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This study evaluates the potential of spaceborne passive microwave observations for assessing decadal simulations of precipitation from a regional climate model through a model-to-satellite approach. A simulation from the Weather and Research Forecasting (WRF) model is evaluated against 2002-2012 observations from the Advanced Microwave Sounding Unit (AMSU-B) and the Microwave Humidity Sounder (MHS) over the Mediterranean region using the radiative transfer code RTTOV (Radiative Transfer for Tiros Operational Vertical Sounder). It is first shown that simulated and observed brightness temperatures are consistently correlated for both water vapour and window channels. Yet, although the average simulated and observed brightness temperatures are similar, the range of bright-

Introduction

Water shortage and floods are some of the main climatic challenges faced by the Mediterranean countries critically impacting their socio-economic vitality, threatening lives, causing damages to property, affecting the energy and transportation sectors [START_REF] Drobinski | HyMeX, a 10-year multidisciplinary program on the Mediterranean water cycle[END_REF]. There are gaps in our understanding of the processes controlling the Mediterranean precipitation which limit our ability to simulate properly its variability and trend in a warming climate (e.g., [START_REF] Barkhordarian | The expectation of future precipitation change over the mediterranean region is different from what we observe[END_REF]. Such limitations are partially caused by the contribution of fine-scale processes [START_REF] Rysman | Spatial and temporal variability of rainfall in the alps-mediterranean euroregion[END_REF] and their non-linear interactions with largescale processes as well as the complex and not well known interactions between oceanic, atmospheric and hydrological processes (e.g., Funatsu et al, 2009;[START_REF] Berthou | Sensitivity of an intense rain event between atmosphere-only and atmosphere-ocean regional coupled models: 19 september 1996[END_REF]. Large-scale atmospheric circulation together with the Mediterranean Sea act as a moisture and heat source for precipitation over the region (Duffourg andDucrocq, 2011, 2013;[START_REF] Sodemann | Seasonal and interannual variability of the moisture sources for alpine precipitation during 1995-2002[END_REF][START_REF] Pastor | Sea surface temperature and torrential rains in the Valencia region: modelling the role of recharge areas[END_REF] while the mountains surrounding the Mediterranean Sea play a crucial role in rising air flow, which can lead to high-impact weather systems such as heavy precipitation. Cyclones, interactions with topography and self-organisation of convection are typical mechanisms that can localize precipitation systems fed by low-level moist jets and induce very high precipitation amounts (Jansà et al, 2001;García-Herrera et al, 2005;Houze, 2004;[START_REF] Ducrocq | A numerical study of three catastrophic precipitating events over southern France. II: mesoscale triggering and stationarity factors[END_REF][START_REF] Argence | Impact of initial condition uncertainties on the predictability of heavy rainfall in the mediterranean: a case study[END_REF][START_REF] Pastor | Numerical study of the October 2007 flash flood in the Valencia region (Eastern Spain): the role of orography[END_REF][START_REF] Bresson | Idealized numerical simulations of quasi-stationary convective systems over the northwestern Mediterranean complex terrain[END_REF][START_REF] Ricard | A climatology of the mesoscale environment associated with heavily precipitating events over a northwestern Mediterranean area[END_REF]. The numerous rivers originating from the mountains can lead to flash floods with dramatic consequences in the very urbanised littorals of the Mediterranean (886 casualties in Algiers in November 2001, 20 casualties in Draguignan in June 2010). A better understanding of the processes associated with precipitation is also of importance regarding their direct impact on aquifer recharge, river discharge, soil water content and vegetation characteristics specific to the Mediterranean basin.

The Hydrological cycle in the Mediterranean eXperiment (HyMeX, Drobinski et al (2014)) is a 10-year concerted experimental effort at the international level aiming at advancing the scientific knowledge of the water cycle variability in all compartments (land, sea and atmosphere) and at various temporal and spatial scales. It also aims at improving the regional climate models ability for predicting regional climate variability and evolution in coordination with the MED-CORDEX program [START_REF] Ruti | Med-cordex initiative for mediterranean climate studies[END_REF]. A wealth of observations [START_REF] Ducrocq | HyMeX-SOP1, the field campaign dedicated to heavy precipitation and flash flooding in the northwestern Mediterranean[END_REF] and simulations [START_REF] Ruti | Med-cordex initiative for mediterranean climate studies[END_REF] have been collected in the HyMeX database since 2010 such as observations from passive microwave sounders on-board satellites and simulations performed in the context of the joint HyMeX/MED-CORDEX initiative. This database is thus particularly worthwhile to study precipitation combining different methods and approaches.

The regional climate simulations cover the ERA-Interim period 1989-2008 as initially recommended in the MED-CORDEX project. Some simulations were extended afterwards to cover the updated ERA-Interim period 1979-2008 and the HyMeX observation periods from September 2012 to April 2013. Several regional climate models (RCM) have been run in atmosphere-only mode where the ERA-Interim sea-surface temperature (SST) was prescribed as the lower boundary conditions, while some other simulations used atmosphere-ocean regional climate models (AORCM) with SST prognosed at each time step by the ocean model as a lower boundary condition to the RCM. All models provide the meteorological variables controlling precipitation triggering with a 3-h temporal resolution and an horizontal 20 km grid-spacing over a large domain encompassing the Mediterranean Sea, parts of Europe and North Africa (14.3˚W -42.3˚E/ 28.3˚N -51.3˚N).

Passive microwave sounders are powerful tools to monitor the atmosphere over land and sea. They have been primarily developed to measure temperature and humidity profiles [START_REF] Susskind | Remote sensing of weather and climate parameters from hirs2/msu on tiros-n[END_REF]Gloersen and Barath, 1977) and to retrieve total precipitable water [START_REF] Vangasse | Retrieval of total precipitable water using radiometric measurements near 92 and 183 ghz[END_REF], but many other atmospheric applications have been developed since then; such as hail and convection detection [START_REF] Ferraro | A prototype hail detection algorithm and hail climatology developed with the advanced microwave sounding unit (amsu)[END_REF]Hong et al, 2005a) and rain rate retrieval [START_REF] Laviola | The 183-WSL fast rain rate retrieval algorithm: Part I: Retrieval design[END_REF]Kidd et al, 2016). These instruments probe the atmosphere at frequencies from 20 to 200 GHz using several channels often centered in the oxygen bands (for temperature profiling) and water vapour bands (for humidity profiling). Since the first generation of instruments launched in the seventies (e.g., Scanning Microwave Spectrometer (SCAMS) [START_REF] Staelin | The scanning microwave spectrometer (scams) experiment[END_REF], Microwave Sounding Unit (MSU)), much improvement has been brought in terms of sensitivity, accuracy and resolution. At present the lastest generation offers 10-20 km resolutions at nadir with a swath width of 2000 km. Among them, the Advanced Microwave Sounding Unit (AMSU-B) [START_REF] Vangasse | Retrieval of total precipitable water using radiometric measurements near 92 and 183 ghz[END_REF] and the Microwave Humidity Sounder (MHS) [START_REF] Bonsignori | The Microwave Humidity Sounder (MHS): in-orbit performance assessment[END_REF] are two very similar instruments that probe the atmosphere using two window channels and three water vapour channels with a 16 km resolution at nadir. Since 1999, they have been installed on-board seven polar orbiting satellites and, since 2002, at least 3 instruments have been operational together. This ensures a fair temporal resolution in the Mediterranean (of about 3 to 4 hours). Moreover, in the coming years, similar radiometers will be launched (e.g., MHS on Metop-C, 2018, and Advanced Technology Microwave Sounder (ATMS) on Joint Polar Satellite System 1-4 (JPSS 1-4), 2017, 2021, 2026, 2031) that will extend the already considerable span of this database. Note that a first ATMS has been launched on board the Suomi National Polar-orbiting Partnership (Suomi NPP) satellite in October 28, 2011, and is fully operational since March 2012. Such a long-term and homogeneous database can be worthwhile for the evaluation of regional climate models over decadal periods and for the understanding of precipitation variability at various temporal and spatial scales. Moreover, the spatial and temporal resolutions of the database are very similar to those of the MED-CORDEX simulations allowing a straightforward comparison. A preliminary attempt to evaluate a regional climate model using these passive microwave sounders has been performed by [START_REF] Claud | A high resolution climatology of precipitation and deep convection over the Mediterranean region from operational satellite microwave data: development and application to the evaluation of model uncertainties[END_REF]. The simulated rain rate was compared to the diagnosed rain occurrence from AMSU-B, with a fair qualitative agreement. This study goes one step further in the evaluation of regional climate model simulations by simulating the brightness temperatures of model outputs with the Radiative Transfer for Tiros Operational Vertical Sounder (RTTOV-v11) [START_REF] Saunders | Rttov-11 science and validation report[END_REF]. The simulation of brightness temperatures allows the direct comparison with satellite observations. With this method, the satellite observations do not need any retrieval procedures and their associated unknown errors. The sole uncertainties associated with the measurements are limited to the known issues on sensor calibration. In the past, the so-called model-to-satellite approach was extensively used for microwave instruments on cloud-resolving model outputs for building microphysics database (e.g., [START_REF] Panegrossi | Use of cloud model microphysics for passive microwave-based precipitation retrieval: Significance of consistency between model and measurement manifolds[END_REF][START_REF] Marzano | Bayesian estimation of precipitating cloud parameters from combined measurements of spaceborne microwave radiometer and radar[END_REF][START_REF] Kummerow | The evolution of the goddard profiling algorithm (gprof) for rainfall estimation from passive microwave sensors[END_REF][START_REF] Michele | Bayesian algorithm for microwave-based precipitation retrieval: Description and application to tmi measurements over ocean[END_REF][START_REF] Meirold-Mautner | Radiative transfer simulations using mesoscale cloud model outputs: Comparisons with passive microwave and infrared satellite observations for midlatitudes[END_REF][START_REF] Chaboureau | A midlatitude cloud database validated with satellite observations[END_REF][START_REF] Defer | Development of precipitation retrievals at millimeter and submillimeter wavelengths for geostationary satellites[END_REF][START_REF] Casella | Transitioning from crd to cdrd in bayesian retrieval of rainfall from satellite passive microwave measurements: Part 2. overcoming database profile selection ambiguity by consideration of meteorological control on microphysics[END_REF][START_REF] Sanò | Transitioning from crd to cdrd in bayesian retrieval of rainfall from satellite passive microwave measurements: Part 1. algorithm description and testing[END_REF] or assessing simulations (e.g., [START_REF] Wiedner | Modeling of passive microwave responses in convective situations using outputs from mesoscale models: comparison with TRMM/TMI satellite observations[END_REF][START_REF] Surussavadee | Comparison of amsu millimeter-wave satellite observations, mm5/tbscat predicted radiances, and electromagnetic models for hydrometeors[END_REF][START_REF] Clark | Uncertainties in short-term forecasts of a Mediterranean heavy precipitation event: Assessment with satellite observations[END_REF] covering short periods of time (typically a few days).

The objective of this study is to assess the potential of microwave observations to evaluate decadal simulations of a regional climate model using a model-to-satellite approach. A special attention is dedicated to the evaluation of precipitation and associated microphysics.

The dataset and the methodology are detailed in section 2. Section 3 is dedicated to the assessment of simulated brightness temperatures. Then, in section 4, we assess the simulated frozen hydrometeors against observations collected during the HyMeX first Special Observation Period (SOP-1) and we study the sensitivity of simulated brightness temperatures to the frozen hydrometeors shape in section 5. Finally, in section 6, we evaluate the simulated rainfall occurrence against the observed rainfall occurrence. These results are discussed in the last section of the paper. B). In this study, we used measurements from 2002 to 2012 in order to ensure that at least 3 instruments are available simultaneously, which allows a temporal resolution of about 4 h. The measured brightness temperature field was re-interpolated on the model grid (bi-linear interpolation).

Several authors studied the effect of surface emissivity, water vapour and hydrometeors on simulated brightness temperature in the microwaves (e.g., [START_REF] Mugnai | Radiative transfer to space through a precipitating cloud at multiple microwave frequencies. part i: Model description[END_REF][START_REF] Mugnai | Simulation of microwave brightness temperatures of an evolving hailstorm at ssm/i frequencies[END_REF][START_REF] Smith | Foundations for statistical-physical precipitation retrieval from passive microwave satellite measurements. part i: Brightnesstemperature properties of a time-dependent cloud-radiation model[END_REF][START_REF] Kummerow | A passive microwave technique for estimating rainfall and vertical structure information from space. part i: Algorithm description[END_REF][START_REF] Petty | The status of satellite-based rainfall estimation over land[END_REF][START_REF] Panegrossi | Use of cloud model microphysics for passive microwave-based precipitation retrieval: Significance of consistency between model and measurement manifolds[END_REF][START_REF] Stephens | The remote sensing of clouds and precipitation from space: A review[END_REF], and more specifically for AMSU-B and MHS channels (e.g., [START_REF] Burns | Effects of precipitation and cloud ice on brightness temperatures in amsu moisture channels[END_REF]Fer-raro et al, 2000;[START_REF] Bennartz | The sensitivity of microwave remote sensing observations of precipitation to ice particle size distributions[END_REF][START_REF] Skofronick-Jackson | Influence of microphysical cloud parameterizations on microwave brightness temperatures[END_REF][START_REF] Bennartz | Sensitivity of microwave radiances at 85-183 ghz to precipitating ice particles[END_REF]Hong et al, 2005b;[START_REF] Surussavadee | Comparison of amsu millimeter-wave satellite observations, mm5/tbscat predicted radiances, and electromagnetic models for hydrometeors[END_REF][START_REF] Laviola | The 183-WSL fast rain rate retrieval algorithm: Part I: Retrieval design[END_REF]. They highlighted some systematic characteristics that are listed in the following. First, the channels of a microwave radiometer probe more or less deep in the atmosphere depending on their frequencies. Under clear sky conditions, AMSU-B and MHS weighting functions peak at the ground level for window channels and mainly from 2 km (183.3±7 GHz) to 8 km (183.3±1 GHz) for water vapour channels (e.g., Karbou et al (2005) for mid-latitudes). Therefore, each channel of AMSU-B/MHS is sensitive to a different layer of the atmosphere. For example, the water vapour channels are nearly insensitive to low-levels clouds. Second, the radiation measured by the microwave radiometers depends on: the emission of the surface and/or the atmosphere and the emission, absorption and scattering by atmospheric components (water vapour, cloud liquid water, rain and frozen hydrometeors). Thus, the measured brightness temperatures of AMSU-B and MHS depend on the channel frequency, on the surface properties, on the vertical profiles of water vapour and temperature and on the density, phase, shape, size distribution and altitude of hydrometeors.

In greater details, the 89 GHz channel is sensitive to rain, surface emissivity, water vapour, cloud liquid water and frozen hydrometeors while the 150/157 GHz channel is slightly sensitive to surface emissivity, insensitive to rain and strongly sensitive to cloud liquid water, water vapour and frozen hydrometeors [START_REF] Bennartz | Sensitivity of microwave radiances at 85-183 ghz to precipitating ice particles[END_REF][START_REF] Deeter | Amsu-b observations of mixed-phase clouds over land[END_REF]Hong et al, 2005b;[START_REF] Surussavadee | Comparison of amsu millimeter-wave satellite observations, mm5/tbscat predicted radiances, and electromagnetic models for hydrometeors[END_REF]. Both window channels are globally insensitive to atmosphere temperature. The water vapour channels are sensitive to the atmosphere temperature, the water vapour and the hydrometeors. In particular, they are very sensitive to high density frozen hydrometeors (such as graupel and hail). Moreover, they are nearly insensitive to surface properties (i.e., temperature and emissivity, except for very dry and cold atmosphere (see [START_REF] Laviola | The 183-WSL fast rain rate retrieval algorithm: Part I: Retrieval design[END_REF])). Because the 183.3±7 channel probes deeper in the atmosphere, it is also moderately sensitive to rain and cloud liquid water [START_REF] Bennartz | Sensitivity of microwave radiances at 85-183 ghz to precipitating ice particles[END_REF]. A comprehensive description of the impact of hydrometeors on the 89-183 GHz channels can be found in [START_REF] Laviola | The 183-WSL fast rain rate retrieval algorithm: Part I: Retrieval design[END_REF]. ter for a window channel (89 GHz) and a water vapour channel (190.3 GHz) on 12 October 2012 at 13:12 UTC. The 89 GHz channel is strongly affected by surface emissivity with a sharp contrast of brightness temperature between land and sea.

In addition, the brightness temperature shows a strong variability over the sea with brightness temperature mainly ranging between 210 and 245 K. This variability is due to the presence of hydrometeors (precipitating and non-precipitating) and water vapour in the region. The low brightness temperatures over the Gulf of Lion are associated with clear-sky conditions while elsewhere images from the SEVIRI imager on-board the Meteosat Second Generation satellite reveal the presence of low-level clouds (not shown). Furthermore, a region of very low brightness temperatures (down to 180 K) is observed on the southern part of Majorca.

The 190.3 GHz channel brightness temperatures range mainly from 230 to 270 K without any obvious influence of the surface properties. A very strong temperature depression is noticeable on the southern part of Majorca with brightness temperatures 100 K lower than in the surrounding regions. A significant temperature depression is also noticeable for 183.3±1 GHz channel in the same region (not shown here but see Figure 6), highlighting a strong frozen hydrometeors loading in this convective region. This example illustrates the potential of the microwave radiometers to document some characteristics of the atmosphere and to provide insights about the vertical structure of liquid or solid atmospheric water.

2.2 Detection of rainfall and deep convection using AMSU-B/MHS Several authors [START_REF] Weng | Advanced microwave sounding unit cloud and precipitation algorithms[END_REF][START_REF] Ferraro | Noaa operational hydrological products derived from the advanced microwave sounding unit[END_REF]Surussavadee and Staelin, 2008a,b;[START_REF] Laviola | The 183-WSL fast rain rate retrieval algorithm: Part I: Retrieval design[END_REF][START_REF] Sanò | The passive microwave neural network precipitation retrieval (pnpr) algorithm for amsu/mhs observations: description and application to european case studies[END_REF] developed algorithms to detect and/or estimate precipitation using AMSU/MHS radiometers based on the properties described in the previous section. In this study, we use the algorithm developed by Funatsu et al (2007) which is particularly attractive from its simplicity and because it has been developed and calibrated in the Mediterranean region. The algorithm detects rainfall when the following criterion is fulfilled:

T B 3 -T B 5 ≥ T 0 (1) 
where T B 3,5 are brightness temperatures for channels 3, 5 (i.e., 183.3±1 GHz, and 183.3±7 GHz for AMSU-B, and 183.3±1 GHz and 190.3 GHz for MHS) and T 0 =-8 K. Rain from low-level clouds can be missed using this diagnostic. Funatsu et al ( 2007) showed the T 0 value corresponds to a rain rate most of the time greater than 10 mm/3 h. In this study, we also use a diagnostic developed by Hong et al (2005a) to detect deep convection occurrence. Deep convection is detected whenever:

T B 3 -T B 5 ≥ T 0 and T B 3 -T B 4 ≥ T 0 and T B 4 -T B 5 ≥ T 0 (2)
with T 0 = 0.04761 -0.01678 θ + 0.00599 θ 2 where θ is the viewing angle. This diagnostic has been primarily developed for tropical regions yet it has been validated thereafter in the Mediterranean region by Funatsu et al (2007); [START_REF] Rysman | Severe convection in the mediterranean from microwave observations and a convection-permitting model[END_REF].

The RAdar SysTem Airborne (RASTA)

In this study, we also use measurements from an airborne 95 GHz Doppler cloud radar named RASTA [START_REF] Protat | Le projet rali: Combinaison d'un radar et d'un lidar pour l'étude des nuages faiblement précipitants[END_REF][START_REF] Bouniol | Comparison of Airborne and Spaceborne 95-GHz Radar Reflectivities and Evaluation of Multiple Scattering Effects in Spaceborne Measurements[END_REF][START_REF] Protat | Assessment of Cloudsat Reflectivity Measurements and Ice Cloud Properties Using Ground-Based and Airborne Cloud Radar Observations[END_REF][START_REF] Delanoë | Comparison of Airborne In Situ, Airborne Radar-Lidar, and Spaceborne Radar-Lidar Retrievals of Polar Ice Cloud Properties Sampled during the POLARCAT Campaign[END_REF]. During the HyMeX SOP-1, RASTA was installed on-board an aircraft which carried out 18 flights (about 50 flight hours) [START_REF] Ducrocq | HyMeX-SOP1, the field campaign dedicated to heavy precipitation and flash flooding in the northwestern Mediterranean[END_REF]. This instrument measures reflectivity using six antennas: three pointing downwards in three non-collinear directions, including one nadir pointing angle, and three pointing upwards in three non-collinear directions, including one zenith pointing angle. It has vertical and temporal resolutions of 60 m and 1.25 seconds, respectively. The calibration accuracy is about 1-2 dB and the lowest cloud reflectivity measurable is about -35 dBZ depending on the antenna. This instrument is used to investigate microphysical properties of clouds (e.g., [START_REF] Delanoë | Comparison of Airborne In Situ, Airborne Radar-Lidar, and Spaceborne Radar-Lidar Retrievals of Polar Ice Cloud Properties Sampled during the POLARCAT Campaign[END_REF]; mean volume-weighted diameter of frozen hydrometeors and ice water content being retrieved at each radar gate (i.e., 60 m) using the radonvar method (adapted from [START_REF] Delanoë | The Characterization of Ice Cloud Properties from Doppler Radar Measurements[END_REF][START_REF] Delanoë | Normalized particle size distribution for remote sensing application[END_REF]. Hydrometeors with diameters ranging from approximately a hundred micrometers to a few millimetres are detected. A first evaluation using collocated in-situ measurements such as particle size and bulk measurements highlighted a retrieval error within 30 % for ice water content.

The Weather Research and Forecasting Regional Climate Model (WRF-RCM)

The model used in this study is the version 3.1.1 of the Weather Research and Forecasting Model (WRF). WRF is a limited area model, non-hydrostatic, with terrain following eta-coordinate mesoscale modeling system designed to serve both operational forecasting and atmospheric research needs [START_REF] Skamarock | A description of the advanced research WRF version 3[END_REF]. The WRF simulation has been performed in the context of the MED-CORDEX program, using a 20-km horizontal resolution grid that extends from 14.3˚W to 42.3˚E and from 28.3˚N to 51.3˚N between 1989 and 2014. Its initial and boundary conditions are provided by the ERA-Interim reanalysis of the European Centre for Mean-range Weather Forecasts (ECMWF) and updated every 6 hr [START_REF] Simmons | Era-interim: New ecmwf reanalysis products from 1989 onwards[END_REF][START_REF] Dee | The ERA-Interim reanalysis: configuration and performance of the data assimilation system[END_REF]. In the vertical, 28 unevenly spaced levels are used and the atmosphere top is at 50 hPa. Topography data originate from 5-min resolution United States Geophysical Survey data. Soil type is based on a combination of the 10-min 17-category United Nations Food and Agriculture Organization soil data and U.S. State Soil Geographic 10-min soil data. A complete set of parameterizations is used. These include the WRF Single-Moment 5-class microphysical parameterization (Hong et al, 2004), the new Kain-Fritsch convective parameterization (Kain, 2004), the Dudhia shortwave radiation [START_REF] Dudhia | Numerical study of convection observed during the winter monsoon experiment using a mesoscale two-dimensional model[END_REF] and Rapid Radiative Transfer Model longwave radiation [START_REF] Mlawer | Radiative transfer for inhomogeneous atmospheres: Rrtm, a validated correlated-k model for the longwave[END_REF], the Yonsei University planetary boundary layer scheme [START_REF] Noh | Improvement of the k-profile model for the planetary boundary layer based on large eddy simulation data[END_REF] and the Rapid Update Cycle (RUC) land-surface models [START_REF] Smirnova | Performance of different soil model configurations in simulating ground surface temperature and surface fluxes[END_REF][START_REF] Smirnova | Parameterization of cold-season processes in the maps land-surface scheme[END_REF]. The WRF simulation has been relaxed towards the ERA-Interim large scale fields with a nudging time of 6 hr [START_REF] Salameh | The effect of indiscriminate nudging time on large and small scales in regional climate modelling: application to the mediterranean basin[END_REF][START_REF] Omrani | Optimal nudging strategies in regional climate modelling: investigation in a big-brother experiment over the european and mediterranean regions[END_REF][START_REF] Omrani | Using nudging to improve global-regional dynamic consistency in limited-area climate modeling: What should we nudge?[END_REF]. With this set of parameterizations, water can be exchanged between water vapour, cloud water (liquid water within a cloud), rain (precipitating liquid water with a particle density of 1000 kg/m 3 ), ice (frozen water within a cloud) and snow (precipitating frozen water with a particle density of 100 kg/m 3 ). This allows for mixed-phase processes, super-cooled water and snow melt in addition to ice sedimentation.

The simulation provides the 3-hourly convective (i.e., subgrid) and non-convective precipitation field. The precipitation field has been evaluated over land against ECA&D (European Climate Assessment and Data set (Haylock et al, 2008)) and SAFRAN (Système d'analyse fournissant des renseignements atmosphériques à la neige (Quintana-Seguí et al, 2008)) raingauge-based gridded products at the Mediterranean basin scale [START_REF] Stéfanon | Soil moisturetemperature feedbacks at meso-scale during summer heat waves over western europe[END_REF][START_REF] Lebeaupin-Brossier | Ocean memory effect on the dynamics of coastal heavy precipitation preceded by a mistral event in the northwestern mediterranean[END_REF]Flaounas et al, 2013;[START_REF] Berthou | Prior history of mistral and tramontane winds modulates heavy precipitation events in southern france[END_REF][START_REF] Berthou | Sensitivity of an intense rain event between atmosphere-only and atmosphere-ocean regional coupled models: 19 september 1996[END_REF] and over sea against the satellite product of the Hamburg Ocean Atmosphere Parameters and fluxes from Satellite data (HOAPS) available twice a day with a spatial resolution of 0.5˚in longitude and latitude [START_REF] Lebeaupin-Brossier | Regional mesoscale air-sea coupling impacts and extreme meteorological events role on the mediterranean sea water budget[END_REF]. AMSU-B/MHS sounders appear as a complementary approach to evaluate the simulation at finer temporal (3-4 h) and spatial (16 km at nadir) resolutions with an homogeneous precipitation information over land and sea. The cloud coverage has also been evaluated in [START_REF] Chakroun | Characterization of vertical cloud variability over europe using spatial lidar observations and regional simulation[END_REF].

Two twin simulations with these specifications have been run with atmosphere-only mode and with atmosphere-ocean coupled mode (see [START_REF] Drobinski | Modelling the regional coupled earth system (morce): Application to process and climate studies in vulnerable regions[END_REF][START_REF] Lebeaupin-Brossier | Regional mesoscale air-sea coupling impacts and extreme meteorological events role on the mediterranean sea water budget[END_REF]. In this paper, we only present the results for runs in atmosphere-only mode because the results are very similar to those of the atmosphere-ocean coupled mode. The reasons for this similarity are discussed in the last section of this article.

RTTOV

The brightness temperatures of model outputs were computed using the radiative transfer model RT-TOV (Radiative Transfer for Tiros Operational Vertical Sounder) version 11 [START_REF] Saunders | Rttov-11 science and validation report[END_REF]. This radiative transfer model was developed initially at ECMWF [START_REF] Eyre | A fast radiative transfer model for satellite sounding systems[END_REF][START_REF] Saunders | An improved fast radiative transfer model for assimilation of satellite radiance observations[END_REF][START_REF] Matricardi | An improved general fast radiative transfer model for the assimilation of radiance observations[END_REF][START_REF] Saunders | Rttov-8 science and validation report[END_REF] then within EUMETSAT NWP Satellite Application Facility. RTTOV is well designed to simulate brightness temperatures for the very large number of profiles of WRF simulations as it is able to compute very quickly a large number of satellite radiances from model outputs. The TELSEM (a Tool to Estimate Land Surface Emissivities at Microwave frequencies) atlas [START_REF] Aires | A tool to estimate land-surface emissivities at microwave frequencies (telsem) for use in numerical weather prediction[END_REF] was used to provide the surface emissivity of land while the FASTEM code was used for the surface emissivity of sea. Until recently, RTTOV simulated hydrometeors as spherical particles of different densities (e.g., 1000 kg/m 3 for rain, 100 kg/m 3 for snow). Yet, several studies [START_REF] Kim | Scattering of ice particles at microwave frequencies: A physically based parameterization[END_REF]Geer and Baordo, 2014;Guerbette et al, 2016) showed that, when using this assumption, RTTOV had difficulties to provide realistic scattering from frozen hydrometeors simultaneously at every microwave frequency. Therefore, a new approach taking frozen hydrometeors as three-dimensional realistic shapes (e.g., Short Column, 3-Bullet Rosette, and Sector Snowflake) has been implemented. Geer and Baordo (2014) identified the "Sector Snowflake" shape, from those available in the [START_REF] Liu | A database of microwave singlescattering properties for nonspherical ice particles[END_REF] database, as the one that produces the best fit between global observations and ECMWF simulations for frequencies ranging from 10 to 183 GHz. This shape is used, as a first step, in sections 3 and 4 then a sensitivity test is conducted in section 5 to identify the most appropriate shape regarding the specific conditions of this study. The standard particle size distributions have been used, i.e., Marshall-Palmer for rain, mid-latitude Field et al (2007) for snow and modified-gamma for cloud-water and cloudice.

Evaluation of simulated brightness temperatures

Taylor diagrams [START_REF] Taylor | Summarizing multiple aspects of model performance in a single diagram[END_REF] provide a concise statistical summary of the performance of a model (Fig. 2). Specifically, Taylor diagrams highlight four different statistical properties of a given physical variable on a bi-dimensional polar diagram: the standard deviation in the selected domain normalised to the reference dataset (represented by the radius of the circle centered on the referential origin), the correlation between the selected and reference dataset (represented by the radius with respect to the y-axis), the root mean square error versus the reference dataset (represented by the circles centered on 1 on the x-axis), and the magnitude and sign of the bias (difference between mean simulated and observed brightness temperatures, arrows). Water vapour channels (BT 3-5) show similar results over land and sea (Fig. 2). The correlation mainly ranges between 0.7 (autumn-winter) and 0.9 (summer). The root mean square errors range from 0.5 to 0.7 K. The standard deviation, i.e., the simulations variability, is half of the observations variability and is slightly larger in summer than in autumn. Finally, the bias is negative: the simulated brightness temperatures are on average lower than the observed ones. Regarding window channels (BT 1 -2), Figure 2 shows a large difference between land and sea in particular in terms of bias, negative for sea and close to zero over land.

In terms of variability, the standard deviation for channel 1 is about 0.25 K over the sea and 1 K over land. The correlation for channel 1 is 0.5 over the sea and 0.7 over land. For channel 2, it is between 0.6 and 0.7, independently of the surface characteristics. Globally, the correlation is lower in summer than in other seasons (except for channel 1 over land). Eventually, the root mean square error is slightly higher over land than over the sea for channel 1. Note that, contrarily to the water vapour channels, the brightness temperatures in summer season are less accurately simulated by the model than in other seasons. The histograms of simulated and observed brightness temperatures (Fig. 3) allow to go a step fur- ther in the analyses. Firstly, histograms unravel a higher variability of observed brightness temperatures than of simulated brightness temperatures, in particular for low brightness temperatures. The model does not succeed in simulating high brightness temperatures for water vapour channels. It also underestimates the frequency of low brightness temperatures for all channels. It further fails in simulating very low brightness temperatures. Regarding the window channels, average temperatures are higher over land than over the sea (especially for channel 1) because of the difference in surface properties between land and sea. The difference between land and sea is weaker for channel 2 which is less sensitive to surface properties. The range of brightness temperatures for water vapour channels 3 and 4 is much wider in the observations (140 to 305 K) than in the simulations (180 to 280 K). Moreover the simulated brightness temperatures for water vapour channels 3 and 4 show an abrupt step in brightness temperatures distribution around 230 K.

If the difference for high brightness temperatures between the observations and the simulations looks like a simple shift, the difference for low tem- peratures appears to be related to an improper simulation of some atmospheric properties, possibly the underestimation of the frozen hydrometeors content. It is interesting to note that the brightness temperatures simulated for channel 5, that probes deeper in the atmosphere, appear more realistic than those simulated for channels 3 and 4 that probe higher in the atmosphere. This suggests the underestimation of frozen hydrometeors could be more significant in mid to high troposphere than in low troposphere.

4 Sensitivity of the simulated brightness temperatures to the frozen hydrometeors

The 12 October 2012 was characterised by the development of convective cells over the Balearic Islands (Fig. 4). RASTA radar detected high integrated frozen hydrometeor content (up to 2.5 g/m 2 ) both on the southern and northern parts of the Majorca island. The simulation produces convective rainfall along the Spanish eastern coast. Although the simulated convective cell is not strictly identical to the observed one, it developed in a similar large scale environment and is thus expected to produce a similar frozen hydrometeors profile. However, within this convective region, the simulation produces a rather low content of integrated frozen hydrometeors with a maximum of 0.025 g/m 2 at about 1.8˚E, 40.5˚N.

Figure 5 shows a vertical cross section of frozen hydrometeors content from the model along a line indicated in Figure 4 and the frozen hydrometeor retrieved by the RASTA radar interpolated at the model resolution. There are two regions with high frozen content along the RASTA path from 0 to 30 km with frozen hydrometeor content higher than 1 g/m 3 between 8 and 11 km height, and from 630 to 780 km with frozen hydrometeor content higher than 0.64 g/m 3 from 5 km to 12 km height (a more detailed analysis of this second system can be found in [START_REF] Rysman | Severe convection in the mediterranean from microwave observations and a convection-permitting model[END_REF]). Regarding the simulation, the frozen hydrometeor (solid precipitation and cloud ice) content is higher than 0.04 g/m 3 from 4 to 9 km height with a maximum around 0.16 g/m 3 at 7 km (kilometer 84). Therefore, the model simulates much less frozen hydrometeor than the observations, at least by a factor of 5 in the mid-troposphere. Figure 5 also shows that the median altitude of the maximum of frozen hydrometeor content is lower in the model (7 km) than in the observations (9-10 km).

The altitude and the density of frozen hydrometeors impact the brightness temperature measured by microwave radiometers as explained in the Section 2. The obvious next step is therefore to highlight the impact of the frozen hydrometeors underestimation on brightness temperatures. We thus compared the simulated brightness temperatures along the same cross-section with the observed brightness temperature measured by the MHS sounder along the RASTA track (Fig. 6). The difference is striking; observations show a strong depression for Fig. 7 Jacobian with respect to solid precipitation content (solid line) and cloud ice (dashed line) as a function of altitude. The Jacobian is computed at the grid point with the highest frozen hydrometeors content in the model (i.e., kilometer 84 in Figure 6).

the three water vapour channels over the region of high frozen hydrometeors content, while in the simulation only channels 4 and 5, which probes the deepest in the atmosphere, shows a slight decrease over the region with the highest frozen hydrometeors content. The difference in brightness temperature for channel 5 between the region with the highest frozen hydrometeors content and the region without hydrometeors is about 100 K in the observations while it is lower than 15 K in the simulation. This is, at least partially, due the lower content of frozen hydrometeors in the simulation. Moreover, the brightness temperature from channel 3 that probes the highest in the atmosphere, is not depressed at all in the simulation. This is probably because frozen hydrometeors are simulated only at low altitude (Fig. 5). The microphysics scheme of Hong et al ( 2004) produces two types of frozen hydrometeors: snow (i.e., solid precipitation) and ice crystals (i.e., cloud ice). In order to evaluate the sensitivity of the simulated brightness temperature on the type of frozen hydrometeors along the vertical in convective cells, we computed the Jacobian of the simulated brightness temperatures with respect to solid precipitation and cloud ice (Fig. 7) at the grid point with the highest frozen hydrometeors content in the simulation (i.e., kilometer 84 in Figure 6). The Jacobian shows that an increase of solid precipitation and cloud ice leads to a decrease of brightness temperatures from 1 km for channel 5, from 4 km for channel 4 and from 7 km for channel 3. For solid precipitation, the Jacobian reaches its minimum at 6.5 km for channel 5 (-32 K.g -1 .m -3 ), at 7 km for channel 4 (-12 K.g -1 .m -3 ) and at 8 km for channel 3 (-3 K.g -1 .m -3 ). The Jacobian is very similar for cloud ice, yet it peaks at higher levels than solid precipitation for channels 3 and 4.

In order to understand if the improper simulation of frozen hydrometeors is systematic, we evaluate the average content and altitude of frozen hydrometeors for the 18 RASTA flights that took place during the HyMeX SOP-1 campaign. Figure 8 highlights that the frozen hydrometeors content and altitude are underestimated during the entire HyMeX SOP-1 (and most probably during the entire 2002-2012 period). The observations show rather high frozen hydrometeors content (up to 2.2 g.m -3 ). The maximum occurrence of observed frozen hydrometeors, for observations, is found between 3 and 5 km and the highest content in hydrometeors is found in average around 7 km. A relatively high density of frozen hydrometeors is found up to 10 km. The simulated frozen hydrometeors show much lower content in the simulation (mostly lower than 0.3 g.m -3 ). The maximum of occurrence of frozen hydrometeors content is found higher than the observations (about 6 km) but the highest content of frozen hydrometeors is found around 3.5 km, at lower altitude than in the observations. Moreover, very few frozen hydrometeors are found higher than 8 km. Note that Figure 8 shows simulated solid precipitation and cloud ice together; cloud ice alone shows content about 5 times inferior to solid precipitation (not shown).

Sensitivity of the simulated brightness temperatures to the ice particle shape

In previous sections, we simulated brightness temperatures using the setting suggested by Geer and Baordo (2014) for the scattering of frozen hydrometeors in RTTOV. However, this setting has been established for different conditions that the ones considered in this study. Therefore, we tested here the sensitivity of the brightness temperatures simulation to the RTTOV setting, independently of the, already highlighted, issue of the underestimation of the frozen hydrometeors in the simulation. The scattering of hydrometeors simulated in RT-TOV can be tuned by representing frozen hydrometeors as spheres with variable densities. However it has been shown that, when using Mie spheres to represent frozen hydrometeors, realistic brightness temperatures can not be simulated at all microwave frequencies. In particular, this approach leads to overestimated scattering for middle frequencies (30-50 GHz) and underestimated scattering at high frequencies (150-183 GHz) [START_REF] Kim | Scattering of ice particles at microwave frequencies: A physically based parameterization[END_REF]Geer and Baordo, 2014;Guerbette et al, 2016). Moreover, spheres are particularly unrealistic shapes for frozen hydrometeors. Another option available in RTTOV consists in representing frozen hydrometeors as three-dimensional snowflakes/ice crystals using the discrete dipole approximation. Such shapes are more physically meaningful and succeed in simulating realistic scattering at all microwave frequencies (Geer and Baordo, 2014).

In the following, we tested, for the 12 October 2012 case, the sensitivity of brightness temperatures to the 11 ice particle shapes listed in Table 1 in Liu ( 2008) (e.g., Short Column, 3-Bullet Rosette, and Sector Snowflake) and to the Mie sphere. We also increased the solid precipitation content by a factor of 5 in order to obtain a more realistic frozen hydrometeors content in the midtroposphere (see previous section). It is important to note that none of the ice particle shape tested leads to a realistic brightness temperature depression without increasing the frozen hydrometeors content in the WRF simulation.

Tests reveal that the "Thin Plate" ice particle shape is the one that best matches the simulated convective rainfall area (Figure 9, red dashed region) and shows a realistic brightness temperatures depression compared to MHS measurements. Using this shape, the depression of brightness temperature from channel 5 reaches -70 K above the convective region of the cell compared to clear sky 1 Lowest brightness temperature over the convective region shown in Figure 9 simulated for channel 5 for several tested ice particle shapes. Note the solid precipitation is increased by a factor of 5 in the WRF simulation.

conditions. Channel 4 brightness temperature depression is nearly -25 K in this region. Note that brightness temperature from channel 3 does not show any significant depression because the frozen hydrometeor content in the high troposphere is very low compared to observations, even if multiplied by 5. Figure 9 shows that the area where deep convection is diagnosed from simulated brightness temperatures (green) only partially overlaps the convective rainfall region (red). The diagnostic is not fulfilled at the edge of the convective rainfall area, but is fulfilled at the rear of the cell (northeastern of the convective rainfall area) where frozen hydrometeors show high density (Fig. 4).

Amongst the other tested ice particle shapes, "Short Column", "Block Column" and "Thick Plate" tend to produce strong brightness temperatures depression (Table 1) but strongly overestimate the deep convection region (not shown). "Long Column" produces a realistic brightness temperature depression compared to Figure 6 but overestimates the deep convection area (not shown). Other shapes moderately ("3-Bullet Rosette" and "Sector Snowflake") or strongly ("4-Bullet Rosette", "5-Bullet Rosette", "6-Bullet Rosette", and "Dendrite Snowflake") underestimate the scattering by frozen hydrometeors. It might sound unphysical that the shape that leads to the more realistic brightness temperatures in our simulation is the "Thin Plate" whereas the simulation only produces snow. In fact, it illustrates that only the presence of ice particles such as hail can explain the significant observed brightness temperature depression of the 12 October 2012 case (Fig. 6). Note that although we privileged the more physical shape of "Thin Plate", it was also possible to simulate realistic brightness temperature depression using Mie spheres but it required a particularly high density of at least 900 kg/m 3 (density of aggregate).

Evaluation of simulated rainfall

This last section is dedicated to the evaluation of the total and convective rainfall simulated by the model. To this end, we compared the occurrence of simulated total and convective rainfall with the rainfall and the deep convection occurrence derived from (i) the observed and (ii) the simulated brightness temperatures (see Section 2). We used the "Thin Plate" ice particle shape to compute the brightness temperatures as a result of the sensitivity test described above. The rainfall diagnostic performs poorly for a cold surface under clear sky conditions (Funatsu et al, 2008) which can be found in winter and/or for elevated altitudes in the Mediterranean region. The comparison is thus conducted for spring, summer and autumn seasons and for altitudes below 1700 m (except in summer). In addition, as explained in the Section 2, the rainfall diagnostic method mainly detects rain events with rain rate greater than 10 mm/3h. Therefore, we retained the occurrences of precipitation with rain rate higher than 10 mm/3h in WRF. Finally, in the following, "WRF" rain (resp. convection) refers to rainfall (resp. convective rainfall) simulated by the WRF model while "WRF-RTTOV" rain (resp. convection) refers to rainfall (resp. convection) diagnosed from simulated brightness temperatures. The main difference between AMSU-B/MHS and WRF ((Fig. 10), left and middle panels) lies in the widespread distribution of rainfall in the observations while large areas inland and over the sea are dry in the simulations. Overall, there is a good agreement in the seasonal cycle between both datasets: in spring (MAM), precipitation is mainly located over the sea, on the northern coasts (especially in mountainous regions) and over the Atlas. In summer (JJA), rain occurs in European land with many occurrences in mountainous areas. In autumn (SON), the pattern is rather sim-ilar to MAM although with more frequent occurrences of rain, especially over the sea and in the Balkans. However, there are some discrepancies between AMSU-B and WRF precipitation such as the lack of simulated occurrences over the Black Sea and Northern Turkey in spring, in the Atlas in summer and in the Southwestern Mediterranean in autumn. AMSU-B/MHS does not show some gridpoint maxima of occurrences that are present in the simulation in the regions of Valencia (Spain), the Cévennes (France), Corsica, Calabria (Italy), Eastern Greece and in Portugal in autumn and in Eastern Spain in spring.

Regarding convection (Fig. 11) (left and middle), once again the occurrences are much more widespread in the observations than in the simulation. Although the seasonal cycle is quite similar between the observations and the simulation, large discrepancies exist in particular in spring when very few convective events occur in the simulation. In greater details, in spring, convection is found equally over land and over the sea in observations and only along the northern Mediterranean coast in simulation. In summer, AMSU-B/MHS convection occurs over land for latitude higher than 43˚N with a maximum in Northern Italy and also in the Atlas. The same maximum of convection in Northern Italy is found in WRF convection. However, convection is missing in the Atlas region in WRF. In autumn, convection moves towards the Mediterranean Sea with maxima along the Eastern Adriatic coast. In this season, AMSU-B/MHS and WRF convection show rather similar patterns, yet the former shows once again more widespread occurrences. It is also interesting to note that spring precipitation seems less related to deep convection than summer and autumn precipitation, both in AMSU-B/MHS observations and the simulation.

The obvious last step of this analysis is to evaluate the rain and deep convection diagnosed from simulated brightness temperatures. However, when applying the rain and deep convection diagnostics to simulated brightness temperatures, hardly any rain and deep convection is detected. Nevertheless, we showed that the underestimation of solid precipitation by a factor of 5 in the simulation (Fig. 8) impacts the simulated brightness temperatures (Fig. 7). Therefore, we investigate the effect of an increase in solid precipitation content on the validity of both rainfall and deep convection diagnostics. Specifically, we increased by a factor of 5 the solid precipitation content of every model output for which convective rainfall is detected. Then, we recomputed the brightness temperature and checked again the rain and deep convection occurrence diagnostics. Note that the original solid precipitation content is used for WRF rainfall and convection (middle column of Figure 10 and Figure 11).

Results show that WRF-RTTOV rainfall and convection (with the solid precipitation multiplied by 5) are quite similar to WRF rainfall and convection, respectively. The main differences are that WRF-RTTOV rainfall and convection occurrences are more scattered and that more convection in found in spring for WRF-RTTOV than for WRF.

Summary and discussion

This study aims at assessing the potential of passive microwave observations to evaluate decadal simulations of regional climate models. The evaluation is conducted on a simulation covering the period 2002-2012 at 3-h and 20 km resolutions over the Mediterranean region (land and sea) using a model-to-satellite approach. Specifically, we simulate brightness temperatures from the Weather and Research Forecasting (WRF) 3-hourly model outputs using the radiative transfer model RTTOV (v11). Simulated brightness temperatures show a correlation of 0.8 with observed brightness temperatures for water vapour channels. The correlation is lower for window channels especially over sea for the 89 GHz channel (∼0.5). The observed brightness temperature values show a higher variability than the simulated ones. In particular, the most striking discrepancy between the simulation and the observations lies in the improper simulation of very low brightness temperatures. Since low brightness temperatures are usually associated with the scattering from frozen hydrometeors at high microwave frequencies, we evaluate the simulated frozen hydrometeors loading using observations from the airborne RASTA radar. Results showed that the frozen hydrometeors content is underestimated by the model (at least by a factor of 5) and that the median altitude of frozen hydrometeors is lower in the simulation than in the observations. Thereafter, we seek for the most appropriate ice particle shape for simulating scattering by frozen hydrometeors with RTTOV in the conditions of this study. Tests show that the "Thin Plate" ice particle shape produces the most consistent brightness temperatures compared to observations in the studied convective system. Then, we evaluate the simulated rainfall occurrence and distribution. If the simulated rainfall matches reasonably well the observed rainfall, hardly any rainfall is detected when directly diagnosed from the simulated brightness temperatures. However, when simulated solid precipitation is increased by a factor of 5 in convective regions, rainfall diagnosed from simulated brightness temperatures is much more in agreement with the observations. These results illustrate the potential but also the present limitations of using passive microwave observations for the evaluation of precipitating systems in regional models. AMSU-B/MHS instruments are available since 1999, on-board several platforms, and have fair spatial and temporal resolutions. They should thus be particularly well designed for the evaluation of long-term simulations of regional models. However, if a comparison of WRF and AMSU-B/MHS products is straightforward and useful as a first step [START_REF] Claud | A high resolution climatology of precipitation and deep convection over the Mediterranean region from operational satellite microwave data: development and application to the evaluation of model uncertainties[END_REF], the use of a model-to-satellite approach is more problematic as it relies on the combined performance of a climate model (here WRF) and a radiative transfer model (RTTOV).

Regarding the climate model, as microwave measurements are highly sensitive to every atmospheric water component (water vapour, rain, frozen hydrometeors, etc.), the accurate simulation of brightness temperatures requires the model to reproduce consistently and accurately every component of the atmospheric water. In the present study, the model simulates a rainfall occurrence spatial distribution consistent with the observations because parameterizations are well chosen for this purpose. As a matter of fact, most of the evaluation of this simulation has been conducted for precipitation (Flaounas et al, 2013;[START_REF] Lebeaupin-Brossier | Regional mesoscale air-sea coupling impacts and extreme meteorological events role on the mediterranean sea water budget[END_REF][START_REF] Berthou | Prior history of mistral and tramontane winds modulates heavy precipitation events in southern france[END_REF][START_REF] Berthou | Sensitivity of an intense rain event between atmosphere-only and atmosphere-ocean regional coupled models: 19 september 1996[END_REF][START_REF] Lebeaupin-Brossier | Regional mesoscale air-sea coupling impacts and extreme meteorological events role on the mediterranean sea water budget[END_REF][START_REF] Berthou | Influence of submonthly air-sea coupling on heavy precipitation events in the western mediterranean basin[END_REF] products. However, the outputs available from the simulation do not provide realistic frozen hydrometeors content. A more realistic frozen hydrometeors content and vertical distribution would not only lead to more realistic brightness temperatures but also, since solid and liquid precipitation are intrinsically related (e.g., [START_REF] Field | Importance of snow to global precipitation[END_REF]; [START_REF] Mülmenstädt | Frequency of occurrence of rain from liquid-, mixed-, and ice-phase clouds derived from a-train satellite retrievals[END_REF]), to a possible improvement of the overall simulation of rainfall.

The underestimation of the frozen hydrometeors in the simulation assessed in this paper could have multiple causes. Firstly, it can be related to the microphysics scheme (WRF Single-Moment 5class microphysical parameterization (Hong et al, 2004)). In particular, this microphysics scheme does not include high density frozen precipitating hydrometeors (such as graupel and aggregate) that strongly scatter radiation and depress observed brightness temperatures. Another issue lies in the treatment of hydrometeors in convection. The microphysics scheme provides an estimation of the frozen hydrometeors only from large-scale precipitating events while information about the sub-grid hydrometeors is provided through the convection scheme (Kain-Fritsch scheme in the present study). This scheme estimates the mass fluxes from which it is possible to derive hydrometeors. However, the sole sub-grid rainfall has been computed for this simulation and the mass flux variable, from which we could have inferred the frozen hydrometeors content, is not available with this simulation as it is not a standard output required by the MED-CORDEX program. Surely, adding frozen hydrometeors derived from the mass flux will help reach more realistic simulations of the ice frozen hydrometeors. We thus urge the upcoming MED-CORDEX programs to provide the mass flux variable as a standard output of simulations. Another approach could be to simulate brightness temperatures in real-time at the model time-step and to provide brightness temperatures as a standard output of the simulations.

In order to simulate more realistic brightness temperatures, we multiplied solid precipitation by 5, which led to a more consistent rainfall spatial distribution. Obviously, such a basic method can have numerous side effects and does not account for the incorrect simulation of the altitude of solid precipitation. Therefore, improvement of simulations requires to identify the suited convective and microphysics schemes and to develop more interactions between both schemes. This could be done following the work of [START_REF] Piriou | An approach for convective parameterization with memory: Separating microphysics and transport in grid-scale equations[END_REF] who developed convection parameterization with separated subgrid microphysics and transport terms. The resolution used in the simulations, i.e., 28 vertical levels and 20 km horizontally, and in most long-term regional model simulations is also problematic, being simply not high enough to resolve fine scale convective processes leading to potential underestimation of frozen hydrometeors by the model. The development of convection-permitting models at a regional scale on long-term periods (Kendon et al, 2012;[START_REF] Prein | A review on regional convection-permitting climate modeling: demonstrations, prospects, and challenges: Convection-permitting climate modeling[END_REF] may overcome this problem by directly resolving hydrometeors generated by convection with the microphysics scheme.

Interestingly, [START_REF] Wu | An observationally based evaluation of wrf seasonal simulations over the central and eastern pacific[END_REF] recently conducted WRF simulations at 0.2˚horizontal resolution with 50 levels in the vertical over the central and eastern Pacific. They evaluated five convective parameterizations together with the WRF single-moment 6class microphysics scheme that produces high density frozen hydrometeors. Similarly to our analysis, they highlighted precipitation is well simulated in the model but ice clouds are underestimated for all convective parameterizations.

Our results suggest that improving the simulation of frozen hydrometeors by the model will greatly increase the interest of using model-to-satellite approach to evaluate regional model simulations. Further improvements will come from the RTTOV radiative transfer model. In particular, regarding the specific problem of radiation scattering by frozen hydrometeors, further efforts are needed to take into account the variety of shape of ice particles (rather than one identical shape for every frozen hydrometeor) that will lead to more physical scattering. A first step will be to allow the use of graupel and aggregate frozen particles in the RTTOV-SCATT module. It could be also relevant and physically meaningful to use a different ice particle shape depending on the surface properties and the atmospheric condition. For instance, Geer and Baordo (2014) showed the "Thin Plate" and "Block Column" shape are the best choice for regions of convective snow over land but it is the "Sector Snowflake" shape that produces the most realistic brightness temperatures in average elsewhere. Other improvements will be possible by taking into account the preferential orientation of large particles and by a better representation of the particle size distribution. This is also why measurements campaign such as HyMeX are essential. For instance, during this campaign, airborne in-situ measurements of ice particle have been conducted that help improve our knowledge of the frozen microphysics in the Mediterranean region. In particular, it highlighted the extremely high variability and the complexity of frozen hydrometeors shape, size, distribution (Fontaine et al, 2013).

In this study, we only presented the results for runs in atmosphere-only mode because the results are very similar to those of the atmosphere-ocean coupled mode. [START_REF] Lebeaupin-Brossier | Regional mesoscale air-sea coupling impacts and extreme meteorological events role on the mediterranean sea water budget[END_REF] show that the main difference between these two twin simulations is the spatial redistribution of rain over the Mediterranean. Yet, we showed that the frozen hydrometeors associated with rainfall are missing or that there are too few of them in the simula-tion and thus the brightness temperatures for water vapour channels are not correctly simulated. As a consequence, the difference in precipitation distribution does not affect the overall comparison between the observations and the simulation. Improving the simulation of frozen hydrometeors may lead to greater differences between the atmosphereonly and atmosphere-ocean coupled simulations. 
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  Data and Methods 2.1 The Advanced Microwave Sounding Unit (AMSU-B) and the Microwave Humidity Sounder (MHS) This study uses brightness temperature measurements from two passive microwave sounders: AMSU-B and MHS. These two very similar instruments measure upwelling microwave radiation with nearly identical frequencies: two window channels at 89 and 150 GHz (AMSU-B)/157 GHz (MHS) and three channels in the water vapour absorption line at 183.3±1, 183.3±3, and 183.3±7 (AMSU-B)/190.3 GHz (MHS). Their swath width is approximately of 2000 km, their nadir resolution is 16 km and their viewing angles go up to about 60˚. The first AMSU-B was launched in 1998 on the National Oceanic and Atmospheric Administration 15 (NOAA-15) polar orbiting satellite. Since then, six more instruments were launched in 2001 (AMSU-B/NOAA-16), 2002 (AMSU-B/NOAA-17), 2005 (MHS/ NOAA-18), 2007 (MHS/Meteorological Operational satellite A (MetOp-A)), 2009 (MHS/NOAA-19), and 2012 (MHS/MetOp-
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 11 Figure1shows an insightful example of brightness temperature measured by a MHS radiome-
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 2 Fig. 2 Normalised Taylor diagrams comparing brightness temperatures (BT) of microwave sounder channels with their equivalent simulations from WRF for sea and land per channels and per seasons. Arrows indicate the magnitude and sign of the bias: an arrow directed to the left (right) indicates a negative (positive) bias.

  Fig.3Histogram of simulated and observed brightness temperatures from channel 1 to 5. The histograms of land and sea are computed separately for windows channels.

Fig. 4

 4 Fig.4Integrated frozen hydrometeors content from model (at 12:00) and RASTA radar on 12 October 2012 from (11:55 to 13:50 UTC). The red dashed region shows the convective rainfall from model with rain rate higher than 10 mm/3 h. A vertical cross-section is computed along the black dashed line. The Spanish eastern coast and the Balearic Islands are plotted in black. White letters are used in Figure5as points of reference.
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 56 Fig. 5 Vertical cross-section of frozen hydrometeors content from the model (along the black dashed line of Figure 4) (left) and from interpolated (right) RASTA radar observations (along the RASTA track). Letters along the RASTA observations axis correspond to those in Figure 4. 160 180 200 220 240 260 280
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 8 Fig. 8 Percentage of occurrence of frozen hydrometeors versus altitude for RASTA observations (top) and model (bottom) during the HyMeX SOP-1.
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 9 Fig.9(left) Simulated brightness temperature of channel 3-5 for model along the black dashed line of Figure4and (right) convective rainfall (red) and deep convection diagnostics from simulated brightness temperatures using "Thin Plate" ice particles shape and solid precipitation increased by a factor of 5 (green).
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 1011 Fig.10Rainfall occurrence according to AMSU-B/MHS (%) (left), WRF (rain rate higher than 10 mm/3 h (%) (middle), and WRF-RTTOV (rain diagnosed from simulated brightness temperatures) (%) with solid precipitation content multiplied by 5 in convective region (right).
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Table

  

	Block Column	153 K
	Short Column	158 K
	Thick Plate	163 K
	Long Column	173 K
	Mie Sphere 900 kg/m 3 190 K
	Thin Plate	192 K
	3-Bullet Rosette	215 K
	Mie Sphere 400 kg/m 3 217 K
	Sector Snowflake	220 K
	5-Bullet Rosette	239 K
	6-Bullet Rosette	239 K
	4-Bullet Rosette	240 K
	Dendrite Snowflake	242 K
	Mie Sphere 100 kg/m 3 244 K
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