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GRID-BASED SOIL-WATER EROSION AND
DEPOSITION MODELING USING GIS AND RS
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Abstract: A grid-based KIneMatic wave soil-water EROsion and deposition Model (KIMEROM) that predicts temporal
variation and spatial distribution of sediment transport in a watershed was developed. This model uses ASCII-formatted
map data supported from the regular gridded map of GRASS (U.S. Army CERL, 1993)-GIS (Geographic Information
Systems), and generates the distributed results by ASClI-formatted map data. For hydrologic process, the kinematic
wave equation and Darcy equation were used to simulate surface and subsurface flow, respectively (Kim, 1998; Kim et
al., 1998). For soil erosion process, the physically-based soil erosion concept by Rose and Hairsine {1988} was used to
simulate soil-water erosion and deposition, The model adopts single overland flowpath algorithm and simulates surface
and subsurface water depth, and sediment concentration at each grid element for a given time increment. The model was
tested to a 162.3 km® watershed located in the tideland reclaimed area of South Korea. After the hydrologic calibration

for two storm events in 1999, the results of sediment transport were presented for the same storm events. The results of

temporal variation and spatial distribution of overland flow and sediment areas are shown using GRASS.
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1. INTRODUCTION

Erosion prediction is the most widely used
and most effective tool for soil conservation
planning and design. The loss of soil due to sur-
face runoff as well as the pollution in runoff,
seepage or percolation from agricultural man-
agement activities is one of the major problems
in modern agricultural management. Modeling
soil crosion is the process of mathematically
describing soil particle detachment, transport
and deposition on land surfaces. Erosion model
can be used as predictive tools for assessing soil
loss for conservation planning, project planning,
soil erosion inventories and for regulation. The

soil loss equation such as developed by Rose et
al. (1983a,b) should equally apply independent
of the mechanism that determines the runoff as
long as the quantity and velocity of the water
flow is predicted correctly.

A factor-based soil erosion model is not suit-
able for extrapolation beyond the limits of the
data set. A physically-based model of soil ero-
sion processes has the capacity to extrapolate
and generalize beyond the database used to
check its utility (Rose, 1993). 1t also can simu-
late sediment movement accurately with little or
no calibration of parameters (Bingner, 1990).
Physically-based mathematical models can pre-
dict where and when erosion is occurring, thus
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helping the conservation planner target efforts to
reduce erosion. A mathematical concept of
soil-water erosion and deposition developed by
Rose et al. (1983a) was adopted in this study. It
represents mathematically the rates of rainfall

detachment, sediment deposition, and soil en-

trainment by overland flow. It uses the concept
of stream power in representing the entrainment
processes. It expresses the conservation of mass
of sediment to an ordinary differential equation,
which can be solved analytically. The solution
gives sediment concentration at any time as a
function of distance down the plane. Geographic
Information Systems can provide a practical
solution for handling the detailed spatial vari-
ability within a watershed. GIS also can pre-
serve the spatially oriented data structures and
operations to maintain the physical meaning at
any point in the modeling process (Zollweg,
1994).

The objective is to develop an event-based
soil erosion model in areas where the Hortonian
overland flow is the mechanism that generates
runoff. A grid-based soil-water erosion and

surface
inflow

v
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deposition procedure is described. This ap-
proach predicts the temporal variations and spa-
tial distributions of sediment transport areas and
their concentrations during a storm event. The
model coded in UNIX-C language runs on the
GRASS and vses regular gridded data such as
elevation, stream, land use and soil information.
The results are displayed on GRASS.

2. MODEL DESCRIPTION

2.1 Grid-based water balance components

The schematic representation of water bal-
ance components in a grid element is shown in
Figure 1.

2.2 Surface runoff

The kinematic wave equation for over-
land/stream flow are obtained by the Manning
equation:

Q= o le Amz (1)

where Q = discharge (m/sec); o = n!' W 27

tan'?B for overland flow, n”' tan'?p for stream

* rainfall

surface *subsurfacc surface
inflow inflow outflow
. ' 7
water depth subsurface
P % outflow
infiltratign cell length
soil depth
percolati
[/
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Figure 1. Grid-based water balance components
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flow; n = Manning’s roughness coeflicient; W =
grid element width orthogonal to sireamline (m),
B = grid element slope (degree), R = H for
overland flow (m), y A " for stream flow; H =
flow depth (m); y = 0.354 for rectangular chan-
nel (Moore and Foster, 1990; Moore and Burch,
1986); A = cross sectional flow arca (m’); m1 =
0 for overland flow, 2/3 for stream flow; m2=
5/3 for overland flow, 1.0 for stream flow.

2.3 Subsurface runoff

Lateral saturated subsurface flow equation
approximated by the kinematic assumption
(Beven, 1982; Sloan and Moore, 1984) was
adopted:

Qs = Ks Asin B (2)

where Q. = subsurface discharge; K, = satu-
rated hydraulic conductivity (m/sec).

2.4 Infiltration and Percolation

Huggins and Monke infiltration equation
(Beasley, et al., 1980) was adopted, and the
percolation rate was applied when the soil
moisture is over the field capacity.

f=1, + f; ( SM,/ PO 3)

where T = infiltration rate (mm/hr); f, = final
infiltration rate (mmv/hr); f; = initial infiltration
rate (mm/hr); SM, = available storage capacity
(m’/ m’); PO, = effective porosity (m*/m*); b =
constant coefficient.

2.5 Initial flow depth condition

The spatial distribution of initial subsurface
flow depths in a watershed can be obtained from
soil information maps describing porosity, field
capacity and initial soil moisture conditions. The
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initial flow depth for each grid element can be
calculated by

H; = D, (SM; - F} /PO, - Fo), Fo < SM; < PC,
=D, SM, > POe
0, SM; <F, (%)

where H; = initial flow depth in grid element
(m}; D, = soil depth above the impeding layer
(m); SM; = initial soil moisture content (m/m’);
F. = field capacity (m3/m3).

2.6 Grid-based water balance calculation
Water balance in a grid element is sequen-
tially calculated beginning from the most upper
left grid element to the lowest right grid element.
The calculated outflow delivered to the neighbor
grid ¢lement by flow direction is stored and used
as inflows of the grid element at the next time
step. The water balance equation for overland

flow and stream flow is,

dSi

S = PO~ FO + 2 Qi ~ Qe

for overland flow

dsi . .
= PO FOI= 20 i + Tyt ini ~ Qouti

for stream flow {5)

where 1 = grid element address; S; = grid cle-
ment storage (ms); P, = rainfall (m%sec); F; =
infiltration (), Qj; = inflows to the grid elc-
ment (m3/sec); Quuii = outflow from the grid
element (m’/sec); Qup.ini = subsurface inflows to
the grid element (m’/sec); t = time (sec).

The soil moisture routing equation is,

dSMi

T =FOi+ XQqp ini ~ Qgub.outi ~ DP(1);

(6)
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where SM; = soil moisture content in the grid
element (m*’); Qubow; = subsurface outflow
from the grid element (m*sec); DP; = Deep

percolation to the groundwater {m?).

2.7 Soil-water erosion and deposition

The source of power available from the flow
to either entrain or reentrain sediment is the rate
of working of the shear stress called the “stream
power” () by Bagnold (1977). The stream
power using the kinematic approximation for the
mean shear stress per unit area of wetted surface
is given by,

0 =pgSR,V M

where () = stream power (W/mz), p = water

density (kg/m’), g = gravitational constant
(m/sec’), S = grid element slope (m/m), Ry =
hydraulic radius (m), V = mean velocity
(m/sec).

2.7.1 Sheet flow

A portion of the stream power is effective in
increasing the concentration of sediment in
overland flow by the processes of entrainment
and re entrainment. The upper concentration
limit of sediment, called the transport limit by
Foster (1982), is shown by Hairsine and Rose
(1992a) to be given for sheet flow over a bare
surface by,

¢, =P (S gy ®)
$ o-p

where ¢, = the upper concentration limit (kg/m®),
F = the fraction of stream power effective in
erosion, o = sediment density (kg/m’), ¢ =
sediment depositability (m/sec).

The sediment depositability is shown by Rose
et al. (1990) to be,
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I
b= ¥ v/T ©)
i=1

where v; = sediment settling velocity of the par-
ticle class (m/sec), 1 = particle size class, I = the
number of different particle size classes.

The transport limit ¢, indicates maximum
concentration when the soil surface is com-
pletely covered by a deposited layer. Rose
(1993} presented a method for relating the actual
concentration ¢ to the transport limit ¢, by

t=tf (10)

where C = the mean sediment concentration
during the erosion event, € = the mean value
of the sediment concentration at the transport
limit, 1} = the erodibility parameter (0 <1 < 1).

In this study, 1 is ascribed one value where
erosion is predicted and the sediment concentra-
tion tends to approach the transport limit, and
another lower value where deposition is pre-
dicted and the sediment concentration is signifi-
cantly below the transport limit.
2.7.2 Rill flow

In case of rill flow, we can assume that the
grid surface contains N rills per unit width, and
all rills are parallel and at the slope of grid ele-
ment. Assuming rectangular rills of width W,
(m) and water flow depth H (m), the transport
limit ¢, is given by (Hairsine and Rose, 1992b),

F(c Q( Wi

79 6-p gH Wy +2H

) an

where W, = rill width (m).
2.7.3 Vegetation flow

Hairsine and Rose (1992a) described the
situation where entrainment and reentrainment
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act together, assuming the layer of deposited
sediment covers some fraction Hy; of the soil
surface. The expression for the rate of entrain-
ment of particles of any general size class i is,

ri=(1—HdS)%(1—cg) (12)

where 1; = the rate of entrainment of size class 1
{kg/m?/sec), Hyg = the deposited sediment frac-
tion, J = the specific energy of entrainment of
the soil (J/kg), C, = the fraction of potential
contact cover {0 < C, < 1).

The expression for reentrainment of size class
i is (Hairsine and Rose, 1992a},

_3HgiFQ o vi
= BT T(-Cy) (13)

G-p Zvi

i=1

where 1,; = the rate of reentrainment of size class
i (kg/m?/sec), 8; = a nonuniform vertical distri-
bution of sediment.

Siepel (1994) expressed the proportion of
shear stress on bare soil as a nonlinear function
of uncovered portion of the soil surface by the
following relationship,

I8 = (1-Cg)® (14
Ts

where 1, = the total shear stress (N/mz), T, = the
shear stress on the bare soil (N/mz), £ = model
parameter. Then the shear stress on the bare soil

Tss 18,

Ty = PESHV(1-C,)° (15)

and consequently the stream power is given by,

53
U=1,V=pgSHV(I-C,)" (16)

The overland flow per unit width as a func-
tion of £ is given by,

q(f)=q, +RE (a7

where g = the discharge of grid element per
unit width (m?sec), g, = overland flow at the
inlet of grid element ( £ = 0), R = rainfall inten-
sity (m/sec). The velocity of sheet flow over the
vegetated surface can be estimated solving

Manning’s equation for H in terms of V yields,

Vn .32

H=Ry =(775
q2

(18)

The continuity equation for the unit width of
sheet flow gives,

SD.3

=n[,7q(f)“ (19)

v

At some relatively small value of £, call it
¢ =1_, the sediment concentration will reach a

minimum(cy,}. Thus he assumed that the rate of
reentrainment equals the rate of deposition if the
distance from the inlet of grid element is far
enough (£ > £_). This assumption is reasonable
because the sum of the rates of entrainment and
reentrainment exceeds the rate of deposition,
and reentrainment occurs more rapidly than en-
trainment.

An expression for Hys can be obtained by set-
ting the rate of reentrainment equal to the rate of
deposition, that is r; = d;, where, d; is given by d;
= §; vici. Summing over all 1 size classes, and

solving for Hy, yields,
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__gH¢ o-p
HdS_FQ(l—Cg)( s (20)

The change in sediment flux is given by the
equation for sediment conservation dqg/d £ =
Iit15-d;. Substituting Eqgs. 12, 16, 19 and 20 for r;,
summing over all I size classes, and noting that
4si= qc; where q is the discharge of grid clement
per unit width,

1.3
de Hegd o—p FpgHS
= R =
dgq(e)+c[ +—E( )} 06

21

which has the following analytical solution,

Fps!3 e+l
= (1-C_)
0.6, ,IR c-p £
n [1.4—Hg +¢(T)] (22)
[a(%* —a()0 M+ e i,

GRASS Maps P
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where Cpin = sediment concentration at £ = £
(kg/m®).

The sediment routing equation for overland
flow and strecam flow is,

% =2(c*Qjni)—(c* Qe ) (23)

2.8 Model structure and implementation

A schematic flow diagram of the model is
shown in Figure 2. As input data of the model,
six GRASS regular gridded maps; elevation,
stream, flow direction, land use, soil, Thiessen
network were prepared. They are converted into
ASCll-formatted map data using GRASS com-
mand r.out.ascii. The model uses these data to
generate flow depth, discharge, sediment con-
centration and flux at each grid element outlet
for a given time interval. In this study, the cal-
culation time step was one minute. Stream flow
and sediment concentration at the watershed
outlet and ASCII-formatted flow velocity maps,

Model input/parameters

* rill density

elevation

= erodibility/depositability
* fractton of stream power / surface cover
= specific energy of entrainment

stream v
land use
Grid-based KineMatic wave
Flowdirection v STOrm Runoff Model
/Thiessen network
v
Model output ¥ GRASS display
ASCll-formatted
+ discharge/velocity ,
* sediment concentration g
* sediment flux
sediment cong.

Figure 2. Schematic diagram of KIMEROM model
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sediment concentration maps, and sediment flux
maps were generated for 1-hr interval. The
ASCII-formatted map data were converted into
the GRASS maps using GRASS command
r.in.ascii.

3. MODEL APPLICATION

3.1 Watershed, soils, land use and storm
events

The model was tested with the Hwaong tidec-
land reclaimed area located in the upper western
part of South Korea. The watershed area is
162.3 km” and elevations range from 0 m to 185
m, The 3 arc-second spacing DEM from the
Defense of Mapping Agency of United States
was used. The DEM has the grid of 270 rows
and 328 columns. By using DEM as input data,
the stream and flow direction maps were gener-

Sampling Sites
* Ha-lag
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ated with GRASS ‘rwatershed’ command (Fig-
ure 3). The soil map was rasterized from the
vector file (1:25,000 scale)} supported from the
Minisiry of Agriculture and Forestry (Figure 4),
The watershed soil is classified by 4 textures of
which are 10.1% sandy loam, 23.2% silt loam,
15.8% clay loam and 50.9 % clay, respectively.
The surface laver of most soils is permeable
with soil depths ranged from 50 ¢m to 150 cm.
To obtain the land cover map, Landsat image
(April 10, 1996; path 116 / row 34) merged by
SPOT panchromatic image (August 24, 1997,
path 304 / row 275) for the watershed were used
and classified by using maximum likelihood
method. The land cover is composed of 44%
forest, 28% paddy field almost around the
stream, 15% upland crop, 2% settlement and the
rest 11%, respectively (Figure 5). Thiessen net-

elevation ()

[ NI ENNIITS
3 ;celc
£ Teeic R
T3 5eeem
- elc |5

Figure 3. DEM and generated stream map of the study area

£ sanay laam
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Figure 4. Soil map
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Figure 5. Land cover map
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Figure 6. Observed versus predicted stream flow at twe locations for April 9 and May 3, 1999

work maps were also rasterized from the valued
point vector file. Two storm events (April 9,
May 3, 1999) for two locations (Ha-jeo and
’Haeng-ga) were used for model test. Stream
flow data were measured by using auto water
level recorders and the suspended solids were
sampled with the interval of 1 ~ 4 hours de-
pending on the storm stage.

3.2 Comparing predicted and observed
streamflow at two locations

Soil parameters are effective porosity, field
capacity and saturated hydraulic conductivity
which were adopted from Rawls et al. (1982). In
the model calibration, the Manning’s roughness
coefficients proved to be the most sensitive pa-
rameter for overland areas and streams which
affected the time and magnitude of the peak
streamn flow. The next sensitive parameters were
the initial and final infiltration rate affecting the

magnitude of the peak stream flow. Figure 6
shows the observed versus predicted stream
flow at two locations (a: Ha-jeo, b: Haeng-ga
marked in Figure 3) for April 9 and May 3 storm.
The predicted runoff agreed well with the ob-
served values. Table 1 shows the calibrated pa-
rameters and summary for the storm events.

The average Nash-Sutcliffe efficiency R’
{Nash and Sutcliffe, 1970) for the model was
0.76. The error may be caused by the simplifica-
tion of subsurface flow. Preferential flow
through macro-pores in the soil can contribute to
stream flow as a subsurface lateral flow. Other
sources of crror may arise from the uncertainty
of s0il depth, initial soil moisture condition and
lumping parameters within each grid element.

We cannot determine where the overland flow
originated and how much water at each source
area contributed knowing only the stream flow
at the watershed outlet. Grid-based modeling
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Table 1. Parameters used and calibrated for the storm events

Storm Total Manning’s n Ave. infiltration Ave. Total runoff Peak Nash-

event Rain- discharge  Sutcliffe
fall Stream Forest Culti- Settle- f f; b K, Obs. Pre. Obs. Pre. efficiency
{mm)_ vaied ment  {mm/hr} {m/day) (mm)} {m*/sec) R?

4/09/99 449 0.050 038 045 026 19 88 065 200 65 63 143 1.13 0.80°

55 50 103 089 061°
5/03/99 5835 0.050 028 045 026 30 18.0 065 200 46 51 1.36 144  079°
80 73 192 135 082°

Note) a: Ha-jeo (14.72 kmz), b: Haeng-ga (9.68 km?)

approach can also provide information that is spatial distribution of saturated overland/stream
important for investigating the loss of soil due to flow depths for May 3 storm. After the storm
erosion and the transport of non-point source started, the overland flow initially occurred
pollutants. around the areas of main stream. These areas

Figure 7 shows the predicted temporal and have higher soil moisture content than other

HAADNG [ HRACNG
Watershed Woterahed
Dats
-0 Time w A:00
infall = 3.4 . Aoam. Raintoll = 27.7 mn

HASONG MHRAONG
Wotershed £, ot Watarshed
T

Tirs = 13:00 R -0
Aooun, Sindalf @ 508 wm P Aocm, Roirint! = 58,5 mu

Overland flow Stream flow

{m~3/sec)
CJoo-o02 00-1.0
0.2 - 0.4 1.0- 2.0
1 0.a-06 20-30
g . N 06 - 3.0-4.0
R.{.E. Lab. - . .0 -6,
Konkuk Univ, . 1 = 45_0_, v

() CY]

Figure 7. Spatial distribution of surface and channel runoff after
(a) I hr, (b) 5 hrs, (¢) 10 hrs, (d) 20 hrs of rainfall (May 3, 1999)
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arcas caused by the shallow depth of ground
water level, and by the ponding condition of
paddy field. The source area for overland flow
increascd from the start of rainfall to the end of
rainfall, and decreased gradually after that time.
Also we can find the overland flow arcas con-
tributing to stream flows after the peak dis-
charge. This shows that the overland/subsurface
flows delayed the transport of water to the wa-
tershed outlet causing a lag time.

3.4 Seil-water erosion and deposition
simulation

The value of model parameters was adopted
from Siepel’s study (1994), which was recom-
mended by Rose (personal communication),
Detail discussion for parameter sensitivity is
found in Kim (1997). Figure 8 shows the ob-
served versus predicted sediment concentration
at Ha-jeo watershed outlet for the two storms
(April 9 and May 5, 1999). The observed and
predicted maximum sediment concentrations for
April 9 and May 5 storm were 0.45 kg/m®, 0.70
kg/m® and 0.41 kg/m’, 0.30 kg/m’, respectively.
The observed and predicted sediment yields for
each storm were 14,260.1 kg, 13,020.0 kg and
6,887.8 kg/m®, 9,785.9 kg/m’, respectively. The
predicted results followed well in accordance

o o aa o
5 5 P
Raintal {mm

<
S

Q tm*¥sec) | Sed. Gon (C)ikgim*3

-

o

0 s . ) o
161718182021222324 1 2 3 4 5
Time

= 50
G 7 B 9111213141518 1718
inry

-0 - Simdged} —@- ypervgd & - W - Srulsdl & Qpseeac

(a)
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with the observed data. The sediment concentra-
tion increased in proportion to discharge with
some time lag after peak, and then decreased
more rapidly in comparison with the decreasing
rate of discharge. It was found that sediment
depositability (¢} and soil erodibility (n} are
important to predict sediment discharge. The
value ¢ depends on the type of sediment en-
trained by overland flow. The values used in the
meodel calibration were within the range of those
reported for cohesive aggregated soils (0.1
m/sec) by Rose (1993) and for fine sediment
(10° m/sec) by Hairsine and Rose (1992a). Fut-
ther the values of ¢ showed an increase with
increase in stream flow reflecting a change in
the type of sediment entrained under different
stream flows. The lower values for n were
ranged between 0.6 and 0.9 and showed a de-
crease with increasing stream flow or deposita-
bility ¢.

Temporal and spatial distribution of sediment
transport areas by concentration (kg/m’} for
May 3 storm are shown in Figure 9. These dis-
tributed results show where the sediment trans-
port originated and how much erosion each
source area contributed. Detached soil and the
sediment were transported to the stream mostly
from the areas that have high overland flow ve-

Feauntall {mm)

Disch (mr3reac) § 5ed. Cone. (kgim*

o L Lo e s A

50

3456 T8 G OHIZIZEISISIT WP IIIIIIM 1 2 3 4
Tien thrh

1O fumumed Ol Oojmved 0= - SmuaedC & OveemiC

(b}

Figure 8, Observed versus predicted sediment concentration at Ha-jeo watershed outiet

({a) April ¢ and {b) May 3, 1939)
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R.I.E. Lab.
Konkuk Univ.

HHADNG
Watershed
Dals 50049

Thre = 23:30
hoeum, Fobpiorl = 355 mm
e,

R.1.E. Lab,
Konkuk Univ.

(d

Figure 9. Temperal variation and spatial distribution of sediment transport by concentration after
() 1 hr, (b) 5 hrs, (c) 10 hrs, (d) 20 hrs of rainfall (May 3, 1999)

locities. This shows that the flow velocity is
highly related to the sediment transport. Also it
explains that the parameters sediment deposita-
bility {¢) and soil erodibility (n) are the main
factor to control the model behavior,

4. CONCLUSIONS

A grid-based soil-water erosion and deposi-
tion model was developed. For hydrologic
process, the kincmatic wave equation and Darcy
equation were uscd to simulate surface and sub-
surface flow, respectively. For soil erosion
process, the physically-based soil erosion con-
cept by Rose and Hairsine (1988) was used to
simulate soil-water erosion and deposition. The

model was tested on a 162.3 km® watershed lo-
cated in the tideland reclaimed area of South
Korea. As a hydrologic result, the average
Nash-Sutcliffe efficiency R> (Nash and Sut-
clitfe, 1970) for the model was 0.76. As a soil
erosion result, sediment depositability (¢) and
soil erodibility (n} were proved as important
parameters to predict sediment discharge. The
model successfully generated the temporal and
spatial distribution of sediment transport areas
by concentration and flux, respectively. The
distributed results showed that the detached soil
and the sediment were transported to the stream
from the arcas that have high overland flow ve-
locities.
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