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Abstract

Most of low and lower-middle income countries are located in the tropical region
where most of the world’s remaining forests are located. It is inevitable that the
decreasing rate of forest cover was very high in the region in the last decades where
about 200 million hectares of the tropical forest was converted for economic
activities. Changes in forest cover may change the water cycle in the region which
may lead to the change in frequency and magnitude of water related disasters such
as floods and droughts. In the future, the water related disasters may be exacerbated
by the climate change. Particularly in the regions, areas where projected extreme
rainfall increases, the exposure of population to floods will also increase.

Understanding the impacts of land use and climate change in this region is
important to ensure the sustainable economic growth. However, the runoff process
in humid tropics is poorly understood owing to lacks of observation and modeling
studies. Runoff mechanism in humid tropical region is unique because of unique
characteristic of soil. Thus, rainfall runoff model that is developed based on runoff
mechanism in temperature region might not be suitable for humid tropical region.
General Circulation Model (hereafter, GCM) has high uncertainties in Maritime
Continent Indonesia due to coarse resolution of models and a lack of representation
of local atmospheric condition. Regional Climate Model (hereafter, RCM) is capable
of representing local weather condition and accurately project climate change effects.
In addition, it is not clear whether climate change or land use change impacts are
more on water related disasters. The above mentioned environmental change may
have an impact on flood inundation that leads to impacts on agriculture and peatlands
and thereby, it is important to assess the impact on peatland area.

The overall objective of this study is to understand the response of humid tropical
region to land use and climate change and assess suitable adaptation measures. In
order to achieve this objective, | set the following specific objectives:

1. To clarify the reasonable model structure for a humid tropical area and potential

use for analyzing long-term rainfall runoff and inundation process with satellite



rainfall and potential evapotranspiration estimated by global data in data-scarce

region in Sumatra island;

2. To assess the impact of climate change on flood inundation in a river basin in
Sumatra Island. This study applied dynamically downscaled rainfall data by
RCM as the input for the RRI model and identified appropriate bias correction
methods for flood simulations;

3. To compare climate change and land use change impacts on flood inundation;

4. To assess sustainable adaptation measures for oil palm production.

The study area of this research is Batanghari river basin that is located in
Sumatra Island and has the second largest area (42,960 km?) in Indonesia. The
Batanghari river originates in the Barisan Mountains before merging with the
Tembesi River as it runs eastward towards the coast. Downstream, the river is
diverted into the Kumpeh River and merged again. At Simpang, the river is diverged
into the Berbak River. The topography of the area is comprised of mountains in the
western part to and wetlands in the low-lying flat areas. The mountainous area, that
is a source of rivers, is a part of Bukit Barisan range and range in height from 1,000
m to 3,700 m. The largest part of the basin consists of undulating hills covering 60%
of the area with elevation between 10-100 m a.s.l. In the middle part of the basin
close to Muara Tembesi station, the Batanghari River is merged with the Tembesi
River and flows to the east through flat swamp land up to 200 km from the coast.
Parallel with the coastline in the eastern province, peatland covers areas
approximately 700,000 ha.

In the first part of this study, the aim is to clarify suitable rainfall-runoff model
structure for humid tropics. This study investigated combinations of runoff process
and parameter setting and discussed the suitable simulation condition of Rainfall-
Runoff-Inundation (hereafter, RRI) model. The simulated discharge was improved
when an evapotranspiration was used as an input for RRI model. In addition to this,
parameter of soil was changed from 1m to 3m. The 3m-soil layer decreases surface
flow and increases temporal storage. Consequently, the condition improved peaks of
simulated discharge but could not reproduce discharge in dry season. Furthermore,
the model was capable of reproducing discharge for long term including dry season

by adding groundwater model to the updated simulation conditions. These results
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and discussions indicate that a model is capable of performing for long-term
discharge, given that a simulation considers characteristic of hydrology in humid
tropics such as evapotranspiration input, thicker soil layer and groundwater process
in a deep soil layer. In addition, the model was able to reproduce flood inundation
extent, compared with flood extent estimated by Sentinel satellite imagery. The
simulation showed that flooding occurs almost every year at downstream of the basin
(14 out of 17 years simulation). In conclusion, this study suggests that the RRI model
is applicable for a humid tropical river basin by taking account into characteristic of
hydrology in humid tropics for analyzing long-term river discharge and inundation.

The second part of this study compared the two bias correction methods, i.e., the
Quantile Mapping method (hereafter, QM) and a combination of the QM and
Variance Scaling (hereafter, VS) methods, to examine how each method improves
estimates of rainfall patterns, and subsequently, the simulated flood inundation by
the RRI model in the Batanghari river basin, Indonesia. Originally, the dynamically
downscaled NHRCM rainfall data showed higher spatial variation in the 15-day
rainfall and annual rainfall compared to the reference data. While this does not
markedly influence the simulated Flow Duration Curve (hereafter, FDC), it largely
overestimated the extreme values, such as the annual maximum flood inundation
volume. The combination of QM and VS methods successfully decreased the rainfall
spatial variability and improved the estimations of the FDCs and the extreme values.
Our analysis showed that annual maximum flood inundation volume corresponding
to a 20-year return period would increase by 3.3 times in the future. In addition, the
flood inundation extent would increase, particularly in the lowland areas of Sumatra
Island. In conclusion, this study suggests the need to consider future climate change
scenarios for river basin management, particularly to reduce the flood damage and
to sustainably maintain the unique ecosystem of tropical peatlands.

The objective of third part of the study is to clarify whether climate change or
land use change has more impacts on flooding. Specifically, this study compares the
effects of climate change and land use change on river discharge and flood
inundation. In addition, this study also compares these impacts estimated using the
RRI model and the Soil Water Assessment Tools model that is widely used for land

use impact assessment all over the world. According to estimated FDC and annual
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maximum discharge, both SWAT model and RRI models suggest that climate
change has more impacts than land use change. In addition, RRI model suggests that
climate change has more impacts on annual maximum inundation volume than land
use change. Specifically, due to climate change, inundation area increases by 1,812
km? and the maximum inundation depth increases by 1.1 m, while inundation area
increases by 149 km? and the maximum inundation depth does not change, due to
land use change. The above-mentioned results show that the estimated change of
river flows and flooding using the RRI model is similar to those of the SWAT model.
In conclusion, this study suggests that the effect of climate change on river flows and
flooding is more significant than that of land use change in the study area.

The objective of fourth part of research is to assess the impact of flood
inundation on young oil palm plantation in peatland to discuss sustainable adaptation
measures for oil palm production. This study estimates mortality maps of oil palm
within three years after planting at basin scale under present climate and future
climate condition. Under future climate condition, inundation duration is projected
to be longer and larger part of downstream area shows mortality exceeding 50%,
compared with present climate. Moreover, peatland area, which consists of higher
elevation called a peat dome, shows that mortality of oil palm within three years will
be significantly higher in the future. These results suggest that prolonged inundation
would increase groundwater level in peatland that gives a challenge to maintain oil
palm production that requires drainage. Furthermore, this study implies that
prolonged inundated area due to climate change may not be used for oil palm
production, which leads to poor management of drainage and fire disaster during dry
season. In conclusion, this study suggests that current oil palm plantation is not be
sustainable, particularly in peatland under climate change condition and thereby,
adaptation measures for climate change should be taken for sustainable oil palm
management and environmental protection of peatland.

This study concluded that the RRI model is applicable to simulate discharge and
inundation extent in the humid tropical river basin and can be used for land use and
climate change impact studies. However, the application needs careful
parameterization considering the deep soil layer in the region as well as effects of

evapotranspiration especially for the long-term simulation. The results of this study

viii



also showed that the use of RCM is better than GCM, particularly in the study area.
Furthermore, the use of RCM should be bias corrected based on the needs of the
study. In the case of this study, the combination of QM and VS was able to give
better results in the simulation. After comparing the results of changes due to land
use and climate change, this study concluded that the impact of climate change is
much severe than land use change, particularly on the increase of inundation extent
and maximum depth. Finally, this study suggested that the adaptation strategies to
mitigate impacts of land use and climate change in the future should carefully

consider the sensitive areas such as peatlands which are abundant in the region.
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Chapter 1 Introduction

1.1 Background

Based on data from FAO’s Global Forest Resources Assessment (FAO, 2015), in
1990 the world’s forest cover was 4,128 million ha and reduced to 3,999 million ha
in 2015. In 1990, most of the forest area are located in the tropics (48%) while the
forest in the temperate and sub-tropics covered less than 20% of the forest area.
Based on Sachs (2001), the countries located in the tropics are mostly low income
and lower-middle income countries based on the 1995 PPP adjusted GDP. Assuming
that these countries are developing their economies, it is logical that the loss of forest
area occurred largely in the region. In 2015, the tropics loss about 200 million ha of
forest while the temperate region gained about 66 million ha of forest (Keenan et al.,
2015). The highest net forest loss in Asia between 2010 and 2015 occurred in
Indonesia, one of the humid tropical regions.

There are a lot of concerns regarding the impact of deforestation. The alteration
in the natural forest cover may have changde the water cycle, particularly runoff and
evapotranspiration (Bruijnzeel, 2004, Costa and Foley, 1997, Panday et al., 2015,
Kleinhans and Gerold, 2004, Kuraji and Paul, 1994, Malmer, 1996) even though the
magnitude varies from site to site. The change in water cycle may impact the human
activities through increasing water related disasters such as floods and droughts
(Sayama et al., 2019). Furthermore, considering the diverse ecosystem and high
biodiversity in humid tropics, the change of water cycle may impact its most
sensitive ecosystems. In some southeast Asian countries, the coastal lowland areas
are mostly covered with tropical peat soil. The land use change on peatland is
lowering the groundwater level due to canalization for agricultural purposes. The
lowering of groundwater level increases the CO2 emission and further on results in
the thinning of peat layer. Prolonged droughts, such as those caused by EI-Nino, may
increase the risk of fires in the peatland areas. In extreme cases such as in the year
of 1997 and 2015, the EI-Nino has caused severe fires and therefore haze problems

over the southeast Asia region.
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Figure 1-1 The world map showing distribution of humid tropic regions (Bonell et al., 1993).

The climatic classification which are commonly used are the Koppen and
Thornthwaite but this study follows the definition of humid tropics adopted by
UNESCO Intergovernmental Hydrological Programme (IHP) by Chang and Lau
(1993) as regions with 9.5 to 12 ‘wet” months (monthly average rainfall above 100
mm) and temperature in the coldest month is more or equal tol8 C (Figure 1-1).
According to Bonell et al. (2005), in general the humid tropics has an order of
magnitude higher rainfall than in the humid temperate region. Due to fast weathering
under high rainfall and constant high temperature, the soil in the region is typically
deeper. In addition to its depth, the rainforest in the region has high surface
permeability (Nortcliff and Thornes, 1981) and unique soil properties. Compared to
the temperate kaolinitic clayey soils, the tropical soils have ‘unusual’ properties such
as low bulk density, high permeability and low available water capacity (Tomasella
and Hodnett, 2004). The runoff process in humid tropics can be different to the
temperate region due to its soil characteristics. Therefore, the impact of land use
change can be also different.

A typical approach to analyze the impact of land use changes at a basin scale is
by using hydrological model. However, the use hydrological model in assessing the
impact should be chosen carefully and soil parameters should be set properly. This
is particularly important since most of hydrological models were designed based on

conditions in the temperate regions.
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Figure 1-2  Changes (in %) of annual rainfall in Indonesia for 2076-2100 (multi-model ensemble
mean of 24 CMIP GCMs) compare with 1981-2005 (CHIRPS v2.0 dataset) (Ministry
of Environment and Forestry Republic of Indonesia, 2017).

In the future, the change in water cycle will be further exacerbated by the climate
change. Figure 1-2, obtained from the Indonesia Third National Communication
(Indonesia TNC) under UNFCCC Report, shows that changes in annual rainfall
Indonesia, as one of humid tropical regions, will be higher in northern part of
Indonesia in all scenarios. In the same report, it was mentioned that in general the
dry season will be drier and the wet and transition seasons will be wetter. Hijioka et
al. (2014) stated that in some areas, including area where Indonesia is located,
extreme monsoon-related rainfall is projected to increase and Hirabayashi et al.
(2013) stated that a larger proportion of population is expected to be exposed to
floods. On the other hand, climate change can enhance drying peatlands and increase
CO2 emission. Climate model prediction under A1B scenarios suggests that there is
a high probability of decreasing rainfall during dry season (July, August and
September) in Indonesia over 21% century (2050-2099) compared with rainfall in 20™
century (1950-1999) that results in surface dryness and decrease of groundwater in
southern part of Indonesia (Li et al., 2007). Drying the peatland by climate change

or other human activities decreases ground water level, increasing CO2 emission as



a result of its decomposition (Hirano et al., 2012) and increasing the frequency of
peatland fire (Takahashi et al., 2003).
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Figure 1-3 Projected changes in annual precipitation in Asia (Hijioka et al., 2014).

However, the climate change in humid tropical region, particularly in the South
East Asia, was difficult to be projected due to local atmospheric cycle. The above-
mentioned Indonesia TNC report stated that due to coarse resolution data of GCM,
the future spatial changes of the annual and seasonal rainfall are not significant
across Indonesia. The use of different statistical bias correction approach leads to
different results among regions and thus the uncertainty of future rainfall also
increases. However, the use of RCM (RegCM4) results in general consistencies for
future rainfall, particularly over the land area. Figure 1-3 (Hijioka et al., 2014)
showed that over the southern part of Indonesia, particularly for RCM 8.5, the results
of projected rainfall shows divergent changes where less than 66% of models have

similar direction of change. The available General Circulation Models (GCMs) have



limitations in reproducing reasonable rainfall patterns which may be attributed to the
imperfect parameterization of physical processes (e.g., convection, cloud generation,
local land sea breeze circulation and regional variations in the diurnal cycle)
(Gianotti et al., 2012; Ulate et al., 2014). The Regional Climate Models (RCMs) on
the other hands have more potential to reproduce realistic rainfall events in the
Maritime Continent (MC) where Indonesia is located.

As mentioned earlier, the tropical region mostly consisted of countries from low
and lower-middle economies in 1995 (Sachs, 2001). Some of the countries were able
to become upper-middle income countries in 2020 (World Bank, 2020) and most of
them needs to maintain sustainable economic growth in the future. The land use and
climate change impacts to water cycle, which may increase the water related
disasters, such as floods and droughts, will impact on the economy in the future. A
comprehensive understanding on how these changes may impact future economic
activities is important to develop sound adaptation strategies to maintain the
economic growth. Furthermore, attention should be placed to reduce further damage
in unigue ecosystems, such as peatland areas, due to the combination of
anthropogenic activities and impact of climate change.

As the typical land use and climate change impact studies at basin scale use
hydrological models, it is important to carefully choose and set up its parameters to
fit with the soil conditions in the humid tropics. Most of hydrological models are
developed based on assumptions of runoff generation processes in temperate region,
such as quick subsurface flow in a shallow soil layer. As an example, the typical
flood prediction models in Japan assumes that major source of runoff is the
subsurface flow coming from saturated shallow soil layer. On the other hands,
considering the high permeability and deep soil layer in the humid tropics, the
rainfall may infiltrate vertically further into the soil and the runoff may be generated
from deeper soil layer. Even though some of the rainfall-runoff models do not
explicitly consider the runoff process in a deep soil layer, but the recent models can
consider groundwater flow from bedrock layer. In addition, taking account into the
high energy flux and tropical forest, it is important to consider the effect of

evapotranspiration for both short or long-term rainfall-runoff simulation.



The Rainfall-Runoff-Inundation (RRI) model is one of distributed hydrological
models which can consider groundwater flow from bedrock layer and can consider
the effect of evapotranspiration. This study investigates the applicability of RRI
model, as an example of distributed rainfall runoff model, to a humid tropical river
basin. The RRI is capable of simulating rainfall-runoff process and flood inundation
at the same time. In the previous research, there is not sufficient consideration of a
deep soil layer for long-term rainfall runoff process in a humid tropical region. This
research discusses the capacity of RRI for simulating long-term rainfall runoff and
flood inundation in a tropical peatland area at the downstream. Specifically, this
study clarifies the reasonable model structure for a humid tropical area and potential
use for analyzing long-term rainfall runoff process and inundation process with
satellite rainfall and potential evapotranspiration estimated by global data in data-
scarce region in Sumatra island.

The use of RRI model to assess inundation extent in the humid tropical regions
increases in the recent years, such as in Malaysia (Chong et al, 2017), in the
Philippines (Juarez-Lucas et al., 2016), in Indonesia (Nastiti et al., 2015, Syarifuddin
etal., 2017) and a few studies even used the model to study impact of climate change
such as in the Philippines (Ushiyama et al., 2016) and in Indonesia (Kudo et al.,
2015). However, the applications did not consider deep soil layer and long-term
simulation which considered to be important in improving simulation results in

humid tropical region.
1.2 Objectives

The overall objective of this study is to understand the response of humid tropical
river basin to land use and climate changes and assess suitable adaptation measures.
In order to achieve this objective, | set the following specific objectives:

1. To clarify the reasonable model structure for a humid tropical area and potential
use for analyzing long-term rainfall runoff process and inundation process with
satellite rainfall and potential evapotranspiration estimated by global data in
data-scarce region in Sumatra Island;

2. To assess the impact of climate change on flood inundation in a river basin on

Sumatra Island. This study applied dynamically downscaled RCM rainfall data



as the input for the RRI model, and identified appropriate bias correction
methods for flood simulations;

3. To assess the impact of land use change in humid tropical river basin and to
compare it with impact of climate change; and

4. To assess sustainable adaptation measures for oil palm production.
1.3 Organization of the Dissertation

This dissertation consists of four chapters which are briefly explained as follows:

Chapter 1 consists of background, objectives of the study and organization of
dissertation.

Chapter 2 explains about the study area such as the topography, climate,
geological features, etc.

Chapter 3 describes the study on the applicability of the RRI model, as an example
of distributed rainfall runoff model, to a humid tropical river basin. This chapter
mainly discusses the capacity of RRI for simulating long-term rainfall runoff and
flood inundation in a tropical peatland area at the downstream and clarifies the
reasonable model structure for a humid tropical area and potential use for analyzing
long-term rainfall runoff process and inundation process with satellite rainfall and
potential evapotranspiration estimated by global data in data-scarce region in
Sumatra island.

Chapter 4 describes the study on the applicability of Non-Hydrostatic Regional
Climate Model (NHRCM) in projecting future river discharge and flood inundation
extent using RRI model. This chapter mainly discusses the potential of NHRCM for
future rainfall projection and suitable bias correction method to obtain reasonable
estimates for river discharge and the extent of future flood inundation.

Chapter 5 compares results of land use change and climate change impacts in the
future. In this chapter, the results are also compared with simulation using
hydrological model that is widely used in the region such as the Soil Water
Assessment Tools (SWAT) model.

Chapter 6 analyzes the impact future floods inundation extent to the economic
activities, specifically oil palm plantations which were currently widely grown in the

peat areas in the downstream of river basin. This chapter discusses how future floods



inundation impacts on the agricultural activities by calculating its mortality rates and
suggests adaptation strategies to lower the loss due to floods.
Chapter 7 summarizes results from all chapters and highlighted the findings from

this study.
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Chapter 2 Study Area

2.1

Figure 2-1 Maps of the study area (a) Indonesian Maritime Continent and (b) the Batanghari river

The Batanghari river basin is located in the western part of Indonesia in Jambi
and Western Sumatra Provinces and has the second largest area (42,960 km?) in
Indonesia. The Batanghari river originates in the Barisan Mountains and merges with
the Tembesi River running eastward towards the coast. Downstream, the river is
diverted into the Kumpeh River and merged again. At Simpang, the river is diverged

The Batanghari River Basin
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into the Berbak River (Figure 2-1). The topography of the area is comprised of
mountains in the western part to and wetlands in the low-lying flat areas. The
mountainous area, that is a source of rivers, is a part of Bukit Barisan range and range
in height from 1,000 m to 3,700 m. The largest part of the basin consists of
undulating hills covering 60% of the area with elevation between 10-100 m a.s.l.
(Ministry of Public Works, 2003). In the middle part of the basin close to Muara
Tembesi station, the Batanghari River is merged with the Tembesi River and flows
to the east through flat swamp land up to 200 km from the coast (NASA and MET]I
(National Aeronautics and Space Administration and Ministry of Economy Trade
and Industry of Japan), 2017). Parallel with the coastline in the eastern province,
peatland covers areas approximately 700,000 ha (Wahyunto and Subagjo, 2003).

2.2 Climate
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Figure 2-2 Basin averaged rainfall (23 stations) and potential evapotranspiration in Batanghari
river basin (2001-2013).

The climate is classified as humid tropical and monthly rainfall typically exceeds
100 mm (Chang and Lau, 1993). The average air temperature is within the range of
22.2+0.2°C (upstream) and 26.8+0.2°C (downstream) based on climate stations
maintained by the Indonesian Agency for Meteorological, Climatological and
Geophysics (BMKG) from 2001 to 2013 (Yamamoto et al., 2020). Despite high
monthly rainfall, there is a distinct wet season and dry season that is strongly
influenced by two monsoons (Figure 2-2). Based on Aldrian and Susanto (2003), the
wet northwest monsoon originates in the northern hemisphere to the basin from
November to March, and the dry southeast monsoon originates in the southern

hemisphere to the basin from May to September. The wet monsoon has two clear
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peaks; one in December and another in April (bimodal rainfall). In the wet season,
river is flooding downstream area in the Batanghari river basin. In some extreme

cases, these floods can affect Jambi city.

2.3 Land cover and land use change
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Figure 2-3 Land cover and land use maps in Batanghari river basin in 1990, 1997, 2005 and 2015.

The serious deforestation and rapid land cover and land use change occurred in
the study area since 1990s. In Figure 2-3, the land cover maps by Utami et al. (2017)
show that forest area is the largest (59% of the basin area) in the Batanghari river
basin in 1990 that was dramatically decreased to 33% in 2015. Meanwhile,
agricultural area increases from 28% of the basin in 1990 and becomes the largest
(57% of the basin area) in 2015. The maps also show that about 49% of the forestry
area in 1990 is converted into agricultural area in 2015. Downstream, forest has been
also cleared in 2015. Since 1960s, the peatlands area has been deforested, drained
and converted to agricultural area (Sumawijaya, 2006).

The forests in Jambi Province have been largely transformed into plantations
(Drescher et al., 2016). In Jambi province, oil palm is a major agricultural plantation
in recent years. In early of 1990s, the oil palm covers relatively small area. Estimates
using datasets of agriculture department in Jambi province (Figure 2-4) show that in

1994, a major agricultural product was rubber (approximately 290 thousand ha)
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followed by coconuts (approximately 115 thousand ha) and oil palm (approximately
8.8 thousand ha). Since then, oil palm area gradually increases and replace rubber in
1999. In 2015, oil palm becomes a most major agricultural product in Jambi
(approximately 1 million ha) followed by rubber (approximately 330 thousand ha).
In Batanghari river basin, large parts of oil palm area in 2013 was previously forest
or shrub (Tarigan, 2016). Since 2000, oil palms have been increasing in peatlands
because mineral soils were scarce for expanding the plantation area (Afriyanti et al.,
2019).
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Figure 2-4 Change of agricultural area between 1994 and 2015 (Jambi Province Statistical
Agency, 2015).

2.4 Soil properties and geological settings

The FAO (Food and Agriculture Organization)/UNESCO (The United Nations
Educational, Scientific and Cultural Organization) soil map shows that the upper and
middle river basin areas are dominated by Acrisols and Ferrasols and the downstream
part of the basin, particularly along the river banks, is dominated by Fluvisols. In this
study, we did field investigation on a forested hillslope in Sekancing township,
which is located on the west side of a catchment (marked by orange star in Figure 2-
1). As shown in Figure 2-5, the soil depth was measured at three locations (upslope,
middle slope and downslope of a hill slope) in a natural forest at Sekancing. A simple

penetration test using a cone penetrometer with a weight of 5+0.05 kg, and a fall
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distance of 500+£10 mm was conducted at this location. The Nc value, calculated as
the number of blows required for a 100 mm penetration (Katsura et al., 2014), is
shown in Figure 2-5. Soil depth above bedrock is defined as a depth when Nc value
exceeds 50 (Katsura et al., 2014). The Nc value increased sharply to 50 at the depth
of approximately 1.7 m at upslope and 2.7 m at middle slope. At downslope the Nc

value does not reach 50 even though a depth reaches approximately 4.6 m.
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Figure 2-5 A photograph of the soil observed and profile of the Nc value in natural forest area
at Sekancing site. Note that Nc profile at a) downslope, b) middle slope, c) upslope.

Prior studies on soil properties in the upstream area carried out by Araki (2019)
at a hillslope scale and Susiwidiyaliza (2015) at a sub-catchment scale show thick
soil layer ranging from 1.1 m to 4.5 m depth with high hydraulic conductivity up to
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320 mm/h. Supiandi (1988) carried out soil sampling in the downstream area (east
of Jambi to the coastline) and showed soil depths ranging from about 1.4 m to more
than 3 m. Supiandi (1988) also measured peat depth and showed that peats are

formed up to 6 m depth in eastern part of Jambi province (Supiandi,1988).
2.5 Peatland

In the Batanghari river basin, peatland is distributed in eastern part of Jambi
province. Peat swamps in this area are mostly composed of dead body of woods,
having acid reaction and a wide range from eutrophic to oligotrophic peats. These
peat soils have been deposited since the terrestrial soils on the Pleistocene terrace
were transformed into fluviatile swampy soils (Furukawa and Supiandi, 1985). The
lowland area of the area can be divided into terrace and tidal zone. During the post-
Glacial period, when the sea level rose, the terrace surface with terrestrial soils is
supposed to have been transformed into fluviatile swampy lands. Ombrogenous
peatlands were then developed on terrace, sometimes exceeding six meters (Supiandi
and Furukawa, 1986). During the period before 1,500 years, coastal line moved back
to the offing and peats start accumulating on tidal zone. Figure 2-6 below shows how
peatland is generally formed. Initially, a river inundates a depression zone and makes
wetlands. In wetlands, freshwater swamp forests were developed and the dead body
of the trees were accumulated in water logged conditions. Floodwater has brought a
mineral and peatlands at this stage has more or less nutrients. from rivers. Flood
water contributes to formation of peat until a peat forms flat surface. Due to relatively
high rainfall, a peat accumulates further and peat dome developed, which is a higher
land than river water levels.

The human activity causes the CO, emission in tropical peatlands. As mentioned
earlier, a previous study shows that a peat swamp forest has been deforested and
converted into plantation. Drying peats due to dense canalization are decomposed,
including oxidation and emits a large amount of CO>. In dry season, drying peats can
increase hydrological drought, and thereby increase fire risk (Taufik et al., 2019). In
particular, this is a primary concern in prolonged dry season due to El Nifio because
huge peatlands area can be burned. During the latest El Nifio in 2015, about 67,000

ha of peatland was burned that accounts for more than 50% of total burned area,
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including forest (estimates from burned area of Ministry of Environment and
Forestry). One of the consequences was that Indonesia's daily carbon emissions in
September—October 2015 were greater than the fossil fuel CO: release rate of the
European Union (Huijnen et al., 2016). About 81% of the total emissions in whole
Indonesia, including emissions from fire on other land uses, were generated from
peatland fire (Pribadi and Kurata, 2017).

Formation of tropical peatlands
STAGE 1 5

Water s retainedin the depression
from nearby river flows and rainfall

PELL LT T
sssemssmsssssansnnne

< River
~e—a = *
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bremg )
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Figure 2-6 Formation of tropical peatlands. Note that Figure was created by Nieves Lopez
Izquierdo and is taken with a permission from https://www.grida.no/resources/12531.
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Chapter 3  Applicability of the Rainfall-Runoff-
Inundation Model in a Humid Tropical River

Basin

3.1 Background

Rainfall-Runoff models have been applied to analyze the impact of land use
change on hydrological cycle at basin scale and runoff. Most of hydrological models
are developed for simulating river discharge with assumption of rainfall-runoff
process such as quick subsurface flow in a shallow soil layer in a temperate region.
For example, typical flood prediction model in Japan assumes that major source of
runoff is saturated flow in the shallow soil layer on the bedrock (Tachikawa et al.,
2004). Recent flood models are capable of simulating river discharge with
consideration of groundwater flow which recharge from a bedrock in a mountainous
area in a temperate region (Sayama et al., 2015a). On the other hand, there is a
finding that rainfall can infiltrate and move to deep soil layer and runoff generates
from the deep soil layer (Kumagai et al., 2016). However, the current Rainfall-
Runoff Model does not explicitly consider the runoff process in a deep soil layer. In
addition, taking account into the high energy flux and tropical forest, it is important
to consider the effect of evapotranspiration for both short or long-term Rainfall-
Runoff simulation.

This study investigates the applicability of Rainfall-Runoff-Inundation (RRI)
model, as an example of distributed rainfall runoff model, to a humid tropical river
basin. The RRI is a two-dimensional model that is capable of simulating rainfall-
runoff process and flood inundation at the same time (Sayama et al., 2012). In the
previous research (Sayama et al., 2015b), there is not sufficient consideration of a
deep soil layer for long-term rainfall runoff process in a humid tropical region. This
research discusses the capacity of the RRI for simulating long-term rainfall runoff
and flood inundation in a tropical peatland area at the downstream. Specifically, this
study clarifies the reasonable model structure for a humid tropical area and potential

use for analyzing long-term rainfall runoff process and inundation process with
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satellite rainfall and potential evapotranspiration estimated by global data in data-

scarce region in Sumatra island.

3.2 Methods

3.21 Overview of runoff process on RRI model

This section describes important structures for runoff process of RRI model, i.e.
lateral subsurface flow, vertical infiltration flow and mountainous groundwater
(Figure 3-1). In this study, applicability of the model was tested with several

combinations of different runoff model structure and parameter sets.

1D Diffusion in River
and Interaction with land

Subsurface + surface

Vertical
infiltration

2D Diffusion on land

Figure 3-1 Schematic diagram of RRI model.
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Figure 3-2  Schematic diagram of runoff process in RRI model. (a) Lateral saturated subsurface
flow that can generate saturation excess overland flow, (b) vertical infiltration flow
that can generate infiltration excess overland flow and (c) the combined vertical
infiltration flow and lateral subsurface flow in a deep soil layer.

3.2.11 Lateral subsurface flow in a mountainous area

In mountainous area, lateral subsurface flow can be a dominant runoff process
and can generate saturation excess overland flow (Figure 3-2a). A stage-discharge
relationship equation was applied to saturated-unsaturated flow. In the RRI model,
rainfall increases water depth (h) directly without explicit analysis of vertical
infiltration. When h<dm, unsaturated flow generates. When dm<h<da, saturated flow
generates based on Darcy’s law. When h>da, surface flow generates based on

Manning’s law in addition to subsurface flow. The equations in x direction are shown

as below.
( h\P on
—kpd,, (E) o (h< dp)
d a
~ka(h = d) 5 = ki 5 (dm <h < dg)
T ka(h—dn) 5~ kndn g (de <B)
1 5 ||oH OH

| - da)s (|5 son (5))
d, =D Xy, (eq. 3-2)
dym =D Xy, (eq. 3-3)

kq
k., = r (eq. 3-4)
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where g, is unit width discharge in x direction, k, is lateral saturated hydraulic

conductivity, d, is soil depth (D) times effective porosity for saturated soil layer (y,).
d,, is soil depth times effective porosity for unsaturated soil layer (y,,), k,is the
lateral hydraulic conductivity in unsaturated zone , 8 is a constant, h is depth from

a bedrock, H is water level and n is the Manning’s coefficient for a slope.

3.2.1.2 Vertical infiltration flow in a flat area

In a flat area, infiltration amount is estimated by Green-Ampt model (Figure 3-
2b) and the excess of infiltration will be surface flow. Once water infiltrates, it will

evaporate or store in the soil layer.

(o—- QL)Sf]

= k, [1 + (eg. 3-5)

where k,, is vertical saturated conductivity, < is porosity, 6; is initial water

volume content, S is suction at the vertical wetting front, and f is cumulative
infiltration depth.
3.2.1.3 Mountainous groundwater flow

The groundwater model assumes that the hydraulic conductivity in the bedrock
reduces exponentially with depth. Therefore, subsurface flow can be calculated
without any bottom of soil layer by accumulating groundwater flow. When water is
available in the soil layer, it will recharge at constant rate. When groundwater is

saturated, a excess water recharges to soil layer.

0z dq
Yg atg + 6;’ =Tsg — Tg (eq. 3-6)
k
dg = _figolg exp(—fyzy) (eq. 3-7)
ry = ksg (hs > 0,2, >0) . 3)
0 (hs = 0)

where, q, is unit width lateral flow of mountainous groundwater, kg, is a

vertical hydraulic conductivity, kg4 is a lateral hydraulic conductivity on a bedrock
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surface, f; is a constant that determines reduction rate of saturated hydraulic
conductivity in a vertical axis, vy, is effective porosity in a deep soil layer, z, is
depth to groundwater surface in a vertical direction, I is hydraulic gradient of

mountainous groundwater, 7, is a parameter which represent a discharge from

groundwater system to outside of the system.

3.2.2 Dataset

This study uses Global Satellite Mapping of Precipitation (GSMaP) Reanalysis
ver. 6 (Shimada et al., 2017) from 2001 to 2013 (13 years) with a resolution of 0.1
degrees. The GSMaP Reanalysis product is satellite rainfall data that were calibrated
using Japanese 55-year Reanalysis (JRA-55) data. In data-scarce regions such as the
river basins of Sumatra Island, rain gauge data are typically too limited to accurately
represent spatial patterns in rainfall data. Consequently, the availability of GSMaP
data with a temporal resolution of 1 hour on any grid is well suited for hydrologic
modeling. In this study, the quality of the GSMaP rainfall data is assessed based on
gauged rainfall at 23 locations in the Batanghari river basin.

The climatic data used for estimating evapotranspiration, such as wind speed,
temperature, surface pressure, specific humidity, downward long- and shortwave
radiation fluxes, were obtained from WATCH Forcing Data based on ERA-Interim
(Weedon et al., 2014) with a 0.5-degree resolution at daily timesteps. Land surface
variables, such as the Leaf Area Index, surface roughness and albedo were obtained
from ECOCLIMAP (Champeaux et al., 2005) at monthly timesteps. Based on the
data, potential evapotranspiration was estimated by using the Penman-Monteith
equation to reference present climate conditions. The actual evapotranspiration is
estimated by the RRI model and the details are described in section 3.2.4 below (see
description of Case 2).

3.2.3 Simulation condition of RRI model

Topographic data used in this study were obtained from HydroSHEDS (30-s
resolution). The resolution corresponds approximately to 761 m x 924 m in this

region. The model also requires information on river channel locations and cross-
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sections. | used flow accumulation data sets included in HydroSHEDS. Grid cells
with more than twenty flow accumulations were confirmed to have a river channel.
For the river cross-sections, | used the following simple regression equations: width
(m) = 1.22A%%% depth (m) = 1.5A%113 where A (km?) is the flow accumulation area.
The regression parameters for the river width were estimated at eight locations and
the depth parameters were estimated at eleven locations based on measurements of
river cross section. The levee height was set to be zero, as no apparent levee was
found in the region, except for Jambi city. At Ancol water level station (see Figure
2-1), arbitrary cross section was used.

The simulation was conducted for the period 1 March 2000 to 28 February 2014.
The simulation time steps were initially set to be 600 s for the slope grid cells and
60 s for the river grid cells. In this study, observed water level at three gauged
stations was used to validate RRI model. Discharge was estimated using rating
curves. The model is validated for a period of 2011 and 2013 because data quality

was satisfactory.

3.2.4 Selection of model structure that is suitable for humid tropics and

parameter setting

This study used three conditions that is combinations of the RRI model structure
and parameter setting to investigate applicable settings for the RRI model. The
impacts of four simulation conditions (Casel, Case2, Case3 and Case4) on river
discharge and inundation were analyzed. In addition, this study compares results of
simulation conditions for humid tropical region (Case2, Case3 and Case4) and for

temperate region (Casel).
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Table 3-1 Model structure and parameter sets for Casel, Case2, Case3 and Case4.

Casel, Case2 and Case3

Case 4

Precipitation

ET

and 3)
Lower boundary Water level=0 Water level=0
Cross section Estimated by empirical equation Estimated by_ empirical
equation
Runoff process
(Figure 3-2) (2) (b) (c)
Parameter Mountain Flatland All land use types
ns (M™*3s) 0.3 0.3 ns (M3s) 0.3
1(Caseland2) 1 (Caseland2)
D (m) 3 (Caseld) 3 (Caseld) D (m) 3
va* (M) 0.39 - ksg (cm/s) 1.5x10°®
Vur* 0.07 - Kgo (C/s) 1.425x10°3
Ka (M/s) 0.2 - fq 5.0x10*
Yo 3.7x10?
km (m/s) 0.05 -
I’go 0
kv*(m/s) - 8.33x10-7 kv*(m/s) 8.33x10-7
* - 0.33 0* 0.33
Sr*(m) - 0.219 Sr*(m) 0.219
0.39 (Casel and 2
Fiimit™ (M) - 1.(17 (Case3) ) Fimic* (M) LL7
ne (M3s) 0.03 0.03 ne (M™3s) 0.03

GSMaP reanalysis v6

No consideration (Casel)
Potential evapotranspiration (Case2

GSMaP reanalysis v6

Potential
evapotranspiration

Casel includes subsurface flow in a mountainous area and vertical infiltration
flow in a flat area. The land uses at global scale from Global Land Cover by National
Mapping Organizations are classified into two land uses. i.e., a mountainous area
and flat area. The model parameters were suggested from previous model
applications (Sayama et al., 2012) and determined after a trial-and-error approach,
owing to the lack of past hydrological records in the region. The Green-Ampt
parameters are spatially distributed based on FAO soil map and the parameters are
utilized based on “sandy clay loam”, “clay loam” and “clay” (Rawls et al., 1993).

The model structure and parameters are summarized in Table 3-1.
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Case2 considers potential evapotranspiration data as an input to RRI model and
used the same condition as Case 1 for other setting as shown in Table 3-1. The actual
evapotranspiration is calculated by first subtracting surface water, before subtracting
additional water from a cumulative infiltration amount estimated by the Green-Ampt
model until it meets the potential evapotranspiration. When the value approaches 0,
there is no water to evaporate and actual evapotranspiration at that time is less than
the potential evapotranspiration.

Case3 used 3-m soil depth for saturated lateral subsurface flow model and the
Green-Ampt model. The other simulation condition is identical to Case 2 (Table 3-
1).

Case4 applied Green-Ampt model for vertical infiltration process and ground
water model to whole river basin (Figure 3-2¢). | assume that there is no bedrock on
a slope and use the groundwater model to runoff process in deep soil layer that
represents field measurements at Sekancing site (see Figure 2-4 in Chapter 2 for
location). The soil depth is 3m and Green-Ampt parameters are based on “sandy clay
loam”, “clay loam” and “clay” (Rawls et al., 1993). The soil depth is 3 m for whole river
basin. The Green-Ampt parameters settings are identical to other Cases. The
parameters for groundwater model are based on previous research (Syama et al.,
2015a). The other parameters are same as other Cases. The parameter sets are

summarized in Table 3-1.

3.3 Results

3.3.1 Comparison of annual and monthly rainfall estimated using GSMaP

reanalysis data with gauged rainfall data

Legend
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Figure 3-3 Comparison of annual rainfall estimated using GSMaP and gauged stations.
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Figure 3-3 compares spatial distribution of GSMaP reanalysis data with that of
gauged rainfall data. The GSMaP data indicate high annual rainfall in the northern
mountainous ranges of the basin, which corresponds with the gauged rainfall data. |
also compared basin-averaged GSMaP annual rainfall and gauged annual rainfall.
The average annual rainfall over the basin was estimated to be 2,321 mm by GSMaP
and 2,021 mm by the rain gauges (Yamamoto et al., 2019). In addition, Figure 3-4
shows temporal pattern of average monthly rainfall estimated using GSMaP data is
similar to that of gauged rainfall data. On the other hands, it should be noted that

monthly rainfall in December is particularly higher than observed one.

3.3.2 Estimated potential evapotranspiration

Average annual potential evapotranspiration is 1,495 mm that is within a range of
actual evapotranspiration, estimated using annual rainfall and annual total discharge
in the previous study (Kuraji, 1996). Average monthly actual evapotranspiration
varies from 106 mm to 145 mm and its standard deviation is small (Figure 3-4).
Previous case study on tropical forest in Malaysia (Lion et al., 2017) shows that

evapotranspiration rate does not change depending on dry season.
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Figure 3-4 Average monthly potential evapotranspiration and average monthly rainfall estimated
using GSMaP data and gauged stations. The bar indicates standard deviation based
on data from 2001 to 2013.
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3.3.3 Comparison between simulated river discharge and observation

Muara Kilis Muara Tembesi Ancol
(st1) (st2) (st3)
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Figure 3-5 Comparison between simulated and observed discharge under 4 simulation conditions.
First row is under Case 1, Second row is under Case 2, Third row is under Case 3,
Fourth row is under Case 4. Left, middle and right column shows results at st1, st2 and
st3 respectively.

Figure 3-5 shows a comparison between simulated daily river discharge and
observation at three gauged stations (please refer to Figure 2-1 in chapter 2 for
location of water level stations (WLS)), i.e., Muara Kilis WLS (st1), Muara Tembesi
WLS (st2) and Ancol WLS (st3). The simulated discharge in Case 1 is overestimated
at any gauged stations. In Case 2, volume of simulated discharge is reduced and the
simulated results becomes closer to observation at st1 and st2. Case 3 shows that
peak of simulated river discharge is closer to observation, compared with results of
Case 2. The Nash coefficient in Case 3 (0.29 at stl and 0.25 at st2) is improved,
compared with that of Case 2 (0.19 at stl1 and 0.04 at st2). However, Case 3 shows
that simulated discharge is underestimated for a period of continuous small rainfall.

Case 4 shows that the simulated discharge during little rainfall is closer to
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observation and its Nash coefficient is improved from that of Case 3. It is noted that

Case 4 shows that the simulated discharge at st3 is underestimated.

3.34 Estimated inundation depth distribution
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Figure 3-6  Observation based and simulated flood inundation maps for downstream area (a)
flood extent captured by sentinel satellite, (b) simulated maximum inundation depth
distribution (Dec. 2016 — Mar. 2017) with GSMaP Reanalysis, and (c) flood (>0.5m)
frequency (2001-2017).
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| compared performances of RRI under different simulation conditions and
selected Case 4 that shows better performance for simulating river discharge. Under
Case 4 condition, the simulation was conducted from 2001 to 2017. To validate the
simulated inundation patterns, 1 compared the maximum inundation distribution
from December 2016 to March 2017 using the maximum flood extent inferred by
sentinel satellite imagery (Indonesian Local Government Community (MLI), 2017)
(Figure 3-6). The simulated inundation pattern agrees well with the satellite image
of the Batanghari River and its tributaries. In addition, | obtained frequency of
inundation occurrence at downstream area. | consider that a grid cell is inundated if
inundation depth exceeds 0.5 m. Then | count the number of inundated events for a
period between 2001 and 2013 and divide the total by 13. Figure 3-6 shows the

frequency of inundation exceeds 80 % at some parts of downstream area.
34 Discussion

Case 2 shows better peaks of river discharge than Case 1. This suggests that
evapotranspiration is a factor to improve simulated river discharge. However, Case
2 shows that simulated river discharge is underestimated for a period of little rainfall
or dry season. Monthly evapotranspiration rate from June to September is high that
evaporates water on land in the model. Compared with Case 2, Case 3 shows the
simulated peak discharge is smaller and closer to observed one and shows better
Nash coefficients at stl and st2. Thicker soil layer plays a role to generate more
subsurface flow in mountainous area and store more water in flat area. Consequently,
surface flow reduces and temporal water storage increases at the basin that increases
actual evapotranspiration that improves performance of RRI model. Case 4 considers
groundwater flow pathway in deep soil layer and shows model performance
improved i.e., in particular, simulated low discharge is larger and closer to observed
one. | compare annual actual evapotranspiration of Case 3 to that of Case 4. Case 4
shows smaller actual annual evapotranspiration compared with Case 3. In the RRI
model, groundwater is not evaporated and the reduction of actual evapotranspiration
explains that more water recharge groundwater. The improvement of low discharge
attributes to groundwater flow that discharge water to river in dry season. However,

model was not able to perform at st3. | consider two possible causes. The first
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problem is the model estimate larger inundation volume in area between st2 and st3
that leads to underestimation of discharge at st3. The second problem is that rating
curve has a problem and observed discharge is estimated largely than actual
discharge. I discuss the issues by comparing between observed discharge at st2 and
st3. Topography consists of flat area and small tributaries. Considering the factors,
the river discharge at st3 does not increase more than that at st2. However, observed
discharge at st3 increase by 1.5 times compared with that at st2. From the above,
underestimated discharge at st3 is more likely to be caused by rating curve used for

discharge at st3.
3.5 Conclusion

The spatial pattern and basin-averaged rainfall estimated using GSMaP
reanalysis ver. 6 is similar to that of gauged stations. In addition, average annual
rainfall estimated using GSMaP and average annual potential evapotranspiration
estimated is within the range of values in a previous study. The findings show that
GSMaP and Penman-Monteith equation are able to estimate rainfall and
evapotranspiration in humid tropics.

The aim of our study is to clarify a model structure that is suitable for humid
tropics. | investigated combinations of runoff process and parameter setting and
discussed the suitable simulation condition of RRI model. The simulated discharge
was improved when an evapotranspiration was used as an input for RRI model. In
addition to this, parameter of soil was changed from 1 m to 3 m. The 3 m soil layer
decreases surface flow and increases temporal storage. Consequently, the condition
improved peaks of simulated discharge but could not reproduce discharge in dry
season. Furthermore, the model is capable of reproducing discharge for long term
including dry season by adding groundwater model to the updated simulation
conditions. These results and discussions indicate that a model is capable of
performing for long-term discharge, given that a simulation considers characteristic
of hydrology in humid tropics such as evapotranspiration input, thicker soil layer and
groundwater process in a deep soil layer. In addition, I conduct a simulation for flood
inundation using the above model. | found out that the frequency of inundation

exceeds 80 % at some parts of downstream area.
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Chapter 4 Climate Change Impact on Flood and
Inundation in a Tropical River Basin in

Indonesia

4.1 Introduction

Climate change will have significant impact on water-related disasters and
environmental problems in Indonesia. The country is one of the regions in which
extreme monsoon-related rainfall is projected to increase (Hijioka et al., 2014), and
such increases are expected to expose a larger proportion of the population to floods
(Hirabayashi et al., 2013). In Sumatra and the Kalimantan Islands of Indonesia,
coastal lowland areas are mostly comprised of peatland. Peatland is a wetland
environment that is initially maintained by flooding from rivers and which has, in
recent years, been extensively developed for oil palm and other plantations. Changes
in the frequency and magnitude of flood inundation due to climate change may
disturb the peatland environment and its carbon stores, as well as cause damage to
the agricultural plantations in the region.

The use of General Circulation Models (GCMs) is indispensable for projecting
future climate change. However, GCMs have limitations in reproducing reasonable
rainfall patterns in humid tropics, especially in areas with many islands such as those
in the so-called Indonesian Maritime Continent (MC), which is surrounded by the
Indian and Pacific oceans (Neale and Slingo 2003). These limitations can be
attributed to the imperfect parameterization of physical processes (e.g., convection,
cloud generation, local land sea breeze circulation and regional variations in the
diurnal cycle) (Gianotti et al., 2012; Ulate et al., 2014), as well as the coarse
resolution of topography (Neale and Slingo 2003; Schiemann et al., 2014; Hertwig
et al., 2015). Given the high levels of uncertainty associated with GCMs, they are
considered to be poorly suited for projecting future climate signals in and around the
MC (Hijioka et al., 2014). On the other hand, Regional Climate Models (RCMs) are
capable of representing local climate systems and therefore have potential for

realistically reproducing rainfall events. Several studies have shown that RCMs can
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successfully reproduce local rainfall patterns in space and time in the MC (Juneng et
al., 2016; Cruz et al., 2017; Rashid and Hirst 2017; Ratna et al., 2017; Kang 2018).

Despite an abundance of studies on rainfall projections, studies on the impact of
rainfall projections on river discharge are still limited in Indonesia (Emam et al.,
2016; Marhaento et al., 2018). Moreover, very few studies have focused on flood
inundation due to climate change at a river-basin scale, which is important for
assessing the impacts on flood damage (lwami et al., 2017) and wetland
environmental conditions.

Even though RCMs are potentially better for hydrologic impact assessment in the
MC, there is still a need to correct the bias associated with RCMs (Christensen et al.,
2008). Among the various bias correction methods (Teutschbein et al., 2012), the
Quantile Mapping (QM) method has been widely applied to correct rainfall inputs
for hydrologic models (Huang et al., 2014; Marhaento et al., 2018; Lee et al., 2019).
However, the applicability of the QM method to correct for bias in the MC region,
particularly to assess flood inundation at the river-basin scale, has not been
thoroughly investigated. Our previous study showed that inundation is more
sensitive to rainfall than it is to runoff (Sayama et al., 2015). Therefore, it is
important to investigate appropriate bias correction methods to assess the impact of
flood inundation in a humid tropical river basin. Specifically, this study focuses on
the effects of spatial variations of rainfall on flood inundation. The Variance Scaling
(VS) method (Teutschbein et al., 2012) applied in this study is one of the potential
approaches that can be used to match both the mean and the spatial variance of a data
series with observed data.

The objective of this study was to assess the impact of climate change on flood
inundation in a river basin on Sumatra Island. This study applied dynamically
downscaled RCM rainfall data as the input for the RRI model, and identified
appropriate bias correction methods for flood simulations. The specific objectives
are:

1. What is the impact of non-/bias corrected rainfall output of the RCM on river
discharge and flood inundation?
2. What is the most suitable method to correct rainfall bias when using the RCM to

perform river discharge and inundation simulations?
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3. What are the projected future changes in rainfall, streamflow and flood

inundation in the studied region on Sumatra Island?

4.2 Methods

4.2.1 Dataset

This study uses climate data produced by the Non-Hydrostatic Regional Climate
Model (NHRCM) that was developed by the Japan Meteorological Research
Institute (MRI). The NHRCM is based on the Non-hydrostatic Model (Saito et al.,
2006), and the Kain and Fritsch scheme is used to parameterize cumulus convection
(Kain et al., 1993). The MRI-JMA Simple Biosphere Model is used to describe land
surface processes (Hirai et al., 2004). The NHRCM uses a boundary condition of the
Atmospheric General Circulation Model developed in ver. 3.2S (AGCM) at a 20 km
resolution for downscaling to a 5 km resolution (Sasaki et al., 2008; Cruz et al.,
2017). The future boundary condition is based on changes of the CMIP3 ensemble
mean Sea Surface Temperature (SST) under the Representative Concentration
Pathways 8.5 scenario (RCP8.5) (Endo et al., 2012). Downscaling was performed
for our study area in Sumatra Island (-3.32°S — 0.41°S; 99.65°E — 105.25°E). The
model is run for 21 years of present climate (1980 — 2000) and for 20 years of future
climate (2079 — 2098) under the RCP8.5 scenario.

As reference rainfall data, this study uses Global Satellite Mapping of
Precipitation (GSMaP) Reanalysis ver. 6 (Shimada et al., 2017) from 2001 to 2013
(13 years) with a resolution of 0.1 degrees. The GSMaP Reanalysis product is
satellite rainfall data that were calibrated using Japanese 55-year Reanalysis (JRA-
55) data. In data-scarce regions such as the river basins of Sumatra Island, rain gauge
data are typically too limited to accurately represent spatial patterns in rainfall data.
Consequently, the availability of GSMaP data with a temporal resolution of 1 hour
on any grid is well suited for hydrologic modeling. However, it should be noted that
the reference data also contain uncertainty. For example, compared with other
reanalysis datasets, some issues have been identified in JRA-55 data over tropical
regions, such as weaker equatorial waves and Madden-Julian oscillation due to the

characteristics of the forecasting model used for JRA-55 with resolution of 60 km
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(Harada et al., 2016). In this study, the quality of the GSMaP rainfall data is assessed
based on gauged rainfall at 23 locations in the Batanghari River Basin.

The climatic data used for estimating evapotranspiration, such as wind speed,
temperature, surface pressure, specific humidity, downward long- and shortwave
radiation fluxes, were obtained from WATCH Forcing Data based on ERA-Interim
(Weedon et al., 2014) with a 0.5-degree resolution. Land surface variables, such as
the Leaf Area Index, surface roughness and albedo were obtained from
ECOCLIMAP (Champeaux et al., 2005). Based on the data, potential
evapotranspiration was estimated by using the Penman-Monteith equation to
reference present climate conditions. The actual evapotranspiration is estimated by
the RR1 model and the details are described in the Rainfall-Runoff-Inundation Model

section.

4.2.2 Bias correction and validation

This study compares two methods to correct for bias in NHRCM rainfall data, i.e.,
the QM method and a combination of QM and VS methods (hereafter, the QM-VS
method). The QM method used in this study employs equiratio cumulative
distribution function (CDF) matching developed by Wang and Chen (2014). The
method assumes that a ratio between the observed and modeled values at the same
percentile is preserved in the projection period. Specifically, the bias between
modeled and observed values in the reference period is quantified by the ratio of the

observed quantile value (F;-L) to the modeled quantile value (F;1.) at the same

percentile in a future projection period (F,,—, (X;,—p)). The statistical transformation

of bias correction is shown in equation (4-1),

. Fo e (Fm—p(m=p))
xb _ = xL == — #
m—p.QM. M=P Enle(Fm-p@m—p)) « !

where, F,,_, is a CDF of RCM outputs in a future projection, F;-L is an inverse
CDF corresponding to the observations, F;,1. is an inverse CDF of RCM variables

in the reference period and, x,in_p is a quantile of a variable in a future projection at

a grid i. x,,,_, represents the spatial average over the basin of x,in_p. In this study,
CDF is constructed based on basin-averaged daily rainfall estimated using entire

daily rainfall obtained from observation and NHRCM data. The quantiles of the
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observation or model during the reference period at a given percentile of future
rainfall are estimated by linear interpolation to compensate for differences in the size
of the of the model and observation datasets.

The second method is a combination of the QM method and the VS method,
which was described by Teutschbein et al. (2012). In this study, the QM-VS corrects
spatial pattern of QM-corrected daily rainfall in following steps. After calculating
the differences in x,in_l[,.QM.2 from the spatial mean x,,—, oy as shown in Eq. (4-2)
on a daily basis, the VS method calculates the standard deviations of the spatial
pattern a,,_. om.; depending on the average rainfall categories represented as j (j =

1, ..., 21). Specifically, the categories include basin-averaged rainfall at a percentile

ver

(Xm-p.q

) inan interval of five percentiles between 2.3 and 99. Note that when j
equals 21, the category includes rainfall exceeding xf,?_p.QM.. The spatial standard

deviation is then adjusted according to Eq. (4-3), based on the spatial standard

deviation of the observed rainfall (g,_.,;) for each category. Finally, the corrected

quantiles x,"n_p,QM_3 are shifted back to estimate the bias-corrected results

xrin—p.QM—VS. using Eq. (4-4).

Xm—p.oM2 = Xm—p.oM. — Xm—p.oM. (eq. 4-2)
. . S
xk =xL_ o (j=1,..,21 eq. 4-3
m-p.QM.3 m-poM2 g T U ) (eg. 4-3)
Xm—p.oM=vs. = Xm—pom3 T Xm—p.om. (eq. 4-4)
423 Rainfall-Runoff-Inundation model

The RRI model is a two-dimensional, distributed hydraulic and hydrological
model that is capable of simulating rainfall-runoff and flood inundation
simultaneously. The river channel is expressed as a single vector on a single grid cell,
which also has a slope. Interaction between a river and the slope is calculated based
on different overflowing formulae that vary according to levee height, river and slope
water depth. On a slope grid cell, the model can deal flexibly with rainfall-runoff
processes and runoff-generation mechanisms; subsurface flow and saturated excess
overland flow; vertical infiltration and excess overland flow; and complete surface

flow. In addition, groundwater flow can be combined with subsurface flow and
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vertical infiltration processes (Sayama et al., 2012). In the RRI model, actual
evapotranspiration is calculated by first subtracting surface water, before subtracting
additional water from a cumulative infiltration amount estimated by the Green-Ampt
model until it meets the potential evapotranspiration. When the value approaches 0,
there is no water to evaporate and actual evapotranspiration at that time is less than

the potential evapotranspiration.

4.2.4 Application of the RRI model

For application of the RRI model, the Manning’s roughness for river and land
were set to 0.03 m*3s and 0.3 m™s, respectively, based on a previous study
(Sayama et al., 2012). The soil depth and parameters of the groundwater model,
which affect discharge, were adjusted for the calibration period (2001-2006) and
used for the validation period (2007-2013). The details of the model parameters and
model set up were the same as those of used in the Chapter 3. The performance of
the RRI model with GSMaP Reanalysis rainfall input was evaluated based on
observed river discharge for the calibration period and the validation period. In
addition, the maximum inundation distribution was estimated for four months
(December 2016 to March 2017) using the RRI model. The estimates were compared
with sentinel satellite images from four flood events (December 6, 2016, and January
23, February 27 and March 24, 2017). The sentinel images were developed using the
radar reflection intensity before and after flooding, and the maximum extent of flood

inundation during these periods was estimated for comparison with our simulations.
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4.3 Results

4.3.1 Comparison of annual and 15-day rainfall patterns and basin-averaged
values estimated using the NHRCM with GSMaP data and gauged data

(a) Legend
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Figure 4-1 Comparison of average annual rainfall maps. (a) GSMaP with gauged rainfall (2001-
2013) and (b) NHRCM (1980-2000).
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Figure 4-2 Comparison of average annual maximum 15-day rainfall maps. (a) GSMaP with gauged
rainfall data (2001-2013), (b) original data, (c) QM bias-corrected data, and (d) QM
and VS-corrected NHRCM data. Note that the 15-day gauged rainfall data are
estimated at the same time as the annual maximum of the GSMaP data.

| compared the spatial distribution patterns of annual rainfall (Figure 4-1) and
annual maximum 15-day rainfall (Figure 4-2) estimated using the NHRCM with

reference rainfall data (i.e., GSMaP and gauged data). According to analysis of
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cumulative basin-averaged rainfall prior to annual maximum water level (not shown
in this dissertation), annual maximum 15-day rainfall is strongly correlated to
observed annual maximum water level at Ancol station, shown in Figure 2-1 in
Chapter 2. Figure 4-1(a) shows that the GSMaP data indicate high annual rainfall in
the northern mountainous ranges of the basin, which corresponds with the gauged
rainfall data. The detailed values for the gauged rainfall data and the gridded GSMaP
rainfall data are shown in the supplemental materials (at the end of this chapter) as
Figure S1 and Table S1. Figure 4-1 (a) also shows that the rainfall patterns in the
basin have a diagonal pattern that is parallel with the mountain ranges in the western
part of the basin. | can visually distinguish that the rainfall in the basin is divided
into several parts, i.e., the mountainous region, the central region, the area next to
Jambi city (narrowest part of the basin) and the coastal region. The NHRCM data
shown in Figure 4-1 (b), in general, also show a similar division of rainfall patterns.
Based on reference rainfall data, rainfall was high in the northern part of the
mountain ranges and low in the central part of the mountain ranges. The NHRCM
data show consistently lower rainfall in the mountainous areas. The rainfall of the
reference data is relatively high in the center of the basin, decreasing towards the
west. The rainfall decreases near Jambi city before increasing towards the coastal
region. These rainfall patterns can also be observed in the NHRCM data, although
the rainfall is higher in the central and eastern parts of the basin (approximately 3500
mm to 7500 mm) compared to the reference data, as shown by the dark grey areas in
Figure 4-1 (b). Moreover, the NHRCM data show higher spatial variability in annual
rainfall compared to the reference data. Figure 4-2 (a) shows a comparison of the
annual maximum 15-day rainfall GSMaP data with gauged data. On the one hand,
the GSMaP data have a similar 15-day rainfall pattern as the gauged data in the
mountainous regions, the southwestern part of the basin, and downstream areas, such
as the area around Jambi city and the coastal area. On the other hand, the GSMaP
data tend to show higher rainfall in some parts of mountainous regions in the western
part of the basin. The detailed values of gauged rainfall and the gridded rainfall of
the GSMaP are shown in the supplemental materials as Figure S2 and Table S2.
Figure 4-2 (b) shows that NHRCM data also have higher spatial variability in terms

of annual maximum 15-day rainfall compared to reference data (Figure 4-2 (a)), and
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it also has higher rainfall amounts (about 350 mm to 552 mm) in areas such as the

lowland areas.
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Figure 4-3 Comparison of CDFs of annual maximum cumulative rainfall for different durations. (a)
Daily and (b) 15-day rainfall of raw data, QM bias-corrected NHRCM and GSMaP
data.

| also compared basin-averaged values of the NHRCM and the reference rainfall
data with the gauged data. The average annual rainfall over the basin was estimated
to be 2321 mm by GSMaP and 2021 mm by the rain gauges (Yamamoto et al., 2019).
The basin-averaged annual rainfall values of the NHRCM are higher than the
reference rainfall data, which was 2913 mm. Figure 4-3 shows a comparison of the
CDFs of annual maximum daily and 15-day rainfall of raw and QM bias-corrected
NHRCM and GSMaP data. The annual maximum basin-averaged daily rainfall of
NHRCM data (average 29 mm) is lower than that of GSMaP data (average 51 mm).
Figure 4-3 also compares the annual maximum 15-day rainfall (basin average) -
cumulative rainfall which is strongly correlated with peak discharge. NHRCM data
generally have a lower annual maximum 15-day rainfall (average 206 mm)

compared to GSMaP data (average 242 mm).

4.3.2 Effects of bias corrections (QM and QM-VS) on rainfall

In this study, two bias correction methods were compared, i.e., the QM method
and the QM-VS method. The annual basin average rainfall was improved from 2,913
mm to 2,316 mm by using the QM method and to 2,328 mm by using QM-VS
method, which is closer to the GSMaP value (2,321 mm). Since QM-VS preserves
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basin-averaged daily rainfall estimated by QM, both bias correction methods result

in similar CDFs for the annual maximum daily and 15-day rainfall.
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Figure 4-4 Scatter diagram of basin-averaged daily rainfall and corresponding standard deviations
in space of (al) raw NHRCM data, QM bias-corrected (a2) NHRCM data, and QM
and VS bias-corrected (a3) NHRCM data.

Despite the similar results in the corrected basin average values, the application
of both methods gives different results in the spatial variability of annual rainfall and
annual maximum 15-day rainfall. The application of the QM method lowers the
spatial variability of annual rainfall, but does not improve the variability for the
annual maximum 15-day rainfall. Figure 4-2 (c) shows the results of the QM method
after it was applied to the spatial variability observed in the annual maximum 15-day
rainfall data. Some areas, including the central parts of the basin and the mountainous
areas, showed that rainfall is corrected within the range of 250 mm to 400 mm, which
more closely reflects the reference data (about 150 mm to 333 mm). However, the
rainfall values obtained in the lowland areas showed much higher values, ranging
from 350 mm to 600 mm compared with the reference data (about 140 mm to 250
mm). On the other hand, the application of the QM-VS method results in a lower
spatial variability for both annual rainfall and annual maximum 15-day rainfall.
Figure 4-2(d) shows the bias correction results obtained using the QM-VS method,
which typically has lower spatial variability than the corrections obtained using the
QM method. Unlike the results obtained using the QM method, the rainfall values
observed in the lowland areas are closer to those of GSMaP. The improvement in
spatial variability due to bias correction is confirmed by Figure 4-4, which shows the
relationship between spatially averaged daily rainfall and the corresponding spatial
standard deviations over the basin. The original NHRCM data have higher spatial
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standard deviations compared with the GSMaP data. The application of the QM
method results in higher standard deviations, particularly at high rainfall rates;
conversely, the application of the QM-VS method successfully improved the
standard deviations, making them comparable with the standard deviations obtained
using GSMaP.

4.3.3 Effects of bias corrections on the RRI simulation
Calibration Validation
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Figure 4-5 Comparison of simulated monthly discharge with observations at Muara Tembesi with
basin-averaged daily rainfall from GSMaP.

This study uses the findings in Chapter 3 to run the hydrological model, however,
this study uses different calibration and validation periods as shown in Figure 4-5.
The model performance is considered satisfactory (Moriasi et al., 2007) in that the
Nash-Sutcliffe efficiency (NSE) is 0.57 in the calibration period (2001-2006) and
0.51 in the validation period (2007-2013). The simulated annual maximum
inundation extent was compared using composites of inundation extent from
Sentinel-1 imageries (from December 2016 to March 2017) (see Chapter 3 Figure 3-
6). The simulated inundation pattern agrees well with the satellite image of the
Batanghari River and its tributaries.
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Figure 4-6 shows the simulated flow duration curves (FDCs), annual maximum
discharge, and inundation volume estimated using the original NHRCM, GSMaP,
and bias-corrected rainfall data. For the reference discharge and inundation volume
(referred to as observed (Obs) in Figure 4-6), this study uses the GSMaP rainfall data
as the input for the simulation. The simulated FDC obtained using the original
NHRCM data shows that medium flows (Q20 to Qeo) and low flows (Q7o to Qgo) are
overestimated, and high flows (Qo.1 to Q10) are underestimated (Figure 4-6a) ; the

ranges of high, medium and low flows are defined based on Mohamoud (2009).

Table 4-1 Evaluation of annual peak discharges and annual maximum inundation volume with
a raw/bias corrected NHRCM against those with GSMaP. The notations of bias
corrections are “Raw” for non-bias correction, “OM” for quantile mapping and
“OM-VS” for quantile mapping and variance scaling. The table show relative root
mean square error (RMSE) and relative mean error (RME).

) ) ] Annual Maximum
Bias Correction Method Annual Peak Discharge )
Inundation Volume

Raw RRMSE: 0.11 RME: -0.094  RRMSE: 0.35 RME: 0.048
QM RRMSE: 0.11 RME: 0.093 RRMSE: 1.06 RME: 1.13
QM - VS RRMSE: 0.079 RME: 0.047 RRMSE: 0.39 RME: 0.37

Table 4-1 summarizes the evaluation scores obtained for the annual maximum
discharge (Fig 4-6b) and inundation volume (Fig 4-6¢) simulated by raw/bias-
corrected NHRCM rainfall data, compared with reference data. The score is
estimated based on relative root mean square error (RRMSE) and relative mean error
(RME). For annual maximum discharges, Table 1 shows that the QM method had
nearly the same accuracy, in terms of the RRMSE (0.11), as the original NHRCM.
However, compared to the raw data, the accuracy of the QM method was lower for
estimating annual maximum inundation volumes. | confirmed that the application of
the QM and VS bias correction method improved the RRMSE (0.39) and RME
(0.37) compared to the RRMSE (1.06) and RME (1.13) obtained using the QM

method alone.
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Projection of rainfall, discharge and inundation under future climate
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Figure 4-7 shows the change in annual rainfall patterns between the present and

future climate conditions. In general, annual rainfall will increase throughout the

basin. In some areas, including the central or lower parts of the basin, the projected

increase in annual rainfall is more than 650 mm. Figure 4-8 shows that the basin-
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averaged annual maximum daily and 15-day rainfall will also increase for all return
periods. For example, annual maximum daily rainfall corresponding to a 20-year
return period (i.e., non-exceedance probability equals 0.95) will increase from 84
mm to 276 mm, and the corresponding increase in annual maximum 15-day rainfall

will be from 350 mm to 666 mm.
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Figure 4-9  Hydrological variables of bias-corrected present and future data. (a) Flow duration
curve and (b) CDFs of annual maximum inundation volume.

Figure 4-9 shows the FDC and basin-averaged annual maximum inundation
volume under present and future climate conditions. The range of the FDC will
increase under the future climate conditions (Figure 4-9 (a)). In particular, the
medium flow in the future climate is 2035 m?/s, which is a 42% increase compared
to the present climate. Future flood inundation volume will increase for all return
periods (Figure 4-9 (b)). For example, flood inundation volume in the future climate
corresponding to a 20-year return period is 14.2 mm, which is an increase of 3.3
times compared to the present (4.3 mm). Annual maximum inundation distributions
under future climate conditions (Figure 4-10 (b)) show that flood depth reaches a
maximum of 4.8 m, and the total inundated area increases by 2.3 times, compared to
that of the present climate. Most of the lowland areas are exposed to flooding and
flood depth ranges within 0.4 m and 4.8 m.
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Figure 4-10 Projection of NHRCM annual maximum inundation depth distribution in (a) under
present and (b) future climate conditions.

4.4 Discussion
44.1 Effects of bias corrections on precipitation, river discharge and
inundation volume

In terms of annual rainfall, the NHRCM rainfall data for the Batanghari River
Basin are higher than the reference rainfall data (GSMaP and gauged data). In the

same target river basin, three RCMs from BMKG also overestimated annual rainfall
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(Handoko et al., 2019). This wet bias may be caused by the boundary conditions
associated with dynamical downscaling (Gianotti et al., 2012; Cruz et al., 2016).

As in the reference data, the NHRCM (Figure 4-1 (b)) shows similar differences
in the rainfall patterns that developed parallel to the mountain range (Figure 4-1 (a)).
| find that this is also true for the annual maximum 15-day rainfall of the NHRCM
(Figure 4-2 (b)). However, differences between the NHRCM and reference rainfall
data were also observed. In the reference rainfall data, rainfall was high only in the
northern parts of the mountain ranges, but it was low in the central parts of the
mountains. On the other hand, the NHRCM rainfall data showed that rainfall was
consistently lower in the mountainous areas. In addition, NHRCM rainfall data
showed that rainfall in the central and eastern parts of the basin was higher than that
measured using the reference data. Compared to early GCM outputs, the
representation of topography and dynamical downscaling have improved the spatial
and temporal resolution of rainfall maps in recent years (Schiemann et al., 2014;
Johnson et al., 2015). However, our analysis shows that NHRCM exhibits high
spatial variability in both annual rainfall and extreme rainfall data. This variability
may be attributed to the rain-shadow effect, i.e., rainfall is reduced on the leeward
side of a mountain and increased on the windward side (Chang et al., 2005). Previous
studies on the NHRCM also reported that this effect may explain some of the rainfall
variability observed in the NHRCM data (Kieu-Thi et al., 2016; Cruz et al., 2017).
The high variability of NHRCM data may also be one of the reasons for the slightly
higher annual maximum inundation volume, which can be affected by spatially and
temporally concentrated rainfall (Sayama et al., 2015).

Both of the bias correction methods resulted in similar improvements for basin-
averaged rainfall values (annual, annual maximum daily, and annual maximum 15-
day), which is expected because the additional VS method does not change the
average values, only the variance over space. While the two methods reduced the
spatial variability of annual rainfall, they differed in the spatial variability of annual
maximum 15-day rainfall; the QM method increased the spatial variability, while the
QM-VS method decreased it. The use of equiratio cumulative distribution function
matching, as described in the Methods section, may explain why the spatial

variability increases after the application of the QM method. Unlike the typical use
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case of the QM method, which matches the CDF at a grid scale, this study matches
the CDF of basin-averaged daily rainfall values to preserve the spatial pattern of the
NHRCM. Nevertheless, the variability observed in the raw NHRCM data changes
after the multiplying the ratio uniformly by all rainfall values in the basin; when the
ratio <1 the variability is reduced, and when it is >1 the variability is increased. When
the basin-averaged value is more than about 12 mm, the ratio is more than 1. The
annual 15-day rainfall data are mostly a series of high rainfall values with a ratio >1,
which causes the high variability. The additional variance-scaling step in the QM-
VS method matches the variance with the reference data, reducing the high
variability through application of the equiratio CDF matching.

| also investigated the impact of the bias correction methods on hydrologic
simulations. The simulation using the QM bias-corrected rainfall data improved the
FDC, as has been demonstrated by several hydrological impact studies that used QM
bias-corrected GCM or RCM rainfall as an input for their hydrologic models
(Teutschbein et al., 2012; Huang et al., 2014; Lee et al., 2019). However, the
simulation using QM bias-corrected rainfall leads to overestimation of extreme
variables (annual maximum discharge and annual maximum inundation volume).
This may be caused by the higher spatial variability of rainfall, which is attributed to
NHRCM rainfall data before bias corrections. On the other hand, QM-VS bias
correction improved basin average and spatial variabilities of annual maximum 15-
day rainfall, producing reasonable extreme variables over the target river basin.

Although correction of basin-averaged rainfall is not typical, it is considered
rational for river discharge simulations. According to Beven and Hornberger (1982),
assessing the correct volume of rainfall input from a highly spatially variable pattern
is considerably more important than rainfall spatial pattern in predicting storm flow
hydrographs. However, bias correction methods that match the CDF of basin-
averaged rainfall with equiratio CDF matching may lead to higher spatial variability,
particularly for extreme values; therefore, correcting the variance over the space

improves the results.
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4.4.2 Projection of rainfall, discharge and inundation under future climate

conditions

The strongest and most consistent increase in seasonal rainfall broadly follows
the Inter Tropical Convergence Zone, which lies above southern Indonesia in
December, January and February and northern Indonesia in June, July and August
(Christensen et al., 2007). A recent study showed that RCMs, dynamically
downscaled from three GCMs over the Western Maritime Continent, consistently
projected an increase in rainfall in December, January and February under RCP4.5
and RCP8.5 scenarios in parts of Sumatra Island, and a significant decrease in
rainfall during inter-monsoon seasons (Kang et al., 2018).

In this study, annual maximum 15-day rainfall intensity was projected to
increase in the Batanghari River Basin under RCP8.5 in the late 21st century. This
agrees with IPCC AR5, which reports that the frequency and intensity of extreme
rainfall will likely increase over wet tropical regions in the late 21st century (Stocker
et al., 2013). Collins et al. (2013) also showed that in most parts of Sumatra Island,
annual maximum 5-day rainfall increased by more than 20% in the late 21st century
under RCP8.5 scenarios. In addition, extreme events, such as 100-year annual
maximum daily rainfall, will occur more frequently in the late 21st century under
RCP8.5 scenarios (Stocker et al., 2013). The findings of this and previous study
(Muis et al., 2015) show that the annual maximum inundation volume is projected
to increase in the Batanghari River Basin under RCP8.5 in the late 21st century.
Based on Muis (2015), using the global flood model combined with scenarios of 5
GCMs with 4 RCPs also projects an increase in inundation volumes with a 100-year
return period in parts of Sumatra Island; however, there is considerable uncertainty
across the projections for the Indonesian region. Our results suggested that frequent
expansion of the flood inundation area in the downstream area of the basin will
damage agricultural crops. According to a global data projection by Fujimori et al.
(2018), in one of the Shared Socioeconomic Pathways (SSP) (Popp et al., 2017),
particularly SSP3, cropland area in the Batanghari River Basin will increase
continuously until 2100. Without implementing any adaptation measures, the

lowland areas of Sumatra Island are likely to become more agriculturally developed
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due to the large potential of unused areas, such as peatlands. The findings suggest
that the river basin should be managed by implementing adaptation measures, such
as land use regulation of plantations, promoting wetland conservation in order to
prevent damage due to flooding under future climate conditions, and protecting the

unique environments of tropical peatland areas.

443 Limitations of the research

In some regions of Asia, shallow orographic rainfall occurs by low-level
orographic lifting of maritime air leading to heavy rainfall (Shige et al., 2013, 2016).
In humid areas that experience tropical rainfall caused by these shallow orographic
rain systems, original satellite rainfall products tend to perform poorly because they
employ microwave radar algorithms (Kubota et al., 2007, Shige et al., 2013). To
overcome the issue, the ability to distinguish between orographic and non-orographic
rainfall systems has been developed and implemented in the GSMaP algorithm ver.
6 (Shige et al., 2013, Yamamoto and Shige 2015). Furthermore, for the GSMaP
reanalysis data, the wind dataset from JRA-55 is used to detect orographic rainfall.
Nevertheless, according to Nodzu et al. (2019), who assessed rainfall in areas with
very complex topography (including several mountainous ranges) in northern
Vietnam, some bias remains in GSMaP reanalysis ver. 6; specifically, they observed
higher (lower) rainfall on the leeward (windward) side of mountains in their case
study. In our study, the coverage of the gauged data is still not sufficient to accurately
assess the characteristics and potential biases of the GSMaP product. With the
limited data, the annual rainfall and 15-day rainfall were overestimated, particularly
in the leeward side of the Barisan Mountains. These uncertainties in the reference
data may affect the model calibration and other parts of our study.

Our studies shows that the application of QM-VS method to NHRCM basin-
averaged daily rainfall data can improve river discharge and flood inundation.
However, we also recognized there is still biases of river discharge and flood
inundation because there are still biases associated with higher spatial rainfall of
NHRCM data. This study suggests future task to improve hydrological simulations
by reducing biases related to higher spatial variability of NHRCM data.

58



0.9
0.8
P
=07
o
8
© 0.6
o
[«5]
205
©
kel
8 04
8 0.
$
§0.3 —e— Future-CO
Future-C1
0.2 _o_ Future-C2
o1 —— Future-C3
_e— Present climate
0
0 5 10 15 20 25

Annual maximum inundation volume (mm)
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It is essential that climate change impact studies evaluate the uncertainty of future
climate change impacts by comparing results with/without dynamical downscaling
using different RCP/SST scenarios and GCMs/RCMs. In this study, a dynamically
downscaled product of AGCM under one SST scenario was used due to limitations
imposed by computational resources and to retain the focus of this paper on bias
correction methods. As for the effects of different SST scenarios, | ran the RRI model
based on the original AGCM outputs without dynamical downscaling. Figure 4-11
shows that the increasing rates of flood inundation volume range from 1.9 to 4.8
times without downscaling. Although the result of 3.3 times based on the
downscaling was within the range, | realize that there are large uncertainties and that
these are dependent upon on SST patterns. In a future study, it will be necessary to
conduct more downscaling experiments with different SST patterns.
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Figure 4-12 Monthly average surface temperatures (basin average) under present climate (1980-
2000) and future climate (2079-2098) conditions projected by NHRCM.

To focus on the flood analysis, this study did not consider future temperature
changes in the Batanghari River Basin. However, changes in temperature can
increase evapotranspiration, which can dry the land and promote fires. According to
the NHRCM, average monthly surface temperature (basin average) increases by 3°C
in any season in the Batanghari River Basin (see Figure 4-12 showing the basin-
averaged monthly temperature for present and future simulations using the original
NHRCM). In order to assess the impact on the tropical peatland environment, it is

necessary to use future temperature as an input for the hydrologic model.
4.5 Conclusions

This study compared the two bias correction methods, i.e., the QM method and a
combination of the QM and VS methods, to examine how each method improves
estimates of rainfall patterns, and subsequently, the simulated flood inundation by
the RRI model in the Batanghari River Basin, Indonesia. Originally, the dynamically
downscaled NHRCM rainfall data showed higher spatial variation in the 15-day
rainfall and annual rainfall compared to the reference data. While this does not
markedly influence the simulated FDC, it largely overestimated the extreme values,

such as the annual maximum flood inundation volume. The combination of QM and
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VS methods successfully decreased the rainfall spatial variability and improved the
estimations of the FDCs and the extreme values.

Our analysis showed that the projected change of flood inundation is significant,
particularly in the lowland areas of Sumatra Island. Annual maximum flood
inundation volume corresponding to a 20-year return period would increase by 3.3
times. The annual maximum inundation map under a future climate scenario showed
that the inundation depths would increase and the inundated area would expand in
tropical peatland areas. These results suggest the need to consider future climate
change scenarios for river basin management, particularly to reduce the risk of flood
damage and to sustainably maintain the unique ecosystem of tropical peatlands.
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4.6 Supplemental material

Table S1 Comparison between annual rainfall values of gauged rainfall and gridded rainfall
from GSMaP.
ID Gauge GSMaP
1 2827.05 24934
2 2436 2797.14
3 3309.49 2594.31
4 1634.07 24315
5 2673.16 2431.5
6 1364.49 2049.78
7 2826.69 2085.4
8 1179.72 2594.1
9 1840.27 2048.03
10 834.66 2159.17
11 3484.96 2414.97
12 1088.97 2232.81
13 2218.7 2324.82
14 1905.16 2383.85
15 2238.35 2318.16
16 1142.25 2188.25
17 2402.12 2525.63
18 1404.38 2101.55
19 1885.49 2063.28
20 2509.59 1929.23
21 2047.38 1910.44
22 2392.44 1916.55
23 2160.41 2377.85
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Table S2 Comparison between 15-day rainfall values of gauged rainfall and annual maximum
15-day rainfall of gridded rainfall from GSMaP.

ID Gauge GSMaP
1 190.23 211.05
2 178.63 268.3
3 311.71 287.02
4 156.62 252.2
5 219.34 252.2
6 99.88 -9999
7 277.07 224.7
8 97.95 319.57
9 180 211.61

10 93.42 207.8

11 411.33 269.56

12 93.62 226.91

13 176.1 235.07

14 195.92 300.81

15 179.35 271.96

16 75.72 213.99

17 254.32 272.7

18 158.04 186.7

19 149.32 191.71

20 112.4 147.77

21 87.01 139.66

22 169.92 140.36

23 165.46 213.73
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Chapter5 Comparison between Climate Change and
Land Use Change Impacts on Flood

Inundation

5.1 Introduction

Tropical forests have been cleared and utilized for human activity. Indonesia
experienced fastest deforestation rate in two decades (Hensen et al., 2013) and
Sumatra island is evident due to intensive forest clearing that shows 70 % of 1990
forest area has been converted between 1990 and 2010 (Margono et al., 2012). Large
scale commercial logging and agro-industrial development are main drivers of forest
loss between 1990 and 2010 (Margono et al., 2012). The global demand of the oil
palm is projected to increase constantly up to 2050 following the historical expansion
of 1990 to 2010 (Harris et al., 2013). Unless there is an improvement in oil palm
production (yield/area), to meet the demand, deforestation will continue in Indonesia
that is currently largest palm oil producer in the world.

Land use and climate change are key factors that affect hydrological cycle,
causing flood hazard. Observations in tropical watershed revealed that the forests
clearing decreases annual evapotranspiration and increases amount of river flows
(Kuraji et al., 1996). The rapid expansion of oil palm plantation requires forests
clearing and use of machine, leading to change in local hydrological cycle. In
particular, the soil compaction in oil palm plantation degrades surface soil and leads
to reducing storage and soil infiltrability (Comte et al., 2012; Jennifer et al., 2016).
The large-scale land conversion such as oil palm plantation can affect the
hydrological cycle at catchment scale and increase flood risks (Tarigan et al., 2016).
Climate change increases the frequency and intensity of rainfall in wet tropics
including humid tropical regions. The increase of rainfall can increase frequency and
magnitude of flood hazard.

The distributed hydrological model is a useful tool to understand the response
of future land use and climate change. Soil Water Assessment Tool (SWAT) model
(Arnold et al., 1998; 2012), HEC-HMS (Feldman et al., 2000) and MIKE-SHE

model (Farjad et al., 2017) were widely used to assess the land use change impact

75



on hydrology. These models also assess the effect of climate change on hydrology.
Among those models, there are many applications of SWAT model in Indonesia.
However, the application of these models did not consider inundation phenomena
explicitly extent, particularly, for land use impact assessment.

Rainfall-Runoff-Inundation model is one of integrated physical models of
rainfall-runoff process and inundation process at basin scale. The model has been
used for assessing single effect of climate change on flood inundation in a large river
basin in Asia (Kudo et al., 2015; Ushiyama et al., 2016; Iwami et al., 2017). To date,
the model has not yet used for land use impact assessment.

The objective of this study is to understand the response of climate and land use
change and compared the effects on flood inundation. Batanghari river basin in
Sumatra island is selected. This study applies RRI model under future land use and
climate scenario. To discuss response of land use and climate change among
different models, this study compares the results of SWAT model with the RRI under

the same future scenarios.

5.2 Methods

52.1 Dataset
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Figure 5-1 Historical, present and future land use map. The year of the map is (a) 1990, (b) 2015
and (c) 2040.
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Past and present land use maps were classified from four landsat images from
1990, 1997. 2005 and 2015 with resolution of 30 m (Utami et al., 2017). Future land
use map in 2040 was estimated using dynamic Conversion of Land Use and its Effect
(CLUE) model (Utami et al., 2017). The dynamic CLUE model was capable of
predicting future land use based on past demands of land use data. The future demand
in 2040 was obtained by linearly extrapolating land areas estimated using 4 historical
landsat imagery (1990, 1999, 2005 and 2015). Figure 5-1 shows 1990, 2015 and
2040 land use maps. The agricultural expansion is a main change of land uses from
1990 to 2015. The agricultural area is estimated to increase from 28 % in 1990 to
59 % in 2015 and will continuously increase to 65 % by 2040. Settlement area has
increased by three times from 1990 to 2015 and will continue to increase by 4 times
compared to 1990 in 2040. The expansion of agricultural is mainly offset by loss of
forests and bushes between 1990 and 2040.

This study uses rainfall data downscaled by the Non-Hydrostatic Regional
Climate Model (NHRCM) with a spatial resolution of 5 km (Sasaki et al., 2008; Cruz
et al., 2017). Downscaling was performed for the Batanghari river basin in Sumatra
Island (-3.32°S — 0.41°S; 99.65°E — 105.25°E). Climate change effects were
projected by adding changes of ensemble mean Sea Surface Temperature (SST)
under the Representative Concentration Pathways 8.5 scenario (RCP8.5) to present
SST patterns (Endo et al., 2012). The simulation period is 21 years of present climate
(1980 — 2000) and for 20 years of future climate (2079 — 2098). The NHRCM does

not take account into a feedback of deforestation to climate system in the study area.

522 Simulation condition for future land use and climate impact assessment
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Figure 5-2 1990 and 2040 land use map. (a) 1990 forest area and (b) Converted area from 1990
forest to other land uses in 2040 and the remaining forests. The gray color in (a) and
(b) shows non-forest area in 1990.
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The model parameters and model structures were selected based on performance
of discharge under different settings. In this study, the combination of Green-Ampt
model and groundwater model were selected because they are the most suitable
simulation condition to represent a runoff process in humid tropical region
(Yamamoto et al., 2019). Green-Ampt parameters for “sandy clay loam”, “clay loam”
and “clay” (Rawls et al., 1993) were used and allocated spatially for each soil based
on a FAO soil map. This study considers the Green-Ampt parameters and FAO soil
map as natural soil conditions.

Future land use impacts on infiltration rates are estimated by obtaining converted
area in 2040 within 1990 forest extent and estimate infiltration change from forest to
other land uses. This study overlaid 2040 land use map (Figure 5-1c) on 1990
forestry area (Figure 5-2a) and obtained an area map that was converted from 1990
forest to 2040 other land uses (Figure 5-2b). To represent impact of land use on soil,
I used vertical infiltration results in forest, urban, agriculture (oil palm and rubber
tree), bushes and openland in upper part of Batanghari river basin (Tarigan et al.,
2018) and estimated the ratio of the hydraulic conductivity of other land use to that
of forest hydraulic conductivity (Table 5-1). Table 5-1 shows that land conversion
from forests to agriculture (urban area) reduces hydraulic conductivity by one tenth
(one hundredth). Finally, I multiply the ratio with the Green Ampt vertical hydraulic

conductivity in the converted area of 1990 forest.

Table 5-1 RRI model setting for vertical hydraulic conductivity to reflect land use change.

Change of vertical hydraulic

1990 2040 conductivity (ratios)
Urban 0.01
Agriculture 0.1
Forest Bush 0.01
Open land 0.1
Forest 1

In this study, RRI model projects future changes of flood inundation under RCP
8.5. Prior to impact assessment, bias correction is conducted for NHRCM daily
rainfall by quantile mapping for basin averaged rainfall and variance scaling for

78


https://www.tandfonline.com/doi/full/10.1080/02626667.2011.644245

spatial variation of rainfall. The NHRCM does not include feedback effect of
deforestation to climate systems. Considering that climate The detail of RRI model

setting and the bias correction method and are mentioned in Chapter 3 and 4.

523 Comparison with another hydrological model

In this study | compared the simulation results using the RRI model with another
hydrological model. | selected the SWAT model as it is widely use in the tropical
river basin for both land use and climate change assessments. The setting of SWAT
model —originally developed for temperate region — was adjusted to fit with the
humid tropical river basin based on Yamamoto et al. (2020). A distinct adjustment
to the typical application of SWAT model is the use of the Green-Ampt as runoff
generation model, instead of the SCS Curve Number model. Another adjustment is
to adjust soil parameters i.e. soil depth and saturated conductivity to fit with the
conditions in humid tropics as well as biological parameters such as LAI to fit in the
vegetation growth under tropical conditions.

Based on the earlier studies and findings from the Sekancing site, the conversion
of land use from forest to agriculture affect the infiltration rate due to the compaction
of surface soil layer. However, the hydraulic conductivity of deeper soil remains high.
Yamamoto et al. (2020) optimized the value of saturated hydraulic conductivity of
the surface layer (30 mm) at one order of magnitude lower in the agricultural site

than in forested site. The optimized parameters can be viewed in Table 5-2.

Table 5-2 Soil parameters setting in SWAT model (Yamamoto et al., 2020).

Parameters Parameter definition (unit) Value
v_SOL_K(1).sol_ AGRL"  Saturated hydraulic conductivity of 1t soil layer in 57.80

agriculture fields (mm/h)

v_SOL_K(1).sol_FRSE Saturated hydraulic conductivity of 1% soil layer in 479
evergreen forests (mm/h)

v_SOL_K(1).sol_BARR Saturated hydraulic conductivity of 1% soil layer in 60
barren lands (mm/h)

v_SOL_K(1).sol_URBN Saturated hydraulic conductivity of 1% soil layer in 30
settlements (mm/h)

v_SOL_K(1).sol_RNGB Saturated hydraulic conductivity of 1% soil layer in 18
bushes (mm/h)
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v_SOL_K(2).sol Saturated hydraulic conductivity of 2™ soil layer in all 500

types of land uses (mm/h)

v_SOL_Z(1).sol Depth from soil surface to bottom of 1%t layer (mm) 30
v_SOL_Z(2).sol Depth from soil surface to bottom of 2™ layer (mm) 1506
r_ SOL_AWC().sol » Available water capacity of both soil layers 1.016

1 Lower range is infiltration rate of oil palm and upper range is infiltration rate of rubber plantations (Tarigan et al., 2018)
2 Tarigan et al. (2018)
3 Soil depth from cone penetration test in Batanghari catchment is 1.5-4.5 m from soil surface (Yamamoto et al., 2019)

| compared three simulations using SWAT model similar to the RRI model i.e.
(1) land use map of 1990 and present climate; (2) land use map of 1990 and future

climate; and (3) land use map of 2040 and future climate.

53 Results
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Figure 5-3  Flow duration curves estimated using (a) SWAT model and (b) RRI model under three
conditions. Gray line shows present climate condition, blue line shows future climate
scenario, red line shows combined scenario of future climate and future land use.

Figure 5-3 shows flow duration curves (FDC) under present climate condition,
future climate condition and combined climate change and land use change condition.
FDC is constructed based on simulated daily discharge for an entire simulation
period. The consistent change of FDC was obtained for SWAT model (Figure 5-3a)
and RRI model (Figure 5-3b). The FDC under future climate scenario shows that
entire flow rate will increase significantly compared with that under present climate
scenario. Under the combined effect of climate change and land use change scenario,
flow rate slightly increases compared with that under a single climate change effect.

Thus, the land use change impact is not so significant.
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Figure 5-4  Cumulative distribution functions of annual maximum daily discharge estimated using
() SWAT model and (b) RRI model under three scenarios. Gray line shows present
climate condition, blue line shows future climate scenario, red line shows combined
scenario of future climate and future land use.

Figure 5-4 shows cumulative distribution function (CDF) of annual maximum
discharge under the respective condition. The consistent change of annual maximum
discharge was obtained for SWAT model (Figure 5-4a) and RRI model (Figure 5-
4b). The future annual maximum discharge will increase by maximum 1.7 times
compared with present climate condition. Annual maximum discharge under the
combined land use and climate change effect is not different from that under only

climate change scenario.

o o o
~ o e}

o
()

Non-exceedance probability

0 5 10 15 20
Inundation volume (mm)

Figure 5-5  Cumulative density functions of inundation volume estimated using RRI model under
three conditions. Gray line shows present climate condition, blue line shows future
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climate scenario, red line shows combined scenario of future climate and future land
use.

Figure 5-5 shows CDF of annual maximum inundation volume. In this study,
the inundation volume was obtained by multiplying annual maximum inundation
depth more than 50 cm with grid area, and averaging it by total basin area. Under the
future climate scenario, inundation volume increases largely compared with that
under present climate scenario. On the other hands, there is a little change in
inundation volume, comparing between a single climate change scenario and the

combined climate change and land use change scenario.
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Figure 5-6 Inundation maps under three conditions. a) Present climate condition, b) Future
climate scenario, c) combined scenario of future climate and future land use.

Figure 5-6 compares annual maximum inundation depth maps under the different
scenarios. Under climate change effect, inundation area increases by 1.812 km? and
maximum inundation depth increases by 1.1 m (Figure 5-6a and Figure 5-6b). On
the other hands, under the combined effect of land use change, inundation area

increases by 149 km? and maximum inundation depth does not change (Figure 5-6b
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and Figure5-6¢). The two future scenarios (Figure 5-6b and Figure 5-6¢) show that

inundation area increases significantly at downstream area of Batanghari river basin.
5.4 Discussion

For land use impacts assessments, this study considers infiltration change from
forest to other land uses. Despite that infiltration reduces by more than one tenth in
a large part of study area, the land use change impacts on high flows are estimated
to be much less than climate change impacts by both RRI and SWAT models. Prior
to this study, the application of SWAT model in the study area shows the infiltration
reduction by one order of magnitude did not change high flow because infiltration in
converted area still has high capacity and little surface flow generates (Yamamoto et
al., 2020). The recent field observation in natural forest in the study area (Araki et
al., 2019) show that even though forest conversion lowers the infiltration rates by
one order of magnitude, surface runoff remains negligible after forest conversion. In
addition, the effect of soil compaction on the top soil structure are very clear at the
plot scale but less clear at catchment scale. Especially the land use change impacts
on floods are inconsistent for larger catchment (> 100km?) (Beck et al., 2013).

The increase of flood inundation area and depth potentially increase the risk of
flood damage on agriculture and urban area. Furthermore, more agricultural area and
settlement can be exposed by flooding in the future because the agricultural area will
continuously expand and settlement increases until 2040. In addition, the demand of
oil palm is projected to be increasing until 2050 (Harris et al., 2013) and more oil
palm can be expected in lowland area of Indonesia due to potential land resources
(Mietten et al., 2012). Proper land use management is necessary, in particular for
lowland agricultural area and settlement to mitigates the future flood risks and adapt
the increasing flood.

5.5 Conclusion

This study compares climate change and land use change impacts on flood
inundation in a humid tropical river basin. | found out that the effect of climate
change on floods is larger than the effect of land use change. The land use impacts

are associated with characteristic of humid tropical soil that is resilient against land
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conversion and maintains high infiltration rates even though land conversion from
forest area reduces infiltration reduction by one order of magnitude. Moreover, in a
large river basin, spatial variability of rainfall masked out land use change effects.
In conclusion, climate change gives a more significant impact on floods in a large

humid tropical river basin.
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Chapter 6 Flood Inundation Impact Assessment on

Oil Palm Plantation

6.1 Introduction

There is a global awareness that climate change will threaten a development of
lowland area in a tropical region. IPCC AR5 reported that an extreme rainfall is more
likely to increase in a humid tropical region and consequently increase floods. The
increase of rainfall at upstream catchment can affect inundation regime in lowland
area. Tropical lowland area is originally swamp forests and a habitat for diverse
species of animals and vegetation (Sodhi et al., 2004). Due to potential land
resources, lowland tropical forests have been intensively logged and converted into
agricultural areas (Miettinen et al., 2012). Over the past two decades, the main driver
of land conversion in a tropical lowland is Acacia and oil palm plantation (Miettinen
et al., 2016). Due to increase of global demand of oil palm (Harris et al., 2013), the
oil palm establishment will continue in lowland areas of Indonesia (Miettinen et al.,
2012) that is the largest producing countries of oil palm in the world. The change in
inundation regime due to climate change will give an impact on oil palm plantation
in lowland of Indonesia and further affects development of economic and society.

The floods impact on oil palm is different for different growing stages. The
young oil palm under three years old is more likely to die when floods are prolonged
(JICA, 1982). After an oil palm gets matured, the oil palm becomes more resilient
against prolonged floods. However, long-term floods can topple the tree (Sumarga
et al., 2016) or reduce fruits under poor drainage condition (Hensen et al., 2008).
Moreover, flooding prevents accessing plantation sites and impacts on the amount
of harvested fruits. After 25 years of planting, the oil palm has to be replaced and
young oil palm has to be replanted because revenue from the fruits is less than costs.
To meet global demand of palm oil, oil palm needs to produce sustainably in the
future. In order to adapt the increasing floods due to climate change, it is important
to discuss oil palm suitability in lowland area based on vulnerability of young oil

palm and future flood hazard.
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In Indonesia, a large oil palm plantation is established on peatlands. Peats are
characterized by poor nutrient, poor drainage and 90 % of water (Sumawijaya, 2006).
Thus, the plantation introduced drainage system to lower water levels in peatlands.
The main concern of the land conversion to plantation is that drainage system dries
and oxidized, leading to peat subsidence, high CO2 emissions and peatland fire. The
impacts of drainage on peatlands raised debates on appropriate use of peatlands for
recent agriculture such as oil palm and acacia plantation.

The objective of this study is to assess the impacts of future floods on oil palm
plantation in a lowland area of a tropical river basin. In particular, focuses are on
effect of future floods on oil palm plantation in peatlands. This study will make use
of flood model outputs under future climate scenario and estimate mortality of oil

palm due to flooding.

6.2 Method

6.2.1 Dataset

This study uses dynamically downscaled rainfall data produced by the Non-
Hydrostatic Regional Climate Model (NHRCM) with resolution of 5 km (Sasaki et
al., 2008; Cruz et al., 2017). Downscaling was performed for our study area in
Sumatra Island (-3.32°S — 0.41°S; 99.65°E — 105.25°E). The model is run for 21
years of present climate (1980 — 2000) and for 20 years of future climate (2079 —
2098) under the Representative Concentration Pathways 8.5 scenario (RCP8.5)
(Endo et al., 2012).

The oil palm distribution map was derived from composites of Sentinel-1 and 2
imageries (1-year (2015) composites for Sentinel-1 and 3-year (2015-2018)
composites for Sentinel 2). The distribution map of oil palms was classified to young
oil palms (less than 3 years old) and mature oil palms (more than 3 years old). The
oil palms distribution map was classified using Machine Learning Classification

(Random Forest) in the Google Earth Engine platform. The model was trained and
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OMORP in peat
BYOP in peat

MOP in mineral soil

m YOP in mineral soil

Mature Oil Palm [Jjjj Three year or younger Oil Palm [[] Peatland

Figure 6-1  a) Oil palm map and peatland map at the downstream of Batanghari river basin and
b) overlapped area among peatland, mineral soils, young and mature oil palm. Green
and red area in a) is mature and young oil palm. Young oil palm is defined as three
years or younger (Yamamoto et al., accepted).

validated using 5,455 points which was collected using orthophotos in the Google
Earth Pro. The young oil palms were identified from the orthophotos as oil palms
with crown projected area (CPA) less than 16 m2 In order to improve the
classification, in addition to the standard bands of Sentinel 1 and 2, texture analysis
(median filter and Gray-Level Co-Occurrence Matrix) was applied (Yamamoto et
al., accepted).

Peatland map is downloaded from the department of forestry in Indonesia. The
map is a conservation target and includes deep peat that has depth of more than 0.50
m.

Figure 6-1 shows that large mature oil palm area is located in peatland area at the
center of downstream. Among all the planted areas of oil palm in the lower part of
the Batanghari River basin, the 27 % is positioned in the peatland area (19 % and
8 % are matured and young oil palm, respectively). As indicated the map in Figure

6-1, the peatland area is utilized as the production area of oil palm.

6.2.2 Future projection of mortality map

The RRI model was applied to the study area with resolution of 1km. The model
parameters and model structures were selected based on performance of discharge

under different settings. In this study, the combination of Green-Ampt model and

91



groundwater model were selected because they are the most suitable simulation
condition to represent dominant subsurface flow and groundwater flow based on
filed investigation in upstream natural forest in the study area. (Yamamoto et al.,
2019). Groundwater flow is recharged from cumulative infiltration amounts
estimated by the Gree-Ampt model. The m uses HydroSHEDS (about 1km) as an
elevation data and river flows, which does not represent microtopography of
peatland surface and drainage system introduced in peatland. The detail of
application of RRI model to study area is explained in Chapter 3.

RCP 8.5 is used as future climate scenario. Based on the future scenario, NHRCM
estimated future rainfall between 2079 and 2098. The bias-corrected rainfall was
used as an input of RRI model to estimate future inundation map. The detail of
application of bias correction methods are explained in Chapter 4. Based on model
outputs, inundation duration was obtained at each grid by counting continuous days
when inundation depth exceeds 0.25 m.

Table 6-1 Mortality of young oil palm trees up to 3 years old depending on flood durations.

Flood Duration (Days)  Flood Depth (m)  Mortality (%)

7 0.25 10
14 0.25 20
21 0.25 70
28 0.25 100

The longest inundation duration was selected in a year for 20 years under present
and future periods. As shown in equation (6-1), the annual inundation duration was
transformed to annual mortality of young oil palm using flood duration-mortality
curve based on a study that summarized flood damage estimation in rivers of
Peninsular Malaysia (JICA, 1982). Specifically, this study uses flood damage factors
on oil palm, taken from the Kelantan river basin studies in Malaysia (Government of
Malaysia, 1977). The Table 6-1 summarized the mortality of young oil palm trees
up to 3 years old depending on flood durations. To compensate the insufficient
mortality data shown in Table 6-1, the data is linearly interpolated. Then, 20-year

average of mortality rate is obtained as shown in equation (6-2). Finally, probability
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of death within three years was calculated in equation (6-3) for each simulation grid-

cell.
Miy = f(xiy) (eq. 6-1)
—_— 1
M, = ;Zﬁv Mi,y (eq. 6-2)

pp=1-(1- M,)? (eg. 6-3)
where Miy is a mortality at a grid in a year, f is a function of flood duration-
mortality curve, xi is an annual maximum inundation duration at a grid, M, is an

average mortality at a grid, N is total year of simulation period, p; is a mortality

within three year

6.3 Results

a)

Low < > High
Mortality (%) 5-10 20 40 50 60 70 100

Flood duration (days) 3.5-7 14 15 17 18 20 21 23 27 28
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Figure 6-2 Mortality maps due to flood inundation under a) present climate and b) future climate
conditions with a background map of oil palm (orange color) (Yamamoto et al.,
accepted). Note that a mortality is a death rate of oil palm within three years after
planting.

Figure 6-1 shows the mortality map of oil palm tree due to flooding in a present
and future climate conditions and current oil palm extent. The mortality rate indicates
the probability for a planted oil palm tree to be deadly affected by the flood
inundation within three years. Under the present climate condition, a downstream
area of Jambi city shows higher mortality than other areas (Figure 6-2a). Most of the
downstream oil palm plantation area does not show high mortality area. Under future
climate condition, inundation duration is projected to be longer and larger part of
downstream area shows high mortality, compared with present climate. In particular,
large part of current oil palm plantation area show high mortality under future

climate condition (Figure 6-2b).

b)

Legend Legend
I High mortality I High mortality
[ Oil palm area [ Oil palm area
[ Peatland [ Peatland
River River
20 40 km. 20 40 km
Al v Al

Figure 6-3 Downstream area of Figure 1. a) Present climate condition b) future climate condition.

Figure 6-3 focuses on the same comparison of Figure 6-2 at downstream with
peatland map. Here, mortality more than 50 % is defined as high mortality. Peatland
maps shows that peatland is not distributed along rivers but located at inner land. In
a present climate, area outside of peatland shows high mortality (Figure 6-3a). In the

future climate, larger area of peatland shows high mortality (Figure 6-3Db).
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(b)

Figure 6-4  Classification of oil palms based on mortality maps and a peatland map. (a) Present
climate and (b) future climate. Area surrounded by blackline shows a peatland area,
hatch shows a high mortality area and Orange color shows low mortality. Note that
low mortality includes 0 %.

Figure 6-4 is a pie chart summarizing the overlapped area of high mortality,
peatland and current oil palm extent shown in Figure 6-3. Figure 6-4a shows
condition in a present climate and Figure 6-4b in future climate condition. In present
climate condition, 9 % of downstream area shows high mortality due to long-term
flooding that is further classified as 2 % in peatland area and 7 % in mineral soil
(Figure 6-4b). In future climate condition, 29 % of the downstream area shows high
mortality that is further classified in to 12 % in peatland and 17 % in mineral soils.
(Figure 6-4c. The projected change of downstream area which shows high mortality
is 3.2 times that is further classified into 6 times in peatland and 2.4 times in mineral
soil. The comparison between high mortality area in the present and future climate
condition shows that peatland will be impacted more significantly. In particular,
peatland between two rivers, where mature oil palm is shown in Figure 6-1, will have

high mortality in the future climate condition.

95



6.4 Discussion

6.4.1 Why the high mortality area of peatland will increase significantly in a

future climate?

High water level (Future)

High water level (Current)

Figure 6-5 Conceptual diagram of inundated peat dome with typical surrounding environment.

In a present climate condition, only 2 % of peatland area shows mortality
exceeding 50 % within three years after planting. In a future climate condition, the
peatland area, which shows mortality exceeding 50 %, increases significantly by 6
times. The increased high mortality area is associated with a location of peatlands
formation. Tropical peatland starts forming in a depression between rivers ten
million years ago (Furukawa and Supiandi, 1985). Initially, a river inundates a
depression zone and makes wetlands. In wetlands, freshwater swamp forests were
developed and the dead body of trees are not decomposed because of waterlogged
condition and accumulated. Floodwater has brought a mineral and peatlands at this
stage has more or less nutrients from rivers. Flood water contributes to formation of
peat until a peat forms flat surface. Due to relatively high rainfall, a peat accumulates
further and peat dome developed, which consists of higher land than river water
levels. Because of a higher land, inundation duration does not always stay long in a
peatland in a present climate condition (Figure 6-5). However, a river water level
increases due to climate change and inundation duration is prolonged in an area
between rivers (Figure 6-5). In particular, this study shows that prolonged inundation

area increases significantly where two rivers are diverging and meeting.
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6.4.2 Implication of future flood impacts on peatlands

The inundation is projected to be prolonged in peatland area due to climate
change. In addition, the projected future mortality within three years after planting
increases significantly in peatland area. Prolonged inundation can increase
groundwater level in peatland that gives a challenge to maintain oil palm production
that requires drainage. Based on the online-interview to Indonesian Oil Palm
Company Association, an industrial oil palm company will not continue oil palm
plantation if flood duration is long. Thus, those peatland areas can be abandoned. In
worst scenario, nobody will manage water level in the canal that can increase fire
risk (Takahashi et al. 2003). The abandoned area might be used by small holder for
oil palm. However, the small holder typically was not able to manage water level in
the canal that can also lead to increase of fire risk. These results imply that increase
of flood duration due to climate change potentially cause fire risk in the future, that
will threaten the sustainability of oil palm production in downstream area of a basin

in Sumatra island.
6.5 Conclusion

This study assesses the impact of future flood inundation on oil palm at the
downstream of Batanghari river basin. Under RCP 8.5 scenario, inundation duration
gets longer in downstream lowland area, leading to increasing area of high mortality
for young oil palm. Particularly, peatland area shows significant increase of high
mortality area by 6 times. This suggests that currently suitable peatland under
drainage condition will not be suitable for replanting oil palm. In addition, prolonged
inundation can increase groundwater level in peatland that gives a challenge to
maintain oil palm production that requires drainage. According to an online
interview, the company will not use a land for oil palm production if inundation is
frequent and prolonged. Furthermore, abandoned peatland gives a public concern
on peatland fire. These results suggest that current oil palm plantation is not be
sustainable, particularly in peatland due to increase of flood inundation and potential
fire risk under climate change condition and thereby, adaptation measures for climate
change should be taken for sustainable oil palm management and environmental

protection of peatland.
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Chapter 7 Conclusion

This study assesses the climate change and land use change impacts on flood
inundation in a humid tropical river basin in Sumatra island in Indonesia. As a case
study, this dissertation selected Batanghari river basin in Sumatra island in Indonesia,
where a half of forest were lost and severe land use change took place. This study
applied Rainfall-Runoff-Inundation model (RRI) to the study area using satellite data
and datasets estimated using global hydrological model, owing to a lack of observed
datasets. This study used some field data to discuss the suitability of the model in a
river basin. Using the suitable model structure and parameter setts, the climate and
land use change effects on flooding are projected by the RRI model. The future
rainfall is estimated using NHRCM under RCP8.5 scenarios. Biases corrections for
rainfall outputs are conducted to adjust a rainfall spatial pattern, a flow duration
curve and flood inundation volume. Using basin corrected rainfall as an input of RRI
model, the change of flood inundation is projected. This study also uses future land
use data estimated using land use prediction model. Finally, this study compares
climate and land use change impacts on flood inundation. To discuss the floods
impact on downstream agriculture and peatland, this study estimates mortality of
young oil palm trees and analyzed the relationship between flooding, oil palm and
peatlands.

Chapter 3 investigated combinations of runoff process and parameter setting and
discussed the suitable simulation condition of RRI model. This study compared the
model structures and parameters with the default model structure and parameter
setting that are based on subsurface dominated flow in a shallow soil layer without
effect of evapotranspiration rate.

At the beginning, the accuracy of satellite rainfall and evapotranspiration input
was validated. The spatial pattern and basin-averaged rainfall estimated using
GSMaP reanalysis ver. 6 is similar to that of gauged stations. In addition, average
annual rainfall estimated using GSMaP and average annual potential
evapotranspiration estimated is within the range of values in a previous study. The

findings show that GSMaP and Penman-monteith equation are able to estimate
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rainfall and evapotranspiration in humid tropics. The default settings overestimated
discharge.

The simulated discharge was improved under simulation condition including
evapotranspiration rates, compared with default one. Another simulation condition,
that includes evapotranspiration and deeper soil thickness, improved peaks of
simulated discharge, compared with that includes only evapotranspiration rates.
However, the RRI model was not able to produce discharge in dry season. The
underestimation of river discharge during dry season is solved by adding
groundwater model to the above-mentioned deep soil layer and evapotranspiration
rates. These results and discussions indicate that the RRI model is capable of
performing for long-term discharge, given that a simulation considers characteristic
of hydrology in humid tropics such as evapotranspiration input, thicker soil layer and
groundwater process in a deep soil layer. Using the suitable simulation condition,
the RR1 model estimated that the probability of inundation occurrence exceeds 80 %
at downstream area. In conclusion, this study suggests that the RRI model is
applicable for a humid tropical river basin by taking account into characteristic of
hydrology in humid tropics for analyzing long-term river discharge and inundation.

Chapter 4 compared the two bias correction methods, i.e., the QM method and a
combination of the QM and VS methods, to examine how each method improves
estimates of rainfall patterns, and subsequently, the simulated flood inundation by
the RRI model in the Batanghari River Basin, Indonesia. Originally, the dynamically
downscaled NHRCM rainfall data showed higher spatial variation in the 15-day
rainfall and annual rainfall compared to the reference data. While this does not
markedly influence the simulated FDC, it largely overestimated the extreme values,
such as the annual maximum flood inundation volume. The combination of QM and
VS methods successfully decreased the rainfall spatial variability and improved the
estimations of the FDCs and the extreme values.

Our analysis showed that annual maximum flood inundation volume
corresponding to a 20-year return period would increase by 3.3 times in the future.
In addition, the flood inundation extent would increase, particularly in the lowland

areas of Sumatra Island. In conclusion, this study suggests the need to consider future
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climate change scenarios for river basin management, particularly to reduce the flood
damage and to sustainably maintain the unique ecosystem of tropical peatlands.

Chapter 5 compares the effect of climate change and land use change on river
discharge and flood inundation. In addition, this study also compares these impacts
estimated using the RRI model and the Soil Water Assessment Tools model that is
widely used for land use impact assessment all over the world. According to
estimated FDC and annual maximum discharge, both SWAT model and RRI models
suggest that climate change has more impacts than land use change. In addition, RRI
model suggests that climate change has more impacts on annual maximum
inundation volume than land use change. Specifically, due to climate change,
inundation area increases by 1,812 km? and the maximum inundation depth increases
by 1.1 m, while inundation area increases by 149 km? and the maximum inundation
depth does not change, due to land use change. The above-mentioned results show
that the estimated change of river flows and flooding using the RR1 model is similar
to those of the SWAT model. In conclusion, this study suggests that the effect of
climate change on river flows and flooding is more significant than that of land use
change in the study area.

Chapter 6 assesses the impact of flood inundation on young oil palm in peatland
to discuss sustainable adaptation measures for oil palm production. This study
develops a basin-scale mortality map of oil palm within three years after planted in
present climate and future climate conditions. Under future climate condition,
inundation duration is projected to be longer and larger part of downstream area
shows mortality exceeding 50%, compared with present climate. This study further
analyzed the impact of future flood inundation on peatland area and oil palm area.
In future climate condition, peatland area, which shows mortality exceeding 50 %,
increases to 6 times, compared with present climate case. In particular, peatland area,
which consists of higher elevation called a peat dome, shows high mortality of oil
palm caused by prolonged inundation. Moreover, these results suggest that
prolonged inundation would increase groundwater level in peatland that gives a
challenge to maintain oil palm production that requires drainage. Furthermore, this
study implies that prolonged inundated area due to climate change may not be used

for oil palm production, which leads to poor management of drainage and fire
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disaster during dry season. In conclusion, this study suggests that current oil palm
plantation is not be sustainable, particularly in peatland under climate change
condition and thereby, adaptation measures for climate change should be taken for
sustainable oil palm management and environmental protection of peatland.

This study concluded that the RRI model is applicable to simulate discharge and
inundation extent in the humid tropical river basin and can be used for land use and
climate change impact studies. However, the application needs careful
parameterization considering the deep soil layer in the region as well as effects of
evapotranspiration (long-term simulation). Results of this study also showed that the
use of RCM is better than GCM, particularly in the study area. Furthermore, the use
of RCM should be bias corrected based on the needs of the study. In the case of this
study, the combination of QM and VS was able to give better results in the simulation.
After comparing the results of changes due to land use and climate change, this study
concluded that the impact of climate change is much severe than land use change,
particularly on the increase of inundation extent and maximum depth. Finally, this
study suggested that the adaptation strategies to mitigate impacts of land use and
climate change in the future should carefully consider the sensitive areas such as
peatlands that are abundant in the region.
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