pressures were lower
south and west of the front helping to
maximize the easterly, upslope flow.

Figs. 52 and 53 depict the 700 and 500
mb analyses at 0000 GMT. Notice that at
700 mb moist southeasterly flow exists in
the threat areas ahead of the approaching
short waves. The 500 mb short-wave
troughs, which eventually moved the flood
producing storms away from the moun-
tains, were approaching from the south-
west. Winds over the threat area were light
southerly, and the movement and orienta-
tion of the 500 mb short-wave troughs
helped maintain lower pressures west of
the threat area.

The 0000 GMT Rapid City and inter-
polated Loveland soundings are shown in
Fig. 54. Both soundings were conditionally
unstable with strong easterly winds and
very high moisture contents within the
lowest 1 to 1.5 km. Winds above 500 mb
were light south to southeasterly. The
Rapid City sonde sampled active convec-
tion (Dennis et al., 1973) and thus did not
exhibit the temperature inversion.

Comparison of upper-air parameters for Rapid City, Loveland, and typical severe

thunderstorm soundings

Mean vapor Planetary Wind velocity (deg/kt)
Time mixing ratio Lifted Index Boundary Layer
Location (GMT) (lowest 100 mb) (lowest 100 mb) (lowest km) 700 mb 500 mb 300 mg
9 kg ) (deg/kt)
Rapid City 0000 GMT, 14.0 -5 100/40 140/31  150/18 140/08
10 June 1972

Loveland 0000 GMT, 14.8 -6 100/50 130/30 190/15 170/15
(interpolated) 1 Aug. 1976

Typical plains 12 to 14 -4 to -6 200/35 225/40 235/50 245/70
severe storm *

‘Data from Maddox (1976).
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Table 3 compares the Rapid City and
Loveland soundings with conditions as-
sociated with severe Central Plains thun-
derstorms (storms producing large hail
and/or damaging winds and/or tornadoes).
L.l.’s and moisture contents are compara-
ble; however, the wind fields are dramati-
cally different. The wind veers with height
in both types of soundings, but the heavy
rain soundings are characterized by strong
easterly winds near the surface and light
southerly winds aloft. This “reverse” shear
contrasts markedly with the strongly
sheared severe storm environment.

The following list summarizes similar
meteorological conditions associated with
both the Rapid City and Rig Thompson
flash floods.

A. Common large scale features

1. A middle and upper tropospheric
long-wave trough lies over the western
United States with a negatively tilted
ridge just east of the threat area.

2. A weak 500 mb short-wave trough
rotates northward in the long-wave
trough and approaches the threat area.

3. Light southeast to south-southeast
winds (5 to 8 m s-1) are present in the
upper troposphere over the threat area.

4. A slow moving, or stationary, polar
front lies just south of the threat area.

5. Unusually moist (vapor mixing ratio
of 13 to 15 g kg-1) and strong (15 to 25 m
s-1) easterly low-level flow moves into
threat area.

6. High moisture content is present
through a large depth of the tropo-
sphere (surface through 300 mb).

B. Common mesoscale features

1. Afternoon heating west ofthe threat
area and cold advection east of storm
area combine to intensify thickness and
pressure gradients. Low-level wind

flow maximizes about sunset.

2. A narrow band of conditionally un-
stable air (L.I. = -4 to -7) moves

southward and westward behind the
polar front. This air mass is capped by a
temperature inversion.

3. Orographic lift provides the
mechanism needed to release the in-
stability, and heavy rains fall over mid-
dle elevations ofthe affected drainages.
The moisture content of the low-level
air is so great that the lifting needed to
trigger storm development occurs east
of the highest terrain.

4. Convective cells move slowly
north-northwestward, and continued
cell redevelopment on the southeast
flank of the thunderstorm complex re-
sults in a quasi-stationary precipitation
system.

C. Common microphysical characteristics

1. A high freezing level (5 to 6 km
MSL) in the cloud and low cloud bases
combine to produce a deep warm cloud
layer in which precipitation particles
may grow by coalescence processes.

2. Negligible vertical wind shear and
light winds relative to the storm, at
middle and upper levels, combined
with moist environmental air and cloud
bases at or near the surface, suppress
evaporative losses and the formation of
downdrafts. These conditions contri-
bute to high precipitation efficiency.

Most of these important large scale
and mesoscale features can be detected and
monitored if National Meteorological
Center analyses and forecasts are used in
conjunction with aviation teletype data,
radar reports, and satellite photographs.
As recently emphasized by Mogil and
Groper (1976), when the detection level
shifts from the large scale down to actual
storm reports, the forecaster should rely
heavily upon mesoscale analyses and in-
terpretations to delineate the potential for
excessive rainfall.

65



66

Figure 47a. Rapid City synoptic scale surface analysis for 1200 GMT, 9 June 1972. Refer to legend
of Fig. 4 for details.
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Figure 47b. Big Thompson synoptic scale surface analysis for 1200 GMT, 31 July 1976. (Same as
Fig. 4.)
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Figure 48a. Rapid City 700 mb analysis for 1200 GMT, 9 June 1972. Refer to legend of Fig. 5 for
details.
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Figure 48b. Big Thompson 700 mb analysis for 1200 GMT, 31 July 1976. (Same as Fig. 5.)
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Figure 49a. Rapid City 500 mb analysis for 1200 GMT, 9 June 1972. Refer to legend of Fig. 6 for
details.
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Figure 49b. Big Thompson 500 mb analysis for 1200 GMT, 31 July 1976. (Same as Fig. 6.)
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Figure 50a. Skew T/Log P plot of 1200 GMT, 9 June 1972, Rapid City upper-air sounding.
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Figure 50b. Skew T/Log P plot of 1200 GMT, 9 June 1972, Huron, South Dakota, upper-air
sounding.
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Figure 50c. Skew T/Log P plot of 1200 GMT, 31 July 1976, Denver upper-air sounding. (Same as
Fig. 10.)
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Figure 50d. Skew T/Log P plot of 1920 GMT, 31 July 1976, Sterling, Colorado, upper-air sounding.
(Same as Fig. 13))
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Figure 51la. Rapid City synoptic scale surface analysis for 0000 GMT, 10 June 1972. Refer to
legend of Fig. 4 for details.
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Figure 51b. Big Thompson synoptic scale surface analysis for 0000 GMT, | August 1976. (Same
as Fig. 18.)
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Figure 52a. Rapid City 700 mb analysis for 0000 GMT, 10 June 1972. Refer to legend of Fig. 5 for

details.
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Figure 52b. Big Thompson 700 mb analysis for 0000 GMT, 1 August 1976. (Same as Fig. 21.)

77



78

130° 125° 120° 115° 110° 105° 100° 95° 90° 85° 80°

Figure 53a. Rapid City 500 mb analysis for 0000 GMT, 10 June 1972. Refer to legend of Fig. 6 for
details.
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Figure 53b. Big Thompson 500 mb analysis for 0000 GMT, 1 August 1976. (Same as Fig. 22.)
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Figure 54a. Skew T/Log P plot of 0000 GMT, 10 June 1972, Rapid City upper-air sounding.
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Figure 54b. Skew T/Log P plot of 0000 GMT, 1 August 1976, upper-air sounding constructed for
Loveland, Colorado. (Same as Fig. 32.)



7. Summary and
Conclusions

A large thunderstorm complex drop-
ped as much as 10 in ofrain in the foothills
west of Loveland, Colorado, during the
evening hours of 31 July 1976. A resultant
flash flood devastated the Big Thompson
Canyon claiming at least 139 lives and pro-
ducing property damage of about $35.5
million.

The storm complex developed when a
conditionally unstable and extremely moist
air mass pushed upslope into the Front
Range of the Rocky Mountains. This air
mass lay to the rear ofa polar front, and the
associated temperature inversion pre-
vented release of the potential instability
until the air mass experienced strong oro-
graphic lifting. Low pressure centered
west ofthe Front Range helped to increase
the magnitude ofthe easterly upslope flow.

The storm was triggered just west ofa
negatively tilted upper level ridge, where
winds above the temperature inversion
were light southeasterly. These weak steer-
ing winds allowed the storm complex to
remain nearly stationary over the Front
Range for 2 to 3 h as new cells generated on
the sourtheast flank and moved into the
storm complex. A weak 500 mb short-wave
trough, approaching the storm area from
the south-southwest, moved the storm
slowly northward into Wyoming and even-
tually out onto the plains.

Local area surface analyses indicated
that prefrontal, high-based thunderstorms
that moved over the Front Range west of
Boulder may have limited the southward
extension ofthe storm complex and helped

to focus moist inflow into the Big
Thompson drainage. Detailed radar
analyses indicated that as much as 7.5 in of
rainfall over the main fork of the Big
Thompson may have fallen in a little more
than 1 h.

A physical model ofthe storm complex
was developed using an interpolated Love-
land, Colorado, upper-air sounding and
1.4° incremental elevation angle data from
the NHRE radar. A sloping updraft struc-
ture allowed efficient precipitation unload-
ing. A low shear environment above the
temperature inversion, relatively moist air
at high levels, and little flow relative to the
storm helped minimize the effects of en-
trainment on precipitation efficiency. Cloud
base on or near the surface also minimized
subcloud evaporation. As a result precipi-
tation efficiency was increased, and strong
downdrafts, which would have tended to
force new cell development at other loca-
tions, were subdued.

Meteorological conditions associated
with the Big Thompson and Rapid City
flash floods have been compared. These
events were very similar, and a set of im-
portant meteorological features associated
with this type of convective cloudburst has
been presented. Recognition of these fea-
tures shoidd he of use in predicting the
potential and issuing watches for this type
ofsevere storm with geographical areas and
lead times similar to those currently issued
for expected tornado activity.
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