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Fractal drainage model — a new approach to determate the complexity
of watershed

Daniel Constantin Diaconu *, lon Andronache? Helmut Ahammer *, Ana-Maria Ciobotaru *,
Martina Zelenakova®, Roxana Dinescu®, Aleksandr Vasilievici Pozdnyakov’ and Svetlana Alekseevna
Chupikova®

This study uses fractal analysis to make a fradgtainage model, a new way to determinate the caxitplef watershed. The drainage
model is a graphical representation considering kbgarithmic scale of the number, length and averéngth of the river segments of
a different order. The drainage model of Jijila erthed was based on classifications elaboratedttahi®r and Zvoianu using fractal
analysis.

This morphometric model allows the observation wdlitative and quantitative inter-determination thfe watershed. The fractal
analysis of river segments reflects the over-exacutf the Jijila watershed due to the elongateded@ment of the watershed, asymmetry,
low average gradient. Hence, the Jijila watershidud have more of"2and 3" order river segments.

The morphometric analysis was made in the watershjéa, a small river in the South-East RomaniaglPogea, from Mcinului
Mountains. The fractal analysis of the fractal drage model was made using topographic maps of 0b@@ale, geological map of
1:200000 scale and field trips. The Image J 1.5fwse for image processing and Benoit softwareléterminate the fractal dimension
box-counting of the river's watershed were used: @search confirms the hypothesis that the frack&inage model confirms over-
realization of the Jijila watershed, and it mayfoether successfully used.

This model has the big advantage that it does eqtire measurements of number, length and the gedength of river segments,
preventing errors that may be introduced by theedeination of lengths and average lengths.

Keywords: fractal analysis; drainage modetorphometric patterns; hydrographic network; boxtsting; geometric progressions.

Introduction

The drainage model is a graphical representatidim lvgjarithmic scales for the number, length angrage
length of the river segments of various orders.hWitis model, qualitative and quantitative desaipg of
watersheds are possible a@ianu, 1985). Hydrological analysis and geomorpbimial processes from
watershed lead to morphometric characterizationsoltain new information about the apparition and
development of hydrographic network and geomorpdiodd processes (Singh, 1992, 1995).

Important morphometric research work was perforritédrton, 1945; Strahler, 1952, 1957, 1958, 1964;
Schumm, 1956; Hack, 1957; Melton, 1958; Morisav@#62, Chorley and Haggett, 1967; Chorley and Kennedy
1971). Other surveys that solved hydrometricaléssused morphometric indices to solve limnologybfEms
and investigate territorial hydrologic regionalipat (Moraru and Savu, 1954; Diaconu afdrban, 1994;
Gavrila et al., 2011; Andronache et al., 2015; Ciobotaf15, Blistanova, 2015).

The fractal analysis was used in geographical studélated to deforestation and evolution of ferést
Romania (Andronache et al., 2016a,b; Retret al., 2016; Diaconu, 2016; Pintilii et al.,1%).

The assessment of drainage models and the managemeater resources are represented by the use of
the Geographic Information System (GIS) (Gdivet al., 2011; Valjareviet al., 2015; Kr§ak, 2016), and by
the use of fractal analysis (Andronache et al. 62@iobotaru, 2015).

A fractal is a rough or fragmented geometric shéya¢ can be split into parts, each of which isléatst
approximately) a copy of the whole reduced in $Mandelbrot, 1982). The fractal dimension is a suea of
complexity, of the extent to which the fractal il space, quantifying the degree of irregularityda
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fragmentation of a geometrical structure or of dural object. Usually, its actual value is highé&an
the topological dimension. Based on Gray equati@ray, 1961), B. Mandelbrot indicated that riversséna
a fractal dimension of 1.2 (Tarboton et al., 1988ddels subsequently designed by B. Mandelbrotllgbted
the fractal nature of rivers (Tarboton et al., 1J9&8ased on B. Mandelbrot’s contributions (Mandetb1982,
1977), many researchers applied fractal analysisv@r surveys, such as (Andronache et al., 20]5intelt,
1988; La Barbera and Rosso, 1989; Tarboton e1290; Veltri et al,. 1996).

In this study, our purpose is to perform fractadlsisis of the drainage system for the Jijila wdtedsbased
on classifications elaborated by Strahler aadaranu.

Materials and Methods

Data analysis

Topographic maps of 1:50000 scale were used tectallata for watershed and altimetry elevationsc&au
sheet L-35-XXIX, 1967, a topographic map of 1:200&@ale was used to collect the type and age ddsroc
ASTER GDEM with 30 m spatial resolution of terralata was used as the basis of the digital reliedleho
(Ciobotaru, 2015).

Experimental design

Based on topographic, geological and landslide mapdrainage model and fractal analysis could be
elaborated for the Jijila watershed.

After extraction of topographic contours and getiereof a binary image, the number, length, and aye
length were measured using ImageJ 1.51i softwachn@der et al., 2012). Fractal dimensions wereprded
using Benoit 1.31 software (TruSoft, 1999).

The watershed had been previously classified usiadstrahler system (Fig. 1). This classificatigatem
allows a good evaluation of the order of a waterrse, and also allows the possibility for statatisrocessing
of data achieved on value classes, as well addbomation of cross-referenced studies.

According to the Strahler classification systentirggs are considered 1storder. The 2nd order oczsirs
a qualitative leap, as a consequence of confluericevo 1st order river segments. The 3rd order oxcu
following the confluence of two 2nd order river ssnts and so on. A higher order segment (4) reseive
a tributary of a lower order (1, 2 or 3), withougaalitative lap, it maintains its order (4).

In the Jijila watershed, 209 river segments weeatified (with a distribution of 4.41 river segmsknt),
of which: 163 ' order river segments, 36%brder river segments, 9%%rder river segments and 1 érder
river segment. We can see, especially fdrabd 2° order segments, that most river segments areeldaat
the right bank, where pediments are extended onadlexr surface.

Fig. 1. Jijila watershed — Strahler classificatiam watershed; b. Jijila Valley; c.Sorder river segments; d"order river segments;
e. 3% order river segments; f™order river segment.
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Following equations were used for the drainage hode

[(M)‘f(m)‘f(m)]X[(Nm1+Nm2)+(Nm2 +Nm3)(Nm3+Nmg)]

R. = Nmy Nm3 Nma 1
¢ (Nm1+Nm2)+(Nm2+Nm3) (Nm3+Nma) ( )
N, =2m j=1234 )
Ci_R£—3ll_lll
)+ () + (22| X L Lin2) + (L Lnz) (s Lina)]
R, = 3)
(Lm1tLm2)+Lm2+Lm3z) (Lmz+Lma)
Lo=-"%, i=1234 (4)
L
)+ ()4 (22) | s + o)+ (o +ms) (i +ima)]
R, = (5)
(a1 +lm2)+(Umz Hlimz) Ums +lna)
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l

wherem are measured (real) valuess calculated (using ratio obtained through wedgharithmetic mean}y,
is the river segment rati®, is the river segment length ratig; is the river segment average length ratgs
the number of %order river segments N, is the number of W order river segmentd; is the number of '3
order segmentsy, is the number ofZorder river segments;; is the sum of length of*brder river segments;
L, is the sum of length of"2order river segments;; is the sum of length ofBorder river segments; , is
the length of #order river segments; is the sum of average length dfdrder river segments;is the sum of
average length of"2order river segments; is the sum of average length df 8rder river segmentd; is
the sum of average length df drder river segments.

As a new approach, we propose a fractal analysidemfor river segments of different orders. Box-
counting was selected as the method to determané&dhtal dimension. The box-counting dimensionsists of
counting the number of cells §(required to cover the structure, depending onsthes of these cells. Then
these values are represented by logarithmic coateinlogN = f(loge). The slope of a linear regression is
an estimate of the fractal dimension. The mathensatuation is:

DB = lim,_, (—"’g ”?) )

log&_

Where DB is the box-counting fractal dimensienis the size of the boxynd N(g) is the number of
adjacent boxethat do not overlap on theedge and are required to cover the area of tlotafrabject (Russel et
al., 1980; Di Leva et al., 2007).

As the zero limit cannot be applied to digital irragDB is estimated by the formula:

DB =d, (8)
whered is the logN(e)] gradient tologé [41].

For river segments, the box-counting dimension imaye values between 1 and 2 (approximately 1 when
the river segments are perfectly linear and appnaily 2 when they are extremely sinuous, approgchi
the shape of a Hilbert curve).

The box-counting method is also adequate in the cdsbi-dimensional, heterogeneous and irregular
structures, where other methods usually face gliffatulties to determine the fractal dimension.

The box-counting method is not only capable of deiteing the fractal dimension, but it also allows
discrimination of possible scaling methods, gratdi@ranges, corresponding to different scaling pribg® for
different scale ranges.

Based on fractal dimensions, we propose a new maomptric model: the fractal drainage model.

[(BR2L)+(PE2)+(BE)|X[(D By + DBma)+ (DBma +DBmz) (DB +DBma)]

R — L\DBmg2 DBm3/ \DBmg4 (9)
FD (DBm1+DBm2)+(DBmy+DBm3)(DBm3+DBma)
FDy =22m | =1234 (10)
Rpp

14



Acta Montanistica Slovaca dlume22(2017), numbet, 12-21

m are measured (real) valuesis calculated (using ratio obtained through weggharithmetic meanRp is
the ratio of fractal dimensions of river segmentsl &D; are the fractal dimensions of th& order river
segments.

Study area

Jijila River is part of the small Northern Dobrogeaters and streams fromakin Mountains (from 300 m
elevation), north-west from Greci Peak. It sepa&fiécin Mountains — Chiéu Hill - Ciclaiasi Hill — V acareni
Hill from Pricopanu Crest —d&ariei Hill — Orliga Hill. Jijila Lake located in Dawbe's flood plain (Romanescu
and Cojocaru, 2010; Romanescu et al., 2013; Romaretsal., 2014) (Fig. 2).

The Jijila watershed expands on a surface of 47M#§ showing a moderate left side asymmetry.
The asymmetry coefficient is 0.38, being higherupper and middle courses. The surface of the laftkb
watershed is 28.238 Kmand the surface of the right bank is 19.188.km

This river usually has low flow rates with multisaral average values reaching approximately G/8,rut
with occasional fast flash floods with high erosibpotential.

The watershed shows a high sinuosity coefficien62), dictated by the elongated configuration and
an average height of 176.3 m (indicating an intgnseoded landscape, pediment inselberg type). & lier
a small differentiation between the two componeiise highest elevation on the left bank (208.12isn)
determined mainly by the presence of sharp insgtheyenerated on hard rocks, while the right bddkd.6 m)
is dominated by rounded or domed inselbergs.
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Fig. 2. Geographical position of the Jijila catcbnt area.

The Jijila catchment area overlaps with the Norttbidgea Orogen (Pricopanu Crest &dih Mountains)
and with the Danube's flood plain area. Litholotijcat overlaps with the Nicin nappe (made of gneiss, granite,
granodiorite, amphibolite, quartzite, phyllite agdarzitic slate), partially drowned in loessoid dsits and
quaternary loess (lonesi, 1992). Apart from lodbgre are also other quaternary deposits such agael
(on erosion stacks), diluvia, colluviums, proluvisigen slopes) and alluviums (in Danube flood pléiiy. 3).

The landscape generated by hercynian orogen wateerstarting in the Mesozoic, and thus it was
gradually transformed into a plain that cut throitghbasal section, where the system of (very tagid faulted)
folds and magmatic bodies appeared under the sifagdenost parallel strips with NW-SE orientatioriioBene
neotectonic impulses slightly elevated this regishich was subject to a novel reformation exercidiégrently
depending on rock strength. The most erosion-seasibck alignments were sedimentary strips andtira
lines, and valleys and depressions were formedgatleam. Interfluves remained between them, on hacll's
(granite, quartzite, crystalline slates) (Jacko adt 2016). Modelling in a semi-arid climate favdre
sedimentation, leading to the formation of a specifppalachian landscape, characterized by distiticd-
structural shapes.

The largest part of valleys fragmenting ofiéth Mountains is displayed longitudinally to theusture
(Jijila, Luncavta), with the exception of Greci valley (SW from themonymous locality) and Cerna valley
which intersects transversally hercynian structares tectonic dislocations.
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The average density of fragmentation of the Jijiltershed is 2,089 km/Kmthe minimum value being
0 km/knt (Jijila pediment), and the maximum value 4,8 knfikdticareni Hill).
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Fig. 3. Geology and lithology of the Jijila catcant area.

Groundwater in this area may be found at the botdm quaternary deposits layer, displayed on lmdss
deposits with scree, formed at the bottom of slopesn valleys due to disaggregation of base rétkter
courses running on valley bottoms are supplied fithie groundwater. The phreatic surface is locaied
0.5-2.5 m in Danube's flood plain and more thar®#wlin a hilly area.

The highest elevation on the Jijila watershed 8.3, and it is located in the southern area, ricopanu
Hill, which is made of granites. From a hypsomesiandpoint, more than 2/3 of the watershed suréaee
represented by the altimetry range of 0-100 m (bictv approximately half is the altimetry range 5@ m),
made of pediments and deluvial stripes. The altiynetnge of 100-200 m corresponds to a higher endsivel,
where erosion stacks were maintained, suchadreni Hill (167.5 m) and Cornetu Hill (114.9 m). E&ions
higher than 200 m are found in the S and SE regafnthe watershed, being related to the granites an
crystalline rocks located at the surface of ChemuhMains (259.7 m), Pricopanu Hill (370.3 m) and|fiasi
Hill (203.4 m).

The relief energy of Jijila Valley is 309.2 m, teéevation of the spring is 309.6 m and the elevatib
the discharge point (Jijila Lake — Danube floodplais 0.4 m. The average relief energy is 63.068 m,
the minimum value is 1.5 m in Jijila Pediment, ahd maximum elevation is 188.5 m on Cheia Mountains
55 % of the watershed surface shows low valuehefrelief energy, between 0-50 m, 40 % averageesgalu
ranging between 50-150 m, while only 5 % are higlugs above 150 m.
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Fig. 4. a) Fragmentation Index map and b) Slopg mf the Jijila watershed.
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Correlative analysis between landscape fragmemtatémsity and relief energy density shows a moderat
connection. 18 % of the paired values analyzed show strong connection, a strict dependency, therst
representing whether indirect determinations oxistent correlations. (Fig. 4a and 4b).

The Jijila watershed, located in an intensely, sul#ly modeled region, shows low inclination slep&
average 5 to % The lowest gradients are found in the flood plahuvial surfaces and pediments ;5
followed by torrential watersheds and suffusionitsnd by the deluvial stripe (5% 5and steeper gradients
are found in sharp inselbergs (1525 he average gradient of the Jijila Valley thajwe reduced (1L3), being
developed mainly in the pediment sector. Correfabietween the average thalweg gradient with slopdignts
reveals a thalweg erosion trend, imposed by thergétayout of the watershed (Bobal et al., 2010).

In this survey, we propose a new model of analgithe degree of execution of a watershed: thetdtac
drainage model, which shall add to the traditianatphometric models used until now.

Results and Comments
Using binary images (Fig. 1), measurements of numeagth, average length and fractal dimension of

river segments were carried out based on Straldessification. Subsequently, using the weightedragye
(Eq. 1-6 and 9-10), the calculated values of tipesameters were achieved. Results are shown ireTabl

Tab. 1. Parameters of river segments.

Parameter Order Ratio
i=1 i=2 i=3 i=4
Number of river segments N Measured 163 36 9 1 Re
Calculated 461
191.3 415 9 1.95
Summed length of river segments| Measured 68.131 29.38 8.79 12.493 Ry,
Li Calculated 2.35
48.494 20.646 8.74 3.74pR
Average summed length of river| Measured 0.418 0.816 0.977 12.498 R,
segments | Calculated 0.19
0.036 0.188 0.9771 5.062
Fractal dimension FDO Measured 1.25 1.16 1.10 1.17 Rep
Calculated 1.04
1.19 1.14 1.10] 1.04

Drainage model

Distribution of river segments (N) of various orders is achieved based on a dekicg geometric
progression (163%order river segments, 36“rder river segments, 9°®rder river segments and 1 drder
river segment), with a ratio of 4.61. The deterrtiovaof this ratio allowed the calculation of thermal value of
a standard geometric progression. In conditiona sfandard geometric progression, tHerder river segment
should be improper, at 1.95. This reflects the oealization of the Jijila watershed, which in n@lmonditions
(without constraints imposed by existing physicabgraphical conditions) should be 8ider.

The length of river segmentgL) of different orders is 118.79 km. The drainatgmsity (D = L/S; where D
is the drainage density, L is the length of hydapdnic network and S is the surface) is 2.5 kni/kfine general
average length of river segments is 0.73 km/segnwith regard to the distribution of summed lengbifisiver
segments of different orders, we can note the exigt of a descending geometric progression, exaepti
the sum of order segments, with a ratio of 2.35. In conditiohs standard geometric progression, the length
of 4"order river segment should have been only 3.74&% km less than the actual length. Thus we mag no
a very high value of the measuretbdder river segment of 49 km, which was formedhia middle course and
which accounts for 74.19 % of the total length igfaJValley. This was possible due to dominant eliepment
in loessoid structures and pediments of the wageksh

The average length of river segmentgl) of different orders is 14.71 km, and it repes the ratio
between the sum of summed lengths (L) and the nuthjeof river segments of different orders. Digtriion of
summed average lengths is based on an increasomgegic progression, with a ratio of 0.19. In cdiudis of
a standard geometric progression, the averagehafgi"order river segment should be 5.06 km, 7.43 km less
than the actual length.

The determination of the ratio allowed calculatafrthe normal value of a standard geometric praioes
for each parameter.
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Based on these three parameters, the morphomegiitade model was elaborated using Microsoft Excel
2007 (Fig. 5).

1000.00 5
00.00 — |
1000 | _ ol
1.00 : JL ' — _._ e:.::_'.-_'-i_---l__ | 1
0F PR e e [ H2 27 %2 37 42
0.10 4 ] ] ] ] | ]
TN measured L] ZL measured i+ Tlmeasured
—— Expon. (EI measvred) = = Expon. (EL measureg) =—=—=——- Expon. (Z] measvred)

Fig. 5. Drainage model of Jijila watershed.

Analysis of this model reveals the following:

*  The degree of realization of the watershed is disgd graphically at the intersection of the linesofnmed
lengths with the line of summed average lengthd, ias 110 % (the point of intersection of thegees
corresponds to an abscissa value of 4.1), showiagealization.

e The calculated value of the river segment of tighést value (1V) is improper, amounting to 1.95wing
over-realization of the watershed. At a conflueng#o R. = 4.61, this proves the presence of a relative
balance within the entire watershed.

«  Except for the 4 order segment, the other segments follow - somestoatly - a geometric progression,
thus supporting a relatively uniform evolution bétlandscape.

«  The measured value of summed lengths'bb&ler river segments is less than theodder segment length,
due to poor development determined mainly by timeldaape configuration (predominant pediments) and
lithology (predominant loessoid deposits, that fawdiltration of waters to the detriment of suréamunoff,
determining very rarely formation of*3rder river segments). With regard to tHeodder river segment,
we may see that the calculated length and the geelangth are lower than the measured values,
showcasing the over-sizing which supports an ogalization of the Jijila watershed. If the watexdiad
been executed, the length of Actder river segment would have been 3.74 km and.2@t9 km, which is
the actual value.

Fractal drainage model

Fractal analysis of the®12", 3%and 4" order river segments reflects, similar to the dagmodel, over-
realization of the Jijila watershed.

The fractal dimension of thé'12™and % order river segments show the natural descendémgitof fractal
dimension with the increase in the order of rivegraents (the higher the order, the lower the nunaber
segments and implicitly the summed length of trseggments).

Exception from this rule is the case of Jijila wated, the % order river segment, which has a fractal
dimension higher than the summed fractal dimensiwthe 3° order river segments, thus reflecting over-
realization of the watershed. The lower fractal efision of the 8 order river segments (1.10) compared to
the 4" order river segments (1.12) are due both to a Iasuenmed length and also to a lower sinuosity 'f 3
order river segments. In the case of an executdersteed, which follows the geometric progressibe, ftactal
dimension of 3 order segments would be higher than therier segments (1.10 vs. 1.06) (Fig. 6).

I o m v
Stream Order
Fig. 6. Fractal drainage model of Jijila watershed
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The fractal dimension of Jijila Valley (Fig. 1f) k.22, and the fractal dimension of Jijila watetshe
(Fig. 1a) is 1.42 (including here all river segnsendisregarding their order). Both situations retfleelative
uniform physical-geographical conditions wherddijatershed was formed and developed.

Our research confirms the hypothesis that the dtattinage model confirms over-realization of fijéa
watershed, and it may be urfurther successfullgluséis model has the big advantage that it do¢seatuire
measurements of number, length and average lefigtheo segments, preventing errors that may beditced
by the determination of lengths and average lengths

Further research is needed both for other watessand for the Jijila watershed, but in progressieges,
in order to determine whether this model may beldee the determination of the evolution of thelizstion

degree
Conclusions

In order to be executed, the Jijila watershed shdalve more of ¥ and 3° order river segments and at
least two 4 order river segments and on& 6rder segment. However, the specific physical-gepigjcal
segments where Jijila watershed was formed andajeae did not allow such evolution.

Analysis of drainage model and fractal dimensioreads that the Jijila watershed is over-executéiis
mainly due to:

« Elongated development of the watershed, favoringld@ment of lower order river segments (1 and 2);
*  Watershed asymmetry (asymmetry coefficient of Q.38)

«  Low average gradient (5%6

e Predominance of pediments to the detriment of begess;

e Lithology (predominance of loessoid deposits), taaor water infiltration, obstructing the formatiamf

3" order river segments t3rder river segments spring from inselbergs andeere diurnal rock surfaces,

favoring surface runoff and implicitly a higher drage density).

For a thorough analysis of the degree of realipatibJijila watershed, another morphometric modets
required as follows: the surface model, the pemeatodel, the elevation difference model, the ayegradient
model and the average elevation model.

In conclusion, the fractal analysis may be a viafjléckly and versatile model for assessment oftgree
of realization of a watershed, and results achiewey be correlated with results generated by arsalys
morphometric models for an accurate evaluation.
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