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Rainfall erosivity, one of the factors in the Universal Soil Loss Equation, quantifies the effect of rainfall and
runoff on soil erosion. High-resolution data are required to compute rainfall erosivity, but are not widely
available in many parts of the world. As the temporal resolution of rainfall measurement decreases,
computed rainfall erosivity decreases. The objective of the paper is to derive a series of conversion factors
as a function of the time interval to compute rainfall erosivity so that the R factor computed using data at
different time intervals could be converted to that computed using 1-min data. Rainfall data at 1-min
intervals from 62 stations over China were collected to first compute the ‘true’ R factor values. Under-
estimation of the R factor was systematically evaluated using data aggregated at 5, 6, 10, 15, 20, 30, and
60-min to develop conversion factors for the R factor and the 1-in-10-year storm EI30 values. Compared
with true values, the relative error in R factor using data at fixed intervals of �10min was <10% for at
least 44 out of 62 stations. Errors increased rapidly when the time interval of the rainfall data exceeded
15 min. Relative errors were >10% using 15-min data for 66.1% of stations and >20% using 30-min data
for 61.3% of stations. The conversion factors for the R factor, ranging from 1.051 to 1.871 for 5 to 60-min
data, are higher than those for the 1-in-10-years storm EI30, ranging from 1.034 to 1.489 for the 62
stations.
© 2020 International Research and Training Center on Erosion and Sedimentation and China Water and
Power Press. Production and Hosting by Elsevier B.V. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Rainfall erosivity factor (R factor) is an important factor for soil
erosion prediction models such as the Universal Soil Loss Equation
(USLE, Wischmeier & Smith, 1965; Wischmeier & Smith, 1978) and
its revised version (RUSLE, Renard, 1997) and the Chinese Soil Loss
Equation (CSLE, Liu et al., 2002). It reflects the potential ability of
rainfall on soil erosion, including raindrop splashing and runoff
erosion and determines the actual soil loss in an area together with
other factors such as soil erodibility, topography, coverage, and soil
conservationmeasures. Wischmeier and Smith (1958) note that the
event EI30, the product of total storm kinetic energy (E) and its
maximum continuous 30-min intensity (I30), has the best correla-
tion with single event soil erosion based on an analysis of precip-
itation and soil erosion data from fallow plots at three observation
stations in the United States. R factor is defined as the mean annual
g Center on Erosion and Sedimenta
nse (http://creativecommons.org/li

fect of time resolution of ra
esearch, https://doi.org/10.10
summation of event EI30 values and Wischmeier (1959) confirmed
its suitability based on 8000 plot-years data in 21 states in the
eastern part of the United States. To cover dry and wet periods,
rainfall data of long periods (usually more than 20 years) are
needed for the calculation of the R factor (Wischmeier, 1976). In
addition, there were twomore aspects of the characteristics related
to the rainfall erosivity factor required to be prepared before the
USLE (RUSLE, CSLE) models were run. The first is the seasonal
distribution of the rainfall erosivity, which is defined as the ratio of
the rainfall erosivity in 24 half months to annual rainfall erosivity
and required for the calculation of the cover-management factor (C
factor) in the USLE (RUSLE) and the biological and tillage practice
factor (B and T factor) in CSLE (Liu et al., 2002). The second is the 1-
in-10-year storm event EI30, which has the probability of occurring
once every 10 yr. The 1-in-10-year EI30 index is required for
assessing the effectiveness of the terrace practice and the effect of
ponding on rainfall erosivity. Usually, an extreme value distribution
such as lognormal (Wischmeier & Smith, 1978) or the generalized
extreme value distribution (Hollinger et al., 2002) was first used to
fit the annual maximum event EI30 series and the 1-in-10-year
tion and China Water and Power Press. Production and Hosting by Elsevier B.V. This
censes/by-nc-nd/4.0/).
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Fig. 1. Spatial distribution of the 62 stations with 1-min rainfall data. Thirty-three stations marked with dots were classified as Group A, whereas the remaining 29 stations marked
with circles as Group B.

Fig. 2. Ratio of rainfall erosivity estimated from the 5 to 60-min rainfall data to those
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event EI30 was then generated based on the calibrated extreme
value distribution. To ensure the sample size is sufficiently large to
obtain a reasonably good fit with the extreme value distribution, a
minimum of 20 to 25 years of data would be required.

Calculating rainfall erosivity originally requires breakpoint or
hyetograph rainfall data which were obtained from pluviograph
(Wischmeier & Smith, 1978), which were usually in shortage not
only in the length but also in the spatial coverage. Therefore, sta-
tistical models have been developed to use more commonly
available data, such as daily (e.g., Richardson et al., 1983; Xie et al.,
2016), monthly (e.g., Renard & Freimund, 1994; Yu & Rosewell,
1996) and annual rainfall (e.g., Lo et al., 1985; Renard &
Freimund, 1994) to estimate R factor. Yin et al. (2015) evaluated
the accuracy of models using different resolutions of data and re-
ported that generally the precision of models increased with the
temporal resolution of precipitation and daily precipitation data are
adequate to estimate the R factor whereas they often generate
larger errors for the estimation of event EI30 index. With the
development of automatic observations in the tipping bucket rain
gauges, high-temporal resolution fixed-interval data, such as 1, 5, 6,
10, 15, 20, 30 and 60-min rainfall data, are increasingly available
and they are believed to improve the estimation of rainfall erosivity,
especially the event EI30 index. Fixed-interval data have been
widely used in the estimation of rainfall erosivity and most of the
previous studies used data with intervals of 10-min or less,
including 5-min (Diodato et al., 2017; Fiener et al., 2013; Martins
et al., 2010; Neuhaus et al., 2010, pp. 186e189), 6-min (Mcfarlane
et al., 1986; Yu, 1998; Yu et al., 2010) and 10-min (Hanel et al.,
2016; Klik et al., 2015; Meusburger et al., 2012; Santosa et al.,
2010; Schmidt et al., 2016; Verstraeten et al., 2006). Some others
used 15-min or 30-min interval data (Angulo-Martínez & Beguería,
Please cite this article as: Yue, T et al., Effect of time resolution of ra
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2009; Mannaerts & Gabriels, 2000; Panagos et al., 2016; Shamshad
et al., 2008). Rainfall intensity data at 5 to 30-min intervals have
been used to compute the R factor in the studies cited above.

Many researchers have reported that there were varying de-
grees of discrepancy when using different resolutions of fixed-
interval data. The longer the time interval, the larger the under-
estimation. The underestimation could be corrected by multiplying
a conversion factor (Agnese et al., 2006; Istok et al., 1986; Panagos
et al., 2015; Porto, 2016; Renard, 1997; Weiss, 1964; Williams &
Sheridan, 1991; Yin et al., 2007). For example, The RUSLE (Renard,
1997) updated the map of the USLE for the eastern part of the
U.S. by including 790 stations with 60-min interval rainfall data.
The conversion factors ranged from 1.08 to 3.16 between the EI30
values calculated from the15-min and 60-min data and a constant
conversion factor of 1.0667 (Weiss, 1964) between the EI30 from the
estimated from the 1-min data.
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15-min data and the breakpoint data was further adopted. Another
example is the generation of rainfall erosivity maps in Europe.
Panagos et al. (2015) collected 1541 precipitation stations in Europe
with intervals of 5 to 60 min and normalized the R factor values
calculated from the precipitation data of different temporal reso-
lutions to the R factor values with 30-min intervals using linear
Table 1
Basic information on the 62 stations.

No. Sta. No. Sta. Name Lat. (�N) Lon. (�E) Alt. (m) An

1 50557 Nenjiang 49.2 125.2 243 47
2 50963 Tonghe 46 128.7 110 57
3 53663 Wuzhai 38.9 111.8 1402 46
4 53754 Suide 37.5 110.2 928.5 44
5 53845 Yan’an 36.6 109.5 958.8 53
6 53975 Yangcheng 35.5 112.4 658.8 59
7 54416 Miyun 40.4 116.9 73.1 63
8 54511 Guangxiangtai 39.9 116.3 54.7 54
9 56294 Chengdu 30.7 104 506.1 88
10 56571 Xichang 27.9 102.3 1590.9 99
11 56739 Tengchong 25 98.5 1648.7 14
12 56778 Kunming 25 102.7 1896.8 98
13 57259 Fangxian 32 110.8 427.1 82
14 57405 Suining 30.5 105.6 279.5 93
15 57504 Neijiang 29.6 105.1 352.4 10
16 58407 Huangshi 30.3 115.1 20.6 14
17 58847 Fuzhou 26.1 119.3 84 13
18 58911 Changting 25.9 116.4 311.2 17
19 50639 Zhalantun 48 122.4 306.5 49
20 51431 Yining 44 81.3 662.5 27
21 51463 Urumqi 43.8 87.7 935 26
22 51705 Wuqia 39.4 75.2 2175.7 18
23 52856 Gonghe 36.3 100.6 2835 31
24 52889 Lanzhou 36 103.5 1517.2 30
25 53463 Hohhot 40.5 111.4 1153.5 39
26 53644 Wushenqi 38.6 108.8 1307.2 34
27 53646 Yulin 38.3 109.8 1157 39
28 53848 Ganquan 36.3 109.3 1005.5 53
29 53923 Xifeng 35.7 107.6 1421 54
30 54161 Changchun 43.5 125.1 236.8 56
31 54337 Jinzhou 41.1 121.1 65.9 56
32 54527 Tianjin 39.1 117 3.5 53
33 54602 Baoding 38.5 115.3 16.8 51
34 54823 Jinan 36.4 117 170.3 69
35 54843 Weifang 36.5 119.1 22.2 59
36 55578 Rikaze 29.3 88.9 3836 43
37 55591 Lasa 29.7 91.1 3648.9 43
38 56146 Ganze 31.4 100 3393.5 64
39 56312 Linzhi 29.4 94.2 2991.8 66
40 56331 Zuogong 29.4 97.5 3780 43
41 56434 Chayu 28.4 97.3 2327.6 77
42 57006 Tianshui 34.6 105.8 1141.6 51
43 57051 Sanmenxia 34.5 111.1 409.9 54
44 57083 Zhengzhou 34.4 113.4 110.4 62
45 57584 Yueyang 29.2 113.1 53 13
46 57687 Changsha 28.1 112.6 68 14
47 57816 Guiyang 26.4 106.4 1223.8 11
48 57926 Libo 25.3 107.5 428.7 12
49 57957 Guilin 25.2 110.2 164.4 18
50 58038 Shuyang 34.1 118.5 8.8 91
51 58238 Nanjing 31.6 118.5 35.2 10
52 58321 Hefei 31.5 117.2 27 98
53 58424 Anqing 30.3 117 19.8 13
54 58457 Hangzhou 30.1 120.1 41.7 13
55 58461 Qingpu 31.1 121.1 4 10
56 58606 Nanchang 28.4 115.6 46.9 15
57 58637 Shangrao 28.3 117.6 118.2 18
58 58646 Lishui 28.3 119.6 59.7 13
59 59046 Liuzhou 24.2 109.2 96.8 14
60 59082 Shaoguan 24.4 113.4 61 15
61 59493 Shenzhen 22.3 114 63 18
62 59758 Haikou 20 110.2 63.5 16

a Annual rainfall was calculated based on the daily rainfall data observed by simple ra
b Effective years were those with the relative error of the annual or seasonal rainfall

rainfall data of the same station.
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regression methods. Auerswald et al. (2015) argued that Panagos
et al. (2015) used the maximum clock half-hourly intensity rather
than I30 using high-resolution breakpoint data and the R factor in
their study would be probably underestimated since in all cases the
maximum half-hourly intensities are equal or lower than I30 values.
They further reported that an underestimation of 22% existed if 60-
nual Rainfalla (mm) Period Effective Yearsb Available Month

0.7 1961e2000 30 May - Sept.
0.2 1961e2000 38 May - Sept.
6.0 1971e2000 30 May - Sept.
5.2 1964e1996 29 May - Sept.
4.9 1961e2000 39 May - Sept.
2.1 1971e2000 30 May - Sept.
2.8 1961e2000 37 May - Sept.
7.7 1961e2000 40 May - Sept.
3.8 1961e2000 39 Jan.- Dec.
2.5 1961e2000 40 Jan.- Dec.
72.5 1961e1999 36 Jan.- Dec.
3.9 1961e2000 33 Jan.- Dec.
1.6 1961e2000 31 Jan.- Dec.
7.6 1962e1999 33 Jan.- Dec.
32.8 1961e2000 39 Jan.- Dec.
12.3 1961e2000 32 Jan.- Dec.
64.5 1961e2000 39 Jan.- Dec.
01.7 1961e2000 31 Jan.- Dec.
3.7 2005e2016 11 May - Sept.
6.2 2005e2016 10 May - Sept.
4.7 2005e2016 9 May - Sept.
3.8 2005e2016 11 May - Sept.
7.8 2015e2016 2 May - Sept.
4.8 2007e2016 10 May - Sept.
8.4 2005e2016 12 May - Sept.
1.5 2006e2016 11 May - Sept.
6.2 2005e2016 11 May - Sept.
5.9 2008e2016 9 May - Sept.
6.6 2005e2016 12 May - Sept.
9.4 2005e2016 11 May - Sept.
4.1 2005e2016 12 Apr.- Oct.
1.1 2005e2016 10 Apr.- Oct.
6.0 2005e2016 11 Apr.- Oct.
0.6 2005e2016 12 Apr.- Oct.
9.5 2005e2016 12 Apr.- Oct.
0.4 2006e2015 10 May - Sept.
3.7 2006e2016 9 May - Sept.
1.6 2005e2016 12 May - Sept.
9.7 2006e2016 11 Apr.- Oct.
8.5 2008e2016 9 May - Sept.
7.1 2007e2016 9 Mar.- Oct.
1.7 2007e2016 10 May - Sept.
4.9 2005e2016 12 Mar.- Oct.
9.8 2005e2016 12 Mar.- Oct.
15.1 2005e2016 8 Jan.- Dec.
04.9 2005e2016 12 Jan.- Dec.
06.2 2005e2016 12 Jan.- Dec.
36.9 2007e2016 10 Jan.- Dec.
78.6 2005e2016 12 Jan.- Dec.
1.1 2007e2016 10 Jan.- Dec.
65.4 2005e2016 12 Jan.- Dec.
6.0 2005e2016 12 Apr.- Nov.
94.8 2005e2016 12 Apr.- Nov.
91.7 2005e2016 11 Jan.- Dec.
84.6 2007e2016 10 Jan.- Dec.
84.1 2005e2016 8 Jan.- Dec.
10.9 2006e2016 11 Jan.- Dec.
92.9 2005e2016 12 Jan.- Dec.
30.5 2005e2016 12 Jan.- Dec.
69.9 2005e2016 12 Jan.- Dec.
85.7 2005e2016 11 Jan.- Dec.
79.5 2005e2016 10 Jan.- Dec.

in gauges.
amounts from the 1-min data is less than 15% compared with those from the daily
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Table 2
Percentages of stations (%) whose estimated R factor under different error level.

Relative error less than 5 min 6 min 10 min 15 min 20 min 30 min 60 min

5% 41.9 30.6 21.0 3.2 0.0 0.0 0.0
10% 82.3 80.6 71.0 33.9 1.6 0.0 0.0
20% 96.8 93.5 93.5 90.3 80.6 38.7 0.0
30% 100.0 100.0 100.0 100.0 96.8 91.9 0.0
40% 100.0 100.0 100.0 100.0 100.0 100.0 3.2
50% 100.0 100.0 100.0 100.0 100.0 100.0 66.1
60% 100.0 100.0 100.0 100.0 100.0 100.0 98.4
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min interval data are used using the same procedures by Panagos
et al. (2015) based on rainfall observation at the 5-min intervals
for a station used in Fiener and Auerswald (2009) and they spec-
ulated that the degree of underestimation may vary within Europe
given the variation in climate.

In summary, the accumulation of fixed-interval data along with
the development of automatic rainfall measurement technology
has provided high-resolution rainfall data and increased the accu-
racy of computed rainfall erosivity. However, the effect of the time
interval from 1-min to 1-hr on the computed R factor has not yet
evaluated. Most of the previous researches linearly related event
EI30 values from the fixed-interval data to those from high-
resolution data whereas some others considered R factors
instead. No research has been reported for the estimation of the 1-
in-10-year EI30 values from the fixed-interval data.

The objectives of this study are: (a) to systematically evaluate
the degree of underestimation between R factor calculated from 1-
min data (assumed to be the ‘true’ or reference values) and
different intervals of rainfall data (5, 6, 10, 15, 20, 30 and 60 min);
(b) to develop conversion factors of R factor and the 1-in-10-year
EI30 based on 5, 6, 10, 15, 20, 30 and 60-min data to those based
on the 1-min data. There were 62 stations with 1-min interval data
Fig. 3. Probability distribution of the error of R

Please cite this article as: Yue, T et al., Effect of time resolution of ra
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collected in China and were separated into calibration and valida-
tion groups to systematically evaluate the bias and develop con-
version factors.
2. Data and methods

2.1. Data

Rainfall data with 1-min temporal resolution from 62 meteo-
rological stations in mainland China were collected from the Na-
tional Meteorological Information Center of China Meteorological
Administration (Fig. 1, Table 1). The data were either digitized by
recording on the pluviograph of siphon rain gauges (No. 1e18), or
recorded by the automatic observation of tipping bucket rain
gauges (No. 19e62). Data from 26 stations in the south included
data for the whole year whereas the other 36 stations in the north
did not include winter months for the equipment were stopped in
winter. The data quality was controlled by comparing the annual
or seasonal total of rainfall amounts calculated from 1-min data
with those calculated from daily rainfall data observed with
simple rain gauges. The years with a relative error of less than 15%
were considered as the effective year, which were used in this
factor based on 5, 15, 30 and 60 min data.

infall measurements on the erosivity factor in the USLE in China,
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Fig. 4. Regression models of rainfall erosivities estimated from 5 to 60-min data. The dotted line represents the calibrated linear model. The circles are R factors estimated from 5 to
60-min data without conversions. The dots are values multiplied by conversion factors.
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Fig. 5. Regression models of 1-in-10-year EI30 estimated from the 5e60 min data. The dotted line represents the calibrated linear models. The circles are 1-in-10-year EI30 values
estimated from the 5 to 60-min data without conversions. The dots are values multiplied by conversion factors.

T. Yue et al. / International Soil and Water Conservation Research xxx (xxxx) xxx6

Please cite this article as: Yue, T et al., Effect of time resolution of rainfall measurements on the erosivity factor in the USLE in China,
International Soil and Water Conservation Research, https://doi.org/10.1016/j.iswcr.2020.06.001



Table 3
Conversion factors for estimating annual rainfall erosivity.

5 min 6 min 10 min 15 min 20 min 30 min 60 min

CF 1.051 1.058 1.083 1.121 1.192 1.253 1.871

sMAPEa 7.2% 8.0% 10.4% 13.7% 20.6% 24.7% 66.2%
sMAPEca 4.1% 4.3% 4.4% 4.4% 4.8% 4.3% 8.8%
NSEa 0.999 0.999 0.999 0.999 0.998 0.998 0.990

sMAPEb 6.7% 7.3% 9.5% 12.6% 19.1% 24.5% 63.0%
sMAPEcb 3.7% 3.8% 3.7% 3.8% 3.8% 4.1% 4.6%
NSEb 1.000 1.000 1.000 1.000 0.999 0.999 0.992

sMAPE: sMAPE of rainfall erosivity estimated from 5-60 min data.
sMAPEc: sMAPE of converted rainfall erosivity estimated from 5-60 min data.

a Averaged validation values of Group B stations when using conversion factors
calibrated by Group A stations.

b Averaged validation values of Group A stations when using conversion factors
calibrated by Group B stations.
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study. The length of effective years for stations No. 1e18 ranged
from 29 to 40, spanning the period of 1961 (1971)-2000. For sta-
tions No. 19e62, this ranged from 2 to 12 years, spanning the
period of 2005e2016. For time intervals with missing data in
effective years, which accounted for no more than 2.68% for each
of the 62 stations, zero rainfall was assumed because it was more
likely to be a dry interval. Numbers of storms varied from 10 to
904 events for 62 stations.

2.2. Methods

2.2.1. Calculation of R factor and 1-in-10-year EI30
To calculate rainfall erosivity with different time interval data,

the 1-min rainfall data were accumulated into 5, 6, 10, 15, 20, 30,
and 60-min rainfall data. Firstly, rainfall periods were divided into
events when the time of no precipitationwas over 6 h (Wischmeier
& Smith, 1978). Rainfall events with amounts of no less than 12mm
were selected as erosive events following Xie et al. (2000) and were
used to calculate the EI30 index and R factor. Note that the criterion
for identification of an erosive event is slightly different from that in
Wischmeier and Smith (1978), in which an erosive event is defined
to have total rainfall amount no less than 12.7 mm or with the
maximum 15-min intensity no less than 25.4 mm h-1.

The total energy of a storm (E, MJ ha-1) was estimated using the
following equations (USDA-ARS, 2013):

E¼
Xl

r¼1

ðer $ PrÞ (1)

er ¼0:29½1�0:72expð�0:082irÞ� (2)

where a rainfall stormwas divided into l periods with the constant
intensity in the same period, er (MJ ha-1 mm-1) was the unit energy
(energy per unit of rainfall) for the rth period, Pr (mm) was the
rainfall amount for the rth period and ir (mm h-1) was the intensity
for the rth period. Themaximum contiguous 30-min peak intensity,
I30 (mm h-1), can be calculated as:

I30 ¼
P30
0:5

(3)

where P30 (mm) was the maximum contiguous 30-min rainfall
amount. For 1, 5, 6, 10, 15, and 30- min rainfall data, P30 was the
maximum total amounts of 30, 6, 5, 3, 2, and 1 contiguous records.
For 20-min rainfall data, records were linearly interpolated into 10-
min data first and P30 was the maximum total amounts of three
contiguous 10-min intervals. For 60-min rainfall data, the P30 was
half of the maximum records. The storm rainfall erosivity EI30 can
Please cite this article as: Yue, T et al., Effect of time resolution of ra
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be obtained by the product of E and I30:

EI30 ¼ E$I30 (4)

The R factor was defined as the average annual rainfall erosivity,
which can be calculated by the sum of the EI30 for all erosive storms
in a year:

R¼ 1
N

XN

i¼1

Xm

j¼1

ðEI30Þij (5)

where N was the length of the effective years, mwas the number of
erosive storms in the ith year.

Since the lengths of the data from stations with tipping bucket
rain gauges were no more than 12 years and annual maximum EI30
may not enough to accurately fit an extreme value distribution, the
90th percentile of the annual maximum EI30, denote as (EI30)P90,
estimated from 1 to 60-min rainfall data of 54 stations (with more
than 10 effective years) were used to develop linear functions for
conversion factors of the 1-in-10-year EI30 values from 5 to 60-min
rainfall data to those from 1-min data.
2.2.2. Calculation of conversion factors
The underestimation of rainfall erosivity from t-min resolution

data was characterized by the ratio of rainfall erosivity estimated
from t-min data to that calculated from 1-min data, which was
considered as the ‘true’ value in this study.

Since both EI30 and R factor estimated from the fixed-interval
rainfall data and the values from using high-resolution data have
a good linear relationship (Williams & Sheridan, 1991; Yin et al.,
2007). Linear models of R factors estimated from different time
interval data were developed to obtain the conversion factors for
relating the values from these data to those from 1-min data:

R1min ¼CFt$Rtmin (6)

where R1min and Rtmin were the R factor values calculated by 1-min
and t-min rainfall data from 62 stations, respectively, and CFt was
the calibrated conversion factor for the rainfall erosivity from t-min
data to 1-min data.

To assess the accuracy of the conversion factors in equation (6),
data from 62 stations were divided into two groups. Thirty-three of
them, marked as dots in Fig. 1, were classified as Group A, whereas
the remaining 29 stations marked as circles in Fig. 1 were classified
as Group B. At first stations in Group A were used to develop con-
version factors and those in Group B were used to evaluate the
performance of conversion factors. This process was then con-
ducted reversely, which meant data from 29 stations in Group B
were used to calculate conversion factors, and those from 33 sta-
tions in Group Awere used to evaluate the performance. Symmetric
mean absolute percentage error (sMAPE) and Nash-Sutcliffe model
efficiency coefficient (NSE) were used for the assessment:

sMAPE¼1
n

Xn

i¼1

����
Fi � Ai

ðFi þ AiÞ=2
����� 100% (7)

NSE ¼ 1�

Pn

i¼1
ðFi � AiÞ2

Pn

i¼1
ðAi � AÞ2

(8)

where nwas the number of stations, Fi was the R factors estimated
from 5 to 60-min rainfall data for the ith station (before or after
applying conversion factors), Ai was the R factor calculated from 1-
infall measurements on the erosivity factor in the USLE in China,
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Table 4
Conversion factors for the 1-in-10-year EI30.

5 min 6 min 10 min 15 min 20 min 30 min 60 min

CF 1.034 1.044 1.053 1.090 1.101 1.180 1.489

sMAPEa 3.6% 4.6% 5.5% 9.5% 15.4% 18.3% 55.5%
sMAPEca 2.5% 3.3% 2.7% 5.1% 7.1% 9.6% 20.8%
NSEa 0.999 0.998 0.998 0.990 0.995 0.981 0.938

sMAPEb 3.9% 4.4% 5.9% 9.0% 14.6% 17.0% 49.4%
sMAPEcb 2.6% 2.8% 3.4% 4.3% 6.3% 8.8% 10.1%
NSEb 0.999 0.998 0.998 0.995 0.988 0.991 0.953

sMAPE: sMAPE of 1-in-10-year EI30 values estimated from 5-60 min data.
sMAPEc: sMAPE of converted 1-in-10-year EI30 values estimated from 5-60 min
data.

a Averaged validation values of Group B stations when using conversion factors
calibrated by Group A stations.

b Averaged validation values of Group A stations when using conversion factors
calibrated by Group B stations.
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min rainfall data for the ith station.
3. Results

3.1. Underestimation of R factor from 5 to 60-min rainfall data

The R factors estimated from the 5 to 60-min rainfall data were
all underestimated compared with values calculated from the 1-
min data. The longer the time interval of the data, the larger the
underestimated of R factors. Fig. 2 shows the relationship between
time interval and the reduction in the R factor, as the time interval
increases, the ratio of the R factor over that using 1-min data
decreases.

The averaged underestimations were -6.6, -7.2, -9.3, -12.2, -17.9,
-21.8 and -48.7% for R factors estimated from 5, 6, 10, 15, 20, 30 and
60-min rainfall data, respectively. Table 2 showed that 51, 50 and 44
stations out of 62 stations with relative errors less than 10% for 5, 6
and 10-min interval data, respectively. However, when it comes to
the data with the temporal resolutions more than 15 min, the bias
increased rapidly (Fig. 2). For the 15-min data, the estimated R fac-
tors for 66.1% of stations were underestimated by > 10% and for the
30-min data, 61.3% of stations underestimated by > 20% (Table 2).
Fig. 3 showed the distribution of the relative error for R factor based
on 5,15, 30 and 60-min data as examples. Therewere 4 stationswith
relative errors more than 15% when 5-min data were used. These
stations were located in the western part of China with dry climate
Table 5
Conversion factors (CFs) for converting EI30 (R factor) values from 5 to 60-min rainfall d

Study Area 5 min 6 min 10 min 15 min 30 min

Western Oregon,
US

e e e e e

Southeastern
Georgia, US

1.0416 1.0405 1.09 1.1209 1.3127

US e e e e e

Sicily, Italy e e e e e

China 1.014 (1.010
e1.020)

e 1.044 (1.023
e1.069)

1.078 (1.039
e1.114)

1.161
e1.257

Europe 0.7984 (0.7514
e0.8568)

e 0.8205 (0.7986
e0.8951)

0.8716 (0.8072
e0.9233)

1

Southern Italy 0.92 e 0.97 e 1.12
China 1.051 1.058 1.083 1.121 1.253
China 1.034 1.044 1.053 1.090 1.180
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and low rainfall erovisity. The relative error tends to be large when
rainfall erosivity is low.

3.2. Conversion factors for the R factor

The scatterplots of the linear models based on equation (6) are
shown in Fig. 4 and it indicated a very good regressionwas obtained
with the coefficients of determination ranging from 0.994 to 0.999.
As the time interval of the data increases from 5 to 60 min, the
conversion factor rises from 1.051 to 1.871 (Fig. 4). The results also
showed that for stations with R factor less than 5,000 MJ mm ha-1

h-1 a-1, the values obtained from the data of the time interval within
10 min were not apparently underestimated, but for those with
higher rainfall erosivity, the R factors estimated from the data of the
interval within 10 min showed an obvious underestimation, which
probably resulted in significant differences when paired-sample t-
test was conducted to compare the R factors based on 5 to 60-min
data with those 1-min data.

Conversion factors and validation results can be found in Table 3.
The Nash-Sutcliffe model efficiency coefficients (NSE) of themodels
are all above 0.99, suggesting that conversion factors calibrated can
be quite effective for converting R factors estimated from 5 to 60-
min data to those based on 1-min data. After the conversion, the
sMAPE decreased by about 3% for the 5-min data, 4% for the 6-min
data, 6% for the 10-min data, 9% for the 15-min data, 15% for the 20-
min data, 20% for the 30-min data, 60% for the 60-min data.

3.3. Conversion factors for the 1-in-10-year EI30

The efficiency of models for the 1-in-10-year EI30 is slightly
lower compared with those for the R factor, with the coefficients of
determination ranging from 0.958 to 0.999. Conversion factors for
the 1-in-10-year-frequency EI30 were smaller than those for the R
factor (Fig. 5). As the time interval increases from 5 to 60 min, the
conversion factor rises from 1.034 to 1.489.

Conversion factors for the 1-in-10-year-frequency EI30 and the
validation results were listed in Table 4. The Nash-Sutcliffe model
efficiency coefficients (NSE) of the models are all above 0.93, and
those from 5 to 30-min rainfall data are all above 0.98. After the
conversion, the MAPE decreased by about 1% for the 5-min data, 2%
for the 6-min data, 3% for the 10-min data, 5% for the 15-min data,
8% for the 20-min data, 9% for the 30-min data, 37% for the 60-min
data. It is noticed that there was a difference of sMAPEc (20.8% and
10.1%, respectively) after applying conversion factors for the 60-
ata to values estimated from high-resolution data.

60 min Resolution of data
compared

Index REF.

1.193e1.378 15 min EI30 Istok et al. (1986)

1.837 Breakpoint EI30 Williams and
Sheridan (1991)

1.08e3.16 15 min EI30 Renard (1997)
1.33 15 min EI30 Agnese et al. (2006)

(1.094
)

1.73 (1.568
e1.814)

Breakpoint EI30 Yin et al. (2007)

1.5597 (1.2974
e1.6995)

30 min R factor Panagos et al., 2015;
2016

1.53 15 min EI30 Porto (2016)
1.871 1 min R factor This study
1.489 1 min 1-in-10-

year EI30
This study

infall measurements on the erosivity factor in the USLE in China,
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min data from Group A and B. There were no obvious differences
found for other intervals from two groups.

4. Discussion

Experiments were conducted to detect if conversion factors
varied by climate types by dividing stations into different regions
and it was found that conversion factors for EI30 in the western part
of China were significantly larger than those in the eastern part.
However, no significant differences among the regression equa-
tions for the R factor and 1-in-10-year EI30 for eastern and western
regions were found. Therefore, all stations were pooled together in
this study when conversion factors were developed for the R factor
and 1-in-10-year EI30. Table 5 lists conversion factors for different
parts of the world. As these studies were not undertaken using the
same criteria for defining erosive events, it is not appropriate to
conduct a rigorous comparison among these conversion factors.
Further complication occurs because these conversion factors were
related to different erosivity indicators such as EI30, R factor and 1-
in-10-year EI30, and they were derived using rainfall of different
types, and at different resolutions.

Most previous studies on conversion factors of rainfall erosivity
related erosive event EI30 index from the coarser fixed-interval data
to those from the breakpoint data or finer fixed-interval data.
Panagos et al. (2015; 2016) regressed R factor from the coarser
resolution of data to the finer data (Table 5). The results of this
study showed that conversion factors for different index (R factor
and the 1-in-10-year EI30) were quite different. The conversion
factors for the R factor, ranging from 1.051 to 1.871, were higher
than those for the 1-in-10-year EI30, ranging from 1.034 to 1.489. It
suggested that the corresponding conversion factors should be
applied in the calculation of different indexes of rainfall erosivity
(event EI30, R factor, or 1-in-10-year EI30).

The resolution of data used as the compared baseline can also
lead to differences in conversion factors. Table 5 showed that two
studies using the breakpoint data as baselines (Williams& Sheridan,
1991; Yin et al., 2007) obtained similar conversion factors for the R
factor in this study. Four studies used the 15-min data (Agnese et al.,
2006; Istok et al., 1986; Porto, 2016; Renard, 1997) and two studies
used 30-min data (Panagos et al., 2015; 2016) as baselines in Table 5.
Results in this study showed that the underestimation ranging from
4.5% to 28.2% with an average of 12.2% for the 15-min data and from
13.4% to 37.4% with an average of 21.8% for the 30-min data, which
indicated that it was better to obtain the breakpoint data or the data
with intervals less than 5min as the baseline compared. If those data
were not available, a further conversion may be required as done by
Renard (1997), in which a constant conversion factor of 1.0667
(Weiss, 1964) between EI30 from the 15-min data and the breakpoint
datawere adopted. Nearing et al. (2017) reminded us of themeaning
of the underestimation of the rainfall erosivity. The erosivity and
erodibility factors are two of the six factors in USLEwhich have units.
The remaining factors including the slope steepness, slope length,
cropping management, and control practice are all dimensionless.
Erodibility factor was defined as the ratio of actual soil loss divided
by the erosivity in a unit plot, which indicated that if rainfall erosivity
was biased, soil erodibility would need to be re-determined or
adjusted to make estimates of soil loss that fit the measured data.

Breakpoint or hyetograph data were used to compute ‘true’
values of rainfall erosivity as defined by Wischmeier and Smith
(1978) before. Along with the development of automatic tipping
bucket observation, fixed-interval data are growing more common
and 1-min data have begun to replace the breakpoint data gradu-
ally for easier acquisition, storage, and processing. 1-min interval
data should have higher or at least the same resolution comparing
with the breakpoint data.
Please cite this article as: Yue, T et al., Effect of time resolution of ra
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Noted that rainfall erosivity values estimated from 1 to 60-min
time interval data could be converted to each other in addition to
converting values from intervals no less than 5 min to values from
1-min data. For example, the R factor estimated from 30-min data
can be converted to that from 5-min data, by applying a conversion
factor of 1.192 (1.253 divided by 1.051, Table 5).

5. Conclusions

This studyanalyzed1-minrainfall data from62stations inChina to
evaluate the degree of underestimation between R factors calculated
from the 5, 6,10,15, 20, 30 and 60-mindata and those from the 1-min
data, and to develop conversion factors for the R factor and 1-in-10-
year EI30 based on coarse resolution data to those based on 1-min
data. The following conclusions can be drawn as follows:

(1) R factors estimated from 5 to 60-min data were under-
estimated by 6.6 to 48.7%. For 5, 6 and 10-min data, the
underestimation for more than three-quarters of stations
was less than 10%, whereas, for data with time intervals of
more than 15 min, the underestimation increased rapidly.
For about two-thirds of the stations erosivity was under-
estimated by more than 10% using the 15-min data and for
61.3% of the stations, the underestimation was over 20% us-
ing 30-min data.

(2) Conversion factors for the R factor estimated from 5, 6, 10, 15,
20, 30 and 60-min were 1.051, 1.058, 1.083, 1.121, 1.192, 1.253
and 1.871, respectively. Validation results showed that after
applying conversion factors, symmetric mean absolute per-
centage error decreased by 3.0%, 3.6%, 5.9%, 9.0%,15.5%, 20.3%
and 58.0% for the 5 to 60-min data.

(3) Conversion factors for the 1-in-10-year EI30 were 1.034,
1.044, 1.053, 1.090, 1.101, 1.180 and 1.489, respectively, which
were generally smaller than those for the R factor. Symmetric
mean absolute percentage error decreased by 1.3%,1.6%, 2.9%,
4.9%, 8.2%, 8.4% and 36.2% for the 5 to 60-min data.
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