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Abstract: The Loess Plateau of the Northern Shaanxi Province of China is an important area of research for geomorpho-
logical studies. Several studies have been conducted in the past in this particular subject of geomorphology. However,
spatial variability of fractal dimension ( FD) vis-t-vis its relationship with landform characteristics have been limited.
Thus , the paper assessed the application of fractal methodology to investigate the fractal properties the terrain and stream
networks. The results show that Grid Size ( GS) for the FD estimation affects the distribution of the values obtained. It was
recommended that for the Loess Plateau understudy,a GS of 32 was realistic and mimics well with the landform classifi-
cation types provided by other studies. The GS of 16 and 64 underestimates and overestimates the FD respectively. The
FD values for the stream networks indicate that Strahler Numbers (SN) and FD are related. For instance,the higher SN,
the higher FD. However,a more in-depth analysis of the SN and FD needs to be conducted in future studies. The findings
from this study could provide a baseline support for future research on geomorphology in the Loess Plateau and support
for other regions interested in similar work.
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Digital Terrain Models( DTMs ) provide an easy simple data structure that allows for easy and effective extrac-

tion of terrain derivatives and hence has led to the wide acceptability and use of DTMs for geomorphological stud-
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ies , hydrology and soil science''!. Geomorphological features include points, lines and polygons such as peaks rid-
ges ,saddles and gullies on the land surface that help to classify landform types. Such features control the spatial ge-
omorphology of a particular place in question. Several Chinese scholars have proposed the extracting of geomorpho-
logical points from DTMs, typically from Digital Elevation Models. Typical examples include extraction of saddles
based on runoff concentration simulations or extreme elevation points along water-shed boundaries'*'. Watershed
hydrology is one of the key components of geomorphometry. For instance ,surface geomorphometry affects the water
flow regime ,flow generation and the routing in the watershed hydrology. Differences in terrain, also affect the spatial
dynamics of the hydrological characteristics. DEMs have been used for hydrological modelling and prove to be an
important entry point for geomorphometry studies''*’.

One of the emerging techniques,has been the application of fractals to improve understanding of hydrological
regimes and geomorphological feature complexity. The word fractal invented by Mandelbrot was to bring together
under one umbrella of objects that have certain structural features in common ,regardless of their appearance in ge-

). This fractal phenomena has

[5-12

ography, astronomy, fluid dynamics, probability theory and pure mathematics
received several attention in the field of mathematics, biology and geomorphology'>™?'. Tt has evolved to become
new for traditional applied mathematics and a revolution in topological space theory research,which is applicable for
simulating and characterizing landscapes precisely by using mathematical formulae'"’.

The integrated and cumulative influence of various geological processes result in the formation of topographic
features' ' . The spatial entities are the result of different features such as in shape,size,and relief. Fractal proper-

51 coral reefs' ' and river net-

ties of geomorphic features have been investigated by several authors such as slopes
works!'”). In landscape research, fractal measurements provide information about the space-filling properties of a
mosaic of patches at all scales. The fractal dimension,FD,provides a characteristic variable to indicate the variation
that is useful in terms of the processes influenced by development. In order to estimate the fractal dimension of any
linear phenomenon , variety of methods exist. These include box counting,triangular prism areas , projective covering
method and fractal Brownian model' "'/,

In this paper,we assessed spatial fractal properties of stream networks in the Loess Plateau in the Northern
Shaanxi Province. Terrain complexities in general are shaped by various riverine processes on the landscape indica-

ting their degree of importance of rivers and streams. The degree of complexity of the fractal properties of the stream

networks would inform about unit of complexity of such a geomorphic

feature. Therefore , the research findings would bring to fore, deeper un- NI 8

derstanding of differential changes in geomorphological features. This 4

could also be used in conjunction with traditional methods for improved

interpretation and understanding of landform complexity. 38N o T

1 Materials and Methods b

1.1 Study area and dataset ~:
The Northern Shaanxi region is dominated by continental monsoon r36°N g 11‘;%

climate but with some regional disparities. & 3 y

The average annual ;h b j}
precipitation is 570 mm. This falls within the period of July—October. The

climate is characterised by warm,windy spring when the temperatures rise 0 40 80 160k Flevationm
steadily. The average annual temperature is 13.8 “C. The main rainfall oc- r34°N i 333
108°E 110°E

curs in the periods in July—September. 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( See Fig. 1). The Advanced Spaceborne Thermal Emis-
sion and Reflection Radiometer( ASTER) Digital Elevation Model ( hereby
referred to as GDEM2 ) was obtained from the Earth Explorer' .

Sila¥ Legend

Fig.1 Study area showing the Northern
Shaanxi Province of China
(Numbered locations of 1-12 represent

selected stream networks)
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1.2 Box counting method ( BCM)

The BCM is mostly used to determine the fractal dimension. It has been widely used to determine area of irreg-
ular cartographic features. It is sometimes called the grid or reticular cell counting method'"’. The box counting ap-
proach has been applied to many several studies about streams , coastlines and linear features'”'!. The general math-
ematical form of the box counting method is;

N(r)=Cr", (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 objects.
The primary data form used with this method,is grid-based DEM.

Some challenges have been identified with the standard application of the method as it depends on significant
computation power. To overcome the large computation problems associated with this method ,an automated Matlab
function was developed to allow for the automatic unsupervised box counting!”’.

1.3 Selection of grid size and stream networks

The ASTER DEM was used to delineate watersheds of approximate equal areas of 10 km’. This was to ensure
easy comparison for the terrain complexity of the watersheds. About 124 sub-watersheds were created for the study
area. Out of this number,a selection of 12 representative sub-watersheds’ stream networks were selected. Each of
the stream network was denoted per the location presented in Fig. 1 as SNet(1). This implies SNet( 1) denotes a
stream network within location( 1) of the sub-watershed under discussion.

The fractal dimension estimation is scale dependent and this is particular true for different grid sizes. Some re-
searchers have mentioned the importance of this scale effect on the fractal dimension estimation'">* >/ Therefore,
in this paper,three Grid Sizes(GS)were considered—16,32 and 64. The comparison of the effect of the GS on the

FD estimates also provided some understanding to deciding the appropriate scale adequate for the purpose of this study.

2 Results and Discussions

2.1 FD in the Northern Shaanxi with varied grid size

Fig. 2 shows the fractal dimension for Grid Size(GS)of 16,32 and 64. The GS=16 shows an FD behaviour of
minimum of 2.00 and a maximum of 2.53 with a mean value of 2.09. The spatial distribution of the frequency shows
two distinct peaks divided between 2.00-2.11(21.7%)and 2.11-2.53(78.3%). In contrasts to the GS=32,where
the minimum FD is 2.03, maximum value of 2.51 with a mean of 2.12. The FD for GS =32 shows three zones as
2.03-2.13(14.8%) ,2.13-2.28(20% ) and 2.28-2.51(65.2% ). The GS =64 shows more contrast compared to the
GS=32. Its minimum FD is 2.07 ,maximum of 2.56 with a mean of 2.16. The histogram distribution shows principal-

N

Legend
Fractal Dimension
m 2.56

- 2.00
037375, 150k

32 grid 64 grid
Fig.2 Spatial FD for 16,32 and 64 grid window
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ly two zones of 2.07-2.37(33.6% ) and 2.37-2.56(66.4% ). The standard deviation(SD)for the GS of 16,32 and 64
respectively are 0.13,0.17 and 0.20.

Twelve locations as indicated in Fig. 1 were selected as a means to validate and compare other findings in this
research and also with other studies. The notation SNet(x)has been used to denote each of the locations. This im-
plies that location( 1) becomes SNet(1). Thus,the values of the FD at each of these locations were extracted for
validation and comparison with other studies.

For instance ,for SNet (7) , the FD shows 2.21(16),2.17(32) and 2.29 (64 ). This shows a comparative
increase of FD as the GS increases. This location is the core area of the Loess Mountains with a relative erosion in
the range of 500-10 000 t/m’ per year' **'. Therefore ,the GS=64 appears to estimate much higher FD compared to
the rest. Of course,this GS aggregates more terrain surfaces within a window for analysis and hence indicates the
reason for its estimation of high values.

Another example is SNet (8) characterised by erosion amounts of 20 000-25 000 t/m” per year. The spatial FD
shows 2.2,2.33 and 2.34 respectively for GS(16,32 and 64). Again,it is clear that the grid 64 has slightly higher
values compared to the 16 and 32.

The SNet(1-6,9—-12) shows similar trend across as shown in Table  Table 1 Comparison of FD for GS of 16,32

1. Tt implies that the FD for 16,32 and 64 varies incrementally across the and 64 grids at 12 locations

. . . FD
GS used for the estimation of the FD. A closer look at the 32 grid reveals Location
, . o GS=16 GS=32 GS=64

that this GS provides a much better representation in terms of space and SNet(1) 218 201 237
distribution across the various landforms , mapping out the hilly-mountain- SNet(2) 219 243 233
o ] SNet(3) 226 237 245
ous areas and the desert areas more closely. The expectation is that,hilly SNet (4) 230 238 2.49
and mountainous regions should have much higher FD compared to desert SNet(5) 205 207 211
. . . SNet(6) 2.13 2.33 2.40
regions. The GS=16 and GS=64 do not reflect this case. In this case,the SNet(7) 221 217 229
SD of 0.17 may appear acceptable for the FD estimation. Though GS=16 SNet(8) 2.21 233 234
. .. - .. SNet(9) 2.31 2.43 2.53
gives a lesser SD variation within the datasets ,the variation of 0.17 seems SNet(10) 233 213 244
much close to reality as to the representation of the FD. SNet(11) 226 233 242
. 1. . . SNet(12) 2.23 2.29 2.40
The overall findings show that FD values are site specific and has a Min 2.00 203 207
strong relationship with the grid size used. Therefore , it is important that Max 253 251 2.56
Mean 2.09 2.12 2.16

for every specific landform,to select the best grid size that suit the land- ("o . = o 017 0.20

form type. The GS of 32 was found to provide reasonable estimates and
hence was recommended for use in this study area.
2.2 Spatial pattern of FD in the Northern Shaanxi

The Northern Shaanxi is characterised by various changing

Northern Belt

landforms spread across the study sub-areas. These include-loess ta-
bleland ridge, loess tableland, rocky hill ridge, loess middle-low

Mountain , loess hill-ridge,loess low-hill ,loess incision gorge-hill and

desert-loess transitional area. Nine classes were divided into three

for easy explanation of the findings-Southern Belt( SB) ,Middle Belt

(MB)and Northern Belt(NB) (Fig. 3). The SB comprises primarily =

of loess tableland-ridge and loess tableland. The MB comprises of lo- Middle el r i_
ess ridge,loess hill-ridge and loess-low Mountain while the NB com- i :] 7
prises of the loess hill ridge ,desert loess transitional area and loess i _,._{. B i ,,WT
incision gorge-hill. The spatial pattern of the FD was categorised into — —— Southem Belt
three continuous intervals[ 2.00—-2.19],[2.20-2.34 ] and [ 2.35— FD Classes

2.51]. The NB is characterised by fractal values mostly shared
evenly between[ 2.00—2.19 ] and [ 2.20-2.34 ] with few pockets of

2-2.19 2.2-2.34 2.35-2.51
Fig.3 FD spatial classes for the Northern Shaanxi
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parcels between[2.35-2.51]. This corresponds to the landform characteristics of hills and desert loess forms. The
MB is characterised by mostly fractal values of[ 2.34-2.51 Jrepresenting the complexity of the various mountainous
landforms in this region. The SB is a complex mix of various forms sparsely distributed between the[ 2.00-2.19],
[2.20-2.34]and[ 2.35-2.51]. The spatial correlation between the FD and elevation characteristics was found to be
(R*=67%) ,indicating that,FD is able to characterise the terrain complexities.
2.3 Fractal dimension of stream networks

Fig. 4 and Table 2 show the variation of the various river networks for the selected 12 sites in the Northern
Shaanxi Province of China. In the case of SNet(7)the watershed area is 1 070 km” with a Strahler Number(SN) of
4. The FD shows a fractal value of 1.30 within a possible dendritic river network. The dendritic nature indicates the
complexity in the watershed and a sign of possible intense erosion potential. Case of SNet(8) ,a smaller watershed
area of 401 km” it shows a simple structure with a SN of 2 and a low FD of 1.15. In comparison to SNet(8) ,SNet
(7)has a larger watershed area with larger complexity and thus,a higher FD.

In the case of SNet(9) ,the catchment has an area of 1 220 km” with SN of 3 with a FD of 1.26. The FD is
smaller compared to SNet(7) with SN of 4. The possible reason for this higher FD of SNet(7) compared to SNet
(9) ,could be the result of the fact that, higher SN implies more complexity. Therefore, the higher the SN, the

(1] (2] B3] [4]
FD=1.23 FD=1.24 FD#19 FD=1.25
(5] (6] (71 (8]
FD=1' FD=1. FD=1.30 FD=1.15
9] [10]
FD=1.26 FD=1.23
[11] [12]

=1.23 FD=1.19

Fig.4 FD for stream networks selected at 12 locations
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higher the FD. Case SNet(10)is similar to SN compared to SNet(7). However,SNet( 10) has a smaller catchment
area of 419 km” almost half of SNet(7)and shows a parallel river network. This gives a FD of SNet(10)as 1.23.
Case SNet(11)has a FD of 1.23 and SN of 3 and a catchment area of 604 km’. This FD behaviour is similar to
SNet(1). There is a slight variation in the catchment area. SNet(2) shows a slightly higher FD of 1.24 as a result of
the slightly larger catchment area of 739.6 km”. SNet(3)has a catchment area of 436.7 km” and an FD of 1.19 and
SN of 3 but a simple structure. This simplicity of structure is related to the small FD obtained. Cases SNet(3,4,5
and 6)all have the same SN of 3 and catchment areas of 436.7 km®,942.5 km”,629.8 km’ and 507.7 km’ respec-
tively. SNet(3)has a smaller area and hence has a smaller FD of 1.19. All other have similar FD of 1.25-1.26.
The higher the strahler numbers,the higher the fractal dimension values obtained. This implies,some relation-
ship between the SN and FD values. A more detailed study of the relationship between the SN and FD could be in-
vestigated in future studies. Other studies such as Khanbabaei et al. attempted to study the relationship between the
FD and some geomorphological and found that,the river branching could be investigated ,as a way to further estab-
lish the direct link between them'””. Rivers characteristic patterns in terms of the level of branching ( dendritic,
trellis , parallel ) do have an influence on the FD values obtained. Thought ,there was not in-depth studies on the riv-
er network patterns and their influence on the FD,it can be shown that,the denser the river pattern,the higher the
FD obtained. The FD is also related to the catchment area. Larger catchment areas tend to have higher FD values.
Earlier studies from Rosso et al. have confirmed the relationship between the length and area;and hence the deriva-

tion of FD functions were implemented >,

Table 2 FD and stream network characteristics

Location ~ Strahler No. FD  Watershed/km Remarks Location ~ Strahler No. FD  Watershed/km Remarks
SNet(1) 3 1.23 509.2 Long and contorted SNet(7) 4 1.30 1 070.7 Dendritic river system
SNet(2) 3 1.24 739.6 Parallel and contorted || SNet(8) 2 1.15 400.9 Simple structure
SNet(3) 3 1.19 436.7 Simple SNet(9) 3 1.26 1219.6 Rectangular
SNet(4) 3 1.25 942.5 Long and contorted || SNet(10) 4 1.23 419.2 Parallel
SNet(5) 3 1.26 629.8 Parallel , long SNet(11) 3 1.23 604.4 Long and contorted
SNet(6) 3 1.26 507.7 Parallel ,long SNet(12) 2 1.19 369.9 Simple structure

3 Conclusion

Several studies have been conducted in the Northern Shaanxi Province of China in respect of geomorphological
studies. However,the application of modern techniques such as fractal geometry to provide additional insights to
landform complexity and dynamics has been limited. Thus,this paper assessed the spatial variability of terrain and
stream networks using estimation of fractal dimension. The comparison of the fractals from the terrain and stream
networks are further compared and interpreted. The findings show that the FD for the terrain are site specific and
has a strong relationship with the GS used. Therefore,for every terrain,it was imperative to investigate and select
the best GS to suit the particular landform type. The spatial distribution of FD for the study was developed and
showed close proximity with the various landform types identified in previous studies. This explained that FD can
play a key role in the classification and further deeper interpretation of the landform in terms of its proneness to an-
thropogenic and other natural transformations such as erosion processes. Another finding was that,the degree of the
Strahler Numbers corresponded with the fractal dimension values. This was comparable to other studies that say
river branching provide useful information for its complexity. The authors anticipate that the findings from this work
would be useful for supporting other studies interested in understanding the anthropogenic nature of the Loess Plat-

eau in the Northern Shaanxi Province of China.
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