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ABSTRACT

A diagnostic evaluation of three project ANOMALIA case studies involving heavy precipitation in the western
Mediterranean region has been carried out. The evaluation shows the unique characteristics of each event, as
well as some limited similarities. Heavy precipitation events in the western Mediterranean region typically occur
downstream of a significant cyclone aloft (often, but not always, exhibiting *‘cutoff”” cyclone characteristics),
but important structural and evolutionary differences are found among these cases. At low levels, along fetch
of flow over the Mediterranean Sea frequently interacts with terrain features to produce persistent heavy pre-
cipitation. Although most heavy precipitation events occur during the fall season, they can develop at other
times. In thefirst case, the synoptic-scal e environment produced low static stability and substantial storm-relative
environmental helicity, thereby supporting both heavy rain in the vicinity of Valencia on mainland Spain and
on lbiza in the Balearic Islands, as well as a tornado at Menorca in the Balearic Islands on 7-9 October 1992.
The second case involved a slow-moving cyclone that destabilized the stratification and produced several days
of heavy precipitation over the period 31 January—6 February 1993. In the third case, in the Italian Piedmont
region on 5-6 November 1994, the heavy precipitation included a nonconvective component, with moist but
relatively stable air impinging on steep terrain gradients.

A set of basic diagnostic tools is applied to the cases, and it is shown that anything but a superficial diagnosis
of each case requires flexibility in selecting diagnostic tools. The ways by which heavy precipitation is created
can vary substantially from case to case and in different parts of the world; however, there is a common thread.
Heavy precipitation is the result of moist, low-level air ascending rapidly, so any diagnosis aimed at forecasting
heavy precipitation needs to address the following: vertical motion, static stability, moisture supply, and oro-
graphic effects (when appropriate). Forecasting implications of the cases are discussed, with the emphasis on
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considering these physically relevant processes.

1. Introduction

Heavy precipitation has the potential to become haz-
ardous virtually anywhere in the world, as witnessed by
killer flash flood events recently in such diverse loca-
tions as mainland Spain (late November 1995 and again
in November 1996), South Africa (January/February
1996), and North K orea (September 1995). Itisarguably
the most ubiquitous of hazardous weather phenomena,
a potential weather disaster across most of the world’s
populated regions. Any investigation of the processes
by which heavy precipitation occurs can be of value to
weather forecasters, provided the study focuses on the
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physical processes giving rise to the intense precipi-
tation.

This study considers three cases selected from the set
of five ANOMALIA Project! events selected by all the
ANOMALIA participants as primary cases of particular
interest in the western Mediterranean (out of a group of

L ANOMALIA'snameis derived from the Spanish word for ** anom-
aly;” and its stated primary scientific objective is ‘‘to increase the
degree of understanding of the non-linear interaction processes taking
place as a consequence of the close proximity of mountains and sea
that characterizes the western Mediterranean area.. . . .”” The ultimate
goal of the project is‘“an improvement of meteorol ogical models and,
as a consequence, of short-range weather forecasts of mesoscale sys-
tems that cause severe storms and floods.”” The project was a col-
laborative effort among several nations of the European Union and
officially ended in spring of 1997. The design and objectives of the
ANOMALIA project are described in an unpublished contract agree-
ment for the project between the participating institutions and the
European Community (EC).
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Fic. 1. Map of the western Mediterranean region, showing major
topographic features by means of terrain contours (interval 300 m,
starting at 100 m), names of locations mentioned in the text, and the
lines AB and CD, which depict cross sections discussed in the text.

roughly 20 candidate events). These three cases were
chosen for study because they involved diverse heavy
precipitation events in the western Mediterranean.

The western portion of the Mediterranean Sea (Fig.
1) is that area enclosed by Spain, France, Corsica, Sar-
dinia, northwestern Italy, Africa, and lands nearby (Me-
teorological Office 1962). This region frequently is af-
fected by heavy convective rain, especially during au-
tumn. Along the Spanish Mediterranean coast there are
many examples of high precipitation rates; for examples,
see Garcia-Dana et a. (1982), Benet (1986), Font
(1983), Fernandez et al. (1995), and Ramiset al. (1995).
Riosalido (1990) has shown that most of the heavy rain-
fall events in the western Mediterranean region can be
attributed to mesoscale convective systems, although
they typically arerelatively small in size and practically
never fulfill the criteriafor amesoscal e convective com-
plex given by Maddox (1980). The majority of heavy
rainfall in the region is convective in character, but con-
vection is not dominant in every case, as we shall show.

The western Mediterranean area has unique geo-
graphical aspects that can dominate local weather
events. Figure 1 shows several topographic features of
interest, as well as providing locations of specific sites
mentioned in this paper. Notable among the topographic
features are the Mediterranean Seaitself and theregion’s
orography, including the Atlas Mountains of north-
western Africa, several mountain ranges in mainland
Spain (e.g., Sistema Ibérico and Sistema Penibético),
the Pyrenees, and the western portion of the Alps. These
topographic features play a large role in the structure
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and evolution of the weather systems associated with
heavy precipitation.

This paper explores three of the ANOMALIA cases
with the intent to provide overview descriptions of the
events for weather forecasters in the western Mediter-
ranean. We also hope to use these examples to dem-
onstrate the application of some basic principles for di-
agnosis of threatening weather situations anywhere in
the world, particularly those involving severe storms
and heavy precipitation. The approach focuses on syn-
optic-scale processes and parameters most directly and
unambiguously related to the occurrence of heavy pre-
cipitation. Mesoscal e details are not resolved in the data
but can sometimes be inferred from a knowledge of the
interaction between synoptic-scale processes and the to-
pography. The diagnostic concept used has been de-
veloped at some length in Doswell et al. (1996) and is
consistent with previous studies of heavy precipitation
in the western Mediterranean region (see, e.g., Ramis
et al. 1994).

In section 2 of this paper, we describe the data used
for diagnosing events, as well as the diagnostic tools to
be employed in this work. Section 3 reviews the syn-
optic situation for each event, with the intent being to
emphasize both the similarities and the differences
among the three cases. The focus is on those processes
that we believe contributed to heavy precipitation as
reveal ed by the diagnoses. Section 4 concludesthe paper
with adiscussion based on our interpretation of the three
cases, emphasizing the possible forecasting implica-
tions.

2. Data and diagnostic methodology

Most of the data used in this analysis are from the
European Centre for Medium-Range Weather Forecasts
(hereinafter ECMWEF). The data are provided on a0.75°
latitude—longitude grid at standard pressure levels.
These gridded data are the initial fields used in the
ECMWF numerical model forecasts.? Since these data
are specified on agrid at afixed number of levels, some
smoothing of the details contained in the original data
is expected. An example of the relationship between the
raw observations and the gridded data is shown in Fig.
2, for the sounding site at Palma de Mallorca in the
Balearic Isles (see Fig. 1) at 1200 UTC 8 October 1992.
The original data contain considerably more detail in
the vertical, as might be expected, in comparison to the
limited number of levels in the model, but the gridded
data appear to be broadly similar to the observations.
What these data are suited for is diagnosis of the syn-

2 The basics of the data assimilation scheme are described in Hol-
lingsworth et al. (1986) but the details change over time, as noted
by Trenberth and Olson (1988). It employs a so-called optimal in-
terpolation of the new observational data, using a recent forecast as
the initial guess.
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Fic. 2. Comparison of the vertical atmospheric structure deduced
from radiosonde ascent (solid lines) in Palma (Baearic Islands), and
the nearest grid point to Palma from the ECMWF data (dashed lines)
at 1200 UTC 8 October 1992: (a) temperature and dewpoint, (b)
hodograph, with labels indicating pressure levels.

optic-scale aspects of each situation, and that capability
matches our interests in this study.

There are at least two major advantages to using these
as our primary data. First, the data have been defined
on a computational grid, thereby removing the need to
do additional ‘‘ objective analysis’ in order to carry out
diagnostic computations. Second, over the data-void
regions (notably, over the Mediterranean Sea), combin-
ing a forecast model’s ‘‘first guess” with the limited
observations provides a reasonable estimate of the field
values, whereas an analysis based only on the raw ob-
servations would necessarily have problemsin any data-
sparse regions (Buzzi et al. 1991).
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Observed rainfall datafor the first two cases are from
the Instituto Nacional de Meteorologia of Spain (INM);
in the third case, rainfall observations were provided by
Institute of Physics and Chemistry of the Lower and
Upper Atmosphere (FISBAT) in Bologna, Italy. An ex-
ample of the spatial density of the rainfall observations
in Spain is given in Fig. 3. In Spain, these observations
areonly available as 24-h totals, and so it is not possible
to determine from them at what time within the 24-h
period the rainfalls were concentrated. This poses a dif-
ficulty for our synoptic-scale overviewsonly in our sec-
ond case, in Spain, because the rainfall apparently over-
laps the time separating 24-h totals. For the third case
in Italy, athough hourly data are available, the 24-h
totals have been deemed sufficient for our overview
purposes.

What is required for deep, moist convection is the
existence of sufficient moisture and steep enough lapse
rates for low-level parcelsto become buoyant when lift-
ed. The diagnosis emphasizes the spatial and temporal
distribution of the mechanisms that at synoptic scales
favor the development of convection. Caracena and
Fritsch (1983) and Doswell (1987), among others, point
out that the identification of upward motion areas at
synoptic scale using quasigeostrophic theory can pro-
vide important guidance in determining development
zones of convective storms. Also, Barnes (1985) and
Durran and Snellman (1987) show that the analysis of
guasigeostrophic forcing of vertical motion can provide
short-term guidance for the prediction of convective
events.

The right-hand side of the w equation (denoted by
FQ) has been calculated on isobaric surfaces using a Q-
vector formulation (see Hoskins and Pedder 1980):

FQ = —ZEV-Q.

The Q vector is given by
Q = VV, VT,

where R is the dry air constant, p the pressure, V, the
geostrophic wind, and T the temperature. The quanti-
tative response to the forcing term (i.e., w) requires
solution of the w equation (an elliptic partial differentia
equation), and is dependent on the static stability (weak
stability implies a greater response to a given amount
of forcing than when the stability is large) and the
boundary conditions chosen. Durran and Snellman
(1987) provide an excellent physical discussion of the
relationship between quasigeostrophic » and FQ, sug-
gesting that FQ and » need not coincide exactly. When
FQ has some vertical consistency, however, it is plau-
sible to assume a broad qualitative correspondence be-
tween FQ and w.

Surface moisture flux convergence combines two of
the three ingredients for deep, moist convection by iden-
tifying subsynoptic-scale regions (i.e., identifiable in
surface data) of upward motion in the presence of low-
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Fic. 3. Rainfall observation sites (crosses) available in the Valencia
and Murciaregions of Spain (seeinset for location). This distribution
of sitesis typical of the western Mediterranean region.

—

FiG. 4. Accumulated 24-h rainfall in mm, for the period from 0700
UTC 8 October 1992 to 0700 UTC 9 October 1992: (a) Valencia and
Murciaregions (seeinset from Fig. 3), (b) Balearic Islands (seeinset).
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Fic. 5. Meteorological situation at 1200 UTC 8 October 1992 from ECMWF data: () 1000, (b) 850, (c) 500, and (d) 300 hPa. Isohypses
(dam) and isotherms (°C) for (@), (b), and (c); isohypses and wind vectors for (d). Arrow in the upper-right corner of (d) represents 50

ms,

level moisture (Barnes and Newton 1986). As noted in
Doswell et al. (1996), heavy rainfall requires the rapid
ascent of moist air, and low-level moisture convergence
has demonstrated its utility in diagnosing subsynoptic-
scale regions favoring convection for just this reason.
The water vapor flux divergence is calculated using

P
f [ van®
Po g

where q is the specific humidity, p, is 1000 hPa, and V
is the horizontal wind. In most cases, the contribution
to F,, from the divergence dominates the advective con-
tribution. Therefore, computation of F,, is sensitive to
the normal difficulties in calculating horizontal diver-
gence of the wind.

We have diagnosed equivalent potential temperature
(6,), calculated using Bolton's (1980) formul a; thisvari-
able combines temperature and humidity into a single

measure that determines which moist adiabat a parcel
will ascend, using parcel theory. In some cases, it is
useful to consider moisture and static stability sepa-
rately, however. Mixing ratio r isawidely used measure
of low-level moisture content. For static stability, asim-
ple measure is found by taking the temperature differ-
ence between 850 and 500 hPa, and dividing by the
thickness of the layer.

We also consider the convective available potential
energy (CAPE) as another measure of potential buoy-
ancy. By using the vertical gridpoint stack at each grid
point as a sounding, CAPE has been calculated using
the expression (Weisman and Klemp 1986)

EL 5
CAPE = g f (u) dz
LFC 9

where 6 is the potential temperature of the rising parcel,
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Fic. 6. Meteosat infrared (IR) images on 8 October 1992 at (a) 0500, (b) 1000, (c) 1500, and (d) 2000 UTC.



Fic. 7. Quasigeostrophic vertical forcing, FQ (solid lines upward,
dashed lines downward), at 1200 UTC 8 October 1992 (&) at 850 and
(b) at 500 hPa; isopleth interval is 8 X 107 m kg s*.

6 is the potential temperature of the environment, and
LFC and EL are, respectively, the level of free convec-
tion and the equilibrium level for the rising parcel. The
parcel used in the calculations is the surface parcel,
which in the western Mediterranean region is almost
always the most buoyant parcel in the sounding (Tuduri
and Ramis 1997).

For this study, we also consider the storm-relative
helicity of the environment. Strictly speaking, storm-
relative helicity (SRH) is not a necessary factor in pro-
duction of heavy rainfall, being more closely associated
with tornadoes and supercell convection than rainfall.
However, as noted by Doswell (1994), supercells are
occasionally quite capable of producing heavy precip-
itation. The diagnosis of SRH is included in this study
since it appears that one of our cases involved super-
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Fic. 8. Divergence (solid lines) and convergence (dashed lines) of
water vapor flux in the layer 1000—850 hPa at 1200 UTC 8 October
1992; the isopleth interval is 20 g m=2 s,

cells. Therefore, SRH has been cal culated using the ex-
pression (Davies-Jones et al. 1990)
% VvV
SRH = —J k X (V- C)—dz

o iz
where C is the storm velocity and z, is 3000 m. Aswith
CAPE, the vertical stack of gridded data at each grid
point in the horizontal has been treated as if it were a
sounding.

In order to address some issues related to the oro-

graphic effects on the flow, we have calculated a Froude
number, Fr, defined by

Y

Nh’

from the data; U is the wind speed averaged over the
1000-, 925-, and 850-hPalevels; N isthe Brunt—Véisaa
frequency calculated from the temperature difference
between 1000 and 850 hPa; and the characteristic height
h is found from the local orography. Also, we have
calculated the component of the flow normal to the ter-
rain,

Fr=

V,=V.Vz

where Z is the terrain height; positive values indicate
upslope flow. When multiplied by the specific humidity
g, this yields the moisture flux associated with flow
normal to the terrain.

Finally, we have used a mesoscale numerical simu-
lation model to assist with our diagnosis. The basic
aspects of the model are described in detail in Nickerson
et al. (1986); the version we used was the same as used
in Romero et al. (1997), which is a modification of the
version used in Ramis and Romero (1995). It is a hy-
drostatic, primitive equation nested-grid model, with a
terrain-following vertical coordinate. Grid spacinginthe
model is 20 km in the horizontal and uses 30 levelsin



MARCH 1998

FiG. 9. Spatial distribution of (a) CAPE and (b) SRH at 1200 UTC
8 October 1992. The isopleth interval for CAPE is500 Jkg—* starting
at 250 J kg~*; for SRH, the interval is 100 m? s2.

the vertical, with enhanced resolution in the planetary
boundary layer. Initial and lateral boundary conditions
(the latter are variable in time) are provided from the
ECMWF model grids. The model is initialized on the
mesoscale model grid from the relatively coarse
ECMWF gridpoint values via a successive-corrections
objective analysis (Pedder 1993), and the analyzed fields
are subjected to a mass wind balancing before being
used in the model. Convection is parameterized using
the scheme devel oped by Emanuel (1991); details of the
other physical parameterizations can be found in the
references.

3. Synoptic structures and diagnosis

By looking only at the midtroposphere and near the
surface, it might be possible to assert that most heavy
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precipitation events in the Mediterranean have basically
similar synoptic patterns. For example, Garcia-Dana et
al. (1982), Llasat (1987), and Ramiset al. (1994) present
case studies for situations in the western Mediterranean
region that are characterized at low levels by an anti-
cyclone located in the center of the European continent
and alow to the west or southwest of Spain. This pattern
produces advection of warm, humid air somewhere over
the western Mediterranean. At midtropospheric levels,
a trough (sometimes a cutoff low) is observed ap-
proaching the western Mediterranean region from the
west on the day of the event, while a ridge dominates
the eastern part of the western Mediterranean.

Our three cases certainly share these superficially
similar synoptic structures, at least on the days when
heavy precipitation occurred. However, as we shall see,
the differences among the situations are much more im-
portant than the similarities. An important part of our
motivation for considering these particular three cases
is derived from their selection as ANOMALIA cases
rather than any perceived synoptic similarities.

a. ‘“Menorca’ case

This case occurred on 7-9 October 1992 and pro-
duced heavy precipitation over the Valencia region of
mainland Spain and over the Balearic Isles. Somewhat
atypical, however, is the occurrence of a significant tor-
nado® on Menorca (one of the Balearic Islands) at about
2000 UTC on 8 October. The 24-h precipitation col-
lected during 8 October in the Valencia and Murcia
regions, as well as the Balearic Isles, is shown in Fig.
4. We call this the “Menorca’ case among the AN-
OMALIA events for rather obvious reasons.

As can be seen in Fig. 5a, the situation at 1200 UTC
8 October is characterized near the surface by low pres-
sure to the southwest of the Iberian Peninsula, as well
as alow over the southern portion of the western Med-
iterranean Sea. Warm thermal advection over the seais
very strong at 850 hPa (Fig. 5b) in the vicinity of the
Balearic Isles. At mid- (500 hPa; Fig. 5¢) and upper-
(300 hPa; Fig. 5d) tropospheric levels, a dominant cy-
cloneislocated near the coast of Portugal, with anotable
shortwave trough embedded in the circulation extending
from the cyclone into northern Africa

Convection developsinitially in the southern portions
of the western Mediterranean Sea around 0500 UTC 8
October. Figure 6a shows two convective systems that
develop simultaneously over the sea, onenear Andalucia
(the ““ southern storm) and the other near Valencia (the
“northern” storm). The southern storm moves to the
northeast but the other remains nearly stationary (cf.
Fig. 6a with Fig. 6b). This differential movement pro-

3 The tornado was rated F2 on the Fujita scale according to M.
Gaya (1996, personal communication) of the INM in Palma, who did
the poststorm survey.
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duces merger with the northern storm around 1400 UTC,
as shown in Fig. 6¢. The combined convective system
moves to the northeast, passing over Menorca in the
Balearic Islands when the tornado occurred, near the
time of Fig. 6d. After the merger, the system is still
ongoing as late as 0600 UTC 9 October (i.e., more than
24 h after initiation), on the French coast.

At low levels, quasigeostrophic forcing for upward
motion (FQ) is relatively strong in the vicinity of the
Balearics (Fig. 7a), but in the midtroposphere the high-
est values are to the southwest of the Iberian peninsula
(Fig. 7b). The structure shown in Fig. 7ais consistent
from 1000 through 700 hPa (not shown), although it
weakens significantly at 700 hPa; the pattern changes
substantially between 700 and 500 hPa. Since the con-
vection develops over the Mediterranean Sea near the
Balearics where the low-level FQ was favorable, the
dominant contribution to FQ overall for the deep con-
vection with this event is apparently associated with

Fic. 10. Meteosat water vapor channel images on 8 October
1992 at (a) 0600, (b) 1200, and (c) 1800 UTC.

warm advection at low levels, like the cases shown by
Maddox and Doswell (1982).

Water vapor flux divergence in the layer between
1000 and 850 hPa exhibits a convergent area from An-
dalucia to Catalonia, more or less covering the eastern
Spanish coast, with the highest values over the sea close
to the Valenciaregion (Fig. 8). Warm, humid air is over
the sea to the southeast of the Balearic Islands, but
CAPE is concentrated in the southern portion of the
western Mediterranean (Fig. 9). The development of the
convective systems takes place along the boundary of
the region of most unstable stratification, where the
CAPE distribution overlaps the low-level water vapor
flux convergence region.

We have used the gridded data to estimate the sound-
ings and hodographs in the vicinity of the two systems
near their initiation time at about 0500 UTC. The south-
ern storm developed where ground-relative helicity
[equivalent to geostrophic thermal advection, as shown
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by Tuduri and Ramis (1997)] was higher than in the
environment of the northern storm, and neither storm
is apparently in a region of particularly high CAPE,
according to the analysis. However, if we consider a
sequence of water vapor channel Meteosat images (Fig.
10), it can be seen that adry intrusion is associated with
the devel opment of the southern storm. Theleading edge
of thedry intrusion is roughly coincident with the short-
wave trough shown earlier (cf. Fig. 5d). The trough
remains linked with the southern storm and, later, with
the convective system resulting from the ““merger” of
the two separate convective systems. Note also that the
northern storm, the one producing the heavy precipi-
tation, developed and remained in the moist air ahead
of the dry intrusion prior to its merger with the southern
storm.

The development of atornado is evidence of the pos-
sible supercellular character of the convection, but not
all tornadoes come from supercells. It is known that
supercells develop in environments exhibiting at least
some CAPE and SRH values on the order of 150 m?
s 2 (Davies-Joneset al. 1990). We haveinvestigated this
possibility by using the spatial and temporal distribution
of CAPE and SRH from the gridded data provided by
the ECMWE The storm motion used in finding the SRH
(Fig. 9) isfor the southern convective system, estimated
to be from 220° at 17 m s~*. This motion has been used
since it is the motion that persists after the **merger”
with the northern storm and hence is characteristic of
the storm motion over an extended period. High SRH
values can be seen in the vicinity of the Balearic Isles,
in the vicinity of both convective systems. Although we
have no data capable of giving an unambiguous con-
firmation that the storm was indeed a supercell, that
hypothesisiis at least consistent with the available data.
The SRH distribution at the time of storm devel opment
(not shown) has peak values over the sea near where
the southern storm developed. This SRH feature moves
to the northeast, following the southern storm, and con-
tinues to follow the convective system after merger.

For this case, heavy precipitation [exceeding 100 mm
(3.9 in)] is observed on the island of Ibiza (cf. Fig. 4)
in the Balearics, although precipitation in Valenciadoes
not quite reach 100 mm. Figure 6 shows that the quasi-
stationary northern system remains mostly offshore
throughout its evolution; Valencia may have only nar-
rowly escaped a much more intense rainfall event. With
easterly flow at low levels, perhaps enhanced by stable
but moist outflow from the convective system, oro-
graphic enhancement of the rainfall (as noted in the
Algeria case, the discussion of which follows) is a pos-

-

Fic. 11. Accumulated 24-h rainfall (mm) in Valencia, Murcia, and
Andalucia regions (a) for the period 0700 UTC 1 February—0700
UTC 2 February 1993 (inset shows location of the area shown), and
(b) for the period 0700 UTC 2 February—0700 UTC 3 February 1993.
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Fic. 12. Asin Fig. 5 except for 0000 UTC 2 February 1993.

sible contributor to the moderately heavy rainfals in
Valencia. Given that the offshore air being lifted by the
terrain in Vaenciais only weakly unstable, it does not
develop into deep convective cells (as observed) but
might well produce significant rainfall when forced up-
ward by orography [as in the Alaska case described by
Doswell et al. (1996)].

On lbiza, however, the heavy precipitation is asso-
ciated with the quasistationary northern convective sys-
tem, prior to its merger with the southern system. The
Palma sounding (cf. Fig. 2) shows high humidity
through most of the troposphere, indirect evidence for
a high precipitation efficiency. By 1800 UTC, the com-
bined convective system is over Mallorca, producing
only moderate precipitation totals there. This system
goes on to produce the tornado about 2 h later over
western Menorca, accompanied by relatively light pre-
cipitation (about 10-mm maximum values recorded).
The tornadic storm’s minimal precipitation could have

been associated with the intrusion of dry air aloft (as
discussed above), which can alter astorm’s precipitation
efficiency. The storm aso moves through Menorcarel-
atively rapidly, limiting its precipitation potential by
reducing the duration of the rainfall. Occasionally, su-
percells pose a heavy precipitation threat (see Doswell
1994), but the Menorca tornadic storm does not appear
to be such a case.

b. ““Algeria” case

Although this event also occurs downstream of amid-
tropospheric trough, the synoptic situation is quite dif-
ferent from the previous one. Precipitation occurs over
an extended period (31 January—6 February 1993) dur-
ing this case, with particularly heavy 24-h rainfall totals
on 1 February in Valencia and Andalucia and on 2 Feb-
ruary in Valencia. Figure 11 shows the amounts and
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Fic. 13. Meteosat IR images at (a) 1200 UTC 1 February 1993
(b) 2000 UTC 1 February 1993, (c) 0400 UTC 2 February 1993, and
(d) 1200 UTC 2 February 1993.

distribution of rainfall for the indicated regions and
days.

This situation is somewhat unusual in that it occurred
during the heart of winter, whereas most heavy rainfalls
in the region happen during the months of October and
November (Font 1983). The synoptic situation was ba-
sically stagnant during the period, with embedded me-
soscale structures that controlled the timing and location
of the heavy precipitation, as we will show in the next
section.

Figure 12 shows the basic synoptic situation at 0000
UTC 2 February 1993. A low-level cyclone can be seen
(Fig. 12a) in Algeria through much of the period. This
low-level cyclone plays an important role in the event;
thus, our name for the case. Whereas the midtropos-
pheric cyclone of relevance for the Menorca case was
moving, the large-scale structure remains amost sta-
tionary throughout the period in this case, with the ap-
parent center of circulation located south of the Iberian
peninsula. The slow movement is associated with sub-
stantially diminished low-level thermal advectioninthis
case, in comparison to the Menorca case.

The mid- and upper-tropospheric views of the cyclone
exhibit a double structure (Figs. 12c,d). Unfortunately,
the diagnosis of subsynoptic-scale features is not com-
pletely reliable; these data simply are too coarse and the
systems are located in data-sparse regions where it is
not possible to be confident of the analysis (see Doswell
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FiG. 14. Spatial distribution of 6, (°C) at 1000-hPa surface at 0000
UTC 2 February 1993.

and Caracena 1988). Subsynoptic features can be seen
in animated loops of satellite images, but the quanti-
tative aspects of such structures are too uncertain to be
used in this overview.

The satellite image sequence of Fig. 13 is represen-
tative of the event producing the precipitation observed
for 1 and 2 February. Note that precipitation totalsfrom
the cooperative observations used in our rainfall anal-
yses (Fig. 11) are valid from 0700 UTC on one day to
0700 UTC the next. Hence, the totals for ** 1 February”
include any amounts falling between 0000 and 0700
UTC on 2 February. As can be observed in Fig. 13, it
appears that considerable convection develops in the
Valencia region before the 0700 UTC reporting time
and continues well beyond that time. Thisisunfortunate,
since at least some of the precipitation total for 2 Feb-
ruary in Valencia probably includes a continuation of
therainfall that produced the large valueson 1 February.
Because virtually all of the rainfall observations are 24-

FiG. 15. Spatial distribution of CAPE at 0000 UTC 2 February
1993; isopleth interval is 100 J kg—*, starting at 250 J kg—*.
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FiG. 16. (a) Cross sections at 0600 UTC 2 February 1993: (a) along
the line AB and (b) along the line CD indicated in Fig. 1. Solid lines
represent potential temperature (°C) and dashed lines represent rel-
ative humidity (percent).

h totals and because there is no available archive of
radar data that could be used to estimate rainfal, there
is no simple practical solution to this problem.

Figure 13a also reveals that the precipitation in An-
dalucia is associated with a substantial convective sys-
tem along a line of enhanced cloudiness that may be a
reflection of a subsynoptic-scaletrough oriented roughly
northwest—southeast. Note the small cloud feature in
Valencia at this time; it is unclear from available data

FiG. 17. Asin Fig. 7 except for 0000 UTC 2 February 1993.

how much (if any) precipitation occurs with thisfeature.
Animated satellite image loops suggest it is anvil debris
from a series of small, warm-topped convective clouds
forming offshore. The cloud line seen with the Andal-
ucia convection is moving northward and may play a
role in the development of the convection seen in Figs.
13c,d that produces the heavy rains in Vaencia.

Convective development occurs near the axis of max-
imum 6, at low levels (Fig. 14), unlike the Menorca case
where convection developed on the boundary of the
high 6, air. There is not much CAPE available (Fig. 15)
along the 0, boundary; instead, what modest CAPE* that
exists is associated with the highest 6, available.

A feature of considerable interest during this episode

“Note that CAPE of 250 J kg~ supports a pure parcel theory
maximum updraft exceeding 20 m s*.
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TIME = 06.00 UTC
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Fic. 18. Cross section along AB (see Fig. 1) of model predicted
vertical velocity at 0600 UTC 2 February 1993; the isopleth interval
is 2 cm s~ and solid lines indicate upward motion. The distance AB
is 1800 km, so the width of the “‘plume” is about 150-200 km.

isrevealed by two cross sections (the locations of which
areindicated in Fig. 1). Along the eastern coast of main-
land Spain, a deep vertical column of enhanced relative
humidity with relatively dry air on either side persists
for daysaong cross section AB (Fig. 16a). The potential

TIME = 06.00 UTC
MODEL~PREDICTED UPSLOPE FLOW AT LOW LEVELS (930202)
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Fic. 19. Model-predicted upslope flow at the lowest atmospheric
level corresponding to 0600 UTC 2 February 1993; the isopleth in-
terval is 1 cm s and solid lines indicate upward motion.
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FiG. 20. Upslope moisture flux, qV,, at 0000 UTC 2 February 1993;
isopleth interval 0.2 g kgt cm s, starting at 0.2 g kg=* cm s™2.

temperature distribution reveal s by the spacing between
isentropes that the plumeisalso in aregion of low static
stability. Along CD (Fig. 16b), it can be seen that this
plume is concentrated along the southeastern Spanish
coast, roughly corresponding to the region receiving the
heavy rainfalls through the period 1-3 February. During
thisperiod, thereisatendency for the features of interest
to move slowly north-northeastward, such that at the
end of the episode, the precipitation is mainly in north-
ern Valencia and Catalonia.

1000 hPa WIND FIELD (93020200)
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Fic. 21. Wind field at 1000 hPa at 0000 UTC 2 February 1993
from ECMWF data. The arrow in the upper-right corner represents
20mst
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The FQ for this event, shown in Fig. 17, does not
exhibit any obvious correlation to this persistent plume
of high humidity along the coast of Spain. Overall, the
nearly equivalent barotropic structure of the atmosphere
in middle levels provides little clear signal for large-
scale FQ. It is difficult to associate the plume of high
humidity with any features in the FQ field. What are its
origins?

Since we did mesoscal e numerical model simulations
of all our cases [results of the simulations are discussed
in Romero et a. (1998), hereafter RRADS], the model
forecasts have turned out to be hel pful for understanding
this event. Figure 18 reveals that the numerical simu-
lation produced a‘‘ plume’ of deep upward vertical mo-
tion that approximately coincides with the observed
plume of high relative humidity (cf. Fig. 16). The sim-
ulation seems to have captured many of the details of
the low-level flow (not shown), and it appears that the
plume is a reflection of sustained upward motion in-
duced by the interaction between the low-level flow and
the orography. This concept is validated when we com-
pare Figs. 19 and 20 with Fig. 11, showing areasonably
good comparison between the model-simulated upsiope
flow and the observed upslope moisture flux at low
levelswith the observed precipitation. Sincethe model’s
upward vertical motion peak is well above the terrain,
this suggests both a convective and an orographic com-
ponent in that vertical motion. The Froude number cal-
culation yields Fr = 1.81, indicating vigorous ascent is
possible and, presumably, enough lift to initiate buoyant
convection.

Flow fields at low levels are what one would expect
in this overall synoptic pattern, with easterlies imping-
ing on the coast of Spain, enhanced by the presence of
the ** Algerian” low-level cyclone (Fig. 21). Minor day-
to-day variations in the flow occur through the period.
It is known that orographically induced cyclones of the
sort seen at low levels in this case are important in
rainfall events of the region (e.g., Romero et al. 1997;
Ramis et al. 1994) and that the rainfall in Valencia is
strongly sensitive to the low-level flow direction Va-
lencia (R. Armengot 1997, personal communication). It
has been observed by forecasters there that slight vari-
ations in the flow at low levels can shift the focus of
orographically created rainfall to a different location or
can prevent it entirely (Fig. 22).

The day-to-day patterns of instability (not shown) re-
veal a slow increase in the CAPE values leading up to
the heavy rainfalls, as well as an increase in the areal
extent of the positive CAPE through the first half of the
period. Figure 23 shows that this is clearly associated

—

Fic. 22. (a) Asin Fig. 19 except at 1800 UTC 4 February 1993.
(b) Accumulated 24-h rainfall (mm) in Valencia, Murcia, and Cata-
lonia regions (inset shows locations) for the period from 0700 UTC
4 February to 0700 UTC 5 February 1993.
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FiG. 23. Lapserate (solid line) between 850 and 500 hPa and mixing
ratio (dashed line) at 1000 hPa at (a) 0000 UTC 2 February 1993
and (b) 0000 UTC 3 February 1993; isopleth interval for lapse rate
is 0.5 K km~*; for mixing ratio 1 g kg.

with a superposition of slowly increasing low-level
moisture with regions of increasing lower midtropos-
pheric lapse rates (cf. Fig. 15).

Although the synoptic pattern in this case indicates
that the likelihood of precipitation is relatively high
throughout the period, it is difficult to localize regions
of greatest threat in space and time. Much of the region
ahead of the nearly stationary synoptic cyclone is char-
acterized by weak quasigeostrophic forcing for upward
motion, so the day-to-day changes in the location of the
significant rainfalls do not seem to be related very clear-
ly to synoptic-scale processes. To some unknown extent,
the combination of the nearby modest FQ favoring up-
ward motion (cf. Fig. 17a) and the favorable low-level
moisture flow may have been sufficient to draw attention
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Fic. 24. Accumulated 24-h rainfall in mm, for the period from
0000 UTC 5 November to 0000 UTC 6 November 1994 in the Pied-
mont region and southeastern France (inset shows location).

to Valencia. However, the excessive rainfall was quite
confined in geographical extent, and synoptic-scale con-
cepts are not sufficient to anticipate these details.

The stagnant synoptic situation also allowed an ini-
tially dry and stable cool season air mass to be trans-
formed into one with modest CAPE, capable of sup-
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Fic. 25. Asin Fig. 5 except for 0000 UTC 5 November 1994.

porting a few isolated heavy convective cells at an un-
usual time of the year for such events. The continued
long fetch of easterly flow over arelatively warm ocean
moistened the low-level air during its passage over the
water and it was this moisture that produced the heavy
precipitation (this hypothesis is considered in more de-
tail in RRADS). However, precisely where and when
the precipitation would fall seems to have depended
sensitively on the interaction of that low-level flow with
the terrain. Each day’s heavy rain potential was high
somewhere along the eastern Spanish coast during this
persistent synoptic situation, but it appears that a very
precise and accurate forecast of the low-level flow
would have been necessary to obtain an accurate fore-
cast of the specific location(s) of each day’s heavy rain-
fall.

c. “Piedmont” case

This third event is quite interesting, because an im-
portant part of the rainfall appears to be predominantly
nonconvective. Although rainfall was not limited to
northwestern Italy, the majority of damage and casu-
alties [6400 billion lira® and about 65 deaths, according
to Lionetti (1996)] occurred there, in what is known as
the Piedmont region (Fig. 1). Hence, our name for the
case comes from this region. Maximum daily rainfall
amounts on 5 November 1994 (Fig. 24) exceed 200 mm
(7.9 in.) in the northwestern portion of the area, close

5 At the approximate exchange rate, this figure corresponds to about
$4 billion (U.S)).



MARCH 1998

Fic. 26. Spatial distribution of CAPE at 1200 UTC 5 November
1994; isopleth interval is 250 J kg1, starting at 250 J kg .

to the Alps. Another maximum in observed precipitation
can be seen near the Italian coast. The spatial extent of
the significant precipitation is much larger in this case
than in the previous ones.

As with the other cases, a midtropospheric, synoptic-
scale trough is present (Fig. 25) upstream from the pre-
cipitation area. Thistrough is also a mobile one like the
Menorca case, not stagnant, as with the Algeria case.
A cold front can be seen clearly at 850 hPa just to the
east of Balearic Isles at 0000 UTC 5 November. This
front is the western boundary of a region of moderate
CAPE (Fig. 26) at 1200 UTC 5 November, but the re-
gion of instability is primarily over Italy and the Med-
iterranean Sea westward from Sardinia to the Balearic
Isles, with another maximum in central France.

The evolution of the synoptic situation is illustrated
by the changes over 24 h from 0000 UTC 5 November
to 0000 UTC 6 November (Fig. 27). Frontal movement
isrelatively slow, such that by 0000 UTC 6 November,
the front is just east of the islands of Sardinia and Cor-
sica (Fig. 27b). During this period, a strong jet streak
moves through the base of the trough and the trough
overall is lifting out to the east-northeast. The zone of
synoptic-scale forcing in the middle and upper tropo-
sphere (Figs. 27 and 28) is well upstream of the Pied-
mont region during the day of 5 November, still only
approaching the coastline by 0000 UTC 6 November,
at which time the heavy rainfalls are essentially over.

Rather than explosive convective developments over
the Piedmont region, the satellite images (Fig. 29) in-
dicate alarge, indistinct cloud mass moving over north-
western Italy, connected to what are more obviously
convective storms over the Italian coastline and ex-
tending over Corsica and Sardinia. A secondary con-
vective band is still offshore by 0000 UTC 6 November.
The low-level flow to the east of the boundary over
Corsica and Sardiniais essentially southerly, providing
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a substantial upslope component over the foothills of
the Alpsin the Piedmont area (Fig. 30). Thus, it appears
that much of the rainfall is associated with upslope flow
of weakly stable, moist air. For this case, the Froude
number is much lower (Fr = 0.90) than in the Algeria
event, suggesting there might be some tendency for the
upsiope flow to be blocked by the terrain rather than
going over it. However, for a saturated |ayer, the effec-
tive stability may be somewhat less than for unsaturated
conditions; the satellite imagery showing considerable
cloudiness (cf. Fig. 29) suggests a nearly saturated en-
vironment. The low-level moisture values in the moist
air impinging on the Alps are significant, even if the
CAPE is modest (recall Fig. 26). Hence, as in a case of
heavy rainfall in the Kenai Peninsula of Alaska, pre-
sented in Doswell et al. (1996), the vertical motion as-
sociated with upslope flow appears to have been suf-
ficient to produce significant rainfall in spite of the rel-
ative stability of the moist air.

The FQ fields (Fig 28) derived from the synoptic
charts apparently are associated with the secondary con-
vective band, rather than with the heavy rainfall. Instead,
it seems that the rainfall inland is being generated by
orographic ascent; only the coastal precipitation and that
over Corsicaappear convective. Heavy precipitationdid
not fall within atime span of a few hours, asis typical
with a convective event. Rather, the rainfall persisted
much of the day on 5 November, with average rates of
perhaps 10—20 mm h=* (Lionetti 1996),° also indicating
the likelihood of a predominantly nonconvective nature
for thisevent. The heavy rainfall along the Alpine slopes
in the Piedmont region was forecast reasonably well by
a mesoscale numerical simulation model (as discussed
in RRADS), and the model’s precipitation over the re-
gion was not associated with the model’s convective
parameterization. This adds credence to the conclusion
that the precipitation on the Alpine slopes of the Pied-
mont region was not primarily convective in character.

4. Discussion and conclusions

This set of cases reveals a number of implications for
the meteorology of heavy precipitation in the western
Mediterranean region. Our diagnosis of the cases varies
from one event to the other because each event had
different aspects to be investigated. This underscores a
need to use physically relevant diagnostic parameters.
The all-important details associated with each caseforce
the diagnostician to have access to a flexible set of di-
agnostic tools and to be able to recognize what tools
are appropriate in any given situation. Our cases illus-
trate only some of the diagnostics that might be relevant

6 Additional (unpublished) materials on this case documenting the
precipitation can be found at the following World Wide Web site:
http://www.map.ethz.ch/NL2.
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Fic. 27. Asin Fig. 5 except for 0000 UTC 6 November 1994.

for a particular case (see Doswell et al. 1996 for further
discussion).

Heavy precipitation in the western Mediterranean re-
gion usually occurs in the autumn, since the Mediter-
ranean Sea surface temperatures are still high from the
summer heating while the onset of autumn increasesthe
chances for strong synoptic forcing. The structure of the
Menorca case is quite complex and some aspectsremain
unexplained, even after the fact, given the data and the
development of the convection over the data-poor
oceans. Of our three ANOMALIA cases, it is the one
most dominated by convection and, apparently, impor-
tant but unobserved mesoscale details. The magjor fea
ture associated with the event, the shortwave trough, is
not clearly depicted in the conventional upper-air charts,
a not-uncommon occurrence. Whereas the synoptic-

scale diagnosis gives pretty clear indications of the po-
tential for heavy precipitation and even reveals the pos-
sibility of supercells, the detailed evolution of the event,
notably the quasistationary storm that develops over the
seato the east of Valencia, is not easily explained. Ow-
ing to the relative proximity of the two convective sys-
tems, the differences between the northern and the
southern systems are a challenge to understand.

The Algeria case represents a different sort of chal-
lenge for forecasters. Since it is occurring at a time of
the year when heavy precipitation events are climato-
logically rare, forecasters need to remember that being
atypical is no protection against an event’s occurrence.
For this case, the stagnancy of the synoptic pattern is a
key element; this permitted the destabilization of the
low-level air mass over several days. Whereas Romero
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Fic. 28. Asin Fig. 7 except for at (a) 1200 UTC 5 November 1994, and (b) 0000 UTC 6 November 1994. Isopleth intervals vary but are
integer multiples of 8 X 107 m kgt s™*.

et al. (1997) have shown that on any given day, surface
fluxes of sensible and latent heat at times may not be
important for that day’s convective events, over aperiod
of several days such fluxes can be very important in
transforming the air mass. This airmass transformation,
in turn, allowed the potential for heavy precipitation.
However, the localization of the convection on each day
appears to have been the result of subtle day-to-day
shifts in the interaction between the low-level flow and
the orography. Forecasting this might be quite difficult,
and it is encouraging that the mesoscale numerical sim-
ulation experiments (RRADS) show some promise in
providing guidance to forecasters.

Finally, the Piedmont case exemplifies a situation that
forecasters in regions with complex terrain, like the
western Mediterranean region, need to be able to antic-

ipate: even nonconvective precipitation created by per-
sistent terrain-induced forced ascent can be dangerously
heavy. If ascent isviaforced rather than buoyant ascent,
the result still may be heavy precipitation. In this case,
both types of processes were operating at the sametime,
but in different geographical regions. The absence of
buoyant instability is no cause for complacency with
respect to heavy precipitation.

Like their counterparts elsewhere in the world, con-
vective storms in the western Mediterranean region re-
spond to changes in their environment. The Menorca
case, for example, suggests quite strongly that the dry
intrusion was a factor in changing the character of the
convection. Ahead of the dry air aloft, the storms were
slow moving and apparently had high precipitation ef-
ficiency (which is promoted in moist environments like
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Fic. 29. Meteosat IR images for (a) 0000 UTC 5 November 1994
and (b) 0000 UTC 6 November 1994.

that shown in Fig. 2, and reduced in dry environments),
judging by the observed rainfall amounts. In the vicinity
of the dry intrusion, the convection did not produce
heavy precipitation, but severe convective phenomena
occurred.

The Mediterranean Sea itself and the complex terrain
features surrounding it form a large topographic com-
ponent in all three of these ANOMALIA cases. In some
sense, the combination of strong synoptic-scale forcing
and the importance of topographic features make the
western Mediterranean region ideal for applications of
mesoscale numerical simulations. When the orography
induces mesoscale features (e.g., the ““Algerian” cy-
clone to the lee of the Atlas Mountains) that play arole
inan event, it isnot only possible for amesoscal e model
to anticipate such a development, but human forecasters
should also be aware of that potential and should learn
to account for it in their prognoses.

Heavy rainfall events are always difficult to forecast
because of the inherently quantitative nature of the pre-
diction. Predicting the occurrence of rain is easier than
predicting the amount of rain in any specific location
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Fic. 30. Asin Fig. 20 except for 1200 UTC 5 November 1994.

(Doswell et al. 1996). Nevertheless, it is expected of
forecasters that they should be able to provide useful
information about the potential for hazardous rainfall
events. Although virtually all documented heavy pre-
cipitation episodes in the region arise ahead of midtro-
pospheric troughs (e.g., Llasat 1987; Ramis et al. 1994),
our study indicates that important structural and evo-
lutionary differences exist among these events. Fore-
casters must take the task of diagnosis seriously if they
are to have much hope of anticipating events.

Although we have presented a case (the Piedmont
event) where some of the heavy rainfall occurred non-
convectively, such asituationisnot really representative
of most hazardous rainfalls in the western Mediterra-
nean.” Convection plays an important role in most such
events in the region, so forecasting the occurrence of
deep convection is a critical part of any precipitation
forecast. Because of this, it can be useful to try to an-
ticipate the development of CAPE prior to its actual
appearance on a diagnostic chart by following the pro-
gression of moisture and lapse rate separately. More-
over, by monitoring low-level moisture separately, the
potential for nonconvective heavy rainfall can be as-
sessed. Even when the ascent is orographically forced,
there till is a need for substantial moisture content in
the rising air.

In the Algeria case, it is noteworthy that the satellite
signatures associated with the case are much less im-
pressive for the early convection in Valencia than for

7 Nonconvective heavy rain occurs in other parts of the world (e.g.,
the west coast of the United States, New Zealand, etc.).
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the convection farther south. What is most relevant
about the convection that produces heavy rain is its
persistence, not itstop height or the size of its cold anvil
(see Doswell et al. 1996). For this case, the early con-
vection on 1 February may not have produced the heavi-
est rainfall, but antecedent precipitation often is afactor
in flash flood cases. This is by no means a new obser-
vation, but it is worth repeating: dangerous and impor-
tant convective storms are not always the ones with the
highest tops and the largest anvils. Just because a con-
vective storm is small and has awarmer top isno reason
to disregard it.

Clearly, three cases are not sufficient to make overly
broad generalizations. We hope eventually to be able to
develop a synoptic climatology of heavy precipitation
in the region, based on a much larger set of cases than
we have considered here. We want to know the fre-
quency with which heavy precipitation episodes match
the broad synoptic pattern that we have seen is common
to al three of our cases (and others documented in the
literature). A synoptic climatology might reveal other
“recipes’ for heavy precipitation than the three cases
we have described, thereby indicating other diagnostic
tools that might be needed.
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