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Numerical Study of an Observed Orogenic Mesoscale Convective System. Part 1:
Simulated Genesis and Comparison with Observations
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ABSTRACT

The interaction of topographically induced thermally and mechanically driven diurnal flow regimes in the
lee of the Rockies is shown to lead to the growth of a mesoscale convective system (MCS). An orogenic MCS
observed during the 1977 combined South Park Area Cumulus Experiment and High Plains Experiment.is
numerically simulated with a two-dimensional nonhydrostatic cloud model covering spatial scales of 1000 km.
In this numerical investigation, mesoy-, mesoS- and mesoa-scales of motion are represented simultaneously.
As a result, interesting features of cloud—~mesoscale interaction are predicted that cannot be represented in cloud
parameterization frameworks. Based on the results of this simulation, a six-stage conceptual model of orogenic

development is given.

1. Introduction

Summertime convective rainfall in the midwestern
United States occurs primarily at night despite higher
daytime conditional instability. Studies of rainfall cli-
matology by Kincer (1916), Crow (1969 ) and Wallace
(1975) demonstrate that the most frequent time of
summer convective precipitation occurrence moves
gradually from early in the afternoon over the Rockies
to the middle of the night over the Central Great Plains.
Although it was first argued that long-wave radiation
emission led to the nocturnal rains (Hann 1926; Hew-
son 1937), the discovery of the low-level nocturnal
southerly jet by Means (1944, 1952) supplied con-
vincing evidence that the nocturnal rains were depen-
dent on CAPE (convective available potential energy)
supplied from this nocturnal flow regime.

The relationship between convection over the
Rockies and that over the plains remained unexplained
until later when two schools of thought developed. In
the first schiool were those who believed that convection
across the region developed in situ from topographically
induced local flow deformations. Explanations ranged
from the influence of developing nocturnal slope flows
in opposition to lingering daytime upslope flow
(Blecker and Andre 1951) to the influence of moun-
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tain-wave patterns (Dirks et al. 1967) and multicell
slope circulations (Dirks 1969).

The other school argued that the increasingly later
diurnal rain maxima with distance east of the Rockies
resulted from a systematic progression of organized
convection. Bonner (1963) first presented observational
evidence to this effect and was followed by Wetzel
(1973) who presented a compilation of 2 years of
radar data establishing the link in eastern Colorado.
Later, Phillip (1979) used satellite observations from
the summers of 1976 and 1977 to show that the east-
ward progression of mountain convection seemed to
occur on average about 15% of the days. More recently,
Klitch et al. (1985) again found the diurnal eastward
progression of convection from the Colorado Rockies
in the satellite observations of the 1982 summer. They
further observed a tendency for convection to favor
the Palmer Lake Divide, an east-west oriented ridge
on the western High Plains through central Colorado.

In the past decade, satellite observationalists have
also paid considerable attention to the cloud systems
producing the nocturnal rains over the Great Plains.
Maddox (1980) defined a frequently observed circular
satellite signature to be associated with the summertime
nocturnal rains, which he called a Mesoscale Convec-
tive Complex (MCC). After compositing satellite and
conventional observations of these systems for a two-
year period, Maddox was able to demonstrate that a
favorable region for genesis occurred over the Rocky
Mountains, supporting the idea that the nocturnal
convection is often orogenic (genesis under orographic
influences).

The 1977 combined Colorado State University
South Park Area Cumulus Experiment (SPACE) and
High Plains Experiment (HiPLEX ) was designed, in
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part, to investigate the linkage between Rocky Moun-
tain and High Plains convection. The observational
studies of Cotton et al, (1983, hereafter referred to as
CGWM), Wetzel et al. (1983) and McAnelly and Cot-
ton (1986) based on data collected during that exper-
iment seemed to confirm the orogenic nature of some
nocturnal convection over the Great Plains.

In a study of all MCCs in the Central United States
over a 2-year period, Maddox (1981) determined that
almost half of the cases were orogenic. More recently,
in a similar study, Lin (1986) indicated that about 32
of 132 MCCs were orogenic.

The idea that the nocturnal rain maximum are in-
duced by convection organized in some way and prop-
agating as a weather system instead of developing in
situ seems evident in light of these more recent inves-
tigations. However, many questions are left unan-
swered. Maddox (1981) defined the MCC by its infrared
satellite signature; such a definition is ultimately un-
satisfactory because it says nothing about the dynamics.
The composite studies of Maddox (1983) and Lin
(1986 ) suggest that these systems contain a significant
mesoa-scale circulation between 90 and 20 kPa cen-
tered about a warm core. In Lin’s composite MCC,
anticyclonic relative vorticity of 2-5 (X 1075 s7!) was
found within the anvil at 20 kPa, while cyclonic relative
vorticity of 0-0.5 (X 10~ s~!) was found near 70 kPa.
In addition, he finds mean vertical motion between
those levels increasing to the mature phase and per-
sisting for some time after the convection has weak-
ened. These findings are consistent with the hypothesis
that there is an important semigeostrophic component
to these systems. In effect, the persistent semigeos-
trophic circulation is spun up by the convective heating
and thereafter acts as a dynamic “flywheel” (Emanuel
1983) by supporting a persistent deep vertical motion
in response to the ageostrophic portion of the circu-
lation.

As with most other weather systems, the solution to
the development question is perhaps the most elusive.
At the mature phase, composites suggest the usual si-
multaneous occurrence of an upper-level disturbance
situated near the MCC. However, the composite sit-
uation prior to formation is much less disturbed, and

some individual case studies reveal no obvious preex-

isting upper-level disturbance (CGWM). This suggests
that although many of these convective systems arise
in the vicinity of a 50 kPa short-wave disturbance, it
is not a necessary condition. In fact, their diurnal nature
indicates that an existing disturbance only enhances
the local conditions for MCC development. Important
local triggers for MCS development may include ther-
mally driven solenocidal circulations associated with
sloped terrain, land-water boundaries, dryline bound-
aries, airmass boundaries, soil moisture boundaries and
others.

To increase our skill in predicting summertime
rainfall in the Iee of the Rockies, it is necessary to reach
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a greater understanding of the MCC in both its struc-
ture and origins. The high-quality observational net-
work established for the SPACE 1977 experiment pro-
vided an unprecedented detailed look at the develop-
ment of several orogenic MCCs. The 4 August 1977
case was particularly robust because it seemed to be
free of a high degree of external forcing and because
of the high-quality of observations. The observational
studies of this case described by CGWM followed the
convection through several phases of development
from mountain cumulus congestus to a classic noc-
turnal MCC over Kansas. The observations seemed to
support the hypothesis that the system was self-exciting
but failed to identify the dynamical mechanism.

In this series of two papers, a nonhydrostatic prim-
itive equation model of the observed development sce-
nario is employed as a tool for investigating the nature
of orogenic development and studying the salient dy-
namics. The goal, in this study, will be to support the
hypothesis that the orogenic development was, indeed,
the major contributing factor to the observed MCS
genesis and to propose a realistic scenario of how it
might happen. Section 2 will briefly review the obser-
vational results of CGWM, Wetzel et al. (1983) and
McAnelly and Cotton (1986) for this case, with new
emphasis on features the model has elucidated as being
important. Section 3 will describe the experimental de-
sign, including the numerical model physics, compu-
tation procedure, initialization and approach. Section
4 will describe the results of the numerical integration
and compare them with observations. Finally, section
5 will summarize the results in the context of the orig-
inal orogenic hypothesis. In Tripoli and Cotton (1988,
hereafter referred to as Part 2), the dynamics involved’
throughout the system evolution will be explored,
leading toward a conceptual model of orogenesis of
MCCs. '

2. The 4 August 1977 case study

The synoptic situation in and around Colorado on
the morning of 4 August 1977 was only weakly dis-
turbed. The 50 kPa (Fig. 3 of CGWM ) analysis featured
a long-wave trough centered over the Hudson Bay with
an elongated subtropical high to the south, producing
a nearly zonal flow from western Colorado to the cen-
tral Mississippi valley. Cotton et al. (1983) note that
this more zonal pattern formed over several days prior
to the event and persisted for some time after. With
the formation of this flow regime, an “episode” of
diurnal MCC formation occurred, lasting a period of
8 days (Wetzel et al. 1983).

A zonal cross section analyzed for the morning of 4,
August is displayed in Fig. 6 of CGWM. The movement
of ‘deep moisture from the west into Colorado was
noted. This is associated with the eastward extension
of the Southwest Monsoon (Hales 1972). Some in-
vestigators have linked the episodic development of
orogenic mesoscale convective systems to the move-
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ment of such monsoon moisture into western Colorado
(Culverwell 1982; Wetzel et al. 1983).

At the surface, a weak east—west oriented cold front
was situated on the north slope of the Cheyenne ridge
(east-west oriented ridge of elevated topography along
the Colorado and Wyoming border). By afternoon,
the cold front advanced southward to the Palmer Lake
Divide (east-west oriented ridge of elevated topography
running through central Colorado 50 km south of
Denver). This left a strong surface moisture gradient
from southeastern to northeastern Colorado. At 1400
MST, CGWM depict surface mixing ratios of water
vapor decreasing from 12 g kg™! in Pueblo, Colorado,
to 9 g kg™' in Denver. At the same time, a stronger
cold front advanced into Wyoming from the northwest
during the day.

Both fronts were linked to 50 kPa short-wave dis-
turbances, although the weaker front through Colorado
was barely detectable. It was hypothesized that its major
role in the development of mesoscale convection was
the enhancement of low-level convergence on the High
Plains. Moreover, because of its shallow depth, it ef-
fectively decoupled the surface from the active con-
vection north of Denver. Afternoon surface observa-
tions combined with radar depictions suggested that
convection became increasingly weak with distance
north of Denver, apparently surviving on moisture ad-
vected over the front from the south. In fact, over Den-
ver the surface air possessed essentially no CAPE during
the afternoon and so the convection occurring could
not be explained without considering the flow of mois-
ture from the south.

Soundings taken at 0500 MST (1200 UTC) at six
stations across the observation network are displayed
in Fig. 1. In all cases east of the Continental Divide
(all stations except Grand Junction), the atmosphere
would be conditionally unstable following afternoon
heating. These soundings do not depict the cool air to
the north, which advected over Denver in the after-
noon. Very high midlevel moisture moving into the
area from the west at 50-70 kPa, more evident in Fig.
6 of CGWM, is beginning to appear at Grand Junction.
This moisture will be especially important to mountain
convection over South Park, where the daytime
boundary-layer will strongly warm the 50-70 kPa layer.
Over the plains stations from Denver eastward, the ef-
fect of the nocturnal inversion can be seen. Generally
weak northwesterly flow is found in the lowest 2 km
over the plains locations west of Topeka. The low-level
winds reflect the nocturnal downslope wind regime.
Note also the high moisture content over Topeka,
Kansas, which reflects the lingering effects of an MCC
from the previous night.

As reported by CGWM, the development of con-
vection occurred in three stages. The first stage was
characterized by the growth of the mountain boundary-
layer over South Park. At sunrise, small-scale slope
flows beneath the nocturnal inversion rapidly devel-
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oped, followed by a larger-scale, more moist, cool valley
wind 2 hours later. By 0900 MST, deep convection
began over the mountain peaks and moved into South
Park by 1100 MST. Cotton et al. (1983) report that
observations of deep convection were coincident with
the development of conditional instability from surface
warming and moistening. Moistening was attributed
to the advection from the south below ridge top and
from the southwest above ridge top.

The second stage of convection was characterized
by the apparent organization of convective elements
into a coherent squall line and its movement onto the
High Plains. This stage took place between 1120 and
1330 MST and appears in Fig. 18 of CGWM. During
this period, increasingly intense mountain thunder-
storms formed over especially favorable regions or “hot
spots.” Gradually, a north-south line of moderately
strong radar echoes (over 40 dBZ ) assembled over the
foothills and moved onto the western edge of the High
Plains. As the line formed it moved eastward at 10-12
m s~! and began Stage 3, characterized by the eastward
propagation of the convective line.

The combined surface and radar weather depiction
for 1400 MST (1500 MDT) is shown in Fig. 26 of
CGWM. Note the generally northwesterly flow and low
relative humidities across the plains north of the Palmer
Lake Divide resulting from the influence of the cold
front, now stalled on the Palmer Lake Divide. To the
south, the much higher surface relative humidities are
evidently under the influence of generally southeasterly
slope flow. At this time, the line is comprised of several
very intense cells reaching TRW++, feeding primarily
on moisture from the south.

As the convective line advanced totally onto the High
Plains, it began to dramatically weaken and evolve from
a series of intense echoes to an amorphous region of
light rain and virga with only a single very small intense
cell by 1600 MST (Fig. 27 of CGWM).

As the line progressed farther to the east, it again
explosively developed as it passed Limon, Colorado.
At this time, several regions of extreme echo intensity
appeared. Behind the advancing line, surface high
pressure formed, rising by as much as 0.5 kPa at 1700
MST (Fig. 29 of CGWM). Potential temperature fell
by 4°~5°C behind the line, forming a distinct mesoscale
front. It should be noted that surface winds immedi-
ately behind the advancing mesoscale cold front did
back to a slightly stronger westerly flow but in no way
reflected the 10-12 m s~! movement of the convective
system. The surface windflow was obviously unbal-
anced geostrophically with direct outflow across the
isobars. In fact, the mesohigh, coincident with regions
of ongoing precipitation, demonstrated no persistence
as the intensity of convection fluctuated. The 20 dBZ
radar echo itself moved ahead of the surface mesoscale
front, and in some cases so did indicated cell centers.
This is evidence that perhaps some virga was falling in
advance of the primary convective line.
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FIG. 1. Skew T-logp diagram and vertical profile of horizontal wind components (# and v) from 1200 UTC
sounding cbservations taken at six stations across the region of interest near 39°N. Temperature and dewpoint
profiles are displayed. Wind vectors are displayed to the right of each diagram.

Figure 2 depicts the satellite-observed development
of the line throughout the afternoon and early evening.
Note the tendency for the line to favor the Palmer Lake
Divide and Raton Mesa (east-west oriented ridges on
the High Plains passing along the Colorado-New Mex-
ico border) during the midafternoon. At the same time,
no convection was visible along the drier Cheyenne
ridge, north of the synoptic-scale cool front. However,
as the system moved close to the Colorado-Kansas
border by 1900 MST (2000 MDT) the line became
nearly continuous in the north-south direction, even
into northeastern Colorado.

Subsequently, as the system passed into Kansas and
encountered greater moisture, it expanded zonally (see
Wetzel et al. 1983). Figure 3 (from McAnelly and Cot-
ton 1986) depicts the evolution of combined satellite
and radar analysis after sunset. Note that as the system
approached Kansas, several mesoB-scale (20-200 km)
radar echos broke out ahead of the advancing line in
central Kansas. In this region, dominated at low levels
by synoptic-scale southerly flow around the western
extremity of the subtropical high, the low-level south-
erly jet intensified as nighttime ensued. With the ap-
pearance of the new mesoS-scale convective centers
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FI1G. 3. Schematic IR satellite and radar analysis at 2-h intervals, from 0100 to 1100 UTC 4 August 1977, for a western MCC. The anvil
cloud shields are indicated by the —32°C and —53°C IR contours (outer and inner solid lines, respectively ), re-mapped from satellite images
at the labeled times. Darkly shaded regions (identified by letters) denote significant radar-observed, mesoB-scale convective features at about
25 min after the indicated whole hour, with the vectors showing their previous 2 h movements. The dashed line segments extending from
the mesoB convective features indicate flanking axes of weaker convection. In the more developed MCC stages, in (e) and (f), the light-
shaded area within the dashed envelope indicates weaker, more uniform and widespread echo. (From McAnelly and Cotton 1986.)

can expect to at least support the hypothesis with con-
sistent dynamical and thermodynamical arguments,
and to the extent that one explains all the details of
the observations, one can gain confidence that the dy-
namics were what really took place.

In numerical studies of tropical and midlatitude

MCSs, it is customary to represent convection with a
' convective parameterization. Recently, several authors
(Rosenthal 1979; Ross and Orlanski 1982) proposed
that latent heating is better represented with explicit
latent heating from resolvable scale flows and with
simple parameterized microphysics. Others, however,
argue that explicit heating presents problems in timing
of onset and intensity of heating when not adequately
resolved (Molinari and Dudek 1985; Redelsperger and
Sommeria 1986).

In either case, there are significant dynamical in-
consistencies in selecting a grid capable of resolving
mesof-scale but not meso+y-scale features of a convec-
tive system. Because significant transient (gravity-
wave) energy is resolved, the actual cloud circulation

may be partially resolved. But it is resolved too poorly
to produce a realistic representation of the heating. On
the other hand, there is no important scale separation
between the resolved transients and the unresolved
convection that would suggest a parameterization hy-
pothesis is valid. In fact, it is not likely that compen- -
sating subsidence would even be within the same grid
box as the supporting vertical motion.

Besides these inconsistencies, one should examine
some known facts concerning the atrnosphere’s re-
sponse to heating, i.e., geostrophic adjustment. Linear
dynamical analysis of the governing equations reveals
the important scale length called the Rossby radius
given most simply by

Le==% )

where C, is the gravity-wave phase speed and f is the
Coriolis parameter. When the atmosphere is perturbed
with a heat source, the atmosphere responds dramat-
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ically different for scales smaller than the Rossby ra-
dius compar ed to larger scales. For scales larger than
Lz, the inertial restoring forces dominate the wave dy-
namics and this causes the wind to come into adjust-
ment with the mass (or temperature) field. For scales
smaller than Ly, the vertical stability of the atmosphere
dominates the wave dynamics and so the mass field
adjusts to the wind, or transient gravity oscillations are
produced. This, then, has a significant impact on the
construction of a model to represent MCS genesis. If
the MCS is defined as the semigeostrophic circulation,
then its growth is critically dependent on the amount
of heating projected on scales larger than the Rossby
radius. The Rossby radius happens to be around 300-
600 km for summertime midlatitude disturbances,
suggesting a significant contribution to the dynamics
from motion scales both greater than and less than the
Rossby radius.

The selection of a mesoB-grid scale implicitly im-
poses an arbitrary assumption of heating scales whether
a parameterization is employed or not. Therefore, it
should not be surprising for a simulation with a grid
scale of 60 km to produce a semigeostrophic solution
from a convective heat source simply because the heat-
ing is numerically forced to scales larger than the
Rossby radius. As a result, the approach that is taken
involves the development of a model that is able to
simulate a large range of atmospheric scale responses
to heating both larger and smaller than the Rossby
radius. It is hypothesized that scale selection by the
model will then be more physical and resuit in new
insights to the scale interaction problem. Ultimately,
we expect that new understandings could be used to
improve parameterization techniques which we envi-
sion will be necessary for the forseeable future.

Because of finite computer resources, this choice,
too, involves major compromises. In order to model
the cloud scale (mesoy-), mesoS-scale and mesoa-
scale' simultaneously, only a two-dimensional simu-
lation is possible. The compromise of two-dimen-
sionality is indeed serious and neglects some important
dynamical mechanisms. In fact, it is well known that
two dimensionality will cause energy to cascade in re-
verse to larger scales. Some impact can then be expected
on the genesis process, especially on eddies within the
modeled two-dimensional plane. However, because the
observed developing MCS was nearly linear in the

! Orlanski (1975) proposed that the mesoscale be divided into the
three scales of mesoa, mesoB and mesoy. The mesoa-scale represents
scales from 200-2000 km and for midlatitudes would generally be
scales near but larger than the Rossby radius. The mesog-scales are
from 20-200 km, which in midlatitudes would be the transients
(gravity wave motion) at scales larger than individual cumulus but
smaller than the Rossby radius scales. The mesoy-scales, on the other
hand, range from 2~20 km, which could represent the motion scales
of individuals cumulus towers but more generally represent transient
scales where inertial effects (due to Coriolis) become secondary.
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north-south direction, and because the Rockies are
conveniently linear in the north-south direction, a
major portion of that compromise is minimized. An-
other feature that cannot be represented is the ultimate
development of a “circular” structure that evolved after
dark. This aspect of the storm’s evolution will be left
for future studies. Instead, we will concentrate on the
development of the linear structure displayed in the
early phases of the MCC.

The model used is an extension of the nonhydrostatic
primitive equation cloud model with explicit micro-
physics described by Tripoli and Cotton (1982) and
modified by Tripoli (1986). Predicted variables include
the three Cartesian velocity components («, v, w), per-
turbation exner function (#'), ice-liquid water poten-
tial temperature (6, see Tripoli and Cotton 1981)
total water mixing ratio (7,), ice crystal mixing ratio
(r;) and graupel mixing ratio (r;). Vapor mixing ratio
(r,), cloud water mixing ratio (r.) and potential tem-
perature (6) are diagnostic (see Tripoli and Cotton
1982).

A dry reference state is assumed that is hydrostatic
and geostrophic. It should be noted that an inconsis-
tency exists in the model formulation because, although
a reference state exner function is assumed to be in
geostrophic balance, the shear in the zonal wind implies
that a meridional temperature gradient should be pres-
ent, but it was not included in the model formulation.
If retained, we would have included a meridional ad-
vection of base state 8,; into the equations. Also, since
we assume an initial “v”’-component close to zero, the
neglected zonal temperature gradient is smail. In our
initial testing of the model, we did include a meridional
temperature gradient, but, we found that over the long
time period of integration the unbounded nature of
this term led to instability and so we abandoned its
use. To include this effect correctly would require rep-
resenting the larger mesoa-scale meridional fields,
which is beyond the scope of this paper. The reader
should therefore be aware of this limitation when in-
terpreting the results. The model includes physical pa-
rameterizations for microphysics (Cotton et al. 1982),
long-wave and shortwave radiative tendencies on 6y
(Chen and Cotton 1983), and the surface-layer fluxes
of heat, vapor and momentum (Louis 1979). Long-
wave and shortwave radiative fluxes are computed in
cloudy regions by assuming all condensed water is in
the liquid phase. The radiative effects of the ice phase
are ignored. Soil temperature and soil moisture are
predicted with an underlying soil model described by
McCumber and Pielke (1981) and a surface energy
balance model described by Tremback and Kessler
(1985). Vertical and horizontal turbulent eddy mixing
is modeled using an eddy viscosity approach similar
to that described by Tripoli and Cotton (1982) but
modified by the addition of an additional buoyancy
enhancement term proposed by Hill (1974) and an
improved vertical scale-length diagnostic scheme de-
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scribed by Tripoli (1986). As with any truncated nu-
merical model, the use of a turbulence parameteriza-
tion to close the model is a severe limitation. However,
we and others have demonstrated that a reasonable
depiction of cloud dynamics is possible with these clo-
sures. Perhaps a greater limitation is the two-dimen-
sional structure of simulated clouds shown by Cotton
and Tripoli (1978), Schlesinger (1984) and others to
poorly represent some aspects of deep convection.
These equations are solved on a standard velocity,
staggered grid described by Tripoli and Cotton (1982).
A terrain-following sigma-z vertical coordinate system
is applied using the system developed by Gal-Chen and
Sommerville (1975a,b).

The vertical boundary conditions are for vanishing
grid-scale vertical fluxes and parameterized (Louis
1979) turbulent vertical fluxes at the surface. The-top
boundary condition is the normal mode gravity-wave
radiative technique described by Klemp and Durran
(1983). For lateral boundary conditions, gravity-wave
radiative conditions described by Klemp and Lilly
(1980) and modified by Durran and Klemp (1982) are
employed together with a mesoscale compensation re-
gion outside the simulation domain (Tripoli and Cot-
ton 1982). For a more detailed description of the model
formulation and numerics, the reader is referred to
Tripoli (1986) and the studies mentioned above. The
grid has 1.08 km horizontal resolution and 250 (low-
level) and 750 m (free atmosphere ) vertical resolution
reaching an elevation of 17.25 km AGL. Topography
is a highly filtered form of the actual topography run-
ning along 39°N latitude from 50 km west of the Col-
orado/Utah border at 110°W to central Kansas at
98°W. This is the latitude of the Palmer Lake Divide,

- where the convective system was observed. Figure 4
compares the smoothed topography that was used to
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FIG. 4. Input topography sampled at 30” longitude intervals before
(solid line) and after (dashed line) filtering. Vertical axis is height
meters MSL.
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winds for composite sounding for 1200 UTC 4 August 1977. Tem-
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the actual topography sampled at 30" longitude inter-
vals.

The initial thermodynamic and wind conditions
were specified by direct interpolation from a composite
sounding representative of the gross conditions ob-
served by the sounding network. Figure 5 depicts the
composite sounding and wind profile. The composite
sounding was based on the upstream Grand Junction
0500 MST observation above 70 kPa. Below 70 kPa,
moisture and temperature were derived from surface
observations along the east beginning with South Park
at 72 kPa and ending with Topeka at 96 kPa. The
composite sounding was then hand smoothed so that
small features were removed.

The initial model variables were determined by first
interpolating with respect to pressure from the com-
posite sounding. In order to crudely represent the effects
of a boundary layer, the surface moisture of the lowest
1 km was then set to the surface value. The justification
for this was that each observed sounding had a bound-
ary-layer where the moisture content was substantially
higher than at the same elevation within the free at-
mosphere above a station with lower surface elevation.
This represented that effect.

Temperature, however, was not changed from the
composited value because the compositing technique
already produced a stable lower atmosphere and we
expected the nocturnal flow regime to adjust the ther-
mal fields properly.

The observed zonal and meridional wind below 70
kPa showed no consistent features from one station to
the next among the morning soundings. Therefore, we
elected to force the composited sounding wind to van-
ish below 70 kPa with the expectation that drainage
flows would develop on their own. The winds were
added into the model integration using a “dynamic
initialization” technique described by Cotton et al.
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(1986). In short, the wind is added gradually over the
first 30 minutes of integration in order to inhibit
shocking the model.

The simulation began at 2000 MST (2100 MDT)
on the day before expected development and then in-
tegrated for 30 hours to 0200 MST on the night of the
disturbance. This allowed the development of a noc-
turnal inversion before the thermal upslope, which
Hughes (1978) suggested is important to properly sim-
ulate the slope flow evolution.

4. Results and comparison with observations
a. Development of initial hot spot convection

As expected, without the development of a daytime
planetary boundary-layer and slope flow regimes, no
condensate formed during the first night. Instead, local
surface flows evolved as the ridge cooled. A relatively
strong leeside downslope occurred, supported by
downward momentum transport from aloft. The
downward motion associated with the transport was
part of a deep mountain-wave system with a vertical
wavelength of about 8 km. The vertical motion within
the lee wave pattern had an amplitude of 1 cm s,
with the axis of peak upward motion intercepting the
ridge top level at about 105.7°W and those of peak
downward motion intercepting the surface at 106.5°W
(ridge top) and 105°W. The vertical motion below 3.5
km MSL was dominated by drainage flow on the east
slopes. The vertically propagating wave structure is
strongly apparent throughout the night and the morn-
ing until deep convection begins. During this period,
the surface downslope flow in the immediate 50 km
lee of the Continental Divide remained nearly constant
at 5 m s™! despite the changing diurnal flow system.
- This is interpreted as evidence that the flow dynamics
in this region were dominated by downward momen-
tum transport of the mountain wave.

Associated with the drainage flows was the appear-
ance of low-level meridional flow directed to the right
of the downslope flow. Meridional flows were on the
same order or exceeded the drainage winds at 0400
MST. They opposed further acceleration of the drain-
age winds by tending toward a geostrophic balance with
the zonal pressure gradient. Later, as the baroclinically
induced pressure gradient weakened as surface heating
began, the meridional wind played a role in accelerating
the developing upslope flow. The meridional flow
seemed to have become relatively steady by this time
(0400 MST) and so its effect upon the onset of upslope
flow should be realistic. This would not have been sim-
ulated well had the simulation begun in the morning.

The sun rose about 0500 MST. By 0800 MST, soil
temperatures increased to near their initial levels. The
ridge-top surface air temperatures warmed only to their
0400 MST levels, while valley and High Plains tem-
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peratures were still 1-2°K cooler than the 0400 MST
values. Nevertheless, approximate geostrophic balance
between the simulated meridional wind and the hori-
zontal pressure gradient was upset, resulting in weak-
ening of the drainage flows on both the lee and wind-
ward side of the ridge. In fact, upslope flow was already
occurring on the windward slopes where the downslope
flow was opposed by the ambient wind. Because of the
relatively coarse vertical grid resolution, the weakened
downslope flow on the lee side can be interpreted as
the development of very shallow upslope flow beneath
a deeper, persisting combined drainage and ambient
flow as observed by CGWM. The consequence of
coarse vertical resolution was that any upslope trans-
port within the strong gradients of the surface layer
could not be resolved explicitly. Nevertheless, the
slowing of the mean westerly flow reduced the larger
mean transport, partially reproducing the observed ef-
fect. To the extent that the return branch of the shallow
circulation was contained within the lowest grid layer,
however, the simulation would be in error. This, likely,
had a minimal effect on the large-scale transports be-
cause this flow regime was very shallow and short-lived,
so transport over large horizontal scales was not likely.

The thermally driven upslope flows continued de-
velopment in conjunction with increasing soil tem-
perature throughout the morning. It was not until 1130
MST that the first shallow convection formed. The ob-
servations of CGWM demonstrated that the first con-
vective elements occurred as much as 1 hour earlier.
The reason that convection occurred late in this sim-
ulation can be explained as follows.

The initial convection in this simulation, displayed
in Fig. 6, was forced by the interaction of the large-
scale flow with the shallow valley breeze on the scale
of the entire ridge. This was because all small-scale
peaks were removed in this idealized topography, which
eliminated hot spots (Henz 1974). Cotton et al. (1983)
attributed early convective elements to such small-scale
topographically forced circulations. During initial test-
ing for this numerical experiment, a simulation was
run where short wavelength topography was included.
In that case convective elements did form by 1030 MST
over isolated peaks. This suggests that hot spots sig-
nificantly augment the evolution of early convection
and hasten the development of the entire first stage of
the mesoscale system.

From Fig. 6, it can be inferred that the formation
of a cloud over the ridge-top was associated with the
upslope advection of moisture from the west to cloud
base. Comparison of this with the moisture pattern of
dawn suggests that the increased windward upslope
advection at noon was forced by the combined effects
of thermally driven upslope and ambient westerly flow
over the ridge. A comparison of west slope moisture
to east slope moisture at 3 km MSL shows that con-
siderably higher moisture existed on the west slope.
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FIG. 6. Predicted mesog-scale fields at 1200 MST for control case. Variables are as labeled. Heavy
(medium) shading is used to emphasize large (small) values at a given threshold. The fields represent
80 grid point (86 km) running averages of actual predicted variables. The variables, r,, p’ and & have
their horizontal average removed. The variable v’ represents the change from the reference state (initial)
meridional wind. Contour intervals are 2 m s~ (labeled as 200 m s~!) for #and 1 ms™" for v’, 1 g kg™
for 7., 1 mb (100 dyn cm™2) for p’, 0.5 K for #, 3 K for §,and 0.5 g kg™! for condensate. Only the +1
and 5 cm s~! contours are drawn for w. Negative contours are dashed and the zero line is placed
between intervals for those not positive definite. Upper and lower emphasis thresholds are none and 0.0
m s~ for &, £3 m s™! for v/, £5 cm s~ for w', none and 1.5 g kg ™! for r,, £3 mb for p’, +0.75 K for
@, 339 K for 6, and 1 g kg~ and none for condensate. The boundary for condensate in excess of 0.01 g
kg™' (cloud boundary) is drawn by a heavy, dark line, and the region within is lightly shaded. The
surface topography is depicted by the black shading. The vertical axis is height in km above MSL and
the horizontal axis is west longitude. The vertical distance is exaggerated by a factor of 30.

Observationally, such moistening has been linked to
the Southwest Monsoon (Hales 1972; Culverwell
1982), which was operating on this case study day.
The second region of cloud formation (see Fig. 6)
was associated with a reversal of the surface horizontal
flow 60 km to the east of the ridge-top (105.7°W lon-
gitude). Note the continuity of westerly flow from aloft

down to low levels just to the lee of the ridge. It is
significant that this westerly flow persisted at 5-6 m
s~! (which is 3-5 m s~! stronger than the ambient
flow) from the nighttime hours in this region. Recall
that this region of westerly flow was attributed to the
mountain-wave-induced momentum transport, which
was evident well before sunrise. Moreover, the region






