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Synopsis

A distributed rainfall-sediment-runoff model is constructed to investigate flood and
sediment movement on a catchment scale. The model treats spatial data sets such
as topography and land cover effectively by applying GIS (geoglaphical information
system) and remote sensing techniques. This research uses GIS to produce a DEM
(digital elevation model) and remotely sensed data to classify land cover. The model
constructed here is a grid-cell-based distributed model. The grid-cell-based kinematic
wave model calculates rainfall-runoff and sediment is yielded when overland flow oc-
curs on each grid-cell with surface volcanic soil layer. A primitive model (Takara,
2000) assumed that sediment was yielded with infiltration depth D regardless of en-
ergy of overland flow, which has limitation to transport sediment on each grid-cell.
Considering a transportation capacity of overland flow on each grid-cell makes it pos-
sible to model both sediment yield processes and sediment deposit processes. The
unit stream power theory decides the transportation capacity. Yielded sediment in
slope grid-cells moves in the flow direction derived from the DEM to river grid-cells,
on which bed load and suspended load are calculated. The model is applied to the
Lesti River basin (625 km?) located in the upper Brantas River basin, and simulates
sediment runoff during a rainy season from November 1995 to April 1996.

Keywords : Brantas River; rainfall-sediment-runoff model; unit stream power; GIS;
ADEQS/AVNIR

1. Introduction Arjuno and flows out into the Madura Strait. The
basin consists of active volcanic mountains; for ex-

The Brantas River (Fig.l) is the second ample Mt. Kelud erupts once every 15-30 years

largest river in Java Island, Indonesia. The length
is 320 km and the catchment area is 12,000 km?2.
It originates from the southwestern slope of Mt.

and Mt. Semeru emits a lot of smoke continu-
ously. Hundreds million cubic meters of volcanic

materials flow down the surrounding slopes when
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Fig. 1 Brantas River basin (Egashira et al., 1997)

these volcanoes erupt. The basin is covered with
volcanic ash or the geologic stratum consists of
volcanic debris. Heavy rainfall and runoff in the
rainy season from November to April are the major
cause of a large amount of sediment yield, which
is deposited in reservoirs and riverbeds.

Sediment from the Lesti River basin studied
here accounts for a large amount of sedimentation
in the upper Brantas River. It originates Mt. Se-
meru (3,676 m) and drains the area of 625 km?.
The Sengguruh dam, which locates at the junc-
tion of the Lesti River and the Brantas River, was
constructed in 1988 for water resources and power
generation with gross storage of 21.50 million m3,
but the storage has been decreased to only 3.37
million m® for 8 years after the dam construction.
The sedimentation at the Senggruh dam decreases
the life time of the dam and increases the risk of
flood.

This paper describes a distributed rainfall-
sediment-runoff model, which is capable of consid-
ering spatial hydrological and geological informa-
tion. This type of model is useful for prediction
of sedimentation in reservoirs and riverbeds and
would contribute to severe sedimentation problems
caused by land use change and deforestation.

Fig. 2 50-m DEM image with river channel net-
work and watershed boundary

2. Application of GIS and RS to hydrolog-
ical modeling

Geographical Information System (GIS) is ca-
pable to take advantage of digitized geographical
Applied
to various fields such as urban planning, environ-

information using computer effectively.

mental planning, resource management and facil-
ity management, it is also expected as a useful tool
to deal with distributed geographical data for hy-
drological analysis. Geophysical spatial data sets
such as flow direction, slope and land cover on each
grid-cell are necessary to develop the distributed
hydrological models. This research uses GIS for
generating DEM by plotting of contour lines and
treating spatial data sets.

Remote sensing (RS) is one of the powerful
tools for observing and monitoring geomorpho-
logic and hydrologic conditions on the land sur-
face. This paper classifies land cover of the Lesti
River basin using ADEOS/AVNIR image (spatial
resolution 16 m) acquired on June 4, 1997 with the
maximum likelihood classification method.

2.1 DEM and flow direction paths derived
with GIS

From digitized contour lines on a 1:50,000
topographical map, ERDAS/IMAGINE generates
Triangulated Irregular Network (TIN) and trans-
forms it to a square-grid DEM with any resolution.
Figure 2 shows the shaded DEM image of 50-m
resolution.

Flow direction on each grid-cell is decided
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Fig. 3 ADEOS/AVNIR image (June 4, 1997)

based on the DEM. Since the location and the den-
sity of the river channel and the boundary of wa-
tershed are important for runoff analysis, the dig-
itized river channel and the watershed boundary
maps were piled on other maps on GIS as shown
in Fig. 2 . The procedure to make the flow direc-
tion map 1is as follows.

1. The GIS transforms the vector layers of the
river channel and the watershed boundary
into the raster layer which has the same reso-
lution as the DEM.

2. To define the connection of the river grid-cells,
the flow direction in the river is decided at
first.

3. The flow directions on slope-cells are calcu-
lated. The elevation of the watershed bound-
ary cells are raised to prevent flow paths from
crossing the watershed boundary.

using

2.2 Land cover classification

ADEOS/AVNIR

An earth observation satellite ADEOS, which
was developed by the National Space Develop-

ment Agency of Japan (NASDA), was launched
on August 17, 1996 into a solar-synchronous sub-
recurrent orbit with a recurrent period of 41 days
at an attitude of about 800 km. It had been avail-
able for 10 month by June 30, 1997. ADEOS car-
ried six sensors for consolidated continuous mea-
surement of land, sea and air, the Advanced Vis-
ible and Near-Infrared Radiometer (AVNIR), the
Ocean Color and Temperature Scanner (OCTS)
and so on.

AVNIR is a visible and near-infrared radiome-
ter to measure land and costal zones with high spa-
tial resolution (16 m). It monitors environmental
phenomena such as vegetation and desertification.

In this research, we used an AVNIR image
(Fig. 3 ) acquired on June 4, 1997 for cathment
land cover classification. Classification by a su-
pervised method needs training area. We referred
to the land cover map published in 1989 for ex-
tracting the training areas. Figure 4 shows the
land cover classification map obtained by the max-
imum likelihood classification technique. It shows
that most of the Lesti River basin is classified into
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Fig. 4 Land cover classification map

‘Cultivated Land‘ and ‘Tree Crops‘ classes. ‘“Tree
Crops* is located in the area where the elevation
is from about 1000 m to 1500 m, and ‘Cultivated
Land‘ is on the lower area than that. Roedjito and
Harianto (1995) reported that 70 to 80 % of the
Lesti River basin has been cultivated to produce
maize, potatoes, and cassavas under 1000 m area.
This agrees with the result of land cover classifi-
cation by RS, which is also confirmed by our field
survey in January 2001. Note that there is some
difficulty to identify the ‘Paddy Field‘ class be-
cause the surface conditions of the paddy fields
are different from field to field even at the same
time. In addition, cloud covers at the top of the
Mt. Semeru, which is the out of the Lesti River
basin, causes some error there.

3. A distributed sediment-runoff model

3.1 The concept of the model

A spatially distributed model has to be con-
structed for considering the sediment movement
on a catchment scale. Volcanic ash areas like the

Brantas River basin may yield sediment on the
cultivated lands, forests, and even urban areas.
The overland flow is easy to occur.in the vol-
canic sediment area, and the overland flow yields
sediment (Jitousono and Shimokawa, 1989). The
kinematic wave runoff (KWR) model simulates
rainfall-runoff on each grid-cell which has the same
resolution as DEM (250 m), and the sediment is
assumed to be yielded when over land flow occurs.
A primitive model (Takara, 2000) assumed that
the sediment was yielded with infiltration depth D
regardless of energy of overland flow, but overland
flow has limitation to transport sediment on each
grid-cell. This research considers the transporta-
tion capacity of overland flow on each grid-cell to
model not only sediment yield process but also
sediment deposit process physically. The trans-
portation capacity is calculated based on the unit
stream power (USP) theory. Yielded sediment in
slope cells moves in the flow direction derived from
the DEM to river grid-cells, on which bed load and
suspended load are calculated. The model is ap-
plied to the Lesti River basin (625 km?) located in
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Fig. 5 Primitive sediment-runoff model (Takara, 2000)

the upper Brantas River basin, and simulates sed-
iment runoff from November 1995 to April 1996.

3.2 Kinematic Wave model

The KWR model is expressed by the following
equations.

oh 8

e B_Z:Z r(z,?) (1)
[ an ’ h<d @
=) ath—dym+ah : h>d

The initial and boundary conditions are respec-
tively given:

h(z,0) = Hy(z),
h(0,t) = Hg(z), t >0 (4)

where a = ksinf/v; ¢ : discharge per unit width;
h : water depth on the slope; r : rainfall intensity;
infiltration depth); ¢ :
location from the upper boundary and

d =D (v : porosity; D :
time; « :
a, m are constant values: m =5/3 , a = sin? 6/n
(n : Manning coeflicient).

3.3 Primitive sediment-runoff model
Figure 5 explains the concept of primitive
sediment-runoff model. Each grid-cell is regarded
as a slope covered with volcanic ash with a uniform
depth of Y. The rainwater falling on the slope pen-
etrates the volcanic ash up to the depth D from the
surface. Subsurface and surface (overland) runoffs

are taken into account; if the overland flow oc-
curs then the sediment indicated by hatching in
Fig. 5 flows out. When the surface runoff occurs
at the top of the cell (as shown in Day ¢) in the
middle of mountain slope, all the surface ash up
to the depth D will flow out. At the beginning
of Day 2, the surface layer depth is averaged over
the slope then sediment is yielded if overlandflow
occurs. Repeating this process, finally the surface

layer will disappear as shown in Day n. in Fig. 5.

4. Sediment-runoff model based on USP
theory

The primitive model assumed the sediment to
be yielded with infiltration depth D. This assump-
tion cannot consider the sediment deposit process
or the influence of the velocity of overland flow dur-
ing the sediment yield process. Treating the trans-
portation capacity (TC) of the overland flow on
each grid-cell, which calculated by the unit stream
power (USP) theory for sediment yield, this paper
makes it possible to model the sediment deposit
process and calculate the volume of the sediment
physically. Figure 6 explains the concept of this
model.

4.1 Unit stream power theory

The USP theory contributing to the trans-
portation capacity of sediment is defined as a prod-
uct of mean velocity V and slope S. The upper
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Fig. 6 USP sediment-runoff model

limit to the sediment concentration in the over-
land flow C; is calculated as follows:

vs V.S

where I,J : non-dimension values decided by ex-
periment; V.S : critical unit stream power; w :
fall velocity of sediment (0.050 m/sec). We used
the value suggested by Moore and Burch (1986)
for the sheet erosion : 1=5.0105, J=1.363.

4.2 Sediment yield and deposit process

The KWR model simulates the mean velocity
V and the discharge @@ on each grid-cell with 1-
hour time step. The C; is calculated by the Eq.(5),
and the TC is the product of the C; and Q. If the
volume of sediment supplied (SI) from upper grid-
cell is bigger than the TC, sediment of TC-SI will
be yielded. On the other hand, the sediment from
the upper grid-cell will be deposited with the vol-
ume of SI-TC when SI is bigger than TC because
overland flow is not capable to move all of sedi-
ment from upper grid-cells.

5. Sediment transportation analysis in
river channel

A single channel is taken into account in each
grid-cell of ‘River‘ land cover class. The channel

width is assumed to be 1 m to 25 m, which depends
on the distance from the catchment outlet. Rain-
fall over the ‘River‘ grid-cell is directly input to
the channel as lateral inflow. The sediment which
reaches to the ‘River‘ grid-cell is transported in
the channel to downstream as bed load and sus-
pended load. The transportation depends on the
discharge in the channel computed by the KWR
model for channels.

The bed load is computed by the equation
proposed by Ashida and Michiue (1972):

=11/l (1-72) (1-52) @

* *

where

T = u2/sgd
Tue = u2,/sgd

Tue = u2,/sgd

u, = +\/gRI
Ure =u/{6.0+5.75l0 B
e TUAPT T80 g )
s=o/p—1
where o : mass density of the sediment (2.65

g/cm3); p : mass density of water (1.0 g/cm3);
g : gravity acceleration (9.81 m/s?); d : grain size

(0.4 mm); 7. : non-dimensional shear stress; 7,.:
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non-dimensional critical shear stress; 7,. : non-
dimensional effective shear stress (= 0.05); u. :
shear velocity ; w,. : critical shear velocity; u :
depth averaged velocity and R : hydraulic radius.

The suspended load transport rate is ex-
pressed as the depth-integration of the product of
the mean velocity and the concentration distribu-

tion (Lane, 1941):

= h -6Z 6Za/h
9o = UCGEE (1 —e e ) )
Z= B, (8)

where Z = w,/BKu.e; Cy : concentration at the
reference level z = a (a=0.05h); w, : setting ve-
locity or fall velocity; « : Karman’s constant (0.4);
B: constant (1.2).

Consequently, from Egs.(6) and (7) we obtain

the sediment yield from a slope cell:

b = qvb + Qs (9)

For a ‘River‘ cell, we can obtain ¢;n from the slope
cells associated with and the upstream ‘River’ cells
and g, ut to the downstream ‘River’ cell g, at every

time step.

6. Application to the Lesti River basin

6.1 Sediment problem at the Lesti River
basin

The Lesti River basin (625 km?) is located at
the upper Brantas River basin. The Lesti River
flows together the Brantas main river at Seng-
gruh dam constructed in 1988. The Senggruh
dam contributing to reduce the sediment deposit
at Karangkates Reservoir just downstream of the
Senggruh dam has gross storage capacity of 21.5
million m3, effective storage capacity of 2.5 million
m? and designed dead storage capacity of 19 mil-
lion m3. According to a local survey in 1996, accu-
mulated sedimentation at the Senggruh dam was
already 19 million m® and Roedjito & Harianto
(1995) report the annual sediment runoff from the

Lesti River basin is 1.37 million m3.

6.2 Simulation conditions

In this paper we apply the rainfall-sediment-
runoff model to the Lesti River basin and simu-
late the sediment runoff during a rainy season by
inputting the observed hourly rainfall data from

November 1995 to April 1996. An infiltration

depth D and an initial sediment depth Y are as-
sumed as D=10 mm and Y =500 mm respectively.
The runoff coefficients and roughness indices are
decided based on the landcover of each grid-cell.

7. Results and Discussions

7.1 Rainfall-sediment runoff at the outlet
Inputting the hourly effective rainfall to the
primitive model and the USP model for the Lesti
River basin, we simulated hourly sediment-runoff
as well as rainfall-runoff for a rainy season. The ef-
fective rainfall is the product of rainfall and runoff
coefficients to express the influence of evapotran-
spiration and infiltration loss. Figure 7 shows
the hyetograph, hydrograph and sediment runoff
at the outlet simulated by two models. Since
the difference between the primitive model and
the USP model affects to the sediment, hydro-
graphs simulated by two models are completely
the same. Despite inputting the effective rainfall,
some simulated peaks are bigger than observed
peaks. These differences due to the assumption
of spatially-uniform rainfall over the whole basin,
although the actual rainfall area should be smaller
than the basin. Cumulative sediment runoff at the
outlet simulated by two models is shown in Fig. 7 .
The temporal variation of sediment runoff that
more on rainy days and less on dry days is well
simulated. Accumulated sediments at the outlet
simulated by two models are around 100 million
m? after a rainy season, and these are reasonable
volume compared with the measured data.

7.2 Simulation by primitive model

Figure 8 shows the temporal change of spatial
distribution of sediment by the Primitive model.
The sediment depth decreases as the sediment is
yielded on each grid-cell from the initial sediment
depth: Y=50 cm, and in the case of using the USP
model, sediment depth in some grids increases as
the sediment is deposited. Figure 8 indicates that
sediment yields on steep slope grid-cells are smaller
than that on gentle slope grid-cells because over-
land flow is easy to occur on the gentle slope grid-
cells. This seems to be disagree with the common
idea that steep slope yields more sediment once
overland occurs. Another problem lying on the
primitive model is that the total volume of sedi-
ment yield is too big; about 100 times as much as
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Fig. 7 Sediment runoff at the outlet of the Lesti River basin
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Fig. 8 Sediment distribution simulated by the primitive model

the runoff volume at the outlet as shown in Fig. 9 is much smaller than the result by the primitive

To overcome these problems we consider model, it is quite difficult to visualize the sediment
the transportation capacity based on the USP. depth change. We confirmed that the steep slopes
The temporal change of distribution is shown in yields more sediment than gentle slopes. The total
Fig. 10 and the total volume of sediment yield js  volume of sediment yield 40,000 m” is more ade-
shown in Fig. 9 by the USP model. Because a quate than that obtained by the primitive model.
total volume of sediment yield after a rainy season Another 80,000 m® contributing to the sediment
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Fig. 10 Sediment distribution simulated by the USP model

runoff has been yielded on slope cells; Fig. 9 ex- 8. Conclusions
plains that the volume of deposited sediment is
about 15,000 m3 after a rainy season. This paper has introduced a distributed

rainfall-sediment-runoff model based on the kine-
matic wave runoff theory combined with the unit
stream power theory to calculate transportation
capacity of overland flow. GIS and RS were effec-
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tively used to treat geographical data and land-
cover classification for constructing this model.
The model could reproduce the sediment runoff
in the Lesti River basin.

Though more considerations about modeling
and parameter settings are necessary to obtain
more accurate sedimentation estimation, this kind
of approach can give useful information for preven-
tion and mitigation of flood and sediment disasters
not only in Indonesia but other areas that are suf-
fering from similar problems.
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