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ABSTRACT

This study examines the dynamical and microphysical mechanisms that enhance precipitation during the
passage of winter midlatitude systems over mountain ranges. The study uses data obtained over the Oregon
Cascade Mountains during the Improvement of Microphysical Parameterization through Observational
Verification Experiment 2 (IMPROVE-2; November–December 2001) and over the Alps in the Mesoscale
Alpine Program (MAP; September–November 1999).

Polarimetric scanning and vertically pointing S-band Doppler radar data suggest that turbulence con-
tributed to the orographic enhancement of the precipitation associated with fronts passing over the moun-
tain barriers. Cells of strong upward air motion (�2 m s�1) occurred in a layer just above the melting layer
while the frontal precipitation systems passed over the mountain ranges. Upstream flow appeared to be
generally stable except for some weak conditional instability at low levels in the two IMPROVE-2 cases.

The cells occurred in a layer of strong shear at the top of a low-level layer of apparently retarded or
blocked flow (shown by Doppler radial velocity data). The shear apparently provided a favorable environ-
ment for the turbulent cells to develop. The updraft cells appeared at the times and locations where the
shear was strongest (��10 m s�1 km�1). The Richardson number was slightly less than 0.25 at the level
where the cells were observed, suggesting shear-generated turbulence could have been the origin of the
updraft cells. Another possibility is that the rough mountainous lower boundary could have triggered
buoyancy oscillations within the stable, sheared flow. The existence of turbulent cells made possible a
precipitation growth mechanism that would not have been present in a laminar upslope flow.

The turbulent cells appeared to facilitate the rapid growth and fallout of condensate generated over the
lower windward slopes of the mountains. In a laminar flow over terrain, upward motions would be unlikely
to produce liquid water contents adequate to increase the density (and hence the fall speed) of precipitating
ice particles by riming. The turbulent updraft cells apparently create pockets of higher values of liquid water
content embedded in the widespread frontal cloud system, and snow particles falling from the parent cloud
systems can then rapidly rime within the cells and fall out. Observations by polarimetric radar and direct
aircraft sampling indicate the occurrence of rimed aggregate snowflakes and/or graupel in the turbulent
layer. Inasmuch as the shear layer is the consequence of retardation or blocking of the low-level cross-
barrier flow, and the turbulence is a response to the shear, the shear-induced cellularity is an indirect
response of the flow to the topography. The turbulence embodied in this orographically induced cellularity
allows a quick response of the precipitation fallout to the orography since aggregation and riming of ice
particles in the turbulent layer produce heavier, more rapidly falling precipitation particles. Without the turbu-
lent cells, condensate would more likely be advected farther up and perhaps even over the mountain range.

Small-scale cellularity has traditionally been associated with the release of buoyant instability by the
upslope flow. Our results suggest that cellularity may be achieved even if buoyant instability is weak or
nonexistent, so that even a stable flow has the capacity to form cells that will enhance the precipitation
fallout over the windward slopes.

1. Introduction

Mountain meteorologists have long recognized that
when a deep, moist layer of air rises over a mountain

barrier, precipitation amounts increase sharply with
distance up the slope to a certain elevation, above
which the amounts then decrease (Hill 1881; Hann
1902; Henry 1902; Reed and Kincer 1917; Henry 1919;
Peck and Brown 1962; Frei and Schaer 1998). The in-
crease on the lower slopes often seems surprisingly
sharp since condensed moisture requires time to accu-
mulate on particles and make them heavy enough to
fall out. Smith (1979) noted that, according to the lit-
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erature, 70%–100% of the water condensed on the
windward slope fell out there (as opposed to being car-
ried over the crest of the mountain barrier), and he
wondered how the water condensed in the large-scale
orographic lifting of a deep, warm, moist air current
could fall out so quickly. Since microphysical processes
control the growth rate of precipitation particles, the
answer to this question must be a matter of determining
how the microphysical processes are invigorated to ac-
celerate the growth of precipitation particles in the up-
slope flow and thus produce quick and efficient en-
hancement of the precipitation in windward-side flow.

The microphysical processes that could speed up the
fallout of hydrometeor mass on the windward side of a
mountain range include coalescence, riming, and aggre-
gation. Coalescence and riming increase the fall speeds
of particles directly. Aggregation has a more indirect
effect. It does not increase the overall mass of precipi-
tation. Rather, it makes bigger particles, which form
larger targets for riming. The riming increases the mass
of the precipitation and results in large rimed aggre-
gates and/or small graupel particles. This sequence
speeds up the fallout of precipitation since the rimed
aggregates and graupel fall out faster than unrimed
snow. In addition, when the large aggregates melt, they
become large, rapidly falling raindrops, which can in
turn collect cloud droplets. We will focus primarily on
the processes affecting the fallout of ice particles above
and within the melting layer. Whatever mechanism en-
hances the fallout of ice hydrometeor mass on the wind-
ward side must favor riming and/or aggregation com-
bined with riming.

In this paper, we examine the orographic enhance-
ment of deep precipitating frontal cloud systems that
move over mountain ranges. In such cloud systems, pre-
cipitation forms primarily by the classic stratiform pro-
cess: over a broad region of gentle ascent of air, ice
particles aloft grow by deposition, drift downward
slowly, aggregate to form larger snow particles, and
melt to form raindrops (Houze 1993, chapter 6). The
fallout of the ice particles and raindrops in such a cloud
system can be accelerated if cellular air motions occur
within the precipitating cloud layer (Smith 1979). If the
cellular motions exist above the 0°C level, they may
promote aggregation by creating a field of highly vari-
able and turbulent air motions, which make it easier for
ice particles to collide with each other. In addition to
promoting ice particle collisions and aggregation, the
updrafts of the cells promote coalescence and riming by
producing small-scale pockets of higher cloud liquid
water content. If the cells are located above the 0°C
level and produce supercooled droplets in these pock-
ets, the preexisting ice particles of the frontal cloud,

which have been aggregating in the field of turbulent
air motion, will rapidly accrete the supercooled water.
Thus, they will turn into rimed aggregates or graupel
and fall out more rapidly than they would as unrimed
aggregate snow particles.

A moist layer rising over a mountain may break
down into a cellular substructure if the layer has a po-
tentially unstable stratification. If the moist layer ap-
proaching the barrier is absolutely stable, one might not
expect cellularity. However, we will describe cases of
frontal cloud systems in which strong cellularity oc-
curred in stable or nearly stable flow impinging on a
mountain range. The cellularity in these cases appears
to have arisen in the form of turbulence owing to the
manner in which the stable airflow reacts to the moun-
tain barrier. Two of the storms we describe moved from
the Pacific Ocean over the lower slopes of the Cascade
Mountains of Oregon during the Improvement of Mi-
crophysical Parameterization through Observational
Verification Experiment 2 (IMPROVE-2; Stoelinga et
al. 2003). A third case occurred during the Mesoscale
Alpine Program (MAP; Bougeault et al. 2001) as a
baroclinic system approached the Alps. We will de-
scribe the embedded cells that occurred in these storms,
determine the probable origin of the cellularity, and
examine the role of the cellularity in the orographic
enhancement of the frontal precipitation. The MAP
case is the intensive observing period 8 (IOP8) storm,
described extensively in previous papers (Rotunno and
Ferretti 2003; Bousquet and Smull 2003; Medina and
Houze 2003). Therefore, we will not repeat a detailed
discussion of that case here. We will first discuss the
IMPROVE-2 and MAP datasets (section 2). Then we
will describe the two IMPROVE-2 cases in detail (sec-
tion 3). Finally, we will briefly make a comparison to
the MAP IOP8 case (section 4). In section 5 we will tie
the results from the two regions together in a concep-
tual model and discuss the conclusions and implications
of our results in section 6.

2. Data

Figure 1 shows the location of the observational fa-
cilities used in this study relative to the terrain and the
observational areas for IMPROVE-2 and MAP. In
Fig. 1a, the Cascades run approximately north–south
through the experimental area. The crest is �2 km
MSL. In Fig. 1b, the Alps encircle the region of the
Lago Maggiore in Italy. The crest is �4 km MSL. The
observational networks in IMPROVE-2 and MAP
were similar. The National Center for Atmospheric Re-
search (NCAR) S-band dual-polarization Doppler ra-
dar (S-Pol) was used in both MAP and IMPROVE-2 to
scan over the windward slope of the mountain ranges.
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