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ABSTRACT

This paper presents an analysis of the rainfall regime of a Mediterranean mountainous region of south-

eastern France. The rainfall regime is studied on temporal scales from hourly to yearly using daily and hourly

rain gauge data of 43 and 16 years, respectively. The domain is 200 3 200 km2 with spatial resolution of hourly

and daily rain gauges of about 8 and 5 km, respectively. On average, yearly rainfall increases from about

0.5 m yr21 in the large river plain close to the Mediterranean Sea to up to 2 m yr21 over the surrounding

mountain ridges. The seasonal distribution is also uneven: one-third of the cumulative rainfall occurs during

the autumn season and one-fourth during the spring. At finer time scales, rainfall is studied in terms of rain–

no-rain intermittency and nonzero intensity. The monthly intermittency (proportion of dry days per month)

and the daily intermittency (proportion of dry hours per day) is fairly well correlated with the relief. The

higher the rain gauges are, the lower the monthly and daily intermittencies are. The hourly and daily rainfall

intensities are analyzed in terms of seasonal variability, diurnal cycle, and spatial pattern. The difference

between regular and heavy-rainfall event is depicted by using both central parameters and maximum values of

intensity distributions. The relationship between rain gauge altitudes and rainfall intensity is grossly inverted

relative to intermittency and is also far more complex. The spatial and temporal rainfall patterns depicted

from rain gauge data are discussed in the light of known meteorological processes affecting the study region.

1. Introduction

The study region belongs to the Mediterranean part of

France, which is historically prone to extreme precip-

itations and flash floods (Antoine et al. 2001). Should the

climate change, this region could be one of the most

affected in terms of extremes (Barnet et al. 2006; Giorgi

2006). In the recent past, a number of heavy rainfall

events occurred: 144 events with daily precipitation

amounts greater than 190 mm during the period 1958–

1994 were inventoried by Jacq (1994), and 305 events

with daily rainfall amounts greater than 150 mm during

the 1967–2006 period are reported in Ricard et al. (2012).

Each of the four more intense events of the last decade

involved several tens of casualties and several billions of

euros of damages (Jacq 1994; Sénési et al. 1996; Delrieu

et al. 2005).

On the basis of the daily rainfall amount, Nuissier et al.

(2011) analyze the synoptic circulations associated with

heavy precipitation events (HPEs). They find out very

similar patterns of atmospheric state variables like geo-

potential height at 500 hPa, wet-bulb temperature, or

horizontal wind at 925 hPa. They also show that only

small changes in these synoptic fields modify the inten-

sity of HPEs from above the 99% quantile to above the

99.9% quantile. It is intriguing that such similar atmo-

spheric conditions lead to rainfall with very different

consequences. This suggests that local processes like

flow–relief interaction could be at work, amplifying the

rainfall production in some specific situations. Some

processes of this kind have been revealed in Rotunno

and Houze (2007) for example. In the study region, flow–

relief interactions are obvious in banded orographic

convection (Yates 2006; Anquetin et al. 2006; Godart

et al. 2009), in deep organized convection (Nuissier et al.

2008; Ducrocq et al. 2008), and in combined situations

(Ricard 2002). If the flow–relief interaction plays a sig-

nificant role, it should be present both in the regular and

heavy rainfall situations.

Previous research indicates that a potential climato-

logical relationship between the rainfall and the topog-

raphy depends on the temporal scale of analysis. At the
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daily time scale or longer, a rainfall–relief relationship

seems to exist. The rainfall climatology of Alpine re-

gions of Frei and Schär (1998) locates the highest annual

and seasonal rainfall depth above the mountain ranges.

At the event time scale, Alpert (1986), over the Judean

Mountains in Israel, Michaud et al. (1995) over the south-

western Arizona and Colorado Plateau (United States), or

Johnson and Hanson (1995) over the Reynolds Creek

watershed (Idaho, United States) report good correla-

tions between rainfall amounts and terrain elevation. At

shorter durations, the correlation decreases, revealing

the complexity of the rainfall–relief relationship (Johnson

and Hanson 1995; Alpert and Shafir 1989, among others). In

the region of interest, the link between extreme rainfall and

the topography also appears to be very dependent on the

temporal scales (Ceresetti et al. 2012, 2010). Extreme daily

rainfalls are the highest over the relief, while extreme hourly

rainfalls are the highest over the plain. Capitalizing both on

the above knowledge of the hydrometeorology of the study

region and on a reasonably long rain gauge dataset, this

paper investigates the regional rainfall regime. This clima-

tological study includes regular and extreme rainfall, covers

a wide range of temporal scales from the hour to the year,

and tries to establish links between the derived statistical

regularities and known meteorological processes.

Section 2 describes the study region, the available rain

gauge dataset, and the rainfall event selection. Point rain-

fall accumulation is analyzed in section 3. This section

depicts both the annual rainfall depth pattern and its

seasonal variability, which are key factors for water re-

sources. Then the analysis is conducted at shortest time

steps: daily and hourly. In section 4, rainfall is character-

ized by its rain–no-rain intermittency and intrinsic inten-

sity. Section 5 is dedicated to space and time rainfall

patterns. Namely, first the diurnal cycle of the rainfall

intensity is analyzed, then the rainfall intensity spatial

pattern. Section 6 is dedicated to extreme rainfall at the

daily and hourly temporal scales. Section 7 provides a

cross analysis of the rainfall statistics of the regular and

extreme rainfall is performed at the hourly and daily scales

to identify signatures of meteorological processes in the

observed rainfall patterns. Section 8 recalls the main re-

sults of this study and discusses the use of rain gauge data.

2. Context

a. The physical region

The study region is located in the southeast of France

and roughly covers 200 3 200 km2 (Fig. 1a). The Rhône

River flows across this area between two major moun-

tainous massifs: the Hercinian V-shaped Massif Central

at the west and the Tertiary orogenic belt of the Alps

at the east. The eastern side of the Massif Central facing

the Rhône River valley is oriented 308 clockwise from

the north and is strewn with several mounts such as

Mont Aigoual (1565 m height above mean sea level, i.e.,

MSL), Mont Lozère (1699 m MSL), Mont Gerbier de Jonc

(1551 m MSL), and Mont Mezenc (1753 m MSL) form-

ing the Cévennes–Vivarais region. On the eastern side

of the study domain, the Alps foothills forming the Bar-

onnies region are almost as high as the Massif Central

Ridge. The northwestern quarter of the region is a quite

homogeneous high plateau. The southern part of the re-

gion is a large river plain. The Mediterranean Sea shore

constitutes the south border of the study region.

Because the western part of this region (Cévennes–

Vivarais) is very sensitive to flash-flood events (see sec-

tion 1), an enhanced survey of hydrometeorological

parameters is in operation since 2000 and managed by

the Observatoire Hydro-météorologique Méditerranéen

Cévennes–Vivarais (OHMCV; Delrieu 2003). The region

is covered by three meteorological S-band radars with

specific scanning protocols as well as by dense hourly

and daily rain gauge and river-discharge networks.

OHMCV favored a synergy between hydrologists and

meteorologists through modeling and data analysis stud-

ies, so that the region has been chosen as a focus site for

the Hydrological Cycle of the Mediterranean Experiment

(HyMEx; http://www.hymex.org).

b. Available rainfall data

This study relies on two rainfall databases collected

by the French meteorological service Météo-France: (i)

daily rainfall records from 1958 to 2000 and (ii) hourly

records from 1993 to 2008. The daily and hourly rain

gauge networks are displayed in Fig. 1b. The rain gauges

are distributed quite homogeneously in the study area. It

is obvious from Fig. 1b that the daily network is denser

than the hourly one. For the entire study period, the av-

erage distance between neighbor rain gauges increases

from 5 km to about 8 km when considering, respectively,

the daily and the hourly databases. The rain gauge density

varies with the altitude. The daily (hourly) rain gauge

density increases from 3.5 (100 km2)21 [1.4 (100 km2)21]

in the 0–500-m altitude range to 28 (100 km2)21

[5 (100 km2)21] for the area where the altitude is higher

than 900 m. This atypical density repartition illustrates the

care taken by Météo-France and the involved water agen-

cies to survey mountainous rainfall. The rain gauge avail-

ability depends also on date. The number of daily rain

gauges has increased from 280 in 1958 to about 380 since

2000. The number of hourly rain gauges was about 50 in

1993 and increased to 320 in 2008. This kind of heteroge-

neity is very common given the evolution of the measure-

ment devices and the network management constraints.

To avoid complex combination of the datasets we simply
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decided to use the two networks as such. The daily net-

work has been used to characterize rainfall accumulations

over time steps ranging from one day to one year as well

as to study the so-called daily intensities. The hourly

network served to study hourly rainfall intensity and

intermittency. All the daily rain gauges (hourly) are

synchronized. A daily record integrates rainfall from

0600 to 0700 UTC next day.

c. Rainfall event selection

For the analysis of intensity and intermittency, we

decided to ignore very light events and restrict focus to

FIG. 1. (a) Physiographic map of France (western Europe). The study region is outlined by

a white rectangle in the southeast. (b) Close-up of the study region. The terrain elevation is

displayed as a gray-shaded surface. The white circles and triangles point out, respectively, the

main towns and mountain peaks. The solid lines display the hydrographic network. The open

circles indicate the locations of daily rain gauges; crosses indicate the hourly ones.
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moderate to heavy events. According to a definition

proposed by Météo-France, a rainy event is a day (0600–

0600 UTC) during which at least one rain gauge of the

study area records a rain amount larger than 25 mm (the

50th percentile of the nonzero daily rainfall amounts).

According to the academic definition of an event, the

definition proposed by Météo-France may appear restric-

tive because rainy periods may last several consecutive

days. Nevertheless as long as no event statistics are spe-

cifically needed, such a selection is operative in terms of

light rain filter. For internal coherence reasons, we per-

formed the event selection on the two databases in-

dependently. In particular, daily accumulations of hourly

records have been used to select the rainy events from the

hourly database. To illustrate the coherence of these two

databases, the maximum rainfall amounts per event are

displayed over the period 1958–2008 in Fig. 2. This figure

shows that during the 1993–2000 overlapping period, the

maximum rainfall amounts recorded during the events

selected from the hourly database are of the same order of

magnitude and of about the same evolution than those

selected using the 1958–2000 database. Obviously, there is

not an exact match between the maximum amounts re-

corded by the two databases, as rain gauges of the two

networks are not collocated. After 2000, the order of

magnitude and the evolution of the maximum rain

amounts are similar to these of the daily database, even

though the exceptional 2002 Gard event (Delrieu et al.

2005), featuring a return period of 500 yr, could imply the

impression of a bias in the event selection using the ag-

gregated hourly database.

3. Point rainfall accumulation

a. Annual rainfall accumulation

The mean annual rainfall accumulation over the 1958–

2000 period was 667 mm with a standard deviation of

388 mm. The gross partition of the rainfall accumulation

as a function of rain gauge altitudes shows a monotonic

increase (Table 1). The spatial distribution of the mean

annual rainfall accumulation is mapped in Fig. 3a. The

map is obtained by kriging rainfall accumulations at rain

gauge stations [see appendix B and Chiles and Delfiner

(1999)]. The mean rainfall accumulation is minimum in

the Rhône River valley and increases gradually over the

western Alpine foothills (Baronnies) and the eastern

slope of the Massif Central (Cévennes–Vivarais). We

notice that the highest of the mean annual accumula-

tions are double over the Cévennes–Vivarais Mountains

than over the Baronnies hills. The maximum rainfall

gradient is very well correlated with the slope in par-

ticular over the Cévennes–Vivarais Range. The maxi-

mum annual rainfall accumulation of 3521 mm has been

recorded at the station of Mont Aigoual in 1996 (see Fig.

1b to locate Mont Aigoual and other mounts refereed in

the following). This station, at the south of the Cévennes

Ridge, records also the highest mean annual accumu-

lation (2157 mm). However, as it can be seen in Fig. 3a,

the Mont Aigoual station (1567-m altitude) is far from

the maximum of the kriged mean annual accumulation

located around the Serre de la Croix de Bauzon massif

(1538 m), north to the highest mountain of the chain

(the Mont Lozere, 1699 m). In this subregion, the sta-

tion of Loubaresse (1220-m altitude) has recorded the

second highest mean annual accumulation (2149 mm)

and 4 out of the 5 highest are also around. The relative

variability (coefficient of variation, ratio of the standard

deviation to the mean) of the annual rainfall accumu-

lation is the lowest in the plain region (Fig. 3b). Its

gradient is roughly directed toward the northwest where

the annual rainfall relative variability is the highest. An

area of low variability remains around Mont Aigoual and

Alès even though in this region the altitudes strongly vary

(Alès, 135-m altitude; Mont Aigoual, 1567 m).

The altitude obviously influences the annual rainfall

accumulation. Nevertheless, the high rainfall amounts

around Serre de la Croix de Bauzon indicate that other

factors may interact at this place particularly and possibly

at other ones.

b. Seasonal variability

The seasonal cycle of monthly rainfall amounts displays

two maxima (Fig. 4). The highest one occurs roughly

during the fall season (September, October, and Novem-

ber), and the smaller one during the spring (from April to

FIG. 2. Maximum point daily rainfall depth during rainfall events.

TABLE 1. Mean rainfall accumulation between 1958 and 2000 in

given altitude ranges.

Alt range (m) 0–200 200–500 .500–900 .900

Rainfall amount (mm) 811 1064 1111 1137
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FIG. 3. (a) Mean annual rainfall accumulation for the 1958–2000 period. Computed from the

daily database and kriged using a spherical variogram model (nugget 5 1.1 3 105 mm2; range 5

76 km; sill 5 1.6 3 105 mm2). (b) Coefficient of variation of the annual rainfall amount (var-

iogram for kriging: nugget 5 0.65; range 5 92 km; sill 5 0.68). The white crosses indicate the

locations of daily rain gauges that were used to compute the isolevels.
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June). The average of the cumulative rainfall depth dur-

ing the fall is of 226 mm, one-third of the annual amount

against one-fourth for the spring season (157 mm).

Figure 4a shows the seasonal cycle of the monthly

rainfall accumulation for rain gauges at different alti-

tudes. In this figure, the relationship between rainfall

accumulations and rain gauge altitudes presents a more

complicated behavior than the monotonic trend of the

annual rainfall accumulations (Fig. 3a). These differences

are either due to a seasonal component in the rainfall

regime or to an artifact due to the rain gauge altitude, or

both. Assuming a positive correlation between terrain

elevation and rainfall accumulation, an artifact clearly

appears at least in the region of the Serre de la Croix de

Bauzon (Fig. 1b). Since the rain gauges are located in a

narrow valley, their altitude is not representative of the

surrounded relief. The rain gauge altitudes are between

480 and 600 m while the surrounding relief reaches

more than 1500 m in height. To check this hypothesis,

the rain gauge altitudes have been replaced by the 90th

percentiles of the relief altitude in a 5-km radius around

the rain gauges (empirical correction). Fig. 5 shows his-

tograms of the rain gauge altitudes before and after this

adjustment. We see an increase in the number of stations

in the altitude ranges of 500–900 and .900 m versus a

decrease of the number of stations below 500 m. In the

polar plot of the monthly rainfall accumulation including

the altitude correction (Fig. 4b), the rainfall–rain gauge

altitude relationship is more monotonic; at any period of

the year, the rainfall accumulation increases with the al-

titude. The comparison between Figs. 4a and 4b shows

that the rain gauge altitude adjustment has the largest

effect during the fall. The rainfall accumulation over

500 m MSL has specifically increased while it decreases

below 200 m MSL. This highlights the occurrence of

a specific rainfall regime during the fall and in moun-

tainous area, in particular around the Serre de la Croix de

Bauzon area. This is further discussed in the light of some

meteorological processes in section 7.

4. Intermittency and intensity

Over a given period of time and given a time step of

analysis, the rainfall accumulation depends both on the

rainfall intermittency (percentage of nonrainy time steps)

and on the average nonzero rainfall intensity (rainfall

accumulation per time step that we simply name as in-

tensity hereinafter). The accumulation turns out to be

the product of these two terms multiplied by the number

of time steps in the period. These two properties of the

rainfall series (or fields) are dependent on the scale of

analysis (e.g., Barancourt et al. 1992; Braud et al. 1993;

de Montera et al. 2009; Molini et al. 2010).

a. Rainfall intermittency

The intermittency is the proportion of dry weather

over a given period. On one hand, we consider periods of

one month at the daily resolution. This leads to the so-

called monthly intermittency (i.e., the proportion of dry

days per month). On the other hand, the intermittency is

studied for periods of one event (one day) at the hourly

resolution. It is called the event intermittency and mea-

sures the proportion of dry hours per event.

FIG. 4. Annual cycle of the monthly rainfall amounts (mm) av-

eraged over 42 yr in four altitude ranges (m): 0–200 (solid black),

.200–500 (dashed), .500–900 (dotted), and .900 (dashed–dotted).

(a) Rain gauge altitudes are the original ones. (b) Rain gauges alti-

tudes are set to the 90th percentile of the terrain elevation in a radius

of 5 km around each rain gauge.
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Practically, a period of dry weather is a period during

which the rainfall intensity is lower than the detection

threshold of the measurement device. In this study, rain

gauges have a resolution of 0.1 mm.

In addition, the rain gauge altitude adjustment described

in the previous section has been applied.

Figure 6a displays the event intermittency averaged

for each month and altitude ranges similar to those

of section 3b. The event intermittency shows a mono-

tonic decrease with altitude, meaning that the higher

the rain gauge altitude, the higher is the rainfall fre-

quency during a rainy event. From December to April,

the event intermittency is in between 0.85 and 0.98

depending on the altitude range. This means that

during rainy events, the average number of rainy hours

is of 3.5 h above 900-m altitude and less than 2 h be-

low. From April to September, the number of rainy

hours during rainy events still decreases to about 2 and

1 h in July and August. In September, October, and

November, the intermittency decreases dramatically.

In November, there is an average of more than 3.5 h

rainy hours during rainy events and even about 4.8 h

above 900 m MSL. The station-to-station and interannual

variability of the event intermittency is relatively low, less

than 10%, except in November where it reaches 30% (not

shown).

The average of the monthly intermittency (Fig. 6b)

is quasi-symmetric relative to the January–July axis. At

the lowest altitudes, the intermittency is about the same

during the fall and the spring (about 7.5 wet days per

month), it is the highest during the summer (;3 wet days

per month) and the lowest during the winter (;9 wet

days per month). On average the intermittency de-

creases with the altitude in a monotonic way. The

number of wet days per month reaches 7.5 above 900-m

altitude during the summer, 13 in September, and up

to 15 during the winter. The monthly variability of in-

termittency from station to station is relatively low,

below 10%. It is the most variable at the highest alti-

tudes. During July and below 200-m elevation, the in-

termittency is the least variable (less than 4% of the

mean intermittency) and the highest. According to

climate classification systems such as the Köppen one

(Pidwirny 2011; Peel et al. 2007), dry summers and wet

winters are among the criteria to identify a Mediterranean

climate. These features are mainly due to synoptic forcing,

that is, the Azores high pressure system (Bolle 2003).

Both the rainfall amount and intermittency suggest

that rainfall intensity data can be grouped in four 3-month

clusters that are close to the actual seasons: winter

(December, January, and February), spring (March, April,

and May), summer (June, July, and August), and fall

(September, October, and November). For these clusters,

the monthly intermittency is computed at each station,

kriged [see appendix B and Chiles and Delfiner (1999)],

and mapped. We only report here the monthly in-

termittency for the fall season (Fig. 7) as the patterns are

similar for the other seasons. Table 2 gives the parameters

of the fitted variograms [appendix A and Chiles and

Delfiner (1999)]. The variogram model parameters result

from, first, a least squares fit of a spherical model on the

empirical variogram, and second, a heuristic correction

FIG. 5. Histograms of the rain gauge altitudes. The shaded boxes indicate the original rain

gauge altitudes; the dashed lines indicate the rain gauge altitudes set to the 90th percentile of

the terrain elevation in a radius of 5 km around each rain gauge.
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to avoid the overestimation of the nugget effect as

shown in Lebel and Bastin (1985) (appendix A explains

variogram features). The nugget effect is due to the local

variability of the analyzed variable. Table 2 indicates

that the local variability of the monthly intermittency is

very high, at least two-thirds of the sill. It is the highest

during the fall and the lowest in the summer. In addition,

the variogram sill is lower in the summer than during

the other seasons. This indicates that variability of the

intermittency is the lowest during the summer. The

gradient of the monthly intermittency is parallel to

the main mountain slopes (Cévennes–Vivarais and

Baronnies) thus forming a thalweg along the Rhône

River valley.

b. Intrinsic-rainfall intensity

The rainfall intensity is the ratio of the rainfall accu-

mulated over a given period to this period length. As

stated before, we consider only the nonzero rainfall in-

tensities corresponding to selected rainfall events. They

are computed in the following for periods of 1 h (hourly

intensity) and of 1 day (daily intensity).

To analyze the seasonal variability, the intensities

have been gathered by month and altitude range. As

in section 3b, rain gauge stations are in four elevation

range categories; 0–200, .200–500, .500–900, and

.900 m. The seasonal evolution of the average and

variation coefficient of the hourly intensity in the four

altitude ranges are displayed in Fig. 8. The average

hourly intensity is the lowest during the winter. It in-

creases gradually during the spring to reach its maxi-

mum from July to October and then decreases again.

The intensity–altitude relationship is opposite to the one

of the monthly accumulation; that is, the average inten-

sity decreases with the altitude. It is important to note

that the variation coefficient (Fig. 8b) is very high at any

month and especially during the summer where the

standard deviation is 12 times the average intensity in the

lowest elevation bin (0–200 m).

The seasonal evolution of daily intensities is displayed

in Fig. 9a. As for the hourly time step, the seasonality of

daily intensities is well marked. However, the hourly

and daily seasonality patterns are different. The daily

intensity is slightly bimodal with a main maximum dur-

ing the fall and another minor one during the spring. In

September and October the intensity average reaches its

maximum of about 15 mm day21 (1.6 times the annual

mean of 9 mm day21). The spring mode is well below

with about 8 mm day21. The summer features the low-

est daily rainfall intensities.

The relationship with the altitude is more complex

than for hourly intensities. For the stations above 200 m

MSL, the daily intensities monotonically decrease with

altitude like the hourly intensities. However, for the

stations below 200-m height (in the plain), the intensities

are lower than expected from a monotonic relationship.

Moreover during the month of July, the relative vari-

ability at these plain stations is particularly high com-

pared to the other stations (Fig. 9b).

The comparison between Figs. 9a and 8a shows that

in July the daily and hourly intensities over the plain

(altitude , 200 m) are about the same (4 mm day21). The

rainfall in plain during the early summer is thus due to

storms lasting about one hour. For stations above 200-m

altitude, the daily intensity is about 10 mm day21, at

FIG. 6. Precipitation (a) seasonal cycle and (b) monthly

intermittency.

436 J O U R N A L O F A P P L I E D M E T E O R O L O G Y A N D C L I M A T O L O G Y VOLUME 51

Unauthenticated | Downloaded 10/01/21 08:38 AM UTC



least 2 times the hourly intensity. From August to No-

vember (with a peak in September and October), the

daily intensity is notably larger than the hourly one even

if a large uncertainty is due to the hourly sampling (on

average 40% according to ongoing investigations).

These differences between the hourly and daily inten-

sities are further discussed in section 7.

5. Rainfall patterns in time and space

a. Diurnal cycle

Another important feature of the rainfall regime is the

diurnal cycle. The analysis of the rainfall intermittency

having not shown any clear diurnal signature, we focus

in this section on the intensity. In Fig. 10, the normalized

rainfall intensity (divided by the average) is displayed

as a function of the hour of occurrence for the four

seasons considered in section 3a. During the winter,

there is no diurnal cycle of the intensity. During the

spring and summer, the intensity displays two peaks,

one major at the end of the afternoon and another

minor one in the early morning, before the sun set. In

September–October, the rainfall-intensity diurnal cycle

presents a different trend. It peaks during the night. Such a

change indicates a modification of the atmospheric forcing

mechanisms and of the synoptic environment of autumn

rainfall in comparison to summer and spring ones (further

discussed in section 7).

b. Bulk spatial patterns

The variation coefficients of both hourly and daily

intensities are high (Figs. 8 and 9), indicating the high

rainfall variability at those space and time scales. The

spatial features of the daily and hourly rainfall intensities

allow for an assessment of their variability. Because of the

long tails of rainfall intensity distributions (Ceresetti et al.

2010), the intensity average is significantly influenced

by the highest values. Therefore, we analyze in this sec-

tion medians of the daily and hourly intensities for two

FIG. 7. Map of the monthly intermittency averaged over September, October, and November.

The background topography is similar to Fig. 1b.

TABLE 2. Parameters of the spherical variogram model fitted

onto the experimental monthly intermittency variogram: g(h) 5

(s 2 n)f[(3h/2r) 2 (h3/2r3)]1(0,r)(h) 1 1(r,‘)(h)g1 n1(0,‘)(h), where

1(a,b)(x) is the indicator function that is equal to 1 if x � [a, b] and

0 otherwise.

Dec–Feb Apr–Jun Jul–Aug Sep–Nov

Nugget

effect n

2.58 3 1023 2.03 3 1023 1.38 3 1023 3.04 3 1023

Sill s 3.72 3 1023 3.23 3 1023 1.98 3 1023 3.99 3 1023

Range r

(km)

51.5 61.9 111.4 117.1
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selected periods: the first is the month of July, the second

spans September and October. We excluded months that

can merge different regimes like June and August, which

are at the transition between spring and summer or

summer and fall. The medians of the point intensity have

been kriged (appendix B) and mapped in Fig. 11. The

analysis focuses first on the month of July (Figs. 11a,c). In

July, the daily and hourly rainfall intensity patterns are

similar as already suggested by Fig. 9. The maximum

median intensities either at the daily or hourly durations

are located about 100 km from the shoreline over the

Baronnies, Alpine foothill on the east side of the Rhône

River valley (the maximum over the Alps in Fig. 11a is

not significant as indicated by the kriging variance, not

shown). The median intensity patterns show two main

gradients, one south–north along the Mediterranean shore

and one west–east. The rainfall intensity increases by

a factor of 2 at the hourly time step (Fig. 11c) from the

shore or the mountain ridge to location of the maximum

(from 0.7 to 1.4 mm h21), while the daily rainfall intensity

varies of about 20% (from 7 to 9 mm day21). During the

September–October period, the pattern of the hourly

median intensity (Fig. 11d) is also similar to the pattern for

July. The maximum median intensity is equal to the one in

July (Fig. 11c), the west–east gradient is similar in intensity

to the one in July but the south–north gradient is lower.

FIG. 8. Monthly average (a) and coefficient of variation (b) of the

hourly intrinsic-rainfall intensity (mm h21) in four altitude ranges

(0–200, .200–500, .500–900, and .900 m).

FIG. 9. As in Fig. 9, but for daily intrinsic-rainfall intensity.
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The rainfall intensity along the shore increases from July to

September–October at the hourly duration. The daily

rainfall intensity map of September–October (Fig. 11b)

contrasts a lot with the one in July. The median intensity

is lower by a factor of 3 or 4, which means that lighter

rainfall is included in the distribution and furthermore

the pattern is far more different. The maximum median

values of September–October are over the Cévennes

Mountain while it was along the Rhône River valley in

July.

c. Spatial structure of rainfall events

To gain further insight about the difference between

the rainfall events occurring over the plain or over the

mountain for the spring, summer, or fall seasons, we

have calculated the climatological variogram (Bastin

et al. 1984) of the rainfall residuals to the median intensity

associated with rainy events. The climatological vario-

gram takes benefits of the large amount of data gathered

in each sample set and provide a bulk estimate of the

structure of each rainy-event population. To distinguish

the different statistical populations, the datasets are dis-

joints in space and time. Datasets gather either rain gauge

data from altitudes lower than 200 m or higher than 500 m,

and as explained before the events of a dataset come

from the central month of the seasons: April, July, and

October. The climatological variograms are plotted in

Fig. 12a–c, and Fig. 12d shows the number of pairs used

to compute each average variogram. Each variogram

increases monotonically with the distance up to a sill

of around 1, indicating that the variograms of each in-

dividual rainfall fields tend on average to the field vari-

ance. We emphasize that the variograms are computed

on normalized residuals. Working on residuals removes

the nonstationary component of the rainfall field illus-

trated in Fig. 11. The normalization allows one to mix

nonsynchronous rainfall fields belonging to the same

population. Such random fields are called second-order

stationary random functions as the two first moments of

their distribution, that is, the mean and the covariance,

are defined (Chiles and Delfiner 1999). In this case, the

spatial structure of the rainfall events is well defined and

their size is characterized by the range (so-called de-

correlation distance).

Whatever the elevation, the distances of the July

rainfall fields are the shortest being about 20–30 km. In

October above 500 m, the decorrelation distance is only

10 km larger (30–40 km), while it increases sensibly to

50–60 km below 200-m altitude and in April for any

altitude.

Theoretically, the variogram is equal to zero at the

origin. A difference between the experimental and the

theoretical variogram at the origin is called a nugget

effect and reveals either variability at very short distance

or measurement errors. With an average distance between

hourly rain gauges higher than 8 km, the observed nugget

effect is probably due to the small-scale variability of the

rainfall field.

The climatological variograms appear to be very similar

for the events occurring anywhere in July, while in April

and October the mountainous and plain events have very

different structures.

6. Maximum rainfall intensity

Maximum rainfall intensities are also important to

investigate rainfall regimes. We first examine the month

of occurrence of maximum rainfall intensities. Rain gauge

stations are gathered into the four altitude ranges used to

analyze rainfall accumulation, intermittency and regular

intensity in sections 3 and 4. Each year, the month of oc-

currence of the maximum rainfall intensity is determined

in each of the four altitude ranges. This is a set of 16 and

43 values for the occurrences of, respectively, the hourly

(1993–2008) and daily (1958–2000) maximums. The his-

tograms of these two random variables are plotted in

Fig. 13. Almost all the hourly maximums occur in between

July and September, August being the mode with 50% of

the occurrences. The month of occurrence is independent

of the altitude. This is not the case for the daily maximums

(Fig. 13b). Below 500 m of altitude, the daily maximums

FIG. 10. Diurnal cycle of the normalized hourly intrinsic-rainfall

intensity for months of September–October (solid), December–

February (short black dashes), April–June (long gray dashes),

and July–August (dashed–dotted). The indicated times are in

UTC, which is close to the local time in the study region.
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FIG. 11. (a) Median of the July daily intrinsic-rainfall intensity. (b) As in (a), but for September

and October. (c),(d) As in (a),(b), but for the hourly intensity.
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FIG. 11. (Continued)
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occur quasi exclusively in August and September; above

500 m, they are almost equivalently distributed from Au-

gust to November.

Maximum rainfall intensities are usually character-

ized by their return period (inverse of the frequency of

exceedance). The shortness of rainfall series and the

complex topography of the study region make difficult

the identification of an ad hoc maximum rainfall density

function (Ceresetti et al. 2010). The procedure imple-

mented in this paper consists of collecting one maximum

value a year for the daily and the hourly databases and

to analyze the median of their distribution. Figure 14a

shows that for hourly maxima the locations of the highest

medians are over the southern part of the Cévennes

foothill near the town of Alès. This location is very dif-

ferent from the highest medians of the regular rainfall

intensities that are over the Baronnies (Fig. 11a). We note

a difference of a factor of 10 between the median of the

maximums and the maximum of the median intensities.

Such a difference confirms the widespread of the hourly

intensity distributions. The same remark holds for daily

intensities even though the scale transform of distribu-

tions with duration may be more complex than suggested

(Ceresetti et al. 2010; Venugopal et al. 2006; among

others). Unlike the hourly duration, the highest daily

maxima are located over the Serres de la Croix de

Bauzon massif like the maximum of the intensity medians

(Fig. 11b).

The top 10 maximum hourly and daily intensities are

given, respectively, in Tables 3 and 4 and plotted on the

maps of the maximum rainfall intensity medians (Fig.

14). The top 10 hourly maximums look randomly lo-

cated while the daily maximums are clustered into two

groups collocated with the highest intensity medians.

One is located over the southern slope of the Cévennes

massif, the second along the mountain ridge in between

the Mont Lozere (highest summit of the Cévennes) and

the Serre de la Croix de Bauzon.

FIG. 12. Climatological variograms of the intrinsic-rainfall intensity during rainfall events for rain gauges above (solid curve) and below

(dashed–dotted curve plus filled circle) 250-m altitude for (a) April, (b) July, and (c) October. (d) Number of rain gauge couples used for

the variogram computation.
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7. Signature of some underlying
meteorological processes

The purpose of this section is to discuss different

features of the rainfall regime in the light of meteoro-

logical processes reported in the literature. This discus-

sion is biased toward the situations producing heavy

precipitations that have been studied in more details in

relation to floods. Basically, as in many temperate areas,

three types of meteorological processes lead to rain pro-

duction in this region, covering the all range of mesoscales

proposed by Orlanski (1975): airmass convection pro-

ducing local thunderstorms (a mesoscale), organized

convection producing severe multicell storms (b meso-

scale), and extratropical cyclones producing frontal

rain (g mesoscale). Given the marked topography of the

region, orographic effects are also present, probably

interacting with the above processes.

Airmass thunderstorms mainly occur during the sum-

mer. They occur in low wind shear environments, typically

last one hour, and have a marked diurnal cycle with a

maximum of occurrence in the late afternoon (Chappell

1987; S. Coquillat and E. Defer 2010, personal commu-

nication; Oriol 2008; Dai 2001; Dai et al. 1999; Molinié

et al. 1999).

The signature of airmass storms in the summer rainfall

regime is imprinted in (i) the intermittency, which in-

dicates that storms last one hour or less (Fig. 6a); (ii) in

the hourly and daily intensities, which are similar at low

altitude (Figs. 8 and 9); (iii) in rainfall patterns that are

similar in size to this of airmass storms (variogram range

of the hourly intensity of about 20–30 km, Fig. 12) and

on the diurnal cycle of the intensity, which peaks in the

late afternoon in July (Fig. 10).

Frontal rain may occur at all seasons with a clear mini-

mum of occurrence during the summer season when low

pressure circulation over the northern Atlantic Ocean

moves north. Frontal rain feature typical durations in

days, widespread distribution in space, low inter-

mittency, and weak to moderate intensities. They are

expected to produce more rain on west-facing slopes,

namely on the Baronnies. Their signature might be

imprinted on the map of the median daily intensity on

the left side of the Rhône River (Fig. 11b) even though it

is difficult to identify because of the predominance of the

others meteorological processes producing rain.

Mesoscale convective systems are generally embed-

ded in the warm sector of extratropical cyclones during

the spring and even more often during the fall season.

They produce severe multicell storms lasting several

hours possibly at the same place (see different event

analyses in Sénési et al. 1996; Ducrocq et al. 2002, 2003;

Delrieu et al. 2005; Nuissier et al. 2008). In France, those

situations are called ‘‘episodes cévenols’’ according to

the name of the west part of the study area. They have

been extensively studied because they yield HPEs and in

turn severe flash-flooding conditions. Different numer-

ical modeling studies demonstrated their intrinsic

mechanisms that require low-level inflows of warm and

humid air (Ducrocq et al. 2008; Lebeaupin et al. 2006) as

well as their predictability (Anquetin et al. 2005).

As a consequence of the specific features of mesoscale

convective systems (MCSs), the rainfall regime of the

fall season (and of the spring one to a lesser extent) is

marked by the singular characteristics of these events:

(i) locations of the maximum medians of the hourly

FIG. 13. Monthly histograms of (a) hourly and (b) daily maximum

rainfall intensities in four altitude ranges.
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FIG. 14. Median (a) hourly and (b) daily annual maximum rainfall intensities (isocontours).

The letters A–I are the indices of the top 10 rainfall maximums at either the hourly or the daily

durations as referred to in Tables 3 and 4. The background topography is similar to Fig. 1b.
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intrinsic intensities are mapped where the MCSs are

expected to form in the Rhône Valley (Fig. 11d); (ii) the

decorrelation distance of rainfall patterns is higher than

for isolated convection because of both the size of the

clusters of moving rainfall cells and the advection of

the MCS itself (Berne et al. 2004); (iii) the convective

cells embedded in MCSs are triggered during the night

(Fig. 10).

Orography seemingly influences the different rainfall

production mechanisms across the range of scales seen

above. Recent studies over western Mediterranean re-

gions showed that the different scales of a relief trigger

different scales of convection. On the one hand, the

presence and shape of the mountain chains themselves

modify the mesoscale circulation in a way that deter-

mines the triggering of MCSs as well as its positioning,

most generally upstream the mountain ridge (Chu and

Lin 2000; Rotunno and Ferretti 2001; Ducrocq et al.

2008). On the other hand, the small details of the topog-

raphy, basically mounts and valleys, trigger shallow con-

vection organized in bands that develop downstream and

can last as long as a low-level jet of moist air persists

upstream (Miniscloux et al. 2001; Anquetin et al. 2003;

Kirshbaum and Durran 2004; Kirshbaum et al. 2007).

Even if they have comparable typical durations, oro-

graphic banded convection displays rainfall features

radically different from MCS. The rainfall intensities are

small at small time steps (from 10 to 30 mm h21) but

heavy at large time steps (200 mm day21) because they

are continuous in time. As shown in Godart et al. (2011),

orographic rainbands supply almost 40% of the fall rain

amount. The rainfall patterns cover the mountain

ridge and the size, spacing and orientation of the bands

are related to both topography and upstream flow

conditions.

In relation with the role of topography various fea-

tures of the rainfall regime can be explained. (i) The

median pattern of the daily intrinsic intensity slightly

varies from summer to fall (Figs. 11a,b). The rainfall

lasts on average 10% of the day (2.5 h), which is 2.5

times more than for summer events (Fig. 6a). (ii) In

consequence of the size of the respective systems, the

mean variogram range over the shallow convective area

is of only 30–40 km, while the MCS rainfall occurring

over the valley during the same season doubles the av-

erage range (60–70 km) (Fig. 12). (iii) The highest daily

maximums (Fig. 14b) and the highest daily intensities

(Fig. 11b) are collocated along the three higher moun-

tains of the Cévennes massif: Mont Aigoual, Mont Loz-

ère, and Serre de la Croix de Beauzon, which is different

from what is observed for hourly data when the intensity

of the orographic banded convection is much lower.

8. Conclusions

This study describes the rainfall regime in a Mediter-

ranean region of the southeast of France from hourly to

annual time scales. The region is exposed to both oce-

anic and Mediterranean influence. The terrain of the

region is partly mountainous and plays a major role on

rainfall properties. The analysis relies on basic statistics

of point variables such as rainfall accumulation, inter-

mittency, and nonzero intensity. The study makes a dis-

tinction between regular and extreme rainfall, although

others studies are more insightful concerning extreme

rainfall in the region (Ceresetti et al. 2010; Bois et al.

1997). The use of geostatistics allows depicting the spa-

tial patterns of different rainfall properties despite their

non-first-order stationarity.

The rainfall regime of the study region appears sig-

nificantly contrasted from many points of view. The av-

erage yearly rainfall accumulation runs from 0.5 m over

the plain to more than 2.0 m over the mountain range. The

rain–no-rain intermittency undergoes also large variations

in time and space. For example, it rains about 7 days

TABLE 3. Top 10 maximum hourly rainfall intensities during the

1989–2008 period. XLIIE and YLIIE are the Lambert II extended

Cartesian coordinates of the rain gauge stations.

Index XLIIE YLIIE Alt

Date

(UTC)

Rainfall

intensity

(mm h21)

A 700.0 1926.3 549 1400 27 Dec 2006 240.6

B 677.5 1891.5 492 1400 27 Dec 2006 230.3

C 699.2 1918.0 665 1400 27 Dec 2006 180.3

D 748.7 2011.2 1180 1000 1 Oct 2007 175

E 764.0 1934.9 127 1600 8 Sep 2005 158

F 838.7 1909.9 1455 0500 29 Dec 1996 154.5

G 652.6 1750.4 7 0100 25 Aug 2002 117

H 745.0 1898.3 183 1500 22 Sep 1993 116

I 731.4 1898.2 139 0200 9 Sep 2002 107.9

J 806.9 1882.9 110 0200 2 Jul 1996 103.1

TABLE 4. As in Table 3 but for the daily intensities.

Index XLIIE YLIIE Alt

Date

(UTC)

Rainfall

intensity

(mm day21)

A 679.5 1873.6 730 0700 21 Sep 1992 447.6

B 722.7 1962.2 980 0700 1 Nov 1968 437

C 722.5 1926.9 1000 0700 7 Nov 1982 350

D 667.2 1861.6 435 0700 4 Nov 1997 347.8

E 726.7 1939.1 620 0700 20 Sep 1980 344

F 726.7 1939.1 620 0700 7 Nov 1982 337.6

G 652.0 1853.5 620 0700 4 Nov 1997 336

H 661.9 1821.9 90 0700 26 Sep 1992 312.2

I 652.0 1853.5 620 0700 16 Dec 1995 305

J 662.1 1867.2 435 0700 20 Sep 1980 304
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a month at altitudes below 200 m MSL and 13 days above

900 m MSL. Considering the event intermittency, the

results are similar, and the length of the rainy periods

during wet days increases with the altitude. The relief

seems also to be among the main governing factors of

rainfall intensity. However, this last property requires an

analysis at different temporal scale (hourly and daily) and

to distinguish between regular and extreme rainfall events.

At the hourly resolution, the highest average rainfall

intensities are inland along the Rhône Valley while

hourly rainfall extremes switch to the southwest, closer

to the Mediterranean Sea, over the Cévennes foothills.

The locations of the highest daily rainfall intensities

concerning both regular and extreme events are very

different from the hourly ones: they are collocated over

the Cévennes Mountain Range. A cross analysis of these

rainfall properties at different time and space scales

highlights the signature of some dominant atmospheric

processes on rainfall patterns in time and space.

This study illustrates the great potential use of rain

gauge networks to depict climatic features. Even if the

space resolution is too coarse to analyze individual rain-

fall events, the climatological analysis is proven to be able

to dissect rather precisely the areas of influence of the

different governing meteorological processes. From a

practical point of view, the main limitation of such net-

works is their evolution in time. With very good inten-

tions, network managers improve their networks year

after year, upgrading instruments and rationalizing their

coverage. These evolutions introduce heterogeneities in

series. They could be accounted for using sophisticated

methods like error kriging, but nevertheless they intro-

duce additional complexity in the analysis of the results

and they prevent reliable detection of possible effects of

the climate change.
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APPENDIX A

Variogram

Suppose Z(x) is a random function depending on the

space coordinate x. Assuming the isotropy of the Z

structure, the variogram of Z is defined for a separation

distance h by

g(h) 5
1

2
Var[Z(x 1 h) 2 Z(x)]. (A1)

Similarly to the covariance, the variogram is a struc-

ture function. One of the variogram advantages over the

covariance is its independence on the mean of Z. In this

paper, the estimate of the rainfall field variogram ĝ is the

average of the experimental variogram computed as a

function of the separation distance h:

ĝ(h) 5
1

2N(h)
�

x
i
2x

j
5h

[Z(xi) 2 Z(xj)]2, (A2)

where N(h) is the number of point pairs separated by a

distance of h.

To estimate the variogram for nonsampled distances,

a variogram model is fitted onto the average variogram.

The model is the so-called spherical model defined as

g(h) 5
nug 1 sil

3

2

h

ran
2

1

2

h3

ran3

 !
if 0 # h # ran

nug 1 sil if h . ran

.

8><
>:

(A3)

1) The term nug is called the nugget effect and is defined

by nug 5 g(0). A positive nugget effect indicates either

a small-scale variability of the field or uncertainties on

point measurements.

2) The term ran is the variogram range. For distances h

below the range, g(h) monotonically increases with

h; beyond the range, g(h) is equal to the sill (sil).

APPENDIX B

Kriging

Kriging is a linear interpolation method particularly

adapted to the interpolation of rain gauge measure-

ments in the study region. If Z(x) is a regionalized ran-

dom function with x representing the space or time

coordinates, kriging provides an estimate Z*(x0) of the

random variable Z(x0) at the target point x0, based on

the measurements Z(xa),

Z*(x0) 5 �
a

l
a

Z(x
a

) 1 l0, (B1)

with a an index of the data points, la the interpolation

weights, and l0 a constant. The interpolation coefficients
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la and l0 are computed by using a constraint on the

nonbias of the estimator fE[Z*(x0) 2 Z(x0)] 5 0g and

another on the minimization of the estimation variance

fVar[Z*(x0) 2 Z(x0)]g5 0. It is shown in literature that

the interpolation weights depend of the Z(x) variogram.

Among the interesting properties of kriging are the

following:

d The estimation variance can be expressed as a function

of the variogram.
d Kriging is an exact interpolator. In the real world, this

condition is met only in the case of a zero variogram

nugget.
d At any point x0 featuring a distance from any mea-

surement beyond the variogram range, the estimator

Z*(x0) is equal to the average of the data Z(xa).
d The estimated field is smoother than the actual one.
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