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ABSTRACT

A case study of the 1994 Piedmont flood is carried out by performing several numerical experi-
ments using the MM5 model. We report on sensitivity tests and analyses that suggest the
following description of the events leading to the flood: rising motion ahead of an upper-level
trough, progressing from Spain towards Italy, initiated deep convection within the conditionally
unstable air existing over the Mediterranean. Thus, a band of intense precipitation and low-
level southerly winds formed and moved eastward with the upper trough. As the rain band and
strong southerlies encountered the western Alps, moist air was lifted, resulting in large amounts
of rainfall. The associated latent-heat-related upward motion produced a strong positive vorti-
city anomaly over the western Alps with associated low-level easterlies in the Po Valley which
appear to have played a major role in retarding the generally eastward progress of the rain
band over Piedmont.

1. Introduction synoptic-scale flow was characterized by a meridi-

onally elongated, upper-level potential-vorticity
A major goal of the Mesoscale Alpine anomaly (or pressure trough) which moved slowly

Programme (MAP; see Binder et al. (1996)) is to from west to east. In an analysis of the Vaison-
secure an improved ability to predict severe La-Romaine case, Senesi et al. (1996) found that
flooding in the Alpine region. Therefore, a central the heavy rain was generated by several mesoscale
research focus of MAP is the understanding of convective systems located ahead of the surface
the contributing meteorological factors. In pre- cold front associated with the upper-level pressure
paration for the MAP field campaign, the met- trough; timing and location of the convective
eorological conditions of four recent flooding systems appeared to be strongly influenced by
events (22 September 1992, Vaison-La-Romaine, local orography. Meteorological analysis of the
France; 24 September 1993, Brig, and 13–14 Piedmont case by Doswell et al. (1998), and
September, South Ticino, Switzerland; 5–6 simulations by Buzzi et al. (1998) and Romero
November 1994, Piedmont, Italy) have been et al. (1998), indicate that the flooding rains are
the subjects of several recent studies. Massacand mainly orographically generated with convection
et al. (1998) showed that in all four cases the playing an important role only in the coastal zone.

The purpose of this paper is to use numerical-
simulation experiments of the Piedmont flood to

1 Corresponding author.
contribute to the general MAP objective of achiev-e-mail: rossella.ferretti@aquila.infn.it
ing a better understanding of the meteorological* The National Center for Atmospheric Research is

sponsored by the National Science Foundation. factors involved in severe flooding of the Alpine
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region. The apparent importance of both the large- seem to have contributed significantly to the flood
in the Piedmont area. A summary of the presentscale dynamics and the embedded cumulus

convection motivated us to experiment with the findings is contained in Section 6.

Emanuel (1991, 1993) cumulus scheme (version
2.3, K. Emanuel, personal communication), as it
is designed with particular attention to situations 2. Case description
where cumulus convection acts in response to
synoptic-scale destabilization. The Emanuel The European Centre for Medium Range

Forecasting (ECMWF) analysis at 0.5° of thecumulus scheme has been successfully used in two

different mesoscale models (Buzzi et al., 1998; synoptic-scale meteorological conditions attend-
ing the Piedmont flood are summarized in Fig. 2.Romero et al., 1998). The present model simula-

tion of the Piedmont flood also uses the Emanuel The upper-level flow is characterized by a large-

amplitude wave in the 500 hPa height fieldscheme (CTRL) which has been newly
implemented. (Fig. 2a) and the 850 hPa temperature field

(Fig. 2b) at 1200 UTC 4 November 1994. TheThe plan of the present paper is as follows. A

brief description of the synoptic and mesoscale warm sector of the temperature wave is located
over western Europe, eastward from the upper-features of the Piedmont flood is given in Section 2.

The numerical simulations and special sensitivity level trough axis, which is located over Portugal;

there is a cold front (the zone of strong temper-experiments are described in Section 3. In
Section 4, we report the model simulation of the ature contrast) at the western edge of the

Mediterranean. Over the course of the followingPiedmont flood. The simulations are performed
using a coarse mesh (horizontal grid length= 36h (Figs. 2c, d), the upper-level-trough axis and

the cold front migrate toward Italy while the30 km) covering the domain shown in Fig. 1 with

an embedded fine mesh (horizontal grid length= downstream ridge over eastern Europe, and the
cold air over Eurasia, remain relatively stationary.10 km) centered on Piedmont (Fig. 1) where the

flooding occurred. Through analysis and sensitiv- The relatively stationary anticyclone over eastern

Europe, together with the eastward-movingity experiments, we attempt in Section 5 to identify
the relative importance of the several factors which trough, imply a contraction of the zonal wave-

length of the upper wave. Moreover, the surface-

pressure field (Figs. 2b and 2d) indicates that there
is an intensification of the relatively stationary
high-pressure area (note the stationarity of the

1020 hPa contour over Italy) over the Balkans.
Hence the warm tongue in the 850 hPa temper-
ature contracts in the zonal direction over Italy

as its eastward movement is resisted by the flow
associated with the surface anticyclone.

Downstream of the advancing upper-level wave

over the western Mediterranean there is a moist
air mass. Fig. 3 contains the ECMWF analysis of
the water-vapor mixing ratio qv and winds at

850 hPa. The southerly winds associated with the
upper trough and cold front advect moisture-
laden air toward western Europe. In particular,

the moist air stream progresses eastward to the
location where one might expect a strong oro-
graphic enhancement of rainfall as the southerly

Fig. 1. Model domain and constant-height contours
stream impinges on the western Alps.

(c.i.=500 m) of model topography. Horizontal grid reso-
Through an analysis of IR satellite imagery andlution over the model domain is 30 km, except within

the SSM/I (Special Sensor Microwave/Imager)the smaller domain, indicated by the box, in which the
horizontal resolution is 10 km. system, Boni et al. (1996) were able to identify the
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Fig. 2. ECMWF analysis of the 500 hPa-height field h500 (c.i.=50 m, the trailing digit ‘‘0’’ is dropped on the contour
label ) at (a) 1200 UTC 4 November 1994 and (c) 0000 UTC 6 November 1994, and sea-level pressure field (c.i.=
5 hPa) and 850 hPa-temperature field T850 (dashed lines, c.i.=4 C) at (b) 1200 UTC 4 November 1994 and (d) 0000
UTC 6 November 1994.

areas where convection was embedded in the accumulated over the 24-h period ending 0600
UTC 5 November 1994 obtained from the MAPlarge-scale cloud field. Their results indicate (see

their Fig. 12) that there is convection concentrated data archive. Two areas of heavy precipitation are
evident, one extends from the central part ofwithin the relatively narrow, north-south oriented,

eastward-moving cloud band shown in Fig. 4. The France towards the Mediterranean sea, and the

other extends from southeastern France into thelatter band appears to move eastward in step with
the upper-level wave. At 1200 UTC, the band Piedmont region. These observations indicate that

precipitation was occurring over the Piedmontreached the west coast of Sardinia, and by 1800
UTC the convection extended along a line south- region well ahead of the approaching frontal

system. The line of precipitation over France issoutheastward from the western Alps, toward the

east side of Corsica and Sardinia. also suggested by the satellite picture (Fig. 4a) as
a band of clouds (cf. Fig. 7 of Boni et al., 1996)Fig. 5a shows the station precipitation data
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that extends well into the Mediterranean sea. In
the next 24-h accumulation ending at 0600 UTC
6 November 1994 (Fig. 5b), the heavy precipita-

tion reached the western slopes of the Alps; three
stations (heavy black stars) in the Piedmont region
reported a 24-h accumulation well in excess of

300 mm. Fig. 5b also shows that the band of
precipitation extended southeastward over the
Mediterranean. At this time the northern stations

over Corsica were reporting precipitation amounts
in excess of 200 mm. The infrared satellite picture
valid at 1800 UTC 5 November (Fig. 4c) shows a

cloud band extending southward over an area
greater than that in evidence six hours earlier
(Fig. 4b); Fig. 12 of Boni et al. (1996) indicates

that the the aforementoned cloud band is associ-
ated with cold cloud tops.

3. Model characteristics and experiment
design

The numerical simulations are carried out using

the Penn State/NCAR mesoscale model (MM5),
which is a nonhydrostatic, primitive-equation
model with a terrain-following vertical coordinate

(Dudhia, 1993). The model has multiple-nesting
capabilities to enhance the simulation over the
area of interest.

In this study, the CTRL uses the newly imple-
mented Emanuel (1993) scheme to parameterize
the subgrid-scale convection, while the explicit

prediction of resolvable microphysics fields of
cloud, rain water, and ice are done according to
the simple scheme of Dudhia (1989). Other phys-

ical parameterizations used in the model include
the Blackadar planetary boundary layer (Zhang
and Anthes, 1982), surface energy fluxes and atmo-

spheric radiation (Benjamin, 1983).
The computational domain (Fig. 1) has 51×61

grid points in the north-south and east-west direc-

tion respectively, with a horizontal grid spacing
of 30 km. Within this coarse-mesh domain, a finer
10-km grid is embedded and centered over the

Fig. 3. ECMWF analysis of the water-vapor mixing
ratio qv (c.i.=2 gm Kg−1) and wind (one barb=10 knots)
at 850 hPa at (a) 1200 UTC 4 November 1994, (b) 1200
UTC 5 November 1994, and (c) 0000 UTC 6 November
1994. Here and in the following, terrain height exceeding
the 850 hPa level is indicated by the blank areas.
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Fig. 4. Infrared satellite imagery at (a) 0600 UTC 5 November 1994, (b) 1200 UTC 5 November 1994, and (c) 1800
UTC 5 November 1994.
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Alps to better resolve the complex orographic flow
in this region. In the vertical, the model has 23
unevenly spaced layers with more levels being

placed in the boundary layer. The lowest model
level is about 40 m above the ground.

To examine the relative roles of latent-heat

release and topography, we carried out several
experiments in an attempt to isolate their relative
effects. To assess the effect of latent-heat release,

we perform an experiment in which latent-heating
is set to zero, while keeping everything else ident-
ical to the CTRL; this experiment is referred to as

the fake-dry run (FDRY). To test the role of
topography to this flood event, we conducted an
experiment with the land surface set to a uniform

height of 100 m (NALPS). All the simulations use
the same initial and boundary conditions, which
are derived from the National Centers for

Environmental Prediction (NCEP) global data
analyses on a 2.5° resolution. The 12-hourly

NCEP analyses are interpolated to MM5 lambert
conformal grids to provide both the initial condi-
tion at 1200 UTC 4 November 1994, and the 12-h

lateral boundary conditions to the 30-km domain.
The inner 10-km domain obtains its lateral bound-
ary conditions from the 30-km domain during the

model integration. All the simulations start at
1200 UTC 4 November 1994 and integrate for a
48 h period ending at 1200 UTC 6 November

1994. In the following section we compare the
NCEP-initialized model results with the independ-
ent ECMWF analysis discussed in Section 2.

4. Model verification

The model simulated 500 hPa height field (not
shown) shows good agreement to the analyses. In

particular at upper levels, the rotation of the
trough axis, and the maintenance of the ridge over
the Balkans, compare well with the ECMWF

analyses shown in Fig. 2. The CTRL surface pres-
sure field (not shown) also exhibits very good
agreement with the ECMWF analyses to the

extent that even the relative stationarity of the
1020 hPa contour line over Italy is simulated.Fig. 5. Observed accumulated precipitation (mm) over

Overall agreement between the model-predictedthe 24-h period ending (a) 0600 UTC 5 November 1994
and (b) 0600 UTC 6 November 1994. The code color is qv (Fig. 6) and the ECMWF analyzed fields
: 0–1 mm yellow; 1–25 mm green; 25–50 mm blue; (Fig. 3) is good with both showing the intense
50–100 mm purple; 100–200 mm orange; >200 mm red; zonal contraction with time of the moist sector
>300 mm black.

accompanied by enhanced southerly winds. Note
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the placement of the moist sector just south of the
western Alps, and the tendency for the northern
part of the moist sector to lag behind the generally

eastward progress of the southern part.
Most of the model precipitation occurred in

association with a relatively narrow band of rising

motion. To show that there is a general corres-
pondence between the model-produced band and
that which occurred on 5 November 1994, we

show the integrated cloud water field in Fig. 7 at
times that are coincident with the infrared satellite
images shown in Fig. 4. At 0600 UTC, Fig. 7a

shows there is an intense line of integrated cloud
water in CTRL that roughly corresponds to the
narrow cloud line in evidence in the infrared

satellite image shown in Fig. 4a. The small area
of cloudiness over southern Europe is missed by
the model simulation, however this appears to

have no significant consequences for the flooding
forecast. The line of integrated cloud water pro-

gresses eastward and weakens by 1200 UTC
(Fig. 7b), and subsequently at 1800 UTC (Fig. 7c),
a narrow line of integrated cloud water forms over

Corsica and Sardinia; this evolution is more or
less consistent with that shown by the satellite
imagery (Figs. 4b, c). Further evidence for the

eastward progression of a north-south oriented
line and its southward extension towards Corsica
and Sardinia is contained in the precipitation data

shown in Fig. 5.
The distribution and amount of precipitation is

the most difficult quantity of the simulation to

verify. Hence most of the discussion here will
center on the verification of the model-produced
precipitation and the performance of the CTRL.

To compare the model-predicted precipitation
with the large-network data shown in Fig. 5, we
show in Fig. 8a the CTRL 24 h accumulated pre-

cipitation ending at 0600 UTC 6 November 1994
over the entire domain of the simulation (using
information only from the coarse grid to depict

the larger-scale organization surrounding the
flood region, which region will be examined sub-
sequently). Points of similarity with the data

shown in Fig. 5 include: precipitation maxima
along the southern and western Alps, a line of

relatively high precipitation running northwest-

Fig. 6. As in Fig. 3, except for the control simulation in
the full model domain.
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ward through France, and large values of precip-
itation over Corsica. Of interest is the relatively
large amounts of precipitation predicted south of

France over the Mediterranean (near 6°E), where
unfortunately there is no rain-gauge data. The
infrared satellite imagery (Fig. 4a) does suggest,

however, that convection was more intense in this
region at 0600 UTC, weakened at 1200 UTC as
the system moved eastward, and then re-intensified

over Corsica at 1800 UTC. Comparing the CTRL
total (Fig. 8a) with the CRTL parameterized pre-
cipitation (Fig. 8b) shows that the model-predicted

heavy-precipitation (>50 mm) features over the
Mediterranean are produced by explicitly resolved
processes (see below). Analysis of the CTRL

parameterized precipitation indicates that the
maximum west of Sardinia (Fig. 8b) is due to
convection in the post-frontal air mass which,

being cooler and drier, is warmed and moistened
through sea-surface fluxes. The isolated para-

meterized precipitation maximum in southeastern
Switzerland (Fig. 8b) is due to a convective event
that occurred in the model between 1800 UTC

5 November and 0000 UTC 6 November.
Interestingly, Fig. 5b shows a local precipitation
maximum in this same location.

Fig. 8c displays the 24-h accumulated precipita-
tion for the same period as Fig. 8a, but for the
finer 10-km domain. The rainfall amounts and

location verify reasonably well against the obser-
vations. Fig. 8d shows that the simulations pro-
duced precipitation amounts in excess of 300 mm

over the 24-h period ending six hours early (0000
UTC 6 November), at nearly the places where
such amounts occurred (Fig. 5b). The fine grid

(10 km grid spacing) was essential to produce the
correct amount and distribution of precipitation;
as suggested in Figs. 8a, c, where the fine-grid

information is averaged to the coarse grid, the
maxima only reach approximately 230 mm.
Similar to the findings of Buzzi et al. (1998), where

a 30-km grid was used, the location of the precip-
itation maxima along the coastal mountains, was
on the south side rather than the north side, as

seen in the observations.

Fig. 7. Vertically integrated cloud water (c.i.=0.4 mm,
first contour line=0.2 mm) at (a) 0600 UTC 5 November
1994, (b) 1200 UTC 5 November 1994, and (c) 1800
UTC 5 November 1994.
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Fig. 8. Accumulated precipitation (mm) over the 24-h period ending on 0600 UTC 6 November 1994 for (a) CTRL
total, (b) CTRL parameterization in the coarse domain, (c) CTRL total in the nested domain, and (d) 24-h CTRL
total in the nested domain ending on 0000 UTC 6 November 1994.

The fact that the 24-h accumulated precipitation and hence the flood-producing precipitation over
Piedmont is largely due to stable orographicfrom the CTRL is mainly from the resolved scale,

does not necessarily implied that convection was ascent, as noted by Doswell et al. (1998).

Resolved convective motion with a 30-km gridunimportant; it indicates only that the convective
motion (thermally direct circulation driven by is unrealistic and should be considered a short-

coming of CTRL. However, since the timing andlatent heating) was being computed mainly by the
resolved scale in CTRL. As we will show below, location of the convective motion is strongly regu-

lated by the approaching front, negative con-the convective instability in the southerly airflow

approaching the Alps is mostly removed (by sequences of the unrealistic 30km-grid-resolved
convection were mininal. In fact, we find itresolved-scaled motions) over the Mediterranean,
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Fig. 9. Accumulated precipitation (mm) over the 24-h period ending on 0600 UTC 6 November 1994 from the (a)
CTRL-09 total, and (b) CTRL-09 parameterization.

interesting that the precipitation forecast (mainly when there is a strong feature such as front, the

distribution of the predicted rain can be sensitivefrom the explicit side) for Corsica using the
Emanuel scheme shows a close correspondence to (in this case, over the Mediterranean) to the

partitioning of precipitation between explicit andthe observations. Although this agreement might

be accidental, it might also be that information parameterized processes.
contained in the large scale was an important
contributor to the precise timing and location of

the precipitation over the Mediterranean. 5. Analysis and sensitivity experiments
To explore this idea a little further we consider

that, in the Emanuel scheme, the convective mass The model version of the meteorological condi-

tions attending the Piedmont flood is summarizedflux is driven toward that of the large scale. We
believe that in the present case the Emanuel in Figs. 10, 11. At 0600 UTC 5 November 1994,

Fig. 10a shows a north-south-oriented frontscheme tries to drive the convective mass flux to

the relatively small synoptic-scale value, and hence over France, and southerly flow over the
Mediterranean; an Alps-associated anticyclonicthe scheme, although activated, produces weak

precipitation. To allow the convective mass flux perturbation to the southerly winds is also in

evidence. Fig. 11a shows that at this time there isto behave more independently of the large scale
in the Emanuel scheme, we performed an experi- large area of conditionally unstable air* over the

Mediterranean. By 0600 UTC, Fig. 11a shows thatment in which the parameter a [see Eq. (16.4.12)

of Emanuel 1994] was increased from its present the rising motion on the forward edge of the
advancing upper-level wave (Fig. 2) becomessetting of 0.03 (for climate studies) to 0.09 (ex-

periment designated CTRL-09). Fig. 9a shows intense and takes the form of a north-northwest-

south-southeast oriented line. At the same time,that the 24-h total rainfall ending 0600 UTC
6 November, over the continent is relatively there is an associated enhancement of the 850 hPa

unaffected; however, the rainfall amount over
Corsica is diminished. The convective rainfall in

* The lifted index (LI) is computed as the temperature
the regions west and east of Corsica in CTRL-09 excess at 500 hPa of the environment with respect to an
(Fig. 9b) are much greater than those in CTRL air parcel lifted moist-adiabatically above the lifted con-

densation level (LCL).(Fig. 8b). These experiments illustrate that even
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pre-frontal southerly wind (cf. Fig. 10a with
Fig. 6a). At 1800 UTC 5 November (Figs. 11b),
the region of large conditional instability narrows

as it continues its eastward track. Note that
although the most unstable air is over the
Mediterranean, there is still strong upward motion

over the Alps. The relatively long time over which
upward motion occurs over the western Alps is
associated with the strong easterly wind perturba-

tion over the Po Valley that developed around
1800 UTC 5 November (Fig. 10b). By 0600 UTC
6 November 1994 (Fig. 10c), the front has moved

toward north-central Italy, and rainfall over
Piedmont has ended; note again the small-scale
cyclonic wind perturbation that has formed at the

Italian coast near the Gulf of Genoa.
The foregoing description suggests the central

importance of latent heating and topographic

effects in the explanation of the flooding events.
Fig. 12 shows the NALPS and FDRY version of

the fields described for the CTRL simulation at
1800 UTC 5 November 1994 (Figs. 10b, 11b). In
NALPS, the line of intense rising motion is

remarkably close to the position it assumes in
CTRL, suggesting the overall synoptic-scale con-
trol of the precipitation system. The anticyclonic

wind perturbation associated with the Alps is
notably absent as the southerly flow is uninterrup-
ted, and carries unstable air over Europe. The

rising motion over the location of where the Alps
would be, however, is much weaker in NALPS
than in CTRL, and only modest amounts of

precipitation accumulate there (Fig. 12e). Hence,
lifting of air over the Alps must be a critical
ingredient in any flood scenario. But before dis-

cussing topographic effects, it is convenient to
continue now the discussion of those effects of
latent heating that are independent of topo-

graphic flow.
The NALPS case shown in Fig. 12 suggests that

the north-south orientation of the line of precipita-

tion-associated rising motion does not depend on
any topographic effect. We believe that this tend-
ency for the narrowing of the region of upward

motion is a consequence of the mechanism

Fig. 10. Maps of the control-simulations of the temper-
ature (c.i.=2 C) and wind (one barb=10 knots) at
850 hPa at (a) 0600 UTC 5 November 1994, (b) 1800
UTC 5 November 1994, and (c) 0600 UTC
6 November 1994.
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described by Emanuel (1985) where the adjust-
ment to geostrophic forcing of rising motion was
studied using a moist version of the Sawyer-

Eliassen equation. Emanuel (1985) found that
when the effectively weaker static stability of rising
saturated air is accounted for, more intense rising

motion is required to re-establish thermal-wind
balance (in response to geostrophic forcing); by
mass continuity, the stronger rising motion is over

a narrower region than that of the weaker com-
pensating subsidence occurring in the unsaturated
surrounding air. Emanuel et al. (1987) applied the

same approach in studying the effect of latent-
heat release on the two-dimensional Eady wave,
and found enhanced surface frontogenesis and

southerly winds in the warm sector associated
with the relatively narrow plume of rising motion
(see their Fig. 7). In a similar vein, and perhaps

more applicable to the present situation, Parker
and Thorpe (1995), examined the effects of moist

static instability in the rising air, and found an
enhanced horizontal temperature gradient and a
jet at low-levels in association with the intense

rising motion.
Figure 13 displays a vertical cross-section

through the location where there is a line of

intense updraft at 1800 UTC 5 November 1994
(indicated in Fig. 12c). At 0000 UTC 5 November
1994, before there is any appreciable latent heating,

Fig. 13a depicts the upper-level wave through the
north-south wind component v, the characteristic
upward- and westward-tilted distribution of

potential temperature h, and potential vorticity
(PV) distribution. Figure 13b shows that east of
the upper-level trough, the air is humid, but not

saturated, and that the motion is generally upward
as expected from elementary arguments (Bluestein
1993, ch. 5). At 1800 UTC 5 November 1994,

Fig. 13c indicates a strong enhancement of the
frontal temperature contrast and southerly wind
in the lower troposphere; this enhancement is

obviously associated with the narrow intense
upward motion occurring in saturated air, as
indicated in Fig. 13d. The evolution shown in

Fig. 11. 700 hPa vertical velocity w700 (c.i.=5 cm s−1 for
the first time, but thereafter c.i.=10 cm s−1 ; zero line is
omitted and dashed lines indicate negative values here
and in the remaining figures), and regions where the
lifted index is less than −1 K (outlined by heavy solid
line).
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Fig. 12. Maps of the NALPS and FDRY near the time of maximum rainfall in CTRL (1800 UTC 5 November
1994). Plotting conventions in (a) and (b) as in Fig. 10d, (c) and (d) as in Fig. 11d, and (e) and (f ) as in Fig. 8a.
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Fig. 13. Vertical cross-sections, AA∞ through of the line of intense precipitation (indicated in Fig. 12c) as it occurs
in the NALPS simulation showing the meridional wind v (thick solid lines c.i.=10 m s−1 ) and potential temperature
h (thin solid lines c.i.=4 K), with the shaded region enclosing values of potential vorticity (PV) greater than 0.5
PVU (10−6 m2 s−1 K kg−1) at (a) 0000 UTC 5 November 1994 and (c) 1800 UTC 5 November 1994, and the vertical
velocity and relative humidity RH (thick gray lines c.i.=20%) at (b) 0000 UTC 5 November 1994 (thin solid lines
c.i.=2 cm s−1 , and zero line as thick solid line) and (d) 1800 UTC 5 November 1994 (c.i.=10 cm s−1 , and no zero line).

Fig. 13 has the hallmarks of the ‘‘convective Latent-heat release is also an important factor
in the topographic response of the flow shown infrontogenesis’’ described by Parker and Thorpe

(1985). Of particular importance in the present Figs. 10, 11. Fig. 12b (FDRY) shows that without

latent-heat release, the southerly flow associatedcontext is the enhancement of the low-level south-
erlies which impinge on the southern Alps. with the approaching front completely avoids
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Fig. 14. Comparison of (a) model-predicted and (b) observed surface winds (one barb=10 knots) in the nested
domain (Fig. 1).

elevated terrain (including the coastal mountains) Moreover, these easterly wind perturbations seem

to retard the motion of the precipitation systemand is diverted to the west side of the Alps with
little rising motion (Fig. 12d), and thereafter flows over the western Alps. Fig. 14 shows the lowest

model sigma level (40 m AGL) winds for thestrongly through France. To a first approximation,

the magnitude of the easterly flow perturbation CTRL (Fig. 14a) and a network of observed sur-
face (10 m) winds (Fig. 14b) at 0600 UTCu∞/V is inversely proportional to the Froude

number Fr=V /NH, where V is the wind speed, H 6 November 1994; the observations support the

model prediction of easterly wind in the Po Valley,is the mountain height, and N is the Brunt-Väisälä
frequency, a measure of the static stability. The and a small-scale cyclonic wind perturbation near

the tip of the southern Alps.effective static stability of the moist, southerly air

stream impinging on the Alps is small, hence the The foregoing description bears a fair resemb-
lance to the mechanism investigated by Orlanskiflow in CTRL surmounts the Alps with slight

deflection, and there is a significant orographic and Gross (1994; see their Figs. 15, 16) for the

retardation of a eastward-moving front on theenhancement to the rainfall in the western Alps.
Further evidence for this effect can be seen in that south side of an Alps-like obstacle, and the sub-

sequence small-scale cyclogenesis on the souththe maximum accumulated rainfall in FDRY

(Fig. 12f ) occurs away from the Alps. These experi- side (the analogous Gulf of Genoa). In the FDRY
case shown in Fig. 12, evidence of the mechanismments support the findings of Buzzi et al. (1998).

The CTRL simulation also suggests more subtle described by Orlanski and Gross (1994) is seen in

that the front is retarded on the south side of theaspects of topographic enhancement of rainfall
owning to the particular shape of the Alpine Alps, and there is the beginnings of a cyclonic

circulation over the Mediterranean. As remarkedmassif: From 1200 UTC 5 November through

0000 UTC 6 November 1994, Fig. 10 shows that upon by these authors, significant modifications
to their theory, which is based on dry dynamics,the axis of maximum southerly wind progresses

eastward toward the central Alps, and that the could be expected with the inclusion of latent-heat
release. In CTRL (Fig. 10), there is a cyclonicassociated easterly flow deflections over the Po

Valley gain in strength; strong vertical motion circulation south of the Alps, but rather than

being located in the Gulf of Genoa, it is located(Fig. 11) over the western Alps appear to be
associated with these easterly wind perturbations. over northwestern Italy. Figs. 15a–b show
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700 hPa-level vorticity in CTRL at 1800 UTC
5 November 1994 and 0000 UTC 6 November
1994 respectively; there is a line of strongly positive
relative vorticity which slowly moves eastward
and grows in strength. Comparison of Figs. 15a,
b with the relevant times of Fig. 11 indicates a
strong connection between latent-heat release,
upward motion aloft and positive vorticity pro-
duction. In FDRY (Fig. 15c), on the other hand,
the vorticity is mainly negative over the Alps, as
expected from elementary arguments (Smith,
1979).

Although more research is required for definitive
answers, several observations can be made at this
point concerning the role of latent-heat release on
topographic flow effects occurring in connection
with the Piedmont flood. The first is that latent-
heat release is essential in describing even the
qualitative flows features [mountain anticyclone
(dry) vs. mountain cyclone (wet)] over the Alps.
More speculatively, our impression from CTRL is
that the sideways-‘‘L’’ shape of the western Alps
is a likely contributor of the slow movement of
precipitation system there. Unstable air lifted by
the western Alps (the short leg of the sideways
‘‘L’’) may produce positive vorticity through
latent-heat-induced vortex stretching. This vorti-
city modifies subsequent development by inducing
easterly wind perturbations towards the concave
part of the sideways L (i.e. Piedmont) which both
retard the eastward progress of the precipitation
system, and induce further lifting of unstable air,
latent-heating and vorticity production over the
western Alps, all of which are conducive to
flooding. When the cold front ultimately passes to
the east of the western Alps (Fig. 10, 0600 UTC
6 November 1994), the moist air in the Po Valley
begins to be replaced by the stable post-frontal
air, and rainfall diminishes. Hence the spatially
inhomogeneous distribution of the moist static
stability is also an important factor in under-
standing the topographic-flow effect.

6. Summary

In the present study, we have examined the
meteorological conditions attending the Piedmont

Fig. 15. Vertical vorticity (c.i.=1×10−4 s−1 ) at 700 hPa
from CTRL (upper 2 panels) and (c) FDRY in the nested
domain (Fig. 1).
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Fig. 16. Summary of the key meteorological components leading to the Piedmont flood. The thick arrow indicate
the jet axis at 500 hPa. Wind barbs are a subset of 850 hPa winds shown in Fig. 10. Curly lines indicate rising
motion greater than 10 cm s−1 , and W+ indicates the position of the updraft maximum. Position of positive vorticity
maximum indicated by curled arrow, and axis of vorticity maximum is indicated by the dashed line.

flood of 5 November 1994 using the newly imple- the key physical factors leading to the Piedmont

flood. Fig. 16 contains a schematic diagrammented the Emanuel (1991, 1993) cumulus-
parameterization scheme in the MM5 modeling that summarizes our findings. At 0600 UTC

5 November 1994 (Fig. 16a), a precursor mobilesystem. Overall agreement between the model-

predicted precipitation fields in and around the upper-level trough is depicted; associated synop-
tic-scale rising motion is enhanced as it encou-flood region is good. The present simulations

indicate the dominance of explicit processes in the nters the conditionally unstable air over the
Mediterranean. The intensified rising motion takesflood region and produced simulations consistent

with two recent modeling studies of the Piedmont the form of a convective line that is associated

with a strong low-level horizontal temperatureflood (Buzzi et al., 1998; Romero et al., 1998).
Sensitivity tests helped in the identification of gradient and southerly flow. As the line
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approaches the western edge of the Alps (Fig. 16b), stronger stability of air to the east produces
stronger easterly flow perturbations and thus arising motion is enhanced by orographic lifting of

conditionally unstable air; positive vorticity is convergence of the flow in the flood area. Further

study involving more complex representationsproduced through vortex stretching. We believe
this vorticity induces the easterly flow perturba- (e.g., ‘‘L’’ shapes) of Alpine topography, combined

with the effects of latent-heat heat release, istion that is instrumental in retarding the eastward

movement of the line over the Piedmont region needed.
(Figs. 16c, d), and possibly enhances orographic
precipitation over the upper part of the Po Valley.

Another possible contributor to convergent 7. Acknowledgements
motion over Piedmont region that needs further
exploration is the effect of horizontal variation of The Mesoscale Alpine Programme (MAP) is

acknowledged for the ECMWF analysis and pre-the moist static stability in the air stream impin-
ging on the Alps. In the present case, the moist cipitation data (Map data center). This research

was partially supported by NCAR during a visitsoutherly air impinging on the Alps becomes

progressively drier with distance eastward. Hence and by Italian National Research Council (CNR).
Comments on the first draft of this paper byit is possible that on the west side, the high values

of the Froude number in the moist air stream J. Bresch, G. Hakim, and C. Davis are gratefully
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