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ABSTRACT

Ground-based and airborne Doppler radar data collected during passage of frontal rainstorms over the
European Alps and Cascade Mountains of Oregon are found to exhibit characteristic cross-barrier flow and
precipitation patterns. A stably stratified layer of blocked (or partially blocked) low-momentum flow below
mountain-crest level is separated from strong cross-barrier flow aloft by a concentrated layer of vertical
wind shear. This shear layer slopes upward toward the mountain crest and persists for several hours as the
storm passes over the mountain range. This pattern is remarkably similar from case to case and from one
mountain range to the other. The orographically enhanced precipitation in these cases exhibits stratiform
structure, marked by a radar bright band, which often drops to a lower height (indicating locally cooler
conditions) immediately adjacent to the windward mountain slopes. A terrain-induced gravity wave pro-
duces strong downslope flow and spillover of precipitation onto the lee side of the barrier. An elevated
reflectivity maximum appears above the mountain crest and extends a short distance (generally 20-40 km)
upstream, apparently as a result of gravity wave lifting. While baroclinically induced shear may contribute
to the observed pattern, two-dimensional idealized simulations indicate that, in the presence of sufficient
upstream static stability, orographic effects alone are sufficient to support development of the upward-
sloping shear layer on the windward side of the barrier. Furthermore, idealized simulations show that if
there is preexisting vertical shear in the incident upstream flow, this shear is strengthened by the orography
and that surface friction may also enhance the strength of the shear layer.

The repeatable sheared velocity pattern identified here is apparently an essential feature of cases in which
stably stratified low-level flow associated with a baroclinic system impinges upon a sufficiently tall mountain
range. Since the layer of orographically generated shear promotes turbulence, which has been shown to aid
precipitation growth over the windward slopes, these stable flow dynamics represent a potentially important
mechanism for orographic precipitation enhancement in association with the passage of frontal systems over
mountainous terrain.
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Cross-Barrier Flow during Orographic Precipitation Events: Results from MAP

1. Introduction

The interaction of moist flow with underlying moun-
tainous terrain depends on multiple factors. These in-
clude the static stability, moisture content, strength of
the cross-barrier wind, and shear profile of the incident
upstream flow, as well as the configuration of the to-
pography. The myriad of possible combinations of
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these factors requires studies to limit themselves to a
finite range of conditions. This study concentrates upon
moist, statically stable flows associated with baroclinic
precipitation systems approaching major mountain
ranges. We seek to identify those mechanisms leading
to repeatable aspects of the response of the flow and
precipitation to the underlying steep terrain.
Pierrehumbert and Wyman (1985) found that flow
impinging on a mountain range may sharply differ in
zones above and below mountain-top level. During sev-
eral Alpine Experiment (ALPEX) cases observed un-
der various synoptic conditions, the airflow below the
crest was to some degree diverted around the Alps,
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whereas the airflow above crest level crossed the bar-
rier with little evidence of orographic perturbation in
the upstream region. From analyses of statically stable
storms over the Sierra Nevada, Marwitz (1987) found
that the cross-barrier winds were at times profoundly
blocked at low levels, however they increased very rap-
idly with height, exceeding 20 m s~ ! over the crest. De-
tails of this flow structure and its relationship to the
orography and ensuing precipitation pattern were lim-
ited, however, by the mode of data collection possible
at that time. Recent studies over widely different geo-
graphic locations have documented storms with cross-
barrier flow bearing some similarities to that observed
by Marwitz (1987) [e.g. over the Olympic Mountains in
western Washington and Vancouver Island (Colle and
Mass 1996) and over the Wasatch Range of Utah (Cox
et al. 2002)]. The Mesoscale Alpine Program (MAP;
Bougeault et al. 2001), conducted over the European
Alps in September—-November 1999, brought to bear a
wide variety of sophisticated aircraft and ground-based
observational platforms to examine orographically
modified flow in much greater detail. For example, for
a case of strong upstream blocking during 21 October
1999 [intensive observing period (IOP)8], Medina and
Houze (2003) showed that low-level flow adjacent to
the south-facing slopes of the Alps surrounding the
Lago Maggiore region was approximately parallel to
the topography, whereas at higher levels, winds veered
to become cross barrier. In this same storm, Bousquet
and Smull (2003b) observed profoundly blocked flow at
low-levels and sloped cross-barrier flow toward the
southern (windward) side of the Alps at higher alti-
tudes.

These previous analyses of stable orographic storms
over different geographic regions and synoptic condi-
tions suggest that airflow patterns on the windward
slope of the terrain may exhibit certain key similarities,
which in turn indicate that recurring dynamical mecha-
nisms and associated precipitation processes are at
work. The objective of this paper is to document in
unprecedented detail the repeatability of cross-barrier
flow patterns on the windward slopes of major moun-
tain barriers during statically stable orographic precipi-
tation events and to explore the role of steep terrain in
their development. Houze and Medina (2005) found
that a shear layer separating low-level blocked or par-
tially blocked flow from upper-level unblocked flow ap-
pears to play an important role in the precipitation en-
hancement process over the windward slopes. This pa-
per examines how this shear layer develops as a
baroclinic system passes over the mountain barrier. The
study uses datasets collected over the European Alps
during MAP (September-November 1999) and over
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the Oregon Cascade Range during the second Improve-
ment of Microphysical Parameterization through Ob-
servational Verification Experiment (IMPROVE-2,
November-December 2001; Stoelinga et al. 2003).
Similar instrumentation was deployed in each of these
projects to observe orographic precipitation processes.
MAP and IMPROVE-2 therefore constitute highly
analogous datasets suitable for investigating the repeat-
ability of the terrain-modified airflow in diverse geo-
graphical locations. Two-dimensional (2D) numerical
simulations conducted with the Weather Research and
Forecasting (WRF) model allow us to further interpret
and extend these new observational results.

2. Data

The experimental area for MAP was the Lago Mag-
giore region, which is partially encircled by the Medi-
terranean-facing slopes of the Alps (Fig. 1a). The Alps
have a crest line reaching ~4 km [unless otherwise
stated, all altitudes are above mean sea level (MSL)].
The IMPROVE-2 experimental area was located to the
west of the Oregon Cascade Mountains, which exhibit a
crest near ~2 km (Fig. 1b). The National Center for
Atmospheric Research (NCAR) S-band dual-polariza-
tion radar (S-Pol) provided continuous radial velocity,
reflectivity and hydrometeor type information in both
domains (Fig. 1). The S-Pol radar specifications and
scanning strategies are described in Medina and Houze
(2003) for MAP and in Houze and Medina (2005) for
IMPROVE-2. The National Oceanic and Atmospheric
Administration (NOAA) WP-3D (P-3) aircraft equipped
with a fore—aft-scanning X-band tail-mounted Doppler
radar provided detailed vector airflow information at
key times and at locations obscured from the view of
the ground-based radar. The analysis technique applied
to the P-3 airborne radar observations to obtain three-
dimensional (3D) airflow and precipitation structures is
described by Bousquet and Smull (2003a,b).

Upstream sounding data in MAP were obtained at
Milan (Fig. 1a). In IMPROVE-2, soundings were ob-
tained by a mobile University of Washington (UW)
sonde unit (Fig. 1b). Infrared satellite images and syn-
optic fields from numerical models are used to place the
radar data into a large-scale context. For MAP, numeri-
cal weather prediction model output generated by the
European Centre for Medium-Range Weather Fore-
casts (ECMWEF) is used. For IMPROVE-2, output from
the UW operational fifth-generation Pennsylvania
State University (PSU)-NCAR Mesoscale Model
(MMS5) is used. Idealized simulations constructed using
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F1G. 1. Observational areas for (a) MAP and (b) IMPROVE-2,
showing the location of the S-Pol radar (white dot), upper-air
sounding site (black dot), and the location of vertical cross sec-
tions (white lines) discussed in the text in relation to topography
(shaded terrain height according to key). In (b) 1 and 2 mark the
locations of Camp Sherman and Corbett Sno-Park, respectively.

the WRF model (Michalakes et al. 2001; Skamarock et
al. 2001) are also presented. The important parameters
used to create these simulations are described in sec-
tion Sa.

3. Synoptic conditions

In this study, data from three exceptionally well-
observed storms will be presented: one case from MAP

JOURNAL OF THE ATMOSPHERIC SCIENCES—SPECIAL SECTION

VOLUME 62

10°E 20°E

Fi1G. 2. (a) Infrared satellite image at 1200 UTC 21 Oct 1999, (b)
500-mb geopotential height (black contours, 40-m interval) and
air temperature (°C, color shading), and (c) 850-mb geopotential
height (black contours, 20-m interval) and relative humidity (%,
color shading) from 12-h ECMWF forecast valid at 1200 UTC 21
Oct 1999.
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(Fig. 2), and two from IMPROVE-2 (Figs. 3 and 4). On
21 October 1999 (MAP 10OP8), a frontal system (Fig.
2a) and associated baroclinic trough (Fig. 2b) ap-
proached the Alps. Strong southerly flow was observed
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F1G. 3. (a) Infrared satellite image at 0000 UTC 14 Dec 2001, (b)
MMS5 500-mb geopotential height (black contours, 30-m interval),
air temperature (color shading) and wind field from initialized
UW operational 36-km run, and (c) MMS 850-mb geopotential
height (black contours, 30-m interval), air temperature (color
shading), and winds from initialized UW operational 12-km reso-
lution run valid at 0000 UTC 14 Dec 2001.
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at 850 mb over the Ligurian Sea, upstream of the Alps
and the Apennines (Fig. 2c). Various aspects of the
low-level flow observed during this case have been
documented by Bousquet and Smull (2003a,b), Medina
and Houze (2003), Rotunno and Ferretti (2003), and
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F1G. 4. (a) Infrared satellite image at 1700 UTC 28 Nov 2001,
(b) MMS5 500-mb geopotential height (black contours, 30-m inter-
val), air temperature (color shading), and wind field from 6-h
forecast UW operational 36-km run, and (¢) MM5 850-mb geo-
potential height (black contours, 30-m interval), air temperature
(color shading), and winds from 6-h forecast UW operational 12-
km run valid at 1800 UTC 28 Nov 2001.
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Steiner et al. (2003), among others. According to an
upstream sounding taken at Milan (Fig. 1la) at 0600
UTC 21 October, the squared dry (N3) and moist (N2,)
Brunt-Viisild frequencies [the latter being calculated
following Durran and Klemp (1982)] were both posi-
















































