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    ABSTRACT: This study evaluates rainfall deficit anomalies during the main rice planting season to detect hidden meteorological droughts. It analyzes satellite-derived precipitation variables using the 1-month Standardized Precipitation Index (SPI-1). The observation timeline spans 2014 to 2024 across Indramayu Regency, utilizing CHIRPS spatial data. The results revealed that extreme drought anomalies surprisingly occurred during the peak wet seasons, specifically in December 2023 (SPI -2.48) and February 2024 (SPI -1.81). These anomalous wet-season precipitation failures severely disrupted the critical early vegetative phases of rice. The findings imply an urgent need for agricultural stakeholders to transition from static to dynamic planting calendars integrated with probability-based climate prediction models to mitigate mass crop failures.
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INTRODUCTION


Indramayu
Regency is a critical agro-climatic region serving as Indonesia's national rice
granary. The agricultural system in this area relies heavily on hydrological
stability, particularly during the main planting season known as the Rendengan,
which generally occurs from December to March (Badan Pusat Statistik, 2012).
However, climate change and phenomena such as the El Niño-Southern Oscillation
have intensified climate anomalies, subsequently disrupting the normal
distribution of rainfall (Ruminta & Handoko, 2016). Precipitation failures
during the wet season are often overlooked because the absolute rainfall volume
might still appear moderate, even though it falls significantly below the
historical normal threshold. This latent meteorological drought severely
disrupts the critical early vegetative phases of rice, leading to delayed
planting, inflated operational costs for emergency irrigation, and mass crop
failures (Kumparan, 2023; Tempo, 2023).


Observing
these anomalies using conventional ground stations is often hindered by uneven
spatial distribution and missing data, necessitating the use of reliable
satellite-based spatial data such as the Climate Hazards Group InfraRed
Precipitation with Station data (Funk, Peterson, Landsfeld, Pedreros, Verdin,
Shukla, Husak, Rowland, Harrison, Hoell, & Michaelsen, 2015). To
quantitatively evaluate this precipitation deficit, the Standardized
Precipitation Index is highly recommended due to its robustness in measuring
relative rainfall deviations across specific timescales (McKee, Doesken, &
Kleist, 1993).


This
paper contributes to the enrichment of agro-climatological knowledge by
capturing a unique phenomenological niche: shifting the traditional research
focus from absolute dry-season droughts to hidden meteorological droughts
occurring during the peak wet season. By highlighting this anomaly, the study
presents exciting novelty, demonstrating how statistically extreme droughts can
happen in months with high absolute rainfall, thereby challenging the
effectiveness of static agricultural planning. Therefore, this research aims to
identify and evaluate the characteristics of meteorological drought anomalies
during the main rice planting season in Indramayu Regency over the 2014–2024
period. Ultimately, this study seeks to provide a scientific foundation for
agricultural stakeholders to transition towards dynamic planting calendars,
enhancing the resilience of food security against extreme climate shocks.


 


THEORETICAL
REVIEW


As
a food granary region along the Northern Coast (Pantura) route, the
agricultural system in Indramayu Regency has an absolute dependence on the
availability of water resources, both from technical irrigation networks and
direct rainfall. The rice cultivation cycle in this region is generally mapped
into three main periods. Planting Season (MT) 1 or the rendengan season occurs
during the wet period (December–March), followed by MT 2 or the gadu season
(April–July), and MT 3 for secondary crops (palawija) or fallow during the peak
of the dry season (August–November) (Badan Pusat Statistik, 2012; Susilowati
& Maulana, 2012).


 


The
critical phase in rice cultivation is heavily determined by water availability
at the beginning of MT 1. From December to February, rice plants are in the
range of the nursery, active vegetative, and booting phases. A shortage of
water supply during these phases not only causes massive delays in the planting
calendar but also potentially disrupts the grain formation metabolism, which
directly depresses the level of grain productivity at harvest (Ruminta &
Handoko, 2016; Wiyono, 2021).


Meteorological
drought is defined as a condition of accumulated precipitation deficit in a
certain area over a specific period, relative to its long-term historical
average. Unlike absolute droughts that occur during the dry season,
meteorological droughts can occur during the wet season if the precipitation
intensity drops significantly below the normal threshold (McKee, Doesken, &
Kleist, 1993).


This
anomalous condition is often controlled by macro-scale climate oscillations
such as the El Niño-Southern Oscillation (ENSO). During an extreme El Niño
phase, the sea surface temperature in the central to eastern equatorial Pacific
Ocean warms, triggering an anomaly in the Walker circulation and inhibiting the
convection of rain cloud formation in the Indonesian maritime region. This
causes the wet period, which should provide an abundant water supply (such as
from December to February), to experience a drastic reduction in rainfall
(Ruminta & Handoko, 2016).


To
quantitatively measure the severity of rainfall deficits, the Standardized
Precipitation Index (SPI) was developed as a probability metric that transforms
the rainfall time-series into a standard normal distribution. SPI is highly
relevant for climate anomaly analysis due to its ability to compare the
rainfall of a specific month exclusively with the historical probability of the
same month in previous years (McKee, Doesken, & Kleist, 1993). Through this
mathematical transformation, wet months recording rainfall of over 100 mm or
200 mm can yield a highly negative SPI value (extremely dry) if that figure
still represents a much lower probability of occurrence below the historical
average for the respective month.


Drought
observations based on surface weather station data are often hindered by the
uneven distribution of rain gauges and a high rate of missing data. Overcoming
these limitations, the Climate Hazards Group InfraRed Precipitation with
Station data (CHIRPS) provides a high-resolution (0.05 degrees) global
precipitation dataset that integrates ground station-based climatology,
infrared satellite imagery carrying cloud-top temperature signals (CCD), and
atmospheric terrain models. This spatiotemporal combination makes CHIRPS a
highly robust instrument for detecting long-term historical climate anomalies
with adequate geometric precision for agro-climatic analysis at the regency
level, such as in Indramayu (Funk, Peterson, Landsfeld, Pedreros, Verdin,
Shukla, Husak, Rowland, Harrison, Hoell, & Michaelsen, 2015).


 


METHODOLOGY 



                   This research
is focused on the administrative area of Indramayu Regency, West Java Province,
which geographically stretches along the northern coast of Java Island. This
region was selected due to its strategic role as a national rice granary that
possesses a high level of vulnerability to climate fluctuations. The time-series
analysis was conducted longitudinally, covering an 11-year period from January
2014 to December 2024. This specific timeframe was chosen to capture major
climate cycles, including the extreme El Niño anomalies that occurred in 2015
and 2023–2024.


                   This study
entirely utilized secondary data in the form of the Climate Hazards Group
InfraRed Precipitation with Station data (CHIRPS) version 2.0 dataset (Funk,
Peterson, Landsfeld, Pedreros, Verdin, Shukla, Husak, Rowland, Harrison, Hoell,
& Michaelsen, 2015). This spatial data was acquired directly from the
University of California, Santa Barbara (UCSB) server repository. The
downloaded parameter was monthly global precipitation with a spatial resolution
of 0.05 degrees (approximately 5 km) in a compressed raster format. The use of
this satellite observation dataset aims to avoid the missing values bias that
frequently occurs in ground-based rain gauge stations. 


                   The data acquisition
processing and extraction were performed using programming language-based
numerical computation. The spatial data processing stages included:


·      
Region Clipping: The global raster data was clipped (subset) using
bounding box coordinates covering the Indramayu Regency area (Longitude: 107.8
to 108.5; Latitude: -6.7 to -6.2).


·      
Data Cleaning: The extraction of anomalous pixel values (such as
NoData with a value of -9999) was removed from the matrix to prevent them from
disrupting the statistical calculations.


·      
Value Aggregation: The rainfall value matrix from all pixels
within the Indramayu region was averaged (spatial aggregation) to generate a
single representative regional rainfall value per month. The final result of
this process is a one-dimensional (1D) time-series table of monthly rainfall
from 2014 to 2024.


                   The drought index was
calculated using the Standardized Precipitation Index (SPI) method with a
1-month time scale (SPI-1) (McKee, Doesken, & Kleist, 1993). This short
time scale was selected to capture sudden climate shocks affecting the early
phase of rice planting. The statistical computation process involved two main
mathematical stages, namely Distribution Fitting and Standard Normal
Transformation.


                   The resulting SPI values
are in the form of positive and negative decimal numbers. Positive values
represent rainfall above the historical average (wet conditions), while
negative values represent a deficit (dry conditions). The drought severity is
classified based on the World Meteorological Organization (WMO) standards into
several categories, where values of ≤ -1.0 to -1.49 are categorized as
Moderately Dry, -1.50 to -1.99 as Severely Dry, and ≤ -2.0 are
categorized as Extremely Dry (McKee, Doesken, & Kleist, 1993).


 


RESULTS


Rainfall Time-Series Extraction
(2014–2024)


Based on
the computation of CHIRPS spatial data extraction within the boundaries of
Indramayu Regency (Funk, Peterson, Landsfeld, Pedreros, Verdin, Shukla, Husak,
Rowland, Harrison, Hoell, & Michaelsen, 2015), a monthly rainfall
time-series spanning 132 months (January 2014 to December 2024) was obtained.
The general rainfall pattern exhibits typical monsoonal fluctuations, where the
highest precipitation is generally recorded in the first quarter of each year
(January–March), while absolute rainfall deficits consistently occur in the
third quarter (July–September).


Although
the observation of absolute rainfall values provides a general overview of the
wet and dry seasons, these values cannot automatically represent the optimal
level of water availability for agriculture. Inter-annual rainfall fluctuations
in the same month show significant variance, serving as an initial indication
of precipitation distribution anomalies that need to be probabilistically
tested through the SPI method.


 


Computation Results of the
Standardized Precipitation Index (SPI-1)


The
transformation of the rainfall time-series into probability values using the
inverse normal function generates the SPI-1 index, which detects the relative
levels of wetness and dryness for each calendar month (McKee, Doesken, &
Kleist, 1993). The SPI values fluctuate dynamically above and below the zero
equilibrium line. Periods with positive SPI values (visualized by blue bars)
indicate that rainfall is above its historical normal probability, while
negative values (red bars) indicate a rainfall deficit.





Figure 1. Fluctuation of the
1-month Standardized Precipitation Index (SPI-1) in Indramayu Regency for the
2014–2024 period.


 


The
temporal distribution in Figure 1 clearly visualizes the cyclical pattern of
wet and dry climate conditions over the past 11 years. Horizontal dashed lines
indicate drought severity thresholds: yellow (-1.0; Moderately Dry), light red
(-1.5; Severely Dry), and dark red (-2.0; Extremely Dry). The computational
results show that meteorological drought events (SPI ≤
-1.0) do not only cluster during the dry season but are spread across various
months, including critical phases of the wet season. For instance, while
drought events clustered significantly during the Super El Niño phenomenon in
2015, the graph visually validates that the sharpest deficit spike (the deepest
red bar) piercing the -2.0 threshold actually occurred exactly at the end of
2023. This proves the sensitivity of SPI in capturing historical probability
deviations, where a month with quantitatively moderate rainfall can be
classified as an extreme drought if the value deviates far below its average
trend.


The
theoretical foundation of this anomaly detection is deeply rooted in the
original framework proposed by McKee, Doesken, and Kleist (1993), which posits
that drought is inherently a temporal and regional phenomenon driven primarily
by relative precipitation deficits over specific timescales. By normalizing the
gamma-distributed rainfall data into a standard normal curve (Z-score), the SPI
mathematically ensures both spatial and temporal comparability. In statistical
terms, an SPI value of -2.0 consistently represents an extreme event with
approximately a 2.3% probability of occurrence, regardless of whether it
manifests during the naturally dry month of June or the historically wet month
of December. Covering exactly the 2014–2024 timeframe to comprehensively meet
continuous climate analysis standards, this index configuration provides a
highly robust metric to evaluate short-term climate shocks without being biased
by absolute rainfall figures.


Furthermore,
from an agro-climatological perspective, standardizing these anomalies is vital
because the water requirements for rice cultivation are biologically adapted to
the region's expected seasonal baseline (Ruminta & Handoko, 2016; Wiyono,
Widodo, & Triwidodo, 2021). When a traditionally wet month experiences a
severe negative probability deviation, the absolute rainfall volume—even if it
exceeds 100 mm—often falls drastically short of the minimum threshold required to
compensate for maximum evapotranspiration and soil percolation demands during
the initial land preparation phase. Therefore, the theoretical application of
SPI-1 in this analysis effectively bridges the gap between purely
meteorological observations and actual agricultural vulnerability, proving that
latent drought hazards can be mathematically identified within statistically
"wet" periods.


 


Identification of Extreme Drought
Anomalies


To
measure the peak of weather anomalies that pose the greatest threat to the
agricultural system, an extraction of drought events with the highest severity
levels (Severely Dry to Extremely Dry) was conducted during the observation
period. Table 1 summarizes the five months with the most extreme deficit index
values in Indramayu.


Table 1. Top Five Driest Months
Based on SPI-1 Values (2014–2024 Period)





 
  	
  Rank

  
  	
  Year

  
  	
  Month

  
  	
  Rainfall (mm)

  
  	
  SPI-1 Value

  
  	
  Drought Classification

  
 

 
  	
  1

  
  	
  2023

  
  	
  December

  
  	
  110.97

  
  	
  -2.48

  
  	
  Extremely Dry

  
 

 
  	
  2

  
  	
  2021

  
  	
  April

  
  	
  136.41

  
  	
  -2.19

  
  	
  Extremely Dry

  
 

 
  	
  3

  
  	
  2015

  
  	
  June

  
  	
  19.95

  
  	
  -2.10

  
  	
  Extremely Dry

  
 

 
  	
  4

  
  	
  2024

  
  	
  February

  
  	
  222.85

  
  	
  -1.81

  
  	
  Severely Dry

  
 

 
  	
  5

  
  	
  2018

  
  	
  April

  
  	
  147.44

  
  	
  -1.78

  
  	
  Severely Dry

  
 







 


The
results in Table 1 reveal an anomaly finding that is highly crucial for the
agro-climatological calendar. Out of the five most severe drought events, four
of them (Ranks 1, 2, 4, and 5) surprisingly occurred in months with
precipitation above 100 mm, which according to the agricultural calendar fall
within the Main Planting Season (MT) Rendengan and the transition period to MT
Gadu.


The absolute drought event with
the lowest rainfall (19.95 mm) was indeed recorded in June 2015, which is the
peak of the dry season and represents the Super El Niño event. However,
statistically, the highest probability severity actually fell in December 2023,
with an SPI value reaching -2.48 (Extremely Dry). Although the rainfall in that
month reached 110.97 mm, this volume is considered a massive deficit when
compared to the historical normal probability of December precipitation in the
Indramayu region, which is supposed to be the main gateway to the onset of the
wet season. A similar finding was also recorded in February 2024, where a
rainfall of 222.85 mm ranked as the fourth most severe (-1.81), indicating that
the rainfall intensity at the peak of the wet season failed to meet the
threshold required to maintain the stability of rain-fed irrigation water
availability.


 


DISCUSSION


Rainfall Deficit Anomalies at the
Beginning of the Main Planting Season


The most crucial finding from the
SPI-1 probability analysis during the 2014–2024 period is the detection of
extreme droughts that surprisingly dominated the wet months. The most severe
deficit record fell in December 2023 with an SPI value reaching -2.48 (Extremely
Dry). Climatologically, December in Indramayu Regency is the gateway to the
onset of the wet season. However, the precipitation figure of 110.97 mm in that
month indicates a massive failure to reach its historical normal rainfall
threshold.


This condition deals a severe blow
to the agro-climatological calendar, considering December is the beginning of
Planting Season (MT) 1 or Rendengan. During this phase, a large volume of water
is highly crucial for softening the soil (land preparation) and flooding the
nursery plots. This extreme precipitation deficit directly confirms the
occurrence of a massive delayed planting phenomenon. Field evidence shows that
the climate anomaly in late 2023, triggered by the prolonged El Niño
phenomenon, has significantly disrupted the stability of national rice
production due to the failure of the early planting phase in various rice
granaries (Tempo, 2023).


Furthermore, this anomaly triggered
a spillover effect in the form of a socio-economic crisis at the farmer level.
To save the rice seeds that had been sown amidst the absence of rainwater and
the shrinking discharge of technical irrigation, farmers were forced to rely on
pumping water from drainage rivers. This forced adaptation practice led to an
exponential swelling of operational fuel costs, which ultimately entangled
farmers in severe financial losses and debt traps (Kumparan, 2023). This proves
that meteorological droughts at the beginning of the wet season have a more
destructive economic impact compared to absolute dry seasons.


 


Vulnerability of the Generative Phase and the Gadu Planting Season
Transition


Besides the beginning of MT 1, the
SPI analysis also detected high vulnerability at the peak of the wet season and
the transition period. The finding in February 2024 (Rank 4; SPI -1.81)
indicates a Severely Dry classification even though the absolute rainfall was
at 222.85 mm. In February, early-planted rice generally begins to enter the
transition phase from the late vegetative to the generative phase (booting and
flowering). A shortage of water supply during this highly critical phase can
cause a high percentage of empty grains, which directly suppresses the crop
yield tonnage.


On the other hand, findings of
extreme deficits in April 2021 (SPI -2.19) and April 2018 (SPI -1.78) indicate
the occurrence of an "early dry season" phenomenon or an earlier
cessation of rainfall than the normal schedule. April is a crucial transition
period where farmers begin to enter Planting Season 2 (Gadu). The drought
anomaly in this month forced young plants in MT 2 to face hydric stress
earlier, meaning that the probability of a successful gadu harvest highly
depends on the optimization of reservoir water management, such as the supply
from the Rentang Weir or Jatigede Reservoir.


 


Impact of Absolute Drought at the Peak of the Dry Season


Although wet season anomalies are
the main focus, this analysis also validates the sharpness of SPI in recording
historical absolute drought events. June 2015 ranked as the third most severe
(SPI -2.10) with the lowest rainfall (19.95 mm). Climatologically, 2015 is
globally recognized as the year of a Super El Niño occurrence.


The extreme drought condition in
June exerted maximum stress on the remaining MT 2 rice plants and MT 3
secondary crops (palawija). Under these extreme conditions, severe soil
cracking accelerates the evaporation rate from the root zone, cuts off the
nutrient supply, and increases plant mortality. The combined findings from all
these analyses provide a new paradigm that climate risk mitigation in Indramayu
Regency can no longer use a static calendar approach but must transform into
dynamic planting calendar management based on climate probability predictions
(climate outlook). 


 


CONCLUSIONS


Based on the computational results
and analysis of the Standardized Precipitation Index (SPI) using CHIRPS
satellite data over the 2014–2024 period, this study concludes that Indramayu
Regency is facing a significant shift in the characteristics of meteorological
drought threats. The SPI index has proven to be highly sensitive and effective
in detecting latent weather anomalies, where extreme water deficit conditions
are no longer solely dominated by the absolute dry season but have infiltrated
the peak months of the wet season.


The most crucial finding shows that
the most severe drought records, based on statistical probability, surprisingly
occurred in December 2023 (SPI -2.48) and February 2024 (SPI -1.81). The
rainfall deficit anomalies during this wet period have a far more systemic
destructive power on the agricultural sector compared to a regular dry season,
as they directly destroy the early foundation of Planting Season (MT) 1 or
Rendengan. Precipitation failures during this crucial vegetative phase trigger
a domino effect in the form of delayed planting calendars, exponentially
swelling operational costs for emergency irrigation, and pushing the generative
phase into the vulnerable dry transition period. This confirms that high
absolute rainfall quantities in the wet season can no longer be guaranteed as
safe water availability for the continuity of rice cultivation without
considering the balance of its historical probabilities.


 


RECOMMENDATIONS


Based on these agro-climatic
vulnerability findings, this study recommends several strategic measures:
First, Planting Calendar Transformation: The Ministry of Agriculture and
relevant regional agencies need to abandon the static planting calendar
approach and shift to a dynamic planting calendar system integrated in
real-time with probabilistic climate prediction models such as SPI, to minimize
the risk of massive crop failure at the beginning of the wet season. Second,
Wet Season Infrastructure Mitigation: The paradigm of irrigation water
management, such as the governance of the Rentang Weir and Jatigede Reservoir,
must no longer focus solely on dry season reserves. A measured allocation of
buffer water discharge releases is required during anomalous months such as
December or February to save the critical phase of rice plants. Third, Future
Research Development: For further research, it is highly recommended to
integrate the SPI index with Vegetation Greenness Index spatial data (such as
NDVI) to precisely map the spatial extent of agricultural land damage from year
to year.


  


FURTHER STUDY


While
this study provides significant insights into meteorological drought anomalies
using the Standardized Precipitation Index (SPI), it is subject to several
limitations. First, the analysis relies solely on precipitation variables
derived from CHIRPS data and does not account for other critical climatic
factors such as temperature, wind speed, and evapotranspiration rates, which
are also profoundly amplified by extreme climate events like El Niño. Second,
the destructive impacts of these anomalies on agricultural productivity were
analyzed conceptually and supported by secondary literature, lacking direct
empirical validation of the exact spatial crop failure area. Therefore, for
further investigations, it is highly recommended to incorporate the Standardized
Precipitation Evapotranspiration Index (SPEI) to provide a more comprehensive
drought assessment that includes temperature parameters. Additionally, future
studies should integrate spatial remote sensing tools, such as the Normalized
Difference Vegetation Index (NDVI) or Enhanced Vegetation Index (EVI), along
with actual field-level crop yield data, to quantitatively map the
physiological damage to rice crops and precisely measure the socio-economic
losses experienced by farmers in the region.
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