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Abstract 17 

The overland flow velocity is a fundamental hydraulic variable that directly 18 

impacts soil separation, sediment transport, and material deposition during soil erosion. 19 

Accurately predicting this velocity is challenging due to the significant spatial 20 

variability of overland flow hydraulic characteristics resulting from vegetation covers. 21 

To quantify the influence of vegetation stem coverage on mean flow velocity, fixed-bed 22 

scouring tests were conducted with eleven stem coverages (0 - 20.42%), four slope 23 

gradients (3.49% - 20.78%), and five unit discharges (0.278 - 2.222 L·m−1·s−1). The 24 

results indicated a trend of mean flow velocity initially increasing and then decreasing 25 

as stem coverage rises, with a critical threshold value identified at 2.72%. Compared to 26 

studies on bare slopes, an increase in mean velocity ranging from 8.22% to 49.91% was 27 

observed on slopes with a stem coverage of 2.72%. The accuracy of velocity prediction 28 

can be improved by utilizing both discharge and slope gradient, as opposed to methods 29 

that rely solely on unit discharge for prediction. The adjusted correction coefficient (adj. 30 

R²) increased from 0.205 - 0.610 to 0.754 - 0.968. Finally, a dimensionally harmonious 31 

flow velocity prediction model based on the adjusted Manning's equation was 32 

established using the equivalent roughness, where flow resistance was found to be a 33 

combination of grain resistance and stem resistance. The developed model has been 34 

proven accurate in predicting experimental results (adj. R² = 0.831, Nash-Sutcliffe 35 

efficiency coefficient = 0.830). The results obtained here enhance our understanding 36 

and prediction of soil erosion, providing further insights into the phenomenon.  37 
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Keywords: Mean flow velocity; Manning’s equation; Stem coverage; Overland 38 

flow; Soil erosion. 39 

1 Introduction 40 

Vegetation plays a pivotal role in mitigating desertification and promoting soil–41 

water conservation in arid and semi-arid regions (Yang et al., 2024; Zhang et al., 2025a). 42 

Through the process of vegetation succession, slope morphology is dynamically altered, 43 

leading to corresponding changes in the hydrodynamic behavior of overland flow (Li 44 

et al., 2022; Cen et al., 2024). These geomorphological and hydrological modifications, 45 

in turn, influence water erosion processes by mediating complex interactions among 46 

vegetation, surface flow, and sediment transport (Zhao et al., 2025; Zhang et al., 2025b). 47 

Among the key parameters in erosion modeling, the mean velocity of overland flow is 48 

particularly critical, as it governs the intensity of water erosion, the transport of 49 

pollutants, and the generation of slope runoff (Takken et al., 2005; Lima et al., 2015; 50 

Pan et al., 2015; Yang et al., 2020). In models such as WEPP (Nearing et al., 1989) and 51 

GUEST (Misra and Rose, 1996), mean flow velocity is crucial for calculating runoff 52 

power, which is a key predictor of sediment yield. Additionally, mean flow velocity 53 

directly impacts soil separation, sediment transport, and deposition processes. Various 54 

factors, such as catchment discharge (Govers, 1992), slope (Feng et al., 2020; Liu et al., 55 

2020), and underlying surface conditions (Cen et al., 2023), can alter the spatial and 56 

temporal distribution of mean flow velocity, making its prediction challenging. 57 

Therefore, a more in-depth exploration of flow velocity prediction methods is necessary, 58 
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as accurate measurement is critical for understanding the soil erosion process. 59 

An empirical formula was developed by Govers (1992) to estimate eroded rill flow 60 

velocity, which relied solely on the flow discharge in the rill flow. 61 

 

 u Q
=   (1) 

Where u represents flow velocity (m·s−1), Coefficients α and β are influenced by 62 

the morphology of rills, and Q represents flow discharge (m3·s−1). The power function 63 

relationship between u and Q was detailed by Gimenez and Govers (2001), who noted 64 

that the fundamental premise for Eq. (1) to hold is that the cross-sectional shape of the 65 

rill can dynamically adjust according to the flow conditions. Nearing et al. (2017) also 66 

indicated that while u and Q may have a specific functional relationship in rill flow, 67 

surface coverage and microtopography in overland flow can affect flow velocity, 68 

leading to significant errors in Eq. (1). 69 

To account for the impact of grass coverage on u, Zhang et al. (2017) derived a 70 

formula through multiple nonlinear regression analysis by simulating fixed-bed 71 

scouring tests under varying vegetation coverage. The resulting formula is expressed as 72 

follows: 73 

 

 

0 53 0 63 1 54 0 300 35 − + += . Cr . . Cr .
u . q S   (2) 

Where q represents the discharge per unit width of the flume (m2·s−1), Cr 74 

represents the grass coverage, and S represents the hydraulic gradient. Eq. (2) quantified 75 

the impact of q, Cr, and S on u, noting that the contribution of q to u decreased with 76 

increasing Cr, while the contribution of S to u increased. However, Eq. (2) lacks a 77 

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
7
5
2
0
1



 

5 

 

theoretical basis and may have significant errors under different surface conditions. 78 

Therefore, further research is needed to develop flow velocity calculation formulas with 79 

greater applicability. 80 

In surface runoff and erosion models, flow velocity is commonly calculated using 81 

Manning's equation (Jarrett, 1984; Mendicino and Colosimo, 2019; Ding et al., 2021). 82 

Developed by Robert Manning in 1889, this equation has been crucial in channel flow 83 

analysis for over a century and remains a fundamental component of contemporary 84 

research (Ferguson, 2010; Mügler et al., 2012). Its expression can be displayed as 85 

follows: 86 

 

 

2 3 1 21 / /
u R S

n
=  . (3) 

Where R corresponds to the hydraulic radius (m), which is the ratio of the cross-87 

sectional area to the wetted perimeter, and n represents the Manning coefficient (m–88 

1/3·s), a roughness index. In the context of overland flow research, n and R are critical 89 

factors for evaluating flow resistance and flow performance, respectively. Manning's 90 

equation is associated with several assumptions and restrictions, including the 91 

requirement of uniform flow, the parallelism between the water surface and the 92 

underlying bed, constant flow width, and uniform and random particle roughness on 93 

the wetted perimeter (Smith et al., 2007). Although these assumptions limit the use of 94 

Manning's equation, some researchers have attempted to correct the Manning 95 

coefficient, which can improve the precision of flow velocity estimation for surface 96 

runoff. Jin et al. (2000) combined the mechanical equilibrium equation with Manning’s 97 
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equation to obtain the following model: 98 

 

 

2/3 1/2

1/2

2 4/3

0
2

=
 

+ 
 

d

h S
u

C
n Dh

g

 . 

(4) 

Where n₀ represents the Manning coefficient under bare slope conditions (m–1/3·s), 99 

h represents the depth of overland flow (m), Cd represents the drag coefficient between 100 

vegetation and overland flow, D represents the unit density of vegetation, and g denotes 101 

the gravitational acceleration (m·s−2). The application of Eq. (4) effectively captures the 102 

interplay of bed shear stress and vegetation resistance on overland flow dynamics. By 103 

assessing the relative contributions of bed surface roughness (n₀) and vegetation factors 104 

(Cd and D) to mean flow velocity via Manning's equation, this approach yields valuable 105 

insights into the complex interactions between slope hydrology and vegetation. The 106 

presented model allows for the accurate determination of overland flow velocity and 107 

enables researchers to evaluate the performance of vegetative filter strips in mitigating 108 

slope erosion and surface runoff. 109 

However, the drag coefficient Cd in Eq. (4) was considered a constant value of 1, 110 

and the influence of hydraulic characteristics and vegetation properties on the drag 111 

coefficient was not considered. In reality, Cd is influenced by vegetation characteristics 112 

such as density (Tanino and Nepf, 2008) and flexibility (Chapman et al., 2015), as well 113 

as by the turbulence intensity of flowing water, such as the Reynolds number (Tang et 114 

al., 2014). These findings emphasize the importance of considering vegetation features 115 

and hydraulic properties when predicting vegetation drag force, which is fundamental 116 
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for understanding the behavior of Cd and its implications for the hydraulics of overland 117 

flow. Additionally, natural vegetation has complex morphology and distribution 118 

patterns, making Cd prediction more difficult (Zhang et al., 2020). Therefore, Eq. (4) 119 

needs further refinement to more appropriately evaluate the impact of hydraulic 120 

characteristics and vegetation features on Cd. 121 

To comprehensively assess the influence of hydraulic properties, vegetation 122 

characteristics, and slope conditions on the Manning coefficient, Fu et al. (2019) carried 123 

out a nonlinear regression analysis and developed a new equation incorporating 124 

parameters such as plant basal cover, water depth, and slope gradient.: 125 

 

 

( )( ) 0.219

0.5 2/3

1.668
0.061 0.604 0.710

1

1
Cv

vC e

u S h

a b e h
−− −

=
+ −

. 
(5) 

Where Cv represents the plant basal cover, a and b are coefficients. Eq. (5) 126 

quantifies the contribution of plant basal cover to the Manning coefficient. However, 127 

the model remains somewhat ambiguous in distinguishing the influence of vegetation 128 

and bed morphology on flow velocity. Furthermore, the model established based on 129 

regression analysis may be affected by test conditions. Parameters a and b vary with 130 

the type of vegetation, and the model’s applicability to different vegetation types 131 

requires adjusting these parameters (Ding et al., 2021). This indicates that a large 132 

amount of testing data is needed to fine-tune and verify the parameters of Eq. (5), 133 

limiting its broader applicability. 134 

To fill this gap, enhance the precision of overland flow velocity predictions, and 135 
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broaden the model's suitability, this research aims to achieve the following objectives: 136 

(1) explore the impact of stem coverage on the drag coefficient; (2) develop a novel 137 

equation for estimating mean flow velocity under various stem coverages based on the 138 

improved Manning’s equation of equivalent roughness; and (3) investigate the 139 

generality of the proposed flow velocity calculation model. The research results can 140 

provide a new method for predicting the velocity of overland flow in environments 141 

characterized by vegetation.  142 

2 Materials and methods 143 

2.1 Laboratory devices 144 

The testing setup includes water supply equipment, flume, and flow regulating 145 

devices (Fig. 1). The water supply comprises a primary tank (at a constant water level) 146 

and a secondary tank that maintains a steady water flow. The water tank measures 2 × 147 

1 × 0.5 meters (length × width × height). To maintain a stable flow in the water tank, 148 

two stabilizing grids were placed in the direction of the flow, and an inlet pipe and an 149 

outlet pipe were set at both ends of the water tank, respectively. To minimize inlet flow 150 

disturbance, a grid was installed within the steady flow water tank located at the inlet 151 

of the test flume. This setup ensured reliable and accurate testing of our experimental 152 

conditions. Temperature measurements of the steady-flow water tank were taken using 153 

a thermometer placed within the tank, with an accuracy of ±0.1 ℃. The experimental 154 

flume measures 4.5 × 0.3 × 0.1 meters (length × width × height). To ensure the stability 155 

of the experimental flume, a truss support device was positioned beneath it. A slope 156 
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adjustment device was used beneath the flume to simulate different experimental slope 157 

conditions. The flow regulation system employed in this study consisted of valves 158 

located on a steady water supply reservoir and a peristaltic pump employed to regulate 159 

discharge on a small scale. The adjustable flow range of the valves was 0-90 L·min−1, 160 

and the adjustable flow range of the peristaltic pump was 0-20 L·min−1. These devices 161 

played an essential role in maintaining flow stability and accuracy during 162 

experimentation. 163 

 164 

Fig. 1. Diagram of the experimental facility used for this research. 165 
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2.2 Experimental Design 166 

To quantitatively explore the impact of vegetation stems on hydraulic 167 

characteristics, it is necessary to develop a methodology that mitigates the influence of 168 

changes in bed shape on flow. Therefore, this study was conducted under fixed bed 169 

conditions. To simulate the presence of vegetation stems, cylinders with a similar 170 

flexural rigidity to natural vegetation were used. Each cylinder had a diameter of 17 171 

mm and a height of 60 mm, ensuring that the stems would not be fully submerged 172 

during the experiment. Six cylindrical tubes were arranged in a quincunx shape within 173 

the test tank. 174 

Wu et al. (2017) reported a median particle size (d50) of 0.38 mm for Loess Plateau 175 

loess. To replicate the surface conditions of the Loess Plateau, 40-mesh sandpaper with 176 

a roughness of 0.38 mm was affixed to the bottom of the flume. Using sandpaper 177 

particles with a size closely resembling the d50 of Loess soil allowed for precise 178 

recreation of the roughness conditions specific to this region.  179 

Considering the temporal distribution of vegetation coverage, and using the 180 

reference from a previous experimental design by Cen et al. (2022), a control group 181 

was included alongside ten coverage levels ranging from 2.72% to 20.42% (Fig. 2). 182 

These ten coverage levels (2.72%, 5.44%, 8.17%, 10.89%, 13.61%, 14.97%, 16.33%, 183 

17.70%, 19.06%, and 20.42%) ensured a comprehensive evaluation of the effects of 184 

varying vegetation coverage levels on flow dynamics. 185 
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 186 

Fig. 2. Schematic diagram of different stem coverages. 187 

In the hydraulic erosion areas of the Loess Plateau, the hydraulic gradient 188 

generally does not exceed 26.8% (Cao et al., 2015). Therefore, four slopes of 3.49%, 189 

6.97%, 13.91%, and 20.97% were selected (Table 1) to represent the gentle, moderate, 190 

and steep slopes typical of the Loess Plateau. 191 

Table 1. Hydraulic parameters for each hydraulic condition tested. 192 

S q (L·m−1·s−1) u (m·s−1) h (cm) Re Fr 

3.49% 0.278 0.089-0.190 0.150~0.371 251.56~359.47 0.47~1.57 

 0.556 0.107-0.221 0.259-0.623 501.04-708.27 0.43-1.39 

 1.111 0.124-0.259 0.429-1.069 995.94-1382.26 0.38-1.26 

 1.667 0.145-0.307 0.543-1.373 1482.95-2029.52 0.42-1.33 

 2.222 0.151-0.415 0.550-1.764 1969.98-2647.56 0.36-1.79 

6.97% 0.278 0.117-0.220 0.130-0.261 252.17-361.83 0.77-1.95 

 0.556 0.122-0.295 0.194-0.543 502.33-713.72 0.53-2.14 

 1.111 0.156-0.345 0.331-0.849 998.53-1400.58 0.54-1.91 

 1.667 0.193-0.506 0.339-1.049 1488.57-2064.98 0.60-2.77 

 2.222 0.204-0.575 0.398-1.333 1975.07-2701.26 0.57-2.91 

13.91% 0.278 0.137-0.240 0.119-0.230 252.69-362.55 0.95-2.23 

 0.556 0.218-0.344 0.166-0.313 504.04-720.30 1.26-2.69 

 1.111 0.243-0.643 0.178-0.546 1001.39-1422.60 1.05-4.88 

 1.667 0.281-0.566 0.303-0.721 1494.62-2112.78 1.06-3.29 

 2.222 0.292-0.655 0.359-913 1985.27-2786.13 0.98-3.49 

20.97% 0.278 0.143-0.213 0.136-0.223 253.01-362.28 0.98-1.81 
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 0.556 0.226-0.374 0.153-0.309 505.00-720.48 1.30-3.06 

 1.111 0.318-0.477 0.246-439 1004.14-1428.82 1.53-3.07 

 1.667 0.381-0.549 0.321-550 1499.29-2129.40 1.64-3.09 

 2.222 0.441-0.698 0.328-0.634 1991.58-2821.99 1.77-3.89 

Note: The range of stem coverage is 0~20.42%. 193 

Shang et al. (2020) recorded rainfall measurements ranging from 30 to 120 mm·h−1 194 

on the Loess Plateau. For this study, a catchment area of 10 m² and a rainfall duration 195 

of 60 minutes were chosen as typical parameters for analysis. Thus, five unit discharges 196 

were set for this experimental campaign: 0.278, 0.556, 1.111, 1.667, and 2.222 197 

L·m⁻¹·s⁻¹.  198 

2.3 Experimental measurements 199 

Water depth was the primary parameter observed during the experiments. Four 200 

water depth observation sections were longitudinally set along the test flume: 0+1.25m, 201 

0+1.75m, 0+2.25m, and 0+2.75m, from top to bottom. The stem coverage ranged from 202 

0.75m to 3.25m, covering a total area of 0.75 m². Prior to conducting the tests, the 203 

design parameters of q, S, and stem coverage were established. The outlet discharge (q) 204 

for each trial was measured using the volumetric method within the testing flume. Once 205 

the flow rate in the flume stabilized to the designated value, five stable water level 206 

measurements were taken at each cross-section to determine the flow depth. Water 207 

depth (h) was measured with a water level gauge accurate to ±0.01mm. The mean water 208 

depth for each section was calculated as the average of three depth measurements, with 209 

maximum and minimum values rounded off. Each section's water depth was 210 

sequentially measured, and flow discharge was rechecked after each measurement to 211 
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ensure it matched the design parameters. 212 

Throughout the tests, the discrepancy between designed and actual discharge 213 

remained within ±5%. If this threshold was exceeded, water depth measurements were 214 

repeated. During each measurement, water temperature (t) was carefully monitored 215 

using an in-tank thermometer. This data was used to calculate the kinematic viscosity 216 

coefficient (υ₀) under specific test conditions. The parameters of q, S, and stem coverage 217 

were systematically adjusted for each test run, and this sequence of operations was 218 

repeated until all testing was completed. The simulated test data within the experimental 219 

facility are presented in Table 1.  220 

2.4 Parameter calculation 221 

The stem coverage (Cs) can be defined as follows: 222 

 

2

4


=

s

N d
C

BL
. (6) 

Where N represents the number of stems tested, d represents the diameter of the 223 

stems (0.017m), B represents the width of the experimental flume (0.3m), and L denotes 224 

the length of the vegetated distribution area, which was 2.5 m. 225 

The calculation for the u is expressed as follows: 226 

 
1

q
u

hB
= . (7) 

Where B1 represents the useful channel width during the testing (m), B1＝B×(1-227 

Cs). 228 

The Reynolds number Re is defined as follows: 229 
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Re
v

uR
= . 

(8) 

Where υ is the kinematic viscosity and can be computed by the Poiseuille formula 230 

as follows: 231 

 ( )2

0.01775

1 0.0337 0.00022t t
 =

+ +
 (9) 

The Froude number Fr can be estimated by the Eq. (10) presented below: 232 

u
Fr

gh
=  

(10) 

2.5 Metrics for evaluating model performance 233 

To evaluate the model's performance, we utilized three parameters: the adjusted 234 

correlation coefficient (adj. R2), Nash-Sutcliffe efficiency coefficient (NSE), relative 235 

error (RE), and relative root mean square error (RRMSE). The evaluation standards for 236 

these parameters are shown in Table 2. 237 

Table 2. Metrics for evaluating model performance 238 

No. parameter The formula for calculating parameters Evaluation criteria 

11 R2 

( )( )

( ) ( )

2

12

2 2

1 1

i m i m
i

i m i m
i

n

i

n

n

O O P P

R

O O P P

=

= =

 
 − − 
 =
 −  −

 
The performance of the model is 

better when its value approaches 

closer to 1. 

12 adj. R2 
2 2 )

1
adj. 1 1

1

n
R R

n p

−
= − −

− −
(  

13 NSE 

2

1

2

1

( )
1

( )

n

i i
i

n

i m
i

O P
NSE

O O

=

=

−
= −

−




 

14 RRMSE 
( )2

1

1

m

n

i i

i

( / n ) O P

RRMSE
O

=

−
=


 

The performance of the model is 
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better when its value approaches  

closer to 0. 

15 RE 
i

i i
O P

R
O

E
−

=  

The model uncertainty decreases 

asymptotically as the RE 

approaches zero. 

Note: Oi and Om represent the measured and mean observed values of the flow velocity, while Pi 239 

and Pm denote the predicted and mean predicted values of the flow velocity. The variables n and p 240 

represent the number of observed flow velocities and independent variables, respectively. 241 

2.6 Theoretical analysis 242 

The hydraulic characteristics and the stress of the surface runoff on the natural 243 

slope are complex to quantify due to vegetation disturbance. Therefore, the equivalent 244 

roughness method was used to simplify the problem effectively. This method assumes 245 

that the resistance posed by bare rough beds is equivalent to that of vegetated stems, 246 

attributing the form resistance of stems with a similar effect as the shear stress from 247 

underlying rough surfaces lacking vegetation. Previous investigations have 248 

documented the use of this method (Kim et al., 2012; Wang et al., 2015; Cen et al., 249 

2023). Mechanical analysis results indicated that drag force from stems (FD) obstructed 250 

overland flow in the direction of movement, while shear stress from bed surface 251 

roughness (Fb) also impeded flow. Conversely, gravity (FG) facilitated downward flow 252 

movement (Fig. 3a).  253 
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 254 

Fig. 3. Forces diagram (a), and schematic of the equivalent roughness (b). 255 

According to the mechanical analysis, the following equation can then be 256 

considered: 257 

  Db G
F F F+ =   (16) 

The equations needed to estimate Fb and FD can be written as follows: 258 

 
 

0

2

1 1 1

2

3


= =

/b

u
F

n

R
RSB L B L 

(17) 

 
 

2

2


= d i

D

C Au
F

g
 (18) 

Where γ signifies the unit weight of the liquid being analyzed (N/m3), and Ai 259 

represents the obstructed cross-sectional area of vegetation in the direction of flow (m2), 260 

Ai=Ndh. 261 

By applying the equivalent roughness method, the flow resistance caused by 262 
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vegetation stems was evenly distributed across the channel bed, leading to an equivalent 263 

water flow shear stress in the channel cross-section, as depicted in Fig. 3b. 264 

The controlled water volume of the vegetation arrangement before and after 265 

equivalence was quantified as follows:  266 

 
 ( )1= − sV BLh C , 

(19) 

  e e
V BLh= . (20) 

Before equivalence, V denotes the water volume regulated in the areas covered by 267 

stems (m3), Ve represents the controlled water volume in these areas after equivalence 268 

(m3), and he denotes the flow depth in the equivalent cross-section (m). The principle 269 

of fluid mass conservation ensures that the water volume regulated in stem-covered 270 

areas remains unchanged both before and after equivalence. Eq. (19) and Eq. (20) are 271 

then solved as follows: 272 

 
 ( )1= −e sh h C  (21) 

The flow discharge before and after equivalence is as follows: 273 

  1e e
u h B uhB=  (22) 

Eq. (21) and Eq. (22) can be combined, leading to Eq. (23): 274 

  e
u u=  (23) 

After cross-sectional equivalence, the equivalent bed shear stress (Feb) induced by 275 

the equivalent bed roughness can be determined using the following equation: 276 
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2

1

2

3

= = e

/

e

e
eb e

u
F

n

R
R SBL BL (24) 

Where Re and ne represent the hydraulic radius and Manning coefficient after 277 

equivalence, respectively. In accordance with the mechanical balance equation, the 278 

equivalent bed shear stress was balanced by the gravitational forces governing the fluid 279 

motion, which can be mathematically expressed as: 280 

  eb G
F F=  (25) 

The simultaneous Eqs. (16) and (25) are solved, namely: 281 

  Deb b
F F F= +  (26) 

 

 

22 2

0

1

2 2

13 1 3
= +

2

e de

/ /

e

u u C Ndhu
BL B L

g

n n

R R

  
 (27) 

The solution is simplified as follows: 282 

 

1 3 2 1 3

0

2
1


= − +/ /e s

e s e d

R hC
n n ( C ) R C

R dg
（ ）  (28) 

Substitute Eq. (28) into Eq. (3) and simplify it to obtain: 283 

 

1 2 1 2

2

0

1 3

1 2



=
−

+

/ /

s s
d/

kR S
u

n ( C ) hC
C

R dg

, 
(29) 

Where k is the coefficient, and Cd needs to be determined according to the 284 

experimental conditions. From the perspective of dimensional analysis, Eq. (29) is 285 

dimensionally consistent, demonstrating the correctness of the structure of Eq. (29). 286 
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3 Results 287 

3.1 The relationship between u and Cs 288 

Under all tested conditions, the relationship between u and Cs exhibited an initial 289 

increase followed by a subsequent decrease, with the rate of change influenced by the 290 

slope gradient (Fig. 4). Compared to the bare slope condition (Cs = 0), on slopes with 291 

Cs = 2.72%, u increased by 15.14% - 85.53%, 44.82% - 87.17%, 32.47% - 75.47%, and 292 

35.29% - 38.30% under slope gradients of 3.49%, 6.97%, 13.91%, and 20.97%, 293 

respectively. This indicates that the rate of change becomes more uniform with steeper 294 

slope gradients. An inverse relationship between u and Cs was observed when Cs 295 

exceeded 2.72%, indicating a reduction in u at higher Cs values. For instance, compared 296 

to Cs = 2.72%, when Cs = 20.42%, u decreased by 46.27% - 59.59%, 34.13% - 63.54%, 297 

31.29% - 45.47%, and 25.15% - 36.83% for the four slope gradients, respectively, 298 

showing a smaller reduction rate with steeper slopes. 299 
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 300 

Fig. 4. Relationship between flow velocity and stem coverage under different slope 301 

gradients and unit discharges. 302 

The influence of Cs on u is more pronounced with increased unit discharge. Across 303 

the four slope gradients, an increase in unit discharge from 0.278 to 2.222 L·m⁻¹·s⁻¹ 304 
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resulted in mean flow velocity increases ranging from 68.39% to 148.92%, 73.93% to 305 

160.71%, 113.28% to 138.44%, and 207.07% to 207.42%, respectively. This illustrates 306 

that steeper slope gradients lead to greater increases in flow velocity. 307 

3.2 The variation pattern of u under different q and S conditions 308 

An increase in both q and S led to an upward trend in u, with the growth rate 309 

observed to be influenced by stem coverage (Fig. 5). Under bare slope conditions, as q 310 

increased from 0.278 to 2.222 L·m⁻¹·s⁻¹, u ranged from 0.103-0.152 to 0.361-0.516 311 

m·s⁻¹, demonstrating a strong power function relationship between mean flow velocity, 312 

q, and S. On the slope with Cs = 8.17%, as q increased from 0.278 to 2.222 L·m⁻¹·s⁻¹, 313 

u changed from 0.145-0.209 to 0.214-0.617 m·s⁻¹. Except for slopes with gradients of 314 

3.49% and 6.97%, u values under all conditions were higher than those under bare slope 315 

conditions. 316 

Vegetation cover moderated the growth rate of u with q when slope gradient S was 317 

less than 6.97%, but accelerated it when S was greater than 6.97%. Similar trends were 318 

observed on slopes with Cs = 10.89% and Cs = 13.61%. On slopes with Cs = 16.33% 319 

and Cs = 20.42%, mean flow velocities under all conditions were lower than those under 320 

bare slope conditions, with reductions ranging from 89.15% to 93.48% and 70.59% to 321 

68.05%, respectively. These findings indicate that increasing Cs inhibited the growth of 322 

u triggered by q and S. 323 
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 324 

Fig. 5. The relationship between mean flow velocity, unit discharge, and slope 325 

gradients under different stem coverage. 326 
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To investigate whether u was independent of S and whether it could be predicted 327 

solely by q, predictions of u using only q were compared with predictions using both q 328 

and S (Table 3). When only q was used, the exponent range for q was 0.397-0.551. 329 

When q and S were both used, the exponent range for q was 0.412-0.549, which 330 

remained close to 0.5, while the exponent range for S was 0.211-0.796. For the slope 331 

with Cs = 0, u could be predicted using only q (adj. R2 = 0.859). However, under 332 

conditions with vegetation cover, using only q to predict u resulted in unacceptable 333 

errors. Experimental results demonstrated that considering the effect of S improved the 334 

accuracy of u prediction, with adj. R2 increasing from 0.205-0.610 to 0.754-0.968. To 335 

establish an accurate prediction model for u, the influence of S on u must be carefully 336 

considered. 337 

Table 3. Fitting equations of the mean flow velocity, unit discharge, and slope 338 

gradient for different stem coverage. 339 

Stem coverage Fitting equation adj.R2 Fitting equation adj.R2 

0 
0.5510.283=u q  0.859 

0.549 0.2110.463=u q S  0.993 

2.72% 
0.4520.393=u q  0.610 

0.456 0.2820.756=u q S  0.861 

5.44% 
0.4670.344=u q  0.508 

0.496 0.4360.927=u q S  0.947 

8.17% 
0.4450.294=u q  0.454 

0.487 0.4860.877=u q S  0.953 

10.89% 
0.4500.244=u q  0.476 

0.474 0.4570.689=u q S  0.940 

13.61% 
0.3760.264=u q  0.326 

0.412 0.5660.941=u q S  0.968 

14.97% 
0.4410.266=u q  0.371 

0.482 0.5490.915=u q S  0.926 

16.33% 
0.4180.226=u q  0.244 

0.476 0.7961.279=u q S  0.905 

17.70% 
0.3970.244=u q  0.312 

0.440 0.6220.976=u q S  0.956 

19.06% 
0.2690.240=u q  0.205 

0.291 0.5820.889=u q S  0.940 

20.42% 
0.3400.222=u q  0.353 

0.368 0.4840.663=u q S  0.960 
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3.3 Flow regimes under different stem coverage 340 

According to Table 4, the flow regime of overland flow can be classified into 341 

different categories based on varying Fr and Re ranges, with detailed information 342 

available in Cen et al. (2023).  343 

Table 4. Classification criteria for overland flow regimes. 344 

Fr 
Re 

Re<580 580<Re<5000 Re>5000 

Fr<1 subcritical laminar flow subcritical transitional flow subcritical turbulent flow 

Fr>1 supercritical laminar flow supercritical transitional flow supercritical turbulent flow 

Based on the principles discussed above, the flow regimes under various 345 

experimental conditions are illustrated in Fig. 6. Within the range of 0.278 - 2.222 346 

L·m⁻¹·s⁻¹, the flow did not reach the turbulent zone, and the transition from laminar to 347 

transitional flow was primarily influenced by the unit discharge. For Cs < 13.61%, a 348 

discharge of q = 0.556 L·m⁻¹·s⁻¹ marked the critical point for the transition from laminar 349 

to transitional flow. When Cs > 13.61%, the critical discharge was less than 0.556 350 

L·m⁻¹·s⁻¹, indicating a positive correlation between Re and increasing Cs. 351 

As the slope gradient S increased, there was a transition in flow regime from 352 

subcritical to supercritical, corresponding to an increase in Fr. Flow conditions were 353 

identified as supercritical for S values of 13.91% and higher. With increasing Cs, the 354 

flow regime shifted towards subcritical, signifying a decrease in Fr. On a slope with S 355 

= 3.49%, flow was supercritical when Cs was < 5.44%. At S = 6.97% slope, the flow 356 

transitioned from subcritical to supercritical when Cs reached a critical coverage of 357 

14.97%. 358 
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 359 

Fig. 6. Flow regimes under different stem coverage and slope gradients tested. 360 

In summary, the transition from laminar to transitional flow was predominantly 361 

governed by unit discharge, while the shift from subcritical to supercritical conditions 362 

was influenced by both stem coverage and slope gradient. 363 

3.4 Establishment of the formula for calculating mean flow velocity  364 

The experimental dataset was partitioned into two equal subsets for model 365 

development and predictive accuracy validation. Furthermore, the model was further 366 

validated against external datasets from Fu et al. (2019) and Han et al. (2021) to assess 367 

its generalizability. Subsurface conditions, hydraulic parameters, and vegetation 368 

characteristics across all datasets are summarized in Table 5. Notably, the present study 369 

and Fu et al. (2019) employed fixed-bed configurations with clear-water flow, whereas 370 

Han et al. (2021) utilized mobile-bed conditions with sediment-laden flow, 371 
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featuring Pittosporum tobira and Ophiopogon japonicus as vegetation cover. These 372 

datasets collectively represent diverse topographic features, hydrodynamic regimes, 373 

and vegetation heterogeneities. 374 

As illustrated in Fig. 7, validation data points clustered tightly around the 1:1 line. 375 

Statistical evaluations revealed adj.R² of 0.831, 0.971, and 0.713, NSE of 0.830, 0.978, 376 

and 0.691, and RRMSE of 0.204, 0.135, and 0.081 for the current study, Fu et al. (2019), 377 

and Han et al. (2021) datasets, respectively. These results demonstrate broad 378 

applicability of the proposed model across both fixed-bed clear-water and mobile-bed 379 

sediment-laden flow environments. 380 

 381 

Fig. 7. Validation of the mean flow velocity model. 382 
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Table 5. Statistical parameters of different datasets 383 

Date  

set 

Bed type 

(M = mobile; F 
= fixed) 

Flow condition Vegetation type 
Scope of 

Re 
 k Cd 

Scope of 
Cd 

Adj.R2 NSE RRMSE N 

This study F 
Sediment-free 

flow 
Rigid cylinder 

318-
2821 

 2.053 
0 890

4905 86
=d .

.
C

Re
 

4.17-
29.08 

0.831 0.830 0.204 80 

Fu et al. 
(2019) 

F 
Sediment-free 

flow 
Artificial Gramineae stems 

1445-
6278 

 1.006 
0 535

2434 20
=d .

.
C

Re
 

22.62-
49.64 

0.971 0.978 0.135 81 

Han et al. 
(2021) 

M 
Sediment-
laden flow 

Pittosporum tobira and 
Ophiopogon japonicus 

19-90  1.932 
0 034

9 19
d .

.
C

Re
=  

10.15-
10.71 

0.713 0.691 0.081 16 

Note：N is the number of samples in the dataset.384 
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Relative error (RE) was employed to quantify prediction uncertainty across 385 

datasets (Fig. 8). For the dataset of this study, model outputs exhibited both 386 

overestimations (REmin= −0.487) and underestimations (REmax = 0.294) at u < 0.38 387 

m·s−1, whereas systematic underestimation occurred (REmax = 0.283) when u exceeded 388 

this threshold. The Fu et al. (2019) dataset demonstrated underestimation (REmax = 389 

0.296) at u < 0.20 m·s−1, shifting to predominant overestimation (REmin = −0.335) at 390 

higher velocities. In contrast, the Han et al. (2021) dataset displayed balanced prediction 391 

deviations (REmax = 0.171; REmin = −0.169) across all velocity ranges. 392 

Aggregate statistical analysis revealed mean RE values (μ) of −0.035, 0.098, and 393 

0.005 with corresponding standard deviations (SD) of 0.198, 0.130, and 0.081 for the 394 

present study, Fu et al. (2019), and Han et al. (2021) datasets, respectively. 395 

 396 

Fig. 8. Error analysis of the mean flow velocity model on different datasets. 397 

4 Discussion 398 

4.1 The non-monotonic relationship between u and Cs 399 

In the current study, plastic cylinders simulated rigid vegetation stems to 400 
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investigate the effect of Cs on u. The findings revealed a non-monotonic relationship 401 

between u and Cs, with u initially increasing and subsequently decreasing as stem 402 

coverage increased under all scenarios (Fig. 4). The critical stem coverage was found 403 

to be 2.72%. Previous research (Bouma et al., 2007) noted that u tends to increase with 404 

low vegetation coverage compared to bare slopes (Cs = 0). Bouma et al. (2007) 405 

suggested that the relationship between u and patch density is not constant, showing 406 

higher erosion around low-density vegetation patches than high-density ones, which 407 

aligns with findings by Van et al. (2008) in field experiments. Zong and Nepf (2010) 408 

observed increased turbulence activity in patches with low stem density. Ban et al. 409 

(2017) found a positive relationship between flow velocity and coverage when gravel 410 

coverage was below 10%, and a negative correlation otherwise, further confirming the 411 

non-constant relationship between flow velocity and surface cover. 412 

The protrusion of plant structures from the flow surface alters the local flow field, 413 

impacting hydraulic erosion processes (Friedrich et al., 2000). Previous studies have 414 

shown that flow velocity gradually decreases as coverage increases (Pan and 415 

Shangguan, 2006; Mu et al., 2019). Discrepancies in the flow velocity and coverage 416 

relationship could stem from variations in vegetation cover levels and measured 417 

discharge. Pan and Shangguan (2006) used rainfall simulators to simulate surface runoff 418 

scouring, where flow velocity was affected by raindrop impact on the ground. In 419 

contrast, our study examined lower stem cover and discharge compared to Mu et al. 420 

(2019), revealing new insights into vegetation coverage's role in governing runoff 421 
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velocity, particularly under low discharge conditions. 422 

Our study identified a two-stage relationship between u and Cs. Initially, under low 423 

coverage scenarios, vegetation minimally affects overland flow resistance (Fig. 9), 424 

while reducing the channel's cross-sectional area accelerates flow. Subsequently, as 425 

vegetation coverage increases, drag force on the flow (Zhang et al., 2022b) amplifies 426 

water depth and diminishes flow velocity. In summary, our findings demonstrate a non-427 

constant relationship between flow velocity and coverage on non-erosion slopes, 428 

significantly influenced by S and q. 429 

 430 

Fig. 9. The hydraulic characteristics under different coverage, (a) and (b) have a 431 

coverage of 2.72%, and (c) have a coverage of 10.89%. 432 

4.2 Response of u to changes in S under different bed conditions 433 

The relationship between u and S under different stem coverages was investigated 434 

in this study. It was observed that u and S exhibited a positive correlation (Fig. 5). 435 
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Incorporating both S and q improved the prediction accuracy of u compared to using q 436 

alone. This finding contradicts the conclusion that slope gradient can independently 437 

predict mean flow velocity using discharge alone (Hessel et al., 2003). According to 438 

Hessel et al. (2003), increases in S led to negligible changes in u, despite steeper rill 439 

flow gradients promoting channelization and exacerbating rill erosion. 440 

Nearing et al. (2017) demonstrated that steep slopes with initially elevated flow 441 

velocities tend to develop enhanced surface roughness through erosional processes, 442 

thereby inducing progressive attenuation of flow momentum. Polyakov et al. (2018) 443 

demonstrated that u on grasslands was primarily influenced by q, showing no clear 444 

correlation with S or soil characteristics, attributing this to the dynamic feedback 445 

between u and slope shape on erodible slopes. 446 

Differences between this study and prior research can be attributed to experimental 447 

methodology. In this study, the underlying surface shape remained constant and did not 448 

respond to changes in u. As S increased, the gravitational component of flow increased, 449 

enhancing its kinetic energy through gravity-induced mechanical work, thereby 450 

increasing velocity. 451 

The results underscore the necessity of considering the effect of S on u when the 452 

bed shape does not respond to hydraulic characteristics. Increasing S improved the 453 

accuracy of predicting mean flow velocity. Variations in slope gradient can create 454 

heterogeneous flow resistance, influencing flow velocity fluctuations. David et al. 455 

(2010) emphasized the critical role of slope gradient in shaping slope geometry and 456 
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altering overall flow resistance distribution. Rickenmann and Recking (2011) also 457 

highlighted the importance of including S in models to explain changes in flow 458 

resistance across different locations. 459 

Furthermore, when both q and S were used to predict u, the exponent range of q 460 

was found to be 0.412-0.549. Similarly, Comiti et al. (2007) reported an exponent range 461 

of 0.48-0.6 characterizing the relationship between u and q in steep-gradient streams. 462 

These findings underscore the significance of S in predicting flow velocity when bed 463 

surface conditions are relatively stable, highlighting that considering the S factor 464 

enhances prediction accuracy of u. 465 

4.3 Analysis and Evaluation of a Novel Velocity Equation for Overland 466 

Flow under Vegetation-Modified Slope Conditions 467 

The Manning’s equation was enhanced through integration of equivalent 468 

roughness theory and mechanical equilibrium principles, demonstrating improved 469 

predictive performance. Statistical evaluations of the experimental dataset revealed 470 

adj.R² and NSE exceeding 0.8. To address vegetation-induced variability in drag 471 

coefficients (Chapman et al., 2015), vegetation-specific formulations for drag 472 

coefficient calculation and k-values were developed (Table 5). For the Fu et al. (2019) 473 

dataset, the enhanced model achieved adj.R² and NSE values exceeding 0.9. For the 474 

Han et al. (2021) dataset, adj.R² and NSE values exceeded 0.65 despite experimental 475 

conditions involving mobile-bed sediment-laden flows and natural vegetation cover 476 

(Pittosporum tobira and Ophiopogon japonicus). Therefore, although calibration data 477 
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were obtained from fixed-bed and sediment-free flow experiments, the model's 478 

adaptive parameterization of Manning's coefficient enables effective adaptation to 479 

dynamic topography, sediment transport, and vegetation heterogeneity. 480 

Error analysis revealed heightened predictive uncertainty at low flow velocities. 481 

For the current dataset, elevated RE variability (REmax = 0.294; REmin = −0.487) was 482 

observed at u < 0.38 m·s−1, while the Fu et al. (2019) dataset exhibited systematic 483 

underestimation (REmax = 0.296) below u = 0.20 m·s−1. These low-velocity 484 

discrepancies are attributed to hydrodynamic interactions with dense vegetation 485 

coverage and complex slope morphology, where vegetation-induced flow separation 486 

phenomena dominate (Fig. 9). Spatial heterogeneity in velocity distribution arises from 487 

contrasting flow patterns at vegetation stems (lower velocities) versus interstitial zones 488 

(accelerated flows). Discrepancies in critical velocity thresholds between studies likely 489 

stem from divergent experimental conditions in vegetation types and discharge ranges 490 

(Table 5). The Han et al. (2021) dataset exhibited a near-Gaussian distribution of RE 491 

(Fig. 8b), with model uncertainty likely originating from the coupled complexities of 492 

dynamic topography and sediment transport processes. When extrapolating beyond 493 

calibration conditions (fixed-bed sediment-free flows), parameter recalibration is 494 

recommended to mitigate error propagation. 495 

The developed framework establishes a dynamic parameterization system for flow 496 

resistance quantification. In overland flow scenarios, surface resistance components 497 

exhibit nonstationary behavior, particularly under laminar flow regimes (Helmers and 498 
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Eisenhauer, 2006). Treating Manning's coefficient as a constant may induce parameter 499 

overfitting and computational artifacts (Shen et al., 2021; Cen et al., 2023), 500 

fundamentally limiting the applicability of Manning's equation to hillslope hydraulics 501 

(Kirstetter et al., 2016). Field observations confirm the discharge-dependent nature of 502 

flow resistance in overland systems, characterized by dynamic feedback between 503 

hydraulic forces and boundary conditions (Polyakov et al., 2018; Liu et al., 2023). 504 

Caution is warranted when applying fixed Manning's coefficient values, given their 505 

documented inverse correlation with flow magnitude (Ferguson et al., 2021). By 506 

dynamically coupling Manning's coefficient with substrate characteristics and 507 

hydrodynamic parameters, this framework elucidates the mechanistic origins and 508 

spatiotemporal evolution of flow resistance. 509 

Eq. (29) demonstrates three critical advancements compared to prior formulations. 510 

First, unlike Eq. (1), it explicitly resolves vegetation-induced flow retardation through 511 

roughness-vegetation coupling mechanisms. Second, in contrast to Eq. (4), it 512 

establishes a vegetation-adaptive drag coefficient framework applicable to 513 

heterogeneous canopy cover conditions. Third, building upon Eq. (5), it decomposes 514 

Manning’s coefficient into grain resistance (substrate roughness-driven) and form 515 

resistance (roughness element-induced), quantitatively linking vegetation 516 

characteristics to hydrodynamic responses. This formulation captures resistance 517 

variability arising from dynamic substrate roughness, vegetation heterogeneity, and 518 

hydrodynamic parameter shifts, thereby overcoming theoretical constraints in 519 
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conventional approaches. However, model accuracy diminishes under conditions 520 

involving coupled morphodynamic adjustments and sediment transport processes 521 

(Table 5). Future implementations should integrate quantitative sediment-flux and 522 

bedform evolution modules to extend applicability to transient fluvial environments. 523 

4.4 Limitations and Prospects 524 

Theoretically, this investigation was conducted under fixed-bed, non-erodible 525 

conditions, with water-sand cloth (equivalent roughness ks = 0.38 mm) replicating loess 526 

surface roughness (Wu et al., 2017). While this approach minimized measurement 527 

errors in flow depth and velocity, it inherently excluded dynamic feedback mechanisms 528 

between flow, sediment transport, and topography observed in natural erosion processes. 529 

In field settings, sediment transport redistributes flow energy, modifying vertical 530 

velocity profiles (Li and Abrahams, 1997)—a phenomenon unrepresented in fixed-bed 531 

experiments. Furthermore, steep-slope environments often exhibit rill development and 532 

dynamic bedform adjustments due to erosion, which amplify form drag and alter the 533 

universality of velocity-slope relationships (Nearing et al., 2017). The current model’s 534 

exclusion of such morphodynamic coupling may constrain its applicability to steep-535 

slope erosional landscapes. Future validation under complex field conditions, 536 

particularly scenarios integrating multiscale roughness elements and topographic 537 

evolution, is essential to delineate the model’s operational boundaries in dynamic 538 

environments. 539 

Practically, laboratory-scale simulations of natural roughness face inherent scaling 540 
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constraints. Natural slopes exhibit multiscale roughness elements (e.g., rock fragments, 541 

litter, biocrusts) with spatial heterogeneity influencing vertical velocity distributions 542 

through wake interference and turbulent bursting (Ali et al., 2012; Zhang et al., 2023; 543 

Wei et al., 2024). The absence of these microtopographic features in controlled 544 

experiments likely underestimates natural flow resistance variability. Additionally, rigid 545 

cylindrical analogs for vegetation stems, while replicating stiffness-induced flow 546 

resistance, neglect bending deformation effects of flexible natural vegetation (e.g., 547 

grasses, shrubs). Such deformation reduces effective flow-blocking areas, potentially 548 

diminishing hydrodynamic drag forces (Li et al., 2024). Subsequent studies should 549 

employ natural vegetation prototypes to quantify flexibility-induced modifications to 550 

flow velocity fields. 551 

5 Conclusions 552 

This study presented a new method for predicting overland flow velocity by 553 

integrating Manning’s equation with an equivalent roughness framework. Using fixed-554 

bed flume experiments, the influence of vegetation stem coverage on flow velocity was 555 

quantified across a range of slope gradients and unit discharges. The key outcomes can 556 

be summarised as follows: 557 

(1) Flow velocity (u) showed a unimodal response to stem coverage (Cs), 558 

increasing up to a critical threshold (2.72%) and decreasing thereafter. At Cs = 2.72%, 559 

flow velocity improved by 8.22%–49.91% relative to bare slopes. 560 

(2) Including slope gradient in predictive equations significantly improved model 561 
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accuracy. Adj. R² values rose from 0.205–0.610 (using discharge only) to 0.754–0.968 562 

(using both slope and discharge). 563 

(3) The proposed velocity prediction model, derived from an improved 564 

Manning’s equation and equivalent roughness principles, achieved high performance 565 

(adj.R² > 0.8, NSE > 0.8) for the experimental data. It also demonstrated good 566 

generalizability when validated against external datasets. 567 

While the model performs well under controlled conditions, future work should 568 

incorporate morphodynamic feedbacks, sediment transport coupling, and flexible 569 

vegetation structures to capture the complex interactions present in natural slope 570 

environments. In particular, in situ validation under transient rainfall events and 571 

evolving topographies is essential for operational deployment of the framework in 572 

landscape-scale erosion assessments. 573 
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