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Chapter 1
Introduction

1.1 Global importance of the humid tropics

The humid tropics are globally important biodiversity hotspots and carbon pools (C pools).
Despite covering less than 7% of the Earth’s land area (Junk et al. 2012), they are host
to approximately 18,000 endemic plants (Kier et al. 2005), and to the highest proportion
of country-endemic species (Sodhi et al. 2010). The region currently covers around
30% of the tropical biome (Underwood et al. 2014) and contains an estimated 268 Gt C
(Scharlemann et al. 2014). Of this, the peat swamp forests (only covering 0.4 million km?)
store significant belowground C pools, that is 80-90 Gt C, with 69 Gt C in Southeast Asia
forests (Page et al. 2011). In addition, the humid tropics are globally important for the
hydrologic cycle through maintaining considerable flows of heat and moisture (Van
der Molen et al. 2006). For instance, any large-scale disturbance (e.g. deforestation)
in the region will influence precipitation amounts in the tropics and subtropics (Neale
and Slingo 2003; Van der Molen et al. 2006). Currently, forests, including peat swamp
forests, are deteriorating at an alarming level due to the high deforestation rate. This
rate has consistently been the highest in the tropics since the 1990s (Sodhi et al. 2010).
A recent estimate revealed that annually 47,600 ha of forests was lost in Indonesia,
primarily in lowland forest ecosystems in Kalimantan and Sumatra (Margono et al. 2014).
The deforestation potentially alters the belowground C pools and carbon balance of the
atmosphere. Hence it influences global climate, declines the ecological benefits of the
peat swamp forests, and influences global water transport. In general, humid tropical
forests are ecologically and economically crucial for climate and biodiversity, and any
change to them will have substantial impacts.

Although rainfall regimes vary across the peat swamp forests in Southeast Asia (Aldrian
and Susanto 2003), the forests face common threats of deforestation for crop and fibre
export-oriented expansion, drought, forest fires, and a changing climate. These threats
lead to forest degradation, which makes them more fire-prone during the dry season.
Among the threats, forest fires have the highest socio-economic and ecological cost.
Wildfires have attracted society’s awareness and generated concern, but also scientific
interest in the drought-wildfire generating mechanism over the recent decades. The
concern about peat forest fires and related disasters in Indonesia has led international
donors to fund over US$30 million during 1980-2000s (Tacconi et al. 2006), and likely the
funding rose in the recent decade.
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The growing public awareness on harmful impacts of fires on biodiversity and society
(Forsyth 2014) revealed that there still remains a serious lack of scientific understanding
aboutthe fundamental role of droughtinfire-generating processes, as well as an insufficient
appreciation of the drought-fire relation to anthropogenic global environmental change.
Clear identification of this role through understanding the drought-fire mechanism
can help suppressing drought-fire impact to society. Most works suggest that climate
controls wildfire in the humid tropics (Van der Werf et al. 2008a; Jolly et al. 2015; Williams
and Abatzoglou 2016), but recent studies suggest that hydrology is of importance to
suppress fire and associated carbon emission (Wosten et al. 2008; Jaenicke et al. 2010).
However, the climate-centred approach, which is reflected in the currently used drought-
fire related indices (Groot et al. 2006; Petros et al. 2011; Field et al. 2015; Di Giuseppe
et al. 2016) overlooks soil and hydrological processes beneath the surface of the humid
tropics. There is also uncertainty about the relative roles of climate variability and human
activities in influencing the nature and distribution of drought related wildfires.

1.2 Drought as a natural hazard

Drought is a recurrent hazard (EEA 2010), which has happened throughout human history
(Garnier 2017). Unlike flood hazard, however, drought received less attention from society,
both in the news and in the scientific literature. Several factors can be identified why
drought did not receive as much attention as many other hydroclimatological hazards
(Wilhite et al. 2014), including: (i) drought is a relatively slow-onset natural hazard; (ii)
drought is difficult to determine, when the onset and the end of this hazard are; (iii) there
is no universally accepted definition; and (iv) the impact of drought is difficult to quantify,
specifically when it occurs over a great spatial area (WWAP 2016; Van Lanen et al. 2017).
Nevertheless, once drought happens over greater spatial and temporal scales, drought
has more noticeable consequences on human life than floods. Drought events, which
cover extensive areas and could last for months to years, can cause dramatic changes in
society, such as migration (Rowell 1936; Gray and Mueller 2012), hunger (Loewenberg
2014), and even war (Kelley et al. 2015).

Drought occurs in all climate regimes from humid to dry and from hot to cold. It is
characterized as a relative phenomenon, that is, drier than normal. Drought is triggered
by below-normal rainfall usually associated with high temperature during summer
(Diffenbaugh et al. 2015; Galvan et al. 2015). In snow-dominated climates, winter drought
sometimes happens when snowfall comes earlier or when snow melts later than normal
(Van Loon and Van Lanen 2012). Even in cold desert environments, drought is apparent
during summer (Schwinning et al. 2005). Drought events are also common in monsoonal
climates, which are mostly driven by ocean dynamics (Wang et al. 2013; Alamgir et al.
2015). In the humid and hot tropics, short-term dryness in response to the absence of
fortnightly precipitation is often the reason for drought events. In most cases, drought
in the humid tropics can be characterized as a classical rainfall deficit drought (Van
Loon and Van Lanen 2012), which occurs due to repositioning of the inter-tropical
convergence zone-ITCZ (Russell and Johnson 2007; Stager et al. 2011), affecting rainfall
variability. Further, atmosphere-ocean teleconnection in the Pacific and Atlantic Oceans
(Shanahan et al. 2009; Marengo et al. 2011) concomitantly plays a key role in influencing
climate variability in the tropics. In all humid tropical regions, likely atmosphere-ocean
teleconnections (e.g. El Nifio) plays a key role in increasing the frequency and severity of
water-related disasters (Gallery 2014).
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Recent studies show that there is a drying trend across the humid tropics driven by
below-normal rainfall, although globally this is not the case (Sheffield et al. 2012).
For instance, strong negative rainfall anomalies in response to increased sea surface
temperature have caused drying trends in the Amazon (Fu et al. 2013; Gloor et al. 2013).
Rainfall analysis using data from the Climate Research Unit (CRU) and the Tropical Rainfall
Measuring Mission (TRMM) revealed seasonal and annual climatic water deficits across
Central and West Africa (Asefi-Najafabady and Saatchi 2013). Other studies employed
the Global Precipitation Climatology Centre (GPCC) dataset and report a similar drying
trend over humid Africa (Zhou et al. 2014). In Southeast Asia, there is a tendency that
annual and seasonal maximum daily rainfall have been decreasing over the maritime
continent (including Indonesia) since 1957 (Villafuerte and Matsumoto 2015). One study
has revealed an increase of the drought severity and frequency since the 1960s in north-
eastern Borneo (Walsh 1996).

Future climate in the Southeast Asia remains uncertain because of internal climate
variability (Lintner et al. 2012). Rainfall variability over the maritime continent, including
Indonesia is anticipated to remain mainly controlled by the ITCZ and dynamics in sea
surface temperature over the Pacific (Hendon 2003). Future projected warmer sea
temperatures in the Pacific (Cai et al. 2014) will reduce rainfall leading to lengthening of
the dry season over Indonesia. Climate projections over Southeast Asia show consistency
in increasing temperatures (Lobell et al. 2008; Diffenbaugh and Charland 2016), but
inconsistency in decreasing rainfall between seasons (Lobell et al. 2008) and emission
scenarios (Chadwick et al. 2015). However, it has been recorded that maximum daily
rainfall already shows a drying trend (Villafuerte and Matsumoto 2015).

The future drought hazard varies among regions and seasons. Droughts are projected to
intensify in the 215t century in some regions, for example in Southern Europe (Seneviratne
et al. 2012), as result of climate change. Areas in other Mediterranean climate zones,
such as California, shows a similar tendency of increased drought due to anthropogenic
warming (Diffenbaugh et al. 2015). In the humid tropics, there is medium confidence that
some regions (south-eastern Amazon) are anticipated to face amplifying drought hazard
in the future (Seneviratne et al. 2012), whereas for other regions future drought remains
uncertain. The outlined emission scenarios are one of the reasons for the differences in
future drought hazard. Other studies revealed that climate and catchment characteristics
also play a significant role when assessing future drought hazards (Wanders and Van
Lanen 2015), in particular for hydrological drought (that is, drought in groundwater and
streamflow). Globally, a likely increase in the severity of hydrological drought is projected
for multiple regions by either a simple approach (Wanders and Van Lanen 2015) or a
more comprehensive, multi-model approach (Prudhomme et al. 2014). Wanders & Van
Lanen (2015) used a synthetic global hydrological model (GHM) to quantify the impact
of a changing climate on drought characteristics across the globe. They found that
hydrological drought frequency is expected to decrease on a global scale because of
pooling of events, hence their severity and duration are expected to intensify. Drought
occurrence over the 21 century is projected to increase almost everywhere, except
in northern Canada, North East Russia, the Horn of Africa and parts of Southeast Asia
(Prudhomme et al. 2014). Likely, future drought over southeast Asia is linked to rising
temperatures (Dai 2013; Diffenbaugh and Charland 2016) and projected El Nifio Southern
Oscillation-ENSO (Cai et al. 2014). This thesis discusses hydrological drought in the humid
tropics with focusing on Southeast Asia region (red circle, in Figure 1.1).
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humid tropics
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Figure 1.1. Distribution of the humid tropics in the world based on Képpen-Geiger climate
classification (Kottek et al. 2006). Region is defined as humid tropics if the minimum precipitation is
above 60 mm/month (climate type Af).

1.3 Impacts
1.3.1 Drought related impacts

Drought is often viewed through its impact on environment and society (Wilhite et al.
2007; Stahl et al. 2016). The nature of impacts differs remarkably from region to region.
During drought, many economic sectors are affected (Tallaksen and Van Lanen 2004). In
Europe, drought impacts are manifold, e.g. effects on crop yield, water-borne transport,
aquatic ecosystems, water supply, energy production (Van Lanen et al. 2016). In snow-
dominated climates, winter drought influences society through limitations on inland water
navigation (Pfister et al. 2006), energy production (Van Lanen et al. 2016), sometimes
on rural displacement (Sternberg 2010), and on reduced inflow in reservoirs. In Syria,
intense drought has increased the human conflict (Kelley et al. 2015). Drought markedly
influences society through relocating wet and dry-environmental regions (Stager et al.
2011) driving forced human migration (Gray and Mueller 2012) in Africa. Drought also
threatens food security by a lowered agricultural production worldwide (Qin et al. 2014;
Nath et al. 2017; Pascoa et al. 2017). For instance, in the monsoonal climate of India,
drought affected 300 million people in 2002 (Gupta et al. 2011).

In the tropics, drought impacts occur everywhere. Drought in tropical Africa had immense
impacts on human welfare (Gray and Mueller 2012). In recent years, drought-related
ecology received attention as well, as revealed by Zhou et al. (2014), who found a decline
in the greenness of humid tropical forests in Africa, despite potential adaptability of
tropical forests to severe short-term drought (Asefi-Najafabady and Saatchi 2013). In
the Amazon, drought has been more related to ecology than to the human dimension,
as reported for Africa. Drought leading to vegetation drying weakens the tropical forest
carbon sink (Phillips et al. 2009; Lewis et al. 2011; Corlett 2016). The intense and longer
dry season in 2010, leading to very low river water levels in the Amazon (Marengo et al.
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2011), substantially declined the carbon sink through extensive tree mortality (Lewis et al.
2011). In the humid Southeast Asia, drought had immense impacts on socio-economic
activities and environment, in particular when the event coincided with strong El Nifio
events, such as in 1997/1998 and 2009 (Glover and Jessup 1999; Varma 2003; Marlier
et al. 2013). In Indonesia, drought associated with El Nifio has been linked to low rice
production (Naylor et al. 2001; Surmaini et al. 2015).

Public awareness on drought has risen due to its impacts on society and environment.
Economic activities that are impacted and the societal vulnerability to periods of water
shortage (Sivakumar et al. 2014) determine how the public responds to drought events.
There is growing recognition that a greater understanding of the role of drought in
society is needed, and can be gained through the study of the human influence on
frequency and impact of past drought events (Van Loon et al. 2016). Nowadays, an
increased awareness to publicize drought related disasters is institutionally recognized,
for instance, through the European Drought Centre?, the US Drought Monitor? and the
Global Drought Monitor®. In 2013, World Meteorological Organization (WMO) together
with the Food and Agriculture Organization (FAO) and the United Nations Convention
to Combat Desertification (UNCCD) held the High-level Meeting on National Drought
Policy in Geneva to provide practical guidance and science-based actions to address key
drought issues and various strategies to cope with drought (Sivakumar et al. 2014). These
are now being implemented in the WMO regions, e.g. in Central and Eastern Europe
(http://www.droughtmanagement.info/idmp-activities/idmp_cee/).

1.3.2 Drought-related wildfire impacts

Direct and indirect impacts of drought are difficult to separate (Tallaksen and Van Lanen
2004). Although drought does not directly cause wildfire, it provides favourable conditions
for wildfire ignition and spread. When drought coincided with El Nifio in the humid tropics,
e.g. Southeast Asia, the impacts escalated through forest fires causing disturbance of the
global carbon cycle, incl. reduction of the carbon stock (Page et al. 2002; Hooijer et al.
2010; Huijnen et al. 2016; Page and Hooijer 2016) and intensifying haze hazard (Lee et al.
2016). In addition, the amplified air pollution (Novelli et al. 2003; Reddington et al. 2014)
caused an increased health risk (Marlier et al. 2013; Crippa et al. 2016). Health impact
was reported far away from the location where fire occurred. Drought coinciding with
strong El Nifio in 1997/1998 and 2015 have caused mega-wildfires and led to severe
socio-economic impacts in Southeast Asia (Glover and Jessup 1999; Varma 2003; World
Bank 2016), including disrupting airport and flight operations. The 1997/98 ENSO-driven
forest fires resulted in economic costs of approximately US$8.8.billion (Glover and Jessup
1999). The 2015 fire event caused almost 70 million people to be exposed to unhealthy
air in the autumn season alone (Crippa et al. 2016). Fires meant for land clearance for oil
palm plantations over extensive areas have proven to change biodiversity by reducing
the number of species (Yule 2008; Koh et al. 2011).

1.4 Drought-fire mechanism

Interactions between atmosphere and biosphere play a key role in the generation of
forest fire in a region. Atmospheric drivers of fire, such as climate/weather variables are
relatively well known, that is, significantly regulating fuel drying. Climate/weather is one
of the collective drivers of fire, together with ignition and vegetation characteristics,

' http://europeandroughtcentre.com/
2 http://droughtmonitor.unl.edu/
3 https://gis.ncdc.noaa.gov/maps/ncei/drought/global
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the ‘fire-triangle’ (Moritz et al. 2005; Falk et al. 2007; Harris et al. 2016). Daily weather
conditions determine fire spread and intensity (Di Giuseppe et al. 2016). Low precipitation,
low humidity, high temperature and strong wind favour generation of a fire event, but it
will differ across vegetation types. Forest fire may naturally occur with lightning as source
of ignition, specifically in the sub-tropics (Stephens et al. 2014), yet this lightning is rarely
reported as ignition factor in tropical forests (Cattau et al. 2016).

The fire-triangle differs across temporal and spatial scales. At short-time scales (seconds
to a day) and local scale (from leaf to site scale), heat, oxygen and fuel availability together
determine fire. At local scale, the fire event develops depending on how much fuel is
available, and on dryness of the weather. Topography sometimes becomes a physical
barrier (Harris et al. 2016) for fire spread (such as water, gullies, fire corridors, and surface
roughness). At the landscape scale, climate and vegetation types determine fire regimes.
Forest and savannah have different atmospheric and vegetation feedbacks, which
determine flammability (Bowman et al. 2015). Climate has been observed as fire driver at
regional scale, both in tropics (Page et al. 2002; Van der Werf et al. 2008b), and subtropics
(Meyn et al. 2007; Van der Werf et al. 2008a; Stephens et al. 2014). Atmospheric and
oceanic teleconnections, such as El Nifio Southern Oscillation (ENSO), play a key role
beyond the regional scale through regulating the climate (Hendon 2003) and may drive
long lasting dry periods in the tropics.

In the tropics, canopy layers cause moisture levels to be high in soils and between forest
trees. Studies of tropical ecosystems showed that these are relatively fire-free, although
biomass-fuel is highly available (Krawchuk et al. 2009). When a short-term dry spell occurs
in this ecosystem, the drying process starts. This meteorological drought (Figure 1.2)
triggers a soil water deficit, hence, increasing plant water stress, and then causing
desiccation of forest canopy at local scale. When a combination of low precipitation
and high temperature lasts longer, the drought propagates into the subsurface (that is,
soil moisture drought, Figure 1.2), which usually happens at a larger scale, both spatially
and temporally. The drying process is then amplified causing extensive tree mortality
in tropical forests (Lewis et al. 2011; Bonal et al. 2016). The drought-induced tropical
tree mortality is more severe when drought coincides with a warm ENSO event, like in
1997/1998. In humid tropical forests, climate is claimed as the superordinate control
on large infrequent wildfires (Meyn et al. 2007), as climate governs the distribution
and quantity of flammable vegetation to burn. However, this claim seems to overlook
hydrological processes beneath the surface influencing soil moisture. Recent studies also
indicate that the position of the groundwater table will affect the fire hazard in the humid
tropics (Wosten et al. 2008; Turetsky et al. 2015).

1.5 Drought and fire-drought indices

Different approaches in classifying drought addressing different purposes (e.g. different
impacts) led to various drought indices. Generally three groups of drought indices can be
distinguished following the three types (Figure 1.2): meteorological drought, soil moisture
drought, and hydrological drought. More than 100 drought indices have been developed
to study drought and its impacts on society (Niemeyer 2008; Zargar et al. 2011). For
operational use, only a limited number has been applied worldwide, for instance the
Standardize Precipitation Index-SPI (McKee et al. 1993), the Palmer Drought Severity
Index-PDSI (Alley 1984), and the Standardized Precipitation and Evapotranspiration Index-
SPEI (Vicente-Serrano et al. 2010). Drought indices are used as a numerical standard for
assessing a measure of drought for intercomparison among different regions and climate
regimes. Both observed and modelled data are used to derive drought indices. The World
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Meteorological Organization (WMO) has compiled a dynamic online list with indices used
to describe drought conditions (World Meteorological Organization and Global Water
Partnership 2016) that cover precipitation, streamflow, groundwater and reservoir levels,
soil moisture and snowpack.
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Figure 1.2. Drought-fire mechanism is driven by climate-vegetation feedbacks within a forest.
Current knowledge assumes that meteorological drought and soil moisture drought determine
drying forest (that is, fuel layer, layer 1, which contributes to fuel availability. Hydrological drought,
i.e. drought in groundwater (layer 3), has not explicitly been considered as fire driver (in red box),
so far. The classical drought types, which are also relevant for the fire hazard, can be described
as follows. The meteorological drought is defined here as a rainfall deficiency that occurs over an
extensive region for a longer period of time. It is assumed that low temperatures do not play a role
in drought development in the humid tropics (Van Loon and Van Lanen 2012), except for some
mountainous areas. Soil moisture drought is related to inadequate supply of soil water to plants
because of below-normal rainfall. This drought type is an intermediate between meteorological
drought and hydrological drought, which is controlled by weather conditions, plant physiology, and
soil properties. Soil moisture drought may intensify fire hazard by providing additional fuel from
canopy desiccation. Hydrological drought refers to below-normal conditions of water in surface or
subsurface water bodies (Tallaksen and Van Lanen 2004, Mishra and Singh 2010). Lower levels of
groundwater than normal reflect a particular hydrological drought. Hardly any research has been
done to explicitly identify the link between hydrological drought and fire hazard.

To study meteorological drought, people use by definition precipitation (rainfall and
snow) either observed or modelled, to characterize drought in a region. To deal with the
high temporal variation in precipitation in a region (usually many zeros in daily records)
and in the spread among regions, monthly values or moving-averaged values are often
used when calculating precipitation-based indices to allow intercomparison (Wanders
et al. 2010). In addition to the SPI, the cumulative precipitation anomaly, and number of
consecutive dry days has been used (Deni and Jemain 2009; Van Huijgevoort et al. 2012).
In addition to precipitation, some meteorological indices include evapotranspiration,
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such as the SPEI (Vicente-Serrano et al. 2010). SPEI considers cumulated anomalies of
precipitation and potential evapo-transpiration. WMO has suggested that, to study
drought in a region, at least the SPI should be used, as precipitation data are mostly
available worldwide (World Meteorological Organization and Global Water Partnership
2016), although they state that no single indicator fits all purposes and climate regions.

Soil moisture drought indices focus on anomalies in soil moisture. As not many observed
soil moisture data are available, most studies used water balance models to derive soil
moisture indices. The Palmer Drought Severity Index is one of the most well-known
indices to characterise drought globally (Sheffield et al. 2012; Trenberth et al. 2013).
Other indices are the soil moisture deficit index (Narasimhan and Srinivasan 2005), crop
moisture index (Palmer 1968), and the soil moisture anomaly (Orlowsky and Seneviratne
2013).

Hydrological drought indices cover the saturated zone (groundwater) and streamflow,
and are observed or modelled. These indices have already been proposed, similar to the
others, a long time ago, for example the Palmer Hydrological Drought Index (Palmer
1965). However, hydrological drought did not receive attention until in recent decades
(Tallaksen and Van Lanen 2004; Tallaksen et al. 2009; Van Loon et al. 2016). Other
hydrological drought indices can be identified, such as the groundwater resources index
and surface water supply index (Shafer and Dezman 1982).

Most of the above-mentioned indices are determined by applying so-called standardised
approaches. Drought can also be derived directly from time series of observed or
simulated hydrometeorological variables by using the threshold approach (Yevjevich
1967; Tallaksen and Van Lanen 2004). When the variable is below a predefined level,
drought occurs and its characteristics are calculated (duration, severity, deficit volume,
and frequency). This approach is called ‘threshold level method'. The big advantage of the
threshold approach is the deficit volume that can be derived, whereas this is impossible
when using the standardised approach. Two different procedures to apply the threshold
approach can be identified, namely the fixed and variable threshold (Van Loon and Van
Lanen 2012; Heudorfer and Stahl 2016). A fixed threshold means the use of a static value
for the whole period of drought assessment, whereas the variable threshold reflects a
seasonal pattern in the data.

Several criteria have been introduced to select indices for intercomparison, including
simplicity, easiness to calculate, and a physical meaning. Wanders et al. (2010) added
additional criteria, i.e. the indices should be climate-independent and have high temporal
resolution. Actually, drought impact should also be considered to select drought indices
(Stahl et al. 2016). Application of various drought indices to a specific region frequently
results in different drought properties. Differences in concept and calculation method are
the reason for the dissimilar properties. The SPI is an interesting drought index because
of its simplicity, and it is widely used, however the SPI is less suited for calculating water
deficits. Further, Wanders et al. (2010) suggested that the variable threshold approach
may fit for intercomparion of drought indices globally.

The above-mentioned, more conventional drought indices are not specifically meant for
drought and associated forest fires. A lot of effort has been put into connecting forest fire
regimes (area burnt, occurrence, frequency) with more targeted drought indices. Most
works use statistical approaches to link drought indices and fire regime, in particular for
monitoring, prediction and forecasting purposes. The most widely used are the Keetch-
Byram Drought Index-KBDI (Petros et al. 2011) and the Fire Weather system Index-FWI

8
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(Amiro et al. 2005). The KBDI involves a rather simple calculation with input of two
weather variables (rainfall and temperature). The calculation aims to estimate moisture
deficiency in the upper soil and litter layer within a forest. The KBDI was initially developed
for forest fire control in the south-eastern US, and is now widely used, including in the
Mediterranean (Petros et al. 2011) and in Australia (Caccamo et al. 2012). The FWI was
initially developed for fire prediction in Canada. The FWI calculation is rather complex,
that is, prediction of the six components of the FWI (namely, the fine fuel moisture code,
duff moisture code, drought code, initial spread index, build-up index, and fire weather
index). The six components of the FWI consider, among others, fuel moisture and wind
on fire behaviour. Although highly demanding in terms of weather variables (rainfall,
temperature, relative humidity and wind) and rather complex in calculation, the FWI is
used worldwide (e.g. Di Giuseppe et al. 2016), including in the humid tropics of Southeast
Asia (Groot et al. 2006). Nowadays, high resolution global climate data are used to
calculate the FWI (Field et al. 2015) and maps are disseminated online (https://data.giss.
nasa.gov/impacts/gfwed/).

Concerns about both the KBDI (e.g. Snyder et al. 2006) and the FWI (e.g. Waddington
et al. 2012; Yang et al. 2015) have been risen, in particular when the indices are applied
to different climate and soil-hydrological regimes than for which the indices were
developed. The concerns are obvious when the indices are used for predicting area burnt.
For instance, the application of the FWI in the Mediterranean (Dimitrakopoulos et al. 2011;
Amatulli et al. 2013; Urbieta et al. 2015), in Canada (Flannigan et al. 2005), and in America
(Urbieta et al. 2015), and in Hawaii (Dolling et al. 2005) for the KBDI. The performance
appeared to increase when the indices are used at a coarser temporal resolution, such
as the seasonal scale (Bedia et al. 2015) or annual scale (Williams et al. 2015). Studies
that used ‘conventional’ drought indices as alternative for the KBDI and the FWI, such
as SPI (Riley et al. 2013; Alencar et al. 2015) and PDSI (Riley et al. 2013) obtained similar
performance in predicting area burnt. Therefore, it remains challenging how to integrate
subsurface processes, that is, soil and hydrology, into the existing drought indices for
better prediction of the fire regime, specifically in the humid tropics.

1.6 Human influence on drought, specifically in the humid tropics

In the Anthropocene, human activities play a significant role in controlling the water
cycle. Global warming in the Southeast Asia region is expected as a result of the projected
temperature rise (Lobell et al. 2008; Diffenbaugh and Charland 2016). The higher
temperature may increase severity of the future drought hazard in the region (Section
1.2). Deforestation also occurred during the last three decades, which has influenced the
hydrological cycle across the humid tropics (Asefi-Najafabady and Saatchi 2013; Gloor
et al. 2013; Villafuerte and Matsumoto 2015; Khanna et al. 2017), see also Section 1.1.
Deforestation leads to changes in the surface energy and water balance through an
increased surface albedo, reduced surface roughness and turbulent transport, reduced
water transpiration to the atmosphere, increased sensible heat flux, and reduced latent
heat flux (Bonan 2008). In Southeast Asia, the deforestation rate has consistently been the
highest in the tropics since the 1990s (Sodhi et al. 2010). The influence of deforestation
on drought, in particular hydrological drought, remains uncertain, although some studies
indicate a decline in precipitation (Lee et al. 2011; Lawrence and Vandecar 2014).

Other human activities, such as overexploitation of groundwater (Zeng et al. 2017) have
affected groundwater drought. In Jakarta, a decreasing trend in groundwater levels is
reported in most groundwater monitoring wells due to water over-abstraction (Delinom
et al. 2009). In the wetlands of Southeast Asia, lowering of groundwater levels is linked to
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canal drainage (Wdsten et al. 2008; Hooijer et al. 2010; Ishii et al. 2016). Canals are built
to get access to wetland forest to transfer the forest into plantations (Wosten et al. 2006;
Hooijer et al. 2010; Jaenicke et al. 2010; Page and Hooijer 2016). Studies showed that
canalization results in very low groundwater tables in the peatland. Yet, quantification of
extensive canal drainage on drought development remains a research challenge.

Drought research that defines three drought types (see Figure 1.2) has focused for a
long time on so-called climate-induced drought, that is, due to climate variability. Due
to human development, overexploitation of natural resources, as mentioned above, has
caused a remarkable change in water availability leading to water deficits, and associated
drought. Therefore, the established approach to define drought as a response to
climate variability needed to be revisited to accommodate human processes driving and
modifying the hydrological cycle (Van Loon et al. 2016). The modified drought concept
can be classified into three categories (Van Loon et al. 2016): (i) climate-induced drought,
(i) human-induced drought, and (iii) human-modified drought. As described-above,
in our study area (Figure 1.1), there are several drivers of human activities that change
drought characteristics, namely canalization, and land-use change, that lead to human-
modified drought and even human-induced drought. The impact of these drivers on
(hydrological) drought is not yet well understood.

1.7 Research objective and questions

The general objective of this PhD research is to examine how characterization of
hydrological drought under natural and human-modified conditions can improve
understanding of wildfires in the humid tropics. More specifically, I address the following
questions:

e To what extent does hydrology add to a better prediction of the fire hazard in
the humid tropics?

e How do the existing drought-related indices perform in predicting fire hazard,
and can these indices be made more reliable by including hydrology?

e What are the characteristics of hydrological drought in the humid tropics, that
is, for climate-induced, human-modified and possibly human-induced drought
conditions?

e How can water management mitigate hydrological drought and associated fire
hazard?

The research questions are elaborated in the following four chapters (Chapter 2 to 5) and
subsequently discussed and synthesized in Chapter 6. Since Chapters 2 to 5 have been
published in, or have been submitted to, peer reviewed journals, they are stand-alone
papers that can be read independently. Consequently, some repetition may occur in the
introduction and methods sections of these chapters.

Chapter2 starts with addressing hydrological drought characteristics under natural forest in
the humid tropics. Next, the chapter discusses human influences on drought development
through canalization and land use change. Changes of drought characteristics that may
occur under climate change scenarios are explored as well.

Chapters 3 and 4 address development of an improved drought index for assessing fire
hazard in the humid tropics. First, Chapter 3 elaborates modification of a widely-used
drought index by including hydrological variables at the local scale. Then, Chapter 4
tests the modified drought index (Chapter 3) by assessing historical fire hazard in the
humid tropics. Water management options to reduce the fire hazard are also addressed
in Chapter 4.

10
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Chapter 5 considers the use of global climate data to study the spatial distribution of
hydrological drought characteristics in the humid tropics. The chapter also investigates
the use of hydrological drought characteristics as complementary predictors for the
assessment of fire area burnt at the regional scale.

Finally, Chapter 6 presents a synthesis of the research findings outlining the improved

knowledge on hydrological drought under natural and human-modified conditions for
the assessment of wildfires in the humid tropics.
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Chapter 2
Drought severity in tropical wetland

Peatland in Southeast Asia is deteriorating at an alarming rate. Drought is the important
reason for the declining peatland. Because humans have affected tropical peatland, it
is unclear whether the region’s forest ecosystem is more impacted by natural climate
variability (climate-induced drought) or by human interference (human-modified
drought). Using a comprehensive hydrological model, we quantify the severity of
these droughts under different land-use and water management options for peatland
regions in Southeast Asia. Analyzing simulated historical groundwater levels from
the region, we found that human interference has amplified drought severity. The
drought severity due to human interference was at least three times higher than for
the native (i.e. unchanged) forest. We report that canal drainage has a greater impact
on drought severity than projected climate change. Our findings suggest that even
if the Paris Agreement target is met, drought risk of peatlands remains high unless
sustainable water management practices become a high priority in the region.

This chapter is based on: Taufik, M., J. Van Dam, B.I. Setiawan, H. Wésten, P.D. Jones, and H.AJ. Van Lanen. 2017.

Human contribution to increased drought severity in Southeast Asian peatland. Science of the Total Environment,
in review.
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2.1 Introduction

Over the past decades, the Southeast Asian region has suffered from a series of large
drought-related wildfires, such as those that occurred in 1982/83, 1997/98, 2009, and
most recently the 2015 drought. The droughts have had immense adverse ecological and
societal consequences, including smoke/haze pollution, which led to economic losses
reaching billions of dollars (Varma 2003; World Bank 2016). Natural processes driven by
climate variability determine drought severity (climate-induced), but humans can amplify
droughts (human-modified drought), for example, through water abstraction or dams
(Van Loon et al. 2016), or extensive land drainage (Van Lanen et al. 2004). By 2010, a total
of 2.3 million ha (roughly equivalent to two-thirds of the Netherlands) of peat swamps
have been clear felled, with half of these from lowland forest ecosystems in Kalimantan
and Sumatra (Koh et al. 2011). It is crucial to examine whether the severity of droughts
has increased or not over recent decades.

The Southeast Asian region has globally important biodiversity hotspots and carbon pools.
Despite covering less than 1% of the Earth's land area, the region hosts approximately
10,000 endemic plants (Kier et al. 2005) and the highest proportion of country-endemic
species (Sodhi et al. 2010). Studies revealed that the carbon store in Southeast Asia’s
peatland is the highest in the tropics (Page et al. 2011). However, the forests are
deteriorating at alarming rates due to land-use change, mostly to produce fibre and
export-oriented products. Land-use change usually happens together with canalization,
which has been a major human interference (Hooijer et al. 2010; Konecny et al. 2016) in
the peatland that has likely affected drought and the associated impacts.

Although human influences on droughts are clearly important, with numerous impacts
in tropical peatland, understanding the mechanisms is challenging. For instance, have
climate-induced droughts been amplified in this region by humans (human-modified
drought) over the last decades or has this even initiated droughts (human-induced
drought) (Van Loon et al. 2016), and to what extent will climate change drive further
changes in these droughts? Analyzing observed data from several sites in Indonesia
using a comprehensive hydrological model and scenario analysis allowed us to make
predictions about drought characteristics (such as severity) for natural and human-
induced conditions, and to make recommendations on how to manage peatlands to
reduce human-modified drought.

2.2 Materials and methods

Droughts can be characterized in different ways, using different approaches and indices.
Here we focus on drought in groundwater, i.e. deviation of groundwater levels (GWLs)
from normal at the plot and landscape scales in the most fragile and vulnerable peatland
ecosystems in Southeast Asia. Four peatland regions were identified, including the
Kampar Peninsula and the Air Hitam in Sumatra, and the Upper Sebangau and Upper
Kapuas in Kalimantan (Annex A: Figure A.1). Historical records of GWLs in remote tropical
peatland are sparse, and hence, we used the Soil Water Atmosphere Plant (SWAP) model
after calibration to simulate groundwater levels over the last 3 decades (1980-2015).
Such a long time series is required to adequately analyse drought (World Meteorological
Organization 2012).

The hydrological model SWAP is a one-dimensional, vertically directed model to
simulate, among other variables, transport of water in the vadose zone in interaction
with vegetation development, subsurface hydrology and surface water levels (Kroes et
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al. 2008; Van Dam et al. 2008). SWAP can be run at different levels of complexity, making
it fit to understanding of system dynamics in more data-poor environments. The SWAP
model was forced with observed rainfall and potential evapotranspiration (ETP) as the top
boundary condition. As a lower boundary condition, a drainage condition was identified
that can accommodate variable surface water levels (e.g. controlled canal levels). For a
detailed explanation about the SWAP model, readers may refer to Kroes et al. (2008).
Below, we briefly describe the major features and data input.

2.2.1 Climate and hydrology data

Long time series of climate data from peatland regions are scarce. However, we managed
to collate daily meteorological data from a nearby station for each of the four selected
peatland regions. Each station needed to have a complete set of meteorological variables
to be used for a potential evapotranspiration calculation based on Penman-Monteith
(Allen et al. 1998), and be relatively close to the GWL monitoring site in the remote
peatlands. We identified four climate stations (source: http://dataonline.omkg.go.id/
home), two in Sumatra (i.e. WMO ID stations 96109 in Pekanbaru, and 96195 in Jambi), and
two in Kalimantan (i.e. WMO ID station 96655 in Palangkaraya, and 96565 in Putussibau).

We used 12 datasets of observed GWL in this study, especially for calibration of the SWAP
model. Most datasets were collated from the literature and have different observation
lengths (Annex A: Table A.1), which were combined with our observed GWLs for the Bika
catchment, Upper Kapuas. From the 12 selected GWL sites, we identified five existing
land-use (LU) types, namely intact forest (IF, 2 sites), restored forest (RF, 2 sites), drained
forest (DF, 2 sites), logged forest (LF, 3 sites), and drained acacia (DA, 3 sites). Soil-
hydrological characteristics for peatlands were collated from an unpublished consultancy
report (Annex A: Figure A.2a). From the observed soil-hydrological characteristics, we
developed generic characteristics of water retention relevant for all selected peatlands
(Annex A: Figure A.2b).

At each site, we calibrated parameters of the SWAP model to minimize the deviation
between simulated and observed GWLs. For human-modified land-use types, the
calibration was performed for the situation of a controlled canal, where canal blocking
exists as part of water management. Canal blocking is a common practice to rewet
peatland. In forest estate, canal blocking is also used to regulate water levels to support
operational activities (such as navigation). Two key input datasets had to be identified,
namely canal water levels (CWLs) and drainage resistance (DR). DR reflects the subsurface
resistance that controls how easy groundwater can flow to surface water (e.g. natural
streams or canals in peatlands). We used local expert knowledge to make a first assessment
of the CWL regime for each LU type. Hardly any information on the drainage resistance is
available for different LU types in tropical peatlands. We used a trial and error approach
to fine-tune the CWL regime and the DR. We assessed the model performance by visual
inspection and by five-quantitative goodness of fit (GOF) criteria, including percent bias
(pbias), index of agreement (Id), coefficient of correlation (r), coefficient of determination
(r3), and Kling Gupta Efficiency (kge). For detailed information about these five GOF
criteria, readers are referred to Moriasi et al. (2007) and Bennett et al. (2013). In general,
the SWAP model performed well in simulating GWLs across sites (Annex A: Figure A.3),
as indicated by low pbias, high r, and high Id (Annex A: Table A.1). Next, for each LU type
we selected the parameters from the site having the highest kge (Annex A: Table A.1).
Table 2.1 presents the two key input datasets for the five LU types, which resulted from
the calibration process.
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Table 2.1. Surface water level regime (CWL) and drainage resistance (DR) for the five selected
land-used types. In human-modified land-uses, the calibration was performed under controlled

canal levels, where canal blocking exists as part of water management.

Parameters Intact forest Restored Drained Logged Drained
(IF) forest (RF) forest (DF) forest (LF) acacia (DA)

Canal water levels (CWL, in cm below soil surface)

Wet season -50 -50 -50 -50 -70

Intermediate season -60 -80 -80 -100 -100

Dry season -100 -110 -120 -120 -130

Drainage resistance (DR, in days)

Gamma [ s0o | 400 | 300 | 200 [ 200

2.2.2 Scenario analysis

We used the SWAP model to focus principally on reporting the impacts of human
interference, namely land-use change (LUC) and canalization, on drought severity.
Although canalization often is part of land-use change, we have simulated it separately,
because the effect of extensive canal drainage extends into the pristine forest. We
simulated GWLs for the five LU types (Table 2.1) in each peatland region (Annex A: Figure
A.1) with daily climate data back to 1980 from a nearby weather station. Land use of
Intact Forest (IF) represents pristine conditions in which drought is driven by only climate
(climate-induced drought), whereas other LU types are representative of a certain level of
human interference (human-modified drought). The SWAP parameters were assumed to
be the same as those resulting from calibration. We combined these with the CWL and
DR regimes listed in Table 2.1 for each of the respective LU types. In the scenario analysis,
we assumed that for a certain LU type the land use did not change over time (1980-2015),
which enabled us to explore the effect of climate variability. The effect of land-use change
was assessed through the intercomparison of the different LU types.

2.2.3 Drought identification

In each peat region, drought events were derived from the time series of simulated daily
GWLs using the monthly variable threshold level approach, where the threshold is taken
to be the 80t percentile of the cumulative GWL duration curve (Van Loon and Van Lanen
2012). Drought occurs when the groundwater level is continuously below this threshold
value for at least two months in a row. We applied different thresholds for each region,
corresponding to the 80" percentiles, to accommodate precipitation differences across
the regions. Drought severity is defined as the mean annual deviation of GWL, which is
the cumulative daily deviation in groundwater levels from the threshold during drought
events divided by number of years (36 years).

We selected GWLs from intact forest (IF) in each region as a baseline to identify change
in drought severity with other LU types. For each respective land-use type, we compared
the results against the baseline (i.e. IF) to determine the drought amplification as a
consequence of human interference. For each water management option, we quantified
the % of change in amplification. Furthermore, we simulated the sensitivity of a drained
acacia ecosystem to drought under a changing climate. We used projected precipitation
changes in the range of -10% to +5% for Southeast Asia (Lobell et al. 2008; Chadwick et
al. 2015). We combined projected precipitation with increased warming within 2°C above
the pre-industrial levels.
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2.3 Results
2.3.1 Climate-induced drought

We uncovered an existing, yet overlooked drought, that is, in groundwater. Groundwater
drought has long been — and continues to be — an important feature of the tropical
peatland. We combined observations and simulation modelling to examine drought
severity under baseline conditions (climate-induced drought) in the four selected
peatland regions of Southeast Asia, including Kampar, Air Hitam, Upper Kapuas, and
Upper Sebangau. Our simulation showed that droughts under pristine conditions (i.e.
intact forest) occurred infrequently in all regions throughout 1980-2015. Events were
hardly detected in the southern regions, with only four events in 36 years, whereas twice
as many events were found for the northern regions (Table 2.2). Although few in numbers
and relatively low in annual deviation, droughts in the southern region typically lasted
longer than 5 months.

Table 2.2. Drought in groundwater levels in four peatland regions, Southeast Asia. The
simulation is for natural conditions, 1980-2015.

Drought characteristics
Location Region | Total Number | Mean duration Severity
of events (days) (mean annual deviation in cm)
Kampar northern 10 149 1,047
Air Hitam southern 4 206 701
Upper Kapuas northern 7 137 1,045
Upper Sebangau | southern 4 154 576

2.3.2 Human impact on drought - canalization

The results change markedly, however, when we analyzed drought severity (change of
mean annual GWL deviation, i.e. amplification) due to canalization (Figure 2.1, DF). The
amplification is a measure for how many times the human-modified drought is greater
than the climate-induced drought. The amplification is around a factor two, and is
particularly prominent for the southern regions, where drained peatland in Air Hitam
and Upper Sebangau exhibit a severity that is more than 2 times greater than under
pristine conditions (Table 2.2). Drought amplification in the southern regions can be
reduced by at least 59% through restoring peatland (Figure 2.1, compare DF and RF).
Impact of peatland restoration in the northern regions is smaller; reduction of drought
amplification is only 36%. The results show how human intervention in pristine forests
(through canalization) amplifies drought severity over the region.

2.3.3 Human impact on drought - land-use change and canalization

All four peatland regions show an extreme amplification of drought severity (human-
modified drought) when we simulated canalization combined with land use change
(LUC) relative to intact forest (climate-induced drought). Our analysis illustrates that the
drought severity exhibits substantial amplification in the southern regions by more than
3.6 times (Upper Sebangau) and 4.8 times (Air Hitam) for logged forest (Figure 2.1, LF). An
even more extreme amplification by 4.2 and 6.8 times occurs (Sebangau and Air Hitam,
respectively), when intact peatland is transformed into acacia plantation (DA). For the
northern region, amplification of drought severity is not as extreme as in the south. When
intact forest is converted into logged forest, the drought severity is 2.4-2.9 times larger,
or 3.0-3.7 times (acacia plantation). These findings clearly prove that human activities
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(land-use change, including canalization) amplify drought severity. Human-modified
drought is substantially larger than climate-induced drought.

Kampar Air Hitam Upper Kapuas Upper Sebangau

Human interference:
. Canalization

4 II .Canalization+LUC I
RE DF LF DA RF DF LF DA RF DF LF DA RE DF LF DA

Land-use types

N

drought amplification

o

Figure 2.1. Impact of human interference (land-use change and canalization) on amplification
of drought severity (change of mean annual deviation in GWL). The amplification is calculated
relative to the baseline (Intact Forest) in each region. Four land uses are identified: RF — restored
forest: DF — drained forest; LF — logged forest; and DA — drained acacia.

2.4 Discussions and conclusions

We used observation-based simulation modelling to understand the effects of human
activities on drought in tropical peatlands. We found that humans contribute to the
amplification of drought severity, as shown for the disturbed peatlands due to either
drainage or land-use change. This finding is consistent with other land-use change
studies, which have found evidence for drying trends in the humid tropics (Zhou et
al. 2014; Khanna et al. 2017). Far fewer studies have evaluated impacts of canalization
on drought severity. Previous studies reported declined groundwater levels in drained
peatlands in Southeast Asia (Hooijer et al. 2010; Hirano et al. 2012), and this drawdown
generally causes an increased fire susceptibility (Konecny et al. 2016). Nowadays,
rising global demands for food and fibre have challenged tropical peatlands, including
transformation of the pristine landscape into acacia plantations. However, the magnitude
of this transformation has remained largely unquantified until now, in particular the
impact of water management on drought severity. Human-modified droughts are found
to be several times larger than climate-induced droughts, which occur under natural
conditions.

2.4.1 Assessment of human impact on drought

We quantified the % change in drought amplification as a response to several water
management options. We changed the dry season canal water level of drained acacia
from -110 to -150 cm with steps of 10 cm (-15% to 15% change relative to the dry season
CWL of DA, Table 2.1). A dry season CWL of -150 cm here refers to uncontrolled drainage.
The results exhibited that the drought amplification changes from -49% to 46%, with
the southern region exhibiting a higher sensitivity (Figure 2.2a). The Upper Sebangau
region appears to be the most sensitive region, as shown by the lowering of the dry
season canal water level with 10 cm (+8%, -140 cm), which led to a marked increase of
the drought severity (23% change). For the other regions the severity changed less than
14% in response to a 10 cm lowering of the dry season CWL. Clearly, water management
options (through changing CWL) have a big impact on drought severity. Drought severity
shows a major increase under uncontrolled drainage (deeper CWLs). This finding reveals
the notable influence of canalization and canal level management on drought.
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2.4.2 Impact of climate change on drought

Land-use change and canalization have amplified drought severity. The impact of climate
change on hydrological drought in Southeast Asia is yet unclear, but future climate change
will likely alter drought amplification over the Southeast Asia region. The region has
been assessed to be one of the most vulnerable to an increase of extreme temperatures
associated with large carbon emissions (Diffenbaugh and Charland 2016). By increasing
the historic temperature from 0.5 to 2.0°C with steps of 0.5°C, the amplification of
drought severity under DA is found to vary among peatland regions, but remains small
(less than 4% of change, Figure 2.2b). Again, the southern peatlands consistently show
up as a sensitive region. The Air Hitam region shows a deviation of around 3.8% for all
projected temperatures. The northern regions exhibit lesser changes in amplification of
drought severity (<1.5% for all projected temperatures). We also quantified the impact
of a temperature increase under intact forest (pristine conditions) that consistently gives
similar results (Annex A: Figure A4). The analysis shows that the increase of human-
modified drought due to global warming is estimated to be small. On the other hand, the
results change notably when we examined projected precipitation impacts on drought
amplification. Clearly, a decrease of the precipitation leads to an amplification of the
drought severity in all peatland regions by at least by 9% (-5% precipitation, Figure 2.2c).
All peatland regions exhibit a substantially decreasing amplification of drought severity
(smaller human-modified drought) due to a 5% precipitation increase, with the
largest impact in the Upper Kapuas region. The results show that a possible change in
precipitation will have more influence on drought severity than that of a temperature
increase. As climate models consistently project large rainfall changes over the tropics
(Chadwick et al. 2015), likely extreme droughts will change as well, having a major impact
on the occurrence of drought induced fires.

Peatlands in Southeast Asia are now deteriorating at an alarming rate and previous
studies revealed that any disturbance of peatlands will accelerate the drought-fire risk
(Wosten et al. 2006; Konecny et al. 2016). Our findings reveal that canalization of pristine
peatlands amplifies drought severity, in particular when the landscape is cultivated for
acacia (Figure 2.1). The human-modified drought that occurs under these conditions is
at least three times greater than the climate-induced drought, which can be observed
in intact forest. These findings prove that human interference frequently amplifies
drought severity in the humid tropics. There is evidence that restoring drained peatlands
helps to reduce drought severity by tens of percent. After restoration, some human-
modified drought likely will occur, but it may contribute to enhance biodiversity (Koh
et al. 2011) and reduce the high costs of conservation (Fisher et al. 2011). Furthermore,
the environment will benefit from the lower carbon emission from peatlands (Hooijer
et al. 2010). Global warming has a smaller influence on drought severity than water
management (controlled, uncontrolled drainage of intact forest). For instance, lowering
of the canal water level by just 8% during the dry season (10 cm deeper) in drained acacia
would increase drought severity by 23% in Southern Kalimantan. Deeper, uncontrolled
drainage would even speed up the drying of the forest, potentially leading to widespread
fire in the peatlands. Finally, our findings suggest that even if the 2°C global warming
target is not exceeded, there will still be at least 19% more change in drought severity
(Figure 2.2a) in the tropical peatlands due to inadequate water management in large
areas covered with forest estates and oil palm plantations.
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Figure 2.2. Changes in drought severity (amplification of the mean annual deviation in
GWL) for drained acacia (DA): (a) water management option by changing dry season canal
water levels (CWL) from -15% to 15%, (b) projected temperature increase within 2°C, and (c)
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projected precipitation change over Southeast Asia from -10% to +5%.
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Chapter 3
A modified fire drought index

In this chapter, we discuss how an existing empirical drought inde, i.e. the Keetch-
Byram Drought Index (KBDI) that is commonly used for assessing forest fire hazard,
has been adjusted and modified for improved use in tropical wetland ecosystems.
The improvement included: (i) adjustment of the drought factor to the local climate,
and (ii) addition of the water table depth as a dynamic factor to control the drought
index. We distinguished three different indices, the original Keetch-Byram Drought
Index, the adjusted KBDI (KBDI ;) that represents the original drought index, but
including local climate information, and the modified KBDI (mKBDI) that considers
both local climate information, and soil and hydrological characteristics. The mKBDI
was developed and tested in a wetland forest of South Sumatra (Indonesia) from April
2009 to March 2011. During this period, hydrometeorological data were monitored
and used to calculate the KBDI, KBDI ;, and mKBDL. First, mKBDI was calibrated using
observed soil moisture that was converted to an observed drought index (DI, ). The
results indicate that performance of the mKBDI is encouraging based on the following:
(i) its pattern followed the dynamics of DI, (ii) prediction of frequency of fire danger
classes, and (iii) statistical criteria. The mKBDI clearly outperformed KBDI and KBDIadj.
Furthermore, we found a critical water table depth when maximum fire danger is
reached (0.85 m for the wetland forest of South Sumatra), below which danger does
not increase anymore. The mKBDI could be more widely applied, if pedotransfer
functions are developed that link easily-obtainable soil properties to the parameters
of the water table factor. Our findings encourage land use planners, water managers
and stakeholders (e.g. forest estate owners) to integrate local climate information,
and soil and hydrological characteristics into the Keetch-Byram Drought Index to
better predict fire danger, particularly in tropical wetland ecosystems.

This chapter is based on: Taufik, M., B. L. Setiawan, and H. A. J. Van Lanen. 2015. Modification of a fire drought index

for tropical wetland ecosystems by including water table depth. Agricultural and Forest Meteorology 203: 1-10.
doi:10.1016/j.agrformet.2014.12.006
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3.1 Introduction

Forest fire is a common phenomenon during dry seasons in equatorial rain forest regions,
particularly in Sumatra and Borneo in Indonesia (Goldammer 2007; Miettinen et al. 2013).
Land clearing activities meant to grow crops and to plant trees trigger fire during the dry
season. It has become a critical problem in Southeast Asia, and previous studies report
that it has a significant impact on socio-economic activities in the region (Salafsky 1994;
Chokkalingam et al. 2005; Dennis et al. 2005). Additionally, it also influences human health
(Dennekamp and Abramson 2011), particularly through increasing air pollution (Kunii et
al. 2002; Marlier et al. 2013). In some circumstances fire has positive impacts; because it
may help to maintain habitat types used by specific taxa (Cleary et al. 2004). However,
it mainly leads to ecological and environmental degradation, such as biodiversity loss
(Ager et al. 2007), and to significant change in the floristic and structure of natural forest
ecosystems (Wallenius et al. 2007; Xaud et al. 2013). As fire has a significant impact on
human activities and environment, it challenges scientists to understand fire behaviour
(e.g. occurrence, ignition, intensity, potential spread), particularly related to weather
(Wibowo et al. 1997; Petros et al. 2011; Arpaci et al. 2013), and to develop tools for
management (Adams et al. 2013). Society and environment are anticipated to benefit
from the increased knowledge and improved management tools.

Forest fire hazard often rises during dry seasons, which is associated with a rainfall deficit.
As rainfall reduces, soil moisture depletes as a result of evapotranspiration. Fuels become
drier, making them vulnerable to ignite and burn. Previous studies demonstrate that
soil moisture deficits influence moisture content in dead fuels (necromass and surface
litter, e.g. Pook and Gill 1993; Pellizzaro et al. 2007). Soil moisture deficit is therefore a
good proxy for the fuel moisture content and hence to assess fire hazard potential. One
of the drought indices specifically developed to assess fire hazard is the Keetch-Byram
Drought Index (Keetch and Byram 1968). Several efforts have been carried out to show
that the Keetch-Byram Drought Index (KBDI) is related to fuel moisture content in several
ecosystems, particularly for shrubs (Pellizzaro et al. 2007) and savannah (Verbesselt et al.
2006).

The KBDI was developed for forest control management and fire hazard assessment in the
USA, in particular Florida. The index is a cumulative estimate of moisture deficiency based
on meteorological variables and an empirical approximation for moisture depletion in
the upper soil and litter layer. It uses mean annual rainfall measured in Florida as a climate
indicator (Keetch and Byram 1968). The KBDI has been widely used for assessing fire
hazard because it is easy to calculate (Dimitrakopoulos and Bemmerzouk 2002) and it
does not require a lot of data (i.e. daily maximum air temperature and rainfall at a nearby
standard meteorological station). Several studies have applied the KBDI in other areas
than Florida, such as Northern Eurasia (Groisman et al. 2007), Hawaii (Dolling et al. 2005),
Australia (Finkele et al. 2006; Boer et al. 2009; Caccamo et al. 2012), Russia (Malevsky-
Malevich et al. 2007), Mediterranean regions (Petros et al. 2011), Southeast Asia, such
as Indonesia (Buchholz and Weidemann 2000; Murdiyarso et al. 2002) and Malaysia
(Ainuddin and Ampun 2008). Heim (2002) and Petros et al. (2011) indicate that the KBDI
is widely used and accepted index for forest fire monitoring and prediction.

Although the KBDI has been broadly used, improvement of the KBDI model structure or
its application is still necessary, especially for regions with climates, soils and hydrology
distinct from those of Florida, such as tropical wetland ecosystems in Southeast Asia.
Without any adjustment to the model structure, the application of the KBDI in other
climates may still be problematic (Liu et al. 2010), as the drying rate in the index depends
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on the mean annual precipitation representative for Florida (Keetch and Byram 1968).
These issues suggest that the wider applicability of the KBDI could be improved when the
model would be adapted to accommodate other climate, soil and hydrological conditions
than those in Florida.

The development of the KBDI for wetland ecosystems in Indonesia is a challenge because
the tropical climate has an annual rainfall that is nearly twice that of Florida. These large
differences in annual precipitation affect drying rates. In addition, locations in Indonesia
(particularly in Sumatra and Borneo) that experience forest fires are predominantly
wetlands. This is where fire has the most severe impacts on air pollution and greenhouse
gas emissions. They also represent a ‘last frontier’ where non-wetland forests have already
been destroyed and converted. The shallow water table that occurs there, supplies water
into the surface layer through capillary rise (upward flow into the unsaturated soil). In
dry seasons, water tables tend to decrease, causing the upper layer to dry. Hence the
fuel becomes much more vulnerable to fire than in non-wetland conditions. However,
currently no model structure is available that integrates the higher annual rainfall and the
water table into the drought index for use in tropical wetland ecosystem. We anticipate
that integrating these aspects in the KBDI will improve applicability in Southeast Asia
and extend the previous studies (e.g. Buchholz and Weidemann 2000; Murdiyarso et al.
2002; Ainuddin and Ampun 2008). Therefore, the objective of this paper is: (i) to modify
the fire drought index KBDI for climate, soil, and hydrological conditions representative
for wetland areas in humid tropical climates, and (ii) to analyze the influence of the water
table depth on the dynamics of the KBDL

3.2 The Keetch-Byram Drought Index
3.2.1 Original model

The Keetch-Byram Drought Index (KBDI) uses a mathematical function to correlate
weather conditions to potential fire hazard, which can be applied both to accidental
and deliberate fire initiation. The index is a number that represents the net effect of
evapotranspiration and precipitation, which might lead to a soil moisture deficit in the
duff and upper soil layers. Actually, it is a hydrological approach toward fire hazard and
its application is only limited to forests. It is based upon a rather simple representation
of a forest, where the forest vegetation density is controlled by the mean annual rainfall,
which controls the rate of soil moisture loss. The loss rate will decrease with lower forest
vegetation density, hence with lower annual rainfall. The KBDI is based on 8 inches
(203 mm) of soil water available for evapotranspiration (Keetch and Byram 1968). It is
expressed in hundredths of an inch on a scale from 0 to 800 (x102 inch). In the metric
system, the index is on scale from 0 to 203 (mm). Zero indicates no moisture depletion
and 203 reflect the highest depletion, i.e. the maximum drought severity level. Hence it
represents the highest fire hazard.

Mathematically, the KBDI is formulated as follows:

t—1

KBDI' = KBDI' ! + DF' — RF" (3.1

In general, the drought factor (DFt,Crane 1982) on a given day in the metric system is:
0.0875Tm+1.552 _ 8.3) x 1073
—0.001736Ro (3-2)

pr' = (203 - xkBpI' 1) (065
1+ 10.88¢

The variables and units are provided in Table 3.1.
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Table 3.1. The symbols, description and units used for calculating the drought index, as described

in Eq. 3.1-3.11.
Symbols Description Units
KBDIt_l Moisture deficiency (KBDI at t-1) mm
KBDIEtidj gczi/j:rsated KBDI, Wh[ch considers local climatq information mm

ge annual rainfall and evapotranspiration)
mKBDI Modified KBDI, which considers local climate, soil and mm
hydrological factors
t time increment day
DF Drought factor mm
Tm Daily maximum air temperature °C
Ro Average annual rainfall mm
t Adjusted DF considering local average annual rainfall mm
DFadj(Ro)
DFat.dj(Ro FT) é\\(,igusted DF considering local average annual rainfall and mm
) potranspiration

RF Rainfall factor mm
R Daily rainfall at time t mm
ri1 Daily rainfall at time t-1 mm
WTF Water table factor mm
am Maximum water table factor mm
bu Correction factor [-]
0 (h) Soil moisture content at z=-h, function of capillary rise [-]
Or Residual water content [-]
05 Saturated water content [-]
h Daily water table depth m
a Fitting parameter representing air entrance value m
nm Fitting parameters of water retention curve [-]
Dlobs Observed drought index as function of soil moisture mm
DImax Maximum observed drought index mm
et Observed soil moisture content at time t [-1

Rainfall is considered to reduce the indey, if it is more than 5.1 mm (Eq. 3.3):

(R'-51) R'>51mm 1™ rainy day
RF'=1R' R > 50mm 2™ and the next rainy days (3.3)
0 R' < 5.1mm

3.2.2 Model improvement

Previous research has already indicated that the KBDI even in the USA is not everywhere a
good indicator of the fire hazard, such as in the Mississippi region (Cooke et al. 2007; Choi
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et al. 2009) and the Georgia region (Chan et al. 2004). Thus, an improvement is necessary
to account for other climatic conditions. Furthermore, capillary rise from the water table to
the topsoil in wetlands also needs to be included. A modified KBDI is proposed that takes
into account local climate information, as well as soil and hydrological characteristics.

a. Improvement using local climate conditions

Climate variables influence the development of the drought index KBDI over time.
Keetch and Byram (1968) assumed that climate variables (particularly annual rainfall
and evapotranspiration) determine how much water will be lost from the soil-duff layer
by vegetation. As climate varies between locations, the amount of water lost to the
atmosphere also differs between geographic regions. Although the model has been used
for a while and it was criticized because of its reliability to predict fire hazard, model
improvements were proposed not earlier than the last decade.

An improvement of the KBDI by employing local annual rainfall was proposed by Petros
et al. (2011) for use in the Mediterranean region. It was triggered by a previous study
(Spano et al. 2005), which applied the original model to this region and encountered
problems, i.e. underestimation of the actual water loss, particularly in summer season.
Petros et al. (2011) adjusted parameters of the DF by employing local annual rainfall of
the Mediterranean region (Eq. 13-18 in the original KBDI, Keetch and Byram, 1968). They
report that the adjusted KBDI performs better.

Adjustment of only annual rainfall remains questionable, because the DF is still calculated
with the formula for the potential evapotranspiration corresponding to Florida's climate.
In a response to this drawback, Snyder et al. (2006) utilized the Hargreaves-Samani
evapotranspiration for computing the drying rate, and then scaled it into a drought factor
for use in arid grasslands in California, USA.

In this paper, integration of both annual rainfall and revision of the calculation of the
evapotranspiration was carried out in a stepwise procedure. The equatorial region in
Southeast Asia receives huge amounts of rainfall throughout the year. Several studies
report an amount of ca. 2000-3000 mm per year (Salafsky 1994; Walsh 1996; Chappel
et al. 2009; Suhaila and Jemain 2011). Therefore, this rainfall should be employed in the
drought factor of the original KBDI (Eq. 14-18, in Keetch and Byram 1968). By substituting
this value, i.e. using inches (ca. 2500 mm), into Keetch and Byram's Eq. 16, it gives days.
After adjusting the constants in Keetch and Byram'’s Eq. 18, the DF (Eq. 3.2) becomes:

0.0875Tm+1.552 _ 4.268) x 10—3

- (3.4)
1+ 1088 0.001736Ro

DF;dj(Ro) = (203 — KBDItfl) (0.4982e

The empirical equation to compute daily evapotranspiration as a function of maximum
daily temperature (Figure 8 and Eq. 13, in Keetch and Byram 1968) gives an average
daily evapotranspiration of only 3.6 mm/day. This value likely is 15% lower than evapo-
transpiration loss in the tropical rain forest of Borneo as reported by Kumagai et al. (2005).
In other regions of Southeast Asia, in particular Peninsular Malaysia (Tani et al. 2003), a
similar value was mentioned. Finally, the adjusted drought factor DF that considers both
the modified average annual rainfall and evapotranspiration for use in the equatorial
climate of Southeast Asia is as follows:

0.0905Tm+1.552 _ 4.268) x 1073

- : (3.5)
|+ 10,880 0-00I736R0
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Substituting Eqg. (3.5) into Eq. (3.1) gives:
too_ t=1 t ot
KBDIadj = KBDIadj * DFadj(R0,ET) ~ RF (3.6)

b. Improvement using soil and hydrological characteristics

The development of soil moisture deficit over time does not only depend on climate,
but also on soil and hydrological characteristics. Previous studies show that the soil type
affects the sensitivity of the KBDI to estimate potential fire hazard potential, for example,
in sandy soils in Arkansas, USA (Sparks et al. 2002), and in organic soils in the Pocosin
wetland in North Carolina, USA (Reardon et al. 2009). To overcome this limitation, soil
characteristics should be integrated into the so-far only climatologically-based drought
index (Eq. 3.6) to better assess the dryness state of the fuel, as indicated by Pellizzaro
et al. (2007). More recently, Reardon et al. (2009) suggest that further improvements to
the KBDI should focus on soil hydrological characteristics that influence water storage
and flow in the soil. So far, no modified KBDI exists that includes soil and hydrological
conditions.

In this study we improved the drought index (i.e. mKBDI) by integrating water retention
characteristics and groundwater table depth into the drought index’'s model structure.
We propose to add a new variable to Eq. 3.6, i.e. the water table factor (WTF), which
affects soil moisture depletion in wetland ecosystems, which typically are characterized
by shallow water tables. In this type of ecosystems, soil water content in the upper
layer is strongly influenced by water table depth (Jaber et al. 2006; Fan et al. 2007; Fan
and Miguez-Macho 2011). Shallower water tables are associated with higher soil water
contents, while deeper water tables generally correspond to lower soil water contents in
the topsoil. By assuming that the soil water content above the water table depends only
on the pressure head, the water retention equation introduced by Van Genuchten (1980)
can be used to modify the KBDI (Eq. 3.7):

0(n)=[1+ (/™ (3.7)

Assuming that other forces (such as osmotic forces) can be ignored and that equilibrium
is an acceptable approximation, the pressure head in the topsoil is equal to the distance
of the surface to the water table (z=-h). A similar assumption was proposed by Weiss et
al. (2006). Then, the water table factor (WTF) takes the following form (see also Setiawan
et al. 2009):

WTF' = an = b <[ (1 = 6 (1)) * 203] (3.8)

Both assumptions greatly improve the practical applicability of the water table factor
(WTF). Instead of hard to monitor soil moisture contents in the topsoil, the more easily
to measure water table depths have to be obtained, and by applying the Van Genuchten
equation, the water table depth can be converted into the soil moisture content of the
topsoil. The number of 203 is the maximum drought index. In case of a zero water table
(h=0, water table exactly at the soil surface) or inundation, the maximum water table
factor is equal to a,,. The parameter b, is a correction factor. The water table factor that
describes upward flow has a similar role as the rainfall factor, which explains downward
flow; both reduce the KBDIL The modified Keetch and Byram drought index (mKBDI) for
use in tropical wetland ecosystems can be written as follows:

- t
mKBDI = mKBDI' | + DF 3dj(Ro,ET) ~ RF' — WTF" (3.9)
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It is hypothesized that by taking into account climate information (i.e. average annual
rainfall and daily evapotranspiration), soil and hydrological characteristics (i.e. the water
retention and water table depth) the proposed modified index (Eq. 3.9) will allow a better
assessment of potential fire hazard.

3.3 Data and methods
3.3.1 Description of the study site

The present study was carried out in a forest plantation located in the Ogan Komering
llir District, South Sumatra, Indonesia. Since 2004, the study site was mostly planted with
Acacia crassicarpa. Weather variables were monitored using an automatic weather station
installed in the Baung station, geographically located at 105.3° East and 2.74° South
(Figure 3.1). Physical soil properties, such as texture, volumetric water content, bulk
density, and porosity were measured at this station, as reported by Setiawan et al.
(2009). The soil contains 58% clay, 41% silt, and 1% sand. The measured volumetric water
contents at saturation, field capacity and wilting point were, respectively, 0.592, 0.490 and

0.320 m3/m3.
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Figure 3.1. Location of the study site in South Sumatra, Indonesia.

3.3.2 Data collection and analysis

In the Baung station several hydro-meteorological variables were monitored, such as
rainfall, air temperature, soil water content, and water table depth for the period 1 April
2009 - 15 March 2011. The meteorological variables were monitored using the Automatic
Weather System Vantage Pro (Davis Instruments). The soil water content was measured
using a soil moisture sensor (Decagon Devices), and the data were recorded using an Em50
digital data logger (Decagon Devices). The soil moisture sensor was inserted vertically to
measure the volumetric water content at 5-10 cm depth at the meteorological station.
The soil moisture sensor was calibrated against observed soil moisture (gravimetric
method) of samples taken at different moisture conditions. The water table depth was
measured using an automated monitoring well. We installed a TD Diver instrument (Van
Essen Instruments) for monitoring the dynamics of the water table, using a BaroDiver and
a Diver. The measurements were recorded at hourly intervals and downloaded using the
LoggerDataManager (LDM, Van Essen Instruments).
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During the two-year observation period, the impact of two consecutive large scale ocean-
atmospheric interactions in the Pacific Ocean occurred at our study site, i.e. El Nifio in
2009 and La Nifa in 2010 (source: http://www.cpc.ncep.noaa.gov). Both phenomena
have a contrasting impact on the Indonesian water cycle (Hendon 2003), i.e. El Nifio is
associated with a prolonged dry season, whereas La Nifia triggers a longer lasting wet
season.

3.3.3 Model setup

In this study we distinguished three different drought indices, namely the original model
(KBDI), the adjusted model (KBDL, ), and the modified KBDI (mKBDI). We applied Egs.
3.1,3.6 and 3.9, respectively. The KBDI and KBDI, , calculations required daily rainfall and
maximum air temperature. In addition, daily water table depth was required for the mKBDI
computation. The calculation of the water table factor (Eq. 3.8) required the magnitude
of parameters, a, and b,,. As a first step, any reasonable number was considered for both
parameters, namely for a, 1 - 11, and for b,, 0.1 — 0.9. Next, Eq. 3.9 was employed for
computation of mKBDL

It has been shown that KBDI should represent soil moisture conditions in the upper layer
rather than in the deeper layer (Dimitrakopoulos and Bemmerzouk 2002). Therefore, it is
assumed that the observed soil moisture in the upper soil was adequate for calibrating
the parameters (a, and b,,) of mKBDI. We employed the following procedure to calibrate
the parameters of mKBDL

«  Firstly, the observed soil water content (Gt) was converted into a drought index
(D1, that was scaled between 0 and 203 mm (Eq. 3.10). The maximum value
(DI, =203) occurs when soil water reaches wilting point (8r ), and it is zero when
the soil water content is close to saturation (08s). The observed drought index
(DL,,) is written as follows:

ot — 9
DIobs = DImax [1 - (—r )] (3.10)
65 - er

+ Secondly, the parameters a, and b, of the water table factor were calibrated to
minimize the deviation between DI and the mKBDIL Performance of mKBDI
against DI, was evaluated using three quantitative criteria for goodness of fit,
including: (i) the Nash-Sutcliffe efficiency (nse), (i) RMSE-observations standard
deviation ratio (rsn, and (iii) Percent Bias (pbias). nse is a normalized statistic that
determines the relative magnitude of the explained variance compared to the
observed data variance. rsr was developed to incorporate an error index. This
normalized factor varies from an optimal value of 0 (perfect model) to a large
positive value. pbias measures the average tendency of the simulated data to
their observed counterparts. For a detailed explanation of these criteria, readers
are referred to Moriasi et al. (2007). The mKBDI was supposed to perform well, if
nse > 0.65, rsr < 0.60, and pbiasis £25%.

The drought index (DI ) reflects the soil moisture deficit in the upper soil layers. The
calculation of the KBDI usually starts with soil moisture at field capacity. Keetch and
Byram (1968) assumed that field capacity is reached when weekly rainfall is about 150-
200 mm. Then KBDI is set to zero. As we measured soil moisture, the starting point for our
calculation was observed soil moisture close to saturation. We have chosen saturation
instead of field capacity because in a typical wetland ecosystem the water table is always
close to surface.
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In the present study, we used four fire hazard classes, i.e. low (KBDI <100 mm), moderate
(KBDI=101-150 mm), high (KBDI=151-175 mm), and extreme (KBDI>175 mm). Most
studies in Southeast Asia use four fire hazard classes (Buchholz and Weidemann 2000;
Murdiyarso et al. 2002; Ainuddin and Ampun 2008). The daily outcome of all three
drought indices, i.e. the KBDI, the KBDIadj, and the mKBDI was allocated to one of the
fire hazard classes and subsequently the frequency of occurrence among the classes was
determined, and compared against the frequency of occurrence of DI .

3.4 Results
3.4.1 Hydro-meteorological conditions at the study site

Daily rainfall greatly varied during the observation period 1 April 2009 — 15 March 2011
(Figure 3.2a). In 2009, which was affected by the El Nifio event, rainfall was below normal
at the study site, and it prolonged the dry season. On other hand, the La Nifia event
supplied above-average rainfall throughout 2010. In 2009, there were only 56 out of
275 days with rainfall of more than 5.1 mm (Eq. 3.3). August — September 2009 were
months with the lowest monthly rainfall, i.e. less than 35 mm each. Without the two
rainfall events that were triggered by cloud seeding and that produced almost 90 mm in
early October 2009, this month would also have been dry. The highest daily rainfall was
107 mm (April 2009). The total rainfall in 2009 was 1550 mm (9 months). The year 2010
received more rainfall with 109 out of 365 days with rainfall of more than 5.1 mm
(Figure 3.2a). Only in July 2010, monthly rainfall was less than 100 mm, which indicates
no distinct dry season throughout 2010. In 2010, the study site received a huge amount
of annual rainfall, about 15% more than normal (2718 mm). In 2011, 25 days had a daily
rainfall larger than 5.1 mm, and in total 404 mm (2.5 months) were recorded.

The daily maximum air temperature fluctuated from 25.3 to 34.9°C in the monitoring
period. Lower air temperatures usually coincided with prolonged wet spells. For example,
early and late 2010 the maximum air temperature dropped below 28°C (Figure 3.2b). On
the other hand, prolonged dry spells had higher air temperatures. During the 2009 dry
season, the maximum air temperature always was above 30°C. Upper soil water content
varied from 0.343 t0 0.590 m3/m? (Figure 3.2c) and followed the rainfall pattern. The lowest
soil water contents occurred during periods of little rainfall (August — September 2009),
when the minimum soil moisture reached 0.343 m3/m3. Occasionally, soil moisture was
close to saturation, particularly after consecutive intense rainfall events, such as at the
beginning of April 2009. In 2010, some decline of soil moisture below field capacity (0.49
m3/m3) occurred in July, August and November. It occasionally occurred in January —
February 2011 as well, as a response to a low rainfall period.

During the observation period, the water table depth at the study site varied from close
to the soil surface (-0.023 m) to -1.003 m below the soil surface (Figure 3.2d). A decline
in water table depth occurred during the low rainfall period of August — September 2009
that coincided with the EI-Nifio event. In 2010, our observations showed no seasonal
decline at all in the water table depth throughout the year. However, there was a sharp
decline in the water table depth for a short period of time in July 2010, which was a
response to 28 consecutive days with less than 5.1 mm of rain. Prolonged dry or wet
spells greatly influenced the dynamics of the water table depth.

3.4.2 Performance of drought indices

a. Original KBDI

Computation of the KBDI using the original model structure (Eq. 3.1) resulted in a range
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from 0 to 199 mm (Figure 3.3b). After a day with heavy rainfall the KBDI sharply declined
and reached zero. When no significant rainfall was observed for several days the KBDI
quickly rose, which occurred for instance by the end of April 2009. The drought fire
index is supposed to reflect the soil moisture content of the topsoil because that is a
good proxy for the dryness of the fuel and hence of the potential fire hazard. Figure 3.3a
shows that the performance of the KBDI is too flashy relative to the scaled observed soil
moisture content of the topsoil (DL,,). The disagreement of the KBDI with observed soil
moisture also is illustrated by the negative nse (-6.95). It clearly shows that applying the
KBDI with the original model structure does not result in a reliable prediction of the fire
hazard at the study site.

3: Py H”WM]'W I V' |'“1I‘"V[T'"'U"‘||'anm‘ Wnlwlrw‘p!w:
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Figure 3.2. Daily observed (a) rainfall, (b) maximum air temperature, (c) soil water content, and (d)
groundwater table depth during the monitoring period at the study site.

b. Adjusted KBDI

The KBDL ; (Eq. 3.6 with ) is always slightly lower than the KBDI using the original model

structure (Figures 3.3b). However, both models tend to have a similar pattern and show a

steep increase in response to dry spells. It inherently caused a substantial daily increase of

fire hazard. However, when a heavy rainfall event occurred, both KBDI and KBDL, ; reduced
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significantly, which caused both to be too flashy in response to weather changes. The
adjusted model seems, like the original KBDI, not to be a good indicator to assess forest
fire hazard, as it is also indicated by the negative nse (-2.80). It is obvious that only adding
local climate information (average annual rainfall and potential evapotranspiration) to
the original model does not sufficiently improve the use of this drought index for fire
hazard monitoring in tropical wetland ecosystems.

c. Modified KBDI

We anticipated a reasonable agreement between the modified drought index (mKBDI)
and the observed drought index DI, (Eq. 3.10), because the latter was used to calibrate
the parameters of the water table factor (Eq. 3.8) in such a way that the mKBDI and the
DI, time series yield a good fit. We obtained through calibration the following expression
for the water table factor (Eq. 3.8):

WTE' = 1064~ 0283 % [ (1 - o(n )!) % 203] 3.11)

The maximum WTF for these local soil and hydrological characteristics, which occurred
during very wet conditions and associated shallow water tables, was found to be 10.64 mm.

It appeared that the pattern of the mKBDI and the DI fit very well (Figure 3.3c), in
particularly during the dry El Nifio of 2009. The mKBDI did not respond to weather change
(i.e. dry spells, rainfall events) so strongly as the KBDI and the KBDI ,. In the last six
months of the monitoring period there was some disagreement between the mKBDI and
the DI . However, it does hardly influence its performance as it was at the low fire hazard
level. The agreement in patterns between the mKBDI and DI, was also confirmed by
the goodness of fit. The nse was high (0.69), which indicated that the model reasonably
assessed fire hazard. Additionally, the rsris very small (0.02) and the pbias is acceptable
(16%). These results clearly showed that performance of the drought index improved by
integrating soil and hydrological factors.

3.4.3 Response of drought index to hydrometeorological extremes

As described in the previous section, the KBDI seems to react too flashy in response to
wet and dry weather changes. For instance, by the end of April 2009, the KBDI drastically
increased from low to moderate fire hazard just after nine days without rainfall (Figure
3.3b). Even in the La Nifia year, when soil moisture content was always high, KBDI also
predicted severe fire hazard as shown in early June 2010 and by the end of July 2010
(Figure 3.3b). A similar response was also presented by the KBDI . It clearly appears
that the original model structure, which is only dependent on meteorological variables,
caused too pronounced fluctuations of the drought index following dry and wet spells,

even if the model structure was adjusted to the local climate (KBDIadJ).

On other hand, the mKBDI smoothly rose and declined in response to dry and wet spells.
It appeared that integrating soil and hydrological characteristics into the original model
structure (Eq. 3.9) greatly reduced the dynamics of drought index. For instance, in the
period May-July 2009, when both KBDI and KBDI ; estimated severe fire hazard, the
mKBDI still predicted low fire hazard (Figure 3.3c). During this period, the groundwater
table was relatively close to the surface (Figure 3.2d), which still provided water to the
topsoil through capillary rise. Moreover, the mKBDI did not sharply rise during a short dry
period in July 2010, because the rather shallow water table reduced the impact of the dry
weather on the soil water content of the topsoil.
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Figure 3.3. Temporal evolution of (a) rainfall during the observation period; (b) KBDI, KBDI, o and (c)
DI, and mKBDI.

The performance of all three drought indices was also investigated through the frequency
distribution of the daily drought index over the four fire hazard classes. We assumed that
the frequency distribution of the daily drought index obtained with the mKBDI (Table 3.2)
described reality best, because it is closely associated with observed soil moisture contents
of the topsoil. More than 90% of the daily mKBDI values were in the low fire hazard class
and less than 5% in the most severe classes (high and extreme fire hazard). In 2010 and
2011, the mKBDI was all the time in the low hazard class. Furthermore, most of the daily
KBDL ,, were in the low fire hazard class (64%), which seems to point at improvement of
the original model by integrating local climate information. The KBDL ; had not more
than 11% of the days in the most severe fire hazard classes, whereas the original model
still had 30% in this category. The KBDL, ; overestimated the number of days with severe
fire hazard by a factor two and it was more than 7 times higher with the KBDI relative to
the mKBDIL.
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Table 3.2. Frequency of drought indices (in % of the days) for each fire hazard class, period 2009-
2011.

Range of KBDI Fire hazard class KBDI KBDI_ . mKBDI
0-100 Low 37 64 92
101-150 Moderate 33 26 4
151-175 High 18 6 3
>175 Extreme 12 4 1

3.5 Discussion

This study was carried out in a forest plantation area situated in a humid tropical wetland
ecosystem, Indonesia. Daily hydrometeorological data, including air temperature, rainfall,
soil moisture and water table were analysed to develop the mKBDI. We will discuss the
adjusted drought factor and the newly-proposed water table factor.

3.5.1 Influence of drought factor

It has been shown that the behaviour of the KBDI and KBDL ; is mostly controlled by
weather, which caused a too flashy nature. In the original model, the daily increase of the
drought index is caused by the drought factor (Eqg. 3.2), which is controlled by the daily
maximum temperature and the drought index of the previous day.

Under wet conditions (KBDI = 0 mm) the drought factor DF of the original model is more
sensitive to the maximum temperature than the adjusted KBDI. The DF of the adjusted
model is about 40% lower than of the original model for the full range of T__ (Figure 3.4a).
When the soil becomes drier (KBDI = 100 mm) the DF obviously becomes lower, but the
sensitivity is about the same. The higher DF of the original model will result by the onset
of a drought (e.g. April 2009) in a faster increase of the KBDI (Figure 3.3b) than that of the
adjusted model. After a while the larger increase of the KBDI counteracts, because the
drought index of the previous day (KBDI*") reduces the growth of the DF. A more or less
stable situation develops with a higher KBDI than KBDI, ; and a DF of the KBDI and the
KBDIadJ. which are about similar (Figure 3.5a).

Adjustment of the DF seems to be a plausible solution given the drawbacks as reported
by Petros et al. (2011). Liu et al. (2010) also indicated that adjustment to local climate
is necessary to apply the index to regions with another climate than Florida. In this
study, the high daily evapotranspiration from tropical lowland rainforests (Tani et al.
2003; Kumagai et al. 2005) and the average annual rainfall (Salafsky 1994; Walsh 1996;
Chappel et al. 2009; Suhaila and Jemain 2011) reported for the Southeast Asia region
were implemented into the drought factor (Eq. 3.5). Our findings indicate that adjustment
of DF with the local climate slightly improves performance of the drought index (KBDL ;
vs. KBDI). Although the DFadj(Ro,ET) is smaller than the DF* (Eq. 3.2) for the same T__ (Figure
3.4a), the interplay between the DF and the drought index of the previous day (Eqg. 3.2
and 3.5) prevents development of large differences between the drought indices. Hence,
the adjusted KBDI still hardly represents actual upper soil conditions, particularly during
longer dry spells, as for instance mid-June 2009 (Figure 3.3b). Snyder et al. (2006) confirm
that although they improved the drought factor by introducing the Hargreaves-Samani
approach to compute evapotranspiration, the KBDI_, does not perform well for fire hazard
assessment. Thus, these findings provide evidence that improvement of the fire drought
index by solely integrating climate information is not sufficient.
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Figure 3.4. Sensitivity of (a) the drought factor, and (b) the water table factor. Graph a) provides the
influence of the maximum temperature (T__) and the drought index of the previous day (KBDI'")
on the drought factor DF for the original model and the adjusted model. Graph b) gives the change
in the frequency of mKBDI occurring in the most severe fire hazard classes (high and extreme
hazard) in response to changes in the parameters of the water table factor (a, and b, single variable
sensitivity; a,, b,, bivariate sensitivity) throughout the study period.

3.5.2 Influence of water table factor

Most of the time the water table factor WTF varied between 4 and 9 mm (Figure 3.5¢),
which more or less compensated for a possible increase of the modified drought index
(mKBDI) through the drought factor (Figure 3.5b). The WTF only decreased during a
drought (e.g. July-October 2009 and July 2010). During the drier period of July 2010,
both the KBDI and KBDI_, yielded a high fire hazard (Figure 3.3b), while the mKBDI still
predicted low hazard. The shallow water table still supplied sufficient water into the upper
layer, as shown by the high soil water content (Figure 3.2c). Clearly, the pattern of water
table factor reflects water table depth. The deeper the water table is, the smaller the WTF
(Figure 3.6).

Surprisingly, by integrating the water table factor into the model structure (Eq. 3.9),
the behaviour of the drought factor drastically changed with respect to the adjusted
model (Figure 3.5a), although Eq. 3.5 was used for both. A shallow water table leads to
a higher drought factor, as happened in the period April-June 2009 (Figure 3.5a). In the
model structure for the KBDI and the KBDL ; the behaviour of the drought factor is only
controlled by the increase of the drought |ndex (KBDI*"), whereas in the modified model
structure (mKBDI), the water table factor cancels out the drought factor (Eq. 3.9). The
different magnitudes of the DF for the KBDIadJ. (rather low DF) and the mKBDI (rather
high DF) clearly show up during a dry period, but still with shallow water tables (e.g. July-
September 2009). Eventually, both DFs become small when a drought proceeds and the
water table drops (e.g. October 2009).

Our findings show that the position of the water table depth greatly determines the
magnitude of the drought index, mKBDI. In dry seasons, deep water table depths will
correspond to higher drought indexes. In 2010 and 2011, when the water table depth was
close to the soil surface, clearly a low fire hazard class was found. The WTF also provides
very relevant information about the critical water depth, below which the combined
upward soil water flow and root water uptake (Sanchez-Pérez et al. 2008; Lowry and
Loheide 2010) do not contribute anymore to moistening of the fuel layer. In this case it is
0.85 m below the soil surface (Figure 3.6).
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This study addressed the weaknesses of the original KBDI when applied to areas with
different soil and hydrology conditions than Florida, as indicated by Reardon et al.
(2009). Our findings confirm that the performance of the drought index will improve by
integrating soil characteristics, as suggested by Pellizzaro et al. (2007).

The sensitivity of the WTF parameters and was investigated, because no previous results
were available yet. As reference, we used frequency of occurrence of the mKBDI in the
severe fire hazard classes (high and extreme hazard), i.e. 4% (Table 3.2). The parameters
a, and b, were separately and jointly changed from -50% to +50% with steps of 10%
(Figure 3.4b). For instance, if the value was reduced by 50%, the site would experience
more days in the severe fire hazard class (12%). There is negative correlation between
and the frequency of occurrence of the mKBDI in the severe fire hazard class. A larger
implies a smaller WTF (Eq. 3.8) and hence a faster increase of the mKBDI. The parameter
has a positive correlation with the frequency of occurrence of the mKBDI in the severe
fire hazard class. A larger results into a higher WTF and consequently the frequency of
occurrence of the mKBDI in the severe fire hazard class decreases. If both parameters
were jointly changed (Figure 3.4b, right panel), the frequency of occurrence of the mKBDI
in the severe fire hazard class hardly changes, which is obvious because of negative
correlation of with WTF and the positive correlation of (Eq. 3.8).

3.5.3 Applicability

Application of the mKBDI rather than the original KBDI to assess fire hazard in tropical
wetland ecosystems is promising. This model requires daily data of rainfall, air temperature,
and water table depth. Daily rainfall and temperature are often monitored on a routine
basis. Water table depths are mostly not routinely measured, although the installation of
an observation well and the daily observation with a dipper is reasonably simple. In forest
plantations located in wetland ecosystem, knowledge of groundwater table depth that
is dynamically connected with water levels in the canal systems is of great importance,
because it influences field operations, logistics and navigation in the area. Additionally,
carbon releases associated with man-made wetland ecosystems also urge consideration
of groundwater table depth, because it greatly influences carbon emission (Hooijer et al.
2010; Fan and Miguez-Macho 2011). Moreover, incorporating groundwater dynamics in
land-climate model also emerges (Lam et al. 2011; Leung et al. 2011), which consequently
need observed data for model calibration. Thus, it is anticipated groundwater table data
will be more routinely measured in the near future.

A challenge is to obtain the water table factor parameters, i.e. a, and b, (Eq. 3.11), which
were proposed in this study. This requires additional information on soil properties (e.g.
soil texture, organic matter content) and time series of daily soil water content for a
period that contains one or more dry periods. The parameters should be connected to
soil properties and the water table regime. So far, it is unknown to what extent both
parameters are transferable. We anticipate that for a limited number of locations in
tropical wetland systems that differ in soil and hydrological conditions, the parameters
need to be calibrated, as done in this study. In the next phase, pedotransfer functions
(Bouma and Van Lanen 1987; Wosten et al. 1995) can be used that translate easy to
obtain at-site information on soil and groundwater table regime into the two water table
factor parameters. The sensitivity analysis of and has shown that uncertainties up to
50% in these parameters generate a frequency of occurrence of the mKBDI in the severe
fire hazard class, which are more realistic than using the original Keetch-Byram Drought
Index that does not consider soil and hydrological information.
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The parameters of the water table factor also provide extremely important information
about the critical depth below which the groundwater table does not supply soil water
to the top-layer (0.85 m in our study) and hence fire hazard significantly increases. Being
able to determine the groundwater table depth that helps to reduce fire hazard levels
supports stakeholders, for example forest estate managers, to improve management
of their land and water. In the value-chain to action (Van Noordwijk et al. 2014) it is
identified as helping to develop their understanding regarding what is behind the hazard
and it provides a simple and easy to observe metric to assess fire hazard. It can lead to
action to be more alert; in particular with unintentional fire initiation. Large-scale water
table depth monitoring could lead to a higher alert phase for emergency services (e.g. fire
department). Too frequent water tables below the critical water table could be an incentive
for policy makers to steer towards another land use (e.g. rewetting, afforestation) in the
peatlands of Indonesia.
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Chapter 4
Fire hazard in human-modified wetlands

Vast areas of wetlands in Southeast Asia are undergoing a transformation process to
human-modified ecosystems. Expansion of agricultural cropland and forest planta-
tions changes the landscape of wetlands there. Here we present observation-based
modeling findings that contribute to the evidence of increased fire hazard due to ca-
nalization in tropical wetland ecosystems. Two wetland conditions were tested, name-
ly natural drainage and canal drainage, using a hydrological model and a well-known
drought-fire index. Our results show that canalization has amplified fire susceptibility
at least by four times. Canal drainage triggers the fire season to start earlier than un-
der natural wetland conditions, indicating that the canal water level regime is a key
variable controlling fire hazard. Furthermore, the findings derived from the modeling
experiment have practical relevance for public and private sectors, as well as for water
managers and policy makers, who deal with canalization of tropical wetlands, and
suggest that improved water management can reduce fire susceptibility.

This chapter is based on: Taufik, M., B. I. Setiawan, and H. A. J. Van Lanen. 2017. Increased fire hazard in human-
modified wetlands in Southeast Asia. AMBIO, in review
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4.1 Introduction

Tropical wetland ecosystems typically have shallow groundwater tables throughout the
year that support a wealth of endemic species because of their anaerobic, and frequently
extreme acidic and nutrient poor conditions (Yule 2008; Evers et al. 2017). Recent litera-
ture explains that tropical wetlands in Southeast Asia, including peat swamps, are biodi-
versity hotspots (Kier et al. 2005; Yule 2008; Sodhi et al. 2010; Evers et al. 2017) both for
endemic flora and fauna. Additionally, these ecosystems store huge amounts of carbon
(Page et al. 2011), especially in belowground biomass, which potentially alters global
climate when changed.

Recent human activities in Southeast Asian tropical wetland ecosystems are increasingly
changing the landscape from natural forest into export-oriented agricultural cropland
and forestry. In many cases, these changes can be attributed to clearance of natural
forest. Land-use change (LUC) in the last two decades has reduced wetland forest cover
by 36% in Indonesia and Malaysia (Miettinen et al. 2012). This reduction included various
measures to create favorable conditions for agronomy and forestry practices in wetlands,
among others drainage through canalization. Canalization is common practice to drain
excessive water, making wetland suitable for agriculture and forestry purposes. By drain-
ing water, the groundwater table depth declines (Hirano et al. 2012; Ishii et al. 2016),
depending on the water level in the canal and subsurface characteristics.

Furthermore, climate variability mainly induced by El Nifio has increased the pressure on
the often drier wetland ecosystems. The extent and severity of wildfires has increased
during El Nifio events (Wooster et al. 2012; Taufik et al. 2017). During El Nifo, prolonged
low precipitation led to lower groundwater tables in wetland ecosystems, which created
a drier environment that favors extensive fires to burn in disturbed tropical forests. More
than 2.6 million hectares of crops and forests were burnt by the 2015 fires (Tacconi 2016),
the second worst fires of the past two decades in Southeast Asia. Studies reported that
fire susceptibility increased in human-modified wetlands with canalization (Hoscilo et al.
2011; Konecny et al. 2016).

Although there has been growing interest in wetland ecosystem studies, fire-drought
research that integrates groundwater as a key variable for fire hazard in wetlands is
limited. Current research mostly uses soil moisture deficiency derived from only climate
information, such as the Keetch-Byram Drought Index-KBDI (Petros et al. 2011) and the
Fire Weather Index-FWI (Amiro et al. 2005), as a proxy for flammability. In wetlands, how-
ever, groundwater tables greatly influence soil moisture dynamics, hence the fire hazard
(Wésten et al. 2008; Taufik et al. 2015; Takeuchi et al. 2016; Taufik et al. 2017). Obviously,
the closer the groundwater table to the surface, the lower the fire hazard is, as reported
by Wosten et al. (2008) and Takeuchi et al. (2016). The position of the groundwater table
varies in response to wet and dry spells. Occasionally, the groundwater table substan-
tially declines during a prolonged drought, which coincides with strong El Nifio events
(e.g. 1997/1998 and 2015). As expansion of land for product-oriented export (oil palm,
fiber) takes place, humans now also play a key role in groundwater dynamics in wetland
ecosystems through building canal networks (Ritzema et al. 2014). This requires research
that explores the interplay of humans and fires occurring in the changing landscapes of
tropical wetland ecosystems. The question remains how to quantify the impact of hu-
man interference on increased fire hazard and how large the amplification of fire hazard
caused by human interference actually is?
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4.2 Materials and methods
4.2.1 Original model

Our study area is a wetland ecosystem in South Sumatra, Indonesia, within the evergreen
humid climate zone, that generally experiences some water shortage during the dry sea-
son. The area receives a mean precipitation of 2540 mm annually and 1700 mm during
the wet season. The peak dry season occurs from August to September, when the median
monthly rainfall is below 100 mm. The study region was burnt during the 1997/1998 El
Nifio due to wildfires. In the late 2000s, the region has been planted with a fast-growing
monoculture forest plantation (i.e. Acacia crassicarpa). To create favorable conditions for
root development, water and nutrient uptake, excessive water in the wetlands is drained
through canalization. Additionally, the canals are of importance for transportation, log-
ging, and logistics.

The area is characterized by mineral soils, which mainly consist of silty clay, and sand
at very few places. In the study site of Baung (105.3° East and 2.74° South), we built a
mini-AWS (automatic weather station) to monitor daily weather (rainfall and air tempera-
ture) and soil moisture. Groundwater tables were monitored every hour with a pressure
transducer (TD Diver, Van Essen Instruments). For details on the area, monitoring and soil
characteristics, readers are referred to Taufik et al. (2015). The data monitoring at the site
lasted for two years, covering two contrasting ENSO conditions, that is, in 2009 (El Nifo,
dry) and in 2010 (La Nifa, wet).

4.2.2 SWAP model and data

SWAP (Soil Water Atmosphere Plant) is a one-dimensional, vertically oriented model
to simulate transport of water, solutes and heat in the vadose zone in interaction with
vegetation development and subsurface hydrology (Kroes et al. 2008). Its model domain
covers the zone between the groundwater table and the soil surface on which vegeta-
tion can grow and water ponding may occur. Water balance components and ground-
water levels are simulated by numerically solving soil moisture flow using the Richards
equation (Van Dam and Feddes 2000). The top boundary condition of SWAP consists
of precipitation and evapotranspiration, which is driven by weather and the interplay
between weather, vegetation and soil conditions. As a lower boundary condition, among
others, different drainage conditions can be included in the SWAP model. For example,
natural drainage or human-modified drainage systems can be implemented in the model
through the lateral drainage option.

To simulate groundwater levels, SWAP requires various inputs. It needs daily weather
data (e.g. precipitation, reference evapotranspiration). Daily weather data from the Baung
weather station was used for the model calibration in addition to soil hydraulic proper-
ties, groundwater levels, and water levels in the canal. With this weather data, we calcu-
lated reference evapotranspiration based on the Penman-Monteith FAO method (Allen
et al. 1998). SWAP simulates actual daily soil evaporation and transpiration by combining
reference evapotranspiration with information on vegetation development stage, crop
coefficient, soil/vegetation cover and soil moisture. We used a crop coefficient of 1.05
for the wetland conditions, which is about the median of the range in the coefficient
previously reported (Allen et al. 1998; Sun et al. 2011). Further, we assumed no change
in vegetation development stage of the mature monoculture forestry, i.e. we applied a
constant soil cover fraction of 80% by the acacia canopy.

For the lower boundary condition, we assumed that there is no relevant subsurface flow
in the deep aquifer. The drainage system controls via the shallow aquifer (saturated flow),
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the interaction between soil water in the vertical column and surface water (canal). Two
types of drainage system were defined, i.e. natural drainage and human-modified drain-
age through wetland canalization. The canalization creates deep open channels in wet-
lands that reach depths up to 6 m depending on operational purposes, such as water
transport and water management. During the wet season, the canal water level is close to
the surface, whereas it may substantially decline during the dry season. In the study site,
controlled drainage is applied through canal blocking (e.g. Ritzema et al. 2014) to ideally
maintain groundwater tables in the range of 40 cm to 90 cm. When we use canalization
in this paper, we refer to controlled drainage (i.e. reference situation), unless it is stated
clearly otherwise. For natural drainage, we used a surface water depth of 50 and 100 cm
during the wet and dry season, respectively (130 cm during the dry season for strong El
Nifio years), which drives water losses via the natural drainage system that usually can be
found in this kind of regions.

4.2.3 Model calibration

For the calibration process, we used the available daily weather and groundwater table
data from almost 2 years of observations (Taufik et al. 2015), i.e. from 1 April 2009 to 15
March 2011. This observed data is important, as it covers a period with climate extremes.
Both the 2009 El Nifio and the 2010 La Nifa are included. We applied two approaches
for assessing model performance. First, we used a visual inspection of its performance.
This approach aims to detect model behavior, and to obtain an overview of the overall
performance (Bennett et al. 2013). Then we applied five statistical criteria of goodness of
fit (see Bennett et al. 2013) including percent bias (pbias), RMSE-observations standard
deviation ratio (rsr), index agreement (Id) coefficient of correlation (r), and Kling Gupta
Efficiency (kge).
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Figure 4.1. Hydrograph of observed (obs) and simulated (sim) groundwater tables with the SWAP
model during the calibration period. This graph shows that the model performed well in simulating
groundwater table in particular for the dry season, but it slightly overestimates the shallow levels in
the wet season, which are controlled by local site conditions. Goodness of fit measures is provided:
percent of bias (pbias), RMSE-observations standard deviation ratio (rsr), index of agreement (Id),
coefficient of correlation (r), and Kling Gupta Efficiency (kge). The smaller the pbias and rsr, the bet-
ter model performs. On other hand, the model performs well if the Id, r, and kge are high.

Our calibration showed that the SWAP model performed reasonably well in simulating
groundwater tables (Figure 4.1). The onset of the groundwater table drop and its recov-
ery are well simulated, whereas there is some overestimation of the groundwater table
during the La Nifia year in 2010. The reasonably well model performance is reflected in
the high kge, Id, and r, and low pbias and rsr(Figure 4.1). By means of this calibration, we
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determined the values of the key model input data for SWAP, namely canal water level
(CWL) regime and drainage resistance (DR). The CWL should be not deeper than 130 cm
below the surface during the dry season. For the other seasons, we applied a canal water
level closer to the surface, namely 50 and 80 cm below the surface during the wet and
intermediate season (May/June), respectively. The calibrated DR was 200 days for the
study site. The drainage resistance determines how easy water flows through the ground-
water system to the drainage system. The lower the resistance, the easier water flows. The
natural situation is characterized by a higher drainage resistance than human-modified
drainage, because of the longer distance between natural channels compared to the
drainage canals. We anticipated that the drainage resistance is around three times higher
(600 days).

4.2.4 Fire hazard assessment

We used the modified Keetch-Byram Drought Index (mKBDI) to assess daily fire hazard
and the associated fire hazard class (i.e. low, moderate, and high). The fire hazard class
follows previous research in Southeast Asia (Ainuddin and Ampun 2008; Taufik et al.
2015). The daily time-step calculation of the mKBDI is as follows (Taufik et al. 2015):

mKBDI = mKBDI' * + DF' — RF' — wTF! 4.1)

Here DF is the drought factor, RF is the rainfall factor, and WTF is the water table factor
on day t. For details on how to calculate the DF, RF, and WTF for the modified KBDI,
readers are referred to Taufik et al. (2015). The mKBDI is scaled from zero to 203 as maxi-
mum value (see Chapter 3: Section 3.2). mKBDI=0 is reached during prolonged heavy wet
spells, whereas long-lasting hot and dry spells create favorable conditions for mKBDI to
reach its maximum value. The groundwater level also affects the fire hazard, i.e. shallow
groundwater tables reduce fire hazard through capillary rise. When the groundwater level
drops below a critical threshold (e.g. 85 cm below surface in the study site, Taufik et al.
2015) it does not reduce fire hazard because capillary rise cannot sufficiently feed the
topsoil anymore.

Eventually, the probability of daily fire hazard was assessed using weather data from 1980
to 2015 for two drainage conditions, i.e. natural drainage and canal drainage. The SWAP
simulation is a modeling experiment that generates groundwater tables using the mature
forestry plantation as reference and climate variability as reflected by the daily climate
data from 1980 to 2015. The emphasis in this study is to explore the probabilities of
groundwater table depths and associated fire hazards for the current state of plantation
rather than to reconstruct historic fire hazards also considering the plantation develop-
ment. The long time series of weather data for simulation of groundwater levels, and
hence, the fire hazard was obtained from the nearby climate station Kenten (latitude/lon-
gitude are 2.93° South/104.77° East) in South Sumatra, Indonesia. There is no difference
in input data for the calculation of fire hazard (Eqg. 4.1) for the two scenarios, except for
the water table factor. WTF was computed using different simulated groundwater table
series based on the two scenarios used in this study, i.e. natural and canal drainage. Then,

one of the three fire hazards classes was assigned to each day, namely low, moderate or
high fire hazard.

4.2.5 Verification of fire hazard

To test the performance of the mKBDI, we used monthly fire area burnt derived from the
Global Fire Emission Dataset-GFED (Giglio et al. 2013). The GFED is at 0.25° resolution,
which is available from 1996 onward. The drought index (i.e. mKBDI) reflects dryness over
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a large area and not specifically the Baung station site. Therefore we used nine GFED grid
cells (total area: 6971 km?) surrounding the site for verification. We verified performance
of mKBDI (mean monthly) for the canal drainage situation in 1996-2015, as this repre-
sented the climate situation that actually occurred. The canalization in the region started
well before our fire hazard verification period, i.e. in the 1990s. Totally there are 240 data
points, that is, months for verification.

4.3 Results
4.3.1 Simulated groundwater tables

Deep groundwater levels hardly occur under natural drainage. Only about 1.9% of the
time the simulated daily water table is deeper than the critical threshold (i.e. 0.85 m),
whereas this is about 34% of the time under canal drainage (Figure 4.2). Furthermore,
the SWAP simulations also show that ponding is normal for wetland ecosystems under
natural drainage, whereas the ponding period becomes substantially shorter under canal
drainage (eight times shorter). Ponding in excess of 0.10 m depth does not occur under
canal drainage at the investigated site.

On a monthly scale, the groundwater level is always below the surface during the period
August-October under natural drainage. In this period, the minimum groundwater level
occasionally reaches the critical threshold (-0.85 m, Figure 4.2). On the other hand, ca-
nal drainage causes lower groundwater levels below the surface throughout the whole
year. Groundwater gradually starts to decline in May, and will reach its deepest levels in
October. In the period July-October, the median groundwater level is below the critical
threshold and in November it is still very close. This is clear evidence that canalization
prolongs periods with low groundwater, hence it increases dry conditions that favour fire.
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Figure 4.2. Monthly groundwater tables for two drainage conditions during 1980-2015. The box-

plot indlicates the median, and the 25 % and 75 % quantiles. The dots indicate outliers.

4.3.2 Verification of fire hazard

Our analysis showed that fire events (expressed as area burnt) were reported for all three
fire hazard classes derived from the mKBDI (Table 4.1). Totally 172 out of 240 months
were assigned to the low hazard class, 23 months were in the moderate class, and the
remaining (45) were categorized as having a high probability of fire. Of the 172 months
that were reported to have a low level, 68% (117) of the months had zero burnt area,
whereas only one month had an area burnt larger than 5000 ha (Table 4.1). On the other
hand, months with high fire hazard probability were characterized by large area burnt
(>5000 ha, 22 months).
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Table 4.1. The size distribution of observed monthly area burnt (total of nine grid cells, in ha) for
the three different predicted fire hazard classes, 1996-2015. The class is derived from the mKBDI
under canal drainage.

Predicted Hazard Observed area burnt (ha)

class 0 0-100 100-5000 >5000 Total
Low 117 22 32 1 172
Moderate 6 2 15 0 23

High 7 3 13 22 45

Few small areas burnt (<100 ha, 3 months) were reported when the mKBDI of a certain
month is in the high class. For the moderate probability on fire, most of the months had
an area burnt of 100-5000 ha. This verification demonstrates that mKBDI is able to classify
fire events in three different hazard levels based on the size of area burnt. In summary,
the mKBDI is useful to identify large area burnt that is characterized by the high fire class.

4.3.3 Fire hazard behaviour

Wetland ecosystems store huge volumes of water in their soils because of the high rain-
fall both monthly and annually, and the restricted drainage under natural conditions cre-
ates an environment that is little prone to fire. Mostly (about 90% of the time) fire hazard
under natural drainage is at a low level at the investigated site, and 3.8% of the time at a
high level, which obviously is during a prolonged dry season (Table 4.2). With drainage by
canalization, low fire hazard level conditions drop to 72.2% of the time. Canalization caus-
es lower groundwater levels during the dry season, leading to an increased presence of
the high fire hazard level from 3.8% under natural drainage to 17.1% of the time. Clearly,
there is an amplification of fire susceptibility by 4.5 times when wetland forest is drained.

Table 4.2. Fire hazard (% of time) using weather data from 1980-2015. Two different types of cli-
matic years are introduced: normal and El Nifio years. Fire hazard is clustered in three classes.

Drainage conditions
Hazard class Natural Controlled canal
Normal El Nifio Total Normal | El Nifio Total
Low 61.2 289 90.1 49.1 23.1 722
Moderate 2.1 4.0 6.0 7.0 37 10.7
High 0.6 32 3.8 7.9 9.2 17.1

Hardly any high fire hazard is reported for normal years and natural drainage conditions
(0.6%), whereas this is 7.9% of the time under canal drainage (Table 4.2). Most high fire
hazard conditions under controlled canal drainage events (9.2%) coincide with EI Nifio.
This provides evidence that drainage strongly influences fire hazard, and that El Nifio
intensifies this hazard.

Fire behavior is strongly controlled by groundwater level. As anticipated, we found a
strong correlation of the groundwater level and KBDI with r =-0.85 and -0.88 for natural
and canal drainage, respectively. Other variables, such as daily rainfall, were only weakly
correlated to fire hazard level (not shown). This correlation means that during prolonged
periods with low groundwater levels, high fire level is expected to occur.
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Under natural conditions, monthly averaged groundwater levels decline during the pe-
riod July-October, but they rarely exceed the critical threshold (Figure 4.2, natural). This
little drawdown hardly creates conditions that favor high fire hazard. Totally only 3.8%
(503 days ) of the days are in the high fire hazard class (Table 4.2) that occurs only in 11
out of 36 years. The remaining years have predominantly a low fire hazard level. During
warm ENSO years the fire susceptibility increases more than five-fold (3.2% versus 0.6%).
Table 4.3 provides the distribution of the average number of days with a high fire hazard
level for each month (15-94% of days, dependent on the month) in those years when fires
occur (3-31% of the years). If we exclude August and December, because of the low num-
ber of years when fires occur in these months (<10%), the fraction of days with a high fire
hazard level is 40-64% in the years with fires (22-31%, Table 4.3). High fire hazard level in
December occurred only in 1 year (3%) during the very strong 2015 El Nifio; almost the
entire month (94%) was at a high fire hazard level.

Table 4.3. Distribution of high fire risk days (average number of days per month, in %) over the
months, and the number of years (%) that high fire risk happens for two drainage conditions using
weather data from 1980-2015.

Month Drainage conditions
Natural Controlled Canal
high fire level number of high fire level number of
days (%) years (%) days (%) years (%)

June - - 3 3
July - - 41 25
August 15 8 66 64
September 40 25 73 89
October 64 31 71 83
November 56 22 70 36
December 94 3 55 6

Canalization, however, leads to low groundwater levels during the dry season, which can
go well below the critical threshold (Figure 4.2, controlled canal). About 33% of the time
the groundwater level is below the threshold, which leads to an increased frequency of
days with a high fire hazard level (Table 4.2). High fire hazard level is nearly recorded
annually (32 out of 36 years) in the period 1980-2015. This implies that about 88% of the
years are at a high hazard level, which is about 2.4 times higher than under natural drain-
age conditions. Seasonally, high fire hazard levels frequently occur during the period
July-November, but occasionally they also occur in June and December (Table 4.3). The
mean number of high fire hazard level days in the period August-October under canal
drainage conditions is 21.4 days per month (66-73% of the days) for those years that fires
occur. Moreover, under canalization, the fire season comes at least one month earlier,
starting in July (June not considered because of the low number of years), whereas the
fire season under natural drainage conditions starts in August (Table 4.3). This is evidence
that canalization lengthens the period with a high fire hazard level in addition to the sub-
stantially larger number of fire years.

4.4 Discussion and conclusions
This research contributes to the emerging literature that attempts to quantify the in-
terplay of humans on hydrological processes in tropical forest wetlands, including fire
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hazard, using an observation-based modeling experiment. We applied the SWAP model,
which showed reasonable agreement with 2 year of observations, to simulate time se-
ries of daily groundwater tables for a wetland ecosystem in South Sumatra with input
of 36 years of daily weather data. Two wetland drainage conditions were introduced
for the SWAP simulation, i.e. natural and canal drainage conditions for a mature acacia
plantation. Of the two wetland drainage types tested, canal drainage generates longer
periods with low groundwater levels (Figure 4.2, controlled canal). Next, we calculated the
daily modified KBDI using the simulated water tables to assess daily fire hazard for each
drainage condition. Our verification of the simulated fire hazard level by using 20 years
of observed monthly area burnt revealed that fire may occur on each day irrespective of
the estimated fire hazard level, but a large area burnt (>5000 ha) clearly occurs only when
the fire hazard level is high, and the opposite, no or a small area burnt occurs when the

fire hazard level is low.

Hydrological studies in tropical wetlands found very low groundwater levels during the
dry season due to canalization, for instance, in the ex-Mega Rice Project, Central Kali-
mantan, Indonesia. This is consistent with our substantial difference (between natural and
canal drainage) in number of days with groundwater levels below the critical threshold
(i.e. 24%). Prolonged low groundwater levels create conditions that favor wildfire. For a
peat-swamp forest in Kalimantan, Wosten et al. (2008) show that the probability of high
fire hazard increases when the groundwater level drops below 40 cm. Other studies un-
der similar hydroclimatological conditions used a groundwater table depth of 100 cm as
critical threshold for fire (W&sten et al. 2006; Takeuchi et al. 2016). Here, we apply 85 cm
as critical groundwater level (See Section 4.2.4) for identifying high fire hazard. Clearly,
the critical groundwater depth is not constant for all wet tropical ecosystems, but de-
pends among others on soil properties (Taufik et al. 2015).

Although there is substantial understanding on how low precipitation enhances fire haz-
ard, our results highlight the fact that efforts to understand fire hazard without examining
the role of groundwater table depth miss a critical contributor to fire hazard in wetland
ecosystems (Wosten et al. 2006; Wosten et al. 2008; Takeuchi et al. 2016; Taufik et al.
2017). Our finding supports this claim by the following: (i) drainage conditions clearly
affect fire hazard given the same rainfall input, i.e. canal drainage has lower groundwater
levels, and hence higher fire hazard than natural drainage, and (ii) controlled drainage
through canal blocking causes high fire hazard to come at least one month earlier. This
outcome confirms a recent study, which reported increased fire susceptibility in drained
wetlands (Konecny et al. 2016).

Our findings show that there is substantial amplification of fire hazard when natural for-
est is drained for agronomy. First, the frequency of high fire levels increases by 4.5 times
(Table 4.2). The increase means that fire susceptibility under drained conditions is higher,
and occurs in the dry season for 9 out of 10 years. In addition, the number of days ex-
periencing high fire hazard levels has risen by 70% in the period August-October (Table
4.3). The number of years having a high fire hazard level rose 3.6 times. Further, our
modeling experiment reveals that drainage lengthens the period with high fire hazard
level through an earlier start of the fire season. The amplification applies for controlled
drainage conditions, therefore the question remains how large the amplification will be
in case of uncontrolled drainage in this type of ecosystem.

Our modeling experiment shows that, if the drainage is uncontrolled (with canal water
levels reaching 3 m depth during the dry season), prolonged low groundwater tables
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are inevitable. Hence, days with high fire hazard will increase substantially, from 17%
(controlled drainage) to almost 40% (Figure 4.3). In other words, without improved water
management, the expected frequency of high fire hazard levels will be more than twice as
high (relative to the reference), and will occur each year. The very low groundwater levels
likely will influence the endemic flora and fauna (Kier et al. 2005; Yule 2008; Sodhi et al.
2010) that can only survive under un-impacted hydrological conditions (Evers et al. 2017).
A lot of effort has been proposed to restore degraded wetland, including canal blocking
(Ritzema et al. 2014; Ishii et al. 2016), with the purpose to maintain groundwater levels
as close as possible to natural conditions. Improved water management is anticipated to
provide an adequate basis for endemic biodiversity and additionally to control wildland
fires. However, maintaining groundwater levels as high as possible needs to be negotiat-
ed with the agronomy sector, because it likely has detrimental effects. The application of
the proposed analysis tools (SWAP and mKBDI) provides guidance for best practice water
management, including a critical canal water level during the dry season to avoid a sub-
stantial increase of days with a high fire hazard. The canal water levels should be kept as
high as possible during the dry and intermediate season to avoid high fire hazard levels.
For instance, if the levels are not allowed to go deeper than 150 cm below the surface
during the peak dry season (August-October), the expected occurrence frequency of high
fire hazard levels would be kept below 20%, which might be an acceptable compromise,
although it is still 6 times larger than under natural conditions.
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Figure 4.3. Impact of water management on high fire hazard frequency (% of the time). The
deeper canal water levels during the dry season reflect uncontrolled drainage condition (ref-
erence represents controlled drainage). X-axis values indicate maximum depth of the surface
canal water level (CWL) below soil surface in the dry season.

A number of caveats should be considered. For example, our study uses an observa-
tion-driven modelling approach that analyses groundwater level dynamics under current
climate variability, but it did not explicitly attempt to reconstruct actual historic condi-
tions (e.g. acacia plantation development), nor did it explore future climates that may
favour fire susceptibility. Likewise, we used a one-dimensional vertical water flow model
and a drainage boundary conditions (Cauchy type) to simulate groundwater tables (Van
Dam and Feddes 2000; Kroes et al. 2008; Van Dam et al. 2008) instead of a (pseudo) three

48



Fire hazard

dimensional model (e.g. Wosten et al. 2006; Ishii et al. 2016), which may introduce some
uncertainty. Although our calibration period captures both climate extreme conditions (El
Nifio and La Nifia) our calibration results may disregard the influence of decadal climate
variability on groundwater table dynamics. Long term monitoring of groundwater levels
could help reduce the uncertainty in calibrated parameters. However, we believe that
given the observed data used from years with climate extremes, this modeling-moni-
toring study contributes towards better understanding on the interplay between human
and natural disturbances in the fragile ecosystems of tropical wetlands in Southeast Asia.
Moreover, our findings offer valuable science-based evidence to policymakers in the re-
gion to regulate and promote sustainable wetland utilization.
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Chapter 5

Hydrological drought understanding for wildfire
area burnt prediction

Borneo’s diverse ecosystems, which experience typical humid tropical conditions, are
deteriorating rapidly as the area is experiencing recurrent large-scale wildfires, af-
fecting atmospheric composition (Thompson et al. 2001; Page et al. 2002; Novelli et
al. 2003; Huijnen et al. 2016) and influencing regional climate processes (Hoffmann
et al. 2003; Van der Molen et al. 2006). Studies suggest that climate-driven drought
regulates wildfires (Page et al. 2002; Van der Werf et al. 2008a; Fu et al. 2013; Jolly et
al. 2015), but these overlook subsurface processes leading to hydrological drought,
an important driver. Here, we show that models which include hydrological processes
better predict area burnt than those solely based on climate data. We report that the
Borneo landscape (Kier et al. 2005) has experienced a substantial hydrological drying
trend since the early 20th century, leading to progressive tree mortality, more severe
than in other tropical regions (Phillips et al. 2010). This has caused massive wild-
fires in lowland Borneo during the last two decades, which we show are clustered in
years with large areas of hydrological drought coinciding with strong El Nifio events.
Statistical modelling evidence shows amplifying wildfires and greater area burnt in
response to El Nifilo Southern Oscillation (ENSO) strength, when hydrology is con-
sidered. These results highlight the importance of considering hydrological drought
for wildfire prediction, and we recommend that hydrology should be considered in
future studies of the impact of projected ENSO strength, including effects on tropical
ecosystems, and biodiversity conservation.

This chapter is based on: Taufik, M., P. J. J. F. Torfs, R. Uijlenhoet, P. D. Jones, D. Murdiyarso, and H. A.
J. Van Lanen. 2017. Amplification of wildfire area burnt by hydrological drought in the humid tropics.
Nature Climate Change 7: 428-431. doi:10.1038/nclimate3280
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5.1 Introduction

Host for 10,000 plant species in its lowland rainforest alone (Kier et al. 2005) and ca.
5000 vascular plants in mountainous regions (Beaman 2005), Borneo's ecosystems
are deteriorating at an alarming rate. An important cause is large-scale wildfires,
which frequently coincide with prolonged ENSO-driven droughts. Impacts in Borneo
are exemplary for other biodiversity hotspots in the humid tropics, e.g. the Amazon
(Hoffmann et al. 2003; Fu et al. 2013). Future droughts in wet tropical regions will likely
increase in frequency and severity (Dai 2013), and hence the fire risk (Hoffmann et al. 2003;
Fernandes et al. 2017). Therefore, a better understanding of fire area burnt of tropical
humid ecosystems during droughts is urgently required. Direct and indirect impacts of
ENSO-drought driven wildfires have already been investigated (Thompson et al. 2001;
Page et al. 2002; Novelli et al. 2003; Marlier et al. 2013), but possible long-term drying
trends and the associated amplification of ENSO-driven droughts, as well as the area
burnt by wildfires and the underlying hydrological mechanism have not been quantified
yet. We show that including hydrology improves predictions of area burnt, which so far
are typically based on meteorology only. This is essential to predict future fire extent
particularly during strong ENSO-driven droughts.

5.2 Results and discussions
5.2.1 How does hydrological drought drive wildfire?

In the humid tropical environment of Borneo, groundwater dynamics is a key hydrological
variable to understand the mechanism of the drought-fire link (Figure 5.1). Groundwater
table fluctuations influence hydrological drying of fuels and the organic soil. The deeper
the groundwater table is, the more fire-prone the humid tropics become (Wdosten et
al. 2008; Hoscilo et al. 2011; Taufik et al. 2015; Turetsky et al. 2015). Climate variability
related to ENSO-drought (Page et al. 2002; Van der Werf et al. 2008a) is the main driver of
wildfire in Borneo, by reducing groundwater recharge that feeds the groundwater table,
which creates dry conditions for usually human-induced fire ignition. Once the fire is lit,
it can escape in an uncontrolled way mainly during a prolonged (hydrological) drought,
which happens during a strong El Nifio event. Human activities through land-use change
and associated drainage and land-clearing immediately following deforestation or long
fallow periods create favourable conditions for the fires and amplify the hydrological
drying processes in the above-ground fuels and the underlying organic soil (Figure 5.1).
In regions with few observations, like Borneo, a water balance model can help us to
understand the hydrological drought-fire mechanism. We selected groundwater recharge
as a key hydrological variable that integrates precipitation, actual evapotranspiration
and changes in soil moisture content (Figure 5.1). Hence, it is expected to be a
stronger explanatory factor to characterize drought than just the precipitation anomaly
(meteorological drought) or the soil moisture anomaly. We hypothesize that periods with
low groundwater recharge will create conditions for a greater area burnt.

5.2.2 Has hydrological drought become more severe and hence created conditions
for more extended wildfires?

First, to explore the spatially-distributed hydrological drought in Borneo, we analysed
time-series of monthly climate data provided by the Climatic Research Unit-CRU (Harris
et al. 2014) for the period 1901-2015. We simulated the transient monthly water balance
(Eg. 5.1) to derive groundwater recharge at the 0.5° latitude/longitude grid scale.
Subsequently, we applied the threshold approach with the 80" percentile (Van Loon and
Van Lanen 2012) to derive hydrological drought, i.e. drought in groundwater recharge
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across Borneo. Here we report that there has been a drying trend in Borneo since the
early 20* century, as indicated by the proportion of the annual area in drought (Annex
C: Figure C.1) expressed as the annual maximum and annual mean (Annex B: Eqgs. B.2
and B.3). The monthly groundwater recharge has been derived as follows:

rch = pre —eta = ds (5.1)

Here rch is monthly recharge, pre is monthly precipitation, eta is monthly actual
evapotranspiration, and ds is change in monthly soil moisture [units: mm].

Hydrological processes (HP) that
influence drought-fire mechanism:
a. Soil moisture flux
b. Capillary rise
c. Groundwater recharge
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Figure 5.1. The mechanisms of the drought-fire link are explained through the dynamics of the
groundwater table fluctuation. This responds to three hydrological processes (HP) that are driven
by weather changes: soil moisture (a), capillary rise (b) and groundwater recharge (c). During a
period with no rainfall (meteorological drought), soil moisture is depleted (soil moisture drought)
to fulfil the evapotranspiration flux, hence groundwater recharge is reduced or even becomes
negative (capillary rise, b). Short meteorological drought is characterised by low fire risk. When
the meteorological drought lasts longer, the continuous capillary rise accelerates groundwater
table decline (hydrological drought), until a depth where the capillary rise becomes insufficient
to feed soil moisture (layer 2). Then the soil moisture flux (a) is affected, which leads to drying out
the organic topsoil and the above-ground fuels stimulating drought stress. This stress leads to
shedding of leaves by the evergreen forest and to accumulation of dry litter on the forest floor (fuel
layer). Further persistent moisture depletion will ease ignition in layer 1 (usually human-induced)
and subsequent spreading of fire. The combined effect of drying out the above-ground fuels and
hydrological drought leads to low moisture in the organic soil (layer 2), which substantially favours
peat smouldering combustion (extremely high fire risk). Human activities through land clearing
change land use, and wetland canalisation accelerate the (hydrological) drying process (in layers 1
and 2) by providing abundant fuels and lowering of groundwater tables.

53



Chapter 5

5.2.3 Does hydrological drought amplify wildfire?

To explore the link between hydrological drought and fire in Borneo, we analysed the
monthly fire area burnt from the Global Fire Emission Dataset, GFED4 (Giglio et al. 2013)
for the period 1996-2015 with a 0.25° spatial resolution. This fire area burnt has been
aggregated to 0.5° grid cells. We classified years in this period into drought and non-
drought years. A drought year is defined as a year with prolonged and spatially extensive
hydrological drought events (see Annex B). Our analysis illustrates that wildfires occur
annually, i.e. also in non-drought years, but that amplification of wildfires occurs during
drought years. In drought years, maximum area burnt is significantly larger (Figure 5.2a),
namely almost 10 times relative to non-drought years. The larger the area in drought, the
higher the annual area burnt. Furthermore, very large fire extents (i.e. area burnt >10,000
ha) were hardly detected for non-drought years, while 14 times as many events occurred
during drought years (Figure 5.2b). Additionally, our grid-scale analysis shows that large-
scale wildfire is mainly widespread in the eastern and southern parts of Borneo during
drought years (Figure 5.2¢), where prolonged hydrological drought events are more likely
to occur (Annex C: Figure C.2). This finding proves that hydrological drought amplifies
wildfires in terms of area burnt and frequency of very large wildfire events.

Wildfires are usually explained through the occurrence and severity of meteorological
drought i.e. below-normal precipitation (Hoffmann et al. 2003; Van der Werf et al. 2008a;
Fu et al. 2013; Jolly et al. 2015). However, so far no model to predict wildfire area burnt
has been developed that includes hydrology. There are indications that by integrating
hydrological variables, fire occurrence is better identified (Taufik et al. 2015; Yang et
al. 2015). To develop a predictive model for wildfire area burnt, we explored statistical
relationships between the fire area burnt (response Y) from GFED4 (Giglio et al. 2013)
and independent predictors (X), which were obtained and derived from water balance
components (Eg. 5.1), fire weather system indices (FWI), and ENSO (see Annex B) for
the period 1996-2015. Three different approaches were used to establish statistical
relationships (i.e. models): a linear approach, a non-linear approach with local regression
(loess, Cleveland and Devlin 1988), and a non-linear approach with random forest
(Breiman 2001). We note that all data sources are independently derived, with the GFED4
derived from remotely-sensed data; FWI from the Global Fire Weather Database GFWED,
(Field et al. 2015), ENSO derived from sea surface temperature at the Pacific Ocean; and
CRU climate data derived from interpolated station climate data. We clearly distinguished
between models that are solely based on climate (i.e. precipitation, FWI, and ENSO) and
models that also integrate hydrological variables, such as groundwater recharge, as
predictors. In total, over 300 statistical relationships have been investigated. Our analysis
shows that non-linear models using loess better predict area burnt than the two other
approaches for any combination of predictors used in this study (Annex C: Figure C.3).

5.2.4 To what extent does hydrology contribute to the quantification of the area
burnt by wildfire?

To assess whether statistical models integrating hydrology perform better than models
using climate only, we clustered the predictive models into two ensembles of models (see
Annex B), i.e. climate-oriented models (CLIM) and hydroclimate-oriented models (H-CLIM).
We applied three different goodness-of-fit criteria (see Annex B) for the assessment of
model performance. Our model assessment (Annex C: Figure C. 4) shows that H-CLIM
performed better in terms of any goodness-of-fit (GOF) measure used; the median of all
GOF values is employed as a measure in hydrology (Moriasi et al. 2007). Furthermore, the
variance of the residuals for the ensemble of H-CLIM models is significantly lower (30%,
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a=0.07) than that of CLIM. The reduced variance provides additional evidence that by
integrating hydrological variables, model uncertainty is significantly reduced.
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Figure 5.2. Area burnt by wildfires in Borneo during drought and non-drought years for the period
1996-2015. (a) Relation between the annual maximum of area burnt and the percentage of the
annual maximum area in drought. The graph indicates that area burnt increases substantially during
drought years. The grey shaded area indicates the 95% confidence interval. (b) Frequency of area
burnt by very large wildfires (> 10,000 ha). (c) Spatial distribution of the maximum value of wildfire
area burnt at 0.5° spatial resolution. The figures clearly show that during hydrological drought years,
fire area burnt expands. The unit of area burnt is in ha (natural logarithmic).

5.2.5 Does hydrology matter for the prediction of wildfire area burnt under various
ENSO strengths?

To understand to what extent the wildfire area burnt is attributable to the warm phase
of ENSO (El Nifo) and how much hydrology adds, we applied both model ensembles
(CLIM and H-CLIM) to estimate the mean and the maximum of the area burnt per grid
cell for 1950-1995. For each year El Nifio strength was assigned to one of the four classes
(i.e. weak, moderate, strong and very strong, see Annex B). Our analysis shows that the
mean annual area burnt predicted by the H-CLIM model ensemble was larger than that
predicted by the CLIM model ensemble for any El Nifio strength (Figure 5.3, upper row).
The predicted area burnt is at least 15% greater. In particular, for years with a very strong
El Nifio the difference in area burnt between CLIM and H-CLIM ensembles is large. The
predicted maximum annual area burnt is even 154-275% larger for strong and very strong
ENSO conditions when hydrology is integrated (Figure 5.3, lower row). If climate-oriented
models (i.e. the CLIM ensemble) are applied for predicting area burnt (specifically under
extreme El Nifio events in the future), the estimate tends to substantially underestimate the
possible very large area burnt that may occur. Because extreme El Nifio events are more
frequently projected in the future (Cai et al. 2014; Cai et al. 2015), promoting prolonged
dry seasons and impacting wildfire area burnt, use of the appropriate prediction tools
that integrate all drivers with hydrology being one of the most important, is crucial.

This research improves the assessment of wildfire area burnt in humid tropical ecosystems.
So far, climate-driven prolonged drought is used as the only driver for wildfire occurrence
and strength in the humid tropics, such as the Amazon (Hoffmann et al. 2003; Fu et al.
2013) and Borneo (Page et al. 2002; Hoffmann et al. 2003; Van der Werf et al. 2008a).
Our findings provide a promising direction to improved prediction of area burnt in other
humid tropical areas beyond Borneo for various El Nifio strengths. Hydrological drought
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has never been considered, so far, as an indicator for strategic policy formulation, and
the results indicate that the approach offers a powerful tool to improve planning and
strategies to adapt to climate change. Most practically, such a tool may be adopted in
the ambitious government effort in Indonesia to restore two million hectares of degraded
peatland by 2020, among others by rewetting drained peatlands.
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Figure 5.3. Predicted area burnt for various El Nifio strengths (see Annex B) using two model ensembles
(CLIM and H-CLIM). For each ensemble, two different predictions are provided, namely the mean
(upper) and maximum (lower) values of all grid cells for 1950-1995. It appears that predicted area
burnt by using the CLIM model ensemble is substantially smaller than that by applying the H-CLIM
model ensemble, except for the moderate El Nifio strength. By including hydrological processes, a
greater area burnt is predicted; the CLIM model ensemble tends to underestimate the area burnt.
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Synthesis

6.1 General discussion

To improve understanding of hydrological drought and associated wildfire, this thesis
has addressed four research questions regarding the importance of hydrology for
wildfire in the humid tropics (Section 1.7). Here, the results presented in the previous
chapters are discussed in the light of those four research questions.

6.1.1 To what extent does hydrology add to a better prediction of the fire hazard
in the humid tropics?

The importance of integrating hydrology to better predict fire hazard was tested on
a large scale, that is, the humid Island of Borneo (Chapter 5). In the region, fire is
rather difficult to predict, because fire is not solely driven by weather variability, as
illustrated by the prediction of a low Fire Weather Index (FWI) during the fire season
(Bedia et al. 2015). Instead of using only a climate-centric approach, some studies
indicated that groundwater table dynamics maybe of importance for identifying fire
hazard (Wosten et al. 2008; Turetsky et al. 2015). Because of a lack of groundwater
table observations in Borneo, we used modelled groundwater recharge as a proxy to
explain the groundwater dynamics that influences drying processes in the upper soil
layer. Hundreds of statistical models were tested, that is, models with not more than
climate variables, and others that also use soil and hydrological information, including
models that integrate groundwater recharge, for prediction of fire area burnt at 0.5°
grid scale (Annex C: Figure C.3). The findings revealed that models that integrate
hydrological variables are better in the prediction of area burnt (Annex C: Figure C.5).

To understand how much hydrology adds to area-burnt prediction, the indicators
and indices (Annex C: Figure C.5) were clustered into two model ensembles of best
performing models, namely a climate-oriented ensemble (CLIM) and a hydroclimate-
oriented ensemble (H-CLIM). The selected model ensembles and their performance
in area burnt prediction are provided in Figure 6.1a. The results show that the CLIM
ensemble likely underestimates area burnt (lower Kling-Gupta efficiency kge and
Nash-Sutcliffe efficiency nse, and higher RMSE-standard deviation ratio rsr, Figure
6.1a), whereas the H-CLIM ensemble prediction is much closer to the actual burnt
area. During the very strong El Nifio of 1982/1983, wildfires (incl. land and forest)
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occurred over an area of 3.5 million ha (Malingreau et al. 1985). The CLIM model ensemble
deviated by 60% from the actual area burnt reported, whereas the difference for H-CLIM
was only 14%. This indicates that the CLIM models likely underestimate the area burnt.
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Figure 6.1 Goodness of fit (GoF) of the prediction models using loess (Chapter 5: Annex C):
Kling-Gupta efficiency (kge); Nash-Sutcliffe efficiency (nse); and RMSE-standard deviation ratio (rsr).
The goodness of fit is presented as boxplots: for kge and nse the closer to 1 the better the per-
formance of the model, for the rsr the opposite holds. The boxplot indicates the median, and the
25 % and 75 % quantiles. The dots indicate outliers. The white and blue boxplots represent best
performing members of the H-CLIM and CLIM ensembles, respectively. (a) From the 26 selected
models, the top 13 are the ensemble members of H-CLIM, and the bottom 13 are the ensemble
members of CLIM; (b) Performance of models based on the Standardized Precipitation Indices (SPI).
Along the y-axis different combinations of indicators and indices are listed (see Annex C: Table
C.2 for a description of the acronyms). Vertical lines in GoF are used as guidance for which models
statistically perform better.

In addition to the large-scale analysis, integration of hydrological variables to improve
prediction of fire hazard was tested at the local scale. Chapter 3 discusses the integration
of soil and hydrological properties (i.e. water retention and groundwater table depth)
into the model structure of the Keetch-Byram Drought Index (KBDI). This integration into
the model structure is implemented in the so-called water table factor (WTF, Equation
3.8). The modified index (mKBDI) smoothly rises and declines in response to dry and wet
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spells, whereas the original and the adjusted indices were too flashy following weather
changes too directly. The mKBDI fits well with the observed soil moisture pattern in the
fire-relevant upper layers (Figure 3.3c), in particular when the high fire hazard class in El
Nifio years is predicted. Moreover, the WTF provides very relevant information about
the critical water depth, below which the upward soil water flow (capillary rise) has a
negligible contribution to moistening the fuel layer, and hence fire hazard significantly
increases. In the marine clay soil in south Sumatra the critical water depth appears to be
85 cm below the soil surface (Figure 3.6).

6.1.2 How do the existing drought-related indices perform in predicting fire hazard,
and can these indices be made more reliable by including hydrology?

Existing, widely-applied drought-fire indices, such as the Keetch-Byram Drought Index
(KBDI), or Fire Weather Index (FWI), are based on a climate-centered approach by only
using daily weather data (Di Giuseppe et al. 2016). The KBDI employs a rather simple
calculation method using only two weather variables, namely the daily maximum
temperature and precipitation. The FWI calculation is more complex, that is, prediction
of the six components of the FWI (namely, the fine fuel moisture code, duff moisture
code, drought code, initial spread index, and build-up index). No subsurface information
is required that addresses hydrological processes. Both indices have some drawbacks
when the indices are applied to other climate and soil regimes, because the indices were
calibrated against local climate. In this thesis, a modified KBDI was tested at a local scale
under tropical wetland conditions (Chapter 3).

In Section 6.1.1, it was demonstrated that integrating hydrological variables improves
prediction of the fire hazard (Figure 6.1a). This thesis investigated the increase of
performance of a well-known drought-fire index (KBDI) at the local scale. The original
index (KBDI) showed large disagreement with the observed soil moisture, as illustrated
by a negative nse (Section 3.4.2.a). The performance of the index improved when the
groundwater table depth was introduced into the model structure. Other criteria used
(such as rsr, and percent bias pbias) showed that the modified KBDI, mKBDI, performed
substantially better than the original index.

At large scale, drought indicators and indices were tested to predict fire area burnt at
0.5° grid resolution for the whole of Borneo (Section 6.1.1). The findings revealed that
applying only a climate-centered approach (namely FWI), did not perform well in prediction
of the monthly area burnt (Chapter 5). Next, the widely known index recommended by
WMO (2012), that is, the Standardized Precipitation Index (SPI) was tested as well. The SPI
is regularly used to assess drought impacts, among others wildfire (Gudmundsson et al.
2014). The SPI provides information on how many standard deviations the precipitation in
a certain period deviates from the historic median (McKee et al. 1993). The precipitation
is accumulated over one or several months (SPi-x, x=1, 2, ...24 months) to find the best
relationship between the impact and the precipitation. In this study, several accumulation
periods (1, 6 and 12 months) were tested, some in combination with the Oceanic Nifio
Index (ONI). The statistical criteria revealed a low performance of the various loess models
using SPI to predict area burnt relative to the models of the H-CLIM ensemble (Figure
6.1b).
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6.1.3 What are the characteristics of hydrological drought for the humid tropics,
that is, for climate-induced, human-modified conditions and possibly human-
induced drought conditions?

In the Southeast Asia region, drought as a natural hazard gets less attention from society
than drought related impacts (such as, fire, tree mortality, agricultural loss). Most studies
used precipitation as indicator for drought events related to the ecophysiology of tropical
forest (e.g. Walsh and Newbery 1999; Phillips et al. 2010), whereas hydrology matters
(Section 6.1.2). Since the 1980s, the Southeast Asia region is under pressure by human
activities, including land-use change (Field et al. 2009; Gaveau et al. 2014; Margono et al.
2014), which involves canalization in many cases (Wosten et al. 2006; Hooijer et al. 2010;
Jaenicke et al. 2010; Page and Hooijer 2016). Yet, quantification of human activities on
drought development, particularly climate-induced and human-modified hydrological
drought (Section 1.6), remains a research challenge. In this thesis, new findings on
the characteristics of hydrological drought, taking into account human influences, are
discussed in terms of drought duration and severity. The characteristics were quantified
based on the variable threshold approach (Van Loon et al. 2010) using the 80" percentile
of the hydrological variables.

In this study, hydrological drought is assessed through two variables, namely groundwater
recharge and groundwater levels. Chapter 5 focuses on groundwater recharge that is
derived from long-term climate data (1901-2015), whereas Chapter 2 uses groundwater
levels (1980-2015). First, climate-induced drought was identified through drought
duration. For drought in groundwater recharge, the mean duration is shorter than
4 months (Figure 6.2a), whereas the duration becomes at least one month longer in
groundwater drought (see Table 2.2). This finding illustrates that drought propagates
through the hydrological cycle. Through drought propagation (Peters et al. 2003; Peters
et al. 2005; Van Loon and Van Lanen 2012), the duration of groundwater drought is
longer than that of meteorological drought, also in Borneo (Walsh 1996; Walsh and
Newbery 1999).

In addition to drought duration, climate-induced drought severity was assessed. It varies
throughout the humid tropics, including Borneo. Surprisingly, the heart of Borneo with
its high monthly precipitation shows the most severe droughts (Figure 6.2b), while mean
durations are rather short (Figure 6.2a). On other hand, eastern Borneo faces a lower
severity, although this region experiences longer droughts. The discrepancies in severity
are related to the different variable thresholds (i.e. 80" percentile) between the regions
(examples for a grid cell from each region are given in Figures 6.2c and 6.2d). Regions
having a high monthly recharge naturally will have a higher drought threshold (Figures
6.2¢) implying a greater severity (shaded area of Figure 6.2c) when a drought strikes than
dryer regions with lower recharge (Figure 6.2d). For groundwater drought, the severity
(expressed as mean annual deviation of the groundwater threshold level) of northern
peatland regions is higher than of the southern regions (Table 2.2). One reason for this is
that the northern regions typically have two dry seasons leading to lowering groundwater
levels twice annually, whereas the southern regions only have one dry season (Aldrian
and Susanto 2003).
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Figure 6.2 Hydrological drought characteristics for 1901-2015. Spatial distribution of: (a) mean du-
ration; and (b) mean severity. Temporal evolution of drought severity (shaded-red area) for a grid
cell in: (c) heart Borneo (grid 117); and (d) eastern Borneo (grid 125). The threshold (red line) is
based on the 80" percentile of the monthly frequency curve for groundwater recharge.

Human-modified drought was first analyzed by investigating canalization in peatland
(Chapter 2). Clearly, drought severity is amplified when peatland is drained. The
amplification points out how many times the human-modified drought is larger than the
climate-induced drought. The analysis shows that the southern regions (which are lower
in severity) are more sensitive to human interference, i.e. the amplification in severity
due to canalization (compared to natural conditions) is more than twice as high in the
southern regions. The amplification markedly enhances when drained forest is converted
into plantation (more than 3 and 4 times for the northern and southern regions,
respectively). By this transformation to drained acacia, the human-induced drought
solely contributes at least 65% of the drought events for the selected peatland regions in
Sumatra and Kalimantan (Chapter 2). The high drought severity due to canalization leads
to an enhancement of fire susceptibility conditions, as reported for the region (Hoscilo et
al. 2011; Konecny et al. 2016).
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6.1.4 How can water management mitigate hydrological drought and associated
fire hazard?

Transformation of tropical peatlands into plantations, including canalization has resulted
into more severe hydrological droughts and enhanced fire hazard (Sections 6.1.3,
Chapters 2 and 4). In this thesis, a rather simple approach was used, namely a sensitivity
analysis onthe canal water level regime (CWL), to quantify the impact of water management
on reducing drought severity. The dry season CWL (Table 2.1) was changed from 110 to
-150 cm with a step of 10 cm (reference is 130 cm below soil surface, which holds for
controlled drainage conditions). Obviously, the closer the CWL to the surface, the higher
the groundwater table in the peatland would be. By implementing a higher surface water
level during the dry season (increasing canal water level by 20 cm, +15%), the drought
severity would reduce by at least 14% (expressed as deviation of groundwater level from
normal). The reduction of severity even reaches 26% in Air Hitam, and goes up to 49%
in Upper Sebangau (Figure 2.2). Peatland in the southern regions is more sensitive to
changes in canal water level regime than that in the northern regions.

The fire hazard was assessed with the mKBDI that integrates groundwater table depth
(Section 6.1.2 and Chapter 4). The modelling experiment shows that if drainage is
uncontrolled, prolonged low groundwater tables are inevitable. Hence, days with high
fire hazard will substantially increase from 17% (controlled drainage) to 40% (Figure 4.3).
The canal water levels should be controlled and kept as high as possible during the dry
and intermediate season to avoid high fire hazard. For instance, the levels should not go
deeper than 150 cm below the surface during the peak dry season (August-October) to
keep high fire hazard conditions below 20% of the time, which might be an acceptable
target, although it is still 6 times bigger than under natural conditions.

6.2 Cross-cutting issues

The groundwater table is a key hydrological variable in the humid tropics and can be
controlled by managing surface water levels under human-modified drought conditions
(Section 6.1.3). Throughout the year groundwater tables vary depending on rainfall
and evapotranspiration, and furthermore their dynamics are controlled by subsurface
processes, that is storage, a vertical flux in the soil, and a predominantly horizontal flux
in the groundwater system (Figure 6.3). In this thesis the vertical flux and its link with
hydrological drought have been studied through the groundwater recharge (Chapter
5). The horizontal flux is calculated by using the difference between the water table and
canal water level that varies over time, and the drainage resistance (Chapters 2 and 4),
which approaches the complex lateral flow from land to the surface water system (rivers,
canals). Groundwater table drawdown is inevitable when the land is drained through
canals, which influences drought characteristics (Chapter 2) and fire hazard (Chapter 4).

Figure 6.3 illustrates how the groundwater table dynamics control drought development
and fire hazard in the humid tropics. In the classical approach (i.e. climate-induced
drought only), drought in the humid tropics occurs only due to a period with low rainfall
(meteorological drought), see Sections 6.1.1 and 6.1.2. As the dry season continues,
drought propagates through the hydrological cycle, causing a decline in groundwater
table, which leads to groundwater drought. Human activities can amplify the drying
process in peatland by land-use change and canalization (human-modified drought,
even human-induced drought may occur, Sections 1.6 and 6.1.3). Land-use change leads
to change in the surface energy and water balances, which, for instance, may result in
an increased sensible heat flux and reduced latent heat flux to the atmosphere (Bonan
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2008). Canalization accelerates the drying process during low-rainfall periods by draining
massive water volumes out of the peatland leading to a prolonged lowering of the
groundwater table. In this thesis, I discuss how human activities (land-use change and
canalization) may change the characteristics of natural groundwater drought (i.e. climate-
induced drought), and how these can amplify the drought and fire hazard in the humid
tropics (human-modified drought, human-induced drought). These types of drought are
described through the groundwater drought using two variables, namely groundwater
recharge and groundwater table depth.
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Figure 6.3. Drought-fire mechanism in the humid tropics (extended from Taufik et al. 2017).

Lowering of groundwater tables in peatland means an increase of fire hazard, as previously
indicated (Wosten et al. 2008; Hoscilo et al. 2011; Konecny et al. 2016). Under pristine
conditions, ponding is a typical hydrological phenomenon in wetlands (Jauhiainen et al.
2008; Evers et al. 2017; Hidayat et al. 2017), implying water above the soil surface, which
makes the wetland more fire-resistant. Groundwater table depth is a key variable and is
integrated into the KBDI model structure at the local scale. It appeared to perform well
testing against observed soil moisture (Figure 3.3c). At the large scale of entire Borneo,
groundwater recharge, and its variability, was introduced as a proxy for groundwater
dynamics. Overall, there is statistical evidence (Annex C: Figure C.5) that hydrology adds
(groundwater recharge) and that it would improve the performance of drought-fire
indicators and indices to predict area burnt. Existing fire-drought indices, such as FWIand
SPI, do not perform well to predict area burnt in the humid tropics, which is confirmed by
the GoF criteria (Figure 6.1).

The outcome of the modelling experiment on drought in groundwater and the associated
fire hazard (Chapter 2) also depends on the drainage resistance (DR). The resistance
determines the easiness with which groundwater flows into the drainage system, and
therefore it controls groundwater table dynamics in wetlands. Hardly any research has
been performed on measuring the drainage resistance in tropical wetlands. In this thesis,
I relied on the calibration process to fine-tune the magnitude of the resistance. Next,
to explore if the employed SWAP model was robust, the sensitivity of the model was

63



Chapter 6

investigated through changes in the resistance. The resistance was changed by 50% (-50%
to +50%) with steps of 10% with respect to the reference. For instance, if the resistance
was reduced by 50%, the drought severity hardly changes for natural conditions (Figure
6.4a), but it increases markedly for the acacia plantation with canal drainage. The result
reveals that the drainage resistance of peatland is rather sensitive, as shown by the large
amplification of drought severity (Figure 6.4a), namely 4 times (DR: -50%) under drained
conditions.
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Figure 6.4. Influence of the drainage resistance of intact forest (natural) and drained acacia (canal)
on: (a) amplification of hydrological drought severity, and (b) frequency (% of time) of high fire
hazard. The reference drainage resistance is 200 days (x=0 in graph).

The change in drainage resistance affects the drought severity and hence the fire hazard.
For the exploration of the fire hazard, the resistance was also changed by +/- 50%. When
the DR would be 50% smaller, more days in the high fire hazard class would occur,
i.e. 21% and 7% (relative to the reference, Chapter 4) for canal and natural drainage,
respectively. On the other hand, fewer days in the high fire class are anticipated with
a gradual increase of the resistance. For example, a change in the resistance of up to
50% would lead to a reduction of fire hazard to 15% and 3% (Figure 6.4b) for canal and
natural drainage conditions, respectively. Although, the drought severity and fire hazard
are sensitive to the drainage resistance, the modelling experiment demonstrated that
changes in drainage resistance do not noticeably change the difference in magnitude of
high fire risk between canal and natural drainage. This implies that the chosen drainage
resistance does not change the key message that canal drainage considerably amplifies
fire hazard.

6.3 Relevant research findings
Several points can be highlighted:

* Restoration (controlled drainage) can reduce the drought severity of peatland
(Chapter 2). Restoration means rewetting of the peatland surface layers through
higher groundwater tables, which depend on the canal water regime. The shallower
the canal water level is, in particular during the intermediate and dry season, the
higher the groundwater table is expected to be during the most sensitive period.
Restoration may provide a living room to some endemic species, and in the long-
run the restored forest may act as biodiversity refuge (Underwood et al. 2014).
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However, it is important to note here that restoration efforts may not be able to allow
a complete return to pristine conditions. Hence, some endemic species that only
survive on un-impacted hydrology (Posa et al. 2011; Evers et al. 2017) may still be in
danger. Until the condition of un-impacted hydrology (poor drainage) is achieved,
the peatlands face high drought severity, hence they are more fire-prone (Hoscilo et
al. 2011; Konecny et al. 2016).

Water management that implements canal blocking is able to rewet the 'drying’
wetland surface layers, which will reduce fire susceptibility (Chapter 4). If the
waterlogging or flooding period is only short, intense aerobic decomposition will
occur (Jauhiainen et al. 2008) leading to high carbon emissions that affect the
regional climate (Page et al. 2011; Turetsky et al. 2015). In addition, (uncontrolled)
canal drainage had a negative impact on the physical peat structure (Jauhiainen et al.
2008), which became more dense, and led to peat subsidence (Ritzema et al. 2014)
adjacent to the canal. Recovery of the pristine peatland surface next to the canals will
be impossible or will take substantial time, even under controlled drainage.

Peatland utilization under human civilization is inevitable. Peatland should be wisely
exploited to find synergy between ecology and human needs. As previously shown,
canalization has remarkably increased drought severity and the associated fire
hazard. Therefore a more balanced water management is first priority. Our findings
even indicate that water management has more impact on drought severity than
that of the projected climate change, even under 2°C of global warming (Chapter
2: Figure 2.2). Lowering of groundwater tables in peatland through canalization has
benefitted crop productivity. However, it has large ecological consequences, such
as: (i) a more fire-prone peatland (Chapter 4), (ii) a significantly-reduced number of
endemic species (Yule 2008; Sodhi et al. 2010; Koh et al. 2011; Evers et al. 2017), and
(iii) an elevated carbon emission (Hooijer et al. 2010; Page and Hooijer 2016). The
30% concession area reserved for conservation in the plantation is one promising
step to achieve the long-term goal of substantial peatland restoration.

This research is based upon a rather simple approach in modelling groundwater
table dynamics.I employed a one-dimensional hydrological model, namely the SWAP
(Soil Water Atmosphere Plant) model to simulate time series of daily groundwater
tables (Chapters 2 and 4). The SWAP model focusses on the unsaturated zone, and
the model does not explicitly include the saturated groundwater system. The latter
may be interpreted as a drawback of the SWAP model. Pseudo 3D models, such
as MODFLOW, are widely used to model groundwater dynamics with an emphasis
on the saturated zone, but the conceptualization of the unsaturated zone is rather
simple. In addition, MODFLOW needs a lot of geo-hydrological input data, including
stream-aquifer data, which usually are not available in poorly gauged environments,
such as our study sites (Sleedoorn 2017). The calibration of the SWAP model,
however, (Annex A: Table A.1 and Figure A.2) has demonstrated the capability of the
model in poorly gauged environments in the humid tropics.

Both simplicity and practicability of the model to be selected for fire hazard studies
should be considered. Our approach in modelling fire hazard (Chapters 3 and 4)
is based upon a simple approach. In Chapter 3, we modified a simple widely-used
drought-fireindex by integrating groundwater table depth (as a proxy of soil moisture)
into the model structure. This integration has an important practical meaning.
Measurement of groundwater tables in the field is much easier and cheaper than
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monitoring soil moisture content. Further, Chapter 5 shows a simple approach to
predict fire area burnt by integrating hydrological indicators and drought indices as
predictor, which are derived from a simple soil water balance model. This integration
substantially improved prediction of area burnt. On the other hand, models that
provide complex drought-fire indices, such as the FWI do not perform as well, as the
prediction based on the simple soil water balance (Figure 6.3, Annex C: Figure C.5).

6.4 Outlook

As vast areas of wetland (including peatlands) in Indonesia have been converted to
forest and oil-palm plantations with long-term concessions (>50 years), sustainable,
integrated water management is key to build synergy between ecology and economy.
Future research should be directed to find win-win solutions between ecology and
economy. For instance, through identifying the critical depth of groundwater table
that still supports acceptable root development of plantations, but minimizes carbon
emission and loss of endemic species. The 30% concession area for conservation is
one step forward to achieve long-term restoration goals. This conservation effort
should be accountable and credible. Research findings on restoration achievements
need to be publicly available to direct future conservation strategies in degraded

tropical wetland.

The Indonesian Government Decree requires that every concession should have
a MRV (Monitoring, Reporting, and Verification) procedure on environmental
variables, such as groundwater table depth, surface water level and peat subsidence.
These MRVs will provide long-term data for research activities. Leading academic
bodies (universities, research institutes) dealing with tropical studies (biodiversity,
ecology, and environment) should take the initiative to develop and implement
research collaborations with the private sector, e.g. forest estates with a concession.

This would make data accessible, even from remote wetlands.

In addition to monitoring environmental variables, more thematic data should be
collated and become available, that is, the hydrogeological framework (aquifers,
aquitards), drainage network (current, resistances), hydraulic properties of
groundwater system (saturated conductivities, storativities), soil physical properties
(water retention, unsaturated conductivities), elevation, and land use (current, historic).
For instance, soil water retention data under different hydrological regimes in the
humid tropics are required. This will be easier achieved if good research collaboration
is established with the estates having concessions. Hydrological properties of peat
soils differ from mineral soils, and not enough data are available yet. Therefore, more
future research on peat soils is needed to better predict fire hazard.

This research used a one-dimensional vertical water flow model to simulate
groundwater tables (Van Dam and Feddes 2000; Kroes et al. 2008; Van Dam et al.
2008) instead of a (pseudo) three-dimensional model (Ishii et al. 2016), which may
introduce some uncertainty. Although our calibration period includes both climate
extremes (El Nifio and La Nina), our calibration result may disregard the influence
of decadal climate variability on groundwater table dynamics. Further investigation
using a complex water flow model, such as The Netherlands Hydrological Instrument
(De Lange et al. 2014) that considers the full complexity of the water system (fully
coupled vadose zone, groundwater, surface water) may help to overcome the
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limitations of our modeling approach. However, this requires first that the above-
mentioned monitoring and thematic data will become available. Understanding
of the complex water system through a hydrological 3D model in wetlands is a
prerequisite for identifying and implementing targeted water management options.

This research has demonstrated that hydrology matters for predicting fire hazard,
specifically in the humid tropics. Chapter 3 has discussed the improvement of the
KBDI for fire hazard assessment. For area burnt prediction, however, there still remain
research challenges to integrate hydrological variables into drought-fire indices, such
as FWL In Chapter 5, it is shown that the FWI still requires significant improvement to
accurately predict area burnt.
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A. Supplementary material for Chapter 2
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Figure A.1. Study sites in peatland regions of Southeast Asia: 1. Kampar Peninsula, 2. Air Hitam, 3. Upper
Kapuas, and 4. Upper Sebangau.
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Table A.1. Properties of the selected 12 groundwater levels monitoring sites distributed over the various
land-use types for calibration. The last columns provide Goodness-of-fit criteria (model calibration). The
five selected land-use types are indicated in bold.

Land-use . . Calibration . Goodness-of-fit

No [Code types Region | Sites | Island Period | Years drainage Source @ | 1 , ? | kge
Drained Jan 12 - controlled | (Setiawan

1 | Kal forest Kampar | DW018 | Sumatra Dec 14 3 canal | et al. 2016) 12.7|0.85 [ 0.75 [ 0.56 | 0.71
Drained May 11 - controlled | (Setiawan

2 | Ka2 forest Kampar | DWO030 [ Sumatra Dec 14 35 canal et al. 2016) 9.5 (084 (0.72|0.52 | 0.70
Drained May 11 - controlled | (Setiawan

3 | Ka3 acacia Kampar | DWO012 [ Sumatra Dec 14 35 canal etal. 2016) 1.510.90|0.82|0.67 | 0.79
Drained Jan 12 - controlled | (Setiawan

4 | Ka4 acacia Kampar | DW027 [ Sumatra Dec 14 3 canal etal. 2016) 83 (076 | 065|042 | 046
Drained . Nov 09 — controlled | (Kozan

5 | Ka5 acacia Kampar | Dumai | Sumatra Oct 10 1 canal 2016) 41 10.74 | 061|037 | 0.39
Intact o Air Oct 03 - (Wosten et

6 | AH1 forest Air Hitam Hitam Sumatra Oct 04 1 natural al. 2006) 13.9(0.92 | 0.90 | 0.80 | 0.55

7 | gir | Legged | Upper |15 | Bomeo | @M 14~ | 15 | natural | Thisstudy | -82 | 0.66 | 059 | 034 | 0.09
forest Kapuas Apr 15

g | gi2 | t09ged | Upper | 13 | Bomeo | 2" 14| 15 | natural | This study | 04| 078 | 072 | 052 | 0.23
forest Kapuas Apr 15

9 | iz | tegged | Upper | 14 | Bomeo | 2" 147 | 15 | natural | Thisstudy | -84 | 0.86 | 0.76 | 0.58 | 0.64
forest Kapuas Apr 15
Intact Upper Jan 97 - (Hirano et | _

10 | SF1 forest |Sebangau UF Borneo Dec 07 1 natural al. 2012) 22.5/0.91 (085|073 | 0.61
Restored | Upper Mar 10 — controlled | (Ishii et al. |_

11| BC1 forest |Sebangau swtr4 | Borneo May 12 2 canal 2016) 18.31 0.89 | 0.83 | 0.69 | 0.61
Restored | Upper Jul10 - controlled | (Ishii et al.

12 | BC2 forest |Sebangau well9 | Borneo Feb 12 15 canal 2016) -9 [0.90|0.87|0.75 | 0.59
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Figure A.2. Soil water retention curves: a) observed (dots), b) model. The curve is predicted by the Van
Genuchten equation. The generic characteristics of soil water retention are derived from the slightly
modlified observed characteristics knowing that data taken from ca. 200 cn¥ of peat ring samples (Konecny
et al. 2016) may not represent the characteristics for each layer, as tropical peat bulk density varies across
peatland surface and down profiles (Page et al. 2011). We assumed that the peatland has a saturated
hydraulic conductivity of 30 m/day (Wésten et al. 2006).
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Figure A.3. Hydrograph of observed (dots) and model for groundwater levels in four Southeast Asia’s
peatland regions. Six land-use types are identified, namely IF: intact forest, RF: restored forest, DF: drained
forest, LF: logged forest, and DA: drained acacia.
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B. Methods for Chapter 5

Soil water balance model. Borneo has been subdivided into 270 grid cells (0.5°). For each grid cell,
we applied a simple soil water balance model (Van Lanen et al. 2013; Wanders and Van Lanen 2015)
to simulate transient soil water storage, actual evapotranspiration, and groundwater recharge (Eq.
5.1), with as input precipitation and reference potential evapotranspiration from the CRU dataset
(Harris et al. 2014). For a detailed explanation about the soil water balance model, readers may
refer to (Van Lanen et al. 2013; Wanders and Van Lanen 2015). The recharge simulation identifies
droughts using the land use from 2007 as reference (Hoekman et al. 2010) and the climate variability
as reflected in the monthly climate data from 1901 to 2015. Land use in 2007 included 2.3% of the
area classified as oil palm plantation. In 2010, this increased to 4% of Borneo (Koh et al. 2011)and
is projected to increase in the coming decades (Carlson et al. 2012). The emphasis in this study is
on climate variability rather than on land use change, although the latter may influence wildfires as
well (Langner et al. 2007) through providing favorable conditions. Likely, the area burnt will increase
and the importance of hydrology will become even more distinct, if more peatland is converted into
large-scale plantations.

Area in hydrological drought. Drought events were derived from time series of groundwater
recharge using the threshold level approach, where the threshold is taken to be the 80" percentile
of the cumulative duration curve (Van Loon and Van Lanen 2012) of groundwater recharge. Drought
was defined as the period when the recharge is continuously below this threshold value. We applied
different monthly variable thresholds for each grid cell, representative for its own soil-hydrological
properties and given precipitation. Deficit in groundwater recharge (defj is the hydrological drought
characteristic we used in this study. Then we also counted the proportion of grid cells for Borneo, for
which the monthly recharge was below the threshold, and we defined this proportion as the area in
drought.The monthly percentage area in drought (AD, ) for the whole of Borneo for month m and
year /is calculated as follows:

1 N
ADm,i = 100 % N—gzgfl defgm.i (B.1)

where: def describes whether a grid cell g for month mand year /is in drought (0: no drought, 1:
drought), N is number of grid cells covering Borneo. For each year j, two metrics of area in drought
were used, namely the annual max (AD_mx) and annual mean (AD_ave):

AD—mxj = max (ADmJ) (B.2)
AD—ave; = mean(Aij) (B.3)

Where: AD_mx. and AD_ave, describe the annual maximum and annual mean area in drought, which
are the maximum area occurring in one of the months in a year and the mean of the areas in
drought derived from the 12 monthly values for each year.

Drought and non-drought years. Drought was defined as the period with a deficit in the
groundwater recharge over a large area. This definition was introduced to avoid taking into account
droughts that cover only a small area (Tallaksen et al. 2009). Borneo is well-known as an ENSO-
driven drought region (Page et al. 2002; Wooster et al. 2012), therefore we defined a drought year
as a year with a warm ENSO event (classification is available at http://ggweather.com/enso/oni.htm).
Our analysis shows that in warm ENSO years, hydrological drought occurred extensively throughout
Borneo in more than 50% of the area. For example, during the ENSO-drought in 2015, 50% of
Borneo experienced hydrological drought for 2-consecutive months. There were seven warm ENSO
years, i.e. 1997-98, 2002, 2004, 2006, 2009, and 2015. For a non-warm ENSO year, we assumed that
at least 40% of Borneo had to be in drought to be selected as a drought year. This drought should
occur as an uninterrupted event for at least two consecutive months. Under this definition, only one
year was identified as a drought year, i.e. 2014. In total we identified eight out of 20 as drought
years in the period for which observed area burnt was available (1996-2015, see Annex C: Table C.1).

Statistical analysis. We used three different statistical approaches to predict monthly area
burnt (response Y) given by independent predictors (). There were two types of predictors,
namely predictors based only on climate information (e.g. precipitation, fire weather system
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indices, and an El Nifilo/ ENSO indicator), and predictors including hydrological information (e.g.
groundwater recharge) to complement climate predictors (Annex C: Table C.2). From the water
balance components (Chapter 5: Eqg. 5.1), predictors were derived, such as the total two consecutive
months with deficit recharge, and FWI (Annex C: Figure C.3). We used the Oceanic Nifio Index
(ONI, data available at http://ggweather.com/enso/oni.htm) as an ENSO predictor. Subsequently,
three statistical approaches were explored, namely linear models, non-linear models using local
regression fitting loess (Cleveland and Devlin 1988), and random forest (Breiman 2001) as predictive
models. The period 1996-2015 was used for model calibration, as data on area burnt were available
from GFED4 (Giglio et al. 2013).

We hypothesize that wildfires occur during a drought, when prolonged below normal precipitation
occurs. A threshold of 100 mm/month is commonly used to detect drought events in the forest
ecosystem in Borneo (Walsh 1996; Walsh and Newbery 1999; Newbery and Lingenfelder 2004).
Here, we used low groundwater recharge instead to detect drought-fire connectivity. The prediction
of area burnt was performed when the groundwater recharge is below 20 mm/month. This number
reflects soil moisture depletion and groundwater drawdown due to limited water input. Furthermore,
we applied the Nash-Sutcliffe Efficiency (nse) criterion to assess model performance. nse indicates
the fraction of the variance of the observations explained by the model and is widely applied in
hydrology (Moriasi et al. 2007; Gupta et al. 2009). The assessment confirmed that by using the /oess
approach, the area burnt is better identified than by using other models (Annex C: Figure C.3).

To assess whether hydrological predictors perform better than climate ones, we clustered the loess
models into two groups, i.e. a climate-oriented ensemble (CLIM) and a hydroclimate-oriented
ensemble (H-CLIM). Here, we have chosen the Kling-Gupta Efficiency (kge) (Gupta et al. 2009), as a
combined measure of bias, correlation and scale between observed and model data, and the RMSE-
observation standard deviation ratio, rsr (Moriasi et al. 2007) to complement the nse criterion to
assess model performance. Moreover, we tested the variance of the residuals for both groups of
ensembles with the chi-square test (using a=0.01) to evaluate their performance. We used the R
statistical computing language (R Development Core Team 2011) to perform all statistical analyses.
Finally, we utilized the ggplot2 package (Wickham 2009) to visualize data and information.

Model selection procedures. To identify the best explanatory statistical relationships, we used
criteria widely used in hydrology (Moriasi et al. 2007) for a monthly time step simulation. The
performance of a statistical model is considered acceptable if the nse>=0.5 and the rsr <0.7. The
kge should greater than 0.5, as well. By applying these criteria we found 24 models that performed
well in which all of them belong to HCLIM. To reduce the number of models in the ensemble, we
added that the variance of the chosen model should be below the 80" percentile of all models’
variance. By applying this selection procedure, we identified 13 ensemble members that performed
well for H-CLIM. On other hand, for CLIM we selected the best 13 models with full record length
(1950-1995) as model ensemble. These best-performing models are labelled in the Annex C (Figure
C.5).

There are not many independent data for the area burnt to verify that the ensemble of H-CLIM
models performs better than the CLIM one. During the very strong EI-Nino of 1982/1983 (Malingreau
et al. 1985), wildfires (incl. land and forest) occurred over an area of 3.5 million ha. The CLIM model
ensemble deviated by 60% from the actual area burnt reported, whereas the difference for H-CLIM
was only 14%. This means that the CLIM models very likely underestimate the area burnt.

ENSO classes. We used the ONI for the period 1950-2015 to categorize the years as very strong,
strong, moderate, or weak El Nifio years (classification is available at http://ggweather.com/enso/
oni.htm). Based on El Nifio strength, we classified the years 1982-83 and 1997-98 as very strong El
Nifio years, while 1965-66 and 1972-73 were categorized as strong El Nifio years. The years 1991-92
and 2009-10 represent moderate El Nifio years. Years 1976-77 and 2006-07 are the best examples
of weak El Nifio events. Finally, we applied both the CLIM and H-CLIM model ensemble members to

estimate wildfire area burnt for these different ENSO classes.
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C. Supplementary material for Chapter 5
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Figure C.1. Time series of area in hydrological drought for 1907-2015 across Borneo. Two metrics were
identified based upon monthly values: annual maximum and annual mean of area in drought, which are
the maximum area occurring in one of the months in a year and the mean area in drought derived from
the 12 monthly values for each year (Methods, Egs. 2-4). It appears that the century wide trend in annual
max (in terms of affected area) is stronger than of the annual mean area. The slope of the trend line is
significantly positive, as can be seen from the 95% confidence intervals (grey-shaded area in the graph).
This finding provides evidence that there has been a drying trend since the start of the last century.
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Figure C.2. Hydroclimate and drought in Borneo: (a) Violin and box plots showing the distribution
of precipitation (pre, white) and recharge (rch, grey) over the period 1907-2015. The y-axis gives the
magnitude of the recharge and precipitation (mm/month). The violin plot (showing the probability
density) illustrates differences in precipitation and recharge regimes. Negative recharge means that the
monthly evapotranspiration is greater than the precipitation, which sometimes occurs in grid cells with

shallow water tables. (b) Spatial distribution of hydrological drought duration (mean and 95% quantile in
months), 1907-2015.
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Figure C.3. Boxplot of statistical models that were fitted as possible predictors of area burnt: (a) Linear
approaches, (b) non-linear approaches with loess models, and (c) non-linear approaches with Random
Forest. Along the y-axis different combinations of predictors are listed (see Table C.2). The x-axis represents

the Nash-Sutcliffe Efficiency (nse). The boxplot indicates the median, and the 25 %

The dots indicate outliers.
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Figure C.4. Summary of goodness-of-fit criteria for the two model ensembles (Climate-oriented — CLIM
and Hydroclimate-oriented — H-CLIM) using monthly model output for1996-2015. The criteria include:
Kling-Gupta Efficiency (kge), Nash-Sutcliffe Efficiency (nse), and RMSE-observation standard deviation
ratio (rsr). For kge and nse, the higher the value, the better model performance is, whereas the lower
the rsr, the better the model ensemble performs. The boxplot explains the median, and the 25 % and 75
% quantiles. The dots indicate outliers. The criteria suggest that H-CLIM better predicts area burnt than
CLIM.

Table C.1. Annual area burnt (source: GFED4) for the whole of Borneo during drought and non-drought
years for 1996-2015.

Area Burnt (ha) Area Burnt (ha)
Year | Category Monthly Total Year Category Monthly Total
max max

1996 | non drought 46,908 169,405 | 2006 | drought 504,196 | 1,215,872
1997 | drought 990,400 | 2,443,364 | 2007 | non drought 46,666 74,490
1998 | drought 1,405,928 3,232,449 | 2008 non drought 6,109 21,308
1999 | non drought 126,831 252,258 | 2009 | drought 653,327 949,294
2000 | non drought 28,470 54,159 | 2010 | non drought 19,142 39,721
2001 | non drought 73,654 145,015 | 2011 non drought 80,299 227,672
2002 | drought 590,219 956,775 | 2012 non drought 148,401 244,071
2003 | non drought 99,592 227,865 | 2013 non drought 28,274 52,368
2004 | drought 308,657 796,284 | 2014 | drought 356,888 688,975
2005 | non drought 144,886 227,308 | 2015 | drought 640,829 972,659
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Figure C.5. Goodness of fit (i.e. three left panels) and variance of residuals (right panel) of the prediction
model using loess: (a) Nash-Sutcliffe efficiency nse; (b) Kling-Gupta efficiency kge;(c) RMSE-observation
standard deviation ratio rsr, and (d) variance of residuals. The goodness of fit is presented as boxplots: for
nse and kge the closer to 1 the better the performance of the model, for the rsr the opposite. The boxplot
indicates the median, and the 25 % and 75 % quantiles. The dots indicate outliers. As a complement
for the goodness of fit, the variance of the residuals is shown: the lower the value, the better the model
performance. The blue boxplots were chosen as ensemble members for H-CLIM (the 13 top boxplots)
and CLIM (the 13 bottom boxplots). Along the y-axis different combinations of predictors are listed (see
Extended Data Table 2).Vertical lines in Goodness of Fit (GOF) are used as guidance for which models
statistically perform better. For variance, the vertical line represents the 20% percentile as a threshold for
model selection. In several models, the dot showing the variance is missing as the value is greater than
3x 10
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Table C.2. List of predictors used in this study. With these predictors, more than 90 combination models
were tested for each approach (see Annex C. Figure C.3).

No Predictors Description
CLIM
1 pre monthly precipitation;
2 pre2 total precipitation for 2-consecutive months
3 pre3 total precipitation for 3-consecutive months
4 pred total precipitation for 4-consecutive months
5 pre5 total precipitation for 5-consecutive months
6 pre6 total precipitation for 6-consecutive months
7 pre7 total precipitation for 7-consecutive months
8 pre8 total precipitation for 8-consecutive months
9 pre9 total precipitation for 9-consecutive months
10 oni Oceanic Nino Index (ONI)
11 fwimax max daily fire weather index in respective month
12 fwimean average daily fire weather index in respective month
13 fwimean3 average daily fire weather index in 3-consecutive months
14 fwimean4 average daily fire weather index in 4-consecutive months
15 fwimean5 average daily fire weather index in 5-consecutive months
16 fwimean6 average daily fire weather index in 6-consecutive months
17 fwimean7 average daily fire weather index in 7-consecutive months
18 fwimean9 average daily fire weather index in 9-consecutive months
19 dcav average daily drought code (DC) in same month
20 dc90 90t percentile daily drought code (DC) in same month
21 dc95 95t percentile daily drought code (DC) in same month
22 demx maximum daily drought code (DC) in same month
23 spi monthly standardized precipitation index in respective month
24 spi6 total standardized precipitation index for 6-consecutive months
25 spi12 total standardized precipitation index for 12-consecutive months
H-CLIM
26 rch monthly groundwater recharge
27 rch2 total recharge for 2-consecutive months
28 rch3 total recharge for 3-consecutive months
29 rch4 total recharge for 4-consecutive months
30 rch5 total recharge for 5-consecutive months
31 rché total recharge for 6-consecutive months
32 rch7 total recharge for 7-consecutive months
33 rch8 total recharge for 8-consecutive months
34 rch9 total recharge for 9-consecutive months
35 dvol3 total drought deficit volume for 3-consecutive months
36 dvol4 total drought deficit volume for 4-consecutive months
37 dvol5 total drought deficit volume for 5-consecutive months
38 dvol6 total drought deficit volume for 6-consecutive months
39 dvol7 total drought deficit volume for 7-consecutive months
40 dvol8 total drought deficit volume for 8-consecutive months
41 dvol9 total drought deficit volume for 9-consecutive months
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Summary

Drought is a recurrent hazard, which has happened throughout human history, and it
is anticipated to become more severe in multiple regions across the world. Drought
occurs in all climate regimes from humid to dry and from hot to cold. Drought is
often viewed through its impact on environment and society, including wildfire, which
is the topic of this study. The nature of such impacts differs remarkably from region
to region. Although drought does not directly cause wildfire, it provides favorable
conditions for wildfire ignition and spread. When drought coincides with strong El
Nifio events in the humid tropics, e.g. Southeast Asia, the impacts worsen through
uncontrolled forest fires affecting the global carbon cycle. These include reduction
of the carbon stock, intensifying the haze hazard, and other severe socio-economic
impacts in Southeast Asia, including areas far away from the burnt area, e.g. Singapore
because of fires in Sumatra.

There still remains a serious lack of scientific understanding about the fundamental
role of drought in fire-generating processes. Most research, so far, suggests that
climate controls wildfire occurrence in the humid tropics. However, this climate-
centered approach, which is reflected in contemporary drought-fire related indices,
overlooks soil and hydrological processes beneath the surface across the humid
tropics. There is also uncertainty about the relative roles of climate variability and
human activities in influencing the nature and distribution of drought-related wildfires.
Hence, the general objective of this PhD research is to examine how characterization
of hydrological drought under natural and human-modified conditions can improve
understanding of wildfires in general in the humid tropics.

Chapter 2 discusses the contribution of humans to an increase of hydrological drought
severity in the tropical peatland of Southeast Asia. Climate variability induces drought
in the region, however, human activities (human-modified drought) may increase its
severity. Analyzing long time series of simulated historical groundwater levels from
selected regions in Southeast Asia, which were validated against some years with
observations, revealed that human interference (through canalization and land-use
change) has amplified drought severity. The drought amplification due to human
interference was at least double that of climate-induced drought. The amplification
is even higher when peatland is converted into acacia plantation. Further, research
findings suggest that even if the Paris Agreement target is met, drought risk of
peatlands remains high unless sustainable water management receives top priority
in the region.
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Chapter 3 deals with how an existing, well-known drought-fire related inde, i.e. the
Keetch-Byram Drought Index (KBDI), is modified to improve applicability in the humid
climate environment of Southeast Asia. The improvement includes: (i) adjustment of the
drought factor to the local climate, and (ii) addition of the water table depth as a dynamic
factor to fine-tune the drought index. The results indicate that the modified Keetch-
Byram Drought Index (mKBDI) performed well in predicting fire hazard. Furthermore, the
research identified a critical water table depth, which represents maximum fire hazard
(0.85 m for the wetland forest of South Sumatra). Below this value hazard does not
increase anymore. The mKBDI could be more widely applied, if pedotransfer functions
would be developed that link easily-obtainable soil properties to the parameters of the
water table factor.

Chapter 4 shows that wetland transformation (i.e. through canalization and land-
use change) not only affects hydrological drought (Chapter 2), but also influences fire
behaviour. In Southeast Asia, expansion of agricultural cropland and forest plantations
has changed the landscape of wetlands. The findings showed that the transformation
into acacia plantation has amplified the fire hazard from 4% (under natural conditions)
to 17%. An even higher amplification (40% fire hazard) is expected under poor water
management, that is, uncontrolled drainage. The findings derived from this observation-
based modeling experiment suggest that improved water management (controlled
drainage with higher dry season surface water levels) can minimize fire susceptibility.

Chapter 5 explains the importance of hydrology for fire hazard studies. Borneo is
selected to investigate the added value of including hydrological variables in fire hazard
prediction approaches. More than 300 statistical models were tested, and the results
showed that models that include hydrological variables better predict area burnt than
those solely based on climate indicators/indices. Further, modelling evidence shows
amplifying wildfires and greater area burnt in response to El Nifio Southern Oscillation
(ENSO) strength, when hydrology is considered. These results highlight the importance
of considering hydrological drought for wildfire prediction. I recommend that hydrology
should be considered in future studies of the impact of projected ENSO strength,
including effects on tropical ecosystems and biodiversity conservation.

The contributions of this thesis research to science are summarized and synthesized in
Chapter 6. First, the research identified that fire hazard studies would benefit from adding
hydrology, which is reflected in the improved model performance when hydrological
variables are integrated. Next, the research revealed that humans play a substantial role
in modifying groundwater drought characteristics, hence amplifying the fire hazard in
Southeast Asia. Further, the chapter identified several relevant research findings, including
the model choice, which should consider the simplicity and the applicability of the model.
Another finding demonstrated that controlling canal water level through canal blocking
is a practical water management tool to restore degraded wetland. This restored wetland
would benefit some endemic species. However, the restored wetland still faces high
drought severity. Hence they remain more fire-prone until the un-impacted hydrology
condition is achieved. Finally, this research suggest that currently widely-used drought
indices (such as FWI) require improvements in their model structure, which means
integration of hydrological variables to increase their applicability for fire hazard studies
in the humid tropics.
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