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1. Introduction

Rainfall intensity is complex not only to analyzaedato model but furthermore to measure becauseeiktremely variable
over a wide range of scales in space and time. inoon way of representing such variability is to wstechastic
multifractals (see Schertzer and Lovejoy, 2011 afoecent review, and Schertzer et al., 2010, gptications to hydrology).
It basically relies on the physically based notioh multiplicative cascades. In the specific framewof universal
multifractals (UM) only three scale independentapagters are used to quantify the scaling varigtofitrainfall.

In this paper the validity of a simple space-timalisig model relying on an anisotropy exponent ketwspace and time
is investigated through the multifractal analysigour rainfall events. The theoretical frameworkUniversal Multifractals
is briefly reminded in section 2. The rainfall détadar data and rainfall outputs of numerical ngjdis presented in section
3. The results of this comparative analysis areudised in section 4. Finally it should be mentiotied more details about
the multifractal analysis of each event are avélab Gires et al., 2011, 2012a and 2012c.

2. Brief reminder of the Universal Multifractal (UM) framework

The Universal Multifractal framework is only brigfpresented here. For more details one can refbieteecent review by
Schertzer and Lovejoy (2011). Let us denBfea field at a resolution (=L/I, the ratio between the outer scale and the
observation scale). If the field exhibits a scalb®&haviour, then its power spectra is fully chaeaeed with the help of a
spectral slopg:

E(k)=k™ Eq.1

If the field is multifractal, then the statisticabment of an arbitrary orderscales as:

<R,7>= 9 gq.2

WhereK(q) is the scaling moment function and fully charazts the variability through scales of the fidllthe specific
framework of Universal MultifractalK(q) depends of only three scale invariant parameters:

- H the non-conservation parametel=Q for a conservative field).

- C,, the mean intermittency co-dimension, which measstine clustering (intermittency) of the (averag&nsity at
smaller and smaller scaleS,€0 for a homogeneous field).

- o, the multifractality index 0 < @ < 2), which measures the clustering variability witspect to intensity level.
In that case we have:

K(a) =%(q” —q)+ Hg Eq.3

UM parameters are estimated with the help of thetlmTrace Moment technique (Lavallée et al., 1993)

3. Presentation of therainfall data

3.1 5-9 September 2005, South-East of France

The first studied event is heavy rainfall episokieogvn as “Cevenol”) that occurred in the South-EdgErance on 59
September 2005. Two types of data are used:

- Radar data: an area of size 512 km x 512 km duFidays is extracted from the Météo-France radesaim. The Météo-
France processing includes correction of groundtesiupartial beam blocking and vertical profile refflectivity effects
(Tabary, 2007; Tabary et al., 2007). The resolutibthe data is 1 km in space and 15 min in timee Total rainfall depth
during 16h starting™ September at 2pm is displayed Fig. 1.a. The teatfwolution of the average rainfall rate is pldtte
Fig. 1.b. There are 2.5 h of missing data durirgsaicond and main peak after roughly 30h.

- Méso-NH simulations: the rainfall output of nuneai simulations of the same event performed with lielp of Meso-
NH, a non-hydrostatic mesoscale research modellales@ by Météo-France and Laboratoire d’Aérolodiniy. Paul
Sabatier, Toulouse, France) (Lafore et al., 19883|so analysed. The resolution of the data igttyu3 km in space and 15
min in time. There are seven consecutive simulatiasting 18 h starting every 12h. As it is visible Fig. 1.b the model



ERAD 2012 - THE SEVENTH EUROPEAN CONFERENCE ON RADAR IN TEEOROLOGY AND HYDROLOGY

does not generate any rainfall at the beginningagh simulation. Therefore the first two hoursadtesimulation are always
neglected.
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Figure 1: (a) Total rainfall depth in mm via raddata during 16h starting'5September 2005 at 2pm. The coordinates (in
°, Réseau géodésique francais 1993) of the fourazsrare 46.3-1.3, 41.5-1.3, 46.2-8.1 et 41.4-{(bhbTemporal evolution
of average rain rate over the studied area fortihe data types

3.2 9" February 2009, Paris area

The second studied event occurred 8nF@bruary 2009 over the Paris area. The data cénmesthe C-band radar of
Trappes which is operated by Météo-France. An afaize 256 km x 256 km during 13h is studied. Tdtal rainfall depth
ranges from 0 to 27 mm. The resolution of the @afiakm in space and 5 min in time.

3.3 9" February 2009 and™July 2009, London area

The two last rainfall events analysed in this papeaurred on 9 February 2009 and™7July 2009 over the London area.
The data comes from the Nimrod mosaics (Harrisa.e2000), a radar product of the UK Meteorolofioéfice. Areas of
size 64 km x 64 km during 21h are analyzed. Thal tatinfall depths for both events are displayegl Pi More localized
rainfall cells are visible for July event.
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Figure 2: Map of the total rainfall depth (mm) ot studied area over the London area for the Fetyri@ft) and the July
(right) events. The coordinate system is the Brigational Grid (units: m).

4. Results and discussion

4.1 Spatial analysis of the rainfall event

In this section we present the results of a maltifal analysis performed on ensemble average fir egent, i.e. all the
time steps (a 2D map of rain rate) are upscaledpeddently and taken into account in Eq. 2. Sorselteewith a separate
analysis for each time step are available in Gétesd. 2011.

Fig. 3 displays the power spectra for the Cevendl tae §' February 2009 Paris rainfall events. The spesimgie is a
first confirmation of the scaling behaviour withveetheless a break. For the Cevenol event (Fig.tBis break occurs for
wave number between 25 and 35 which correspondsstances between 14 km and 20 km. A spectral skpso visible
for the Paris event (Fig. 3.b), and the breakss lebvious. However we still considered onekfet6 (corresponding to 16
km) to be consistent with the multifractal analysise below) where it is clearly visible. The estieud spectral slopes for the
four events are reported in Table 1. Whatever tlemteand the range of scales, they are smallertthdimension of the
embedding space (2 here), which means that thefracial analysis can be carried out directly oa thin rate field and one
does not need to consider the fluctuations ofigld.f
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Figure 3: Spectra for the Cevenol event (a) anddh&ebruary 2009 Paris event (b)

Event Range of scales o C, H B
5-9" Sept 2005, Small scales : 1 - 16 km 1.62 0.16 0.5 1.78
South-East of France Large scales : 16 - 512km 0.89 0.45 0.34 109
9™ February 2009 Small scales : 1 - 16 km 1.52 0.056 037 1p4
Paris area Large scales : 16 - 256km 1.08 0.28 0.61 181
th
9" February 2009 1-64 km 1.62 0.14 | 056 1.81
London area
th
7" July 2009 1-64 km 0.92 049 | 057 1.4
London area

Table 1: Estimates of the UM parametersC; and H for the different studied events

Eq. 2 in a log-log plot for the"dFebruary 2009 Paris an8l July 2009 London rainfall events are displayeéim 4. The
straight lines (or portion of it) reflect the seajibehaviour of the rainfall fields (on a limite@hge of scales). For the Paris
event there is a break at roughly 16 km. This Vigsight is confirmed by the coefficient of deténation R of the linear
regression which is equal (on average on the plattements) to 0.96 for the range of scales 1-1&kth0.91 on the range
of scales 16-256 km, whereas it is equal to 0.9bibreak is taken into account. A break was absensed on the Cevenol
event on both the radar data (at 16 km) and theoNid$ simulations (at 20-25 km). Such break is akgoorted for other
rainfall events in the Paris area (Tchguirinskdiale 2011). The fact that this break is visibde ¥arious events and data
types suggests that it is not an artefact, anditietikely to be physical caused. For the Cevan@nt an interpretation with
the topography would not be valid. Indeed a mualtfal analysis on the topography data of the aces ot reveal any
break at least on scales ranging from 2-3 km tc2BDkm. The scale of the break of 16 km remindssilae of the classical
notion of rain cell. A possible interpretation (€8ret al., 2012d) could be a misrepresentatiomefrainfall zeros (i.e. a
pixel with no measured rainfall) in this simple tifshctal framework. It should be noted that these explanations are not
contradictory.

Concerning the rainfall events in London, theresdoet seem to be a break. For instance the soaling (Eq. 2) of the
July event is plotted in Fig. 4.b and does not leixldiny. The mean coefficient of determination loé tinear regressions is
equal to 0.98 without taking any break into accoumtthe whole range of scales 1-64 km (it is algoatto 0.98 for the
February event). Nevertheless this statement shmeildualified in so far as the available rangeaafles (1-64 km) is not
wide enough to reveal a break as for the Frenchtev&urthermore a slight curvature is visible be $caling curves and
could correspond to a break. Data on a wider rafgeales would be needed to confirm that.
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Figure 4: lllustration of the scaling behaviour (E2) for the Paris event (a) and th8 July 2009 London one (b)
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The estimates of the UM parameters are reportddlibe 1. As most of the estimates available initeeature they do not
take into account of a potential bias introducedh®ynumerous zeros, which would affect all thelistd events (see Gires et
al., 2012b for more details about that). Conceriiregsmall scales, it appears that the estimatethéotwo French events
and the § February 2009 London one (where the range of sdalslightly greater) are comparable e- 1.5 — 1.7C; ~
0.05 — 0.2 anH ~ 0.3 — 0.6. These values are also rather sirtdlahe ones found by Tessier et al. (1993) on radar
reflectivity or Verrier et al. (2010) on radar inesgof African monsoon. The similarity between teéneates despite very
different meteorological situations seems to comfihe robustness of the theoretical framework ankighlight a possible
universality of the UM parameters values for rdinfahese values are also in agreement with theifradtal parameters
characterizing the atmospheric turbulence (Lazateal. 1994; Schmitt et al., 1992), which would m#ézat rainfall behaves
as a passive scalar for small scales.

For large scales we find smallerand greate€C;,. For the Cevenol event, we even fiad1l which reflects a significant
statistical change with regards to small scaledeéd a>1 corresponds to the non-classical notion of “seljanized
criticality” (Bak et al., 1988) which implies th#tie singularities are no longer bounded. This d#iference in behaviour
between scales implies that the small scale statishnnot always be deduced from large scale dinglsould be noted that
the large scale parameters are closer the valassichlly found for low resolution (usually houdydaily) long (few months
or years) time series from rain gauges,d.e- 0.5 — 0.7C; ~ 0.3 — 0.5 (de Lima and de Lima, 2009; de Limd @nasman,
1999; Fraedrich and Larnder, 1993; Ladoy et aB31®Isson, 1995; Tessier et al., 1996).

Concerning the "7 July 2009 rainfall event in London, we fiegE0.92 andC,=0.45 which is quite different from the other
events. As it can be seen on Fig. 2 this event séerbe characterized by rainfall cells of smatlize (few km) that the
others. A possible interpretation of the differenaethe parameters is that this event appeateadales 1-64 km as a small
scale model of the other events at 16-256 km. Tieismall scale UM parameters of this event ateeratimilar to the large
scale ones of the others. For that matter the UKarpaters estimated only on the range of scalekr4which is not
relevant given the available data as we have sme®=1.16 andC,=0.28 which is closer to the small scale parameiérs
the other events. Smaller scale data for this ewentid be needed to confirm this interpretatiomngl with multifractal
analysis of other rainfall events.

.4.2 Spatio-temporal analysis

In the previous section, we performed spatial aig)yi.e. each 2D map of a time step is considesedn independent
sample and independently upscaled in Eq. 2 (se&figfor an illustration). It is also possibledo temporal analysis where
samples are not 2D maps, but pixel time seriesfiged.b). UM parameters of spatial and temporallgsis can be related
in the framework of a scaling spatio-temporal modéle simplest one for rainfall (Deidda, 2000; Ma@007; Marsan et
al., 1996; Radkevich et al., 2008) relies on ars@nbpy exponent between space and time. Thusdhieng moment
functions in space and time should be proportiahat, is to say:

K.
Kspace(q) = tlme(q)
1-H,
WhereH;, is the anisotropy exponent between space and Tiimis.implies identicabi and that the ratios between tGe
and theH are the same:

C H 1

1,space — space _
C, H 1-H,

The estimates of the UM parameters for the largdescof the Cevenol event and both data types (@i Meso-NH
simulation outputs) are reported Table 2. We wilt mention here the small scale results becausavhiable range of
scales (15min-1h) in time is too narrow to provadeurate estimates. Nevertheless, few commentbedound in Gires et
al. (2011). These large scale UM parameters estBnate in overall agreement with the spatio-teniptireoretical
framework, especially for radar data. Indeed ¢hare rather similar, the ratio @ paclCy ime fOund corresponds to an
anisotropy exponent of 0.22, and the ratig..{Him. leads toH; equal to 0.38. These values are rather compaeaide
compatible with the theoretical value of 1/3 whigbuld correspond to the Kolmogorov theory (Kolmamqr1962; Marsan
et al., 1996) assuming that rain cells have theed#atime like eddies. For Meso-NH simulation autpthe ratio o€, leads
to H; equal to 0.30, which is in agreement with the théoal framework. On the other hand the ratiddofioes not fit with
this framework since it leads k =-0.01.

To confirm these results spatio-temporal analysisadso performed (see Fig. 5.c for an illustrgtidn that case space
and time are considered at once in the upscalirtheofield. More precisely, when the spatial resofuis divided byA,,
then the temporal one is divided By= A,, "*". Here we havéi, =1/3 and we choos&,=3 andA=2 (3°~2.08). The results
for the Cevenol event of this spatio-temporal asialgare displayed Table 2. Concerning the larglesacd the radar data, the
same parameters as in the spatial analysis arevexdrwhich is consistent with the theoretical feavork. For the Méso-NH
simulations we find & greater than in the spatial analysis, ar@ astimate between the spatial and the temporal one.

Eq. 4

Eq. 5

time time
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Figure 5: lllustration of the independent samplasiolered in spatial (a), temporal (b), and spagoaporal (c) analysis.

Radar data Méso-NH simulations
Type of analysis Range of scales a C. H Range of scales| a C. H
Spatial analysis 16 — 512 km 0.89 045 0.34 220-km 0.54| 0.71) 0.36
Temporal analysis 1-16h 0.82 0.35 0.21 1-16h| 0.54 | 0.50| 0.37
Spatio-temporal | 20 km - 486 km ) 28 km - 680 km )
analysis 1h—8h 0.87| 0.42 1h—8h 0.68 | 0.47

Table 2: Estimates of UM parametersC, and H for the Cevenol event of 5-9 September 200t South of France
(radar data and Meso-NH simulations)

Finally let us mention that this type of analysiaswalso implemented on the two London events. Etienated UM
parameters are in Table 3. For the February eVvent tfor the spatial and temporal analysis are clogktha ratio ofC,
corresponds to an underlyit] equal to 0.28, which is quite close from the tledioal value of 1/3. On the other hand the
ration ofH leads toH; equal to 0.68 which is not in agreement with theotetical framework. It should be mentioned that
the estimates ofl are less reliable than the ones@fanda because of difficulties in the estimation of spaicslopes.
Nevertheless it remains acceptable to validate shgple spatio-temporal framework for this evenbn€erning the July
event the ratios of; andH lead toH, respectively equal to 0.02 and 0.82. For this ewéthout being excluded this spatio-
temporal framework is not explicitly validated.

Type of analysis
Range of scales Event o G H
Spatial analysis 9" February 2009 1.62 0.14 0.56
1-64 km 7" July 2009 092 | 049| 057
Temporal analysis 9" February 2009 1.52 0.10 0.21L
Smin—11h 7" July 2009 0.72 0.48 0.1d

Table 3: Estimates of the UM parametersC, andH for the two event of the London area and for diffie type of analysis.

.5. Conclusion

In this paper the spatio-temporal variability oinfall is analyzed for 4 events (a Cevenol eventhiea South of France,
one in the Paris area and two in the London araty) te help of the Universal Multifractals. In shframework the
variability is characterized by only 3 scale inaati parameters. Radar data is used, plus Meso4Ntlaion outputs for the
Cevenol event.

The main conclusions, which are an important stefhé validation of spatio-temporal scaling modastsl multifractal
simulations of rainfall fields, are:

- The scaling behaviour of the rainfall field is ciomfed, with a break observed at roughly 20 km & ¢patial analysis
for most of the studied event. A possible intergiien in a misrepresentation of the numerous zirdkis simple
framework.

- The comparison of the UM parameters in spatialtangporal analysis are in overall agreement withsthwle space-
time scaling model that relies on an anisotropyoeent between space and time. This is confirmedit@ct spatio-
temporal analysis of the rainfall fields

- These results hints at a possible universalityhefWWM parameters for rainfall fielde: ~ 1.5 — 1.7C, ~ 0.05 - 0.2
andH ~ 0.3 - 0.6.

Concerning the Meso-NH simulation, it appears thatrainfall outputs exhibit similar qualitativehaviour, i.e. a scaling
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behaviour with a break at roughly 20-25 km and gme@ment (less good than with the radar data, &dlyewith regards to
the non-conservation parametdr with the spatio-temporal unified framework. Oe thther hand the numerical estimates of
the UM parameters are significantly different frtime radar ones: the variability is under-represkimeMeso-NH, whereas
the mean intermittency is over-represented.
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