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Abstract

Soil erosion processes during a storm are strongly affected by intra-storm variations in rainfall characteristics. Four storm
patterns, each with a different rainfall intensity variation were separated. The storm patterns were: (1) increasing rainfall intensity
(2) increasing then decreasing intensity (3) decreasing intensity (4) decreasing then increasing intensity. After each erosive rainfall
(12 events), Runoff and suspended sediment samples were collected in each plot's tank which is located on hillslopes of the basin
of Khamsan. Main storm characteristics and soil losses were plotted and equation of the line of best fit were selected. Analysis of
variance (ANOVA) was used to determine response of runoff and soil erosion to storm patterns. Results showed that in lower
rainfall intensities a linear function fits the relationship between soil loss and rainfall intensity whereas this function tends to be
non-linear at higher intensities. Also a strong non-linear relationship was found between different quartiles of storm and soil loss.
Statistical analysis revealed significant differences in total runoff, soil loss and sediment concentration across four storm patterns
(Po0.001) but no differences in the runoff coefficient. In particular, storms with increasing rainfall intensity yielded highest
quantities of eroded sediments, total runoff and highest sediment concentrations followed by increasing then decreasing,
decreasing then increasing and decreasing intensity, respectively.
& 2015 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/).
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1. Introduction

Soil erosion is an extremely dynamic and complicated process. The spatial and temporal variability of this
phenomena are very high within a catchment. Soil erosion is affected by many factors, among them topographic
position of slope, vegetation and soil type have a momentous role on erosional behavior of soil (Morgan, 1986). The
complexity of this process is not obvious. Soil loss from runoff plots on various soil types have shown different
erosion rates under the same conditions of rainfall, topography and vegetal cover (Hussein, Kariem, & Othman,
2007). Acquired Data from erosion plots also contain large quantities of unexplained variability, which must be
considered in experimental designs and to evaluate erosion models using erosion and runoff data (Gomez, Nearing,
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Giraldez, & Albert, 2001; Nearing, Govers, & Norton, 1999). This variability in soil erosion data is due to both
natural variability and experimental design (Boix-Fayos et al., 2006). Generally, there is a demand for knowledge of
the main sources of this variability and to understand interactions between factors affecting soil erosion. Meanwhile,
the effect of rainfall characteristics as a major determining factor is crucial in order to deal with observed variability
(Ran, Su, Li, & He, 2012). The effect of storms has been studied by many researchers (Parsons & Stone, 2006; Ran
et al., 2012; Romkens, Helming, & Prasad, 2001). Among storm characteristics, rainfall intensity is a very important
factor. The close relationship between water erosion and rainfall intensity is due to: (1) impact of raindrops on soil
surface in high-intensity storms causes increased soil particle detachment (Van Dijk, Bruijnzeel, & Rosewell, 2002);
and (2) higher rainfall intensity results in higher rates of infiltration excess runoff, and a much greater transport of
suspended sediment load (Rose, 1993). Moreover, storms with the same average rainfall intensity likely do not have
the same kinetic energy, since the relationship between rainfall intensity and its kinetic energy is not a linear
relationship (Brodie & Rosewell, 2007; Petan, Rusjan, Vidmar, & Mikoš, 2010; Rosewell, 1986; Salles, Poesen, &
Sempere-Torres, 2002; Van Dijk et al., 2002). It is kinetic energy that controls soil sealing and detachment of
particles. But the effect of storms with the same average intensity on surface soil is different regardless of storm
pattern effects (Parsons & Stone, 2006). Both spatiotemporal non-uniformity of rainfall (Marshall, 1983) and
variation in rainfall intensity can affect soil erosion (de Lima, Tavares, Singh, & de Lima, 2009; Parsons & Stone,
2006). For example: Parsons and Stone (2006) studied the effect of storm patterns on runoff and erosion from three
different soils. They found that, even if there are not differences between total runoff among different soils, storms
with constant intensity yielded mean soil loss of 75% of storms with varying intensity. Kavian and Mohammadi
(2012) found Storms with peak instantaneous intensity at the end yielded higher sediment loads and concentrations.
Wei et al. (2007) conclude that different rainfall regimes have different effects on runoff and soil erosion. They
showed that rainfall regimes which have such features as high intensity, short duration and high frequency produce
more runoff and sediment. Huang, Ouyang, Li, Zheng, and Wang (2010) also observed different runoff and soil loss
under different rainfall types. They found the quantities of runoff and soil loss under erosive rainfall type III were the
most, followed by rainfall type II, IV and I. Flanagan, Foster, and Moldenhauer (1987) showed that storm patterns
have considerable effect on total soil loss and runoff. Marques, Bienes, Pérez-Rodríguez, and Jiménez (2008) found
that sediment production in high-intensive events is significantly greater than that produced in moderate–intensive
events.

The aim of this study is to provide more insight and detail through: (1) determining the response of runoff and soil
erosion to different storm patterns (2) statistical interpretation of how storms do affect soil erosion. The utilization of
field erosion plots under natural rainfalls allows us to achieve the study objectives.

2. Material and methods

2.1. Site description

Two coupled watersheds (o200 ha) with similar topography, relief, soil and vegetation were considered for
comparison of soil conservation practices. The experimental watersheds are located in the basin of Khamsan, a
province of Kurdistan, Iran (471404.8″–47110036″E to 34157036.3″–3511034.4″N). The elevation of the catchment
ranges from 1609 to 1820 m above sea level. The climate has a mean annual temperature of 14.1 1C and a mean
annual rainfall of 473 mm (Nabiollahi et al., 2010). All experiments were performed using 18 plots which are located
on six hillslopes within experimental watersheds (Figs. 1 and 2). In Fig. 2, the picture on the top shows distance
between hillslope number 1 and the meteorological station. Also, one of 18 plots and its tank, and a view of three
adjacent plots on hillslope number 5 are shown (Fig. 2).

2.2. Experimental design

A total of 18 erosion plots (22.1*1.83 m2) were placed on rangeland hillslopes with a mean slope of 18–231. In
each NW, S, W and East facing slope three erosion plots were installed except for a north facing slope with 6 plots
(Fig. 1). To prevent runoff from adjacent areas, galvanized steel plates were buried 10–15 cm deep in the ground
around the perimeter of each plot. Runoff and associated sediment were collected in a 750 liter tank at the lower end
of each plot.
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Fig. 2. Plots and station within experimental watershed.

Fig. 1. Location of the study area on the map of Iran.
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2.3. Rainfall, runoff and soil loss measurements

Measurements of runoff were made during the rainy season of 2010–2011 from each plot's tank. During this
period 12 erosive events occurred. After each storm causing runoff, the water level was measured in the tank, then
the suspension (runoff and sediments) were mixed thoroughly and samples were taken to determine the weight of
sediment load (Bargarello & Ferro, 2004; Hammad, Børresen, & Haugen, 2006; Polyakov & Lal, 2008). Finally, the



Table 1
Number of plots for each hillslope, total sample volumes, and mean runoff, soil loss and Sediment concentration for each hillslope.

Hillslopes Total plots Total runoff
volume

Total sediment
samples

Mean runoff
(cm)

Mean soil loss
(gr)

Mean sediment concentration (gr/
liter)

1 3 36 36 1/952 11/453 0/366
2 3 36 36 1/778 12/29 0/43
3 3 36 36 2/151 19/598 0/55
4 3 36 35 1/86 11/788 0/394
5 3 36 36 2/747 24/423 0/552
6 3 36 33 2/068 20/99 0/533
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total sediment in each sample was determined by the infiltration method of Seeger (2007) (Table 1). At the same time
as runoff sampling, the amount of rainfall was measured at 10-min intervals using a recording rain gage which was
installed at the meteorological station near the plots.
2.4. Data analysis

Thirteen maximum rainfall intensities were calculated and some of them are presented here as: maximum intensity
in 10, 20, 30, 40, 50, 60 and 90-min. Storm quartiles (first, second, third and fourth quartile) was obtained by
quantifying rainfall depth within each quarter of the storm duration. And the kinetic energy of storms was computed
based on Eq. (1) proposed by Wischmeier and Smith (1978).

E¼ 210:3þ89Log10I ð1Þ
where E is the storm kinetic energy in J m�2 cm�1, and I is intensity in cm h�1.

Storm characteristics were plotted against average soil loss of all 18 plots, then the best relationship and equation
were selected in order to determine mechanisms of storm effects on sediment production. Storms were divided into
four different patterns, based on intra-storm variation in rainfall intensity (Parsons & Stone, 2006). Increasing or
decreasing trend in rainfall intensity were used to classify storm events. The storm patterns were: (1) increasing
rainfall intensity (2) increasing then decreasing intensity (3) decreasing intensity (4) decreasing then increasing
intensity. Finally, ANOVA was used to evaluate differences in runoff, soil loss and sediment concentration between
storm patterns. The soil loss and runoff data used in this test were obtained in three repetitions.
3. Results and discussion

3.1. Effects of rainfall intensities on soil loss

During the experiment, 12 erosive rainfall events were recorded. Fig. 3 shows scatter plot graphs for the
relationship between Maximum rainfall intensities and soil loss. The best regression equation was selected based on
determination coefficients of the line of best fit.

The relationship between rainfall intensity and soil loss varied across intensities in a systematic way (Fig. 3). For
maximum rainfall intensities in 10 (I10) and 20-min (I20), the dominant equations are in the form of a power function
followed by logarithmic and exponential functions. And for I30, I40 and I50, this relationship tends to be logarithmic.
Detailed analysis of scatterplot graphs (data are not shown), indicates From I25 to I40, a logarithmic equation yields a
determination coefficient higher than power and linear equations, respectively. And from I45 to I55, the equation of
the line of best fit tends to be in the form of a logarithmic equation followed by a linear equation. Finally, the highest
R2 belongs to a linear equation in the I60 and I90 graphs. Only the best equation is shown on each graph.

This result may indicate that in low-intensity events, the effect of storm on soil loss is linear. On the contrary, the
effect of storm intensity on soil loss is non-linear in high-intensity events. Similarly Kandel, Western, Grayson, and
Turral (2004) found a non-linear effect of high intensity storms on runoff and erosion processes. Therefore, it is
possible to conclude that highly intensity and short duration storms lead to greater soil losses. This confirms results
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Fig. 3. Scatter plot graphs of maximum rainfall intensities and soil loss.
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from other investigations where high intensity storms increase soil erosion and sediment transport (Bracken &
Kirkby, 2005; Jebari, Berndtsson, Bahri, & Boufaroua, 2008; Marques et al., 2008).

However, in Fig. 3 some points are scattered and lie far from the regression line, this indicates that the variability
in the soil loss is not solely related to the intensity of the storm but there are also other factors involved in erosional
processes (Arnaez, Lasanta, Ruiz-Flano, & Ortigosa, 2007).
3.2. Effects of rainfall kinetic energy on soil loss

Fig. 4 shows the relationship between kinetic energy of rainfall and soil loss. It shows that for this experiment, the
relationship between kinetic energy and soil loss is a non-linear function.
3.3. Effects of storm quartiles on soil loss

The relationship between soil loss and storm quartiles is presented in Fig. 5. The logarithmic and power equations
yield the highest determination coefficients, yielding a strong non-linear relationship between different quartiles of a
storm and soil loss. The fourth storm quartile is strongly correlated with soil loss, consequently the least scatter is
found around the regression line in the 4th quartile. These different effects across various storm patterns and their
major role in soil erosion studies was also confirmed by Flanagan et al. (1987), Parsons and Stone (2006) and Wei
et al. (2007).

Generally, non-linearity in hydrological processes is supported by Beven (2001), as he noted that hydrological
systems are nonlinear and the implications of this nonlinearity should be taken into account in the formulation and
application of distributed models.
3.4. Response of runoff, soil loss and sediment concentration to storm patterns

Table 2 and Fig. 6 present results of ANOVA and compare mean graphs. Table 2 reveals significant differences in
total runoff, soil loss and sediment concentration across four storm patterns (Po0.001), but no differences in runoff
coefficients. In particular, the highest amounts of eroded sediment, total runoff and sediment concentration are related
to storm with increasing rainfall intensity, followed by increasing then decreasing, decreasing then increasing and
decreasing intensity, respectively (Fig. 6).

Increasing intensity storms, increasing then decreasing storms and decreasing intensity storms can be classified
into separate groups regarding soil loss and total runoff (Fig. 6). However, decreasing then increasing intensity
storms lie in the midst of decreasing and increasing then decreasing patterns. But, on the basis of sediment
concentration only two different groups of storms are found. The first group with highest sediment concentration



Table 2
One Way ANOVA's result.

Storm pattern Sample volume Mean F value P value

Total runoff (liter) Increasing 30 40.8 21.79 ***o0.001
Increasing–decreasing 24 27.95
Decreasing 6 18.4
Decreasing–increasing 12 21.29

Soil loss (gr) Increasing 30 24.21 14.75 ***o0.001
Increasing–decreasing 24 14.49
Decreasing 6 6.17
Decreasing–increasing 12 7.92

Sediment concentration (gr/liter) Increasing 30 0.586 11.91 ***o0.001
Increasing–decreasing 24 0.504
Decreasing 6 0.147
Decreasing–increasing 12 0.279

Runoff coefficient (%) Increasing 30 4.7 0.49 0.69ns

Increasing–decreasing 24 5.3
Decreasing 6 5
Decreasing–increasing 12 5.62

***Po0.001; ns: non-significant.
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includes increasing intensity and increasing then decreasing intensity. The second group with lowest sediment
concentration includes decreasing intensity and decreasing then increasing intensity storms.

4. Conclusion

A detailed study of storm characteristics showed that relationship between soil loss and rainfall intensities can be
characterized by two forms of function: (1) in low rainfall intensities a linear function is fitted to soil loss-rainfall
intensity, and (2) in high rainfall intensities nonlinear functions are fitted to soil loss-rainfall intensity. Analysis of
variance (ANOVA) indicated that no consistent differences in runoff coefficient was observed across all storm
patterns but significant differences in total runoff, soil loss, and sediment concentration were found. In particular,
storms with increasing rainfall intensity yielded the highest runoff, soil loss and sediment concentration.
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