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ABSTRACT

Although airborne Doppler radar is increasingly relied upon to provide detailed descriptions of mesoscale
precipitation systems in remote and complex meteorological settings, the utility of these observations has often
been limited by the considerable difficulty in their manual processing to remove ground clutter and other sources
of contamination, which is a prerequisite to synthesis of reliable airflow and reflectivity fields. This difficulty
is further magnified over mountainous terrain, where these sources of contamination take on increased spatial
extent and geometric complexity. Removal of such contamination has traditionally required tedious and time-
consuming manual editing. As such, routine retrieval of near-surface airflow and precipitation characteristics
over steep orography and within hydrologically critical zones, such as deep valleys cutting through mountainous
regions (along which population and transportation corridors are frequently concentrated), has been impractical.
A new approach is described that largely automates this data-editing procedure for airborne radar platforms,
achieving reliable elimination of corrupted data with minimal loss of meteorological signal. Subjective decisions
are minimized through a judicious combination of data renavigation, pattern recognition, and reliance upon high-
resolution digital terrain information. This technique is applied to data obtained over the Alps by the NCAR
Electra and NOAA P-3 aircraft during the recent Mesoscale Alpine Programme field campaign. Three-dimensional
airflow and reflectivity fields are shown to illustrate the power and fidelity of this new approach by capitalizing
on data collected near, and even beneath, the aircraft track to provide a unique and highly illuminating description
of airflow deep within Alpine river valleys and their tributaries during two contrasting orographic precipitation
events. The validity of these results is explored through quantitative comparison of this output with independent
kinematic measures obtained from ground-based Doppler radar. The utility of airborne radar to provide com-
prehensive and near-simultaneous views reaching into multiple valleys hidden from the view of ground-based
radars is highlighted for a notable case of ‘‘down valley’’ flow, more comprehensively illustrating the nature
and extent of low-level upstream blocking during a widespread orographic precipitation event.

1. Introduction

Because of their uniquely elevated location, un-
matched mobility, and vertical sampling strategy, air-
borne Doppler radars are increasingly coming into use
to investigate precipitation processes over poorly ac-
cessible areas, such as steep and convoluted mountain
slopes. A number of important field campaigns involv-
ing airborne radar platforms have been mounted in the
last several years to identify processes leading to dev-
astating floods and other forms of severe weather both
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over and adjacent to regions of mountainous terrain.
These efforts include the Coastal Observation and Sim-
ulations with Topography experiment (COAST, Bond et
al. 1997), with phases I and II being conducted over the
Pacific Northwest in 1993 and 1995, respectively; the
California Landfalling Jets Experiment/Pacific Land-
falling Jets Experiment (CALJET/PACJET; Ralph et al.
1999), focusing on the mountainous California coastline
and adjacent Pacific waters during 1998–2001; the Me-
soscale Alpine Programme (MAP; Bougeault et al.
2001), conducted over the European Alps in 1999; the
Intermountain Precipitation Experiment (IPEX; Schultz
et al. 2002), focusing on the Wasatch range and adjacent
Great Salt Lake basin of Utah in February of 2001; and,
most recent, the second phase of the Improvement of
Microphysical Parameterization through Observational
Verification Experiment (IMPROVE-II; Stoelinga et al.
2003), conducted over the central Oregon Cascades dur-
ing late 2001. Because of difficulties in siting ground-
based instruments and because of pervasive beam block-

Unauthenticated | Downloaded 03/11/24 09:28 PM UTC



1498 VOLUME 42J O U R N A L O F A P P L I E D M E T E O R O L O G Y

ing in regions of rugged terrain, many scientific op-
portunities presented by these programs hinge on the
proper analysis of airborne Doppler radar datasets,
which offer a unique means to collect detailed infor-
mation on terrain-forced phenomena and to relate them
to the larger-scale mesosynoptic environments in which
they develop. On the other hand, the topographic and
meteorological complexity characteristic of mountain-
ous regions serve to complicate greatly and thus slow
the processing of these datasets, with the unfortunate
outcome that a large fraction of available observations
may effectively be ignored owing to practical consid-
erations. For instance, with the exception of Colle and
Mass (1996) and Colle et al. (1999), who conducted
studies of steady and frontally modulated flow around
the Olympic mountains during COAST intensive ob-
servation periods (IOPs) 4 and 5, respectively, virtually
all studies that have emerged from COAST and CAL-
JET have been confined to zones adjacent to or even
farther removed from zones of steep terrain. This rel-
ative dearth of analyses that capitalize on data collected
directly over mountainous terrain is indicative of the
difficulties in analyzing airborne radar datasets over
mountainous regions.

Prior to MAP, a number of investigators have sought
to improve methods for processing radar observations
collected by airborne radar platforms operating over
mountainous regions. For instance, Georgis et al. (2000)
used exploratory data collected over the U.S. Rocky
Mountains to develop a method to identify and minimize
errors in aircraft navigation and radar beam-pointing
angles and, hence, to evaluate more accurately the hor-
izontal and vertical components of wind over complex
terrain. Chong and Cosma (2000) further proposed a
new formulation of the mass continuity equation, ap-
plicable to either flat or complex terrain, to be imple-
mented in the multiple-Doppler synthesis and continuity
adjustment technique (MUSCAT; Bousquet and Chong
1998; Chong and Bousquet 2001), whose utilization was
formerly restricted to radar observations collected over
flat lands and oceans. Application of these techniques
to airborne data collected during MAP has already led
to several studies aimed at improved understanding of
the complex processes involved in the formation of pre-
cipitation over mountainous regions. Among those, Pra-
dier et al. (2002; who studied the dynamics and mo-
mentum transports within a convective line observed in
MAP IOP 5) and Bousquet and Smull (2003; who de-
scribe regional-scale aspects of upstream blocking and
associated kinematic and reflectivity structures during
the MAP IOP 8 heavy-rain event) provide examples of
the capabilities possessed by airborne Doppler radars
over such broad and poorly accessible regions. Another
vivid illustration of their unique utility over steep terrain
can be found in Steiner et al. (2003), who investigated
the airflow within a deep Alpine valley under heavy
rainfall and demonstrated that a pronounced and un-
expected (Bougeault et al. 2001) downslope flow could

be observed during several MAP IOPs. As evidenced
by events such as the Big Thompson Canyon flood in
the U.S. Rocky Mountains (Caracena et al. 1979), ob-
servations of precipitation rates and airflow within deep
mountain drainages can be of profound importance in
illuminating the dynamics of events of severe orograph-
ic weather events.

The aim of this paper is to illustrate the capacity of
airborne radar systems to map low-level wind and re-
flectivity fields over complex orography by investigat-
ing airflow and precipitation structures within multiple
deep Alpine valleys and their tributaries and to elaborate
on advances in objective processing techniques that
make these analyses possible. Data from two contrasting
heavy-rain events on the south-facing slopes of the Alps
are considered: the more convectively unstable case of
MAP IOP 2b (20 September 1999) and an episode of
lighter but more widespread and prolonged stratiform
precipitation observed during IOP 8 (21 October 1999).
This analysis generalizes and extends the findings of
Steiner et al. (2003) concerning the existence of sub-
siding down-valley flow, which was previously shown
in detail for only a single valley (that of the Toce River),
by providing contemporaneous observations within oth-
er diversely oriented Alpine valleys throughout the Lago
Maggiore region during MAP IOP 8.

2. Methods

a. Data editing

In contrast with volume scans obtained by ground-
based radars, for which only the lowest elevation angles
routinely intercept the earth’s surface, each and every
sweep from helically scanning airborne radars strikes
the earth’s surface and, thus, contains associated ground-
clutter contamination. If not completely removed, this
contamination can strongly bias the estimates of Dopp-
ler velocity and reflectivity in the critical near-surface
layer. This is particularly true over mountainous regions,
where tremendous topographical variability tends to
greatly enhance and complicate signal returns from non-
meteorological targets. Figure 1 presents a view of a
single 3608 sweep of raw (Figs. 1a–d) radial velocity
and reflectivity data collected over the Alps by the tail
Doppler radar aboard the National Oceanic and At-
mospheric Administration (NOAA) P-3 aircraft over a
6-s interval, ending at 0913:35 UTC 21 October 1999.
Four main difficulties can be identified: (i) an intense
and irregular pattern of reflectivity values reaching 65
dBZ that defines the signature of the earth’s surface
(ground clutter), (ii) range-folded echoes (often referred
to as ‘‘second trip’’ returns) that result from the radial
dislocation of legitimate echoes actually located beyond
the maximum unambiguous range (Rmax), (iii) sidelobe
returns resulting from the influence of energy trans-
mitted and/or subsequently received from directions
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FIG. 1. Quasi-vertical scans by the fore antenna of the NOAA P-3 N42RF tail Doppler collected over the Italian
Alps at 0913:35 UTC 21 Oct 1999. Left and right panels present radial velocities (m s21) and reflectivity (dBZ ),
respectively. Range rings and elevation angles are shown every 10 km and 308. Lower panels show observations at
close range (,15 km) from the radar. (a)–(d) ‘‘Raw’’ (unedited) data; (e)–(h) and (i)–(l) results after application of
the ‘‘automated’’ and ‘‘automated 1 manual’’ editing techniques, respectively.

Unauthenticated | Downloaded 03/11/24 09:28 PM UTC



1500 VOLUME 42J O U R N A L O F A P P L I E D M E T E O R O L O G Y

well off the most intensely focused portion (main axis
or ‘‘lobe’’) of the radar beam, and (iv) isolated unre-
alistic values of the velocity measurements over the ex-
tended Nyquist interval [known as ‘‘processor mis-
takes’’ (Jorgensen et al. 2000)], which are specific to
dual pulse repetition frequency (PRF) schemes recently
implemented in airborne systems. As illustrated by Fig.
1, second-trip, sidelobe, and processor mistake phenom-
ena occur in the free atmosphere and are frequently
associated with discontinuities of radial velocity in the
along-beam direction, whereas ground-clutter contam-
ination is most dependably identified by a strong dis-
continuity in the reflectivity field. This discontinuity
tends to be most pronounced at a high incidence angle,
which in the limiting case of uniform (flat) terrain is
achieved directly beneath the aircraft and decreases with
offtrack distance. The principle of the approach de-
scribed herein is to profit from these signatures to iden-
tify and eliminate these various sources of contamina-
tion via a four-step process.

First, radar data must be ‘‘renavigated’’ to ensure their
accurate location in a three-dimensional framework
even in the presence of systematic errors in radar beam
positioning that may occur for airborne platforms. In
the context of minimizing such errors, the presence of
highly variable (and thus uniquely patterned) terrain is
actually an advantage. Ground clutter is first objectively
identified using a combination of prominent disconti-
nuities in the observed reflectivity pattern for those
beams falling within 458 of the nadirmost beam in each
sweep and digital terrain data. The observed topology
of this clutter pattern (as defined from a series of sweeps
along a flight-track segment) is then compared with that
expected based upon an independent digital terrain map
(DTM) of 30-s lat/lon (;750 m) resolution. Following
the method of Georgis et al. (2000), minimization of
the differences between these two clutter maps may ef-
fectively be used to eliminate systematic errors in mea-
sured versus actual aircraft attitude/position variables
and aircraft-relative beam pointing angles.

The second step is to process these renavigated radar
data objectively so as to remove the ground-clutter con-
tamination. For those beams along which well-defined
surface-generated discontinuity of reflectivity is en-
countered, radial data at and beyond that location are
discarded. If this reflectivity-based approach fails or is
otherwise not applicable (e.g., for beams falling outside
of the aforementioned 6458 window or in the absence
of prominent discontinuities), the DTM is again ac-
cessed to evaluate the position of each discrete mea-
surement volume (or ‘‘gate’’) relative to the ground.
Although higher-order radar-processing techniques
(such as wind synthesis methods) typically treat radar
data as a set of point measurements, for this application
it is important to account for the finite volume repre-
sented by each datum. As shown in Fig. 2 for a Cartesian
framework with x and y axis pointing eastward and
northward, respectively, the location of an individual

measurement or gate M0(XM0, YM0, ZM0), which is com-
monly identified as the geometric center of its associated
pulse-resolution volume, may be defined as

X 5 Xrad 1 dXradM0

1 f (r 1 dr, Q 1 dQ, R 1 dR, H 1 dH,

T 1 dT, P 1 dP, D 1 dD),

Y 5 Yrad 1 dYradM0

1 f (r 1 dr, Q 1 dQ, R 1 dR, H 1 dH,

T 1 dT, P 1 dP, D 1 dD), and

Z 5 Zrad 1 dZradM0

1 f (r 1 dr, Q 1 dQ, R 1 dR, T 1 dT,

P 1 dP), (1)

where Xrad, Yrad, and Zrad account for the location of
the radar relative to the Cartesian grid origin; r is the
distance of gate M0 from the radar in the along-beam
direction, Q is the measured rotation angle measured in
a plane orthogonal to the antenna’s axis of rotation; T
is the measured tilt angle (which defines the fore vs aft
departure of the beam axis from this plane); R, P, D,
and H are respectively the measured roll, pitch, drift,
and heading angles of the aircraft; and quantities d refer
to associated renavigation corrections (typically only a
few tenths of a degree or hundreds of meters) as derived
following the established technique of Georgis et al.
(2000) [or, equivalently, Testud et al. (1995) in the case
of flat terrain].

The principle of the DTM approach is to use estimated
positions (XM0, YM0, ZM0) to ascertain whether the alti-
tude of a given datum M0 is above or below the ground,
that is, whether altitude ZM0 is above or below the earth’s
surface, Zsurf(XM0, YM0), as interpolated from the high-
resolution terrain database. However, because each radar
datum effectively represents the summed properties of
distributed targets within a volume whose size is range
dependent, a gate whose center lies above the surface
may actually contain a substantial amount of ground
return. Gate characteristics depend on the actual reso-
lution of the radar and are a function of three factors:
the pulse length ct, the angular resolution defined by
the half-power beamwidth F, and the radial resolution
Dr. The radial resolution defines the distance between
two successive gates, the pulse length accounts for the
thickness dr of each gate (dr 5 2ct), and the angular
resolution, which is a function of the horizontal and
vertical beamwidths of the radar, defines its lateral ex-
tent. If one considers the case of a circular beam (for
which the horizontal and vertical beamwidths F are
identical, as is the case for the Centre des Environments
Terreste et Planetaires (CETP) flat-plate antenna avail-
able for use on the NOAA P-3), a radar gate consists
to a first approximation of a cylinder of radius r sin(F/2)
and thickness dr (the constant radius assumption being
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FIG. 2. 3D schematic of a radar beam of angular width f and radial resolution dr, pointing downward in a
direction b0 (with respect to the north) at an elevation u0 (with respect to the horizontal), and intercepting a complex
surface. Distance R0 represents the distance between a given gate M0 and the radar, with respect to the center of a
pulse volume of radius r and thickness dr; M1 (u0 1 f/2, b0 1 f/2), M2 (u0 1 f/2, b0), M3 (u0 1 f/2, b0 2
f/2), M4 (u0, b0 2 f/2), M5 (u0 2 f/2, b0 2 f/2), M6 (u0 2 f/2, b0), M7 (u0 2 f/2, b0 1 f/2), and M8 (u0,
b0 1 f/2) are regularly spaced points along the circle of radius r centered on M0 that is perpendicular to the
direction of the beam. Inset at the lower-right schematically illustrates a situation in which substantial ground echo
return may occur even though the beam’s center remains above the surface.

justified by considering typical airborne radar values of
75 m for dr and 28 for F). For a gate M(XM, YM, ZM)
located 40 km distant from the radar, this leads to a
radius of approximately 700 m. As shown in Fig. 1b,
this additional contamination (which we will refer to as
the beamwidth effect) is thus particularly important at
a long range from the radar, and its effects are dramat-
ically exacerbated when the surface topography is var-
iable.

The principle of the beamwidth correction is to de-
termine if any given point I(XMI, YMI, ZMI) within the
measurement volume M intersects the surface (as con-
ceptualized in the inset of Fig. 2) by comparing its al-
titude ZMI against the one derived from the DTM at the
same location (XMI, YMI). In practice, this additional
check is accomplished by examination of eight discrete
points (viz., M1–8 in Fig. 2), which are located on a
circle of radius r centered on M0 and oriented perpen-
dicular to the direction of the beam. If any of these
peripheral points is found to lie below the surface, the
gate is assumed to contain a significant amount of
ground return and is, thus, discarded.

In the third stage of processing, radial data are se-
quentially examined for discontinuities of radial veloc-

ity to eliminate artifacts associated with other sources
of contamination identified in difficulties ii–iv above.
This objective step is based upon a familiar algorithm,
usually referred to as a ‘‘running mean’’ or ‘‘Bargen
and Brown’’ (1980) approach, and allows more isolated
outliers commonly associated with range-folded echoes
and dual-PRF processor mistakes to be largely elimi-
nated. In the case of airborne Doppler data collected in
single-PRF mode, which typically have a much smaller
Nyquist interval, a variant of this technique is routinely
applied to correct velocity aliasing.

Together, these three steps compose the objective part
of the editing technique whose performance is shown
in Figs. 1e–h for the ‘‘raw’’ data previously introduced
in Figs. 1a–d. Overall, at both long (Figs. 1e–f) and
short (Figs. 1g–h) ranges from the radar, the ground-
clutter elimination technique is found to perform very
well, with no detectable failures. Farther aloft, the ma-
jority of corrupted observations—including those af-
fected by sidelobe contamination and processor mis-
takes—have been successfully removed, although a few
aberrant gates exhibiting remnant effects of second-trip
contamination can still be identified in Figs. 1e–f. This
limitation rests in the fact that the running-mean ap-
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proach is not fully capable of distinguishing between
artifacts and real atmospheric variability, for example,
as may be encountered in convective or otherwise tur-
bulent environments. Thus, despite the generally reli-
able performance of the automated approach, a certain
amount of interactive (manual) examination is usually
required to finalize the editing (Fig. 1i–l). Application
of this approach to large volumes of data collected dur-
ing MAP, IPEX, CALJET/PACJET, and IMPROVE-II
orographic precipitation events has shown that the time
required for this fourth and final step, as carried out
using the National Center for Atmospheric Research
(NCAR) Solo software (Oye et al. 1995), is markedly
reduced relative to an entirely manual editing approach.

b. Wind synthesis

To retrieve fully three-dimensional wind and reflec-
tivity fields, edited observations are ingested in the
MUSCAT analysis proposed by Bousquet and Chong
(1998) and recently improved by Chong and Cosma
(2000), who proposed a new formulation of the mass
continuity equation that can be applied to either flat or
complex terrain. MUSCAT is a variational approach
aimed at deducing simultaneously the three Cartesian
wind components from the global minimization, in a
least squares sense, of an ensemble of three cost func-
tions that represent 1) an optimal least squares fit of the
observed radial Doppler velocities to the derived wind
component, 2) a least squares adjustment with respect
to mass continuity, and 3) a second-derivative constraint
to minimize small-scale wind variations (i.e., noise).
This simultaneous solution eliminates the main draw-
backs of iterative techniques commonly employed in
multiple-Doppler analysis of airborne and ground-based
radar observations (Bousquet and Chong 1998; Chong
and Bousquet 2001) and, moreover, allows information
to be extracted from above/below the aircraft track (in
the case of airborne analysis) or along the baseline that
connects each radar pair (for ground-based radar sys-
tems). This last point is of particular importance with
respect to airborne radar data collected over complex
terrain, because some of the most valuable high-reso-
lution observations (including views that extend down-
ward into deep Alpine valleys) are found below the
aircraft. A detailed description of MUSCAT, including
its numerical development, can be found in the above-
cited papers.

Because the three-dimensional wind field reconstruct-
ed using MUSCAT represents a least squares fit to the
available observations and, hence, does not perfectly
satisfy the mass continuity equation, an a posteriori in-
tegration is performed that follows the variational meth-
od of Georgis et al. (2000) subject to simultaneous min-
imization of both 1) the horizontal gradient of vertical
velocity within the domain of interest and 2) vertical
velocity at the upper boundary. The reader may refer
to this paper for further details.

3. Valley flow during MAP

a. Datasets

A visually striking and dynamically significant illus-
tration of the capacity of airborne Doppler radar to re-
trieve detailed airflow and precipitation structure ac-
curately over complex terrain is provided by analysis
of observations collected during the September–No-
vember 1999 field phase of the Mesoscale Alpine Pro-
gramme. One of MAP’s major objectives is the inves-
tigation of orographic precipitation mechanisms and as-
sociated severe flooding that frequently occur on the
Mediterranean side of the Alps (Bougeault et al. 2001).
Results derived using the methods described in section
2 and selected for illustration here are drawn from da-
tasets collected on 20 September 1999 (MAP IOP 2b)
by the Electra Doppler radar (ELDORA) Analyse Ste-
reoscopic par Radar Aeroporte sur Electra (ASTRAIA)
(Hildebrand et al. 1994), which during MAP was mount-
ed on the NCAR Electra aircraft, and on 21 October
1999 (MAP IOP 8) as observed by an analogous single-
transmitter Doppler system carried aboard the NOAA
P-3 airplane No. N42RF (e.g., Jorgensen et al. 1983).
These data encompass the rugged southern slopes of the
Alps and adjacent flat terrain of the Po River basin in
northern Italy and include measurements in and around
various rifts and deep valleys of the Lago Maggiore
region highlighted in Fig. 3. Such views are derived
primarily from radial data at close range (viz., imme-
diately adjacent to and below the flight track) and are
thus minimally affected by complicating effects of
beamwidth. In the case of MAP IOP 8, our airborne
results may be further compared with data obtained by
a mobile X-band ‘‘Doppler on Wheels’’ (DOW) system
within the Toce River valley (Steiner et al. 2003) to
obtain a quantitative intercomparison of these data-pro-
cessing and analysis techniques. The notably blocked
versus unblocked nature of low-level airflow approach-
ing the Alps during IOPs 8 and 2b, respectively, offers
a clear illustration of the variability in airflow regimes
and orographic precipitation response that can occur in
this region.

b. A case of cellular convective precipitation (MAP
IOP 2b)

One of the most significant precipitation events ob-
served during the entire MAP special operations period
occurred on 20 September 1999 during MAP IOP 2b
(e.g., Medina and Houze 2003) and was associated with
the passage of a strong baroclinic disturbance over the
Alpine region. The interaction of baroclinically forced
south-southwesterly flow with the Alps led to the for-
mation of heavy precipitation over the steep mountain
slopes of the climatologically favored Lago Maggiore
region. Thermodynamic conditions were relatively un-
stable on this day, and low-level airflow impinging on
the barrier was able to ascend over the steep terrain with
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FIG. 3. Topography in the vicinity of the Lago Maggiore region. Heavy and light black lines
indicate borders between Switzerland (to the north) and Italy, and lakes and rivers, respectively.
Black star shows the location of the DOW radar during MAP IOP 8.

relative ease (Rotunno and Ferretti 2003; Medina and
Houze 2003). Synthesized horizontal wind fields and
reflectivity patterns at 1.0 and 2.0 km MSL are shown
in Fig. 4 for a period during which the Electra made a
northeast-bound pass over the Toce River valley (cf.
Fig. 3). This deep, L-shaped Alpine valley, which drains
southeastward into the Lago Maggiore and ultimately
the Po basin, is characterized by sheer walls extending
1000–2000 m above the valley floor and is bordered on
the west by the high summits of the Monte Rosa massif
(.4000 m MSL).

At the time of Fig. 4, the radar reflectivity pattern
was characterized by numerous (though sometimes rath-
er shallow) convective cells confined principally to the
Alpine slopes. Although precipitation during IOP 2b
exhibited great horizontal variability, at this time it was
nonetheless sufficiently widespread to allow reconstruc-
tion of airflow within the Toce and surrounding valleys.
Maximum reflectivity values of ;45 dBZ were observed
within the most intense cells, with no evidence of wide-
spread stratiform precipitation during the period of air-
craft investigation. Several elongated convective bands
oriented approximately parallel to the low- to midtro-
pospheric flow are evident over the elevated terrain ad-
jacent to the Toce River valley, consistent with the find-
ing by Medina and Houze (2003) that convective pre-
cipitation during IOP 2b was initially triggered over the
rapidly rising lower slopes of the Alps. In agreement
with single-Doppler observations described by Steiner
et al. (2003), an unequivocal description of the up-valley
nature of flow at this time is obtained (Fig. 4a). More-
over, the fully three-dimensional vector flow field af-
forded by the Electra’s airborne dual-Doppler coverage
extending above and beyond the narrow valley walls
shows a mostly uniform flow at low- and midlevels that
rose freely up and over the steep terrain, possessing

relatively weak vertical shear in the barrier-normal di-
rection (Fig. 4b). In tandem with larger-scale analyses
discussed by Medina and Houze (2003; see especially
their Figs. 3a and 5b), this result confirms that low-level
moist southerly flow originating over the Mediterranean
Sea during IOP 2b reached the Alpine barrier virtually
unimpeded, where it supported development of sus-
tained, locally intense convective precipitation, result-
ing in some of the heaviest daily rainfall accumulations
observed during the MAP experimental period [.300
mm (24 h)21]. Of interest is that Fig. 4 also reveals a
reflectivity minimum within the Toce, although hydro-
logical processes may still account for great impacts in
such valleys because floodwaters ultimately course
through them. Thus, no persistent convective response
to airflow being channeled up valley [e.g., of the kind
described by Caracena et al. (1979) in the case of the
Big Thompson Canyon storm] was noted in the upper
reaches of the Toce River valley.

Because of the strongly cellular character of precip-
itation and isolated nature of echoes over the Lago Mag-
giore region at this time, complete reconstruction of
airflow throughout the Lago Maggiore region was not
possible in a ‘‘snapshot’’ sense. Nonetheless, glimpses
of the horizontal airflow pattern retrieved within other
valleys (not shown) strongly suggest that the up-valley
nature of the flow was not specific to the Toce.

c. A case of stratiform precipitation (MAP IOP 8)

Because different precipitation regimes and radar
platforms may present different challenges to the anal-
ysis of airborne Doppler data, it is instructive to consider
a second, contrasting example. A particularly illustrative
case is presented by an extensive dataset collected by
the NOAA P-3 on 21 October 1999 during MAP IOP 8,
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FIG. 4. Airborne dual-Doppler analysis of absolute flow [vectors, key at lower-right of (a)] and
reflectivity (color shading, dBZ ) over a displayed domain of approx 40 km 3 40 km encompassing
the Toce River valley, as derived from ELDORA observations at 0933–0938 UTC 20 Sep 1999
at (a) 1 and (b) 2 km MSL. Horizontal and vertical resolutions are 0.5 and 0.25 km, respectively.
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←

For legibility, vectors are plotted at only every third grid point. Un-
derlying gray shading represents digitized terrain height commencing
at 0 m MSL (dark shading) in steps of 750 m. Black line in (a)
indicates NCAR Electra flight track.

when yet another strong baroclinic system passing east-
ward across the Alps produced significant orographic
precipitation. In this case, however, the presence of a
preexisting cool and extremely stable low-level air mass
assisted formation of persistent widespread precipitation
not only over the climatologically favored slopes of the
Lago Maggiore region, but also over an adjacent zone
of flat terrain extending almost 200 km upstream of the
Alpine barrier (Bousquet and Smull 2003). Over the
landmass of northern Italy and southern Switzerland,
precipitation was essentially stratiform because of the
presence of a deep layer of cool, blocked flow at low
levels that prevented more unstable low-level air orig-
inating over the Mediterranean Sea from reaching the
Alpine barrier (Bousquet and Smull 2003; Medina and
Houze 2003; Rotunno and Ferretti 2003). As part of the
horizontally extensive dataset collected on this day, the
P-3 executed several northeast-bound tracks over the
Toce River valley (Fig. 5) that were analogous to the
single track flown there by the Electra during IOP 2b
(cf. Fig. 4).

Figure 5 presents the horizontal wind and reflectivity
fields derived from the analysis of two datasets collected
on 21 October 1999 both within and surrounding the
Toce River valley at 0911–0916 (left-hand panel) and
0950–0955 UTC (right-hand panel), respectively. At the
time of the P-3-based investigation, the Toce was en-
tirely filled with precipitation, which exhibited some
tendency to be organized in elongated southwest–north-
east bands. As may be expected from the appearance of
raw data collected during the first time interval (Fig. 1),
analyzed reflectivity values over and immediately ad-
jacent to the terrain were homogeneous and stratiform
in nature. Although other views of reflectivity show
systematic variations on a broader scale over and ad-
jacent to the Alpine slopes (Bousquet and Smull 2003),
no systematic variations in inferred rain rates are seen
within the confines of the Toce River valley at this time.
The relative absence of evolution in the precipitation
field during the 45-min interval that separates the two
analyses is a strong indication of the long-lasting char-
acter of the precipitation adjacent to the Alps on this
day, as already noted by Medina and Houze (2003) and
Bousquet and Smull (2003).

If description of the reflectivity structure deep within
this narrow valley attests to the ability of airborne radars
to investigate small-scale precipitation features over
mountainous regions, an even more powerful illustration
of this capability lies in the ability to recover 3D airflow
over extremely rugged terrain. Our analysis provides a
detailed description of airflow throughout virtually the

entire extent of the Toce and other deep, tortuous valleys
carved into the southern face of the Alps. Analyzed low-
level winds (Figs. 5a,b) reveal a pronounced down-val-
ley component sweeping through the entire sampled ex-
tent of the Toce drainage. The 3D airborne Doppler
results trace this down-valley current into multiple nar-
row tributaries of the Toce and also illustrate its con-
nection to the unconstrained more spatially complex
southeasterly flow pattern aloft (Figs. 5c,d), where a
pronounced zone of flow deformation and associated
convergence is observed in the transition between
down-valley flow and overriding southeasterly winds
from the Po River valley. This flow then progressively
veered to southerly with height (Figs. 5e,f). Aided by
contributions from multiple side valleys, down-valley
flow speeds initially near ;3–5 m s21 at the valley’s
upper end (where the analysis extends to within 15 km
of the Alpine crest) accelerated to ;10 m s21 near the
mouth of the Toce, where it met more quiescent easterly-
component flow along the northern limit of the Po River
basin.

Vertical cross sections of radar reflectivity and ab-
solute airflow through the lower part of the Toce (in a
direction approximately parallel to the northwest–south-
east-oriented lower portion of the valley) are presented
in Fig. 6 for both analysis times. The vertical reflectivity
structure (Figs. 6a,b) shows precipitation extending up
to 7 km altitude (the top of the analysis domain), and
a well-defined bright band, indicative of melting pre-
cipitation, intercepting the terrain over the massif. The
implied downward slope of the 08C isotherm, ranging
from 2.25 km MSL above the Toce’s mouth to 1.75 km
MSL over the Monte Rosa massif, suggests that the
coolest air was concentrated along the base of the Alps.
An elevated reflectivity maximum, likely to be associ-
ated with precipitation advected from the central Po
River valley, was observed at approximately 4 km MSL
at 0910 UTC (Fig. 6a), but, overall, precipitation was
strongly stratiform with no apparent sign of convective
activity over either the mountains or adjacent flat terrain.

The component of the wind in the plane of the section
(Figs. 6c,d) was also strongly stratified. Within the lower
part of the Toce, the down-valley flow (negative values
in Figs. 6c,d) was observed up to about 1.5 km MSL
but extended up to 2 km MSL at the northwest (i.e.,
right) edge of the section. Hence, downslope flow was
not necessarily confined just to the deep valleys but also
occurred over some intervening slopes, as will be further
illustrated later. Immediately above this layer of north-
erlies, strong unconstrained southeasterly winds were
observed up to the top of the analysis domain. The
vertical tilt of the east-southeasterly flow maximum
along the plane of this section suggests that, despite its
stable nature, low-level airflow was apparently able to
rise over the terrain. As shown by Bousquet and Smull
(2003), however, the lifting was initiated some distance
away from the barrier as underlying strong easterly
winds originating from the eastern Po River valley led
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FIG. 5. As in Fig. 4, but for northeast-bound P-3 tracks during intervals (left) 0911–0916 and (right) 0950–0955 UTC on 21 Oct 1999.
Airflow (vectors, key at lower right) and reflectivity (color shading, dBZ ) at (a), (b) 1.0, (c), (d) 2.0, and (e), (f ) 4.0 km MSL, respectively;
are shown. Note the different scaling vectors in (a), (b) and (c)–(f ). Black line segment AB in (a), (b) denotes horizontal projection of the
vertical section presented in Fig. 6. Black dashed rectangle in (a) indicates the domain where mean vertical profiles presented in Fig. 8 are
computed. Black circle in (b) indicates the domain within which DOW and P-3 data presented in Fig. 7 were averaged. Black lines in (e),
(f ) indicate NOAA P-3 flight track.
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FIG. 6. Vertical cross section of (top) radar reflectivity and (bottom) airflow in the plane of the section AB indicated in Fig. 4, based upon
data collected over intervals (left) 0911–0916 and (right) 0950–0955 UTC 21 Oct 1999. Dark shading indicates underlying topography.

to a deep layer of blocked flow accumulating within the
Po basin. Consistent with Fig. 5, wind and precipitation
structures within the valley and immediately above the
slopes did not undergo strong evolution during the time
interval (45 min) that separates the two analyses, even
as the strength of the unconstrained rising midlevel south-
easterly flow evidently decreased from 21 to 15 m s21

in association with the approach of the upper-level trough
axis. Likewise, observed low-level reflectivity structures
were similar.

During IOP 8, the DOW radar (Wurman et al. 1997)
was also centrally deployed near the sharp bend in the
L-shaped Toce at Pieve Vergonte (cf. Fig. 3), providing
temporally continuous observations of the flow within
this valley (Steiner et al. 2003) and an independent
source of high-resolution observations that can be used
to validate P-3 radar-derived observations over this re-
gion. Figure 7 (adapted from Steiner et al. 2003) pre-
sents vertical profiles of reflectivity (Fig. 7a), wind
speed (Fig. 7b), wind direction (Fig. 7c), and divergence
(Fig. 7d) up to an altitude of 4.5 km MSL as derived
from both P-3 and DOW observations at 0950–0955
UTC. DOW profiles were obtained from velocity–azi-
muth display analyses (Browning and Wexler 1968; Ma-
tejka and Srivastava 1991) at ;0950 UTC, within a
radius of 5 km from the radar (Fig. 3). For comparison
purposes, 3D wind and reflectivity fields inferred from
P-3 observations were averaged within a similarly sized
10 km 3 10 km domain centered on the DOW location.

Overall, the agreement between the two radars is ex-
cellent, attesting to the extreme quality of 3D wind and
reflectivity fields that can be obtained from airborne
systems over complex terrain. Both analyses clearly
show the existence of a bright band between 1.75 and
2 km MSL (Fig. 7a) in association with a layer of con-
vergence (Fig. 7d) approximately collocated with the
melting layer. Vertical profiles of wind speed and di-
rection (Figs. 7b,c) are consistent in showing northerly
winds (viz., down-valley flow) up to an altitude of 1.75
km MSL. As also seen in Figs. 7a, and 7b, the uppermost
limit of the downslope flow was very near the bright-
band level, where melting contributed to the stabiliza-
tion and diabatic cooling of air that was identified by
Steiner et al. (2003) as the dominant driving mechanism
for down-valley flow.

To complement these results, Fig. 8 shows vertical
profiles of mean divergence (Fig. 8a) and derived ver-
tical velocity (Fig. 8b) derived from airborne observa-
tion at both analysis times within a domain of 15 km
3 30 km that encompasses the entire sampled extent of
the Toce River drainage (Fig. 5a). In its basic modality,
the structure of mean divergence profiles within the val-
ley is similar to that obtained within the smaller domain
centered on Pieve Vergonte, with overall mean diver-
gence below and aloft a 1.5-km-deep convergence layer
at ;1.5 km MSL. Consistent with the orographic (vs
convective) nature of the forcing involved, however, the
overall depth subtended by these signatures (;4–6 km)
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FIG. 7. Vertical profiles of mean (a) radar reflectivity, (b) wind speed, (c) wind direction, and (d) divergence as
derived from DOW (heavy black line) and NOAA P-3 (squares) observations at approx 0950 UTC 21 Oct 1999, within
the circular domain indicated in Fig. 5b. Adapted from Steiner et al. (2003).

FIG. 8. Vertical profiles of (a) mean divergence and (b) mean ver-
tical velocity within the Toce valley (the averaging domain is outlined
in Fig. 5a) as derived from NOAA P-3 analyses at 0911 (solid) and
0950 UTC (dashed) 21 Oct 1999.

is relatively limited in comparison with that seen in
mesoscale convective systems (frequently ;10 km). Es-
timated midlevel convergence was slightly stronger at
0910 UTC, consistent with the relatively stronger mid-
level winds observed impinging upon the terrain at this
time (Figs. 5c,d). At both times, the mean vertical ve-
locity profile exhibits a clear downdraft/updraft struc-
ture similar to that commonly observed within the strat-
iform region of mesoscale convective systems (e.g.,
Leary and Houze 1979; Mapes and Houze 1995; Bous-
quet and Chong 2000). Within the valley, weak down-
ward motions were diagnosed, presumably in response
to negative buoyancy generated by both melting and
evaporation of precipitation particles below the 08C iso-
therm (Fig. 7a) and dynamic blocking, which forced the
stable air impinging on the barrier to subside and con-
centrate within the drainage. Aloft, upward motions in
the order of a few tens of centimeters per second were
observed as air, initially lifted over the Po River valley,
gently rose over the Alpine terrain (Bousquet and Smull
2003).

Using the DOW radar, which provided an uninter-
rupted view of conditions within the Toce during the
full duration of MAP IOP 8, as well as other sources
of observations, Steiner et al. (2003) drew a clear and
unique picture of the down-valley flow life cycle within
this valley. However, because of difficulties in operating
a truck-mounted instrument in a complex environment
such as the Alpine region, DOW could not be moved
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FIG. 9. As in Fig. 4, but for a domain of approx 45 km 3 45 km centered on the Val d’Aosta,
as derived from a northeast bound P-3 track during the interval 0906–0910 UTC at (a) 1 and (b)
2 km MSL. Note the different scaling vectors in (a) and (b). Black line in (a) indicates the NOAA
P-3 flight track. In (a), the dashed box indicates the domain for which mean vertical profiles
presented in Fig. 10 are computed.
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FIG. 10. As in Fig. 7, but for the time interval 0906–0910 UTC,
over the domain shown in Fig. 9.

during the course of an IOP, and valley flow observa-
tions during MAP IOP 8 were thus restricted to the Toce.
Thanks to their almost unlimited mobility, airborne ra-
dar systems provide a unique opportunity to investigate
the behavior of airflow within other drainages of the
Lago Maggiore region and, hence, to extend the findings
of Steiner et al. (2003) for IOP 8 to other Alpine valleys.

Another major Alpine rift that can be identified in
Fig. 3 is the Val d’Aosta, which is a narrow and some-
what less acutely bent L-shaped Alpine valley located
immediately south of the Monte Rosa massif, about 70
km southwest of the Lago Maggiore. Results of a 3D
analysis of observations collected within this valley at
0906–0911 UTC are presented in Fig. 9. Here again,
the low-level airflow was directed in a downslope sense,
away from the mountains and into the Po basin (Fig.
9a). As opposed to the Toce (Fig. 5), within which a
strong flow acceleration could be noticed between the
upper and lower ends of the valley, the airflow within
the Val d’Aosta was relatively uniform (possibly be-
cause of the absence of large tributaries), with values
ranging from 4 m s21 in the upper part of the valley to
6 m s21 near the mouth of the valley. At this point the
downslope flow was found to merge with a cool, blocked
northeasterly flow paralleling the Alps. At midlevels
(Fig. 9b), airflow was relatively uniform over the plain
but still strongly channeled over the mountains in re-
sponse to the influence of the Monte Rosa massif.

Because the two valleys present similar characteris-
tics, it is instructive to compare further the vertical struc-

ture of airflow within the Val d’Aosta with respect to
that within the Toce River valley. Figure 10 presents
vertical profiles of mean divergence and vertical veloc-
ity within a domain that encompasses the lower (north-
west–southeast oriented) part of the Val d’Aosta (Fig.
9a). Of particular interest is that the vertical structure
of the wind shows strong similarities from one valley
to the other, such as the existence of a layer of strong
convergence at midlevels (Fig. 10a), as well as mean
subsiding motions within the valley (Fig. 10b). Note,
though, that the midlevel convergence layer was deeper
over the Val d’Aosta region. This difference probably
resulted from the existence of the Monte Rosa massif
to the north, whose presence forced the stable midlevel
flow impinging on the barrier to decelerate (Fig. 9b)
and led to additional convergence above 2.5 km MSL.
However, these results support that mechanisms iden-
tified by Steiner et al. (2003) to be responsible for the
formation of down-valley flow near Pieve Vergonte ap-
ply not only to the entire extent of the Toce (Fig. 8) but
also to other valleys.

Further evidence for the highly pervasive nature of
down-valley flow within multiple valleys of the Lago
Maggiore region is provided in Fig. 11, which encom-
passes the region extending east of the Toce over the
Lago di Como (cf. Fig. 3). The strong tendency for flow
to be constrained by the local valley orientation (and in
no sense constrained by the analysis method itself ) is
immediately apparent. Moreover, a companion east–
west vertical cross section of the meridional flow com-
ponent (Fig. 12) that encompasses multiple valleys and
intervening slopes illustrates both the overriding south-
erly winds and their ultimate reversal in response to
higher terrain to the north as some portion of this in-
cident flow was blocked, subsided, and was diverted
southward. Within the sampled layer, which extended
to within several hundred meters of the surface, the
intensity of return flow was inversely proportional to
height. As such, down-valley flow was focused (though
sometimes asymmetrically) along the axis of individual
valleys but notably also enveloped intervening slopes
up to an elevation near 2 km MSL.

4. Conclusions

Owing to recent advances in signal processing and
their characteristic mobility and flexibility, airborne
Doppler radars are increasingly being relied upon for
investigation of weather systems in highly remote and
challenging environments, such as intense storms that
occur over rugged mountainous terrain. This ability im-
plies unique challenges in terms of data analysis, how-
ever, including the advent of huge datasets resulting
from fast sampling rates along extensive flight tracks,
as well as complex data-processing issues that hinge
upon the large number of degrees of freedom for an
airborne platform employing vertical scanning strategy.
In addition, observations collected in these environ-
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FIG. 11. Airborne dual-Doppler analysis of absolute airflow (vectors, key at lower right) at a height of 1 km MSL
within an approx 100 km 3 40 km area based upon data collected during the interval 1255–1310 UTC 21 Oct 1999.
Gray shading indicates terrain elevation (km MSL) according to key at right. Dashed line indicates P-3 flight track.
Black line segment (CD) denotes horizontal projection of the vertical section presented in Fig. 12.

FIG. 12. Zonal cross section of V component wind speed along latitude 46.108N (cf. horizontal projection of section in Fig. 11) at
1255–1310 UTC 21 Oct 1999. Dark shading indicates underlying topography.

ments present an especially formidable challenge to tra-
ditional manual interactive editing methods because of
the highly irregular and, at times, ambiguous nature of
surface and second-trip echo returns.

This paper has presented a new, largely automated
approach to preprocess airborne Doppler radar mea-
surements collected over mountainous terrain by iden-
tifying and eliminating sources of data contamination
both at the earth’s surface and in the free atmosphere
through a combination of data renavigation, pattern rec-
ognition, reliance upon high-resolution digital terrain
information, and application of a more familiar running-

mean algorithm. Detailed examination of data in their
native polar coordinates (i.e., ‘‘radar space’’) has re-
vealed the excellent reliability of this method in re-
moving most sources of error.

To investigate the potential of airborne observations
to provide detailed descriptions of airflow over steep
terrain and to evaluate further the performance of this
editing technique in a Cartesian framework, extensive
applications have been carried out for data collected by
the NOAA P-3 and NCAR ELDORA during the Me-
soscale Alpine Programme experiment (Bougeault et al.
2001) by ingesting numerous edited datasets in the
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MUSCAT analysis (Bousquet and Chong 1998). Anal-
yses produced by this well-suited wind synthesis method
have shown a remarkable ability to recover airflow and
precipitation fields over and immediately adjacent to the
steep Alpine terrain, including deep within several tor-
tuous river valley and their tributaries for two contrast-
ing situations that embody widespread stratiform and
intense cellular convective precipitation. Although the
application to X-band radar demonstrated herein re-
quires that complex terrain be fully enveloped by pre-
cipitation in order for the 3D flow field to be recon-
structed, in principle this same technique could be ex-
tended to process airborne scanning Doppler lidar data
in optically clear environments (e.g., as described by
Reitebuch et al. 2001). Such analyses could prove in-
strumental in efforts to map the transport of pollutants
or other aerosols.

These results both confirm and extend single-Doppler
measurements from a ground-based platform, as sum-
marized by Steiner et al. (2003). Examples of both freely
ascending ‘‘unblocked’’ up-valley (as observed on 20
September 1999 during MAP IOP 2b) and down-valley
(on 21 October 1999, MAP IOP 8) flow have been il-
lustrated. In the case of MAP IOP 8, the horizontally
expansive vector flow fields available only from air-
borne Doppler perspective have demonstrated unequiv-
ocally the pervasive nature of subsiding down-valley
winds in a case of profound low-level blocking of air-
flow upstream of the Alps, which was observed to fill
multiple and diversely oriented deep Alpine valleys (and
their tributaries) surrounding the Lago Maggiore region.
Such flow variations have important implications for
orographic precipitation processes and their interplay
with features of the larger-scale environmental flow and
stratification. The utility of such data to illuminate me-
soscale precipitation processes in other complex moun-
tain environments is presently being exploited using
data collected by the NOAA P-3 aircraft over the
Oregon Cascades during IMPROVE-II and stands to
provide a valuable complement to ground-based remote
sensors and in situ measurements in evaluating the per-
formance of mesoscale model simulations in a more
horizontally expansive way than would otherwise be
possible.
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