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Abstract As one of most active gully types in the
Chinese Loess Plateau, bank gullies generally indicate soil
loss and land degradation. This study addressed the lack of
detailed, large scale monitoring of bank gullies and
proposed a semi-automatic method for extracting bank
gullies, given typical topographic features based on 5 m
resolution DEMs. First, channel networks, including bank
gullies, are extracted through an iterative channel burn-in
algorithm. Second, gully heads are correctly positioned
based on the spatial relationship between gully heads and
their corresponding gully shoulder lines. Third, bank
gullies are distinguished from other gullies using the newly
proposed topographic measurement of “relative gully
depth (RGD).” The experimental results from the loess
hilly area of the Linjiajian watershed in the Chinese Loess
Plateau show that the producer accuracy reaches 87.5%.
The accuracy is affected by the DEM resolution and RGD
parameters, as well as the accuracy of the gully shoulder
line. The application in the Madigou watershed with a high
DEM resolution validated the duplicability of this method
in other areas. The overall performance shows that bank
gullies can be extracted with acceptable accuracy over a
large area, which provides essential information for
research on soil erosion, geomorphology, and environ-
mental ecology.

Keywords bank gully, DEMs, topographic features, loess
shoulder line, relative gully depth

1 Introduction

Gully erosion is a serious environmental problem and
primary source of sediment loss in the Chinese Loess
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Plateau (Luo, 1956; Zhu, 1956; Liu, 1985; Valentin et al.,
2005; Li et al., 2015). Data collected in different parts of
the world showed that soil loss rates by gully erosion
represent 10% to 94% total sediment yield caused by water
erosion (Poesen et al., 2003) and contribute 60% to 90%
total sediment production on agricultural land in the hilly
areas of the Chinese Loess Plateau (Li et al., 2003). In the
Chinese Loess Plateau, bank gullies mainly develop below
shoulder lines, that is, the boundary between positive
(excavated or interfluves) and negative (valley) terrains
(Wu and Cheng, 2005; Zhou et al., 2010). As one of the
most active types of gullies, they lead to the evolution of
hillslope-channel coupling related to flow erosion, which is
the most significant aspect of coupling in headwater fluvial
systems (Harvey, 2002; Chen et al., 2007; Evans and
Lindsay, 2010).

Some bank gully-oriented studies have been carried out
with a focus on erosion rate (Jing, 1986; Li et al., 2012),
sediment production (Li et al., 2014), geomorphologic
thresholds (Hu and Wu, 2005), and developmental
prediction (Sidorchuk, 1999; Hessel and van Asch, 2003;
Lietal., 2012, 2015; Zhang et al., 2015) to understand the
contribution of bank gullies to soil loss and landscape
evolution. These studies have relied on the explicit
presentation and efficient extraction of bank gullies.
Mapping gullies helps in understanding their character-
istics, such as location, length, longitudinal slope,
morphology, density, and distribution, which are necessary
information for modeling gully head retreat rate, calculat-
ing critical catchment area, exploring gully developmental
stage, and predicting gully erosion and sediment yield
(Harvey, 2001; Shruthi et al., 2014; Na et al., 2016).
Compared with sheet or rill erosion, gully erosion is more
difficult to monitor accurately in the field. Therefore, this
study proposed a semi-automatic DEM-based extraction
method for the large-scale mapping of bank gullies.
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Currently, remote sensing images and DEMs are the two
main datasets for regional gully extraction. Except for
visual interpolation (Hessel, 2002; Li et al., 2015), pixel-
based image analysis is a reliable technique (Metternicht
and Zinck, 1998) that applies spectral or textural hetero-
geneity to extract gullies. However, spectral heterogeneity
is sensitive and easily affected by different variables such
as local land cover, shadows, and the atmosphere, which
strongly influence the performance of these methods. The
advancement of technology and increased convenience of
acquiring high-resolution images (HRI) facilitated a shift
from traditional pixel-based methods to object-oriented
analysis (OOA) methods. Some OOA-based studies have
effectively monitored gullies over a large area (Knight et
al., 2007; Shruthi et al., 2011; Shruthi et al., 2015; Li et al.,
2017). However, the results of these studies have failed to
differentiate bank gullies from the gully system and could
not be used for bank gully studies. Furthermore, although
the detailed shape of gullies can be extracted from an HRI,
OOA-based results merely present geometric information
in two dimensions such as area and shape. Some important
geomorphological properties (e.g., depth, longitudinal
slope, curvature, and flow accumulation) and topographic
structural features (e.g., gully head and gully channel line),
which are necessary for understanding the development
process of bank gullies, are difficult to extract directly.

Most DEM-based methods for mapping gullies focus on
channel extraction, which could derive some 3D gully
information but still fail to differentiate bank gullies from
other gullies. The channel networks, that is, the gully
networks in this study, can be generated by simulating
surface runoff as part of the hydrological process
(O’Callaghan and Mark, 1984; Fairfield and Leymarie,
1991; Tarboton et al., 1991; Lashermes et al., 2007; Afana
and Del Barrio, 2009). In this process, the gully network is
defined by a threshold segmentation of flow accumulation.
Small gullies include bank gullies that can be extracted
with minimal flow accumulation thresholds. However,
some problems are still unresolved. First, classical channel
extraction produces a large amount of pseudo or parallel
channels. Thus, numerous parallel channels still appear in
flat areas when using a small flow accumulation threshold
even when a multi-flow direction or priority-flood
algorithm is employed (Hellweger, 1997; Saunders,
1999; Turcotte et al., 2001; Barnes et al., 2014; Zhou et
al., 2016). These parallel channels can be found in the main
and branch channels. Second, the position of the gully head
is usually inaccurate. For DEM-based hydrologic methods,
the location of the gully head is controlled by the flow
accumulation threshold, which is significantly influenced
by subjectivity. In addition, fixed thresholds are unsuitable
for bank gullies with diverse lengths. A bank gully head is
generally located just below the loess shoulder line, which
is the boundary between positive and negative terrains (P—
N terrain) (Tang et al., 2007; Zhou et al., 2010; Song et al.,

2013; Yan et al., 2014; Zhu et al., 2014). If this spatial
relationship is disregarded, then the extracted gully head
usually failed to match its actual position. Third, bank
gullies still cannot be readily differentiated from derived
networks. Thus, this study addresses these problems
relating to the lack of an automatic and robust method
for a large-scale bank gully extraction.

The accurate identification of bank gullies is impossible
without expert knowledge on auxiliary information such as
geometric properties (e.g., shape and orientation) and
spatial relationships with surrounding features (Wu et al.,
2008). In this study, we propose an extraction method for
bank gullies utilizing their geomorphologic features. First,
the gully network containing bank gullies can be extracted
by the proposed algorithm called iterative channel
deepening based on a small threshold of flow accumula-
tion, and pseudo or parallel gullies can consequently be
eliminated. The extracted gully heads can then be
positioned correctly considering the spatial relationship
between bank gullies and the loess shoulder line. Finally, a
new measurement called the relative gully depth (RGD) is
proposed based on the geomorphologic features of bank
gullies; this measurement can be employed to distinguish
bank gullies from other gully types. This study aims to: (i)
describe a DEM-based semi-automatic method of large-
scale bank gully extraction considering geomorphologic
features; (ii) propose a method of eliminating pseudo and
parallel channels when using minimal threshold values of
flow accumulation for regional gully network extraction;
and (iii) establish the parameters of this method in the
study areas and assess the accuracy of the results.

2 Study area

This study was carried out in the Linjiajian watershed at
the middle reaches of the Wuding river in the Suide county
of China. This watershed covers an area of 12.35 km?
between 10°18'04"E—110°22'04"E and 37°32'47"N-37°
34'47"N. The altitude ranges from 867 m to 1186 m, and
the average surface slope is 30°. A training area of 1.8 km?
was selected for parameter optimization, and six sample
areas were used for field investigations (Fig. 1). High-
density loess gullies are among the most distinguishing
geomorphologic features of the selected area (Wu and
Cheng, 2005). The morphology of these gullies consis-
tently has similar characteristics with those distributed in
other areas such as an evident loess shoulder line, which
separates the terrain surface into gentle upslope and steep
downslope areas. This area is representative of the
fragmented terrain in loess hilly landforms, where
thousands of gullies develop, including rills as well as
ephemeral, bank, and valley gullies, with intense soil
erosion. The area has a semi-arid continental climate, with
an average annual temperature of 8°C, average precipita-
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tion of ~450 mm/yr, and 1615 sunshine hours annually.
The rainy season spans from July to September, and
accounts for 64.4% of the total annual precipitation, often
concentrated in one rainstorm. Field investigations show
that the sediment yield from a single rainstorm is often
greater than 60% of the annual yield.
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3 Materials and methods
3.1 Materials

DEMs and digital orthophoto maps (DOMs) are utilized in
this study. The former, generated from the contours of a
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Fig. 1 Study area and data used: (a) the location of the sample and training areas; (b) a picture of bank gully in a slope; (c) perspective

view of bank gullies though DOM image.
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1:10,000 scale topographic map, is used for bank gully
extraction, whereas the latter is employed to generate
reference data for assessment. Both datasets are created by
the National Administration of Surveying, Mapping, and
Geoinformation of China with resolutions of 5 m and 1 m,
respectively.

3.2 Methods

The bank gully extraction procedure consists of five steps:
field survey, gully network extraction, gully head revision,
bank gully identification, and accuracy assessment (Fig. 2).
First, field surveys help establish the geomorphologic
knowledge of bank gullies, such as critical catchment area,
width, and depth. The second step is extracting a full gully
network in which bank gullies are included, while
eliminating parallel and pseudo-gullies through an inter-
active channel deepening algorithm. The third step is to
correctly position gully heads, and in the process, the loess
shoulder line acts as a critical reference. The fourth step is
identifying bank gullies from the extracted gully network
by RGD, a newly proposed indicator. Finally, the method
is assessed for validation.

| Iterative channel deeping | | P-N terrain segmentation |

Gully Network .
/ including small gullies / / Shoulder line /
|

| Gully head revision |

/ DOM / v
Bank gully identification
by relative gully depth (RGD)

v

:II Accuracy assessment |

v

Fig. 2 Workflow of bank gully extraction.

3.2.1 Field surveys of bank gullies
The basic characteristics of bank gully were first
investigated through field surveys in the sample area to
help establish criteria for extraction and validation. During
the field work, the heads of bank gullies were mapped on
1:10,000 topographic map, and the topographic features of
typical bank gullies were estimated by a laser rangefinder.
The upslope catchment areas of the gully head measured
were calculated from the DEMs. The selected watershed
was mainly investigated relative to the following aspects:
1) Position of bank gully heads. A total station technique
was applied to accurately measure the position of bank

gully heads. The prism-free mode was also used when
gullies were inaccessible. Those measured gully head
positions were utilized with DEM to calculate the critical
upslope catchment area of bank gullies. The critical area
could set the threshold in the following iterative process of
gully network extraction. Furthermore, gully head posi-
tions were used to validate the bank gullies extracted from
DEM.

2) Width and depth. A laser rangefinder was employed
for width and depth measurement. Each gully was
measured at the top, middle, and bottom for three to five
times for the averaged values to represent the whole gully.
The width and depth of bank gullies could contribute to
implementing the criterion of bank gully identification in
the artificial bank gully delineation process.

All spatial data obtained from field surveys were
digitized into a GIS database with corresponding DEM
and DOM images. These results contribute to the
identification and parameter determination of extractions.

3.2.2 Extraction of gully networks

A typical solution to the aforementioned parallel channel
problem is the modification of DEMs using digitized
rivers, lakes, or other hydrologic objects with techniques
such as the Agree-DEM algorithm (Hellweger, 1997), the
Burn-in algorithm (Saunders, 1999), or the Digital River
and Lake Network (DRLN) method (Turcotte et al., 2001).
The basic principle of these algorithms is increasing the
elevation difference near the river by deepening and
decreasing the elevation of the river position. By
comparing the multi-flow direction of the Dinf algorithm
(Tarboton, 1997) and the priority-flood algorithm, we
found that a combination of the D8 (deterministic eight-
node) algorithm (O’Callaghan and Mark, 1984) and burn-
in algorithms could effectively extract a clean channel
network that conforms with the digital river data (Zhang et
al., 2012). Therefore, the burn-in algorithm is used in this
study to eliminate parallel or pseudo gullies.

Digital river data are required to modify the DEMs in the
burn-in algorithm. However, no perennial rivers exist in
most upstream areas, which mean that no river data can be
used to modify the DEMs. When using a greater threshold
of flow accumulation in hilly areas, the extracted main
channel networks emerged cleanly and naturally without
any parallel channels. Thus, this result could be used in
place of perennial rivers to modify DEMs. If we repeat this
procedure with smaller threshold, then small gullies can be
extracted meanwhile parallel gullies are eliminated
gradually. Therefore, an iterative channel deepening
algorithm was proposed (Fig. 3). In this process, gully
heads continuously move upstream for the bank gully
extraction.

The extraction of gully networks using ArcGIS Hydro
analysis tools involves the following steps:
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Fig. 3 Flow chart of iterative channel deepening algorithm.

1) Fill the sinks of the DEMs, calculate the flow
direction based on the D8 algorithm, and generate the flow
accumulation dataset.

2) Set a large threshold of flow accumulation to generate
the initial gully network, which mainly includes down-
stream channels. If these downstream channels are
confirmed without parallel channels through a comparison
with terrain hillshade images, then they can be regarded as
digital rivers and used to modify DEMs based on the burn-
in algorithm.

3) After calculating flow direction and accumulation
based on the modified DEMs, extract the new gully
network using a small threshold of flow accumulation. The
small channels in this network that can be extracted are
increased.

4) If these small channels still cannot describe bank
gullies, then remodify DEMs based on the burn-in
algorithm using the new network derived in the above
step as digital rivers.

5) Repeat Steps 3) and 4) until the small channels in the
extracted network could describe bank gullies. In this
iterative computation process, the flow accumulation
threshold is set to a large number at first, and then
gradually decreased. The parallel channels in the main
gully are initially eliminated, followed by those in the
branch gullies. Small bank gullies are retained.

In the above procedure, the series of threshold values is
generally based on whether the extracted channel network
has parallel channels. First, the initial threshold can be set
to a large value (e.g., 50% of the watershed area). This
value may increase if parallel channels still appear. Second,
the values will continuously decrease. Finally, the
termination threshold value is determined as the critical
catchment area of the bank gullies measured by field
surveys.

3.2.3 Revision of gully heads

The gully heads obtained in Section 3.2.2 cannot reach
their virtual positions completely as they typically either
overshoot or undershoot. Hence, a revision process for

gully head position is necessary (Fig. 4). A gully head is
usually located where a sharp gradient change exists from a
gentle to a steep slope, related to the highly developed
vertical joints in the loess stratum. Horizontally, gully
heads usually tend to approach the loess shoulder line; this
line is the most critical terrain structure line in loess
landforms, and it divides the surface into a gentle inter-
gully and a steep gully area in the positive terrain and
negative terrain, respectively (Fig. 1).

Therefore, this spatial relationship is key for revising
bank gully heads. Our comparison with existing DEM-
based loess shoulder line extraction algorithms found that
the P—N terrain segmentation algorithm (Zhou et al., 2010)
achieved satisfactory accuracy and continuity. Hence,
gully heads could be modified by trimming the overshot
part (red solid line) or extending the undershot gully line
(yellow dashed line) by tracking an upstream cell with the
maximum flow accumulation in a neighboring 3 x 3 cell
window until the head reaches the loess shoulder line
(Jiang et al., 2013) (Fig. 4).

3.2.4 Identification of bank gullies

Field observation showed that the majority of bank gullies
have a linear development despite few of them containing
tributaries. This finding means that an overwhelming
number of bank gullies could be labeled as first-order
gullies according to Strahler’s classification (Strahler,
1963), making it possible to distinguish bank gullies
from gully network. Therefore, the first-order gullies from
the Strahler’s classification are treated as candidates for
bank gully identification. Note that bank gully is
conceptually different from the first-order gully. The
former is defined in a geomorphological sense, whereas
the latter is from Strahler’s law of channel networks in
basin hydrology. Therefore, not all first-order gullies are
bank gullies, and some bank gullies may have branches.
However, under the appropriate flow accumulation thresh-
old in Section 3.2.2, numerous bank gullies are first-order
gullies. Hence, an index of RGD is proposed to identify
bank gullies.
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Fig. 4 The relationship between gully head and shoulder line.

The depth of valley gullies is generally much greater
than that of bank gullies, showing a difference in their
geomorphologic development stage (Liu et al., 1988). The
RGD is the average elevation difference between a gully
skeleton line and its buffer boundary. The identification
process of bank gullies from valley gullies uses an
appropriate buffer size and segmentation threshold of
RGD (Fig. 5).

The procedure details are as follows:

1) Classify the gully network using the Strahler
classification method and extract the first-order gullies;

2) Generate a buffer zone of this first-order gully, and
calculate the average elevation of the buffer boundary;

3) Calculate the average elevation of the first-order
gully;

4) Calculate RGD, which is the difference between the
results of Steps 2) and 3);

5) Set a segmented threshold of RGD. Gullies with RGD
over the threshold are identified as bank gullies.

3.2.5 Accuracy assessment

The reference data for the assessment can be generated by
manually identifying bank gullies from the gully network
according to previous knowledge acquired through field
surveys. Several standards including length, width, depth,
and transverse profile are established for distinguishing
bank gullies from the gully network (see Section 5.1.2).
Bank gullies could be identified artificially one by one
based on the above information. Furthermore, those missed
in the extraction by DEM can be delineated by the DOM
(aerial image) dataset. The gullies derived by artificial
mapping from DOM may not be more accurate than that

extracted using DEM because the image interpretation is
inevitably influenced by individual subjectivity. In addi-
tion, gully lines derived from DEM rely on rigorous
computation of well-designed algorithms with detailed
description of the topographic feature, i.e., high resolution
of DEMs (Martz and Garbrecht, 1992; Benaichouche et al.,
2016; Persendt and Gomez, 2016). Therefore, accuracy
can be assessed by comparing our result with 1) field survey
in a small sampling area, and ii) reference data by manual
identification.

The accuracy of bank gully extraction could be acquired
by measurements of producer’s accuracy (PA) and user’s
accuracy (UA), which were designed by Congalton (1991)
and widely applied in the accuracy assessment of imagery
classification. We introduced the measurements and re-
designed them for the assessment. PA is the positive
precision for bank gully identification, whereas UA is the
ability of the method to identify bank gullies from first-
order gullies. The two measurements can be defined as
follow:

IC
PA=—"_ 1
IC +MI’ M

IC
A=——" 2
u IC +1IW’ @)

where IC is the amount of correctly identified bank gullies;
IW is the amount of wrongly identified bank gullies; M1 is
the amount of misidentified bank gullies. These two
measurements are also used to select optimal parameters of
gully buffer size and RGD threshold in Section 3.2.4
during the comparison of the identified results and
reference data in the sampling areas.
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Fig. 5 Flow chart of the relative gully depth (RGD) algorithm.

4 Results

4.1 Gully system

As mentioned in Section 3.2.1, the potential of an iterative
channel deepening algorithm for extracting gully networks
which includes small gullies without pseudo or parallel
channels was analyzed. A series of flow accumulation
thresholds was adopted in this iterative process. These
thresholds were tested according to the principle of an
order from large to small. It is the fact that large threshold
of flow accumulation will result in large gullies without
parallel channels, which could be used for the following
channel deepening algorithm. We found that a main
channel network without any parallel channels in the
watershed could be extracted with a threshold of 400,000
cells, that is, a catchment area of 10 km? used as the initial
threshold. The second threshold would be smaller than the
first to increase the number of small channels that could be
extracted. The appropriate value for the second threshold is
the critical one with no parallel channels generated at this
level. The principle is the same for the next series of
threshold determination. Finally, we obtain the threshold

series for iterative deepening process using the Agree-
DEM algorithm (see Section 3.2.2) as 300,000; 100,000,
50,000; 10,000; 1000; 500; 200; 100; 50; 40; and 20 cells,
representing 7.5; 2.5; 1.25; 0.25; 0.025; 0.0125; 0.005;
0.0025; 0.00125; 0.001; and 0.0005 km?, respectively.
Among them, the last threshold depends on the survey of
upslope catchment area from 60 bank gullies heads. Field
surveys indicated that the average upslope catchment area
of bank gully heads in this watershed is approximately 500
m?, that is, 20 cells (Table 1).

Figure 6(a) illustrates the gully network extracted by the
original DEMs with a threshold value of 20. Pseudo and
parallel channels are evidently abundant in the main and
branch gullies. Figures 6(b) show three enlarged windows
of comparison between the result without channel
deepening and those after 4 and 10 iterations, respectively.
The parallel channels in the main and branch gullies were
progressively eliminated. After 14 iterations, the bank
gully network without pseudo and parallel channels was
extracted.

The gully heads of the derived gully network were then
revised using the spatial relationship restriction from the
shoulder lines. As revealed in Fig. 7, the terrain surface
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Table 1 Statistics of the upslope catchment area of bank gully heads in the sample areas

Sample area Number of sampled gullies Average/cells Average area/m’
S1 11 19.4 484.5
S2 9 33.1 827.5
S3 13 229 572.5
S4 7 22.1 552.5
S5 12 24.6 615.6
S6 8 26.9 671.9
Total 60 24.1 603.3

was divided into gentle upslope and steep downslope
surfaces by the loess shoulder line. The gully heads were
revised to their actual positions at immediately below the
loess shoulder line.

4.2 Bank gully identification by RGD

We examined the potential of RGD to obtain accurate
classification results. In the bank gully identification
procedure based on RGD, the buffer size of first-order
gullies and the threshold of RGD are two key parameters.
A total of 368 gullies in the training area were classified
into 357 bank and 11 wvalley gullies based on image
features and field surveys, which were used as reference
data for parameter optimization. A series of buffer sizes
and thresholds were employed as input parameters to

(b)

systematically test the proposed model and to obtain the
most appropriate results for determining the most effective
parameter values. The radius of the buffer was set to 5, 10,
15, and 20 m, given that most bank gully widths are within
20 m, and the DEM resolution is 5 m; RGD was
subsequently calculated. Meanwhile, different segmenta-
tion thresholds were set at each buffer size to check
identification accuracy by comparing against the reference
data of the training area.

Table 2 shows an increasing trend in PA and a consistent
trend in UA with increasing buffer sizes using Eqgs. (1) and
(2). With a certain buffer size, increasing the RGD
segmentation threshold leads to an upward trend in PA
and a decline in UA. This finding can be attributed to more
first-order gullies being selected as bank gullies with a high
RGD threshold. Consequently, more valley gullies were

—— Gullies extracted by original DEM using threshold of 20
—— Gullies extracted after 2 iterations using threshold of 400,000
—— Gullies extracted after 4 iterations using threshold of 10,000
—— Gullies extracted after 10 iterations using threshold of 500
—— Gullies extracted after 14 iterations using threshold of 20

- Gullies extracted by original DEMs using threshold of 20
Gullies extracted after 4 iterations using threshold of 20
Gullies extracted after 10 iterations using threshold of 20

Fig. 6 The result of gully network. (a) Gully network extracted by original DEM without channel deepening; (b) enlarged areas located
in the downstream, middle, and upstream parts of the drainage area, respectively. First column shows the gullies extracted by original
DEM using a threshold of 20; Second column shows comparisons between original and 4 iterative deepening results; third column shows
comparisons of 4 and 10 iterative deepening results. (c) Gully networks by 2, 4, 10, and 14 iterative deepening. Different color lines

describe the results under different iterations.
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Table 2 Performance and accuracy of different parameters for RGD in the training area
BS T/(m-m ") IC/n IW/n MI/n PA/% UA/%
5m -1 150 0 207 42.02 100.00
-0.5 189 1 168 52.66 99.47
0 218 1 139 60.78 99.54
0.5 293 6 64 80.39 97.95
10 m 3 266 1 91 74.23 99.62
35 289 6 68 79.27 97.92
4 311 15 46 82.91 95.18
4.5 326 21 31 85.43 93.56
I5m 1.5 270 2 87 75.07 99.26
2 291 0 66 81.51 100.00
2.5 313 8 44 85.43 97.44
3 328 15 29 87.68 95.43
20 m 0 273 5 84 76.47 98.20
1 295 10 62 82.63 96.72
2 304 15 53 85.15 95.30
3 325 23 32 91.04 93.39

BS =buffer size; T = segmentation threshold of RGD; IC = amount of correctly identified bank gullies; IW = amount of wrongly identified bank gullies; MI = number of
misidentified gullies; PA = producer accuracy for bank gullies, which shows positive precision for bank gully identification; UA = user accuracy for bank gullies, which
indicates the ability of the method to distinguish bank gullies from first-order gullies.

mistakenly identified as bank gullies to restrain UA.
Therefore, the most reasonable parameters should be a
balance between PA and UA. After comparison with the
reference data in the training area, a 15 m buffer radius and
a 2.5 m/m RGD segmentation threshold were selected as
optimal parameters for bank gully identification in the
study area. The identification procedure was performed on
the whole study area using this set of parameters, and 1340
bank gullies were identified automatically (Fig. 9).

4.3 Geomorphologic characteristics of bank gullies

Different types of gullies reflect various developmental
stages and soil erosion intensities. Distinguishing bank
gullies from other types of gullies will help understand
their contribution to modern active soil erosion. Further-
more, exploring their characteristics will reveal their
geomorphologic features, development mechanisms, and
role in the complex integrated sequence of gully erosion.
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Therefore, some statistical indicators for bank gullies were
calculated (Table 3).

Table 3 Characteristics of bank gullies in the Linjiajian watershed

Characteristics Value
Gully density/(km-km ?) Without bank gullies 7.5
Include bank gullies 14.6
Gully length/m Max 236.7
Min 17.5
Mean 65.7
Distribution/(number, %) Sunny slope 604, 45.1%
Shady slope 736, 54.9%
Longitudinal slope/% Max 147
Min 20
Mean 62

Among the 1340 bank gullies identified, the longest
was 236.7 m, the shortest was 17.5 m, and the mean was
65.7 m. As discussed above, the accuracy of bank gully
extraction depends on the DEM resolution. The higher the
DEM resolution is, the smaller the bank gullies that can be
extracted. In this study with 5 m resolution DEMs, the
smallest bank gully identified was 17.5 m long, which is
3.5 times of the DEM grid size. This experiment failed to
identify any significantly shorter bank gullies due to the
limited DEM resolution. Consequently, 5 m DEMs can be
used to extract bank gullies over 20 m in length with
reasonable accuracy.

Gully density is usually used to describe the fragmenta-
tion degree of the land surface and the intensity of soil
erosion. The statistics of gully density generally consider
permanent gullies but not bank gullies. Bank gullies make
the terrain more fragmented, thereby causing considerable
surface erosion; hence, bank gullies are indispensable for
calculating gully density. Table 3 shows that the value of
gully density including bank gullies is approximately twice
as that without bank gullies. When the entire area is
divided into sunny and shady slopes, bank gully distribu-
tion maintains a balance in both aspects, which reflects
uniform environmental conditions. The longitudinal slope
is the ratio of bank gully elevation difference against its

Table 4 Statistics of bank gully sizes in the sample area

horizontal length. The mean longitudinal slope is 62% with
a range of 20% to 147%. This metric measurement
indicates a relatively steep slope of loess bank gullies,
which is consistent with their early stage of development.

5 Discussion

5.1 Validation

5.1.1 Validation with field survey

Evaluating the accuracy of extracted bank gullies is
necessary although a visual assessment of the results
already confirmed a highly accurate identification. Field
surveys are the most fundamental means of validation. The
field investigation confirmed that the skeleton line of bank
gullies could be represented effectively based on DEM.
Therefore, the bank gullies extracted from DEM are
regarded as accurate if the measured gully heads from the
field survey correspond to the ones extracted. We surveyed
bank gully heads using total stations in six sampling areas.
Our survey result showed a satisfactory matching result by
comparing gully heads between our results and the
surveyed ones (Fig. 8). Distance variations in the two
results are all less than 4 m, which is acceptable for the
DEM data in the 5 m resolution. It also showed that some
small bank gullies could not be extracted owing to the
missing simulation of small gully morphology in this DEM
resolution.

5.1.2  Validation with image-based interpretation

Accuracy assessment is typically based on the comparison
of analytical results and reference data, but it is
insufficiently meaningful to verify each individual gully
by field investigation (Shruthi et al., 2011) because
generating reference data for the whole study area through
field surveys is challenging. Reference data were produced
by manual interpretation based on DOMs and DEMs. The
interpretation criteria came from a field investigation of 60
bank gullies in the sample area (Table 4), and are as
follows: 1) < 200 m long, < 20 m deep, and < 30 m wide;

Sample area Number of sampled gullies

Average length/m

Average width/m Average depth/m

S1 11 158.5
S2 9 134.6
S3 13 190.3
S4 7 120.4
S5 12 90.5
S6 8 116.6
Total 60 138.2

12.1 17.1

15.7 152
18.3 9.3
9.5 11.3
10.2 18.7
13.5 16.8
13.5 14.8
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® Gully heads measured by field su;veys
~—— Bank gullies auto-identified
Bank gullies missed identified
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Fig. 8 Two example of comparison between our result and field survey: (a) and (c) are our result and measured gully heads by field
survey; and (b) and (d) are the corresponding photos. It is clear that nearly all extraction results correspond to their realistic position

measured by field surveys, and a few bank gullies are misidentified.

i1) v-shaped transverse profiles with steep slopes; and iii)
just below the shoulder line. A total of 1531 gullies were
classified as bank gullies and 111 as valley gullies, which
can be regarded as validation data for the accuracy
assessment.

Compared with the manual identification, 1340 bank
gullies among a total of 1354 candidate gullies (orange line
in Fig. 9) were correctly identified, whereas the 14
remaining gullies were classified as valley gullies. A
total of 191 misidentified gullies (green line in Fig. 9) were

Valley gullies

Bank gullies auto-identified

Bank gullies missed identified

0 500 1000 2000
m

Fig. 9 Comparison between our result and artificial interpolation.
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generally located in the high-gully-density slopes. The
gully buffer boundaries in these areas are influenced by
nearby neighboring gullies, that is, crossing other gullies,
which misestimated the gully depth in calculating GRD.
Overall, the producer accuracy of identification was 87.5%
with a user accuracy 99.0%, which can be regarded as
reasonable and acceptable.

5.2 Comparison with other methods

5.2.1 Comparison with other flow direction algorithms

As mentioned in Section 3.2.2, the proposed iterative
channel deepening algorithm focuses on removing the
parallel flow patterns in flat areas of DEMs based on the
stream burn-in method. However, note that many algo-
rithms have been proposed to define flow direction over
flat areas (Garbrecht and Martz, 1997; Liang and MacKay,
2000; Jones, 2002; Wang and Liu, 2006; Coppola et al.,
2007; Barnes et al., 2014). Some of them have reduced
parallel channels significantly in flat areas. Therefore, we
carried out a comparison to investigate the feasibility of the
flat area-oriented flow direction definition algorithm for
bank gully extractions. Here, we adopted the method of
Barnes (Barnes et al., 2014) to realize flow direction
definition in flat areas for two reasons; 1) its effectiveness
for flow direction definition in depressed or flat areas; 2) its
relatively simple and easy implementation.

Figure 10 shows a comparison of channel networks
generated by D8 and Barnes’ algorithms with the flow
accumulation threshold of 20, which is the critical
threshold for bank gully extraction in our study area. No
difference was observed in the upstream, whereas great
difference appeared in the downstream flat area. The

o gﬁ%ﬁaj

% lﬁ/
—— Channel network with D8 algorithm
7

£ 1000 1500
IIIIIIE:::::::IIIIII

majority of parallel channels in the downstream (flat
bottom of main gullies in this study) based on the D8
algorithm were removed using Barnes’ algorithm. How-
ever, some parallel channels were still generated in main
stream channel.

Although the flow direction in flat area could be defined
and improved by flat area-oriented algorithms, the
appearance of parallel channels could be attributed to the
small threshold of flow accumulation in a relatively large
flat area.

As described in Fig. 11(a) which shows the flow
direction definition result in the flat area from the Barnes
algorithm (Barnes et al., 2014), parallel channels are still
generated (Figs. 11(b) and 11(c)) when using a small flow
accumulation threshold. Suppose that the position O in
Fig. 11 is the outlet of the drainage area, nine parallel
channels are derived using the threshold of 3 cells
(Fig. 11(b)), which is much more than that of 3 parallel
channels by using the threshold of 5 cells (Fig. 11(c)). The
greater the threshold is, the fewer parallel channels.
Therefore, parallel channels would not be eliminated
with such a small flow accumulation threshold value even
when using a flat area-oriented flow direction algorithm. In
this study, a small flow accumulation threshold is required
for bank gully extraction owing to small scale bank gullies
in the upslope area. Hence, the proposed iterative channel
deepening algorithm is necessary for removing parallel
channels in large flat areas.

Interestingly, no parallel channel was generated when
the flow accumulation threshold is greater than 500 cells
based on Barnes’ algorithm (Fig. 12). The iterations will
significantly decrease by Barnes’ algorithm as the iterative
channel deepening algorithm starts at a flow accumulation
value when a clean channel network is extracted without

ﬂ" l«/
— Channel network with Barnes algorithm

1000 1500

Fig. 10 Comparison of channel network with the flow accumulation of 20 cells between D8 (left) and Barnes’ algorithm (right).
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Fig. 11

Impact of flow accumulation threshold on channel network generation. (a) Flow direction in flat area; (b) channel network with

flow accumulation greater than 3 cells; (c) channel network with flow accumulation greater than 5 cells.

0 500
N .

———— Channel network with threshold of 500 cells

1000 1500

Fig. 12 Channel network with Barnes’ algorithm under flow accumulation threshold of 500 cells.

any parallel channels. According to the experiment result,
the iteration of channel deepening algorithm could start
with the flow accumulation of 500 cells, followed by 200,
100, 50, 40, and 20, similar to before. Therefore, the
iterations of the channel deepening process could be
reduced from 14 to 6. Furthermore, no channel network
difference in the upslope area from the D8 and Barnes’
algorithms could be found except for the main channel
network in the downstream area (Fig. 10). The series of
flow accumulation thresholds for the channel deepening
process in our method could be applied in the channel
network result from Barnes’ algorithm, given that our aim
is to identify the bank gullies located in the upslope area.
The iterative channel deepening algorithm is necessary
to obtain a clean channel network by removing parallel
channels for the bank gully extraction in this study. Our
method could be easily duplicated without any program-
ing, and its iterations can be reduced by the improved
algorithm for flow direction definition in flat areas.

5.2.2 Comparison with an automatic adaptive gully extrac-
tion method

The upslope catchment area is one of the most important
features to automatically extract bank gully accurately, and
is used as the termination threshold of iterative channel
deepening in Section 3.2.2. In this study, the catchment
area can be settled through field survey. This finding means
that our method depends on prior field surveys. Afana and
del Barrio (2009) proposed an adaptive approach for
channel network delineation based on the assumption that
DEMs are self-contained structures for detecting drainage
networks, and channel complexity is best reflected by its
corresponding intrinsic properties. The method could
detect the optimal channel network that best describes
landscape dissection especially in a large area of hetero-
geneous landforms. Therefore, we incorporated the
method into this study area to inspect whether it remains
effective for bank gully delineation.



164

A comparison of the extracted channel network between
Afana’s and our method showed a clear difference (Fig. 13
(a)). According to his method, when using 170 cells as the
critical threshold, which is the first maximum change point
in the relationship curve between exterior and interior link
lengths ratio (Fig. 13(b)), namely, R, (Schumm, 1956) and
critical catchment area (Ag), respectively, the channel
network could be delineated (yellow line in Fig. 13(a)).
Although this method extracted the valley gullies success-
fully, it failed to extract the bank gullies (red line in Fig.13
(a) in our result). Note that his original work was applied
on DEM with 1 cm and 6 cm resolution, and thus, we
suppose that the performance of Afana’s method is limited
by the 5 m DEM resolution.

5.3 Application on high resolution data

To validate the applicability of our method in other areas
and on high resolution data, an additional experiment was
performed on a small watershed of a hilly loess area:
Madigou, located in Jingbian County with an area of 0.23
km?. A 0.5 m DEM of this area was generated through
point clouds by the terrestrial laser scanner, Riegl VZ400,
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and aerial photos were acquired by an unmanned aerial
vehicle in August 2014 for validation. Based on the
method proposed in this study, the threshold flow
accumulation (upslope catchment area) parameters during
the iterative channel deepening process were the same as
that of the Linjiajian watershed. Owing to the small area,
the latter six parameters such as 0.0125, 0.005, 0.0025,
0.00125, 0.001, and 0.0005 km? were used. The loess
shoulder line was derived accordingly. The buffer size of
RGD identification was set to 5 m and the segmentation
threshold to 2.5 m/m. Compared with the field investiga-
tion, the PA of the extraction results increased to 88.9%
owing to the increased small bank gullies extracted with
high resolution DEM.

The Jingbian test area results showed that the process of
iterative channel deepening could eliminate parallel
channels in the main stream (Fig. 14(a)) and that gully
heads could be revised correctly by the shoulder line (Fig.
14(b)). All bank gullies could be extracted with this high-
resolution DEM (Fig. 14(b)).

Interestingly, the upslope catchment area parameters
used in iterative channel deepening with the 5 m DEM can
also be applied to the 0.5 m DEM, which proves its

Result of Afana’s method
— Result of our method
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m
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Fig. 13 (a) Comparison between our results and Afana’s. (b) Curve relationship between R, and A4g for Linjiajian.
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Fig. 14 Results of Madigou with 0.5 m DEMs. (a) Result of iterative channel deepening and shoulder line extraction. (b) Result of gully

head revised and bank gully identified.

applicability in hilly loess areas. The minimal upslope
catchment area of 500 m? is significant and can be utilized
in bank gully extraction in hilly loess areas. We are
optimistic that this parameter of the interactive channel
deepening procedure can also be used in other hilly loess
areas.

Note that the parameters of RGD identification differ
from those for 5 m DEMs because the distance between
adjacent bank gullies is closer than that in Linjiajian; thus,
a large buffer size of RGD may cover two or more gullies,
thereby decreasing accuracy. We believe that undertaking a
preliminary field survey of a small training area can
facilitate the successful extraction of large-scale bank
gullies with this method.

5.4 Implications of bank gully extraction

With the continuously increasing interest in bank gullies,
extracting and mapping them over a large area is crucial for
studies on soil erosion and geomorphologic development.

In the gully head retreat research, the accurate position
of a gully head is essential to model the erosion process
(Oostwoud Wijdenes et al., 2000; Nyssen et al., 2002;

Martinez-Casasnovas, 2003; Castillo and Gomez, 2016;
Rengers et al., 2016). Previous works have been usually
conducted in a limited area like a certain hillslope or a
runoff plot, and erosion rates have been estimated using
this information (Castillo and Gémez, 2016). However,
whether the gully head retreat rate in a large area is
homogeneous remains unclear. In this study, the head
retreat rate of each gully in the whole watershed could be
calculated by our extraction, which could provide detailed
information and help to understand the development and
heterogeneity of gullies in the spatial distribution from a
large scale.

From the perspective of gully development, information
such as amount, length, position, slope, and spatial
distribution which could be acquired through the method
proposed in this paper, are of great help for gully
developmental predictions, such as the statistic model
based on gully density (Zhao et al., 2016), and for
simulations based on cellular automatic models (Dunker-
ley, 1997; Cao et al., 2013). When separating the bank
gully from the gully system, it will help to understand the
role and contribution of the bank gully to the drainage
system development.



166 Front. Earth Sci. 2019, 13(1): 151-168

Landform, terrain complexity, and fragments are mainly
determined by gully development within a watershed
(Strahler, 1957; Wolman and Gerson, 1978; Wondzell et
al., 1996). The gully density or area could present general
information on watershed characteristics without any
interior structure content. A gully system usually develops
within a drainage area, in which various types of gullies
represent different developmental stages and evolve into
an organic system (Seginer, 1966; Betts et al., 2003; Stolte
et al.,, 2003). The compositional proportions and spatial
distributions of these gullies depict geomorphologic
features and gully erosion processes directly. For instance,
various types of gullies with the same gully density may
cause different soil loss and form different landforms,
which would require further research. The classification
and extraction of different gullies could provide basic
information which would contribute to understanding their
roles in the loess deposition process and geomorphologic
evolution mechanism.

6 Conclusions

Accurate and comprehensive information on erosion
features are of critical importance to farmers, land
managers, and scientists. Extracting and distinguishing
bank gullies from the gully system provide basic
information to the bank gully head retreat research and
gully development prediction and simulation, which will
help understand the role and significance of this kind of
active gully in gully erosion, soil loss, and geomorphologic
evolution. To achieve these, we first need to determine
gully location and extent, and our study introduces a
method to provide this essential information. In this study,
a semi-automatic method of bank gully extraction was
proposed, which considers the topographic features and
spatial relationships of bank gullies. The experiment in the
loess hilly areas showed that the overwhelming majority of
bank gullies could be extracted in a large area with this
method, although a field investigation in the sampling area
should be conducted first. This condition shows an evident
advantage of improving efficiency. The application in the
Jingbian test area presented its reproducible in other areas
and high resolution DEMs.

Digital river datasets are usually involved in the burn-in
algorithm to eliminate the parallel channels in the DEM-
based extraction of channel network. The “iterative
channel deepening” procedure proposed in this paper
could solve this problem and achieve a clean network
especially in the area with no applicable digital river. The
application of different resolution DEMs proved the
practicality of this method. A comparison with another
advanced flow direction algorithm over flat areas proved
the necessity and validation of the iterative channel
deepening algorithm for bank gully extraction in this study.

The accuracy of gully head location can be improved by

a revision using the shoulder line, which corresponds to the
relationship between shoulder line and bank gully head.
Only under the constraint of a shoulder line could each
gully head be repositioned correctly.

The RGD can be used to identify bank gullies from
valley gullies according to a relatively large difference in
gully depth between bank and valley gullies. The
segmentation threshold of RGD varies in different land-
forms, and its optimization could be achieved by an
experiment in the sample area.

The 5 m resolution DEM may be coarse for identifying
small bank gullies, but its effectiveness was confirmed for
extracting the majority of bank gullies. The additional
experiment in the Jingbian test area indicated that the
methodology and parameter were valid on other loess hilly
areas and high-resolution DEM data. Thus, we are
optimistic about the potential application of these techni-
ques to other areas.
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