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This study aimed to determine the onset and effects of local climate change on rainfall
patterns and dry spells in Banda Aceh and Aceh Besar. The onset of local climate change
was determined by investigating an absurd change in minimum (Tn) and maximum (Tx)
temperatures. The impacts of the change were analyzed by comparing the characteristics
of rainfall and dry days in the pre- and post-onset periods. The results show that the onset
of local climate change was in 2001, which is defined by a notable rise in both Tn and
Tx. Shifting towards a wetter condition, characterized by an increase in total rainfall
(Rtot) by 14% and a decrease in the dry day fraction by 5.5% in the post-onset period,
was observed on an annual basis. However, seasonally, an increase of 5% in Rtot was
found during the SON-DJF period, which was mainly contributed by the increase of 3%
in the hard rain fraction. The results suggested an increase in the possibility of flooding
during the rainy season and drought during the dry season. Meanwhile, Rtot decreased
by 13% during MAM-JJA, with a slight increase in the dry day fraction in MAM. Local
climate change has elevated the risk of water-related natural disasters such as droughts,

floods, and landslides.

1. INTRODUCTION

The world's ecosystems are currently under serious threat of
global warming, which is caused by human activities primarily
through urbanization, deforestation, and industrialization. The
activities, either directly or indirectly, continue to increase the
amount of greenhouse gases emitted into the atmosphere,
warming the earth by preserving heat. The increase in air
temperatures changes the distribution of heat and moisture,
thereby affecting the dynamics of the atmospheric circulation
system that lead to the changes in rainfall patterns [1].
Increases in intensity and decreases in duration, which have
been seen in many places of the world, are typically indicative
of changes in rainfall patterns [2-5]. These modifications lead
to the increases in extreme weather events, such as droughts,
severe storms, flooding and dry spells.

Local climate change can be defined as changes in local
meteorological features that are essentially the result of
smaller-scale community activities, such as deforestation,
agriculture, and changes in land use. These activities modify
the natural environment and contribute to changes in climate
patterns locally. For instance, extensive deforestation affects
local weather patterns by altering surface albedo and reducing
transpiration, which in turn affects temperature and rainfall [6-
9]. Localized changes in temperature and rainfall patterns
would have distinct and significant impacts on humans and
environments. Therefore, it's important to understand the onset
of local climate change and how it has affected the variations
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in temperature and rainfall patterns.

Previous studies have quantified the impact of climate
change not only on rainfall patterns but also on dry spells [10-
13]. Most of those studies utilized past, current, and also
projected future climate data. Meanwhile, although still rarely
conducted, it is essential to quantify the impacts of local
climate change by comparing the rainfall patterns before and
after changes in climate occurred. Such information is
critically needed in an effort to prepare effective and regional-
specific mitigation actions against the potential impacts of
climate change [14, 15].

Rising global temperatures are a sign of climate change that
has been going on since the industrial revolution in 1850. The
shift happens unevenly because of numerous local and
regional factors. Topography, location, and the kinds of
greenhouse gases generated by main community activities are
among the determining factors [16]. Since air temperature
varies in direct proportion to the amount of greenhouse gases
in the atmosphere, it is one of the most important indicators of
climate change. Therefore, by looking into a notable increase
in air temperature, it is feasible to determine the onset of local
climate change.

Banda Aceh City and Aceh Besar District experienced very
significant land use and land cover changes. The main catalyst
for the changes is believed to be the tsunami restoration and
reconstruction projects. A drawback of the rehabilitation effort
was the growing demand for construction resources like wood
and timber. According to Eye on Aceh [17], Aceh had a sharp
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rise in deforestation following the tsunami. Between 2007 and
2020, the Banda Aceh and Aceh Besar regions lost their
primary forest for approximately 500 hectares annually [18].
The rapid growth rate of the built-up area threatens the
presence of green spaces in the area, particularly because
development is concentrated in areas that are distant from the
coast [19].

The frequency of flood and drought disasters in the Banda
Aceh and Aceh Besar areas has shown a significant increase.
Data from the National Disaster Management Authority
(gis.bnpb.go.id) indicates that floods have been the most
prominent disaster, with at least one flood incident
documented in the areas per year since 2017. Over 500
families had to be evacuated as a result of Aceh Besar's heavily
populated districts being affected by the most recent flood
catastrophe in 2021 [20]. Despite the fact that drought is
difficult to measure, a growing threat of drought has also been
observed in the area with the increased frequency of crop
failures [21]. In 2020, this region experienced the worst rice
crop failure reaching nearly 2,500 ha [22].

The increased flood and drought events in the area are a sign
of changes in rainfall patterns. Flooding risk increase with the
increase in hard rain occurrence. Numerous researches
conducted worldwide in the past utilized consecutive dry days
(dry spells) for the assessment of drought severity [23-25].
Therefore, this study aims to analyze the impact of local
climate change on rainfall patterns and dry spells in Banda

Aceh and Aceh Besar. The potential risks of flooding and
drought were analyzed using the characteristics of hard rain
and dry spells. The onset of local climate change is determined
based on the abrupt change in temperature detected using the
change detection method.

2. METHODOLOGY
2.1 Study area and data

The study area is located in the province of Aceh, Indonesia,
in the southernmost region of Sumatera Island. It comprises
the cities of Banda Aceh and Aceh Besar. This area has two
rainy seasons: September—November and March—May, and a
dry season: July-August [26]. The area is fed by a main river,
the Krueng Aceh River, that begins in the mountainous area of
Aceh Besar and ends on the coast of Banda Aceh, with an area
of +1,780 km?. The river has a very important role, especially
as a major source of water for the surrounding communities
and irrigation water for the 7.384 ha irrigation area [27].
Lowland paddy cultivation predominates, and typically
farming begins in October for the first round and in March for
the second round. In some locations, farmers cultivating
secondary crops required less water, such as corn, soybeans,
and peanuts, during the second round due to limited access to
irrigation water.
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Figure 1. Study area

Climatological data obtained from the meteorological
station Sultan Iskandar Muda (WMO ID: 96011), located in
the District of Aceh Besar, approximately 12 km from Banda
Aceh’s shoreline (Figure 1). The station is considered a
representation of the climate of Banda Aceh City and the
northern Aceh Besar District because of its location close to
the border of Banda Aceh and Aceh Besar. The station has the
longest recorded climatological data in the province. This
study wused daily rainfall, maximum and minimum
temperatures recorded from January 1, 1982, to December 31,
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2022. Then, the average of daily maximum (minimum)
temperature over the year is noted as Tx (Tn). The data is
available for download on the website of Indonesian Agency
for Meteorology, Climatology, and Geophysics (BMKG,
https://dataonline.bmkg.go.id/home).

2.2 Local climate change detection

Local climate change is defined as the year in which both
Tx and Tn exhibit abrupt change. The location of change is



determined using a non-parametric Pettitt’s test at 5%
significance level. The test is designed to identify the location
of the most abrupt shift in time series data. The null hypothesis
of the test is that the data is homogenous, meaning there is no
abrupt change in the data series. The hypothesis is tested by
splitting the data into two segments, X1, X2, ... Xy, and X+1, ... Xt;
if the mean of each segment remains constant, then the data is
considered homogeneous throughout the observation period
[28]. The statistical test Uy, 1 is given as follow:

T
Ut = Uy r + Z sgn(xt - x]-) fort=2,..,T
=1
and

1 ifxe > x
sgn(xt — Xj) = 0 ith = X]-
—1lifx, <x

The location of the most significant shift in the dataset and
its significance probability are given by K, and p.

K, = max| Uer |

—6K?2
P=zexP\qz e

The null hypothesis is rejected if p is less than the level of
significance, meaning that there is a significant change in
series at x.. Due to its simplicity, resilience to outliers, and
ability to handle single or multiple change points, the test has
been applied in a wide range of fields, including hydrology
such as precipitation, temperature, and runoff [28-30].
Previous studies even demonstrated that the test's capabilities
are equivalent to those of other more sophisticated parametric
tests that needed population parameter information [31, 32].

2.3 Rainfall patterns and dry spells

Total rainfall (Rtot), is defined as the amount of rain that
falls on a wet day for a certain period of time. A threshold of
2.5 mm of rainfall per day is chosen to differentiate between
wet and dry days. The threshold is chosen to account for
measurement errors and losses from evapotranspiration [33].
Additionally, the  threshold complies with the
recommendations for tropical regions suggested by Marjuki et
al. [34]. Consequently, a day is considered wet if it has
precipitation of 2.5 mm or more.

Rtot is composed by light and hard rains. A daily rainfall of
50 mm was chosen to account for both light and hard rains,
and this also aligns with the BMKG criteria for daily rainfall
intensities. Consequently, rain falling on a wet day that is
equivalent to or more than 50 mm is referred to as a hard rain.
Annual Rtot is the accumulated rainfall that occurs on wet
days in a year. The hard (light) rain fraction is the percentage
of accumulated hard (light) rains in the annual Rtot.

The duration of a dry spell is the number of dry days within
a dry spell, and the frequency of a dry spell is the number of
occurrences of a certain duration of a dry spell. Both the
rainfall and dry spell characteristics for the periods of pre- and
post-onset were analyzed on an annual and seasonal basis.
Four seasons were taken into account: December-February
(DJF); March-May (MAM); June-August (JJA); and
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September-November (SON). SON and MAM represent the
first and second rainy seasons, DJF is the transition period
from the first to the second rainy season, and JJA is the peak
dry season.

3. RESULTS AND DISCUSSION
3.1 Local climate change onset

Figure 2 shows that Tx and Tn tend to increase over the
studied period (1982-2022). The variations are more likely
influenced by the ENSO modulation in which Tx increased
(decreased) during EI Nino (La Nina) years. Significant raises
in Tx are found in 1987, 1998, 2016 and 2019; which strongly
correlate with occurrences of very strong El Nino year in
1986/1987, 1997/1998 and 2015/2016. Tx was very low in
1996 and 2000 which can be explained by the occurrences of
moderate and strong La Nina years in 1995/1996 and
1999/2000, respectively. After 2001, Tx grows dramatically,
resulting in a higher average of Tx during that time period than
before 2001. Tn also progressively increases from 22.2°C to
23.8°C in the period 2002-2020. The impact of EI Nino on Tn
can also be seen in a significant spike in 1998. The growth in
Tn and the significant jump in Tx are compelling evidence of
a consistent increase in air temperature.
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Figure 2. Tx (empty circles) and Tn (filled circles) for the

1982-2022 period
The solid (dashed) lines represent temperature average prior (after)
change points.

The change point test indicates the presence of abrupt
change in both Tx and Tn. The change point of Tx is 2001,
with a clear difference in the average of the pre- and post-
change point periods. Meanwhile, the significant change point
of Tn is detected at 2011, and the gap between the average of
pre- and post-change point periods is nearly 1°C. The location
of the abrupt change differs between Tx and Tn, suggesting
that the increase in Tn happens less abruptly than in Tx. Tn,
which stands for the situations in the morning/night time,
changes more gradually yet steadily. These findings are
consistent with other studies that discovered the expansion and
development of urban areas had a significant impact on the
gradual rise in Tn [34].

Figure 2 reveals a strong indication of the change starting at
2001, as Tn increases by around 0.7°C per decade following
2001. Therefore, 2001 is selected as the onset of local climate
change for the study area. The observation period is then split
into pre- (1982-2000) and post-onset (2001-2022) periods.
The averages of both Tx and Tn in the post-onset period are



0.6°C higher than in the pre-onset period.
A consistent increase in maximum temperature indicates a

warming trend, which impacts on the environment, agriculture,

as well as human health. In tropical areas, increased air
temperatures are expected to alter both hydrology and
agriculture, causing changes in rainfall patterns, modifying
growth seasons, and increasing evapotranspiration [35-37].
Crops that are sensitive to the availability and quality of water,
such as paddy, may suffer greatly from these consequences.
Therefore, it is crucial to have effective strategies to mitigate
the impacts, such as crop diversification, enhanced water
management, and climate-resilient agriculture [38].

3.2 Rainfall characteristics

Figure 3 depicts variations in the annual Rtot and hard rain
fraction. Long-term mean annual Rtot was nearly 1,560 mm,
and there is an indication of an increasing trend in which mean
annual Rtot in the post-onset period is 14% higher than in the
pre-onset period. Rtot increased at a very significant rate,
especially in the last ten years, when it increased by almost
170 mm per year. Since annual rainfall variations are
influenced by ENSO circulation [39], the correlation between
Rtot and Oceanic Nino Index (ONI) was analyzed. ONI is the
main indicator used to measure and monitor the La Nina and

El Nino events. The index, averaged over a three-month period,

is available  online
data/indices/oni.ascii.txt).

(https://www.cpc.ncep.noaa.gov/

4000 1 0.6

3500 4
4 05
3000 A
2500 4

2000 4 0.3

Hard rain fractions

1500

B o 02

i
1000 1 I
50 {
o

0

0.1

Rtot (mm)
=]
.—
.
——— (s R O

v o 2 © © NG
%%%%QQQQQQQQQQ ’\
G RN N R I N I I A OIS PRI

+ 0.0

[ Light Rain s Hard Rain —-O— Hard Rain Fraction
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Seasonal and annual ONI indices were evaluated for their
linear correlation with Rtot using Spearman’s correlation
coefficient. The Spearman correlation is a nonparametric
measure of the strength of the monotonic relationship between
two paired datasets. The test does not require the assumption
that both datasets are normally distributed. The correlation was
computed with the help of the Scipy public Python package.
The results suggested that Rtot has a negative (positive)
correlation with DJF and MAM (JJA and SON) indices in the
pre-onset period. Meanwhile, Rtot negatively correlates with
all seasonal ONI indices except DJF in the post-onset period.
Only the JJA and SON indices in the post-onset, however,
showed a significant correlation with Rtot at 95% confidence.
The findings indicate the increased ENSO influence on Rtot in
the post-onset period, particularly during the JJA and SON.
The outcome is consistent with the earlier research, which
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discovered that ENSO will affect rainfall in this region more
in the future (2006—2035) than it did in the past (1981-2010)
[40].

In general, the average hard rain fraction in annual Rtot
increases from approximately 19% during pre-onset to 24% in
the post-onset period. There are some years without hard rain
events (1987, 2003, and 2005), as well as some years with hard
rain fractions greater than 50% (2018 and 2021). The pre-onset
period had a minor 10% rise in the hard rain fraction. After the
onset, the fraction exhibited a tendency to decline until it
started to grow strongly again in 2016. Consequently, when
the data concluded in 2012, previous studies [41] revealed a
decline in the hard rainfall fraction. The average total hard rain
annually in the period 2016-2002 increased nearly 550%
compared to the average in the period 1982-2015.

Figure 4 shows that approximately 60% of Rtot is
distributed in SON-DJF and increases approximately 5% in
the post-onset period. The increases are mainly contributed by
the increases in hard rain fraction, particularly in DJF.
Conversely, due to the decreases in both light and hard rains,
seasonal Rtot decreases in both MAM and JJA by 13%. In the
post-onset period, hard rain events in JJA are only found in the
last 7 years. Similarly, during the post-onset, hard rain events
in MAM concentrated within the last decade. The condition
caused MAM-JJA to become very dry within the last decade.
Overall, the highest increase (decrease) in hard rain fraction is
found in DJF (JJA) by 33% (49%). These results are in
compliance with an earlier study that used corrected satellite
data and discovered a trend toward increased seasonal rainfall
in DJF and SON and decreasing seasonal rainfall in MAM [35].
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The impact of local climate change caused more hard rain
events to occur during the SON and DJF. This condition
caused the period of SON-DJF to become wetter and the
period MAM, as second rainy season, and JJA to become drier.
Supari et al. [41] claimed that the impacts of increased ENSO
influence in this region were responsible for similar regional
tendencies. A significantly increased hard rain fraction,
particularly in the last 7 years (2016-2022), caused the
increase in Rtot meaning more water is available, which
somehow benefits the community and agriculture of the area.
However, a higher percentage of hard rain can have serious
and far-reaching impacts on agriculture and the community. It
has been established that agriculture is impacted by hard rain,
including crop development, soil quality, and overall
productivity [42, 43].

An increase in hard rain events has been documented to



exaggerate water-related disasters such as flooding and
landslides across the country [44]. Increased hard rain events
during the initial (SON) or late (DJF) planting periods have
been documented to be the main factor in crop failure in the
area that caused flooding due to poor drainage [45, 46].
Meanwhile, a drier condition during MAM increases the threat
of drought for secondary crops planted in areas where
irrigation water is scarce. This is also one of the reasons why
many farmers do not cultivate their agricultural land.
Therefore, it is important to have effective strategies to
minimize the impact of increased hard rain events such as
effective soil management, efficient irrigation and water
management, and flood control and drainage infrastructure
[42]. These measures reduce soil erosion, improve soil
structure, and prevent flooding, while also enhancing water
drainage and preventing flooding through the use of rainwater
harvesting systems.

3.3 Dry spell characteristics

Figure 5 shows annual dry day fraction and annual
maximum duration of dry spell (mxDS). The fraction varied
from 58.4% to nearly 80%, with an average of 71% or equals
to 256 days. The average annual fraction in the pre-onset
period is 73.6% and then decreases to 68.14% in the post-onset
period. The figure also depicts that more years with a dry day
fraction of less than 70% are found in the post-onset period,
indicating an increase in variation of the annual dry day
fraction. The highest and lowest fractions for both pre- and
post-onset periods are found in the JJA and SON, respectively.
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Annual mxDS reveals that extremely long dry spells are
found in some years including 1985, 1998, 2002, and 2015.
Nonetheless, the longest mean dry spell duration is detected in
JJA, extending 7.2 and 6.9 days for the pre- and post-onset
periods, respectively. Overall, the annual mxDS decrease by 2
days per decade, although there is a significantly high mxDS
in 2015. The coefficient variation mxDS increased from 0.3 in
the pre-onset to 0.45 in the post-onset. Correlation tests
between two dry spell indices (the annual dry day fraction and
mxDS) and the ONI index indicated that the two indices had
no meaningful correlation with the ONI index during the pre-
onset period. However, the mxDS showed a strong positive
correlation with the JJA (0.53) and SON (0.49) indices during
the post-onset period. This result complies with earlier
research that indicated that ENSO had a stronger impact on

951

mxDS in this area [15, 47].

Figure 6 shows the fraction of dry spells for each duration
in the pre- and post-onset periods. The largest fraction is
discovered to have originated from a 2-day spell in the pre-
onset period, which then changes to a 3-day spell in the post-
onset period. The findings are consistent with previous studies
demonstrating that short durations, such two or three days of
dry spells, typically have the largest fraction in total dry day
[47, 48]. The shift to a longer duration explains a strong
association with rising temperatures in the post-onset period.
Increased dry spell durations associate with the increased air
temperature was also observed in previous study [49]
indicated that higher temperature is always associated with the
increase in dry spells duration.

Fraction (%)

Duration (days)

[ Pre-onset [ Post-onset

Pre-onset cumulative (x10) Post-onset cumulative (x10)

Figure 6. Duration and fraction of DS pre- and post-onset

The accumulative dry day fraction drops from 78.5% in the
pre-onset period to 73.6% in the post-onset period. The
fractions from short dry spells (up to 11 days) are very similar
in both periods. Similarly, the fractions from long dry spells
(longer than 45 days) in both periods are also identical, despite
an increase in mxDS in the post-onset period. Therefore, the
decreased total dry day fraction in the post-onset period is due
to the decreased intermediate dry spell fraction (12-45 day).
The results agree with study by Li et al. [47] who found the
decreases in total duration and frequency of dry spell over
Singapore. However, there are regional variations in how
climate change affects dry spells. Ye and Fetzer [49]
discovered that between 1966 and 2010, the length of dry
spells increased. Meanwhile, Yang et al. [15] compared data
from the period 1979-1998 with that from the period 1999-
2018 and discovered distinct changes in the frequency and
duration of dry spells across Canada. Overall, our findings
support previous research that concluded the short dry season
fraction predominates in humid regions [50]. Studies, however,
indicated shorter and more frequent dry spells can still have
significant impacts on ecosystems, water supplies, and
agriculture [13, 50].

The decrease in total dry day fraction during post-onset is
observed in all seasons, exceptin MAM (Table 1). All extreme
dry spells during the post-onset period occurred in MAM,
leading to an increase in the fraction of long dry spell (>45
days) and also in total dry day fraction. The long dry spell
events that take place during the initial planting period (DJF
and MAM) may affect rice growth at the early stage, such as
germination, root growth, and leaf development, which are
temperature-sensitive. This is because the long dry spell events
are strongly linked to high temperatures.



Table 1. Changes in the dry spell’s fraction during the pre- and post-onset of local climate change

Duration Unit Annual DJF MAM JJA SON
All % -5.4 -2.8 0.3 -1.7 -1.2
1-11-days % 0.07 -0.18 -0.84 2.46 -1.37
12-20 -days % -2.03 -0.48 0.17 -1.71 -0.01
21-45 -days % -3.40 -1.48 -0.40 -1.75 0.23
>45-days % -0.02 -0.67 1.39 -0.74 0

JJA contributes the most to the decrease in the intermediate
dry spell fraction (-3.46%) and has increased short dry spell
fraction, indicating an increase in the number of wet days that
break the series of dry days, causing the decrease in the longer
dry spell fraction. The reduction in Rtot during JJA suggested
a shift to drier conditions, despite a reduction in the total DS
fraction. The increased drought during JJA was attributed to
the prominent impacts of ENSO in the region [51]. Because
rice and secondary crops have a high risk of crop failure from
drought, particularly during the generative stages of the plant
[52], many farmers are hesitant to plant them during the
second round of planting as the potential drought worsens
during MAM and JJA.

4. CONCLUSIONS

Air temperature is one of the climate parameters that is
sensitive to global warming due to increasing levels of
greenhouse gases in the air. Characterized by a significant
increase in Tx and a gradual increase in Tn, the change point
test indicates that 2001 is the onset of local climate change in
the Banda Aceh and Aceh Besar areas. Annual Rtot increases
in the post-onset period as a result of the strengthening
influence of ENSO. The increase is largely due to an increase
in the volume of hard rain in rainy and transition seasons
(SON-DJF), especially in the last 7 years since 2016. In the
meantime, the dry day fraction decreases in all seasons except
MAM during the post-onset period, which contributes 5.4% of
the total decrease. A shift to wetter conditions appears to be
reflected in the annual increase in total rainfall and decrease in
the number of dry days. The local community and agriculture,
of which the majority consists of lowland rice farmers, will
benefit from this.

However, because of their possible effects on the ecosystem,
there are a few points about local climate change in the Banda
Aceh and Aceh Besar districts that are crucial to take into
account and require careful consideration.

1. Increasing temperatures and changes in rainfall patterns
have an impact on increasing evapotranspiration and
modifying the growing seasons, which ultimately
disrupt plant growth and production.

2. A drastic increase in the frequency and volume of hard
rain, particularly in SON and DJF, will not only affect
the quality and quantity of water for communities, the
environment, and agriculture, but it will also increase the
potential for natural disasters such as drought, floods,
and landslides.

3. The increased risk of drought during the MAM and JJA
seasons, which are the second rotation rice planting
times in the area, leads to a growing number of crop
failure occurrences. As a result, some of farmers decide

to leave their land uncultivated during this planting times.

The impacts of local climate change in this study are similar
to those seen in most other parts of the world [53]. Therefore,
it is important to have holistic and adaptive approaches to
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dealing with climate change impacts, including sustainable
water harvesting and enhanced infrastructure resilience [54].
To maintain a stable and safe water supply, it is also important
to put forth integrated efforts within sectors, supported by
strong regulations and governance [55, 56].

The limited number of meteorological stations with long
data records in the studied area makes it difficult to carry out
analysis at a broader stage. Since the local climate of one
region can be different from other regions, the onset of local
climate change in other regions might also be different.
However, the approach used in this study is quite relevant and
can be applied across distinct regions, even when other climate
parameters are taken into account.
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