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SUMMARY

During Intensive Observing Period (IOP) 2a of the Mesoscale Alpine Programme (MAP) a signi�cant
convective system developed in the Lago Maggiore area. Its evolution is simulated using the Meso-NH model
run over three nested domains with a 2 km horizontal resolution for the �nest grid. Model results are assessed by
comparing computed precipitation and model radar re�ectivities with observed parameters. A control simulation
initialized with European Centre for Medium-Range Weather Forecasts analyses and run with the standard
microphysical scheme of the model yields fairly realistic results. Neglecting the ice processes in the microphysical
scheme degrades the numerical results, whereas, signi�cant improvement is obtained when heavy rimed particles
are considered to be hail instead of graupel.
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1. INTRODUCTION

In recent years, substantial progress has been achieved in the �eld of numerical
weather modelling. Modern computer systems have provided the technical capacity for
developing �ne-grid models with resolutions as low as a few kilometres. Such high-
resolution models are currently under intensive testing in many research institutions and
foreshadow the next generation of operational weather-forecast systems.

At high resolution, convection is explicitly resolved, meaning that clouds and
precipitation are entirely represented through additional prognostic equations which
account for the microphysical and thermodynamical transformations associated with
water phase changes. Moreover, high resolution allows for a much more detailed
representation of the orographic forcing, known to play a major role at the mesoscale.
One major expectation from these new numerical tools is a better forecast of small-
scale meteorological phenomena such as thunderstorms, squall lines, or convective rain
bands, and a more reliable estimate of associated precipitation (Lilly 1990). However,
little experience has been gained so far in concluding to what extent such phenomena
are predictable.

To provide a database suited for the evaluation of high-resolution models was one
central objective of the Mesoscale Alpine Programme (MAP, Bougeault et al. 2001).
Within the two-month MAP �eld campaign, some 15 heavy-to-moderate precipitation
events were documented on the southern slopes of the Alps. Among them, the episode
observed on 17 September 1999 during the Intensive Observing Period (IOP) 2a was
not the most intense in terms of precipitation (70 mm) but was certainly the episode
during which convection developed the most, with cloud tops reaching 12 km and many
lightning impacts recorded at the ground. In real time, this precipitating event was badly
forecast even with the high-resolution Canadian model MC2 (Benoit et al. 1997; Benoit
et al. 2002) running with a 3 km resolution.
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This case was selected to evaluate the performance of the Meso-NH model, recently
developed in the French community. This model integrates a non-hydrostatic system
of equations, uses a two-way interactive grid-nesting technique, and includes a fairly
detailed representation of clouds and precipitation.

This paper presents the results of different numerical simulations aiming to identify
the strengths and weaknesses of this model. Available observations of the event are
described in section 2. The model characteristics and the numerical set-up are presented
in section 3. Section 4 is devoted to the analysis of the simulation results, whereas a
quantitative assessment of simulated precipitation is given in section 5. The �nal section
provides a conclusion and outlook.

2. OBSERVATIONS

(a) Synoptic situation

This section brie�y describes the meteorological situation of the event based
on the European Centre for Medium-Range Weather Forecasts (ECMWF) analyses.
The analysed mean sea-level pressure, surface wind, 500 hPa geopotential and wind are
presented in Fig. 1 for 17 September 1999 at 12 UTC. At the surface, a 982 hPa low is
located 15± west of Ireland, whereas, a secondary low (1004 hPa) stands over the Italian
peninsula and induces a rapid �ow (10 m s¡1) over the Adriatic Sea towards north-
western Italy. The 500 hPa chart shows a ridge extending from Hungaria to Scandinavia
and a trough from Ireland to western Spain. Notice in between, the presence of a short-
wave trough over southern France. As this feature progresses eastward, the atmosphere
over northern Italy is destabilized by upper-level cold and moist advection. This is quite
noticeable in the time evolution of the Milano sounding between 12 and 18 UTC (see
Fig. 2). At 18 UTC, the convective available potential energy (CAPE) is moderate, but the
vertical thermodynamical structure is now propitious for deep convective development.
The wind pro�le varies from a south-easterly �ow at low level to a south-westerly �ow
at 500 hPa. This feature is commonly observed for precipitation events in the Lago
Maggiore region (Houze et al. 2001).

(b) Radar observations

During the MAP �eld experiment, special efforts were devoted to obtaining radar
observations. At the scale of the Alpine massif, a radar composite combining the data
of operational radar networks from Austria, France, Germany and Switzerland was
routinely generated in quasi real time (Hagen 1999). The radar-derived precipitation
rates originating from the different operational weather services were re-mapped on
a common polar-stereographic grid (with a 2 km £ 2 km mesh) covering the whole
Alpine area. The four panels of Fig. 3 span 18 hours and depict the time evolution
of the precipitation pattern observed in the evening and early night of 17 September
1999. A wide band of north–south elongated precipitation developed ahead of the upper-
level trough, propagated eastward and was quite reinforced when crossing the Alps. At
21 UTC, precipitation rates in excess of 100 mm h¡1 were found over north-eastern Italy,
south of the Swiss Ticino.

A close-up look at the event can be obtained from the special radar network that
was set up for MAP in the Lago Maggiore region. During the MAP IOPs, this area was
monitored by a ground-basedDoppler-radar network composed of the American S-band
polarimetric radar S-Pol from the National Center for Atmospheric Research, the French
C-band research radar RONSARD, and the MeteoSwiss’s C-band operational radar
from Monte Lema in Ticino (see Fig. 5(b) for their location). These radars provided



Figure 1. Synoptic situation of 17 September 1999, 12 UTC as diagnosed by the ECMWF operational analysis.
(a) Mean sea-level pressure (contours every 2 hPa) and surface wind vectors. (b) 500 hPa geopotential height
(contours every 20 m) and wind vectors. The thick lines in (b) indicate the locations of the trough, ridge and

short-wave trough mentioned in the text.

a) b)

Figure 2. Milano soundings of 17 September 1999, (a) 12 and (b) 18 UTC.

dual-Doppler data allowing not only the mapping of the re�ectivity �eld but also the
retrieval of the three-dimensional wind �eld (Chong et al. 2000; Tabary 2002). Figure 4,
based upon this dataset, is focused over the Lago Maggiore area and presents the time
evolution of the radar re�ectivity �eld measured at 2000 m (all heights quoted are
above mean sea level), between 20 and 23 UTC, i.e. during the most intense phase
of the precipitating system. In the Lago Maggiore area, the system started in the late
afternoon. Around 17 UTC (not shown), isolated convective cells were initiated on the
Alpine slopes. Then between 19 and 20 UTC these cells merged into a well de�ned
convective line oriented north-east–south-west which then propagated south-eastward.
Later in the evening (21 UTC), further convection developed ahead of the initial line



Figure 3. Precipitation rate (mm h¡1) from the Alpine radar composite: time evolution from 17 September 1999,
15 UTC to 18 September 1999, 00 UTC. (This �gure can be seen in colour in the online version.)

making the system more complex and de�nitively three dimensional. It then continued
to propogate eastward and left the observation area after midnight. The maximum
intensities are around 50 dBZ with occasional local peaks above 60 dBZ in the most
active turrets.

3. NUMERICAL SIMULATIONS

(a) Model characteristics

The simulations were carried out with the three-dimensional non-hydrostatic model
Meso-NH developed jointly by Météo-France and Laboratoire d’Aérologie. The model
integrates a system of equations which is based upon the Lipps and Hemler (1982)
anelastic formulation. The equations are integrated in a system of curvilinear coordi-
nates with non-uniform grids: geographic conformal projections on the horizontal plane,
and a Gal-Chen and Sommerville (1975) vertical coordinate. For the spatial discretiza-
tion, a C-grid in the Arakawa and Mesinger (1976) terminology is used. The tempo-
ral scheme is a three-time-level leap-frog with a time �lter (Asselin 1972). The model
orography is derived from a high-resolution topographical dataset, averaged over each
grid mesh, and smoothed at 21x. Horizontal diffusion is introduced by a fourth-order
operator in all prognostic equations to damp the short numerical waves. Lateral bound-
aries are radiative or open boundary conditions. The top boundary is a rigid horizontal
lid associated with an absorbing layer to prevent the re�ection of gravity waves. More
details about the adiabatic formulation of the model can be found in Lafore et al. (1998).



Figure 4. Observed re�ectivity �eld (dBZ) on 17 September 1999 (20, 21, 22 and 23 UTC) at 2000 m in the
Lago Maggiore area. The solid lines are a rough representation of the political borders between France, Italy and
Switzerland. The locations of the Monte Lema, S-Pol and RONSARD radars are indicated by the letters L, S
and R, respectively. At each grid point, the re�ectivity is computed as the maximum re�ectivity from the three

radars.

The model contains a number of physical packages to reproduce the different
atmospheric processes. The parametrizations activated for performing our simulations
are: the ISBA surface scheme (Noilhan and Planton 1989), the one-and-a-half turbulent
scheme based on the physical mixing length of Bougeault and Lacarrère (1989), the
convection scheme (Bechtold et al. 2001) adapted from Kain and Fritsch (1993),
the radiative scheme used at ECMWF (Morcrette 1989), and a bulk mixed-phase
microphysical scheme (Pinty and Jabouille 1998).

(b) Numerical set-up

In order to simultaneously simulate the synoptic situation over western Europe,
the mesoscale forcing of the whole Alpine massif, and the detailed �ne-scale structure



Figure 5. (a) Geographical domains used for the nested simulation. The outer frame shows the 32 km grid mesh
domain and its topography, the location of the 8 km (2 km) grid mesh domain is indicated with thin (thick) lines.
(b) Topography (m) of the 2 km grid mesh domain, and locations of the three radars (R, S and L for RONSARD,

S-Pol and Monte Lema, respectively).

of the convective system, three levels of nesting were deemed necessary. The different
horizontal meshes were set to 32, 8 and 2 km. The three simulation domains are shown
in Fig. 5(a). The coarse-mesh model is large enough to capture the synoptic-scale
evolution. The 8 km mesh model comprises the entire Alpine massif, whereas, the 2 km
mesh domain is centred on the Lago Maggiore area. As can be seen from Fig. 5(b),
most of the Alpine valleys are fairly well resolved in the 2 km mesh. The vertical grid is
identical in all three domains. It has 50 levels with a mesh stretched between 60 m near
the ground and 600 m at the top of the model domain at a height of 20 km.

The model simulation starts at 12 UTC on 17 September 1999 and is integrated
for 12 hours with a two-way interactive grid nesting technique (Stein et al. 2000).
Initial conditions and boundary conditions of the outermost model are obtained by
interpolating the ECMWF operational analyses available every 6 hours. The physical
package is the same in the three domains except for the 2 km run where the convection
scheme was not activated.

Three experiments were performed and all of them were initialized and forced with
the ECMWF operational analyses. The control run (E1) makes use of the standard
microphysical scheme of the model which includes three categories of ice particles
(pristine ice, aggregates and graupel). The other two experiments aim to study the
sensitivity of the results to the microphysical scheme. Experiment E2 differs from
E1 by the fact that only warm microphysical processes are accounted for, whereas,
in experiment E3, the graupel characteristics are replaced by those of denser hail-
like particles. This latter experiment is motivated by S-Pol observations which reveal
the presence of signi�cant amounts of hail particles especially in the early stage of the
convective-line development (Tabary 2002).

Hereafter, only the results concerning the high-resolution simulations will be
presented.



Figure 6. Computed re�ectivity �elds (dBZ) for 17 September 1999 (20, 21, 22 and 23 UTC) at 2000 m in the
Lago Maggiore area: results of experiment E1 (see text).

4. RESULTS

(a) Control experiment

The results of the control experiment (E1) are shown in Fig. 6. To ease the
comparison with the observations, pseudo radar re�ectivities were computed from the
model microphysical �elds (see the appendix for details of the computation). To match
the effective resolution of the radar �elds, the model �elds were smoothed by applying
a Leise �lter (Leise 1981). The numerical results are presented using the same plotting
format as for the observations and Fig. 6 can be directly compared with Fig. 4. At
the beginning of the time sequence (20 UTC), the model appears somewhat late in
initiating strong convection. It underpredicts the width and intensity of the convective
line but captures its location quite well. The discrepancy in the spatial extent diminishes
with time but remains present throughout the whole time sequence. This is particularly
true in the north-eastern edge of the system. However, the eastwards displacement of



Figure 7. Computed wind �eld at 1000 m superimposed with the topography (m), and with the 30 dBZ contour
of the re�ectivity at 2000 m for 17 September 1999, 18 UTC (a), and 22 UTC (b). Notice that the vector scale is

different in the two frames.

the system is quite accurately reproduced by the model. Another point of agreement
between the computations and the observations is the shape modi�cation of the system
with a line pattern progressively evolving into a horseshoe-like pattern. Although this
is more obvious in the observations, there is clear indication in the model �elds (at 21
and 22 UTC) that a new convective area builds up east of 9± and ahead of the initial
convective line.

Figure 7 gives further insight into this evolution. It shows the computed wind �eld at
1000 m superpimposed on the topography. The location of the precipitation is recalled
by the 30 dBZ contour of the re�ectivity at 2000 m. In the early stage of the system
(Fig. 7(a), 18 UTC) convection occurs mainly through orographic lifting. The south-
eastern �ow originating from the Adriatic sea impinges the interior of the Alpine arch,
and a convective line forms parallel to the slope and perpendicular to the low-level
�ow. Four hours later (Fig. 7(b), 22 UTC), the line has moved eastward, partly because
of its own dynamics and thermodynamics but also partly because of the modi�cations
in the environment. The �ow originating from the Ligurian Sea has accelerated and
rotated eastward. Strong convergence now occurs between the Ligurian and the Adriatic
air streams and triggers additional convection. Three steps can be distinguished to
summarize the system evolution: a �rst stage in which the orographic lifting plays a
major role in assembling isolated cells into a convective line; a second stage during
which the line propagates eastwards; and a third stage during which it merges with new
convective cells triggered by the convergence of the Adriatic- and Ligurian-originating
�ows.

(b) Sensitivity to the microphysical scheme

On �ner-scale simulations, a larger fraction of the precipitation is explicitly re-
solved and increased accuracy in the microphysical scheme becomes essential. In par-
ticular, the importance of ice microphysics to the precipitation formation in convective
storms has been widely stressed in recent works (Chen and Cotton 1988; McCumber



TABLE 1. COEFFICIENTS USED IN THE MASS–DIAMETER

AND FALL VELOCITY–DIAMETER RELATIONSHIPS FOR THE

DIFFERENT TYPES OF HYDROMETEORS

Pristine ice Snow Graupel Hail Raindrop

a 0.82 0.02 19.6 470 524
b 2.5 1.9 2.8 3 3
c 800 5.1 124 207 842
d 1.00 0.27 0.66 0.64 0.8

These relationships are respectively given by m D aDb , and

v D cDd .½o=½/0:4 , where m is the mass, v is the fall velocity,
½ is the air density and ½o the air density at 1000 hPa.

et al. 1991; Caniaux et al. 1994; Chin 1994; Krueger et al. 1995; Yang and Houze 1995;
Bielli and Roux 1999).

The standard explicit microphysical scheme of the Meso-NH model accounts for
mixed-phase clouds and precipitation. The scheme predicts the mixing ratio of six
atmospheric water categories: water vapour, non-precipitating and precipitating liquid
water, non-precipitating ice, snow aggregates, and graupel. Precipitating particles are
assumed to be distributed according to generalized gamma functions. For each particle
type, mass–diameter and fall velocity–diameter relationships are expressed as power
laws that can easily be adapted to any speci�c type of hydrometeor (see Table 1).
Multiple interactions operating between the different water categories are accounted
for through the parametrization of some 35 microphysical processes (nucleation, water-
vapour deposition, riming, melting, sedimentation, : : : ).

Such a detailed microphysical scheme requires additional computing resources
which preclude its use in operational models. In most current operational models, no
more than two prognostic equations are devoted to the microphysics (Lopez 2002).
However, the question regarding the level of complexity required to accurately represent
cloud and precipitation (and their subsequent effect on the environment) is still open.
For instance, Ferrier (1994) or Walko et al. (1995) advocate considering four or even
�ve ice categories.

This question motivated our next two experiments. In experiment E2, all the clouds
and precipitation are assumed to be liquid, and only the warm microphysical processes
were considered. Due to the position of the freezing level (around 3 km), and the cloud-
top heights (reaching 12 km), this certainly is a very crude assumption (although it
drastically simpli�es the computations). Moving in the other direction, it is questionable
whether the standard Meso-NH microphysical scheme is suf�ciently sophisticated to
represent the evolution of the IOP 2a squall line. Tabary (2002) used the particle-type
identi�cation algorithm of Vivekanandan et al. (1999) to retrieve the microphysical
structure of the IOP 2a convective system. His study clearly shows that the main
re�ectivity cores were associated with a mixture of hail particles and graupel between
18 UTC and 20 UTC and dominantly hail after 20 UTC. The Meso-NH microphysical
scheme is not yet fully suited to handling the simultaneous presence of hail and graupel.
But to get a rough estimate of the potential impact of hail an additional experiment (E3)
was performed in which the graupel characteristics were replaced by those of denser
hail particles (see Table 1).

An example of the results obtained with experiments E2 and E3 is presented in
Fig. 8. Results are shown only at 20 and 22 UTC. In the case of E2, major differences
are the narrowing of the precipitating area, a slower eastward displacement, and a more
rapid decay of the system. Such an impact of the ice phase on convective squall lines has



Figure 8. Computed re�ectivity �elds (dBZ) for 17 September 1999 (20 and 22 UTC) at 2000 m in the Lago
Maggiore area: results of experiments E2 (left) and E3 (right). R, S and L as in Fig. 4.

been reported previously (e.g. in Caniaux et al. (1994), for a tropical squall line, or in
Stein et al. (2000), for the Vaison la Romaine 1992 �ash-�ood episode). It is a classical
consequence of the different aerodynamical properties of raindrops and ice particles.
Partially glaciated clouds experience a longer life cycle due to the larger residence
time of solid hydrometeors and to a different distribution of liquid precipitation (and
associated evaporative cooling).

The results obtained with experiment E3 do not depart much from the control
experiment but it should be noted that convection is slightly intensi�ed as well as
the propagation speed of the system. Compared with raindrops, hail particles are light
enough to be advected at the rear of the system where they fall into unsaturated regions
and partially evaporate, but they fall faster than graupel leading to a faster depletion of
ice inside the precipitating system.



Figure 9. Radar-derived precipitation (mm) accumulated over 12 h (from 17 September 1999, 12 UTC to 18
September 1999, 00 UTC) superimposed on the rain-gauge measurements (indicated by the squares) for the same
time period (a). Computed accumulated precipitation over the same 12 h period obtained with the three numerical

experiments E1 (b), E2 (c) and E3 (d).

(c) Precipitation �elds

One major challenge for numerical mesoscale models is of course to achieve
the best possible forecast/hindcast of the space and time precipitation distribution.
Surprisingly, this quantity, although being a surface meteorological parameter, is still
dif�cult to measure. High-resolution measurements provided by surface rain-gauges are
mostly available as daily precipitation sums only, which do not give enough information
on the time evolution. Furthermore, the density of the rain-gauge network is highly
variable in space and becomes coarser in mountainous areas. Therefore, radar products
offer an attractive and complementary alternative for model validation. Both time and
space resolutions of radar data are consistent with the ones of high-resolution models.

To assess the quality of our different precipitation simulations, both radar and rain-
gauge data were used. About 300 point measurements from the rain-gauge network



are included in the model domain but only one third provide hourly precipitation
data. The radar-derived accumulated precipitation was obtained by summing up the
precipitation rates of the Swiss radar composite (subset of the Alpine composite but
available every 5 min). The computation was made for the 12 h period corresponding to
the simulation integration for comparison with model results.

Figure 9(a) shows station measurements superimposed on the radar-derived �eld.
As expected, the maximum precipitation is found in the south-east quarter of the domain.
The rain-gauge density is comparatively weak in this area, but there are still a few
measurement points giving values between 50 and 60 mm, that are quite consistent
with the radar estimates. There is no major discrepancy between station measurements
and radar-derived values. We can, therefore, consider that the radar-derived �eld plotted
in Fig. 9(a) gives a reasonably reliable picture of the observed precipitation. It can be
compared with the precipitation obtained from our three numerical experiments, plotted
on the same �gure. Experiment E2 gives the most intense rainfall, but does not catch
the south-east spreading of the precipitating area. This feature is better captured in
experiments E1 and E3 which account for the ice phase. As already inferred from Figs. 6
and 8, ice particles contribute to sustain the convective system which has a longer life
cycle in E1 and E3 than in E2. The two experiments with the ice phase (E1 and E3)
produce fairly similar precipitation patterns but the precipitation intensity is signi�cantly
increased when graupel is replaced by hail particles.

5. QUANTITATIVE EVALUATION

The comparisons with the observations presented so far are still subjective. In order
to get a more quantitative and objective assessment of the model results, statistical
parameters were systematically computed between the available observations and the
different numerical datasets. On one hand, the evaluation is based on the accumulated
precipitation at the surface and, on the other hand, on the radar re�ectivities in the
four-dimensional space. For both, various statistical parameters were computed, such as
bias, standard deviation, correlation coef�cient, and also various skill scores based upon
contingency tables. These latter are supposed to be more informative in the case of semi-
bounded variables (like precipitation) for which correlation is not fully meaningful.
However, on the limited dataset we are working with, they appeared quite sensitive to
the number of points, and to the de�nition of the class limits. In the following, only the
correlation will be discussed, since no additional information was really derived from
the skill scores.

(a) Accumulated precipitation

For the precipitation evaluation, we used: (i) the rain-gauge measurements from 120
stations providing hourly rainfall, and (ii) the precipitation derived from the Swiss radar
composite (61 828 points in the domain, available every 5 min). An alternative would
be to use the precipitation derived from the research radar network (RONSARD, S-Pol
and Monte Lema) but these data are available only every 15 min. Some tests made with
the Swiss radar composite showed that the reliability of the accumulated precipitation
is really decreased when the computation is done by integrating the instantaneous
precipitation rates with a 15 min time interval instead of a 5 min one. Furthermore,
each radar of the operational network bene�ts from a long time history on which the



TABLE 2. CORRELATION COEFFICIENTS OF THE PRECIPITA-
TION DERIVED FROM THE ALPINE RADAR COMPOSITE AND

THE PRECIPITATION COMPUTED IN EXPERIMENTS E1 TO E3
WITH THE PRECIPITATION MEASURED WITH THE SURFACE

RAIN-GAUGES (120 POINTS IN THE DOMAIN)

Radar E1 E2 E3

Correlation coef�cient 0.69 0.32 0.07 0.34
Mean value over 12 h (mm) 11.3 9.1 8.1 9.9

The last line gives the mean value of each �eld and can be
compared with the mean value of the rain-gauge measurements
(10.3 mm).

TABLE 3. CORRELATION COEFFICIENTS BETWEEN

THE PRECIPITATION COMPUTED IN EXPERIMENTS

E1 TO E3 AND THE PRECIPITATION DERIVED FROM

THE ALPINE RADAR COMPOSITE (61 828 POINTS IN

THE DOMAIN)

E1 E2 E3

Correlation coef�cient 0.46 0.43 0.47
Mean value over 12 h (mm) 6.6 6.7 7.2

The last line gives the mean value of each �eld and can
be compared with the mean value of the radar-derived
�eld (11.6 mm).

calibration of the radar-derived precipitation rates¤ is based. For these different reasons,
it was considered that for surface rainfall the Swiss radar composite was more reliable
than the Lago Maggiore radar network.

Tables 2 and 3 summarize the statistical analysis. Table 2 compares both the radar
and model �elds with the rain-gauge measurements. Both �elds were interpolated at the
surface observation points.

On average, the radar-derived precipitation is higher (11.3 mm for the mean value
over the 120 points corresponding to the surface observations points, versus 10.3 mm for
the surface observations). The correlation with surface observations is not very strong
with a coef�cient of only 0.69, con�rming thereby the dif�culty of getting a true estimate
of the surface rainfall in mountainous areas. For the model �elds, the mean values
(ranging from 8.1 to 9.9 mm) are systematically below the mean rain-gauge value and
the correlation coef�cients (ranging from 0.07 to 0.34) are also signi�cantly weaker
compared with the radar one. If we assume that the rain-gauges give a representative
measurement of the surface rainfall, it should be concluded that the radar (model)
overestimates (underestimates) the precipitation and that the model �elds are not yet
as accurate as the radar �elds. But probably the most interesting point in Table 2, is the
variation between the three numerical experiments. As suggested by Fig. 9, experiment
E2 (warm microphysics) provides the worst results (with a correlation coef�cient of
0.07), whereas, experiment E3 (with pseudo-hail) tends to be better than the control
experiment. The correlation is slightly better and the negative bias is signi�cantly
reduced.

¤ In the Swiss composite, the precipitation rate R is related to the re�ectivity Z via the relationship Z D 316R1:5

routinely used by MeteoSwiss. For the MAP Special Observing Period, a slightly different relation was found by

Hagen and Yuter (2003) but appeared to be quite variable from one event to the other.



Table 3 provides similar information except that the reference is now the radar-
derived precipitation. Model �elds were interpolated at the 61 828 radar measurement
points. The model underestimation is more pronounced and disparities between the
numerical simulations are not as clear as in Table 2. Experiment E2 is worse than the
other two. The improvement obtained with experiment E3 still exists, but is now rather
weak.

(b) Precipitation time series

Figure 10 presents the time evolution of the hourly precipitation rates measured by
the rain-gauges, derived from the radar observations, and computed with experiments
E1, E2 and E3, for six surface stations located within or close to the maximum precipita-
tion core. Even for this subset of stations, located in the plain and not too far from Monte
Lema, radar-derived precipitation and gauge measurements do not match perfectly well
and may diverge substantially (e.g. in Stabio). Also, some measurements may not be
totally correct. For instance, in Como, the time shift between radar and surface observa-
tions is suspicious. Concerning computed precipitation, results of experiment E2 are not
satisfactory. Precipitation does not occur or occurs too late. Better agreement is obtained
for experiments E1 and E3 which capture fairly well the correct intensity and timing of
the precipitation peak. In most places, experiment E3 gives signi�cantly better results
than E1.

(c) Re�ectivities

Radar-derived precipitation measurements are very valuable because of their space
and time resolution but of course they also have their own limitations (Joss and Lee
1995). First, they suffer from the well known technical dif�culties of radar measure-
ments (attenuation, ground masks, ground clutter, : : : ). Second, additional errors arise
because re�ectivity is not a direct measure of rainfall rate. Therefore, an evaluation
directly based upon re�ectivity may bypass some sources of uncertainties and moreover
allows not only the surface precipitation but also the vertical structure of the precipitat-
ing system to be checked.

A similar statistical analysis was conducted to compare the model re�ectivity �elds
with the re�ectivity �elds measured by the three Doppler radars of the Lago Maggiore
area. A composite radar re�ectivity was constructed by interpolating on a regular grid
(with a 2 km mesh in the horizontal and 500 m in the vertical) the re�ectivities of the
Monte Lema, S-Pol and RONSARD radars and taking at each grid point the maximum
value of the three measurements. The computations were carried out every hour (from
19 UTC to 23 UTC, i.e. for the time period when the convective system was well located
above the radar network). Depending upon the selected time and vertical level, the
analysis included between 2000 and 7000 grid points per vertical level.

Results are illustrated in Fig. 11 which shows the time evolution of the correlation
coef�cient between the composite re�ectivity and the model re�ectivity for the three
experiments and for different altitudes. The correlation coef�cients are still weak (0.6 at
best) but the differences between the various experiments are ampli�ed. Experiment E2
(warm microphysics) is not as good as the control experiment, especially for the levels
above the freezing level. Experiment 3 is signi�cantly better than the control experiment.
This is particularly clear for the highest level.



Figure 10. Time evolution of the hourly precipitation rates (P) measured by the rain-gauges (OBS), deduced
from the radar measurements (ALPRAD) and computed in experiments E1, E2 and E3 (MNH-E1, MNH-E2,
MNH-E3) for six surface stations located in the vicinity of the maximum precipitation core. The latitude,
longitude, and name of each surface station is indicated at the top of each frame. (This �gure can be seen in

colour in the online version.)



Figure 11. Time evolution of the correlation coef�cients between measured and computed re�ectivities for the
three numerical experiments E1, E2 and E3, and for different heights above sea level.

6. CONCLUSION

Numerical simulations of the MAP IOP 2a convective system were carried out with
the Meso-NH model run over three nested domains and with a 2 km horizontal resolution
for the �nest grid. Several experiments were performed to evaluate the model skill and
to explore the sensitivity of the results to the explicit microphysical scheme.

It was found that the ice phase contributes to sustain the convective activity,
to increase its lifetime and to accelerate its propagation speed, and yields a better
agreement between simulation results and observations. A more minor change in the
microphysical scheme, such as replacing the graupel characteristics by those of denser
hail particles (more in agreement with the observed hydrometeor types), leads to further
improvement of the simulation results.

Radar data were used extensively to provide a qualitative assessment of the compu-
tated precipitation. Contrary to rain-gauge measurements they provide not only surface
accumulated precipitation but also four-dimensional information on the precipitating
system, particularly valuable for model validation. Two radar datasets were employed,
one provided by the operational Swiss network, the other by the research radar network
of the Lago Maggiore area. The �rst was used to evaluate the accumulated surface pre-
cipitation. On average, the model underestimates the precipitation by 10% whereas the
radar overestimates it by 10%. Correlation coef�cients between computed precipitation
and rain-gauge measurements hardly exceed 0.4 and have to be compared with the 0.7
value obtained with the radar estimates. Despite the apparent realism of the simulations
(at least the ones which consider mixed-phase clouds), the numerical results are not yet
as accurate as radar-derived estimates.



The second radar dataset was used in a more exploratory way. To by-pass some
uncertainties linked to the conversion from re�ectivity to precipitation, pseudo radar
re�ectivities were computed from the model microphysical �elds. The quantitative
evaluation based upon the re�ectivity is consistent with the one obtained for surface
precipitation but more informative. It emphasizes the sensitivity of the results to the
details of the microphysical scheme. On average, the correlation coef�cient is decreased
by 0.1 when ice microphysical processes are neglected, and increased by 0.1 when the
most heavily rimed particles are considered to be hail particles instead of graupel.

These results will guide our future work. The improvement obtained with the
particle-type modi�cation certainly speaks for the inclusion of a speci�c hail category
in the microphysical scheme. But several other lines will be explored to improve the
results. Is a 2 km horizontal resolution really suf�cient to explicitly resolve the system
and/or the topographical forcing? What is the role of the surface processes, especially
in the triggering phase? Can we improve the initial analysis by taking advantage of
the radar measurements? What will be the impact of the MAP re-analyses (currently
underway at ECMWF)?
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(Météo-France) for many discussions related to the analysis products, Jacqueline Duron
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APPENDIX

This section describes the computation of the radar re�ectivity in the Meso-
NH code using a generic representation of the hydrometeor size distributions. It is
implicitly assumed that the radar wavelength is large enough that radar waves propagate

without attenuation and that the Rayleigh scattering approximation (/ D6 cross-section
ef�ciency) is valid.

The microphysical scheme assumes that each type of hydrometeor (rain, snow/ag-
gregate, graupel and hail) with an assigned index i 2 [r; s; g; h], follows a generalized
gamma distribution, given below in the normalized form:

ni.D/ dD D Nigi .D/ dD D Ni

®i

0.ºi/
¸

®iºi

i
D®iºi¡1 expf¡.¸iD/®i g dD (A.1)

where D is the maximum dimension of the particles, Ni the concentration, ºi and ®i are
dispersion parameters and ¸i the slope parameter. 0 is the gamma function (see Press
et al. (1992) for the coding). The use of the generalized gamma law allows a greater
�exibility in representing the particle size distribution while M.p/, the pth moment of



the law is easily computed as:

Mi.p/ D

Z

1

0

Dpgi.D/ dD D
Gi.p/

¸
p

i

; (A.2)

where

Gi.p/ D
0.ºi C p=®i/

0.ºi/
: (A.3)

The one-moment microphysical scheme of Meso-NH assumes that Ni is a power
function of ¸i (Caniaux et al. 1994):

Ni D Ci¸
Xi

i
: (A.4)

For example, taking Xi D 0 means that the total number concentration is held �xed
while for Xi D ¡1, it is the intercept parameter (N0 ´ Ci ) of a Marshall–Palmer
distribution law (with ºi D ®i D 1 in Eq. (A.1) to provide the classical form n.D/ dD D

N0 e¡¸D dD) which is kept constant. The model predicts mixing ratios, ri which are
expressed from Eq. (A.1) and the mass–diameter relationship (m.D/ D aiD

bi ):

½drefri D

Z

1

0

m.D/ni.D/ dD D aiNiMi.bi/ (A.5)

where ½dref is the dry-air reference density of the anelastic system of equations. Using
Eqs. (A.4), (A.2) and (A.5), it is possible to compute the slope parameter ¸i as:

¸i D

³

½drefri

aiCiGi.bi/

´ 1
Xi¡bi

: (A.6)

The total equivalent radar re�ectivity factor Ze (dBZ), is calculated as a sum of
radar re�ectivities produced by each hydrometeor type which is illuminated by the radar
wave (Ferrier 1994):

Ze D log10.Zer C Zes C Zeg C Zeh/: (A.7)

The rain contribution, Zer has the simplest form

Zer D 1018

Z

1

0

nr.D/D6 dD (A.8)

which is integrated using Eqs. (A.2) and (A.3), to give:

Zer D 1018CrGr.6/¸xr¡6
r : (A.9)

The case of ice particles is a little bit more dif�cult to treat because one must
consider the melted diameter of the particles (De) and also the possible partial coating
of these particles by a liquid �lm. The last effect is important because solid ice has a
reduced speci�c dielectric factor of 0.224 which explains, for instance, the formation of
a bright band when the snow�akes are falling across the melting level.

For the snow/aggregate category, Zes is thus given by

Zes D 1018

Z

1

0

0:224ns.De/D
6
e dDe (A.10)

with De deduced from

mi.D/ D aiD
bi D

¼

6
½wD3

e D mr.De/ (A.11)



where ½w stands for liquid-water density, so inserting Eq. (A.11) into Eq. (A.10) with
ns.D/ dD D ns.De/ dDe D nsfDe.D/g j@De=@Dj dD and performing the integration of
Eq. (A.10) yields

Zes D 0:224 £ 1018

³

bs

3

´ ³

6

¼

as

½w

7́
3

CsGs

³

7bs

3
¡ 1

´

¸
Xs¡

7bs
3 C1

s : (A.12)

The snow category is composed of large ice crystals and of dry assemblages of smaller
ice crystals. Only a small amount of light rime is allowed for these particles because they
are converted into densely rimed graupel when much supercooled water is collected.
Furthermore, the snow�akes are progressively converted into graupel-like hydrometeors
when they go through the melting level. So it is assumed that the snow/aggregate
category is exclusively composed of dry ice without unfrozen liquid water.

The equivalent radar re�ectivity factor of the graupel, Zeg is given by

Zeg D

8

>

>

>

<

>

>

>

:

1018

Z

1

0

f0:224.1 ¡ fc/ C fcg ng.De/D
6
e dDe for T < 273:16 K;

1018

Z

1

0

ng.De/D
6
e dDe for T > 273:16 K;

(A.13)

with again De de�ned by Eq. (A.11). The water coating factor fc was set to an empirical
constant value of 0.14 as suggested by Rasmussen et al. (1984). The same was done by
Walko et al. (1995) to compute the shedding rate of the hailstones. It is assumed also
that the graupel are fully wetted hydrometeors below the melting level (T > 273:16 K).
Integration of Eq. (A.13) leads to

Zeg D

8

>

>

>

>

>

<

>

>

>

>

>

:

f0:224.1 ¡ 0:14/ C 0:14/g£

1018

³
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3

´ ³

6

¼

ag

½w

7́
3

CgGg

³

7bg

3
¡ 1

´

¸
Xg¡

7bg
3 C1

g for T < 273:16 K;

1018

³

bg

3

´ ³

6

¼

ag

½w

7́
3

CgGg

³

7bg

3
¡ 1

´

¸
Xg¡

7bg
3 C1

g for T > 273:16 K:

(A.14)
The equivalent re�ectivity of hail Zeh is simply given by:

Zeh D 1018

³

bh

3

´ ³

6

¼

ah

½w

7́
3

ChGh

³

7bh

3
¡ 1

´

¸
Xh¡

7bh
3 C1

h (A.15)

because it is assumed that the hailstones are fully coated by a liquid �lm as a result of
the ‘wet mode’ growth of these particles with a continuous water shedding.

REFERENCES

Arakawa, A. and Mesinger, F. 1976 ‘Numerical methods used in atmospheric models’. GARP Tech.
Rep., 17

Asselin, R. 1972 Frequency �lter for time integrations. Mon. Weather Rev., 100,

487–490
Bechtold, P., Bazile, E.,

Guichard, F., Mascart, P. and
Richard, E.

2001 A mass �ux convection scheme for mesoscale and global models.
Q. J. R. Meteorol. Soc., 126, 865–889

Benoit, R., Desgagné, M.,
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