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Abstract

Vegetation cover derived from remote sensing image is widely used for soil
erosion risk assessment, but there is no clear guideline to select the most ap-
propriate temporal satellite data. It is common practice that satellite data
during growing season are randomly selected and used in soil erosion risk
assessment. However, the effectiveness of vegetation in protecting the soil is
quite different even if it is the same growing season since vegetation covers
change as they grow. This article aims to provide a method of choosing op-
timal vegetation cover for studying soil erosion risk using remote sensing,
that is, the vegetation cover in the most appropriate temporal period. Based
on the temporal relationship of the two most active impact factors, rainfall
and vegetation, an index of RV'is developed and used to indicate the relative
erosion risk during the year. The results show that annual variation of rainfall
is significant, and vegetation is relatively stable, resulting in their matching
relationship is different in each year. The correlation coefficient reaches 0.89
between RV and real sediment transport during the period when rainfall can
cause soil erosion. In other words, RV is a good indicator of soil erosion.
Therefore, there is a good correlation between RV maximum and the optimal
vegetation cover, which can help facilitate erosion research in the future,
showing good potential for successful application in other places.
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1. Introduction

Soil erosion is the combined result of natural factors and human factors, and has
become one of the most significant environmental problems worldwide, threat-
ening agricultural productivity and food security (DeGraffenried & Shepherd
2009; Zhang et al., 2010; Verachtert et al., 2011; Zhao et al., 2018). Efficient in-
tervention to control soil erosion requires assessment models for predicting the
spatial location and intensity of degradation (Cohen et al., 2005; Zhang et al.,
2012). Among the factors affecting soil erosion (rainfall, soil erodibility, vegeta-
tion cover, topographic factors, land cover, etc.), rainfall and vegetation cover
are most active factors. Rainfall is the main driving factor (Zhang & Fu, 2003).
Raindrop splashing and separating soil particles, and runoff eroding and trans-
porting lead to soil erosion. However, not all rainfall events can cause soil ero-
sion, and only those being able to generate sufficient runoff to transport sedi-
ment are erosive rainfall (Xie et al., 2002; Liu et al., 2007). Hancock (2009)
demonstrated that annual sediment output was variable and non-linear with in-
creased rainfall amount and intensity. Vegetation is a positive factor in prevent-
ing soil erosion, and is one of the most active factors (Zhan & Wang, 2001). In-
appropriate land use and destruction of vegetation will lead to increasing soil
erosion (Huang et al., 2004). Vegetation can improve the ability of soil resistance
to erosion, such as lowering rainfall kinetic energy by vegetation stem, slowing
runoff velocity by plant stems and litter, increasing ability of soil resistance to
erosion by plant roots (Zhang et al., 2000). Vegetation weaken raindrops hitting
the ground, increase ground roughness and disperse the raindrops power in the
canopy; carious vegetation also increase soil organic matter content and further
improve the physical and chemical properties of soil (Gilly & Risse, 2000; Zhang
& Liang, 1996). However, vegetation obviously changes over time, and vegeta-
tion cover will also be significantly different in different seasons, thus the ability
preventing soil erosion varies during the year.

Vegetation cover is usually extracted from satellite images in current erosion
risk assessment methods (Mutekanga et al., 2010). It holds an important role in
protecting soil (Vrieling et al., 2008; Menéndez-Duarte et al., 2009). As vegeta-
tion grows, vegetation cover which is an important impact factor in soil erosion
assessment significantly varies. Consequently, the temporal phase of images im-
pacts accuracy of extracted soil erosion risk information (Gao & Wang, 2004).
However, there is not a clear guideline to choose the most appropriate temporal
image data for soil erosion risk remote sensing assessment. Usually, the images
in growing season, especially periods of high intensity rainfall (Mutekanga et al.,
2010; Zhang et al., 2010; Zhang et al., 2012), are selected and used in the studies.
In addition, after summarizing the experience of previous soil erosion remote
sensing investigation, some scholars put forward some methods used to identify
best temporal phase of images. For example, it is the best temporal phase when
the tree and shrub species have begun to vigorously grow and the crops have not
yet covered the surface in the loess plateau (Cai et al., 2002; Qiao, 2003). Because
the significant chlorophyll effect of vegetation results in prominent vegetation
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information, while the loess information is also very distinct, these two kinds of
objects can form a strong contrast. In this time, the effect is best for visual inter-
pretation. This method will allow researchers to distinguish more vegetation
types, resulting in more effective data interpretation. However, in soil erosion
remote sensing study, the erosion risk or intensity is not intuitive information
and cannot be directly interpreted from the digital image. That is, the best tem-
poral phase for visual interpretation is not necessarily suitable for soil erosion
assessment. Therefore, the vegetation of this period may not be necessarily rep-
resentative for erosion risk assessment.

For a certain study area, in addition to rainfall and vegetation, the other im-
pact factors can be considered as constants within a certain period of time.
Therefore, accurate analysis of temporal matching relationship of rainfall and
vegetation during the year is of great significance for assessing soil erosion risk
and optimizing soil and water conservation. Langbein & Schumm (1958) reveal
a complex relationship that the rainfall directly result in soil erosion and simul-
taneously facilitate vegetation growth, as an indirect way to reduce the effects of
surface erosion. Vrieling et al. (2008) analyzed the severe erosion periods of
Cerrados regions in Brazil using moderate resolution imaging spectroradiometer
(MODIS) normalized difference vegetation index (NDVI) time series data and
high-intensity rainfall showed by Tropical Rainfall Measuring Mission (TRMM)
three-hourly data. The purpose of this paper is to find a good way for choosing
remote sensing images which is used to assess soil erosion risk, that is, to identi-
fy optimal vegetation cover for annual soil erosion risk assessment. TRMM-3B43
monthly rainfall data and MODIS-NDVI data are used to study the temporal
matching relationship of rainfall and vegetation in the Huangfuchuan basin and
an indicator RV is developed to aid remote sensing image selection in practical

applications.

2. Materials and Methods
2.1. Study Area

The Huangfuchuan Basin is located in the middle reaches of the Yellow River,
and the main source of coarser sediment in the Yellow river basin (Figure 1).
The average annual sediment transport volume is 0.505 billion tons. The soil
erosion area is 3215 km® (39°11' - 40°3'N, 110°15' - 111°19'E), accounting for
99% of the total area. Huangfuchuan River originated from Dalat Banner in In-
ner Mongolia and merged into the Yellow river in Fugu county, Shaanxi Prov-
ince. The main river is 137 km long and the drainage acreage is 3246 km’. The
average annual precipitation is 389.5 mm and decreases from southeast to
northwest. Rainfall in flood season accounts for more than 78% of annual rain-
fall, and 50% - 60% is concentrated in July and August. The characteristics of
heavy rainfall are short, the coverage is small, the intensity is large, and the inte-
rannual variation is large. Annual average runoff is 153.6 million m’ runoff
depth 48 mm.
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Figure 1. Location of study area.

2.2. Data

The temporal variation of rainfall is determined using time-series TRMM 3B43
products. These data are available from 1998 and were obtained through the
TRMM Online (http://daac.gsfc.nasa.gov/data/datapool/TRMM). TRMM 3B43
is a monthly rainfall product and available at a 0.25" grid. Its spatial resolution is

low, but it is considered that a good indication for temporal rainfall distribution
(Vrieling et al., 2008; Zhang et al., 2012; Zhao et al., 2018). This dataset is se-
lected because rain gauge measurements do not always exit or are often hard to
obtain, while TRMM data is available for any region between latitudes 50°N and
50°S, furthermore, its spatial distribution is more authentic relative to the inter-
polated results of point measured data. A point-measurement value is hard to
represent a broader range of rainfall distribution, although it is more accurate at
this point location (Wilheit et al., 1977). In the observation of convective preci-
pitation, this point data is more unrepresentative. Radar is also an alternative,
however, it can only observe limited area, and its disadvantage is uncertainty,
low coverage, high cost (Cheng et al., 1993). The meteorological satellites can
provide macro and large-scale global data, and it has become an important ob-
servation means of global precipitation (WMO, 1993). TRMM project is the first
active remote sensing of earth atmosphere by satellite and can collect more ac-
curate information on the spatial structure of rain clouds.

NDVI has been widely used in the study of vegetation remote sensing and
phenology. It is a best indicator of plant growth status and spatial distribution
density, and can be easily extracted from remote sensing images with a variety of
spatial resolution. Although NDVI value is disturbed by soil background reflec-
tance (Escadafal, 1994) and vegetation growth (De Jong, 1994), it can still reflect
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the spatial and temporal variation of vegetation (Carlson & Ripley, 1997; Zhang
et al.,, 2019). It often is used to assess protective vegetation cover (De Jong et al.,
1999; Jain & Goel, 2002; Symeonakis & Drake, 2004). In this paper, MODIS im-
agery from the Terra platform is used to determine the temporal variation of
NDVI during the year. The MOD13Q1 product, representing a 16-day vegeta-
tion index composite, is used and it is calculated on a pixel-by-pixel basis

(https://wist.echo.nasa.gov/api/), in which images are selected or excluded based

on quality, cloud cover and viewing geometry (Huete et al., 2002). This product
always provides a well-timed NDVI value for each pixel even during poor condi-
tions, such as persistent cloud cover. And it is widely used to monitor ecological
environment.

The sediment transport quantity is the sediment mass passing through a sec-
tion of the river in a certain period of time, and the unit is ton. This paper uses it
to indicate the erosion and sediment yield of the controlled area. The data in-
clude monthly and annual sediment transport data of hydrological station mon-
itoring the Yellow River main stream and the measured annual sediment trans-
port data of the important tributary hydrological station, published in the China
River Sediment Bulletin of 2004-2013. The hydrological stations, Longmen and
Huangfu, were selected in this research. They are the first main hydrological sta-
tion in the lower reaches of the study area and the hydrological station at the exit

of the Huangfuchuan River Basin, respectively.

3. Methods
3.1. The Definition of Optimal Vegetation Cover

In the arid and semi-arid areas where low and concentrated rainfall, the time
high intensity rainfall occurs is not fixed in a certain period. While the vegeta-
tion cover varies, resulting in the protective ability of vegetation changes for soil.
If the high intensity rainfall occurs when vegetation protective ability is maxim-
al, the most server erosion may not appear, thereby, the image of this period is
not necessary representative for assessing soil erosion.

Similarly, in northern China, only a limited number of heavy rainfalls can
cause erosion, while smaller rainfalls which can not cause erosion account for
majority of the total rainfall in a year (Xie et al., 2002). Although the limited ero-
sive rainfalls are concentrated in rainy season (Wang, 1983; Liu et al., 2007), it
may occur at any time during June and September. In this period, vegetation
cover is distinctly changing over the time as vegetation growth. Therefore, the
ability of protecting soil from erosion is also changing. This means erosion by
water is concentrated in this period, but is not fixed at a certain time because of
interaction between vegetation and rainfall. In this paper, the period, when ero-
sion amount accounts for majority of the total during the year, is considered of
great significance for soil erosion risk assessment. And the vegetation cover of
this period is considered as optimal vegetation cover. For the erosion remote

sensing assessment, the erosion calculated based on the optimal temporal image
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should be closest to the measured data.

3.2. Analysis of Time-Series Rainfall and NDVI

Rainfall and vegetation are the two factors with the greatest changes for annul
soil erosion risk assessment. In order to study the matching relationship of vari-
ation of rainfall and vegetation in the year, several parameters are chosen to de-
scribe the time series data, that is, kurtosis, skewness and peak position. Com-
pared to the normal distribution, kurtosis reflects the sharpness or flatness of a
distribution. A positive value indicates a more sharp distribution. A negative

value indicates a more flat distribution. Calculation formula (1) as follows:

n(n+l) y xl.—f_ 3(71—1)2
(n—l)(n—Z)(n—3) Z s (n—2)(n—3)

where, KU is kurtosis; Sis the standard deviation of time series data.

KU =

(1)

Skewness reflects the asymmetry degree relative to average value in a distribu-
tion. A positive value indicates the asymmetric part has a positive trend. A nega-
tive value indicates the asymmetric part has a negative trend. Calculated formula
(2) as follows:

—\3
n X, —X
SK = X ! 2

TR e @
where SKis skewness; Sis the standard deviation.

In this study area, rainfall and vegetation time-series are single peak (Zhang &

Qin, 2016), the maximum value are considered as the peak position.

3.3. Design of Optimal Vegetation Cover Indicator

In practical applications, it is impossible and unnecessary to firstly purchase all
remote sensing images of rainy season for soil erosion risk assessment. The cor-
rect approach is to firstly identify the optimal temporal phase, and then purchase
the image data. Therefore, it is necessary to develop an indicator of the optimal
temporal phase for remote sensing images selection. For a specific study area,
the erosion impact factors, such as soil type, topography, tillage practices, etc.
can be considered as constant for annual soil erosion assessment. Rainfall and
vegetation significantly change in the year, and selected to build the indicator,
assisting remote sensing image selection. NDVI (Normalized Difference Vegeta-
tion Index) is an important parameter (see Equation (3)), often used to detect
vegetation growth status and vegetation cover. Here, it is used to be on behalf of
vegetation condition. Rainfall data is the TRMM 3B43 data set.

NDVI = (NIR~ RED)/(NIR + RED) (3)

where N/R is the near infrared band of the image, and RED s red band.
Some studies have proved that rainfall which less than 9.9 mm will not form
an effective runoff, thus can not form valid erosion in this region (Liu et al,,

2007). Therefore, the following processing is firstly carried out for rainfall data,
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forming a new rainfall dataset R’.
’ {R[ -9.9 R >99
R =

4
0 R>99 )

where, R is the original rainfall, R’ is the processed rainfall, 7is month num-
ber.

Since the units and magnitude of rainfall and NDVI data are inconsistent, in
order to express better the matching relationship, they are converted to relative
values by standardizing with the sum of the year. Then an index RV'is developed
to help indicate the relative soil erosion risk.

RV=R-N 5

12
where, R=R//) R, isthe standardized rainfall. The values reflect the percen-

i=l1
tage of erosive rainfall per month in the year; N = N, iN . is the standardized
i=1
NDV], the values indicate the relative size of vegetation cover for each moth in
the year. Therefore, RV can indicate the relative erosion risk during the year. For
example, the greater RV values indicate that relatively large rainfall encounters
relatively small vegetation cover during the year, and the erosion risk will be
greater. When the RV is negative, it still reflects the relative magnitude of ero-
sion risk, However it indicates that erosion is almost impossible.

It should be noted that, the data is standardized with the sum of the year, and
it is not comparable year to year. In addition, our aim is just to indicate the
probability of erosion occurrence in each period, only the quantity and not in-
tensity of rainfall is considered.

4. Results and Discussions
4.1. Comparison of Parameters

The kurtosis of 2004-2013 rainfall and NDVT time series data are calculated and
shown in Figure 2. It can be seen, the kurtosis of NDVT is relatively stable, and
ranges between -2 and 1. Rainfall kurtosis values are all greater than NDVI in
each year, and the fluctuations are more obvious. That illustrates that rainfall is
more concentrated and the concentration degree changes each year.

The skewness is shown in Figure 3. The changing trend of NDVI is similar
with rainfall, but the amplitude is less than rainfall. That illustrates that rainfall
may promote vegetation growth, but the change of NDVI is relatively slow.

Peak position is shown in Figure 4. Although both are located in rainy season,
the changes of rainfall are still greater than NDVI.

The analysis of three parameters indicates that the temporal matching rela-
tionships of rainfall and NDVI vary in each year, and changing degree of rainfall
is more evident than NDVI. So, the best temporal phase of image should be dif-
ferent in each year for soil erosion remote sensing assessment. It is necessary to
analyze the specific circumstances of each year in order to find the most appro-

priate image.
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Figure 2. Kurtosis of precipitation and NDVI time series.
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Figure 4. Peak positions of precipitation and NDVI time series.
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gust making up only 63.34% in 2011.

4.2. The Matching Relationship of Rainfall and NDVI

The curves of 2004-2013 rainfall and NDVI are shown in Figure 5. Due to the
impact of climate, rainfall and other natural conditions, variation of NDVT is
slightly different in each year. Basically, vegetation starts to rapidly grow from
April, and reaches the peak between July and September, then began to decline.
However, the rainfall is very different. Although it is mainly concentrated be-
tween April and September, there is significant randomness not only from the
concentration degree but peak position. For example, the rainfall is most con-
centrative in 2013, and the rainfall between June-September accounts for 92.47%

of total rainfall of the year; while that of the rainy season between June and Au-

The RVvalues are calculated and shown in Figure 6. The protection ability of
vegetation has certain differences even in three months of rainy season. There-
fore, maximum of rainfall and RV did not appear in the same month. In other

words, erosion risk is not necessarily most severe even if the rainfall is maximal
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Figure 6. RV distribution of the year after avoiding erosive rainfall.

in this month, because the protection ability of vegetation also increased. Ac-

cording to the definition of optimal vegetation cover, the best temporal phase

will be different due to the matching relationships. Because RV indicates the rel-

ative probability of erosion occurrence and erosion is very concentrated in the

study area, the RV maximum will be corresponding to the phase of the optimal

vegetation cover. Therefore, the best phase are in the rainy season, but not fixed

in a certain month. From the calculation results of many years, RV can intui-

tively assist to select the best phase for remote sensing assessment of soil erosion.
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I RV
—e— Sediment transport

4.3. Comparison of RV and Average Annual Sediment Transport

The sediment transport data monitored in river sections can be used to illustrate
the amount of soil erosion. In this study, the average annual sediment transport
data derived from the main hydrological stations in the lower reaches of the
study area is used to compare with RV. The result is shown in Figure 7(a). We
can see that the synergistic change between them is obvious, especially during
the rainy season. During the period when rainfall can cause erosion, that is, from
May to September, the correlation of RV and average annual sediment transport
of years (ASTY) is shown in Figure 7(b). It can be seen that their correlation
coefficient reaches 0.89.

The related studies have shown that the annual rainfall causing erosion in the
study area is mostly a small part of flood season (Zhang & Qin, 2016). During
this period, it is dominated by water erosion. The sediment transport of rainy
season accounts for 80% of the annual sediment transport in this study area
(Wang et al., 1983). Therefore, RV can well reflect the relatively size of erosion
risk and sediment.

There is almost erosive rainfall during January-April and October-December.
Therefore, the sediment transport is caused by other factors during this period.
RV can not indicate its changes. Related studies have shown that wind erosion
dominates the region from March to May, especially the relatively small particle
size is greatly affected by wind, and its erosion modulus exceeds water erosion
and gravity erosion (Tang et al., 2001).

For soil erosion by water, the vegetation cover corresponding to the most se-
vere erosion is very vital in this study area due to the concentrated precipitation
and erosion. Based on the sediment transport data of years, it is enough to
demonstrate that the importance of the period corresponding to the maximum

RVwhich is in best temporal phase for water erosion study.

5. Conclusion

Among many factors affecting soil erosion, the rainfall is the main driving factor

740 40

ASTY(16t)

R=0.89

ASTY (161)

-0.06 -0.04 -0.02 0 0.02 0.04 0.06

Month RV

(a) ()

Figure 7. (a) Comparison of RV and average annual sediment transport of years (ASTY); (b) A scatter plot to show the
correlation of RV and ASTY.
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causing soil erosion (Zhang & Fu, 2003), and the vegetation cover is the most
positive factor protecting soil (Zhan & Wang, 2001). The other factors can be
considered as invariables for annual soil erosion assessment. So the temporal
matching relationship between these two factors can indicate the relative erosion
risk of different periods during the year. We analyze the matching relationship
aiming to identify the optimal period of image which will be used in annual soil
erosion assessment based on remote sensing. Since the rainfall of this study area
is not abundant, and heavy rainfall is concentrated, the vegetation cover corres-
ponding to maximal relative erosion risk is of great significance for studying soil
erosion by water. As the greater variation of annual rainfall distribution in this
region, therefore the temporal matching relationship with vegetation cover va-
ries each year, resulting in the best phase is not fixed in a certain month.

The proposed RV index based on the matching relationships between tem-
poral rainfall and NDVI can indicate the relative erosion risk during the year.
The maximal RV value has a good correlation with the optimal vegetation cover,
and will effectively assist selecting the images for soil erosion remote sensing as-
sessment. It is a significant contribution to soil erosion research and facilitates
erosion research in the future, showing good potential for successful application

in other places where heavy rainfall is concentrated.
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