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Abstract

The non hydrostatic convection resolving model MOLOCH igptayed in order to evaluate its capability to
realistically simulate the evolution of the mesoscale eative system responsible for an episode of extremely
heavy rainfall and flood over southeastern France (Gardte2802). Numerical experiments indicate large
sensitivity of modelled precipitation amounts and disttibn, due to different cell organization and propa-
gation, to the specification of the initial conditions. Angodifferent experimented initialization times (00,
06 and 12 UTC, September 8) the run starting at 06 UTC is alppeedict the development and the almost
stationary behaviour of the convective system, at leastareairly stage of the event. Additional experiments,
aimed at studying the role played by the orography in trigmgethe convection and controlling its evolution,
have been performed in order to characterize sensitivigyribient wind and orography. Simulations demon-
strate that the presence of the orographic barrier is drimidoth triggering and maintaining the mesoscale
convective system. Moreover, the location and intensifgretipitation turns out to be sensitive to variations
of the mountain height and of the mean meridional wind corepbnA partial explanation of this behaviour
in terms of the Froude number is suggested.

Zusammenfassung

Das nichthydrostatische, die Konvektion explizit bereaiote Modell MOLOCH wird angewendet, um seine
Fahigkeit, die Entwicklung eines mesoskaligen konvekti8gstems, das fir ein extremes Regen- und Uber-
schwemmungsereignis in Sudost-Frankreich verantwhrth@r, realistisch zu simulieren (Gard-Ereignis
2002). Numerische Experimente zeigen eine grol3e Setditaker modellierten Niederschlagsmenge und
-verteilung von den vorgegebenen Anfangsbedingungen awidzder unterschiedlichen Organisation und
Verlagerung der Konvektionszellen. Unter den verschiedeusgetesteten Startterminen (00, 06 und 12Z am
8. September) erweist sich die zum 06Z-Termin gestartetril@tion als in der Lage, die Entwicklung und
das nahezu stationdre Verhalten des konvektiven Systemmdest in der Anfangsphase vorherzusagen.
Weitere Experimente, die darauf abzielten, die Rolle devg@aphie bei der Auslésung und der weite-
ren Entwicklung der Konvektion zu analysieren, charakteren die Sensitivitat der Simulation gegeniber
dem groRRraumigen Windfeld und der Orographie. Die Simuomatin zeigen, dass das Vorhandensein eines
Gebirgszuges sowohl fir das Auslosen als auch das weiteteridtten eines mesoskaligen konvektiven
Systems entscheidend ist. Darliber hinaus erweist sick, stagohl Variationen der Gebirgshohe als auch
der meridionalen Windkomponente den Ort und die Intend#&tNiederschlags beeinflussen. Eine teilweise
Erklarung dieses Verhaltens unter der Verwendung der fer@adhl wird vorgeschlagen.

1 Introduction of that region (8HWARB et al., 2001), characterized by
a maximum located over the crest of the Cévennes.

Heavy precipitation and floods often derive from quasi- This MCS developed in a low-level pre-frontal
stationary convective systems where orography playeridional (south-westerly at higher levels) flow advect-
an important role in triggering convection and controlhg moist air from the Western Mediterranean. As men-
ling its subsequent evolution. An example is provideitbned above, the very high accumulated rainfall max-
by the Gard river severe flood event of 8—9 Septemberum, exceeding 600 mm/24 h, was recorded at about
2002 (DucrocQet al., 2003), occurred near the souti20—30 km upstream of the Cévennes slope. Convective
ern flank of the Massif Central (France). The distinctivactivity started over the Mediterranean sea during the
feature of this event is that the mesoscale convectigarly morning of 8 September and then moved north-
system (MCS) remained nearly stationary in place farard forming a MCS. At 12 UTC the MCS was already
many hours. The precipitation maximum was observeadfecting the Gard region, and persisted over the same
at some distance upstream of the mountain main slopeega, at the foothills of the Cévennes ridge, for nearly
at variance with the climatological rainfall distributior24 hours, until a cold front coming from the Atlantic
passed over the region. Damages and fatalities occurred
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Over recent years, the problem of quantitative pre;
cipitation forecasts (QPF) in cases of severe convectiy
events has been tackled by applying and testing hig
resolution non-hydrostatic meteorological models, wit
grid spacing of a few (1-3) kilometers. Although at sucl
high resolution the approach is still mainly experimen
tal, also due to computing limitations, the reported re
sults appear very encouraging. On the one hand, the (.
pability of reproducing small scale processes (e.g. or
graphic forcing and microphysics) and explicitly resolv-
ing the dynamics of deep convection (CRM: Conveg
tion Resolving Model) has allowed to better simulatg
and forecast the structure and evolution of convectiv;
systems, while further improvements are expected froj
increasing resolution. On the other hand, although a hg
izontal resolution of a few kilometers is considered suft
ficient to properly simulate the “large scale” dynami
ics of organised convec_tlc_Jn, I.Ike. MCS or squall Im.eFigure 1: MOLOCH integration domain and orography. Shading
(WEISMAN et al.,1997), it is still inadequate to predic . : . .

. . an?l contour interval is 250 m. Coastal lines are drawn using the
accurately the turbulent and microphysical processes 0 o o
. land-sea mask contour 0.5. The two dots indicate the position of the
deep convection AMES et al., 2002; BRYAN et al., . . N . .
: . vetrtlcal profiles shown in Fig. 3. Geographical features referred in
2003) that may have a strong impact on rainfall amoun o
s the text are indicated.
and distribution and system movement. Moreover, the
low predictability associated with convective precipita-

tion, as demonstrated by AWSER et al. (2004), poses ayem |ocked near the mountain crest, (111) flow with both
limit to the applicability of deterministic high-resolution.ynvective systems defined in (1) and (I). The fourth
forecasting and raises important questions related to dﬂet@ime recently identified (@EN and LIN, 2005b), is

assimilation and model initial conditions. characterized by a long lasting orographic stratiform

QRMS, besides constituting a_to_ol for very high reE{gcipitation system over the mountairTeSN (2004)
olution short—rang_e weather prediction, can be used alg@ qyered the first two regimes in a more realistic 3-
for research studies. In the present case, a CRM mogghensional framework.

(MOLOCH: see below) is employed in order 10 inVes-  Tpg aim of the present study is to characterize the dy-
tigate the role played by the orography in triggeringamical properties of the convective event of the Gard
the convection gn_d controlllng_ its sgbsequen_tlevolutl%od’ especially in relation to the role played by the
both under realistic and more idealized conditions. _ orography, and to determine if the development and evo-
Although the present case study does not pertainiigion of the MCS can be identified with some known
the Alpine area, 'Fhe theoretical an_d experimental refegyime of convective propagation in the presence of
ence framework is that proposed in a number of rec%'fggraphy. In particular, the effects of mountain height
MAP (Mesoscale Alpine Programme) studies of coRyng impinging flow speed are investigated, with refer-

vectively unstable flows in the presence of orographynce to the influence of the Froude number on flow
A number of such studies ¢ and LN, 2000; SEIN, ggimes.

2004; GienNand LN, 2005a) have addressed the general™|, section 2 the model is described. Results of simu-

problem of convection development and propagation iions of the Gard flood are presented in Section 3. Sec-
the presence of orography in more or less idealized enyi, 4 is devoted to idealized experiments with modified

ronments. GEN and LIN (2005b) identify four different orography and wind speed and in Section 5 a summary
regimes as a function of the moist Froude number, q%‘given.

fined asF = U /Nh (whereU is a measure of the wind

speedh is a typical height of the mountain amdis the :

static stability, taking into account the effect of moisg The modelling systems
ture in case of saturation). Three regimes were alreaflje non-hydrostatic model MOLOCH, developed at
conditionally unstable airflow over a mesoscale mougyuations with prognostic variables (pressure, temper-
tain ridge (G4u and LN, 2000; GHEN and LN, 2005a):  atyre, specific humidity, horizontal and vertical veloc-
(I) flow with an upstream propagating convective sygy components, turbulent kinetic energy (TKE) and
tem, (Il) flow with a quasi-stationary convective sysfour water species) represented on the lat-lon rotated,
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Figure 2: 24-h accumulated precipitation at 12 UTC, 09 Sep. 2002 analysedvaliser(a) and simulations initialized at 00UTC (b), 06

UTC (c) and 12 UTC, 8 Sep. 2002 (d), respectively. Shading antbaomterval is 30 mm.

Arakawa C grid (170x170 grid points, with spacingvhereH = % is the density scale height.
of 0.02 degree for the present study). Model dynam- Model “physics” include a cloud and precipitation
ics are integrated in time with an implicit scheme fomicrophysical scheme, a sub-grid turbulence parameter-
the vertical propagation of sound waves, while exzation scheme, a four-layer vegetated soil model, and a
plicit, time-split schemes are implemented for the rgomputation of atmospheric radiation processes.
maining terms. Horizontal wave propagation is forward- The microphysical scheme is based on the parame-
backward. Three-dimensional advection is computestizations proposed by®Faand MALGUZZI (2004).
using the accurate Weighted Averaged Flux (WAR)he physical processes determining the time tendency
scheme (BLLET and Toro, 1997). Small horizontal of specific humidity, cloud water/ice and precipitating
fourth order diffusion is included to prevent energwater/ice are divided into “fast” and “slow” ones. Fast
accumulation on the shorter space scales. The loygocesses involve transformations between specific hu-
boundary condition over topography is imposed ugidity and cloud quantities and are computed every ad-
ing terrain following vertical coordinates which relax/ection time step. Temperature is updated by imposing
smoothly to horizontal surfaces away from the earth swxact entropy conservation at constant pressure. Fall of
face. These coordinates are implicitly defined by:  precipitation is computed with the stable and dispersive
backward-upstream scheme with terminal velocities de-

z—h(l—ﬁ) . .
C=H[1-e —~ , h(xy) <z<o pending on concentration.
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Figure 3: Vertical profiles of potential temperature (solid line), equivalent poteigimperature (dashed line) and wind, at 09 UTC,
September 8, 2002 for the simulation initialized at 06 UTC (time of conveattgity initiation) corresponding (a) to a point over the sea
and (b) just inshore, ahead of the orography (for the exact loca@mnFig. 1). Half barb: 2.5 m/s; full barb: 5 m/s. Circles marked with

“S” (on the left) indicate saturated layers.

The turbulence scheme is based on a E-I closuréng up to 555 mm in 24 hours (the analysis smoothes
where the subgrid turbulent kinetic energy (TKE) is presut the actual maximum of 690 mm). Three differ-
dicted. Surface turbulent fluxes of momentum, specifant stages can be identified in the episode contribut-
humidity and temperature are computed by the classigag to such very large accumulation ¢DRIEU et al.,
Monin-Obukhov theory with Businger (Holtslag) func2005; GHANCIBAULT et al., 2006). During the first 12
tions in the unstable (stable) case. The mixing lengthhsurs, till 00 UTC, September 9, the MCS developed
computed from the TKE (BARDORFF, 1980) in the sta- and remained almost stationary over the Gard region.
ble atmosphere and from thedBGEAULT and LACAR-  Then, during the night, the system moved slightly north-
RERE(1989) method, modified byAvpPIERI (2004), in ward. Finally, during the early morning of September 9,
the unstable environment. A four-layer soil model de¢he cold front that passed rather quickly over the area
scribes the evolution of water and heat fluxes, includingas associated with additional convective rain that con-
vegetation effects (RESSMAN, 1994). tributed to the flood, but after the frontal passage con-

The computation of atmospheric radiation is basegction was eventually suppressed.
on the ECMWF scheme (MRCRETTEet al, 1998), in- Different simulations were initiated at 00, 06 and
cluding the RRTM model (MAWER et al., 1997). 12 UTC, September 8, 2002, respectively, in order to

The MOLOCH performance in cases of strong prenalyse the impact of different initial conditions on the
cipitation was already evaluated for a number of diffeprecipitation forecasts. Although the three initial condi-
ent case studies (RHARD et al., 2002; Bizz! et al., tions derive from the same continuous assimilation cy-
2004; MARIANI et al., 2005). cle of ECMWF and are only 6 hours apart, the accu-

MOLOCH (integration domain shown in Fig. 1) isracy of the simulations varies widely among the experi-
nested into the hydrostatic model BOLAM (for a dements. The run initiated with the 06 UTC analysis (Fig.

scription see BvoLIo and Buzzi, 2004) which in turn 2c) gives the best reproduction of the characteristics of
is driven by the ECMWEF analyses. the MCS, particularly in the first phase of its evolution.
In this case the simulated MCS develops near the coast,

3 Sensitivity to the initial conditions moving slowly northeastward and then becoming nearly

The observatiors analysed on the MOLOCH grid (Fig.stationary over the Gard region. During the first 12 hours
2a), show an area of very intense precipitation, surfe simulated precipitation pattern is located yery_close
= — o to the observed maximum, but the amount is slightly
Gridded precipitation data, analysed with kriging over the Gard rgyer_predicted in comparison with the analysed obser-
gion, were kindly provided by Laboratoire d’étude des Transferts en ,. .

vations. In the following stage the model places the pre-

Hydrologie et Environnement (LTHE) — Grenoble (Fr), in the frame* &~ .
work of the HYDROPTIMET project, INTERREG IIIB (Medocc Cipitation too much to the north, in correspondence to

Programme).
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B 25.0 Figure 4: 2-h accumulated precipitation at 11 UTC, September 8,
| fgg 2002 (triggering phase). (a) Experiment with orography reduced
| | 0.0 by a factor 0.5; (b) control run; (c) experiment with orography in-
| | 50 creased by a factor 1.5. Shading and contour interval is 5 mm. All
B 0 the experiments are initialized at 06 UTC, September 8, 2002.

the main slope of the Cévennes. In the final stage of tthee Mediterranean Sea (Fig. 3a) turns abruptly (Fig. 3b),
event, the model realistically reproduces the progressioecoming north-easterly ahead (south-east) of the oro-
of the front and forecasts additional intense frontal prgraphic barrier, nearly parallel to the terrain contours.
cipitation over the Gard region. Only the experiment starting at 06 UTC correctly repro-

Neither the experiment starting at 00 nor the orduces this feature. The deflection of the low-level flow
starting at 12 UTC (Fig. 2b and 2d, respectively) develamming from the sea, due to the presence of the orogra-
the convection over the plain. Instead, in both cases thley (Massif Central and Cévennes), seems therefore to
convective activity appears to be directly triggered Hye directly associated with the initiation of convection.
the orographically forced uplift and the resulting precipFhe orography in this case strongly influences the flow at
itation pattern is displaced several tens of km northwarshme distance upstream, exerting a blocking action pos-
over the Massif Central. Moreover, the simulation initisibly associated with flow reversal and a low level stable
ated at 00 UTC displays a large underestimation of tkeyer (e.g. MGLIETTA and Buzzi, 2004; SEIN, 2004).
rainfall amount. The simulations seems quite accurakbis aspect has been further investigated by means of
only in the final phase, when the large scale dynamiickealized sensitivity experiments presented in the next
becomes dominant and the MCS starts moving soufection.
eastwards along with the incoming cold front.

From the analysis of the observed low-level wind 1 |dealized experiments
field it appears that an area of pronounced convergence
just inshore is present at the time of convective activitiivo set of experiments were performed in order to in-
initiation. The south-south-easterly low level flow fronvestigate the role of the orography in triggering and
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maintaining the convective system, looking for a posssity and an upstream displacement of the pattern of pre-
ble explanation in terms of concepts of orographic flowipitation as the orography is raised (not shown). At vari-
regimes (upstream blocking versus non-blocking), dance with the triggering phase, a sort of saturation effect
pending on the Froude number, and of regimes of cdior maximum rainfall amount is found in this stage: an
vection development and propagation in the presencamdrease of orography height larger than a factor of 1.25
orography (SEIN, 2004; GHEN and LIN, 2005b). does not produce a further increase in rainfall intensity.
All the simulations considered in this Section were When the wind speed across the orography is in-
initialized at 06 UTC, 8 September, using the same ateased by 2 m/s (Fig. 5a) the precipitation is produced
mospheric conditions, but modifying the height of thevell to the north with respect to the control run (Fig.
model orography over the central part of the domain (i), over the Massif Central relief, and the intensity is
Alps and the Pyrenees remain unchanged). The heigémarkably lower (202 instead of 329 mm in 12 hours).
of the topography of the Massif Central and surroun®n the other hand, if the meridional wind intensity is
ing areas has been varied by multiplying it by differdecreased by 2 m/s (Fig. 5c¢), the convective system re-
ent factors, ranging from 0.25 to 1.5. Simple considemains stationary over the plain, but several kilometers
ations based on the Froude number suggest that trangistream with respect to the control simulation. Again
tions between orographic flow regimes can be also abe maximum precipitation is obtained in the control ex-
tained by changing the intensity of the wind speed acrgssriment: in this case the analyzed wind is the one that
the orographic slope. Having this in mind, a numbenaximizes precipitation.
of additional experiments have been made by adding In order to provide a more detailed view of the sensi-
or subtracting a barotropic component (1-2 m/s), tivity experiments, the results have been plotted together
geostrophic equilibrium, to the initial and boundary corin terms of the Froude number. Its value is only indica-
ditions, leaving the orography unchanged. tive because of the degree of arbitrariness in defining a
Two different phases of the MCS evolution havenean mountain height, a typical wind speed) im-
been investigated. First, the triggering phase has bgenging the mountain and a representative buoyavcy
analysed, in the interval between 9 and 11 UTC of Sephe chosen values are, respectively, 1200 m, 8 m/s and
tember 8, when the convection started over land. Thén012 s for the reference experiment. The last two pa-
dealing with the mature phase of the system, the whabmmeters are evaluated upstream of the orographic bar-
12 hour period between 9 and 21 UTC has been consiigr (Fig. 3a), averaging in height over a depth of 1500 m
ered. above the ground. The external parameters that are im-
During the triggering phase, in the experiment whepmsed in the experiments are oklyandh while N may
the height of the Massif Central is reduced by a factohange depending on the flow regime that is established.
of two, the convection develops several kilometres ftherefore, the choice of a constats intended only to
the north (Fig. 4a) with respect to the control simulatiotefine a “reference Froude number” characterizing the
(Fig 4b). The rainfall intensity is lower (33 instead of 4&asic state, which may not correspond to the local value.
mm in 2 hours) and localized in correspondence to the The rainfall location (latitude) during the triggering
main mountain slopes. At variance with the control sinphase, as a function of the Froude number, is plotted
ulation, the south-easterly flow in the lower troposphene Fig. 6a (note that the control run corresponds to a
is only weakly deflected during the first hours as thealue of F~1 = 1.8 on the x-axis). For higher value of
orography is not able to effectively block it. Thereforehe Froude number (lower orography or higher wind
after a few hours the low-level wind becomes orientespeed) the convection is triggered more to the north.
across the orographic barrier and the convection is triger smaller value of the Froude number (higher orog-
gered further downstream. When the height of the Masphy or lower wind speed) the convection develops fur-
sif Central is enhanced by a factor 1.5, precipitatidher upstream. This is consistent with the general con-
is more intense (65 mm) and accumulates more to tbept of flow regimes upstream of the orography based
south (Fig. 4c), over the plain. In general, by varyingn the Froude number: the larger is the dimensionless
the orography height (multiplying it by a factor betweemountain height (i.e. the inverse of Froude number) the
0.25 to 1.5), the precipitation pattern tends to move ugtronger is the blocking action, associated with flow
stream with increasing intensity. A similar behaviour ireversal and convergence. Therefore, the convection is
terms of rainfall location is obtained by changing th&iggered upstream of the mountain chain, in association
meridional wind component (not shown): by decreasingth a flow that seems to undergo a gradual transition
the wind speed, the precipitation pattern tends progrésem a flow over to a blocked or even reversal regime.
sively to move upstream but, in this case, the maximum When the mature phase of the MCS is analysed with
rainfall intensity is obtained in the control experiment.the same method, the results are more ambiguous (Fig.
Variations of orography height produce the same &éb). The behaviour of the MCS cannot be understood
fects also during the mature phase: an increase in intendy by assuming that the characteristics of the flow are
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[ | io mm. All the experiments are initialized at 06 UTC, September 8,

2002.

a function of the Froude number alone. It is clear thatg even parallel to the orographic barrier at 700 hPa.
the fully developed MCS strongly perturbs the upstreaRowever, it seems that this case represents a convective
basic flow. In order to better understand the nature fgime somehow intermediate between the upstream
this phenomenon, the interaction between the MCS qiropagating and quasi-stationary regimes. The most dis-
culation and orography has to be analyzed, including ttiective feature, however, is that instead of being locked
formation and role played by the cold pool ahead of tear the mountain crest, the convection occurs at some
orography itself and the effect of the intensity of the uplistance upstream of the mountain main slopes.
stream flow which feeds the updratft.

A comparison with previous three-dimensional ide-
alized studies of convection propagation in the presenrée Conclusions
of orography (SEIN, 2004; GHEN and LIN, 2005a) is

difficult due to the different orography geometry ang set of high resolution simulations of a very intense
large scale flow variability. In @EN and LIN (2005a) MCS that affected southeastern France, leading to a se-
the initial flow is uniform and directed perpendicularly,ere f|00d, has been performed in order to evaluate the
to the ridge-like orography. Stein (2004) started frogapability of the MOLOCH convection resolving model
an uniform atmosphere and southerly wind conditiofh simulating the episode and in order to study the in-
although employing a realistic alpine orography. In thence of the orography and of the upstream flow para-
present case the real southeasterly low level flow is Ofireters on the convective initiation and subsequent evo-
ented across the orography but not exactly perpendigytion. The QPF accuracy is found to be very sensitive
larly, and it turns southwesterly at higher level beconfg the initial condition, as can be expected in a case of
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Figure 6: Position of the rainfall maximum (latitude express in terms of grid points)faaction of the inverse of the Froude number for

(a) the triggering and (b) the mature phase of the mesoscale convectteen. The control run corresponds to a value of 1.8 on the x-axis.

strong convection. In particular, the main characterigeometry and large scale flow variability, but also due

tics of the MCS, which remained almost stationary fdo the high spatial variability of the stratification para-

several hours over the Gard catchment region, at someter that enters in the definition of the Froude num-

distance upstream of the Cévennes (Massif Central) &es. The present case does not seem to strictly resemble

reproduced by the simulation initialized at 06 UTC, 8ny of the regimes so far identified in the literature, be-

September. This simulation is in good agreement withg somehow intermediate between a flow with an up-

the observations during the first phase of the event, latiteam propagating convective system and with quasi-

at later stage the rainfall is displaced too much to tlsgationary convection locked near the mountain crest.

north. In the final phase of the event, the passage of the
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