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Abstract

Short-duration high-intensity rainfall poses substantial challenges for hydrocli-
matic hazard assessment in tropical regions, yet its spatial, seasonal and temporal
variability remains insufficiently characterised across Sabah, Malaysian Borneo.
This study characterises threshold-defined extreme and convective rainfall occur-
rence across Sabah during 2000-2024 and evaluates its consistency between GPM
and JAXA in relation to monsoon seasons and large-scale climate variability.
Rainfall occurrences were identified using operational thresholds adopted from
Malaysia’s Department of Irrigation and Drainage and analysed at hourly reso-
lution on a common 0.1° grid. Frequencies were evaluated during the Northeast
Monsoon (NEM) and Southwest Monsoon (SWM) across 27 administrative dis-
tricts grouped into five geographical Zones. The results reveal pronounced spatial
and temporal heterogeneity, with the Sandakan and Kudat Zones repeatedly
exhibiting relatively high rainfall-occurrence frequencies across multiple five-year
periods. Sandakan was particularly prominent during the SWM, whereas Kudat
showed greater prominence during the NEM. Convective rainfall was generally
more frequent and spatially extensive than hourly extreme rainfall. GPM and
JAXA broadly agreed on the recurrent geographical concentration of rainfall
occurrence but differed in its magnitude, spatial extent and temporal evolution,
particularly for extreme rainfall. Inter-product correlations were sparse and spa-
tially fragmented for extreme rainfall but more extensive for convective rainfall,
particularly during the NEM. Comparisons with ENSO, the Indian Ocean Dipole
and the Madden—Julian Oscillation showed no consistent correspondence between
individual climate phases and periods of enhanced rainfall frequency, indicating
that these large-scale modes alone do not explain the observed variability. Over-
all, the study provides a 25-year spatially explicit baseline of threshold-defined
rainfall occurrence across Sabah, identifies the Sandakan and Kudat Zones as
recurrent high-frequency areas, and demonstrates the importance of accounting
for satellite-product uncertainty when assessing short-duration rainfall variability
and associated hazards.
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1 Introduction

Anthropogenic climate change alters the characteristics of weather and climate
extremes, increasing concerns about changes in their frequency, intensity, and spa-
tial distribution [1]. In tropical regions such as Malaysia, precipitation variability is
further shaped by monsoonal circulation, inter-annual climate variability, and con-
vective pro-cesses, resulting in pronounced spatial and temporal heterogeneity [2-3].
Characterising the spatial and temporal variability of extreme rainfall is therefore
important for improving understanding of hydro-climatic hazards and supporting
climate resilience and disaster risk management.

Although an increasing number of studies have examined extreme rainfall in
Malaysia, extreme events are commonly identified using percentile-based or other
standardized statistical thresholds in daily intervals that facilitate comparison across



global and regional climate datasets [4-11]. Such approaches are particularly common
in climate-model-based assessments, where standardized indices enable comparisons
between historical simulations and future projections [12-17]. While these defini-
tions are valuable for assessing relative changes in rainfall extremes, they may not
correspond directly to thresholds adopted in national or operational assessments of
hazardous rainfall in Malaysia, including those applied by the Department of Irri-
gation and Drainage (DID) Malaysia and the Malaysian Meteorological Department
(Met Malaysia).

Rain-gauge and other ground-based observations provide detailed information at
individual locations but may have limited capacity to resolve rainfall heterogeneity
across regions characterised by complex topography and uneven observational cover-
age [9,18]. Satellite precipitation products provide a complementary source of spatially
continuous rainfall observations and therefore offer an opportunity to examine rainfall
variability across Sabah using locally relevant operational thresholds [19]. However,
long-term, dis-trict-resolved assessments of sub-daily extreme and convective rainfall
frequency across Sabah using such thresholds remain limited, particularly in determin-
ing whether recur-rent spatial patterns are consistently represented across independent
satellite precipitation products.

This need is particularly relevant in Sabah, where rainfall variability is associated
with the Northeast and Southwest Monsoons (NEM and SWM), interannual variability
related to the El Nilo-Southern Oscillation (ENSO) and Indian Ocean Dipole (I0D),
intra-seasonal variability associated with the Madden—Julian Oscillation (MJO), and
regional convective processes [3, 20-24] Complex topography and land—sea interactions
further contribute to pronounced spatial heterogeneity across the state [10, 25-26]. In
this study, extreme and convective rainfall are treated as operationally distinct rainfall
characteristics: extreme rainfall is defined by high hourly rainfall intensity, whereas
the convective-rainfall criterion represents high rainfall accumulation over continuous
short-duration periods [27]. These locally relevant threshold-based definitions provide
a framework for identifying potentially hazardous rainfall occurrences at sub-daily
time-scales [19, 28-29]. However, their representation may vary among satellite pre-
cipitation products because of differences in observational characteristics, retrieval
algorithms, and sensitivity to short-duration high-intensity precipitation.

Therefore, the primary objective of this study is to characterise the spatial and
seasonal frequency of threshold-defined extreme and convective rainfall across Sabah
during 2000-2024, with particular emphasis on identifying districts and geographic
zones that repeatedly exhibit relatively high rainfall frequencies. The analysis covers
Sabah’s 27 administrative districts and five geographic zones during the NEM and
SWM, while temporal variations in rainfall frequency are compared descriptively with
ENSO, 10D, and MJO conditions to provide large-scale climatic context. Rather than
validating or ranking satellite-product performance, the inter-product comparison is
used to distinguish recur-rent rainfall-frequency characteristics from those that are
product-dependent. The study thereby provides a 25-year spatially explicit baseline of
operationally defined extreme and convective rainfall frequency and identifies recurrent
rainfall-prone regions relevant to hydro-climatic risk assessment in Sabah.



2 Methodology
2.1 Study Domain and Temporal Frame

This study examines the spatial and temporal variability of extreme and convec-
tive rainfall frequency across Sabah(northern Borneo), Malaysia (Figure 1), over the
25-year period from 2000 to 2024. Sabah is characterised by complex topography,
extensive coastal areas, and a tropical maritime climate that contribute to substantial
spatial variability in rainfall[25]. To characterise this variability at an administra-
tive scale, the analysis was conducted across Sabah’s 27 districts, grouped into five
geographic zones: the Westcoast Zone (Papar, Putatan, Penampang, Kota Kinabalu,
Tuaran, Kota Belud, and Ranau); Interior Zone (Tambunan, Keningau, Beaufort,
Tenom, Pensiangan, Sipitang, and Kuala Penyu); Kudat Zone (Kudat, Kota Marudu,
and Pitas); Sandakan Zone (Telupid, Beluran, Tongod, Kinabatangan, and San-
dakan); and Tawau Zone (Lahad Datu, Kunak, Semporna, Tawau, and Kalabakan).
These administrative groupings were used to summarize and compare rainfall-event
frequencies among districts and broader geographic regions of Sabah.

2.2 Datasets
2.2.1 Precipitation datasets

The Hourly precipitation data from the Global Precipitation Measurement (GPM)
Integrated Multi-satellite Retrievals for GPM (IMERG) Final Run Version 07 [30]
and the Japan Aerospace Exploration Agency (JAXA) Global Satellite Mapping of
Precipitation (GSMaP) Hourly Version 8 [31] were used to characterise extreme and
convective rainfall frequency across Sabah, Malaysia, from 2000 to 2024. Both products
have a nominal spatial resolution of 0.1° and were regridded to a common 0.1° spa-
tial grid to ensure spatial correspondence between their rainfall-frequency estimates.
The products were analysed independently using the same rainfall-event definitions
and temporal aggregation procedures. GPM half-hourly precipitation estimates were
aggregated to an hourly time step following [32] whereas JAXA data were retained at
their original hourly temporal resolution. The resulting datasets were aligned spatially
and temporally before the rain-fall-frequency indices were calculated.

2.2.2 Climate index datasets

Three large-scale climate indices were used to provide climatic context for the temporal
variability of extreme and convective rainfall frequency: the El Nino—Southern Oscil-
lation (ENSO), Indian Ocean Dipole (IOD) and Madden—Julian Oscillation (MJO).
ENSO variability was represented by the Oceanic Nifio Index (ONT), which measures
sea-surface temperature anomalies in the region. ONI data were obtained from the
NOAA National Centers for Environmental Information (NCEI) via Our World in
Data (https://ourworldindata.org/). IOD variability was represented by the Dipole
Mode Index (DMI), obtained from the NASA Jet Propulsion Laboratory (JPL)
Sea Level Portal (https://sealevel.jpl.nasa.gov/overlay-iod/). Intraseasonal variability
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associated with the MJO was represented by the Real-time Outgoing Longwave Radi-
ation MJO Index (ROMI), obtained from the NOAA Physical Sciences Laboratory
(PSL; https://psl.noaa.gov/).

The ONI and DMI phases were classified according to the criteria specified by their
respective data sources. Individual MJO events were identified using the ROMI crite-
ria, which define an event as a local maximum in index amplitude within a centred
30-day period that exceeds one standard deviation. The ROMI phase classification fol-
lows the convention of the Real-time Multivariate MJO (RMM) index and comprises
eight phases. In this study, MJO phases 2-7 were considered, with phases 4 and 5
receiving particular attention because of their stronger association with rainfall vari-
ability, following [21-24]. The climate indices and identified MJO events were compared
descriptively with temporal variations in rainfall-event frequency to identify periods
of correspondence between large-scale climate variability and rainfall-frequency fluc-
tuations.[33] This comparison was intended to provide climatic context and explore
potential associations rather than quantify statistical relationships or establish causal
links.

2.3 Threshold-Based Rainfall Indices

Rather than applying percentile-based rainfall indices, this study adopted threshold-
based criteria derived from operational rainfall classifications used by the
Department of Irrigation and Drainage (DID) Malaysia (online available at
https://publicinfobanjir.water.gov.my/hujan/data-hujan/?lang=en). The two rainfall
indices were evaluated at common 0.1° grid cell:

1. Extreme Hourly Rainfall Index (Igur): An occurrence was recorded when
hourly precipitation intensity exceeded 60 mmh~! during any hour of a day.

2. Convective Rainfall Index (Icr): An occurrence was identified when cumulative
rainfall exceeded 60 mm over a continuous period of 2—4 hours.

Both indices were evaluated using hourly precipitation records from 2000 to 2024.
For the extreme rainfall index, a grid cell was assigned one occurrence for a day if
at least one hourly precipitation value exceeded the threshold. For the cumulative
rainfall index, continuous 2—4 hour accumulation windows were evaluated within each
24-hour day. If one or more windows exceeded the cumulative threshold, the grid cell
was assigned one occurrence for that day, irrespective of the number of qualifying or
overlapping windows.

Consequently, the resulting frequencies represent the number of days meeting each
threshold criterion, rather than the number of individual hours or qualifying accumu-
lation windows. Convective-rainfall frequency was expected to be equal to or greater
than extreme-rainfall frequency because the 2—4 hour cumulative criterion can be
satisfied by rainfall events that do not exceed the hourly extreme threshold. Accord-
ingly, differences in frequency between the two indices primarily reflect their different
accumulation timescales rather than independent differences in rainfall occurrence



2.4 Monsoonal Seasonal Aggregation

Rainfall-event frequencies and climate indices were aggregated according to the
two principal monsoon seasons affecting Sabah: The Southwest Monsoon (SWM;
May—September) and the Northeast Monsoon (NEM; November—March) [21,34]. April
and October were excluded from the seasonal analysis because they represent inter-
monsoon transition periods. The two seasons were analysed separately to examine
differences in the spatial and temporal distributions of extreme and convective rainfall
across Sabah. The final NEM period was limited to November—December 2024 since
the GPM dataset used in this study ended in December 2024.

For each rainfall index and satellite precipitation product, monthly event fre-
quencies were summed across the months defining each monsoon season to obtain
seasonal event frequencies at each grid cell. The SWM was assigned to the calendar
year in which it occurred, whereas the NEM was identified by the year in which the
season began, generally spanning November of that year to March of the following
year. All NEM seasons prior to the final study year were aggregated over Novem-
ber—-March, whereas the final NEM record comprised November—December 2024,
consistent with the temporal endpoint of the GPM dataset. This approach enabled
consistent inter-product comparisons over their common period of record.

2.5 Variability Analysis
2.5.1 Zonal-Statistic and District-level Analysis

For each district, the maximum grid-cell rainfall-event frequency was extracted sep-
arately for each rainfall index, satellite product and monsoon season. These maxima
were used to identify districts containing localised high-frequency rainfall hotspots and
to compare their occurrence frequencies among Sabah’s 27 districts. The maximum
grid-cell frequency was selected to represent localised hotspot occurrence rather than
district-average rainfall conditions.

2.5.2 Spatio-Temporal Frequency Patterns

For each rainfall index, satellite product and monsoon season, grid-cell frequencies
were averaged across the five corresponding seasons within each five-year period. The
resulting maps were used to examine changes in the spatial distribution of rainfall-
event frequency between successive periods. District-level statistics and grid-cell maps
of mean rainfall-event frequency provided complementary perspectives, identifying
localised hotspots at the district level and illustrating the spatial distribution of mean
rainfall-event frequency across Sabah.

Spatial patterns of temporal correspondence between GPM and JAXA were
assessed using Spearman’s rank correlation coefficient (p). Spearman’s p was calculated
independently at each 0.1° grid cell using the corresponding seasonal rainfall-frequency
series from GPM and JAXA. The resulting spatial distribution of p was used to iden-
tify areas where the two satellite products exhibited similar or dissimilar temporal
variations in rainfall-event frequency. Statistical significance was assessed at p < 0.05,
and non-significant or undefined correlations were masked.



3 Results

3.1 Zonal Variability of Extreme and Convective Rainfall
Frequency

Seasonal extreme- and convective-rainfall frequencies exhibited pronounced spatial
and temporal variability across Sabah’s five geographic zones and 27 administrative
districts (Figures 2 and 3). Both satellite products showed substantial year-to-year
variability, although the timing and magnitude of higher-frequency periods dif-
fered between GPM and JAXA. GPM showed several periods of elevated rainfall
frequency, particularly between 2000 —2015, whereas JAXA showed comparatively ele-
vated frequencies during several later periods after 2015. These differences indicate
product-dependent temporal characteristics rather than a consistent temporal trend.

NEMD0)
NEM 004
Swmos
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d

Fig. 2 Heatmap of extreme rainfall frequency across regional zones and administrative districts in
Sabah: (a) Westcoast Zone, (b) Interior Zone, (c¢) Sandakan Zone, (d) Tawau Zone, and (e) Kudat
Zone.



The Westcoast Zone generally exhibited less pronounced temporal variability in
extreme-rainfall frequency, with most districts recording approximately 2—6 occur-
rences per monsoon season (Figure 2). Ranau recorded comparatively higher frequen-
cies, whereas most other districts generally experienced approximately 1-3 occurrences
per season. A similar range was observed across the Interior Zone, although Pensiangan
exhibited relatively higher frequencies during several monsoon seasons between 2005
to 2015. The remaining Interior districts generally exhibited lower extreme-rainfall
frequencies during the later part of the study period.

The Sandakan Zone exhibited greater spatial and temporal variability, with
extreme-rainfall frequencies generally ranging from approximately 2—7 occurrences per
monsoon season. Relatively high frequencies were evident across the districts within
the Sandakan Zone during several monsoon seasons between 2000 and 2014. In the
Tawau Zone, most districts recorded approximately 2-5 occurrences per monsoon
season, with Lahad Datu exhibiting comparatively higher frequencies and greater tem-
poral variability. The Kudat Zone also showed substantial differences among districts,
with extreme-rainfall frequencies varying across monsoon seasons and between the two
satellite products.

Convective rainfall occurred more frequently than extreme rainfall across all five
geo-graphic zones, with frequencies ranging from approximately up to 20 occurrences
per monsoon season (Figure 3). Though the event is less frequent observed in JAXA,
ranging approximately 2 to 14 occurrences and noticeable onward 2014. The West-
coast Zone generally exhibited lower spatio-temporal variability in convective-rainfall
frequency, although Papar and Ranau experienced several periods of relatively high
frequency, reaching approximately 10—20 occurrences per season. The Interior, Tawau,
and Kudat Zones also showed considerable temporal variability, with relatively high
frequencies generally ranging from approximately 6-16 occurrences per season. Ele-
vated frequencies occurred intermittently across districts within these zones, although
Tambunan, Semporna, and Kunak generally exhibited lower frequencies than the more
prominent districts within their respective zones.

The Sandakan Zone exhibited the highest and most persistent maximum grid-cell
convective-rainfall frequencies among the five geographical Zones. Frequencies gen-
erally ranged from approximately 2—18 occurrences per monsoon season, while all
districts within the Zone experienced repeated periods of elevated convective-rainfall
frequency. During several monsoon seasons, frequencies reached approximately 14 to
more than 20 occurrences. Overall, the district-level results demonstrate that both
extreme- and convective-rainfall frequencies varied substantially across Sabah, with
the Sandakan Zone consistently exhibiting greater rainfall frequency and temporal
variability than most other geographic zones.

3.2 Spatio-temporal Variability of Extreme Frequency

The five-year seasonal-mean frequency distributions revealed pronounced spatial and
temporal variability in extreme and convective rainfall occurrence across Sabah during
the SWM and NEM (Figures 4 and 5). Although the spatial extent and mean frequency
distributions varied between GPM and JAXA and across all the five-year periods, both
products repeatedly identified the Kudat and Sandakan Zones as regions of relatively
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Fig. 3 Heatmap of convective rainfall frequency across regional zones and administrative districts
in Sabah: (a) Westcoast Zone, (b) Interior Zone, (c) Sandakan Zone, (d) Tawau Zone, and (e) Kudat
Zone.

high rainfall-occurrence frequency, particularly for convective rainfall. This spatial
prominence showed a seasonal contrast, with relatively high frequencies recurring in
the Kudat Zone during the NEM and in the Sandakan Zone during the SWM across
multiple five-year periods.

For extreme rainfall, GPM did not identify a clearly recurrent high-frequency area
across the five-year periods during the SWM (Figure 4). During the NEM, however,
recurrent extreme-rainfall occurrence was evident around Beluran during 2005-2009
and 2010-2014. JAXA exhibited a different spatial pattern, with extreme-rainfall fre-
quencies of approximately one occurrence day per season extending across parts of the
Sandakan Zone during the SWM in multiple periods. During the NEM, JAXA more
consistently identified extreme-rainfall occurrence within the Kudat and Sandakan
Zones across the five-year periods, with localised seasonal-mean frequencies reaching
approximately two occurrence days per season in the highest-frequency areas. Differ-
ences between GPM and JAXA were therefore evident in both the spatial extent and
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temporal persistence of extreme-rainfall occurrence, although both products broadly
identified Kudat and Sandakan Zone as recurrent areas of relatively elevated frequency.

Convective rainfall was considerably more spatially extensive than extreme rain-
fall and exhibited pronounced variability between satellite products, monsoon seasons
and five-year periods (Figure 5). Relatively high seasonal-mean frequencies repeatedly
occurred within the Kudat and Sandakan Zones, with localised frequencies approach-
ing five occurrence days per season during some five-year periods. Areas of elevated
frequency were also evident within parts of the Interior Zone, although their spatial
persistence was less consistent than that observed in the Kudat and Sandakan Zones.
The Sandakan Zone remained particularly prominent across multiple periods and in
both satellite products.

Inter-product differences in convective-rainfall occurrence were more apparent dur-
ing the SWM, when GPM and JAXA differed in both the spatial extent and location
of elevated-frequency areas. During the NEM, the two products showed broader agree-
ment in the regional distribution of convective-rainfall occurrence across multiple
five-year periods, particularly over the same zone. Nevertheless, differences in the
magnitude and spatial extent of elevated-frequency areas remained apparent between
GPM and JAXA.

Overall, the spatial patterns demonstrate that threshold-defined rainfall-
occurrence frequencies were not uniformly distributed across Sabah. The repeated
prominence of the Sandakan and Kudat Zones across multiple five-year periods and
in both satellite, products indicate a recurrent regional concentration of relatively
high rainfall-occurrence frequency. This spatial consistency was particularly evident
for convective rainfall, although its seasonal expression differed between regions. Nev-
ertheless, differences between GPM and JAXA, particularly during the SWM, indicate
that the detailed spatial representation of extreme and convective rainfall occurrence
remains product dependent.

The Spearman correlation analysis revealed limited and spatially heterogeneous
temporal correspondence between GPM and JAXA for extreme-rainfall frequency
(Figure 6). During the SWM, positive correlations were sparse and confined to iso-
lated areas, indicating limited temporal correspondence between the two products at
those grid cells. During the NEM, positive correlations were more apparent, particu-
larly across parts of the Kudat and Sandakan Zones, although their spatial distribution
remained fragmented.

In contrast, spatially more extensive temporal correspondence was evident for
convective-rainfall frequency. During the SWM, positive correlations were more widely
distributed than for extreme rainfall, with coefficients of approximately 0.4-0.6 occur-
ring across parts of the Westcoast and Tawau Zones. During the NEM, correlations of
approximately 0.4-0.6 became more spatially extensive, particularly across the Kudat,
Sandakan and Interior Zones. Localised areas of stronger correlation were also evident,
although these remained spatially discontinuous. Overall, GPM and JAXA exhibited
more spatially extensive temporal correspondence for convective-rainfall frequency
than for extreme-rainfall frequency, particularly during the NEM.
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Fig. 4 Spatial mean frequency for extreme rainfall in Sabah across five-year periods of 2000-2004
first row, 2005-2009 second row, 2010-2014 third row, 2015-2019 fourth row and 2020-2024 fifth row
during SWM and NEM based on GPM (a-b) and JAXA (c-d) satellite precipitation products.
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Fig. 5 Spatial mean frequency for convective rainfall in Sabah across five-year periods of 2000-2004
first row, 2005-2009 second row, 2010-2014 third row, 2015-2019 fourth row and 2020-2024 fifth row
during SWM and NEM based on GPM (a-b) and JAXA (c—d) satellite precipitation products.
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Fig. 6 Spatial distribution of Spearman’s rank correlation coefficient (p) between the seasonal
rainfall-frequency time series of GPM and JAXA for extreme rainfall during (a) SWM and (b) NEM,
and convective rainfall during (¢) SWM and (d) NEM. Grid cells with non-significant (p < 0.05) or

undefined correlations are masked.

14



4 Discussion

The repeated prominence of the Sandakan and Kudat Zones across multiple five-year
periods indicates that high rainfall occurrence is regionally concentrated rather than
uniformly distributed. Sandakan was therefore selected for detailed temporal assess-
ment be-cause of its persistent spatial prominence and pronounced variability across
monsoon seasons and satellite products (Figure 7 and 8). Result for the rest of zones
are provided in Appendix A (Figures A1-A4). Convective-rainfall occurrences were
generally more frequent and spatially extensive than hourly extreme-rainfall occur-
rences. This difference likely reflects the cumulative 2—4 hr criterion, which can capture
sustained or successive rainfall accumulation without requiring an individual hour to
exceed 60 mm/hr [35-37]. However, this operational definition should not be inter-
preted as a direct diagnosis of convective storm processes. The higher occurrence
frequency of convective rainfall should not necessarily be interpreted as indicating
greater hazard severity, as the two indices represent different rainfall characteristics
and thresholds. The recurrent hotspots in Sandakan and Kudat may help prioritise
areas for rainfall monitoring and further investigation, although the frequency patterns
do not predict individual events or independently establish flood risk.

The recurrent high frequencies over the Sandakan and Kudat Zones are physically
consistent with interactions between the monsoonal circulation and Sabah’s coastal
and topographic environment. Moist maritime flow, coastal convergence and oro-
graphic lifting can enhance moisture convergence and atmospheric ascent, providing
favourable conditions for intense and persistent rainfall [38-40]. The seasonal differ-
ences further indicate modulation by the monsoonal background, with the greater
prominence of Kudat during the NEM potentially associated with enhanced moisture
transport and low-level convergence under northeasterly flow, whereas the promi-
nence of Sandakan during the SWM suggests a different interaction between regional
circulation and local geographical controls.

The temporal analysis further shows that large-scale climate variability does not
provide a simple explanation for rainfall-frequency fluctuations in Sabah. Some period
of elevated frequencies coincided with La Nina and negative IOD conditions, particu-
larly during parts of 2005-2009 and 2010-2014, whereas other rainfall peaks occurred
under different ENSO-IOD configurations. Similarly, several peaks coincided with
MJO phases 37, but the correspondence was not consistent across geographical zones
or satellite products. ENSO, IOD and MJO should therefore be regarded as potential
modulators rather than deterministic controls of rainfall occurrence. Their influence is
likely conditioned by the pre-vailing monsoonal circulation, regional moisture availabil-
ity and mesoscale processes, which may explain the heterogeneous rainfall responses
reported here and in previous studies over Borneo [21,25,33,34, 41-45]

The findings of this study complement those of [25,46] who highlighted the spo-
radic timing and locations of heavy rainfall in East Malaysia [10], who identified
non-stationarity in yearly extreme rainfall across East Malaysia. Together, these stud-
ies and the present findings highlight the spatial and temporal heterogeneity of extreme
rainfall, which is reflected in its sporadic occurrence, recurrent hotspots and temporal
variability across Sa-bah. Differences between GPM and JAXA further demonstrate
that estimated rainfall frequencies are sensitive to the satellite product used [47-48],
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while differences in rainfall definitions and analytical methods may also influence com-
parisons between studies. These findings emphasise the importance of considering
spatial and temporal variability, methodological differences and product-dependent
uncertainties when characterising extreme rainfall [49-51]. Nevertheless, identifying
recurrent hotspots does not enable the prediction of individual rainfall events.

An important finding is that the inferred rainfall-frequency characteristics also
depend on the satellite product. GPM and JAXA broadly identified recurrent high-
frequency regions in Kudat and Sandakan, but differed in the magnitude, spatial extent
and temporal evolution of rainfall occurrence. This disagreement was particularly evi-
dent for extreme rainfall, including the reduction in GPM-derived frequency after
approximately 2014-2015 that was not consistently reproduced by JAXA. Differences
in retrieval algorithms, temporal sampling and the representation of short-duration
high-intensity rainfall can influence whether the extreme threshold is exceeded [52-55].
Consistent with these concerns, [47,52, 56-58] found that GMP and JAXA products
varied in performance across precipitation intensities and had limitations in detecting
extreme precipitation events. Consequently, product-specific temporal changes should
not be interpreted as climatic trends without independent observational validation
and formal trend analysis.

The Spearman analysis reinforces this distinction between the two rainfall criteria.
Extreme rainfall showed sparse and spatially fragmented inter-product correlations,
indicating limited consistency between GPM and JAXA in reproducing variability in
seasonal rainfall frequency. In contrast, convective rainfall exhibited more spatially
extensive inter-product temporal correspondence, particularly during the NEM, with
correlations of approximately 0.4-0.6 across several parts of Sabah. The greater cor-
respondence for cumulative rainfall may reflect its potentially lower sensitivity to
differences in retrieving isolated hourly intensity maxima, whereas small differences in
the magnitude or timing of intense rainfall can determine whether the hourly thresh-
old is exceeded [59-62]. Thus, while GPM and JAXA show agreement in the broad
geographical concentration of rainfall occurrence, their agreement is weaker for the
temporal behaviour of short-duration extreme events.

Overall, this study demonstrates that threshold-defined high-intensity rainfall
occurrence in Sabah is characterised by recurrent regional hotspots and substantial
temporal and inter-product variability. The Sandakan and Kudat Zones emerge as
prominent areas of re-current rainfall occurrence, while descriptive comparisons reveal
no consistent relation-ships with ENSO, the IOD or the MJO. These findings suggest
that rainfall variability may reflect interactions among large-scale climate modes, mon-
soonal circulation and regional geographical processes. Differences between GPM and
JAXA further highlight the sensitivity of estimated rainfall frequencies to the satellite
product and rainfall-event definition. Several limitations warrant consideration. The
absence of independent rain-gauge validation limits the assessment of product-specific
uncertainties, while the descriptive comparison with climate indices does not establish
statistically significant relationships or causal effects. Future research should validate
satellite-derived estimates against ground observations, apply formal statistical anal-
yses to investigate climate relationships and temporal trends, and integrate rainfall
data with catchment characteristics and flood records to better assess implications for
flood risk.
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and (d) for convective precipitation.

5 Conclusion

This study characterised the spatial and temporal variability of threshold-defined
extreme and convective rainfall frequency across Sabah during 2000-2024 and assessed
the consistency of these patterns between GPM and JAXA in relation to monsoon
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ENSO and IOD and (b) MJO phases conditions during 2000-2024, based on JAXA (c) for extreme
and (d) for convective precipitation.

seasons and large-scale climate variability. The results demonstrate substantial spa-
tial and temporal heterogeneity, with the Sandakan and Kudat Zones repeatedly
emerging as areas of relatively high rainfall-occurrence frequency across multiple five-
year periods. Seasonal differences were also evident, with the Sandakan Zone showing
greater prominence during the SWM and the Kudat Zone during the NEM. Convec-
tive rainfall was generally more frequent and spatially extensive than hourly extreme
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rainfall, demonstrating the importance of the temporal criterion used to characterise
high-intensity rainfall occurrence.

Despite broad agreement in identifying recurrent high-frequency Zones, GPM and
JAXA differed in the magnitude, spatial extent and temporal variability of rainfall
occurrence. This inter-product difference was particularly evident for extreme rainfall,
whereas convective rainfall showed broader temporal agreement between the prod-
ucts, especially during the NEM. The temporal comparison with ENSO, IOD and
MJO further showed that periods of enhanced rainfall frequency were not consistently
associated with particular phases of these climate modes. Their influence on rainfall
occurrence in Sabah is therefore unlikely to operate independently of the prevailing
monsoonal and regional atmospheric conditions.

Overall, the findings establish that rainfall-frequency variability across Sabah is
characterised by recurrent spatial concentrations but considerable seasonal, tempo-
ral and in-ter-product variability. The persistent identification of the Sandakan and
Kudat Zones provides a spatial basis for prioritising further investigation of high-
intensity rainfall and associated hazards, while the differences between GPM and
JAXA highlight the need to consider satellite-product uncertainty when interpreting
short-duration rainfall extremes. The 25-year spatially explicit assessment presented
here therefore provides a baseline for subsequent observational validation, process-
based investigation and assessment of rain-fall-related hazards and climate resilience
across Sabah.
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Appendix A Temporal extreme and convective

variability frequency in relation to
ENSO and IOD and MJO phases
conditions during 2000-2024 for GPM
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Fig. A1 Temporal extreme variability frequency in relation to (a) ENSO and IOD and (b) MJO
phases conditions during 2000-2024 based on GPM for; (c) Westcoast Zone, (d) Interior Zone, (e)
Tawau Zone, and (f) Kudat Zone.
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