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Abstract In order to provide convenient data to assess
rainfall simulated by Regional Climate Models, a spa-
tial database (hereafter called K-REF) has been designed.
This database is used to examine climatological features
of rainfall in Southeast France, a study region character-
ized by two mountain ranges of comparable altitude (the
Cévennes and the Alps foothill) on both sides of the Rhone
valley. Hourly records from 1993 to 2013 have been inter-
polated to a 0.1° x 0.1° latitude—longitude regular grid and
accumulated over 3-h periods in K-REF. The assessment of
K-REF relatively to the SAFRAN daily rainfall reanalysis
indicates consistent patterns and magnitudes between the
two datasets even though K-REF fields are smoother. A
multi-scale analysis of the occurrence and non-zero inten-
sity of rainfall is performed and shows that the maps of
the 50th and 95th percentiles of 3- and 24-h rain intensity
highlight different patterns. The maxima of the 50th and
95th percentiles are located over plain and mountainous
areas respectively. Moreover, the location of these maxima
is not the same for the 3- and 24-h intensities. To under-
stand these differences between median and intense rainfall
on the one hand and between the 3- and 24-h rainfall on
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the other hand, we analyze the statistical distributions and
the space-time structure of occurrence and intensity of the
3-h rainfall in two classes of days, defined as median and
intense. This analysis illustrates the influence of two fac-
tors on the triggering and the intensity of rain in the region:
the solar cycle and the orography. The orographic forc-
ing appears to be quite different for the two ranges of the
domain and is much more pronounced over the Cévennes.

Keywords Precipitation - Multi-scale climatology -
Spatial analysis - Mountainous mediterranean region -
MED-CORDEX - HyMeX

1 Introduction

This paper provides a climatology of the rainfall in South-
east France which should serve to assess rainfall output
from Regional Climate Models (RCM).

The southeastern part of France, as most of the Mediter-
ranean region, has a climate characterized by hot and dry
summers and mild winters. In addition, several intense rain
events have been documented in the region [Sénési et al.
(1996), Delrieu et al. (2005), Ducrocq et al. (2008), Nuis-
sier et al. (2008) for instance]. They can cause high impact
floods with damages and casualties (Delrieu et al. 2005;
Ruin et al. 2008). Moreover, the Mediterranean region
is identified as one of the two main “climate change Hot
Spots”, meaning it has one of the most sensitive climate
response to global change (Giorgi 2006). In particular, sum-
mers are expected to be hotter and drier but with a higher
variability, which leads to a rising likelihood of intense pre-
cipitation or drought (Giorgi and Lionello (2008), Giorgi
et al. (2011), from data of the Coupled Model Intercom-
parison Project phase 3, CMIP3). Mariotti et al. (2015)
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confirm these conclusions thanks to an analysis of the
CMIPS5 run outputs. These climate projections result from
the extensive use of Global Climate Models (GCM). Yet,
the current spatial resolution of most GCM is of the order
of few hundreds kilometers (Flato et al. 2013), which is
usually too low to depict the impacts of climate variability
at regional-to-local scales and develop adaptation strategies
to deal with them (Giorgi et al. 2009). Therefore, downs-
caling methods are developed to provide finer-scale pro-
jections with greater details and more accurate description
of localized processes (Hewitson and Crane 1996; Mearns
et al. 1999; Maraun et al. 2010). Among the latter, RCM
are able to simulate the long term climate evolution at reso-
lutions as high as few tens of kilometers (Flato et al. 2013;
Ruti et al. 2015).

Regarding the need of adaptation policies, it is impor-
tant to know the confidence to give to climate projections
and thus to evaluate the underlying models. In general, this
evaluation is done comparing climate simulation results
with observations over the far or recent past. For a proper
assessment of simulated rain fields, simulated variables
should be compared to observed ones at the same resolu-
tion. Skelly and Henderson-Sellers (1996) and Chen and
Knutson (2008) showed that the characteristics of simu-
lated rainfall can be very different depending on whether
they are considered as point or areal quantities. Thus, it is
important to use observational data at the appropriate scales
for the evaluation of quantities highly variable in space and
time such as precipitation. Using a multi-scale comparison
of simulated rainfall with gridded observation, Chen and
Knutson (2008) showed that climate models produce area-
average-like rainfall outputs.

Therefore a number of gridded products of precipita-
tion intensity have been developed, with various spatial
and temporal resolutions matching model ones. Global
products such as the CRU (Mitchell and Jones 2005), the
GPCP (Huffman et al. 2001) or the CMAP (Xie and Arkin
1997) cover almost all the globe and are derived from
ground based measurements sometimes supplemented by
satellite data. These products have low spatial and tempo-
ral resolutions, ranging from 1° to 5° in latitude and lon-
gitude and from daily to monthly data. Such products
from observational data are frequently used to evaluate
large scale features in GCM and RCM [e.g. Dai (2006),
Reichler and Kim (2008), Nikulin et al. (2012), Flato et al.
(2013)]. In some regions of the world, databases provide
rainfall fields at higher resolutions. Haylock et al. (2008)
designed the E-OBS gridded database over central Europe.
It gives daily data with spatial resolutions of about 25 and
50 km. Over France, the SAFRAN near-surface reanalysis
(Quintana-Segui et al. 2008; Vidal et al. 2010) gives daily
and hourly estimations of several variables, including pre-
cipitation on a 8km x 8 km grid. Yet, its subdaily rainfall
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is not computed from subdaily rainfall measurements but
downscaled from daily data and it fails to diagnose some
subdaily statistics such as the diurnal cycle of the rain-
fall intensity (Quintana Segui 2008; Quintana-Segui et al.
2008).

Multi-scale assessment of rainfall in climate models are
seldom explicitly claimed. However, rainfall is a complex
process in the sense that its statistical parameters vary as
a function of scales. Therefore statistics at a unique spa-
tio-temporal scale (i.e. 1 km>1 day for example) draw a
partial picture of the phenomenon. The sensitivity of rain-
fall statistics to the scales is obvious when examining the
relationship between the topography and the rain amount.
For example, the highest rain depths are located over the
mountain ranges at the annual, seasonal (Frei and Schir
1998) or daily time scales (Alpert 1986; Michaud et al.
1995; Johnson and Hanson 1995; Molinié et al. 2012). It
is not the case when rain is aggregated on shorter peri-
ods (e.g. Johnson and Hanson 1995; Alpert and Shafir
1989). Multi-scale analysis is a current practice in applied
extreme-rainfall statistics. An example is the set of Inten-
sity—Duration—-Frequency curves (Koutsoyiannis 1997) or
Intensity—Duration—Area—Frequency curves (De Michele
et al. 2001). These curves quantify the increase of the rain-
fall return level as the temporal and spatial scales of aggre-
gation decrease. In the study region, Ceresetti et al. (2010)
showed how the extreme rainfall pattern evolves with the
temporal aggregation. A multi-scale analysis of rainfall in
the study region may reveal the imprint of some atmos-
pheric processes at the origin of different rainfall patterns.
Flow-relief interactions play a major role in the organiza-
tion of the banded orographic convection (Yates 2006;
Godart et al. 2009). The associated rainfall is quasi-steady
over the relief during several hours. Such rainfall events
impact daily rainfall records while they are not significant
on hourly ones (Molinié et al. 2012). The rainfall patterns
due to deep convective systems often result from complex
interactions between the relief and air flow dynamics and
thermodynamics (Ricard 2002; Ducrocq et al. 2008; Nuis-
sier et al. 2008; Fresnay et al. 2012). These systems can
produce renewed rain cells for several hours either blocked
over the foothill or advected in the Rhone valley or over the
mountains. The associated rainfall captured by raingauges
can be important both on hourly and daily time scales in
the steady situation, or only high on hourly records when
rain cells are advected. Molinié et al. (2012) showed that
combining rainfall statistics at many durations permits to
retrieve the signature of some underlying rain systems.
Thus, if a multi-scale analysis of rainfall is needed to cap-
ture its complexity, it can also be used for a model evalua-
tion in relation with the physical processes (Zepeda-Arce
et al. 2000) or with the associated hydrological impacts
(Yates et al. 2006; Ceresetti et al. 2012; Vié et al. 2012).
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In summary, to perform a rainfall assessment of RCM,
one needs a gridded database of rainfall at resolutions of
about 10 km and 3 h which is nearly the highest resolutions
of RCM in MED-CORDEX up to now. None of the data-
sets cited above supplies reliable subdaily rainfall. How-
ever due to its vulnerability to heavy rainfall, the survey of
rainfall in the study region has been relatively sustained for
several decades. We use these data to create a gridded rain-
fall database at the 10 km-3 h resolutions over Southeast
France. The data and design of the database are described
in Sect. 2 of this paper. A climatological study is then per-
formed. The framework for rainfall characterization is
detailed in Sect. 3. Rainfall is characterized by its occur-
rence and its intensity during rainy periods. We provide
some statistics of the distribution of the rain occurrence
for the 3-h accumulation period and proxies of its temporal
structure in Sect. 4. Similarly the statistical distribution and
temporal structure of rain intensity are showed in Sect. 5.
Section 6 is dedicated to the spatial structure of both rain
occurrence and intensity.

2 Data
2.1 Study area: Southeast France

The study region is located in the Southeast of France and
covers an area of about 200 x 200 km? (Fig. 1). It is sur-
rounded by the Mediterranean Sea to the south, the Mas-
sif Central to the northwest and the Alps to the east. The
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Rhoéne River flows across the domain, between the two
mountain ranges. The southeastern border of the Massif
Central is known as the Cévennes-Vivarais ridge delineated
by several peaks, like Mont Aigoual (1565 m above mean
sea level -MSL-), Mont Lozere (1699 m MSL), Mont Ger-
bier de Jonc (1551 m MSL) and Mont Mezenc (1753 m
MSL) from south to north. The eastern side of the study
domain consists of the Southern Alps foothills (including
Vercors and Baronnies) and reaches about the same alti-
tudes as the Massif Central Ridge.

The Cévennes-Vivarais area is subject to intense pre-
cipitation and flash floods (e.g. Delrieu et al. 2005; Nuis-
sier et al. 2008; Ducrocq et al. 2008), mainly in autumn.
Moreover, the whole region presents a very strong spatial
precipitation gradient, with nearly 1000 mm of annual pre-
cipitation difference for example between Ales and Mont
Aigoual that are only distant of about 40 km, but with 1400
m of height difference.

2.2 Hourly raingauges data

This study relies on hourly raingauges measurements from
Meétéo France, the French meteorological service. Data
are available from 1993 to 2013. Figure 1 shows the loca-
tion of the raingauges over the studied area. The distance
between neighboring raingauges ranges from 500 to 25 km,
with a mean distance of about 8 km. The raingauges are
rather well spread over the study region. The number of
available measurements varies with time. Since 1993, it has
increased from about several tens in 1993 to almost 150 in
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Fig. 2 Number of available stations with less than 99, 20 and 10 %
missing observations per month

the 2010s as shown in Fig. 2. As for the location and the
spatial spread of the stations, it stayed homogeneous along
the study period. The number of years of available data for
each station is presented on Fig. 1.

2.3 A spatial rainfall database
2.3.1 Design of the database

Rainfall outputs from climate models should be inter-
preted as areal averages (Chen and Knutson 2008). They
cover periods as long as several tens of years. The only
rainfall datasets recorded continuously during such long
periods are the raingauge data. However, with sampling
surface area of the order of 0.1 m?, raingauge records are
closer to point measurements when compared to RCM
grid areas (of the order of 108 m?). Due to the spatial vari-
ability of point rainfall inside each rain field, especially in
the study region (non-stationnarity of the mean in Creutin
and Obled (1982) for example), the statistical moments
of the rain intensity evolve with the spatial integration.
Therefore, the rain intensity recorded by a raingauge can-
not be a similar random variable to the rain intensity in
a surrounding grid box with a surface area that is a bil-
lion times greater. In the following, we describe a way
of building a set of rainfall fields at the RCM spatial and
temporal scales from point rainfall measurements, called
K-REF hereafter (standing for kriged reference). In this
manner, the rain depth in K-REF is a random variable
comparable to the RCM rain depth. The raingauge data
were interpolated (block kriging, see Chiles and Delfiner
1999, for example) to a 0.1° x 0.1° latitude—longitude
regular grid, in the range of the highest resolutions of
the MED-CORDEX framework. We do not consider grid
boxes outside the area delineated by the stations to avoid
extrapolation from the data.

@ Springer

Kriging is a linear interpolation method. Thus, the rain
depth estimated at some location xq (or on a grid box) i?(xo)
is expressed as a linear combination of the observed rain
depths R(x;) at the n locations of coordinates x; (Eq. 1):

R(xo) =) ZiR(x:) (1)
i=1

The linear coefficients of interpolation /; depend on the
covariance of the interpolated random variable as a func-
tion of the distance. In this study, we used a climatological
variogram as covariance function (Bastin et al. 1984; Lebel
et al. 1987). This climatological kriging takes advantage of
the large number of rainfall fields to infer the covariance
function from the set of variograms of each individual field.
Prior to computing the variogram, each rainfall field is
normalized by its variance to account for the scale effect
due to the variation in time of the mean rainfall intensity.
However, a unique covariance function cannot characterize
rainfall events that are too different. Thus, we split the rain
events into eight groups based on the season and the spa-
tial extent of rainfall. For each of the four seasons (DJF,
MAM, JJA, SON), days with rain (called rainy days hereaf-
ter) are divided into two groups depending on the rain spa-
tial extent, defined by the number of raingauges recording
a precipitation amount (i.e. more than 0.1 mm). A rainy day
lies from 06:00 UTC to 06:00 UTC the next day. In this
study, rainy days with large spatial extent are those with
more than 20 % of the raingauges wet. The kriging proce-
dure is applied on the 3h-rain intensities, the shortest time
step at our disposal in MED-CORDEX data. K-REF is then
a set of rain depth fields from 1993 to 2014 kriged from
hourly raingauges to 0.1° x 0.1° grid boxes with a temporal
integration of 3 h.

2.3.2 Evaluation of the database

We have chosen to assess the K-REF database in regard
to its ability to describe not only the water resources but
also the usual and intense rain intensities on short time
steps. The rain generated water resource can be repre-
sented by the average annual rain depth. We use the 50th
and 95th percentiles of daily rain intensity as proxies for
usual and intense rain. These characteristics of K-REF are
compared to those of the SAFRAN near-surface reanalysis
(Quintana-Segui et al. 2008; Vidal et al. 2010). SAFRAN
is a reanalysis dataset commonly used for regional climate
studies over France (for example in Boé et al. 2007; Quin-
tana-Segui et al. 2010; Chardon et al. 2014). The covered
period ranges from 1958 to 2014. It has spatial resolution
of 8 x 8 km? and we interpolated it to the same 0.1° x 0.1°
latitude-longitude regular grid as the kriged data using
bilinear interpolation.



Climatology of observed rainfall in Southeast France at the Regional Climate Model scales

Figure 3 shows that the mean annual rainfall accumu-
lation in SAFRAN and K-REF displays the same spatial
structure. It is also consistent with previous studies per-
formed on observations (Molinié et al. 2012, for exam-
ple). The highest annual accumulations are located over
the Cévennes-Vivarais mountain ridge. Despite some dis-
crepancies, the average annual rain amount reaches about
the same values in both datasets, around 1600 mm. This
amount is much lower than the 2157 mm at Mont Aigoual
reported in Molinié et al. (2012) from daily raingauges
and than the 1988 mm at the same spot computed from the
hourly intensities we use in this study. Such differences,
between an areal average and point values on the one hand
and between point values not covering the same time period
and not located exactly at the same place on the other hand,
suggest a relatively high variability of the rain in the sur-
rounding of the mountain ridge. The average annual rain-
fall at the three closest stations to Mont Aigoual in the
hourly dataset corroborate this variability. All are located
within 10 km of Mont Aigoual and they feature average
annual depths of 1296, 1275 and 818 mm. The spatial vari-
ability of rain events is smoother in SAFRAN and K-REF
than in the raingauge records because of the spatial aggre-
gation, and even smoother in K-REF as showed in Fig. 3.
The differences in the interpolation methods and the net-
work density used to produce SAFRAN and K-REF might
be the main reasons for the K-REF fields to be smoother
than the SAFRAN ones. Indeed, the optimal interpolation
method used in SAFRAN is different from that of K-REF
(Quintana-Segui et al. 2008) and the decorrelation dis-
tance in K-REF (several tens of kilometers guessed from
3-hourly data) may be longer than in SAFRAN. Moreover,
SAFRAN relies on daily rain gauges, more numerous than

To)

600 800 1000 1200 1400 1600

Fig. 3 Mean annual rainfall accumulation in mm for the 1993-—
2013 period (a) from the 3-hourly kriged rainfall and (b) from the
SAFRAN data. The black solid lines corresponding to the coastlines
(thick) and to the 400 and 800-m elevation isolines (thin) are the same
as in Fig. 1

the hourly ones used in K-REF and thus more prone to
catch the rainfall heterogeneity.

In both databases, the rain accumulation decreases with
the terrain elevation either from the Cévennes or the Alps to
the Rhone river valley. In the valley, the mean annual rain
amounts are around 700 mm in both databases. This value
is comparable to the 760 mm of rain recorded, in aver-
age, each year at the raingauge of the city of Nimes (about
30 km from the Mediterranean sea).

According to Molinié et al. (2012), the distributions of
daily intensities are different from one raingauge to another
in the region. In the following, we compare two percentiles
of the distributions of the daily rain accumulations in both
databases. The comparison of the 50th and 95th percentiles
of non-zero daily rain depth between the two datasets is
shown in the first two rows of Figs. 4 and 5 for each of the
four seasons. Non-zero rain depth are defined as precipi-
tation above 0.1 mm during the considered accumulation
period, which is also the detection threshold of the rain-
gauges. The 50th percentiles of the K-REF daily precipi-
tation are consistent with that of SAFRAN. The locations
of the highest median values are quite the same: over the
Alps foothills for all seasons except summer. For both data-
sets, autumn (SON) features the highest median depths and
summer (JJA) the lowest. The smoothing due to the krig-
ing already discussed also appears on these maps. The val-
ues are lower in the kriged data than in SAFRAN and the
patterns are smoother. For example, the maximum median
depths, encountered in the Alps foothills, reach 3.5 mm in
K-REF and more than 4 mm in SAFRAN.

The patterns of the K-REF daily precipitation 95th per-
centiles are similar to that of SAFRAN. In spring (MAM),
autumn (SON) and winter (DJF), the highest values are
located over the Cévennes relief while in summer (JJA),
they are over the Rhone Valley. Among the four seasons,
autumn is the one with the highest values of 95th percen-
tile both in K-REF and SAFRAN data. In autumn, over
the Cévennes mountain ridge, the 95th percentile of daily
precipitation amounts to about 60 mm in K-REF and more
than 80 mm in SAFRAN. In summer, the maximum values
of the whole region are about 30 and 35 mm in K-REF and
SAFRAN respectively. The smoothing in the kriged data
appears again, with lower values and a smoother pattern
in K-REF than in SAFRAN. It can also be noted that the
location of the highest 95th percentiles of daily precipita-
tion over the Rhone Valley in summer appears less clearly
in SAFRAN.

3 Framework for rainfall characterization

In the following, we characterize rain in each grid box
of K-REF by the occurrence and the non-zero intensity,
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Fig. 4 50th percentile of non-zero daily rain depth for each grid box,
for the four seasons in SAFRAN (top) and K-REF (middle). 50th per-
centile of non-zero 3-h rain depth in K-REF (bottom). Non-zero rain

hereafter referred to as the rain intensity for simplicity. For
a given accumulation period, occurrence is the fraction of
rainy periods among all the periods.

The non-zero intensity is the rain intensity during rainy
periods. A random variable (occurrence or intensity, here) is
fully characterized by its statistical distribution. As there are
hundreds of grid boxes in K-REF, it is impossible to study
all quantiles in all the distributions. We will focus on the
usual (median, 50th percentile) and heavy (95th percentile)
intensities. To depict a comprehensive picture of rainfall and
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depths are defined as rain depths above 0.1 mm. See Fig. 3 for more
caption details. Units are mm

take its scale dependency into account, the analysis of the
spatial and temporal structure of the occurrence and inten-
sity fields complement their statistical distributions.

An illustration of the scale dependency of the occurrence
and intensity is given by the comparison of the 50th and
95th percentiles of non-zero rain depth for accumulation
periods of 3 and 24 h (Figs. 4 and 5). Figure 4 shows how
the highest median intensities switch from the west of the
Rhone valley to the Alps foothills (east of the valley) when
the accumulation period increases from 3 to 24 h, during
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Fig. 5 95th percentile of non-zero daily rain depth for each grid box,
for the four seasons in SAFRAN (top) and K-REF (middle). 95th per-
centile of non-zero 3-h rain depth in K-REF (boftom). Non-zero rain

all seasons except summer. In summer, the highest values
remain in the valley both for the 3- and 24-h accumulation
period. Concerning the 95th percentiles (Fig. 5), the maxi-
mum depths are, on the whole, at the same location at 3 and
24 h. However, in autumn, the highest values extend to the
Rhone valley for the 3-h accumulation period, which is not
the case for daily precipitations. Moreover, if summer is the
season with the lowest 95th percentiles of daily rain depths,
it is not the case for the 3-h ones and quite large values are
observed in the north of the Rhone valley.

10 12 14

depths are defined as rain depths above 0.1 mm. See Fig. 3 for more
caption details. Units are mm

Comparing rain depths between two accumulation peri-
ods (3 and 24 h) provides similar information than assess-
ing the temporal structure of the rain depth between these
two periods. However, structure functions such as correlo-
grams or variograms can be computed for a continued range
of accumulation periods and thus have a generic meaning.
In the following, rather than systematically comparing rain
parameters at two accumulation periods, we character-
ize the elementary parameters of rainfall available in this
study, i.e. occurrence and intensity at the 3-h accumulation
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Fig. 6 Localisation of the grid boxes of each of the four subregions:
Cévennes in red, Rhone Valley in yellow, plain in blue and Alps
foothills in green. The limits utilized in Miniscloux et al. (2001) are
drawn over the map. The main directions (20° and 110° to the north)
used to study the spatial structure of rainfall in Sect. 6 are indicated in
the box in the bottom right corner. See Fig. 3 for more caption details

period and their temporal structure. We conduct this analy-
sis in order to depict how the rainfall basic elements (3-h
rain depths in this study) combine to produce the daily rain
depths. To do so, we focus on the organization of 3-h rain
occurrence and intensity during median and intense days.
For each grid box, Median days are defined as days with a
rain depth recorded during a 24-h period from 6:00 UTC
lying between the 40th and the 60th percentiles of its non-
zero daily rainfall. Intense days are taken between the 85th
and 98th percentiles. These percentile ranges are chosen to
include the percentiles studied previously (50th and 95th)
and are trade-offs between robustness and distinctiveness:
they have to be wide enough for the statistics to be robust
and narrow enough not to mix events that would be too
different.

The study region is divided into four subregions repre-
sented in Fig. 6: Cévennes, Rhone valley, plain and Alps
foothill. In each subregion, the analysis is conducted on
a number of selected grid boxes located in well-defined
topographical features and containing at least one gauge.
Among these subregions, Cévennes and Alps foothill are
mountainous areas, their main slopes face respectively east-
southeast and west. The two other subregions, Rhone val-
ley and plain are predominantly flat sectors. They differ on
their mean altitude. The plain extend from the Mediterra-
nean shore to the city of Ales approximately and is mainly
below 200 m. The Rhone valley subregion is principally
between 200 and 500 m. The three subregions at the west
of the Rhone river were already defined in Miniscloux
et al. (2001) to study the structure of shallow clouds yiled-
ing rainfall. Ceresetti et al. (2012) only used the Cévennes
mountain/foothill delineation to compute scaling parameter
of extreme rainfall.

In Sects. 4 and 5, we examine the seasonal and regional
variability of rainfall occurrence and intensity. The time
structure is investigated by means of the diurnal cycles. The

spatial structure of occurrence and intensity are studied in
Sect. 6.

4 Subdaily rain occurrence

This section is devoted to the rain occurrence at the resolu-
tion of 3 h. Figure 7a shows the mean rain occurrence dur-
ing rainy days depending on the season, the type of day (i.e.
median or intense) and the subregion considered. The occur-
rence of rainfall unsurprisingly depends on the season and
on the type of day but less of the subregion, except for the
Cévennes. While between 25 and 45 % of the 3-h periods
are rainy during median days, it rains more than 50 % of the
time during intense days. Rain in summer is the most inter-
mittent. The mean occurrence of rain is lower by about 15
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Fig. 7 a Fraction of rainy periods among all the 3-h accumulation periods and b fraction of days with 8 rainy time steps of 3-h during each of
the four seasons, depending on the type of day (median or intense) and the subregion considered

@ Springer



Climatology of observed rainfall in Southeast France at the Regional Climate Model scales

T T T T T T T T T

T T T T T T T T T T

Mean event duration [h]

I

7 8 9 10

T T

11 12 13 14 15

Fig. 8 Mean duration (in hours) of rainy events for each of the four seasons (MAM, JJA, SON, DJF). See Fig. 3 for more caption details

percentage points in comparison with the other seasons. The
Cévennes subregion has a behavior distinguishable from the
other subregions, principally during intense days, except in
summer. In autumn for example, during intense days, it rains
more than 80 % of the 3-h periods in the Cévennes when it
is only about 70 % of the time elsewhere. It is worth noting
that this difference between the Cévennes subregion and the
other ones is enhanced when considering the fraction of all-
rainy days, which we define as days with continuous rain at
the 3-h resolution, in other words days with 8 rainy 3 h-peri-
ods out of 8 (Fig. 7b). In autumn and winter, almost 40 %
of the intense days are all-rainy days in the Cévennes when
they are only about 20 % in the other subregions. In summer,
there are fewer all-rainy days, even among intense days (less
than 10 %) whatever the subregion considered.

The mean duration of the rainy events provides a first
assessment of the temporal structure of the rain occur-
rence. Rainy events are defined as a series of succes-
sive 3-h rainy periods, i.e. 3-h periods with more than
0.1 mm of rain depth. Figure 8 shows event duration for
four seasons. The shared character between the seasons is
the gradual increase of event duration over the mountain
slopes both on the Cévennes and the Alps sides (even if
our description is limited to the Alps foothill). The differ-
ence between the Rhone valley and the Cévennes ridge is
noticeable. In autumn for instance, there is 9 h of consecu-
tive rain in average in the plain (i.e. 3 consecutive periods
of 3 h with at least 0.1 mm of rain) while it reaches 15 h
over the Cévennes ridge, especially near Mont Aigoual. As
expected, rainy events are shorter in summer, lasting 6 to
9 h on average, than during the other seasons. Moreover,
the pattern of the event lengths in summer shows a delinea-
tion by the Cévennes ridge while it is centered on that ridge
during the other seasons.

Then, the temporal structure of rain occurrence is exam-
ined through its diurnal cycle to describe how the rainy

periods are organized along rainy day. Depending on the
season and the type of day, the cycles are more or less
marked. Figure 9 shows the diurnal cycle of the normal-
ized rain occurrence in each subregion, during the median
and intense days of the four seasons. For normalization
purpose, the rain occurrence of each time slot is divided by
the daily average occurrence. The standard deviation of the
normalized occurrence in each subregion is represented on
both sides of the average in order to assess the occurrence
variability. Whatever the season, intense days are character-
ized by a clear diurnal cycle with low variance within the
subregions and between the subregions. On the other hand,
during median days, cycles are only marked in spring and
summer. In autumn and winter, the diurnal cycles are less
obvious and with a high variability within the subregions.
In all the cases, when rain occurrence shows a clear diurnal
cycle, the associated peak is observed during the afternoon,
at 18H UTC (seldom at 21H UTC).

This analysis of the rain occurrence shows the impor-
tance of two processes to trigger rainfall. On the one
hand, the mean occurrence of rainfall being higher in the
Cévennes than elsewhere (Figs. 7 and 8) suggests the role
of interaction between the air thermodynamics and the
relief. This is particularly true during intense days (except
in summer). On the other hand, the marked diurnal cycle
of rain occurrence (Fig. 9) highlights a forcing associated
with the hour of the day. Therefore, the solar energy should
have a specific importance. It is noticeable that such a forc-
ing affects the overall region. Various studies suggest that
the rain occurrence peak in the afternoon is associated with
boundary layer destabilization due to daytime insolation
(e.g. Nesbitt and Zipser 2003; Dai et al. 2007; Mandapaka
et al. 2013). Solar heating at the surface produces sensi-
ble and latent heat fluxes from the surface into the bound-
ary layer, making the atmosphere conditionally unstable
locally and convection can initiate more easily. However,
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Fig. 9 Diurnal cycle of rain occurrence for the four seasons (MAM,
JJA, SON, DJF) and for each subregion (color) during median (/eff)
and intense days (right). Solid lines are the mean probabilities of rain

solar heating can also induce variations in the atmos-
pheric circulations from the local to the large scales (Oki
and Musiake 1994; Dai et al. 1999; Biasutti et al. 2012,
among others). At the regional scale, sea breeze can influ-
ence the rain occurrence diurnal cycle. In the study region,
under low synoptic forcing the sea breeze can penetrate
inland (Bastin et al. 2005) and propagates along the Rhone
river valley (Drobinski et al. 2006). The role of the sea
breeze in favoring the initiation of rainy clouds has been
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for every time slot in each subregion, normalized by the daily mean.
The standard deviation of the values in each subregion are repre-
sented on either side of the mean value

demonstrated since several decades (in Florida, for instance
in Pielke 1974) and can be associated with an afternoon
peak in the statistics of the rain occurrence (Hill et al.
2010). However, questions remain on the timing. Drobin-
ski et al. (2006) show that the location of the sea breeze
front is not synchronous from one day to another. Given
the spatial and temporal resolution and the spatial extent of
the subregions used in the present study, a clear identifica-
tion of the processes associated with the sea breeze seems
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Fig. 10 a 3h-rainfall empirical cumulative distribution in autumn,
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tion (dashed line), during median (dotted line) and intense (solid line)

hardly possible. Further investigations are then necessary to
draw the whole picture of the processes involved in the rain
occurrence diurnal cycle and of the importance of the sea
breeze front specifically.

5 Subdaily rainfall intensity

In the previous section, we showed the organization of
3-h rainy periods during median and intense days. In this
section, we characterize the intensities of these rainy peri-
ods. Figure 10a shows the cumulative frequency distribu-
tions of the 3-h intensity during median and intense and the
whole set of days for the four subregions, in autumn (the
other seasons have a similar behavior). Because of the wide
range of intensities, a log-scale is used for the x-axis.

As expected, median days are prone to lower intensities
than intense days. Moreover, regarding the whole set of 3-h
intensities, those composing the intense days are among
the largest. Combining this result with that of Fig. 7,
intense rainy days are both less intermittent and made up
of the heaviest 3-h intensities. Comparing the subregions,
the plain is more likely to have the lowest 3-h intensities
both in median and intense days. Combined to the high-
est intermittency during rainy days (Fig. 7a), the plain is
the less watered of the subregions, whatever the time scale
considered (3 h, day, year). However, it can seldom fea-
ture among the highest 3-h intensities, the tip of its distri-
bution reaching 30 mm/h in 3 h, a rate only exceeded in
the Cévennes subregion with about 40 mm/h recorded in 3
h. Deep convection generated because of a low-level cold
pool, such as the one associated with the Gard flash flood
event described in Ducrocq et al. (2008), may provide such
extreme rainfall. Delrieu et al. (2005) report an average of

F(x) all days [%]

days. b Non-exceedance frequencies of the 3-h intensities in median
and intense days (selected days) with respect to that in the whole of
the days

40 mm/h recorded during 6 h over the plain on September
9, 2002. For the other three subregions, the relative order
of the cumulative distributions change between the median
and the intense days. The Cévennes subregion seems to
switch from the lowest to the highest value of the cumula-
tive distribution between the median and intense days. For
any given quantile, it has among the lowest 3-h intensities
during median days and the highest during intense days.

Such a comparison of the 3-h intensities portraits only
a partial picture of the subregion differences. Indeed, the
distributions of 3-h intensities in the whole set of days
are different from one subregion to another as illustrated
by Figs. 4, 5 and 10a. Thus, the distribution of intensities
during selected (median or intense) days are expected to
be different. To filter out this effect, Fig. 10b is similar to
Fig. 10a but the x-axis is replaced by the cumulative fre-
quency in the whole set of 3-h intensities for each subre-
gion. It emphasizes the features revealed in Fig. 10a. First,
median days are made of the lowest 3-h intensities, specifi-
cally the highest 20 % of the 3-h intensities never occur
during these days. Second, the Cévennes subregion is the
most likely to have low 3-h intensities than the other sub-
regions during median days. Around 90 % (compared to 81
and 84 % in the Alps foothill and the Rhone Valley) of the
3-h intensities of median days are drawn from the lowest
60 % of the whole set of 3-h intensities. On the contrary,
the intense days are made of the highest 3-h intensities,
more particularly in the Cévennes. For instance, 75 % of
the 3-h intensities are drawn from the highest 40 % of the
whole set of days while it is only about 68 % in the other
subregions.

Since we have now characterized the values of the 3-h
intensity, we study their temporal structure by the mean of
the diurnal cycle of their median (Fig. 11). To facilitate the
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Fig. 11 Diurnal cycle of the 3-h rain intensity for the four sea-
sons (MAM, JJA, SON, DJF) and for each subregion (color) during
median (leff) and intense days (right). Solid lines are the average of

comparison between subregions and seasons, the median
are normalized by their daily average. On the whole, the
intensity cycles are less clear than those of occurrence.
However, some general features emerge like a maximum
of the intensities in the morning during median days. An
additional intensity peak appears in the afternoon in MAM
and JJA, correlated to an occurrence peak. These observa-
tions during median days question the existence of physical
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processes accentuating rain intensity in the morning, inde-
pendently of the occurrence and in the afternoon in con-
junction with the rain occurrence peak. Further investi-
gation is needed to elucidate the processes behind this
morning peak.

Most of the time, intense days are characterized by
a diurnal cycle of intensity. Autumn intense days in the
Cévennes subregion, where the most intense events may
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occur, is a counter-example. The intensities do not depend
on the hour of the day. In this case, the solar forcing does
not seem to have a primary influence on these intensities.

6 Spatial structure of rainfall

The comparison of the distribution and temporal structure
of the rain occurrence and intensity between the four sub-
regions has highlighted some specific behaviors in relation
to the relief and to the diurnal cycle. We analyze now the
spatial structure of the 3-h rain occurrence and intensity.
The correlogram and variogram are classical statistics of
a random function structure. The latter offers the advan-
tage of filtering the spatial trend of the analyzed statistics.
Throughout this article we show that rainfall statistics vary
gradually in space, like the average annual rainfall (Fig. 3),
the 3- and 24-h 95th percentile of rainfall (Fig. 5) or the
rain event duration (Fig. 8). Therefore, the variogram is
worthwhile (Delhomme 1978; Chiles and Delfiner 1999, p.
115). When computed for the whole set of grid boxes, the
variogram does not provide meaningful information, cer-
tainly because the rain features are very dependent on the
subregions. Thus, in the following, the variogram is applied
in the neighboring of a set of gridboxes, when they are wet,
using Eq. 2. It provides an estimation P(h) of the no-rain
probability at a distance A from a rainy gridbox.

S N2
P(h) = - i%:g (Oce(xj) — Oce(xy))
E = {i,j|dist(Xi,Xj) € [h - 85 h + 3] and OCC(.XJ‘) = 1}

1 2
= (1= 0cc(x)
" ijeE @

where Occ(x;) represents the occurrence of rainfall (1 if it
rains, O if not) at any grid box of coordinates x;, distant of &
with a tolerance § around / from a rainy gridbox of the con-
sidered subregion (x;). In order to provide synthetic quan-
titative assessment of the behavior of the no-rain probabil-
ity as a function of the distance, we fit spherical models on
the P(h) values. In geostatistics, such spherical models are
used to fit semi-variograms (Chiles and Delfiner 1999, p.
104). In particular, these models are commonly used in the
literature to describe the spatial structure of rainfall statis-
tics at ranges beyond the kilometer (cf. Creutin and Obled
(1982); Lepioufle et al. (2012); Leblois and Creutin (2013)
among others). Equation 3 is the spherical model of the no-
rain probability P at distance /& from the selected rainy grid
box:
P(h) = {N”(%) - %(%)3 f0<h=<R

N+S§ if h>R 3
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Fig. 12 No-rain probability in relation to the distance to a rainy grid
box in the Cévennes subregion, during autumn intense days. Filled
and open circle indicate the empirical values along the directions axis
20 and 110 respectively. The corresponding directions are shown in
Fig. 6. Spherical models are calibrated on the empirical values and
are shown in solid (axis 20) and dashed (axis 110) lines

This model states that the no-rain probability is about N,
the nugget, close to the selected grid box. N accounts for
the local variability which is often due to measurement
uncertainties. The probability of no-rain increases continu-
ously with the distance up to the range distance R. The so-
called range R indicates the decorrelation distance of the
no-rain probability and could be considered as a proxy for
the size of the rainy zones. The sill N + S relates to the no-
rain probability beyond the range.

Figure 12 shows the evolution of the no-rain probability
with the distance to a rainy gridbox of the Cévennes sub-
region along two main directions (see Fig. 6), in autumn.
These two directions are chosen tangential and perpendicu-
lar to the Cévennes relief. They were also shown by Minis-
cloux et al. (2001) to be major axes for orographic banded
convection events. Results are shown for intense days.
The conclusion are similar for median days. Following
the mountain ridge direction (axis 20), the range is about
170 km when it is only about 95 km in the perpendicular
direction (axis 110). The no-rain probability beyond the
range is 28 % in the direction parallel to the mountain ridge
when it is of 32 % in the perpendicular direction.

Figure 13 displays the parameters of the spherical mod-
els of all the seasons and subregions along these two main
directions (axes 20 and 110) in order to specify the possible
influence of the Cévennes relief on rainfall patterns. Sills
and ranges are larger in the Cévennes subregion than in
the other ones. The rainy zones are more extended but the
probability of rain outside of these zones is lower. This is
again in agreement with the triggering role of the mountain.
Moreover, it can be noted in Fig. 13b that all the points are
over the bisector. It means that the ranges are larger in the
direction of the mountain ridge than in the perpendicular
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Fig. 13 Sill (a) and range (b) of the spherical models calibrated on
the variation of the no-rain probability with the distance to a rainy
grid box during intense days. The structure is studied around the grid
boxes of the four subregions, indicated by the colors of the points.

one. In summer, in all the subregions, the ranges are shorter
than during the other seasons and with closer values in the
two directions, indicating smaller and rounder rain cells.
The relief seems to be of high importance in the spatial
structure of intermittency but this effect is lower during
summer.

Figure 14 allows to visualize the likely rain patterns but
focuses on three specific grid boxes (red crosses). The color
scale indicates the no-rain likelihood whithin a 3-h period
when the red cross location features either a median or an
intense day. The three reference grid boxes are located in
the Cévennes subregion, the Alps foothill and the south
of the Rhone Valley (representative of the Rhone Valley
and the plain subregions). These patterns of the rain area
boundaries are shown for autumn and summer. Winter and
spring features rainfall occurrence structures close to that
of autumn. In summer, the occurrence structure is almost
the same during intense and median days, except with less
occurrence during median days. The same patterns of the
no-rain probability can be found during median autumn
days. They are fairly anisotropic in the neighborhood of
the studied grid boxes. Conversely, during intense days of
autumn, the occurrence patterns are more extended and
anisotropic than during autumn median days or summer
days. The studied grid box in the Cévennes (left column of
Fig. 14) is located close to Mont Aigoual (1565 m). Like
Mont Lozere, Mont Gerbier de Jonc and Mont Mezenc, all
of them situated along the Cévennes ridge, Mont Aigoual
is the major obstacle of the low-level flow in two sectors:
south to east and southwest to northwest. It is interesting
to notice in Fig. 14j the particularly high rainfall likelihood
in these sectors, specifically in the south to east one where
the rain likelihood is of more than 80 % several kilometers
away from Mont Aigoual. Another interesting feature is
the high level of rain likelihood along the Cévennes ridge.
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When it rains at Mont Aigoual, the concomitance of rain
both over the southern to eastern slopes of the Cévennes
and over the ridge is typical of some heavy rain events of
the region. There are in the literature review two types of
rain systems that may provide such features of the rain
occurrence. Meso-scale convective systems (MCS), initi-
ated over the southeastern slope of the Cévennes by low-
level jets of instable air, water both the Cévennes foothill,
the slopes and the ridge where deep convective cell may
occur (Ricard 2002; Fresnay et al. 2012). Stationary oro-
graphic rain-bands initiated under a weaker southern flux
with respect to MCS (Godart et al. 2010) is the other type
of system. This type of system yields daily rain amounts in
the range of those of intense days as they are defined in the
present study (Miniscloux et al. 2001; Godart et al. 2011).
Shallow convective cells are stationary over the ridge and
also produce rain over the slope (Yates 2006).

Around the plain grid box (central column in Fig. 14),
the structure is oriented toward the northwest. It can be
due to specific atmospheric circulations that would deserve
further investigations. Berne et al. (2009) show that MCS
traveling northward over the Rhone valley yield such an
occurrence pattern. Beyond the range of the rain prob-
ability, 110 km in the 20° North direction and 55 km in the
110° North one (Fig. 13), the likelihood of rain concomi-
tant everywhere in the region is higher than when it rains
over the Alps foothill and significantly higher than when it
rains in the Cévennes.

To supplement the study of the structure of rain occur-
rence, the organization of rainfall intensity is discussed in
the following. Figure 15 shows the same kind of analysis
as in Fig. 14 but for rain intensity. The intensity differ-
ences are computed between each grid box and the refer-
ence one when both are rainy. The median of these differ-
ences is shown for each grid box in Fig. 15 for summer
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and autumn median and intense days. By and large, when a
median daily intensity is observed in a grid box, the neigh-
boring grid boxes tend to receive higher 3-h intensities
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(Fig. 15a—c, g—i). In contrast, if a day is intense in a given
grid box, it is more likely to have lower 3-h intensities over
the domain, except for some localized grid boxes (d—f, j-1).
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This is consistent with the definition of median and intense
days. In summer, around the reference grid boxes, the
intensities are about the same in a rather large area, except
in the Alps foothills intense days. During median days,
the rainfall intensity structure at a larger distance seems to
be driven by a south-north gradient. During the Cévennes
intense days (Fig. 15d), higher intensities can be found in
the north of the Cévennes mountain ridge, near Serre de la
Croix de Bauzon.

In autumn median days, close to the reference grid
boxes, the intensities are roughly the same in a large area.
At a larger distance from the reference grid boxes, the inten-
sities seem to be reinforced over the relief. In particular,
during median days relatively to the Alp foothills, the rain
intensity is larger over the north of the Cévennes. Besides,
when a day is median with respect to the Cévennes region,
the intensities are reinforced to the north-east, even though
rain seldom occurs in both places simultaneously. Finally,
during autumn intense days, the rainfall intensity structure
close to the reference grid boxes is not prevailing. When
the reference is in the south of the Cévennes, the same
intensity is likely to occur over the all Cévennes mountain
ridge. As the heavy quantiles are also similar, it denotes
the homogeneity of the rain intensity over the Cévennes
relief, pointing out the role of the relief in the generation
of intense precipitation. The rain intensity structure is dif-
ferent when the reference grid box is taken in the plain or
in the Alps foothill. In these two cases, it is noteworthy that
the rain intensity is enhanced at the same location in both
cases, that is near Serre de la Croix de Bauzon. Comparing
the mean and the median of the intensity differences (not
shown) indicates an enhancement even more important for
heavier events. This is in agreement with the assumption of
the blocking role of these mountains reported in Molinié
et al. (2012) and simulated in Yates (2006). The intensity
pattern shown here, mainly aloof from the reference grid
boxes, may be associated with specific rainfall regimes
rather than with the rain intensity structure inside a unique
rain cell. A more detailed analysis of these rainfall regimes
need to be carried out to determine their nature and their
link with these intensity patterns. In conclusion, this analy-
sis disclose the key influence of the relief on the rainfall
structure and the differences between the Cévennes and the
Alps in their influence.

7 Conclusion

This study describes a climatology of rainfall in South-
east France. The climatology relies on a database (named
K-REF) of rainfall fields, with resolutions of 3 h and 0.1°
in latitude and longitude, specifically designed to assess
RCM-simulated rainfall. Kriging rainfall from hourly

raingauge records from 1993 to 2013 has provided the rain-
fall fields of K-REF. K-REF is assessed relatively to the
SAFRAN daily rainfall. The rainfall fields are smoother in
K-REF than in SAFRAN but their patterns and magnitudes
are in agreement.

Among the multiple facets of the rainfall climatology,
this study shows in particular the influence of the relief
and of the solar cycle in the triggering and the intensity of
rain. The analysis of the diurnal cycles of rain occurrence
and intensity especially illustrates that rainfall is preferen-
tially triggered at the end of the afternoon, mainly during
the most intense days. The variety of air mass characteris-
tics flowing over the study region and their interactions with
the relief may lead to various rainfall features. An important
one relates to the Cévennes mountain ridge, characterized
by high annual amounts of rainfall, about 1600 mm in aver-
age, which is almost three times greater than over the plain.
Moreover, the ridge is also distinguished by high rain inten-
sities both for 3 and 24-h accumulation periods, high rain
occurrence and long lasting rainy events. It is worth noting
that both high occurrence and high intensity of the 3-h rain
combine during intense days in the Cévennes, pointing out
the triggering and blocking roles of the relief on the precipi-
tation. About 80 % of the 3-h periods are rainy during these
intense days, and almost 40 % of them are all rainy. In addi-
tion, intense days are made of the highest of the 3-h intensi-
ties. Besides, the spatial structures of rain occurrence and
intensity are also highly influenced by the Cévennes moun-
tain range. When rain occurs in the Cévennes, the patterns
of the average rain fields reflect the underlying topography
while it is not the case over the rest of the domain, specifi-
cally the Alps foothills which are of comparable altitude.
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