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Abstract The scale invariance of rainfall series in the Tunis area, Tunisia (semi-arid Mediterranean climate) is
studied in a mono-fractal framework by applying the box counting method to four series of observations, each
about 2.5 years in length, based on a time resolution of 5 min. In addition, a single series of daily rainfall records
for the period 1873-2009 was analysed. Three self-similar structures were identified: micro-scale (5 min to 2 d)
with fractal dimension 0.44, meso-scale (2 d to one week) and synoptic-scale (one week to eight months) with
fractal dimension 0.9. Interpretation of these findings suggests that only the micro-scale and transition to saturation
are consistent, while the high fractal dimension relating to the synoptic scale might be affected by the tendency
to saturation. A sensitivity analysis of the estimated fractal dimension was performed using daily rainfall data by
varying the series length, as well as the intensity threshold for the detection of rain.

Key words semi-arid Mediterranean climate; fractal dimension; rainfall time series; scale-invariance; on—off intermittency;
mono-fractal; box counting

Etude de la dimension fractale d’occurrence de pluie dans un climat méditerranéen semi-aride
Résumé La loi d’invariance d’échelle de 1’occurrence de pluie dans un climat semi-aride a été étudiée dans le
cadre d’une analyse fractale. La dimension fractale du support est estimée en appliquant la méthode de comptage
de boites. Des séries d’observations, issues de quatre stations de la région de Tunis (Tunisie), de résolution 5 min
pendant la période 2007-2010, ainsi qu’une série de résolution journaliére de plus de 100 ans (1873-2009) ont
été analysées. Ainsi, trois structures auto-similaires ont été identifiés: les micro-échelles (5 min a 2 j) ayant une
dimension fractale de 0,44, les méso-échelles (2 j a une semaine) et 1’échelle synoptique (une semaine a huit mois)
ayant une dimension fractale de 0,9. L’interprétation de ces résultats suggere que seules les micro-échelles et la
transition vers la saturation sont significatives, tandis que la dimension fractale assez élevée relative a I’échelle
synoptique pourrait étre affectée par la tendance a la saturation. Une étude de sensibilité de la dimension fractale
de ’occurrence de pluie utilisant la série de précipitations journalicres a été effectuée en faisant varier la longueur
de la série ainsi que le seuil de détection de la pluie.

Mots clefs climat méditerranéen semi-aride; dimension fractale; séries chronologiques de pluie; invariance d’échelle;
intermittence; mono-fractal; méthode de comptage de boites

1 INTRODUCTION non-occurrence). In the case of rainfall time series,
the rainfall support is a set of disjointed rainfall
periods scattered on the time axis. This support can
be considered as a fractal object (it presents prop-
erties of invariance by focus) and is characterized

Rainfall is a process that generally shows high
spatial and temporal variability. This variability is
controlled mainly by intermittence (occurrence —

© 2013 IAHS Press
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by a non-integer “fractal dimension” (Mandelbrot
1975, 1982). This dimension is interpreted as the
degree of irregularity according to which the support
is distributed. The first empirical results proving the
existence of properties of scale invariance for rain-
fall were established in a mono-fractal framework
(Lovejoy 1981, 1982).

There are various fractal dimension estimation
methods. The method of box counting is the old-
est and the most frequently used. According to
Falconer (1990), its definition goes back to the
1930s, at least. It has been referred to by differ-
ent terms, namely Kolmogorov’s entropy or capac-
ity, the entropy dimension, the capacity dimension,
the metrics of dimension, the logarithmic density
and the information dimension. The evaluation of
fractal dimension of rainfall occurrence allows the
interference of a rainfall threshold to qualify the
rain support corresponding to different rainfall inten-
sities (Hubert and Carbonnel 1989, Olsson ef al.
1992). By changing the value of the threshold, it
seems that the fractal dimension varies (Friggit et al.
1991, Olsson et al. 1992, 1993, Hubert 1995, Hubert
et al. 1995). In particular, Olsson et al. (1992,
1993) provided evidence of the existence of many
rain regimes, each of them characterized by scale
invariance. Thus, the monofractal assumption has
been extended to multi-fractal models in the frame-
work of which the rainfall process is characterized
by a hierarchy of fractals leading to a multi-fractal
or multi-scale process (Biaou 2004). Schertzer and
Lovejoy (1987, 2006), Gupta and Waymire (1993),
Tessier et al. (1993) and Schertzer et al. (2006)
developed a universal model (multi-fractal), as well
as different methods of identification of its param-
eters. In addition, the fractal and/or multi-fractal
characterization of rain intensity has been adopted
for the elaboration of intensity—duration—frequency
(IDF) curves (Bendjoudi ef al. 1997, Menabde et al.
1999, De Michele et al. 2002, 2011, Castro et al.
2004, Langousis and Veneziano 2006, Bara et al.
2009, Langousis et al. 2009).

In this paper, we investigate rainfall occurrence
by studying the fractal dimension of the support of
precipitation and its properties of scale invariance.
Recent work (de Montéra et al. 2009, Verrier et al.
2010,2011) analysed the influence of rainfall zeros on
multi-fractal analysis. A bias was noted in the estima-
tion of parameters of the multi-fractal model on inter-
mittent series, as well as the appearance of breaks on
the scaling separating various regimes. An in-depth
study of the fractal dimension of precipitation support

and the regions of scale invariance is considered an
indispensable preamble to the multifractal analysis.

According to the literature review, there are
no such studies dealing with rainfall occurrence in
the semi-arid Mediterranean climate. Hubert and
Carbonnel (1989) and Friggit ef al. (1991) have stud-
ied the fractal dimension of rainfall occurrence in the
Sudano—Sahelien transition zone between the Sahel
and the Sudan-Guinea region (M’Biandoun et al.
2002). This area is characterized by two seasons: a
rainy one and a dry one, and average annual rainfall
is 600900 mm (PANA 2003). Olsson et al. (1992,
1993) studied a Swedish region (Lund) characterized
by an oceanic climate of a cold winter (=1 < 7 <
3°C) and a hot summer (13 < T < 20°C). In the
same context, Verrier et al. (2011) worked in the
Palaiseau region (France) that has an oceanic climate
of mild rainy winters and fresh and relatively damp
summers; maximum rainfall occurs during the cold
season and average annual rainfall is 600 mm year'.
Table 1 summarizes the information from previous
studies: the length and resolution of rainfall time
series, zones of scale invariance and fractal dimen-
sion, Dy. The differences which appear in Table 1
may be due to the diversity of the regions concerned
and of the measurement devices used (totalizer rain-
gauges, tipping-bucket gauges and disdrometers), and
also of the rainfall threshold adopted and the time
resolutions.

This study examines pluviographic and pluvio-
metric information for the Tunis area, which has a
semi-arid Mediterranean climate. Time series from
four automatic raingauges that represent an area of
265 km?, and have collected data since 2008, are first
examined. Rainfall values are recorded every 5 min
and sent by radio to the control centre. In addition,
a series of daily rainfall observations from a single
station was studied; observations are nominally made
at 07:00 h local time and record the total precipita-
tion for the preceding 24 h. These daily observations
are available since 1873. The study area has variable
annual rainfall amounts and the rainfall is unevenly
distributed by season. Indeed autumn—winter rainfall
represents 71% of the annual rainfall, the remain-
der occurring in spring—summer (Isnard 1952). These
data are presented in Section 2.

The methodology applied is described and
the box-counting approach is reviewed briefly in
Section 3. Sections 4 and 5 present the analysis
of the rain support obtained for the 5-min and
daily series. Section 6 considers the evolution of the
fractal dimension of rain occurrence over the 20th
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Table 1 Observed fractal dimensions, Dy, reported in previous studies at zero detection threshold.

Reference Measurement Range of scale Dy
Tessier et al. (1988, 1989) 3 years of daily accumulations (8000 stations in OMM 1 d-8 months 0.80
network) 8 months—1 year 1
Hubert and Carbonnel (1989) 45 years of daily records (Station of Dedougou, Burkina 8 d—4 months 0.79
Faso) 8 months—45 years 1
170 d of hourly records (Station of Ouagadougou, Burkina 4h-32h 0.22
Faso) 64 h-10.66 d 0.74
21.33d-170d 1
Olsson et al. (1992) 2 years of observations. Resolution = minutes (Lund, 1-45 min 0.78
Sweden) 45 min-7 d 0.35
7 d-2 years 1
90 years of daily observations (Lund, Sweden) 1-10d 0.59
10 d-90 years 1
170 years of monthly observations (Lund, Sweden) 1 month—-170 years 1.00
Olsson et al. (1993) 2 years of observations. Resolution = minutes (Lund, 1-45 min 0.82
Sweden) 45 min-7d 0.37
7 d-2 years 1
Lavergnat and Golé (1998) 4 months of data. Resolution = 1 ms (Ile de France, France) 10 ms—7d 0.82
7 d—4 months 1
Schmitt et al. (1998) 28 years of rainfall. Resolution = 10 min (Uccle, Belgium) 10 min-3.5d 0.55
3.5d-70d 1
Veneziano and lacobellis (2002) 24 years of rainfall. Resolution = 20 min (Florence, Italy) 20 min-3.5d 0.50
Verrier et al. (2011) 2 years of measurements Resolution = 15 s (disdrometer) 30 min—1.5d 0.55
(Palaiseau, France)
De Lima and de Lima (2009) 49 years of daily observations. (Madeira, Portugal) 1-16d 0.56
4 months of data. Resolution = 10 min (Madeira, Portugal) 10 min-3.6 d 0.56

century; and concluding remarks are presented in
Section 7.

2 BRIEF DESCRIPTION OF THE TUNIS
REGION RAINFALL

The data used for this study come from the database
of the General Directorate of Water Resources
(Direction Générale des Ressources en Eau, DGRE)
of the Ministry of Agriculture, Tunisia. The stations
are (Fig. 1): Tunis-Manoubia, Mornag, Soukra and
Sidi Thabet.

The four stations are located in the zone which
is under marine influence. Here we use the available
rainfall time series to ensure the representativeness
of the results obtained. These data come from auto-
matic raingauges and tipping-bucket raingauges. The
smallest recorded height of water in the four 5-min
resolution series is 0.024 mm. The series lengths
vary between one and 2.5 years (Table 2). For the
Tunis-Manoubia station, one of the oldest stations in
Tunisia, we also obtained the 136-year daily series
measured by the totalizer raingauge. The measure-
ment is recorded daily at 07:00 h. The smallest height
of water recorded at daily resolution is 0.9 mm.
Table 2 summarizes the station details: coordinates

(latitude, longitude), elevation, and start and end dates
of the series.

In the following, we evaluate the main statistics
of the 5-min series for the four stations, and also
the daily, monthly and yearly scale for the Tunis-
Manoubia station.

2.1 Study of rainfall variability at time periods
of 5 min

A preliminary study, which will be useful for the
later interpretation, was performed on the 5-min time
series. In Table 3, we show the maximum possible
length squared of the 5-min time series for each sta-
tion (squared for use in the box-counting method);
the percentage of rain absence (% of zero records);
the number, average and maximum duration of rain-
fall events, the duration of events cumulated in days;
and the average and maximum duration of rainless
periods for each series. A rainfall event is defined as
any period of rainfall located between two non-rainy
periods.

We note the good coherence of rainfall between
the stations, except for Soukra, for which the series
is only one half as long and presents a much smaller
cumulated duration of events and lower number of
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Fig. 1 Location of the four gauging stations (left: http://www.rfi.fr/actufi/articles/118/article_85956.asp; right http://www.

distancity.com/en/).

Table 2 Available data sets of the stations studied.

Station Long. Lat. Alt. (m) Start End Resolution
Tunis-Manoubia 8°, 7060 40°, 8711 66 31/12/2007 05/08/2010 5 min
Mornag 8°, 8500 40°, 6600 35 31/12/2007 31/07/2010 5 min
Sidi Thabet 8°, 5580 41°, 0040 20 31/08/2007 14/05/2010 5 min
Soukra 8°,3770 40°, 9540 15 31/12/2007 23/05/2010 5 min
Tunis-Manoubia 8°, 7060 40°, 8711 66 31/12/1872 31/08/2009 1d
Table 3 Characteristics of time series of 5-min resolution for the four Tunis stations.

Tunis-Manoubia Mornag Soukra Sidi Thabet
Start date 31/12/2007, 07:00 31/12/2007, 07:00 31/12/2007, 07:00 31/08/2007, 07:00
End date 28/06/2010, 09:50 28/06/2010, 09:50 30/03/2009, 09:25 26/02/2010, 10:50
Length of series (min) 5x 218 5x 218 5 x 27 5 x 218
% of zero 99.2 99.0 99.3 99.0
Number of events in the series 1092 1298 480 1508
Cumulative duration of events (d) 7.5 9.1 3.0 8.8
Average duration of events (min) 9.9 10.1 9.1 8.4
Maximum duration of events (min) 195 235 255 220
Average length of dry periods (h) 19 16 14 20
Max duration of dry period (d) 74 88 124 117

events. Generalizing, the four stations are dry with a
percentage of zeros >99%. The average duration of
rainfall events is 8—10 min and the minimum duration
is 5 min (the series time step). The longest rainfall
event was observed at Soukra, on 31 March 2008,
lasting 4 h 15 min (starting at 20:25 h). The statistical
distribution of event duration is extremely asymmet-
rical. The first quartile and the median are superposed
and equal to 5 min, meaning that more than half of
the events correspond to one isolated observed non-
null data. The third quartile equals 10 min for both
Tunis-Manoubia and Mornag (situated in the south of

the study zone). It falls between 5 and 10 min for Sidi
Thabet and Soukra (in the north). The shortness of the
cumulated durations relative to the series’ durations
provides an idea of the scarcity of rainfall.

2.2 Study of the variable character of daily,
monthly and yearly rainfall

In this section, we refer only to the Tunis-Manoubia
daily rainfall series, and the monthly evolution of
the number of rain days and the standard devia-
tions for the period between the 1 January 1879 and
31 December 2008 (Fig. 2).
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Manoubia Station
from 1 January 1879 to 31 December 2008
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Fig. 2 Average monthly rainfall (w) and mean monthly number of rain days per month (a) during the period from 1 January
1879 to 31 December 2008 (top: mean values; bottom: standard deviation).

In Fig. 2, the rainfall is concentrated mainly
between the months of September and May on a lim-
ited number of days. Rainfall is almost absent during
the summer (June, July and August). There is a pro-
nounced maximum in December and a minimum in
July. These results were compared to those of Isnard
(1950, 1952) for Algeria and Tunisia. The large inter-
annual variability is similar and represented by the
coefficients of variation (ratio of standard deviation
to the mean) that range from 0.7 for March to 2.3 for
July for monthly rainfall amount, and between 0.5
(December) and 1.3 (July) for the monthly number of
rainy days.

Figure 3 shows the annual rainfall and number
of rainy days for 1 September 1873 to 31 August
2008. The annual rainfall series (Fig. 3) highlights
an important inter-annual variability of rainfall. The
cumulative average annual rainfall over this period
is equal to 444 mm with a standard deviation of
126 mm. The annual average number of rain days is
79 d and the standard deviation is 27 d. Extremely dry
years (relative to the average) as well as very humid
ones occur. The minimum annual amount reported
was for 1879/80, 143 mm. However, as discussed
below, we challenge the quality of the data collected
before 1900. Nevertheless, we note that extremely
low annual values (~200 mm) have been observed
throughout the series with a minimum rainfall amount

of 210 mm recorded in 2001/02. The annual max-
imum of 808 mm was recorded in 1958/59 and
more recently a maximum of 794 mm was recorded
in 2003/04. Analysis using calendar years, rather
than hydrological years as presented in Fig. 3, gives
similar results. Non-parametric estimation of the den-
sity distribution of rain days and annual precipitation
totals was performed using kernel density estimation
(Silverman 1998). With a Gaussian kernel, we obtain
the kernels represented in Fig. 4(a) and (b).

For the daily series from 1 September 1873 to
31 August 2008, the density of the distribution of rain
days presents two sub-populations (Fig. 4(a), dashed
line). The first sub-population corresponds to years
with a mode value around 88 d/year. The second sub-
population, composed only of 7 years (Table 4), has
a mode of 9 d/year; these years are listed in Table 4
with their corresponding rainfalls.

We note that all the years making up this sub-
population are before 1900, which puts in doubt the
quality of the data recorded before that date. When
the data of the period before 1900 are omitted, a uni-
modal density of rain days is obtained (Fig. 4(a), solid
line). Concerning the distribution of the density of
the annual amount of precipitation (Fig. 4(b)), we do
not see any specific behaviour for the series includ-
ing the years before 1900. Both density distributions
are unimodal. This yields two hypotheses: either, for
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Table 4 Years and amount of rainfall related to sub-
population 2.

Year Number of rainy days Annual rainfall (mm)
1885/86 3 152
1891/92 9 593
1897/98 9 440
1898/99 11 345
1899/90 12 525
1879/80 22 143
1884/85 27 427

the years before 1900 the records of rainfall were not
made daily, leading to an over-estimation of the num-
ber of rainless days, which actually corresponds to
lack of data; or the number of rainy days during that
period really was lower. In the first hypothesis, even if
the records were not made once a day, this does not
necessarily affect the precipitation accumulated on
scales longer than a few days. Thus, studies of rainfall
at scales longer than one week can be made using the
data collected during the period before 1900. The data
collected between 1873 and 1900 were thus used only
for the study of temporal scales exceeding one week.

In conclusion, the whole of these investigations
underlines that the studied process admits a strong
variability on all time scales (5 min, 1 d, 1 month and
1 year). This rainfall variability is strongly dominated
by the variability of rainfall occurrence.

3 METHODOLOGY

Interpreting Fig. 2, we note an important agreement
between rainfall amount and the number of rain days.
Assuming that the temporal variability is mainly con-
trolled by intermittency (the presence or absence of
rainfall during a given time period), we try to char-
acterize the rainfall structure by the fractal dimen-
sion of its occurrence. The fractal dimension of rain
occurrence is calculated by using the method of box
counting. Consider an object A4 of fractal dimension
Dy, included in a space of Euclidian dimension, D.
If we perform a structure on a regular grid with mesh
dimension a (whether value D is equal to 1, 2 or 3, the
meshes are segments, squares or cubes) the number
N, (A4) of meshes necessary to cover the fractal object
A is a function of a (Hubert and Carbonnel 1989,
Falconer 1990, Le Méhauté 1990, Hubert 1995):

log(Ns(4)) = —Dy log(a) + K (1)

where K is a constant. According to this formula-
tion, the fractal dimension is defined as being the

opposite of the slope of linear regression of the num-
ber of boxes versus mesh size, in a bi-logarithmic
plan. For rainfall time series, the space (time space)
is of the dimension D = 1 and the meshes will
be segments of a straight line; the maximum value
of the fractal dimension of rain occurrence will be
equal to 1 (Hubert and Carbonnel 1989, Biaou 2004)
(0 <Dr <1).

Two box-counting methods are suggested by
Olsson et al. (1992). The first method takes a null
threshold of rain detection (i.e. we consider the whole
rain structure). In the second method, the rain occur-
rence is analysed at various intensity thresholds, and
is called the functional box-counting method. It is a
modified version of the box-counting method elabo-
rated by Lovejoy ef al. (1987) in the framework of
the analysis of atmosphere stratification and cloud
discontinuity. The mesh size is taken as successive
powers of two.

Here, the study of rainfall occurrence through
the analysis of the fractal dimension of the support
of precipitation is performed using three different
approaches: In Section 4, we apply the box-counting
method to the series of all four rainfall stations,
Tunis-Manoubia, Mornag, Soukra and Sidi Thabet, to
estimate the dimension corresponding to the sensor
detection threshold in a first step. The time step of the
series is 5 min. For the first size of the box (2° =1,
that is, 1 x 5 = 5 min), we count the number of 5-min
boxes containing rain. The second size of segments
is 5 x 2! = 10 min; we count the number of 10-min
segments containing rain, and so on. We proceed this
way for all the box sizes until we reach the box size
5 min x 2", which is equal to the total length of the
series. Logarithmic plotting of the number of boxes
according to their size shows linear zones expressing
a zone of scale invariance for which the fractal dimen-
sion is determined (equation (1)). In a second step, we
consider the evolution of scaling regimes and of the
fractal dimension by changing the threshold of rain
detection. In fact, the use of data without a threshold
integrates the whole rainfall structure so that peaks
due to convective rain are not separated from frontal
rain. By increasing the threshold, the rainfall structure
changes and the scaling regimes could be modified.
Nevertheless, by using increasingly high thresholds,
we erase part of the rainfall information (i.e. the
frontal rain part).

In Section 5, we proceed as in Section 4, but
working with the daily series of the Tunis-Manoubia
station. We test the longest available sample as a
power of two, which is about 90 years (L = 2'° d),
to distinguish the breaks of gradient and calculate the
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corresponding fractal dimensions of rain occurrence.
Note that the zero thresholds used for the analysis
of the two resolutions of series are not equivalent.
It is expressed in one case by an accumulation of
0.024 mm during 5 min and in the other case by a
daily accumulation of 0.9 mm.

In Section 6 we review the evolution of the frac-
tal dimension of rain occurrence over various time
windows. As a period of nearly a century is avail-
able for this study at a daily time step, the evolution
of the fractal dimension is analysed across time and
sub-time series of 22, 11 and 6 years’ length. The
goodness-of-fit R? and 95% confidence limit of the
sampling distribution of the slope of the regression
are estimated and tested.

4 APPLICATION TO TIME SERIES WITH
5-MIN TIME STEP

4.1 With the sensor detection threshold

The fractal dimension of rain occurrence at the four
rainfall stations (Tunis-Manoubia, Mornag, Soukra
and Sidi Thabet) was evaluated by adopting thresh-
olds of zero when applying box counting. The start
and end dates of the series are reported in Table 2. The
lengths of the data series are around 2.5 years (5 x 2!8
min) for Tunis-Manoubia, Mornag and Sidi Thabet,
and 1.25 years (2!7 x 5 min) for Soukra (Table 3). The
results of 18 counts for each station for specific box
sizes, the lengths of which are the terms of a geomet-
ric progression of term 1 and of reason 2 multiplied
by 5 min, are presented in Fig. 5.

Figure 5 shows three scaling breaks for the
four stations at points numbered 10, 12 and 16,
representing boxes of size 2 d, 7 d and 113 d. Thus,
changes in gradient are detected based on four groups
of aligned points. Temporal and spatial classifica-
tions of atmospheric outflow (Orlanski 1975, Pielke
1984) are used to interpret the regimes identified:
The first regime of between 5 min and 1 d is typi-
cal of the micro-scale and characterizes the internal
structure of rainfall events. The transition (1-7 d) cor-
responds to meso-scale rainfall structures of spatial
extent 20-200 km, characteristic of frontal systems.
The second regime of between 7 d and 8§ months cor-
responds to the synoptic scales linked to the general
circulation. The last alignment of points, 16 to 18,
corresponds to the saturation of the available space
by rain and a fractal dimension equal to one, and
reflects a behaviour highlighted by previous authors
(cf. Table 1).

Only the length of the saturation period differs
from one author to another in the reviewed literature
(Table 1). It is in fact directly related to the length of
the dry period. Due to the occurrence of a 4-month
dry period in Mediterranean semi-arid areas, it is not
surprising to observe a particular behaviour concern-
ing the length of the saturation period. We obtained
a beginning for the saturation period after 113 d.
Considering Table 1, Olsson (1993) used rainfall data
collected at Lund (Sweden), Hubert and Carbonnel
(1989) data obtained in Ouagadougou (Burkina Faso),
Lavergnat and Golé (1998) data from Palaiseau
(France), Schmitt et al. (1998) data from Uccle
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Fig. 5 Box counting for the Tunis-Manoubia, Mornag, Sidi Thabet and Soukra stations derived from 5-min rainfall series

series lengths 5 x 2!7 min).
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(Belgium) and Veneziano and Iacobellis (2002) data
collected at Florence (Italy), and in each case the scale
break for saturation is observed to be a few days,
respectively 7, 21, 7, 3.5 and 3.5 d, which attests to
the importance of the length of the saturation regime
as well as the relative homogeneity of the rain support
throughout the year. In other words, the length of the
saturation period is very particular to the area consid-
ered. Therefore, contrary to studies performed in less
contrasted climates (at least 10 min of rain for any
3.5-d period in Belgium or at least 1 min of rain for
any 7-d period in Sweden), precipitation is not sys-
tematically observed over periods of a few days in our
semi-arid case. Continuous rain events of 5 min or
longer only occur during periods of 113 d length or
longer.

Table 5 summarizes the characteristics of the first
three groups identified in this study: the fractal dimen-
sion of the occurrence of rainfall, Dy; the constant,
K (equation (1)); and the coefficient of determina-
tion, RZ. We observe similar behaviour for the four
series. Indeed, the first regime of scaling has a fractal
dimension between 0.43 and 0.44. The existence of
several self-similar structures for the finer structure
of rainfall is mentioned by many authors (Table 1).
The Dy obtained here (0.44) is a little different to that
of Schmitt et al. (1998) and de Lima and de Lima
(2009) with a resolution of 10 min, and also Verrier
et al. (2011) with a resolution of 15 s who obtained a
Dy of 0.55. Veneziano and lacobellis (2002) found a
Dy of 0.5 for time increments ranging from 20 min to
3.5 d for a time series resolution of 20 min. Hubert
and Carbonnel (1989) obtained a Dy of 0.22 for a

Table 5 Coefficient of linear regression, K, and coefficient
of determination, R?, obtained by applying equation (1)
for the evaluation of the fractal dimension, Dy, of the four
stations.

Station D K R?
Regime 1 Tunis Manoubia 0.44  7.80  0.999
Alignment of points ~ Mornag 043 772 0.999
1to 10
Sminto2d Sidi Thabet 044 774 0.997
Soukra 043 7.51 0.999
Transition Tunis Manoubia 0.46  7.97 -—
Alignment of points ~ Mornag 0.53 848 —
10to 12
2to7d Sidi Thabet 049 809 -—
Soukra 049 790 -—
Regime 2 Tunis Manoubia 0.82 11.33  0.996
Alignment of points ~ Mornag 0.80 11.00 0.998
12to 16
7to113d Sidi Thabet 0.79 1091 0.997
Soukra 0.73 10.14 0.998

scale ranging from 1 h to 32 h using an hourly series
of only 170 d length. Lavergnat and Golé (1998) do
not observe this regime, but used only four months of
observations. The results of Olsson ef al. (1992), who
identify a break in scale at 45 min, are not consistent
with ours. These differences can be attributed either to
the differences of rain structure (the previous studies
do not concern the semi-arid Mediterranean climate),
or to the differences of rainfall threshold detection of
the gauges used. We should emphasize that the zero
threshold used here is an arbitrary threshold related to
sensor sensitivity and to its time resolution.

For the second regime, we obtain a Dy of between
0.79 and 0.82. The Soukra series is therefore too
short to present a reliable description of this regime.
We note that estimation of this dimension is very sen-
sitive to the length of series used. The analysis of
longer daily series, as in Section 5, is much better
suited to the study of this regime characteristic of
synoptic scales.

In the case of the transition zone (alignment of
points 10 to 12) the scale ratios are too weak because
Dy is estimated with only three points and it is thus
hard to judge the quality of the alignment. The Dy are
between 0.46 and 0.53. This intermediate alignment is
considered as a regime of transition between the first
regime, which characterizes the micro-scale structure
of the support, and the second regime which char-
acterizes a big scale. However, we are cautious with
such an interpretation due to the shortness of align-
ment of points 10 to 12. Thus, Fig. 5 may also be inter-
preted as displaying a single regime (micro-scale)
plus transition towards saturation, and saturation.

4.2 Application of different thresholds
of rain intensity

The structure of rain supporting does not seem to be
modified by a small increase of the detection thresh-
old. The structures and gradients obtained in Fig. 6
are identical for thresholds 0, 0.1 and 0.2 mm per
5 min (mm 5 min"). For thresholds >0.3 mm 5 min™!
(3.6 mm h!) the structure of the rainfall field changes
and we observe a new break of 1 h 20 min. Figure 7
shows the results of box counting for the Mornag sta-
tion for thresholds 0, 0.4 and 1 mm Smin’!. The Dyof
the regime corresponding to the box sizes from 5 min
to 1 h 20 min (0.37) is higher than that of the regime
ranging from 1 h 20 min to 2 d (0.24), but both are
lower than that with a zero threshold (0.43). Likewise
for the other observed regimes, the fractal dimension
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decreases. The break observed at 1 h 20 min persists
for larger thresholds with a decrease in the fractal
dimension. The curve patterns thus obtained are con-
sistent with the work of Olsson (1992, 1993) in the
case of series at 1-min resolution. However, Olsson
observes a break of 45 min with much greater Dy
values.

This behaviour is interpreted as related to the
features of the Mediterranean climate in the Tunis
region. Intense precipitation occurs due to isolated
convective cloud structures of large dimensions, hav-
ing a lifetime of a few hours during which the events
occur in a collective way. The increase of the thresh-
old would “filter” out the frontal structure so as to
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keep only the convective structures. In fact, when
higher thresholds of rainfall intensity are considered,
the structure of convective events appears progres-
sively. Convective structures present properties of
scale invariance between 5 min and 1 h 20 min. The
low value of the Dy of this regime can be interpreted
as a high degree of irregularity in the distribution of
the support of these structures.

5 APPLICATION TO DAILY SERIES
5.1 With the sensor detection threshold

The results of box counting and the fractal dimensions
calculated for the daily series of the Tunis-Manoubia
station are reported in Table 6 and Fig. 7. The series
length is about 90 years (due to the reservations men-
tioned in Section 2 on data quality before 1900) and
the series used here starts on 1 January 1900. The
intensity threshold is zero.

In Fig. 7, we find breaks similar to those observed
in the study performed with a 5-min resolution. The
high R? values indicate the quality of the obtained
alignments. The daily resolution does not allow obser-
vation of Regime 1 which characterizes small-scale
structures. Again we find a zone of scale invariance
corresponding to the scales between 1 and 8 d with a
fractal dimension Dy equal to 0.49 (transition scale),
and also a zone of invariance that characterizes large
scales varying from 8 d to 256 d with a fractal dimen-
sion of 0.89 (synoptic scale). The alignment of points
9 to 16 with a slope of —1 is evident, since, for a box
of size >256 d, we observe at least one rainy day, cor-
responding to the saturation of the available space by
rain occurrence. Thus, the scale invariance zones are
similar, with slightly different fractal dimensions, for
the daily and 5-min resolution data. The difference is
greatest for the synoptic scale, for which we found Dy
of 0.8 for 5-min resolution data; however, we can deal
only with a 2-year series, which a priori allows less

Table 6 Coefficients of linear regression, K, and of deter-
mination, R?, obtained by applying equation (1) for the
evaluation of the fractal dimension, Dy, of the occurrence
of daily rain at the Tunis-Manoubia station.

Series start Scale Dy K R?
1 January Transition: alignment ~ 0.49 899  0.994
1900 of points 1 to 4,
1-8d

Regime 2: alignment 0.89 9.88  0.996
of points 4 to 9,
8-256d

reliable estimation than that based on the longer daily
series.

The observed regimes of scale invariance are
fairly consistent with most results in the literature
(Table 1). Indeed, these results reflect those obtained
using daily series by Tessier et al. (1988, 1989)
and Hubert and Carbonnel (1989) in terms of scal-
ing breaks at around one week and 8 months (after
which saturation), but not the Olsson et al. (1992)
results, which identified the supporting saturation of
rainfall at 10 d. However, the Dy values are not iden-
tical; we obtained 0.89 for the daily series, cf. 0.8 in
Table 1.

The above interpretation of box-counting results
may require caution. According to Schmitt et al.
(1998) and Veneziano and lacobellis (2002), only two
scaling regimes should be considered, which would
correspond in our work to the micro-scale regime and
saturation part. Thus, the second regime, previously
interpreted as synoptic scale, is instead interpreted
as an extension of the transition to saturation. Thus,
the high Dy value of the synoptic scale results from
an over-estimation, because it is affected by the ten-
dency to saturation. The distinction between regimes
and saturation effects was cited by de Lima and de
Lima (2009) as a practical problem in applying the
box-counting method.

5.2 Application of different thresholds
of rain intensity

In the case of the daily series, increasing the thresh-
old does not show further ruptures. Figure 8 shows
the results of box counting for threshold intensities of
0, 8 and 16 mm d!. The regimes of scale invariance
observed previously are not modified. For a threshold
>8 mm d!, we observe a decrease of the Dy of these
regimes, and also a shift in the break towards larger
increments of time. The synoptic regime is between
16 and 512 d, instead of 8-256 d initially, and its frac-
tal dimension decreases from 0.9 to 0.70 and 0.45,
respectively, for the 8- and 16-mm d! thresholds.
These modifications are easily explained: the increase
of the threshold of rain occurrence detection naturally
reduces the rain supporting and increases the duration
of the dry period. The differences observed between
the Dy estimated at 0.8 for the 5-min series and at
0.9 for the daily series are perhaps partly explained by
the different detection thresholds. We can assume that
a series of rainfall intensities measured with a more
sensitive sensor will lead to a Dy greater than 0.9.
The daily resolution does not allow the filtering out
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of frontal structures from convective structures that
can be separated only if the internal structure of the
events is considered.

6 TEMPORAL EVOLUTION OF THE
FRACTAL DIMENSION

Sub-time series are considered to study the temporal
evolution of Dy. Because we deal with lengths equal
to 2" years, in order to obtain samples of a minimum
number of realizations, sequences of 2! d & 22 years,
212°d & 11 years and 2!' d ~ 6 years of length are
considered. As the available times series is 136 years
long, we have estimated the fractal dimension for
21 successive series of 6 years, nine successive series
of 11 years, and five successive series of 22 years. The
linear regression of the fractal dimension over time
was then performed to analyse the trend over the last
century.

Whatever the width of the window used, the same
breaks as those obtained for the total series (8 d and
8 months) are observed; i.e. there is a stability to the
previously described regimes. The linear regressions
are reported in Fig. 9, which presents the evolution of
Dy of the transition regime corresponding to the meso-
scale (1-8 d; top) and of the second regime (8-256 d;
bottom) corresponding to synoptic scales. The verti-
cal bars indicate intervals of confidence of 95% for
the estimation of the slope Dy using the r-test (Wilks

2006). The evolution of Dy values is identical regard-
less of the size of the considered sequence (6, 11 or
22 years).

For the synoptic scale, we note a slightly lower
value of Dy before 1930 compared to the following
period, which is more stable. The null hypothesis of
no change in slope is accepted at 5% for all sizes of
series.

For the meso-scale regime, the goodness-of-fit
values of the regressions for the 22-year (R?> =
0.73) and 11-year (R*> = 0.85) series are good, but
poor for the 6-year series (R> = 0.33). The null
hypothesis of no change in regression slope is rejected
at the 5% level of confidence for the series of length
11 years, but retained for the series of length 22 years.

To investigate the trend in Dy series, we used the
Mann Kendall test. Kendall (1975) described a nor-
mal approximation test that can be used for data sets
with more than 10 values, provided there are few tied
values within the data set. Since the sample size corre-
sponding to sequences of length 22 years is <10, we
apply the Mann-Kendall test only for the sequences
of length 11 and 6 years. We performed the Mann-
Kendall test on the null hypothesis of trend absence
against the alternative of trend. The null hypothesis of
trend absence is rejected at the 5% significance level
for the meso-scale regime, which is the same con-
clusion as for the sampling distribution #-test of the
regression slope in the case of sequences of length
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11 years. However, the Mann-Kendall test indicates be interpreted as another scaling regime characteris-
the absence of trend at the 5% level for the synoptic tic of convective situations. The convective part of the
scale regime for series of 6 and 11 years. rain process appears progressively when the threshold

It is worth noting that an increase of Dy signi- of rainfall intensity is increased. The 5-min resolu-
fies an increase of rain occurrence, which presents an tion of the available data is not sufficient to allow
interesting direction for research. analysis on an event basis to distinguish the structure

of convective events from those of frontal systems;
higher-resolution data are necessary to refine the anal-

7 CONCLUSION ysis of the micro structure of rain (e.g. disdrometer

Analysis of the box-counting plots of four series of data).
rainfall observations with a sampling time of 5 min Analysis of the box-counting plots of a daily time
has clearly shown that rainfall presents properties of series also shows that the rainfall regime characteris-
scale in a mono-fractal framework. A first regime, tic of synoptic scales ranges from 7 d to 8§ months
characteristic of the micro-scale that describes the and has an auto-similar structure, of which the fractal
internal structure of rainfall events and concerns time dimension is around 0.9. The latter is affected by the
scales between 5 min and 1 d, is identified. A second saturation regime which comes immediately after.
regime between 7 d and 8 months that corresponds The feature that distinguishes our study area
to the synoptic scale may also be distinguished. The is the saturation period. We obtain a beginning for
final regime corresponds to saturation of the available the saturation period after 8 months, whereas other
space by rain. A transition at 1-8 d is outlined and authors observe saturation after a few days. The sat-
corresponds to meso-scale rainfall structures. uration of the available space by rain occurrence is
For the first rainfall regime, a fractal dimension a consequence of the great length of the dry period.
of 0.44 was obtained. This micro-scale behaviour is This result highlights a feature of rainfall of the semi-
mentioned by several authors, but with a larger fractal arid Mediterranean climate—prolonged dry periods
dimension, around 0.55, for oceanic and subtropical with rare, isolated rain events.
locations, cf. the semi-arid focus of our studies. The Despite some reservations, the length of the
analysis performed with different thresholds on the available daily time series gives us the opportunity

5-min series showed a break near 1 h 20 min that can to study possible changes during the last century of
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the fractal dimension of time intervals corresponding
to meso-scale and synoptic scales. Unlike the fractal
dimension at synoptic scale that is relatively stable,
the fractal dimension at meso-scale steadily increased
during the 20th century. This trend is statistically
significant at the 5% level of confidence using the #-
test of regression slope as well as the Mann-Kendall
test.
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