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This study examines long-term surface temperature variability and
climate extremes in the Dieng Plateau, Central Java, from 1991 to
2022. Despite its tropical location, the region’s unique high-altitude
microclimate, with frequent frost events, has raised concerns for local
agriculture, particularly —potato farming. However, limited
observational data has constrained in-depth assessments. To address
this, we used bias-corrected ERAS reanalysis data, calibrated using
hourly observations from an Automatic Weather Station (AWS)
installed in 2021. The analysis focused on climatological trends and
temperature-related extreme indices following the Expert Team on
Climate Change Detection and Indices (ETCCDI) framework. Our
findings indicate seasonal patterns in diurnal temperatures, with [JA
(June-August) exhibiting the greatest variability and the lowest night
time temperatures, conditions favorable to frost formation. Among the
extreme indices, warmest night temperatures (TNx) increased
significantly at a rate of 0.017°C/year (p < 0.01), while coldest night
temperatures (TNn) showed a slight but significant decline. The
frequency of warm nights (TN90p) rose by 0.242 days/month, while
cold nights (TN10p) decreased by 0.161 days/month. Meanwhile,
trends for warm days (TX90p), cold days (TX10p), and cold spell
duration (CSDI) were statistically insignificant. These results
highlight the plateau’s sensitivity to night time warming and the
potential risk of climate-driven shifts in frost occurrence. The
combination of high-resolution reanalysis data and extreme indices
offers wvaluable insight into microclimate behavior in tropical
highlands, with direct implications for frost risk management and
climate adaptation strategies in vulnerable agricultural zones.

Copyright (c) 2025 by Author(s), This work is licensed under a Creative
e Commons Attribution-ShareAlike 4.0 International License.
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Introduction

Climate change continues to exert profound impacts on both natural ecosystems and human-
built environments, influencing various sectors across the globe [1], [2], [3]. Among these
impacts, extreme weather and climatic events have garnered increasing attention due to their
implications for environmental risk assessments and mitigation planning[4], [5]. In response
to the growing need for standardized evaluation of climatic extremes, the Expert Team on
Climate Change Detection and Indices (ETCCDI) developed 27 internationally recognized
indices that have been widely adopted to assess temperature- and precipitation-related
extremes [6], [7], [8], [9].

Temperature extremes are particularly important due to their direct consequences on
agriculture, health, and infrastructure [10], [11]. These effects are often amplified in regions
with unique microclimates, such as high-altitude tropical plateaus, where local climatic
behavior may diverge from lowland tropical norms. One such area is the Dieng Plateau in
Central Java, Indonesia. Located at an elevation exceeding 2,000 meters above sea level, this
region experiences average temperatures between 15°C and 20°C, considerably cooler than the
surrounding lowlands [12]. This distinct thermal profile contributes to the occurrence of frost
events —locally referred to as embun upas—a rare phenomenon in equatorial regions.

The agricultural implications of frost in Dieng are particularly severe, given the region’s role
as a major center of potato farming [13]. Frost can damage crops, degrade soil quality, and
disrupt livelihoods [14], [15]. While local communities have long recognized the seasonal
patterns associated with frost, scientific investigations that quantify temperature variability
and extremes in this region have been limited, particularly in terms of long-term climatological
analysis.

The scarcity of observational data presents a critical challenge for conducting robust climate
assessments in Dieng. Although an Automatic Weather Station (AWS) has been installed in
recent years, it only provides data from 2021 onward. To overcome this limitation, reanalysis
datasets offer a valuable alternative for climate studies in data-sparse regions. Among
available reanalysis products, ERA5 from the Copernicus Climate Change Service has shown
strong reliability in representing surface conditions across complex terrains, including
mountainous regions in Asia [16], [17], [18]. However, to enhance the representativeness of
reanalysis products at the local scale, especially in areas with distinct microclimates, bias
correction using ground-based observations remains an essential step [19].

While nocturnal cooling and frost events are also observed in other tropical highland regions,
such as in Brazil [20], Kenya [21], Angola [22], and Papua New Guinea [23] [24], the Dieng
Plateau represents a uniquely vulnerable case in Indonesia. Frost events have likewise been
reported in areas such as Bromo and Semeru [25], [26], yet long-term climatological
assessments in these regions remain scarce. Dieng’s regular frost occurrences, combined with
available meteorological data and topographic predisposition to cold-air pooling, make it an
ideal study site. The region’s agricultural exposure is particularly high, Pradana et al. [27]
documented over 200 hectares of potato crop damage in a single frost event, while Firdaus et
al. [28] reported cumulative losses exceeding IDR 3 billion from 2020 to 2022. Despite this,
comprehensive long-term studies on surface temperature variability and extremes in Dieng
remain limited, especially those integrating reanalysis data and observational correction.
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This study aims to investigate surface temperature variability and the occurrence of
temperature extremes in the Dieng Plateau over a 32-year period (1991-2022) using bias-
corrected ERAS reanalysis data. The analysis applies a suite of ETCCDI temperature-related
indices to evaluate both daytime and nighttime extremes. Special attention is given to
characterizing diurnal and seasonal temperature variations, which are crucial in
understanding the preconditions of frost in this high-altitude tropical environment.

By focusing on a climatologically unique and agriculturally sensitive region, this study seeks
to provide a more nuanced understanding of temperature dynamics in tropical highland
systems. The findings may offer valuable insight for climate-related agricultural risk
management and inform broader discussions on climate variability in underrepresented
tropical uplands.

Data and Methodology
Research Location

This study focuses on the Dieng Plateau, located in Central Java, Indonesia, within the
administrative boundaries of Wonosobo and Banjarnegara Regencies. The region is situated
at an average elevation of approximately 2,000 meters above sea level and is known for its
unique high-altitude tropical climate. Due to its topographic characteristics, Dieng frequently
experiences nocturnal cooling that occasionally leads to frost events during the dry season
[29]. The study area comprises a heterogeneous landscape, including agricultural land
(predominantly potato fields), forest patches, and shrublands [30]. The combination of high
elevation, complex terrain, and agricultural dependency makes the region particularly
vulnerable to temperature extremes. A topographic map of the Dieng Plateau and the location
of the Batur Automatic Weather Station (AWS) —used as the observational anchor for bias
correction—is shown in Fig. 1.
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Figure 1. Topographic map of the Dieng Plateau region showing elevation zones, district boundaries,
and the location of the Batur Automatic Weather Station (AWS). The blue dashed box indicates the
focus area of analysis, encompassing the central volcanic basin around Mount Pangonan, bordered
by Mount Prau, Mount Pakuwaja, and Mount Bismo. Elevation data derived from Digital Elevation
Model Nasional (DEMNAS).

Datasets

This study utilizes two primary datasets. The first comprises hourly near-surface air
temperature observations collected from an Automatic Weather Station (AWS) located in
Batur, Dieng Plateau, at an elevation of 2,050 meters above sea level. The AWS is operated by
The Agency for Meteorology, Climatology, and Geophysics (BMKG) of Indonesia and
provides continuous hourly temperature records from January 1, 2021, to December 31, 2022.
These observations serve as the ground-truth reference for evaluating and correcting the
ERADJ reanalysis dataset.

The second dataset consists of ERA5-Land reanalysis temperature data [31], produced by the
European Centre for Medium-Range Weather Forecasts (ECMWEF). ERA5-Land data can be
accessed at the Copernicus Climate Data Store (https://cds.climate.copernicus.eu). ERA5-
Land provides hourly data at a horizontal resolution of 0.1° x 0.1°, covering the period from
January 1, 1991, to December 31, 2022. The grid cell corresponding to the AWS location was
extracted for detailed analysis. A summary of the variables used from both datasets is
presented in Table 1.
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Table 1. Summary of datasets and temperature variables used in this study.

Dataset Variable Unit Tempor.a ! Description
Resolution

ERA5- Maximum and °C Hourly Gridded reanalysis

Land Minimum 2m Air surface temperature
Temperature

AWS Maximum and °C Hourly Ground-observed near-

(Batur) Minimum Air surface temperature at 2
Temperature m height

Bias-Correction

To enhance the accuracy of ERA5-Land reanalysis temperature data over the Dieng Plateau,
a bias-correction procedure was applied using hourly AWS observations from January 2021
to December 2022. The correction followed a mean bias adjustment method, as proposed in
previous studies [19]. For each hour of the day, the monthly mean temperature bias was
calculated by taking the difference between the AWS and ERA5 data. This resulted in a 24-
hour bias profile for each calendar month. The hourly mean biases derived from this two-
year period were then applied to the corresponding ERA5 temperature values across the
entire 1991-2022 record. This approach assumes a temporally consistent bias structure and
effectively corrects the diurnal temperature cycle throughout the dataset. This approach
ensures that the corrected ERA5 data align more closely with observed local conditions,
particularly in capturing nighttime cooling and daytime warming patterns specific to high-
altitude tropical environments. All ERA5 data used in subsequent climatological and extreme
indices analyses were based on this bias-corrected dataset.

Temperature Analyses

To examine long-term thermal variability in the Dieng Plateau, we conducted a climatological
analysis of surface temperatures from 1991 to 2022, using the bias-corrected ERAS5 dataset.
This analysis forms the foundation for evaluating extreme temperature behavior in the
region. Following the general climatology, we applied a set of temperature-related extreme
indices based on the guidelines of the ETCCDI. These indices, summarized in Table 2, capture
key aspects of thermal extremes, including the intensity and frequency of both warm and cold
events. Prior research has demonstrated the utility of these indices in characterizing frost
patterns and cold extremes in highland regions [32].

The selected indices include the annual maximum and minimum of daily maximum and
minimum temperatures (TXx, TXn, TNx, TNn), the frequency of warm and cold days/nights
(TX90p, TX10p, TN90p, TN10p), and the duration of cold spells (CSDI). Special emphasis was
placed on minimum temperature-based indices (e.g., TNn, TN10p, and CSDI), which are
particularly relevant for identifying the preconditions of frost in high-elevation tropical
environments such as Dieng.

Trend analysis was carried out using linear regression methods embedded in RClimDex [33],
a software package developed for ETCCDI index computation and climate trend diagnostics
within the R statistical environment.
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Table 2. List of Temperature-Related Indices Analyzed in the Study According to ETCCDI

ID Index Name Definition Units

TXx The warmest day ~ The highest recorded value of daily maximum °C
temperature within a year

TXn The coldest day The lowest recorded value of daily maximum °C
temperature within a year

TNx The warmest The highest recorded value of daily minimum °C

night temperature within a year

TNn The coldest night The lowest recorded value of daily minimum °C
temperature within a year

TX90p Warm days Number of days in a month when daily maximum days per month
temperature exceeds the 90th percentile

TX10p Cold days Number of days in a month when daily maximum days per month
temperature falls below the 10th percentile

TN90p Warm nights Number of days in a month when daily minimum days per month
temperature exceeds the 90th percentile

TN10p Cold nights Number of days in a month when daily minimum days per month
temperature falls below the 10th percentile

CSDI Cold-spell Total count of days in a year forming a sequence days per year

duration index of at least six consecutive days where daily

minimum temperature is below the 10th
percentile

Results

The comparative monthly Mean Absolute Error (MAE) values before and after bias correction
are presented in Fig. 2. The results demonstrate a notable improvement in data accuracy
across all seasons. During the December-January-February (DJF) period, MAE decreased by
66.65%, from 4.177°C in the uncorrected data to 1.224°C after correction. Similar reductions
were observed in the March-April-May (MAM) season, though to a lesser degree. In the
June-July-August (JJA) period, the average corrected MAE remained relatively higher at
1.893°C, peaking in July at 1.988°C. This suggests persistent challenges in capturing nocturnal
cooling during the dry season. In contrast, the September-October-November (SON) season
showed a consistent improvement, with an average MAE reduction to 1.361°C. These
findings confirm the efficacy of the hourly mean bias correction approach in improving the
fidelity of ERAS reanalysis data, particularly for reproducing the diurnal thermal cycle in a
high-altitude tropical setting.
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Figure 2. Monthly Mean Absolute Error (MAE) between AWS observations and ERA5 temperature
data in the Dieng Plateau before and after bias correction (2021-2022).

Monthly surface temperatures on the Dieng Plateau exhibit consistent seasonal patterns
throughout the year, as illustrated in Fig. 3. During the wet season (December to February),
temperatures tend to be stable, with January and February showing interquartile ranges (IQR)
between 13.3°C-16.3°C and 13.5°C-16.3°C, respectively. Median values hover around 14.4°C-
14.5°C, while maximum temperatures reach up to 21.4°C-21.5°C.

As the dry season approaches, a gradual warming is observed in the upper range of daily
temperatures. April records the highest maximum temperature (22.5°C), with March and
May closely following. Median values also increase slightly in these transition months,
reflecting enhanced daytime heating.

From May to August, the range between minimum and maximum temperatures becomes
more pronounced. May and June register low minimum temperatures around 6.4°C, while
maintaining upper values above 22°C. July marks the coolest month, with a minimum of
6.3°C and a slightly narrower spread, reflecting stronger nocturnal cooling and clearer skies
associated with the dry season.

In the late dry and early wet season, August and September temperatures span 6.4°C-22.5°C
and 6.4°C-21.6°C, respectively. October shows a slight contraction in temperature spread
(6.4°C to 21.6°C), while November (6.5°C to 21.1°C) and December (6.4°C to 21.1°C) conclude
the year with stable temperature distributions similar to those observed during the early wet
season. Overall, the monthly temperature profiles underscore the persistence of cool
nocturnal conditions year-round.
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Box Plots of Corrected Temperature (1991-2022)
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Figure 3. Monthly variations of surface temperature in the Plateau based on bias-corrected ERA5 data
from 1991 to 2022. Boxplots indicate the minimum, lower quartile (25th percentile), median (50th
percentile), upper quartile (75th percentile), and maximum daily temperatures for each month.

Figure 4 illustrates the average diurnal temperature cycle on the Dieng Plateau for each
climatological season (DJF, MAM, JJA, SON) over the period 1991-2022, based on hourly
temperature data referenced to local time (UTC+7). Across all seasons, temperatures typically
rise from early morning to a late-morning peak, followed by a gradual decrease into the night
and early morning hours.

During the wet season (DJF), temperatures increase from approximately 15.4°C at 07:00 to a
peak of 17.5°C around 10:00, before declining to about 13.3°C by 06:00 the next day. The MAM
season shows a broader range, beginning at 15.5°C, peaking at 18.1°C by 11:00, and dropping
to 11.8°C before sunrise. This reflects enhanced daytime warming and clearer nights during
the dry-season transition.

In the JJA season, which coincides with the peak dry period, diurnal variability becomes most
pronounced. Temperatures rise from 14.5°C to 18.1°C by late morning and fall sharply to
10.9°C in the early morning hours, yielding a diurnal amplitude of approximately 7.2°C. July
consistently records the lowest nighttime temperatures of the year, highlighting conditions
conducive to frost formation.

SON exhibits transitional behavior: temperatures begin at 15.8°C at 07:00, peak at 18.2°C
around 11:00, and decrease to a minimum of 12.3°C by 04:00. The diurnal range is slightly
narrower than in JJA (5.9°C versus 7.2°C), and the average nighttime minimum is
approximately 1.4°C warmer. Nonetheless, more than 85% of SON days experience pre-dawn
temperatures below 14°C, confirming the persistence of significant nocturnal cooling during
this season.

Across all seasons, the sharpest declines occur between midnight and sunrise. These early-
morning minima, particularly during JJA and SON, underscore the strong radiative cooling
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typical of high-altitude tropical climates and provide key insight into frost-prone periods on
the plateau.
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Figure 4. Boxplot Depicting Diurnal Temperature Variations by Season (DJF, MAM, JJA, SON) on the
Dieng Plateau from 1991 to 2022. Lines represent hourly median temperatures. JJA shows the largest
diurnal range and the lowest nighttime minima, while SON remains cooler than DJF and MAM but
slightly warmer than JJA.

Figure 5 presents the annual trends in extreme temperature indices from 1991 to 2022,
focusing on the warmest and coldest days (TXx, TXn) and nights (TNx, TNn) on the Dieng
Plateau. For daytime extremes, the warmest day index (TXx) (Fig. 5a) exhibits a marginal
decreasing trend of -0.008°C/year, with a low R? of 0.014 and a non-significant p-value of
0.516. This suggests high interannual variability without a consistent upward or downward
trajectory. Likewise, the coldest day index (TXn) (Fig. 5b) shows a slight warming trend of
0.009°C/year (R? = 0.034, p = 0.315), also statistically insignificant. Together, these results
indicate that daytime maximum temperature extremes have remained relatively stable over
the three decades.

In contrast, nighttime extremes show stronger and statistically meaningful changes. The
warmest night index (TNx) (Fig. 5c) demonstrates a significant increasing trend of
0.017°C/year, with R? = 0.257 and p = 0.003, pointing to a robust pattern of nighttime
warming. Conversely, the coldest night index (TNn) (Fig. 5d) displays a modest but
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statistically significant cooling trend of -0.002°C/year (R? = 0.13, p = 0.043). These diverging
trends between TNx and TNn indicate a widening nighttime temperature range, potentially
affecting both thermal comfort and the frequency of frost-prone nights on the plateau.
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Figure 5. Trends of temperature indices from 1991 to 2023. (a) TXx: warmest day; (b) TXn: coldest day;
(c) TNx: warmest night; and (d) TNn: coldest night.

Figure 6 shows the annual trends in the frequency of extreme temperature events on the
Dieng Plateau between 1991 and 2022, including warm and cold days (TX90p, TX10p) and
warm and cold nights (TN90p, TN10p). The frequency of warm days (TX90p) (Fig. 6a) shows
a weak and statistically insignificant decline of -0.013 days per month per year (R? = 0.002, p
= 0.825), suggesting high interannual variability and no clear trend. Meanwhile, the frequency
of cold days (TX10p) (Fig. 6b) shows a moderate decreasing tendency of -0.102 days per
month per year (R? = 0.065, p = 0.160), though still statistically non-significant. These results
imply that daytime temperature extremes, both hot and cold, have not undergone substantial
shifts in frequency over the past three decades.

In contrast, nighttime temperature extremes reveal more notable changes. The frequency of
warm nights (TN90p) (Fig. 6c) exhibits a statistically significant increase of 0.242 days per
month per year (R? = 0.152, p = 0.027), indicating more frequent occurrences of unusually
warm nights. This trend aligns with the earlier finding of increasing TNx values. Conversely,
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the frequency of cold nights (TN10p) (Fig. 6d) demonstrates a strong and statistically
significant decreasing trend of -0.161 days per month per year (R? = 0.341, p < 0.001),
suggesting a substantial reduction in the number of cold nights.

Taken together, these trends reinforce the pattern of pronounced nighttime warming, with
significant implications for frost risk reduction and changes in diurnal thermal regimes.
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Figure 6. Trends in the frequency of temperature extremes on the Dieng Plateau from 1991 to 2022,
based on bias-corrected ERA5 data. (a) TX90p: warm days, (b) TX10p: cold days, (c) TN90p: warm
nights, (d) TN10p: cold nights.

Figure 7 illustrates the trend of the Cold Spell Duration Index (CSDI) from 1991 to 2022. The
CSDI represents the annual number of days that are part of cold spells, defined as periods of
at least six consecutive days where the daily minimum temperature falls below the 10th
percentile. The analysis reveals a slight downward trend in cold spell duration of -0.03 days
per year. However, the linear regression shows a limited explanatory power (R? = 0.069) and
is not statistically significant (p = 0.146). The slope error of 0.02 indicates a relatively high
level of uncertainty in the magnitude of change.

Notably, the highest CSDI value occurred in 1992. A plausible explanation for this anomaly
involves the lingering radiative effects of the Mount Pinatubo eruption in June 1991. Climate
model simulations incorporating CMIP6 volcanic aerosol datasets suggest that the eruption
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led to a ~4 W m™ reduction in surface shortwave radiation and up to 0.6°C cooling of the
tropical lower troposphere throughout 1992 [34], [35]. These conditions may have enhanced
nocturnal inversions over elevated terrains like the Dieng Plateau, increasing the likelihood
of extended cold spells during that year.

Despite the lack of statistical significance, the decreasing trend in CSDI aligns with the
broader pattern of warming nighttime temperatures and reduced cold night frequencies
observed in Fig. 5 and 6. These results suggest a possible shortening of prolonged cold events,
though the signal remains weak and should be interpreted cautiously. Long-term monitoring
and incorporation of in-situ frost event records would be valuable for validating this trend in
future studies.

CSDI Dieng
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Figure 7. Trend of the Cold-spell Duration Index (CSDI) from 1991 to 2023, highlighting the annual
count of days with extended cold spells.

Discussion

This study aimed to evaluate long-term temperature variability and climate extremes in the
Dieng Plateau — an agriculturally significant high-altitude region in Central Java — by utilizing
bias-corrected ERAS5 reanalysis data from 1991 to 2022. The objective was to characterize
seasonal and diurnal temperature patterns, assess the trends in temperature extremes, and
understand the implications of these trends for local frost risk.

The ERAS5 bias-corrected temperature data for Dieng from 1991 to 2022 (Fig. 3) reveal notable
monthly temperature shifts. Temperatures during January and February remain relatively
stable, while a slight increase is observed from March to June. July, marked by lower
temperatures, coincides with the onset of the dry season in Java, as previously identified by
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Suaydhi [36], who noted June as a transitional month. In contrast, stable conditions in
November and December align with the beginning of the rainy season in northern Java, as
indicated by Hamada et al. [37]. These temperature fluctuations suggest that climatic
variations in Dieng are closely linked to broader regional patterns.

A closer look at Fig. 4 highlights the intricate diurnal temperature oscillations across seasons
from 1991 to 2022, capturing the unique climatic features of the Dieng region. A particularly
striking feature during the JJA season is the drop in early morning temperatures to around
14.5°C, which corresponds with the occurrence of frost events as documented by Pradana et
al. [27]. Their research flagged the Dieng Volcanic Highland as being susceptible to frost, an
anomaly within tropical regions. These conditions result from significant midnight
temperature drops during the dry season, exacerbated by air inversions. This aligns with the
patterns observed in JJA and echoes the findings of Finckh et al. [22], who emphasized the
critical role of elevation in influencing temperature patterns, particularly the prevalence of
frost during dry season nights. This pattern is particularly pronounced during the JJA season,
when dry-season conditions (clear skies and low humidity) enhance radiative cooling and
favor the formation of cold-air pools. While most common in JJA, similar anomalies may also
occur during other periods with comparable atmospheric conditions.

A detailed assessment of temperature-related indices between 1991 and 2022 reveals complex
daytime and nighttime dynamics. An analysis of TXx (warmest day) and TXn (coldest day)
indices indicates observable trends; however, these trends lack statistical significance. This
may point to localized microclimatic influences that deviate from broader global patterns, as
highlighted by several studies [38], [39], [40]. Such nuances are particularly relevant in
geographically distinct environments like Dieng, which sits at an elevation of approximately
2,000-2,500 meters above sea level and is encircled by volcanic terrains including Mount Prau,
Mount Pakuwaja, Mount Bismo, and Mount Pangonan. This topographic enclosure
contributes to a basin-like setting that may limit nocturnal air drainage and promote the
pooling of cold air near the surface, especially under clear and calm conditions typical of the
dry season [41], [42]. The combination of high altitude, restricted ventilation, and enhanced
radiative cooling creates conditions conducive to sharp nocturnal temperature drops. These
features suggest that Dieng may function, in part, as a localized cold-air accumulation zone,
amplifying the risk of frost even in a tropical setting.

Monthly and diurnal analyses suggest a possible seasonal modulation in nighttime
temperature extremes. TNx values tend to peak during the wet season, while TNn events are
more frequent during the dry season. These patterns may reflect broader mechanisms of
nocturnal warming, such as enhanced cloud cover that traps terrestrial radiation [43]. This
warming effect is often amplified in areas experiencing substantial land-use change or
elevated greenhouse gas concentrations, which inhibit nocturnal cooling [44], [45], [46].

Conversely, colder nights—particularly during the dry season—exhibit a general cooling
signal over the study period. Factors such as clearer skies and reduced atmospheric moisture
during the dry season may facilitate more effective nocturnal radiative cooling [47], [48]. In
addition, local atmospheric conditions and microclimatic interactions may further contribute
to these lower nighttime temperatures [49].

Analyzing temperature extremes in Dieng over the past three decades provides valuable
insight when compared with global trends. The variability in TX90P (frequency of warm days)
illustrates the complex interplay between local and global climate drivers. While global
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narratives anticipate a rise in temperature extremes [50], local factors may counterbalance or
modulate these trends. Meanwhile, the TX10P data supports global findings indicating a rapid
decline in cold extremes [51], [52], [53].

Trends in nighttime temperature frequencies, particularly the increase in TN90P, affirm the
global pattern of increased nocturnal warming. Similarly, TN10P trends reflect a decrease in
cold nights, consistent with global observations of fewer cold extremes [54].

The increase in TNx and TN90p poses serious risks to potato farming in Dieng. Warmer nights
reduce tuber yield and quality by increasing respiration and suppressing tuber development.
At the same time, frost events (still common in JJA) can cause complete crop loss, especially in
younger plants [27], [28]. This risk is further exacerbated by the presence of ice-nucleating
bacteria found on potato leaves in Dieng, which can trigger frost injury at temperatures just
below freezing [55]. These overlapping threats highlight the urgency for adaptive farming
strategies.

Recent ETCCDI applications in the Ethiopian Highlands and Central Andes reveal trend
patterns that closely mirror those we observe on the Dieng Plateau. Esayas et al. [56] found
that warm-day and warm-night extremes have become markedly more frequent in Southern
Ethiopia’s highland zones, while cold-day and cold-night events, along with cold-spell
durations, have diminished across all elevations. Similarly, Rusticucci and Zazulie [57]
attribute a clear anthropogenic signal to subtropical Central Andes records, where frost days
have contracted and both tropical-night and summer-day counts have expanded,
accompanied by reductions in cold-spell durations and cool-night exceedances. Our Dieng
Plateau analysis echoes these shifts — warm-night frequency and warm-spell duration are on
the rise, cold-night frequency and cold-spell duration are receding, and hot-day extremes
remain relatively unchanged —underscoring a consistent elevation-amplified warming
fingerprint across tropical mountain belts.

Other montane-tropic studies reinforce this pan-tropical pattern. Singh et al. [58] observed in
India’s Northwest Himalayas a mixed local response, with some stations showing increased
cold spells despite modest warming of hot extremes, highlighting how mid-elevation basins
can diverge from broader trends. By contrast, Yan et al. [59] demonstrate across the Yunnan
Plateau that warm-extreme indices intensify with elevation while cold-extreme indices
weaken, confirming an asymmetric warming signal especially pronounced above montane
thresholds. The alignment of our Dieng findings with these diverse high-elevation records
confirms that, although local topography and microclimates modulate the precise behavior of
extremes, the overarching trajectory toward more intense warm extremes and fewer cold
extremes is a coherent feature of high-altitude tropical climates.

While the general trend points to warming, cold extremes remain relevant. Observations of
the Cold Spell Duration Index (CSDI) in Dieng reveal the persistence of prolonged cold events,
indicating that global warming alters, rather than eliminates, cold extremes. Numerous studies
report declining cold spell durations in various regions [60], [61], [62]. The downward trend
in CSDI in Dieng from 1991 to 2022 supports this pattern. However, Dieng’s unique
topography and elevation may influence the expression of this trend. The limited statistical
strength of the CSDI trend underscores the importance of continued monitoring and more
detailed investigation.
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Conclusion

This study reveals that the Dieng Plateau's surface temperature dynamics from 1991 to 2022
are shaped by both regional climate influences and its unique high-altitude microclimate, with
seasonal patterns showing stable early and late-year temperatures, subtle warming from
March to June, and pronounced nocturnal cooling during the dry season, fostering frost-prone
conditions. Using bias-corrected ERA5 data, we found significant trends in nighttime
temperature extremes: TNx increased at 0.017°C/year (p < 0.01), TN10p decreased by -0.161
days/month (p < 0.001), and TNn exhibited a slight cooling trend (-0.002°C/year, p = 0.043),
suggesting a widening nocturnal temperature range. Daytime indices (TXx, TXn, TX90p,
TX10p) remained statistically unchanged, indicating localized stability. Although the Cold
Spell Duration Index showed a slight, non-significant decline, frost events may persist due to
the plateau’s enclosed topography and strong radiative cooling. These findings underscore the
importance of localized climate monitoring and highlight the urgent need for adaptive
strategies to mitigate frost-related risks in tropical upland agriculture.
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