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11 ABSTRACT

12 The present study examines the impact of the environmental moisture structure in the lower troposphere
13 (below 2 km above sea level, ASL) on the precipitation development, observed in southern France during
14  intensive observation period 13 of the first Special Observation Period of the Hydrological cycle in the
15  Mediterranean Experiment (HyMeX SOP-1), through a series of sensitivity experiments using the non-
16  hydrostatic numerical model Meso-NH. The control simulation (CNTL) and all the other 12 sensitivity
17 experiments examined in this study succeed in reproducing a heavy precipitation event (HPE) in the coastal
18  mountainous region of Var in south-eastern France as observed. The sensitivity experiments are designed to
19  investigate the response of the variability of the water vapour content upstream in the moist marine
20  atmospheric boundary layer (MABL) and the drier air above on the HPE. The comparisons between CNTL
21  and the 12 sensitivity experiments show how the life cycle of precipitation associated with the HPE, but also
22 the upstream flow (over the sea), is modified, even for moisture contents changes of only 1 g kg™ below 2
23 km ASL. Within the low-level wind convergence between southerlies and south-westerlies, a small increase
24 of moisture content in the MABL prolongs moderate precipitation (> 5 mm in 15 min) and enlarges the area
25  of weak precipitation (> 1 mm in 15 min). The moistening in the 1-2 km ASL layer, just above the MABL,
26  prolongs the duration of moderate precipitation, for a similar total precipitation amount as in CNTL. The
27  drier MABL and 1-2 km ASL layer shorten both the life-time of precipitation and the total precipitation

28  amount with respect to CNTL. We also found that the moisture in the MABL has a stronger impact on
1
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1 producing enhanced precipitation (both in terms of amount and intensity) than the moisture just above (1-2
2 km ASL). Also it is worth noting that adding moisture in the MABL does not necessarily lead to enhanced
3 precipitation amount. At the same time, the duration of moderate precipitation increases with increasing
4 moisture as does the area covered by weak precipitations, while the area covered by the intense precipitation
5 (=30 mm) decreases. Despite a simplified moisture-profile modification approach, this study suggests that
6  moisture structure in lower troposphere is a key for accurate prediction at short-term range of the timing and

7 location of precipitation in the coastal mountainous region in southern France.

9 Running title: Impact of upstream moisture structure on HPE

11 1. Introduction

12 Most of the Mediterranean countries face heavy precipitation events (HPEs), especially during autumn. More
13 than 100 mm of precipitation in less than 6 hours is not uncommon in these regions, and such rainfall
14 accumulations often cause flash-floods with large material damages and important human losses. These high-
15  impact events are most often due to quasi-stationary Mesoscale Convective System (MCS) (e.g. Barthlott
16  and Davolio, 2015; Nuissier et al. 2008; Romero et al. 2000; Trapero et al. 2013a, 2013b).

17 During the autumn, the warm Mediterranean is a significant source of moistening and heating for the
18  marine atmospheric boundary layer (MABL) through latent and sensible heat fluxes (Duffourg and Ducrocq,
19 2011). The southerly low-level marine winds that prevail during HPEs over the northwestern Mediterranean
20  transport this moist and conditionally unstable air toward the coastal mountainous region (Ricard et al.
21 2011). Such low-level conditions are favoured by typical synoptic patterns. Nuissier et al. (2011) found that
22 the synoptic-scale pattern propitious to HPEs over the French Mediterranean region consist of an upper-level
23 trough located west of France and an upper-level ridge over central Europe. MCSs preferably develop
24  eastward of a slow-evolving disturbance associated with an upper-level trough and leading a south-westerly
25  diffluent flow. Such a synoptic pattern favours a persistent low-level moist and conditionally unstable marine
26  flow directed towards the costal mountainous regions.

27 When this conditionally unstable low-level flow impinges on some of the mountain range foothills that
28  border the Western Mediterranean, a back-building MCS can be triggered and renewed repeatedly at the

29  same location, as long as the same low-level and upper-level conditions persist. Orographic lifting has been

2
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1 largely proposed in past studies as a mechanism for triggering HPEs over the western Mediterranean (e.g.
2 Buzzi et al. 1998; Houze, 1993; Jansa et al. 2001; Lin, 1993; Romero et al. 2015; Rotunno and Ferretti, 2001;
3 Smith, 1979; Trapero et al. 2013a, 2013b). Furthermore, other convection triggering mechanisms, stemming
4 from the low-level marine flows interaction with the complex terrain of the western Mediterranean, have
5  been highlighted (e.g. Ducrocq et al., 2016). The dynamical and thermodynamical characteristics of the low-
6 level flows are decisive with respect of the triggering mechanisms involved (Bresson et al. 2012).
7 The water vapour transported by the marine flow is a crucial ingredient of Mediterranean HPEs.
8  Therefore, the realistic representation of its spatio-temporal variability in numerical weather prediction
9  models is critical for HPE forecast. Predicting the initiation of convection in cloud resolving models can also
10 be highly dependent on very accurate estimates of water vapor within and just above the boundary layer (e.g.
11 Crook, 1996; Ducrocq et al., 2002; Weckwerth et al., 2004; Bielli et al., 2012). This requires relevant
12 moisture observations in the inflow region or within the convective storms, particularly over the sea which
13 are difficult to obtain on a regular basis in order to properly constrain numerical weather prediction models
14 in terms of moisture.
15 The first Special Observation Period (SOP-1, Ducrocq et al. 2014) of the Hydrological cycle in the
16  Mediterranean Experiment (HyMeX) took place in autumn 2012, aiming to improve our knowledge of the
17  origin and transport pattern of moist air masses in pre-convective conditions and determine the link between
18  these air masses and HPEs. During Intensive Observation Period 13 (IOP13, 14 October 2012) of HyMeX
19 SOP-1, back-building MCSs developed in south-eastern France shortly after 1300 UTC (Duffourg et al.,
20 2018). The synoptic situation of IOP13 is characterised by an upper-level trough associated with a surface
21 disturbances situated over north-western France. Ahead of the associated cold front, a south-westerly low-
22 level flow over the Mediterranean French coast brings a warm marine air mass inland. Thanks to aircraft
23 water vapour measurement acquired over the Gulf of Lion (northwestern Mediterranean) during IOP13,
24 Duffourg et al. (2018) detailed the moisture structure upstream the MCSs which was characterised by a moist
25  conditionally unstable MABL (below 1 km above sea level, ASL) topped by dry air masses just above (1-2
26  km ASL). They emphasized the importance of the low level moisture for feeding the convective systems
27  observed during this HPE and the significance of the dry air above for strengthening the associated cold
28  pools. The goal of the present study is to further investigate the impact of moist air in the boundary layer and

29  surrounding dry air masses on the development and evolution of MCSs.
3
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1 The impact of the environmental moist structure on the development of a convective system (which

2 produced 70 mm of precipitation in 6 hours), observed a few kilometres southwest offshore of the Marseille
3 and Var coastlines in southern France, is investigated here through a series of sensitivity experiments using
4 the French non-hydrostatic numerical research model Meso-NH (Lac et al., 2018) at the horizontal grid of
5  2.5-km. The article is organized as follows: Section 2 describes the experimental design, the results of the
6  control and sensitivity simulations are presented in sections 3 and 4, and then summarised in section 5 with

7 concluding remarks.

9 2. Numerical simulation

10 2.1. Meso-NH model configuration

11 Meso-NH (Lac et al. 2018) has already shown its capability to simulate HPEs in both real and idealized
12 frameworks (Ricard, 2005; Argence et al., 2008; Nuissier et al., 2008; Ducrocq et al., 2008; Clark and
13 Chaboureau, 2010; Bresson et al., 2012). For this study, the same set-up as in Duffourg et al. (2016 and
14 2018), that proved to be able to reproduce realistic convective systems, was used. It includes the same
15  simulation domain over south-eastern France and the north-western Mediterranean (Fig. 1, 200-km x 200-km
16  domain encompassing the precipitating systems and their marine low-level moisture-supplying flow), the
17  same horizontal resolution of 2.5 km, the same vertical grid with 55 stretched vertical levels (Gal-Chen and
18  Somerville, 1975) up to 20 km and the same parametrisation schemes: the bulk I-moment mixed
19 microphysical scheme (Caniaux et al., 1994; Pinty and Jabouille, 1998) combining a three-class ice
20  parametrisation with a Kessler's scheme for the warm processes, a 1D-turbulence parametrisation based on a
21 1.5-order closure (Cuxart et al., 2000) of the turbulent kinetic energy equation with the Bougeault and
22 Lacarrere (1989) mixing length, the Pergaud et al. (2009) Eddy Diffusivity Mass Flux scheme for shallow
23 convection, the Rapid Radiation Transfer Model for radiation and the surface model SURFEX (Masson et al.
24 2013). Transport scheme for momentum variables is a WENO (weighted essentially non-oscillatory) scheme
25  (Shu and Osher, 1988) while other variables are transported with the PPM (Piecewise Parabolic Method)
26  scheme (Collela and Woodward, 1984). An open wave radiation condition (Carpenter, 1982) combined with
27  afive-grid-point relaxation flow scheme (Davies, 1976) are applied at the boundaries.

28 The control simulation (referred to as CNTL in the following) was initialized at 0900 UTC on 14

29  October 2012. As in Duffourg et al. (2018), the initial and lateral boundary conditions are provided by the 3-
4
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1 hourly Application of Research to Operational at Mesoscale-West Mediterranean (AROME-WMED)
2 analyses (Fourrié et al., 2015). AROME-WMED is a dedicated version of the French operational convection-
3 permitting numerical prediction system Application of Research to Operations at Mesoscale (AROME, Seity

4 etal., 2011), set up specifically for the HyMeX field campaigns and covering the western Mediterranean.

6  2.2. Control simulation validation

7 During IOP13, convection initiation is observed around 1200 UTC, over the sea, a few kilometres offshore

8  the coast of south-eastern France. It develops into organised convective systems (not shown) in the

9  surroundings of Marseille and along the coast of the Var region (geographical positions are given in Figure
10 1). A maximum 6-hour rainfall accumulation of 67 mm is recorded over land under the convective line
11 anchored along the Var coast between 1400 UTC and 1900 UTC on 14 October 2012. The CNTL simulation
12 succeeds in reproducing heavy precipitation over south-eastern France. The CNTL simulation starts showing
13 evidence of weak precipitation (< 5 mm per 15 min) and low reflectivity (values than 30 dBZ) around 1200
14 UTC over the sea (not shown). Then 6-hour accumulative precipitation over 5 mm is simulated over the Var
15  coast at 1230 UTC (Fig. 2b). It develops preferably toward the inland of Marseille, then around the Argens
16  valley region and the east coastal Var region (Figs. 2b and 3a—b), as similarly observed. Reflectivities larger
17  than 45 dBZ are simulated in the Argens valley region and the east coastal Var region from 1400 to 1600
18  UTC (Figs. 3b—d). The simulated amount of rainfall accumulation is realistic, with 74.2 mm in 6 hours
19 associated with the convective line over the eastern Var coast (longitude 6.5°E, Figure 2a).
20 Figure 4 displays the hourly evolution simulated by CNTL of the equivalent potential temperature, 6.,
21 at 925 hPa and virtual potential temperature, 6,, at the first model level (about 10 m), together with the
22 horizontal wind and the vertical velocity at 500 m ASL during the period between 1300 and 1600 UTC.
23 During this period, the marine warm and moist low-level air (6. > 322 K) progresses north-castwards. At
24 1300 UTC (Fig. 4a) it reaches the Var coast and convective ascents are localized along the coast on the
25 mountain sides. From 1400 UTC on (Figs. 4b—d), the cold air (6, < 291 K) formed by evaporative cooling
26  under the intensifying precipitation spreads out over the plains (Fig. 3b—d and 2b). At 1400 UTC very high
27  CAPE (Convective Available Potential Energy) values (i.e. in excess of of 1590 J kg™") are simulated around
28  the Var coast in CNTL, in good agreement with the CAPE of 1600 J kg™ derived from radiosounding

29  measurements in Marseille at 1500 UTC (not shown). The convection develops rapidly on the leading edge

5
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1 of the cold air channelled in the Argens valley (geophysical positions are given in Figure 1) (Fig. 3c), then it
2 propagates to the eastern Var coast after 1600 UTC (Fig. 3d). Convection is quasi-stationary along the
3 eastern Var coastal region (Fig. 4d). The cold pool plays a major role in determining the location of the
4  precipitation (Duffourg et al., 2018).
5 To characterize the air mass supplying the precipitating system, backward trajectories of air parcels
6  reaching the top of the simulated convective ascents are performed. They show that the convective ascents
7  are fed by the south-westerly marine flow all similarly along the red dashed line drawn in Figure 1. The
8  vertical projection of the backward trajectories (not shown) provides evidence that the flow is confined to the
9  lowest 1000 m above the sea surface before being lifted up to the top of the troposphere within 1 hour in the
10 convective ascents of the precipitating system. The low-level flow brings a moist (about 10 g kg ') and warm
11 (6. about 322 K) air mass from the north-east of the Balearic Islands at 0900 UTC to the south-eastern
12 French coasts, where it feeds the convective ascent. Another set of backward trajectories is computed to
13 identify the air mass involved in the formation of the cold pool under the intense precipitation in the eastern
14 Var coastal region. All trajectories follow a similar pathway represented by a blue dashed line in Figure 1.
15 Moreover, the air mass involved in cold-air pool formation comes mainly from a dry layer between 1 and 2
16  km ASL, just above the moist boundary layer, with water vapour mixing ratios (WVMRs) ranging between 3
17 and 8 gkg ' (not shown).
18 The water vapour contents upstream of the HPE of IOP13 (over the sea; 3.5-5.5°E, 41-42.5°N) at
19 0600 UTC on 14 October 2012 of AROME-WMED analyses data are compared with that retrieved by the
20  Special Sensor Microwave/Imager (SSM/I) at 0625 UTC of the same day. The horizontal distribution of
21  integrated water vapour (IWV) values between the AROME-WMED analyses and SSM/I are in broad
22 agreement, i.e. moister air to the north-east of Balearic Islands and drier air offshore of the south-west French
23 coast (not shown) showing a mean IWV difference of 0.7 kg m™, with averaged values of 18.2 kg m™ in
24 AROME-WMED analyses Vs 18.9 kg m 2 in SSM/I. In AROME-WMED analyses, near 90 % of the IWV
25 concentrates below 2 km ASL, i.e. 69.5% below 1 km ASL, 21 % between 1 and 2 km ASL.
26 In the following, we will analyse the precipitating pattern and characteristics simulated over the Var
27  coastal region, and their sensitivity to the related upstream moisture environment by comparisons of results
28  between CNTL and 12 sensitivity experiments with varying water vapour content in lower troposphere

29  (below 2 km ASL).
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2 2.3. Initial conditions of sensitivity experiments
3 To study the sensitivity of IOP13 precipitation to the moisture structure in the low troposphere, two sets of
4 experiments, in which the initial WVMR profiles are modified in the moist MABL (below 1 km ASL) and in
5  the dryer layer above (1-2 km ASL), are carried out, namely the MST and DRY experiments, respectively
6  (Table 1 and Figures 1 and 5). The WVMR profiles are modified in the areas involved in the moisture supply
7  of the precipitating system and in the cold pool formation. Then the impact on the precipitation amount and
8  location is analysed. The location and extent of the “sensitivity bubbles” are defined based on the results of
9  backward trajectory analyses (red and blue dashed lines in Fig. 1) done using CNTL. For the six MST
10 experiments, the “sensitivity bubble” is located over the sea, centred about 230 km from the Marseille
11 coastline (red-coloured cross in Fig. 1), with an ellipsoidal shape with a short axis of 80 km and a long axis
12 of 160 km length (red ellipse in Fig. 1). Three MST experiments were designed, with WVMR values
13 between 100 and 1000 m ASL in the “sensitivity bubble” being increased by 1, 2, and 5 gkg™ keeping the air
14 under-saturated (Figure 5a and Table 1a): they are referred to as MST1P, MST2P and MSTS5P experiments,
15  respectively, in the following. Likewise, three MST experiments were designed with WVMR values between
16 100 and 1000 m ASL in the “sensitivity bubble” being decreased by 1, 2, and 5 g kg”! (MSTIM, MST2M
17 and MST5M, respectively, see Figure 5a).
18 For the six DRY experiments (Table 1b), the “sensitivity bubble” is centred at about 150 km from the
19  Marseille coastline (blue-coloured cross in Fig. 1), and has an ellipsoidal shape with a short axis of 60 km
20  and a long axis of 120 km length (blue ellipse in Fig. 1). In these experiments, the WVMR values between
21 1000 and 2000 m ASL in the “sensitivity bubble” are increased (decreased) by 1, 2, and 5 g kg™ (Fig. 5b)
22 keeping the minimum WVMR value to 0 g kg™', and they are referred to as DRY 1P (DRY1M), DRY2P
23 (DRY2M) and DRY5P (DRYSM) experiments, respectively. Other environmental conditions in MST and
24 DRY experiments are the same as in CNTL.
25 The magnitude of the WVMR anomalies introduced in the “sensitivity bubbles” are based on recent
26  studies which confronted the quality of the AROME-WMED analyses in the lower troposphere with WVMR
27  profiling instruments operating over the Mediterranean, in particular using ground-based and airborne water
28  vapour lidars (e.g. Chazette et al., 2016; Lee et al., 2016; 2017). Chazette et al. (2016) evidenced that the root

29  mean square error between AROME and lidar WVMRs in the vicinity of Balearic Islands below 2 km ASL

7
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1 range between 1 and 1.6 g kg™', while Lee et al. (2016) and Lee et al. (2017) highlighted differences as large
2 as3—4 gkg ' in the MABL upstream of MCSs over the Tyrrhenian Sea and the Balearic Sea, respectively.
3 For the present analysis, we consider several indicators, such as: 1) the maximum of the 6-hour
4 accumulated precipitation amount (RRae) and the sum of the 6-hour rainfall accumulation over the entire
5 simulation domain (RRgwm) from 1200 UTC on 14 October 2012 to understand the impact of WVMR
6  variability on precipitation amount, 2) the horizontal area (km?) of 6-hour precipitation > 1 mm (ARg;) and >
7 30 mm (AR30) in CNTL, and its deviation (%) from those in the MST and DRY experiments, and 3) the
8  duration of precipitation (> 5 mm) over the land (Diana), duration of precipitation > 5 mm per 15 min (Drros),
9  and duration of precipitation > 15 mm per 15 min (Dgris) to investigate the WVMR impact on modifying the
10 precipitating location, intensity and duration. Those indicators are presented in Figures 6 and 10 for the
11 different sensitivity experiments (MST and DRY, respectively). Figures 7 and 13 displays the 6-hour rainfall
12 accumulation simulated in the MST and DRY sensitivity experiments, respectively. Figures 8 and 14 show
13 the evolution of the maximum 15-min accumulated precipitation amount (RRmax) every 15 min during 6
14 hours, highlighting the differences in time, intensity and location of the precipitation simulated in the MST
15 and DRY experiments, respectively. Note that the weak precipitation amounts (i.e. less than 5 mm per 15
16  min) are not displayed in these figures to focus on active convective system. Also note that the analysis of
17  the precipitation characteristics is conducted for 6 hours (from 1200 to 1800 UTC) when the convective
18  systems affect the inland and coastal regions. Precipitation continues over the sea after 1800 UTC in all
19 experiments, as observed. Figure 9 shows the temporal evolution of maximum CAPE in the “sensitivity
20  bubble” every 15 min from 0930 to 1445 UTC in CNTL, MSTxM, and MSTXP.
21

22 3. Sensitivity to moisture in the marine boundary layer (MST experiments)

23 3.1. Dried marine boundary layer

24 Decreasing the moisture contents in the MABL (0.1-1 km ASL) in MST2M and MST5M leads to less
25  precipitation with both RR,.c and RRam decreasing from 62.8 m in CNTL to 60.4 m, 56.4 m and 45.1 m in
26  MSTIM, MST2M, and MST5M respectively for RRqum (grey bars in Fig. 6a), and from 74.2 mm in CNTL to
27  65.1 mm and 63.2 mm in MST2M and MST5M respectively for RR,.. (white bars), while the precipitation

28  accumulation remains similar in MST1M with 75.7 mm. The duration of precipitation and their horizontal
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1 extent are also reduced in MSTxM experiments. The duration of intense precipitation (> 15 mm in 15 min,
2 red dots in Fig. 8b and c; Drris, black bar in Fig. 6¢) are shortened by a factor of 1.5 and 2.5 in MST2M and
3 MST5M, respectively, compared to CNTL (90 min and 45 min, instead of 120 min). Similarly, the
4  precipitating time > 5 mm (Drros, grey bar in Fig. 6¢) is shortened in MST1M and MST2M by one hour and
5  half compared to CNTL (435 min, Fig. 6¢c).
6 The horizontal distribution of the 6-hour accumulated precipitation simulated in MSTXM experiments
7 is displayed in Figures 7a—c. It confirms that the precipitation accumulation is reduced, especially for the
8  largest amounts along the eastern coastal Var region. Approximately 25 mm less precipitation is simulated
9  along the eastern coast of Var in MST1M than in CNTL (area enclosed in solid line, Fig. 7a). In MST2M and
10  MST5M, 6-hour accumulation precipitation along the eastern coastal region remains mainly lower than 35
11 mm, whereas larger accumulations are simulated in mountainous region. Figure 6b shows that the area with
12 RRacc in excess of 30 mm (ARs3o, grey bars) is reduced by 4.4%, 35.0%, and 65.7% in MST1M, MST2M, and
13 MST5M, respectively, when compared to CNTL, whereas the deviation of area affected by the weak
14 precipitation, RRu. in excess of 1 mm (AR, white bars) is reduced only by 2.8%, 3.7%, and 1.7 % in
15 MSTIM, MST2M, and MST5M, respectively.
16 The temporal evolution of the location and amounts of RRmax (displayed in Figure 8a—c) shows that, in
17 the MSTxM experiments, precipitation (RRmax in excess of 5 mm) starts at the same time and location as in
18  CNTL (at 1230 UTC) to the south-western coast of Var. It then shifts towards Marseille and later to the
19 eastern coastal region of Var. In MST2M and MST5M (Fig. 8b—c), the largest 15-min rainfall accumulations
20  stays longer in the mountainous region of close to Marseille (west of 6°E ) than in CNTL (Fig. 2b).
21 To understand the reduction of the precipitation amount (RRsc and RRqm) and of the precipitating
22 duration along the eastern Var coast, Figure 9 shows the CAPE values upstream the precipitation in CNTL
23 (solid line) and MSTxM (dashed lines) from 0930 UTC to 1445 UTC. At 1000 UTC, the CAPE is reduced
24 by about 35, 67, and 95 % in MST1M, MST2M, and MST5M, respectively, compared to CNTL (1083 J kg~
25 1. In MSTIM, MST2M, and MST5M, CAPE values increase gradually until 1445 UTC but remain lower
26  than CNTL. At 1400 UTC, the spatial distribution of the decreased CAPE values (< 1000 J kg') is
27  highlighted offshore of the Var coast (5.2—6°E, 42.4—43°N, dashed ellipsoid in Figure 10b) in MST2M,
28  where higher CAPE values (>1400 J kg ') are displayed in CNTL (Figure 10a). Figure 11a—c shows that the

29  warm equivalent potential temperature of the air mass over the Mediterranean and the coastal region (6. >

9
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1 322 K at 925 hPa) is reduced in MSTxM at 1500 UTC in comparison to CNTL (Fig. 4c). The cold air mass
2 (6, <291 K at the first model level) formed along the foothill of mountain by evaporation of the intense
3 precipitation is also weakened in MSTxM (Figure 1la—c). Moreover in MST2M and MST5M (Figure
4 11b—c), the cold pool weakened further with the weakened vertical wind at the southern edge of the cold
5  pool. This combination of decreased CAPE and weakened cold pool can explain the weakened precipitation
6  (Figs. 7a—c) especially around the Argens valley region (Figs. 8a—c). After 1600 UTC, the cold air mass (6, <
7 291 K) intensifies along the eastern Var coastal region showing the intensified vertical wind at its southern
8  edge (not shown) and the location of RRmax (red dots, > 15 mm) shifts to the north-eastern Var coast (Fig.
9  8a—c).
10 In summary, a decrease in moisture in the MABL results in a reduction of the precipitation amount
11 intensity, and in a shortening of the precipitation duration. The reduction of precipitation is highlighted both
12 around the Argens valley region and over the eastern coast of the Var region because the lifted air is too dry
13 to reach condensation along the coast on the mountainsides with reduced CAPE values, while larger

14 precipitation remains in the mountainous region by the continuous supplies of low-level moist air as CNTL.

16 3.2. Moistened marine boundary layer

17 Figure 6 does not show significant differences between MST1P and CNTL except for an increase of RRycc
18 (from 74.2 mm in CNTL to 83mm in MST1P) and a decrease of Diana (from 315 min in CNTL to 240 min in
19 MSTI1P). In MST2P, and MST5P experiments, the increase of the moisture content in the MABL (0.1-1 km
20  ASL) induces more precipitation over the sea than in CNTL. The Drros (grey bar in Figure 6f) is increased
21 significantly with 480 min, and 660 min in MST2P and MST5P instead of CNTL of 435 min, while Dy
22 (white bar) is reduced to 270 min, and 180 min in MST2P, and MSTS5P, respectively instead of 315 min in
23 CNTL. Besides, the horizontal area covered by precipitation in excess of 1 mm (ARoi, white bar in Figure
24 6e) which is enlarged by 17.4% and 26.0% in MST2P, and MSTS5P, respectively, while ARz (grey bar) is
25 reduced by 30.5% and 51.5%, respectively. This indicates more widespread but weaker precipitation in
26 MST2P and MSTSP simulations. For MST2P, RRgum is not significantly modified while RR,. increases to
27  81.8 mm, more than 74.2 mm in CNTL, and for MST5P, RRgm decreases from 62.8 m in CNTL to 56.4 m,
28  while RRy decreases.

29 The 6-hour accumulated precipitation in MST1P experiments displayed in Figure 7d confirms that in

10
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1 the MSTIP, the largest accumulation on the eastern Var coast is increased (consistently with the increase of
2 RRac, Fig. 6d) and slightly shifted offshore (consistently with the reduced Diung, Fig. 6f) (area enclosed by
3 solid line, Fig. 7d). The temporal evolution of the location and amounts of the maximum of 15-min
4 accumulated rainfall (Figure 8d) shows that this accumulation is due to a stationary system blocked over the
5 Var coast, similarly as in CNTL. The precipitating system is blocked by a cold air pool (6, <291 K) over the
6  Argens valley as shown by Figure 11d.
7 For MST2P, Figure 7e still shows a large accumulation on the eastern Var coast due to a stationary
8  system blocked by a cold air pool (Figure 11e) but also an increase of weak precipitation over the sea
9  consistently with Figure 6 results. The precipitation pattern in MSTSP shown by Figures 7f and 8f is quite
10  different from that in CNTL, with more widespread precipitation over the sea (around 6°E, 42°N) and with
11 much less precipitation (64 mm) along the eastern coast of Var (east of 6°E).
12 The large accumulation of precipitation on the eastern Var coast and the increase of weak precipitation
13 over the sea in MST1P and MST2P can be explained by the consistently high CAPE values upstream the
14  precipitation area from 0930 UTC to 1445 UTC compared to CNTL (Figure 9). With the high CAPE values,
15  Figures 8d—f also show that precipitation in MSTxP simulations starts earlier over the sea than in CNTL
16  (Figure 2b) (consistently with the increased Dgros). At 1000 UTC, 1 and 2 gkg™' increase in moisture in the
17 MABL increases upstream CAPE values by 29 and 55.5 % in MST1P and MST2P, respectively, compared to
18 CNTL (1083 J kg™"). At 1400 UTC (Figure 10c), the high CAPE (> 1300 J kg") in MST2P is seen offshore
19 of the Var coast (6°E, 42.5°N, dashed ellipsoid in Figure 10c). Figure 11d—e shows that the marine air mass
20  advected towards the coast is warmer and moister (6. > 324 K) in MST1P and MST2P than in CNTL (Fig.
21 4a-b).
22 The widespread and weaker precipitation over the sea particularly seen in MSTSP is associated to a
23 less organized precipitating system when the moisture content in the MABL is increased. Regarding the less
24 organized system in MST5P, the absence of a cold pool is highlighted (Figure 11f) while CAPE values
25  higher than 1500 J kg™' consistently favours the upstream environment triggering the precipitation over the
26  sea (blue solid line in Figure 9).
27 In summary, increasing the WVMR in the MABL enables an earlier initiation of convection over the
28  sea. Within the warm and moist air mass advected towards the Var region, a small increase of moisture

29  content in MABL favours convection triggering. Precipitation is weaker, more scattered and widespread for a
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WVMR increase exceeding 2 g kg™’ in MABL. This precipitation pattern was similarly seen in an

environment of very moist boundary layer of Bresson et al. (2012).

4. Sensitivity to moisture between 1 and 2 km ASL (DRY experiments)

4.1. Dried lower troposphere between 1 and 2 km ASL

Decreasing moisture contents in the dry layer at 1-2 km ASL in DRY 1M, DRY2M, and DRY 5M reduces the
total accumulated precipitation in the whole simulation domain (RRqm equal to 61.9 m, 59.6 m, and 57.5 m,
respectively, instead of 62.8 mm in CNTL, Figure 12a). However the total amount of precipitation simulated
in the DRYXM experiments remains larger than for MSTxM experiments with a drier MABL (e.g. RRgum
equal to 60.4 m, 56.4 m and 45.1 m for MSTIM, MST2M, and MST5M, respectively). This indicates that
the precipitation amount is more sensitive to the moist air in the MABL (below 1 km ASL) than the air just
above (1-2 km ASL). The duration of precipitation (Dgrros and Diang) are also reduced (Fig. 12c¢). The area
affected by precipitation (ARo)) is reduced as well, especially for accumulation > 30 mm (AR3¢) and for a
change of WVMR larger than 2 g kg™' (Fig. 12b). However, the precipitation accumulation (RRqc) is slightly
increased in DRY 1M and DRY2M (80.7 mm and 81.7 mm respectively), and remains similar to CNTL (74.2
mm) in DRY5M (73.7 mm).

The horizontal distributions of the 6-hour accumulated precipitation in DRYXM experiments are
displayed in Figure 13a—c. The maximum of precipitation located along the eastern Var coast (closed circle)
is about 15-20 mm smaller than in CNTL. The temporal evolution of the location and amounts of the
maximum of 15-min accumulated rainfall every 15 min in DRY*M experiments is displayed in Fig. 14a—c.
In DRYXM experiments, RRmax > 5 mm starts about at the same time (or slightly later) than in CNTL.
However, precipitation is initiated at a more realistic location, closer to Marseille (about 5.5°E), especially in
DRY2M and DRY5M, instead of the southern tip of the Var region (about 6°E) of CNTL (Figure 2b).

Figure 15a—c displays the hourly evolution simulated by DRY xM simulations of . at 925 hPa and 6,
at the first model level (about 10 m high), together with the horizontal wind and the vertical velocity at 500
m ASL at 1500 UTC. It shows a weaker cold pool with higher 0, values (~1.5 K) along the east coastal
region of Var (6.2—7.2°E) in DRY*M simulations (Fig. 15a—c), compared to CNTL (Fig. 4c). The ascents

(green areas) at the southern edge of the cold pool (6, <291 K) are consistently slightly reduced in DRY 1M,

12
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1 DRY2M, and DRY5M, compared to CNTL. This is consistent with the reduction of the rainfall accumulation
2 over the Var coast in DRY*M simulations. Modifying the moisture content in the dry layer at 1-2 km ASL
3 does not change much the CAPE values upstream the precipitation (not shown). The CAPE values in both
4  CNTL and DRYXM slightly increased over the time from 1083 to 1650 J kg™ in the location of the
5 “sensitivity bubble” (not shown).

6 In summary, decreasing the moisture content in the dry layer between 1 and 2 km ASL reduces the
7  total amount of precipitation as well as the area affected by the precipitation and the duration of the
8  precipitating episode. The maximum of precipitation located along the eastern Var coast is reduced,

9  corresponding to a weakened cold pool and weakened ascents at its southern boundary.

11 4.2. Moistened lower troposphere between 1 and 2 km ASL

12 The experiments DRY 1P, DRY2P and DRY 5P with increased moisture content in lower troposphere between
13 1-2 km ASL produced a similar total precipitation accumulation (RRsum 63.5 m, 62.6 m and 63.4 m in Fig.
14 12d) to CNTL (62.8 mm). The duration of precipitation Drros is prolonged from 435 min in CNTL to 465
15 min, 510 min, and 510 min, in DRY1P, DRY2P, and DRY5P respectively (Fig. 12f). However, the duration
16  of precipitation over land (Diand) and the duration of more intense precipitation (Drris, > 15 mm in 15 min)
17 are shortened (from 315 min in CNTL to 270 min, 240 min, and 240 min in DRY 1P, DRY2P and DRY5P,
18  respectively for Diang, and from 120 min in CNTL to 105 min, 60 min and 30 min, in DRY 1P, DRY2P and
19 DRY5P respectively for Dgris). The areas of precipitation ARg; and AR3p are not much modified in DRY 1P
20  and DRY2P simulations and both are slightly reduced in DRY5P (Fig. 12e).

21 The horizontal distribution of the 6-hour accumulated precipitation in the DRY*P experiments is
22 displayed in Figure 13d—f. The precipitation pattern is not much modified, but the maximum precipitation
23 amount over the eastern coastal region of Var is slightly shifted offshore and reduced mainly in DRY2P and
24 DRYS5P (with 65.8 mm and 65.9 mm instead of 74.2 mm in CNTL, east of 6°E, Figure 13¢ and f).

25 The temporal evolution of the location and amount of the maximum of 15-min accumulated rainfall
26  every 15 min in DRYx*P experiments (Fig. 14d—f) shows that increasing the moisture contents in the dry
27  layer between 1 km and 2 km ASL induces an initiation of the precipitation about 1 hour earlier than in
28  CNTL (consistently with the increase of Drros). The precipitation starts at 1200 UTC about 50 km offshore

29  the southern Var coast with larger 15-min accumulation values (10—20 mm, black and red dots in Fig. 14e—f,
13
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1 compared to grey dots < 10 mm in CNTL in Fig. 2b). Regarding the large precipitation around the southern
2 Var coast in DRY2P and DRYSP, Figure 15¢—f shows the large affected area by the cold pool (6, <291 K)
3 compared to CNTL (Fig. 4a) at 1500 UTC. In DRY 1P, DRY2P and DRY 5P, the duration of the entire episode
4 is increased, but the intensity of the precipitation is reduced (red dots in Fig. 14d—f; Drris decreases in Fig.
5 12f). It also appears that the precipitation is less stationary.

6 In summary, increasing the moisture content in the dry lower troposphere between 1 and 2 km ASL
7  enlarges the precipitating area, particularly over the sea, but with weakened precipitation intensity and less

8  stationary system.

10 5. Summary

11 The present study examines the impact of the environmental moisture structure of the lower troposphere
12 (below 2 km ASL) on the precipitation development and organisation, observed in southern France during
13 IOP13 of the HyMeX SOP-1, through a series of sensitivity experiments using the non-hydrostatic numerical
14  model Meso-NH. The moisture structure upstream of the IOP13 HPE is characterised by a moist
15  conditionally unstable MABL (below 1 km ASL) topped by dry air mass just above (1-2 km ASL). A CNTL
16  simulation shows that the moisture supply to the precipitating system is provided by the moist air mass of the
17 MABL, while the dry air mass between 1 and 2 km ASL is involved in the formation of a cold pool.
18  Focusing on these two layers, namely (1) a moist layer from 0.1 to 1 km ASL, and (2) a dry layer from 1 to 2
19  km ASL, 12 sensitivity experiments were carried out to study the influence of upstream moisture structure in
20  the lower troposphere on convection development occurred in southern France.

21 The control simulation (CNTL), as well as all the other sensitivity experiments examined in this study,
22 succeed in reproducing heavy precipitation in the coastal mountainous region of Var in south-eastern France.
23 Through comparisons between CNTL and the 12 sensitivity experiments, we show how the life cycle of
24 precipitation is modified even for moisture contents changes as small as 1 g kg™' below 2 km ASL. The
25  results are summarized schematically in Figure 16. Increasing the moisture content by 1, 2 or 5 gkg™' in the
26  MABL (0.1-1 km ASL) (see Fig. 16a) induces an earlier initiation of precipitation offshore of the Var region
27  (light blue area) with an increase of CAPE values, as well as longer lasting precipitations. A small increase of
28  moisture content in the warm and moist MABL favours convection triggering. In the environment with an

29 increase of the MABL moisture content lower than 2 g kg™', precipitation developing offshore arrives to the
14
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1 coastal region of Var with the low-level south-westerlies warm and moist air and anchors over the coasts as it
2 s blocked by a cold pool (blue line). For an increase of the moisture content exceeding 2 g kg™', the area of
3 intense precipitation around the coastal region is reduced and the precipitating system is less stationary
4 because of a weakened cold pool.

5 Similarly, moistening the layer at 1-2 km ASL (see Fig. 16c), just above the MABL, produces

6  precipitation earlier offshore (light blue area), but does not increase the total amount of precipitation nor

7  upstream CAPE values. Precipitation lasts longer and affects a larger area, particularly over the sea, but with

8  weakened precipitation intensity (dark blue area) and less stationarity (blue line).

9 A drier MABL (Fig. 16b) shortens the life-time of precipitation and reduces the total precipitation

10 amount. For instance, a 2 g kg™' decreased moisture content in the MABL results in a reduction of about
11 10 % in terms of total precipitation in the coastal regions of Var (closed area with blue broken line), and in a
12 reduction of about 67 % in term of CAPE. A drier lower troposphere in the 1-2 km ASL layer (see Fig. 16d)
13 also contributes to reduce the precipitating area (light blue area) with rainfall accumulation located more
14 inland rather than over the coastal region because of a weakened cold pool. Decreasing the moisture content
15 in MABL has a stronger impact on precipitation both in terms of amount and intensity than decreasing the
16  moisture content in the layer just above (1—2 km ASL).
17 Despite a simplified moisture profile modification approach, this study suggests that moisture
18  structure in lower troposphere (below 2 km ASL) is a key for an accurate prediction of the timing and
19 location of precipitation in the coastal mountainous region (e.g. the Var region) in southern France. At the
20  same time, this study shows the importance of accurate moisture content (amount and profile) in the initial
21  field to reproduce realistic convective systems, emphasizing the importance of high-resolution and three-
22 dimensional moisture observation upstream the HPE, especially over the sea. This study focused on the
23 impact of moisture contents on precipitation development in southern France, and the HPE which occurred
24 during IOP13 of the HyMeX SOP-1. It would be interesting to consider other regions in the Mediterranean
25  basin by analysing additional HPE cases of SOP-1 when interesting moisture structure including the
26  presence of dry air masses above 2 km ASL upstream of the HPE were identified, e.g., IOP13 in south Italy
27  (Leeetal., 2016) and IOPS8 in north-east of Iberian plateau (Bouin et al., 2017).

28
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1 Table 1. List of sensitivity experiment and WVMR modifications with respect to the control simulation (CNTL).

(a) Exp. MSTIM MST2M MSTSM MSTI1P MST2P MSTSP
E??f)ém;]y : “lgke! 2gkg! 5 gkg! +lgkg! +2gkg! +5gkg!
nAql(:iitil.lf‘(-li:; 0.1 to 1 km above sea level

(b) Exp. DRY1IM DRY2M DRY5M DRY1P DRY2P DRY5P
E??érx\cly B ke 2gke’! -5 gkg! +1 gkg! +2 gkg! +5 gkg!
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% Figure 1. Topography and domain (black box) considered in numerical simulations using Meso-NH with a resolution of
4 2.5 km. The centre location of the initial “sensitivity bubble” set in MST and DRY experiments is depicted by red- and
5 blue- coloured cross mark, respectively, while the horizontal range of the initial bubbles are marked by an ellipse-
6 shaped solid line of the same colour. The red dashed line indicates the horizontal projection of backward trajectories of
7 some air parcels taken in the upper part of the convective systems of the eastern Var coast, and the blue dashed line
8 depicts the horizontal projection of backward trajectories of some air parcels taken in the cold pool generated by the
9 convective systems over the eastern Var coast.
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4 on 14 October 2012. Also shown is the topography (see Figure 1 for the scale).
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4 (b) DRY experiments. Black solid lines are vertical profiles of the CNTL run at the same grid point as in MST and DRY.
5 Solid grey lines represent experiments in which WVMR was augmented, while dashed grey lines represent experiments
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Figure 16. Schematics summarizing the main features of the impact of upstream moisture in MABL in (a) and (b), and in the lower

troposphere (LT) layer between 1 and 2 km ASL in (c) and (d) on back-building heavy precipitation in south-eastern France during
HyMeX IOP 13. Dark-blue arrows in (a) and (c) and light-blue arrows in (b) and (d) indicate the moistened and dried upstream air
mass, respectively. In (a)—(d), black arrows and a broken line indicate the low-level wind and the synoptic-scale wind convergence
line, respectively. The light-blue region depicts the weak precipitation area while the dark-blue region shows the intense precipitation
area. The blue solid line illustrates the southern edge of cold pool while the closed area with blue dashed line in (b) and (d) indicates

the absence of intense offshore rainfall.
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