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Abstract. Fractal analysis relies on scale invariance arad dbncept of fractal dimension enables to charaseteand
quantify the space filled by a geometrical set kitimg complex and tortuous patterns. Fractal téalge been widely used
in hydrology but seldom in the specific contexudban hydrology. In this paper fractal tools aredus analyse surface and
sewer data from 10 urban or peri-urban catchmematéd in 5 European countries. The aim was toachenise urban
catchment properties accounting for the complexityl inhomogeneity typical of urban water systemswe3 system
density and imperviousness (roads or buildingg)ragented in rasterized maps of 2 m x 2 m pixekxevanalysed to
quantify their fractal dimension, characteristic sifaling invariance. The results showed that betlves density and
imperviousness exhibit scale invariant featuresaadbe characterized with the help of fractal disiens ranging from 1.6
to 2, depending on the catchment. In a given aoeaistent results were found for the two geomdtfeatures, yielding a
robust and innovative way of quantifying the leeélurbanization. The representation of imperviogsnia operational
semi-distributed hydrological models for these batents was also investigated by computing fractaedsions of the
geometrical sets made up of the sub-catchments ceitffficients of imperviousness greater than a eamigthresholds. It
enabled to quantify how well spatial structuresngberviousness were represented in the urban hygiral models.

1 Introduction

The aim of this paper is to consistently charasteruirban catchment properties accounting for thmptexity and

inhomogeneity typical of urban water systems. Ifdsused on two main properties of urban catchmemsnely the
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geometry of the sewer system and the distributibmmpervious surfaces. Such characterisation isoigmt to obtain
insights in the urban catchment response behawibilte various spatial scales that control theiioeidbetween rainfall and
sewer flows; to develop convenient methods thavakvaluation of the urban catchment charactesistigplemented in
urban drainage models (the ones that are of impoetéor obtaining reliable spatially variable urbmatchment responses;
e.g. spatial imperviousness structure); to devetethod that support the urban hydrological modefighe decision about
the spatial details required to obtain reliable eloimpact) results. Achieving this has proved ® difficult using
traditional tools, mostly based upon Euclidean gemyn due to the variability and inhomogeneity iatahment
characteristics (ex among other Berne et al, 208d)alternative to traditional tools could be theewf fractal geometry
(Mandelbrot, 1983), which relies on the conceptscdle invariance, i.e. similar structures are lasidnt all scales. The
concept of fractal dimension enables to charaaeiriza scale invariant way the space filled by angetrical set in its
embedding space. Fractal analysis has been oftisumtessfully used in geophysics, including hyatyg) but seldom in
the specific context of urban hydrology.

For example, they have been used to charactevise metworks, including quantification of main stne sinuosity (Nikora
1991; Hfeimfeit 1988), quantification of how thetwerk fills space (La Barbera and Rosso 1989; Takayl1990), and
simultaneous quantification of both features (T&ohoet al. 1988, Tarboton 1996, Veltri et al. 198®sso et al. 1996).
River basins have also been analysed with fragtalyais. For instance, Bendjoudi and Hubert (208i&%)wed that the
perimeters of the Danube (Eastern Europe) and $Ema@ce) river basins are too tortuous to be scalependent. Rainfall
occurrence patterns also appear to exhibit frdetalires (Hubert et al., 1995; Lovejoy and Mand#lbt895; Olsson et al.,
1993).

Some authors relied on the same concept of fraitaénsion for characterizing land use cover in oasicontexts. For
example Cheng et al. (2001) computed a fractal dgioa for various land use classes and used iatyse land use change
between two areal pictures taken 20 years apant @vk knf mountainous catchment. Darrel and Wu (2001) coetput
fractal dimensions of three land use classes -fjemgriculture and urban- and used it to analysér thvolution during a
century over a 69 km x 89 km area around Phoeniz@ha, United States of America). This allowedestigating the
effect of urbanization over landscape and was tselvelop a model to reproduce observed feat&@ieslarly, Tannier et
al. (2011) used this concept to identify the moipbizal boundary of urban areas in a scale invaneay. lverson (1988)
estimated fractal dimensions for numerous landtypes to study the evolution of landscape over §€éxs in lllinois
(United States of America). Soil features have dsen studied with fractal analysis. For instancen@/et al. (2006)
analysed particle size distribution with fractahcepts. A feature emphasized by many authors isefidonship between
fractal features and power law decay (i.e. non &aunsbehaviour) of various fields such as rivertiparlength, rainfall
event duration, particle size distribution or dista between buildings (Wang et al. 2006, Laverghal. 1998, Mandelbrot
1983, Tannier et al. 2011, Tarboton 1998). Thisliespthat up- and downscaling of meteorological dydrological
parameters needs to account for this non-Gaussihavibur. For hydrological analysis it means thatrblogical models

are likely to be sensitive to scale differencesveen rainfall input and catchment characterisaf@gden and Julien, 1994).
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Despite this wide range of applications, fractahlgsis has seldom been used to specifically addtessopic of urban
hydrology. Initial attempts to characterize urbaaitage networks (Sarkis 2008, Gires et al. 20t4)nperviousness (Gires
et al. 2014) have been carried out on limited areathis paper we go a step further and implenfixttal analysis on 10
urban catchments with different characteristicated across 5 European countries. The investigaiidndes analysis of
the sewer network geometry and distribution of imjmisness derived from available GIS data, ineigdhe way in which
it is represented in operational semi-distributgdrbdynamic urban drainage models. This multi-cateht investigation
allows obtaining robust results which are represtérg of a range of hydrological characteristicke Dpportunity to carry
out this multi-catchment investigation arose frdra tnterreg North West Europe (NWE) project RaimGavhich focuses

on improving rainfall estimation and pluvial floedbdelling and management in urban areas across NWE.

The paper is organised as follows. In section 2atreglable dataset over the 10 pilot catchmendesribed. The concept of
fractal dimension and the methodology used to caenjtiare explained in section 3. Results are pteskand discussed in
section 4. In section 5 the main conclusions aesegnted and future work is discussed.

2 Experimental sites and datasets

Ten urban catchments, with areas in the range ef @ knf and located in five European countries (UK, Frartbe
Netherlands, Belgium and Portugal) were adoptegilassites in this study. The general locatiortta# pilot catchments is
shown in Figure 1 and their main characteristiessarmmarised in Table 1.

For each pilot catchment three types of data aatysed in this paper - some illustrations for Cralx, Sucy-en-Brie and
Coimbra are shown in Fig. 2 - :

(i) The sewer system, which is considered as aar&tef linear pipes (left column in Fig. 2).

(i) An imperviousness map at a resolution of 2 & m generated with the help of QGIS (www.qgis.dvgsed on data
derived mainly from Open Street Map (http://www.ppeeetmap.org/) (middle column in Fig. 2). Moregisely, for each
catchment the road layer (of polyline type) wasieged from the Open Street Map platform and a #uffer (adopted
based on normal width of roads in urban and péaunrcatchments) was set on both sides of this ipelyhyer. The
building layer was retrieved either from the sart@fprm or from local building register datasetbe®e two data sets were
rasterized in a map with pixels of size 2 m x 2An.imperviousness map was then derived in whiclixal gontaining
roads or buildings is marked as impervious andrgihesls are marked as pervious.

(iiiy A map of imperviousness derived from catchineharacterisations in semi-distributed hydrodyramiodels (right
column in Fig. 2). A validated operational semitdisited hydrodynamic model was available for eadhthe pilot
catchments, except for Jouy-en-Josas. In this tfpaodels the whole catchment is split into a numifesub-catchment
elements, each of which is treated as a lumped m&@eh sub-catchment contains a mix of pervious mmpervious

surfaces whose runoff drains to a common outlattpaihich could be either a node of the drainagevokk or another sub-

3
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catchment (Rossman, 2010). Each sub-catchmentaiscterised by a number of parameters, includiteg &rea, length,
slope, proportion of each land use and soil typgratteristics. Rainfall is inputted uniformly witheach sub-catchment,
and based on the sub-catchment’s characteristiestotal runoff is estimated and routed to theedytbint. Based on the
percentage of impervious areas assigned to eacbatcbment within each pilot catchment, a rastep mih pixels of size
5 2 m x 2 m was generated for each pilot site. A=it be seen in Fig. 2, the values of imperviousasssiniform over each
sub-catchment. Average size of sub-catchment elemearies greatly according to the studied area {&&ble 1). For

instance, it is much greater in Sucy-en-Brie tmaRotterdam-Kralingen.

3 Methodology

As explained in section 1, the concept of fractedehsion was used in this paper to characterizewsigeometrical sets,

10 namely the sewer network and imperviousness adiesilot catchments, embedded in a 2-dimensiopate Let's
consider such a bounded gef outer scaldo. The first step consists in considering this detaious scales. This is

achieved by representing it with the help of noestapping pixels of sizé At a given scale the sétis represented by all
pixels overlaying the geometrical set. A range afies is tested fdr In this study, the analysis started at the srsfiexel
size available, i.e. 2 m. The pixel size is thentiplied by two at each step, i.e. four adjacentets are merged, up to a
15 maximum pixel size which covers as much of theltogachment area as possible. An illustration @ grocess for the
sewer system of the Herent case is displayed inFiglight differences are visible when changing tbservation scale
from 2 m to 4 m (some details are lost in the sgetion, and close pipes merged), and they are macé pronounced with
observation scales equal to 16 m and 64 m.
This means that the outer scale of the studiedvilehecessarily be the original pixel size muligd by a power of two,
20 closest to the maximum catchment scale (pixelsnaeeged 4 by 4 in order to maximise the number dhtgoin the
following linear regression; less reliable resukisuld be obtained with by merging pixels 9 by 92% by 25). As a
consequence, square areas are extracted fromuttiedsicatchments to be analysed with the helpasftdéi analysis. Their
size is chosen as a balance between achieving¢lagegt possible coverage (which increases theerahgvailable scales)
and limiting the portion of the square extendinds@e the catchment boundary (given that the eidifizeros in these
25 portions might bias the analysis). The studied sarage shown in Fig. 2 for Cranbrook, Sucy-en-Brel aoimbra
catchments, and in Fig. 3 for Herent. In four catehts (Cranbrook, Ghent, Herent and Torquay) tveasiare studied,
sometimes slightly overlapping (Cranbrook and Ghent

Let N/\,A be the number of non-overlapping pixels of simecessary to cover the getFor a fractal object this number and
|
the resolution defined as the ratio between therostale and the observation scal’er(l—o) are power-law related in the

30 high resolution limit ! — +c0), with an exponent equal to the fractal dimengiB}. ) of the set; i.e. we have:
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N, =A% (1)
A standard technique to estimate a fractal dimensothe box-counting one which relies on the presiequation. To
implement this technique, one defines non-overlagpixels of size as explained in the previous paragraph and plgtdE
on a log-log scale. For a fractal set the point$ né along a straight line which slope is equaD The quality of the

5 scaling is assessed with the help of the coefficiEndeterminationr? of the linear regression. The fractal dimension

quantifies the sparseness of the/Asdte. how much space it fills.

The notion of fractal dimension is well suited f&tudying binary field, and when analysing fieldghailifferent values
possible (a map of imperviousness from hydrodynamiclels here), multifractals tools might be needetlitively such

10 fields are characterized with the help of varioastal dimensions, i.e. for each threshold, thengedcal set corresponding
to the areas where the field exceeds it exhibd#farent fractal dimension. More rigorously thetina of threshold, which
is scale dependent, is replaced by the scale amvadne of singularityy. Then and the portions of a multifractal fiedg
where the field exceeds the threshbict a given resolutiol are studied. Their probability scales as:

Pile, > V)= ¥ (2)

15 Wherec(y) is the co-dimension function which fully charaézes the variability not only at a single scalé hoross scales
of € (see Schertzer and Lovejoy 2011 for a recent wdvie(y) corresponds to the fractal co-dimension (equath®
embedding Euclidian dimension — 2 here — minusfithetal dimension) of the geometrical set whey@xceeds\". In the
specific framework of Universal Multifractals, tle®-dimension function only depends on three pararsavhich have a
physical interpretationtd the non conservation parameter which measurescdieng behaviour of the mean of the studied

20 field (<£A> = , H=0 for a conservative field)Z; the mean intermittency which measures the clugjeof the average

intensity (mathematically it is(y;) wherey; is the singularity corresponding to the me@g0 for an homogenous field);
and o the multifractality which measures how the meaterimittency evolves when considering singularitgightly
different fromy; (a=0 for a fractal field). These parameters are extiéh with the help of the Double Trace Moment
Technique (DTM) (Lavallée et al, 1993).

25 4 Resultsand discussion
4.1 Sewer network and distributed land use

Figure 4 shows a log-log plot di(A) versusk for the Ghent North and Torquay South case studiszan be seen, a single
scaling behaviour is not retrieved on the wholegeaaf available scales. The plot shows a scalektaeeughly 64 m pixel
scale for both cases, separating two distinct sgatgimes. Over each regime, the scaling is robithtr? all above 0.99.

30 Similar qualitative features, i.e. two distinct kkeg regimes separated by a break, are retrievedhf® other pilot areas.

5
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Numerical values of the computed fractal dimensiand the values of scale breaks for all pilot caiehts are reported in
Table 2.

The fractal dimensions for small scales are bdgiegjual to 1, which simply reflects the lineausture of the pipes and not
the network’s features. The break is located aghbu64 m for most of the areas, which is consisteith the distance
between two streets. It is at 32 m in Coimbra anttdRdam-Centrum which correspond to densely udsahcity centres.
The break at 128 m for the Moree-Sausset sewareédalthe fact that only major sewer pipes areuhet! in the numerical
network model. It appears that for all the catchiméine break is observed at roughly the approxinmiég-pipe distance of
the portion of network taken into account. For ¢éaggale (~ 64 m to 2048 m), an actual fractal dsinbetween 1 and 2
characterizing the space filled by the networkeieved. According to catchment we fibg ranging from 1.69 to 1.94.
These values are representative of the level adnization of the areas. For instance, we find tieatgr fractal dimensions
in the Rotterdam districts and smaller ones in-lebsinised Jouy-en-Josas and Torquay.

These results are consistent with values foundirrilax studies for drainage networks. Sarkis (20€@)nd a fractal
dimension equal to 1.67 for the pluvial drainagémoek of the Val-de-Marne County (South-East ofiBarbased on an
analysis at scales of 290 m to 18 km, only considethe main pipe network. Typical values for natutiver network
fractal dimensions (computed with the box countteghnique) are usually smaller than those founce Her urban
catchments. For instance Takayasu (1990) fdnfbr the Amazon and Nile Rivers equal to 1.85 ardréspectively.
Figure 5 displays the impervious pixels (in blugpng with the computation of the fractal dimensadrthe corresponding
geometrical set for Rotterdam-Kralingen and Jowjesas. They correspond to two extreme cases atmengtudied
catchments in terms of urbanization, which is \&sib Fig. 5 (left panel). It appears that for bathinique scaling regime on
the whole range of available scales is identifiedulting in fractal dimension 1.89 for denselyamised Kralingen and 1.74
for Jouy-en-Josas . Unique scale regimes are alswdffor impervious surface distributions in theeststudied areas, for
which ther? is always greater than 0.995. Numerical valuethese fractal dimensions are reported in Tableepite the
fact that the impervious pixels do not represert 2tm resolution the majority of the pixels, thedrctal dimension is rather
elevated meaning that the impervious areas filssfpace in urban areas.

For a given catchment, numerical values of fradtalension for distributed imperviousness are siniathe ones found at
large scales in the sewer system analysis. Disnodgs are usually smaller than 0.1; smaller thandifferences between
the various catchments. Areas of similar urban itefsve similar fractal dimensions and lower dgnsirban areas are
consistently characterised by lower fractal dimensi It is worth noting these numerical similastiéndeed it suggests that
the scaling behaviours observed on sewer netwanlisdsstributed land use have the same physicak sl reflect a
unique underlying level of urbanisation. The oniffedence being that it stops at the inter-pipetatise for the sewer

network whereas it expands down to 2 m scale ®iriperviousness.
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4.2 Representation of imperviousnessin semi-distributed models

After having investigated the fractal behavioursefver system and imperviousness with the help sifibuited data, the
imperviousness distribution used in operationalisistributed hydrodynamic models is studied instBection. A given
thresholdT is selected and fractal features of the geométsiga-set made up of the sub-catchments with impesness
greater than the threshold representing different degrees of imperviousmeshis caseare analysed. Figure 6 illustrates
the corresponding sub-sets and computation of ietafl dimensions fol equal to 20, 50 and 80% for the Rotterdam-
Centrum area. Figure 7 display’s(coefficient of determination of the linear reggiesis definingDg) vs. T (top) andD vs.

T (bottom) for all pilot areas.

As expected, at higher thresholds, the remainimgeivious areas are smaller and the associatea@lfidiotensions are also
smaller. It should be noted that the quality of sealing also tends to diminish for increasing imprisness thresholds.
This effect is significant for some areas such awdd-Sausset, Herent and Sucy-en-Brie. In thesesc#sere is a very
limited (one or sometimes even zero) number of reim@ sub-catchments at high imperviousness thidshavhich is
likely to bias the analysis. The most critical césehat of Sucy-en-Brie, for which the model ceisiof only eight sub-
catchments (see Fig. 2). Such low spatial resaiut@ampers implementation of fractal analysis ansl ihreflected in the
low r? for thresholds greater than 40% (no data for T>6G%mputations on larger areas, that would inclodee sub-
catchments or a higher model resolution (smalldér-catchment size and greater number of sub-catcisinernth high
degree of imperviousness (as it is the case foRtitterdam-Centrum area shown in Fig. 6), woulshéeded to confirm this
interpretation.

Interestingly, the fractal dimension estimates mreoverall agreement with the level of urbanizatidiscussed in the
previous section, i.e. the most urbanized areatbigxhe greatest fractal dimension for all thrdslso This is especially true
for thresholds lower than 60%. For greater onegysetestimates are less reliable, more differeneesated. For instance
De with T>60% for London-Cranbrook are much smallart for Ghent whereas the estimates from the bliged data are
rather close (Table 2). This reflects differenticks by the modellers in the representation ofuttian catchment. Indeed,
imperviousness is one of the main ‘tuning’ variablesed in the calibration of urban drainage modete differences in
imperviousness observed between semi-distributetem@nd distributed datasets may be caused bpithgfrof catchment
characteristics in the models and errors in theghadd/or in the distributed datasets. This efédst partially explains the
fact that disparities between the catchments tendtrengthen with increasing thresholds which #elyl to be more
affected by modellers’ choices. Another possiblglaxation that would need to be further confirmgdahalysis on a larger
number of data sets is simply that the spatiakstre of the highly impervious areas could exhibitlear difference with
regards to less urbanised ones (see also muléifractlysis). It should be mentioned that simitathe findings of the
previous section, estimates obtained for variogasmwithin a given catchment are rather similacepk for Herent. In

Herent the impervious areas fill a greater spadhenEast study area than in the West one, whichnea the case for the
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imperviousness from the distributed data. Thisxjganed by different modelling choices with resptcthe level of detail
in catchment representation. Models could alsceHasen calibrated long time before the GIS data eksained. For
Coimbra the differences, especially for low thrddhpare smaller than the ones observed on therseygéem and the

distributed imperviousness.

Given that we found that the fractal dimension ob-satchments’ imperviousness of the semi-disteutnodels was
dependent on the threshold used to define it, weraldy investigated the possibility of using a tifahctal framework to
analyse this dependency. This is achieved by chgcltie adequacy of the empirical co-dimension fonct(y) with its

theoretical expected shape. More precisely, antagimum resolutiom\, for each studied threshold the corresponding

10 singularity ; is estimated atog, ,where<T> is the average of the studied thresholds and eigu&D here. The

T
()
empirical value oft( J/; ) is then simply given by the fractal co-dimensi@Dg). Finally 2D is plotted as a function of

Vr » along with the theoretical shapeagf). This technique is known as functional box-coutin the literature (Lovejoy et

al. 1987). The UM parameteos and C, used are those retrieved from DTM analysis anadnted in Table 2. They are
generally in the range 1.2-1.6 for and 0.01-0.09 foiC;. The quality of the scaling related toand C;is low with
15 coefficient of determination in the linear regress of the order 0.8-0.9, meaning that their rdligbis not very high.
Figure 8 displays these curves for four represemetatases. It should be mentioned that the thewetiurve ofc(y) was
shifted horizontally “manually” to better fit thempirical points. This mimics the effect &f, which was not possible to
estimate robustly with this data set. It appeaas tie agreement between the empirical points laewkétical expectations is
good in most of the cases (Herent West, CranbrodkTarquay on Fig. 8), and it remains valid onrgdarange ot(y). In
20 other cases such as Coimbra West, it is less godd@me discrepancies are visible. These resuitsigionly be taken as
preliminary ones that should be confirmed by furthealysis on extended data sets given the liroitatdf this study: small
range of available scales, low quality of the datsich is not actual physical data but a represemtawith different
resolution in models, and manual fittinglef In some cases such as Torquay North and to aeneadtent Herent West in
Fig. 8, there seems to be a linear behaviour fgrigeal points associated with large singulariti€his is the signature of a
25 multifractal phase transition which reflects thegkscale influence of small scale variability. Bilehaviour is commonly
found in geophysical fields. It is associated wahpower-law tail for the probability distributionf dhe pixels'
imperviousness. Results are not reliable enougetalefinitive conclusions, but they are encourggind should be a first
step before a more in-depth analysis of the notibimperviousness and its characterization in dirsgdramework. A
possible useful application would be the possipiti easily and realistically fill gaps of missimgta in imperviousness
30 maps.
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Finally, fractal dimensions of the imperviousnesmputed for the semi-distributed models were coenpdn those derived
from fully distributed GIS-data (section 4.1). Tissdone in Fig. 9 for three studied ardas.vs. T for the model is plotted
(same as in Fig. 7 bottom) along with the fracialehsion from the distributed data (horizontal Jiaed the percentage of
impervious pixels with 2 m size pixels (verticald). If the spatial distribution of the averagecbatent imperviousness is
realistically represented in the model, the intetise of these two straight lines should be locatadtheDg vs. T curve.
This is clearly visible in Fig. 8 for Morée-Saussetd Herent West; much less for Cranbrook. Thetiocaof the
intersection of the two straight lines below theveuindicates that the Cranbrook model overestimagmce filled by the
areas with imperviousness greater than the avehageder to quantify this effect, the differenckoted %) between the
value of T at the intersection of thBr vs. T curve with the horizontal line and the percentagémpervious pixels is
reported in Table 2. The absolute value of thifed#nce is always smaller than 18% and smaller 184 in 5 cases. There
is no obvious relation between the numerical valunis quantity and the level of resolution of thgdrodynamic model.
The percentages of distributed imperviousn@8gsat the highest resolution and of the imperviousness of semi-distributed

models $+%yir) could be compared to the percentages of impeswiess resulting from the fractal dimension estimate

%DF =100A°F 2, Figure 10 displays the results of such a compariBwst of all, this figure (Fig. 10.a) demonstsathat

for several catchments uncertainties in scalingresgés result in visible discrepancies between ) (%DF) that are

expected to be identical in the case of a “perfectlling. The difference of these two estimatdsaised on the fact that the
percentages of distributed imperviousness (%) mpeded at the highest resolutidnonly, whereas the fractal dimension
estimates are computed across all the scales arak liesult in a multiscale characteristic for eaatthment. Then, the
adjusted percentage of the imperviousness of sefmillited models, in general, diverges even seong.r.t. the one
resulting from the fractal dimension estimates. ®hf/ two improvements were observed for the Rd#er-Kralingen and
Herent West catchments (see Fig.10.b).

Such analysis could support validation of the repnéation of catchments in semi-distributed modgis; smaller the
difference, the better catchment imperviousnesspsesented by the model. It should be mentionatittis interpretation
assumes that data available for analysing distiimnperviousness is accurate and complete, whigemerally supported

by the scaling behaviour of the data.
4.3 Representation of imper viousness of buildings

In this sub-section we discuss the results of theparison of fractal dimensions computed on twded#nt geometrical
sets: the total imperviousness areas as roads uituings Or ) and the buildings onlyD puig. The obtained results
suggest that for each catchment the geometricabfskbtildings alone behaves as a fractal set, bembedded within a

_ADFibqu :/]aDpia”

larger fractal set of all impervious areeN'bu”d = . ObviouslyDg piiq could not be greater thaDg 4.

The empirical results displayed on Fig.11 suggleat & common valuae=0.945 remains suitable for the majority of the

9



Hydrol. Earth Syst. Sci. Discuss., doi:10.5194/hess-2016-527, 2016 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Published: 26 October 2016 Sciences
(© Author(s) 2016. CC-BY 3.0 License.

Discussions

catchmentsSuch small coefficient may influence the scalihghe smallest scale only. The changes seem teaserwith
smaller values either meaning that the networkoafdrhas a greater importance in these cases, plysttue to a slight
decline of scaling. Indeed, by comparing Figuresd@ 11, one may note a slight amplification ofisgaissues compare to
those observed for the percentages of distributgrbiviousness. Thé are slightly smaller when considering the building

5 only, but they remain great than 0.995, suggedlingestimated values are robust, in particulahfgher fractal dimensions.

This analysis was made to investigate the relatiipssbetween the fractality of building distributgy as a source for

potential green roof implementation, within fradtalof the whole imperviousness areas. To increahsefunctionality of

green roofs over the full range of catchment sc@essini et al., 2016), an optimization of gre@mofrlocations could be

maid to increase their fractal dimension up toftaetal dimension of the total imperviousness afide fractal tools could
10 be also used to evaluate the potential impactedgroofs.

5 Conclusions

In this paper we implemented (multi-)fractal anayis the context of urban hydrology on ten catchtedocated in five
European countries. The results have consequemntksrbterms of urban catchment characterizatiah r@presentation in
urban hydrological models.

15 First, it appears that the level of urbanizatioradfiven area is well characterized with the hélthe fractal dimension of
either the sewer network or the impervious pixet&ds or houses) on a 2 m pixels map. In factafgiven area similar
estimates are obtained for both geometrical sdte. fain difference is that the scale invariancealgd from one or few
kilometres down to only approximately inter-pipestdince for the sewer network whereas it extendsndimwv2 m for
imperviousness, which matches with the spatiallogism of the imperviousness datasets. In ternrattical consequences

20 such insights hint at possible ways of indentifyaugsistent — across scales — areas that shoutibtelled separately. The
scale invariance features also open the possitgfitfilling gaps of missing data in a realistic wdy is furthermore an
acknowledgment of the complexity of the notion wiperviousness which is usually simplified in stat¢he-art urban
hydrological models in which it is often represehtes a mere percentage, thus neglecting withoirtgahkto account its
heterogeneous distribution. Using scale invariamcepts able to handle more appropriately theseireais a lead that

25 should used to innovatively improve distributed totdgical models. It would also offer a way to aesh the critical issue
of missing data that is crucial at high resolution.

Second, the representation of imperviousness imatipaal semi-distributed models was analysed.plpears that, by
analysing the geometrical set made of sub-catctsneith imperviousness greater than a given threshbls possible to
retrieve urbanization patterns. In this study, iaswfound that fractal dimension values decreasen fi09-2.0 for

30 imperviousness degrees above 10% down to 1.4-ILr6infperviousness degrees above 90%. Results fohehig

10
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imperviousness degrees were subject to larger taiesr as a result of data scarcity; findings sddwu verified in studies

based on larger datasets.

It was also shown that comparing fractal dimensi@ues related to modelled imperviousness to inmpasness

represented in high resolution GIS datasets altovegiantify how well imperviousness is represeriredrban hydrological
5 models. These results can be used to verify whetlmydrological model properly represents the degf imperviousness

in a catchment and it can be used to study urbidgmispatterns emerging at different degrees of ivipeisness. Such

insights can be used in support of hydrologicalymisias well as other urban development analyses.
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Tables:
Catchment characteristics Model characteristics
Total
Pop. .
Area Lengtt | Slopé | Land densit pipe | Num. | Mean/STD
ensity )
[ha] [km] [m/m] us€ length | of SC* | SC size [ha]
[per/ha]
[km]

Cranbrook,
UK 865 6.10 0.0093 R&C 48 98 176% 0.49/0.71
Torquay  Town

570 5.35 0.0262 R&C 60 41 492 1.16/1.09
Centre, UK
Morée-Sausset,
R 560 5.28 0.0029 R&C 70 15 47 11.92/10.34
Sucy-en-Brie, FR 269 4.02 0.0062 R&C 95 4 9 29.89/2
Herent,
BE 511 8.16 0.0083 R 20 67 683 0.71/1.27
Jouy-en-Josas,

302 2.47 0.037 ? 15 - - -
FR
Ghent, BE 649 4.74 0.0001 R 24 83 1424 0.46/0.89
Rotterdam -
Kralingen, 670 ~2 0.0003 R&C 154 143 2435 0.12/0.13
NL
Rotterdam 0.0769/

340 ~f 0.0001 R&C 88 140 2832
Central, NL 0.0737
Coimbra, PT 158 4.21 0.033% R&C 116 34.7p 911 0.2%

TLength of longest flow path (through sewers) tahatent outfall;

2Catchment slopeDifference in ground elevation between upstreamtmoimit and outlet / catchment length

5 3Predominant land use types: R = residential; Cmrercial

4 SC = sub-catchments

® The definition (1) is not straightforward due ke tioopedness of the catchment

Table 1: General characteristics of the pilot urban catchmentsand their semi-distributed urban drainage models
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Sewer system Distributed %g~ | UM parameters fo
imperviousness imperviousness
map for semi-
distributed models

Outer | De for | De for | Scale | De for | % of o C

scale | large | small | of the| all impervious

(m) scales | scales | break | scales | pixels
Rotterdam- | 1024 1.94 1.07 32 1.93 61 -9 1.29 0.017
Centrum
Rotterdam- | 2048 1.94 1.17 64 1.89 46 -3 0.71 0.064
Kralingen
Cranbrook 2048 1.94 0.97 64 1.83 29 14 1.36 0.018
North
Cranbrook 2048 1.90 0.97 64 1.81 26 17 1.25 0.025
South
Coimbra 512 1.90 1.03 32 1.96 75 -18 1.37 0.009
West
Ghent North | 2048 1.86 1.06 64 1.80 24 14 1.10 0.0b7
Ghent South | 2048 1.85 1.06 64 1.82 27 16 1.01 0.054
Herent West | 1024 1.82 1.06 64 1.71 19 -1 1.28 0.074
Herent East 2048 1.81 1.08 64 1.72 16 16 0.87 0.083
Sucy-en-Brie| 1024 1.80 1.00 64 1.79 26 11 1.60 .0t
Coimbra 512 1.79 0.97 32 1.86 45 13 1.71 0.20
East
Jouy-en- 1024 1.79 1.79 64 1.75 22 X X X
Josas
Torquay 1024 1.77 1.77 64 1.86 38 -16 1.45 0.062
South
Torquay 1024 1.71 1.71 64 1.82 29 -6 1.44 0.084
North
Morée- 4096 1.69 1.69 128 1.88 34 -1 1.64 0.023
Sausset

T'see explanations in last paragraph of sectiomdd2Fig. 9
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Table 2: Estimated fractal dimensions of the sewer system and impervious areas for all the studied areas.

Figures:
Rotterdam - Kraligen §
Rotterdam - Centrum United
Jouy-en-Josas Kingdom
Sucy-en-Brie
® Moree-Sausset
A Gent

N Herent
M Coimbra
¥t London - Canbrook
b Torquay

France

<°
250 o 250 500 750 1000 km oy A
e

5 Figurel: Location of the pilot urban catchments
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Figure 2 : Sewer system (left), distributed imperviousness map with pixels of size 2 m (middle) and maps of the proportion of
imperviousness (%) as assigned in the semi-distributed models (right) of the pilot catchments. The axes correspond to the number
of 2 m pixels. The black squares (visible in the middle column) correspond to the studied areasin the fractal analysis.
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Figure3:
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: The sewer network of the Herent West study area observed with the help of pixels of various sizes.
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Figure 4: Sewer system (left) and computation of the corresponding fractal dimension, i.e. Eg. 1 in log-log plot (right), for the
Ghent South and Torquay North areas.
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Figure 5: Impervious pixels at a 2 m resolution (left) and computation of the fractal dimension of the corresponding geometrical
set, i.e. Eq. 1inlog-log plot, (right) for the Rotterdam-Kralingen and Jouy-en-Josas study area.
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Figure 6: Illustration of the computation of the fractal dimension of the area covered by the sub-catchments whose imper viousness
is greater than a threshold T for T equal to 20% (left), 50% (middle) and 80% (right) for the Rotterdam-Centrum study area:
corresponding geometrical set (top) and Eq. 2 in log-log plot (bottom).
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Figure 7: Fractal dimension analysis of the ar ea cover ed by the sub-catchments with imperviousness greater than athreshold T for
various values of T: r? vs. T (top) and Dg vs. T (bottom). On the bottom curves the dash portions correspond to thresholds for
which r?<0.99 meaning the estimates are lessreliable robust (poorer quality of the scaling)
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Figure 8: Functional box counting analysis of the map of sub-catchments imperviousness for 4 selected catchments. Triangles: for

T
each threshold 2-De (Fig. 7) vs. the corresponding singularity ) is estimated as IogA m (where <T> is the average of the
studied thresholds and equal to 50 here). Solid line: theoretical shape of c(y) with UM parameter s estimated with the help of DTM

5 technique(Table2).
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10 Figure 9: For three study areas: D¢ vs. T for the model is plotted (same asin Fig. 7), fractal dimension from the distributed data
(horizontal line), and per centage of impervious pixel at the two meter resolution (vertical line)
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Figure 10: The percentages of distributed imperviousness (%) at the highest data resolution (a) and of the imper viousness of semi-
distributed models (% +% qitr) (b) as function of the percentages of imperviousness resulting from the fractal dimension estimates

(%DF ). Theblack lineindicatesthefirst bisector.
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Figure 11: Empirical relation between the fractal dimensions of the total impervious area and of buildings only. The continuous

lineindicatesthe first bisector, while dotted lineisgiven by: Dg ;4 = 0943D;
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