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Summary

The western Mediterranean mountainous areas are prone
to heavy precipitating events during the fall season. The
ingredients that favour these systems are well known but it
is still difficult to understand why a precipitating system
can become paroxysmal or to forecast the accurate location
of the system. To investigate these predictability issues,
an idealized framework to simulate quasi-stationary meso-
scale convective systems is set up and serves as a basis for
studying the sensitivity of the location and intensity of
precipitating systems to the characteristics of the low-level
upstream flow over the Mediterranean Sea. High resolution
simulations are performed with the non-hydrostatic MESO-
NH model for an idealized moist unstable flow but using the
real topography. Low-level humidity distribution, convec-
tive available potential energy and speed of the flow are
varied. It is found that various lifting mechanisms are in-
volved to explain the specific location (orographic lifting,
cold pool dynamics, low-level convergence due to de-
flection of the flow by the Alps). When the speed of the up-
stream flow is increased (decreased) compared to the CTRL
run, the area of precipitation moves downstream (up-
stream). When the mixing ratio of the environment outside
of the jet is less (more) than the CRTL run, the system is
located more upstream (downstream). When the instability
of the upstream flow is increased (decreased) compared
to the CTRL run, the convective system moves upstream
(downstream). The cold pool strength increases with slower
flow and/or more instability. The maximum of rainfall is
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obtained when the convective system is over the relief with
a strong low-level flow or a weak CAPE. The area covered
by heavy precipitation is maximum when CAPE is high or
low-level flow is strong.

1. Introduction

The western Mediterranean mountainous areas
are prone to heavy precipitating events during
the fall season. Most of them are associated
with quasi-stationary frontal or mesoscale con-
vective systems. In particular the French region
Cévennes-Vivarais (southeast of the Massif
Central) experiences frequent intense events,
which can lead to flash-flood disasters like the
one recorded in September 2002 over the Gard
region with about 700 mm recorded in 24 hours
(Delrieu et al. 2005). Several studies (Ricard
2005; Davolio et al. 2006; Ducrocq et al. 2008;
Nuissier et al. 2008) have focused on heavy pre-
cipitating systems over the southeastern of the
Massif Central on a case study basis and have
highlighted various contributions of the relief,
either due to the Massif Central itself or up-
stream of the Massif Central through neighbour-
ing mountain ranges (the Alps, the Pyrenees):
orographic lifting, steering flow, interaction with
cold pool...In most of the cases a southerly to
southeasterly flow transports heat and moisture
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supplied by a warm sea during late summer and
autumn and impinges the southeastern flank of
the Massif Central. Moreover, deflection by the
Alps and the Pyrenees creates upwind offshore
low-level convergence that can release con-
vective instability. In the case of a quasi-stationary
convective system, cells are repeatedly triggered
at the same location by local forcing (convergence
lines, orographic lifting...), which compensates
the northward propagation of mature cells
(Ricard 2005). A cold pool can also appear un-
der favourable conditions. In that case, the
triggering of new convective cells is forced at
the leading edge of the cold pool, which can
be blocked in the valleys (Ducrocq et al. 2008).

The ingredients that favour heavy precipitation
systems are well known (Lin et al. 2001) but it is
still difficult to understand why a precipitating
system can become paroxysmal or to forecast
the accurate location of the system. To go one
step further in these predictability issues, an
idealized framework to simulate quasi-stationary
mesoscale convective systems is set up here and
serves as a basis for studying the sensitivity of
the location and intensity of precipitating sys-

tems regarding the characteristics of the low-lev-
el flow over the Mediterranean Sea.

2. Numerical set up

High resolution simulations are performed with
the non-hydrostatic MESO-NH model (Lafore
et al. 1998) for an idealized moist unstable flow
but using the real topography as in Gheusi and
Stein (2003). The domain at 2.5km horizontal
resolution is centred over the Mediterranean
coast of southeastern France. Initial and bound-
ary conditions for temperature and humidity
are derived from the Nimes sounding of the ex-
treme Gard flood case at 12 UTC, 8 September
2002 (Fig. 1a). Surface fields (SST, soil temper-
ature and water content) are initialized from
the ARPEGE analysis (12 UTC, 8 September).
A unidirectional south-southeasterly wind is
imposed through the whole depth of the atmo-
sphere in the initial and boundary conditions. In
order to represent the low-level south-southeast-
erly jet that prevails during heavy precipitation
events over this region, strongest winds U (U =
15 m/s for the control experiment) are focused in
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Fig. 1a. Sounding of Nimes at 12 UTC, 8 September 2002 (Gard flood case), low-level modifications of sounding for
simulations LCAPE and HCAPE are also displayed. (b) Initial mixing ratio of vapour at 500 m (grey scale, g/kg) and
500-m ASL wind vectors (black arrows, m/s) for simulation CTRL. The relief above 500 m is represented by the hatched
areas. 1o is equal to 11.7 g/kg inside the jet at 500 m, the distances from the centre of the jet for which the mixing ratio is

reduced to 0.90r, and to 0.85r, are also indicated
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Table 1. Characteristics of initial conditions for the different experiments. Maximum (mm), spatially integrated amount
(km?) and precipitating area (km?) for 24-h accumulated rainfall considering two thresholds (1 and 200 mm) and area of the
cold pools (km?) considering two temperature thresholds (292 and 294.5 K) after 48 h for the different experiments

Experiments CTRL UNIHU LOWHU WIN10 WIN20 LCAPE HCAPE
Initial conditions
Humidity distribution a=09 a=1p=1 «a=075 as as as as
($=0.85 uniform £=0.60 CTRL CTRL CTRL CTRL
U (m/s) 15 15 15 10 20 15 15
Initial CAPE (J/kg) 400 400 400 400 400 190 1760
Precipitating system characteristics
Maximum accumulated rainfall (mm) 615 460 897 541 984 998 837
Spatially integrated amount > 1 mm 4.50 3.10 3.29 2.93 5.55 3.78 6.24
of precipitation (km?) >200mm 293 0.62 222 1.20 3.71 2.45 3.89
Precipitating area (km?) >1mm 54259 77403 36098 59800 47681 45176 67525
>200mm 8104 2269 4729 4159 9251 5599 10472
Area of cold pool (km?) <292K 587 0 461 6128 0 0 8542
<2945K 8202 1446 19100 18109 98 870 41426
a 100 km-wide band. The band has a southeast- 3. Results

northwest orientation so that the jet points to-
wards the southeast flank of the Massif Central.
Below 3000m, on each side of this band, the
wind decreases sharply up to zero on the south-
west and northeast edges of the domain (Fig. 1b).
Above 3000m, the winds increase linearly up
to 5000m to become uniform and of intensity
U. Thus for the initial conditions there is a uni-
form jet in the middle of the channel and a ver-
tically sheared profile at the sides. However,
during the simulation, the surface roughness
modifies the wind profile in the planetary bound-
ary layer. Assuming a unidirectional wind may
exclude some effects on the organization of the
convection. It is indeed recognised that rota-
tion of winds with altitude can favour the
decoupling of updrafts and precipitation and
therefore the maintenance of the convective sys-
tem. Moisture is also concentrated within the
jet, so that the mixing ratio of water vapour is
set to a value 1y (Z) within the jet, then it linearly
decreases out of the jet up to ary and fry as
indicated in Fig. 1b (a«=0.90, #=0.85 and r,
(Z=500m)=11.7 g/kg for the control experi-
ment). The temperature field is horizontally ho-
mogeneous. Then, from this control simulation,
low-level humidity distribution, convective avail-
able potential energy and speed of the flow are
varied (Table 1) in order to investigate the sen-
sitivity of the location and intensity of the pre-
cipitating systems to the characteristics of the
low-level flow.

3.1 Control simulation

The CTRL simulation succeeds in simulating a
quasi-stationary back-building mesoscale con-
vective system (Schumacher and Johnson 2005)
within a few hours. This is illustrated by Fig. 2a—c
which shows the 24-h accumulated precipita-
tion for three successive 24-h periods and the
low-level conditions at the end of each 24-h pe-
riod. After a transition period at the beginning
of the simulation which lasts about 12 hours,
the precipitation patterns become quite steady
as confirmed by very similar patterns obtained
for the two last periods (Fig. 2b, c). Table 1 lists
some quantitative attributes of the 24-h accumu-
lated precipitation fields for each simulation after
48 hours of simulation; these attributes are the
maximum of the 24-h accumulated precipitation
as well the area and the spatially integrated
amount of precipitation for the surface collecting
more than 1 mm and 200 mm in 24 h, respective-
ly. For CTRL, the precipitation covers a vast area
(54259 km?, Table 1) that spreads from the Sea to
the Massif Central (Fig. 2b). Large amounts of
accumulated precipitation are simulated with a
maximum value of the same order as those rec-
orded for extreme heavy precipitation events
observed over that region (Table 1). Indeed, the
24-h accumulated precipitation maximum in
CTRL (615 mm) is very similar to the maximum
observed during the 2002 Gard flood case (about
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Fig. 2. Equivalent potential temperature at 500 m (grey scale, K), 500-m ASL wind vectors (black arrows, m/s) and 24-h
accumulated precipitation (black lines, 50, 100, 250 and 500 mm) for simulation CTRL after 24 h (a) and 48 h (b) and
72h (c). The relief above 500 m is represented by the hatched areas. Black boxes show the subdomains displayed in Fig. 3
or used for Fig. 7. Line S—N indicates the position of the vertical cross-sections shown in Fig. 5

690 mm). As in the Gard 2002 event, the precipi-
tating system affects the plain area, although the
real system extended more eastward over the
Gard area (Nuissier et al. 2008). A cold pool,
delineated by virtual potential temperature less
than 294K in Fig. 3g, forms under the system
leaning against the southeastern flank of the
Massif Central and spreading southward over
the Sea. This cold pool is generated underneath
the convective system by evaporation of the fall-
ing precipitation in the sub-saturated low levels.
The cold pool dynamics is similar to that of a
classic density current, with the environmental
air being forced up and over its leading edge.
As the moist and unstable low-level jet impinges
the cold pool, it induces updrafts that trigger new
convective cells preferably on the leading edge of
the cold pool facing the low-level jet. It complies
with the cold-pool-shear interaction theory ori-
ginally introduced by Rotunno et al. (1988).
According to this theory, the circulation associ-
ated with the vertical shear counteracts some of
the circulation associated with the cold pool on
the down-shear side, producing deeper lifting
there. Deflection of the flow by the Alps also
reinforces the low-level convergence and trigger-
ing of new convective cells. Indeed, a part of the
flow reaching the Alps is deviated westward
under the effects of the Coriolis force. Weaker
humidity outside of the moist jet favours the
leftward deflection of the unsaturated air flow
that is blocked by the Alps as shown in Rotunno
and Ferretti (2001). Streamlines in Fig. 4a clearly

evidence this cross-barrier flow (labelled A in
Fig. 4a) and the induced low-level convergence
that build up from the beginning of the simulation.
Later during the simulation (Fig. 4d), the cold
pool dynamics modifies the low-level circulation,
with the maximum of low-level convergence at
the leading edge of the cold pool facing the in-
cident flow. The cross-barrier flow contributes to
reinforce this low-level convergence.

Backward trajectories for parcels taken within
the anvil of the convective system (at 12km
height) show that these parcels originate from
the low-level moist jet (Fig. 5); these parcels
are lifted over the cold pool and then are carried
up to the tropopause by strong convective up-
drafts. As for parcels taken within the cold pool,
they originate from drier mid-layer and then are
carried down by downdrafts (see Fig. 3g) where
heavy precipitation occurs. Entrainment of this
drier air helps the evaporation of falling rainwa-
ter that generates cooling and convective down-
drafts beneath the cloudy system. Figure 5 shows
that there is a crossover zone around 2000-
3000 m where updrafts and downdrafts cross.

3.2 Effect of the low-level moisture

Then, by modifying the mixing ratio of water
vapour, the low-level moisture outside the jet
has been either decreased (simulation LOWHU,
Table 1) or increased to reach a uniform moisture
distribution (simulation UNIHU) for the initial
and boundary conditions.
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With a uniform high humidity, the mesoscale
convective system forms and stays over the relief
of the Massif Central (Fig. 6a). Other precipitat-

Fig. 4. Divergence (stippled areas,
less than —2.5 x 10~*s~!) and
streamlines (black lines) at 500 m
after 3h for CTRL (a), UNIHU
(b), LOWHU (c¢) and after 48 h for
CTRL (d), UNIHU (e), LOWHU
(f), WIN10 (g) and WIN20 (h). The
cross-barrier flow is labelled A in
panel (a). The relief above 500 m

is represented by the hatched areas

ing cells are also triggered by the Pyrenees and
the Alps. The main mechanism for triggering
new convective cells at the same location is the
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Fig. 6. Equivalent potential temperature at 500 m (grey scale, K), 500-m ASL wind vectors (black arrows, m/s) and 24-h
accumulated precipitation (black lines, 50, 100, 250, 500 and 750 mm) after 48 h for simulations UNTHU (a), WIN20
(b), LCAPE (¢), LOWHU (d), WIN10 (e) and HCAPE (f). The relief above 500 m is represented by the hatched areas

orographic lifting of the moist and unstable flow reaching the Massif Central southeastern slopes.
when it impinges the Massif Central. Indeed, a Despite some punctual cooling beneath the pre-
large part of the incoming flow is forced up when cipitation (Fig. 3a), there is no well-developed
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cold pool within this simulation as shown by
Table 1 which displays the area of the surface
with low-level temperature below 294.5K and
292 K, respectively. Increasing the mixing ratio
of water vapour outside of the jet favours the
flow over the mountains in detriment of ‘“‘flow
around” as shown by Miglietta and Buzzi (2001).
Indeed, the deflection of the flow by the Alps is
considerably reduced in the simulation UNTHU
and also therefore the upstream low-level conver-
gence over the Sea (Fig. 4b, e).

Decreasing the mixing ratio of water vapour
outside the jet in LOWHU leads to the formation
of an intense cold pool (Table 1) which spreads
southeastward over the Sea (Fig. 3d). The con-
vective system is mainly located over the Sea
(Fig. 6d) with a high maximum of precipitation
(Table 1). The leftward deflection of drier air by
the Alps is more accentuated compared to the
CTRL run and accentuates the low-level conver-
gence upwind of the Massif Central during the
first hours of the simulation (Fig. 4c). Later, the
low-level convergence is located more upstream
as the cold pool extends farther over the Sea
(Fig. 4f).

Figure 7 shows the vertical velocity averaged
over the precipitating system for all simula-
tions. Simulation LOWHU, as well as CTRL,
produces larger upward vertical velocity within
the convective system than UNTHU (Fig. 7a) for
which the updrafts are more fragmented and
less organized (Fig. 3a). When the distribution
of humidity is high and uniform (UNIHU),
there is no cold pool (Table 1) indicating that
the evaporation of falling precipitation is re-
duced compared to CTRL and LOWHU ones
as the environment is more humid in UNIHU.
Downdrafts are thus weaker. Although the sur-
face with precipitation is the largest in UNIHU
(Table 1), the precipitation total and extent of
the area with heavy precipitation (>200mm) are
smaller. It is worth noting that the precipitat-
ing system in UNIHU is less efficient because
weaker precipitation totals are produced where-
as the amount of available moisture is higher.

3.3 Effect of the wind speed

Simulations WINI10 and WIN20 highlight the
effect of the flow speed on the location and
intensity of the quasi-stationary system. With a
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Fig. 7. Vertical velocities (m/s) averaged over the
precipitating system (subdomain defined in Fig. 2c) for
the different simulations after 48 h for simulations
CTRL, UNIHU and LOWHU (a), for simulations
CTRL, WIN10 and WIN20 (b), and for simulations
CTRL, LCAPE and HCAPE (c)

stronger flow (WIN20), the system is located over
the relief (Fig. 6b), there is no cold pool (Fig. 3b,
Table 1) and lifting is favoured by orography
(Fig. 3b). Increasing the speed of the flow leads
to favour “flow over” instead of “flow around”.
Therefore, there is less deflection of the flow by
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the Alps in WIN20 (Fig. 4h). This result is in
agreement with the Chu and Lin (2000) and
Chen and Lin (2005) studies that showed that ide-
alized moist flow regimes with large moist Froude
numbers tend to generate quasi-stationary con-
vective systems over their ideal mountain ridge
or downstream-propagating convective systems.
In WIN10, as the flow is weaker, deflection
by the Alps is favoured (Fig. 4g). The convective
system is located upstream over the Sea (Fig. 6e)
with a well-developed cold pool (Table 1). This
cold pool contributes to enhance the low-level
convergence over the Sea and over the Rhone val-
ley. Upward forcing is located along the eastern
leading edge of this strong cold pool (Fig. 3e).
With weaker winds, the cold pool can interact with
the incident flow whereas with larger winds, the
rapid flow doesn’t allow any cold pool to set-up.
Varying the wind speed acts to increase or
decrease the moisture feeding of the convective
system and thus modulates the precipitation
totals. Moreover, the evaporation from the Sea
contributes to increase the mixing ratio of water
vapour in the low levels. This evaporative contri-
bution is increased when the wind is intensified.
Thus WIN20 produces a more intense low-level
moisture flow with more precipitation totals
whereas it is the opposite for WIN10 (Table 1).
The mean vertical velocities over the convective
system are stronger when the flow that feeds the
system is stronger (Fig. 7b). Conversely, the
stronger the flow is, the smaller the total precipi-
tation area is. That can be explained by the dif-
ference between the lifting mechanisms involved
in the formation and maintaining of the convec-
tive system. Indeed, in the case of a strong flow
(WIN20), the main forcing is orographic lifting
due to the Massif Central relief whereas for a
weaker flow (WIN10), both the cold pool and
the low-level convergence contribute to form re-
peatedly new cells along the eastern leading edge
of the cold pool. The simulation CTRL appears
as an intermediary solution where the three
mechanisms are involved (cold pool dynamics,
low-level convergence and orographic lifting).

3.4 Effect of the instability

Finally, CAPE has been varied in LCAPE and
HCAPE experiments by modifying the low-level
thermodynamic characteristics of the sounding

used for initial and boundary conditions (Fig. 1a):
the low-level temperature and mixing ratio are
increased (decreased) to rise (or to reduce) the
CAPE. The level of free convection of the initial
sounding is therefore higher by 50 hPa in LCAPE
and lower by 100hPa in HCAPE compared
to CTRL. The Downdraft Convective Available
Potential Energy (DCAPE), which is a parameter
used to estimate the potential strength of rain-
cooled downdrafts, is also lowered in LCAPE
by 5J/kg and significantly increased by 120J/kg
in HCAPE.

When the CAPE is decreased, the convective
system anchors over the relief (Fig. 6¢), as in
simulation WIN20 with a very weak cold pool
(Fig. 3c, Table 1). Convective cells form both
within the upstream low-level wind convergence
area and over the relief. On the contrary, when
increasing instability, a cold pool forms under the
convective system (Fig. 3f). The simulation
HCAPE (Fig. 6f) generates the strongest cold
pool of all the simulations (Table 1) that spreads
southeastward over the Sea and within the Rhone
valley between the Massif Central and the Alps
(Fig. 3f). Larger CAPE produces more intense
updrafts (Fig. 7c) and more precipitating hydro-
meteors (not shown). Loading and evaporation of
this larger amount of hydrometeors, in an envi-
ronment with larger DCAPE, lead to more in-
tense downdrafts (not shown) and cold pool,
which in its turn reinforces the upward lifting
at the leading edge of the convective system.
The large subsidence areas under the precipitat-
ing system in Fig. 3f give an insight of the
strength of these downdrafts. The boundary be-
tween the incident flow and this strong cold pool
establishes more upstream in HCAPE than in the
other simulations.

The precipitation totals and the area cover-
age of the precipitating system increase with
the instability, which can be also attributed to
the increase of the mixing ratio. The simulation
HCAPE produces the largest precipitation
amount (6.24 km3, Table 1), although the highest
maximum of precipitation is obtained for the
simulation LCAPE. Indeed, as in simulation
WIN20, the relief exerts a very local and station-
ary forcing that focuses the precipitation over a
small zone. For these two experiments, the pre-
cipitating cells repeatedly form over the same
limited area, whereas for HCAPE and WINI10
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new cells trigger all along the leading edge of the
cold pool that is wider and less stationary than
the orographic forcing area.

4. Conclusion

In this study, idealized high-resolution simu-
lations have been performed to study the sen-
sitivity of the location and intensity of the
precipitating systems with respect to the char-
acteristics of the low-level flow over the Medi-
terranean Sea. Figure 8 provides a synthesis
view of the results. Various lifting mechanisms
are involved to explain the specific location of the
heaviest precipitation (orographic lifting, cold
pool dynamics, low-level convergence due to de-
flection of the flow by the Alps). Their respective
importance depends on the characteristics of the
flow. It is found that low-level moisture has an
impact on the cold pool formation, the deflec-
tion of the flow by relief (“‘flow over” or ““flow
around””) and the location of the convective sys-
tem. Sensitivity experiments show that:

— when the speed of the upstream flow is in-
creased (decreased) compared to the CTRL
run, the area of maximum precipitation moves
downstream (upstream);

— when the mixing ratio of the environment out-
side of the jet is less (more) than in the CRTL
run, the system is located more upstream
(downstream);

— when the instability of the upstream flow is
increased (decreased) compared to the CTRL
run, the convective system moves upstream
(downstream).

The cold pool strength increases with a slower
flow and/or more instability. The maximum of
rainfall is obtained when the convective system
is over the relief with a strong low-level flow or a
weak CAPE. The surface covered by heavy pre-
cipitation is maximum when CAPE is high or
low-level flow is strong. However, it is worth
mitigating the role of CAPE as when varying this
parameter in the experiments, other parameters
such as DCAPE and CIN are also modified in
the experiments.

This study shows that the location and amount
of precipitation associated with quasi-stationary
convective systems over Mediterranean coast of
southeastern France can not be only amounted to
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Fig. 8. Synthesis view of the location of 24-h heaviest
precipitation areas for the different experiments (tri-
angles for UNTHU and LOWHU, stars for WIN10 and
WIN20, circles for LCAPE and HCAPE, bullet point
for CTRL), the arrows indicate the ‘“‘displacement”
of the convective system when drying the environment
(dashed grey arrow), when increasing the instability
(dotted dark grey arrow) and when increasing the flow
speed (dotted black arrow). The relief is represented
in grey scale (m)

a problem of a flow over a mountain ridge (the
Massif Central). Both the effects of the neigh-
bouring mountains and the interaction with the
convective system itself have to be considered.
This makes the forecasting of the location and
intensity of the heavy precipitation events com-
plex as the interactions of the moist unstable flow
with these competing or additional ingredients
have to be taken into consideration.
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