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ABSTRACT 

Solute transport through soil is the major source of nonpoint pollution. Overland flow 

development in a steep slope area is a complex and nonlinear system that can be influenced by 

infiltration excess, saturation excess, and subsurface flow. Variations in rainfall intensity, slope, 

and land cover can also affect the soil moisture dynamics leading to overland flow formation. 

This study aims to define the dominant mechanism of runoff generation in a steep slope area. A 

computational model is developed to estimate the quantities of runoff flow and salinity 

concentration in soil layers at different depths. For this purpose, field research was conducted 

with several rainfall heights and land cover types in an area of 57 m
2
 with average slope of 

46.7%. Field experiments indicated that the surface and subsurface flows in a soil depth of up to 

30 cm were not dominant mechanisms in clay soil with steep slope even under high rainfall 

intensity. The output of the flow quantitative model showed that overland flow generation in 

the field plot was dominated by the saturation excess mechanism. The natural grass plot showed 

the lowest overland flow percentage; by contrast, removed grass and without grass plots 

showed percentages of 19.49% and 19.18% for rainfall height of 24.9 and 21.8 mm, 

respectively. Land cover was identified as an important factor affecting runoff generation. The 

output of the solute transport model for rainfall height of 24.9 mm with salt addition indicated 

that natural grass and removed grass plots had the lowest salinity concentrations of 55.45 and 

33.62 ppm, respectively. Salinity transport was slowest on the natural grass plot, and it started 

only 45–50 min after artificial rain was applied. 

 

Keywords: Overland flow; Rainfall intensity; Soil characteristics; Solute transport; Steep 

slope area 

 

1. INTRODUCTION 

Solute transport from soil through overland flow is a major source of nonpoint pollutants in 

receiving surface water bodies. Salinity is the main problem that occurs in almost all irrigated 

areas and even in some non-irrigated areas such as grasslands and open fields (Szabolcs, 2011). 

Studies found that up to 20 million hectares of soil in Southeast Asia is affected by salinity. 

Salinity problems in tropical countries cause soil characteristics to deteriorate, increase soil 

erodibility, and inhibit plant growth (Kovda & Szabolcs, 1979; Szabolcs, 2011). The Food and 

                                                      
*
Corresponding author’s email: ngoc.anh@students.itb.ac.id, Tel. +62-85-861444235 

Permalink/DOI: https://doi.org/10.14716/ijtech.v9i7.2458 

mailto:ngoc.anh@students


1430 Conservative Solute Transport from Soil to Runoff Flow in a Steep Slope Area 

 

Agriculture Organization (FAO) and the United Nations Educational, Scientific, and Cultural 

Organization (UNESCO) estimate that many existing irrigation systems worldwide are affected 

by secondary salinization, alkalization, and waterlogging. These phenomena are seen in both 

old and newly irrigated areas. Salinization is a global environmental phenomenon that 

significantly decreases the quality of water resources; nonetheless, it has not yet attracted much 

global attention (Gibbs et al., 2011). 

The movement of overland flow directly affects the soil salinity. Xu and Shao (2002) stated that 

salinization is closely related to hydrological processes that occur on the soil surface and in 

groundwater, because the movement of water is a very important factor in the transfer of salt as 

a conservative material. In steep-slope areas, the theory of overland flow is based on 

differentiation between overland flow generation from excessive infiltration and excessive 

saturation and subsurface flow (Ameli et al., 2015). Overland flow is harder to define precisely 

than in-channel flow, and the use of hydraulic procedures in predicting overland flow and its 

characterization has limitations (Kirkby, 1978). It is unstable and varies spatially as it arises 

from rainwater and decreases due to infiltration; these two processes are not constant over time 

and space. Studies thus far have mainly focused on a basis for quantifying the transformation 

from rainfall to overland flow. 

Alaoui et al. (2011) indicated that hillslopes with higher clay content produced higher overland 

flow volumes than hillslopes in forest areas. Land cover also influences overland flow 

formation in steep slope areas, where soil with less dense vegetation tended to show a higher 

overland flow formation rate compared to soil with denser natural vegetation cover (Qing-Xue 

et al., 2013). Zhao et al. (2015) found that rainfall intensity, slope, and land cover types can 

affect soil moisture dynamics and lead to overland flow formation. A detailed study of the 

overland flow formation mechanism in steep slope areas is required to establish a runoff model 

that researchers can use to determine appropriate management practices to reduce the amount of 

discharge runoff and the relocation of solutes via surface runoff, especially from steep slopes to 

water bodies. 

Therefore, field research was conducted in a steep-slope catchment having uniform slope of 

46.7%. In order to define the runoff generation mechanism based on the distribution of 

conservative matter, results of several scenarios on rain intensity, soil characteristics, and 

vegetation density were evaluated. 

 

2. METHODS 

2.1. Field Measurement and Data Requirement 
Field research was conducted by testing overland flow generation on soil with area of ~57 m

2
 

(width: 6 m, length: 9.5 m) and average slope of 46.7%. The soil plot was divided into three 

types of land cover: natural grass (NG), removed grass (RG), and without grass (WG). Artificial 

rainfall was provided to examine the runoff mechanism. Figure 1 shows a schematic plan of the 

research area. Rainfall was supplied through the pipe system of a rainfall simulator over the soil 

surface, as shown in Figure 2. The flow of the water source was measured before supplying rain 

to determine the volume of water used and then converted to rainfall height per unit time. Two 

scenarios of rain intensity 21.8 mm/hour and 24.9 mm/hour were applied in the field research to 

observe runoff flow and solute transport through the runoff. A crystalline salt solution was 

added only on 24.9 mm/hour rainfall scenario. In which salt solution had poured on upper part 

of each soil plots before rain was applied. Soil physical characteristics such as saturated 

hydraulic conductivity (Ksat), moisture, and electrical conductivity (EC) were measured. For 

soil depth of 10–30 cm, Ksat was measured using a constant head permeameter (Talsma & 

Hallam, 1980). For soil depth of 0–10cm, Ksat was measured by inserting a ring infiltrometer 
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into the soil (Youngs, 1987). Moisture and EC were measured using a moisture meter and direct 

EC meter, respectively, 0, 60, and 120 min into each rainfall event. Changes in soil moisture 

and EC values were used as indicators of runoff and salt transport in soil layers with depths of 

0–10, 10–20, and 20–30 cm. 

EC is used as a unit for electrical conductivity measurements in water or other liquids. In some 

conductivity meters, conductivity values are shown in ―EC‖ units, where 1 EC corresponds to 1 

mS/cm. Parts per million (ppm) indicates the number of units of a particle per million units of a 

fluid. These units are interconvertible as 1 mS/cm = 640 ppm (ppm640) (Easy calculator; Unit 

Converter, 2017). 

 

  

Figure 1 Experimental design of plot area used in 

study 

Figure 2 Pipe system for supplying artificial 

rainfall 

 

2.2. Quantity Formulation of Overland Flow Generation on Steep-Sloped Area 

A water balance study was used for simulating surface hydrological processes in the same way 

as in previous studies (Wu et al., 2001; Hayashi et al., 2008). 

 (1) 

Equation 1 for each segment, as shown in Figure 3, can be developed based on Sudjono (1995) 

with the assumption that the overland flow rate is constant. 

 (2) 

where Vrw is the volume of rainfall on the segment; Vbi, the volume of subsurface inflow to the 

segment; Vbo, the volume of subsurface outflow from the segment; Vv, the volume of rainfall 

retained in the segment; Voi, the volume of incoming overland flow; Vo, the volume of overland 

flow produced by the segment; Vri, the volume of incoming return flow; and Vr, the volume of 

return flow from the segment. 
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Each segment with width (b=2 m), length (l=3.167 m), and 

depth (dseg=10 cm = 0.1 m) divided into dd (depth of dry 

soil solid) and dw (depth of soil water) 

(a) additional components for segments [2,1] and [3,1]; (b) an 

additional component for the segment if soil becomes saturated 

 Figure 3 Scheme of constituent components of Figure 4 Components in the calculation of the 

 the volume segment in the model conservative solute concentration of each segment 
 

The return flow component is made opposite to the incoming rainwater to simplify the 

calculation iteration of each segment and layer in the model. If the rainfall volume entering the 

layer exceeds the available void volume, then a return flow to the upper layer is formed. In each 

segment, the calculation was started from the lowest depth (20–30 cm). If the rainfall volume 

entering the layer exceeds the available void volume, a return flow will appear in the 10–20 cm 

layer and so on up to the upper 0–10 cm layer. If the surface layer (0–10 cm) becomes 

saturated, Vr will contribute to the rainwater volume to the next segment shown in the 

longitudinal model scheme in the plot of the research area (Figure 5). 
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Figure 5 Cross-sectional segmentation of model from research plot 

 

The amount of rainfall held in a segment depends on the change in soil pores or voids in the 

segment (ΔVv), which in turn is affected by the porosity (p), depth of dry layer (dd), and surface 

area of segment (A). 

  (3) 

where A can be calculated based on the width b and length l of each segment as in Equation 4: 

  (4) 

and dd can be calculated based on the wet depth (dw) of that segment, as shown in Figure 3, with 

the assumption that dw is proportional to soil moisture. 
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The return flow volume is the difference between the rainwater volume and the void volume in 

the segment. Vr formation occurs when the initial available void volume is fully charged, giving 

Equation 5: 

  (5) 

If the catchment area has not reached saturation before rainfall starts, then when rainfall does 

start, part of the rainwater fills the soil pores and the rest stays on the leaves and trees. 

Therefore, the amount of rainfall reaching the soil surface decreases with the coefficient of 

rainfall losses (Cd). 

  (6) 

where i(t) is the rain intensity ([L]/[T]); A, the surface area of the segment; and Δt, the time step 

for the calculation. 

The rainwater volume received by each plot varies according to the type of land cover, where 

less vegetation cover results in a segment receiving higher rainfall volume. Cd was assumed to 

be 0.6, 0.7, and 0.85 for the NG, RG, and WG plots, respectively. 

The subsurface flow volume is given by Darcy’s law with the assumption that the hydraulic 

gradient of the water surface in the permeable layer is equivalent to the slope (s) as: 

  (7) 

The change in segment area Δa is given as the product of the segment width (b) and saturated 

layer (dw) as: 

  (8) 

The overland flow change (ΔV0) is a part of the amount of exiting water (ΔVout) that can be 

determined using the overland flow and timestep (Δt) as: 

  (9) 

Equation 2 can be rewritten as: 

  (10) 

This equation gives the rainfall volume needed to completely fill the segment when it is not 

saturated, that is, ∆Vo = 0, ∆Vr = 0, ∆Voi = 0, and ∆Vri = 0. Therefore, Equation 10 can be 

rewritten as: 

  (11) 

If the hydraulic conductivity k was assumed to be constant in each segment, then the incoming 

subsurface Vbi and exiting subsurface Vbo flow of the segment can be equated. With this 

assumption, ΔVb = 0, and therefore, . From Equation 5, on the shallower layer of the 

segment, the rainfall component ( ) is the return flow component from the deeper segment of 

the same row ). 

Equations 1–11 were used in the flow quantitative model. 
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2.3. Conservative Solute Transport Model Development 

The salinity concentration in each soil layer was measured using a direct EC meter before 

rainfall simulation, and this value was then converted from units of mS/cm to ppm. Salt spread 

on the top segment in the form of a mixture concentration of 0.166 M (5910 ppm). 

Various factors play a role in determining the salinity concentration in a segment (Figure 4): 

water volume  and initial salt concentration  in the segment; rainwater volume  and 

salt concentration  output from this segment to the next segment; and return flow volume 

 and  and salt concentration  and  if the soil has become saturated. 

A conservative solute transport model was developed using the various parameters of the flow 

quantitative model among the segments with the assumption that the solute concentration in 

each segment was completely diluted. Therefore, the solute concentration in each segment can 

be calculated as: 

  (12) 

where the incoming volume and concentration might be from rainfall entering the segment or 

return flow from the segment below, and a return flow is produced if the segment becomes 

saturated. 

 

3. RESULTS AND DISCUSSION 

3.1. Measurement of Soil Characteristics, Moisture, and Electric Conductivity 
The Ksat values measured in the three layers—0.00108 m/day (0–10 cm), 0.00104 m/day (10–20 

cm), and 0.00087 m/day (20–30 cm)—were considered very small. Ksat in the shallower layer 

of soil (0–10 cm) was greater than that in the other two layers (10–20 and 20–30 cm). 

Therefore, water entering the soil vertically moved slower after passing the 0–10 cm layer. We 

compared the Ksat values with those reported by Smedema and Rycroft (1983) based on the 

relationship between soil hydraulic conductivity and soil texture. The 0–10 cm layer in the field 

was classified as clay soil that is porous due to weathering and overgrown vegetation, and the 

10–30 cm layer was classified as denser clay soil. The field research plot has high water holding 

capacity, low water infiltrability into soil, and slow vertical movement of water into soil. 

Laboratory analysis results supported these findings, and the plot was classified as clay soil 

based on USDA textural triangle classification. 

Under high intensity of artificial rainfall (24.9 and 21.8 mm/h), overland flow from surface or 

subsurface flows was not observed up to a depth of 30 cm in soil. This may be because surface 

and subsurface flows from 0–30 cm were not the dominant mechanism in the field research 

plot. Soil can hold rainwater before it infiltrates the deeper soil layer below a depth of 30 cm; 

furthermore, the plot length (9.5 m) is not enough to establish a return flow. The runoff 

generation mechanism cannot be observed visually; however, it is evidenced by the soil 

moisture content. Therefore, soil moisture data during rainfall can be used in a mathematical 

model to quantify the water content and salinity concentration in soil layers. 

3.2.  Mathematical Model of Overland Flow Formation 
The low Ksat value influenced Vb in the model and caused Vr to form from the decreasing void 

volume (Vv), according to Equation 5, until the saturation excess phenomenon was seen, 

indicating domination of overland flow formation. 

The output of the flow quantitative model indicated the distribution of rainfall volume entering 

each segment (Table 1). In the NG plot, the percentage of overland flow formation tended to be 



Nguyen et al.   1435 

 

the lowest for both rainfall heights. In the RG and WG plots, the percentage of overland flow 

formation increased up to 30.56% and 75.31%, respectively, for the lower rainfall height. 

Therefore, vegetation density may affect the amount of runoff volume produced by the model. 

 

Table 1 Distribution of  in each segment 

Vrw in segment I = 24.9 mm/h
a
 I = 21.8 mm/h 

Segment NG RG WG NG RG WG 

Upper 0.0946 0.1104 0.1340 0.0828 0.0966 0.1174 

Middle 0.0946 0.1104 0.1340 0.0828 0.0966 0.1174 

Lower 0.0946 0.1104 0.1340 0.0828 0.0966 0.1174 

Total Vrw (m
3
) 0.2839 0.3312 0.4021 0.2485 0.2899 0.3521 

Vr distributed Plot type Plot type 

Segment layer (cm) NG RG WG NG RG WG 

Upper 

20–30 0.0044 0.0450 0.0374 0.0024 0.0397 0.0356 

10–20 0.0222 0.0398 0.0309 0.0362 0.0336 0.0025 

0–10 0.364 0.0382 0.0368 0.0071 0.0401 0.0074 

Middle 

20–30 0.0363 0.0371 0.0026 0.0379 0.0056 0.0132 

10–20 0.0282 0.0016 0.0362 0.0062 0.0124 0.0062 

0–10 0.0344 0.0364 0.0398 0.0365 0.0074 0.0116 

Lower 

20–30 0.0344 0.0364 0.0398 0.0365 0.0074 0.0116 

10–20 0.0258 0.0369 0.0376 0.0301 0.0430 0.0060 

0–10 0.0037 0.0065 0.0065 0.0030 0.0049 0.0010 

V0 produced 0.0553 0.0725 0.1363 0.0415 0.0314 0.0035 

Total Vrw (m
3
) 0.2839 0.3312 0.4021 0.2485 0.2899 0.3521 

%V0 19.49% 21.90% 33.89% 19.18% 30.56% 75.31% 

Vo : volume of surface runoff; a) with salt addition 

NG: natural grass, RG: removed grass, WG: without grass 

 

All three types of soil plots showed higher overland flow percentage at rainfall intensity of 21.8 

mm/h than at 24.9 mm/h. The higher overland flow percentage in RG and WG plots under 

lower rainfall intensity was affected by the uneven distribution of incoming rainfall volume 

entering each segment and layer that in turn was caused by the difference in saturation level in 

each soil segment. Therefore, rainfall intensity might not be an important factor affecting the 

amount of runoff volume produced by the model in clay soil and steep slope areas. 

3.3. Calculation of Salinity Concentration based on Model Output with Field 

Measurement Data 

Based on the volumetric components determined from the flow quantitative model, the salinity 

concentration after 60 min of artificial rainfall in the output model and field measurement was 

the highest in the 0–10 cm layer. In this layer, the WG plot showed the highest concentration. 

The higher concentration in the surface layer was caused by the distribution of the conservative 

solute poured on this layer in the upper segments. 

Generally, the model output and field measurement showed similar patterns, especially for 

rainfall height of 24.9 mm as shown in Figure 6a. The surface layer (0–10 cm) showed a 

significant difference between the model output and field measurement for rainfall height of 

24.9 mm; the average salinity concentration was closer to the field measurement for rainfall 

height of 21.8 mm, as shown in Figure 6b. These results indicate that complete dilution did not 

occur in the segment. For the 10–20 and 20–30 cm layers, the average model output 

concentration showed smaller error for rainfall height of 24.9 mm than for rainfall height of 

21.8 mm. 
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(a) rainfall height of 24.9 mm with salt addition 

 
(b) rainfall height of 21.8 mm 

Figure 6 Comparison of average salinity concentration in soil layer between model output and field 

measurement 

 

This phenomenon is attributed to the uneven distribution of salt in each plot in the field across 

the upper segments, result in the model output in the surface layer (0–10 cm) being less 

accurate for rainfall height of 24.9 mm than for rainfall height of 21. 8 mm. 

Figure 7 shows the distribution of salinity concentrations in the runoff from each plot. 

 

  
(a) rainfall height of 24.9 mm with salt addition (b) rainfall height of 21.8 mm 

Figure 7 Transport of salinity concentration in overland flow under different rainfall intensities 
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For rainfall height of 24.9 mm, the WG plot showed the highest salinity concentration of 124.43 

ppm in the runoff; the NG and RG plots showed lower salinity concentration of 56.04 and 33.05 

ppm, respectively. For lower rainfall height of 21.8 mm, the RG plot showed the highest 

salinity concentration of 83.00 ppm; the NG and WG plots showed lower salinity concentration 

of 54.71 and 49.91 ppm, respectively. The high and low salinity concentration in overland flow 

produced from the WG plot under high and low rainfall, respectively, indicated that salinity 

might be transported easily in the surface runoff of a bare plot under high rainfall. Furthermore, 

vegetation cover might not have an important effect on salinity movement under low rainfall. 

The salinity concentration increased more stably in the RG and WG plots than in the NG plot 

under both rainfall heights. Under higher rainfall, salinity emerged at the 50
th

, 40
th

, and 30
th

 min 

in NG, RG, and WG, respectively. Under lower rainfall, salinity emerged in the runoff at the 

45
th

 min in NG and earlier than the 15
th

 min in RG and WG. 

 

4. CONCLUSION 

The proposed field experiment design, although difficult to perform, provides a general 

structure for analyzing runoff flow and a better understanding of the main flow mechanism in 

steep-slope areas. In clay soil in a steep slope area, surface or subsurface flows were not 

observed below depths of 0–30 cm in soil even under high artificial rainfall intensity. This 

indicates that surface and subsurface flows at depths of 0–30 cm were not the dominant 

mechanism in soil with high water-holding capacity. Rainwater can be held in soil or can 

infiltrate the deeper soil layer. Land cover might be a more important factor than rainfall 

intensity in clay soil for runoff flow generation. This study proposes a suitable computational 

model to estimate runoff generation and salinity concentration based on moisture dynamics if 

runoff cannot be observed in the discharge. The output of the flow generation model for each 

plot indicates that overland flow generation on a steep slope plot might be dominated by 

saturation excess, whereas a Natural grass plot shows the lowest overland flow generation 

percentage compared to Removed grass and Without grass plots. For higher rainfall height of 

24.9 mm with salt addition, the salinity concentration in the WG plot was the highest at 124.43 

ppm compared to 56.04 and 33.05 ppm for the Natural grass and Removed grass plots, 

respectively. Furthermore, salinity was detected only after 45 and 50 min of low and high 

rainfall, respectively, in the NG plot. 
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