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Abstract: The Loess Plateau of the Northern Shaanxi Province continues to be an important geomorphological research
zone as a result of its history and geology evolution. This paper assessed the fractal properties of Catchment Boundary
Profiles( CBP) generated from a 30 m ASTER Digital Elevation Model ( DEM) for the study area. Three fractal models
were applied : Box Counting, Higuchi and Hurst. The methods showed slight variation of fractal dimension’s( FD) estimates
for each CBP,with close estimates between the Box Counting and Higuchi models. The Box counting method was the most
consistent and accurate while the Higuchi overestimated in some cases. The FD results shows close similarity with CBP
complexity and harmonic behaviour,revealing the fractals sensitivity to changes in geomorphological characteristics irre-
spective of the size of the object under investigation. The results also closely relate to previous works landform classifica-
tion and dynamic analysis using other methods. The findings from this research would provide vital information for future
land use planning purposes in the region and complement other research interested in the application of fractals for
modelling on climate related studies.

Key words : box counting, Higuchi, Hurst, digital elevation model ( DEM) , fractal dimension

CLC number:P208 Document code: A Article ID;1001-4616(2019)04-0131-14

T it 5 5 i ety B AL e BRI
SR G E R A w A E A R AL

(LR S K2 b BB 22 22 B, VL5 R 210023)
(2.5815 5 A ARG R 2E L ERBL 2224 e, gl IR JE e 214)
(3.BBUR S H AR YRR HER UL 5 AR ot ingl SR TEJE 214)
(4. 75 TG A4 40 RS 2 F B o A S0 0 =, VL5 B At 210023)
(5. 1L7048 M A5 B B0 IT & 5 R PR R BT oG, L5 B AT 210023)

[HAE] B e R R HOp A A i S A0 1 Bk 7 2 A0 b SR 7 IX 3. AR SO 1 Sl b 2 2 A i R e S5
$H1(ASTER) 30 m 25 [6] 43 FF 2R 07 8 FEARL R ( DEM) BI040 $ B AY 7 4k i B T 26 ( CBP ) , PR T B IL 5 + =
JEUNFAS R AR . 18 5 ) H &30 (BCM) | Higuchi ¥ (HIG) F1 Hurst 32 (HUR) 3 /N0 B i B Al 35450800 'k
W, TR A R A R R b BMC A HIG ¥R 25 R B2, 24 HIG 32 76 HE S8 1l Jy 1) 43 2 S0 (i 2T
R, AT EOE I A — B AR I 1S A TR S IR A A (A A D R A M R RN 5
3300 S T £ 1 B P S TR A5 B B R 5 100 BH A (7 %) b 55 A A A AR 5 W R TS 6. AR A5 3
Yt 50 A T AR A 5 i Nl i Aty A5 2 A 45 S — 330, i — 2R A T R el S v 2 A SRS A 20 P Y
BN ARG R X sk - R TR R A T AR AE R4 TSGR S 5T AR I B

[REiR]  AITEU%k, Higuchi 3, Hurst 325, 507 S AR (DEM) |, /0 4%k

Received data:2019-03-29.
Foundation item : Supported by the National Natural Science Foundation of China(41771415,41930102) ,the Priority Academic Program Develop-
ment of Jiangsu Higher Education Institutions( 164320H116).

Corresponding author : Yang Xin, professor, majored in digital terrain analysis. E-mail ; xxinyang@ njnu.edu.cn

— 131 —



PSR 4R (AR R 55 42 5 4 (2019 4F)

Geomorphological research in the Loess Plateau has been targeted on the spatial phenomenon and the evolu-
tion of processes of the landforms'''. Various studies emanating from the understanding the varying changes in

underlying geomorphology , changing climatic conditions to processes involved in soil and sediment formation and

1231 Other studies have used Digital Elevation Models

(DEMs)to characterize hydrologic and landforms features in the Loess Plateau of China'®™®’.

deposits have been conducted in the Loess Plateau

For instance ,reference can be made to the various research on the erosion and soil loess using different tech-

1107121 "The use of DEMs have proven to provide valua-

niques based on the terrain characteristics in the study area
ble resource for extracting several possible geomorphologic features for characterizing and classifying landform-
types. For example,Zhou et al'™*! used Positive-Negative (PN ) terrains based on DEMs to characterize the dif-
ferent landforms in the Loess Plateau of Northern Shaanxi Province. These studies complement and demonstrate
the emerging importance of the use of DEMs to characterise landform complexity. Therefore , DEMs have provided
an easy entry-point for landform characterising to obtain several features to describe their processes,evolution and
phenomenon propagating landform dynamics and changes. Most studies rely on DEMs derived from topographic
maps or from satellite imagery such as Shuttle Radar Topographic Mission ( SRTM ) or Advanced Space-borne
Thermal Emission and Reflection Radiometer ( ASTER ). Depending the specific landform complexity in-depth
study’s needs, a higher or coarser resolution may be required. Generally,to examine the differential landform com-
plexities, the use of high resolution DEMs is eminent.

However, traditional methods capture landform complexities and terrain roughness using DEM is not always
able to reveal the various complexities including the anthropogenic effects. Fractal models have proven to be the
best models to represent this phenomena. Fractal dimension is concise, and interpretative entity taking into con-
sideration the physical information with respect to geophysical and geometrical characterisation of a natural terrain

surface' '

. For example, geologists use fractal dimension to model the natural surface roughness;as this is inde-
pendent of the size of the observed surface'). The reality is that, traditional problems of classical roughness de-
scriptors such as standard deviation height and correlation length depends on the observation scale and the exten-
sion of the surface to which they are estimated''™*'.

The application of fractal concepts in the remote-sensing micro-environment is a long-standing topic, con-
firmed and testified by applications regarding image analysis''® | and,in particular, Catchment Boundary Profile
(CBP) "), Li et al''") examined the CBP of watersheds using DEM in the Loess Plateau of the Northern Shaanxi
Province with some estimates on fractal dimension. The CBP were created from DEMs. The study focused on the
extraction of the CBP ,their statistical properties and using this parameter as a means of classifying the different
landform complexity. However, the relationships between the Fractal Dimension properties and the Catchment
Boundary Profile ( CBP ) properties were not been explored. Therefore , this study examined the CBPs derived from
various watersheds using Advanced Spaceborne Thermal Emission and Reflection Radiometer ( ASTER ) 30 m
DEM for the Northern Shaanxi Province. The study applied three fractal models for the estimation of the fractal

dimension. The findings from this research is anticipated to support climate related studies on geomorphology and

land use planning.

1 Materials and Methods

1.1 Study area

The study area is located between 107°28'E~111°15"E and 35°20'N-39°34'N showing the middle belt of
the Loess Plateau. The Loess Plateau located in the North is characterised by North Mountains, an important part
of the Loess Plateau in China(Fig. 1). The elevation ranges high in the North West but low in the south east.
This part is usually covered by loess layer of 50—100 m in thickness,and maximum thickness up to 200 m.

The Shaanxi region is characterised by continental monsoon climate but shows distinctive regional
differences. It is covered by mountainous areas with sloping fields. The average annual precipitation is 570 mm
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falling within July—October. The average annual temperature is 13.8 °C and wind speed 1.7 m/s. The humid area
aridity is less than 1.0,and semi-humid area has aridity in the range of 1.5 and 2.0. The climate in the region is
characterised by warm,windy spring when the temperatures rise fast and become unsteady. The main rainfall is
concentrated in the periods in July—September. According to report from Wang et al''®' | the average annual sur-
face runoff is 42.58 billion m’ for many years, the quantity of water resources 44.5 billion m’(i.e. ranking the
19th in China). The same report also indicates that the average per capita water resources stand at 1 280 m”,
groundwater resources about 33.6 billion m® and average evaporation losses estimates between 1 000—2 000 mm
annually.
1.2 Dataset description

The Advanced Spaceborne Thermal Emission and Reflection Radiometer ( ASTER) Digital Elevation Model
(hereby referred to as GDEM2) was obtained from the Earth Explorer''”’. The ASTER on NASA’s Terra space-
craft collects in-track stereo using nadir- and aft looking near infrared cameras. Since 2000, these stereo pairs
have been used to produce single-scene (60x60 km) digital elevation models having vertical accuracies generally
between 10 m and 25 m in root-mean-square-error. The GDEM2 was validated using a comparison of the GDEM2
against the absolute geodetic references over the Conterminous US( CONUS) ,against the national elevation grids
over Japan and US,against the Shuttle Radar Topography Mission (SRTM) 1 arc-second elevation grids over the
US and 20 sites globally and against the space borne laser altimeter data present globally. The absolute vertical
accuracy for the GDEM2 was found to be within —0.20 meters on average when compared against 18 000 geodetic

control points over the CONUS, with an accuracy of 17 meters at the 95% confidence level ™’

. The Japan study
found that the GDEM2 varied from the 10-meter national elevation grid by —0.7 m over bare areas and by 7.4 m
over forested areas. The global altimeter research found that the GDEM2 was within 3 meters of the altimeter-de-
rived control and also indicated sensitivity to the tree canopy height. The DEM downloaded for the study area has
the highest elevation as 2 467 m and minimum elevation as 333 m. The mean elevation is 1 207 with standard de-
viation of 243.7 m with maximum slope and aspect being 89.6° and 360° respectively.

1.3 Catchment boundary profile( CBP) derivation

The sub-watersheds created in previous section were evaluated for their fractal dimension based on the
Catchment Boundary Profile( CBP ) Lines. The first step involved the extraction of the CBP lines from the DEM
(Fig.2). This was done as follows;

The following outlines the steps which were used for the creation of the CBPs.

(1) Delineated sub-watersheds for each DEM were generated as shown in Fig. 1. The most critical
component of the watershed delineation was to ensure that all watersheds were categorised equal or above 10 km*
(for 5 m resolution DEM, 10 km® =400 000 cells). In the case of 30 m resolution ASTER DEM, the number of
cells was approximated as 11 111 for the calculation.

(2) The elevation measurements at 10 m distance around the perimeter of each sub-watershed were extracted
and the elevation profiles plotted against the distances. The plot of the elevation heights(m) against the distances
at 10 m interval provided the CBP. The CBP were then used as input variables for the fractal dimension(FD) es-
timation algorithms.

(3) The FD for all the methods were compared and their applicability discussed for each of the cases.

1.4 Selection of CBP

Twentieth (12) selected CBPs were selected based on their representatives among the several profiles for rep-
resentation as shown in Fig. 1. The 12 selected locations numbered from[ 1-12]. For the ease of presentation,
SNet ( x ) denotes the x-th location as already shown in Fig. 1. These locations are divided into Northern and
Southern Zones. For the Northern Zone (NS) ,the SNet(3,4,8,12,9) and the Southern Zone ( SZ) represented by
SNet(1,2,6,7,10).
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Fig. 1 The loess plateau in the Northern Shaanxi Province( The serial numbered 1-12 represent the locations of

the Catchment Boundary Profile selected for the fractal analysis)
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Fig.2 Creation of sub-watersheds

No. of pixels

1.5 Estimation fractal dimension from surface terrain

Three fractal models were applied—the Box Counting Method, the Hurst Method ( HUR ) and the Higuchi
Method ( HIG ). Each of them is further described in detail below :
1.5.1 Box counting method

The BCM is sometimes call the grid or reticular cell counting method'*'). The general mathematical form of
the BCM is;

N(r)=cCr”, (1)
where D is the fractal dimension, N(r)is the number of boxes that cover the linear object measured ,r is the side
length of the square box and C is the constant. The log-log form of this equation is:

log[ N(r) ] ==Dlog(r)+log(C). (2)
To obtain the truthful value of D,one needs to count the N(r)for different side lengths of r,then obtain the

D from the data pairs N(r)and r using least square regressions. This method works best for self-similar linear ob-
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jects. The primary data form used with this method,is grid-based DEM.

The method has been applied to many several studies about streams , coastlines and linear features'*'. To o-
vercome the large computation problems associated with this method ,an automated Matlab function was developed
to allow for the automatic unsupervised box counting!*’.

1.5.2 Hurst exponent

The non-dimensional estimator for self-similarity of a time series is the Hurst Exponent. Harold Edwin Hurst
in his definition to develop a law for regularities of the Nile water level ™. The Hurst Exponent H is correlated to
the fractal dimension D by the relation D=2-H. H is an indicator to determine whether a natural phenomenon or
exhibits some fractal behaviour and also measures the intensity of long term dependency of a time series .
When the time series analysed is random , H=0.5( white noise ) , persistent when 0.5<H<1(there is a scale invari-
ance associated with long term positive correlations) and when 0<H<0.5,is anti-persistent ( there is a scale invari-
ance associated with negative long-term correlations) .

12628] " Notwithstanding , this study made use

29-30]

There are several methods for the estimation of the H parameter
of the rescaled range method as shown in other research as its closeness to reality' . The rescaled range meth-
od( R/®) proposed is based on the hydrological analysis of the Hurst"*''. This method allows the calculation of the
self-similarity parameter H,to measure the intensity of long-term dependence time series.

The Hurst Exponent can be defined in more than few approaches formally. Harold Hurst’s description devel-

oped by himself as the oldest is as follows:

R(n)
E[sm

The expected value of the rescale range is on the left hand side. R(n)is defined on a time series Y,{i=1,2,

}=CnH,n—>OO. (3)

-+ n} as follows
R(n)=max(Y,,i=1,2,---,n)-min(Y,,i=1,2,--- ,n). (4)
S(n)is the standard deviation and C an arbitrary constant.
This produces a method instantly on how the Hurst exponent is computed.
For some i,i=1,2,--- ,N/5(where N is the length of the time series)one computes
R(3)
o 50| (5)

For every size i,the right hand side is evaluated by partitioning the time series into mass of size ;. On every

R(i
mass,R(i)and S(i)for this specific mass computed. The expectation value E [SE l; } for the complete time series
i
is then estimated by taking the average over all sub-results of all masses. This leads to the equation;
Ela]=Ci". (6)
Hence,
log(ELa,1)=log(C) +Hlog(i). (7)

With the use of more than two distinct ¢, these equations would be overdetermined generally on condition that
there is sufficient input data and can be solved using a least squares fit. The estimated value for H becomes the
slope of the fit,the constant offset the estimated value for log( C) which is insignificant in this instance. The ma-
jor setback of the analyses of R/° is the asymptotic distribution of the parameter H.

1.6 Higuchi’s algorithm

The Higuchi’s algorithm can be applied for the calculating fractal dimension of a time series ', The power
spectrum analysis has been used as an efficient and very essential method to analyze irregular time series. This is
particularly true if the Power Spectrum follows the Power Law. The exponent B is the index for representing the ir-
regularity of the time series. The use of Higuchi’s fractal dimension is more appropriate than the spectral
exponent 3.
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In order to estimate the D, Higuchi considered a finite set of observations at regular intervals
X(1),X(2),X(3),---,X(N). (8)

From this series,a new one X' is constructed ,as defined below;

XX (m) X (m+k) X (m+2k) - ,X(m+[N;m}k] , ©)

where m=1,2,--+,k;and[ . ] denotes the Gauss notation , that is the bigger integer and that both & and m are inte-
gers. m and k show that the initial and the interval time respectively.

Higuchi defines the length of the curve associated with each time series X} as:

| e\";m] N-1
Lm(k):z( > (X(X(m +ik) =X(m+ (i-1)k))) |[N-m L (10)

=1 T
where = is the normalization factor. Higuchi takes the average value { L(k) { of the lengths associated with

)
the time series provided in the above equation.
Take for instance,if the average follows a power law,it implies that .
(L(k))y o<k™. (11)
Then the curve is a fractal with a dimension D. Higuchi approximation can even be applied over time series
not stationary. This fact shows the advantage over spectral analysis and Hurst’s algorithm.

The spectral exponent 8 is then related to the D of the time series and with the exponent H,know as the

Hausdorff measure in the following equation ;

B=2H+1=5-2D. (12)
Higuchi proved that if 1< B<<3,then D=(5- B)/2. He also shows that the following limits are possible :

if B—0 then D—2. (13)
This corresponds to uncorrelated white noise. The second limit is;

if B—3 then D—1. (14)

Since the values of the fractal dimension for an index time series is in the interval[ 1,2] ,then the equations
highlighted can be used for analysis.
1.7 Results and discussion
1.7.1 FD of CBP for characterising landforms

The fractal dimension ( FD) represents the self-similarity of a terrain morphology''”’. An increasing value
means more terrain self-similarity. Three methods were adopted for the fractal dimension estimation. The methods
included the Box Counting Method( BCM) ,the Hurst Method (HUR ) and the Higuchi Method ( HIG). For each of
the watershed , all the methods were applied. The authors sought to investigate the appropriateness of the fractal
methods adopted for the estimation of fractal dimension in the study area. The investigation of Grid Sizes( GSs) of
16,32 and 64 indicated that,the GS 32 was adequate and appropriate as it provided the best results. This is be-
cause GS affect the estimation of FD and hence GS are site specific. It is very possible that in another landforms
study , another grid size may be tenable. Therefore, care must always to taken to consider at least three grid size
windows before a decision made on the grid size. As discussed previously,the CBP extracted for the 12 locations
shown in Fig. 3 are the basis of the discussion of the results here. Table 1 provides an overview of the fractal di-

mension , geomorphological characteristics and the landform type for each of the locations.
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Table 1 Landform properties of the 12 selected locations

Properties
Serial D Landform type Geomorpho- .
Cr1e Erosion modulus! "
(P-N) 1] 10gy[34] Vegetation cover! ') ) Land use types! ')
/(t/(km” -yr))
. Temperate typical grassland sub- Mainly non-irrigated field,
BCM=1.32 Erosion and denu-
. . zone, temperate forest-grassland a little bush, timber forest
1 HUR=1.60 Loess ridge dation-low loess 5 000-10 000 N
. sub-zone and north warm-temperate and prairie grass-land Lo-
HIG=1.40 mountains
deciduous oak forest sub-zone ess
The northern part ; temperate typical . . .
Mainly non-irrigated field
BCM=1.39 o grassland  sub-zone; The eastern | 20 000-25 000 . . .
Loess incision . . . with a little prairie grass-
2 HUR=1.57 . Loess ridge and hill | part:temperate forest-grassland sub- | mainly water ero- . k
gorge hill . . land in parts of the north-
HIG=1.47 zone and warm-temperate deciduous | sion
ern sector
oak forest sub-zone
BCM=1.54 Temperate typical grassland sub- | 5 000-10 000 Mainly non-irrigated field,
3 HUR=1.65 | Loess ridge hill | Loess ridge and hill | zone and temperate forest grassland | Mainly water ero- | a little bush, timber and
HIG=1.65 subzone sion prairie grassland
BCM=1.56 Erosion and denuda- . 2 000-10 000 Hill grass land, timber
. . Warm temperate deciduous  oak R )
4 HUR=1.72 | Rocky low hill | tion-low loess mainly water ero- | and forest and little non-
forest zone
HIG=1.66 mountains sion irrigated field and bush
BCM = 1.44 Temperate typical grassland sub- Mainly non-irrigated field,
’ . Loess ridge ( flat | zone, temperate forest-grassland a little bush , timber forest
5 HUR=1.66 Loess ridge . 5 000-10 000 .
HIG=1.53 ridge) sub-zone and north warm-temperate and prairie grass-land Lo-
’ deciduous oak forest sub-zone ess
BCM=1.42 Temperate typical grassland sub- | 5 000-10 000 Mainly non-irrigated field,
6 HUR=1.60 | Loess ridge hill | Loess ridge and hill | zone and temperate forest grassland | mainly water ero- | a little bush, timber and
HIG=0.00 subzone sion prairie grassland
BCM=1.34 . . 2 000-10 000 Non-irrigated field and ir-
. Residual loess table- | Warm temperate  deciduous oak . . .
7 HUR=1.53 | Rocky low hill mainly water ero- | rigated field
land forest subzone
HIG=1.36 sion
BCM=1.47 . . 2 000—-10 000 Non-irrigated field and ir-
.| Residual loess table- | Warm temperate deciduous oak . . .
8 HUR=1.69 | Rocky low hill ) mainly water ero- | rigated field
land forest subzone
HIG=1.56 sion
BCM=1.51 Erosion and denuda- 5 300-8 000 Mainly prairie grassland,
9 HUR=1.72 | Loess low hill | tion-low loess Temperate typical grassland subzone | mainly wind ero- | a little desert and non-ir-
HIG=0.00 mountains sion rigated field
BCM=1.36 . 5 300-8 000 Mainly prairie grassland,
. Loess ridge ( long . . . L .
10 HUR=1.57 | Loess low hill idse) Temperate typical grassland subzone | mainly wind ero- | a little desert and non-ir-
ridge
HIG=1.37 8 sion rigated field
BCM=1.27 . 4 000-6 700 . .
Desert loess . . Temperate  semi-desert grassland R . Mainly desert,a little
11 HUR=1.49 . Loess ridge and hill mainly wind ero- L .
transitional area subzone non-irrigated field
HIG=1.36 sion
BCM=1.48 . . 2 000-5 000 o .
Loess plain table- | Warm temperate deciduous oak . Non-irrigated field, bush
12 HUR=1.72 | Loess tableland mainly water ero- ST .
land forest subzone and little irrigated field
HIG=1.60 sion

SNet(7)is located in the low loess mountainous area with typical temperate grassland ,some forests grassland

and deciduous oak forest zone as indicated in previous works of Zhou et al'

33]

. The area is also depicted by main-

ly non-irrigated agriculture practices with little bushes of grass and timber forest. Recent research from Zhou et

alt®!

shows that the erosion in this area is typically estimated around 5 000—10 000 t/(km®-yr). This confirms

with a relatively high fractal values obtained by the different methods (BCM =1.34; HUR=1.53;HIG=1.36) as
shown in Fig. 3(g). There is consistent between the values obtained from the BCM and HIG. The inconsistency of

the HUR could be attributed to its sensitivity of the estimation of the exponent coefficient,H. The values showed

— 137 —



PSR 4R (AR R 55 42 B 4 11(2019 4F)

that there is considerable amount of anthropogenic activity in the selected zone ,which can be attributed to the ag-
ricultural activities indicated by Zhou et al. (2010) studies. From SNet(7) ,there are also signs of bifurcation as a

result of the erosion. This is indicated by the peaking and valleys of the CBP graph.
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Fig.3 CBPs for 12 selected locations across the study area
Research from Zhou et al'**

shows that SNet ( 8 ) experiences mainly water erosion spanning from 20 000
t/(km*+yr)to 25 000 t/(km”-yr). The graph( Fig. 3(h) ) shows three peaks with deep depression possibly as
cause of bifurcation activities resulting from the massive erosion. This location is the farthest part of the study area
and shows FD values as| BCM=1.47;HUR=1.69;HIG=1.56]. The different methods show variation in the esti-
mates with slight differences between BCM and HIG. The location represents the landform types-Loess Ridge and
Hill. The large values of the CBP could be atiributed to the agricultural activities in the area usually using non-ir-
rigated field methods. It is also very similar to the SNet(7)in that,this is also characterised by temperate grass-
land and forest. However,the FD values for the SNet(8) ,are slightly larger than that of the SNet(7). This could
be attributed to the different degrees of erosion in both locations. For instance,SNet(8)’s FD values are almost
twice that of the SNet(7). This implies, SNet(8) could experience higher degree of erosion, compared to SNet
(7).

SNet(9)shows a symmetrical loess ridge hill (See Fig.3(i)). The FD values are in the ranges [ BCM =
1.51;HUR=1.72;HIG=0.00]. The values for the different methods show some variation with the HIG failing
completely. The location is characterised by erosion in the amounts of 5 000—10 000 t/( km”-yr) ,much lesser
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than SNet(8) ,and comparable to SNet(7) ,with similar anthropogenic activities e.g. non-irrigated agricultural
practices and the support of timber industries.

SNet( 11)as in Fig. 3(k)shows a two-peak profile of loess ridges with the possibility of bifurcation through
erosion. The climate and the anthropogenic activities are similar to that of SNet(7). However,the FD values are
different{ BCM = 1.27; HUR = 1.49; HIG = 1.36 ]. The FD values show that the erosion potentials are slightly
lesser than SNet(7). SNet(12)has FD values ranging from[ BCM=1.48; HUR=1.72; HIG=1.60] ( Fig. 3(1))
and show similarities to SNet(9). It is symmetrical and show similar conditions as in SNet(9)in terms of the ag-
riculture practices and erosion occurrence.

SNet(1)and SNet(2)show relatively moderate erosion estimates from 2 000—10 000 t/( km*-yr) as a result
of water erosion. Respectively the FD values for SNet( 1) and SNet(2) respectively in Fig. 3(a) and Fig. 3(b)
show thatl BCM=1.32; HUR = 1.60; HIG = 1.40 ] and[ BCM =1.39; HUR = 1.53; HIG = 1.47 ]. SNet( 1) shows
three peaks at elevations of 1 250 m,1 600 m and 1 750 m but generally smoothed out in terms of profile com-
pared to SNet(2). SNet(2) shows five(5) distinct signs of possible bifurcation in the watershed. Zhou et al'*' es-
timated for the rocky low hill to be in the range of 2 000—10 000 t/( km*-yr) , it is evident from the fractal values
that ,the SNet(2) shows higher erosion potential compared to SNet(1). In this case,the SNet(2) can be assumed
to have erosion values nearer to 10 000 t/( km*-yr) compared to SNet( 1). More intense bifurcation in the water-
sheds indicate the high level of erosion over a long geological period ,and meaning, more complex terrain surfaces
formed at the end of this period. Both SNets( 1 and 2) represent locations with warm temperate deciduous oak and
forest zone in both cases. Man-made activities primarily agriculture practised is both rain-fed agriculture and irri-
gation.

The SNet(3)and SNet(4)as in Fig. 3(¢) and 3(d) have similar profile as shown in the figure above. The
profile indicates a rapid changing terrain surface within either of the watersheds. The FD values obtained for SNet
(3)and SNet(4)show[ BCM=1.54;HUR =1.65;HIG=1.65]and[ BCM=1.56;HUR = 1.72 ; HIG = 1.66 ] respec-
tively. The SNet(4) shows slightly higher values of FD compared to SNet(3). This could be attributed to more
anthropogenic ( agriculture and forestry ) activities compared to SNet(3). In reference to the geomorphological fea-
tures , both sites represent the loess low hill characterised by erosion and denudation coupled with long ridges. The
estimated wind erosion in these watersheds is around 5 300—-8 000 t/(km”-yr). The agricultural practises are
mainly non-irrigated methods-but it is saddled with pastures of prairie grassland and little desert. SNet(5) shows
desert loess transitional area with loess ridges and hills. The location is eroded by wind with estimated amounts of
4 000-6 700 t/(km*+yr). The FD for the location ranges[ BCM =1.44 HUR =1.66;HIG=1.53]as in Fig. 3(e).
The BCM and HIG methods agree perfectly in estimation of FD.

The SNet(6)represents the typical loess tableland ; relatively warm temperate with water erosion amounting
to about 2 000—5 000 t/(km’-yr). The FD values ranges[ BCM=1.42 , HUR=1.60,and HIG=-0.0]as in Fig. 3
(f). Agricultural practices here are rain-fed and some degree of irrigation.

1.7.2  FD methods applicability

Three methods of fractal estimation for profile lines were investigated in the study. They are the widely used
technique—BCM , HUR and HIG. The fractal dimension estimation clearly provided a way of characterizing the
geomorphological features in each watershed. The FD showed a direct relationship with the CBP , clearly showing
that the fractal theory can be reliably applied for the characterizing the watershed’s geomorphological complexity.
However, there were some differences in the methods for their representativeness to reality in their estimation.

A comparison of the methods is shown below in Table 2.
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Table 2 Comparison and applicability of the three fractal estimation methods

Consistency Estimation

Method . Remarks
e & Reality Errors emarks
® The estimation of all sub-watersheds were consistent.
® There was no estimation errors in the determination of the FD for each sub-watershed.
BCM Yes No ® The method reliably was able to characterize the hypsometric profiles for each watershed.

® ID values obtained were close to reality.
® [t confirms the reasons for the wide-used of the box counting method.

® The FD estimates were not consistent and generally deviated largely when compared with
HUR No No BCM and the HIG.

® This implies the Hurst Exponent is sensitive as depicted in other researches.

® The estimation of all sub-watersheds were consistent.

® The estimation for some cases failed. This is because the Higuchi algorithm finds the fractal
HIG Yes Yes dimension as the slope of the line of best fit between the logarithms of two parameters. When

the parameters are such that the line of best fit( the describing polynomial ) is not unique,

it becomes impossible to obtain the FD.

1.7.3 Elevation effect

As proven in earlier discussion in the paper,results from the BCM are more reliable compared to the HIG
and HUR. Thus,the BCM was used as the means of evaluation for the impact of the elevation heights and CBP on
the FD values.

The SNet(7)shows a graph at a distance of 0 m at an elevation of 750 m,rises to a peak of about 1 550 m at
a distance of 50 000 m along the watershed. It then drops significantly to 750 m and then rise again to 1 000 m
elevation ,then creates a symmetrical profile. This SNet has a two distinct peaks. The fractal value of the CBP
based on the BCM is 1.34. The next SNet(8)starts at 0 m with an elevation of 800 m and rise to 1 080 m,then
falls significantly to a 950, at a distance of 22 000 m,rise again to about 1 050, at a distance of 40 000 m. It re-
peats a similar profile in the next 40 000 m but with a higher peaking elevation of 1 150 m. At a distance of
80 000 m along the watershed, it rises to 1 250 m,then descends gradually to a halt at 850 m. This SNet has a
BCM fractal value of 1.47 and has three distinct peaks. SNet(7) has higher FD values compared to SNet(8). The
possible reason for the higher values for SNet(8) compared to SNet(7) could be the result of more peaking of the
terrain surface in SNet(8)than SNet(7). Though,SNet(7)also has a tendency for single notifiable bifurcation in
the watershed , this effect is not strong enough to have increased the FD. Hence,the large elevation effect from
SNet (8 ) strongly influenced the FD values compared to SNet(7).

The SNet(9) starts at 0 m distance with an elevation of 800 m and rises to 1.25x10° m,then creates mirror
at distance of 2.75x10° m. It has one distinct peak and resembles a normal distribution function. However, it
shows slightly intense harmonic effect in its profile series. Its FD is 1.51. The FD of SNet(9)is far higher than
that of the SNet(8) ,SNet(7)as a result of the possible distinctive four(4 ) peaks and harmonic effect compared to
the SNet(8)and SNet(7). This harmonic effect is a result of the undulating terrain properties, hence rapid chan-
ging elevation has an influenced on raising the FD value.

The SNet( 10 ) starts at O m at an elevation of 500 m through the gradual step-wise increment at a distance of
2x10* m to an elevation of 1 500 m. It drops gradually and rise again at a distance of 3x10* m to an elevation of
1 700 m,and nearly mirrors itself. The behaviour of SNet(10)is similar to SNet(9). However, SNet( 10) has a
FD of 1.36 compared to the 1.51 of SNet(9) ', This can also be attributed to the intense harmonic and peaking
effect indicated in SNet(9). Subsequently, this explains the elevation effect on FD values. High harmonic and
peaking effect in the elevation results in high FD.

The SNet(11)starts a 0 m distance with an elevation of 750 m and then rise to an elevation of 1 150 m at a
distance of 1.25x10* m, then mirrors itself with some regular peaks,and dips to a distance of 2.5%10* m with an
elevation of 800 m. It then rise again with a gradual step-wise to a height of 1 500 m,then gradually drops to
height of 750 m at a distance of 4.25x10* m. It generally shows two distinct peaks with a FD of 1.27. Tts profile is
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similar to SNet(7)and SNet(10). However,the stronger harmonic effect in the profiles and peaking of SNet(7)
and SNet(8) ,give them a much higher FD compared to SNet(11). SNet(12)is similar to SNet(9) except that it
starts an elevation of 800 m at the O m point,rises to 1 400 m through a step-wise increments to a distance of 0.75
x10° m;drops at a distance of 1.25%10° m, then rises again at 1.4x10° m, drops finally at 800 m at a 1.8x10° m
distance. The harmonic effect in SNet(12)and peaking compared to SNet(9) is lesser,and hence has a smaller
FD of 1.46.

The SNet(1)is similar to SNet(7)and SNet(11). It starts at an elevation of 550 m at a 0 m distance and ri-
ses steeply to 1 250 m, then drops at 1x10* m, then rises gradually through a number of distinct steps to 1 800 m
and through a smooth profile to an elevation of 1 200 m at 10x10* m. It then rise 1 500 m at 11x10* m;then
drops finally at 550 m. The FD values for the SNet(1)is 1.32. The SNet(7) is higher than SNet( 1) but also high-
er than SNet( 11). With reference to SNet(7)and SNet(1) ,the possible difference is as a result of the bifurca-
tion. For instance,SNet( 1) has three peaks in comparison to two distinct peaks of SNet( 11). Therefore ,SNet( 1)
has a higher FD compared to SNet(11). This case also showcase the considerable effect of elevation rapid chan-
ges with increase of FD.

The SNet(2)is similar to SNet(11) ,SNet(1)and SNet(7). Its graph starts at 0 m point with an elevation of
1 200 m then gradually descends to 900 m at a distance of 0.4Xx10° m. It rises again to 1 200 m and gradually , at
a distance of 0.75%10° m rises to 1 250 m. It drops for this distance to 950 m height and rises back to 1 200 m at
a distance of 1x10° m. It creates a mirror. At this mirror, it rises at a distance of 1.5x10° m to a peak elevation of
1 500 m, gradually descends to 850 m at 1.8X10° m. SNet(2) has six(6) distinct peaks and obviously has higher
FD of 1.39 compared to similar watersheds’ profile such as SNet(1)and SNet(11). In addition, the bifurcation
effect is additional factor for the increase in the FD compared to the others. Rapid changing elevation coupled
with the bifurcation effect can give rise to higher FD, as explained here.

SNet(3)starts at 1 320 m at 0 m point distance ,and rise to 1 700 m at a 1X10* m distance. It then drops to
1 500 m at a distance of 2.5x10* m. It rises through step-wise increments to a height of 1 800 m at a distance of
6x10* m. It descends through a dense-reduced to a height of 1 550 m at a distance of 12X10* m. It rises for this
stance to a height of 1 700 m through short and fall to low height of 1 570 m at a distance of 14x10* m, then mir-
rors itself. This profile has four(4 ) distinct peaks with a FD of 1.54. SNet(3)is closer in similarity to[ 3 ], but
due to its more peaks,has higher FD compared to the SNet(9) with an FD of 1.51.

SNet (4 ) shows similarities with SNet(9)and SNet(3). It starts at 0 m with an elevation of 1 280 m and then
rises step-wise through several harmonic effects to a height of 1 750 m at a distance of 0.8x10° m, it drops to
1 550 m and again,rises to 1 850 m at a distance of 0.8x10° m. At this point, it creates a mirror. This mirror is
repeated roughly three times then at a distance of 1.5%10° m rises to 1 700 m then descends to a height of 1 280
m. At a distance of 1X10° m, then graph is symmetrical with four(4) distinct peaks to the right and left. SNet(4)
has in total eight(8) distinct peaks and has a FD of 1.56 and hence is much higher compared to SNets(3,9,12).

The SNet(5)is similar in profile characteristics to SNets(3,7,8,11) but however with an intense profile har-
monics compared to the others. This SNet starts at an elevation of 980 m rises gradually to 1 330 m at a distance
of 0.8x10° m and then drops at a gentle slope to a low height of 1 100 m, then rises step-wise to a height of 1 350
m at a distance of 1.5%x10° m then drop finally at 980 m elevation. The FD value for SNet(5)is 1.44. SNet(3)
has more peaks than SNet (5), hence has a higher fractal value. Also, SNet (5) has more peaks and more
harmonic effect and hence have higher FD values compared to SNet(2). This result is comparable for SNets(5,
11,7). SNet(8) has more peaks,and hence has a higher FD compared to SNet(5). A look at SNet(6) show close
profile characteristics with SNets(12,9,10). It starts with an elevation of 550 m at 0 m distance, rises to 1 200 m
with a step-wise increment,rise and fall through a 100 m depth,and then drops at a distance of 8x10* m with a
height of 1 100 m. It then rises to 1 250 m then drops finally at to low height of 550 m. SNet(12)and SNet(9)
has more peaks and possible harmonic effect,and hence has higher FD values compared to SNet(6) with an FD
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value of 1.42. However,SNet( 10) also has lesser FD value compared to SNet(6)with the same result of peaking
and harmonic effect.

In general ,the peaking and the harmonics effects of the CBP series indicate the degree of complexity of the
terrain , the more complex and intense a CBP is;the higher the fractal dimension. This has been strongly demon-
strated in this research that peaking and harmonic effect have a direct correlation with the FD behaviour. Also,
peaking and the harmonic effect,show the degree and potential of erosion activity in the watershed. Therefore , the
ability of FD to reflect this property is key to understanding the phenomenal behaviour of watersheds using CBP
approach.

1.7.4 Bifurcation effect on the CBP

There are visible of some possible bifurcation effects in a number of the CBPs as shown in SNets(2,7,8 and
11). For instance , for SNet(2) shows possible bifurcation effects at locations 1X10* m,6x10* m,9%10* m and
14.5%10* m with V-shaped valleys( saddle bifurcation ) at distances of 4.5x10* m,7x10* m and 8x10* m. The FD
for SNet(2)is 1.39. In the case of SNet(7) the bifurcation effect is identified at distances of 0.5%10* m,5%10* m
and 12.5x10* m. There is also bifurcation effects in the form of saddles at a distance of 11x10* m. The FD for
SNet(7)is 1.34. At distances of 0.25%10° m,0.75%10° m,0.9%10° m,1x10° m,1.25%10° m,1.5%10° m with V-
shaped valleys at distances of 0.3x10° m,0.8%10° m,1x10° m,1.1x10° m and 1.2x10° m. The FD for SNet(8)
is 1.47. Bifurcation effects have also been identified in SNet( 11) at distances of 1.25%10* m,1.75x10* m and 3.5
x10* m with a V-shaped valley at distance of 2.5x10* m. The FD for SNet(11)is 1.27.

The above findings show that the higher the number of bifurcation effects within the terrain,the higher the
possible estimate for the FD. For instance, SNet(8) has a higher FD compared to SNet(2) ,SNet(8) and SNet
(11)as a result of the higher bifurcation effects on the terrain. V-shaped valleys are generally formed a result of
water erosion in the terrain. Aside this,the findings also show that CBP could provide some insights to bifurcation
effects in a landform.

The above findings also indicate that the bifurcation result in harmonic effect within the watershed , which re-
sults in severe erosion and that leads to the increment in fractal values. It is recommended that future studies may
consider the establishment of mathematical relationships between the fractal value and the bifurcation ratio as this

was not part of this current research under consideration.

2 Conclusion

Deeper analysis of the fractals for the CBP is necessary to interpret the landform complexities and dynamics.
In this paper,the authors assessed the fractal dimension of CBP in order to characterize the geomorphological fea-
tures of small watersheds in the Northern Shaanxi Province of China. Three methods were used—(1)BCM, (2)
HUR and(3) HIG. The first method was able to reliably estimate the fractal dimension in all cases without any
fail ,the second method-Hurst exponent in most cases over-estimated the fractal dimension while the last method
results were similar to that of the box counting method. The results also demonstrated that peaking and harmonic
effect of the CBP profile have a direct correlation to the fractal values obtained. The results from the fractal di-
mension and CBPs show a close link with the various landform types-loess hill,loess low hill ,loess rocky low hills
and loess tableland and their phases of anthropogenic and geomorphic activity. Therefore ,the fractal methodology
is applicable for the characterizing the geomorphic features of the loess plateau under study. The paper hopes to
provide a detailed baseline information for fractal studies in the Loess Plateau and to complement future studies in

the case of land use planning in this region.
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