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Summary

Global climate change modifies the global hydrological cycle, including precipitation. The
changes that occur in precipitation are mostly a decrease in frequency and an increase in
intensity. This results in an increased frequency and duration of dry spells, which aggravates the
drought or dryness severity. Drought is commonly estimated using an accumulated precipitation
index. However, this approach fails to detect the drought progression at a finer time scale due
to the presence of dry spells. With increasing temperatures, dry spells will become an important
element of drought development because it escalates more water to evaporate. During the rainy
season, an increasing frequency and duration of dry spells would cause severe impact on
agriculture, especially regions that depend on rainy season precipitation. Because of high
temporal variation in onset and cessation dates of the rainy season, existing drought indices are
not appropriate tools for drought estimation during the rainy season. Meanwhile, although dry
spell has been used to assess dryness conditions, no study has linked duration and frequency of
dry spells to dryness severity. Therefore, this study aims to investigate the changes in dryness
level during the rainy season using frequency and duration information of dry spells. The
Indonesian Maritime Continent (IMC) was selected as a study area because it is the largest rainy

area on the earth and has strong heterogeneous precipitation types.

The first part of this thesis deals with the determination of rainy season onset and cessation. It
investigates the usage of the driest period as a starting point for determination of onset and
cessation. The driest period is simply the longest period without precipitation or the 14
consecutive days having the least amount of cumulative precipitation in the year. The definition
produces a flexible starting time approach, which is different from the commonly used regional
fixed starting date that is based on the regional driest month in the year. The results reveal that
the proposed method prevents the occurrence of premature cessation dates and keeps the
cessation dates within the corresponding year. The gap between the first day of the driest period
and the onset date has a significant linear relationship with the onset date at most stations over

the region, particularly with the onset of anomalous accumulation.

The second part of the thesis offers a new approach of using dry spell frequency and duration

to characterise the dryness severity during the rainy season. It analyses trends in meteorological



drought severity during the rainy season. The dry spell index was proposed and compared with
Standardised Precipitation Index (SPI). The Mann-Kendall trend test was used to investigate
the occurrence of a trend within the indices. The results suggested that increasing drought is
mostly found in the southern hemisphere region, which is most likely caused by the increase in
dry spell parameters such as number of dry days, contribution of long dry spells, and duration
of extreme dry spells. For the 1982 to 2014 period, the DSI identified 40% more stations with

increasing drought trend than that SPI identified.

The last part aims to evaluate the spatial and temporal variability in dryness severity during the
rainy season. DSI was integrated with an evaporation rate to evaluate the dryness severity. The
analysis uses TRMM 3B42 V7 data for daily precipitation and GLEAMS remote sensing derived
data for the daily evaporation rates. Resulting DSI trends were evaluated using the Mann-
Kendall test with 90% confidence level. The results demonstrate significant increasing dryness
in the southern part of IMC and a significant decrease in dryness near the equator. A similar
pattern was also observed in total precipitation, which indicates that the precipitation frequency
reduces, and intensity increases. The identified increasing dryness severity, especially in Java, has

important consequences for agricultural activities and water resources management.

The overall results of this thesis suggest there is a general tendency, supported by the
precipitation station and remote sensing-based data that the southern hemisphere regions are
experiencing an increase in dryness in the rainy season. The frequency and intensity of
precipitation have changed toward more extreme conditions resulting in more and longer dry
spells. Future research should focus on defining the driest period in real time for improving
rainy season onset prediction. It is also important to standardise the dryness severity resulting

from DSI, in order to obtain an index that is globally applicable.
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Chapter 1

Introduction

1.1 Research problem

1.1.1  Climate change and precipitation

Global climate change is now considered the primary threat to the world’s ecosystems (Mishra
and Singh 2010). Climate change is a consequence of a broad range of human activities related
to food and energy (Karl and Trenberth, 2003). The activities mainly involve industrialization
along with land cover modification, which have increased the concentration of greenhouse gases
in the atmosphere. Energy trapped within the atmosphere causes changes in the global energy
balance (Karl and Trenberth, 2003, Forster et al., 2007) and eventually affects the global weather
conditions by modifying the hydrologic cycle. The alteration of global precipitation patterns is
one aspect of climate change that requires urgent attention because it is a real signature of global

climate change (Dore, 2005).

Precipitation information is very important to understand the global hydrologic balance and
complex interactions between the components in the hydrologic cycle (Adler et al., 2003). Since
precipitation variability affects atmospheric circulation by modifying the availability of energy
for evaporation, the change in precipitation characteristics is associated with the change in
climate. Hence, the impact of human activities on the natural environment can be observed as
a result of the change in precipitation characteristics (Trenberth, 2011). However, high spatio-
temporal variability in precipitation, complicates generalizations based on changes in

precipitation, even for locations within in the same climatic zone.

Variability in precipitation results in variation not only in its amount or in frequency, but also
dry and wet spell occurrences. A wet and dry day is defined as a day with a precipitation amount
respectively more and less than a certain threshold value. Hence, a dry spell can be defined as a
number of consecutive days without precipitation or insufficient precipitation, occurring
between two wet days. Spell characteristics have been globally studied, as due to climate change

prominent alteration is occurring of temporal precipitation distributions. Li et al. (2017) have



reviewed various dry and wet spells studies. They conclude that most of the studies focused on
the aspect of the spatio-temporal spell characteristics and on finding the most appropriate

probability distribution function.

As most of the precipitation occurs during the rainy season, the presence of dry spells within
the rainy season may have an important impact in socio-economic terms because most of the
agricultural activities depend on rainy season precipitation. In relation to changes in
precipitation characteristics when more extreme weather conditions occur, there is a potential
of changes in dry spells during the rainy season. As predicted by climate models, climate change
increases the number of dry days in almost all parts of the extratropical regions between 50°N
and 50°S, with the most significant increase in the Amazon basin and Indonesia (Polade et al.,
2014). Therefore, it is crucial to understand the characteristics of dry spells during the rainy

season and its correlation to extreme precipitation events.

1.1.2 Seasonal dry spells

Dry spells (DS) studies have been conducted in many parts of the world. These studies provided
sound information about the characteristics of spells in term of spatial variation, temporal trend
and modeling (Li et al., 2017). Contribution of spells to total dry and wet days and amount of
precipitation has been also considered in the spell studies (Mandapaka et al., 2016, Li et al.,
2017). In the maritime region, Deni et al. (2009b) showed an increasing trend for short (1 to 3
days) dry spells during the rainy season. However, in contrast decreasing trends were found in
other dry spell indices for most parts of the Malaysian Peninsula. Mandapaka et al. (2016) noted
similar results, when comparing dry spells in Jakarta and Singapore. They found that for both
cities, the contribution to total dry days mostly comes from the 1-day spells. These findings
agree with the results from Ratan and Venugopal (2013), who concluded that most dry days are

1-day spells.

The presence of wet spells during the dry season seems to have less impact than dry spells in
the rainy season. Broadly distributed precipitation during the rainy season provides better
conditions for agriculture productivity and water resource management than heavy precipitation
punctuated with long dry spells (Muhammad and Reason, 2004, Kebede et al., 2017, Byakatonda
et al., 2018).



Seasonal information of dry spells can only be extracted when the start and end of the season
is known or can be determined. The term of onset and cessation date is used to describe the
start and end of a season. A common definition used to define onset and cessation date based
on precipitation is the (A) number of days where precipitation no less than (B) mm and not
tfollowed by (C) consecutive days receiving less than (D) mm. Parameters A, B, C, and D highly
depend on climatological characteristics. For example, Omotosho et al. (2000) used a
combination of 5, 25, 2/3 weeks, 50% of local crop water requitement to define the onset date
in West African Sahel. Still in the same region Dodd and Jolliffe (2001) applied 6, 25, 15, 5 for
the parameters. In the MC region Robertson et al. (2009) used 5, 40, 15, 5 for a district in Java
Island, Indonesia. Similarly, Moron et al. (2010) applied a similar combination for a larger area
of Indonesia but instead of using 15, they selected 10 for C. Those previous studies show a
variation in threshold and values that have been used for the definition of onset around the

wortld.

1.1.3 Precipitation in Indonesian Maritime Continent

The Indonesian maritime continent (IMC) is the largest rainy area on earth and acts as a "broiler
box" for the rest of the wotld where huge amounts of latent heat are released during the
precipitation process (Qian, 2008, Zhang et al., 2016). Therefore, precipitation in the maritime
continent plays an important role in the global energy circulation. In the IMC large orographic
gradients influence the energy distribution and cause strong atmospheric circulation of global
climatic impact (Ramage, 1968, Neale and Slingo, 2003). Because of its location, between two
oceans and two continents, and physical characteristics of the region dominated by more than
a thousand islands, the influence of large-scale climatic anomalies such as monsoon and El
Nifio—Southern Oscillation highly varies across the region (Aldrian and Dwi Susanto, 2003). A
strong land-sea interaction across the region produces a very high variability in precipitation
both temporally and spatially (Mori et al., 2004, Zhang et al., 2016). Several studies on the IMC
have tried to understand local and regional precipitation variation as well as its relationship with
global climate variation (Aldrian and Djamil, 2008, Qian et al., 2010, As-syakur et al., 2013, As-
syakur et al., 2016, Yanto et al., 2010).

Analysis of precipitation time-series indicated that the IMC region is characterized by rainy and

dry seasons (Zhang et al., 2016). The seasons are associated with southeast and northwest



monsoons (As-syakur et al., 2013), driven by the development of the Inter-Tropical
Convergence Zone (ITCZ). The wettest period, January and February, occurs when the ITCZ
is in a southern-most position while the driest period, July to September, occurs when it is
located north of the equator (Yanto et al., 2016). Aldrian and Djamil (2008) suggested that early
this century, the seasonal balance changed from the last five decades to a condition in which the
dry season tend to last longer than six months and increased extreme conditions in both dry

spells and precipitation.

Temporal and spatial precipitation variability is extensively studied. Temporal precipitation
variability has been investigated at diurnal (Mori et al., 2004, Qian, 2008), seasonal and
interannual (Hamada et al., 2002, Chang et al., 2004, Aldrian and Djamil, 2008, Zhang et al.,
2016), and even up to multidecadal scale (Yanto et al., 2016). The development of satellite-based
observations has increased the number of studies focusing on spatial variation within the region.
The focus has been on examining the variability from local up to regional precipitation. At the
local scale, studies have been done mostly for Java Island including Jakarta (Mandapaka et al.,
2016, Siswanto et al., 2016), Indramayu — West Java (Robertson et al., 2009), and Brantas
Watershed — East Java (Aldrian and Djamil, 2008). Studies have also been conducted in almost
all primary islands within the region, including Java (Qian, 2008), Sumatera (Mori et al., 2004),
Kalimantan (Juneng and Tangang, 2010), Sulawesi dan Maluku (Lestari et al., 2016), Nusa
Tenggara Barat (Kirono et al., 2016) and Peninsular Malaysia (Richard and Walsh, 2017), as well
as regional studies (As-syakur et al., 2016, Marjuki et al., 2016, Zhang et al., 2010).

Seasonal dry spells have not been well characterized for the IMC region even though the
precipitation in this region is highly seasonal. Aldrian and Djamil (2008) found that precipitation
in East Java exhibits a strong seasonal pattern with a possibility of an increasing number of dry
spells in the early period of the wet season. Although previous studies show that no significant
trends were found in most dry spells’ indices during the wet period (Deni et al. 2009, Mandapaka
et al. 20106), there is a tendency of increasing short dry spell’s frequency during the wet period
(Deni et al. 2009). Recently, Supari et al. (2018) found a significant increasing trend in the
maximum dry spell duration over the eastern and southern regions of Indonesia during the
wettest period (December-February). Furthermore, no regional study has focussed on the dry

spells during the rainy season, hence seasonal dry spell information is crucial for the IMC region.



1.2 Research aims

Besides deficiencies in the amount of precipitation, meteorological drought can be generated by
more dry spells (Huang et al., 2015). For the same amount of precipitation, more dry spells
would potentially produce higher risk of e.g. agricultural drought. Moreover, the characteristics
of dry spells such as length and frequency also play an important role in developing drought
conditions. Although previous studies have used multiple dry spell indicators for drought
assessment (Serra et al., 2013, Huang et al., 2015, Wilby et al., 2016, Pérez-Sanchez and Senent-
Aparicio, 2017), none of those have developed a link between dry spell characteristic and
drought severity. This will become a very important aspect in drought studies because the
primary driving factor of drought development will change from deficiency in precipitation to
increase in atmospheric demand as a result of rising temperatures in the future (Dai and Zhao,
2017). The amount of water loss to atmosphere by evaporation will increase, therefore it is

important to integrate evaporation in drought indices.

The main objective of this research is therefore to investigate the changes in dryness level of
the rainy season using the frequency and duration of dry spells. The Indonesian Maritime
Continent was selected as a study area because it is the largest rainy area on the earth and has

strong heterogeneous precipitation types. The objective will be achieved by the following goals:

1. Propose an approach for determining the onset and cessation of rainy season over the
IMC region. The approach should be able to handle a very strong spatial and temporal

variation in precipitation over the region.

2. Develop an index for wet season dryness with respect to the variables most affecting
the drought severity during the rainy season, including duration and frequencies of dry

spells, and length of rainy season.

3. Evaluate the spatial and temporal changes in the dryness of the rainy season based on

integration of satellite data for both precipitation and actual evaporation.

4. Test with the Mann-Kendall (MK) trend test the possibility of changes in the rainy
season dryness as well as all other forcing variables, such as the length, total

precipitation, number of dry days, and number of dry spells during the wet season.



1.3 Contribution of this PhD

This PhD explores rainy season characteristics including the onset and cessation and the
dryness. This study introduces a new approach for defining a flexible corresponding year for
onset and cessation dates determination of rainy seasons. The start and end dates of a
corresponding year are defined based on the driest period, which is the longest occurrence of
at least 14 consecutive days with the lowest precipitation in the year. This approach allows high
variation in the onset and cessation dates due to changes in climate and prevents too eatly or

too late cessation dates of the rainy season.

This study also offers a novel approach to estimating the dryness during the rainy season by
making use of the dry spell information. The benefit of using this approach is that the dry spell
information can be easily extracted from daily precipitation data, which is now considered to be
globally available and accessible. In general, the dryness or wetness is estimated from
accumulated precipitation over a certain period of time (monthly, 3 or 6 months, or annually).
Some studies argue that accumulated precipitation fails to detect drought development over
finer scales (Anagnostopoulou et al., 2003, Cindri¢ et al., 2010, She and Xia, 2013, Huang et al.,
2015). In particular, under climate change the characteristics of precipitation will change towards
more intense but less frequent precipitation. This means that we may have the same monthly
precipitation, but the proportion of number wet days decrease, meaning an increase in the
proportion of dry days. A new index to estimate the dryness during the rainy season, called dry
spell index (DSI), was introduced. The index has advantages, including its ability to record all
dry spell durations and their frequency, to characterize dryness severity for flexible periods, and
to integrate with evaporation rate. In comparison with the most widely used drought index, the
standardised precipitation index (SPI), we found that the temporal variability in DSI is
significantly different from SPI, suggesting that DSI is not a repetition or other form of SPIL.
Applying the method in the Indonesian Maritime Continent (IMC), we found contradictory
results in which SPI suggested a strong tendency toward a wetter condition during the rainy
season over the whole region while DSI showed that some regions have tendencies toward a

drier condition.



Chapter 2

Determination of rainy season onset and cessation
based on the flexible driest period

2.1 Abstract

The definition of the rainy season can be subjective and inconsistent, causing difficulties for
both water management and long-term climate analysis. This study proposes the usage of the
driest period in the year to determine a flexible corresponding year for the rainy season
onset/cessation date calculation. The driest period of a corresponding year is defined as the
longest period of at least 14 consecutive days with the lowest accumulated precipitation. The
corresponding year begins on the first day of the driest period and ends before the driest period
of next year (flexible year). The onset/cessation dates resulting from this approach are compared
with the results of a calendar based corresponding year. Three onset definitions were selected
including agronomy, anomalous accumulation and a modified local method. The gaps between
the first day of the driest period and the onsets were analysed for their correlation with the onset
and cessation dates. The results showed that in general, all selected definitions produced similar
onsets for both types of corresponding years. The gaps were linearly correlated with the
anomalous accumulation onsets for most stations. The use of a flexible year showed clear
advantages as it prevented common pitfalls in determining the rainy season, including premature

cessation dates and those occurring outside of the corresponding year.

2.2 Introduction

Rainy season characteristics, such as onset date, length of season, and total precipitation provide
versatile data for agricultural and water management (Omotosho et al., 2000). In particular, the
onset of the rainy season is an important basis for further investigation of seasonal
characteristics, such as differences in precipitation during wet and dry seasons. However, the
meaning of the term “rainy season” itself is subjective and highly dependent on the analysis

method. Hence, estimating the start of a rainy season is a challenging task. For example, an



agriculturist may define the onset of the rainy season by the day after which they can expect a
continuity of wet days, indicating that water availability will meet crop water requirements (Ati
et al., 2002). Meanwhile, for the hydrologists, the onset of the rainy season is expected to be a
starting condition that is followed by more intense precipitation, suggesting that the amount of
precipitation is more profound than the number of wet days (Fasullo and Webster, 2003).
Finally, climatologists are more interested in changes in local or regional circulation (Zhang et

al., 2002, Latif and Syed, 2016).

Various methods have been developed to define the onset date of the rainy season. Pierre and
Mbaye (2003) classified methods for determining the onset date into two groups based on either
rainfall only or on a combination of rainfall and atmospheric conditions such as humidity, wind,
and temperature. Due to data availability, numerous studies have used rainfall-based indices
(Cook and Buckley, 2009, Ibrahim et al., 2012, Misra and DiNapoli, 2014). Previous studies
have also documented the onset variation resulting from various methods and showed that the
onsets had very significant differences (Ati et al., 2002, Fitzpatrick et al., 2015, Marjuki et al.,
2016). High variation in the onsets will eventually cause discrepancies in interpreting seasonal

characteristics, such as length, precipitation amount, and dry days.

Seasonal lengths naturally exhibit a significant spatial and temporal variation due to shifts in the
onset/cessation (Goswami and Xavier, 2005, Fu et al., 2013, Mista and DiNapoli, 2013, Marjuki
etal,, 2016). Additionally, Murray-Tortarolo et al. (2017) showed that although there is no trend
in the average global seasonal length for the last 60 years, it exhibits a strong variation every 10-
15 years. This variation in length of both rainy and dry season results in a changing total
climatological length of each year. Most studies, however, use the standard 12-month calendar
year or 365 days, which ignores the temporal variances of rainy seasons (Seregina et al., 2019).
Hence, it is very important to have a sound methodology for seasonal onset/cessation date

determination that can take into account both seasonal and annual variations.

Determination of the onset of the rainy season can start at any time in the year. Previous studies
have chosen a fixed driest month (Moron et al., 2009b, S. Debortoli et al., 2015) or the beginning
of the year (Misra and DiNapoli, 2013) as the start of the calculation. Regardless the climate
characteristic, the driest period seems more appropriate for starting the time of onset

determination as it can be connected to the following driest period to ensure that the wet period



is completely included. Also, the occurrence of the driest period has the potential to be a good
predictor for the rainy season onset. For example, Moron et al. (2009b) found that July sea
surface temperature, which is the driest month in their study area, is a good predictor for large
scale rainy season onset. Due to strong spatio-temporal variation, the driest period is also
expected to shift, hence it is important to use a method that allows the driest period to vary

from year to year according to the actual occurrence of the driest time in the year.

This study proposes to use the start of the driest period as the beginning for the determination
of the onset/cessation of the rainy season. The driest period is defined as the longest occurrence
of atleast 14 consecutive days with the lowest cumulative precipitation. This definition produces
a flexible starting date, which differs from a regional fixed starting date based on the regionally
occurring driest month of the year. We aim to compare the onset and cessation dates of the
rainy season determined from three methods, which use the flexible and regional fixed starting
dates. We also examine if the onsets can be predicted using simple linear regression between the

driest period and the onsets.

In order to achieve these goals, analyses on a large area with a strong heterogeneous
precipitation type is required. The Indonesian Maritime Continent (IMC) was selected as the
study area. It is known as the largest archipelago on earth and has multiple precipitation regimes
with strong influences from local and global phenomenon, as described in Section 2. The data
and methods, including the determination of the driest period, onset definitions, and separation
of spatial and temporal variance, are explained in Section 3. The results are presented in Section

4, followed by general discussion and conclusions in Section 5.

2.3 Study area

The IMC is comprised of more than fifteen thousand islands, including the five main islands of
Sumatera, Java, Kalimantan (southern Borneo), Sulawesi and Papua, and covers nearly 2 million
square kilometres. This area spans more than 5,000 km along the equator from 95 t0142 E and

more than 1,000 km in the north to south direction from 6 N to 11 S (Figure 2.1).

As part of a huge maritime continent, Indonesia is also situated in the middle of the Indo-Pacific
warm pool. Large amounts of atmospheric water, originating from the evaporation of warm

ocean water, are transferred to the Indonesian region and result in the largest rainy area in the



wortld (Qian, 2008, Zhang et al., 2016). The huge amount of latent heat that is released to the
atmosphere during the precipitation process and then transported to other regions has led to

this region being called the natural broiler box for global atmospheric circulation (Simpson et

al., 1993).

Precipitation in IMC has a very high spatial and temporal variance and is subject to local,
regional and global influences. Average annual rainfall ranges from 500 mm in the driest area,
mostly located at the eastern edge, to more than 5000 mm in mountainous areas (As-syakur et
al., 2016). Aldrian and Dwi Susanto (2003) classified the high spatial precipitation variation of
the region into three dominant rainfall zones: semi-annual, monsoon and anti-monsoon. The
monsoon type has one peak during the rainy season and covers most of the central part of the
region from southern Sumatera, Java and all small islands to its western side, southern
Kalimantan and southern Sulawesi. The anti-monsoon type has an opposite rainy and dry season
compared to the monsoon type. The semi-annual type, which covers mostly northern Sumatera,
western and northern Kalimantan, has two peaks around March to May and October to
November, of which the latter is usually stronger. The precipitation variability of the IMC
increases during the rainy season. Even though for some parts of this region no clear difference

between the dry and rainy season exists, most of the precipitation occurs during the rainy season.

The general climatic condition is characterized by rainy and dry seasons and relatively constant
sunshine duration throughout the year, which provides highly suitable conditions for crop
development. Therefore, most of Indonesia's population is still very dependent on the
agricultural sector. The main agricultural crop is rice, which is the staple food of most people.
Rice production is spread throughout almost all parts of western and central Indonesia,
especially in Java, Bali, Sumatra and Sulawesi. Apart from this ideal condition, the geographical
condition poses great challenges to Indonesia's agriculture, especially in relation to high rainfall

variability.
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Figure 2.1 Indonesian maritime continent (grey area) divided into 3 rainfall sub-regions: monsoon, anti-monsoon and semi-annual (Aldrian
and Dwi Susanto 2003). Selected rainfall stations (dots) are distributed over those sub-regions and used for analysis in this study.



24 Data and methodology

2.4.1 Data

Daily rainfall recorded by meteorological stations for the Indonesian region was obtained from
the Indonesian Agency for Meteorology, Climatology and Geophysics (BMKG). The stations
were selected based on data availability and the spatial distribution over the three sub-regions,
with at least one station for each sub-region. The stations should have daily precipitation data
recorded for more than 20 complete years within the period 1980 till 2017. We adopted the
complete year definition from Supari et al. (2017), who defined it as a year having less than 15

days of missing data and no more than three days missing data in a month.

2.4.2 Methodology

2.4.2.1. Definition of flexible driest period and corresponding year

The driest period is defined as the longest occurrence of at least 14 consecutive days with the
lowest cumulative precipitation in the year. If two or more equal long periods with the same
cumulative precipitation are found, then the driest period is the first occurring period. We
constrain the driest period to certain months based on regionalization, as suggested by Aldrian
and Dwi Susanto (2003). Therefore, for the monsoon and semi-annual regimes, the driest period
must occur between May till October, while for the anti-monsoon regime it must occur between

August and January.

The onset and cessation dates of the rainy season were determined for each corresponding year.
The term of corresponding year represents the period between two driest periods, which is
traditionally defined based on a calendric year starting from the driest month and has a fixed
length of 12 months (Figure 2.2a). Meanwhile, this study proposes a definition of the driest
period, which is more flexible in terms of determining the corresponding year (Fig. 2.2b). Hence,
the corresponding year represents a period between two driest periods, for example: the
corresponding year of 2001 starts from the first day of the driest period of 2001 and ends on
the last day before the driest period of 2002. Therefore, depending on the occurrence of driest
periods, each corresponding year may have a different length. Meanwhile, considering that
August and September are the driest months in this study (Aldrian and Dwi Susanto, 2003,

Moron et al., 2009b), the traditional corresponding year in this region spans from the 1% of
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August to 31% of July of the following year. We applied these two corresponding years, named
flexible and calendar years, in determining the onset and cessation dates of the rainy season.

a) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
| | ! | | | | | I | I | | I |

onset cessation

corresponding year

b} Jlan Fleb Mar A|I:)r M?y Ju‘n Jul Al‘.lg Selp Oﬁt Nov Dec Jan Feb Mar Apr Melw Ju‘n JIuI A‘ug Sep Oclt Nolv Dtlac

gap

onset cessation
corresponding year

M driest month Il driest period B rainy season

Figure 2.2 (a) Example of traditional corresponding year based on the driest month (August) as
used in Indonesia; and (b) flexible corresponding year based on the driest period in the year.
“Gap” refers to the number of days between the first day of driest period and the onset day.
Note that the driest period may be 14 days or longer, while the flexible corresponding year may
be longer or shorter than 365 days.

2.4.2.2. Definition of the onset and cessation dates of the rainy season

Various definitions have been developed to define the onset of the rainy season. A commonly
used precipitation-based definition is the Agronomy definition. It is an adaptive method as its
parameters are locally adjustable. The general definition of the onset day is the first day of a wet
spell receiving a certain amount of precipitation and not followed by a number of consecutive
dry days receiving less than 5 mm within a given time span (Figure 2.3b). Using this general
definition, previous studies adopted 5 days for the wet spell (w-days), 40 mm of total
precipitation during the wet spell (r) and 30 days for the time span (c) but slightly different
number of days have been used for the consecutive dry days (d-days) (Aldrian and Dwi Susanto,
2003, Moron et al., 2009a, Moron et al., 2009b, Robertson et al., 2009). Cessation date is the last
wet day followed by a period of d-days without precipitation. Here, we selected a combination
of 3, 40, 30 and 10 for respectively the w-days, r, c and d-days parameters that minimized the

number of stations and years for which no onset date was found. This combination of
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parameters was similar to the ones of Moron et al. (2009b), except that they used 5 days for w

in order to accommodate the use of gridded pentad data.

The second onset definition used in this study was the Anomalous accumulation (Aa)
(Liebmann et al., 2007). This definition was selected because of its flexibility in dealing with
local characteristics without fixed thresholds or parameters. The definition is based on rainfall

anomaly,

A=Y _(Ry—R) 2.1)

Where A is the cumulative precipitation anomaly from day O to t, Ry, is the precipitation of day
n and R is annual daily average precipitation. To ensure onset and cessation dates are found
within each year, the R should be calculated for each year (Marjuki et al., 2016) instead of using
a long-term annual mean daily average as suggested by Liebmann et al. (2007). Therefore, in this
study we calculated R for each corresponding year. The rainy season onset and cessation dates
correspond to the day after the beginning of the longest increase in anomaly accumulation and
the day when the increase reaches a maximum (Figure 2.3c). This definition produces a single
rainy season period. For the semi-annual regime that has two rainy seasons, we only used the
first rainy season for further analysis. The method for diagnosing multiple wet season
onset/cessation dates was adopted from the method proposed by Dunning et al. (2016) with a
modification to address high precipitation variability as described in the following steps and

graphically displayed in Figure 2.4:

1. Determining several periods that have intense precipitation based on the minimum and
maximum points in curve of a 30-day running average of anomaly accumulation. Similar
to the previous method, the minimum and maximum points are the points that have
respectively a lower and higher value than the four previous and four subsequent days.

A period starts from the minimum and ends at the following maximum point.

2. Combining the periods of intense precipitation that meet following criteria: the gap
between the maximum point of first period and the minimum point of second period is
less than 5 days, and the maximum point of second period is greater than the minimum

point of the first period.

14



3. Defining the start and end dates of multiple period of intense precipitation by
determining respectively the minimum and maximum value of daily precipitation
anomaly accumulation corresponding to respectively the start and end of multiple
periods previously defined. Any period that has a starting date in the following year will

be eliminated.

4. Selecting onset and cessation dates of the rainy season by combining multiple
respectively start and end dates that form a continuously increased anomalous

accumulation.
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Figure 2.3 Hypothetical examples of onset and cessation dates determination for (A) a daily
precipitation time series; (B) using Agronomy; (C) Anomalous Accumulation; and (D) modified
BMKG definitions. The definitions used the driest period as starting day of calculation hence
they have a gap until the onset. Methods D calculates precipitation accumulation for three 10-
day periods and shift to the next day until all those periods have accumulation 2 50mm. From
the onset, the accumulation is calculated every 10 days until the cessation date is found.
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Figure 2.4 Modified anomalous accumulation method for determination of onset and cessation
dates of two rainy seasons. Black line is anomalous accumulation, orange line is a 30-days
running average of anomalous accumulation. Green and red dots represent the start and end of
intense precipitation period. Blue and green squares are the points in anomalous accumulation
curve that correspond to the black and red points in the 30-days running average curve. Yellow
rimmed green and red squares are the selected start/end days of rainy season and the blue arrow
line is the length of the rainy season.

The third method is a local method officially used by BMKG that is based on 10 days of
precipitation accumulation. This method defines the onset date as the first day of three
consecutive 10-day periods after 1 September, each with a cumulative precipitation of = 50 mm
(Marjuki et al. 2016). When three consecutive 10-day rainfall accumulation periods drop below
50 mm, then the first day of the first period is assigned to be the cessation day. In this study,
the minimum value of three consecutive 10-day precipitation accumulation periods was
calculated for each day after the starting day until the onset was found. After the onset,
precipitation accumulation was calculated for every 10-day period until the cessation date.
Originally, this method uses 1st of September as the starting date of calculation to avoid false
onset, because the rainy season historically occurs after that date. However, Hamada et al. (2002)

have shown that delays in the onset of the rainy season had strong correlation with the La Nina.
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Hence, we modified the BMKG definition by allowing the onset to occur at any time in the year

and named it the modified BMKG method (mB) (Figure 2.3d).

The onset is calculated using all of the methods explained above for both definitions of
corresponding year. The gap, which is defined as the number of days between the first day of
driest period and the onset day (Figure 2.2b), was calculated only for the flexible year for all

onset definitions.

2.4.2.3. Separation of spatial and temporal vatiation

Both temporal and spatial variability contributed to the timing of the onset date. Understanding
those contributions could provide valuable information on assessing the performance of onset
definitions based on their temporal and spatial variances. This study adopted a method
proposed by Fubao et al. (2010) to examine the contribution of spatial and temporal variation

to the total variance over the region. The method is based on the ANOVA variance analysis
method. In this study the time-first approach was selected, hence the grand variance (ng) is the
sum of the spatial variance of temporal mean (67 (1)) and the mean temporal variance of all

stations (G_tz) Those variances are calculated as
) 2
0 () = XL (e() — pg)” /(m — 1) (2:2)

o2 =X}, 02 (D/n (23)

where g are observations of # years,  stations, ¢ (J) is temporal mean for the jth station, fig is

the grand mean and 6f (j) is temporal variance of the jth station:
ue() = Xiza zij/n (2.4)
Hg = iz Xj-12ij /(m X n) 2.5)

02()) = Xz — () /(n = 1) 2.6)

2.4.2.4. Driest period and rainy season onset relationship
A simple approach to assess the predictability of rainy season characteristics is regression

analysis on the predictors and predictands (Moron et al., 2010). The higher correlation exists,
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the higher predictability of predictands. Predictability of the onset date was evaluated by

analysing its linear relationship to the number of days that separate the first day of the driest

period and the onset day (gap). The significances of all correlations were tested against the one-

sided 95% of confidence level.

2.5 Results

2.5.1 Selected stations

The selected stations have good spatial distribution (Figure 2.1), covering the diverse

precipitation types and altitudes (Table 2.1), although only two of the stations in the anti-

monsoon regime met data requirements. The number of stations for monsoon, and semi-annual

regimes are five, and four, respectively. The annual precipitation across all stations varied from

less than 1500 mm to more than 4500 mm, which represents well the variation in annual

precipitation in this region.

Table 2.1 Selected stations and their characteristics listed from west to east

Station ID Location Start End _cngth  Elevation inverisz
(years) (m) Precipitation
Banda Aceh! 96011  552°N,9542°E 1982 2014 32 21 1,544
Medan! 96035  3.63°N,98.87°E 1980 2016 36 25 2,369
Sibolgal 96073  1.55°N,98.88°E 1980 2016 36 4,545
Padang! 96163  0.88°S,10035°E 1982 2016 34 4235
Mempawah! 96583  0.07°N,10930°E 1988 2012 24 2,808
Bengkulu? 96253  3.88°N,10233 E 1980 2012 32 16 3,341
Bogor? 96753  6.50°N,106.75°E 1980 2013 33 250 3,858
Semarang? 96839  6.98°S,11038°E 1986 2016 30 3 2,281
Palangkaraya? 96655  222°S,113.94°E 1980 2016 36 27 2,020
Ampenan? 97240 853°S,11607°E 1986 2016 30 3 1,734
Makasar? 97182 5.07°S,11955°E 1983 2017 33 14 2,753
Tahuna? 97008  335°N,12528°E 1986 2016 31 38 3,305
Luwuk?® 97086 1.04°S,12277°E 1983 2011 28 17 1243
Sanana® 97600  2.08°N,126.00°E 1990 2013 23 2 1,400

Number codes indicate the station located in semi-annual (1), monsoonal (2) or anti-monsoonal (3) region.

2.5.2 The variances in the driest period and corresponding year

The driest periods show great variation in occurrence from one station to another (Table 2.2).

75% of the occurrences are distributed over three consecutive months but the highest frequency
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was generally found in June, August and September for respectively semi-annual, monsoon and
anti-monsoon stations. Ampenan was the only station that has no precipitation during the driest
period in all years. Semi-annual stations generally have a low frequency of no precipitation
during the driest period indicating that the rain generally occurs throughout the year. Of all
stations the highest of the recorded total precipitation during the driest period was found in
Padang. The total precipitation during the driest period seems to be strong positively correlated

with the average annual precipitation (Table 2.2).

Table 2.2 Frequencies of occurrence of the driest period each month from May to December,
bold values indicate the highest percentage for each station.

P=0mm Max

Station May Jun Jul Aug Sep Oct Nov Vo) .
Bandaaceh! 18.8 43.8 15.6 9.4 12.5 62.5 2.7
Medan' 19.4 33.3 30.6 8.3 8.3 25.0 38.1
Sibolgal 25.0 25.0 33.3 8.3 5.6 2.8 13.9 46.0
Padang! 29.4 26.5 17.6 11.8 14.7 35.3 89.2
Mempawah! 20.0 233 20.0 233 10.0 3.3 53.3 23.9
Bengkulu? 18.8 31.3 21.9 15.6 12.5 53.1 21.0
Bogor? 6.1 27.3 30.3 36.4 27.3 57.8
Semarang? 6.7 16.7 33.3 40.0 3.3 96.7 12.0
Palangkaraya? 2.8 16.7 27.8 33.3 16.7 2.8 63.9 38.3
Ampenan? 20.0 133 36.7 26.7 3.3 100.0 0.0
Makasar? 8.7 13.0 391 34.8 4.3 95.7 6.0
Tahuna? 20.0 6.7 16.7 40.0 10.0 6.7 46.7 32.0
Luwuk3 24.1 51.7 172 6.9 82.8 6.0
Sanana’ 36.4 36.4 227 4.5 77.3 12.0

* Number of years in which precipitation accumulation during the driest period is zero. ** Maximum precipitation
accumulation recorded during the driest period. Number codes indicate the station located in semi-annual (1),
monsoon (2) or anti-monsoon (3) regime.
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Figure 2.5 The characteristic of the driest period based on the time of its occurrences. The
boxes show length of reference years quattiles and max/min values. The solid/dashed line
shows the frequencies of occurrence of the corresponding years with more than 365 days.

The average lengths of the flexible year varied between 362 days and 368 days (Figure 2.5). The
interannual variations found within the stations were not statistically different from 365 days,
although the standard error of the length ranges from 5.3 days at Luwuk to 12 days at
Mempawah. The frequencies of the flexible year having a length longer than 365 days ranged
from 41% in Sanana to 62.5% in Bengkulu. These lengths also have a strong correlation with
the occurrences of the driest period. Using simple linear regression, the coefficient of
determination (R?) ranged from 0.38 in Luwuk to 0.75 in Makasar (Table 2.3). The equations
show that the lengths of the flexible years were negatively correlated with the occurrences of

the driest period at all stations.
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Table 2.3 Linear relationship between the occurrence of first day of driest period (Julian day)
and length of its corresponding year for the selected stations, coefficient of determination of
relationship (R?), and the standard deviation of average daily precipitation of flexible year over
the average of daily precipitation of calendar year

Station Equation R? Daily average standard
deviation
Bandaaceh! Y =599.4 - 1.27x 0.64 0.76
Medan! Y =551.7-1.01x 0.51 1.20
Sibolga Y = 481.6 — 0.65x 0.39 1.99
Padang! Y = 546.9 — 0.99x 0.50 1.68
Mempawah! Y =587.1-1.15x 0.57 1.04
Bengkulu? Y =538.1 —0.90x 0.43 1.53
Bogor? Y =537.4-0.89x 0.45 1.26
Semarang? Y =563.4-0.97x 0.49 1.46
Palangkaraya? Y = 608.7 — 1.14x 0.57 1.44
Ampenan? Y = 606.2 — 1.24x 0.62 1.00
Makasar2 Y = 643.9 — 1.38x 0.75 3.04
Tahuna? Y = 564.5 - 0.96x 0.48 1.85
Luwuk3 Y = 563.7-0.77x 0.38 0.84
Sanana3 Y =561.8-0.77x 0.39 1.73

Number codes indicate the station located in semi-annual (1), monsoon (2) or anti-monsoon (3) regime.

2.5.3 Onset variations

The selected combination of w-days, r and d-days for the Agronomic definition parameters gave
less than 5 years with no-onset out of all years with data across all stations. All of the no-onset
years occurred in anti-monsoon stations. All the definitions gave similar patterns of onset
development. The onset progression starts in northern Sumatera and moves southward in
Sumatera and eastward to Kalimantan. After crossing to Java, the progression moves eastward

along with similar movement in Kalimantan and Sulawesi.

Onset variabilities are clearly influenced by onset definitions and precipitation characteristics
(Figure 2.5). The mean onsets resulting from Modified BMKG and Anomalous accumulation
was the latest at stations having a precipitation of respectively less and more than 3000 mm/yeat.
The Anomalous accumulation definition generally yielded the least variability for most of the
stations, meanwhile the highest variability was mostly found for the Modified BMKG definition.
The standard deviation for the Anomalous accumulation found in this study is slightly higher

than by Marjuki et al. (2016) but has a similar spatial distribution. The highest variability in

22



onsets was found in the two easternmost stations, Luwuk and Sanana, and the lowest was in

Makasar.

B Agronomy B Anomalous B Mod BMKG --e-- Annual Precipitation
r 5000

22-Aug
. }
14-May — | - /g
25-Mar o cr :
- ﬁ --------- r 3000 é
. 0 :
15-Dec . :
------- Q
- | 2000 i—)
06-Sep ——— P n [ —g
18-Jul 1000 2
29-May
09-Apr | |
< ' g » g T2 — E -
2 ] 2] 5 g 51 ] g 5 g 5 : : ;
5 bS] < =9 < > = = E 2 Z E : :
_] w : < E = g eh = o -9 [77)
g < 3 : : :
m 5 :

Figure 2.6 Onset of the rainy season for all selected stations based on Agronomic, Anomalous
Accumulation and Modified BMKG definition. The dashed line shows the average of annual
precipitation with stations ordered from the lowest (left) to the highest

The variance analysis (Table 2.4) showed that the total variance was the greatest when using
Modified BMKG and the lowest for Anomalous accumulation. All definitions showed a larger
contribution of the spatial than of the temporal variance to the grand variance. This confirms
that huge precipitation variations exist among the locations within this region, so the parameters
used in local definitions such as Agronomy and Modified BMKG must be adjusted according

to the local characteristics.

Table 2.4 Total, spatial and temporal variances of onset for the three definitions

Definition Temporal component Spatial component Tot.al
days % days % variance
Agronomy (Ag) 2279.8 38.3 3679.6 61.7 5959.4
Anomalous accumulation (Aa)  1590.7 35.5 2893.5 64.5 44841
Modified BMKG (mB) 3202.9 38.7 5077.4 61.3 8280.3

2.5.4 Impact of selected corresponding period on the onset and cessation date

Comparing the mean of onset and cessation dates based on flexible and calendar years for

Agronomy, Anomalous accumulation and Modified BMKG definitions showed that all
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definitions produced slightly different onset and cessation dates, and at some stations the
discrepancy was less than 3 days (Table 2.5). The differences in Julian days for the onsets and
cessations of both corresponding years were mostly negative implying that using the flexible
year definition gave earlier onsets and cessations than calendar corresponding years, except for
anti-monsoon stations that have positive differences for all definitions. More than 60% of the
stations have less than 10 days of difference between the two corresponding years for both
onset and cessation. However, the maximum differences were 30 for onset and 31 for cessation,
which were found for the Anomalous accumulation and Agronomy respectively. The
Agronomy and Modified BMKG produced more identical mean onsets and cessations for both
corresponding years, especially at Bandaaceh, Semarang and Makasar. In the total, the
frequencies of same mean onset dates were 79%, 83%, 60% and same mean cessation dates
were 89%, 95%, 63% for respectively Agronomy, Modified BMKG and Anomalous
accumulation respectively. We also found that 95%, 98%, and 71% of the same onset dates
tended to have same cessation dates for respectively Agronomy, Modified BMKG and

Anomalous accumulation definitions.

The differences between the onset and cessation dates resulting from any of the definitions can
be considered to be the result of applying a different approach for determining the
corresponding year. The main difference is the length of the corresponding year and total
amount of precipitation, leading to a different average daily precipitation. The standard
deviations of average daily precipitation were generally less than 2 mm, except at Makasar where
it was approximately 3 mm (Table 2.3). Since the variation in average daily precipitation has an
impact only on the onset and cessation dates of Anomalous accumulation, we focussed only on
the onset and cessation dates of Anomalous accumulation. The number of years for which the
average daily precipitation for the flexible year is higher than for the calendar year was slightly
higher than the number of years in which the flexible year has a lower average daily precipitation
than for the calendar year. Both conditions produced approximately 60% of same onset and
cessation dates. However, we noticed that when the flexible year has a higher average daily
precipitation than the calendar year, 34% of the flexible year onsets came later than calendar
year onsets. Meanwhile, when the flexible year has a lower average daily precipitation than
calendar year, 38% of the flexible year onsets came earlier than calendar year onsets. Opposite

patterns were found for cessation dates, the flexible year has more frequent early cessation dates
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when the average daily precipitation of the flexible year was higher than that of the calendar
year. A more detailed explanation on how the two approaches of defining corresponding year

have impact on the onset and cessation dates is presented in the Appendix B.

Table 2.5 Comparison onset and cessation dates from 3 definitions under flexible and calendar
based corresponding years.

Stations Agronomy Anomalous acc. Modified BMKG
Onset Cessation Onset Cessation Onset Cessation

Bandaaceh! 16/16/-5 13/19/5 0/0/0 0/0/0 0/0/0 0/0/0
Medan! 25/10/-13  29/16/-8 29/0/-23 22/0/-31 10/0/-4 0/0/0
Sibolgal 28/22/-30 31/16/-19 34/0/-16 25/4/-31 19/7/-15 16/0/-26
Padang! 23/12/-5  20/9/3 28/12/-5 0/3/5 31/9/-8 3/3/-1
Mempawah! 23/23/-2 14/19/4 0/0/0 0/0/0 0/0/0 0/0/0
Bengkulu? 14/20/-1 10/10/-8 17/4/-5 7/0/-13 10/7/1 0/0/0
Bogor? 19/10/-5 16/10/-3 39/6/-9 3/12/17 33/6/-9 3/3/2
Semarang? 17/17/1 14/14/-2 0/3/2 6/6/5 3/0/-1 0/3/2
Palangkaraya? 14/17/5 17/24/-2 4/4/-3 4/4/1 4/0/-2 4/0/-2
Ampenan? 20/14/3 20/20/-1 0/0/0 0/0/0 0/0/0 0/0/0
Makasar? 38/18/-13 12/15/-3 50/14/-9 14/14/24  37/20/-5  6/3/-11
Tahuna? 34/24/-29 40/17/-28 14/14/3 10/7/-4 7/4/-13 10/4/-1
Luwuk3 41/32/15 14/41/18 0/14/16 0/14/34 0/10/17 0/10/14
Sanana3 21/25/13  11/45/12 0/4/13 0/4/14 0/11/15 0/11/15

The values arranged per column as a/b/c represent the frequencies (%) that the date resulting from flexible yeat
definition comes eatlier (a) or later (b) than when using the calendar year, and the differences between those dates
in days (c) where positive values indicate that dates using flexible year definition occurred earlier than if the standard
year was used. The superscript of the station name indicates the station’s location in semi-annual (1), monsoon (2)
or anti-monsoon (3) regime.

Depending on the occurrence of the driest period, the flexible years may start earlier or later
than the calendar year. We found across the region that 18% of flexible years started later than
the calendar years and those flexible years ended either before (56%) or after (44%) next

calendar year. Meanwhile, the flexible years that started earlier than the calendar years usually

ended before the next calendar year (88%).

When the driest period occurred after 1% August, less than 15% onsets based on calendar years
were earlier than based on flexible years. For some years, due to the fixed cut-off approach used
in the calendar year, some cessation dates were not defined. This mostly occurred in the
Agronomy (7.5%) and Modified BMKG definitions. Ideally, the parameters of Agronomy
should be determined on the basis of the precipitation characteristics of each station, but in this

study, they were calculated on the basis of the minimum total number of years without onset at
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all stations. Therefore, in some years, the precipitation characteristics failed to meet the
requirements of the cessation date of the rainy season causing it to occur outside the
corresponding year (Table 2.6). Likewise, in some years, lack of precipitation caused the

cessation date to be immediately found leading to the premature cessation date.

Table 2.6 The years without cessation date for each station when the rainy season was defined
using the Agronomy and Modified methods.

. Years without cessation date
Stations

Agronomy Modified BMKG
Bandaaceh! - -
Medan! 1992, 1999, 2008 -
Sibolga! 1980, 1982, 1992, 1997, 2003, 2005, 2007, 2010, 2014, 2015 1990, 2006
Padang! 1984, 1990, 2000, 2009 1996, 2009

Mempawah! 2009 -
Bengkulu? 1983, 1994, 2000, 2008 -
Bogor? 1981, 1983, 1988, 1989, 1994, 1997, 2004, 2005, 2012 1980, 2004

Semarang? 1988, 1997, 2009, 2012 -
Palangkaraya? 1994, 1998, 2001, 2004, 2006, 2010 2009
Ampenan? - -
Makasar2 1987, 1990, 1995, 2000, 2001, 2010, 2011, 2012, 2015 2011
Tahuna? 2007, 2010 -
Luwuk3 1999, 2010 -
Sanana3 - -

The cut off did not affect cessation dates of the Anomalous accumulation definition, because
the dates are associated with the maximum of anomalous accumulation. During the
corresponding years, the maximums were always found, although they were false maximum
values. To investigate whether true maximum values occurred inside or outside the
corresponding year, we extended the end of the onset calculation date to one of the latest dates
of the two corresponding years. As a result, we found across the region that only 5 cessation

dates of Anomalous accumulation (1%) were outside the corresponding year.

2.5.,5 Driest period and onset relationship analysis

The first day of the driest period and the gap to the selected onset showed a strong relationship
for most stations for all onset definitions (Table 2.6). The strongest relationship was found in
Makasar for all the definitions. Most stations have a negative slope indicating that the earlier the

driest period occurs the shorter the gap to the onset. There were six stations with a consistently
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significant relationship for all definitions (Bandaaceh, Semarang, Palangkaraya, Ampenan,
Makasar and Luwuk), while some stations have no significant relationship for any definition
(Padang and Bogor). Accumulated precipitation-based definitions (Agronomy and Modified

BMKG) generally have a lower relationship at semi-annual stations.

Table 2.7 Linear relationship between the first day of the driest period and the number of days
that separate this date and the onset date of the rainy period for the three onset definitions using
the flexible corresponding year.

Stations Agronomy Anomalous acc. Modified BMKG
bo b1 R? bo b1 R2 bo b1 R?
Bandaaceh! 3157 -1.1 0.4 2139 -0.7 0.5 392 -1.3 04
Medan! 583  -0.1 0 1309 -04 0.3 91.1 -02 0
Sibolga! 485 -001 0 159.8 -0.5 0.3 1159  -04 0.2
Padang! 245 02 0 1829 -0.6 0.4 1057  -02 0.1
Mempawah! 176.3  -0.5 0.2 1689 -0.5 0.2 228.1 -0.7 0.1
Bengkulu? 1212 -0.2 0 219.8 -0.7 0.4 1254 -02 0
Bogor? -8.7 0.3 0.1 165.7 -04 0 1412 -03 0
Semarang? 309.3  -1.0 0.5 2614 -08 0.3 2943 -09 04
Palangkaraya? 2294 0.7 0.2 2555 -08 0.4 4634 -15 04
Ampenan? 36.8  -0.9 0.4 279.6 -08 0.4 3877 -1.3 0.5
Makasar? 3450 -1.1 0.7 3413 -1.0 0.9 3724 -13 0.8
Tahuna? 160.7  -0.5 0.2 2927 -09 0.6 189.9  -05 0.1
Luwuk3 575.8  -1.7 0.2 4741 -12 0.2 7428 21 0.4
Sanana’ 5179 -15 0.4 319.0 -0.7 0.1 4806.1 -1.2 03

Number codes indicate the station located in semi-annual (1), monsoon (2) or anti-monsoon (3) regime. Bold
indicates significant at 95%.

2.6 Discussion

We proposed a driest period-based approach to define the corresponding years for onset and
cessation date determination. This is important for defining the starting point of the onset
calculation and, particularly, the length of the corresponding year for the onset and cessation
dates’ determination. The corresponding year traditionally has a fixed starting and ending date.
It starts from the driest month and end before the driest month of the following year, referring
to a calendar year (Ati et al. 2002; Liebmann et al. 2007). Using the same approach, instead using
a fixed driest month, the corresponding year can also be determined by a flexible driest period.
The driest period is defined as the longest occurrence of at least 14 consecutive days with the

lowest cumulative precipitation within the May-October period for monsoon and semi-annual
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regimes or July-December for anti-monsoon regime. Using this new approach, we found that
the driest periods were distributed over 3 months and shifted between the regimes. The spatial
progress of the driest period between stations was very similar to the progress of the onset of
the rainy season. Depending on the stations’ precipitation characteristics, sometimes the
precipitation did not cease completely, especially at semi-annual stations, and therefore the
precipitation accumulation during the driest period was sometimes significantly greater than
zero. This is mostly found at semi-annual stations, which is strongly related to its precipitation
pattern that has continued precipitation throughout the year (Aldrian and Dwi Susanto 2003;
Moron et al. 2009b). Consequently, in such cases it is hard to define the driest period while it is
happening. Therefore, developing a robust method for defining the driest period in real time

provides a challenging topic for future studies.

The average length of the flexible years varied across the region; none were significantly
different from 365 days. The minimum and maximum length of the flexible year were 206 and
508 days; approximately 5 months deviation from a normal calendar year and occurred in 2010
and 2011 at Mempawah. In 2011, the driest period occurred early (in May) resulting in very
short and long flexible years for respectively 2010 and 2011. This pattern generally existed across
all stations, resulting in a strong negative correlation between the first day of the driest periods

and the length of the flexible years.

We selected three onset definitions to compare the onset and cessation dates resulting from the
two approaches to define a corresponding year. The definitions are Agronomy, Anomalous
accumulation and a modification of the local IMC definition, named modified BMKG. The first
two definitions are the most widely used definition and have been applied in various regions,
including IMC (Marjuki et al. 2016; Moron et al. 2009b; Moron et al. 2010; Robertson et al.
2009), Southern America (Liebmann and Marengo, 2001, S. Debortoli et al., 2015), Northern
America (Misra and DiNapoli 2013), Asia (Misra and DiNapoli 2014; Moron et al. 2009a) and
Africa (Ati et al., 2002, Segele and Lamb, 2005, Dunning et al,, 2016). The Anomalous
accumulation definition produced the least variability across the region. This confirms the
flexibility of this method and its ability to define the onset for a wide range of climatic regions,

such as semi-annual, which have multiple peaks in annual precipitation and no clear difference
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between wet and dry season (Boyard-Micheau et al., 2013). Meanwhile, other definitions have a

greater total onset variation.

The difference between the two corresponding years is minor but has important implications
on the onset and cessation dates of the rainy season. The three onset definitions used in this
study have different average onset and cessation dates for the flexible and calendar
corresponding years. However, interannual variation of onset and cessation dates showed that
the majority of the onset and cessation dates were the same for both corresponding years. Those
cover 60% to 83% of onset dates across the definitions and 63% to 95% of cessation dates. The
onsets of calendar years were sometimes earlier than onsets of flexible years particularly when
the driest period occurred after the starting date of calendar year (1% August). Due to its high
sensitivity to the accumulation of precipitation (Ati et al. 2002; Boyard-Micheau et al. 2013), the
accumulation-based definitions sometimes found the onset of the rainy season between 1%
August and the driest period. In addition, the use of a fixed end of corresponding year caused
that some cessation dates could not be determined within the current calendar year due to
intense precipitation throughout the year. These findings are important for climate change
studies, and in particular those that focus on trend analysis. Premature onset or delayed cessation
dates result in sudden changes and may cause significant impacts on the determination of trends.
Supari et al. (2017) argued that the presence of sudden changes in the data, particularly at the

end of the observation period, had changed the trend from insignificant to significant.

Boyard-Micheau et al. (2013) showed the onset dates of Anomalous accumulation definition
shifted by a few days, depending on the average daily precipitation selected for the calculation,
but they did not explain the impact on cessation dates. In this study, we found that in all onset
dates of Anomalous accumulation, approximately 62% of the cessation dates were the same for
both corresponding years. However, the chance to have earlier or later onset or cessation dates
was affected by the variation in average daily precipitation. The results suggested that the higher
the average daily precipitation, the higher the possibility of earlier and later anomalous

accumulation for respectively onset and cessation dates.

The relationship between the occurrence of driest period and the onset of the rainy season
suggests a strong predictability of the rainy season onset over the region. The coefficients of

determination of the linear regressions were mostly significant for the stations under the
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Anomalous accumulation. However, the correlations for the onsets of the two precipitation
accumulation-based definitions were generally weak at semi-annual station. It indicated that
likely other variables play an important role. This result agrees with a previous study by Moron
etal. (2009b; 2010) that found strong correlation between agronomic onset dates and sea surface
temperature over the tropical Pacific and Indian Oceans during July. Our method offers a
simplification for field and real time projection once the driest period can be precisely
determined. However, as the current method for determination of the driest period for the semi-
annual and monsoonal regimes can only be established after October, an alternative definition
for the driest period needs to be developed for forecasting purposes. A possible alternative
definition of the driest period, to be tested in the future, is the first n-consecutive days receiving

a precipitation less than the 5th percentile of long-term n-days accumulated precipitation.

Considering the very varied conditions of precipitation and geography of the study area, the
existence of a strong correlation between the driest period and the onset of the rainy season
suggests that this method may be adopted in other regions with similar climatology. It should
also be noted that the precipitation regime over the interested area need to be firstly identified

to propetly determine the driest period.

2.7 Conclusion

Changes in rainy season characteristics due to climate change may result in increased daily
precipitation, decreased number of rainy days, and delays in the onset of the rainy season
(Dunning et al. 2018). Hence, it is important to take into account all possible variables
characterizing the climate, including the corresponding year for rainy season onset and cessation
date determination. Limited knowledge on how the selection of a corresponding year may affect
the onset and cessation date determination, was identified as a scientific gap. Moreover, also an
open question was what the potential of the flexible driest period is to predict the onset date of
the rainy season. The goal of this research was to test a method to define a flexible
corresponding year for onset and cessation date determination based on the driest period in the
year. The results showed that this method is advantages over the commonly used fixed calendar
based corresponding year: the flexible year prevents the occurrence of premature cessation dates
and keeps the cessation dates within the corresponding year. The occurrence of premature

cessation dates when using the calendar year is generally caused by the presence of a significant
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long dry period within the year. Likewise, a decrease in precipitation events sometimes occurs
outside the calendar year, causing the end of the rainy season to occur outside of the year. The
gap between the first day of the driest period and the onset date has significant linear relationship
with the onset date of the rainy season for all stations over the region, particularly with the onset

of anomalous accumulation definition.

Further research is needed to refine this method so that the driest period can be identified during
the year in real time, especially in areas where rainfall occurs all year. Although, the methodology
has so far only been tested and applied to the IMC, the developed method could potentially
offer a promising approach for calculating rainy season onset and length in other tropical regions
of the world. If the method is successful in other regions, use of this method may aid not only
in trend analysis for calculation of climate change impacts, but also real time prediction of the

onset of the rainy season across many regions.
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Chapter 3

Rainy season drought severity trend analysis of the
Maritime Continent

This chapter is based on the published paper: Ferijal, T., O. Batelaan, and M. Shanafield. Rainy

season drought severity trend analysis of the Indonesian maritime continent. Inernational

Journal of Climatology. DOI: 10.1002/joc.6840

3.1 Abstract

Drought is generally associated with a long-term reduction in total precipitation. However,
changes at shorter time-scales can also induce drought conditions. This study analyses trends of
meteorological drought severity during the rainy season in the Indonesian maritime continent.
We propose a new dry spell index to characterize this drought severity. The anomalous
accumulation definition was used to define a single most intense rainy season for region with
one or two rainy seasons per year. The Mann—Kendall test was applied for trend analysis of the
index. Temporal and spatial drought characterisations were compared between the dry spell
index and standardized precipitation index. The results show that in semi-annual and anti-
monsoonal regimes the rainy season precipitation increases, the number of dry days decreases,
and long dry spell contribution decreases, overall causing a decrease in drought severity. Over
the same period, the number of dry days, duration of the extreme dry spell, and long dry spell
contribution increased in the monsoon regime, indicating a tendency towards a drier condition.
In contrast, standardized precipitation index showed a strong tendency towards a wetter

condition during the rainy season over this region.

3.2 Introduction

Drought is a complex and recurring global phenomenon that has devastating effects on large
and important ecosystems. Increased intensity and frequency have increased the impact of
drought during the last three decades financially (T'sakiris, 2017). Spatio-temporal discrepancies

in water demand, along with climatic and geographic variability, have hampered the
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development of a unified definition of drought (Mishra and Singh, 2010). This complexity also
has stimulated the development of various drought indices to provide a simple representation
of the severity of drought induced by multiple variables (Tsakiris 2017). Current drought studies
agree that precipitation is not the only cause of drought; however, the precipitation variability is

believed to be the main driving factor in drought development (Van Loon, 2015).

Precipitation variability is highly affected by the availability of energy in the atmosphere. Global
change in atmospheric conditions due to human activities has resulted in a warmer earth,
providing more energy and creating a more active atmosphere that increases precipitation
variability (Katl and Trenberth, 2003, Fischer and Knutti, 2016). The indication of this change
can be observed through the increase in the intensity of extreme precipitation, which was found
in many parts of the world (Groisman et al., 2005, Qian et al., 2007, Allan et al., 2010). Trenberth
et al. (2003) argued that the fundamental change in precipitation due to the increase in intensity
is the decrease in the duration and frequency of precipitation events. This implies that we might
not find meaningful changes in accumulated precipitation, despite changes in the number of

dry/wet days.

Analyses based on accumulated precipitation over a period of time have failed to detect drought
occurrences at finer time-scales (Anagnostopoulou et al., 2003). Dry spell analyses have
therefore been used globally in drought studies (Anagnostopoulou et al., 2003, Cindri¢ et al.,
2010, Sushama et al., 2014), as the presence of dry spells contributes to an increase in drought
severity (Lana et al., 2008, Huang et al., 2015, Pérez-Sanchez and Senent-Aparicio, 2017). A dry
spell is defined as a consecutive number of dry days, while the dry day is a day without
precipitation or precipitation less than a threshold value. The two most commonly used
parameters in drought studies are duration and frequency of dry spells. In terms of duration,
some studies focused only on the maximum duration of spells (Kostopoulou and Jones, 2005,
Seleshi and Camberlin, 2006, Singh et al., 2014, Kebede et al., 2017), while others considered
grouping multiple dry spells (Anagnostopoulou et al., 2003, Tolika and Maheras, 2005, Dash et
al., 2009, Huang et al., 2015).

Both the seasonal change of drought and the increase in precipitation variability have begun
receiving attention. The differences between rainy and dry season precipitation are expected to

increase with the changes in the global water cycle (Trenberth et al., 2013). In general, for the
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last 30 years the global mean precipitation tends to increase during the rainy season and decrease
during the dry season (Chou et al., 2013). However, when the analysis was extended to the last
90 years, no change was found in total rainy season precipitation, while total dry season
precipitation increased (Murray-Tortarolo et al., 2017). The increase in total dry season
precipitation was attributed to higher precipitation rates. This increased precipitation rate would
also occur during the rainy season, hence, changes in the structure of wet and dry spells are

expected.

Considering the severity of drought is site specific and influenced by several factors, a relative
condition of drought is more appropriate than an absolute value (Wilhite and Glantz, 1985) in
both the spatial and temporal context. Increases in dry and wet spell intensities have been
observed in South Asia (Singh et al., 2014) and India (Singh and Ranade, 2010). Recently, Supari
et al. (2018) found the maximum dry spell duration during the El Nino years significantly
increased in some parts of Indonesia, even within the wettest period in the year. However, they
did not analyse the possibility of change in the frequency of shorter dry spells, which would also
aggravate drought severity. Although these short dry spells may not produce severe drought
condition, dry spells just a few days in length during the rainy season will result in reduced water
availability, which is the initial stage of drought development. Hence, it is important to consider
all changes in the dry spell structures to analyse the variation in drought severity resulting from

the presence of dry spells during the rainy season.

Therefore, the objective of this study is to analyse trends in meteorological drought severity
during the rainy season. We propose an index to estimate the drought severity during the rainy
season which is defined using anomalous accumulation method. The index is generated from
the dry spell characteristics, hence we named it the dry spell index (DSI). As opposed to the
consecutive dry day (CDD) index, which only accounts for the maximum duration of dry spells
(Zhang et al., 2011), the DSI integrates both dry spell frequency and duration , as well as the
total number of dry days and the length of rainy season into a single estimate of drought severity.
Since a strong correlation exists between standardised precipitation index (SPI) and dry days
(Fischer et al., 2011) and more consecutive dry days increase drought severity (Huang et al.,
2015), we hypothesize that DSI can capture the changes in the level of drought due to the

variability in precipitation as well as dry spells. Contrary to other existing drought indices which
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are only applicable for a fixed duration, DSI can be used to measure the drought severity over
flexible duration. However, we also compare the DSI trends derived over flexible rainy season
with the DSI and SPI trends derived from a fixed rainy season which is defined base on regional
mean onset and cessation dates. We selected the Indonesian Maritime Continent as a study
region, considering that this region experiences rainy and dry seasons with strong local features

and influence from El Nino-Southern Oscillation (Zang et al. 2016).

3.3 Study Area

The IMC has unique and complicated spatial and temporal precipitation variability. Located in
the middle of the indo-pacific warm pool, the IMC receives large amounts of precipitation and
also releases enormous amounts of latent heat to the surrounding areas, causing it to be known
as the “broiler box” (Simpson et al. 1993; Qian 2008; Zhang et al. 2016). The IMC covers more
than fifteen thousand islands including five main islands, namely Sumatera, Java, Kalimantan
(southern Borneo), Sulawesi and Irian Jaya (New Guinea), as well as other small islands, which
stretch along the equator from 95°E to 142°E and across the equator from 6° N to 11°S (Figure
3.1). The region consists of lowlands, highlands and huge mountains causing strong variation in
precipitation and other climate parameters. The higher altitude areas usually have more intense
precipitation and lower temperature. Western Sumatera and central Kalimantan generally
receive more precipitation while the south eastern region, and in particular the eastern part of

Lesser Sunda Island, receives the least precipitation (Mandapaka et al. 2017).

This region is also influenced by a strong monsoon as the result of the movement of the Inter-
Tropical Convergence Zone (ITCZ). Dry and rainy seasons are associated with the southeast
and northwest monsoon, respectively (Aldrian and Dwi Susanto 2003; As-Syakur et al.,
2010), driven by the development of the I'TCZ. The wettest period, January and February,
occurs when the ITCZ is located in its southern-most position, while the driest period, July to
September, occurs when it is positioned north of the equator (Yanto et al. 2016). The rainy
season lasts for approximately 6 months, but according to Aldrian and Djamil (2008) the length

of the dry season has increased in recent decades, especially in coastal areas.
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Figure 3.1 Mean annual precipitation for period 1980-2016 of selected stations over Indonesian Maritime Continent based on daily
precipitation recorded by BMKG during the period of 1980-2015. The region divided into 3 precipitation regimes: monsoon, anti-monsoon
and semi-annual (Aldrian and Dwi Susanto 2003).



The annual precipitation variability of the IMC can be classified into three regimes (Aldrian and
Dwi Susanto 2003). The first monsoon regime is strongly influenced by the NW monsoon,
usually from November to March, bringing precipitation to the region, while the NE monsoon,
from May to September, causes a dry condition in the region. Most of the IMC area falls under
this monsoon type of precipitation. The second regime is semi-annual, which is characterised
by a quasi-absence of a rainy and dry season, because rain events occur over the entire year. This
regime has two more intensive precipitation periods: October-November, which is the main
rainy season and March-May. The last regime is the anti-monsoon, which covers most of the

eastern part of the IMC. It has one precipitation period occurring from June to July.

3.4 Data and Methodology

3.4.1 Data

This study used daily precipitation collected from the Indonesian Agency for Meteorology,
Climatology and Geophysics (BMKG). The BMKG also provides information on CDD for
daily operations. The stations were selected for good spatial coverage over the region and cover
all the precipitation regions as well as the range of annual precipitation. Although precipitation
data has been collected for two centuries in Indonesia, the number of stations that have
complete data is very limited for the eastern, mostly anti-monsoon, region (Table 3.1). Analysis
was limited to stations that have data for at least 20 complete years after 1980. A complete year
is defined as a year that has 12 complete months of data, while for a complete month we adopted
the definition of maximum 3 days of missing data (Supari et al. 2017). The missing data was
simply replaced by zero. The data in missing months were replaced by the daily average of the
whole period. However, years with missing months were excluded from the analysis if a missing

month occurred within the rainy season.
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Table 3.1 Selected stations their characteristics and data availability. The stations are listed from west to east according to their precipitation
regime.

Station Location ID Lat/Long Elevation Start End Missing Average'An'n ual
(m) (years) Precipitation
Banda Aceh! Blangbintang 96011 5.52° N, 95.42° E 21 1982 2016 2 1,544
Medan! Kualanamu 96035 3.63° N, 98.87° E 25 1980 2016 1 2,369
Sibolga! Pinangsari 96073 1.55" N, 98.88° E 3 1980 2013 3 4,545
Padang! Tabing 96163 0.88° S, 100.35° E 3 1982 2016 6 4,235
Mempawah! Sungainipah 96583 0.07° N, 109.30° E 3 1986 2016 0 2,808
Bengkulu? Padangkemiling 96253 3.88° N, 102.33" E 16 1980 2013 0 3,341
Bogor? Darmaga 96753 6.50° N, 106.75" E 250 1980 2013 0 3,858
Semarang? Ahmadyani 96839 6.98° §,110.38° E 3 1986 2016 0 2,281
Palangkaraya? Panarung 96655 2.22°§5,113.94° E 27 1980 2016 1 2,920
Ampenan? Selaparang 97240 8.53°§,116.07° E 3 1986 2016 2 1,734
Makasar? Paotere 97182 5.07° §,119.55" E 14 1983 2017 5 2,753
Tahuna? Naha 97008 3.35° N, 125.28" E 38 1986 2016 0 3,305
Luwuk? Bubung 97086 1.04° S, 122.77° B 17 1981 2016 8 1,243
Sanana’ Emalmo 97600 2.08° N, 126.00° E 2 1980 2012 7 1,400

Isemi-annual, >monsoon and Janti-monsoon precipitation regime



3.4.2 Methodology

3.4.2.1 Definition of the rainy season and dry spell

In characterizing the rainy season, the most challenging task is determining the onset and
cessation. While many methods have been developed, none of them have been broadly accepted
(Fitzpatrick et al., 2015, Bombardi et al., 2020). Generally, the method used is based on the data
available and the purpose of the analysis. In this study, we selected one of the most widely used
precipitation-based methods, namely Anomalous accumulation. In order to deal with the
characteristics of the study area, the modified of Anomalous accumulation (as described in

section 2.4.2.2) was selected to determine onset/cessation dates of rainy season.

Various threshold values, ranging from 0.1 to 25 mm, are used to define the dry days
(Mathugama and Peiris, 2011). However, due to the high evaporation rate for the IMC, Marjuki
et al. (2016) suggested applying a threshold value in the range of 2.5-5 mm. Additionally, Wati
et al. (2019) found that the evapotranspiration in Java and Bali Islands is generally lower than
the 5 mm/day threshold typically used by BMKG to define the rainy season onset in Indonesia.
Therefore, we selected 2.5 mm as the threshold to differentiate between wet and dry days. Based
on the definitions, we extracted parameters related to the rainy season characteristics and dry

spells, as shown in Table 3.2.

Table 3.2 List of rainy season parameters used in this study

Name Definition Unit
RSL Total length of rainy season days
RSTP Total precipitation during the rainy season mm
NDD Number of dry days day
FDS Frequency of dry spells -
CNDD Contribution of total NDD to the RSLL %
CSDS Contribution of short dry spells (duration less than 4 days) to the RSL %
CLDS Contribution of long dry spells (duration at least 4 days) to the RSL %
XDS Maximum length of dry spells during the rainy season days
R90 The 90t percentile of daily precipitation rate mm/day
3.4.2.2 Dry spell index

To understand changes in the level of drought over time, a single value is needed to characterize
drought severity. Here, we define a dry spell index (DSI) that takes into account the

characteristics of dry days, dry spell and seasonal length:
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DSI = — S0P w; (3.1)

where NDD is the number of dry days, RSL is rainy season length, and »; is the weight assigned
for each day within a given dry spell, with the weights increasing linearly with the length of the
dry spell. This is based on the assumption that the impact of consecutive dry days to the drought
increases from the first day to the last. This weighted index allows differentiation between the
impacts of various dry spell durations on drought severity; for example, a 6-day dry spell has a
bigger impact than a 3-day dry spell. But, the distribution of dry days is also important. For
example, a 2 month long rainy season (RSL = 60) where the total number of dry days is 30
(NDD = 30). If there is rain every other day, »; = 1 for all dry days, so here » = 30 in total. In
contrast, if there are 30 consecutive dry days, then w = 465 (l.e. wy = 1, w2 = 2...w3 = 30). The
second scenario produces a much higher index than the first one due to variation in the dry
spell structure. A similar weighted method has been used in previous studies (Byun and Wilhite,
1999, Laux et al., 2009) to quantify drought severity based on the daily depletion of water
resource. However, this method is far from ideal for the IMC as water resources during rainy

season generally show an increase in the storage due to the high precipitation.

3.4.2.3 Standardised Precipitation Index

Drought severity assessment based on a Standardised Precipitation Index (SPI) was chosen as
a method for comparison with DSI. SPI is the most widely used index to assess the level of dry
or wet conditions (McKee et al., 1993). The index is based on the deficits and excesses of the
accumulated precipitation over a selected period; usually 1, 3, 6 or 12 months. The calculation
procedure includes the process of fitting the precipitation to a gamma distribution and
transforming to a standardized normal distribution (Fischer et al. 2011), which makes it possible
to compare observation or simulation data of distinct climatic or hydrological regions (Bordi et
al., 2004). The SPI values range from greater than 2 (extremely wet) to lower than -2 (extremely
dry). The drought severity simply increases if the SPI decreases and vice versa. In this study, the
SPI index was calculated using the SPI program from the National Drought Mitigation Centre
(https://drought.unl.edu/). We used daily data as input for the program to generate a monthly
time step SPI information of accumulated precipitation over the defined time scale. From the
output, we then created time series for the selected period only. Hence, to create the time series

of SPI for period September-November, we used only the September index from the output of
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3 months’ time-scale. The time series were then used for further analysis such as comparison or

trend test for September-November SPI.

3.4.2.4 Trend test

The non-parametric Mann-Kendall (MK) trend test evaluates the significance of monotonic
trends in data series of selected parameters. The test has been widely used in hydrology and
climatology. It tests the null hypothesis (Hg) that no trend exists in the series. The statistics of

the test are defined as
S = X i sign(X; — X;) (3.2)

where 7 is the number of observations, X or X are the /* or 7 data, and

1 ifo >0
sign(8) =4 0 ifg =0 (3.3)
—1  if6 <0

The statistic S is approximately normally distributed, it has a mean equal to zero and a variance

defined as
Var(S) = [n(n — 1D(2n +5) - X7, ;(t; — 1)(2¢; + 5)] /18 (34

where 7 is number of tied observations, and  is the number of tied groups. The test uses the

standard normal distribution to evaluate the standardized test statistic of Zs calculated using:

S—1/{yVar(S) ifS >0

Z;i={ 0 ifS =0 (3.5)
S+1//Var(s) ifS <0

The Howill be rejected if the absolute standardized test statistic of Zy is greater than the critical
value of Z,; at significance level o/2 for normal distribution. At this condition, the test suggests
that the observed trends in the series are significant. However, failing to reject Hodoes not mean
a trend does not exist in the series rather than that there is not enough evidence to conclude
that there is a significant trend. The sign of the Zy value indicates the direction of change,

positive or negative. To quantify the slope of change, this study used Sen’s slope that is
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calculated using Theil-Sen’s slope estimator, which has been considered to be a robust slope

estimator. The Theil-Sen’s slope estimator is defined as

. X=X
s = Medlan( L l

Ji<j (3.6)
where sis the estimated slope, X is the /” data. This method has been widely used to define the

slope along with trend analysis (Yue et al., 2002).

We assume that the data used for trend analysis are serially independent. This assumption is
based on the fact that all parameters (as listed in Table 3.2) are seasonally and independent of
each other. There is a probability that for some years the method fails to find the onset or
cessation date. For that reason, only stations that have minimum 20 continuous years of data

were tested for a trend.

3.5 Results

The 14 selected stations used in the analysis are well distributed over the region and precipitation
regime. However, a smaller number of stations occur in the eastern part of the region, which
mainly has an anti-monsoon precipitation regime. Figure 3.1 shows the annual precipitation of
the selected stations in the IMC region, with distinctive annual precipitation patterns varying
from less than 1500 to more than 4000 mm/year. The stations located in the western region
have larger annual precipitation than in the eastern region. Monthly precipitation patterns show
the differences between the regimes (Figure 3.2). The precipitation concentrates mainly at the
beginning of the year for monsoon, at the end of the year for semi-annual, and at the middle of
the year for anti-monsoon stations. The bulk of the precipitation amount is generally distributed

over the months Nov-Feb for monsoon stations and Sept-Oct for semi-annual stations.
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Figure 3.2 Monthly mean precipitation of 7, 5 and 2 stations in the monsoon, semi-annual and
anti-monsoon regimes, respectively, for the period 1980-2014.

3.5.1 Comparison of indices

The DSI and SPI indices have strong negative correlation (r < -0.4) at all stations except at
Bengkulu and Luwuk. Medan station was selected for detailed comparison between DSI and
SPI. Both indices were calculated at a 3-month time scale (September — November, SON). For
the comparison, the anomaly SPI was created and compared with the inverse anomaly of DSI
because these indices have an opposite progression. That is, a higher index of SPI indicates
lower drought severity, while a higher DSI indicates higher drought severity. Temporal variation
showed good agreement between the methods for changes in drought severity (Figure 3.3),
particularly for wet years such as 1982, 1987, 1998, and 2012. Meanwhile lack of agreement
between the indices was found for dry years (1984, 1990, and 2009). Those patterns were also
observed at Bengkulu (Figure 3.3.b), Semarang (Figure 3.3.c) and Luwuk (Figure 3.3.d). Any
time when the total precipitation was higher than average, i.e. wetter conditions, the number of
dry days generally decreased, resulting in a decrease in DSI. Therefore, DSI was capable to
capture wet conditions although it does not consider the precipitation amount. Comparing two
years with similar precipitation (2005 and 2006, with 527 and 513 mm of rainfall, respectively),
the SPIs were similar but DSIs were significantly different because the number of dry days in
2006 was higher than in 2005. The impact of dry days on DSI can also be observed in 1993 and
2011 at Semarang or in 2010 at Luwuk. Those years had high in both total precipitation and

number of dry days causing huge different between the indices.
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The precipitation amount showed a strong correlation with the number of wet days but less
strong with distribution of dry spell durations. Therefore, SPI could perfectly capture the wet
condition but was unable to capture the dryness related to the presence of dry spells. A clear
example on how variation in number of dry days and dry spells impacted the variation in DSI
can be clearly seen at Luwuk which generally has low annual precipitation. For example, a
significant impact of duration of dry spells on the index can be illustrated by comparing dry days
in 1986 with 1991 in which during those years the number of dry days was similar but the DSI
was different. A similar condition was also found in the comparison between the dry spells in
1989 and 1983. The impact of dry spell duration can also be seen in 1984 and 1990 at Medan in
which the number of dry days, number of dry spells and total precipitation in those years were
relatively similar. The SPI, in those years, showed a similar level of dryness but DSI indicated
that 1990 was dryer than 1984 because the maximum duration of dry spell in 1990 was higher
than in 1984. Paired T-test on in verse DSI and SPI anomalies showed a poor and positive
correlation (r=0.26). On average, the inverse DSI anomalies were slightly larger than the SPI

anomalies, but they were not significant at a 95% confidence level (t01=1.569, p=0.12).

44



r 120

F 100

sAep AT / vonepdroarg

F 80
F 60
F 40
F 20

0

r 200

sAep Ai(] / voneydioarg

- =1 - o Lat]

Aqewoue 14s / IS 2s12xU]

_

=

T
i o
=] S —

S[ewoue [4S / (T asiaau

1oz
o1oT
600T
800T
£00T
900T
€00t
00T
£00T
00T
1002
000Z
6661
8661
L661
9661
€661
661
€661
o6l
1661
0661
6861
8861
L86T
9861
€861
861
€861
861
1861
0861

sAep Aicq / voneydoalg

=
=~ (SIS — =]
. |

saep A1(] / uonepdroang

_—
<

T T
wy o

<
AJewoue T,

T
4] : H
<

dS /1S as1eAu]

€10T
¥10oT
€102
<10z
1102
010T
600T
800T
L00T
900T
£00T
v00T
£00T
<00t
100T
0002
6661
8661
L661
9661
S661
v661
€661
1661
0661
6861
8861
L861
9861

_— '
= A[ewoue [4S / [SCI oSkl

*10 EDry days -+Inverse DST -SPI

ETotal Precipitation

Figure 3.3 Comparison between Dry between Dry Spell Index (DSI) and Standardised

Precipitation Index (SPI) at the (a) Medan, (b) Bengkulu, (c) Semarang, and (d) Luwuk stations.

For comparison purposes, the inverse DSI anomaly was plotted against SPI. Both indices were

calculated over a 3-month (September-November) period.
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3.5.2 Seasonal characteristics

3.5.2.1 Onset and cessation of rainy season

High precipitation variability in this region caused some years to have a very short rainy season.
In this study we only considered the rainy seasons that last longer than 45 days for further
analysis. Based on this criteria, in total, about 5% of all station years were discarded from the
analysis. Semi-annual stations generally had mean onset in September and cessation in
December. Monsoon stations had a start of rainy season in October or November and end in
March or April. Anti-monsoon regime had a rainy season from February to July. These results
suggest that the rainy season of the IMC starts in northern Sumatera and moves southward in
Sumatera and eastward to Kalimantan. After crossing to Java, the progression moves eastward
along with similar movement in Kalimantan and Sulawesi. A similar pattern was also observed
in rainy season cessation particularly for the semi-annual regime. Another route of cessation
progression starts from south east (Lesser Sunda Islands and East Java) and moves westerly

along Java and northerly toward Sulawesi and Kalimantan.

Time of occurrence of the onsets and cessations generally were found within a similar time
frame for monsoon and semi-annual stations. Most of the onsets (90%) occurred within a 4-
month time frame i.e. Sep-Dec for monsoon and Aug-Nov for semi-annual regime. Meanwhile,
the cessation dates were found mostly within a 5-month range, Feb-Jun and Oct-Feb for
monsoon and semi-annual respectively. For the same frequency of occurrence, the onsets and

cessations spread into a 6-month period for the anti-monsoon regime.

Variability is noticed in the most-advanced and most-delayed onset and cessation dates (Table
3.3). In the semi-annual regime, the most advanced and delayed onsets were recorded at
Mempawah, while for cessations, they were recorded at Sibolga and Padang, respectively. For
the monsoon regime, the most advanced onset and cessation were recorded at Bogor, while for
the most delayed onset and cessations were recorded at Ampenan and Tahuna. In the anti-
monsoon regime, Luwuk had the most advanced onset and cessation and Sanana had the most

delayed onset and cessation.

The variability in onset and cessation was greatly influenced by the occurrence of El-Nino and
La-Nina years in the region. For instance, the most-advanced onset dates at monsoon stations

were found in 2010, which was one of the strongest L.a Nina years. Likewise, the most-delayed
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onset in some stations was found to occur during the strongest El-Nino year, 1997-1998. To
investigate this influence, the five eatliest and latest onsets/cessations were selected from each
station and classified as advanced and delayed occurrences. These occurrences then were
classified into El Nino, La Nina or normal year based on the Oceanic Nino Index
(https://ggweather.com/enso/onihtm). The results (Figure 3.4) suggest that most of those
advanced/delayed onsets occurred during La Nina/El Nino years. Similatly, this pattern was
also observed in cessation. During La Nina years, in which the region receives more
precipitation, the onset and cessation dates occurred earlier. Likewise, during the El Nino, when
drier conditions were generally dominant, the onset and cessation dates were late. These results

are in line with Marjuki et al. (2016).
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Figure 3.4 Total frequency of occurrence of the five most advanced and delayed onset and
cessation dates for normal and ENSO years.

Negative and positive trends are detected in the onsets and cessations but only few of them are
significant. Positive trends are mainly found in the onsets of semi-annual and anti-monsoon
stations, which is significant at Bandaaceh. On the contrary, most of the monsoon stations have
negative trends in onsets indicating that the onset tends to occur earlier than in previous years.
Meanwhile, no clear spatial pattern is found in the cessations although they exhibit more

significant trends. Significant increasing trends are detected at two semi-annual stations
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(Bandaaceh and Mempawah), while decreasing trends are found for two monsoon stations

(Semarang and Tahuna).

3.5.2.2 Length and total precipitation of rainy season

The average length of the rainy season (RSL) ranged from 97 days in Padang to 194 days in
Bogor (stations 4 and 7 in Figure 3.5). The monsoon stations generally had an RSL of
approximately six months, which is longer than the semi-annual and anti-monsoon stations.
Although they had longer RSL, anti-monsoon stations generally had lower total rainy season
precipitation (RSTP) than semi-annual stations. Based on the mean onset and cessation dates,
we selected October as starting month of the rainy season for the semi-annual and monsoon
regime, and February for the anti-monsoon regime. The seasonal lengths for the stations were
3, 6 and 5 months for semi-annual, monsoon and anti-monsoon regimes, respectively.
Therefore, we defined the fixed regional rainy seasons as Oct-Dec for semi-annual, Oct-Mar

for the monsoon and Feb-June for the anti-monsoon regime.

3000
@

5
. 2500 @
g ® ®
g ™ ®  Scmi-anaul
.S emi-annua
s
& 1300 ©) O Monsoon
=
g 1000 2| @ < Anti-monsoon
vl
&
E\ 500
[+~
(a4

0

60 110 160 210

Rainy season length (days)

Figure 3.5 Strong regional characteristic in relationship between the average of rainy season
length vs total precipitation. The numbers in each symbol refer to the stations given in Table
3.2.
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Table 3.3 Characteristics and trend test result of onset and cessation dates

No Stations Annual Onset Cessation
precipitation Most Most Mean Change Most Most Mean Change

(mm) advanced delayed rate! advanced delayed rate!
1 Bandaaceh 1,544 20/07/1991 15/11/1992  29-Sep 12* 4/11/1986 3/03/2013 6-Jan 11*
2 Medan 2,369 18/06/2003 6/11/2010 23-Aug 6 24/10/2009  15/02/1999 7-Dec 3
3 Sibolga 4,545 15/06/1983  10/11/1985 1-Sep 1 17/08/2003 11/02/1994  12-Dec 3
4 Padang 4,235 2/06/1995 7/12/1996 17-Sep 6 23/09/2001  15/05/1997  23-Dec -4
5 Mempawah 2,808 22/05/2008  30/12/2015  16-Sep 17 29/09/1988 4/03/2016 27-Dec 15%
6 Bengkulu 3,341 11/07/2010 6/01/1998 13-Oct 3 30/11/1980  9/07/2007 16-Mar 4
7 Bogor 3,858 3/06/2005 18/01/2002  16-Oct -14 30/10/2010  26/07/2001  28-Apr -16*
8 Semarang 2,281 8/08/2010 13/01/1994  1-Nov -9 8/02/2011 11/07/2016  18-Apt 12
9 Ampenan 1,734 9/09/2010 15/03/1998 5-Nov -2 5/02/2011 31/07/1998  18-Apr 11
10 Palangkaraya 2,920 5/09/2010 5/02/1981 1-Nov -6 13/11/2010  25/07/1998  11-May -2
11 Makasar 2,753 16/10/2005 6/01/1995  26-Nov -2 19/02/2003 2/08/1998 23-Mar 9
12 Tahuna 3,305 24/09/1996  13/02/1989  9-Nov -4 28/12/2015 4/08/1995 29-Mar -35%%
13 Luwuk 1,243 14/10/2008  26/04/2002 4-Feb -6 20/02/2011 5/10/1998 16-Jul -7
14 Sanana 1,400 13/11/2001  22/05/2000 4-Feb 24 19/03/2009 7/11/2010 4-Jul 19

!rate of change per decade calculated in days
*/** indicates that the trend is significant at 90/95% confidence interval



3.5.3 Spatial and temporal patterns of rainy season characteristics

Very few significant trends were detected in parameters at the selected stations over the IMC
region (Figure 3.6). Positive and negative trends in RSL were found (Figure 3.6a), but the trends
were significant at only two monsoon stations: an increasing trend at Semarang (8) and a
decreasing trend at Tahuna (12). The observed regional pattern is decreasing trends over the
northern and middle Sumatera and increasing trends in the central region covering Java and
Kalimantan. Less spatial coherence was observed in the eastern part although one station
showed a significant decreasing trend. Although RSL decreases, some stations in the semi-
annual regime also have an increasing trend in RSTP (Figure 3.6b), which was more likely related
to the decline in CNDD (Figure 3.6¢). Increasing RSLs, found in most monsoon stations, also
correlated with the increase in CNDDs. Stations in the anti-monsoon regime had increasing
RSTP and decreasing CNDD indicating a tendency towards wetter conditions. Meanwhile, a
tendency toward drier conditions was detected at three monsoon stations in the southern part
[Bengkulu (6), Bogor (7) and Selaparang (9)], due to the decreasing RSTP and increasing CNDD.
Positive correlations between the changes in RSL, RSTP and CNDD, were noticed for some
stations: Padang (4), Mempawah (5) and Tahuna (12), which caused difficulties in interpreting
the severity of changes at those stations. In average, during rainy season, the CNDD ranged

from 36% in Palangkaraya (10) to more than 65% in Makasar (11).

The average of FDS ranges from 18 in Bandaaceh (1) to more than 41 in Palangkaraya (10)
(Figure 3.6d). In comparison with CNDD, some opposite trends were detected, and more
significant trends were found in FDS: increasing at Semarang (8) and decreasing at Padang (4)
and Tahuna (12). The FDSs tended to decrease over half of the IMC, covering Sumatera,
western Java and western Kalimantan, while the other part tended to increase. The short spells
(<4 dry days, Table 3) were the main contributor to NDS (70-90%) and to the total dry days in
the season (22-33%). However, the CSDS generally decreased in Sumatera and Java islands
except for the two northernmost stations but increased at the three eastern most stations (Figure
3.6e). CSDS and CLDS generally had opposite trends except at two the monsoon stations Bogor
(7) and Makasar (11). CSDS was 10% higher than CLDS in both semi-annual and monsoon

regimes, but it was 12% lower in the anti-monsoon regime. On average, the CLDS tended to
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decrease 12% per decade at anti-monsoon stations and increase by approximately 7% per

decade at some monsoon stations (Figure 3.6f).

The averages of XDS durations of 8 and 9 days were similar for the semi-annual and monsoon
regimes, respectively, and almost double that of the anti-monsoon regime at 14 days (Figure
3.6g). The XDSs had a tendency to increase in the monsoon regime and were significant at
Bogor (7), meanwhile both semi-annual and anti-monsoon regimes had shorter XDSs. The
stations that had shorter duration of XDS tended to have higher R90. This negative correlation,
however, was also noticed in the trends of 50% of stations, which were mainly located in the
eastern part of the region. The R90 trends significantly decreased at Bandaaceh (1), Mempawah
(5) and Semarang (8), but increased at Sibolga (3) (Figure 3.6h). Generally, increasing trends
were detected at stations near the equator, with the exception of Mempawah (5), while
decreasing trends were found in the southern hemisphere (e.g. mostly monsoon regime).

Overall, the average of R90 ranged from 32 mm/day at Luwuk (13) to 71 mm/day at Makasar
(11).

3.5.4 Spatial and temporal pattern of drought severity

The DSIs generally had decreasing trends at all stations north of the equator but the trend was
significant only at Bandaaceh (1) (Figure 3.7a). The decreasing trends were also found at all
stations in Sulawesi and its surrounding region (11, 12, 13 and 14). Meanwhile, the other stations,
located mostly in the semi-annual regime, had increasing trends and were significant at Bogor
(7). Comparing with DSI (Figure 3.7b) and SPI (Figure 3.7¢c) derived from a fixed rainy season
period, the number of decreasing and increasing trends was the same but spatial patterns
changed. This was especially the case for the centre part of region [Mempawah (5), Semarang
(8), Palangkaraya (10), and Tahuna (12)], which had opposite trends. However, both indices

detected a significant increasing trend at Bogor (7).

51



100°00"E 120°00"E 100°00"E 120°00"E

=z i i i 5 =
i L B L B
= nlv o alA i =

A 4 , /&? A4 24 ) /&} A4

3V : A . o
o T / o ol [ | 2 " -
5 ‘_‘VA \. 710‘ 13A14V 4vv \ 710‘ Y % e

6 - 6
. 11 11

% g A g A .
o | ok P | o o | g
SO #H e
Z . 5 =

2 4 7§ v F Ko llB
o 1A 13v14v 1A 13AMA =
] uvy ' 1k
R ok - Vosk ok . =

10°0'0"S
T
10°0'0"S

10°0'0"N

%
sl
10°00°N

2 5\‘ 7 10V 13‘1; " W 104 13Vl"‘v ' 2
N\ ' .. uW
L/ WA 4 A sk
9 prer) ) =

10°0'0"S
T
10°0'0"8

10°0'0"N

&%
sl
10°00°N

0°00"

<
3
>
00'0

10°0'0"S
'l
T
10°0'0"8

@ | 21 @) - | o &

T T T T
100°0'0"E 120°0'0"E 100°0'0"E 120°0'0"E

v Significantly decrease v Decrease A Increase A Significantly increase

Figure 3.6 Trends in rainy season characteristics in the Indonesian Maritime Continent,
including length (a), total precipitation (b), contribution of total dry days to the rainy season
length (c), frequency of dry spells (d), contribution of short (e) and long (f) dry spells to the
rainy season length, maximum duration of dry spell (g), and 90% of precipitation rate (h). The
numbers to the left of each symbol refer to the stations given in Table 3.1.
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Using the same fixed rainy season definitions to compare drought severity resulting from SPI
and DSI, more decreasing trends were found in SPI than DSI and opposite trends were recorded
at Mempawah (5), Bogor (7) and Tahuna (12). SPI produces a general tendency of decreasing
trends in drought severity over the region, with significant decreasing trends found at Tahuna

(12) and Sanana (13).
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Figure 3.7 Spatial patterns of drought severity based on dry spell index (a). The index calculated
over fixed rainy season definition (b) was compared with Standardised Precipitation Index
calculated over the same duration (c). The numbers to the left of each symbol refer to the
stations given in Table 3.1.

3.6 Discussion

In response to global warming, the difference between dry and rainy season is likely to change
spatially and temporally. Seasonal variability causes variation in not only the amount or
frequency of rainfall, but also the occurrences of wet and dry spells. In this study, we focussed
on the rainy season over the Indonesian Maritime Continent to observe potential changes in

dryness due to dry spells within the years 1980 - 2016. The onset/cessation of the rainy season
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was defined using the anomalous accumulation method. We found that the variability in the
onsets and cessations were strongly affected by ENSO, confirming the findings of earlier studies
(Moron et al. 2009; 2010; Marjuki et al. 2016; Zhang et al. 2016). Delayed onsets were detected
at semi-annual and anti-monsoon stations, while most of monsoon stations tended to have
earlier onsets. There were no clear patterns in the cessations over the semi-annual regime, but

tendencies of delayed cessations were detected in monsoon and anti-monsoon regimes.

Changes in the onsets/cessations result in changes in rainy season length, which positively
correlates with the changes in the precipitation amount. The changes also modified the number
of dry days as well as the drought severity. Our analysis revealed that for the stations that have
a significantly increased rainy season length, not only was there an increase in total precipitation
but also a significant increase in the number of dry days. We found that more than 70% of
stations with an increasing rainy season length (and 85% with a decreasing rainy season length)
had a positive correlation with the change in the number of dry days, but a positive correlation
with total precipitation only for 57% of stations. This indicates that the spatial pattern of rainy
season length was more strongly correlated with the pattern in the number of dry days than the
pattern in total precipitation. This evidence supports the fact that relying only on accumulated
precipitation may result in an underestimation or even a false conclusion on drought severity by
ignoring the potential drought triggers at a finer scale (Anagnostopoulou et al., 2003). It also
will be difficult to draw a general impression of whether the drought severity is increasing or
decreasing when the parameters, such as length, total precipitation and dry spell of rainy season,
had increasing trends. The impression of changes toward a wetter condition in semi-annual and
anti-monsoon regimes and toward a dryer condition in monsoon regime found in this study are

in line with previous studies in this region by Supari et al. (2017).

The drought severity is not only affected by the number of dry days but also by the distribution
of dry days into various durations of dry spells. A longer duration will generate a higher severity
than a shorter duration of dry spells. Therefore, dry spells have been used in many previous
studies to analyse drought (Anagnostopoulou et al., 2003, Deni et al., 2009a, Cindri¢ et al., 2010,
Huang et al., 2015). Our findings suggest that short dry spells were the main contributors to the
total dry days and tend to increase in northernmost Sumatera and FEasternmost IMC.

Meanwhile, long dry spells showed stronger spatial patterns with increasing trends along
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Sumatera and Java. These results are in agreement with the results of previous dry spell studies
in the Malaysian Peninsula that found a regional impression of increasing/dectreasing trends in

short/long dry spells during the wet period (Deni et al. 2009).

The Dry Spell Index (DSI) that we proposed in this study uses the number of dry days, number
of dry spells, and the seasonal length to quantify the seasonal drought into a single value. This
is an important approach to have stronger confidence in the prevailing change due to dry spells
compared to the common analysis relying on single or multiple selected dry spell-based
parameters. For the comparison purpose, we calculated DSI over the same rainy season period
as the Standardised Precipitation Index (SPI). DSI showed the capability of preserving the
temporal variation in both precipitation and dry days. This feature is important for drought
monitoring, since the changes in dry spell duration have a significant impact on the dryness
level, even if total precipitation and dry days are the same. Temporal variability in inverse DSI
is weakly correlated with the variability in SPI anomaly, suggesting that the DSI is not a
repetition or other form of SPI. However, the selection of the threshold value for dry day might
change the correlation between these indices. Increasing the dry day threshold value will
produce more dry days and longer dry spell durations. It will also make both inverse DSI
anomaly and SPI anomaly more similar especially during conditions with low average daily
precipitation. The fact that they would be more similar reduces the value of DSI over SPL
Hence, in order to get reliable drought information, it is strongly suggested to consider the
purposes of the application in selecting the threshold for dry day (Mathugama and Peiris, 2011)

and the site characteristic such as daily evaporation.

Spatial variability suggested a good agreement between the indices, although some stations
(mainly monsoon) show discrepancies mainly caused by the increase in extreme dry spells, which
were not captured by SPI. For example, the increase in drought severity at Bogor was the result
of the increase in the number of dry days and both short and long dry spell durations, although
total precipitation also increased. The increased in total precipitation at Bogor was most likely
due to the increase in total annual precipitation, which was also found by (Aldrian, 2000).
Significant decreases in SPIs’ drought in the northern Sulawesi (Tahuna) were caused by
increases in precipitation but DSI suggests an opposite change because of the increase in the

number of dry days and duration of extreme dry spells. A similar trend was also observed in
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western Kalimantan (Mempawah). These changes suggest that higher precipitation intensities,
which cause increases in total precipitation without significantly changing the proportion of
wet/dry days in the rainy season, may not be captured by the DSI. Interestingly, with the
exception of Tahuna, both methods gave the same trends over Sumatera and the eastern region
covering Sulawesi and the Lesser Sunda Islands. The differences were all found in the central

region with mostly monsoon stations.

Our findings help to understand the complexity in drought development, particularly
meteorological drought, which can be modified by the changes in the number of dry days and
duration of dry spells. Overall, the results agree with a previous global drought study (Damberg
and AghaKouchak, 2014) that found increasing global area under drought in the southern
hemisphere while no significant change was found in the northern hemisphere. Adopting
precipitation as the only parameter for drought investigation potentially weakens the trend
toward drier conditions (Damberg and AghaKouchak, 2014), due to insignificant changes in
total precipitation and increasing precipitation intensities (Murray-Tortarolo et al. 2017) that
produce more precipitation amount in shorter wet spells. It was obvious that the number of
significant drying trends increased when potential evapotranspiration was considered in drought
estimation (Asadi Zarch et al., 2015). In this study, we showed that dry spells can also be used
in drought quantification. In contrast to PET, which requires more data and involves a complex
calculation, dry spells can be easily extracted from daily precipitation data and also have a strong
relationship with temperature (Dabanli, 2019), which is a major factor in potential

evapotranspiration calculations.

3.7 Conclusion

Based on the dry spell index, the drought severity of the rainy season over the IMC region
decreased in semi-annual and anti-monsoon regimes but increased in the monsoon regime,
except for two stations in Sulawesi that show opposite changes. The results also imply that the
southern hemisphere region is dominated by increasing drought while the opposite trend is
observed in the northern hemisphere. The decrease/increase in some parameters such as the
number of dry days, contribution of long dry spells, and duration of extreme dry spells, seem to
be the main factors in decreasing/increasing drought severity over the IMC region. Similar

indications of change toward wetter or drier conditions over the IMC were also found in
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previous studies (Deni et al., 2010, Li et al., 2016, Supari et al., 2017). Those changes may impact
the future agricultural production in this region, particularly on Java, Bali and Nusa Tenggara,
where all three stations showed increasing drought severity. Prolonged dry days would have a
serious impact on crop production by interfering the crop development. Meanwhile, as most of
the stations in Sumatera experience a shortening rainy season and increasing daily precipitation
rates, surface water management needs to be optimized to extend the water supply for crop

cultivation.

The proposed dry spell index has the capability to capture the variability in both total
precipitation and dry days. This method produces different drought indications than SPI,
confirming that DSI is not replicating SPI. Drought severities become less pronounced with
SPI with nearly 40% more decreasing trends. DSI has not been standardised because it is
intended to monitor the changes in drought severity. As a result, the value given by DSI cannot
be transferred to other indices. In this study, we assumed that the weight factor increases linearly
with the dry days. However, since the dry spell duration has a strong correlation with the
evaporation rate, the increment of the weight factor could be evaluated by establishing the
correlation between those parameters. Strong correlation existed between the rate of
evaporation and consecutive dry days may be used to obtain a more comprehensive DSI.
Therefore, future attention should be given to developing relationship between dry spells and
evaporation rates, so that the evaporation rates can be used to better inform the weighting

procedure for consecutive dry days.
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Chapter 4

Spatial and temporal analysis of rainy season
dryness severity

41 Introduction

Drought is an unpredictable, recurring natural phenomenon caused by a deficiency in
precipitation, which results in decreases in water storage in the long-term. Due to global
population growth and agricultural expansion, there is increasing pressure on water supplies,
causing more frequent and severe drought (Vicente-Serrano and Lépez-Moreno, 2005, Hao and
Singh, 2015). Drought has caused annual financial losses of more than 3 billion Euros in Europe
(T'sakiris, 2017) and 6-8 billion US dollars in the United States (Dai, 2011). Compared to other
natural disasters, drought is a creeping phenomenon that progresses slowly and for which it is
more difficult to characterize a start and end date of the occurrence. It also covers a wider area
(Vicente-Serrano and Lopez-Moreno, 2005, Mishra and Singh, 2010, Tsakiris, 2017), therefore,
drought may occur anytime anywhere. In addition, no single drought definition is universally
acceptable (Tsakiris et al., 2013), making it difficult to quantify and monitor drought progression

and severity.

Several indices have been used globally to estimate drought severity. These indices are generated
from either a single variable or a combination of drought related variables (Hao and Singh,
2015). The main parameter controlling drought development, precipitation, is the primary input
used in drought indices. Hence, most indices require accumulated precipitation over a particular
period. However, several studies have found a consistent change in precipitation characteristics
in which extreme precipitation has increased in frequency and magnitude due to global warming
(Trenberth, 2011, Ye and Fetzer, 2019). For example, increases in dry spells frequency stimulate
drought development even when accumulated precipitation does not change (Huang et al,,

2015).

Due to this increasing importance of dry spells under climate change, dry spells studies are

important to establish a sound understanding of spatial variation and temporal trend in dry spell
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occurrence (Li et al., 2017). The term dry spell refers to consecutive days with precipitation
below a certain threshold. The subject of previous dry spell studies was primarily identifying
maximum duration and frequency (Mupangwa et al., 2011, Ngetich et al., 2014, Raymond et al.,
2016, Kebede et al., 2017), which were mostly found during the dry season. Meanwhile, the
rainy season naturally exhibits more wet days with short dry spell interferences. Li et al. (2017)
found that most of dry days were contributed from very short dry spell durations of 1 or 2 days.
However, poor precipitation distribution over time and space resulting from high precipitation
variability, potentially causes high dry spell frequency and duration during the rainy season. In
addition to that, the occurrences of dry spells in the rainy season have more destructive impacts

for agriculture and water resources management in particular.

Globally, dry spells during the rainy season have been shown to increase in frequency and
duration, causing impacts to water availability as well as crop growth and production. For
example, Byakatonda et al. (2018) found some locations in Botswana are experiencing increasing
trends in dry spell frequency during the rainy season, rendering these areas unsuitable for rainfed
farming. Although they were not significant, some stations in the Upper Baro-Akobo Basin,
Ethiopia, showed increasing trends in maximum duration and frequency of dry spells during the
rainy season, indicating the need for better water management planning to minimize future
climate risks (Kebede et al. 2017). Meanwhile, extreme dry spells during the wettest period in
the eastern and southern parts of Indonesia have increased significantly due to the El Nino
(Supari et al. 2018). Hence, dry spells have become an important indicator to understand the
dryness of the wet season particularly in the region where wet season precipitation is the primary
source of water. However, focussing only on the extreme dry spell duration would neglect dry
spells with shorter duration. Thus, it is important to consider all durations of dry spells, which
potentially contribute to the increase in the severity of dryness. Additionally, increasing air
temperatures are predicted, which will shift the driving force for drought development from
precipitation deficit to atmospheric demand, resulting in more water losses by evaporation (Dai
and Zhao, 2017). Dabanli (2019) showed that the change in temperature can be directly linked
to the characteristics of dry days and dry spells. The frequency and duration of dry spells is
highly correlated with the evaporation rate: the longer the dry spell duration, the higher the

evaporation rates. Thus, it is important to integrate temperature into drought indices.
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Given the need for a better understanding of how dryness severity is related to dry spell
occurrence in the rainy season, the objective of this study is to evaluate the spatial and temporal
variations of dryness severity during the rainy season. The dryness severity is estimated using
the dry spell index (DSI). Because of the strong correlation between dry spell and evaporation
we use evaporation rate to define the weight of consecutive dry days in the DSI calculation. We
selected the Indonesian Maritime Continent (IMC) as a study area because this region is one of
the most rainy areas on earth. Additionally, the IMC precipitation characteristic is also highly
influenced by local and global circulation, which results in high variation in rainy season

precipitation.

4.2 Study area

Indonesia is an archipelago that has more than 17,000 large and small islands. Indonesia
geographically covers a region of 6°N - 11°S and 95 - 141°E and has an area of approximately
2 million km® (Figure 4.1). It consists of five big islands, namely Java, Sumatera, Kalimantan,
Sulawesi and Irian Jaya and is characterized by complex topography. Java is the most populous
island and plays a very important role in agricultural and industrial activities. Complex
interaction between land and sea in the IMC caused this area to be depicted as a miniature of

the earth, in which land and sea coexist side by side (Yamanaka, 2010).

Because the IMC is sandwiched between two continents (Asia and Australia) and two oceans
(Pacific and India), the precipitation is strongly affected by the movement of the Inter-Tropical
Convergence Zone (ITCZ). When the ITCZ is in its southernmost position, this region
experiences wet periods, which peak in January and February, while when the ITCZ is in its
northernmost position this area is relatively dry, peaking in July and August. In addition,
Indonesia is also located between the Indo and Pacific warm pools, and hence receive a lot of
water vapor originating from the surrounding oceans, making Indonesia one of the highest
rainfall areas in the world. The IMC also has high precipitation variability, with three types of
precipitation characteristics occurring: monsoon, anti-monsoon, and semi-annual (Aldrian and
Dwi Susanto 2003). Monsoon and anti-monsoon have one peak of precipitation, which occurs
Dec-Feb and Jun-Jul, respectively, while semi-annual has two peaks in one year, which occur in

Oct-Nov and Mar-May.
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Figure 4.1 The Indonesian maritime continent, showing three climate regimes, which are based on their precipitation characteristics (Aldrian
and Dwi Susanto 2003).



4.3 Data and methodology

4.3.1 Data

This study used daily precipitation sourced from Tropical Rainfall Measuring Mission (TRMM)
Multi-Satellite Precipitation Analysis (TMPA) 3B42 V7 (https://mirador.gsfc.nasa.gov/) for the

time period 1998-2018. This TRMM product has been widely used for precipitation analysis
because of its accuracy (Sahoo et al., 2015). GLEAMS data (https://www.gleam.cu/) was used

to extract daily actual evaporation data from 1998 to 2014. Both data have 0.25° spatial
resolution and were extracted for the IMC region only. The analysis on precipitation data was

performed on the inland area only by making use of the GLEAMS data as the masking coverage.

4.3.2 Methodology

4.3.2.1 Definition of rainy season

The onset and cessation of the rainy season were determined using the anomalous accumulation
method, applied for each corresponding year. The corresponding year starts from the driest
period in the current year and ends before the next driest period. Previous analysis (Chapter 2)
suggested that the definition of corresponding year has minor impacts on the onset and
cessation date determination. Although the inter-annual difference in corresponding year length
may be up to 3 months, the average length of the corresponding year was very similar to the
calendric year, i.e. 365 days. Hence, to accommodate the variation, we allow the corresponding
year to overlap for 3 months. Thus, the corresponding year is defined as the period from 1 July
to 31 August of following year for monsoon and semi-annual regimes and from 1 November

to 31 December of following year for the anti-monsoon regime.

The anomalous accumulation method uses the accumulation of the daily precipitation anomaly
to determine the onset and cessation of the rainy season. The rainy season is the period with
the most intense precipitation, characterised by the increase in anomalous accumulation. The
onset of the rainy season is marked by the day after which the anomalous accumulation
increases. The increase continues to a maximum point, called the cessation, i.e. the moment
when the anomalous accumulation decreases. To deal with a strong variation in precipitation
over the study area, we adopted the modified anomalous accumulation, which has been applied

in the previous analysis (Section 2.4.2.2).
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4.3.2.2 Dry spell index

The dry spell index (DSI) proposed in the previous chapter was used to estimate the dryness
severity during the rainy season. The method is time independent and is able to handle strong
variation in the onset and cessation of the rainy season. The DSI is calculated using the following
formula:

DSI = —YVP w, @.1)
Where NDD is the number of dry days, RSL is the rainy season length, and ; is the weight
assigned for each day within a given dry spell. Instead of using sequential numbers for the weight
(Section 3.4.2.2), in this study the weights were obtained from the relationship between dry spell
and evaporation rates. This is based on the assumption that increasing dryness severity is
equivalent to the amount of water loss due to evaporation. Evaporation rates for each dry day
in all dry spells during the rainy season were extracted for 50 randomly selected points over the
land area of the IMC. For every dry spell, the weight of the dry day was calculated as:

E;
W; = —

= 4.2)

Where w; is weight on 7 day, E;jand E; are the average daily evaporation rates for respectively
the 7/ and 77 day in dry spell. Hence, the weight of the first dry day (w;) within any dry spells will
always equals to 1. The relationship between dry spell and evaporation rate was obtained from
the dry spells that have duration between 3 to 10 dry days. The reason to use only those dry
spells for evaporation rate estimation because the number of dry spell duration lower/gteater
than 3/10 days was very high/small (>75%/<0.15%). This too high/small number may affect
the mean evaporation rate as well as the strength relationship between dry spell and evaporation

rate.

4.3.2.3 Trend analysis

We plotted the average total precipitation over the rainy season and average dry spell index for
all precipitation regimes for the period 1998 — 2018. We used the Mann-Kendall trend test to
detect the possibility of trends in the time series. MK is a non-parametric trend test that is
distribution free (Mann, 1945, Kendall, 1975) and has been widely used to detect monotonic

trends in many hydro-climatological time series (Hamed and Ramachandra Rao, 1998). We
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applied the MK on the original time series with the assumption that the data is serially
independent because it was derived from onset data of rainy seasons, which are independent
from each other. The MK test assesses the null hypothesis (Ho) that no trend exists in the time
series. The Howill be rejected if the absolute standardized test statistic (Zy) is greater than the
critical value (Z..) at significance level a/2 for the normal distribution. We selected 90% for o

and the standardized test statistic is calculated as:

S —1/\Var(S) ifS >0

Zg={ 0 if S =0 4.3)
S+1/\Var(S) ifs <0

where S is the statistic of test defined as:

S = NI X sign(X; — Xi) (4.4)
The statistic S has a mean equal to zero and a variance:

Var(S) = [n(n — 1D(2n +5) - X7, t;(t; — 1)(2¢; + 5)] /18 (4.5)

where 7 is number of tied observations, and 7 is the number of tied groups. The sign of the Zs

value indicates the direction of change, positive or negative.

44 Results

4.4.1 Onset, length and total precipitation of rainy season

The mean onset of the rainy season over the IMC showed a clear spatial difference between the
western and eastern regions (Figure 4.2a2). The onset of the rainy season generally occurs
between mid-June and early January for the western and central regions. More particular, those
occurrences are mid-June to September for Java and middle part of Lesser Sunda Islands,
September to October for Sumatera (northern and southern), October to December for middle
Sumatera, Kalimantan and middle Sulawesi, and December to January for eastern Kalimantan
and middle Sulawesi. Meanwhile, for the eastern region covering Irian Jaya and Maluku islands,

the onset occurs within the period mid-Mayl to end-July of the following year.
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The rainy season lengths vary from 48 to 182 days (Figure 4.2b). The locations that have rainy
seasons up to 6 months were found mainly in central Kalimantan, while only small parts have
rainy seasons less than 2 months, such as in eastern Java, southern Sulawesi and middle Irian
Jaya. Rainy season in monsoon and anti monsoon regimes generally last from 70 to 90 days
while semi annual regime has longer rainy season which is up to 160 days. Significant increasing
lengths of the rainy season were found in northern and southern Sumatera, Java and some parts
of Lesser Sunda Islands. These trends were also found in the eastern region of IMC distributed
over Sulawesi and Irian Jaya. Significant decreasing trends were found mostly in the middle parts

of 3 main islands: Sumatera, Kalimantan and Irian Jaya.

High accumulated precipitation during the rainy season was found in middle Kalimantan and
northern Sumatera, while low precipitation was found in Sulawesi, northern Maluku and Timor
(Figure 4.2¢). Significantly, increasing and decreasing trends in rainy season precipitation were
found across the region. The increasing trends dominate over the IMC region which were found
in all main islands, while decreasing trends were mostly found in middle Sumatera and northern
Kalimantan. However, the temporal variability of the average rainy season total precipitation
over the whole region has not changed for the last two decades (Figure 4.3a). Regional temporal
variation showed that the total precipitation was low in 2002 and 2015 and high in 2010 and
2012. The monsoon and semi-annual rainy season precipitation show increasing slopes (Figure
4.3b, d), meanwhile the anti-monsoon precipitation has a decreasing slope (Figure 4.3c), but
none of those slopes were significant. The anti-monsoon rainy season total precipitation exhibits

the highest slope of change.
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Figure 4.2 Rainy season (a) onset date, (b) length defined by modified anomalous accumulation,
and (c) total precipitation over the land area of the Indonesian Maritime Continent.
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Figure 4.3 Temporal variability in rainy season total precipitation over (a) the Indonesian
Maritime Continent, (b) Monsoon, (c) Anti-monsoon, and (d) Semi-annual regimes.

4.4.2 Evaporation rates

Dry spells (DS) over the IMC are dominated by very short spells, approximately 90% of total
dry days are contributed by 1 to 3-day DS. Using only dry spells that have duration between 3
and 10 days, the variabilities of evaporation rate were relatively same although their mean tended
to increase (Figure 4.4). The mean and standard deviation ranged from 3.5 to 4.3 mm/day and
from 0.71 to 0.89, respectively. The ratio of the evaporation rate of the first ten dry days to the
evaporation rate of the first dry day is well explained by the equation y = 0.99x0.08 with the

coefficient determination 0.83.
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Figure 4.4 Mean evaporation rate (green bar) and standard deviation (red lines) of i day in dry
spells during rainy season are extracted from 50 random points over the IMC region. The ratio
of evaporation rate of i" day compared to day 1 (blue dots) is used for the weight factor in DSL.

4.4.3 Dry spell index

The spatial distribution of DSI showed an opposite pattern to the rainy season total
precipitation. High DSI was found in southern Sumatera, western Java, Sulawesi and east Timor,
while southern Kalimantan and middle Sumatera generally had low DSI (Figure 4.5). Significant
increasing and decreasing trends in DSI were found over the IMC region. The increasing trends
were found mostly in southern Sumatera, Java, Lesser Sunda Islands, and northern Kalimantan.
Significant increasing and decreasing trends in DSI were found over the IMC region. With
exception the northern Sumatera, in general the high DSI areas tended to have increasing trend
and vice versa. Temporal variation showed positive change with an increase of approximately
2% from the last two decades at regional scale (Figure 4.6a). The increases were also observed
in all precipitation regimes, particularly in the monsoon (2.5%) (Figure 4.6b) and anti-monsoon
(2.2%) (Figure 4.6¢) regimes. On a regional scale, several years show a high DSI, i.e. 2002, 2004
and 2015 (Figure 4.6a). Meanwhile the lowest DSI occurred in 1999. A stronger variation was
found in the anti-monsoon DSI, with had a similar peak/trough pattern to the regional with an

additional trough in 2011.
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Figure 4.6 Temporal changes in rainy season Dry Spell Index over (a) the whole region of
Indonesian Maritime Continent, (b) Monsoon, (c) Anti-monsoon, and (d) Semi-annual regimes.

4,5 Discussion

In this study, we applied a dry spell index that makes use of both evaporation and dry spells to
estimate the severity of dryness. We used satellite-based data for both precipitation and actual
evaporation, capturing the diversity of precipitation regimes over the Indonesian Maritime
Continent. The onsets of the rainy season confirm striking differences in precipitation
characteristics within the IMC region as described by Aldrian and Dwi Susanto (2003). The
precipitation data showed that the rainy season onset occurred within period of mid-June to
October, August to November and April to August for monsoon, semi-annual and anti-
monsoon regimes, respectively. However, this result is not consistent with that of Marjuki et al.
(2016) and Moron et al. (2010). The inconsistency is likely due to the differences in data and
method used. Marjuki et al. (2016) applied the same onset definition to a precipitation station
dataset while Moron et al. (2010) used satellite data but adopted different onset definition. A
difference in the onsets up to 3 months was also shown by Wati et al. (2019) who adopted

multiple thresholds of precipitation in determination of onset in this region.
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The average total rainy season precipitation over the IMC has not changed over the last two
decades. However, increasing and decreasing trends were found within the precipitation
regimes, although they were not significant. These results are very much in line with a previous
study (Murray-Tortarolo et al. 2017) who found no significant changes in rainy season
precipitation at global scale but on the smaller scales there are tendencies of increasing or
decreasing trends. This is also a strong indication of the smoothing out effect when the result is
averaged over a large region. The impact of regional oscillation, particularly ENSO, is also
evident in the total precipitation at regional and precipitation regime scales. The total
precipitation dropped significantly during the very strong El Nino year 2015/2016. These
tindings were consistent with Supari et al. (2018) who that decreasing total seasonal precipitation

is due to El Nino/La Nina.

The map of total precipitation suggested that the southern part of the IMC has a lower rainy
season total precipitation while, northern part of the IMC, particularly Kalimantan and northern
Sumatera received more precipitation. The results were caused by the longer rainy season
duration found for the northern part the IMC. More than 60% of the northern IMC is classified
as belonging to the semi-annual regime, which has two peaks of precipitation. However, during
the time between these two peaks, precipitation does not completely cease, resulting in a
continuous increase in anomaly accumulation, which eventually causes the rainy season to last
longer than the single peak regimes. Significant increasing total precipitation was spatially
coherent with the increasing length of rainy season. Although it has lower total precipitation,
the southern IMC exhibits more increasing trends and some of those were significant.
Significant increasing trends were also found in middle Kalimantan, which received more
precipitation. Both southern IMC and Kalimantan are within the monsoon regime. Meanwhile,
northern Sumatera (semi-annual) and middle Irian Jaya (anti-monsoon regime) are dominated
by significant decreasing trends. The increasing trends found in the southern part of the IMC
are opposite to the result of Murray-Tortarolo et al. (2017) who found decreasing trends. The
primary cause of the discrepancy is the definition of rainy season used in their study. The
threshold of 100 mm monthly precipitation used to define their wet/dry season may have
resulted in overestimating the wet period. The map of total precipitation shows high spatial

variability in this region, which hardly can be observed in rain gauge data set.
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The spatial variation in rainy season precipitation was spatially opposite to the variations in DSI.
The area that received more precipitation during the rainy season generally has low DSI. Based
on trend tests, significant trends were found in the western and central part of the IMC. The
significant increasing trends were found mostly in southern Sumatera, northern Kalimantan and
Lesser Sunda islands. However, more than 40% of the IMC area have increasing trends in both
total precipitation and DSI but only less than 2% of that area has significant trends for both
parameters. Increasing trends in those parameters indicate more dry spells occurred during the
rainy season along with the possibility of increases in extreme precipitation, which eventually
cause increases in total precipitation. These findings were in line with the study by Supari et al.
(2017) who found a significant increase in regional precipitation extremes during Dec-Mar and

a significant increase in dry spells frequency in the monsoon regime particularly in Java.

The temporal variation of DSI shows consistent positive change at both regional and
precipitation regime scales. The change indicates a uniform progression of an increase in dryness
severity due to dry spells across the IMC region. This study also found that the most significant
increase in rainy season total precipitation occurred in the monsoon regime leading to the strong
impression of “getting wetter”. However, the DSI revealed that nearly 75% of the area with an
increasing dryness is part of the monsoon area. Hence, the impression based on accumulated
precipitation only may cause a false interpretation of ongoing drought development. This
finding is in accordance with the increasing dry spells frequency found in monsoon regimes
(Supari et al, 2017). Decreasing trends in DSI were found generally around the equator area,
which covers the area of Sumatera, Kalimantan, Sulawesi and Irian Jaya. However, significant

trends were only found mostly in Sumatera and Kalimantan.

Studies have observed and modelled the potential changes in precipitation characteristics, such
as intensities, frequencies, and spatial distribution (Donat et al., 2016), which are interrelated
with the changes in distribution of wet and dry spells. However, the total precipitation in general
may not change significantly (Trenberth 2011), thereby underestimating the drought severity,
which is generally assessed based on the accumulated precipitation. Future warmer air
temperature will cause more water to evaporate which, also potentially elevate the drought
severity (Dat and Zhao 2017). This research provides an alternative characterization of the

dryness severity by combining the dry spell and evaporation rate. The proposed method is not
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only able to capture variation in dryness severity at finer spatial scale but is also time

independent, hence it can be applied in at any time scale.

With an increasing need for the drought monitoring, it is also important to have a method that
is globally applicable. DSI has shown to be able to capture the dryness severity in the IMC,
hence future research needs to calibrate and standardize the dryness severity resulting from the

DSIL.

4.6 Conclusion

Opverall, the dry spell analysis suggested that the dryness severity has increased in the southern
part of the IMC over the last 20 years. Meanwhile, decreasing dryness severity was mostly found
near the equator. The same pattern was also observed in total precipitation indicating the change
in precipitation frequency and intensity toward more extreme conditions. Increasing dryness
severity may have important consequences for agricultural activities and water resources
management. Increasing dry spell frequency or duration may harm crop development during
the growing period, which eventually has impact on total crop production. Important for the
IMC is that increasing rainy season dryness was generally found in Java, which is a very
important area for agriculture. Hence, water resources and agricultural management need to
take the increasing rainy season dryness into account to ensure that no loss in crop productivity

will occut.
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Chapter 5

Conclusions

5.1 Summary of findings

This thesis investigated the dryness during the rainy season by utilizing frequency and duration
of dry spells. This analysis involved the procedure to determine the onset and cessation of the
rainy season by using a more flexible approach that can handle high spatial and temporal
variations in precipitation. The Indonesian Maritime Continent (IMC) was selected as study area
because it is the largest rainy area on the earth and also has high spatial and temporal variability
in precipitation. The general results support the findings of previous studies (Damberg and
AghaKouchak 2014), showing a general tendency that southern hemisphere regions are
experiencing an increase in dryness while northern regions seem to have a decreasing dryness
severity. This study also strengthens the prediction of consequences of changing precipitation
frequency and intensity (Murray-Totarolo et al. 2017; Trenberth, 2011). Those changes would
have no significant impact on total seasonal and annual precipitation but potentially generate
more and longer dry spells, which will be the main factor that changes dryness severity (Huang

et al., 2015). The four major conclusions of this thesis are:

1. The flexible corresponding year is defined based on the driest period in the year. The driest
period of a corresponding year is defined as the longest period of at least 14 consecutive
days with the lowest accumulated precipitation. An important advantage of this approach
is that it prevents the occurrence of premature cessation of the rainy season and keeps the
cessation within the corresponding year. Comparing onset and cessation of the rainy season
based on a corresponding year and a traditional calendric year, showed that successfully
estimated onsets and cessations for both type of years, were similar. The gap between the
first day of the driest period and the onset has significant linear relationship with the onset

at most stations over the region.

2. A dry spell index (DSI) primarily based on frequency and duration of dry spells was

introduced to characterise the dryness severity during the rainy season. The DSI has the
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capability to capture variabilities and changes in both total precipitation and dry days.
Drought indications produced by DSI were significantly different from results based on

the Standardised Precipitation Index (SPI), suggesting that DSI is not replicating SPI.

3. Integrating evaporation data into DSI by modifying the weight of mean evaporation rate
for each dry day in dry spell suggested that the weight increases from the first day to the
last day in dry spell. Based on the average of DSI, the dryness severity has increased in the
southern part of IMC during the last 20 years. Meanwhile, spatial variation shows that

decreasing dryness severities were mostly found near the equator.

4. The Mann-Kendall (MK) trend test for both ground-based and satellite data implied that
the southern hemisphere region is dominated by increasing dryness severity. On the other
hand, the increasing rainy season total precipitation indicates more extreme but less
frequent precipitation. This change has caused increasing number of dry days, an increasing
contribution of long dry spells, and an increasing duration of extreme dry spells, which are

the main factors in the increasing drought severity over the IMC region.

5.2 Limitations and Future work

Early detection of drought development is becoming more and more important and also
requires a more detailed dryness progression at finer spatial and temporal scales. Especially
during the rainy season, where the appearance of dry spells can elevate the dryness severity. The
dryness is difficult to detect with the commonly used indices because they depend on the
accumulation of rainfall in a fixed and uniform period. This thesis showed the use of a dry spell
index to characterize the dryness severity based on dry spell frequency and duration. The index
is unique and important because it is capable of capturing the dryness development at finer time

scale than other drought indices. However, there are some limitations in this study:

1. The driest period, which was used to define the corresponding year as well as the start of
onset and cessation of the rainy season, is hard to be identified during the year. Because the
driest period is defined as the longest occurrence of at least 14 consecutive days with the
lowest cumulative precipitation in the year, it would be difficult to identify the driest period
in real-time. Hence, more analysis focussing on the determination of the driest period and

how to update the driest period in real time as well as its relationship with the onsets is an
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important topic for future study. Since the strong relationship between the occurrence of
driest period and the onset of rainy season and the need to have a reliable method that can
predict the onset in the real time basis, the definition of driest period then can be modified
to be the first n-consecutive days receiving a precipitation less than the 5th percentile of
long-term n-days accumulated precipitation. This definition makes it possible to use the
driest period for onset prediction in real time. However, the correlation between this
revised driest period definition with onset dates need to be carefully evaluated prior to be

used for rainy season onset prediction.

The dryness severity resulting from the DSI has not been calibrated in this study. Absolute
calibration is not possible as there is no true measure of dryness severity. However,
comparison to other approaches of dryness severity is crucial to understand the differences
and reliability of the DSI to estimate the dryness severity. Since DSI is integrated with
evaporation rate, hydrological parameters such as runoff and soil water content or crop
production parameters might be potential references for calibration. This evaluation can be
used as a method to investigate the added value of DSI against other drought indices,

particularly SPI.

In order to get a better drought severity, supporting data such as soil type and land cover
can be integrated in determining the actual evaporation characteristics. It should also be
noted that the level of accuracy of these data should be taken into account by validating

them with field recorded data or validation results from previous studies.

It is also important to have an index that is globally applicable, hence standardization of
DSI should also be considered for further study. Standardization methods and drought
classification can be adopted from SPIL It involves fitting to DSI a distribution and
transforming to the normal standard distribution. This will make it possible to combine
drought severities based on SPI (climatology) and DSI (hydrology), which is very useful in
determining actions in dealing with drought mitigation. For example, there might be a year
which is classified as wet by SPI but dry by DSI, which can be interpreted as a condition
where there is ample of rainfall but hydrologically and agronomically useless because the

water cannot be stored and used by vegetation for longer periods of time.
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The potential impact of El Nino Southern Oscillation (ENSO) and Indian Ocean Dipole
(IOD) on the drought modulation have not been addressed in this study. As IMC climate
is strongly affected by ESNO and IOD through the changes in precipitation characteristic,
it is expected that ENSO would also have impact not only on total precipitation but also
on daily precipitation rate and the number of dry spell. Therefore, the use of DSI to quantify
the impact of ENSO and IOD on the drought development is an interesting subject for

future study.
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Appendix A

Variation in the onset of the rainy season over the Indonesian Maritime

Continent

Abstract for the 9 Edition of the STAHY International Workshop, 2018

Teuku Ferijal, Okke Batelaan, Margaret Shanafield

College of Science and Engineering, Flinders University, Adelaide, Australia

Indonesian agriculture is highly dependent on the availability and timing of sufficient rainfall.
Determination of the onset of the wet season is therefore very important for setting the planting
date and ensuring adequate water during plant growth. Currently, the Indonesian Agency for
Meteorology, Climatology and Geophysics (BMKG) method requires at least three consecutive
10-day periods with each at least 50 mm rainfall to determine the beginning of the rainy season.
Previous research has concluded that based on rainfall characteristics, Indonesia can be
classified into three regions. This study investigates the variation in the onset of the rainy season
using the BMKG method and three other methods, including Agronomy, Anomalous
Accumulation and modified BMKG, for different regions in Indonesia. With the exception of
the BMKG that sets September 1 as the beginning of calculation, other definitions calculate the
onset of the wet season from the first day of the driest 14 days in the year. The results show
that the onset progression is very similar to the beginning of the driest period, starting from the
north of Sumatra down to the south and then to the eastern part of Indonesia. All definitions
produce significantly different onsets. However, the Agronomic definition has a very good
correlation with modified BMKG (r = 0.7). This is understandable because both use the rainfall
accumulation approach. High correlation is found in all stations in Sumatera and Java Islands
except in Banda Aceh (r = 0.27). Based on the correlation to the duration from the driest period
to the onset day, the occurrences of the driest period can be used to predict the Agronomics’
onset days for stations with annual rainfall less than 3,000 mm (r > 0.6). The BMKG method
has a high probability of ignoring true onset days particularly for stations in northern Sumatera
Island. Spatial and temporal variations reveal that the Agronomic definition predicts the most

spatially coherent onset day.
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Appendix B

Variations in the onset and cessation dates of anomalous accumulation

resulting from the application of flexible and fixed corresponding years

It is expected that the anomaly curve should fall to the minimum point (onset) and then rise to
the maximum (cessation). However, the Anomaly accumulation (Aa) curve is often not well
established, especially for the IMC, where precipitation occurs almost all year long. The curve
sometimes immediately rises or falls continuously because the calculation did not start at the
driest period. Here, a comparison is made of the Aa curve resulting from fixed and flexible
corresponding years at Medan station for 1988 (Figure B1). It is clear that the flexible
corresponding Aa curve produces a better curve that starts with a decline to a minimum point
and then rises to a maximum point. The decline indicates the period with no precipitation or
precipitation less than the average daily precipitation. The increase indicates a period in which
precipitation occurs more frequent at a rate greater than daily average. Meanwhile the fixed
corresponding year starts with no increase or decrease in the anomaly curve (horizontal line)
and then rises to a maximum point. The horizontal line indicates that the precipitation during

that period has a similar rate to the average daily precipitation rate.
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Figure B1. The comparison of the Aa curve resulting from the fixed and flexible method for
the Medan station in 1988. The fixed year curve (a) starts with a horizontal green line and then
increases indicating that the calculation started in the middle rainy period. The flexible year
curve (b) starts with a declining green line (a period when daily precipitation is zero or less than
the daily average) and increasing green line (a period when the daily precipitation is greater than
the daily average).
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Traditionally, Aa uses a fixed mean daily precipitation for whole period of observation.
Consequently, the value is sometimes too high for dry years or too low for wet years, which
eventually result in incorrect cessation dates. The average daily precipitation of the fixed
corresponding year (Figure B2.a) is greater than the flexible corresponding year (Figure B2.b).
Although both approaches produce the same onset dates, those methods produce different
cessation dates because of differences in average daily precipitation. In this example, the higher
average daily precipitation of fixed year approach caused the cessation date (maximum point of
anomaly accumulation) to occur earlier. Similarly, the maximum point will be found earlier in
case of a lower than average daily precipitation. The cessation date of the flexible year approach
is considered to be more a more appropriate cessation date because it takes into account the

intense precipitation period after the cessation dates of the fixed year approach.
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Figure B2. The comparison of onset and cessation dates resulting from the fixed and flexible
method for the Medan station in 1992. Both methods start during a period without precipitation,
shown by declining lines at the beginning. The fixed method produces earlier cessation dates
than the flexible method because it has greater average daily precipitation. The lower/upper end
of red line is the onset/cessation date.
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