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Abstract The potential of rain to generate soil erosion is known as the rainfall erosivity
(R), and its estimation is fundamental for a better understanding of the erosive ability of
certain rainfall events. In this paper, we investigated the temporal variations of rainfall
erosivity using common daily rainfall data from four meteorological stations during
1956 to 1989 and 2008 to 2010 periods in the Yanhe River catchment of the Chinese
Loess Plateau. The adaptability of several simplified calculation models for R was eval-
uated and compared with the results of previous studies. An exponential model based on
the modified Fournier index (MFI) was considered as the optimum for our study area. By
considering the monthly distribution and coefficient of variation of annual precipitation,
equations based on two indices, the MFI and its modification Ff, produced a higher
calculation accuracy than mean annual precipitation. The rainfall erosivity in the Yanhe
River catchment has a remarkable interannual difference, with a seasonality index ranging
from 0.69 to 1.05 and a precipitation concentration index from 14.51 to 27.46. In addition
to the annual rainfall amounts, the extreme wave of monthly rainfall distribution also has
an effect on the magnitude and temporal variation of rainfall erosivity, especially inter-
annual variation. For long time series of rainfall erosivity, a trend coefficient r of —0.07
indicated a slight decline in erosivity in the Yanhe River catchment from 1956 to 2010.
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1 Introduction

Soil erosion is considered as one of the most important environmental problems world-
wide. The potential for rain to cause soil erosion is typically referred to as “rainfall
erosivity” (the R factor), and it has been used to describe the property of precipitation
(Wischmeier and Smith 1978). In the research of Renard and Freimund (1994), rainfall
erosivity was considered as one of the best indicators of the erosive potential of the impact
of raindrops. Rainfall erosivity is a basic parameter of the Universal Soil Loss Equation
(USLE) and its revised form (RUSLE), and thus, accurate estimations are fundamental for
a better understanding of the erosion ability of certain rainfall events. Moreover, rainfall
erosivity has become increasingly important because of its application as an input
parameter for modeling soil erosion and water quality, forecasting soil loss, and optimizing
soil and water conservation (Renard et al. 1997; Lee and Heo 2011).

Rainfall erosivity (R factor or El;) has been widely investigated in previous studies for
different purposes (Wischmeier and Smith 1978; Arnoldus 1980; Renard et al. 1997; Ferro
et al. 1999; Shi et al. 2012; Fiener et al. 2013). Continuous rainfall intensity data must be
available to compute El3(; however, such data are limited for many locations in the world.
Even when sufficient pluviograph data are available, it is difficult to calculate rainfall
erosivity because of the complicated and tedious computational procedure (Lee and Heo
2011). Various simplified models and methods based on more readily available precipi-
tation data have been proposed to overcome this problem. Annual precipitation has been
widely used as a simple parameter for estimating rainfall erosivity in many countries, and a
strong correlation exists between annual precipitation and annual rainfall erosivity (Renard
and Freimund 1994; Xu 2005; Zhang et al. 2005). Several previous studies have predicted
rainfall erosivity using daily rainfall amounts (Zhang et al. 2002; Pan and Wen 2013) and
monthly rainfall data (Ferro et al. 1999; Diodato and Bellocchi 2007). Oduro-Afriyie
(1996) and da Silva (2004) employed monthly rainfall data and the Fournier index (F) to
compute erosivity indices for stations. The modified Fournier index (MFI), which con-
siders mean monthly and annual rainfall, is another commonly applied parameter for
estimating annual rainfall erosivity and developing soil loss maps (Beskow et al. 2009). In
addition to the simplified models, other potential methods to assess the R factor were also
developed, such as the theory of artificial neural networks (ANNs) applied by Bhatt et al.
(2007) to estimate annual rainfall erosivity. The evaluation efficiency was found to be
higher with the ANN model than with simple regression models.

Although the general relationship between daily rainfall amounts and El;q is widely
applicable, the relationship is site-specific (Yu 1998). The Chinese Loess Plateau suffers
from a high erosion rate, with an average annual soil loss of 5,000~10,000 t km™2 and rates
exceeding 20,000 t km™ in certain locations (Chen et al. 2007). Shi and Shao (2000)
reported that the serious soil erosion on the Loess Plateau is predominately caused by storm
events in the summer that are short and intense, with high rainfall erosivity. Therefore,
understanding the peculiarity of the R factor in this region is an important task. Many studies
have analyzed the spatiotemporal distribution characteristics and the relationships between
rainfall and rainfall erosivity on the Chinese Loess Plateau (Yin and Xie 2005; Xin et al.
2011). Xu (2005) discussed the relationships between precipitation, vegetation, and erosion
and identified two precipitation thresholds to calculate the R factor. Xin et al. (2011) col-
lected daily rainfall data from 60 meteorological stations and investigated the spatiotem-
poral variations of annual rainfall erosivity during the 1956-2008 period.

According to Nearing et al. (2005), the main intrinsic factors controlling rainfall ero-
sivity include the amount, duration, kinetic energy, and intensity of the rainfall as well as
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its spatial and temporal variability within one rainfall event. The spatiotemporal hetero-
geneity and uneven characteristics of rainfall will directly influence the magnitude and
distribution of soil erosion (Wei et al. 2007; Lu et al. 2012a, b). In the context of global
climate change, changes in climate extremes and patterns of precipitation will be
increasingly manifested in important and tangible ways (Karl and Trenberth 2003; Wei
et al. 2009; Lu et al. 2012a, b). Therefore, studies of the changing tendencies and temporal
variations of long-term series of rainfall events and rainfall erosivity are critical for
determining the formation mechanism and succession process of water erosion and even
for the evolution of the global environment (Hamlaoui-Moulai et al. 2013). Previous
studies have greatly enhanced the understanding of spatiotemporal variations in annual
rainfall and erosivity in the Yanhe River catchment; however, there is still insufficient
detailed information about which model should be used to calculate R factors for specific
regions and how rainfall erosivity couples temporally and spatially with its influencing
rainfall factors.

The objectives of this study were (1) to evaluate the adaptability of several rainfall
erosivity models which are based on daily, monthly, annual rainfall amount and erosivity
indices and recommend the method that should be adopted for the Yanhe River catchment
and (2) to investigate the temporal variations of rainfall erosivity and identify its governing
factors in the Yanhe River catchment in recent decades.

2 Materials and methodology
2.1 Study area

The Yanhe River catchment (longitude 36°21-37°19’N; latitude 108°38'-110°29'E) is
located in the centrally hilly region of the Loess Plateau of China and covers a total area of
7,725 km? (Fig. 1). The catchment is characterized by a typical warm and temperate
continental monsoonal climate with a mean annual temperature ranging from 8.8 to
10.2 °C and an annual mean precipitation of approximately 520 mm. Over 70 % of the
total annual precipitation occurs from June to September (Fig. 2). The Yanhe River
catchment belongs to a typical loess hilly—gully region and is covered by thick mantle of
loess, which is an erosion-prone fine silt soil (Fu and Gulinck 1994). The concentrated
rainfall distribution and underlying surface can result in serious erosion caused by the
strong energy of runoff. The mean annual runoff in the area is 289.0 x 10° m?, with a
runoff modulus of 36.4 x 10> m®> km?* a=' (Su et al. 2012). More than 90 % of this
watershed is covered with ridges and crisscrossed with gullies because of the long-term
incision by soil erosion. The elevation in the study area ranges from 495 to 1,795 m
(average of 1,218 m), and the slope varies from 0° to 54.6°, with an average of 23.5°. The
major types of land use are slope farmland, terrace farmland, orchard, forestland, grass-
land, construction land, water bodies, and wasteland with low vegetation coverage.

2.2 Data sources

In analyzing the distribution of rainfall and rainfall erosivity, we employed daily precip-
itation data from four meteorological stations in the Yanhe River catchment released from
the Loess Plateau Data Sharing Service Center (http://loess.geodata.cn/Portal/
7isCookieChecked=true). Datasets for Yan’an are from 1965 to 1989 and from 2008 to
2010 (1970 and 1974 are not included), data from Ansai are from 1980 to 1989 and from
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Fig. 2 Monthly distribution of rainfall in the Yanhe River catchment over the 1956-1989 and 2008-2010
periods

2008 to 2010, data from Zaoyuan are from 1971 to 1989, and data from Ganguyi are from
1956 to 1989 and from 2008 to 2010 (1970 is not included). Table 1 summarizes the
information for each station. Monthly and annual precipitations were then established from
the collected data to calculate the R factors. The topographical information was obtained
from a digital elevation model (DEM) with a resolution of 30 m x 30 m downloaded from
the International Scientific Data Service Platform (http://www.gscloud.cn/).
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2.3 Evaluated models

Rainfall erosivity is typically calculated using either El;q (the classical method) or con-
ventional meteorological data. During actual implementation, the classical method is rather
unsuitable because detailed rainfall information is difficult to collect. Consequently, var-
ious types of simplified models based on daily, monthly, and annual precipitation and other
rainfall indices were proposed to estimate the rainfall erosivity, which have achieved
excellent results in practice. Table 2 summarizes commonly used models used to calculate
rainfall erosivity.

2.4 Rainfall indices

We chose three rainfall erosivity indices (all measured in mm): F, developed by Fournier
(1960), MFI, developed by Arnoldus (1977), and F, developed by Ferro et al. (1999). All
three indices combine the precipitation totals of all months and the mean annual precip-
itation (MAP) and present high correlations with the R factor (Arnoldus 1980; Oduro-
Afriyie 1996; Ferro et al. 1999). The indices can be calculated using the following
formulas:

P

F==— 1

& (1)
where F means the Fournier index (mm), p is the highest monthly rainfall (mm), and
P means annual rainfall amount (mm).

12 2

MFI — Z% (2)

i=1

where MFI is the modified Fournier index (mm), p; is the rainfall amount (mm) for month
i, and P is the annual rainfall amount(mm).

P[P+ ViR
DY N
12 Zj:l Pj

where F represents the modification of the MFI (the modified Fournier index) in mm, P;
means precipitation (mm) of the year j, coefficient of variation (CV) is the variation
coefficient of monthly precipitation in the year j, and P is the mean annual rainfall (mm) of
the study period.

Fr 3)

2.5 Data analysis

Rainfall erosivity was calculated for the Ansai, Yan’an, Zaoyuan, and Ganguyi stations for
a 37-year climate normal period from 1956 to 1989 and from 2008 to 2010, except for
Ansai station, for which only 13 years of data were available. The missing values for
certain years were interpolated using the multiyear average for the station. We considered
the average results of previous studies in Table 4 as the evaluated value and carried out the
calculated values on the basis of daily rainfall records and simplified models listed in
Table 2. The differences between the evaluated and calculated values were compared by
mean absolute percentage error (MAPE, in %) analyses according to Lee and Heo (2011)
to determine the adaptation of models as follows:
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Table 1 Geographical position (UTM WGS 1984, zone 49N; X = Northing, Y = Easting, e.g.,
36.52 = 36°52’), elevation, and length of daily rainfall records of the four meteorological stations in the
Yanhe River catchment

Station No. Station X Y Altitude Length of MAP Prec. during
(m a.s.l.) record (years) (mm) 6-9 (mm)

1 Yan’an 36.38 109.27 940 26 544.59 398.74

2 Ansai 36.52 109.19 1,050 13 497.27 368.44

3 Zaoyuan 36.38 109.20 960 19 538.38 395.62

4 Ganguyi 36.42 109.48 880 36 522.86 380.40

MAP = mean annual precipitation, Prec. = precipitation

MAPE(%) = l%

‘ x 100 % 4)
where EV refers to the estimated rainfall erosivity, and CV means the actual calculated
rainfall erosivity.

3 Results
3.1 Rainfall erosivity calculation

The mean annual erosivity R factor was calculated using models in Table 2, and the results
were listed in Table 3. The missing values for certain years were interpolated using the
multiyear average and substitutions of other stations in the catchment. For the long-term
mean R factor of a single station, the R factors were averaged for approximately 36 years
of a climate normal period from 1956 to 1989 and from 2008 to 2010.

The resulting R factors of the tested regression equations vary considerably. They range
from the lowest average of nearly 906.51 MJ mm ha™" h='a~! (Table 2, Eq. 11) to the
highest of 5,840.72 MJ mm ha~' h™' a~' (Table 2, Eq. 14). A weakly spatial variation is
indicated with the CV of different models and ranges from 2.18 to 10.44 %. Amount-based
models (Table 2, Eqs. 8-12) reveal generally low rainfall erosivity compared with index-
based models (Table 2, Eqs. 13-18), with R factors ranging from 906.51 (Table 2, Eq. 11)
t0 2,225.21 MJ mm ha~! h™! a=! (Table 2, Eq. 9) for the amount-based models and from
1,205.76 (Table 2, Eq. 16) to 5,840.72 MJ mm ha~' h™" a~' (Table 2, Eq. 14) for the
index-based models.

3.2 Assessment of the models

Because of a lack of sufficient continuous and high-resolution rainfall intensity data in the
Yanhe River catchment, we compared our calculation results with previous studies
(Table 4) to evaluate the efficiency of the applied regressions in this study. Based on high-
resolution rainfall measurements, the R factors in previous studies were calculated by the
method proposed by Wischmeier and Smith (1978) or by revised empirical equations after
statistical review. Previous study sites included portions or the entirety of our study area
(e.g., the Yangou River catchment, which is adjacent to the Yan’an station). Therefore, we
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Table 3 Mean annual rainfall erosivity R factor (MJ mm ha~' h™' a™') and the coefficient of variation
(CV%) among stations for the Yanhe River catchment calculated from 1956 to 1989 and from 2008 to 2010
based on the erosivity indices and regression equations

Type of approximation/author(s)  Code Climate station Average CV
(%)

Yan’an  Ansai Zaoyuan Ganguyi

R factors based on the mean annual prec. (MAP)

Renard and Freimund (1994) 8 1,247.38 1,077.39 1,226.02 1,182.55 1,183.33  6.39
Renard and Freimund (1994) 9 2,291.05 2,12543 2,269.34 2215.01 2,22521 332
R factors based on prec. per month (Pm)

de Santos Loureiro and de 10 1,101.19 964.65 1,101.79 1,081.46 1,062.27 6.19

Azevedo (2001)
R factors based on prec. per day (Pd)

Yu and Rosewell (1996) 11 955.16 808.84 943.98 918.08 906.51  7.38
Zhang et al. (2002) 12 1,862.41 1,479.02 1,85891 1,797.22 1,749.39 10.44
R factors based on the Fournier index (F)

da Silva (2004) 13 5,110.43 4,857.44 5,066.66 5,080.30 5,028.71  2.30
Shamshad et al. (2008) 14 5,957.63 5,670.77 591536 5,819.14 5,840.72 2.18
R factors based on the modified Fournier index (MFI)

Renard and Freimund (1994) 15 4,688.72 4,042.30 4,635.60 4,759.80 4,531.60 7.28
Men et al. (2008) 16 1,265.46 1,108.20 1,220.40 1,229.00 1,205.76 5.63

Angulo-Martinez and Begueria 17 1,551.23 1,466.71 1,53594 1,539.59 1,523.37 252
(2009)

R factors based on Fr
Ferro et al. (1999) 18 2,033.74 1,831.66 191150 1,923.66 1,925.11 4.32

prec. precipitation, MAP mean annual precipitation, Fr the modification of MFI

consider the average results to be adequate evaluation data and representative of the
preconditions of physio-geographic comparability and consistency.

Table 5 presents the results of the MAPE (%) analyses for the Yanhe River catchment
and Yan’an station for the evaluation data and calculations. Based on the MFI, Eq. 17
produces the lowest MAPE, with values of 1.32 % for the Yanhe River catchment and
3.62 % for the Yan’an station, respectively. Three regression equations based on F produce
values that are 206.26-289.15 % of the MAPE % value and are almost threefold higher
than the corresponding evaluation data. For the Yanhe River catchment, the average
MAPE reaches 30.41, 13.67, and 21.80 % for Eqs. 8-12, Egs. 16-17, and Eq. 18,
respectively. Models that use the MFI and Fr as parameters are more efficient than the
other equations, except Eq. 15. The MFI and Fr employed in our research more accurately
predict the rainfall erosivity in the Yanhe River catchment, suggesting that the MFI and Fr
are better proxies of rainfall amounts when estimating the R factor.

3.3 Temporal distribution of rainfall erosivity
The average annual rainfall erosivity (R, MJ mm ha~'h™! a’]) of the Yan’an, Ansai,
Zaoyuan, and Ganguyi stations for the 1965-1989 and 2008-2010 periods was calculated

using meteorological station data based on Eq. 17, which was proposed by Angulo-
Martinez and Begueria (2009). Figure 3 presents the temporal distribution of the R factor.
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Table 4 Mean annual R factors for adjacent study areas in previous studies

Authors Study site MAP (mm) R factor Method Study
MImmha'h™'a™h) period
(years)
Wang et al. Yan’an - 1,476.5 Wischmeier and 1956-1984
1996 Smith (1978)
Yin and Xie The Loess 140-1,000 327-4,416, Yan’an Xie et al. (2001) 1965-1979
(2005) Plateau 1,350.6 (revised from
Wischmeier and
Smith 1978)
Liao et al. Yangou 509.91 492.73-4,716.41, Zhang et al. 1951-2005
(2009) catchment average 1,765.73 (2002)
Liu et al. Yanhe 356.24-591.42 585.29-2,417.70, Zhang et al. 1980-2003
2010 River average 1,580.58 (2002)
catchment

Figure 3a—d presents the rainfall erosivity of the Yan’an, Ansai, Zaoyuan, and Ganguyi
stations, respectively. The missing records for the four stations have different lengths of
time series in the rainfall erosivity calculations. The missing values of the Yan’an and
Ganguyi stations for 1970 were interpolated from the results of Liao et al. (2009), with the
average of the calculated R factors in the Zaoyuan and Ganguyi stations replacing the
missing value of the Yan’an station in 1974. Values of rainfall erosivity have a significant
temporal variation, ranging from 834.48 to 2,371.95, 906.13 to 1,899.35, 920.57 to
2,247.03, and 748.38 to 2,546.62 MJ mm ha~' h™! a~! for the Yan’an, Ansai, Zaoyuan,
and Ganguyi stations, respectively. For Zaoyuan and Ganguyi station, the lowest R factor
occurred in 1974, whereas the highest occurred in 1985 and 1981, respectively.

4 Discussion
4.1 Selection of the optimal evaluation model for R

Based on regression models, the results from Renard and Freimund (1994), de Santos
Loureiro and de Azevedo (2001), Zhang et al. (2002), Men et al. (2008), Angulo-Martinez
and Begueria (2009), and Ferro et al. (1999) correspond positively with evaluation data
according to the MAPE analyses in Table 5. Most of the models in the above studies
included exponential regressions, except for Eqs. 9 and 10. These models revealed that
linear and exponential relationships based on the annual or daily precipitation, the MFI,
and Fr can be used to estimate the rainfall erosivity in the study area.

Figure 4 presents the relationship between the long-term mean annual rainfall R factors
derived from Equation 17 and long-term MAP data. The relationship has a different
correlation coefficient when simple linear regressions (R> = 0.73) and exponential fittings
(R* = 0.75) are employed separately. Exponential fitting is more appropriate for
describing the mathematic relationship between the R factor and MAP. Our result corre-
sponds with the result from Xin et al. (2011), who concluded that event rainfall erosivity
(EI) was well fitted to the event precipitation amount (P) by an exponential relationship.
Mannaerts and Gabriels (2000) also observed a significant relationship using the
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Table 5 The MAPE (%) analyses of evaluation data compared to the calculations of regression equations
for the Yanhe River catchment and Yan’an station

Code of MAPE (%) Code of MAPE (%)
equations equations
Yanhe River Yan’an Yanhe River Yan’an
catchment station catchment station
8 40.78 49.65 14 269.53 289.15
25.13 18.52 15 186.70 206.26
10 32.79 28.07 16 23.71 17.34
11 42.64 37.61 17 3.62 1.32
12 10.68 21.65 18 21.80 25.64
13 218.15 233.80 - - -
2100
(a) Yan'an (b) Ansai
2400 | 1800 | A
1800 | 1500
//\ 1200
~ 1200 F :
T : - 1983
- : 900 + :
= 1974 — 'ggsﬂﬁ {1980
—"2 600 C 1 1 1 H ,/Iv 1 | 1 1 1 ,/,/ 1
= 1968 1976 1984 2007 2010 1980 1983 1986 1989 2008
g 2400 3000 -
S [ (c¢) Zaoyuan (d) Ganguyi
& 2100} ' 2500 -
1800 2000
1500 1500 |
1200
: 1000 :
900 1974 o 1974 —* 1981
1 i 1 1 - 1 500 1 1 1 . 1 ,/‘
1972 1976 1980 1984 1988 1960 1968 1976 1984 2008
Year (-)

Fig. 3 Temporal distribution of R factors derived by Eq. 17 for the Yanhe River catchment

exponential equation for the Cape Verde Islands by considering erosive storms with a
threshold of 9 mm.

Compared with the annual and/or monthly rainfall data, the use of daily rainfall records
can provide a better understanding of rainfall erosivity (Xin et al. 2011). Moreover,
regression equations that using the MFI or the MFI and the MAP can accurately estimate
the R factor (Egs. 16 and 17). Men et al. (2008) conducted a regression analysis on data
from the Hebei Province in the North China Plain, which is characterized by semiarid
conditions (MAP of 350-818 mm). The regression integrates the MFI and the maximum
daily precipitation data for days using a 12 mm threshold. This threshold was similar to the
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threshold of 12.7 mm suggested by Wischmeier and Smith (1978) and was reported as a
practical threshold for separating erosive and non-erosive storms for the Yellow River
Basin in China (Zhang et al. 2002). Similarly, Zhang et al. (2002) used 12.7 mm as a
threshold to derive a model based on the daily rainfall amount. We obtained a reasonable
evaluation in the Yanhe River catchment using this method. de Santos Loureiro and de
Azevedo (2001) used rain;y (monthly precipitation from days which rainfall amount
exceeded 10 mm) instead of rain,,qns (monthly precipitation amount) to eliminate some of
the non-erosive precipitation in their study, which was thought to be the best available
indicator of monthly rainfall temporal concentrations and to improve the proportion of
variance explained by R? (Schénbrodt-Stitt et al. 2013). The exponential equations used in
our study based on threshold parameters, such as P = 12.7 and rain,, are suitable for our
study area and are sufficient to describe the relationship between the R factor and erosive
rainfall.

The R factors calculated according to da Silva (2004) and Shamshad et al. (2008) for the
Yanhe River catchment are distinctly higher (5,028.71 and 5,840.72 MJ mm ha~' h™' a™")
than the evaluation data, although they have linear or exponential regression styles that are
similar to methods based on the MAP or MFL. This result reflects the different climatic
conditions in the study regions considered by da Silva and Shamshad (Brazil and Peninsular
Malaysia, respectively), which are located in the tropics and experienced more rainfall
throughout the year for which the regression function was developed. Moreover, models
based on the monthly F included all of the rainfall amounts in every month, which would
inevitably include non-erosive events in the calculation and overestimate the R factor for the
Yanhe River catchment because it has summer-dominated rainfall patterns and erosivity
thresholds. Contrary to the simple linear and exponential function regressions, Eq. 15, which
is a complex quadratic function and was applied by Renard and Freimund (1994) to assess
rainfall erosivity in the USA, yielded a higher evaluation (4,531.60 MJ mm ha~' h™' a™")
for our study area. This regression form was not suitable for the Yanhe River catchment even
though it was used in a similar manner as the MFI in Eqs. 16 and 17.

The calculated R factor of 904.51 MJ mm ha~' h™' a~' based on the method of Yu and
Rosewell (1996) was distinctly lower than the evaluated value. This model was developed
in New South Wales in South Australia, which has an arid to humid subtropical and
oceanic climate. Because of the lower MAP and high climate variation in the moderate
climate zone, this regression considerably underestimates the rainfall erosivity in arid and
semiarid regions, such as the Yanhe River catchment.

Equation 12, which was proposed by Zhang et al. (2002), produced a low MAPE for the
Yanhe River catchment; however, our evaluation data were based on the results of two
previous studies. Therefore, the practicality of applying this method to our study area has
been tested, and there is no further discussion of this method in our study.

4.2 Development of estimating the R factor by erosivity indices

Rainfall indices are important for describing the potential of rainfall to generate erosion
and correspond to the rainfall aggressiveness in a specific region (Mello et al. 2013). These
indices are calculated based on the distribution and CV of monthly rainfall in a year, which
can accurately reflect the classic monthly properties (Angulo-Martinez and Begueria 2009;
Schonbrodt-Stitt et al. 2013). The MFI and Fr imported in our research more accurately
predict the rainfall erosivity in the Yanhe River catchment, particularly when an expo-
nential relationship is applied (Tables 2, 5).
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Fig. 4 Relation between the long-term annual precipitation and long-term mean annual rainfall R factors
derived by Eq. 17 for the Yanhe River catchment

The F index was selected because the Chinese Loess Plateau has similar climatic
conditions to West Africa, where this index was originally developed and for which
meteorological data were readily available. Because F is a function of MAP, it can better
relate erosion to other rainfall-caused phenomena. The MFI is another simplified regional
index that combines the precipitation totals of all months with the MAP and is strongly
correlated with the erosivity factor of Wischmeier and Smith (Arnoldus 1980). F con-
siders the link between the monthly rainfall depths and corresponding annual rainfall,
including the annual coefficient of rainfall variation. F is considered a better estimator of
the R factor because it considers the seasonal distribution of rainfall (Ferro et al. 1999). The
Loess Plateau has inhomogeneous distributions of annual rainfall that are typically con-
centrated in a single month or over several months. The indices included in this study that
summarize the rainfall erosivity should be verified against the monthly properties of this
region.

Figure 5 presents a consistent distribution of all erosivity indices in four stations, except
F at the Yan’an station. Similar to the MAP, the Ansai station has the three lowest erosivity
indices, whereas the Yan’an station has the highest MAP and MFI and Fr indices among
all stations. The MFI and F for all stations have higher values than F, ranging from 95.03
(Ansai station) to 101.01 mm (Yan’an station) and 101.85 (Ansai station) to 109.70 mm
(Yan’an station), respectively. The value of F for the wettest month for all stations lies
within Class 2 (40-60 mm) of the F index classification according to Oduro-Afriyie (1996)
and indicates a “moderate” erosivity risk. All three indices consider the annual variation of
the MAP, but the Ganguyi station has a higher index value than the Zaoyuan station even
though it received less average rainfall in the past. This result was mainly caused by the
monthly distribution of annual precipitation in these two stations. The MFI typically
exhibits a stronger correlation with the MAP than F (Renard et al. 1997), and this result
was also observed for the Yanhe River catchment in our study. The MFI displays a stronger
correlation with the MAP compared to F and Fp, with R? values of 0.85, 0.77, and 0.23,
respectively.

Therefore, substituting the erosivity indices for annual precipitation to estimate the
rainfall erosivity is an important step. The strong correlation between the annual mean F
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and the R factor encouraged the use of the MFI in applications. By summing all of the
monthly F values, the MFI was able to express the interannual characteristics of the
monthly index, which has applications worldwide (Mello et al. 2013). The MFI more
accurately summarizes the annual erosivity than the monthly F, especially in areas in
which meteorological conditions have strong seasonal variations. In these regions, the MFI
is a better indicator of annual rainfall erosivity than F and the MAP (Le Roux et al. 2005).
When calculating the rainfall erosivity for a period of N years, Fr correlates positively
with the R factor (Ferro et al. 1991). In the Yanhe River catchment, the CV of monthly
rainfall averages 1.16 and varies significantly each month. The MAPE analyses in Table 5
verify that when the CV of monthly rainfall is considered, F can enhance the accuracy of
parameter models. For regions like the Yanhe River catchment which has great saltation of
rainfall distributions, erosivity indices MFI and Fr can deservedly enhance the accuracy of
the rainfall erosivity predictions.

4.3 Governing factors of temporal variations in the R factor

Rainfall is the most complex climatic element in terms of its temporal and spatial varia-
tions. According to Eltaif et al. (2010), the differences in R factors between proximal
locations were caused by both differences in the amount of precipitation and the intensity
and monthly distribution of rainfall, which is similar to the interannual R factor. Moreover,
the distribution of rainfall throughout the year can display marked changes that may have
important impacts on the timing and magnitude of erosive rainfalls, even in the absence of
changes in the overall rainfall amounts (Sumner et al. 2001).

As shown in Fig. 6, the total rainfall amount of the Zaoyuan and Ganguyi stations in
1974 was 391.9 and 319 mm, with a minimum MFI of 57.38 and 45.90 mm, respectively.
The lack of erosive rainfall was the immediate cause of the lowest R factor between the
stations, as shown in Fig. 5. However, the annual precipitation at the Ganguyi station was
648.40 mm in 1981 (Fig. 6b). Approximately 43.04 % of the annual rainfall occurred in
August (279.1 mm), and the MFI reached its highest value of 171.99 mm in 1981,
revealing an extremely inhomogeneous rainfall concentration throughout the year that led
to high rainfall erosivity. To assess the seasonal rainfall regime in our study area, we
evaluated the seasonality index (SI) proposed by Walsh and Lawler (1981) and the pre-
cipitation concentration index (PCI) proposed by Oliver (1980) as follows:

12

SI:%ZX P‘

= —
— 12

12 Xz
PCI =) (ﬁ> x 100 (6)

n=1

(5)

where X,, is the rainfall in month n and P is the annual precipitation. The interannual
variation of the R factor in the Yanhe River catchment was weighted by the trend coef-
ficient r, defined as

r= Z?:l (Ri - Rave)(i - t)
X (R — Rue? ST (- 1)

where i presents the number of years, R; is the R factor for the ith year, R,,. is the yearly
average of the R factor, and ¢ is a sequence parameter associated with the year number n,

(7)
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Fig. 5 Relation between the long-term mean annual precipitation (MAP) and the Fournier index (F) in
wettest month of a year, modified Fournier index (MFI), and modification of the MFI (Ff) in the wettest
month of a year

t = (n 4+ 1)/2. The r value could reflect the direction and extent of a given secular vari-
ation and suggest an increasing trend when positive and a decreasing trend when negative.
The absolute value of r indicates the degree of variation.

All subjects in discussion have a large interannual variability in the Yanhe River
catchment during the study period (Fig. 7). With the lowest SI values in 1974 (0.69) and
1979 (1.05) (Fig. 7a), the Yanhe River catchment suffered a markedly long dry season
rainfall style that is classified according to Walsh and Lawler (1981). The PCI in the Yanhe
River catchment also had a clear interannual variation similar to the SI, which varies from

800 180
—e— MAP (a) Zaoyuan A

700
600
500

400 -

MFI (mm)

900

MAP (mm)

750 |
600
450 -

300

1960 1968 1976 1984 2008
Year (-)

Fig. 6 Interannual variation of the mean annual precipitation (MAP) and modified Fournier index (MFI) at
the a Zaoyuan and b Ganguyi stations
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Fig. 7 Interannual variation of the a seasonality index (SI), b precipitation concentration index (PCI), and
¢ rainfall erosivity R factor and its 5-year moving average in the Yanhe River catchment during the
1956-1989 and 2008-2010 periods, excluding the years with missing data; all indexes were calculated from
the averages of data from the Yan’an, Ansai, Zaoyuan, and Ganguyi stations

14.51 in 1974 to 27.61 in 1979 (Fig. 7b). A highly seasonal distribution of rainfall
throughout the catchment was observed in both years. The average MAP in 1974 was
355.45 mm, with 89.55 occurring in September, and the relatively limited and fragmented
rainfall was the major cause of the low SI and PCI. The average rainfall amount in 1979
was 489.98 mm, which was approximately the average for several years (530.94 mm);
however, nearly 45 % of the rainfall occurred in July (218.91 mm), which led to a sharp
increase in rainfall seasonality. The R factor (Fig. 7c) has a similar variation pattern for the
SI and PCI and ranges from 834.78 (1974, P = 355.45, SI = 0.69, and PCI = 14.51) to
2,396.06 MJ mm ha~' h™" a™' (1964, P = 853.7, SI = 0.82, and PCI = 18.64). Rainfall
with either high volumes or high seasonal variation can lead to a high R factor. In addition
to MAP, the extreme wave of monthly rainfall distributions weighted by the SI and PCI can
affect the temporal variability, particularly the annual variability of rainfall erosivity. Years
with high R factors always have either large rainfall amounts or a distinct seasonality (high
SI and PCI).

For long-term series of rainfall erosivity, the trend coefficient r over the 1956-1989
period was —0.01 but reached —0.07 when 2008-2010 was included, which indicated a
slight decrease in the Yanhe River catchment during the 19562010 period when the
missing data were excluded. The weak variation of rainfall erosivity allowed us to ignore
the influence of rainfall when explaining changes in the soil erosion for such situations as
the discharge of sediment in the Yanhe River catchment in recent decades.
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5 Conclusions

The evaluation of the rainfall erosivity R factor is fundamental for a better understanding
of the erosion potential of certain rainfall events. High-resolution rainfall data (pluviograph
data) are required to compute rainfall erosivity directly; however, such data are not
available for many locations, and calculations of such data (when available) are intricate
and time-consuming. In this study, a series of simplified methods based on readily
available data and rainfall indices were assessed for their ability to predict rainfall erosivity
in the Yanhe River catchment on the Chinese Loess Plateau. An exponential relationship is
more suitable to describe the mathematic relationships in the R factor and MAP, with an R?
value of 0.75, compared with 0.73 for a linear fitting. The resulting R factors of the tested
regression  equations vary widely, ranging from the lowest at nearly
906.51 MJ mm ha~' h™' a~! (Eq. 11) to the highest at 5,840.72 MJ mm ha—' h™' a™!
(Eq. 14). When comparing our results to the evaluations from previous studies, the
exponential regression equation based on the MFI proposed by Angulo-Martinez and
Begueria (2009) was shown to be the most accurate (MAPE = 3.62 %) estimation of the
R factor in our study area. As indices, the MFI and F are better proxies of the MAP than F
when approximating the R factor because their regression coefficients with the MAP are
0.85 and 0.77, respectively. The results of the SI (0.69-1.05) and PCI (14.51-27.46)
analyses indicated a highly seasonal distribution of rainfall throughout the Yanhe River
catchment. In addition to MAP, the extreme wave of monthly rainfall distributions
weighted by the SI and PCI can also affect the temporal variability, particularly the annual
variability of rainfall erosivity. The trend coefficient r was —0.07 for the long-term series
of rainfall erosivity, which indicated a slight decrease in the Yanhe River catchment during
the 1956-2010 period when the missing data were excluded. The multiyear variation of
rainfall erosivity in Yanhe was weak; therefore, the influence of rainfall played less of a
role in the changes of sediment in the Yanhe River catchment in recent decades.
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