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1. INTRODUCTION 

This study builds up on our previous work assessing 
the GW and surface soil moisture dynamics at a 
hillslope in humid tropical forest in Sumatra Island in 
Indonesia (Sayama et al., 2021). Even though the soil 
in the area consists of loamy to clayey deposits with ap-
proximately a few meters thick, the forest soil layer ex-
hibited rapid and large variation of GW table during 
storm events.  

In order to further investigate the mechanism and the 
generality of the rapid GW response, we decided to con-
duct the GW monitorings at the adjacent hillslope with 
different land cover condition (palm oil plantation 
which is the other typical land cover condition in this 
region). Because of the two monitoring sites are apart 
only 2km each other, they share the same climate con-
ditions. At each site, we measured GW at three posi-
tions along the hillslopes together with soil characteris-
tics and depths. The objectives of this study is to com-
pare the GW responses in the adjacent hillslope and 
clarify the main reason of the high GW response in the 
forest hilllope. 
2. METHODS 
2.1. Site description 

The two study hillslopes are located in the Ba-
tanghari watershed, Sumatra, Indonesia (Figure 1(a)), 
and are characterized by different land cover types: a 
forested hillslope in Sekancing township (SK), and a 
15-year-old palm plantation in Pulau Raman township 
(PR).  

Soil depths were measured at five points along the 
SK slope, and one point at the ridge of the PR slope 
using a portable dynamic cone penetrometer, with the 
weight of 5 kg and falling distance of 50 cm. The 20 
hits for penetrating 10 cm (i.e. Nc > 20) can be regarded 
as an indicator of the boundary between soil and weath-
ered bedrock (Hosoda et al., 2016). Weathered bedrock 
was ~450 cm below the soil surface at SK1, 415 cm be-
low at SK2, 100–150 cm below at SK3, 90 cm and 220 
cm below for SK4 and SK5 respectively. The Nc values 
of PR2 was remained < 20, even after 5 m penetration 
depth. Then, due to the limitation of the cone penetra-
tion stick used, the depth of weathered bedrock in PR2 
could not be ascertained; however, the soil layer’s 
thickness was also confirmed during the well drilling at 
PR2, located ~800 cm below the soil surface.  

Based on soil particle analyses of samples from 5, 
30, 60, and 90 cm depths, the soil textures were classi-
fied as clay at SK, and silty clay at PR according to the 

using sieve and hydrometer methods and USDA defini-
tions. The Ks of the soil ranged between 0.08 and 12.41 
cmꞏh-1 in SK, and 0.19–8.45 cmꞏh-1 in PR, while the 
porosity at both sites ranged from 57.5% to 65.6%. 
2.2. Field monitoring of hillslope GW 

The monitoring period was from August 2017 to 
December 2020 in SK, and from November 2018 to De-
cember 2020 in PR. Ten-minute rainfall data were 
gauged with a tipping bucket (CPK-RAIN-1, Climatec; 
Phoenix, AZ, USA). Pressure sensors (DIK-615A-B1, 
Daiki; Tokyo, Japan) were used for gauging GW levels 
in boreholes, and these levels were recorded every 10 
minutes from the three observation boreholes (SK1–
SK3 and PR1–PR3) installed along the each hillslope 
(Figure 1(d, e)). 
2.3. Hillslope hydrologic modeling 

The rainfall-runoff-inundation (RRI) was em-
ployed in this study. Sugawara and Sayama (2021) de-
veloped an unsaturated flow component for the RRI 
model based on measured water retention curve param-
eters determined by experimental and observational 
data. This model assumes an equilibrium water distri-
bution along vertical infiltration throughout the 
hillslope. This model uses the Brooks-Corey and Mua-
lem model for estimating water retention curves and un-
saturated hydraulic conductivities. 
3. RESULTS AND DISCUSSIONS 
3.1. Seasonal GW patterns 

Figure 2 shows the observed GW patterns at SK and 
PR hillslopes, where the former fluctuated more greatly, 
and the latter was smoother. The GW table at the foot 

Figure 1 (a) Sumatra island, (b) Location of the studied
hillslopes, (c) Topography of the forest hillslope, (d) Cross-sec-
tional views of the transect on forest hillslope, (e) Cross-sectional 
views of transect on oil palm hillslope, (f) Topography of the oil 
palm hillslope. 
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of the SK hillslope (SK1) indicated the persistent exist-
ence of GW in the soil layer. Likewise, the GW table 
remained at a depth of ~300 cm from the soil surface at 
SK2 in the early dry season (June), and decreased to 
415 cm during the driest period (August–September), 
even reaching nearly 500 cm in 2019. Alternatively, 
such a dynamic GW table was not observed at SK3, 
where GW was observed at depths of 100–200 cm from 
the surface. 

The PR hillslope maintains a comparatively deeper 
soil depth (800 cm), particularly for PR3 located near 
top of the hill, where the borehole recorded until ~800 
cm below the soil surface (September 2020). Similarly, 
the GW in PR2 showed more steady pattern at depths 
between 300–500 cm, whereas the GW in PR1 showed 
the least variation in depth (at ~50–150 cm), likely in-
fluenced by the short distance of PR1 to the stream. 
3.2. Model based sensitivity analysis to understand 

the groundwater dynamics 
To better understand the dominant controlling fac-

tors of the different groundwater dynamics at the two 
adjacent hillslopes, a numerical experiment was con-
ducted using the RRI model. The model was employed 
for simulating the GW level from four scenarios. Those 
were “Control” that used the original parameters and 
also as a reference, “Switching Ks”, “Switching 
SWRC”, and “Switching soil depth“. To more easily on 
interpreting the results, we focus only simulating a year 
period (December 2019 to December 2020) and se-
lected SK1 and PR3 for simulation.  

The model results confirms that the GW at SK1 
(control) fluctuated more rapidly with rainfall com-
pared to GW at PR3 (Figure 3). The flashiness index 
value in PR3 (control) was 0.004. It was slightly more 
than half of that at SK1 (control), which comprised 
0.009. By replacing the Ks of SK1 and PR3, the GW at 
SK1 became shallower, while that at PR3 became 
deeper.  

When switching the SWRC between the two sites, 
the effects were unclear. By adjusting the soil depth in 
SK1 to 8 m, the GW depths also gained depth (5–7 m), 
with much smaller magnitudes of fluctuation. Further, 
the FI became 43% that of the control case. Alterna-
tively, by decreasing the soil depth at PR3, the range of 

GW also became shallower, and as a result, the FI in-
creased by 28.2%. 

Lastly, all parameters in the model were switched 
between the two sites. As a result, PR3 showed a 
slightly higher FI value than SK1; however, a perfect 
exchange from the original case was not observed, 
meaning that factors other than soil depths also contrib-
ute to the higher fluctuation of GW at SK1, and lower 
fluctuation at PR3. Potential other controlling factors 
include the topography, such as slope lengths and gra-
dients, as well as the position of SK1 and PR3.  
4. Conclusion 

An important findings of this research was that in 
the Sumatra humid tropics hillslopes the soil depth and 
position of weathered bedrock play important roles in 
the dynamic response of GW. The Ks and soil depth 
were the key parameters controlling GW patterns in 
both SK and PR. Nevertheless, the patterns still re-
mained, even after switching the parameters, suggest-
ing the position and topography also play dominant 
roles to differentiate the stability of GW dynamics. 
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Figure 3 Precipitation (a) and the model simulation results from
some scenarios of (b) SK1 in SK hillslope, and (c) PR3 in PR
hillslope. 

Figure 2 (a) Precipitation, observed groundwater of (b) SK
hillslope, and (c) PR hillslope. 


