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ABSTRACT

A detailed, multisensor case study of mesoscale convective storms occurring in summer over the central
and eastern Colorado Rockies is presented. This case study uses data obtained during the 1977 South Park
Area Cumulus Experiment (SPACE) from surface meteorological stations, rawinsondes and tethered bal-
loons, conventional and Doppler radars, powered aircraft and satellites.

On 19 July 1977, a north-south oriented line of intense convective cells formed and remained within
South Park, an elevated plain 2.8 km above sca level located within the Rocky Mountains. Elevated surface
heating in South Park created a region of low-level convergence which imported Pacific moisture from west
of the Rockies into South Park. The mesoscale thunderstorm line formed over this convergence zone.
Subsequently, northerly surface flow, having the appearance of a “density current”, penetrated into South
Park late in the afternoon, enhancing the intensity of convective storms. Various interactions of the storm
system with the mesoscale environment were observed. A single large convective cell was then observed to
grow on the southern end of the mesoscale line, exhibiting supercell characteristics and substantial modi-
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An Intense, Quasi-Steady Thunderstorm over Mountainous Terrain. Part I:

fication of the environmental flow. A detailed description of this quasi-steady storm is given in Parts II and

11T (Knupp and Cotton, 1982a,b).

1. Introduction

During the summer of 1977, Colorado State Uni-
versity (CSU) operated a comprehensive observa-
tional study of cumulus clouds, thunderstorms and
mesoscale convective ‘systems that formed over
mountainous terrain. The experiment, called the
South Park Area Cumulus Experiment (SPACE),
was designed to investigate the structure of moun-
tain-generated convective clouds and their interac-
tion with orographically induced mesoscale systems.
A second objective of the SPACE was to examine
the impact of mountain-convective clouds on con-
vective precipitation over the High Plains of the
United States. Throughout the month-long experi-
ment, a variety of convective clouds was observed,
ranging from lightly precipitating towering cumuli
to propagating or translating individual thunder-
storms and thunderstorm complexes, sometimes of
severe intensity, to nearly stationary heavily precip-
itating thunderstorms. On 19 July 1977, an intense,
quasi-stationary complex of thunderstorms formed
and remained over the relatively flat region of South
Park, Colorado. :

Because one storm within this complex was quasi-
steady and remained over the relatively flat Park for
much of its life cycle, where it was under the sur-
veillance of multiple-Doppler radar and automated
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surface mesonet stations, the storm was selected as
an ideal candidate for detailed analysis. Moreover,
these same characteristics (steadiness, relative sim-
plicity of terrain effects) make it an ideal candidate
for three-dimensional numerical simulation of the
storm. The analysis of the formation and character-
istics of such a storm system then serves to further
elucidate some of the factors which control storm
structure, storm movement and storm-environment
interactions.

In Part I we examine the evolution of the meso-
scale systems which eventually led to the formation
of the quasi-steady storm system. In Part II (Knupp
and Cotton, 1982a), we describe the morphological
storm structure as revealed by multiple Doppler ra-
dar. In Part II1 (Knupp and Cotton, 1982b), we de-
scribe the turbulent structure of the quasi-steady
storm as revealed by Doppler radar.

2. The South Park

Area Cumulus Experimeht
(SPACE) :

Colorado State University operated a field exper-

" iment over South Park, Colorado during the period

10 July-13 August 1977. The observational program
was located in and east of South Park, as indicated
in Figs. 1 and 2, During SPACE, observational pro-
grams were conducted on several spatial scales. The
South Park scale (Fig. 2) is roughly 70 km square.
The main base station was located ~10 km south
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FIG. 1. Map of extended SPACE/HIPLEX experimental area, with averaged
terrain contours every 304.8 m (1000 ft). The large circles represent radar effective

coverage areas.

of Fairplay, Colorado on dry, flat pasture land, ~5
km east of the wooded foothills of the Mosquito
Range. Rawinsondes were launched from the base
station at 0600, 1000, 1240 and 1710 MDT on 19
July 1977.

The National Center for Atmospheric Research
(NCAR) Portable Automated Mesonet (PAM) was
deployed on the South Park scale. As shown in Fig.
2, 20 remote weather stations were spaced roughly
on a 10 km X 10 km grid, with two remote stations
located on the ridge top of the Mosquito Range. Each
remote station measured wind speed and direction
4 m above the ground, wet- and dry-bulb tempera-
tures and pressure from 2 m above the ground, and
rainfall in 0.254 mm increments with a tipping
bucket raingage. Data were telemetered from the
remote stations once per minute to the PAM base
van which was located at the base station. Due to
the irregularity of the terrain, the mesoscale analysis
of surface data is displayed in terms of potential tem-
perature in subsequent sections in order to reveal
meaningful surface thermal gradients. Conventional
strip chart recording stations were also deployed to
supplement the PAM stations (see Fig. 1), but were
not used in this study.

Triple-Doppler radar data also were taken on the
South Park scale. The National Oceanic and At-
mospheric Administration (NOAA) provided two
3.2 cm Doppler radars, and NCAR provided the 5.5
cm CP-3 radar. NOAA-D was located at the base,
NOAA-C was 27 km southeast of the base, and CP-
3 was 30 km northeast.

In conjuction with the Bureau of Reclamation

High Plains Experiment (HIPLEX), the SPACE
program also gathered data over a region approxi-
mately 500 km (east-west) by 200 km (north-south)
extending from west of South Park to east of Good-
land, Kansas (Fig. 1). On 19 July 1977, three ra-
winsondes were launched at Limon, Colorado by
CSU at 0600, 1440 and 1740 MDT. A rawinsonde
was also launched at 0600 MDT by HIPLEX per-
sonnel at Goodland, Kansas. These were supple-
mented by regular National Weather Service (NWS)
soundings taken at Denver, Grand Junction and
other NWS sites. Seventeen recording surface sta-
tions were maintained between the Front Range and
Goodland. Radar data also were available from the
NWS WSR-57 radar at Limon (PPI photos and
manually drawn reflectivity contour overlays only)
and the HIPLEX radar at Goodland. GOES geo-
synchronous satellite data applicable to this larger
scale are available in visible and infrared imagery.

The NWS Limon radar and the HIPLEX radar
were used to determine the eastward extent of the
mesoscale systems described herein. It is well known
that the Limon radar signal is deteriorated by the
effects of ground clutter and beam blockage over the
mountainous terrain, but can be used effectively for
mapping positions of echoes. Over the mountainous
regions, the NCAR CP-3 radar was used as the main
source of quantitative PPI data. It should be noted,
however, that sidelobing problems with the CP-3 ra-
dar could have contributed to overestimates of re-
flectivity in storms located near the mountain peaks,
particularly in a 10-25 km annulus east, north and
west of CP-3.
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FiG. 2. Map of terrain in South Park, Colorado. Regions below 9000 ft (2744
m) are hatched; regions above 10 000 ft (3049 m) are lightly shaded; and regions
above 12 000 ft (3659 m) are heavily shaded. PAM remote stations are indicated
with dark circles accompanied by the station number, with a star for the base site.
CP-3, NOAA-C and NOAA-D radars are indicated with dark triangles. The track,
radar scan times, and movement speeds of the quasi-steady storm are indicated.

3. 19 July 1977—synoptic summary and early morn-

ing mesoscale structure

On 18 July and for several days preceding it, most
of the United States, including the Southwest, was
under a vast subtropical high-pressure center. Winds
at the 50 kPa level were light and usually southerly
in the Southwest, bringing deep Pacific moisture in-
land. East of the Rockies, the air under the high was
very dry. On 18 July 50 kPa heights generally fell
along the Pacific Coast, displacing the high center
into western Kansas and enhancing the southwesterly
“monsoonal” flow. East of the Rockies and in South
Park, very hot, dry air remained. The surface pres-
sure pattern showed a broad low-pressure center in
South Dakota with a surface trough extending along

the eastern edge of the Rockies to southeastern Co-
lorado. - '

Within South Park, deep convection was sup-
pressed throughout the day on 18 July due to lack
of boundary-layer moisture (<5 g kg™'). However,
thunderstorm activity was detected by satellite and
radar in a band extending from western Colorado to
eastern Wyoming. Around 1800 MDT 18 July,
moist, northerly and northwesterly low-level flow
penetrated into the northwest corner of the Park,
with a few thunderstorms visible over the mountains
to the northwest. This pattern of convective activity
and surface flow was repeated the next day, except
that the band of strong convective storms shifted far-
ther east to include the South Park area. Satellite
infrared (IR) pictures show the convective intensity
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decreasing during the night in the northern Colorado
mountains.

On the morning of 19 July 1977, the 50 kPa anal-

"ysis showed that the center of the subtropical high
had retreated eastward into eastern Kansas and
Oklahoma. A region of high humidity at 50 kPa (T
— T; < 7°C) extended from northern Arizona north-
eastward in a band to Wisconsin and beyond, with
confluent flow occurring in northern Colorado and
southern Wyoming. This eastward movement of the
moisture advection pattern served to import sub-

. stantially more deep Pacific moisture onto the east-
ern slopes of the Colorado Rockies during the day
on 19 July.

On the surface [Fig. 3 (data from National
Weather Service stations)] the presence of a pro-
nounced trough covering eastern Colorado was ap-
parent. The trough was an extension of the surface
low-pressure center which remained in South Dak-
ota. Winds within the trough were light, while
stronger surface winds prevailed to the south and
east. A satellite picture from the same time showed
a band of clouds extending from the southwest
through western Colorado and northeastward into

W. R. COTTON, R. L. GEORGE AND K. R. KNUPP

1200 GMT
| 19 JuLy 1977

331

Canada. Bands of cirrus clouds were present in
eastern Colorado, including the South Park area.
The early morning (1200 GMT) sounding on 19
July from South Park is shown in Fig. 4. The surface
inversion was very shallow (2 kPa) with moisture
values in the lowest level of the sounding (7.4 gkg™),
which were relatively high for South Park elevations
in northern Colorado. Raising this moisture to the
convective condensation level (CCL), a potential
cloud base of 57.5 kPa was obtained. This was rel-
atively low for South Park, where the nearby moun-
tains extend up to ~60 kPa, or over 4 km MSL.
Moist adiabatic ascent of a parcel from cloud base
through the troposphere generates ~2° of positive
buoyancy which also is relatively unstable. However,
when mixed through a realistic mixing depth of 14
kPa, this sounding produces a mixed layer g, of 6.0
g kg™! and almost no 50 kPa instability. Increased
humidity at 35 kPa indicates the level of the cirrus
deck observed from the ground and by satellite. Light
northwesterly downslope surface winds backed
smoothly to light southerly winds in the upper levels.
The pattern of moisture advection across the
mountains becomes more apparent on construction

F1G. 3. Mesoscale surface analysis for 1200 GMT 19 July 1977 including tem-
perature and dew point (°C) and sea level pressure (mb less 1000). Note pressure
trough in eastern Colorado. The South Park base station is near the geometrical

center of Colorado.
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F1G. 4. South Park sounding of temperature and dew point for
1200 GMT (0600 MDT), plotted on skew T/logP diagram.
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of an east-west cross section using 1200 GMT sound-
ings (Fig. 5). Fig. 5 shows that, by 1200 GMT 19
July, the Grand Junction sounding was strongly in-
fluenced by moisture advection through a deep layer,.
veering winds, and only a weak elevated stable layer.
Contrastingly, the eastern plains exhibited a strongly
suppressed pattern. Both the Limon and Goodland
soundings had a deep neutral layer (to 59 kPa) above
the surface inversion. The strong stability in the 50-
59 kPa layer appears to have been caused by syn-
optic-scale subsidence due to ridging over the region.
The neutral layer was warmest over Limon, indicat-
ing the thermal troughing which appeared on the
surface map (Fig. 3). The extremely light winds over
Limon indicate that it was near the surface trough
axis. The dryness of the air in the neutral layer (g,

= 4,5-5.5 g kg™") would suggest that little or no
moist convection would occur over the plains on 19

- July.

The South Park sounding showed characteristics
intermediate between the dry eastern and moist west-
ern soundings. The low-level analysis in South Park
on Fig. § is partially derived from PAM surface data,
which show surface mixing ratios of 7-8 g kg~" driven
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FIG. 5. East-west cross section including soundings from Grand Junction (GJT), South Park (SP), and Limon (LIC), Colorade, and
Goodland (GLD), Kansas. Solid contours are potential temperature (K) and dashed contours are water vapor mixing ratio (g kg™").
Terrain elevations and stable layer boundaries are marked with bold lines. Valid for 1200 GMT (0600 MDT) 19 July 1977.
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by westerly winds of 10 m s™' at the high ridge of
the Mosquito Range. Both South Park and Limon
had a northerly component to their low-level winds,
a manifestation of the eastern Colorado trough.
Winds in the moist middle troposphere at Grand
Junction were more westerly, insuring that the deep
Pacific moisture would be advected eastward during
the day. As will be demonstrated in later sections,
strong moisture advection influenced by the topog-
raphy occurred at low levels throughout the day.
We will now use rawinsonde and surface data to
document the deepening of the PBL prior to cumulus
cloud formation. At 0600 MDT, nighttime drainage
flow had served to pool the coldest air in the low-
lying river valleys. Mixing ratios of 6-8 g kg™* were
already unusually high compared to other days in
South Park. At ridge-top level (Mosquito Pass),
moist air was advected by westerly winds into South
Park from farther west. By 0800 MDT, temperatures
had increased faster in the center of the Park, de-
creasing the gradients across the Park. Mixing ratios
had become more uniformly high at ~8 g kg™’
throughout the Park. Winds were light and variable.
The 1000 MDT rawinsonde (Fig. 6) showed a
well-mixed PBL up to 60 kPa. This air mass had a
potential temperature 8 of 321 K, mixing ratio ¢, of
~6.5 g kg™', and light winds. Between 57 and 53
kPa a nearly neutral layer resided with a 6§ of 324
K and less moisture (3-4 g kg™') than at the surface.
Winds in this layer were much stronger, ~10 m s™',
from the southwest. Thus, as the day progressed, we
might expect surface winds to strengthen from the
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F1G. 6. South Park sounding of 1600 GMT (1000 MDT) 19
July 1977 plotted on skew T/logP diagram.
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Fi1G. 7. South Park sounding of 1900 GMT (1300 MDT) 19
July 1977 plotted on skew T/logP diagram.

southwest and surface moisture to decrease, as this
layer of air becomes entrained into the boundary
layer. As a consequence, 1000 MDT surface data
showed somewhat decreased surface moisture at
most stations, except for increased mixing ratios on
the northwestern edge of South Park. The amount
of boundary-layer moisture observed with the 1000
MDT rawinsonde was marginal for deep convection.
The low-level moisture apparently present to the
north and west of South Park (as deduced from sat-
ellite pictures and the GJT sounding), however,
would indicate a very unstable atmosphere, with po-
tential cloud tops to at least 12.5 km MSL.

Most of South Park and the plains to the east
remained cloud free until after 1200 MDT. Surface
potential temperatures over 325 K and slowly de-
creasing mixing ratios were indicated over most of
the Park. Radar, satellite and visual observations all
reported increasing cumulus activity in the moun-
tains west and north of the Park. In the plains, ex-
treme temperatures also were reached (308 K) with
light winds in the eastern Colorado surface trough
area.

4. Early afternoon mountain thunderstorms

The first precipitating radar echoes appeared in
South Park around 1200 MDT, as the atmosphere
continued to destabilize under strong surface heat-
ing. In this section, we will show that widespread
deep, moist convection did not develop in most of
South Park until after 1530 MDT, due to the lack
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Fi1G. 8. Composite PAM-~CP-3 radar plot for 1839 GMT (1239
MDT) 19 July 1977. PAM surface data are from locations indi-
cated in Fig. 2. Radar locations are denoted by triangles, with CP-
3 the northernmost and the base station the westernmost. Five-
minute-averaged potential temperature (K), water vapor mixing
ratio (g kg™') and winds are plotted at each station. Radar contours
are 5.5° constant elevation scans, projected onto a horizontal sur-
face. Solid contours are ~35 dBZ, dashed contours ~50 dBZ.
Key to other symbols is given below. The distance between the two
southernmost PAM stations is 10 km. The above ground height
of the CP-3 radar beam (5.5°) ranges from 4 m at the radar to
5400 m over the southernmost PAM stations.

of boundary-layer moisture. The thunderstorms which
did develop on the northern and western edges of
South Park are explained as resulting from local
“hot spot” forcing and moisture advection.

The rawinsonde launched at 1246 MDT revealed
a strongly heated boundary layer up to the 50 kPa
level (Fig. 7). This layer had a 6 of 324.5 K and a
g, of only 5.3 g kg™'. Boundary-layer winds were
light, veering from easterly at the surface to 190°
at 50 kPa. A sharp inversion occurred at 40 kPa
probably caused by a locally produced subsidence
" field near a cumulonimbus cell (see Fig. 8). A mix-
ing ratio of 7 g kg™! would be necessary to break

through this inversion and initiate deep thunderstorm |

activity.
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Shortly after 1230 MDT, the CP-3 radar began
recording data. At about the same time, the PAM
network became fully operational, providing surface
data from up to 20 different locations at any one
time. In Fig. 8 and subsequent figures, PAM surface
winds, § and g, are superimposed with 5.5° elevation,
Plan Position Indicator (PPI) scans from CP-3. On
each PAM-radar composite, a subjective streamline
analysis has been drawn to represent general flow
directions. Due to the limited number of PAM sta-
tions and the irregularity of terrain on the boundaries
of the network, an objective streamline analysis was
not attempted.

Fig. 8 shows the earliest available PAM-radar
overlay, for 1239 MDT. A large area of convective
echoes was present on the north edge of the Park,
with a strong cell just west of CP-3. Another exten-
sive echo occurred over PAM station 8 about 10 km
northwest of the base site. These two locations were
found by Huggins (1975) to be the most likely places
for first echoes to form in the South Park area. Com-
paring Fig. 8 with the 1246 MDT sounding, one can
see that the easterly surface wind component present
on the sounding existed only in a fairly small area
(perhaps 10 km X 20 km) directly east of the Mos-
quito Range. In this area, easterly slope winds pro-
duced by a mountain-plains type interaction may
have been able to overcome the moderate ambient
winds. The easterly wind would create low-level con-
vergence on the eastern slope of the Mosquito Moun-
tains, producing the “hot spot” thunderstorm present
in Fig. 8. The easterly wind would also act as a bar-
rier, keeping the moist westerly flow observed at
ridge top out of the remainder of South Park. Hence,
mixing ratios through most of South Park continued
to decrease under strong heating.

The radar echoes shown in Fig. 8 moved almost
due north at ~5 m s7', apparently steered by the
southerly winds aloft. By 1333 (Fig. 9), a large group
of cells had formed just west of the base site, on the
eastern slopes of the Mosquito Mountains. A north-
south line of much more intense thunderstorms was
present just north of Hoosier Pass in the Blue River
Valley to the north (located in Fig. 2). At least one
of these cells originated in South Park. It was ob-
served to intensify greatly as it approached Hoosier
Pass from the south. Radial vertical sections syn-
thesized from PPI scans show that these cells had
echo tops of at least 12.5 km MSL;.the cells within
South Park had tops of only 7-8 km. This indicates
that the increased boundary-layer moisture (g, ~ 8
g kg™") needed to support very deep thunderstorms,
as indicated by rawinsonde data, was available in
Blue Valley just northwest of the Park. PAM data
in Fig. 9 indicate that this moisture was being ad-
vected across the mountains by westerly winds. The
remainder of South Park, excluding the north and
west edges, continued in the south-westerly flow, with
decreasing moisture and high surface temperatures.
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Limon radar for 1330 revealed that the Hoosier Pass
storms were part of a large broken line of echoes
which extended 150 km to the north-northeast.

A flow separation boundary and associated line of
confluence with slightly drier air having southwest-
erly winds to the east and relatively moist, westerly
and northwesterly winds to the west are indicated in
Fig. 9. By 1452 (Fig. 10), this boundary had moved
only ~10 km farther east. Numerous small radar
echoes continued to appear. But as seen by surface
values of 6, and the lack of wind gusts, penetrating
downdrafts were not yet evident at the surface. No-
tice that one station in the southeast corner of the
PAM network had shifted to an easterly wind. This
flow pattern subsequently affected the entire eastern
edge of South Park. It was probably a part of a
regional easterly upslope wind resulting from surface
heating in South Park which is over 1500 m higher
in elevation than the plains to the east. Such easterly
slope winds are nearly a daily occurrence in the sum-
mer afternoons in South Park.

5. Late afternoon mesoscale thunderstorm line

While the onset of deep convection in South Park
was delayed until about 1600 MDT, a number of
mesoscale factors combined to decrease convective
stability in the area. Strong surface heating contin-
ued to deepen the boundary layer, both in the Park

CP3
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F1G. 9. As in Fig. 8 except for 1933 GMT (1333 MDT).

W. R. COTTON, R. L. GEORGE AND K. R. KNUPP

335

) (O
nrg

1452 MDT

Flow Separation -
Boundary )./'

FI1G. 10. As in Fig. 8 except for 2052 GMT (1452 MDT).

and on the plains to the east. The eastern Colorado
surface low intensified during the day, due to the
continued strong heating. Winds on the 1444 Limon
rawinsonde were light up to 40 kPa, indicating the
presence of a thermal low centered near Limon.
Strong Pacific moisture continued to advect across
the mountains, and large isolated thunderstorms ap-
peared as far east as the Denver area.

To the north of South Park, vigorous convection
began around 1530 in the mountains north of CP-3.
A hail shaft was visually observed near this storm
at about 1600, with maximum echo reflectivities of
at least 60 dBZ. Unfortunately, the PAM network
was completely out of service from 1530 until shortly
after 1600.

A complex set of circumstances is revealed by Fig.
11, a PAM-radar overlay for 1623 MDT. South Park
was divided into three distinct airflow regions. The
north end was covered by cool, moist northerly air,
apparently originating from downdrafts of intense
storms in the mountains to the north, as well as cells
C1 and C2. It is hypothesized that the cool, more
dense downdraft air flowed down the generally south-
ward sloping terrain providing a northerly surface
wind component. The western part of the Park was
in warm, moist, westerly winds, with uniform wind
speeds of 7-10 m s™'. Mixing ratios within the north-
ern part of this air mass were generally 8 to 9 g kg™!,
close to the mean surface value of 9.2 g kg™ found
for northeast Colorado hailstorm environments
{Modahl, 1979). At the eastern edge of the Park,
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FIG. 11. As in Fig. 8 except for 2223 GMT (1623 MDT). In-
dividual convective cells are labeled Cl1, C2, etc. Averaged speed
and direction of the reflectivity core of certain selected cells are

tabulated in the lower left corner.

lighter easterly winds advected somewhat drier air
from the plains. Where the easterly and westerly flow
collided in the center of South Park, a line of con-
vective cells rapidly developed, oriented in a dlrcctlon
of about 160°.

Speed | Direc.

m/s

3 123 | 150°
4 72 | 180° | \
.5 6.2 | 180° Convergence
6 7.2 | 180° X-Line
\
1638 MDT
& 1623

FIG. 12. As in Fig. 11 except for 2238 GMT (1638 MDT).
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Cells C3-C6 all had central reflectivities of ~45-
50 dBZ, and were moving from a direction of 160°,
along the line of echoes, at speeds of ~5 ms™'. Storm
C2, much bigger and more intense than the others,
had been moving at a speed of 10 m s~! from 100-
200°, or 50-70° to the left of the mean upper winds.
This storm produced at least 15 mm of rain in 15
min at PAM station 28 (the northernmost).

During the next 15 min the northerly mesoscale
cold front moved very little. The location of the fron-
tal boundary on all the PAM-radar maps was
roughly estimated from single-station surface data
by determining the time of the windshift, accom-
panied by a rapid temperature drop, and advecting
the gust front location along with the speed and di-
rection of the winds behind the gust front. By 1638
MDT (Fig. 12), cells C3 and C4 had grown rapidly
in size and in intensity to over 55 dBZ. Surface winds
under the northern flank of cell C4 were southerly,
as was the direction of cell motion. Temperatures in
this air fell nearly 4°C within several minutes, in-
dicating the possibility that the southerly surface
winds were downdrafts transporting the entrained
southerly momentum downward from higher up in
the clouds. Cell C3 was north of the frontal boundary
and was moving 20-30° to the left of the upper
winds. East and west from the cell line, the conver-
gent flow pattern continued.

By 1702 (Fig. 13), the cold front moved ~20 km
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FI1G. 13. As in Fig. 8 except for 2302 GMT (1702 MDT)
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south on the west side of the convergence line, trav-
eling at 8 m s™'. In succession, cells C4, C5 and C6
intensified to over 50 dBZ reflectivity as the frontal
winds approached, with cells C4 and C5 decaying
rapidly as they passed well behind the front. Precip-
itation at a rate of over 100 mm h™' was measured
near cell C6. Strong new cell development continued
on the south end of the mesoscale line. A new line
of intense convection had formed in the Blue River
area, outside of South Park-to the northwest.

The southward movement of the cold front con-
tinued through 1720. Surface air in the northerly
airmass was colder and wetter under the mesoscale
line of storms than in the western part of South Park.
Here, the post-frontal air had the same 6 and g,
(~320 K, 9 g kg!) as the westerly air which con-
tinued to advect across the ridge-top stations. In
northeastern South Park, winds had shifted to
westerlies in cool downdraft air. As the cold front
passed over all of the PAM stations at 1742 (Fig.
- 14), it gave the appearance of being radial surface
outflow, centered on the northern end of the meso-
scale line. The northerly surface flow could also have
a drainage wind component since the terrain gently
downslopes to the south. Once again, the strongest
echo development had occurred near the frontal lo-
cation (cell C9).

The mesoscale convective activity which existed
in South Park at 1742 was organized into a coherent
cell line. This line was at least 70 km long and 10-
15 km wide, consisting of at least five major con-
vective elements (cells). This line of cells, oriented
roughly parallel to the upper wind direction, appears
to have had its origin in the prefrontal convergence
line that is visible in Figs. 11-13. Cells were moving

F32l3
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FIG. 14. As in Fig. 8 except for 2342 GMT (1742 MDT).
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F1G. 15. 50 kPa analysis for 0000 GMT 20 July 1977 (1800
MDT 19 July 1977).

downwind along the line at 5-10 m s™!, while new
cell growth was occurring at the southern end at 10-
30 min intervals tending to maintain a constant po-
sition for the line as a whole. The location of max-
imum cell intensity, initially in the north end, had
shifted to the south end, roughly coinciding with the
passage of the mesoscale cold front with northerly
winds.

The intrusion of energetic northerly surface winds
into South Park was not a locally generated phe-
nomenon. In the next section, an attempt is made to
identify the causes of the intrusion, using synoptic
and large-mesoscale data. Then, the South Park scale
is further examined and the more complex cell-en-
vironment interactions which occurred after 1742 are
documented. :

6. 1800 MDT larger scale observations

The complex pattern of surface flow and convec-
tive activity in Sout