
atmosphere

Article

Variability of Rainfall Erosivity and Erosivity
Density in the Ganjiang River Catchment, China:
Characteristics and Influences of Climate Change

Xianghu Li 1,2,* ID and Xuchun Ye 3

1 Key Laboratory of Watershed Geographic Sciences, Nanjing Institute of Geography and Limnology,
Chinese Academy of Sciences, Nanjing 210008, China

2 School of Natural Resources, and Department of Earth and Atmospheric Sciences,
University of Nebraska-Lincoln, Lincoln, NE 68583-0987, USA

3 State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai University,
Nanjing 210098, China; yxch2500@163.com

* Correspondence: xhli@niglas.ac.cn; Tel.: +86-25-8688-2117

Received: 11 December 2017; Accepted: 1 February 2018; Published: 3 February 2018

Abstract: Soil erosion is one of the most critical environmental hazards in the world. Understanding
the changes in rainfall erosivity (RE) and erosivity density (ED), as well as their affecting factors,
at local and catchment scales in the context of climate warming is an important prerequisite of soil
erosion prevention and soil loss risk assessment. The present study identified the variability and
trends of RE and ED in terms of both time and space in the Ganjiang River catchment over the
period of 1960–2012, and also analyzed and discussed the impact of climate change. The results
show that RE and ED in the catchment had great monthly variations and high year-to-year variability.
Both presented long-term increasing trends over the entire study period. The highest RE and ED were
observed in June and in the eastern and northeast parts of the catchment, which indicated that June
was the most susceptible month for soil erosion in this area and the lower reaches of the Ganjiang
River was the riskiest area for soil erosion. Finally, the East Asian summer monsoon and climate
change were highly correlated with changes in RE and ED.

Keywords: rainfall erosivity; erosivity density; spatiotemporal distribution; trend; Ganjiang
River catchment

1. Introduction

Soil erosion by water is one of the most important land degradation problems and a critical
environmental hazard in modern times, and it has severely restricted the development of global society
and economy [1]. Soil erosion not only destroys land resources [2] and increases the risks posed by the
blockage of rivers, but also causes the deterioration of water quality because of pesticides, fertilizers,
and nutrients carried by sediment [3,4]. Statistics indicate that approximately 10 million ha of cropland
are lost each year because of soil erosion at the global scale [5], especially in Asia, Africa, and South
America, where the erosion is more serious [6]. Therefore, the prediction of soil erosion is particularly
important for soil erosion control and land management projects and provides an effective tool for
preventing and avoiding a series of adverse effects such as land degradation and river pollution [7–10].

The Universal Soil Loss Equation (USLE) [11] and its revised form (RUSLE) [12] are the most
widely used methods for predicting and evaluating soil erosion worldwide [10]. As a numerical
description of climate impact on soil loss, rainfall erosivity (RE) is one of the most important factors
used in the USLE and RUSLE [13,14]; it combines the influence of precipitation duration, magnitude,
and intensity [15] and can directly reflect the potential of soil erosion caused by rainfall [11,16].
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The temporal variation in RE is the basis for distinguishing the effects of climate on long-term erosion
rates in the region, and its spatial distribution can help identify the areas with higher erosivity
potentials [10,17]. Therefore, accurate estimations of rainfall erosivity are fundamental for a better
understanding of the erosion ability of certain rainfall events [18].

According to the definition of Wischmeier and Smith [11], rainfall erosivity is a multi-annual
average index that measures the kinetic energy and intensity of rainfall in order to describe the
effect of rainfall on sheet and rill erosion. A continuous rainfall data series with a time resolution
of at least 30 minutes and a period of more than 22 years is recommended for the calculation of
RE [11,12,19]. However, such data are difficult to obtain on a large scale in many parts of the world [20],
and the calculation of RE is time-consuming and laborious because of the complicated and tedious
computational procedure [21,22]. As an alternative, a considerable number of statistical regression
equations between RE and the routine meteorological records of annual, monthly, or daily rainfall
data [22–28], as well as some derivative indices including the Fournier index (F), the Modified Fourier
Index (MFI), and the Precipitation Concentration Index (PCI) [18,21,29–34], have been proposed
to overcome this problem [18]. Several studies have evaluated the performance of the regression
equations using coarser temporal resolution rainfall data [7,35,36] and have found that the accuracy
of the estimation of RE values based on annual and monthly rainfall data is not satisfactory [10,37].
Daily rainfall data is preferably used to estimate rainfall erosivity, and the accuracy of RE has been
widely verified [38,39].

The variability of rainfall erosivity affects agriculture, forestry, hydrology, water management, and
ecosystem services [40]. Understanding its spatial distribution and temporal trends is especially critical
for soil erosion risk assessment and soil conservation planning [10,41,42]. Therefore, the spatiotemporal
variation of rainfall erosivity has been discussed worldwide. For example, Panagos et al. [43] and
Ballabio et al. [40] estimated the rainfall erosivity in Europe based on the best available datasets and
investigated their spatial and temporal variability. They found that a sudden increase of erosivity
occurred in major parts of Europe in May, with the highest values registered during the summer
months; these values were almost four times higher than those recorded in winter. Panagos et al. [15]
presented a monthly rainfall erosivity map for Greece and found that the spatial variability of RE
was high in Greece. Klik et al. [44] found that the rainfall erosivity in New Zealand showed a large
spatial variability, mainly related to the climatic and topographic differences throughout the territory.
Meshesha et al. [17] indicated that the long-term average annual erosivity showed a general decreasing
trend in the recent period from 2000 to 2010 compared to the previous 20 years (1980–1999) in Ethiopia.
da Silva [21] found that December and January had the highest erosivity values for most of the
Brazilian territory and that the lowest values were observed from June to September. Moreover,
Diodato et al. [19] developed a parsimonious rainfall erosivity model using long-term erosivity data
derived from 10 stations in western Germany. Bonilla and Vidal [45] presented a rainfall erosivity map
for most of the cultivated land in Chile. Ramos and Durán [46] evaluated rainfall erosivity based on
different time intervals for the Penedès region (in northeast Spain). Also, in China, numerous studies
on this issue have been conducted either on the national scale [41,47,48] or the regional scale, such as
in the Yunnan Plateau region [10], the Chinese Loess Plateau [14,18], and dryland regions [49].

However, most previous research has been conducted at continental or national scales. Due to
the huge differences in geomorphology, climate, and driving forces, the variability of erosive rainfall
and its erosivity are different across geographical regions [50,51]. The spatiotemporal heterogeneity
of rainfall erosivity downscaled from the large-scale results are coarser for a given local catchment.
For example, from the nationwide perspective, many studies have documented that erosive rainfall in
the past decades has intensified in most regions of China [52–54], but at the local scales, the changing
trends of erosive rainfall were more complex. For example, Xie et al. [47] assessed and compared
the performance of different parameters developed in other parts of the world for rainfall erosivity
estimation and revealed that parameters from the study of Zhang et al. [24] tended to overestimate the
rainfall erosivity. The reason for the overestimation may be due to their use of a surrogate instead of
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the measured value of EI30. Therefore, Xie et al. [47] also suggested that the models and coefficients
developed in one catchment may need to be recalibrated carefully before they are implemented in
other places. Moreover, many research investigations have revealed that the size and the number
of sub-watersheds, as well as the rain gauge density, also have a great impact on the runoff and
sediment yield simulations, especially for steep watersheds [55,56]. Therefore, quantifying the trends
and variability in erosive rainfall and its erosivity at local and catchment scales is highly required [51].

The Poyang Lake basin is one of the most serious soil erosion areas in the south of China [57].
According to the third remote sensing investigation of soil erosion conducted by the Jiangxi Provincial
Water Resources Bureau, the main type of erosion in the Poyang Lake basin is water erosion, and the
area with soil erosion is about 3.35 × 104 km2, accounting for 20.03% of the total acreage [58].
The increasingly serious soil erosion conditions in Poyang Lake basin could be, on one hand, attributed
to the strong influence of the East Asian summer monsoon. Frequent heavy and extreme precipitation
events have caused serious soil losses and land degradation during the past decades. On the other
hand, possible factors also include the complex terrain and soil type in the basin. The topography in
the Poyang Lake basin varies from highly mountainous and hilly areas (with a maximum elevation of
2200 m above sea level) to alluvial plains in the lower reaches of the primary watercourses. The soils
in the basin are mainly composed of red soil [59], which has a low infiltration rate of precipitation and
is degraded and erosion-prone [60]. Thus, it is quite necessary to extend the previous studies at the
local scale to provide a better understanding of variations in rainfall erosivity.

It is also very practical to assess the spatial distribution and temporal trends of rainfall erosivity
in the Poyang Lake basin. As is known, the Poyang Lake basin is an important national agricultural
production region and also plays a significant role in the sustainable development of the economy and
ecology of southeast China. Accurately quantifying the spatiotemporal distribution of rainfall erosivity
and erosivity density in this area is of great significance for controlling soil erosion and protecting
regional (and even national) agriculture and food security. Therefore, the objectives of this study are
(1) to estimate the RE and erosivity density (ED) in the Poyang Lake basin using the daily rainfall data
from 1960–2012 and (2) to investigate their trends and variability in time and space and analyze their
dependence on climate change. Outcomes of this study are expected to improve the understanding of
RE and ED at the local scale and provide useful reference and valuable information for soil erosion
risk assessment and soil conservation planning in the Poyang Lake basin, as well as in other regions.

2. Study Area and Data

The Ganjiang River catchment is the largest sub-catchment of the Poyang Lake basin, which is
located within 24◦29’–29◦21’ N and 113◦30′–116◦45′ E in southeast China (Figure 1) and has a drainage
area of 83,374 km2 above the Waizhou hydrologic station. The Ganjiang River is the largest tributary of
the Poyang Lake water system; it extends for 750 km and contributes almost 55% of the total discharge
into Poyang Lake [61]. The topography of the catchment is complex and the elevation ranges from 11 to
1997 m above sea level. The catchment develops between mountains and along rivers, and low hills lie
in the central part of the catchment, whereas alluvial plains govern the lower reaches [62].
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Figure 1. Location of the study area and the distribution of stations.

The Ganjiang River catchment belongs to the subtropical moist monsoon climate zone and is
one of the typical rainstorm regions in China. The average annual precipitation is 1564 mm for the
period of 1960–2012, and the annual mean temperature is 17.5 ◦C. The front-type and typhoon-type
rainfall events are two important phenomena in this area. Precipitation across the catchment is mainly
concentrated in April–June (i.e., the rainy season), which accounts for approximately 44.3% of the
annual precipitation [63]. Moreover, the maximum precipitation usually occurs in the northwest and
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east of the Ganjiang River catchment during the rainy season because of the local topography and
monsoon climate. Woodland is the main land use in the Ganjiang River catchment and covers 73.0% of
the catchment area, followed by cropland at 24.6% and grassland at 1.3%. Other land uses, such as
water bodies and built-up land, are minor, with a total area of 1.1%. Soil types of the catchment are
dominated by red soil (63.9%) and paddy soil (17.8%); other types include latosols (9.7%), yellow soil
(4.9%), purplish soil (2.2%), and yellow-brown soil (1.5%) [59].

Daily precipitation data from 38 meteorological stations in the Ganjiang River catchment were
collected from the National Meteorological Information Center of China for the period of 1960–2012.
The locations of these stations are shown in Figure 1. This data was used in the study to estimate the
rainfall erosivity and erosivity density based on an empirical equation and to detect the spatiotemporal
distribution and long-term trends of rainfall erosivity. It is worth mentioning that this data has been
widely used for different studies [59,64–66] and that the quality of the data has been proven reliable.

3. Methods

3.1. Rainfall Erosivity

Because of the lack of long-term time series of rainfall data with high temporal resolution that can
be used to calculate USLE or RUSLE rainfall erosivity, daily rainfall data has been used worldwide to
estimate rainfall erosivity. In China, a daily rainfall model was proposed by Zhang et al. [24], and their
results indicated that the performance of the daily rainfall model was obviously better, with an average
relative error for estimating annual rainfall erosivity of only 4.2% [37]. This method was subsequently
well tested and widely used in China at national and regional scales. The model is considered reliable
and was applied in this study to estimate the variation of rainfall erosivity within the Ganjiang River
catchment. The value of RE is calculated as:

REi = α
k

∑
j=1

(
Pj
)β

(1)

where REi is the rainfall erosivity in the ith half-month (MJ·mm·ha−1h−1). Each month is separated
into two half-months: days 1–15 and day 16 to the end of the month; one year is thus divided into
24 half-months. Pj is the erosive rainfall on the jth day (mm). Pj is the actual rainfall when the actual
rainfall is higher than 12 mm; otherwise, Pj is considered to be 0. k is the number of days in the ith
half-month. The terms α and β are empirical parameters determined by the following formulas:

β = 0.8363 +
18.177
Pd12

+
24.455
Py12

(2)

α = 21.586β−7.1891 (3)

where Pd12 and Py12 are the average daily and annual erosive rainfall for days with
rainfall >12 mm, respectively.

In this study, the monthly rainfall erosivity values were aggregated from the half-month values,
and the seasonal and annual RE values were aggregated from the monthly values.

3.2. Erosivity Density

The erosivity density is the ratio of rainfall erosivity to precipitation [67]; in practice, it measures
the erosivity per rainfall unit (in mm) and is expressed as MJ·ha−1h−1. The equation is suitable for the
calculation at a monthly or yearly scale. For each station, the ED for a given month or year i is:

EDi =
REi
Pi

(4)
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The erosivity density is highly reliant on rainfall intensity and influences event sediment
concentration (i.e., soil loss per unit quantity of water) [15]. Large ED values suggest that rainfall occurs
in the form of high intensity events (e.g., rainstorms) during the respective month or year. According to
Dabney et al. [68], very high monthly erosivity density values (>3 MJ·ha−1h−1) significantly contribute
to much higher predictions of runoff; this means that regions with high erosivity density are exposed
to a risk of flooding (and even water scarcity) because of their infrequent but very intense and erosive
rainstorms [15].

3.3. Spatial Interpolation and Temporal Changes

In this study, the spatial distribution of RE and ED was interpolated by the inverse distance
weighted (IDW) technique with a power of 2. Moreover, the usual spatial distribution of the long-term
average annual rainfall erosivity, which was obtained by interpolating the long-term average annual
rainfall erosivity of each station, probably loses the chronological information of rainfall erosivity,
which reduces the reliability of the interpolation results. We adopted the approach of Qin et al. [41] for
reference: the spatial distribution of rainfall erosivity for each year was first interpolated using the
IDW method; then, the spatial distribution for the entire period (1960–2012) and each decade were
obtained by averaging the interpolation results of the corresponding years.

The three-year moving averages of rainfall erosivity and erosivity density were used to analyze
the temporal changes because there was a three- to four-year periodicity to the change in annual
precipitation [69] in most regions of China that could smooth the fluctuations and reduce the
potential errors [41]. The trends of annual rainfall erosivity and erosivity density were detected
with the nonparametric Mann-Kendall (M-K) test, and the trend magnitude was estimated with
the nonparametric Sen’s method [70]. The evaluation was based on the Excel template application
MAKESENS, developed by Salmi et al. [71] for detecting trends in climatologic and hydrologic time
series. The M-K test is widely used because it is simple and does not require the data to be normally
distributed. In the M-K test, a positive z value indicates an increasing trend and a negative value
indicates a decreasing trend. The trend is statistically significant at the 0.1, 0.05, and 0.01 significance
levels when |z| > 1.645, 1.96, and 2.576, respectively.

4. Results

4.1. Intra-Annual Distribution of RE and ED

The intra-annual distributions of rainfall erosivity for the Ganjiang River catchment during the
study period are summarized using box plots of the mean, upper, and lower quartiles and maximum
and minimum monthly RE values, as shown in Figure 2a. It is seen that the RE had a large monthly
variation. With the beginning of the rainy season in the Ganjiang River catchment in April, the monthly
rainfall erosivity increased quickly from January and reached its peak from April to June, then sharply
decreased in July; RE became very small after September when the catchment began its dry season
and lasted through December. The largest monthly RE was nearly up to 4000 MJ·mm·ha−1h−1 in June,
with an average of 1782 MJ·mm·ha−1h−1, whereas the low monthly RE values were principally in the
winter months, with an average of 218 MJ·mm·ha−1h−1. Moreover, there were obvious differences in
the variation characteristics of rainfall erosivity between the different decades, as shown in Figure 2b.
The largest monthly RE varied from 1440 MJ·mm·ha−1h−1 in the 1980s to 2210 MJ·mm·ha−1h−1 in
the 2010s.
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Figure 2. Intra-annual distribution of (a) monthly rainfall erosivity (b) average RE per 10 years during
the period of 1960–2012.

Influenced by the monsoon climate, the rainstorms did not fall in winter and seldom occurred in
autumn in the Ganjiang River catchment, and the RE had a large seasonal variation. Over 70% of the
total annual RE was concentrated in spring and summer seasons. Specifically, the spring RE ranged
from 1988 MJ·mm·ha−1h−1 in the 1960s to 2814 MJ·mm·ha−1h−1 in the 1980s, which accounted for
23.0–32.4% of the total annual RE. The largest rainfall erosivity was found in summer; it accounted
for 41.6–50.1% and ranged between 3611 and 4584 MJ·mm·ha−1h−1. The average RE values for the
autumn and winter season were only 1749 and 657 MJ·mm·ha−1h−1 and occupied 20.0% and 7.5% of
the annual total, respectively (Table 1).

Table 1. Seasonal distribution of rainfall erosivity and its percentage in different decades.

Decades

Spring Summer Autumn Winter Annual RE

RE
(MJ·mm/ha·h)

P
(%)

RE
(MJ·mm/ha·h)

P
(%)

RE
(MJ·mm/ha·h)

P
(%)

RE
(MJ·mm/ha·h)

P
(%)

RE
(MJ·mm/ha·h)

P
(%)

1960s 1988 24.2 4119 50.1 1578 19.2 529 6.4 8214 100
1970s 2057 24.4 4004 47.5 1834 21.8 536 6.4 8431 100
1980s 2814 32.4 3611 41.6 1759 20.3 498 5.7 8682 100
1990s 2545 26.8 4370 46.0 1855 19.5 727 7.7 9497 100
2000s 2114 24.2 3996 45.8 1751 20.1 859 9.8 8720 100
2010s 2198 23.0 4584 48.1 1651 17.3 1107 11.6 9540 100

Average 2298 26.2 4052 46.3 1749 20.0 657 7.5 8756 100

Notes: RE represents rainfall erosivity; P represents percentage.

Erosivity density can be used to distinguish between high rainfall erosivity values that are mainly
influenced by high rainfall amounts and those influenced by rainfall of relatively low amounts but
high intensity. That distinction helps to evaluate the potential consequences of rainfall erosivity for
each month [72]. Each monthly RE dataset in this study was divided by the corresponding monthly
precipitation dataset (according to Equation (4)), which resulted in a monthly ED dataset. Figure 3
shows the average intra-annual distribution of ED compared with the variation of RE and precipitation.
ED values higher than 1 indicate that a certain precipitation amount may cause relatively higher
rainfall erosivity [15]. Figure 3 shows that the erosivity density values ranged from 3.18 MJ·ha−1h−1

in December to 7.15 MJ·ha−1h−1 in June, which means that the ED value was larger than 1 in every
month. High erosivity density values indicate that the precipitation was characterized by high intensity
events of short duration (i.e., rainstorms), especially in June. Therefore, in terms of erosivity, June was
perhaps the most dangerous month in the Ganjiang River catchment because of the largest rainfall
erosivity and the highest erosivity density.
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4.2. Inter-Annual Variation of RE and ED

The inter-annual variation of RE and the corresponding M-K test trends from 1960 to 2012 are
shown in Figure 4. It can be seen that the RE ranges between 4801 MJ·mm·ha−1h−1 in 1963 and
12,214 MJ·mm·ha−1h−1 in 2002, with an average value of 8756 MJ·mm·ha−1h−1. The time series of RE
shows a long-term increasing trend over the entire study period, and this increasing trend is displayed
more clearly in the three-year moving average series, with an M-K statistic of 1.21 (Table 2), although
this is not significant at the 0.05 significance level. It can also be seen from Figure 4b that an abrupt
change of the annual rainfall erosivity occurred in the 1970s and, after that, the annual RE increased
continuously. Figure 4 indicates that the risk of erosive rainfall and soil erosion in the Ganjiang River
catchment is becoming more and more serious.
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However, the trends presented different significances for the different seasons, as shown in
Figure 5. Although the slight increasing trends are found in the first three seasons, with M-K statistics
of 0.64, 0.68, and 0.35, respectively (Table 2) (also not significant), the three-year moving average shows
an obvious decreasing trend since the early 1980s for spring and since the early 2000s for autumn.
For winter, a significant increasing trend (at the 0.05 significance level) is observed, with an M-K
statistic of 2.13 (Table 2). The RE increased obviously after the end of the 1980s. Figure 5 indicates that
the risk of soil erosion in winter was becoming increasingly higher in the Ganjiang River catchment,
although the rainfall erosivity in winter only occupied a small percentage.
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Table 2. Results of the M-K test for seasonal and annual RE and annual erosivity density (ED).

Spring Summer Autumn Winter Annual RE Annual ED

M-K statistic 0.64 0.68 0.35 2.13 * 1.21 2.50 *

Notes: * indicates that the value exceeded the 0.05 significance level.

Figure 6 shows the variation of ED and the corresponding M-K test trends during the period
of 1960–2012. It was found that the annual ED had a high year-to-year variability, which ranges
from 4.48 MJ·ha−1h−1 in 1963 to 6.34 MJ·ha−1h−1 in 2005, with the mean value of 5.44 MJ·ha−1h−1.
The annual ED showed a significant long-term increasing trend (α = 0.05) over the entire period,
with an M-K statistic of 2.50 (Table 2). At the same time, Figure 6b shows that an abrupt change of the
ED occurred in 1990, and after that, the annual ED increased more clearly. Specifically, the increasing
trend was significant after 2000 at the significance level (α = 0.05) as the values of Uf are above the
critical values. Because the ED values are directly proportional to the rainfall intensity, this can reflect
the variation of rainfall intensity at a location. Figure 6 contributed to identifying the regional trends of
rainfall intensity and possible signals of climate change in the Ganjiang River catchment, which implies
that the catchment may suffer increasingly serious soil erosion.
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4.3. Spatial Distribution of RE and ED

The 12 maps of monthly rainfall erosivity in the Ganjiang River catchment are shown in Figure 7,
which demonstrates a clear spatial heterogeneity. It can be seen that the largest monthly RE values are
observed in May and June, which are also the months with remarkable spatial variation. The RE values
in the eastern and northeast parts of the catchment are larger than those in the western part, with a
monthly RE gradient of more than 800 MJ·mm·ha−1h−1. Nonetheless, the lowest monthly RE values
are observed in December and January and the gradient of RE is small (less than 100 MJ·mm·ha−1h−1),
although the spatial distribution is also uneven from the middle parts to the northern or southern parts
of the catchment in these months (Figure 7). In spring, the monthly RE values in the eastern part are
relatively higher than those in the western part, whereas the RE values in the southern part are higher
than those in other regions in autumn (Figure 7). The general spatial patterns of rainfall erosivity
in the monthly maps exhibit a smooth increase of RE from winter to spring, followed by a sharp
intensification in the summer and a smooth decrease in autumn. This general pattern of monthly RE is
also in accordance with the spatial variability of rainfall intensity in the Ganjiang River catchment.
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The spatial distribution of the annual RE in the Ganjiang River catchment is aggregated from
the monthly maps in each decade, and the comparison with the spatial distribution of annual erosive
rainfall is shown in Figure 8. It can be seen that the spatial distribution of the annual RE shows
a strong variability trend. The highest annual RE values (more than 11,000 MJ·mm·ha−1h−1) are
found in the eastern and northeast parts of the catchment, and the lowest annual RE values (less than
7200 MJ·mm·ha−1h−1) are consistently distributed in the western high mountainous and hilly areas.
These spatial patterns of RE are highly consistent with the spatial distribution of the annual erosive
rainfall (Figure 8a). Figure 8c displays the spatial distribution of annual ED over the Ganjiang River
catchment. It can be seen that the annual ED is similar to the annual RE and has a strong spatial
variability. The highest annual ED values are concentrated in the eastern and northeast parts of
the catchment, whereas the lowest values are mainly found in the western parts, especially in the
high mountainous and hilly areas. Regions of high erosivity density indicate a higher risk of erosive
rainstorms and, thus, high soil erosion and flooding [15,68]. Figure 8 further reveals that the spatial
distributions of annual RE and ED are strongly influenced by the spatial variability of annual erosive
rainfall. Moreover, the eastern and northeast parts of the catchment are exposed to a high risk of
flooding due to their strong erosive rainstorms, as well as the high rainfall erosivity and erosivity
density in these parts.
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and (c) erosivity density in the Ganjiang River catchment.

The long-term trends of the annual RE and ED for each meteorological station in the Ganjiang
River catchment are examined with the M-K test method, and the results are shown in Figure 9. It can
be seen that the RE has increased at 36 (94.7%) of the 38 stations from 1960 to 2012, and four (10.5%) of
these are statistically significant at the 0.1 significance level. The stations with decreasing trends are
mainly located in the high mountainous and hilly areas. A similar spatial pattern is also found for
the ED, but more stations present statistically significant increasing trends at the 0.1 significance level,
and three of them even exceed the 0.05 significance level. Figure 9 indicates that the potential of soil
erosion caused by erosive rainfall was intensified during the period of 1960–2012, and the soil erosion
conditions in the Ganjiang River catchment are becoming aggravated, especially in the northeastern
and eastern areas.
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In addition, it is important to note that the wide alluvial plains surrounding Poyang Lake and
the broad alluvial valleys in the lower reaches of the primary tributary are important rice growing
regions in Jiangxi Province, as well as in China [59]. The soil erosion and land degradation in this
area may cause more serious damage to the development of society, the economy, and agricultural
production. Therefore, the lower reaches of the Ganjiang River catchment is an area of higher risk and
more attention should be paid to soil erosion caused by rainfall in this area.

5. Discussion

The previous sections presented the spatiotemporal distribution characteristics of rainfall erosivity
and erosivity density in the Ganjiang River catchment. The estimation reveals that the rainfall erosivity
shows a high year-to-year variability. The annual RE ranges between 4801 and 12,214 MJ·mm·ha−1h−1,
with an average value of 8756 MJ·mm·ha−1h−1. Almost half of the annual RE was found in the
summer. Li et al. [73] also estimated the amount of annual rainfall erosivity in the Liao catchment,
a catchment adjacent to the Ganjiang River catchment, and found that the average annual RE was
8055 MJ·mm·ha−1h−1; the lowest value of 5733 MJ·mm·ha−1h−1 was at Jiujiang station and the highest
value of 12,628 MJ·mm·ha−1h−1 was at Lushan station. They further pointed out that most of the
erosion occurred in May, June, and July; largely during some major storms. These findings agree
with the findings of the current study, except for a slightly smaller average annual RE. The possible
causes for this difference between the results include the different climate characteristics in the two
catchments and different values of coefficients in the calculation equation of RE. Qin et al. [41] revealed
that the average annual RE was 9480 MJ·mm·ha−1h−1 in the southern red soil hilly region of China
(including the Poyang Lake basin) during the period of 1951–2010; this is approximately two times
higher than that of the southwest purple soil region and the southwest Karst region, both located
in south China. This higher estimation of annual RE compared to that of the current study can be
attributed to the more extensive area with severe soil erosion. The temporal trend analysis reveals that
the annual rainfall erosivity and erosivity density present long-term increasing trends over the entire
study period, although the trends are not significant at the 0.05 significance level. Similarly, significant
increasing trends (at the 0.05 level) were found in the southern red soil hilly region at a national scale
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in the study of Qin et al. [41]. The increasing trends indicate that the soil erosion conditions in the
Ganjiang River catchment, as well as other red soil hilly regions, are becoming aggravated. Similar
findings can also be found in the study of Xie et al. [47]. At the decadal scale, Qin et al. [41] revealed
that the decadal rainfall erosivity has shown an increasing trend since the 1960s, peaking in the 1990s;
then, the decadal RE decreased in the 2000s. A similar changing characteristic is also presented in this
study. High consistency with other studies indicates that the method used in this study (based on
daily rainfall series) is reliable. This is further validated by the works Xie et al. [47] and Yin et al. [48],
who calibrated and compared models suitable for estimating erosivity from daily rainfall data.

The changing climate could be a strong factor influencing the trends and variability of rainfall
erosivity and erosivity density in time and space. Precipitation is a primary driving factor of soil
erosion; its intensity, amount, duration, timing, and rate directly affect the spatiotemporal distribution
of RE and ED. The effect of climate change on soil erosion was observed by Routschek et al. [74] to
be due to changes in the rainfall. A study also shows that the increased intensity of various climatic
parameters, particularly rainfall, has caused an increase in the sediment load [75]. Figure 10 shows the
scatter plots of annual rainfall erosivity and erosivity density against rainfall over the Ganjiang River
catchment. It can be seen that the annual RE shows a good linear relationship with the precipitation,
and the determination coefficient (R2) is 0.88 for the annual total rainfall and as high as 0.93 for the
annual erosive rainfall. The ED also presents a good linear relationship, with an R2 of 0.66 for the
annual total rainfall and 0.73 for the annual erosive rainfall. High R2 values further indicate that the
variations of annual RE and ED are principally associated with the precipitation in the catchment.
The spatiotemporal distribution characteristics of precipitation in the Poyang Lake basin are strongly
influenced by the East Asian summer monsoon (EASM). A larger amount of atmospheric moisture
is transported from the East or South China Sea by the EASM every year [76]. Generally, the rainy
season in the catchment is from April to June. The rainfall in the rainy season accounts for nearly
50% of the total annual rainfall. Moreover, almost all extreme precipitation events occurred in this
period. From July to August, the precipitation decreases sharply and, after that, the catchment enters
its dry season, which lasts through December [59]. The intra-annual distribution patterns of the RE
and ED in the Ganjiang River catchment (e.g., the largest seasonal RE and ED are found in the summer)
are mainly dependent on the annual distribution of precipitation in the catchment. With regard to
space, the variability in EASM limits its northward extension and keeps a longer rainy season in
southern China. This position favors a steady increase in not only the total rainfall but also the extreme
precipitation events in the Poyang Lake basin during the summer [77–79]. The northeastern part
of the catchment is an area with strong rainfall. Therefore, the strong influence of EASM is mainly
responsible for the temporal and spatial distribution of RE and ED in the study area.

Atmosphere 2018, 9, x FOR PEER REVIEW  13 of 18 

 

soil hilly regions, are becoming aggravated. Similar findings can also be found in the study of Xie et 
al. [47]. At the decadal scale, Qin et al. [41] revealed that the decadal rainfall erosivity has shown an 
increasing trend since the 1960s, peaking in the 1990s; then, the decadal RE decreased in the 2000s. 
A similar changing characteristic is also presented in this study. High consistency with other 
studies indicates that the method used in this study (based on daily rainfall series) is reliable. This is 
further validated by the works Xie et al. [47] and Yin et al. [48], who calibrated and compared 
models suitable for estimating erosivity from daily rainfall data. 

The changing climate could be a strong factor influencing the trends and variability of rainfall 
erosivity and erosivity density in time and space. Precipitation is a primary driving factor of soil 
erosion; its intensity, amount, duration, timing, and rate directly affect the spatiotemporal 
distribution of RE and ED. The effect of climate change on soil erosion was observed by Routschek et 
al. [74] to be due to changes in the rainfall. A study also shows that the increased intensity of various 
climatic parameters, particularly rainfall, has caused an increase in the sediment load [75]. Figure 10 
shows the scatter plots of annual rainfall erosivity and erosivity density against rainfall over the 
Ganjiang River catchment. It can be seen that the annual RE shows a good linear relationship with 
the precipitation, and the determination coefficient (R2) is 0.88 for the annual total rainfall and as 
high as 0.93 for the annual erosive rainfall. The ED also presents a good linear relationship, with an 
R2 of 0.66 for the annual total rainfall and 0.73 for the annual erosive rainfall. High R2 values further 
indicate that the variations of annual RE and ED are principally associated with the precipitation in 
the catchment. The spatiotemporal distribution characteristics of precipitation in the Poyang Lake 
basin are strongly influenced by the East Asian summer monsoon (EASM). A larger amount of 
atmospheric moisture is transported from the East or South China Sea by the EASM every year [76]. 
Generally, the rainy season in the catchment is from April to June. The rainfall in the rainy season 
accounts for nearly 50% of the total annual rainfall. Moreover, almost all extreme precipitation 
events occurred in this period. From July to August, the precipitation decreases sharply and, after 
that, the catchment enters its dry season, which lasts through December [59]. The intra-annual 
distribution patterns of the RE and ED in the Ganjiang River catchment (e.g., the largest seasonal 
RE and ED are found in the summer) are mainly dependent on the annual distribution of 
precipitation in the catchment. With regard to space, the variability in EASM limits its northward 
extension and keeps a longer rainy season in southern China. This position favors a steady increase 
in not only the total rainfall but also the extreme precipitation events in the Poyang Lake basin 
during the summer [77–79]. The northeastern part of the catchment is an area with strong rainfall. 
Therefore, the strong influence of EASM is mainly responsible for the temporal and spatial 
distribution of RE and ED in the study area. 

 
Figure 10. Scatter plots of precipitation and (a) annual rainfall erosivity and (b) erosivity density. 

The temperature is another critical component to depict climate changes. Generally, higher 
temperatures may trigger heavy and extreme precipitation more easily; this is directly related to the 
strong rainfall erosivity and erosivity density. According to the analyses of Ye et al. [80] and Zhang 

Figure 10. Scatter plots of precipitation and (a) annual rainfall erosivity and (b) erosivity density.



Atmosphere 2018, 9, 48 14 of 18

The temperature is another critical component to depict climate changes. Generally,
higher temperatures may trigger heavy and extreme precipitation more easily; this is directly related
to the strong rainfall erosivity and erosivity density. According to the analyses of Ye et al. [80] and
Zhang et al. [81], the mean temperature in the Poyang Lake basin shows a long-term increasing trend
(at a rate of 0.1–0.16 ◦C per decade) due to the intensified global warming and rapid development of
local industry in the last five decades. This increase in temperature undoubtedly improves the ability
of the atmosphere to hold more water as described by the Clausius-Clapeyron relationship [82] and,
furthermore, causes heavier precipitation. This is consistent with expected impacts of climate change
on precipitation. Zhang et al. [83] reported that the intensifying heavy and extreme precipitation
occurred mainly in the north of the Poyang Lake basin, where areas are dominated by increasing
temperatures. Other research also revealed that heavy and extreme precipitation was intensified
in the Poyang Lake basin during last six decades [51,76,83]. The increasing trend was especially
significant before the year 2000, and the extreme precipitation played an increasingly important role in
contributing to the annual rainfall. The changes in climate may help explain why the risk of erosive
rainfall and soil erosion in the Ganjiang River catchment is becoming more and more serious.

Finally, it is also important to recognize that, although the method used in this study has its
inherent advantages in depicting the changing characteristics of rainfall erosivity and erosivity density
in the Ganjiang River catchment, several uncertainties still exist regarding the application of the method.
For example, α and β are important weight coefficients in the calculation equation of RE and their
values are related to the time scale of study, as well as the zonal climate characteristics [24]. Values are
directly adopted in this study according to the previous studies of Zhang et al. [24], Zhang and Fu [37],
Xie et al. [47], and Gu et al. [10] in other Chinese catchments. Richardson et al. [84] even suggested
that the α value should be different between the warm season and cool season; this is because the
same amount of rainfall in the warm season can generate a higher erosivity than that in the cool
season, because the summer rains tended to be more intense than winter rains. Additionally, strong
year-to-year variability and spatial distribution of erosivity density were observed during the study
period. Panagos et al. [15,43] considered that the high spatial and temporal variability of ED highlighted
the fact that rainfall erosivity is not solely dependent on the amount of precipitation. According to its
definition, rainfall erosivity is directly related to the rainfall’s kinetic energy and intensity. In this study,
rainfall erosivity is calculated from the daily erosive rainfall, which is classified according to whether
the actual daily rainfall is higher than 12 mm or not; this may also have introduced uncertainties
into the estimation of RE. Future studies would be enhanced by investigating the relationship of
parameters α and β and the climate and catchment characteristics to reduce or eliminate parameter
value uncertainties. Moreover, it is necessary to take more factors into account when estimating RE in
future studies.

6. Conclusions

This study demonstrated that the rainfall erosivity in the Ganjiang River catchment showed
great monthly and seasonal variation. The largest monthly RE was nearly 4000 MJ·mm·ha−1h−1

in June, with an average of 1782 MJ·mm·ha−1h−1. The lowest RE occurred in December, with an
average of 218 MJ·mm·ha−1h−1. Moreover, over 70% of the total annual RE was concentrated in the
spring and summer seasons, and ranged from 1988 to 2814 MJ·mm·ha−1h−1 in spring and 3611 to
4584 MJ·mm·ha−1h−1 in summer. The average REs for the autumn and winter seasons were only
1749 and 657 MJ·mm·ha−1h−1 and accounted for 20.0% and 7.5% of the total annual RE, respectively.
Monthly values of erosivity density ranged from 3.18 MJ·ha−1h−1 in December to 7.15 MJ·ha−1h−1 in
June. High ED values indicated that the precipitation was characterized by high intensity events of
short duration (i.e., rainstorms), especially in June.

The annual RE and ED also presented high year-to-year variability. The average annual RE was
8756 MJ·mm·ha−1h−1, with the lowest value of 4801 MJ·mm·ha−1h−1 in 1963 and the highest value of
12,214 MJ·mm·ha−1h−1 in 2002. The annual RE showed a long-term increasing trend over the entire
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study period, with an M-K statistic of 1.21. The annual ED ranged from 4.48 MJ·ha−1h−1 in 1963
to 6.34 MJ·ha−1h−1 in 2005. A significant increasing trend (α = 0.05) was observed over the entire
period, with an M-K statistic of 2.50. The spatial distribution of the annual RE and ED showed a
strong variability trend in the eastern and northeast parts of the catchment, which had greater RE
and ED values compared the western parts; the RE ranged from more than 12,000 MJ·mm·ha−1h−1

in the eastern part to less than 7200 MJ·mm·ha−1h−1 in the western part, and the ED ranged from
higher than 6.45 MJ·ha−1h−1 in the eastern part to lower than 5.06 MJ·ha−1h−1 in the western part.
The alluvial plains in the lower reaches of the Ganjiang River (i.e., the northern parts of the catchment)
were exposed to high risks of flooding and soil erosion because of the high RE and ED values as well
as the significant increasing trends in this area.
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