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Abstract

Nutmeg is an important spice and contributes significantly to the gross domestic

product of Indonesia. The study examines the impact of climate change on

Indonesia and the production of nutmeg over Banda Neira Island. For this, the

outputs from high-resolution regional climate models under different representa-

tive concentration pathways (RCP2.6, RCP4.5 and RCP8.5), within the framework

of Coupled Model Intercomparison Project 5/Coordinated Regional Climate

Down-scaling Experiment-Coordinated Output for Regional Evaluations (CMIP5/

CORDEX-CORE) over southeast Asia domain are employed. The representation of

the spatial structure of rainfall and temperature climatology is found to be much

better in ensembles as compared to individual model experiments. The behaviour

of simulated rainfall and temperature from the model experiments is examined to

check whether the projected climate favours an increase in nutmeg production.

The study found that projected changes in the number of wet days (ideal 100–160
wet days), heavy rainfall events, rising mean temperature above the optimum tem-

perature range (25–26�C), increasing heatwave spells, and prolongation of the

warm period led to an unfavourable climate for nutmeg production. Based on the

analysis of dynamically produced (model simulated) climate variables, the study

rejects the forecasted increase in nutmeg production using a statistical regression

model due to the unfavourable climatic conditions that are likely to affect the

growth, production and quality of nutmeg. The changing climate not only reduces

regional agricultural production but also impacts the socio-economic condition of

the people of Indonesia. Therefore, the study emphasizes implementing stringent

climate laws and policies at global, regional and local levels to curb greenhouse gas

emissions and reduce the negative impact of climate change.
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1 | INTRODUCTION

The Intergovernmental Panel on Climate Change (IPCC)
defines climate change as an identifiable form of change

in climatic conditions with a change in the average
and/or variability of its components over a long period of
time, generally a decade or more (IPCC, 2007). It was for-
mally defined in 1992 by the United Nations Framework
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Convention on Climate Change (UNFCCC, 1992). It has
been reported that the changing climate has led to extremes
of both precipitation and temperature in the form of heat-
waves and intense rainfall episodes (Maharana et al., 2021;
Mohammed et al., 2017; Schleussner et al., 2016). It has
been observed that these extremes are on the constant rise
under the recent accelerated human-induced climate
change and will be more frequent in the future (Maharana
et al., 2021; Rai et al., 2020; Rao et al., 2014; Shahi
et al., 2021). According to the Fifth Assessment Report of
IPCC (AR5), various scientific indicators reveal that the
planet Earth is naturally undergoing significant changes in
the global climate. The global temperature has been
increasing for the last three decades in a row. It has already
been estimated that the earth's temperature has increased
by about 0.8�C in the last century. Further, the temperature
is expected to increase by 1.8–4�C and 2.5–4.7�C by the end
of the century with respect to the 1980–1999 average and
pre-industrial times (1750), respectively (IPCC, 2013). The
recent accelerated global temperature rise has stronger
regional impacts in different parts of the world (Maharana,
Agnihotri, & Dimri, 2021). The increase in temperature in
land areas is higher than in the seas due to the higher spe-
cific heat capacity of the water. Studies reveal a significant
increase in sea-level rise from the 19th century, which can
be attributed to the decline in the glaciers and snow cover
in both hemispheres (Schewe et al., 2011; UNFCCC, 1992).

This changing climate is manifested as the change in
the mean structure of regional precipitation and climate
extremes, posing a threat to various ecosystems and agri-
cultural productivity (Wing et al., 2021). The impact of
climate change on weather parameters has been studied
by various scientists across the world (D'Agostino &
Schlenker, 2016; Iizumi & Ramankutty, 2016; Konduri
et al., 2020; Lesk et al., 2016; Lobell & Field, 2007; Zhao
et al., 2017). Global rainfall pattern has changed in vari-
ous regions, with a decrease in the south and an increase
in the north (Trenberth et al., 2003). Climate change has
impacted all parts of the world and Southeast Asia; the
Indonesian regions are no exception. Indonesia experi-
ences a hot and humid climate for most parts of the year
with high rainfall. In a regional study, the climatology
and variability of the rainfall over Indonesia have been
studied using a high-resolution regional climate model
(RCM; Ratna et al., 2017). Putra et al. (2020) used multi-
ple global climate models (GCMs) to examine the behav-
iour of the climate indices over Indonesia under different
representative concentration pathways (RCPs). In
Indonesia, the average annual temperature has increased
by 0.3�C/decade, while the annual rainfall has decreased by
2%–3%. Climatic factors such as rainfall and temperature
serve as important direct inputs to the crop sector; any
change and variability in these parameters are inevitable to

have a significant effect on cropping patterns, planting time,
growth, quality and crop yields (Barnwal & Kotani, 2013;
Gornall et al., 2010; Guntukula & Goyari, 2020; Shikha
et al., 2018). Climate change reduces agricultural produc-
tion potential and regional water availability due to rising
temperatures and droughts; it can negatively impact
agricultural yields and affect food security (Arora, 2019;
Stevanovi�c et al., 2016). Climate change can have a negative
impact on plant growth and productivity by influencing
plant physiology. The respiration and transpiration of plants
are affected by an increase in air temperature (Luttge &
Pitman, 2011). This also accelerates fruit and seed ripening,
reducing crop quality along with the growth of pests and
diseases (Juroszek & von Tiedemann, 2011; Oerke, 2006).
Variations in rainfall patterns within the season also impact
crop production.

Nutmeg (Myristica fragrans Houtt) is a native
Indonesian plant with several benefits, including a dis-
tinctive aroma and high oil yield. It is an important
spice with high economic value as it is an important
raw material for different industries such as pharma-
ceuticals, perfumes, cosmetics, food and beverages.
Mace and seeds from the old nutmeg are used as
spices. The nutmeg oil, which is used as medicine is
derived from the young fruit (Nurdjannah, 2007).
Indonesia is one of the largest nutmeg-producing and
exporting countries in the world. The Banda Islands,
Maluku Province, are the area of origin for the nutmeg
plant (Indonesian ministry of Agriculture, 2016). To
date, the traditional agricultural practices have been
followed by the farmers and hence the yield is still low
but they still maintain the high quality of nutmeg
(Nurdjannah, 2007). The nutmeg export earned Indo-
nesia a foreign exchange of USD135.9 million or
IDR1.3 trillion in 2017 (Indonesian ministry of Agri-
culture, 2016). Further, the Indonesian Government is
trying to restore the past glory of Maluku Island as
‘Spice Island’ with priority production of spices.

Nutmeg production depends upon various factors
such as crop factors, external input in the form of fertil-
izer and pesticides, climate and harvested area. The land
expansion is impossible because of the available land lim-
itations within the islands. Therefore, climatic variables
such as rainfall, temperature and relative humidity play
an important role in nutmeg productivity (Hadad
et al., 2006). The ideal growth of the nutmeg plant
requires the annual rainfall in the range between 2000
and 4500 mm, 100–160 wet days, 25–26�C average tem-
perature and 60%–80% relative humidity. The study of air
temperature and rainfall indicates that the climate over
the region is under constant change for the last 50–
100 years (Hidup, 2004). Therefore, to address the threat
to state revenues and farmers' livelihoods caused by
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climate change, effective strategies need to be formulated
and implemented (Rehatta et al., 2021).

This study focuses on the present climate and its pro-
jections over Indonesia by examining the nature of the
precipitation and temperature from high-resolution RCM
outputs. This study further examines the impact of the
changing climate on nutmeg production with special ref-
erence to the Maluku Island of Maluku Province,
Indonesia, during the rainy season (October–March). The
simulated climate variables are examined for the climate
suitability for nutmeg production under different climate
change scenarios. Further, the present work uses the
36 high-resolution model output from CORDEX-CORE
framework for the first time, which has not been used for
the southeast Asian domain earlier.

2 | DATA AND METHODOLOGY

The following section explains the different datasets used
and the methodology adopted in the present study.

2.1 | Dataset used

The present study employed various datasets to explore
future climate projections and their impact on nutmeg
production. The details of the datasets procured from dif-
ferent agencies for analysis are provided as follows.

2.1.1 | Regional climate models

Among the climate models, the RCMs are getting pop-
ularity because of their ability to produce high-
resolution regional information (Giorgi, 2019). The
Coordinated Regional Climate Down-scaling Experi-
ment (CORDEX) is an international project supervised
by the WCRP (World Climate Research Program) and
produces detailed high-resolution climate change sce-
narios standardized for each region (Bukovsky &
Mearns, 2020; Giorgi et al., 2009, 2012; Maharana,
Agnihotri, & Dimri, 2021; Maharana et al., 2021; Shahi
et al., 2021). The vision of CORDEX is to advance and
coordinate the science and application of regional cli-
mate downscaling through global partnerships. In the
initial phase, the project aims to get high-resolution
climate information at 50 km horizontal resolution,
which further improves to 25 km in the second phase,
that is, CORDEX-Coordinated Output for Regional
Evaluations (CORE) project across various domains
around the world (Giorgi & Gutowski, 2015). Because
of the higher horizontal resolution, the CORDEX-

CORE model experiments are chosen for the present
analysis above the coarse resolution CORDEX (50 km)
experiments and Coupled Model Intercomparison Pro-
ject Phase 6 (CMIP6) model experiments.

The climatic parameters (rainfall and temperature) are
procured over the South East Asian domain (CORDEX-
SEA) from Earth System Grid Federation (ESGF)-COR-
DEX-CORE. The SEA domain is confined within the
coordinates of 0–50�N and 60�–180�E and the study area or
area of interest that is, the Indonesian region lies in this
domain (Figure 1). The datasets are procured for the histori-
cal period, RCP2.6 (Van Vuuren et al., 2011), RCP4.5
(Thomson et al., 2011) and RCP8.5 (Riahi et al., 2011). The
RCP2.6 is considered as the most optimistic scenario where
the global greenhouse gas (GHG) concentration peaks in
the early part of the century, then stabilizes and gradually
declines by the end. While the RCP8.5 is the ‘business as
usual scenario’, where the GHG concentration keeps on
increasing at the same rate till the end of the century. The
emission is highest for this scenario hence representing the
worst-case scenario of climate change. The RCP4.5 is in
between these two scenarios in terms the GHG emission.
Like the RCP2.6, the peak stabilizes at the end of the cen-
tury. The climatic variables such as precipitation, mean
temperature, minimum temperature and maximum tem-
perature are downloaded for the present analysis. The pre-
sent study considered 12, 6, 6 and 12 model experiments for
the historical period, RCP2.6, RCP4.5 and RCP8.5, respec-
tively. Here, model outputs are the result of the dynamically
downscaled product of GCMs using RCMs at a very high
horizontal resolution and have been utilized by many
researchers (Maharana, Agnihotri, & Dimri, 2021; Mahar-
ana et al., 2021; Shahi et al., 2021). The model (GCM-RCM)

FIGURE 1 The domain of Coordinated Regional Climate

Down-scaling Experiment-South East Asia showing topography

(m). [Colour figure can be viewed at wileyonlinelibrary.com]
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experiments selected for the study are based on the avail-
ability on the website for the user community and details
are provided in Table 1. The climate datasets were pro-
cessed using Climate Data Operator Software and the spa-
tial plots of the climatic variables were prepared using the
Matplotlib package in python3 (Hunter, 2007).

2.1.2 | Observational datasets

1. Climate Research Unit gridded Time Series version
4 (CRU-TS4) data have been used to validate the
model experiments and their ensembles (Harris et al.,
2020). The monthly mean rainfall, mean temperature,
maximum temperature and minimum temperature
are used in this study. The CRU TS has been widely
used in a variety of research fields and applications,
such as calibrating paleoclimate reconstructions
(Nagavciuc et al., 2019; Yao et al., 2017), studying cli-
mate variability (Wang et al., 2013), bias correction for
global models (Miao et al., 2016), validation of RCMs
(Maharana & Dimri, 2014a, 2014b, 2016; Nabat
et al., 2015) and reanalysis (Weedon et al., 2014).

2. The annual nutmeg production data from Indonesia has
been procured from 1980 to 2016 (Secretariat General of
the Ministry of Agriculture of the Republic of
Indonesia, 2016).

3. The daily climate data from a meteorological station
in Banda Neira Island have been downloaded for

20 years (1992–2011) to study the impact of nutmeg
production and climatic variability (Meteorological
and Geophysical Agency, Indonesia).

2.2 | Methodology

The nutmeg is grown during the rainy season, which lasts
from October to March (ONDJFM) in Indonesia. Therefore,
only the seasonal climate data for the rainy season has been
selected for examining its relation with nutmeg production.
The validation of model experiments against observations is
important to ensure that the models are capturing the
essential features of the climate system accurately. The
model experiments and their ensemble are validated against
the CRU gridded observation for the historical period
(1976–2005). The climate projections are examined for two
different time periods termed as the mid-century (2036–
2065, MC hereafter) and end of the century (2071–2100, EC
hereafter) under three different RCPs (RCP2.6, RCP4.5 and
RCP8.5) to understand the short-term and long-term cli-
mate change under different levels of greenhouse gas emis-
sions on the future climate.

A linear regression analysis has been carried out to find
the relationship between rainfall and temperature with the
observed annual nutmeg production over Banda Island.
Further, multiple linear regression analysis was also carried
out to see the combined relationship of the climatic param-
eters (rainfall and temperature) with nutmeg production.
Afterwards, this relationship is utilized to forecast nutmeg
production. The model data over the Banda Island are
extracted for different climate projections using the nearest
neighbour interpolation technique for the analysis. The
dynamically produced climatic parameters are examined
for climate suitability for future annual nutmeg production
and the accuracy of the statistical forecast.

3 | RESULTS AND DISCUSSION

In this section, the ability of the model experiments and
their ensembles are examined to check whether they are
able to replicate the climatological rainfall and temperature
over the study domain during the historical period. The cli-
mate projections of rainfall and temperature along with
their changing behaviour are examined and their relation
with nutmeg production is deliberated subsequently.

3.1 | Rainfall climatology

The climatological seasonal-averaged precipitation dur-
ing the rainy period (ONDJFM) over Indonesia from

TABLE 1 The model experiments used for different

representative concentration pathways.

Experiments
Model combinations (GCM–RCM) used
for downscaling

Historical NorESM1_REMO, NorESM1_RegCM4.7,
MPI_REMO, MPI_RegCM4.3,
MPI_RegCM4.7, CNRM_RegCM4.3,
CNRM_RCA4, HadGEM2_REMO,
HadGEM2_RegCM4.7, HadGEM2_RCA4,
ICHEC_RegCM4.3, IPSL_RegCM4.3

RCP2.6 HadGEM2_REMO, HadGEM2_RegCM4.7,
MPI_REMO, MPI_RegCM4.7,
NorESM1_REMO, NorESM1_RegCM4.7

RCP4.5 HadGEM2_RCA4, HadGEM2_RegCM4.3,
MPI_RegCM4.3, CNRM_RCA4,
ICHEC_RegCM4.3, IPSL_RegCM4.3

RCP8.5 CNRM_RCA4, HadGEM_RCA4,
HadGEM_REMO, HadGEM_RegCM4.3,
HadGEM_RegCM4.7, MPI_REMO,
MPI_RegCM4.3, MPI_RegCM4.7,
NorESM_REMO, NorESM_RegCM4.7,
ICHEC_RegCM4, IPSL_RegCM4.3

ANRIPA ET AL. 4475
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different model experiments are compared with the
same from the CRU observations for the historical
period (Figure 2). The observed climatological rainfall
varies in the range of 8–14 mm/day across Indonesia
with an almost uniform spread of rainfall across the
country (Figure 2a). Among individual models, the
magnitude is comparable in most of the models across
the domain. However, a few models show higher and
lower precipitation with respect to the observation.
Among the models, HadGEM_RegCM4.7, Had-
GEM_RCA4, IPSL_RegCM4.3, MPI_RegCM4.7 and
NorESM1_RegCM4.7 are showing better performance
in reproducing the climatological rainfall across the
country. The CNRM_RegCM4.3 and ICHE-
C_RegCM4.3 show a wet bias (14–16 mm/day) with a
bias range of more than 3 mm/day, while HadGEM_-
REMO, MPI_REMO and NorESM_REMO exhibit a
specific behaviour of dry bias over the western part of
the domain (more than 3 mm/day) and wet/dry bias
over eastern islands (more than 3 mm/day). The

analysis reflects that the simulated precipitation varies
among the model; this may be attributed to differences
in their physics and dynamics, which drive the models.
However, the multi-model ensemble provides the clos-
est representation of the rainfall to the observation
with the least bias (−2 to 2 mm/day) across the study
domain.

3.2 | Temperature climatology

The simulated temperature from the individual models is
also validated with respect to the observed CRU dataset
over the Indonesian landmass for the historical period
(Figure 3). The observed temperature during the histori-
cal period varies from 22 to 28�C across Indonesia. The
model experiments nicely simulated the spatial distribu-
tion of temperature across Indonesia. The highlands are
much cooler than the plains by 2–4�C. The spatial distri-
bution of the temperature is nicely represented by most

FIGURE 2 The seasonal precipitation climatology (ONDJFM: mm day−1) from Climate Research Unit observation, different model

experiments, their ensembles and their corresponding bias for the historical period (1976–2005). [Colour figure can be viewed at

wileyonlinelibrary.com]
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of the model experiments with spatial accuracy,
except for HadGEM_RegCM4, ICHEC_RegCM4 and
MPI_RegCM4. These models underestimate the tempera-
ture across the study area and in contrast to these IPSL_-
RegCM4.3 simulated a warm temperature ranging from
22 to 28�C with warm bias ranging from 2 to 3�C. The
lower magnitude of the cold bias reflects that the repre-
sentation of the temperature is robust in these model
experiments. Similar cold bias in RCM over the south
Asian region has also been reported by earlier researchers
(Maharana & Dimri, 2014a). Overall, most model experi-
ments have fairly captured the spatial representation of
the temperature along with the model ensemble.

3.3 | Probability density function of
rainfall and temperature

The seasonally averaged rainfall and temperature
distribution over Indonesian landmass during the his-
torical period are examined through the probability

density function (PDF) curve. It provides the knowl-
edge of the range, mean and nature of the distribution
of the climatic parameter over the domain. In the rain-
fall PDF, the CNRM_RegCM4 model experiments show
much higher range (35–70 cm) and mean (52 cm) as
compared to the observation (mean value 37 cm) and
other model experiments (Figure 4). It shows that the
distribution of rainfall in the model ensemble is much
closer to the observation than the individual model
experiments with a mean value of �40 cm, reflecting a
better representation of simulated rainfall. Unlike pre-
cipitation, the representation of the temperature is
much better for all model experiments, which lies in
the range of 26–30�C. The CNRM_RegCM4 and
CNRM_RCA4 model experiments have presented the
mean temperature value quite well but the range is not
well reproduced (Figure 4), while other model experi-
ments show slight deviation. Interestingly, the PDF
curve reflects that the ensemble is much closer to CRU
observation in terms of the magnitude of the mean
(27.5�C) and range. Therefore, the model ensemble has

FIGURE 3 The seasonal temperature climatology (ONDJFM: �C) from Climate Research Unit observation, different model experiments,

their ensembles and their corresponding bias for the historical period (1976–2005). [Colour figure can be viewed at wileyonlinelibrary.com]

ANRIPA ET AL. 4477

 10970088, 2023, 10, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.8098 by Indian Institute O
f G

eom
agnetism

, W
iley O

nline L
ibrary on [07/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


a better representation of the temperature over the
study domain (Figure 4).

It is well-known that each model experiments have
its own strengths and weaknesses in presenting precipita-
tion and temperature climatology over a region. The vali-
dation process reflects that the bias range among the
model experiments is not large and least in the ensemble
for the historical period and hence can be considered for
the study of future climate as well. The study will con-
sider an ensemble approach from now onwards, which is
the average of outputs from all the model experiments
considered in the study. This will help to further reduce
the individual model bias and provide the best possible
representation of the projected climate. This ensemble
approach has widely been used in the modelling commu-
nity (Maharana, Agnihotri, & Dimri, 2021; Maharana
et al., 2021; Shahi et al., 2021).

4 | CLIMATE PROJECTION OVER
INDONESIA

This section describes the impact of climate change
through the projected behaviour of the rainfall and tem-
perature in two time periods/slices under different RCPs
using the ensemble approach. The change in the climate
parameters is estimated with respect to the historical
period.

4.1 | Change in the precipitation
climatology

The present analysis aims to detect climate change in the
MC and EC under different RCPs (RCP2.6, RCP4.5 and
RCP8.5) considered in the study. Figure S1 depicts the

FIGURE 4 The probability density

function of the daily mean seasonal

rainfall (ONDJFM; upper) and

temperature (lower) averaged over the

Indonesia domain for Climate Research

Unit observation, model experiments

and their ensemble for the historical

period (1976–2005). [Colour figure can
be viewed at wileyonlinelibrary.com]
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climatological rainfall pattern during the historical period
over Indonesia and its projections. The simulated historical
rainfall shows high variability across Indonesia. The west
coast of Sumatra Island and the mountainous areas in
Papua receive precipitation of magnitude above 3500 mm/
year while it ranges between 1500 and 2500 mm/year over
the rest parts of Indonesia (Figure S1a). The mountainous
regions experience higher rainfall than the other parts
due to the orographic effect. The spatial structure of the
rainfall matches quite well during MC and EC with higher
rainfall over mountains in RCP2.6 (Figure S1b,c). The rain-
fall declines over Indonesia by 200–600 mm/season with
the exception of the mountains of Papua during MC;
these further decline by 400–800 mm/season at the EC
(Figure 5a,b). Interestingly, the projected rainfall increases
during MC and EC under RCP4.5 (Figure S1d,e). In ensem-
ble, it rises by 600–800 mm/season with a sharp decline
over the mountains (Figure 5c,d). This reflects that the
increase in the GHG concentration favours rainfall across
Indonesia under the RCP2.6 and RCP4.5 scenarios. Similar
rainfall distribution under RCP8.5 reflects a slight decline
in the rainfall during MC and EC (Figure S1f,g). The pro-
jected decline in rainfall during these periods ranges
between 200 and 400 mm/season (Figure 5e,f). The rainfall

is almost comparable to the historical period with minor
changes in the distribution across the country. The change
(declines) in the rainfall is least under RCP8.5, while it is
highest (increases) under RCP4.5.

4.2 | Change in the temperature
climatology

The climatological mean temperature for the historical
period and the projected temperature for MC and EC
under RCP2.6, RCP4.5 and RCP8.5 are analysed
(Figure S2). The temperature in Indonesia is quite evenly
distributed, ranging between 20 and 28�C during the his-
torical period. Relatively higher temperatures, above
26�C are simulated on the eastern side of Sumatra island,
the coast of the islands of Kalimantan and Java, and the
southern part of the island of Papua (Figure S2a). The
temperature is projected to rise with the increase in GHG
concentration in the atmosphere. The most optimistic
scenario, RCP2.6, shows a rise in temperature all across
Indonesia, where it exceeds 28�C except over the high-
lands in the MC, with further intensification at EC
(Figure S2b,c). The projected temperature rise lies

FIGURE 5 The difference of seasonal climatological cumulative rainfall (ONDJFM; mm/day) over Indonesia for the mid and end of the century

under RCP2.6, RCP4.5 and RCP8.5 with respect to the historical period (1976–2005). [Colour figure can be viewed at wileyonlinelibrary.com]
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between 1 and 2�C for MC and EC over entire Indonesia
under RCP2.6 (Figure 6a,b). The stabilization of GHG in
this scenario stabilizes the temperature rise by the
EC. The projected temperature shows a similar spatial
distribution across the country for higher global warming
scenarios as well. The projected temperature rises
(>28�C) over these hotspots, and it is highest under
RCP85. The temperature rise is much more intense at EC
as compared to MC under these RCPs (Figure S2d–g).
The projected temperature shows an escalation by 1–2�C
during the MC, which further increases to 1–3�C by EC
(Figure 6c,d). The rise in temperature at MC under
RCP8.5 is 1–2�C (Similar to RCP4.5), while the highest
temperature is projected during the EC where most parts
of the country will experience a temperature increase of
more than 4�C (Figure 6e,f), particularly over the islands
of Sumatra, Java and Kalimantan.

4.3 | Change in the climate indices
(nature of rainfall and temperature)

The climate indices are examined in this section to
understand the nature and behaviour of the rainfall and

temperature at MC and EC with respect to the historical
period. The number of wet days (WDs), heavy rainfall
days (rainfall >20 mm/day), warm spell and heatwave
periods are examined for future changes.

4.3.1 | Wet days

WDs are defined as the day when the rainfall received
is more than 1 mm/day. It is found that the WD varies
between 100 and 350 across Indonesia during the his-
torical period (Figure S3a). The Sumatra Island, Kali-
mantan and northern parts of Papua Island experience
a higher number of WDs (150–350 days) with the high-
est over the mountains. While Java Island and the
southern part of Papua Island have comparably fewer
WDs (50–150). This means that the whole Indonesian
region gets precipitation above 1 mm for most days of
the year. Figure 7 shows that the projected WDs will
decline at MC and EC under all three RCPs as com-
pared to the historical values. It varies between
150 and 350 under RCP2.6 (Figure S3b,c) and the pro-
jected decline is highest under RCP2.6 around 50 days
for both MC and EC (Figure 7a,b). The highest number

FIGURE 6 The difference of seasonal climatological temperature (ONDJFM; �C) over Indonesia for the mid and end of the century

under RCP2.6, RCP4.5 and RCP8.5 with respect to the historical period (1976–2005). [Colour figure can be viewed at wileyonlinelibrary.com]
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of WDs are experienced in the mountain regions. The
WD count further increases to more than 250 across
the Indonesian landmass under RCP45 and RCP8.5
(Figure S3d–g). A similar decline in WDs by 10–30 is
projected under RCP4.5 (Figure 7c,d). There has been a
similar decline in projected WDs in the MC (30 days)
which further decreases at the EC (50 days) under
RCP8.5 with respect to the historical periods
(Figure 7e,f).

4.3.2 | Heavy precipitation days (rainfall
>20 mm/day)

The days where the rainfall exceeds 20 mm/day are
termed as heavy precipitation days (HPD, hereafter). The
spatial presentation of HPD over Indonesia is provided
for the historical period and different climate projections
(Figure S4). The historical data reflects that Indonesia
experiences HPD in the range of 1–10 days, while high-
lands areas are more prone to heavy precipitation with
count exceeding 50 HPD (Figure S4a). This can be attrib-
uted to the ability of RCMs to resolve the topography
leading to higher rainfall (Maharana & Dimri, 2014a).

The HPD is projected to increase by 5–15 days across
Indonesia in MC and EC as compared to the historical
period under RCP2.6 (Figure 8a,b), while the same is
more than 50 across the study domain under RCP4.5
(Figure S4b–e). The HPDs are increasing in MC and EC
under both scenarios (RCP2.6 and RCP4.5) with similar
spatial structures. The increase of HPD is more around
the highlands of Sumatra, Kalimantan and Papua. Under
the RCP4.5 scenario, it is projected to increase by more
than 15 days in most parts of the country (Figure 8c,d).
Interestingly under RCP8.5 Scenario, there is almost no
change in the HPD across the country with a slight
increase over Kalimantan Island in EC (Figure 8e,f and
Figure S4f,g).

A similar increase in rainfall and its extremes in
RCP4.5 as compared to RCP8.5 over several places in
southeast Asia (Thailand, Myanmar and Malaysia) and
tropical American regions has been also reported
(Bhowmick et al., 2019; Costa et al., 2022; Rahmat
et al., 2022; Shrestha & Roachanakanan, 2021). The pos-
sible reason for the relatively lesser rainfall extreme
under RCP8.5 may be attributed to the increasing water-
holding capacity of the atmosphere following the
Clausius–Clapeyron relationship.

FIGURE 7 The difference in wet days per annum over Indonesia for the mid and end of the century under RCP2.6, RCP4.5 and RCP8.5

with respect to the historical period (1976–2005). [Colour figure can be viewed at wileyonlinelibrary.com]
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4.3.3 | Heatwave spells

A heatwave spell is defined as the day when the daily
maximum temperature of a day exceeds its climatological
average by 5�C for 5 consecutive days. The spatial distri-
bution of the number of heatwave spells per annum for
different time slices and RCPs are presented (Figure 9).
The historical time has no record of the heatwaves over
Indonesia (Figure 9a). This can be attributed to the geo-
graphical location of the country which experiences the
equatorial climate that does not fluctuate much. The
global temperature rise with the increase in GHG emis-
sion has the potential to increase the number of heat-
wave spells, which are evident from the projected climate
(Figure 9b–g). The optimistic scenario (RCP2.6), where
the GHG are stabilized in the early part of the century,
projects one heatwave per annum over a few parts of
Indonesia in both MC and EC, mostly confined over the
coastlines of Indonesia (Figure 9a,b). Under the RCP4.5
scenario, a similar rise of one heatwave spell is projected.
However, these differ from RCP2.6 in terms of spatial
coverage within Indonesia where the highlands are also
impacted by heatwaves (Figure 9c,d). A similar pattern of
increase of the heatwave spells is projected under the

RCP8.5 scenario for MC. Four heatwave spells are pro-
jected at the EC over some areas on the islands of Java,
Sumatra and Kalimantan. This clearly indicates that the
heatwave spells are increasing in the higher warming
scenarios.

4.3.4 | Warm spells

A warm spell is defined as the days when the mean tem-
perature exceeds the 90th percentile range of the refer-
ence period for 5 consecutive days. The Indonesian
regions experience 1–2 warm spells during the historical
period (Figure 10a). The rising GHG concentration in the
early part of RCP2.6 increases the global temperature,
which is reflected as increase in 5 warm spells at MC and
EC (Figure 10b,c). Furthermore, under the RCP4.5 sce-
nario, there was a decrease in warm spells to 3–4 spells
over the highlands, while other regions have more than
5 warm spells (Figure 10c). Interestingly, the warm spells
are further projected to decline to 2–3 spells at EC
(Figure 10d). This could be attributed to the merger of
multiple warm spells into a smaller number of spells with
longer duration. This leads to a decline in the number of

FIGURE 8 The difference of heavy precipitation days per annum (rainfall more than 20 mm/day) over Indonesia for the mid and end of the

century under RCP2.6, RCP4.5 and RCP8.5 with respect to the historical period (1976–2005). [Colour figure can be viewed at wileyonlinelibrary.com]
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warm spells under the high-emission scenario. Similarly,
under the RCP8.5 scenario, 5 warm spells in the MC
reduce to 1–2 at EC.

4.4 | Impact of climate change on
nutmeg production over Banda Island of
Maluku Province

The Maluku province of Indonesia is well-known for pro-
ducing high-quality nutmegs along with other spices.
Recently, the government of Indonesia is making efforts
to intensify the production of spices on Banda Island.
Nutmeg production depends upon various factors such as

crop factors, climate and harvested area. Therefore, there is
an urgent need to develop strategies to address these factors
to maintain a good yield in the future; otherwise, thousands
of state revenues and farmers' livelihoods will be threatened
(Rehatta et al., 2021). The impact of the climatic variables
(rainfall and temperature) on the annual nutmeg produc-
tion over Banda Neira Island is examined in this section.
The nutmeg production along with the seasonal tempera-
ture and rainfall is presented (Figures S5 and S6). The
annual nutmeg production shows variability in recent years
(1980–2020) with an increase in the last decade (Figure S5).
It has increased at a rate of 3.89% per year. The average pro-
duction during this study period is 20,682 tonnes/year. It is
observed that the production experienced a considerable

FIGURE 9 The Heatwave wave spells per annum over Indonesia for historical period (1976–2005) and the mid and end of the century

under RCP2.6, RCP4.5 and RCP8.5. [Colour figure can be viewed at wileyonlinelibrary.com]
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decline during 2004 and 2005. A sharp rise in production is
observed from 2012 to 2016, but this began to experience a
decline thereafter in recent times. Among the climatic vari-
ables, the rainfall over Banda Island is not consistent and
varies between 200 and 1520 mm during the period 1992–
2011 (Figure S6). The highest precipitation is recorded dur-
ing 2008 while a significant decline is found during 1997
and 1999. Unlike rainfall, the seasonally averaged tempera-
ture does not show much variability. The temperature
ranges from 22 to 24.5�C. The less temperature variability
over Indonesia can be attributed to its proximity to the
equator (Figure 1).

The linear relationship of rainfall and temperature
with nutmeg production is also examined using linear

regression method. The following regression equations
(Equation 1, Rainfall � Production and Equation 2, Tem-
perature � Production) provide the relationship between
the rainfall and temperature with the production.

y=1:3775x+15,240 ð1Þ

y=4835:8x−93,407 ð2Þ

where y is the dependent variable (production), x is the
independent variable (precipitation or temperature). The
regression equation (Equation 1) reflects that the behav-
iour of precipitation is favouring nutmeg production in
recent years. Equation 2 depicts that the mean

FIGURE 10 The warm spells per annum over Indonesia for the historical period (1976–2005) and mid and end of the century under

RCP2.6, RCP4.5 and RCP8.5. [Colour figure can be viewed at wileyonlinelibrary.com]
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temperature has a very significant impact on production.
The higher the temperature, the higher the yield, pro-
vided it lies within the range of favourable temperature.
The temperature over Banda Neira Island is close to the
favourable temperature required for maximum produc-
tion, which is between 24 and 26�C. Therefore, produc-
tion is increasing in the recent time. Further, the
combined impact of rainfall and temperature on nutmeg
production is examined using multiple linear regression.
The model provides the relation between the dependent
variable (production) with the independent climatic vari-
ables such as temperature and precipitation.

y=ax1+bx2+c ð3Þ

where y is the dependent variable (production), x1 is the
independent variable 1 (precipitation), x2 is the indepen-
dent variable 2 (temperature) and the coefficients a,
b and c of the above multiple regression equation are
derived using the following formula.

a¼ Σx22
� �

Σx1yð Þ− Σx1x2ð Þ Σx2yð Þ� �
= Σx12
� �

Σx22
� �

− Σx1x2ð Þ2� �

¼ 0:99

b¼ Σx12
� �

Σx2yð Þ− Σx1x2ð Þ Σx1yð Þ� �
= Σx12
� �

Σx22
� �

− Σx1x2ð Þ2� �

¼ 4804:3

c=y−aX1−bX2=93,781

where ‘y’ is the annual nutmeg production time series,
x1 is the annual precipitation time series, x2 is the annual
temperature time series, X1 is the mean of the rainfall
time series for the historical period and X2 is the mean of
the temperature time series for the historical period.

From the derived values of the coefficients, the tem-
perature is found to be a more dominant variable that
impacts the production as compared to rainfall in
influencing the production.

The nutmeg production forecast is obtained for the
historical period, MC and EC under all the three RCPs
considered in the study using Equation 3 (Table S1). The
forecasted mean production during the historical period
is 16,953.7 tonnes/year which is less than the actual value
of 20,682 tonnes/year. The forecast/prediction shows a
sharp rise in the mean production of the nutmeg during
MC and EC with a mean production ranging from
43,911.7 (RCP2.6) to 53,404.6 (RCP8.5). However, this
does not seem realistic as it is difficult to have more than
2-fold production under circumstances where the avail-
able cultivated land is not increasing being an island.
Therefore, dynamically produced (simulated) tempera-
ture and rainfall pattern is further examined from the

extracted data over Banda Neira Island to understand its
nature under different climate change scenarios and to
explain whether it supports/opposes the statistical fore-
cast of the nutmeg production.

The projected WDs are examined for MC and EC
under different RCPs (Table 2). Under RCP2.6, it varies
from 213 to 234. Interestingly, this drastically declines to
67–78 and again rises to 164–201 under RCP4.5 and
RCP8.5, respectively. This indicates that there is uncer-
tainty in presenting the WDs under different RCPs. The
optimum number of WDs for the best growth of nutmeg
lies between 100 and 160. When the projected numbers
of WDs are examined, it is found that the projected WDs
are not in favour of the higher nutmeg production under
any of the RCPs considered in the study. The HPDs are
also projected to increase with respect to the historical
period where it ranges between 1 and 10. This is pro-
jected to increase under all RCPs. Heavy rainfall events
can harm plant growth.

The simulated temperature over Banda Neira Island
for the historical and different periods under various
RCPs are presented in a box plot (Figure 11). This reflects
that the simulated mean temperature rises from 27.5�C
(historical period) to 31.5�C (at the EC under RCP8.5).
The projected temperature exceeds the optimal tempera-
ture range of 24–26�C under all RCPs. The analysis sug-
gests that the nature of dynamically produced climatic
parameters (simulated temperature and rainfall) will not
be in favour of nutmeg production in the future over
Banda Neira Island. Therefore, the forecasted values of
nutmeg production through the linear regression model
does not get support from the dynamically produced vari-
able and hence the forecasted value can be rejected. The
unfavourable climatic condition can impact plant growth
and can decrease production (Gornall et al., 2010; Müller
et al., 2021; Shikha et al., 2019; Yang et al., 2017), which
cannot be accurately predicted by the linear regression
model used in this study. The rising temperature escalates
respiration and transpiration leading to an increase in water
consumption (Kirschbaum, 2004; Urban et al., 2017) and

TABLE 2 Projected nature of rainfall pattern over Banda

Island.

Periods Wet days
Heavy rainfall
events (>20 mm/day)

RCP26_Mid 234 65

RCP26_End 213 58

RCP45_Mid 67 27

RCP45_End 78 26

RCP85_Mid 201 30

RCP85_End 164 29
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also accelerates the ripening of fruit and seeds, which
reduces the quality of the yields.

A similar decline in projected crop production has
also been found using dynamic crop models. Many stud-
ies that use dynamical crop models agree with the
increasing climate uncertainty and the associated decline
in projected crop production (Gornall et al., 2010; Müller
et al., 2021). Müller et al. (2021) employed multiple agri-
cultural models to examine the impact of climate change
on crop yield and reported that it will result in a reduc-
tion in crop production under both CMIP5 and CMIP6
forcings. The crop yield projections are dependent upon
the interplay of the temperature and CO2 fertilization
effect (Gornall et al., 2010; Shikha et al., 2019; Yang
et al., 2017). Shikha et al. (2019) found that the rising
temperature will be harmful to cotton production in the
future. Apart from that, the rising uncertainty in the
rainfall variability will make the central Indian region
relatively less suitable and the northern parts of India
will have a higher potential for cotton production
(Shikha et al., 2022). The crop models reflect a decline in
wheat crop production in China due to increasing
extremes of both heat and water stress (Challinor
et al., 2018; Yang et al., 2017). A similar decline in

projected rice yield across various agro-climatic regions
of India has also been reported (Singh et al., 2017).

5 | SUMMARY AND
CONCLUSIONS

The present study examined the changing climate in
Indonesia using the outputs from different high-resolution
RCMs under CORDEX-CORE framework. We further
seek to understand the impact of climate change on nut-
meg production over Banda Neira Island, located in the
Maluku province of Indonesia. Nutmeg originated in
Indonesia and contributes significantly to the country's
annual gross domestic product. Indonesia experiences two
major seasons: the rainy period (October–March) and the
dry period (April–September). Nutmeg cultivation is car-
ried out during the rainy season, and thus our analyses
focus on this season only. The study examines historical
and projected climate data under three different RCPs
(RCP2.6, RCP4.5 and RCP8.5) obtained from multiple
GCM–RCM combinations.

The present study examines two important parame-
ters, rainfall and temperature, for two periods under

FIGURE 11 The box plot of the simulated temperature over Banda Neira island for model ensembles for historical and mid and end of

the century under RCP2.6, RCP4.5 and RCP8.5. [Colour figure can be viewed at wileyonlinelibrary.com]
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different climate change scenarios with special reference
to the mean and changing nature of the parameters. Most
of the model experiments are able to replicate the
observed pattern of rainfall and temperature over
Indonesia, while the ensemble of model experiments
reproduces the pattern with the least bias. Furthermore,
PDFs indicate that the distribution is better represented
in the ensemble compared to the individual model exper-
iments. Therefore, only the model ensembles are used for
the climate change analysis. The distribution of rainfall
shows high uncertainty in MC and EC for different RCPs
with the maximum (minimum) increase projected for
RCP4.5 (RCP8.5), resulting in the highest rainfall over
mountainous regions. This can be attributed to the higher
resolution of RCMs which better resolve the topography
and represent the orographic rainfall more accurately.
Projected temperatures are seen to rise from MC to EC
under all RCPs, with the highest increase observed under
RCP8.5.

The study also examines the impact of changing cli-
mate on nutmeg production over Banda Neira Island.
The optimum temperature for the highest nutmeg pro-
duction is between 25 and 26�C. While 100–160 wet
days are considered ideal. A linear regression model,
built using observed data from the historical period,
suggests that both rainfall and temperature, individu-
ally as well as in combination, favour nutmeg produc-
tion, with the temperature being the dominant factor.
The model forecast predicts a significant increase in
mean nutmeg production from 20,682 tonnes/year in
the historical period to 53,404.6 tonnes/year by EC. The
study further examines the dynamically projected
climatic parameters from high-resolution climate
models to understand climate suitability and to verify
the accuracy of the statistical forecast. The projected
temperature over Banda Neira Island is observed to be
consistently increasing from the historical period
(27.5�C) to its maximum during EC under RCP8.5
(31.5�C). The number of projected warm spells is
increasing from the historical period (1–2) to EC under
RCP2.6 (�5) across Indonesia. Interestingly, it declines
under high-emission scenarios (RCP4.5 and RCP8.5) to
around 3. The decline in the count can be attributed to
the merging of small-length warm periods into fewer
but longer spells in the relatively warmer world. Also,
the occurrence of heatwaves over certain regions of
Indonesia is on a constant rise. The rise in mean tem-
perature above 26�C, increasing warm spells and heat-
waves will have a combined adverse impact on nutmeg
production in the future. The study also examined the
behaviour of rainfall through the projected number of
WDs, which is highly uncertain under different scenar-
ios. It is much higher during RCP2.6 (213–234) and

RCP8.5 (164–201), while it declines significantly under
RCP4.5 (67–78). Further, the number of projected HPDs
are also clearly escalating from the historical period
(1–10) to different RCPs (26–65). So overall, the pro-
jected WDs are not in favour of an increase in nutmeg
production in the future, irrespective of whether it rises
or decreases. The increase in HPDs will also not be suit-
able for nutmeg plant, which may impact the plant at a
different stage of its growth by increasing the uncer-
tainty and vulnerability. Overall, the changes in the
rainfall and temperature patterns and their behaviour
will have a harmful impact on nutmeg production as
these climatic parameters are deviating from a suitable
climate that favours high nutmeg production. It has
also been documented that nutmeg production would
decrease if the temperature exceeds the suitable tem-
perature range (Indonesian ministry of Agriculture,
2016).

The changing climate greatly increases the vulnerabil-
ity of the nutmeg plant, affecting production by impact-
ing cropping patterns, planting times and the quality of
the product. This situation is alarming for those engaged
in the agriculture sector and for food security. Rising
temperature induces a more extreme climate which ulti-
mately reduces nutmeg production. Therefore, global
GHG emissions must be curbed through strict laws and
policies with proper implementation at global, regional
and local levels. Global treaties like the Paris Climate
Agreement, along with others, must be strongly enforced
to avoid the worst scenarios.
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