Olivier Pujol 
email: olivier.pujol@loa.univ-lille1.fr
  
Franck Lascaux 
  
Jean-Francois F Georgis 
  
Kinematics and microphysics of MAP-IOP3 event from radar observations and Meso-NH simulations

come   L'archive ouverte pluridisciplinaire

Introduction

The Mesoscale Alpine Programme [MAP: e.g. Bougeaultetal. (1998,2001); [START_REF] Binder | A mass flux convection scheme for mesoscale and global models[END_REF]] was conducted from September to November 1999 in order to provide a better understanding of the effects of mountains on atmospheric phenomena. In particular, the influence of the Alps on the spatial and temporal distribution of precipitation and microphysical growth processes was a major topic of MAP. On a general point of view, basic aspects of orographic precipitation have been reviewed by [START_REF] Roe | Orographic precipitation[END_REF] and [START_REF] Smith | Progress on the theory of orographic precipitation[END_REF].M o r er e c e n t l y , [START_REF] Rotunno | Lessons on orographic precipitation from the Mesoscale Alpine Programme[END_REF] highlighted the major findings from MAP observations which permit research to advance toward a better understanding of orographic precipitation.

Because MAP provided an important observation data set during Intensive Observing Periods (IOPs), comparisons between observations and numerical simulations of MAP precipitation are promoted and constitute a new research direction [START_REF] Rotunno | Lessons on orographic precipitation from the Mesoscale Alpine Programme[END_REF]. [START_REF] Lascaux | Numerical simulations of three different MAP IOPs and the associated microphysical processes[END_REF] began such comparisons, especially to complete the various conclusions issued from observation-based investigations. For that, they used the nonhydrostatic mesoscale Meso-NH model [START_REF] Lafore | The Meso-NH atmospheric simulation system. Part I: adiabatic formulation and control simulations[END_REF], developed at Météo-France and the Laboratoire d'Aérologie, on three MAP events characterized by different flow regimes: an unstable unblocked case (IOP2A, , a potentially unstable unblocked case (IOP3, September 25-26), and a stable blocked case (IOP8, October 20-21). The model succeeded in reproducing the general behaviour and characteristics of these three contrasted events, even if, obviously, precipitation and wind fields retrieved from Doppler radar data were not exactly similar in the details. This paper focuses particularly on the MAP-IOP3 intense precipitation event which provided a 400 mm accumulated rain rate. By means of Doppler and polarimetric radar observations, especially from the US SPOL radar, [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF] carried out a detailed four-dimensional study of the dynamics and microphysics of this event over the Lago Maggiore Target Area (LMTA). First, through a temporal mean study of reflectivity, wind, and microphysical fields, the conceptual model of orographic convective precipitation proposed by [START_REF] Medina | Air motions and precipitation growth in Alpine storms[END_REF] was corroborated. Second, the organization and evolution of the precipitating system were investigated. Finally, [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF] qualitatively investigated the IOP3 microphysics and showed that precipitation growth was characterized by convective microphysical processes. In conclusion, [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF] suggested that Lago Maggiore and orography are likely to be important factors in the life cycle-generation, intensification, and dissipation of convective cells: the former is likely to act as a secondary moisture source while the latter can be considered as an updraught generator.

The present work aims at verifying and completing as much as possible these assumptions. It should be considered as a synthesis and extension of the observational study of [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF] and the numerical one of [START_REF] Lascaux | Numerical simulations of three different MAP IOPs and the associated microphysical processes[END_REF].T h e kinematics of IOP3 is first described by means of radar observations and numerical simulations. In particular, an interesting phenomenon, which can explain the enhancement of precipitation in some localized places over an orographic terrain, is highlighted. Then an emphasis is put on the microphysical features of IOP3. As suggested in a recent paper reviewing the major findings from the MAP field campaign and giving further research directions [START_REF] Rotunno | Lessons on orographic precipitation from the Mesoscale Alpine Programme[END_REF], detailed comparisons between particle type deduced from SPOL radar observations and hydrometeor fields provided by numerical models are essential to test, quantify, and refine observation-based conclusions on the dominant growth processes of orographic precipitation. Since radar data alone do not permit to achieve identification of microphysical processes occurring in precipitation growth, numerical simulations are expected to be complementary. With the example of IOP3, this paper contributes to illustrate and to highlight the importance of studies based on both radar observations and model simulations. The complementarity between these two methods of investigation is beneficial to the analysis of precipitation events.

In Section 2, the IOP3 synoptic situation is brieflyrecalled.The radar target area and some considerations about the numerical simulations are also shortly recalled. In Section 3, the evolution of t h ec o n v e c t i v es y s t e mi nt e r m so fr a d a rr e flectivities and wind fields is described. Microphysical characteristics of IOP3 are the topic of Section 4. Conclusion follows in Section 5.

Overview of the MAP-IOP3 event

This section is an overview of the MAP-IOP3 event: the meteorological context (synoptic situation and thermodynamic conditions), the radar target area, and the numerical setup are briefly presented. This recall is necessary for the consistency of the whole paper. Further details can be found in the earlier studies by [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF] and [START_REF] Lascaux | Numerical simulations of three different MAP IOPs and the associated microphysical processes[END_REF].

Meteorological context and radar network

The synoptic situation of IOP3 was characterized by the presence of a trough, located over North Atlantic, which generated a predominant south-westerly flow over the Mediterranean Sea towards the Alps. This situation is displayed in the 500 hPa geopotential chart from the ECMWF (European Centre for Medium-Range Weather Forecasts) re-analysis of 1200 UTC on September 25th (Fig. 1). At low levels [not shown, see Fig. 2 of [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF]], i.e. near the surface, during the whole IOP3, a southerly flow encounters the Alps in northern Italy, which favoured the formation of convective cells.

The thermodynamical conditions of September 25th were quite well represented by the radiosounding at Milan-Linate at 1200 UTC [not shown, see Fig. 4 of [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF]]. It indicated warm and potentially unstable airflow at low level characterized by a surface temperature of 20 °C. The 0 °C isotherm level is at about 630 hPa, i.e. at 3.5 km altitude above MSL (Mean Sea Level). Relative humidity increases from 70% at the ground to 100% at 830 hPa (saturation level). Conditions were thus propitious for precipitation over the Alps, as observed from about 1720 UTC over the Lago Maggiore Target Area (LMTA). The LMTA corresponds to the maximum area over which reliable information about kinematics and microphysics were retrieved every 15 min, between 1720 UTC and 1950 UTC, from observations conducted with three ground-based radars: the Swiss operational Doppler radar at Monte-Lema (Switzerland), the US SPOL polarimetric Doppler radar, and the French Doppler radar Ronsard (Fig. 2a). Data used in this work were interpolated on a 80 km square domain centred on the Lago Maggiore (Italy), at (46.10 °N, 8.75 °E), with a horizontal and vertical resolution of 2 km and 0.5 km, respectively (Fig. 2b). It is worth mentioning that Doppler data have been analyzed using the RAMDAM (Real-time and Automated Multiple-Doppler Analysis Data Method) method described in [START_REF] Chong | Real-time wind synthesis from Doppler radar observations during the Mesoscale Alpine Programme[END_REF]. This method, which permits to retrieve reliable three-dimensional wind fields over a complex orography, has been successfully applied to other MAP cases [START_REF] Pradier | Radar observations and numerical modeling of a precipitating line during MAP IOP5[END_REF][START_REF] Georgis | Triple-Doppler radar analysis of the heavy rain event observed in the Lago Maggiore region during MAP IOP2b[END_REF][START_REF] Pradier | Characteristics of some frontal stratiform precipitation events south of the alpine chain during MAP[END_REF].

Numerical setup

Numerical simulations of the MAP-IOP3 event were performed with the French non-hydrostatic mesoscale model Meso-NH, which solves a system of equations based upon the [START_REF] Lipps | A scale analysis of deep moist convection and some related numerical calculations[END_REF] anelastic formulation. A Gal-Chen and Sommerville (1975) following terrain coordinate on the vertical and a C-grid, on the formulation of [START_REF] Arakawa | Numerical methods used in atmospheric model[END_REF], for the spatial digitalization were used. The temporal scheme is an explicit three-time-level leap-frog scheme with a time filter [START_REF] Asselin | Frequency filter for time integration[END_REF]. The two-way interactive grid-nesting technique [START_REF] Stein | High-resolution non-hydrostatic simulations of flash floodepisodeswithgridnestingandice phase parameterization[END_REF]w a s used over three domains with horizontal mesh sizes of 32, 8 and 2 km respectively. The innermost domain is centred above the LMTA. Subgrid-scale convection is parameterized for horizontal resolutions of 32 km and 8 km by a mass-flux convection scheme [START_REF] Bechtold | A mass flux convection scheme for mesoscale and global models[END_REF]; convection is explicitly resolved for the inner grid with a horizontal resolution of 2 km. It has to be noted that the 2 km mesh size is sufficient to explicitly resolve convection above the Lago maggiore area [START_REF] Richard | High-resolution numerical simulations of the convective system observed on the Lago Maggiore area on the 17 September 1999 (MAP IOP2A)[END_REF][START_REF] Lascaux | Impact of the MAP reanalysis on the numerical simulation of the MAP-IOP2A convective system[END_REF][START_REF] Lascaux | Numerical simulations of three different MAP IOPs and the associated microphysical processes[END_REF].

Simulations also use two explicit bulk microphysical schemes. For the first two domains, the microphysical scheme referred to as ICE3 [START_REF] Pinty | Everett (USA). A mixed-phase cloud parameterization for use in a mesoscale non hydrostatic model: simulations of a squall line and of orographic precipitation[END_REF] is used. It predicts the evolution of the mixing ratios r (in g kg -1 ) of six water species: vapour (V), cloud droplets (C), raindrops (R), ice crystals (I), snow/aggregates (S) and frozen drops/graupel (G). The second scheme is named ICE4. It is the same as ICE3 except that it includes, in addition, an explicit treatment of the hail (H) category so that four ice particle types are considered. This last scheme is used in the innermost domain.

The reader can find a short survey of these microphysical schemes in the Appendix of [START_REF] Lascaux | Numerical simulations of three different MAP IOPs and the associated microphysical processes[END_REF]; for further description, the Meso-NH documentation is available on the website http://mesonh.aero.obs-mip.fr/mesonh. Both these two one-moment microphysical schemes have known a long time validation [e.g. [START_REF] Lascaux | Numerical simulations of three different MAP IOPs and the associated microphysical processes[END_REF]; [START_REF] Asencio | Origins of the reversed flow over the windward Alpine foothills during MAP IOP3 and IOP8 (Part B)[END_REF]; [START_REF] Stein | Exploration of some convective regimes over the Alpine orography (Part B)[END_REF] for the MAP campaign; [START_REF] Ducrocq | Initialization of a fine-scale model for convective-system prediction: a case study (Part B)[END_REF] for Cevenol events].

The MAP ECMWF re-analyses [START_REF] Keil | The ECMWF re-analysis of the Mesoscale Alpine Programme special observing period[END_REF]) were used as initial and boundary conditions for numerical simulations. The initial time of the simulation was September 25, 1999 at 1200 UTC and integration was over 36 h. Since the spin up of the model was about 4 h, precipitation was well set up in the model around 1700 UTC when the precipitating system really occured. Only the innermost domain (i.e. with a 2 km horizontal mesh size) was used for comparisons with observations.

This study focuses on the period between 1720 UTC and 1950 UTC because a statistical study performed with radar data revealed that this period was the most active [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF]: cells were first initiated over the plain, then advected towards the mountains while growing over the Lago Maggiore to finally weaken over the Alps.

Kinematics of the precipitating system

In this section, the general kinematic features of the precipitating system are presented. Horizontal wind and reflectivity fields from radar observations and Meso-NH outputs are first qualitatively analysed, and then carefully compared. By tracking a simulated convective cell on numerical outputs, an interesting phenomenon, likely to be responsible for heavy precipitation enhancement over the mountains, is identified. Then, the characteristics of vertical velocity are presented in order to better understand the microphysics studied in details in Section 4.

Horizontal wind and reflectivity fields

A careful analysis of the observed and simulated reflectivity fields at different altitudes indicates that the most fruitful comparisons can be made at a z = 2.5 km altitude. Below (not shown), radar observations are degraded by mask effects due to mountains. Above (not shown), the measured reflectivity is negligible because of insignificant precipitation.

Figs. 3 and 4 display horizontal cross sections of observed radar reflectivities and equivalent computed radar reflectivities, respectively, with superimposed associated wind fields at z = 2.5 km between 1720 UTC and 1930 UTC. A close look at these figures highlights some similarities between observation and numerical simulations about positioning and spatial extension of the precipitating system.

At 1720 UTC, both the observed (Fig. 3) and simulated (Fig. 4) reflectivity fields emphasize a band of precipitation with a southwest/northeast direction on the south of the domain. This precipitating system is located south of the lake, over the foothills of the Alps, and contains individual convective cells mainly over the first isolated mountains. The radar-observed cells are embedded in a stratiform background of Zb 26 dBZ and have reflectivity greater than 26 dBZ, even 34 dBZ in some localized places. These cells are associated with a meridional wind component and a low zonal one, so that they are mainly advected towards the north. During advection, the band structure of the system develops and intensifies because of a progressive merging of the initial isolated cells observed at 1720 UTC (Fig. 3a). The development of the system is observed around 1750 UTC-1810 UTC (Fig. 3b andc) when precipitation are localized over the foothills of the Alps and the eastern branch of Lago Maggiore.

For the model at 1720 UTC (Fig. 4a), the band structure is made of convective cells with computed reflectivity values locally higher and stratiform background (Zb 26 dBZ) less extended than in reality. In particular, on the southeastern area of the domain, three simulated convective cells are characterized by Z N 42 dBZ, which is not observed with radars. Despite this numerical anomaly which is discussed at the end of this Subsection, the general horizontal structure of the system is well reproduced by Meso-NH. The simulated wind field is overall characterized by meridional and zonal components greater than in the radar wind field. These discrepancies are unavoidable and due to the triple-Doppler radar wind synthesis method [START_REF] Chong | Real-time wind synthesis from Doppler radar observations during the Mesoscale Alpine Programme[END_REF]. Indeed, whereas Meso-NH provides a wind field every 5 min, a radar wind field is retrieved from Doppler data collected during a 15-minute cycle through a multi-Doppler method using continuity constraints, as the minimization of the mean horizontal gradient of vertical velocity within the considered domain. The 15 min mean wind deduced from radar observation is then necessary weaker and more uniform all over the domain than the wind field provided by Meso-NH every 5 min. The simulated system then moves northwards/ northeastwards without any significant change in its band structure. The convective cells which constitute this band exhibit an overestimated reflectivity as high as 42 dBZ, between 1720 UTC (Fig. 4a) and 1750 UTC (Fig. 4b). However, precipitation is correctly localized by the Meso-NH model. At 1810 UTC, radar observations (Fig. 3c) and numerical simulations (Fig. 4c) show precipitation over the Alps and the eastern branch of the lake with comparable maximum reflectivity values (about 42 dBZ) on the centre of the domain, just over the lake. It has to be noted that the wind field is practically unchanged between 1720 UTC and 1810 UTC.

At 1830 UTC (Fig. 3d), radar observations show that the precipitating system, located over the lake and the Alps, no longer exhibit a well-marked band structure: it is now more extended northwards than before because the southern wind probably advects precipitating cells which finally aggregate by blocking effect over the lake and the Alps. After 1850 UTC, the system progressively weakens. The numerical simulations provide more localized precipitation over the lake and the Alps in the form of convective cells of 42 dBZ reflectivity which persist and intensify after 1830 UTC (Fig. 4d, e, andf). This can be explained by a persistent northeastwards simulated wind which favours advection and intensification of cells over the lake and then leads to precipitation over the northeast part of the domain by blocking effect and also channeling by the eastern branch of the lake (not observed by radars).

Meso-NH seems to underestimate the horizontal extent of the lower reflectivities areas and, on the contrary, to overestimate cores of maximum reflectivity, as confirmed by horizontal cross sections above z = 3 km (not shown) which emphasize the presence of isolated convective cells with reflectivity ranging from 34 dBZ to 42 dBZ without stratiform background. This suggests that the model does not correctly reproduce the vertical development of the system by producing localized convective towers higher than in the reality, to the detriment of the horizontal extent of the system. This problem has already been noticed in several studies devoted to Meso-NH, as in [START_REF] Lascaux | Impact of the MAP reanalysis on the numerical simulation of the MAP-IOP2A convective system[END_REF] and [START_REF] Lascaux | Numerical simulations of three different MAP IOPs and the associated microphysical processes[END_REF] for the MAP-IOP2A. As highlighted in Section 4, the microphysical path has then to be improved in the model. Furthermore, it is worth mentioning that a 2 km horizontal resolution may not be fine enough to describe with precision processes at finer spatial scales like topographic triggering, although such a mesh size seems to be sufficient to explicitly resolve convection [START_REF] Richard | High-resolution numerical simulations of the convective system observed on the Lago Maggiore area on the 17 September 1999 (MAP IOP2A)[END_REF][START_REF] Lascaux | Impact of the MAP reanalysis on the numerical simulation of the MAP-IOP2A convective system[END_REF][START_REF] Lascaux | Numerical simulations of three different MAP IOPs and the associated microphysical processes[END_REF].

Nevertheless, even if the model exhibits non-negligible discrepancies when compared to the observations, especially in the vertical development of the system, it correctly reproduces the evolution of the precipitation: formation of the first cells south of the lake and intensification over the lake with advection towards the Alps.

Tracking of a simulated convective cell

Since the Meso-NH model provides reflectivity and wind fields every 5 min, a simulated convective cell can be easily identified and tracked over a long period. Such a tracking is not possible from radar observation because radar data are less frequently available (every 15 min) and cores of maximum reflectivity are less easily identifiable. On the horizontal cross section, at z = 2.5 km of altitude, at 1830 UTC, a cell (labelled A) is localized at (x, y) ≈ (-15 km, -20 km) and presents reflectivity values higher than 34 dBZ (Fig. 4d). Fig. 5 displays the trajectory of the centre of this identified simulated cell at z = 2.5 km every 5 min between 1830 UTC and 1930 UTC. Since the initial and final positions of the cell are respectively (x, y) ≈ (-15,-20) and (x, y) ≈ (30, 30), the distance covered is about 65 km, which corresponds to a mean velocity of approximately 18 m s -1 . This value is consistent with the wind velocity of about 20 m s -1 . The initial and final positions of the cell define a mean direction towards 47°.

Fig. 6 represents horizontal cross sections at z = 2.5 km from 1840 UTC (Fig. 6a) to 1910 UTC (Fig. 6f). This figure enables a careful examination of the evolution of cell A. It is completed by vertical cross sections (Fig. 7) along the line defined by the mean direction of the trajectory of the simulated convective cell (Fig. 5) which corresponds to the black solid line on Fig. 6.CellA moves toward the northeast due to the local low level wind channeled by the eastern branch of the lake. It passes over the lake, encounters a mountain and passes again over the lake (eastern branch) to end up over the Alps on the northeastern part of the domain. Core reflectivity is greater than 42 dBZ and the cell intensifies when passing over the lake and approaching the mountains. At 1900 UTC (Fig. 6d), cell A has merged with another cell (labelled B) present over the same mountain from 1840 UTC (Fig. 6a) till 1905 UTC (Fig. 6e). At 1910 UTC (Fig. 6f), cell B is located over the eastern branch of Lago Maggiore.

The corresponding vertical cross sections (Fig. 7) enable a better visualization of this merging process. At 1840 UTC (Fig. 7a), cells A and B are located over the lake, B being at the foothill of a peak. These cells present cores with a reflectivity Z = 42 dBZ extending up to z ≈ 5.5 km and z ≈ 4.5 km respectively. Cell B then climbs the peak from 1845 UTC (Fig. 7b) to 1900 UTC (Fig. 7d) while cell A progressively moves over the lake towards the mountain. At 1900 UTC, cell A reaches the upslope of the mountain and forms with cell B a single horizontally extended convective cell of reflectivity higher than 42 dBZ. This process could be explained by the fact that cell B is slowed down by the mountain whereas cell A keeps moving over the lake at the same mean velocity until it catches up with cell B. Orographic forcing could also sufficiently enhance the local convection over the upslope of the mountain which then results in an area of high reflectivity (Z N 42 dBZ) between cell A and cell B. However a careful look at vertical cross sections between 1850 UTC and 1900 UTC (not shown) seems to indicate that merging is the most likely process of intensification. This process of merging between two cells could be an efficient mechanism to transport moisture and accumulate heavy precipitation over individual peaks of the terrain. Indeed, it has to be noted that the vertical extent of cell B diminishes by about 1 km between 1840 UTC and 1850 UTC when B is located over the upslope, while the vertical extent of cell A increases by about 1 km when passing over the lake. The important development of cell A can be a signature of an intense microphysical activity in the cell probably involving the ice phase. At 1900 UTC, when A and B merge, the vertical extent of cell A decreases while that of cell B increases. It may be the sign of a reactivation of cell B by cell A leading to an enhancement of precipitation over the mountains. the whole period of the precipitating event (i.e. between 1720 UTC and 1940 UTC). The mean vertical velocity field is sketched for both radar observations (Fig. 8a) and Meso-NH outputs (Fig. 8b). Both radar observations and numerical Meso-NH outputs reveal that mean updraughts (w N 0) are mainly localized over the lake and the foothills of the Alps with mean velocity ranging from 0 to 2 m s -1 . A small zone of stronger updraugths (2-4ms -1 ) is observed over the mountains at the north of the eastern branch of the lake. On the other hand, the south coast of the lake is a large region of subsidences (-2ms -1 b w b 0ms -1 ) which is not correctly retrieved by the model. Fig. 9 displays vertical profiles of vertical velocity w (m s -1 ) averaged over the time period 1720 UTC-1940 UTC and over the whole horizontal domain for radar observations (Fig. 9a) and Meso-NH outputs (Fig. 9b). The strongest updraughts and downdraughts, with absolute mean velocity value of about 0.6 m s -1 , are respectively located at 3.5 km altitude and 3 km altitude in radar observations and both at 4 km altitude in Meso-NH outputs. These altitudes are close to the 0 °C isotherm level. Nevertheless, the strongest difference between positive and negative velocity values (dotted line in Fig. 9aa n db )i s located at the same altitude (4 km) with an intensity of about 0.2 m s -1 in radar observations and 0.18 m s -1 in numerical outputs. This is representative of a convective situation and consistent with the location of the maximum reflectivity values in radar observations and model outputs (see Fig. 7). It is to be noted that, aloft, both positive and negative vertical velocities are uniform in numerical outputs whereas their intensity decrease in radar observations. Thus, Meso-NH overestimates vertical velocities at the highest altitudes. This should be related with the tendency of the model to produce localized convective towers higher than in the reality.

Vertical velocity

Fig. 10 displays the evolution between 1720 UTC and 1940 UTC of mean updraughts and downdraughts for radar observations (Fig. 10a) and Meso-NH simulations (Fig. 10b). Mean values have been computed within the whole domain (80 km × 80 km × 8 km) above 1 km altitude. Both figures show similar characteristics for updraught and downdraught evolution. For radar observations, positive velocities increase from about 0.25 m s -1 at 1720 UTC to reach a maximum of 0.6 m s -1 at about 1810 UTC. Then, velocity decreases slightly to reach 0.5 m s -1 at 1940 UTC. For Meso-NH simulations, positive velocities are quite constant with a value of 0.4 m s -1 between 1720 UTC and 1810 UTC. From this time, velocity increases to reach a maximum of about 0.7 m s -1 at 1940 UTC. Thus, the highest updraugths match with the highest reflectivity values of the precipitating system since at 1810 UTC the precipitating system is fully developed, over the lake and the foothills of the Alps. According to the airmass conservation law, increasing of positive velocities is concomitant with a decreasing of negative velocities from the beginning of the precipitating event (1720 UTC) to its end (1940 UTC). Negative velocity values go from -0.2 m s -1 to -0.4 m s -1 for radar observations, and from -0.4 m s -1 to -0.5 m s -1 for Meso-NH simulations.

Microphysics of the precipitating system

In this Section, the microphysics of MAP-IOP3 is tackled. This paper tries to answer the question of the microphysical characteristics of the precipitating system.

Vocabulary conventions for hydrometeor types

Before discussing the microphysics of MAP-IOP3 using radar observations and numerical simulations, some vocabulary conventions need to be defined. It is necessary to match the different water species used in Meso-NH with the slightly different hydrometeor classification considered in radar observations [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF]. In the latter study, NCAR's (National Center for Atmospheric Research) fuzzy logic method of [START_REF] Vivekanandan | Cloud microphysics retrieval using S-band dual-polarization radar measurements[END_REF] was used with the radiosounding at Milan-Linate in order to discriminate seven kinds of hydrometeors from SPOL polarimetric measurements: light, medium, and heavy rain (LR, MR, and HR, respectively), dry and wet snow (DS and WS respectively), ice crystals (IC), and graupel-hail mixture (GH). Details about the algorithm used and description of the measured polarimetric variables can be found in [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF].

These hydrometeor species can be matched with those considered in Meso-NH [START_REF] Lascaux | Numerical simulations of three different MAP IOPs and the associated microphysical processes[END_REF] if the following reasonable assumptions are made: 1) LR, MR and HR are obviously lumped together and identified with R; 2) DS and IC are considered to correspond to S and I respectively. For the mixed phases, it is not so easy to find an equivalence between the hydrometeor classification used by [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF] and that of [START_REF] Lascaux | Numerical simulations of three different MAP IOPs and the associated microphysical processes[END_REF]: in the former study, a graupel-hail mixture (GH) has been considered so that G and H have not been distinguished, and WS is an additional category. In the Meso-NH ICE4 microphysical scheme, the wet snow category is not a prognostic variable, contrary to the graupel or the hail ones. As it will be explained later in this paper, the snow aggregates, when melting, are converted into graupel in Meso-NH. That is why the observed WS can be included in the G category, even if these two hydrometeor categories are physically different, to ease comparisons between model and observations. Thus, the two studies have to be considered as complementary, in particular for the identification of hydrometeors in mixed phases. It is also worth noting that the model provides important information on cloud droplets which are too small (maximum diameter of about 100 μm) to be detected by the operational radars in IOP3 while they are essential for the microphysics of the precipitation.

Temporal mean vertical profile of hydrometeors

Fig. 11 displays the temporal mean vertical distribution of the observed hydrometeor categories, i.e. the mean number of grid points N o associated with a given observed hydrometeor class, between 1720 UTC and 1940 UTC over the whole LMTA area. Obviously, because they depend on the grid characteristics, these numbers have relative but not intrinsic values. Nevertheless, the parameter N o is useful to highlight the relative quantity of each hydrometeor type at every altitude. Because of a mask effect due to mountains, the lowest altitude considered is z = 1 km. Rain is dominant at positive temperatures, dry snow and ice crystal are mainly present at high negative temperature altitudes, and mixed phases can be observed around the 0 °C isotherm with wet snow just below and a 2 km-thick graupel layer just above. This profile is typical of a convective situation involving microphysical processes as coalescence, riming, and melting of ice particles during their fall [START_REF] Medina | Air motions and precipitation growth in Alpine storms[END_REF][START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF]. The convective nature of the IOP3 event has also been suggested when previously discussing vertical velocity.

A comparison between this profile and that drawn from Meso-NH numerical simulations is not easy since the hydrometeor classes used by [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF] and [START_REF] Lascaux | Numerical simulations of three different MAP IOPs and the associated microphysical processes[END_REF] are not exactly the same. However, such a comparison is interesting to test the sensitivity of Meso-NH on microphysical computations. A way to address this issue is to calculate the simulated number of grid points N s where the mixing ratio r of each hydrometeor categories is greater than a given threshold r lim and to compare the different profiles obtained with that of Fig. 11. Fig. 12a andb displays the simulated profiles for, as an example, r lim = 0 and 0.1 g kg -1 respectively.

On the overall, the two simulated profiles (Fig. 12aan db) exhibit a pattern similar to the observed one (Fig. 11). On the whole, the simulated number of grid points N s is greater than the observed number of grid points N o but both are of the same order of magnitude. This could be due to an overestimation of the Meso-NH model when computing hydrometeor fields and/ or a lack of data for some radar volumes of resolution.

Ice particles (S and I) are present only above 3 km of altitude and prevail higher. For I hydrometeors, N o reaches a maximum of 1000 at z =5 km and z =7 km while N s increases along with altitude whatever the value of r lim considered (Fig. 12a andb). The first maximum of N o observed for I hydrometeors could be explained through the Hallett-Mossop effect which consists in a second generation of ice crystals by the splintering of heavier ice particles as snow [START_REF] Hallett | Production of secondary ice particles during the riming process[END_REF]. One can note particularly that, at z = 5 km, the temperature is around -5 °C, which is the value for which the Hallett-Mossop effect is the most efficient [START_REF] Mossop | Production of secondary ice particles during the growth of graupel by riming[END_REF]. Snow particles prevail over ice crystals, except for altitudes above 7 km for the observed profile and the simulated one with r lim = 0.1 g kg -1 . In all cases, observed and simulated profiles exhibit a maximum at z = 6 km but, in Fig. 11, a second maximum at z = 4 km is observed. The simulated profile seems to be more in agreement with the observed one for r lim = 0.1 g kg -1 ,a t least if attention is paid to its pattern and the comparison with the simulated I particle profile.

Mixed phases (G and H) exhibit the same computed vertical profiles (Fig. 12a andb). It should be underlined that the sum of their profile (not shown) leads to a maximum of N s at z ≈ 4 km that is quite consistent with the observed vertical location of GH. This maximum is also consistent with that of vertical velocity (Fig. 9), this last one being necessary to sustain heavy hydrometeors. Moreover, the presence of WS at z between 2 and 4 km (Fig. 11) is in quite good agreement with the presence of mixed phases (G and H) until z = 2 km. On the other hand, contrary to what is observed on the radar profile, G and H hydrometeors are present for z N 5 km with non-negligible values, obviously all the more important as r lim is small. This unrealistic presence of G and H particles at very high altitudes suggests that Meso-NH overestimates the production of these hydrometeors at high altitudes. This is to be related to the Meso-NH tendency to overestimate vertical velocities at high altitudes (see Subsection 3.3) since strong velocities permit to sustain the development of heavily rimed particles in altitude. This could explain why Meso-NH tends to produce overestimated reflectivity values.

According to Meso-NH computations, rain (R) is mainly present below 0 °C with a maximum of N s at z ≈ 2-2.5 km (Fig. 12a andb). The presence of raindrops until z = 4 km can be noted both for the model and the observations. Important information, only provided by Meso-NH, is relative to cloud droplets (C). Simulated C profiles are not very different between Fig. 12a and b except that, for the former, the presence of cloud droplets is very important at high altitudes, whereas, for the latter, N s decreases as z increases and reaches zero above z = 6 km. The typical shape of vertical profiles of cloud droplets deduced from radiometric measurements are close to that of Fig. 12b: cloud liquid water content is maximum at positive temperatures and monotonously decreases at negative temperatures down to zero. This minimum value is approached asymptotically at -42 °C [START_REF] Pruppacher | Microphysics of cloud and precipitation[END_REF]. On the contrary, in Fig. 12a, the quantity of cloud droplets is excessive at high altitudes. This suggests Meso-NH overestimates the presence of cloud droplets at these high altitudes by injecting too much cloud droplets. However, contrary to G and H particles, cloud droplets do not significantly contribute to the radar reflectivity [START_REF] Sauvageot | Radar Meteorology[END_REF][START_REF] Doviak | Doppler radar and weather observations[END_REF][START_REF] Pujol | Degradation of radar reflectivity by cloud attenuation at microwave frequency[END_REF]. The presence of cloud droplets above the 0 °C level indicates that supercooled droplets play an important role in the microphysics of MAP-IOP3.

Despite some slight differences between observations and simulations, and although Meso-NH overestimates the presence of some hydrometeors, as supercooled droplets, graupel, and hail particles at high altitudes, the model correctly simulates the temporal mean convective feature of the precipitating system. Furthermore, the quantitative information provided by the numerical computations properly completes qualitative radar observations.

Temporal mean microphysical processes

A further development to radar observations is available through Meso-NH since this model allows to perform microphysical budget computations for a given period. Precisely, Meso-NH computes the mixing ratio rates τ (in μgkg -1 s -1 ) associated to microphysical processes. For IOP3, 14 main microphysical processes have been identified. They are listed in Table 1 and further details are available in [START_REF] Lascaux | Numerical simulations of three different MAP IOPs and the associated microphysical processes[END_REF] and the Meso-NH scientific documentation (http://mesonh.aero.obs-mip.fr/mesonh). The 14 corresponding temporal mean mixing ratio rates τ are displayed against altitude z in Fig. 13 during the most active period of the system, i.e. between 1710 UTC and 1940 UTC.

They have been normalized by the amount of total precipitation in order to better visualize what happens in the upper part of the cloud where the precipitation are weak. This leads to normalized mixing ratio rates expressed in 10 -6 s -1 , which will be denoted µs -1 [different from (µs) -1 ]. A distinction has been made between processes acting on the solid phase (Fig. 13a, higher levels), on the mixed phase around the 0 °C level (Fig. 13b), and on the liquid phase (Fig. 13c, lower levels).

In the upper part of the precipitating system (Fig. 13a), ice crystals mainly form and grow by vapour deposition (DEPI), which is characterized by an increase of τ with altitude up to 35 μs -1 at z = 9 km. Another process contributing to ice crystal development is the well-known Wegener-Bergeron-Findeisen effect (BRFI) which is maximum at z ≈5.5 km with a τ value lower than 2 μs -1 .Overall,BRFIismuchlessefficient than DEPI except at altitudes z b 5 km. It should be recalled that BRFI is a mechanism occurring when cloud droplets coexist with water vapour and ice crystals: since, at a given temperature T, saturation vapour pressure is greater over liquid water than over ice, cloud droplets surrounding an ice crystal evaporate for deposition onto ice crystal. This process obviously depends on the mixing ratio of vapour available. In Meso-NH, the mixing ratio rate associated to the BRFI process is determined from the rate of water vapour deposition onto the ice crystals, which is computed assuming that the mixing ratio of vapour is constant. This means that vapour deposition onto the ice crystal is equal at any time to the rate of cloud droplets evaporation. It is of interest to note that the maximum BRFI rate is located at an altitude z ≈5km(orp ≈500 hPa in terms of pressure) where temperature is close to -10 °C. At these temperatures, the Wegener-Bergeron-Findeisen effect is particularly efficient [START_REF] Pruppacher | Microphysics of cloud and precipitation[END_REF]. Some ice crystals collide with each other to turn into snow. This mechanism, called autoconversion (AUTI) in Meso-NH, is, for the model, the only way to initiate snow aggregates from ice crystals in the colder part of the system. The mixing ratio rate associated with AUTI is negative since it constitutes a sink for ice particles (I) and increases in absolute value to reach a value close to 40 μs -1 at z = 9.5 km. Once formed, snow particles keep growing by collecting ice crystals (aggregation process AGGS) and supercooled droplets and drops (riming process RIMS). The first mechanism (AGGS) dominates above z = 5 km with τ max ≈8 μs -1 , whereas the second one (RIMS) is more important just above the 0 °C level (z ≈3.5 km) with τ max N 20 μs -1 at z =4.2 km. At z N 5.5 km, RIMS is a sink for the snow category since τ takes negative values. This change in sign is due to an increase of size of snow particles which are considered as graupel by the model [START_REF] Farley | On the numerical simulation of graupel hail initiation via the riming of snow in bulk water microphysical cloud models[END_REF]) from a limit equivalent diameter of 7 mm. This indicates an active growth of snowflakes and makes snow as a transient hydrometeor category for heavier particles. Like for the BRFI process, the RIMS mechanism is particularly efficient just above the 0 °C level, which suggests the presence of supercooled water in significant quantity associated with updraughts. Indeed, it is around an altitude of 3.5-4km that vertical velocity is the most intense (Fig. 9). Airmass moderate upward motions, increasing from low altitudes to higher ones are needed to carry aloft the light cloud droplets. It is worth noting that the Hallett-Mossop process, which was suggested by the analysis of the hydrometeor temporal mean vertical profile, is not yet considered in the microphysical scheme of Meso-NH. The non-parameterization of the Hallett-Mossop effect in the microphysical scheme of Meso-NH could explain the absence of the first peak at z ≈ 5km for ice hydrometeors (I) in the simulated vertical profiles, in opposition with the observed profilesofI.SinceIhydrometeorsareinvolved in many processes, an underestimation of this category could have a feedback on the whole microphysical behaviour of the simulations. For example, at an altitude of 5 km, I hydrometeors may be consumed by rimed particles during their growth (AGGS, RIMS, etc.). On the other hand, if the Hallet-Mossop process was parameterized, the computed low radar reflectivities (Zb 20 dBZ) would be probably more spatially extended since more I hydrometeors would be present at 5 km altitude. Due to the numerous processes in which ice hydrometeors (I) are involved, it is not easy to precise ap r i o r iwhat would be the impact of the parameterization of the Hallet-Mossop process on the whole numerical simulation. So, it would certainly be very interesting to test it in the case of the IOP3 event.

Moderate convection in IOP3 favours active microphysical processes involving relatively heavy particles as graupel and hailstones (Fig. 13b). Graupel particles appear because of heavy riming of large aggregates when interacting with supercooled droplets or drops (RIMG). Another microphysical process leading to graupel particles at low enough temperatures (T b 30 °C) is instantaneous freezing of raindrops. But, for the IOP3 event, this process is negligible with respect to RIMG. Thus, by the next, instantaneous freezing of raindrops is not considered. Further development of graupel occurs through the collection of various hydrometeors (ice crystals, snow, droplets and drops) in a wet or a dry mode, depending on the presence or not of a thin layer of liquid water at the surface (GRWG). Among these two different phenomena, RIMG is predominant whatever the altitude. It is characterized by a maximum τ-value τ max ≈ 15 μs -1 at z = 5 km, while GRWG is more important at z = 4.5 km with τ max ≈ 7.5 μs -1 . Some of the graupel particles present above the 0 °C level, which have grown in the wet mode, are turned into hailstones (WTGH). Then, hail grows by collecting other hydrometeors in the wet mode (WTHH), which is an efficient mechanism at z = 4.5 km (τ max ≈ 43 μs -1 ). It is interesting to note that dry growth of graupel and hail is negligible. The microphysics of the IOP3 is quite active since the presence of a thin liquid water over graupel and hail particles suggests a relatively long latent heat release with respect to the rate of the corresponding growth processes. Finally, conversion/melting process CMLG is maximum at z = 4 km with τ max ≈ 14 μs -1 . In the model, CMLG corresponds to the transformation of snow particles falling through the melting layer into graupel [see Appendix of [START_REF] Lascaux | Numerical simulations of three different MAP IOPs and the associated microphysical processes[END_REF]]. The melting process for snowflakes and large aggregates is different from that for graupel and hailstones. For the latter heavy particles, a thin liquid water coat forms around the graupel particle or the hailstone whereas, for snowflakes, the melted water accumulates at the linkages of the flake branches [START_REF] Pruppacher | Microphysics of cloud and precipitation[END_REF]. This melting process leads to a structural reorganization of the flake with liquid water trapped inside the icy structure: this mixture is the wet snow (WS). Moreover, the melted water densifies snow aggregates and dynamic similarities with graupel particules can be obtained. In the Meso-NH model, it is assumed that a given portion of aggregates is converted into graupel by melting (CMLG process); the portion considered consists of a mixture of melted water and icy assemblages which is dense enough to be classified as graupel (see Meso-NH documentation http://mesonh.aero.obs-mip.fr/ mesonh). This assumption is a pure simulation trick to obtain realistic fall-speeds for WS and does not have a counterpart in the real physical world: wet snow is physically different from graupel. It is thus reasonable, as it was done when discussing vocabulary conventions about simulated and observed hydrometeor classes, to identify this form of graupel in the simulation to the wet snow category in the observations. It has to be noted that the microphysical activity of IOP3 event, involving massive hydrometeors as graupel particles and hailstones, is consistent with the vertical profile of updraught velocities (Fig. 9): the various microphysical processes leading to the heaviest hydrometeors (RIMG, GRWG, and WTHH) require some updraughts. These last ones permit to carry aloft liquid hydrometeors (cloud droplets and raindrops) and to sustain particles for a long enough time so that they can grow significantly. At positive temperatures, too heavy particles (graupel and hail)-falling through the 0 °C level and melting belowcontribute to increase the amount of rain in the warmer part of the precipitating system. Unsurprisingly, this melting process, denoted by MLTR, is particularly efficient around the 0 °C isotherm level (τ max ≈ 22 μs -1 at z ≈ 3.5 km) (Fig. 13c). Nevertheless, liquid hydrometeors are mainly created in the form of cloud droplets by water vapour -20 °C and -30 °C. The abbreviations for the different microphysical processes considered are explained in Table 1.

condensation (CNDC), with a maximum mixing ratio rate τ max =30 μs -1 at z =2.5 km. Fig. 13cs h o w sas e c o n d maximum of CNDC at negative temperatures (z = 5 km), which highlights the formation and growth of supercooled droplets. Another major microphysical mechanism for raindrop formation is warm coalescence. It consists in cloud droplet collisions (autoconversion AUTR) and accretion by already existing raindrops (ACCR). The former, which is, for the model, the only rainwater initiation mechanism, is characterized by τ max =5 μs -1 at z = 3 km and the latter by τ max N 20 μs -1 at z = 3 km. This study supports and completes the qualitative conclusions about the microphysical mechanisms inferred from radar observations [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF]. In particular, the melting of aggregates and heavy particles (graupel and hail), which contributes to enhancing precipitation at positive temperatures during their fall through the 0 °C, is underlined. Moreover, the importance of supercooled droplets and drops through the processes of riming appears clearly from Meso-NH simulations. It is to be noted that the microphysical processes identified by Meso-NH, especially in mixed phase, are probably less intense in reality, since the maximum values of computed reflectivity have been shown to be overestimated.

Evolution of the microphysical processes

In order to investigate the IOP3 microphysics evolution from 1710 UTC to 1940 UTC, the normalized mixing ratio rates for each of the 14 microphysical processes have been averaged over the whole spatial domain with a time step of 10 min. This time step is short enough to study the evolution of the microphysical-precipitating-system characteristics without any uncertainty, and long enough to reduce the amount of numerical data produced by the model to be treated in an efficient way. Three types of microphysics have been considered: the first one (Fig. 14a) is the "solid microphysics" relative to microphysical processes in pure solid phase (DEPI, BRFI, RIMS, AGGS, and AUTI), the second one is the mixed microphysics (Fig. 14b) and concerns mechanisms in mixed phase (WTHH, WTGH, GRWG, CMLG, and RIMG), and the last one (Fig. 14c) is the "liquid microphysics" involving processes in pure liquid phase (CNDC, MLTR, AUTR, and ACCR).

At first glance, Fig. 14 exhibits an intensification of the microphysical processes in liquid and mixed phases from around 1810 UTC. Before this time (noted t t ), IOP3 microphysics is, on the overall, characterized by positive values of τ lower than 5 μs -1 , except for the processes of vapour deposition (DEPI) and ice crystal autoconversion (AUTI) characterized by values of τ ranging from about -18 to 10 μs -1 (Fig. 14a). Negative values of DEPI indicate that ice crystals sublimate and, as already mentioned, negative values of AUTI correspond to the formation of snowflakes by ice crystals accretion. Hence, ice crystals disappear to form water vapour and especially snow at 1720 UTC. Formation of ice crystals by vapour deposition occurs when DEPI becomes positive just before 1740 UTC; this mechanism increases to a maximum of 10 μs -1 at 1800 UTC and rapidly decreases down to 5 μs -1 at t t . AUTI reaches a minimum at 1750 UTC close to -20 μs -1 and increases up to -15 μs -1 at t = t t . The other microphysical processes in pure solid phase are characterized by values of τ lower than 5 μs -1 , the most active being AGGS, which indicates that snow is growing by snowflake coalescence; BRFI and RIMS are negligible processes. Mechanisms in pure liquid phase (Fig. 14c) are characterized by values lower than 4 μs -1 , the two most active processes being vapour condensation (CNDC) and raindrops coalescence (ACCR). Formation and enhancement of rain by AUTR and MLTR, respectively, are the less active processes with values of τ around 1 μs -1 . And yet, despite low values of τ for MLTR, Fig. 14b highlights hail growth in the wet mode (WTHH) and graupel formation by riming at 1750 UTC-1800 UTC.

At t = t t , microphysical processes in pure liquid and mixed phases considerably intensify. The IOP3 precipitating system is then characterized by very active microphysics involving heavy particles. That has to be related to the increase of updraught velocity at t t (Fig. 10). In the pure liquid phase, cloud droplet formation is much more active (τ reaches 10 μs -1 ) as well as formation of raindrops (ACCR), while AUTR increases slightly. The very strong increase of MLTR (from 1 μs -1 to 4 μs -1 ) necessarily leads to rain enhancement below the 0 °C level. This is a consequence of very active processes in mixed phases: hail development in the wet mode WTHH, which increases from 2 μs -1 up to close to 6.5 μs -1 , and graupel particles development by riming (RIMG), which increases from 1 μs -1 to 7.5 μs -1 . Consequently, supercooled liquid water plays an essential part in the microphysical activity of the IOP3 precipitating system. Graupel development in the dry and wet modes (GRWG) also increases after t t but to a lower extent, and conversion of graupel hydrometeors into hailstones is negligible (WTGH) for the whole period considered. It should be noted that the development of wet snow, i.e. conversion of melting snow into melting graupel (CMLG), does not significantly evolve.

The values of τ for the microphysical mechanisms in pure solid phase are almost unchanged during the period of the study except for DEPI. Initiation of snow (AUTI) keeps negative values between -15 μs -1 and -20 μs -1 .S n o w flake coalescence increases slightly, BRFI retains small values like RIMS; the latter takes negative values around 1920 UTC. This suggests that high altitude microphysics is not influenced by the lake and the mountains, contrary to lower altitudes.

This detailed description of the evolution of the IOP3 microphysics completes that of [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF] in which only mean microphysical processes could be qualitatively inferred from radar observations. From this investigation, the question which naturally arises is: what happens around t t ? How is an intensification of liquid and mixed phase processes at t t possible? Since the transient time corresponds to the passage of the system over the mountains and the lake, it can be reasonably assumed that the Alps and the Lago Maggiore affect the microphysical processes. The arrival of the system over the first slopes of the Alps helps in developing vertical motions that lead to active microphysical processes involving heavy particles. Moreover, as suggested by [START_REF] Pujol | Dynamics and microphysics of orographic precipitation during MAP-IOP3[END_REF], the lake acts as a secondary moisture source. Thus, to sum up, likely additional humidity brought by the lake in the precipitating system and updraughts above the slopes can physically explain why liquid and mixed microphysics intensify around 1810 UTC.

Conclusion

In this paper devoted to the MAP IOP3 precipitation event, radar observations and Meso-NH numerical outputs are used to investigate kinematics and microphysics. As underlined by [START_REF] Rotunno | Lessons on orographic precipitation from the Mesoscale Alpine Programme[END_REF], the association between radar data and mesoscale model results contributes significantly to better understand the physics of precipitating systems, like that of IOP3. A detailed description could not have been reached neither with radar observations only nor Meso-NH simulations only.

On the whole, radar observations and numerical outputs are quite consistent, despite slight discrepancies. Both highlight an intensification of convective cells when passing over the lake and approaching the mountains, although the model overestimates high reflectivity and underestimates the horizontal extent of the lower reflectivity. This suggests that the model exaggerates the vertical development of the system by producing localized convective cells higher than in the reality.

A merging process between two convective cells, mainly due to orographic effects on cell displacement, is also discussed. Such a process can be an important mechanism to explain rain enhancement in some localized places as it occurred in MAP IOP3. The horizontal cross section of mean vertical velocity indicates that the lake and its mountainous close surrounding are the place of moderate airmass vertical motions. Clearly updraughts dominate the vertical kinematic of the IOP3 event. This last point is corroborated by the vertical profile of temporal mean vertical velocity, which also gives credit to the convective nature of the precipitating system: the maximum mean velocity occurs around 4 km. In addition, the evolution of vertical velocity is characterized by an intensification of updraughts around 1810 UTC, which means an activation of convection. This is consistent with the increasing of the reflectivity values of the precipitating systems when passing over the lake and the Alps. Both radar observations and numerical simulations agree about the general kinematic characteristics of IOP3.

In addition, by computing mixing ratio of various hydrometeors, the model Meso-NH is undoubtly an additional tool to complete radar observations and to precise qualitative conclusions about microphysics inferred from radars observations. First, the simulated hydrometeor profile and the radar-observed one being quite similar, the model Meso-NH correctly reproduces the microphysical pattern of a convective system. This microphysical pattern consists in liquid hydrometeors at positive temperatures (low altitudes), snowflakes and heavy particles as graupel and hailstones close to and few kilometers above the 0 °C isotherm level, and solid particles (ice crystal and snow) at strong negative temperatures (highest altitudes). An interesting finding is that the Meso-NH reveals also the non-negligible presence of supercooled droplets. This information cannot be retrieved directly from radar observations since cloud droplets are not seen by radars, and yet they play an important role in the triggering of intense precipitation. However, the model probably exaggerates the production of supercooled droplets, graupel and hail at high altitudes.

Moreover, by computing mixing ratio rates for various microphysical processes defined in the microphysical scheme ICE4, Meso-NH enables to identify the main microphysical processes involved in IOP3 and to study the microphysical evolution of the precipitating system. In this paper, the importance of supercooled water, which leads to rimed snowflakes and rimed graupel particles, appears clearly. The role of snowflakes as a transient category for graupel is also suggested. Graupel and hailstones growth occur with the collection of lighter hydrometeors (ice crystals, snowflakes, drop and droplets) in a wet mode. The melting of the heaviest hydrometeors (graupel and hailstones), which enhances liquid precipitation at positive temperatures, is underlined. Warm coalescence seems also to be an important process in liquid phase IOP3 microphysics.

For the first time, it is shown that the microphysics of IOP3 is characterized by an intensification at around 1810 UTC of the processes in pure liquid phase and mixed phase, and quite stable mechanisms in pure solid phase. The higher part of the IOP3 precipitating system is then stable in time, the lower part and the intermediate part around the 0 °C level significantly evolve from low to moderate activity to high and intense activity. All these microphysical IOP3 characteristics are consistent with the vertical kinematic IOP3 characteristics. Indeed, the intensification of updraught velocities (around 1810 UTC) is required to make possible an active microphysics for the precipitating system by carrying aloft liquid hydrometeors and sustaining in altitude, for a long sufficient time, the heavier particles and, consequently, to enable efficient microphysical processes to occur.

This study completes the only qualitative conclusions about the IOP3 microphysics that can be inferred from radar observations. On the other hand, radar observations have qualitatively suggested that the Hallett-Mossop effect (ice generation by splintering of snow particles) could act on the IOP3 microphysics just above the 0 °C level. This mechanism is not taken into account in the microphysical scheme ICE4 of Meso-NH. Thus, it would be interesting to parameterize this microphysical process. Finally, the association of radar observations and numerical outputs from the mesoscale model Meso-NH has been fruitful, especially in the understanding of the IOP3 microphysics. This paper contributes also to illustrate the importance of such coupled studies.

To conclude, IOP3 event is a moderate convective microphysics, mainly characterized by liquid and mixed phases processes, (e.g. riming, melting of heavy hydrometeors, and warm coalescence) which become significant at around 1810 UTC, when the system is over the lake and approaches the mountains.
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 1 Fig. 1. 500 hPa geopotential chart from the ECMWF re-analysis at 1200 UTC on September 25, 1999. Wind is represented by vectors.

Fig. 2 .

 2 Fig. 2. (a) Triple Doppler radar network and underlying terrain in the Lago Maggiore Area during MAP-SOP (contours every 600 m). This domain corresponds to the innermost domain of the numerical simulation with a 2 km mesh-size. (b) Domain of Doppler-derived wind and precipitation (contours every 500 m).

Fig. 3 .

 3 Fig. 3. Horizontal cross sections of reflectivity and wind (vectors) radar fields at an altitude of 2.5 km. a) 1720 UTC b) 1750 UTC c) 1810 UTC d) 1830 UTC e) 1850 UTC f) 1930 UTC. The black solid line represents the isocontour at z = 500 m of the terrain.

Fig. 4 .

 4 Fig. 4. Horizontal cross sections of reflectivity and wind (vectors) computed fields at an altitude of 2.5 km. a) 1720 UTC b) 1750 UTC c) 1810 UTC d) 1830 UTC e) 1850 UTC f) 1930 UTC. The black solid line represents the isocontour at z =500 m of the terrain.

Fig. 8

 8 Fig. 8 displays a horizontal cross section of the vertical velocity w (m s -1 ) averaged between 1 km and 8 km altitudes, and over

Fig. 5 .

 5 Fig. 5. Trajectory of the cell A between 1830 UTC and 1930 UTC at an altitude of 2.5 km. We have indicated the position of the cell at four different times (1830 UTC, 1850 UTC, 1910 UTC and 1930 UTC).

Fig. 6 .

 6 Fig. 6. Horizontal cross sections of reflectivity and wind (vectors) simulated fields at z = 2.5 km. a) 1840 UTC b) 1845 UTC c) 1850 UTC d) 1900 UTC e) 1905 UTC f) 1910 UTC. The black solid line represents the isocontour at z = 500 m of the terrain.

Fig. 7 .

 7 Fig. 7. Vertical cross sections of reflectivity and wind (vectors) simulated fields along the transversal line of Fig. 6. a) 1840 UTC b) 1845 UTC c) 1850 UTC d) 1900 UTC e) 1905 UTC f) 1910 UTC. The black solid line represents the 0 °C level while black dashed lines represent respectively the -10 °C, -20 °C, and -30 °C levels.

Fig. 8 .

 8 Fig. 8. Vertical velocity w (m s -1 ) averaged between the altitudes of 1 km and 8 km, and over the whole period of the precipitating event (1720 UTC-1940 UTC). (a) Radar observations (b) Meso-NH outputs. In (a), white zones are due to a lack of radar data which does not permit to compute meaningful averaged vertical velocities.
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 910 Fig. 9. Vertical profiles of vertical velocity w (m s -1 ) averaged over the time period 1720 UTC-1940 UTC and over the whole horizontal grid (80 km × 80 km). Updraught velocity (w N 0) is displayed with a solid line and downdraught velocity (w b 0) with a dashed line. The dotted line represents the difference between updraught velocities and downdraught ones. (a) Radar observations (b) Meso-NH outputs.
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 11 Fig. 11. Temporal mean vertical profile of observed hydrometeor categories between 1720 UTC and 1940 UTC. The three horizontal dashed lines represent the approximate positions of the isotherms 0 °C, -10 °C, and -20 °C. The abbreviations R, GH, WS, DS, and IC denote rain, graupel-hail mixture, wet snow, dry snow, and ice crystals respectively.

Fig. 12 .

 12 Fig.12. Temporal mean vertical profile of simulated hydrometeor categories between 1720 UTC and 1940 UTC for mixing ratio r higher than (a) 0 g kg -1 and (b) 0.1 g kg -1 . The three horizontal dashed lines represent the approximate positions of the isotherms 0 °C, -10 °C, and -20 °C. The abbreviations RC, RR, RI, RS, RG, and RH denote the mixing ratio (R) of cloud droplets, rain, ice crystals, snow/aggregate, graupel, and hail respectively.

Fig. 13 .

 13 Fig. 13. Temporal mean vertical profile of the computed normalized mixing ratio rates τ of the main microphysical processes in pure solid phase (a), mixed phase (b) and pure liquid phase (c). The four horizontal dashed lines represent the approximate positions of the isotherms 0 °C, -10 °C,

Fig. 14 .

 14 Fig. 14. Evolution of the normalized mixing ratio rates τ of the 14 microphysical processes considered from 1710 UTC to 1940 UTC. Processes are divided into three groups: pure solid microphysics (a), mixed microphysics (b) and liquid microphysics (c). The abbreviations for the different microphysical processes considered are explained in Table1.

Table 1

 1 Description of the different microphysical processes considered.

	Microphysical process	Definition
	Solid phase	DEPI	Vapour deposition into ice (if positive)
			Ice sublimation (if negative)
		BRFI	Wegener-Bergeron-Findeisen effect
		RIMS	Snow riming (if positive)
			Turning of large aggregates into graupel
			(if negative)
		AGGS	Aggregation of ice crystals by snowflakes
		AUTI	Autoconversion of ice crystals into snow
	Mixed phase	WTHH	Hail wet growth
		WTGH	Conversion of graupel growth in the wet
			mode into hail
		GRWG	Graupel dry and wet growths
		CMLG	Conversion of melting snow into melting
			graupel
		RIMG	Heavy riming of large aggregates converted
			into graupel
	Liquid phase	CNDC	Condensation of vapour onto cloud droplets
		MLTR	Graupel and hail melting giving raindrops
		AUTR	Autoconversion of cloud droplets into
			raindrops
		ACCR	Accretion of cloud droplets by raindrops
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