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ABSTRACT

Intensive and continuous observations on sediment yield and transport are conducted
in the Lesti River Basin, a tributary of the Brantas River, Indonesia. This paper presents the
observation results of raindrop characteristics investigated with Micro Rain Radar (MRR),
seasonal and inter-annual land cover change detected by remotely sensing, soil erosion
measurements with staves installed at different land covers, river discharge and velocity
measurements with Acoustic Doppler Current Profiler (ADCP), and sediment turbidity
measurements at the outlet of the Lesti River. By referring these observation data, we newly
developed two models which can reproduce observed rainfall and sediment runoff processes
by introducing the NDVI (Normalized Difference Vegetation Index) values that can express
land cover changes. Calculated water discharges and turbidity by using each model agree
fairly well with observed data.
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1. INTRODUCTION

Integrated sediment management is crucial for water resources and river environment,
especially when dam reservoirs are located at downstream of erodible volcanic area, such as
the upper Brantas River Basin, East Java, Indonesia. The large amount of sediment yielded in
the basin brings severe sedimentation problems affecting reservoir capacity. Intensive erosion
control is necessary with the understanding of dominant sediment sources and their trends
based on the seasonal and inter-annual variability of land cover conditions.

Our study area, the Lesti River Basin (625 km?), is located at the upstream of the
Brantas River Basin (11,800 km?) (see Figure 1). The Lesti River Basin is mostly covered
with volcanic soil originated from Mt. Semeru, an active volcano located at the upstream of
the Lesti River. At the confluent of the Lesti River and the Brantas main reach, Sengguruh



dam was constructed in 1988 for water resources and power generation. Unexpectedly, most
of the gross storage (21.5 million m’) has been already filled with sediment from both rivers.
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Figure 1 Map of the Lesti River Basin and observation sites.

In the tropical volcanic region, considerable sediment may be yielded by soil erosion,
especially during severe storms in a rainy season. Investigations of rainfall characteristic
including raindrop distribution size and the impact energy of rain drops are effective to
understand the mechanism of soil splash erosion. For this purpose, we newly arranged several
rain gauges (see Figure 1) and used a Micro Rain Radar (MRR) to observe rainfall
characteristics in the upper Brantas River Basin. The land cover condition has also significant
impact on the sediment erosion. Multi-temporal remotely sensed data are used to clarify the
seasonal and inter-annual land cover change in a catchment scale. We carried out also
continuous soil erosion observations with staves installed at different land use regions. In
addition to these soil erosion observations, we conducted field measurements of discharge and
turbidity from the outlet of the Lesti River. We used Acoustic Doppler Current Profiler
(ADCP) to measure the profile of velocity and discharge in a river channel. The results
confirmed the accuracy of operational continuous discharge measurements based on H-Q
relationship. Continuous turbidity measurements as well as intensive turbidity observations
are also carried out to estimate sediment load from the outlet (Nakagawa, et al., 2005).

2. DATA OBSERVED

Rainfall Characteristics with a MRR

In this research, the one dimensional Doppler radar, Micro Rain Radar (hereinafter,
called MRR) and the tipping bucket rain gage is used in Malang city, Indonesia. The
observation period started from December 22, 2003 to March 23, 2004. MRR is a one
dimensional dopplar radar that release the microwave of 24 GHz. The MRR is set on the top
of the roof of JASA TIRTA I public corporation in Malang city, Indonesia. The dopplar
spectrum which has information of falling speed of rain drops is measured as well as the radar
echo which has information of amount of rain drops. Therefore, rain drop size distribution
from diameter of 0.21 mm to 4.08 mm is estimated by MRR. In this research, the size
distribution of 0 m to 200 m above the ground is used. Rain drop energy per unit area per unit
time E [W/mz2]is expressed as follows:
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E=—= py ], N(D)D*v*(D)dD (1)

where, D: diameter of rain drop [mm], N(D): rain drop size distribution function [1/m3/
mm], v(D): falling speed of rain drop of diameter D .
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Figure 2 Relationship between impact work of one hour and rainfall intensity.

Figure 2 shows the scattergram of rainfall intensity versus impact work of one hour.
The figure shows that there is very strong linear correlation between them and the square of
correlation coefficient is 0.966 (Oishi, et al., 2005).

Landcover Classification with Remotely Sensed Data

Land cover condition in the Lesti River Basin is studied using three kinds of remotely
sensed data including ADEOS/AVNIR (16 m resolution, July 1997), LANDSAT7/ETM+ (30
m resolution, May 2002), and multiple scenes of TERRA/MODIS NDVI (250 m resolution
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Figure 3 Land cover classification maps based on ADEOS/AVNIR captured in 1997 (left)
and LANDSAT7/ETM+ captured in 2002 (right).

16 days composite, from 2002 to 2003). Figure 3 shows two land cover classification maps
based on ADEOS/AVNIR and LANDSAT7/ETM+. There is no significant difference
between two scenes except for some erroneous area due to cloud cover and some area outside
the Lesti River basin. Large-scale landuse change was not found inside the basin from 1997 to
2002. On the other hand, TERRA/MODIS NDVI (see Figure 4) captured in different seasons
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Figure 4 Seasonal Variability of NDVI (Normalized Difference Vegetation Index)
(TERRA/MODIS, 250m resolution).

indicate seasonal variability of vegetation cover. Figure 5 shows average NDVI values based
on TERRA/MODIS images for each land cover class, which is obtained from
LANDSAT7/ETM+. NDVI becomes the lowest in the end of a dry season especially in is
obtained from LANDSAT7/ETM+. NDVI becomes the lowest in the end of a dry season
especially in cultivated land and in tree crops area, while forest areas maintain relatively high
NDVI for all seasons. It is expected that this high seasonal variability of vegetation activity
influences on sediment yield processes; especially, the tendency that cultivated and tree crops
zone becomes almost bare land in the beginning of a rainy season may activate sediment
erosion at the time.
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Figure 5 Seasonal trends of NDVI in land cover Figure 6 Relationship between soil
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values in the three types of landuse.

Soil Erosion

The analyses of rainfall impact energy discussed in section two indicated the linear
relationship between rainfall and soil erosion rate. In order to parameterize the linear relation,



we conducted continuous soil erosion measurement at three types of landuse including
cultivated (Gedog Wetan), tree crops (Poncokusumo I) and forest area (Poncokusumo II) (see
Figure 1). Four staves are installed at different slope for each landuse area. Then responsible
local people kindly measure and take photographs of scales on the staves everyday. The
measurement started in October 2003.

Figure 6 shows relationship between soil movement depth (absolute daily depth
including erosion and deposit) per rainfall [-] and NDVI values in the three types of landuse.
The sediment movement depth shown in Figure 6 is expected to represent the sediment
detachment rate parameter. The results confirm around three times higher sediment activity in
the cultivated land than the other two landuse areas. In addition, while in the tree crops and
forest area the sediment moving rate is decreased as the time passed after November, two
peaks of the rate were observed in the cultivated area. It is interesting to discuss the same
tendency was observed from the turbidity measurements discussed in next section with some
considerations of double cropping in the Brantas River Basin.

Sediment and Water Discharge

In order to estimate the amount of sediment flow into Sengguruh Dam from the Lesti
River basin, information on sediment discharge in the Lesti River is necessary. According to
preliminary survey, most of sediment in the Lesti River is loaded in a suspended form (mean
diameter of the sediment flowing in the channel, d,, =30um ). In addition, sediment
distributions in a cross section was checked by a potable turbidity meter (ALEC ATU-30D)
under a non-flood condition and was shown to be nearly uniform. Thus point-measured
turbidity data at Tawangrejeni (see Figure 1) by JASA TIRTA I can be used as a
characteristic value for the whole section. In the followings analyses and discussions are made
based on this JASA TIRTA I’s data.

Figure 7 shows temporal variation of turbidity at Tawangrejeni, together with
variation of discharge in 2003. The unit of the measured turbidity is FNU, which can be
translated into ppm by using the following equation:

ppm = 0.0401x FNU + 0.0278x (FNU )* (2)

It seems in the figure that when discharge increases turbidity also becomes large, but at the
same time one will notice that there are several points where turbidity is so high but discharge
does not increase so much. It can therefore be said that there is no correlation between these
two parameters in magnitude. In other words, turbid flow occurs irrespective of the local
discharge at Tawangrejeni.
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Figure 7 Observed water discharge and turbidity at Tawangrejeni in 2003.

Sediment discharge per unit time can be obtained by multiplying discharge and
turbidity. Figure 8 shows the sediment discharge based on the data in Figure 7. The figure
clearly shows that there are two peak seasons, early spring and autumn. The rainy season of
the catchment area is from October to March. Therefore it is deemed that large sediment



discharges in floods in the rainy season, in which the deposited sediments on the slopes
during the dry season are washed away into rivers. The other peaks in early spring could be
related to cultivation. Takaya (1985) cited Mahoney report (1982) and describe cultivation in
East Java, that they have harvest twice in one rainy season, and the second cultivation usually
starts in March. Sediments in early spring could result from soils in cultivation fields,
disturbed at the beginning of the second cultivation.

Direct measurements for sediment concentration were also carried out at Wajak, about
14 km upstream from Tawangrejeni (see Figure 1), in March 2005. The river discharge was
increased just after some rains. Velocity distributions were measured by an electro-magnet
current meter, and were integrated to give the river discharge of 6.5 m’/s. Turbid water was
sampled by a bottle and was analyzed in a laboratory, then the measured turbidity was
12,600mg/liter. Sediment discharge can be calculated as 295 ton/h, which is the same order as
the peak values shown in Figure 7.

3. DISTRIBUTED RAINFALL AND SEDIMENT RUNOFF MODEL

We newly developed two models which can reproduce observed rainfall and sediment runoff processes
by introducing the NDVI values that can express land cover changes. Those models, named as “ST Model” and
“RH Model”, respectively, are both in the kinematic wave runoff models and are rather similar. The important
difference in those models comes from treatment of effects of NDVI on the erodibility of the topsoil.

ST Model

We use a distributed rainfall-runoff model that simulates unsaturated, saturated
subsurface flow and surface flow (Tachikawa et al., 2004). Figure 8 presents the schematic of
the model structure applied to each grid-cell. The following mass balance equation and the
momentum equations are used to simulate flow from each grid-cell.

Oh L% _ i< g
o Ta =R ()
vd (h/d,)  (0<h<d,)

qg=4vd. +v,(h-d.) (d.<h<d) (4)

vd, +v,(h—d )+alh-d )" ,(d, <h)

where h: water stage, ¢: discharge per unit width, »(z): effective rainfall, f; runoff coefficient
accounting for the water loss by evapotranspiration and canopy interception, R(?): observed
rainfall, d,., d;: effective depths corresponding to the maximum water depths in the matrix and
macro-pore parts. v., v,: average flow velocities of unsaturated subsurface flow and saturated
subsurface flow, which are expressed as

v.=ki, v, =k,i (5)

where, k., k,: saturated hydraulic conductivities in the matrix part and the macro-pore part, i:

slope gradient. In Eq.2, a = Ji/n where n: roughness coefficient, f=k,/k., m: constant (=
5/3), t: time, and x: distance.

gurface oW

Figure 8 Schematic view of surface and subsurface flow.



For the sediment transportation model incorporated into the distributed rainfall-runoff
model, we use the following sediment mass balance equation, in which D, represents rain
drop splash erosion and Dy represents sediment yield by surface flow share stress (Govers and
Rauws, 1986).

olhye) , 0lg.c)
Py + . =e(x,t)=D, + D, (6)
D, =K-K,, D_/’ 25(6‘1—6')]’1‘? (7)

where /4, flow depths of the surface flow, c: sediment concentration, g,; surface flow
discharge per unit width. K: erodibility coefficient (=0.002kg/J), K.: kinetic energy of the net
rainfall, o: parameter for flow erosion, ¢;: sediment transportation capacity.

RH Model

In “RH Model”, the basic equations are rather similar but the most significant
difference is that in the “RH Model”, NDVI is not considered in evaluating the topsoil erosion
by the rain drop impact, but is considered in the flow resistance, i.e., Manning’s roughness
coefficient. This is because that when NDVI value is large, i.e., vegetation on the land-surface
is very active, the flow resistance due to vegetation becomes large. The relationship between
NDVI value and Manning’s roughness coefficient is established as (Sharma, 2006):

n=0.0713exp(2.8p) (8)
where, n=Manning’s roughness coefficient (m"’s), and p=NDVI value obtained from the

satellite data taken in December 2002. It is of course that Eq.(8) is only available in December.

4, MODEL APPLICABILITY
ST Model

We adopt the K, value obtained by the observations using MRR shown in Figure 2.

It clearly shows the linear relationship between the two variables, which can be quantified as
follows:

K, =56.48 (Unit: J/m?) 9)
Note that the sediment related terms in the Egs. 6 and 7 are calculated as follows,
e(x,1)=(D, + D, )/3600 (Unit: keg//m?) (10)
D, =6(ec, /1000—c)h,  (Unit: kg/h/m®) (11)
c, =1874vi—-1254 (Unit: ppm) (12)

where v;: the average velocity of surface flow, o, & parameters (= 0.9 and 0.2 for the present
study). Figure 9 shows the simulated and observed discharge and turbidity at Tawangrejeni (a)
from October 3 to 7, 2003 and (b) September 19 to 20, 2005. The model can simulate both
discharge and turbidity reasonably well.

We incorporate the seasonal variability and the effect of land covers on the soil
erodibility into the model. As shown in Figure 10, there is negative correlation between NDVI
(obtained from satellite images) and erodibility (measured in the field). In addition the
erodibility differs depending on the land cover: the erodibility is higher in cultivated land than
in tree cropland or forest. Based on this observed findings, we attempt to model the seasonal
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Figure 9 Comparisons between calculated and observed water discharge and turbidity in
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effect and the land cover effect by introducing a coefficient x representing the erodibility (the
values shown in Figure. 10). Namely D, is modified to be u K; K., where K| is introduced as a
tuning parameter.

Figure 11 shows the long-term simulation results based on the modified model.
Although the simulated discharge is sometimes underestimated, the seasonal variability in the
observed turbidity is well represented by the model.
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Figure 11 Comparisons between calculated and observed long term water discharges (left)
and turbidity (right) at Tawangrejeni from October 2004 to October 2006.



RH Model

Figure 12 shows distribution of roughness coefficient evaluated by using Eq.(8) in the
Lesti River basin. NDVI values are obtained from the satellite data taken in December 2002.

Figure 12 Distribution of evaluated roughness coefficient using Eq.(8) in the Lesti River basin.

Figure 13 shows the comparisons between calculated and observed water discharge
(left) and turbidity (right) at Tawangrejeni in the period from 0:00, Nov. 21, 2003 to 0:00,
Nov. 24, 2003 by using Eq.(8) as the date is near December. Simulated discharges are in good
agreement with the observed one. The simulation in the turbidity is reasonable, considering
the simplicity of the model.

5. CONCLUSIONS

Intensive and continuous observations on sediment yield and transport are conducted
in the Lesti River Basin, a tributary of the Brantas River, Indonesia. Data obtained were
analyzed, and based on these data, distributed rainfall and sediment runoff modes were
developed. Followings are summarized results obtained:

(1) We carried out the various analyses of data obtained by field observations and remote
sensing to understand the basin-wide rainfall and sediment runoff processes.

(2) Sediment yield was found to happens due to heavy rainfall just beginning of the rainy
season in the volcanic river basin such as the Lesti River basin.

(3) At the beginning of rainy season, as the vegetation activity is low yet, a lot of sediment
were easily yielded by the raindrop shower, resulting in the high turbidity in the river.

(4) The distributed rainfall and sediment runoff models, that are based on the erodibility
variation due to landuse change, seasonal change of the vegetation, and raindrop impacts,
were developed and long- and short-term  predictions of sediment runoff phenomenon could
be reproduced fairly well.

As expected effects in future, followings can be pointed:

(5) Highly accurate prediction for the inflow sediment volume into reservoirs may be possible.
(6) Highly accurate prediction for the amount of sediment volume by erosion corresponding
to the surface cover condition (human impact) with vegetation by using NDVI values from
satellite image can be possible.

(7) Suggestions to the farmers for the deliberate land use and development of agronomical



technologies can be possible.
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Figure 13 Comparisons between calculated and observed water discharge (left) and turbidity
(right) at Tawangrejeni in the period from 0:00, Nov. 21, 2003 to 0:00, Nov. 24, 2003.



