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Abstract

Zhang (2109) presented results from experiments where 4 sections in 1.8 m long flumes were sequentially exposed to rainfall

during 15 minute periods during an hour where rainfall intensity and slope gradient remained constant. The upslope areas

were protected by a tarp in one treatment, and a screen placed 5 cm above the soil surface to provide sheet flow protected to

some degree from raindrop impact in another treatment. Zhang presented two equations, one for the screen experiments, one

for the tarp experiments, for estimating the soil loss rates in the sections under steady state conditions. The equation used for

the screen experiments is shown here to produce results that do not conform to well known long established rules that apply

to the determination of erosion in a section. In terms of modelling sediment discharge, Zhang applied an equation developed

by Zhang and Wang (2017). It is shown here that that equation was not well suited to predicting the discharges in the screen

treatment. Zhang also observed sediment discharges were well correlated to stream power even though sediment concentrations

were influenced by rainfall intensity. Considerable insights exists in respect to the detachment and transport mechanisms that

operate in rain-impacted flows a few millimetres deep but the closeness of the flow surface to the soil surface has a major impact

on sediment transport by saltation and rolling. Further study of sediment transport by very shallow rain-impacted flows is

warranted
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Abstract 14 

Zhang (2109) presented results from experiments where 4 sections in 1.8 m long flumes were 15 

sequentially exposed to rainfall during 15 minute periods during an hour where rainfall 16 

intensity and slope gradient remained constant. The upslope areas were protected by a tarp in 17 

one treatment, and a screen placed 5 cm above the soil surface to provide sheet flow 18 

protected to some degree from raindrop impact in another treatment. Zhang presented two 19 

equations, one for the screen experiments, one for the tarp experiments, for estimating the 20 

soil loss rates in the sections under steady state conditions. The equation used for the screen 21 

experiments is shown here to produce results that do not conform to well known long 22 

established rules that apply to the determination of erosion in a section. In terms of modelling 23 

sediment discharge, Zhang applied an equation developed by Zhang and Wang (2017). It is 24 

shown here that that equation was not well suited to predicting the discharges in the screen 25 

treatment. Zhang also observed sediment discharges were well correlated to stream power 26 

even though sediment concentrations were influenced by rainfall intensity. Considerable 27 

insights exists in respect to the detachment and transport mechanisms that operate in rain-28 

impacted flows a few millimetres deep but the closeness of the flow surface to the soil 29 

surface has a major impact on sediment transport by saltation and rolling. Further study of 30 

sediment transport by very shallow rain-impacted flows is warranted 31 

  32 
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1. Introduction 33 

In his study, Zhang (2019) used a silt loam soil in two replicate flumes 1.8 m long, 0.5 34 

m wide, that were placed side by side with a 2.5 cm slot between them. The slot was used to 35 

collect splashed material. The soil came from Coshocton, OH in the USA and had 20.8 % 36 

sand, 58.6 % silt, 20.6 % clay. The rainfall simulator used in the experiments produced pulses 37 

of rain from 80150 nozzles 3 m above the eroding surfaces. Two treatments were used. In one 38 

treatment, a screen was suspended 5 cm above the soil surface to provide sheet flow protected 39 

from raindrop impact. In the other, a tarp was placed over the surface to prevent upslope 40 

runoff from flowing over the exposed surface. In the first 15 minutes of experiments lasting 1 41 

hour, the bottom quarter of the flumes was exposed to rainfall produced by the rainfall 42 

simulator. In the 2nd 15-minute period, erosion by the rainfall occurred on the bottom half of 43 

the flumes. Three-quarters of the flume areas was exposed in the 3
rd

 15-minute period with 44 

the whole area being exposed in the 4
th

 15-minute period. In the first hour, 60 mm hr
-1

 rainfall 45 

intensity was used. In the 2
nd

 hour, the exposure sequence was repeated with 90 mm hr
-1

 46 

rainfall intensity, and 120 mm hr
-1

 rainfall intensity in the 3
rd

  hour. The screen experiments 47 

were designed so that surface water flow conditions did not vary in the bottom section of the 48 

1.8 m long surface as the number of exposed sections varied. In contrast, the tarp experiments 49 

were designed so that the transport capacity of rain-impacted flows in the bottom section 50 

varied as the number of exposed sections varied. The two treatments were applied on 9 %, 18 51 

% and 27 % slopes. Newly prepared surfaces were used for a sequence of 3 one hour rainfalls 52 

varying in intensity from 60 mm hr
-1

 to 120 mm hr
-1

 and totalling 270 mm on for each slope 53 

gradient. Sediment-laden runoff was collected every 3 minutes. 54 

In analysing the results from the experiments, Zhang concluded that the difference in 55 

sediment loads between two adjacent 15-min intervals may be considered the new 56 

contribution from the newly uncovered section for the corresponding period. For the tarp 57 

experiments, the differences were used to calculate steady state loss rates from section 1 58 

during each 15-min interval but, for the screen experiments, the differences were used to 59 

calculate soil loss rates from the newly uncovered section. In addition, Zhang used 60 

comparisons between splash  and flow transported sediment to determine whether 61 

detachment limiting or transport  limiting  conditions occurred, and evaluated a number of 62 

independent variable as predictors of sediment discharge. The following issues are considered 63 

in this comment 64 

1. The approach adopted to analyse data from  the screen experiments did not to 65 

produce reliable estimates of temporal and special variations in erosion on the 66 

inclined surfaces used. 67 

2. There is a conceptual issue in the logic presented to interpret the effect splash 68 

on sediment transported in rain-impacted flows 69 

3. The analytical approach adopted failed to identify differences in the abilities 70 

of the independent variables to account for variation in sediment discharges 71 

between the tarp and screen treatments  72 

4. The apparent difference in stream power versus shear stress as predictors may 73 

in part be related to inaccurate determination of flow depth. 74 

 75 

  76 
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 77 

2. Determination of soil loss within each section 78 

 79 

Figure 1. Schematic of the discharge of sediment between sections when the whole 80 

surface in the experiments by Zhang (2019) is exposed to rainfall. Qs.out is the amount of 81 

sediment discharged during a 15-minute period of time. 82 

 83 

Figure 1 is a schematic of the discharge of sediment between sections when the whole 84 

of the surface is exposed to rainfall. It follows from Meyer and Wischmeier (1969), a paper 85 

cited by Zhang, that when the steady state occurs and the sediment discharge from a section 86 

is less than the sediment input into the section from upslope, all the sediment entering the 87 

section passes through the section, and the difference between the amounts of sediment 88 

entering and exiting the section results from erosion in the section. Conversely, when the 89 

sediment discharge is less than the sediment input from upslope then deposition occurs. In the  90 

Zhang (2019) experiments, only Qs.out.1 is measured when each new section upslope of 91 

section 1 is exposed during the hour rainfall intensity was held constant. Even so, it can be 92 

assumed in the tarp experiments that the amount of sediment discharged into section 1 from 93 

section 2 in the 15-30 min period is equal to the amount of sediment discharged from section 94 

1 during the 0-15 min period because there is no water or sediment entering section 2 from 95 

upslope during that 15-30 min period.  Similarly, when section 3 becomes exposed, the 96 

amount of sediment discharged into section 2 from section 3 is equal to the amount of 97 

sediment discharged from section 1 during the 0-15 min period, and when section 4 is newly 98 

exposed, the amount of sediment discharged into section 3 from section 4 is equal to the 99 

amount of sediment discharged from section 1 during the 0-15 min period. As notes above, 100 

when the steady state occurs and Qs.out ≥ Qs.in, all the material entering a section from upslope 101 

is transported through the section so that the rate soil material is discharged from the whole of 102 

eroding area is equal to the sum of the sediment discharges (g m
-1

 min
-1

) from erosion in each 103 

of the contributing sections. Table 1 shows the result for 90 mm hr
-1

 rain on 18 % slope in the 104 

tarp experiments assuming steady state conditions. 105 

In  the case of the tarp treatment, Zhang concluded that steady state soil loss rates for 106 

section 1 during each 15 minute interval could be estimated from  107 

,  S10-15 = L0-15 / A1       (1a) 108 

 S115-30 = (L15-30 - L0-15) / A1      (1b) 109 

 S130-45 = (L30-45  - L15-30) / A1      (1c) 110 

 S145-60 = (L45-60 - L30-45) / A1      (1c) 111 
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Eqs 1a-1c provide estimates of soil loss rates (g m
-2

 min
-1

) that are consistent with the 112 

approach that generated the sediment discharges (g m
-1

 min
-1

) presented in Table 1. 113 

  114 

Table 1. Estimated sediment discharge (g m
-1

 min
-1

) from erosion each section during 115 

the four 15-min periods for 90  mm hr
-1

 rain on 18 % slope  in the tarp experiments 116 
assuming steady state conditions. 117 

 118 

  

sediment 

discharge  

from whole 

exposed area 

sediment 

discharge  

from erosion  

in sect 1 

sediment 

discharge  

from erosion  

in sect 2 

sediment 

discharge  

from erosion  

in sect 3 

sediment 

discharge  

from erosion  

in sect 4 

0-15 9.09 9.09       

15-30 18.35 9.26 9.09     

30-45 29.36 11.01 9.26 9.09   

45-60 44.04 14.68 11.01 9.26 9.09 

 119 

 120 

 In analysing the data for the screen experiments, Zhang concluded  that  the steady 121 

state soil loss rates (g m
-2

 min
-1

)  from each section could be estimated from 122 

 S10-15 = L0-15 / A1       (2a) 123 

 S215-30 = (L15-30 - L0-15) / A2      (2b) 124 

 S330-45 = (L30-45  - L15-30) / A3      (2c) 125 

 S445-60 = (L45-60 - L30-45) / A4      (2d) 126 

where S1, S2, S3, and S4 are the soil loss rates from sections 1, 2, 3, and 4 for the 127 

corresponding 15-minute interval in g min
-1

 m
-2

, L is the average steady state delivery at the 128 

outlet (g min
-1

) for the respective time interval, and A1, A2, A3, and A4 are the projected 129 

areas of the respective sections.  130 

According to Zhang, “By assuming that the same slope length (i.e., the same runoff 131 

rate) yields the same amount of sediment load, the difference in sediment loads between the 132 

two adjacent intervals may be attributed to the loss from the lowest section (S1) rather than 133 

from the newly uncovered section because the sediment loads for the same slope (or flow) 134 

length tend to cancel out. For example, the flow length of S3 + S2 during the 30- to 45-min 135 

interval is 90 cm, which is equivalent to the length of S2 + S1 in the previous interval, and thus, 136 

the difference in sediment loads between the two intervals reflects the loss from the segment of  137 

90 to 135 cm (i.e., S1)”. According to Zhang (pers com), the purpose of Eq. 2 was to produced 138 

values of APPARENT NET LOSS which reflect whether the sediment transport capacity has 139 

been reached in S1, “nothing more”. This approach is questionable. As shown in Table 2, 140 

the “apparent” net soil losses generated by Eq.2 are not consistent with net soil losses based 141 

on the scheme shown in Figure 1, a scheme which, as noted above, follows from Meyer and 142 

Wischmeier (1969).  Also, there is actually no need for Eq, 2 to exist for the purpose stated 143 

by Zhang. The impact of the new exposures in the screen experiments can be shown by 144 
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determining the differences between successive discharges from S1.  There is no need to 145 

divide those differences by the area of the new section exposed. 146 

 147 

Table 2. Soil loss rates (g m
-2

 min
-1

) in each section during the 45-60 min periods in the 148 

tarp and screen treatment on the 18 % slope estimated using the scheme shown in 149 

Figure 1 and Eq. 2. The results for the screen experiments using the scheme shown in 150 

Figure 1 assume that the relative contributions of the sections to sediment discharges in 151 

the screen experiments follow the same spatial pattern as observed in the tarp 152 

experiments. No data exists to determine the actual soil loss rates directly in the screen 153 

experiments.  154 

rainfall intensity  

sediment 

discharge from 

sect 1  

Sect 1 sect 2 sect 3 sect 4 

(mm/hr) (g/m/min) (g/m
2
/min) (g/m

2
/min) (g/m

2
/min) (g/m

2
/min) 

TARP experiments  using Fig. 1 scheme 

60 25.0 22.4 13.5 11.0 8.7 

90 44.0 32.6 24.5 20.6 20.2 

120 77.9 66.9 41.5 33.1 31.5 

SCREEN experiments using Fig.1 scheme 

60 45.7 40.9 24.6 20.1 15.8 

90 75.6 56.0 42.0 35.3 34.7 

120 103.9 89.4 55.4 44.2 42.0 

SCREEN experiment using Eq.2 

60 45.65 59.85 18.86 15.40 7.34 

90 75.58 151.38 1.90 10.40 4.29 

120 103.91 198.38 16.94 15.19 0.41 

 155 

Given that for the screen treatment, surface flow discharges in each section remained 156 

constant throughout each 1 hour rainfall event due to the fixed drainage areas, questions arise 157 

as to why small but positive impacts of adding newly exposed sections upslope were 158 

observed whereas there should be none given that the sediment transport capacity of the rain-159 

impacted flow did not change during the one hour of rain. It is generally accepted  that coarse 160 

particles detached by raindrop impact may travel downstream in rain-impacted flow by 161 

raindrop induced saltation (RIS), raindrop induced rolling (RIR), flow driven saltation (FDS) 162 

and flow driven rolling (FDR). These 4 transport mechanisms are known to have a limited 163 

capacity to transport soil material, and this may be especially true in very shallow flows. 164 

However, fine particles move in the flow as suspended load at concentrations which are well 165 

below any transport limit. No particle size data were collected but it is possible that the small 166 

positive changes in Qs.out.1 between 15 min periods result from increases in fine material being 167 

discharged as the areas exposed to raindrop impact increased as suggested by Zhang. 168 

 169 

  170 
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 171 

Figure 2. Schematic of spatial variations in the detachment and transport mechanisms 172 

operating on surfaces eroding as the result of detachment by raindrop impact and 173 

surface water flow when rilling does not occur. Modified from (Kinnell, 2012)  174 

 175 

3. Splashed material as an indicator of detachment limiting and transport 176 

limiting conditions 177 

Figure 2  illustrates how rainfall intensity, slope length and gradient can influence the 178 

detachment and transport mechanisms that operate on surfaces eroding under rainfall. In all 179 

cases, raindrop impact plays a major role in detaching and transporting soil material in the 180 

upper parts of  the eroding slope. As noted above, a slot between the two flumes was used to 181 

collect splashed material. According to Zhang (2019), “If slot splash is greater than flume 182 

wash, it can be inferred that interrill erosion rate is limited by sediment transport. Otherwise, 183 

interrill erosion is limited by soil detachment”. However, although the material splashed to 184 

the slot represents splashed material falling onto the rain-impacted flow from the air, it is not 185 

an absolute measure of the material available for transport by the rain-impacted flow. Not all 186 

materials detached by raindrop impact become airborne. It has been well demonstrated by 187 

Moss and Green (1983) that the ratio of material splashed and material transported by 188 

raindrop induced saltation decreases greatly as flow depth increases so that sediment 189 

transport by rain-impacted flows can be transported limited even when the slot splash is less 190 

than the flume wash. Theoretically, the mass lifted into the air by a drop impact is given by 191 

 Mm.A  =  a Mm         (3) 192 
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where Mm  is the mass of soil material lifted vertically from the soil surface under the water 193 

layer by the impact of a raindrop, and the mass that remains in the flow 194 

 Mm.F =  b Mm         (4) 195 

where a + b = 1.0 (Kinnell, 2020). Although a  tends towards 1.0 as flow depth decreases its 196 

value is not known to be 1.0 in the shallow flows that occur in the Zhang experiments. Also, 197 

the mass of material that is mobilised by a drop impact and made available for transport in 198 

both the flow and the air comes from two sources, soil material from the matric soil detached 199 

by the impacting raindrop and the mobilization of loose material sitting on the soil surface 200 

detached by previous drop impacts. In theory Mm  is given by 201 

 Mm = Md (H -1) + H Mpd       (5) 202 

where Md  is the mass detached directly by the current drop impact, Mpd is the loose material 203 

sitting on the surface that has been detached by previous drop impacts,  and H is the degree of 204 

protection provided by the loose material sitting on the surface. If no soil material is 205 

transported downslope from the site of the drop impacts then H increases until ultimately 206 

only pre-detached material is mobilized by drop impacts. Md is controlled by both the ability 207 

of the drop impact to cause detachment and the ability of the soil to resist detachment. The 208 

latter will always be a limiting factor but detachment will also be limited when H > 0. H > 0 209 

will occur whenever sediment is being transported by saltation and rolling. Consequently, 210 

unless sediment is so fine that all the detached material is transported in complete suspension, 211 

both detachment and transport limiting conditions operate at the same time to control 212 

sediment discharge when raindrop induced saltation and rolling occur in rain-impacted flows. 213 

 As indicated in Figure 2, it is possible that as rainfall intensities and slope gradients 214 

increased, the discharge of sediment from the eroding slope may become controlled by flow 215 

driven transport mechanisms (Figure 2D). It may also be possible for flow detachment to to 216 

occur on high slopes under high rainfall intensities to produce the situation depicted in Figure 217 

2E. Apart from the data comparing splash and wash rates, Zhang provided no information 218 

about what actual detachment and transport mechanisms control sediment discharge from S1. 219 

Also, transitions between raindrop induced transport and flow driven transport  are particles 220 

size and density dependent so that, for example, the situation depicted in Figure 2C may 221 

apply to the larger heavies coarse particles while, as the same time, the situation depicted in 222 

Figure 2D may apply to the smaller lighter coarse particles. Even if all the coarse particles are 223 

discharged by flow driven transport mechanisms, the sediment discharged from S1 will 224 

contain particles that enter S1 by raindrop driven transport mechanisms operating upslope.  225 

Similarly, if flow detachment occurs in S1, some of the sediment discharged from S1 will 226 

come from detachment by raindrop impact not just in S1 but from upslope of S1. The notion 227 

that soil lost from erosion on a slope is either detachment limited or transport limit is overly 228 

simplistic.  229 

 230 

 231 
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 232 

Figure 3. The relationships between values predicted by Eq.6 and average sediment 233 

delivery rates observed during the 15 min periods for the three hours of rain applied 234 
when  the slope gradients were maintained constant in the trap and screen experiments.  235 

 236 

4. Modelling sediment discharges 237 

The tarp experiments provided data on 4 slope lengths (0.45 m, 0.9 m, 1.35 m, 1.8 m)   238 

on 3 slope gradients (9 %, 18 %, 27 %) under 3 rainfall intensities (60 mm hr
-1

, 90 mm hr
-1

, 239 

120 mm hr
-1

). Previously, Zhang and Wang (2017) undertook a series of 1 hour experiments 240 

where slopes ranging length from 0.4 m to 2.0 m, on gradients ranging from 17.6 % to 241 

57.7%, eroded under rain with intensities ranging from 48 mm hr
-1

 to 170 mm hr
-1

. The soil 242 

was a loessial soil from the Ansai County in Shaanxi Province, China and had 39 % sand, 45 243 

% silt, 16 % clay. In the experiments, rain was supplied continuously from pendant drop 244 

formers ( DJK-6000 rainfall simulator, Japan) 8.7 m above the target rather that intermittently 245 

from sprays in the  Zhang (2019) experiments. Analysis of the data from the 250 experiments 246 

generated by Zhang and Wang (2017)  produced the equation 247 

 248 

 Ds = Ki I Sf R
0.242

 L
0.963

       (6) 249 

 250 

where Ki is a soil related factor,  Ds is the sediment delivery rate (kg m
-1

 hr
-1

), I is rainfall 251 

intensity (mm hr
-1

), R is runoff rate (mm hr
-1

) and L is slope length (m) and Sf is given by 252 

 253 

  Sf = 1.05 - 0.85e-4(sin θ)        (7) 254 

 255 

where θ is slope angle (Liebenow, Elliot, Laflen, & Kohl, 1990). The relationship between 256 

the 15 min mean sediment discharge data from the Zhang (2019) experiments and Eq. 6 using 257 

the value of Ki obtained for the Zhang and Wang (2017) experiments produced  a value of the 258 
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Pearson correlation coefficient (r) of 0.948 when both screen and tarp were considered 259 

together.  X. C. Zhang (2019) did not test the relationship in respect to the goodness of fit Eq. 260 

6 in respect to his experiments. However, when Eq.6 is applied to predict the discharges in 261 

each 15 min period for each slope gradient (Figure 3), it is apparent that mathematical form 262 

of observed to predicted relationships for the screen treatment differs from that for the tarp 263 

experiments. It should also be noted that the predicted values are about an order of magnitude 264 

greater than the observed sediment discharges.  265 

 266 

 267 

 268 

Figure 4 (A) The relationships between average sediment discharge rates during 15 min 269 

periods in the tarp experiments and  the values predicted by Eq.6, (B) the relationships 270 

between average sediment discharge rates during 15 min periods in the tarp 271 

experiments  stream power and (C)  the relationships between average sediment 272 

discharge rates during 15 min periods in the screen experiments  stream power during  273 
the three hours of rain applied when  the slope gradients were maintained constant. 274 

 Figure 4 shows the relationships between the sediment discharges for each of the 3 275 

slope gradients used in the tarp experiments and the values predicted by Eq. 6 and stream 276 

power. When Eq.6 is used in tarp experiments, the 27% slope appears to produce greater 277 

sediment discharges than expected from applying Eq. 6 to the 9 and 18 % slopes (Figure 4A). 278 

However , that is not the case when stream power is used as the independent variable (Figure 279 

4B).  When stream power is used as the independent variable in the screen experiments, the 280 

27 % slope appears to produce much lower sediment discharges than expected from the 9% 281 

and 18% slope slopes (Figure 4C) These issues were not detected in the analyses undertaken 282 

by Zhang on the combined the data from the screen and tarp experiments. Failure to examine 283 

the mathematical form and goodness of fit the relationships between dependent and 284 

independent variables can lead to misplaced confidence in the value of certain independent 285 

variables in accounting for variations in the observed sediment discharges. It should also be 286 

noted that with high rainfall intensities, flow discharges are highly correlated with rainfall 287 

intensity so that stream power and rainfall intensity are highly correlated in the screen 288 

experiments.  289 
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 Zhang also examined shear stress and unit stream power as predictors of sediment 290 

discharge when the data for the tarp and screen experiments were combined. Sediment 291 

deliveries in the tarp and screen experiments were less well correlated with shear stress 292 

(Pearson r = 0.545) and unit stream power (Pearson r = 0.867). The primary factors 293 

associated with shear stress are slope gradient and flow depth whereas, for unit stream power, 294 

the primary factors are slope gradient and flow velocity. Flow velocities were measured by 295 

Zhang using a dye method and flow depths were determined for the knowledge that flow 296 

discharge is given by product of flow depth and velocity. However, dye methods for 297 

measuring flow velocity may not produce accurate results in rain-impacted flow because 298 

raindrops impacts disperse the dye making visual timing difficult.  Flow discharge is more 299 

accurately measured and this may have contributed to a better correlation being observed for 300 

stream power (directly proportional to slope gradient and flow discharge) than shear stress 301 

(directly proportional to slope gradient and flow depth) and unit stream power (directly 302 

proportional to slope gradient and flow velocity).  303 

  304 

 305 

Figure 5. 15 min sediment concentrations produced on slopes with different gradients during 306 
the 1 hour rainfall events where rainfall intensity was held constant. 307 

  308 
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4. Variations in sediment concentration 309 

In analysing runoff and soil loss data, it is useful to consider that sediment discharge 310 

is given by flow discharge and sediment concentration, the mass of soil material discharged 311 

per unit quantity of water. When stream power is used as a predictor, sediment concentrations 312 

are assumed to vary with only slope gradient. However, when sediment transport occurs by 313 

raindrop induced saltation in flows a few millimetres deep, sediment concentrations vary 314 

directly with rainfall intensity (Kinnell, 2005). In addition, Eq.6 obtained for the shallow 315 

flows that occurred in the Zhang and Wang (2017) experiments support the expectation that 316 

sediment concentrations should increase with rainfall intensity in the Zhang (2019) 317 

experiments. As shown in Figure 5, the 15 min sediment concentrations for 120 mm hr
-1

 318 

rainfall in the tarp experiments tended to be higher those for the 60 mm hr
-1

 rainfall. Period 4 319 

on the 27 % slope was an exception. 90 mm hr
-1

 rainfall did not produce consistent 320 

intermediate sediment concentrations. It is apparent from Figure 5 that rainfall intensity 321 

should be considered as an independent factor in determining sediment discharge in addition 322 

to stream power. 323 

Figure 5 also shows that, when slope gradient and rainfall intensity are held constant, 324 

the sediment concentration for the sediment discharged during each 15 minute period tends to 325 

increase as the number of exposed sections increases in both the tarp and the screen 326 

experiments. When sediment transport by raindrop induced saltation (RIS) occurs in flows a 327 

few millimetres deep, sediment concentrations decline with flow depth when rainfall intensity 328 

is held constant (Kinnell, 2005). Although some doubt may be cast at the accuracy of the data 329 

on flow depths and velocities obtained in the tarp experiments, those data (Figure 6) do not 330 

provide any support for the notion that temporal variations in sediment concentrations shown 331 

in Figure 5 are dependent on flow depth. 332 

333 
Figure 6. Average flow depths and velocities in section 1 during 15 min periods when 334 

slope gradient and intensity were held constant in the tarp experiments.  335 

 336 

Although sediment concentrations during a one hour rainfall event may be better 337 

correlated with flow velocity, the increases in sediment concentration may be associated with 338 

the sequential exposure of the 4 sections. As noted earlier, Eqs. 1 and 2 are considered to 339 

apply when steady state conditions occur. However, the area exposed to erosion by rain-340 

impacted flows in both the tarp and screen experiments changes every 15 minutes. 341 

Consequently, the experiments when the section 4 is exposed to rain impacted flow last for 342 
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15 minutes, that 15 mins may not be long enough for the slowest moving particle detached at 343 

the top of the slope to reach the bottom and be discharged as is required for the steady state. 344 

Inevitably, coarse material in transit over the soil surface before a change in exposed area or 345 

rainfall intensity will continue to move down stream after the change and get discharged 346 

under different conditions to when first detached. The continual increase in sediment 347 

concentrations throughout each hour of exposure to rain observed by in Figure 5 may be a 348 

consequence of the fact that the effect of a change in exposed area on sediment discharged by 349 

the rain impacted flow is not complete during the associated 15 min period. It may also be a 350 

consequence of the fact that the rainfall system produced pulses of high intensity rainfall 351 

which meant that detachment and transport of coarse material was highly intermittent while 352 

the transport of fine material was more continuous. It also needs to be kept in mind that each 353 

15 min “event” on a given section is, in effect, a pre-treatment for the next 15 min “event” on 354 

that section. Consequently, the results obtained during each 1 hour rainfall event depends on 355 

what happened during the previous rainfall event. Changing the sequencing (eg. high 356 

intensity first and low intensity last) may produce quite different results. Hysteretic loops in 357 

sediment fluxes have been observed when rainfall intensities have been varied stepwise from 358 

low to high and back again (Cheraghi, Jomaa, Sander, & Barry, 2016).  359 

 360 

6. Conclusion 361 

 The experiments reported Zhang (2019)) are unique in that the length of the area  362 

exposed to raindrop impact changes every 15 mins during 3 hours of rainfall where rainfall 363 

intensity was changed hourly. While using the tarp may seem an attractive alternative to 364 

experiments where, like in Zhang and Wang (2017), a new surface is used for each 365 

combination of slope length, gradient and rainfall intensity, coarse material in transit over the 366 

soil surface before a change in exposed area or rainfall intensity will continue to move down 367 

stream after the change and get discharged under different conditions to when first detached. 368 

This may have influenced the results. Considerable insight exists in respect the movement of 369 

particles in rain-impacted flows a few millimetres deep but not in very shallow flows where 370 

the closeness of the flow surface to the soil surface has a major impact on sediment transport 371 

by saltation and rolling. Given that it is well known that the size of the primary particles and 372 

aggregates being transported in  rain-impacted flows an few millimetres deep influence 373 

sediment discharge, data on the actual particles sizes and densities discharged by the flow 374 

should augment data on sediment discharge if better understanding on how shallow rain-375 

impacted flows transport detached soil material. Independent tests on the susceptibility of soil 376 

surface to detachment by flow are also warranted given that in some circumstances flow 377 

conditions may cause detachment by flow to occur. The submerged vertical jet method has 378 

been used to determine erodibility in respect to flow (Haddadchi et al., 2018; Rose, Olley, 379 

Haddadchi, Brooks, & McMahon, 2018) and the critical shear stress on non-cohesive soils  380 

(Sang, Allen, & Dunbar, 2015).  Further study of sediment transport by very shallow rain-381 

impacted flows is warranted but currently factors such as flow depth and flow velocity are 382 

difficult to control and measure to the same extent as in deeper flows.  383 

   384 
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