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INTRODUCTION

Climate change has become a global issue and 
has received serious attention in recent decades, 
presenting the most significant global challenge to 
living organisms today (Hasbullah and Assyahri, 
2024). Global climate change has become one of 
the greatest environmental challenges of the 21st 
century. The increase in greenhouse gas concen-
trations in the atmosphere has caused a rise in 
global average temperatures, changes in rainfall 
patterns, and an increase in the frequency and in-
tensity of extreme weather events in various re-
gions of the world (Kumar et al., 2024). Precipita-
tion and air temperature are among the key aspects 
in detecting climate change and in determining the 
environmental conditions of specific regions that 

influence agricultural productivity (Syarifuddin et 
al., 2023). Climate patterns and rainfall in Indo-
nesia exhibit spatial variations; this is due to the 
country’s archipelagic nature and its geographi-
cal location (Natun et al., 2024). Precipitation is a 
fundamental component of the Earth’s hydrologi-
cal cycle; this cycle plays a crucial role in shaping 
ecosystems, agricultural productivity, and water 
resource management (Mustopa et al., 2025). Sea-
sonal variability in rainfall can have a significant 
impact on water availability, crop yields, and the 
frequency of extreme weather events; therefore, it 
is crucial to develop robust models that can accu-
rately capture these dynamics (Azwar et al., 2022). 
This study focuses on three regions with distinct 
geographic characteristics: Surakarta, Mataram, 
and Wamena. Surakarta represents a lowland 

Contrasting extreme climate trends across lowland, dry-island, 
and highland regions of Indonesia using ERA5-Land 

Sapta Suhardono1* , Nirina Nasywa Nurfea1, Atha Ratna Viviani1,
Aretha Nasywa Ardhani1, Rafda Khairunnisa1 

1	 Department of Environmental Sciences, Faculty of Mathematics and Natural Sciences, Universitas Sebelas 
Maret, Surakarta, 57126 Indonesia

* Corresponding author’s e-mail: sapta.suhardono@staff.uns.ac.id

ABSTRACT
This study analyzes trends and variability in climate parameters, specifically precipitation and air temperature in 
three regions with distinct geographic characteristics in Indonesia: Surakarta / Solo (lowlands of Java), Mataram 
(dry tropical island), and Wamena (highlands of Papua), during the period 1995–2025. ERA5-Land reanalysis 
data from the ECMWF were extracted using Google Earth Engine and analyzed using the modified Mann-Kendall 
trend test, Sen’s Slope estimation, the precipitation concentration index (PCI). The results indicate that Wamena 
experienced the most significant climate change, with clear upward trends in rainfall intensity indices (SDII, R95p, 
PRCPTOT), rainfall frequency indices (R10 mm, R20 mm), and temperature extremes (TXx, TN90p). In contrast, 
Surakarta and Mataram did not show significant precipitation trends, suggesting that long-term rainfall signals in 
these regions may be obscured by strong interannual variability. Nevertheless, all three locations exhibited con-
sistent and statistically significant trends toward warmer average temperatures and an increase in the frequency 
of warm nights (TN90p), underscoring the uniform impact of anthropogenic climate change across Indonesia’s 
various climate zones. These findings underscore the importance of region-specific climate adaptation strategies in 
water resource management and agricultural planning in Indonesia.

Keywords: climate trend analysis, ERA5-Land, modified Mann-Kendall, rainfall variability, temperature ex-
tremes, Indonesia.

Received: 2026.07.07
Accepted: 2026.07.30
Published: 2026.08.15

Ecological Engineering & Environmental Technology, 2026, 27(9), 51–69
https://doi.org/10.12912/27197050/225934
ISSN 2719–7050, License CC-BY 4.0

ECOLOGICAL ENGINEERING 
& ENVIRONMENTAL TECHNOLOGY

https://orcid.org/0000-0003-3657-4690


52

Ecological Engineering & Environmental Technology 2026, 27(9), 51–69

region on the island of Java influenced by urban 
and agricultural activities. Mataram represents 
a dry tropical island region in West Nusa Teng-
gara that experiences a relatively long dry season. 
Meanwhile, Wamena represents a high-mountain 
region in the Papua Mountains, which has distinct 
climatic characteristics due to the influence of ele-
vation. These differences in geographic conditions 
allow for varying climate responses to global cli-
mate change (Ferguglia et al., 2024).

Although global warming is a widespread 
phenomenon occurring throughout the world, its 
impacts do not manifest with the same intensity 
in every region, as they are influenced by local 
geographic conditions and climatic characteris-
tics (Correa et al., 2025). In Indonesia, climate 
change has altered the patterns of the rainy and 
dry seasons, increased the frequency of hydrome-
teorological disasters, and impacted the agricul-
tural sector and water resources (Aldyan, 2023). 
Changes in rainfall patterns are also linked to an 
increase in the occurrence of floods during the 
rainy season and droughts during the dry sea-
son, thereby posing challenges for environmental 
management and regional development (Nabine-
jad and Schyttrumpf, 2023). These conditions not 
only affect agricultural productivity but also im-
pact ecosystem stability and the resilience of com-
munities dependent on natural resources (Diyaolu 
and Folarin, 2024). Several studies indicate that 
Southeast Asia is experiencing consistent temper-
ature increases accompanied by heightened rain-
fall variability (Fan et al., 2022). This situation 
underscores the importance of long-term climate 
analysis using data capable of simultaneously 
capturing both long-term trends and interannual 
fluctuations (Vu et al., 2023). Understanding cli-
mate responses across various regions in Indone-
sia is crucial for explaining the differing impacts 
of climate change that emerge in each distinct en-
vironmental context (Marzuki et al., 2025). 

Advances in high-resolution climate reanaly-
sis products provide better opportunities to ana-
lyze long-term climate change in regions with 
varying availability of observational data (Aliza-
deh, 2022.). ERA5-Land integrates atmospheric 
models with various global observational sources 
to produce climate data that is continuous and 
spatially consistent ( Xu et al., 2022). Compared 
to meteorological station data, reanalysis datas-
ets offer advantages in terms of spatial coverage, 
particularly in areas where the observation net-
work remains limited (Mistry et al., 2022). This 

advantage is highly relevant for Indonesia, which 
has an archipelagic structure and complex topog-
raphy, meaning that climatic conditions can vary 
significantly over relatively short distances (Vina-
ta et al., 2023). Surakarta, Mataram, and Wamena 
were selected because they represent three con-
trasting environmental characteristics: lowland 
agricultural areas, dry tropical islands, and high-
mountain regions. These differences in geograph-
ic conditions allow for a clearer analysis of how 
precipitation and temperature respond to climate 
change in different environments (Coelho et al., 
2023). Studies in these three regions are expected 
to provide a more representative picture of the 
variation in climate responses across Indonesia.

Although station observations remain essen-
tial for local climate assessment, their spatial and 
temporal availability is uneven across Indonesia, 
particularly in remote and topographically com-
plex regions. ERA5-Land offers a spatially com-
plete and internally consistent alternative that al-
lows the same analytical framework to be applied 
across contrasting locations. Accordingly, this 
study was designed to evaluate long-term climate 
trends using a common reanalysis dataset rather 
than to develop or validate a station-calibrated 
climate product. Nevertheless, because the accu-
racy of reanalysis data may vary geographically 
and between climate variables, the absence of 
location-specific station validation is explicitly 
considered when interpreting the findings.

METHODS

Location and time of study

This study was conducted in three regions rep-
resenting different geographic and climatic charac-
teristics in Indonesia, namely (1) Surakarta, Cen-
tral Java Province, representing the lowland areas 
of Java Island influenced by urban activities and 
intensive agriculture; (2) Mataram City, West Nusa 
Tenggara Province, representing a dry tropical is-
land region with a relatively long dry season; and 
(3) Wamena City, Papua Pegunungan Province, 
representing a high-altitude mountainous region 
with a distinctive climate due to its elevation. The 
geographic coordinates presented in Table 1. corre-
spond exactly to the point locations used for ERA5-
Land data extraction in Google Earth Engine. Each 
coordinate was treated as a fixed sampling point 
throughout the 1995–2025 study period.
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Research tools and materials

This study employs two primary software 
tools for data collection and analysis:

a)	Google Earth Engine data extraction 
Daily climate data were obtained from the 

ECMWF ERA5-Land Daily Aggregated data-
set (ECMWF/ERA5_LAND/DAILY_AGGR) 
through Google Earth Engine. Data were ex-
tracted for three fixed point locations represent-
ing Surakarta (110.8275° E, 7.5561° S), Mata-
ram (116.1000° E, 8.5833° S), and Wamena 
(138.9500° E, 4.0833° S) for the period from 1 
January 1995 to 31 December 2025. The variables 
extracted were daily maximum 2 m air tempera-
ture (temperature_2m_max), daily minimum 2 m 
air temperature (temperature_2m_min), and dai-
ly total precipitation (total_precipitation_sum). 
Temperature values were converted from Kelvin 
to degrees Celsius by subtracting 273.15, while 
precipitation values were converted from metres 
to millimetres by multiplying by 1.000. Values 
at each sampling point were extracted using the 
first available pixel value within the correspond-
ing ERA5-Land grid cell through ee.Reducer.
first(), with a nominal sampling scale of 11,132 m 
and the bestEffort option enabled. For each loca-
tion, the resulting daily dataset included the date, 
year, month, day, geographic coordinates, daily 
rainfall, daily maximum temperature, and daily 
minimum temperature. The data were exported 
separately for Surakarta, Mataram, and Wamena 
as comma-separated value files. The complete 
Google Earth Engine script, including the data-
set identifier, sampling coordinates, unit conver-
sions, extraction settings, and export procedures, 
is available in the public repository specified in 
the Code Availability Statement.

b) RStudio
RStudio is used as the statistical software for 

data processing and climate trend analysis. The R 
packages utilized include the tidy verse for data 
manipulation and visualization, Kendall or trend 
for the Mann-Kendall statistical test, and ggplot2 
for generating trend deviation graphs. The entire 

analysis process was conducted in a structured 
manner and documented within R scripts.

Data and data sources

The climate data used in this study are ERA5-
Land reanalysis data provided by the European 
Centre for Medium-Range Weather Forecasts 
(ECMWF). ERA5-Land is a high-resolution re-
analysis product with a spatial resolution of ap-
proximately 9 km that integrates atmospheric 
models with global historical observations. The 
extracted climate parameters comprise two pri-
mary variables: daily maximum air temperature 
(°C), representing the highest daily thermal con-
ditions at each study location, and daily rainfall 
(mm), representing the accumulated daily pre-
cipitation in each area. Data were obtained for a 
31-year observation period (1995–2025), yield-
ing a time series suitable for analyzing long-term 
trends and climate variability. Data extraction 
was performed spatially based on the geographic 
coordinates of each city included in the study.

Climate extreme indices

The climate-extreme indices were calculated 
from daily precipitation and daily maximum and 
minimum temperature data following the defini-
tions presented in Table 2. A wet day was defined 
as a day with precipitation of at least 1 mm. Per-
centile-based indices were calculated using the 
1995–2025 reference period. The same reference 
thresholds were subsequently applied to all years 
and locations.

Data analysis techniques

Calculation of annual average values

Daily maximum temperature, daily mini-
mum temperature and precipitation data were 
aggregated into annual values ​​by calculating the 
annual average for maximum temperature, mini-
mum temperature and the annual total for precip-
itation. This aggregation was performed for each 

Table 1. Study location 

Location Geographic setting Latitude Longitude Approximate elevation

Surakarta / Solo Lowland Java -7.5561 110.8275 95 m

Mataram Dry tropical island -8.5833 116.1000 16 m

Wamena Highland Papua -4.0833 138.9500 1654 m
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study location, resulting in a 31-year annual time 
series (1995–2025).

Deviation analysis

Annual deviation was calculated as the dif-
ference between the annual value of each pa-
rameter and the average value across the entire 
observation period (baseline mean). This devia-
tion illustrates fluctuations in climate param-
eter values ​​relative to their average conditions 
throughout the 1995-2025 period, enabling the 
identification of years with conditions above or 
below normal levels.

Modified Mann–Kendall trend test 		
and Sen’s slope estimation

Long-term trends in the annual climate in-
dices were evaluated using the modified Mann–
Kendall test implemented through the mmkh() 
function in the modifiedmk package. This pro-
cedure provides a corrected Mann–Kendall Z 
statistic and an adjusted p-value to account for 
the potential influence of serial autocorrelation 
in the annual time series. Before analysis, miss-
ing values were removed, and the test was per-
formed only for variables containing more than 
one unique value. The null hypothesis stated that 
no monotonic trend was present, whereas the al-
ternative hypothesis indicated a monotonic in-
creasing or decreasing trend. Statistical signifi-
cance was assessed at α = 0.05. The magnitude 

and direction of each trend were estimated us-
ing Sen’s slope through the sens.slope() func-
tion in the trend package. Because the analysis 
was based on annual values, Sen’s slope was 
expressed as the change in the original unit of 
each climate index per year. All analyses were 
conducted in R version 2025.09.1 using the ti-
dyverse, lubridate, modifiedmk, trend, openxlsx, 
and zoo packages.

Data visualization

Analysis results were visualized as annual 
deviation trend graphs using the ggplot2 pack-
age in RStudio. The graph displays annual devia-
tion values ​​relative to the average baseline for the 
1995–2025 period, featuring a zero-reference line 
(dashed) to facilitate the interpretation of year-
to-year fluctuations. Separate visualizations have 
been created for each parameter (maximum tem-
perature and precipitation) at each study location 
(Surakarta, Mataram, and Wamena).

RESULTS AND DISCUSSIONS

Rainfall intensity indices 

As shown in Table 3, trend analysis for rain-
fall intensity indices (SDII, RX5day, RX1day, 
R99p, R95p, and PRCPTOT) was conducted at 
the three study sites over the period 1995–2025. 

Table 2. Climate extreme indices 

Index Definition Unit

SDII Annual precipitation total divided by the number of wet days mm/day

RX1day Annual maximum one-day precipitation mm

RX5day Annual maximum consecutive five-day precipitation mm

R10mm Number of days with precipitation ≥10 mm days

R20mm Number of days with precipitation ≥20 mm days

CDD Maximum number of consecutive days with precipitation <1 mm days

CWD Maximum number of consecutive days with precipitation ≥1 mm days

R95p Annual precipitation from days exceeding the 95th-percentile threshold mm

R99p Annual precipitation from days exceeding the 99th-percentile threshold mm

PRCPTOT Annual precipitation total on wet days mm

TX90p Percentage of days when Tmax exceeds the 90th percentile %

TN90p Percentage of days when Tmin exceeds the 90th percentile %

TX10p Percentage of days when Tmax is below the 10th percentile %

TN10p Percentage of days when Tmin is below the 10th percentile %

TXx Annual maximum of daily maximum temperature °C

TNx Annual maximum of daily minimum temperature °C
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Among the three locations, Wamena showed the 
most significant changes, with a clear upward 
trend detected in SDII (Zc = 3.82, p < 0.001), 
R95p (Zc = 2.26, p = 0.024), and PRCPTOT (Zc 
= 4.65, p < 0.001). These findings indicate a clear 
intensification of rainfall events in the highland 
region of Papua over the 31-year study period 
(Marzuki et al., 2025).

The significant increase in SDII in Wamena 
suggests that rainfall on wet days has become 
more intense over time (Nugroho et al., 2023)). 
This pattern is consistent with the thermodynamic 
response to rising temperatures, whereby a warm-
er atmosphere holds more water vapor and releas-
es it in more concentrated precipitation events. 
Sen’s slope value of 0.060 mm/day/year for the 
SDII in Wamena further confirms a gradual yet 
consistent upward trajectory in daily rainfall in-
tensity (Aminoto et al 2026).

The significant upward trend in R95p in 
Wamena (SS = 7.108 mm/year) indicates that 
the contribution of extreme precipitation events 
to total annual rainfall has been steadily in-
creasing over time (Bakhtar et al., 2022). This 
is particularly important from a flood risk per-
spective, as higher R95p values are associated 
with a greater potential for flash floods and 
landslides, especially in mountainous terrain 

such as the Wamena highlands (Msimanga 
et al., 2026). Similarly, the highly significant 
trend in PRCPTOT (SS = 22.574 mm/year) in-
dicates that annual total rainfall in Wamena has 
increased at a rate of approximately 22.6 mm 
per year, which translates to an estimated in-
crease of more than 700 mm over the 31-year 
period (Tesfaye et al., 2025).

In contrast, Surakarta and Mataram did not 
show any statistically significant trends in any 
of the rainfall intensity indices studied (Maha-
rjan et al 2022). Although some indices, such as 
R95p in Surakarta (Zc = 0.918) and RX1day in 
Mataram (Zc = 1.402), showed positive Zc val-
ues, the corresponding p-values were well above 
the 0.05 significance threshold. The absence of 
significant trends at these locations may indi-
cate that interannual rainfall variability remains 
stronger than the detected long-term trend sig-
nal. It should also be noted that RX1day shows 
a decreasing trend in Surakarta (Zc = -1.179), 
although not significant, which may indicate a 
redistribution of rainfall rather than an intensifi-
cation in Surakarta (Zc = -1.179), although this 
trend is not statistically significant, which may 
indicate a redistribution of rainfall rather than an 
overall intensification (Figures 1–6).

Table 3. Modified Mann–Kendall trend test results 

Indices Trend Test Surakarta Mataram Wamena

SDII

Zc 0.8838 0.4759 3.8192

p-value 0.3768 0.6341 0.0001

SS 0.0181 0.1127 0.0599

RX5day

Zc -0.0574 0.0000 -0.7138

p-value 0.9543 1.0000 0.4753

SS -0.1043 -0.0102 -0.4015

RX1day

Zc -1.1785 1.4019 -0.4156

p-value 0.2386 0.1610 0.6777

SS -0.7159 0.2402 -0.0673

R99p

Zc -0.3744 0.7496 0.3399

p-value 0.7081 0.4535 0.7330

SS -0.6303 1.2743 0.7306

R95p

Zc 0.9178 0.4686 2.2634

p-value 0.3587 0.6395 0.0236

SS 3.5511 2.1537 7.1082

PRCPTOT

Zc 0.2719 0.3739 4.6484

p-value 0.7857 0.7085 0.0000

SS 2.7268 3.2359 22.5743

Note: Zc – standardized test statistic; SS – Sen’s Slope.
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Rainfall frequency indices 

Table 4 summarizes the results of the trend 
analysis for rainfall frequency indices, including 
CDD, CWD, R20 mm, and R10 mm, at the three 
study sites. The results show significant trends at 
two sites, with Wamena exhibiting an increase in the 
frequency of heavy rainfall and Surakarta showing 
a decrease in the number of consecutive rainy days.

Wamena showed a significant upward trend 
for both R20 mm (Zc = 2.20, p = 0.028, SS = 

0.667 days/year) and R10 mm (Zc = 2.40, p = 
0.017, SS = 1000 days/year). The increasing 
trend in R10 mm indicates that the number of 
days with rainfall exceeding 10 mm per day has 
increased at a rate of approximately one addi-
tional day per year during the study period. Sim-
ilarly, the increasing trend in R20 mm indicates a 
rising frequency of heavy rainfall events. These 
findings are consistent with the intensification 
pattern observed in the rainfall intensity index, 
further supporting the conclusion that Wamena 

Figure 2. Trend of RX5day

Figure 1. Trend of SDII

Figure 3. Trend of RX1day
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is undergoing a significant shift toward heavier 
and more frequent precipitation events.

Surakarta showed a significant downward 
trend in CWD (Zc = -2.46, p = 0.014, SS = -0.652 
days/year), indicating a reduction in the duration 
of consecutive wet periods over time. These find-
ings suggest that although total rainfall in Sura-
karta has not changed significantly, the temporal 
distribution of rainfall may be shifting, with wet 
periods becoming shorter but potentially more in-
tense (Sarvina et al., 2023). Such changes in the 

temporal structure of rainfall can have important 
implications for agriculture, particularly for crops 
that depend on sustained soil moisture during the 
growing season.

No significant trends were detected for any 
of the frequency indices in Mataram, although 
the CWD showed a negative Sen’s slope (-0.500 
days/year), suggesting a weak downward trend 
similar to that observed in Surakarta. The ab-
sence of a significant trend in Mataram may re-
flect the influence of greater interannual climate 

Figure 4. Trend of R99p

Figure 5. Trend of R95p

Figure 6. Trend of PRCPTOT



58

Ecological Engineering & Environmental Technology 2026, 27(9), 51–69

variability at this location, which is situated in a 
region heavily affected by ENSO-driven drought 
events during El Niño years (Palmer et al., 2023).

The CDD index, which measures the maxi-
mum number of consecutive dry days, showed 
no significant trend at any of the three locations. 
However, the positive Sen’s slope in Surakarta 
(0.167 days/year) and Mataram (0.471 days/year) 
suggests a weak trend toward longer dry periods, 
which, if it continues, could have significant impli-
cations for water resource management and agri-
cultural planning in those regions (Figures 7–10).

Temperature index

A statistical analysis of temperature indices at 
the three locations is presented in Table 5. The 
results show a consistent warming signal at all 
three study sites, particularly in indices related to 
the frequency of warm nights and minimum tem-
perature extremes, reflecting the broader climate 
warming pattern observed throughout the Indo-
Pacific tropics. 

A significant upward trend in TN90p was de-
tected at all three locations: Surakarta (Zc = 3.77, 

p < 0.001, SS = 0.457%/year), Mataram (Zc = 
2.99, p = 0.003, SS = 0.418%/year), and Wamena 
(Zc = 4.75, p < 0.001, SS = 0.274%/year). The 
TN90p index measures the percentage of days 
when the minimum temperature exceeds the 90th 
percentile threshold, and its significant increase 
at all three locations indicates a widespread and 
accelerating rise in the frequency of warm nights 
(Amnuaylojaroen et al 2025). These findings are 
particularly important because nighttime warm-
ing is often considered a more sensitive indica-
tor of greenhouse gas-driven climate change than 
daytime warming, given that cloud cover and 
land surface feedbacks tend to suppress daytime 
temperature increases (Akter et al., 2024).

Complementing the TN90p results, TN10p 
showed a significant downward trend in Mataram 
(Zc = -2.14, p = 0.032, SS = -0.274%/year) and 
Wamena (Zc = -4.24, p < 0.001, SS = -0.391%/
year), indicating a decrease in the frequency of 
cold nights. The increase in TN90p, coupled with 
the decrease in TN10p at these locations, provides 
strong evidence of a systematic shift in the distri-
bution of nighttime temperatures toward warmer 
conditions (Nugraheni et al., 2025). In Surakarta, 

Figure 7. Trend of CDD

Figure 8. Trend of CWD
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TN10p also showed a negative trend (Zc = -1.46), 
although it did not reach statistical significance at 
the 0.05 level.

Regarding daytime temperature extremes, 
TX90p showed a significantly increasing trend 
only in Wamena (Zc = 1.99, p = 0.046), while the 
trends in Surakarta and Mataram were positive but 

not significant. This pattern suggests that warming 
at the study sites is more pronounced at night than 
during the day, which is consistent with the asym-
metric diurnal warming patterns reported in tropi-
cal regions. The TX10p index showed a decreas-
ing trend in Surakarta (Zc = -1.96, p = 0.051) and 
Mataram (Zc = -1.84, p = 0.066), which, although 

Figure 9. Trend of R20 mm

Figure 10. Trend of R10 mm

Table 4. Modified Mann–Kendall trend test results for rainfall frequency indices 

Indices Trend Test Surakarta Mataram Wamena

CDD

Zc 0.3063 0.7781 -1.5881

p-value 0.7594 0.4365 0.1123

SS 0.1667 0.4706 0.0000

CWD

Zc -2.4643 -1.4156 0.6630

p-value 0.0137 0.1569 0.5074

SS -0.6522 -0.5000 0.6364

R20mm

Zc 1.1259 0.8194 2.1977

p-value 0.2602 0.4126 0.0280

SS 0.2105 0.1500 0.6667

R10mm

Zc 0.2042 0.0680 2.3985

p-value 0.8382 0.9458 0.0165

SS 0.1000 0.0385 1.0000

Note: Zc – corrected Z; p-value – new p-value; SS – Sen’s Slope. 
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marginally insignificant, suggests a trend toward 
fewer cold days at these locations.

The maximum daily temperature (TXx) 
showed a significant upward trend only in Wa-
mena (Zc = 3.03, p = 0.003, SS = 0.085 °C/year), 
indicating that the hottest days of the year have 
been progressively getting hotter in the highlands 
of Papua. TNx, which represents the highest mini-
mum temperature recorded each year, shows a sig-
nificant increasing trend in Wamena (Zc = 2.11, p 
= 0.035, SS = 0.016 °C/year), while the trends in 
Surakarta (Zc = 1.84, p = 0.066) and Mataram (Zc 
= 1.90, p = 0.057) are close to but do not reach 
statistical significance, suggesting a developing 
warming trend in annual minimum temperature 
extremes at these locations (Figures 11–16).

Trends in total rainfall and temperature

Based on Table 6, the overall trend statistics 
for total annual precipitation and average tempera-
ture reveal contrasting patterns among the three lo-
cations. For precipitation, only Wamena showed a 
statistically significant increasing trend (Zc = 4.71, 
p < 0.001, SS = 22.648 mm/year), while Surakarta 

(Zc = −0.238, p = 0.812) and Mataram (Zc = 0.340, 
p = 0.734) did not show any significant trend. The 
magnitude of the increase in rainfall in Wamena 
is substantial, with Sen’s slope indicating an av-
erage annual increase of approximately 22.6 mm 
per year, equivalent to a total increase of about 700 
mm over the 31-year study period.

The absence of a significant rainfall trend in 
Surakarta and Mataram does not necessarily im-
ply climate stability at these locations. Rather, the 
results suggest that interannual variability may 
obscure the underlying long-term precipitation 
trend in Surakarta and Mataram. Both Surakarta 
and Mataram are located in regions strongly influ-
enced by the Asian-Australian monsoon system, 
where rainfall variability is largely controlled 
by sea surface temperature anomalies in the sur-
rounding ocean basins (Panggabean et al., 2026). 
Future studies incorporating longer data records 
or climate model projections may be able to de-
tect emerging trends at these locations.

In contrast to the varied rainfall trends, all 
three locations showed a statistically significant 
trend of increasing average temperatures. Mata-
ram exhibited the strongest warming signal (Zc 

Figure 11. Trend of TX90p

Figure 12. Trend of TN90p
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= 4.55, p < 0.001, SS = 0.016 °C/year), followed 
by Surakarta (Zc = 3.13, p = 0.002, SS = 0.018 
°C/year) and Wamena (Zc = 3.03, p = 0.002, SS 
= 0.014 °C/year). The consistency of significant 
warming trends across all three locations, despite 
their differing geographic settings and climate 
regimes, underscores the pervasive nature of an-
thropogenic warming in Indonesia.

The warming rates observed in this study 
are generally consistent with global estimates 

of tropical warming, which have been reported 
to range from 0.1 to 0.3 °C per decade over the 
past several decades. The slightly higher warm-
ing rates in Surakarta and Mataram compared 
to Wamena may reflect additional local fac-
tors such as urbanization and land-use changes, 
which can amplify temperature trends through 
the urban heat island effect, particularly in more 
densely populated lowland cities (Nandi and 
Dede, 2022).

Figure 13. Trend of TX10p

Figure 14. Trend of TN10p

Figure 15. Trend of TXx
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Precipitation concentration index 

Referring to Table 7, the PCI classification 
over the 31-year study period reveals distinct 
rainfall concentration patterns among the three lo-
cations, reflecting their different climate regimes 
and geographical settings. The PCI analysis pro-
vides a useful complement to the trend analysis 
by characterizing the degree of seasonal rainfall 
concentration, which has important implications 
for water resource management and agricultural 
planning (Jin et al., 2025).

Surakarta is dominated by moderate rainfall 
distribution, with 20 out of 31 years (64.52%) 

falling in the PCI range of 10–15. Nine years 
(29.03%) were classified as irregular distribution 
(PCI 16–20), and only 2 years (6.45%) showed 
uniform distribution (PCI < 10). The moder-
ate PCI values at Surakarta are consistent with 
its monsoon-influenced climate, where rainfall 
is concentrated during the October–March wet 
season but does not reach the extreme concen-
tration levels that would be associated with more 
arid climates.

Mataram exhibits a notably different pat-
tern, with the majority of years (17 out of 31, or 
54.84%) classified as irregular distribution (PCI 
16–20), followed by moderate distribution (13 

Figure 16. Trend of TNx

Table 5. Modified Mann–Kendall trend test results for temperature indices 

Indices Trend Test Surakarta Mataram Wamena

TX90p

Zc 1.6321 0.8378 1.9923

p-value 0.1027 0.4022 0.0463

SS 0.2334 0.1289 0.1624

TN90p

Zc 3.7743 2.9922 4.7454

p-value 0.0002 0.0028 0.0000

SS 0.4566 0.4182 0.2740

TX10p

Zc -1.9554 -1.8392 0.7324

p-value 0.0505 0.0659 0.4639

SS -0.1370 -0.1264 0.0422

TN10p

Zc -1.4631 -2.1430 -4.2352

p-value 0.1434 0.0321 0.0000

SS -0.1687 -0.2740 -0.3914

TXx

Zc 0.6799 0.5439 3.0254

p-value 0.4966 0.5895 0.0025

SS 0.1621 0.0076 0.0852

TNx

Zc 1.8356 1.9036 2.1076

p-value 0.0664 0.0570 0.0351

SS 0.0227 0.0134 0.0163

Note: Zc – Corrected Z; p-value – new p-value; SS – Sen’s slope. 
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years, 41.94%) and uniform distribution (1 year, 
3.23%). The higher PCI values at Mataram re-
flect its more pronounced seasonal rainfall con-
trast compared to Surakarta, which is partly at-
tributable to its location in the Lesser Sunda Is-
lands, where the dry season is more severe and 
prolonged due to the influence of the Australian 
monsoon and the orographic rain shadow effect.

Wamena stands in stark contrast to both 
Surakarta and Mataram, with 29 out of 31 years 
(93.55%) classified as uniform distribution (PCI 
< 10), and only 2 years (6.45%) in the moder-
ate category. This overwhelmingly uniform dis-
tribution reflects the consistently high year-round 
rainfall at Wamena, where convective activity is 
sustained throughout the year by the combina-
tion of highland topography, high humidity, and 
proximity to the equator. The near-absence of a 
pronounced dry season at Wamena results in low 
inter-monthly rainfall variability and consequent-
ly very low PCI values.

The contrasting PCI patterns across the three 
locations have important practical implications. 
The higher and more variable PCI values at Mata-
ram suggest a greater risk of both drought dur-
ing the dry season and flooding during the wet 
season, necessitating more robust water storage 
and flood management infrastructure (Zaman et 
al., 2023). In contrast, the uniform rainfall distri-
bution at Wamena, while generally favorable for 

agriculture, also implies a persistent risk of rain-
fall-related hazards throughout the year.

Annual and seasonal rainfall variability 

A comparison of mean annual and seasonal 
rainfall, coefficient of variation (CV), and PCI 
across the three study locations is provided in Ta-
ble 8 The results highlight substantial differences 
in both the magnitude and variability of rainfall 
across the three locations, reflecting their con-
trasting climate environments.

Wamena records the highest mean annual 
rainfall among the three locations at 4,196.4 mm, 
which is approximately 1.9 times and 2.2 times 
greater than Surakarta (2,219.6 mm) and Mata-
ram (1,947.7 mm), respectively. The high annual 
rainfall at Wamena is a characteristic feature of 
the Papua highlands, where orographic lifting of 
moisture-laden air masses from both the Pacific 
and Indian Oceans produces intense and persistent 
convective rainfall throughout the year (Ramad-
hani and Sudirman, 2026). The relatively low CV 
of 10.6% at Wamena further confirms the stability 
and consistency of annual rainfall at this location.

Surakarta and Mataram exhibit higher inter-
annual rainfall variability, with CVs of 22.6% 
and 24.5%, respectively. This greater variabil-
ity is largely driven by the influence of ENSO, 
which modulates monsoon rainfall in Java and 

Table 6. Modified Mann-Kendall Trend Statistics of Rainfall and Temperature in Indonesia (1995–2025)

Region Zc p-value SS

Panel A: Rainfall

Surakarta -0.2379 0.8119 2.0324

Mataram 0.3399 0.7339 3.8113

Wamena 4.7104* 0.0000 22.6483

Panel B: Temperature

Surakarta 3.1273* 0.0018 0.0177

Mataram 4.5463* 0.0000 0.0159

Wamena 3.0254* 0.0025 0.0142

Note: Zc – Corrected Z; p-value – new p-value; SS – Sen’s slope. *significant at p < 0.05.

Table 7. PCI classification in Surakarta, Mataram, and Wamena 

PCI Category Surakarta % Mataram % Wamena %

<10 Uniform rainfall distribution 2 6.45 1 3,23 29 93,55

10–15 Moderate rainfall distribution 20 64.52 13 41,94 2 6,45

16–20 Irregular rainfall distribution 9 29.03 17 54,84 0 0,00

>20 Strong erratic rainfall distribution 0 0.00 0 0,00 0 0,00
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the Lesser Sunda Islands through its effects on sea 
surface temperatures and atmospheric circulation 
patterns. During El Niño events, rainfall at these 
locations tends to be significantly below average, 
while La Niña years are typically associated with 
above-average rainfall (Rangga et al., 2025). This 
ENSO-driven inter-annual variability contributes 
substantially to the higher CVs observed at Sura-
karta and Mataram.

The seasonal analysis reveals a pronounced 
wet-dry contrast at Surakarta and Mataram. Dur-
ing the October-March wet season, Surakarta re-
ceives an average of 1,685.8 mm (76% of annual 
total) with a relatively low CV of 16.8%, while 
the April–September dry season contributes only 
533.8 mm (24% of annual total) but with a much 
higher CV of 51.7%. A similar pattern is observed 
at Mataram, with the wet season contributing 
1,499.8 mm (77% of annual total, CV = 20.0%) 
and the dry season contributing only 447.9 mm 
(23% of annual total, CV = 59.8%). The much 
higher CVs during the dry season at both loca-
tions indicate that dry season rainfall is highly 
variable from year to year, making it particularly 
sensitive to ENSO-driven variability. In contrast, 
Wamena shows a relatively balanced seasonal 
distribution, with the October–March period re-
ceiving 2,423.4 mm (CV = 12.7%) and the April-
September period receiving 1,772.9 mm (CV = 
12.3%). The similar CVs in both seasons confirm 
the absence of a pronounced dry season at Wa-
mena and the year-round consistency of rainfall 
at this highland location.

Mean monthly rainfall distribution 

Further analysis of monthly rainfall patterns 
in Table 9 reveals distinct seasonal characteris-
tics across the three locations, which are closely 
linked to their respective climate regimes and 
geographical positions within the Indonesian ar-
chipelago (Sutapa et al., 2023). Surakarta exhibits 
a clear unimodal seasonal pattern, with peak rain-
fall occurring in January and February (318.8 mm 
and 340.9 mm, respectively) and a pronounced 

dry season during June–August, when monthly 
rainfall drops to as low as 20.3 mm in August. 
This pattern is characteristic of the Javanese 
monsoon climate, where the northwest mon-
soon brings heavy rainfall during the December–
March period and the southeast monsoon results 
in a prolonged dry season from May to Septem-
ber. The transition months of October–November 
and April–May show intermediate rainfall values, 
reflecting the gradual onset and withdrawal of the 
monsoon systems.

Mataram shows a broadly similar seasonal 
pattern to Surakarta, with peak rainfall during De-
cember–January (333.2 mm and 280.4 mm) and a 
dry season nadir in August (14.6 mm). However, 
the dry season at Mataram is notably more severe 
than at Surakarta, with monthly rainfall dropping 
below 35 mm from June to September. This more 
pronounced dry season reflects Mataram’s loca-
tion on Lombok Island in the Lesser Sunda Is-
lands, which is positioned further from the equa-
tor and more strongly influenced by the dry air 
masses advected from the Australian continent 
during the southeast monsoon season.

Wamena presents a fundamentally different 
monthly rainfall distribution, with no month re-
ceiving less than 246 mm and peak rainfall occur-
ring during the November–March period (413.6–
484.7 mm). The relatively modest seasonal 
variation in monthly rainfall at Wamena is char-
acteristic of equatorial highland climates, where 
orographic processes and year-round convective 
activity maintain consistently high rainfall levels. 
The slight reduction in rainfall during June–Au-
gust (246.3–262.4 mm) may reflect a weak dry 
season signal associated with the Australian mon-
soon, but this reduction is far less pronounced 
than that observed at Surakarta and Mataram.

The contrasting monthly rainfall distributions 
across the three locations underscore the impor-
tance of considering local climate contexts when 
designing water resource management strategies 
and agricultural calendars. The severe dry seasons 
at Surakarta and Mataram necessitate reliable ir-
rigation infrastructure and water storage systems, 

Table 8. Annual and seasonal rainfall statistics 

Island Mean Annual 
RF (mm) CV (%) Oct-Mar RF 

(mm) CV (%) Apr-Sept RF 
(%) CV PCI

Surakarta 2219.6 22.6 1685.8 16.8 533.8 51.7 13.6

Mataram 1947.7 24.5 1499.8 20.0 447.9 59.8 15.0

Wamena 4196.4 10.6 2423.4 12.7 1772.9 12.3 9.3
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while Wamena’s year-round rainfall presents both 
opportunities for continuous agricultural produc-
tion and challenges related to persistent waterlog-
ging and flood risk (Matchaya et al., 2022). 

Annual and seasonal temperature variability 

In terms of temperature variability, Table 10 
highlights notable differences in annual and sea-
sonal patterns among the three locations, primar-
ily driven by their different elevations and latitu-
dinal positions within the Indonesian archipelago. 
Wamena records the lowest annual average tem-
perature at 16.89 °C, which is approximately 9–10 
°C cooler than Surakarta (26.27 °C) and Mataram 
(26.66 °C). This marked temperature difference is 
primarily attributable to Wamena’s highland ele-
vation, as the location sits at approximately 1.550 
meters above sea level in the Baliem Valley. The 
environmental lapse rate in tropical regions typi-
cally results in a temperature decrease of approxi-
mately 6–7 °C per 1.000 meters of elevation gain, 
which is broadly consistent with the observed 
temperature difference between Wamena and the 
two lowland sites.

Despite their similar annual average tempera-
tures, Surakarta and Mataram show subtle differ-
ences in their temperature profiles. Mataram has a 
slightly higher annual average (26.66 °C vs. 26.27 
°C at Surakarta), which may reflect differences in 
local land cover, urban heat island intensity, and 
proximity to warm ocean waters. Both locations 
show relatively low inter-annual temperature vari-
ability, with CVs of 1.13% and 0.95% for Sura-
karta and Mataram, respectively. Wamena shows 
a slightly higher CV of 1.37%, which may reflect 
greater sensitivity to large-scale atmospheric cir-
culation changes at higher elevations.

The seasonal analysis reveals minimal tem-
perature differences between the October–March 
and April–September periods at all three loca-
tions. At Surakarta, the October–March average 
(26.22 °C) and April–September average (26.32 
°C) differ by only 0.10 °C, with correspond-
ing CVs of 1.53% and 1.21%. Similarly small 

seasonal differences are observed at Mataram 
(26.72 °C vs. 26.60 °C) and Wamena (17.22 °C 
vs. 16.56 °C). The slightly cooler temperatures 
during the April–September period at Wamena 
(16.56 °C compared to 17.22 °C during Octo-
ber–March) may reflect the influence of cooler 
and drier air masses associated with the southeast 
monsoon during this period.

The consistently low CVs of annual and sea-
sonal temperature across all three locations con-
firm that inter-annual temperature variability is 
relatively modest compared to rainfall variabil-
ity. However, when viewed in the context of the 
significant warming trends detected in this study, 
even small but consistent year on year increases 
in temperature can accumulate to produce sub-
stantial changes over decadal timescales, with po-
tentially significant consequences for agricultural 
systems, water availability, and human health. 

Mean monthly temperature distribution 

Regarding monthly temperature patterns, 
Table 11 shows the distribution across the three 
locations throughout the year. The monthly tem-
perature data reveal relatively subtle seasonal 
temperature cycles at all three locations, consis-
tent with their tropical settings where the annual 
temperature range is much smaller than in tem-
perate regions. At Surakarta, monthly average 
temperatures range from a minimum of 25.66 °C 
in January to a maximum of 27.38 °C in October, 
representing an annual temperature range of only 
1.72 °C. The warmest months at Surakarta occur 
during September–October, coinciding with the 
transition from the dry season to the wet season, 
when clear skies and high solar radiation during 
the late dry season result in maximum surface 
heating. Temperatures decline gradually dur-
ing the November–March wet season, when in-
creased cloudiness and rainfall reduce incoming 
solar radiation and evaporative cooling maintains 
relatively lower temperatures.

Mataram exhibits a similar monthly tem-
perature pattern to Surakarta, with a minimum of 

Table 9. Mean Monthly Rainfall 

Island Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Surakarta 318.8 340.9 313.0 235.2 123.8 69.6 40.5 20.3 44.4 136.6 264.6 311.9

Mataram 280.4 241.6 271.1 219.2 87.3 53.1 34.7 14.6 39.0 101.1 272.3 333.2

Wamena 456.0 473.8 484.7 409.9 293.1 246.3 261.2 262.4 300.1 291.4 304.0 413.6
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26.09 °C in July and a maximum of 27.48 °C in 
October. The annual temperature range at Mata-
ram (1.39 °C) is slightly smaller than at Sura-
karta, and the monthly minimum occurs in July 
rather than January, reflecting the stronger dry 
season cooling effect associated with the south-
east monsoon at this location. The relatively cool 
temperatures during June–August at Mataram 
may also be influenced by the advection of cooler 
continental air masses from Australia during the 
peak of the southeast monsoon season.

Wamena shows a somewhat larger annual 
temperature range compared to the two low-
land sites, with monthly averages spanning from 
16.14 °C in July to 17.36 °C in March, represent-
ing a range of 1.22 °C. The coolest months at 
Wamena occur during June–August, correspond-
ing to the austral winter period when lower solar 
angles and reduced convective activity result in 
cooler temperatures in the highlands. This pat-
tern is broadly consistent with the temperature 
seasonality observed at other highland stations in 
tropical Papua New Guinea and the eastern Indo-
nesian archipelago.

The monthly temperature distributions across 
the three locations provide important context for 
interpreting the warming trends identified in this 
study. The significant increases in TN90p and 
average temperature detected at all three loca-
tions, combined with the relatively small natu-
ral seasonal temperature variation, suggest that 
even modest long-term warming trends can sub-
stantially alter the frequency of temperature ex-
tremes. This has important implications for heat 
stress in agriculture, changes in disease vector 
distributions, and the thermal comfort of urban 
populations across the diverse climate zones rep-
resented by the three study locations.

Study limitations

This study has several limitations. First, the 
analysis was based exclusively on ERA5-Land 
and was not independently validated using ho-
mogenised weather-station observations. This 
decision allowed a consistent comparison among 
locations with uneven observational coverage, 
but it means that the results represent climate 
variability and trends as depicted by the reanaly-
sis product. Second, each study area was repre-
sented by a fixed sampling point; therefore, the 
findings should not be interpreted as capturing 
the full spatial heterogeneity of the correspond-
ing city or wider region. Third, ERA5-Land may 
not fully resolve local convective rainfall and 
fine-scale elevation effects, particularly in the 
mountainous environment of Wamena. Fourth, 
the relatively short 31-year period and the influ-
ence of interannual climate variability may affect 
the detectability of precipitation trends. Future 
research should validate these results using qual-
ity-controlled station observations, where avail-
able, and compare ERA5-Land with independent 
products such as CHIRPS, IMERG, or other re-
gional gridded datasets.

CONCLUSIONS

Based on the analysis of climate trends and 
variability across three geographically contrast-
ing locations in Indonesia during 1995–2025, the 
results indicate clear differences in regional cli-
mate responses. Wamena exhibited the most pro-
nounced changes, with significant increases in 
several rainfall intensity and frequency indices, 
including SDII, R95p, PRCPTOT, R10mm, and 

Table 10. Annual and seasonal temperature statistics 

Island Annual Average (°C) CV (%) Oct–Mar (°C) CV (%) Apr–Sept (°C) CV (%)

Surakarta 26.27 1.13 26.22 1.53 26.32 1.21

Mataram 26.66 0.95 26.72 1.13 26.60 1.05

Wamena 16.89 1.37 17.22 1.26 16.56 1.60

Table 11. Monthly mean temperature (°C) for Surakarta, Mataram, and Wamena 

Island Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Surakarta 25.66 25.73 25.98 26.20 26.26 26.13 25.91 26.27 27.14 27.38 26.68 25.91

Mataram 26.20 26.27 26.59 26.90 26.96 26.53 26.09 26.25 26.89 27.48 27.25 26.51

Wamena 17.31 17.34 17.36 17.11 16.95 16.42 16.14 16.25 16.48 16.89 17.16 17.27
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R20mm. In contrast, Surakarta and Mataram did 
not show statistically significant trends in annual 
precipitation, suggesting that long-term rainfall 
signals in these locations may be obscured by 
strong interannual variability. Despite these 
differences in precipitation, all three locations 
showed consistent warming signals, particularly 
through significant increases in the frequency of 
warm nights, while Wamena also experienced 
significant increases in daytime temperature ex-
tremes. These consistent warming signals across 
the three contrasting locations are broadly con-
sistent with the expected regional manifestation 
of ongoing global climate warming. The Precip-
itation Concentration Index further highlighted 
distinct regional patterns, with moderate rain-
fall concentration in Surakarta, more irregular 
rainfall distribution in Mataram, and relatively 
uniform rainfall throughout the year in Wamena. 
These findings support the need for location-spe-
cific climate adaptation strategies, particularly in 
water-resource management, agricultural plan-
ning, and risk reduction. As the analysis relies 
exclusively on ERA5-Land point-based data, 
the findings should be interpreted as reanalysis-
derived evidence rather than as a substitute for 
station-based observations. Further validation 
using homogenised meteorological records and 
independent gridded datasets is required to con-
firm the local magnitude of the detected trends. 
The ERA5-Land data used in this study are 
publicly available from the Copernicus Cli-
mate Data and were accessed through Google 
Earth Engine. The point coordinates, extracted 
daily data, processed annual climate indices, 
and summary datasets underlying the tables 
and figures are publicly available at https://
github.com/SaptaSuhardono/Contrasting-
Extreme-Climate-Trends-Using-ERA5-Land. 
The repository contains sufficient metadata to 
identify the variables, units, study locations, 
temporal coverage, and processing stages. 
The Google Earth Engine JavaScript used to ex-
tract the ERA5-Land data and the R scripts used 
for data preparation, climate-index calculation, 
Modified Mann–Kendall testing, Sen’s slope es-
timation, descriptive analysis, and figure genera-
tion are publicly available at https://github.com/
SaptaSuhardono/Contrasting-Extreme-Climate-
Trends-Using-ERA5-Land. Software versions, 
package dependencies, and instructions for re-
producing the analysis are provided in the re-
pository README file. 

Supplementary materials

Supplementary materials include the geo-
graphic coordinates of the sampling points, vari-
able definitions, and climate-index calculation.
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