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Abstract The Loess Plateau is densely covered by
numerous types of gullies which represent different soil
erosion intensities. Therefore, research on topographic
variation features of the loess gullies is of great significance
to environmental protection and ecological management.
Using a 5 m digital elevation model and data from a national
geographic database, this paper studies different topogra-
phical areas of the Loess Plateau, including Shenmu, Suide,
Yanchuan, Ganquan, Yijun, and Chunhua, to derive
representative gully terrain profile data of the sampled
areas. First, the profile data are standardized in MATLAB
and then decomposed using the ensemble empirical mode
decomposition method. Then, a significance test is
performed on the results; the test confidence is 95% to
99%. The most reliable decomposition component is then
used to calculate the relief period and size of the gullies. The
results showed that relief periods of the Chunhua, Shenmu,
Yijun, Yuanchuan, Ganquan, and Suide gullies are 1110.14
m, 1096.85 m, 1002.49 m, 523.48 m, 498.12 m, and 270.83
m, respectively. In terms of gully size, the loess landforms
are sorted as loess fragmented tableland, aeolian and dune,
loess tableland, loess ridge, loess hill and loess ridge, and
loess hill, in descending order. Taken together, the gully
terrain features of the sample areas and the results of the
study are approximately consistent with the actual terrain
profiles. Thus, we conclude that ensemble empirical mode
decomposition is a reliable method for the study of the relief
and topography of loess gullies.
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1 Introduction

The Loess Plateau contains the world’s largest distribution
of loess soils (Liu et al., 1991) and also suffers from some
of the worst cases of soil erosion globally (Cai, 2001). Soil
erosion leads to damaged soil resources, degradation of
soil fertility and quality, worsening ecological environ-
ments, infrastructure destruction (Blanco and Lal, 2010;
Zhao et al., 2013; Xu et al., 2016; Fu et al., 2017), and
flooding events (Zhang et al., 2016a, b). Therefore, soil
erosion is a major environmental issue for the survival and
development of mankind. The unique crisscrossing gullies
of the Loess Plateau were formed by long periods of severe
soil erosion (Vandaele et al., 1996; Valentin et al., 2005;
Cheng et al., 2007; Svoray and Markovitch, 2009; Zhu,
2012; Sun et al., 2014; Torri and Poesen, 2014; Li et al.,
2015), and the topographic features of these eroded gullies
also have important impacts on soil erosion (Li et al.,
2016). Therefore, studying the topographic features and
spatial distribution of gullies is extremely significant for
water and soil resource conservation in the Loess Plateau
as well as for the rehabilitation of its ecosystems.

Early studies on gullies in the Loess Plateau were
characterized by qualitative research. The earliest and most
representative study is on loess gully classification, which
is based on the landform scale and soil erosion type of
loess gullies (Luo, 1956; Zhu, 1956). Further research on
loess gully classification considered variations in gully
development position, morphological features, and soil
erosion (Chen, 1984; Liu et al., 1988; Tang et al., 1998).
Lei et al. (2000) put forward the concept of soil erosion
chains through the evolution of soil erosion processes and
used system dynamics to link the erosion gully network of
the Loess Plateau. This above-mentioned research
enriched the loess gully geomorphology and soil science
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and laid a theoretical foundation for the quantitative
research in loess gully terrain.

The topographic features of gullies have been studied
since the 1940s. In 1945, Horton (1945) proposed four
metric laws for flow lengths and drainage areas, which
eventually became known worldwide as “Horton’s Laws.”
The laws have had a profound impact on the quantitative
study of gully topography. At present, profile analysis is
the most commonly used method for studying topographic
features quantitatively (Hack, 1973; Avouac et al., 1996;
Telbisz et al., 2013; Jiang et al., 2016; Ma et al., 2017).
Topographic profile analysis utilizes a digital elevation
model (DEM) as a basis for creating profiles in a given
direction, and then employs profile data to express the
topographic and hydrologic features of a study area.
Burbank (1992) extracted elevation data corresponding to
the uplift and denudation processes of the Qinghai-Tibet
Plateau, analyzing the relationship between these pro-
cesses and the distribution of slope gradients. Fielding
et al. (1994) calculated the maximum, minimum, and
average elevation profiles of the Qinghai-Tibet Plateau and
generated sampling profiles of the plateau. The profile data
were then combined with slope surface analysis; it was
concluded that the Qinghai-Tibet Plateau has character-
istically mild slope distributions, especially in the northern
and central areas. Zhao et al. (2009) employed linear and
swath topographic profiles to study the relationship
between topographic gradient and the uplift process of
Kongur Tagh, a mountain which is located in the northern
Qinghai-Tibet Plateau. The linear topographic profiles
produced were direct and clear, and the generated swath
profiles were an excellent reflection of the region’s
topographic relief. Based on the Shuttle Radar Topography
Mission (SRTM) DEM of the United States and
1:5,000,000 digital geologic maps, Cheng et al. (2007)
utilized topography elevation profile analysis methods to
conclude that rift gullies, fault-block mountains, and rift
basins coexist in the Dabie Mountains. Furthermore,
statistical methods were employed to obtain the swath
profiles and the maximum, minimum, and average
elevation values of the Dabie Mountains. Results showed
that the slope, topographic relief, and average elevation in
the same areas are interrelated, and the geomorphic
features of the Dabie Mountains were thus revealed by
this study. Zhang et al. (2006a,b) used SRTM data to obtain
the topographic relief of the Loess Plateau via elevation
profiles and thresholds. Having extended the technical
methods available for the acquisition of topographic relief,
they then performed a preliminary quantitative study on
erosion in the Loess Plateau. Zou et al. (2011) extracted
swath profiles and formed a complete set of technical
procedures. The swath profiles were employed to quanti-
tatively analyze the geomorphic features of the Three
Gorges region. These studies demonstrated that profile
analysis is an effective method for analyzing a region’s
geography quantitatively.

Since the 1970s, spatial frequency spectrum analysis
methods, such as Fourier transformations and wavelet
decomposition, have been broadly applied to topographic
analyses (Rayner, 1972; Pike and Rozema, 1975). Hanley
(1977) used 2D Fourier transforms to simulate the hillocks
of the Catawba Mountains in Virginia, USA. Harrison and
Lo (1996) utilized 2D fast Fourier transformations to
simulate the karst areas of Puerto Rico, concluding that
Fourier analysis can be used for topographic reconstruc-
tions. Yu et al. (2004) applied wavelet decomposition to
describe the assignment of contour lines in 3D topography
models. When Perron et al. (2008) employed 2D Fourier
frequency spectrum to investigate the topography of
northern California, they concluded that a correspondence
exists between the frequency obtained with Fourier
analysis and slope length. Simultaneously, scholars have
also conducted extensive investigations in topographic
analysis using spatial frequency spectrums. Based on
theories of wavelet multi-resolution analysis, Wu (2003)
utilized the norm of wavelet coefficients as a quantitative
index for generalizing a corresponding scale. Previous
research (Li, 2008; Chen et al., 2012) employed wavelet
fractal analysis to construct multi-scale DEM models and
multi-scale DEM representations. Other research (Li et al.,
2007; Chen and Zhou, 2013) combined wavelet multi-
scale analysis with square root models to synthesize DEM
data. Utilizing Fourier transformations and spectral
analysis, later research (Frederiksen, 1981; Doglioni and
Simeone, 2014; Davis and Chojnacki, 2017) analyzed the
features and range of erosion-related topographic features
in the extracted topographic profiles of erosion gully areas
in the Loess Plateau, and the low, moderate, and high
frequency of topographic features were successfully
separated.

The ensemble empirical mode decomposition (EEMD)
method is effective for spatial spectrum analysis. Cao et al.
(2017) employed EEMD and multifractal detrended
fluctuation analysis (MF-DFA) to characterize the
embedded noise in topographic profiles of shoulder lines,
developing the methods for extracting and removing this
noise. The EEMD method, without the need for human set
decomposition conditions, can obtain loess gully terrain
frequency, relief period, and the size distribution char-
acteristics of different landform types in the Loess Plateau
gullies and ravines. Very little literature exists on the
spatial distribution frequency of loess gullies in different
landforms. Therefore, taking the Shenmu, Suide, Yan-
chuan, Ganquan, Yijun, and Chunhua area of the Loess
Plateau as sampling areas, representative topographic
profiles were extracted from a 1:10000 DEM of the
study areas. EEMD was then performed on these profiles
after standardization, and significance tests were con-
ducted. The spatial features and distribution frequency of
topographic variations in the six sampling areas were
obtained from analyzing the intrinsic mode functions
(IMFs), with high levels of significance. Finally, the spatial
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distribution patterns of gullies with different scales were
determined.

2 Materials and methods
2.1 Study area and research data

The study area comprised the Shenmu, Suide, Yanchuan,
Ganquan, Yijun, and Chunhua sample areas (Fig. 1 and
Table 1); these six areas are located from the northern to
the southern regions of the Loess Plateau, successively.
The DEMs used in this study were from the National
Administration of Surveying, Mapping, and Geoinforma-
tion of China and were generated by 1: 10000 topographic
maps with a 1 m contour interval. First, the paper
topographic maps were drawn by the ground-based
surveys and then scanned into the computer with a
geometric correction. Then, the contour lines were
digitalized and interpolated into a triangulated irregular
network (TIN). Finally, the gridded DEMs were inter-
polated by the TIN after ordinary manual editing in TIN to
correct mistakes. Representative profile data were
extracted from the six watersheds. Starting with the gully
openings, elevation data were sampled from the gullies’
negative relief regions using the DEMs. Thus, the 2D data
corresponding to the change in elevation with distance, i.e.,
the topographic profiles (Figs. 2(a)-2(f)), were obtained.

2.2 Methods

As conventional Fourier transformations and wavelet

decomposition are based on pre-determined basis func-
tions, these methods are not data-adaptive and may
generate spurious decomposed fluctuation scales (Alexan-
drov, 2009; Ayenu-Prah and Attoh-Okine, 2009). Com-
pared to these methods, the greatest strength of empirical
mode decomposition (EMD) (Huang et al., 1998), a signal
analysis method, is that it is data-adaptive, and thus can
decompose any type of signal. EMD is also suitable for
nonstationary and nonlinear data and is broadly applied to
these types of signal sequences.

The objective of EMD is to decompose raw signals that
are difficult to analyze into a set of highly analyzable IMFs
to elucidate signal features. The generated IMFs must have
physical significance in order to produce an accurate
decomposition representation of a signal’s variation
characteristics. Therefore, an IMF needs to satisfy the
following requirements. First, the number of extrema in the
entirety of the signal data must be exactly equal to the
number of zero crossings. Second, at any distance point,
the upper envelope formed by local maxima and the lower
envelope formed by local minima must have an average
value of zero.

Although EMD is an adaptive method, it still suffers
from certain flaws, such as endpoint effects and scale
mixing from the influence of the original signal frequen-
cies. To address these issues, Wu and Huang (2009)
proposed a type of noise-assisted data analysis based on
the EEMD method, which overcomes the mode mixing
issues of EMD by screening IMF components with added
white noise. Moreover, the perturbations of the ensemble
white noise provide a mechanism for significance tests
within the EEMD method to obtain confidence levels for
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Table 1 Geographic description of the study sites

Sampling sites Geographic location

Landform types

Location description

Shenmu 109°40'00"-110°54'00"E Aeolian and dune
38°50'00"-38°55'00"N

Suide 110°15'00"-110°22'30"E Loess hill
37°32'30"-37°37'30"N

Yanchuan 109°52'30"-110°00'00"E Loess ridge-hill
36°42'30"-36°47'30"N

Ganquan 109°30'00"-109°37'30"E Loess ridge
36°10'00"-36°15'00"N

Yijun 109°18'45"-109°26'15"E Loess tableland
35°25'00"-35°30"00"N

Chunhua 108°22'30"-108°30'00"E Loess fragmented

34°50'00"-34°55'00"N

tableland

In Shenmu sample area, elevation is 1060—1322 m, with an average
slope of 9° and gully density of 3.4 km/km?”. Contiguous low hills
covered by thin layers of sand and gently inclined dunes are found
throughout this region

In Suide sample area, elevation is 847-1163 m, with an average slope
of 29° and gully density of 6.52 km/km?. The area is hilly and
crisscrossed with gullies, with extremely severe soil erosion

In Yanchuan sample area, elevation is 953—1252 m, with an average
slope of 31° and gully density of 6.78 km/km?. Rills and ephemeral
gullies have developed on the ridges, and gulches, ditches, and streams
have incised deeply below the loess ridges and hills

In Ganquan sample area, elevation is 1149-1445 m, with an average
slope of 27° and gully density of 5.6 km/km?. Ridge slopes are eroded,
and intense down-incising gulches and streams occur between ridges

In Yijun sample area, elevation is 797—1134 m, with an average slope
of 19° and gully density of 4.2 km/km?. Headward gully erosion is
extremely severe, and gravitational erosion is active in this area

In Chunhua sample area, elevation is 768—1164 m, with an average
slope of 12° and gully density of 3.13 km/km?. The loess tableland and
residual tableland are the primary landforms of this area, but these have
been deeply incised by a number of large gullies

each IMF, which was previously impossible with the EMD
method (Wu and Huang, 2004, 2005).

The operational procedures of the EEMD method are as
follows:

1) A white noise sequence, w(?), is added to an original
data sequence, x(?), at a certain signal-to-noise ratio (SNR),
which yields an overall signal:

X(t) = x(t) +w(t). (1)

2) EMD decomposition is performed on the new data
sequence, i.e., the data sequence that has been super-
imposed with white noise, to obtain each IMF component:

X(t)= ¢+, 2)

3) The aforementioned procedures are repeated, and a
new generated white noise sequence w(f) with the same
amplitude is added to the original signal in each repetition:

n

X(t) =Y ci+1 3)

i=1

4) The corresponding IMF component, c,(f), of each
original signal is expressed as:

1 N
C,,(l) = N E cj,n(t)' (4)
/=

5) The final result of the decomposition is:

() = 3 el0) + 1) ©)

n=1

Significance tests may then be performed to determine
whether the IMF components obtained from the decom-
position are physically significant or mere noise. The
properties of each IMF component may be determined by
analyzing the distribution of their energy spectral density
periods, from which the required IMF components are
selected for analysis. The energy spectral density of the &A™
IMF component is:

1< 12
Ey=—> LI (6)
j=1

In this equation, N represents the length of the IMF
component while [;(j) is the " IMF component. Using the
Monte Carlo method to perform a test on the white noise
sequence, the approximate relationship between the
average energy spectral density value, E, and average
period, T, of the & IMF component may be expressed as:

InE; + In{Tx}, = 0. (7)

By mapping In{Tk }, as the horizontal x-axis and InEj
as the vertical y-axis, the relationship between these two
variables will be displayed as a straight line with a slope of
—1. In theory, the constant IMF component of the white
noise should lie on this straight line, but deviations will
occur to some extent in practice. Therefore, the confidence
interval of the white noise’s energy spectral distribution is:
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(1)
InE; = In{Tg}, + a\/% , 8)

where a is the significance level.

In this study, the EEMD method was employed to
standardize and decompose the profile elevation data
extracted from six sample areas in the Loess Plateau, i.c.,
Shenmu, Suide, Yanchuan, Ganquan, Yijun, and Chunhua,
thereby obtaining the decomposed components of the
profile elevation signals. Significance tests were imple-
mented on the results of the decomposition, and IMFs with
the highest confidence levels were selected. The periods
and frequencies of these IMFs were calculated and
combined with topographic knowledge. Then, the spatial
characteristics and distribution frequencies of the topo-
graphic variation of gullies in different landforms were
subsequently obtained. After the comparison among
different landforms, we acquired the spatial distribution
patterns of the gullies.

3 Results and discussion
3.1 Gully profile decomposition and tests

Due to the self-adaptation of the EEMD decomposition
method, the decomposition results of each study area
completely depend on the profile data. The decomposition
results of Shenmu, Suide, and Yijun sampling areas have
10 IMF components and a residual trend value (RES)
(Figs. 3, 4, and 7), while the decomposition results of
Yanchuan, Ganquan, and Chunhua areas comprise 9 IMF
components and an RES value (Figs. 5, 6, and 8).

In the six different geomorphological study area types
including tablelands, ridges and hills, various types of
gullies with different scales, gully densities, and incision
depths are formed due to the variations of underlying
bedrock, rainfall, and soil erosion. The period and
frequencies of the topographic relief of gullies in different
landforms are diverse because of the nesting of different
levels of gullies in the watershed. The period and
frequency of the topographic relief of gullies in the same
landform are also different. The IMF components of the
decomposition results of the gully topographic profiles
reflect the fluctuation characteristics of topographic relief
from high frequency to low frequency. Each of the IMF
components decomposed by EEMD is independently
representative, i.e., there are no oscillations with the
same period and frequency of terrain relief in each study
area. Moreover, each IMF component is characteristic of a
physical feature, respectively revealing the terrain oscilla-
tions of different characteristic scales inherent in the
original terrain profile. This non-uniform variation in the
topographic intensity of the terrain embodies the nonlinear
interaction between the dynamic process and the external
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factors of the topography of the Loess Plateau. In order to
analyze the different characteristic scale oscillations
inherent in the topographic relief of different landform
types, the mean period of topographic relief was
calculated. Furthermore, the degree of influence of the
frequency and amplitude of the IMF fluctuations at each
scale on the overall characteristics of the original terrain

profile data are represented by the variance contribution
rate, as shown in Table 2. For the sake of testing whether
the decomposed IMF components are pure noise or
components with physical meaning in the original gully
terrain profiles, significance tests were employed.

Table 2 displays the average period of different terrain
relief and variance contribution rates of each IMF
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component represented by different scales. Significance
levels o were selected as 0.01 and 0.05, respectively (Table
2 and Figs. 9(a)-9(f). An IMF located above the
confidence curve indicates that it has passed the sig-
nificance test and therefore contains information with
actual physical meaning within the selected confidence
level. Conversely, if the energy of the decomposed IMF

lies below the confidence curve with respect to the period
distribution, it has failed the significance test, indicating
that the information contained in the IMF consists of
mainly white noise components. In Figs. 9(a)-9(f), the
closer to the left the IMF component is, the higher the
terrain relief frequency and the smaller the relief period
will be. The vertical axis represents the Energy Spectral
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Density (ESD) of the IMF component. The closer to the
upper side, the higher the energy that the IMF component
has and the larger the amplitude is.

3.2 Topography relief features of gullies

From Fig. 9(a), it can be seen that IMF9 and IMF10 fall

below the 95% confidence level, and thus contain
relatively little physical information. IMF1 to IMF8 fall
above the 99% confidence level and include more physical
information. Table 2 also gives the variance contribution
rate of each component of EEMD. It should be noted that
individual IMFs that lie within the significant range of
white noise do not meet the significance test, but do factor
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Table 2 The parameters of significance test by Monte Carlo of six study sites in Loess Plateau

Sampling site Parameters IMF1 IMF2 IMF3 IMF4 IMF5 IMF6 IMF7 IMF8 IMF9 IMF10 RES
Shenmu Variance contri-  0.0229  0.0081 0.0087  0.0312  0.0342  0.0299  0.0962  0.3453  0.7733 0.001 98.65
bution rate%
Relief period/m  3.1673  6.7018 13.863 29.47 57.79 120.27  296.67 1483.3 2225 2225 -
Confidence level >99%  >99%  >99%  >99%  >99%  >99%  >99%  >99%  <95% <95% -
Suide Variance contri-  0.0289  0.0118  0.0116 ~ 0.0183  0.0296  0.0509  0.1622 04577  0.3758  0.1268  98.73
bution rate%
Relief period/m  3.2411 6.7226 13.815 29.87 58.168 120.13  325.06  690.75 1105.2 1842 -
Confidence level >99%  >99%  >99%  >99%  >99%  <95%  >99%  >99%  >99% >99% -
Yanchuan Variance contri-  0.0201 0.0091 0.0179  0.0316  0.0842  0.0615  0.0456 1.1462  0.1434 - 98.44
bution rate%
Relief period/m  3.21 6.8942 14392 29.776  63.963 115.13  431.75 690.8 1727 - -
Confidence level >99% >99% > 99% > 99% >99% > 99% <95% >99% > 99% - -
Ganquan Variance contri-  0.0207  0.0091 0.0077  0.0118  0.0329  0.0384  0.8343  0.0747  0.1731 - 98.80
bution rate%
Relief period/m  3.1089  6.6753 14212 28294  57.111 128.5 308.4 1542 1542 - -
Confidence level >99% >99% >99% >99% >99% > 99% > 99% > 99% > 99% - -
Yijun Variance contri- 0.0214 0.0074 0.0063 0.0085 0.0115 0.0075 0.0099 0.6132 0.0185 0.0641 99.23
bution rate%
Relief period/m  3.2036  6.5079 13289  29.092  55.485 109.84 207 768.86 1794 2691 -
Confidence level >99%  >99%  >99%  >99%  >99%  >99%  >99%  >99%  >99% >99% -
Chunhua Variance contri- 0.0248 ~ 0.0089  0.0071 0.0466  0.0583  0.1512  0.0406  0.0176  0.0578 - 99.59
bution rate%
Relief period/m  3.2441 6.3869 13.556  28.629 62.03 124.06  372.18  454.89 1023.5 - -
Confidence level >99% >99% >99% >99% >99% >99% >99% <95% <95% - -

into the calculation of variance contribution rates in order
to maintain the total energy of the signal. In the Shenmu
area, the variance contribution rate of IMF8 (0.3453) is the
highest among all components that passed the significance
test, except for the RES (Fig. 3, Fig. 9(a), and Table 2).
Therefore, IMF8 is the dominant period of the topographic
relief in Shenmu. By calculating the variation period of the
IMF8 component, the average period of terrain relief in
Shenmu was found to be 1483.3 m.

In the Suide area, IMF6 did not pass the significance test
(Fig. 4, Fig. 9(b), and Table 2). Among all the components
that passed the significance test, the variance contribution
rate of IMF8 (0.4577) is the highest. IMF8 is the dominant
period of topographic relief in Suide, and the average
period of gully terrain relief was found to be 690.75 m. In
the Yanchuan area, IMF7 did not pass the significance test.
Of all the components that passed the significance test, the
IMF8 component has the highest contribution to the
variance (1.1462). Therefore, the main period of topo-
graphic relief is IMF8 in Yanchuan, where the average
period was found to be 690.8 m (Fig. 5, Fig. 9(c), and
Table 2).

All decomposition components in the Ganqun area were
above the 99% confidence level, and thus met the

significance test. IMF7 had the highest variance contribu-
tion rate (0.8343) and was determined to be the main
period of the gully topography in Ganquan, with the
average period of the relief being 308.4 m (Fig. 6, Fig.
9(d), and Table 2). Similarly, all decomposition compo-
nents in Yijun are above the 99% confidence level, passing
the significance test. In addition to the RES, IMFS8
possesses the largest variance contribution rate (0.6132)
(Fig. 7, Fig. 9(e), and Table 2). This illustrates that IMFS is
the main period of gully topography in the Yijun area, with
an average period of gully topography relief of 768.86 m
(Fig. 7).

In the EEMD decomposition results in the Chunhua
area, IMF8 and IMF9 are below the 95% confidence level
(Fig. 9(f)). These two components did not pass the
significance test, indicating that they contain less informa-
tion about the significance of the actual gully relief.
Comparatively, the rest of the decomposition components
are located above the 99% confidence level, revealing that
they have passed the significance test and contain more
information on the topography of the gully. Among the
components that passed the significance test, the variance
contribution rate of IMF6 of 0.1512 is the highest (Table
2), confirming that IMF6 is the main period of gully
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Fig. 9 The significance test by Monte Carlo of gully topographic relief periods in six study sites. (a) Shenmu; (b) Suide; (c) Yanchuan;
(d) Ganquan; (e) Yijun; (f) Chunhua.
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topography relief in the Chunhua area, with an average
period of gully terrain of 124.06 m (Fig. 8).

4 Conclusions

An analysis of gully topographic relief features and spatial
distribution frequencies of gullies was proposed based on
the decomposition of profile lines. The findings of this
study are as follows.

From the EEMD of profile lines, IMFs with high
significance accurately reflect the complexity of gully
topography. The relief periods of the effective components
decreased as gully density increased and vice versa, with a
terrain profile order of loess fragmented tableland, acolian
and dune, loess tableland, loess ridge, loess hill and loess
ridge, and loess hill gully areas. To conclude, EEMD is an
effective method for studying the topographic relief
features of loess gullies.

The EEMD decomposition of topographic profiles
proposed in this work is a new research methodology for
studying topographic relief features of loess gullies. The
results of this EEMD-based topographic analysis and
topographic scales of gullies were linked based on
geomorphic principles, and the spatial distributions of
gullies with different scales were compared. However, our
understanding of the topographic features of gullies still
lacks depth due to the complexity of gully geomorphology
and the inherent restrictions of this research method.
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