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Abstract

Heat waves (HWSs) are emerging as a major climate hazard across tropical regions, yet their
climatological characteristics and governing physical mechanisms remain poorly understood in Sri
Lanka. This study presents the first comprehensive assessment of seasonal HW variability and
associated ocean—atmosphere drivers over Sri Lanka using ERAS reanalysis data for the period
1995-2024. HWs were identified using a percentile-based threshold applied to daily maximum
temperature (T;,4,), and their frequency, duration, and intensity were examined across the four
monsoonal seasons. The results reveal pronounced spatial and seasonal contrasts in HW behaviour
across the island. The First Inter-Monsoon (FIM) season exhibits the strongest HW regime,
characterized by the highest proportional occurrence of HW days, elevated intensities, and long
event duration under conditions of strong solar heating and weak atmospheric ventilation. In
contrast, during the Southwest Monsoon (SWM), HW activity becomes concentrated over the
eastern and southeastern dry-zone lowlands as the central highlands generate a pronounced rain-
shadow effect that suppresses cloud formation and rainfall on the leeward side of the island.
Composite analyses show that HW days are consistently associated with enhanced large-scale
subsidence linked to variability in the Walker and Hadley circulations, leading to suppressed
convection, reduced cloud cover, and positive Outgoing Longwave Radiation (OLR) anomalies
across the northern Indian Ocean. These conditions promote enhanced surface shortwave radiation
and radiative amplification of near-surface temperatures. Concurrent rainfall deficits and reduced
boundary-layer humidity further intensify and sustain heat extremes through land—atmosphere
feedback processes. In addition, HW conditions indicating enhanced evaporative stress and
reduced latent cooling. In addition, HW conditions occur alongside positive Sea Surface
Temperature (SST) anomalies across the tropical Indian Ocean, indicating that Sri Lankan HWs
are embedded within a broader basin-scale warm ocean—atmosphere state that reinforces
atmospheric stability and persistent hot conditions. Together, these findings demonstrate that HW's
in Sri Lanka arise from tightly coupled ocean—atmosphere—land interactions rather than from local
temperature anomalies alone. The identification of distinct seasonal HW regimes and persistent
regional hotspots provides an important scientific basis for improving climate-risk assessment and

adaptation planning in the rapidly warming Indian Ocean region.
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1 Introduction

Heat Waves (HWs) are prolonged periods of anomalously high near-surface air temperature
relative to the local climatological baseline, typically persisting for several consecutive days
(Perkins & Alexander, 2013). Unlike short-lived temperature extremes, HWs represent sustained
thermal stress events whose impacts accumulate over time, affecting human health, agriculture,
ecosystems, and energy systems (Perkins, 2015; Horton et al., 2016; IPCC, 2023b; Wu et al., 2023;
WHO, 2024). Their severity is further amplified in humid environments, where reduced
evaporative cooling enhances physiological heat stress (Cvijanovic et al., 2023). The increasing
scientific and societal focus on HWs reflects their emergence as the deadliest major global hazard
(Barriopedro et al., 2023). Extreme heat events have been linked to increased mortality (Miralles
et al., 2014), agricultural losses, ecosystem stress, reduced labour productivity, and increased
energy demand across both developed and developing regions (Horton et al., 2016). Despite their
global significance, there is no universally accepted definition of HWs, largely due to regional
differences in climate variability and impact thresholds (Robinson, 2001; Perkins & Alexander,
2013). Consequently, percentile-based approaches, where temperature extremes are defined
relative to local climatology, have become widely adopted, particularly for comparative analyses
across diverse climatic regimes (Alexander et al., 2006; Perkins & Alexander, 2013; Perkins, 2015;

Sharma et al., 2022; Cvijanovic et al., 2023).

The increasing frequency and intensity of HWs represent one of the most robust signals of climate
change (IPCC, 2023a). Observations indicate widespread increases in the frequency, duration, and
intensity of extreme temperature events across most land regions since the mid-twentieth century
(Seneviratne et al., 2021). Beyond thermodynamic warming, these changes are strongly modulated
by dynamical processes within the climate system, including atmospheric circulation variability,
land—atmosphere feedbacks, cloud-radiation interactions, and ocean—atmosphere coupling
(Seneviratne et al., 2010; Horton et al., 2016). In particular, persistent HWs are commonly
associated with large-scale subsidence, suppressed convection, and reduced cloud cover, which
enhance incoming shortwave radiation and promote surface warming (Trenberth & Fasullo, 2012;

Barriopedro et al., 2023).

While HW dynamics are well documented in mid-latitude regions, their governing mechanisms in

the tropics remain less clearly understood. In contrast to mid-latitude blocking systems, tropical
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HWs are more strongly influenced by variations in convection, vertical motion, cloud cover, and
radiative fluxes (Horton et al., 2016; Perkins-Kirkpatrick & Lewis, 2020). High background
humidity further intensifies heat stress, even under moderate temperature anomalies, highlighting
the importance of moisture—temperature coupling in these regions (Sherwood & Huber, 2010).
These distinct characteristics underscore the need for region-specific, process-based assessments

of HW behaviour in tropical climates.

The Indian Ocean plays a critical role in modulating regional climate variability across South Asia
through its strong influence on atmospheric circulation, convection, and rainfall (Roxy et al., 2014;
Cai et al., 2014, 2015, 2018; Pathirana et al., 2023). Rapid warming of the tropical Indian Ocean
has altered large-scale circulation patterns, including the Walker and Hadley circulations, with
implications for cloud formation, subsidence, and surface energy balance (Roxy et al., 2015; Xie
et al., 2016). Variations in Sea Surface Temperature (SST) gradients can therefore influence the
occurrence and persistence of heat extremes by modulating atmospheric stability and radiative
fluxes. However, the role of these coupled ocean—atmosphere processes in shaping HW
characteristics over tropical island environments remains poorly understood. This gap is
particularly relevant for tropical islands such as Sri Lanka, where ocean-atmosphere interactions

strongly influence local climate variability.

While large-scale atmospheric and oceanic drivers provide the necessary conditions for HW
occurrence, local land-atmosphere feedback processes, particularly soil moisture-temperature
coupling, act as critical intensifiers (Ford & Schoof, 2017; Miralles et al., 2012). Soil moisture
controls the energy budget by partitioning net radiation between latent and sensible heat fluxes
(Yuan et al., 2019). Surface moisture depletion during HW reduces evaporative cooling (latent
heat) (Benson & Dirmeyer, 2021). It leads to a rapid increase in near-surface temperatures
(sensible heat), further desiccating the soil in a positive feedback loop (Liu & Pu, 2019).
Understanding this feedback is essential for characterizing the persistence of a regional hotspot in

a tropical island setting.



113

114
115
116
117
118

119

120
121
122
123
124
125
126
127
128
129
130

Agro-Ecological Zones
I Dry zone

[ Intermediate zone
[ Wet zone

Fig. 1 Geographical Location and Agro-ecological Climatic Zone (Dry-Zone: annual rainfall <
1750 mm, Intermediate-Zone: annual rainfall 1750 — 2500 mm, and Wet-Zone: annual rainfall >
2500 mm) of Sri Lanka. Red dots indicate the locations of the 19 meteorological observation
stations used in this study. The Inset globe shows Sri Lanka's geographic position within the

broader Indian Ocean region. (Details of the station network are provided in Table S1).

Sri Lanka, located at the southern tip of the Indian subcontinent (5°55'- 9°51' N and 79°42'- 8§1°53'
E; Fig. 1), provides a unique setting to investigate these processes. The island’s climate is strongly
governed by monsoon circulation and exhibits pronounced seasonal variability associated with the
Northeast Monsoon (NEM, December—February), First Inter-Monsoon (FIM, March—April),
Southwest Monsoon (SWM, May—September), and Second Inter-Monsoon (SIM, October—
November) (Karunathilaka et al., 2017; Punyawardena et al., 2020; Abeysekera et al., 2021). These
seasonal regimes modulate cloud cover, rainfall, wind patterns, and humidity (Suppiah & Yoshino,
1984; Suppiah, 1996), thereby influencing surface energy balance and the persistence of high-
temperature anomalies. In addition, marked spatial heterogeneity, characterized by wet,
intermediate, and dry climatic zones, creates distinct regional environments with varying

susceptibility to heat extremes.
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Despite its climate complexity and vulnerability, systematic assessments of HWs in Sri Lanka
remain limited. Previous studies have primarily focused on precipitation variability, with relatively
few investigations addressing temperature extremes using high-resolution daily data (Jayawardena
et al., 2018; Keshav et al., 2026). Moreover, existing analyses have largely emphasized statistical
characterization, with limited attention to the underlying physical drivers. As a result, key
uncertainties persist regarding the spatial distribution, seasonal variability, and governing
mechanisms of HWs across the island. In particular, the role of ocean-atmosphere coupling,
circulation variability, and surface energy balance processes in modulating HW development and
persistence remains insufficiently understood. While the ERAS reanalysis product is widely used
for temperature extreme studies, its 0.25° (~28 km) spatial resolution warrants careful validation
in regions of complex topography such as Sri Lanka, where mesoscale temperature gradients
associated with the central highlands may not be fully resolved. To strengthen confidence in the
identified HW hotspots, the present study therefore includes a rigorous point-to-pixel comparison
of ERAS daily maximum temperature (T,,,,) against independent station observations. In this
context, the present study provides a comprehensive, process-oriented assessment of HWs
characteristics in Sri Lanka. Using gridded temperature data for the period 1995-2024, this study
quantifies the frequency, intensity, and duration of HWs and identifies emerging hotspot regions
across different climatic zones. Furthermore, it investigates the seasonal variability of HWs within
the monsoon framework and examines the role of ocean—atmosphere coupling in modulating their
development and persistence through analyses of key atmospheric and oceanic variables. By
linking large-scale climate processes to regional heat extremes, this study provides new insights
into the drivers of HWs in a tropical island setting and offers a foundation for improved climate

risk assessment and adaptation strategies in Sri Lanka.

2 Data and Methodology
2.1 Data

Tinax Was obtained from the ERAS reanalysis produced by the European Centre for Medium-
Range Weather Forecasts (ECMWF; Hersbach et al., 2020). ERAS provides globally consistent
atmospheric variables with high spatial and temporal resolution and has been widely used in

studies of climate variability and temperature extremes. T4, Was obtained from the 2-m air
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temperature (t2m) variable for the period 1995-2024. The gridded dataset (0.25° x 0.25°) was
spatially constrained to the land area of Sri Lanka using a national boundary shape file to exclude

surrounding ocean grid cells.

To investigate the large-scale drivers of HW variability, additional atmospheric and oceanic
variables were analyzed over the Indian Ocean region. SST data were obtained from the NOAA
Optimum Interpolation Sea Surface Temperature (OISST) Version 2.1 dataset, which provides
daily global SST fields at 0.25° spatial resolution based on combined satellite and in-situ
observations (Reynolds et al., 2007). Outgoing Longwave Radiation (OLR) was obtained from the
NOAA Daily OLR Climate Data Record, which provides satellite-derived estimates of top-of-
atmosphere long-wave radiation at 1° spatial resolution (Lee, 2014). Vertical motion was
examined at 500 hPa, representing mid-tropospheric subsidence and ascent at 0.25° spatial
resolution. To characterize large-scale circulation structure, including the Hadley and Walker cells,
vertical velocity fields across multiple pressure levels (1000-100 hPa) were also analyzed. Surface
wind fields were derived from the 10-m zonal (ul0) and meridional (v10) wind components,
representing the horizontal wind velocity at 10m above the surface at 0.25° spatial resolution for
the study period. Daily total precipitation (mm/day) at 0.25° spatial resolution was analyzed to
examine anomalous rainfall during the study period and to investigate the suppression of
convective rainfall activity. Shortwave Radiation represents the total amount of solar radiation,
derived from the downwelling shortwave flux at 0.25° spatial resolution. Low cloud cover (LCC)
and high cloud cover (HCC) at 0.25° spatial resolution were analyzed to characterize cloud
variability relevant to radiative and convective. Vertical velocity, Surface wind fields, Daily total
precipitation, Shortwave, LCC and HCC were obtained from ERAS reanalysis datasets produced
by the ECMWF (Hersbach et al., 2020). Near-surface relative humidity (RH, %) was obtained
from the AgERAS dataset (Boogaard et al., 2020), which provides daily agro-meteorological
variables at 0.25° spatial resolution derived from ERAS5 with bias-correlations and tailored
processing designed for surface-layer and agricultural applications. Daily surface volumetric soil
moisture was obtained from the C3S Satellite Surface Soil Moisture merged combined product.
This dataset integrates active and passive microwave remote sensing observations at a 0.25° spatial

resolution (Dorigo et al., 2017).
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To assess the reliability of ERAS T, for HW analysis, daily T,,,, observations from 19
meteorological stations (Table S1) were obtained from the Department of Meteorology Sri Lanka,
under a university-approved research grant for the period 1995-2024 and used as an independent

reference dataset.

All variables were analyzed at daily temporal resolution over the period 1995-2024 and were
subsequently classified according to the four climatological seasons of Sri Lanka. Table S2 in the
supplementary material summarizes the dataset used in this study. Data processing, statistical
calculations, and visualization were carried out using the Python programming language with

supportive libraries.

2.2 Methodology

2.2.1 Seasonal Classification

All analyses were conducted within the framework of the four climatological seasons that represent
the Sri Lankan monsoon cycle: NEM, FIM, SWM, and SIM (Karunathilaka et al., 2017;
Punyawardena et al., 2020). This seasonal classification reflects the distinct rainfall regimes and
large-scale atmospheric circulation patterns that govern Sri Lanka’s climate, which differ
substantially from standard astronomical seasons used in extra-tropical studies. For consistency,
December was assigned to the following year to preserve the complete December-February

seasonal cycle.

2.2.2 Seasonal Climatology and Variability of Maximum Temperature

Seasonal climatological mean T),,, fields were computed by averaging T, across all years
(1995-2024) for each season. Seasonal variability of T,,,, was quantified using the standard
deviation (STD) of daily T,,,, at each grid point. For visualization purposes, the gridded
temperature fields were interpolated to a higher-resolution grid using a nearest-neighbour
interpolation approach. A land mask based on the Sri Lankan boundary shape file was applied to

retain only terrestrial grid points.

2.2.3 Long-term Trends in T,,,,
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Long-term changes in T,,, were assessed by estimating linear trends in seasonal mean
temperature over the study period. Daily T,,,, values were first aggregated into seasonal means
for each year, and trends were then calculated using ordinary least squares regression (Wilks,
2011). Trend magnitudes are expressed in degrees Celsius per decade (°C/decade). The statistical
significance of the trends was assessed using the p-value associated with the regression slope, with

significance defined at the 95% confidence level (p < 0.05).

2.2.4 Heat Wave Identification

HWs were identified at each grid point using a percentile-based relative threshold approach, which
accounts for local climatological variability and is particularly suitable for tropical regions
(Perkins and Alexander, 2013; Perkins-Kirkpatrick and Lewis, 2020). For each calendar day, a
threshold was defined as the 95" percentile of T,,,, computed using a £15-day moving window
centred on that day. Day-of-year were calculated on a 366-day calendar to account for leap years,
with the percentile threshold window (£15 days) wrapping around the year boundary to ensure
adequate sample sizes for 29" of February. When normalizing HW frequency by the total number
of events per season, leap years were accounted for by using the actual calendar days for each year,
ensuring accurate percentage calculations across the 1995-2024 study period. This produced a
seasonally varying threshold that capture the annual cycle. A HW event was defined as a period
of at least three consecutive days during which T,,,, exceeded the corresponding threshold
(Collins et al., 2000; Perkins and Alexander, 2013; Russo et al., 2015). To avoid artificial
fragmentation of events, a 4-day separation rule was applied, whereby exceedance periods
separated by fewer than four days were treated as part of the same event (Fischer & Schér, 2010;

Perkins & Alexander, 2013).

To assess the robustness of hotspot identification, the primary 95" percentile threshold was
compared with an alternative 90" percentile threshold. The resulting seasonal HW frequency maps
were examined to determine whether the major HW hotspot regions remained consistent across

the threshold choices.

2.2.5 Spatial Aggregation and Event Characterization
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Grid-point HW occurrences were aggregated spatially and temporally to derive island-wide
metrics and event-based characteristics across the seasons. At each grid point, the following
metrics were computed to describe the spatial distribution of HW properties: frequency (total
number of HW events), mean intensity (mean T,,,, during HW days), maximum intensity (peak
Tax during recorded HW events), minimum intensity (weakest T, , during recorded HW
events), mean duration (mean length of all events in days at each grid points), and strongest
duration (length of the longest recorded event). The strongest-duration metric is the longest
individual HW event recorded at each grid point across the study period. Therefore, it provides
insight into the maximum persistence of HW conditions across Sri Lanka. Seasonal HW
contribution was calculated as the ratio of the number of events occurring within each season to
the total number of days in that season, expressed as a percentage. This normalization is essential
for meaningful cross-seasonal comparisons, as raw frequency counts would systematically favour
the longer SWM season independent of any genuine difference in HW propensity (Perkins &
Alexander, 2013; Russo et al., 2015; Perkins-Kirkpatrick & Lewis, 2020). These metrics
collectively provide a comprehensive characterization of the spatial heterogeneity of the HW

hazard across Sri Lanka.

To identify larger-scale events, grid-level occurrences were temporally merged and filtered based
on spatial extent. An event was classified as a major HW only when it affected at least 80 grid
cells simultaneously, corresponding to approximately 20% of the total terrestrial domain. This
spatial extent threshold was adopted to ensure that retained events represented coherent,
climatically meaningful episodes driven by large-scale atmospheric forcing, rather than isolated

local exceedance arising from meso-scale or topographically forced temperature anomalies.

2.2.6 Heat Wave Metrics Trend Analysis

This study quantifies long-term changes in HW characteristics using HW frequency, maximum
intensity, and strongest duration. To assess long-term trends, annual seasonal time series of each
metric were analyzed using ordinary least square (OLS) regression. The regression slope
represents the rate of change per year. Statistical significance was evaluated at the 95% confidence
level (p < 0.05), and the coefficient of determination (R?) was used to assess the explanatory power

of the linear trend relative to interannual variability.
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2.2.7 Composite Analyses

To diagnose the environmental conditions associated with HW development, composite analyses
were performed separately for HW and non-heat wave (non-HW) days for each season. Variables
included in the composite analyses were SST, 10-m surface winds, vertical velocity, precipitation,
OLR, Shortwave Radiation, near-surface RH, LCC, HCC, and Surface Soil Moisture. Before
composite calculation, daily anomalies for each variable were computed by subtracting the
seasonal climatological mean from the raw daily values, thereby isolating sub-seasonal variability
from the annual cycle. Composite mean anomalies were computed separately for HW and non-
HW days, and composite differences (HW — non-HW) were calculated to isolate the
thermodynamic, radiative, and dynamical conditions specifically associated with HW occurrence
relative to typical seasonal conditions. This approach effectively suppresses the influence of the
seasonal cycle and long-term trend on the composite signal, ensuring that identified anomalies
reflect synoptic-to-intra-seasonal forcing rather than climatological mean differences between
seasons (Wu et al., 2023). The composite framework facilitates identification of compound hot-
dry conditions linked to land-atmosphere feedbacks, consistent with recent studies demonstrating
the role of precipitation deficits and reduced soil moisture in amplifying surface heat extremes

(Hassan et al., 2024).

2.2.8 Statistical Significance

The statistical significance of composite differences between HW and non-HW conditions was
assessed using a two-sided Welch’s t-test (Wilks, 2011), which does not assume equal variances
between the samples. Composite differences were considered statistically significant at the 95%
confidence level (p < 0.05). This significance framework was applied to the circulation,

thermodynamic, and surface driver composites.

2.2.9 Validation of ERAS T, against Station Observations

To evaluate the reliability of ERAS T,,,, over a region of complex topography, a point-to-pixel

comparison was performed between ERAS and the 19 meteorological station records described in
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section 2.1. For each station, daily ERAS T,,,,, was extracted from the nearest 0.25° grid cell to
the station coordinates, and the resulting paired time series were compared over their common
overlapping period. Agreement between ERAS and the observations was quantified using three
complementary metrics: the Pearson correlation coefficient (r), which assesses the temporal
agreement between the two records; the Mean Bias (MB), which identifies systematic over-or
under-estimation; and the Root Mean Square Error (RMSE), which quantifies the overall

magnitude of absolute error.

2.2.10 Abbreviations

CDS Climate Data Store

ECMWF European Center for Medium-range Weather Forecasts Reanalysis
ENSO El Nifio Southern Oscillation

FIM First Inter-monsoon

HCC High Cloud Cover

HW Heat wave

IOBM Indian Ocean Basin Mode

10D Indian Ocean Dipole

LCC Low Cloud Cover

MB Mean Bias

NEM North East Monsoon
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Non-HW Non-Heat Wave

OISST Optimum Interpolation Sea Surface Temperature

OLR Outgoing Longwave Radiation

OLS Ordinary Least Squares

RH Relative Humidity

RMSE Root Mean Square Error

SIM Second Inter-monsoon

SST Sea Surface Temperature

STD Standard Deviation

SWM Southwest Monsoon

Tmax Daily Maximum near-surface air Temperature
3  Results

3.1 Validation Result of ERAS T,,,,, against Station Observations

The point-to-pixel comparison between ERAS T,,,,, 19 observational stations (Fig. 2; Fig. S1)
demonstrates an overall high level of agreement across Sri Lanka. The strongest temporal
agreement was observed at Trincomalee (r = 0.92) and Vavuniya (r = 0.91), both located within

the dry-zone HW hotspot regions identified in sections 3.4 and 3.5. Correlation remains
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consistently high (r > 0.8) across the majority of dry-zone and lowlands stations, indicating that

ERAS reproduces the day-to-day evolution of T,,,,, with high fidelity in these areas.

Bias and error metrics reveal a clear elevation dependence (Fig. 2b), consistent with the
topographic concern raised regarding ERAS5’s 0.25° resolution. High-elevation stations such as
Nuwara Eliya (1880 m) show a pronounced warm bias (+3.49 °C), while low-lying coastal stations
such as Jaffna show a cold bias (-2.92 °C). RMSE values follow a similar Pattern, with the largest
errors occurring at high-elevation and complex-terrain stations (ex: Ratnapura, Nuwara Eliya,
Katugastota, Hambantota). Importantly, within the primary HW hotspot regions of the northern
and eastern dry-zones, correlations remain high, and biases remain relatively low, supporting the

use of ERAS T,,,, for the seasonal HW characterization presented in sections 3.2-3.5.

Correlation RMSE & |Bias|

‘ RMSE
Trincomalee B Warm bias
M Cold bias

Trincamalee -

Vovuniy: vavuniya
Batticaloa — Batticaloa
anuradhapura - Anuradhapura
Maha llluppallama _ Maha llluppallama
Badulla Badulla
Kurunegala Kurunegala
Jaffna Jaffha
Pottuvil Pottuvil
Puttalam Puttalam
Katunayaka Katunayaka

Bandarawela Bandarawela

]

Colombo Colombo

Ratnapura - Ratnapura
MNuwara Eliya Nuwara Eliya
Galle - Galle
Ratmalana Ratmalana
Katugastota Katugastota
Hambantota Hambantota

I T T T T T T F T T T T T
0.4 0.5 0.6 Q.7 0.8 09 1.0 0 1 2 3 4 5
Pearson r Error {*C)

Fig. 2 Validation skill-score summary comparing ERAS T, against 19 meteorological station
observations (1995-2024). (a) Pearson correlation coefficient (r) ranked by station, with warm bias
stations shown in orange and cold bias stations in blue. (b) Corresponding RMSE and absolute

MB (°C) for each station.

3.2 Seasonal climatology of T,

The spatial distribution of seasonal mean T,,,, over Sri Lanka (Fig. 3a) reflects the combined

influence of monsoonal circulation, topography, and the island’s tropical setting. A persistent cool
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core is evident over the central highlands in all seasons, while warmer conditions dominate the
surrounding lowlands. This thermally stratified structure arises primarily from elevation-
dependent cooling and orographic control of airflow, which together regulate both temperature
and precipitation patterns (Domroes & Ranatunge, 1993; Punyawardena, 2010). Consequently, a
marked climatic contrast exists between the humid southwestern highlands and the semi-arid

northern and eastern lowlands (Climate Change Secretariat, 2016).

Superimposed on this topographic control, clear seasonal differences emerge. During the NEM
season, Ty, ranges between ~27-30 °C across most regions. Relatively stable atmospheric
conditions, moderate cloud cover, and limited convective activity suppress excessive daytime
heating, resulting in comparatively moderate temperatures (Suppiah, 1996; Zubair et al., 2008). In
contrast, the FIM season represents the annual peak in background thermal conditions.
Thax €xceed 32 °C across extensive areas of the northern, eastern, and southwestern lowlands.
This reflects strong solar insolation, weak large-scale circulation, and reduced cloud cover during
the pre-monsoon period, which together maximize net surface radiation and promote widespread

warming (Karunathilaka et al., 2017).

During SWM, a pronounced east—west contrast develops. The southwestern windward region and
central highlands experience lower T,,,, due to persistent cloud cover and rainfall associated with
southwesterly monsoon flow. In contrast, the northern and eastern leeward regions remain
relatively hot, which may be due to rain-shadow effects, which reduce cloudiness and enhance
surface heating. This orographically driven thermal asymmetry is a defining feature of Sri Lanka’s
climate. The SIM season exhibits moderately high T,,,, but with a more spatially uniform pattern.
Increased convective activity and frequent rainfall events associated with transitional atmospheric
conditions act to moderate temperatures through enhanced cloud cover and latent heat fluxes,
reducing strong spatial gradients. Overall, these results indicate that while topography imposes a
persistent spatial structure on T,,,,,, seasonal variations are primarily governed by changes in cloud

cover, radiative forcing, and monsoonal circulation.
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Fig. 3 (a) Seasonal climatology, (b) Seasonal variability of maximum temperature (°C), and (c)
Trends of maximum temperature (°C/ decade) over Sri Lanka for NEM, FIM, SWM, and SIM
derived from ERAS.Trends are calculated using Least-Squares Regression of annual seasonal
mean temperature. Black dots indicate grid points where the trend is statistically significant at P <
0.05
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3.3 Seasonal variability of T},

The seasonal variability of T, 4, represented by the STD of daily values (Fig. 3b), provides insight
into the temporal stability of temperature conditions. The NEM season exhibits the lowest
variability (STD < ~1.5 °C), reflecting its relatively stable atmospheric state with limited synoptic
disturbances and weak temperature fluctuations (Suppiah, 1996). Variability increases markedly
during the FIM season, particularly over the northern and eastern regions. This reflects the
transitional nature of the pre-monsoon period, during which alternating clear-sky conditions and
episodic convection produce strong fluctuations in radiative forcing and surface temperature
(Karunathilaka et al., 2017). This heightened thermal variability during the pre-monsoon season
reflects the progressive destabilization of the lower troposphere as solar heating intensifies and

low-level moisture increases ahead of the monsoon onset.

During SWM, variability is moderate overall but shows spatial contrasts. The southwestern wet-
zone maintains relatively stable T,,,, due to persistent cloud cover and rainfall, while the eastern
dry-zone exhibits higher variability linked to intermittent cloud cover and monsoonal break
periods. The SIM season displays the highest variability across several regions. Frequent
convective events and tropical disturbances introduce substantial day-to-day fluctuations in cloud
cover, precipitation, and surface energy balance. As a result, T}, ,, variability peaks during this
dynamically active transition season. Taken together, these results indicate that inter-monsoon
seasons (particularly SIM) are characterized by enhanced thermal variability, whereas monsoon

seasons exhibit greater stability due to persistent large-scale circulation patterns.

3.4 Long-term Trends in T,

The spatial patterns of long-term trends in seasonal T4, (1995-2024; Fig. 3¢) reveal substantial
regional and seasonal heterogeneity. A coherent and statistically significant warming signal
emerges during the NEM season across most parts of the country, particularly in the northern and
eastern regions, with trends exceeding ~0.2 °C/decade. This aligns with broader large-scale
warming patterns (IPCC, 2023a) and may partly reflect the influence of rapid warming in the

tropical Indian Ocean, which alters the regional atmospheric circulation (Roxy et al., 2014, 2015).
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In contrast, the FIM season displays a more spatially heterogeneous trend pattern, with warming
in western and southern regions and weaker or locally negative trends in parts of the east. This
suggests a stronger influence of local processes, including cloud variability, land—atmosphere
coupling, and regional circulation anomalies. During SWM, the trend pattern shows a pronounced
west-east asymmetry. Significant warming occurs in the western and southwestern regions, while
eastern areas show weaker trends or slight cooling. These differences are likely linked to changes
in monsoon rainfall distribution and cloud cover, which modulate surface radiative heating. During
the SIM season, moderate warming occurs in the western and southern regions, while elsewhere,
patterns are less coherent. This reflects the complex interaction between convective activity and

ocean—atmosphere variability during the transition period.

Overall, T, 4, Warming is evident across Sri Lanka, but it is strongly season-dependent. These
differences emphasize the importance of monsoonal circulation and ocean—atmosphere
interactions in shaping regional temperature trends. Notably, these climatological changes

establish the baseline conditions upon which HW characteristics develop.

3.5 Seasonal Characteristics of Heat Waves over Sri Lanka
3.5.1 Seasonal frequency and proportional contribution

The seasonal distribution of HW frequency across Sri Lanka is presented in Fig 4a. In terms of
absolute event count, the highest number of detected HWs occurs during SWM, particularly over
northern, northwestern, eastern, and southeastern lowlands. In contrast, the SIM exhibits the lowest
HW frequency across most regions, while the NEM and the FIM show intermediate patterns.
However, because SWM spans five months, raw event counts alone overestimate its relative
importance. When normalized by season length (Fig. 4b), a different picture emerges: the FIM
season shows the highest proportion of HW days. This indicates that extreme heat occupies a larger

fraction of the seasonal climate during FIM, despite fewer total events.

This distinction reveals two complementary aspects of HW behaviour: SWM is the highest
cumulative event count, while FIM is the strongest dominance of HWs within the season. Both
metrics consistently identify the northern, eastern and south-eastern dry-zones as hotspots, while

the central highlands are least affected due to their elevation and the influence by clouds. The



428  prominence of FIM is physically linked to strong insolation, weak atmospheric ventilation and
429  limited cloud development, which favour rapid boundary-layer warming and frequent threshold

430 exceedance.

431 A sensitivity analysis using an alternative 90™ percentile threshold (Fig. S2) resulted in higher HW
432  frequencies across all seasons, as expected from the lower exceedance threshold. However, the
433 overall spatial distribution of HW activity remained remarkably similar. The northern, eastern, and
434  southeastern dry-zone lowlands consistently emerged as the dominant hotspot regions under both
435  threshold definitions, while the central highlands remained comparatively less affected. This
436 indicates that the identified hotspot patterns are robust and are not strongly dependent on the choice

437  of percentile threshold.
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439  Fig. 4 (a) Seasonal distribution of Heat Wave (HW) Frequency (Total number of events per
440  season) across Sri Lanka, (b) Seasonal distribution of HW Frequency (% of days) across NEM,
441  FIM, SWM, and SIM, derived from ERAS
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The maximum HW intensity during the study period, defined as the highest daily T;,,, recorded
within any HW event at each grid point is presented in Fig. 5a. The maximum HW intensity is
highest in the dry-zone lowlands, particularly during FIM and SWM. In contrast, the central
highlands display relatively low temperatures, indicating that even the most intense HW events
are substantially reduced by elevation-induced thermodynamic constraints. FIM exhibits the most
extensive and severe intensities, reflecting its high background T, This is consistent with the
seasonal mean T,,,, (Fig. 3a) patterns discussed in section 3.2, where FIM was identified as the
period of peak background thermal conditions over large parts of Sri Lanka. Elevated
climatological baseline implies that even moderate anomalies translate into very high absolute
temperatures. As a result, FIM not only shows a high proportional contribution (Fig. 4b), but also

thermally extreme.

During SWM, high intensities persist in leeward eastern regions, consistent with the well-
documented rain-shadow influence of Sri Lanka’s central highlands during the SWM (Domroes
& Ranatunge, 1993; Karunathilaka et al., 2017). The SIM shows moderate intensities, and NEM
exhibits weaker intensities due to convective interruptions. Thus, the maximum intensity maps
suggest that the strongest HW conditions are concentrated in the dry-zone lowlands, while the

impact intensifies during FIM compared to other seasons.

The seasonal distribution of minimum (Fig. 5b) and mean (Fig. 5¢) intensity reveals the sustained
thermal nature of HWs. Dry-zone regions experience high minimum intensities, especially during
FIM and SWM. This indicates that even the least intense days within these events remain unusually
warm. This reflects an overall shift upwards in the temperature distribution. In contrast, the central
highlands and parts of the southwestern wet-zone exhibit markedly lower minimum intensities.
This spatial contrast in minimum intensity has direct physical significance: a high thermal floor
implies that the entire duration of a HW in the dry-zone lowlands is characterized by sustained

warmth rather than alternating between brief extremes and near-normal temperatures.

Mean intensity patterns (Fig. 5c¢) closely mirror seasonal mean Ty, (Fig. 3a), confirming that
background climatology exerts a strong influence on event severity. This is consistent with the
broader understanding that, in tropical climates where inter-annual temperature variability is
relatively low, even modest positive anomalies relative to a warm seasonal mean can generate

substantial events (Perkins-Kirkpatrick & Lewis, 2020; IPCC, 2023a). FIM emerges again as the



474  dominant season for sustained heat, followed by SWM in leeward regions. These results
475  demonstrate that dry-zone HWs are not only intense but also persistently warm throughout their

476  duration, thereby increasing cumulative thermal stress.
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Fig. 5 Seasonal distribution of (a) Maximum HW Intensity (°C), (b) Minimum HW Intensity (°C),
and (¢) Mean HW Intensity (°C) across Sri Lanka for NEM, FIM, SWM, and SIM, derived from
ERAS.

3.5.3 Heat Wave Duration

The spatial distributions of the strongest and mean HW duration are presented in Fig. 6a and Fig.
6b, respectively. The strongest duration metric (Fig. 6a) shows that the longest HW events occur
mainly during FIM and SWM, with the highest persistence concentrated over the eastern,
southeastern, and parts of the north-central dry-zone lowlands. In several locations, individual
events persist for more than 10 days, indicating prolonged HW conditions are a prominent feature
of the country. During FIM, prolonged HW events are spatially widespread across much of the
central region and dry-zone. SWM also exhibits pronounced HW persistence, although the longest
events are more spatially confined to the eastern and southeastern lowlands. In contrast, the central
highlands consistently show much shorter event durations in NEM and SIM. The SIM season
generally displays shorter HW durations across most parts of the island, while NEM exhibits
moderate persistence, mainly over the northern dry-zone regions. Overall, the strongest-duration
patterns indicate that the most persistent HW events in Sri Lanka are concentrated in the dry-zone

lowlands during FIM and in the eastern leeward regions during SWM.

The mean duration metric (Fig. 6b) complements the strongest-duration analysis by representing
the typical persistence of HW events rather than isolated extremes. Mean HW duration is generally
highest during FIM, particularly across the north-central, eastern, and southeastern parts of the
island, indicating that HWs during this season are not only frequent and intense but also
systematically long-lasting. Although SWM records a larger number of HW events overall, this is

partly related to the longer duration of the monsoon season itself.

Taken together, the strongest and mean duration metrics consistently identify the eastern and
southeastern dry-zones as the principal regions of persistent HW activity in Sri Lanka. More
broadly, the results reveal a spatially coherent pattern of HW behaviour across the island. The dry-
zone lowlands consistently experience the highest HW frequency, intensity, and persistence, while

the central highlands remain comparatively less affected. Among the four seasons, FIM emerges
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as the most HW-dominated season in relative terms, characterized by high proportional HW
occurrence, elevated intensity, and long event duration. SWM records the highest absolute number
of events, with particularly persistent HW conditions over the eastern and southeastern regions. In
contrast, NEM and SIM exhibit comparatively weaker HW activity. These findings highlight the

strong spatial and seasonal variability of HW characteristics across Sri Lanka.

(a) Strongest Duration: NEM FIM SWM SIM

T T T T T T T T
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Fig. 6 Seasonal distribution of Heat Wave (a) Strongest Duration and (b) Mean Duration across

Sri Lanka throughout the NEM, FIM, SWM, and SIM derived from ERAS

3.5.4 Heat Wave Metrics Trends
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The trend analysis of HW metrics reveals a non-uniform and seasonally dependent evolution of
extreme temperature behaviour, which contrasts with the more coherent warming signal observed
in seasonal mean temperatures. This indicates that changes in HW characteristics are not simply a

linear response to background warming.

All monsoonal seasons exhibit weak positive trends in HW frequency over the study period (Table
S3), suggesting a gradual increase in the occurrence of extreme temperature events. The strongest
increase is observed during the SWM, followed by the SIM, while weaker increases are observed
during the NEM and FIM. However, none of these trends are statistically significant, indicating

that interannual variability dominates the long-term signal in HW occurrence.

HW intensity shows a clearer seasonal signal. The NEM exhibits a statistically significant
decreasing trend in maximum intensity (slope = -0.1829 °Cl/year, p = 0.025) indicating a robust
reduction in peak HW severity during this season. Other seasons show weak and non-significant
trends, with SWM displaying a decreasing tendency, SIM a slight increase, and FIM remaining
nearly stable. This suggests that intensity changes are strongly seasonally asymmetric, with only

NEM showing a statistically robust signal (Table S3).

Trends in strongest HW duration are generally weak and statistically insignificant across all
seasons. The SWM shows the largest positive slope, suggesting a possible increase in persistence
of extreme events, while FIM shows a slight negative trend. NEM and SIM exhibit weak positive
tendencies. Overall, there is no statistically robust evidence of a consistent long-term change in

HW duration during the study period (Table S3).

4  Discussion
4.1 Atmospheric and Oceanic Drivers of Seasonal Heat Waves over Sri Lanka
4.1.1 Large-Scale Circulation Background and Anomalous Subsidence

Sri Lankan HWs develop within the broader dynamical framework of the Walker and Hadley
circulations over the tropical Indian Ocean. Climatologically, the Walker circulation is
characterized by enhanced ascent over the eastern Indian Ocean and Maritime Continent and

subsidence toward the western basin (Fig. S3a), while the Hadley circulation exhibits tropical
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ascent and subtropical descent (Fig. S3b). Sri Lanka lies near the transition zone between these
ascending and descending branches, making the island highly sensitive to changes in regional

vertical motion.

Composite differences between HW and non-HW conditions reveal that HW days are consistently
associated with enhanced subsidence across the northern Indian Ocean (Fig. 7). Positive vertical
velocity anomalies indicate stronger downward motion during HW periods, implying a large-scale
suppression of atmospheric convection. Such subsidence promotes atmospheric stability, reduces
cloud formation and favours increased surface heating, consistent with mechanisms identified in

previous HW studies (Trenberth & Fasullo, 2012; Perkins-Kirkpatrick & Lewis, 2020).

The spatial structure of the subsidence signal varies seasonally. During FIM, the anomalous
subsidence is spatially coherent and extends across much of the northern Indian Ocean and Sri
Lanka, supporting island-wide HW development. In contrast, the SWM season exhibits weaker
and more spatially heterogeneous subsidence anomalies, suggesting that local and regional
processes become increasingly important during this season. This seasonal contrast helps explain
why FIM HWs are widespread across the island, whereas SWM HWs are concentrated mainly in

the eastern and south-eastern dry-zone lowlands.
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Fig. 7 (a) Seasonal differences in the Walker circulation between HW and non-HW conditions

over the tropical Indian Ocean (40°E—120°E). The panels show the vertical velocity difference (w;

Pa/s) in the longitude—pressure plane and (b) Seasonal differences in the Hadley circulation

between HW and non-HW conditions over the tropical Indian Ocean (10S-30N). The panels show

the vertical velocity difference (w; Pa/s) in the latitude—pressure plane for NEM, FIM, SWM, and

SIM. Negative values indicate enhanced ascending motion during HW periods, while positive

values represent stronger subsidence during HW conditions relative to non-HW periods. Stippling

denotes grid points where the difference is statistically significant at the 5% level (Welch’s t-test)

4.1.2 Mid-Tropospheric Vertical Velocity, Convective Suppression, and OLR anomalies
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The role of atmospheric subsidence is further confirmed by the 500 hPa vertical velocity and OLR
composites (Fig. 8a and Fig.8b respectively). Positive 500 hPa ® anomalies during HW days
indicate enhanced mid-tropospheric downward motion over Sri Lanka and the surrounding oceanic
region. At the same time, positive OLR anomalies reveal reduced convective cloudiness and

enhanced clear-sky conditions.

These two variables together provide strong evidence that HW events are closely linked to
suppressed convection. Reduced deep convection limits cloud development and precipitation,
resulting in greater solar heating of the land surface. The strongest and most spatially coherent
positive OLR anomalies occur during the inter-monsoon period, indicating that inter-monsoon
HWs are particularly associated with large-scale convective suppression across the northern Indian
Ocean. This relationship between subsidence and reduced convection is particularly important in
tropical climates such as Sri Lanka, where relatively small perturbations in cloud cover can
strongly modify the surface energy balance. The broad spatial coherence of these anomalies during
the FIM helps explain the widespread and proportionally dominant HW conditions identified

above.
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m?) between HW and non-HW days. Stippling denotes grid points where the difference is
statistically significant at the 5% level (Welch’s t-test)

4.1.3 Cloud Dynamics and Shortwave Radiation Amplification

The suppression of convection during HW periods is directly reflected in reductions in both HCC
and LCC (Fig. S4). Negative cloud-cover anomalies are accompanied by positive anomalies in
downward shortwave radiation (Fig. 9a), indicating enhanced solar energy reaching the surface
during HW days. This radiative response represents a key amplification mechanism for HW
development. In Sri Lanka’s tropical environment, solar radiation is a dominant component of the
surface energy budget (Renne et al., 2003); therefore, reductions in cloud shading rapidly increase

land-surface heating and near-surface air temperature.

The spatial expression of this radiative amplification differs markedly between seasons. During
FIM, positive Shortwave Radiation anomalies extend across much of the island, consistent with
the widespread HW activity observed during this season. During SWM, however, enhanced
Shortwave Radiation is mainly confined to the eastern and southeastern dry-zone lowlands. This
reflects the strong topographic influence of the central highlands, which intercept moist
southwesterly monsoon flow and maintain persistent cloudiness over the southwestern windward
region while allowing clearer conditions to persist in the leeward east. The combined reduction in
cloud cover and increase in Shortwave Radiation therefore provide the immediate surface-energy

pathway linking large-scale subsidence to extreme surface heating.
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downward shortwave radiation at the surface during heat wave conditions. Stippling denotes grid
points where the difference is statistically significant at the 5% level (Welch’s t-test). Panel (b)
Shading shows only statistically significant SST differences (p < 0.05, Welch’s t-test). Green
arrows indicate statistically significant wind differences at p < 0.05 (both u- and v-components);

black arrows show non-significant wind differences

4.1.4 Basin-scale Ocean-atmosphere Coupling

The SST and 10-m wind composites (Fig. 9b) indicate that Sri Lankan HWs occur within a broader
warm Indian Ocean environment. Positive SST anomalies are evident across large sectors of the
tropical Indian Ocean during HW periods, suggesting that oceanic conditions provide an important

background state for HW development.

These warm SST anomalies likely reinforce the atmospheric conditions favourable for HWs by
supporting a warmer lower troposphere and modifying regional circulation patterns. The influence
of rapid Indian Ocean warming on atmospheric circulation and South Asian climate has been
widely documented (Roxy et al., 2014; Xie et al., 2016), and the present results suggest that Sri
Lankan HWs are embedded within this broader ocean-atmosphere system. The SST influence
appears strongest during FIM, when warm oceanic conditions coincide with the seasonally
warmest continental temperatures. During SWM, SST anomalies remain positive, but the spatial
distribution of HW activity over Sri Lanka is more strongly controlled by topography and
monsoonal circulation. These findings indicate that warm Indian Ocean SSTs act primarily as a

reinforcing boundary condition rather than as a direct trigger of HWs.

4.1.5 Hydro-Climatic Feedbacks: Rainfall Deficits and Boundary-layer Humidity

HW days are also characterized by substantial reductions in rainfall (Fig. 10a) and RH (Fig. 10b).
Negative rainfall anomalies indicate that HW events occur under anomalously dry conditions,
while reduced RH reflects drying of the lower atmosphere and land surface (Zscheischler et al.,
2020). These hot-dry conditions likely enhance HW persistence by reducing evaporative cooling

and increasing the proportion of available surface energy converted into sensible heating (Chen et
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al., 2026). Such land-atmosphere feedback processes are widely recognized as important
amplifiers of extreme heat and compound drought-heat events (Seneviratne et al., 2010; Miralles

etal., 2014).

The strongest RH reductions occur during FIM and over the eastern and southeastern dry-zone
lowlands, consistent with the regions identified as HW hotspots. This indicates that boundary-layer
drying contributes not only to higher daytime temperatures but also to the maintenance of
persistently warm conditions throughout HW events (Jackson et al., 2025). The co-occurrence of
HW conditions with rainfall suppression and atmospheric drying has important implications for
Sri Lanka because it links thermal stress directly with water stress (Li et al., 2025). These
compound hot-dry conditions are particularly relevant for agriculture, irrigation demand, and

human health in the dry-zone regions of the country.
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Fig. 10 Composite differences in (a) Total Rainfall (mm/day), and (b) RH (%) between HW and
non-HW days. Stippling denotes grid points where the difference is statistically significant at the
5% level (Welch’s t-test)
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4.1.6 Land-Surface Desiccation and Soil Moisture-Temperature Coupling

The surface soil moisture composites provide further evidence that land-surface drying is closely
associated with HW conditions across Sri Lanka (Fig. 11). Negative surface soil moisture
anomalies indicate that HW days generally occur under drier surface conditions than non-HW
days, supporting a coupling between land-surface moisture availability and near-surface
temperature. As soil moisture declines, the capacity of the land surface to dissipate available
energy through evapotranspiration is reduced, favouring a greater partitioning of energy toward
sensible heating. Such soil moisture—temperature coupling is a well-established mechanism for
amplifying warm extremes, particularly when strong radiative forcing coincides with limited water

availability (Miralles et al., 2014; Chen et al., 2026).

The strength and spatial extent of this relationship vary substantially between seasons. During
FIM, negative soil moisture anomalies extend across much of Sri Lanka (Fig. 11b), coinciding
with the widespread HW activity and strong radiative forcing identified above. The spatial
coherence suggests that land-surface drying contributes to the broad regional expression of the
FIM HW regime. During SWM, by contrast, soil-moisture anomalies are generally weaker and
more spatially heterogeneous (Fig. 11¢). This indicates that the active SWM maintains relatively
greater land-surface moisture even during HW conditions, particularly outside the leeward dry-
zone. The persistence of HWs in the eastern and southeastern lowlands despite this relatively
weaker soil-moisture deficit therefore suggests that SWM HWs depend less on widespread land-
surface desiccation and more strongly on the regional distribution of moisture and cloud cover

associated with the monsoon and topography.

During SIM, negative soil-moisture anomalies are again more spatially coherent over Sri Lanka
(Fig. 11d), broadly consistent with the concurrent rainfall deficits, reduced humidity, and enhanced
radiative forcing. NEM shows a comparatively weaker and more spatially variable soil-moisture
response. Overall, the soil-moisture results indicate that land-surface drying is an important
component of the HW environment, but its contribution is seasonally dependent. The particularly
strong FIM signal supports a coupled radiative—land-surface pathway, whereas the weaker SWM
response highlights the importance of distinguishing the underlying mechanisms of the two major

seasonal HW regimes.
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Fig. 11 Composite differences in Surface Soil Moisture (m* m~) between HW and non-HW days
for (a) NEM, (b) FIM, (c) SWM, and (d) SIM. Stippling denotes grid points where the difference
is statistically significant at the 5% level (Welch’s t-test).
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4.1.7 Reliability of ERAS T,,,,, for Heat Wave Analysis

The reliability of ERAS maximum temperature for identifying HW variability is supported by the
station-based validation presented in Section 3.1. Correlations between ERAS and observed daily
Tax €xceed 0.80 at most stations and 0.90 at several dry-zone stations, indicating that ERAS
captures the temporal evolution of temperature variability across most of Sri Lanka. This level of
agreement is particularly relevant to the present analysis because HWs are identified from
persistent departures from the local temperature climatology rather than from isolated absolute

temperature values.

The validation nevertheless reveals an elevation-dependent component to the ERAS temperature
bias. Stations in the central highlands generally show a warm bias, whereas some low-elevation
stations exhibit a cold bias. These differences are likely related to the 0.25° spatial resolution of
ERAS, which cannot fully represent the steep elevation gradients and complex terrain of Sri Lanka.
A single grid cell may encompass substantial differences in elevation and land-surface
characteristics, resulting in an imperfect representation of local temperature conditions. Such
limitations are particularly important when interpreting the magnitude of HW intensity over

mountainous areas.

However, the main HW hotspots identified in this study are concentrated in the northern, eastern,
and southeastern dry-zone lowlands, where the station validation indicates relatively strong
agreement between ERAS and observations. Moreover, the use of a grid-point-specific percentile
threshold reduces the influence of systematic mean temperature biases because HW identification
is based on departures from the local climatological distribution. Consequently, although some
uncertainty remains in the absolute magnitude of T,,,,, particularly over complex terrain, the

principal spatial patterns and seasonal contrasts in HW occurrence are less sensitive to these biases.

The robustness of the identified hotspots is further supported by the threshold sensitivity analysis.
Increasing the threshold from the primary 95™ percentile to the 90™ percentile changes the absolute
number of detected events, as expected, but does not substantially alter their spatial distribution.
The northern, eastern, and southeastern dry-zone lowlands remain the dominant hotspots. This
consistency indicates that the principal geographic features of Sri Lankan HW variability are
unlikely to be an artefact of the selected percentile threshold. Together, the station validation and

sensitivity analysis provide reasonable confidence that ERAS is suitable for examining the spatial
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and seasonal characteristics and large-scale drivers of HWs across Sri Lanka, while results over

complex terrain should be interpreted with greater caution.

4.2 Implications for Climate Risk and Adaptation in Sri Lanka

This study provides the first comprehensive seasonal assessment of HW characteristics and their
physical drivers over Sri Lanka, directly addressing the knowledge gap identified in Sri Lanka’s
Third National Communication (Climate Change Secretariat, 2023). The results demonstrate that
HW risk is not spatially uniform across the island. The eastern, southeastern, and north-central
dry-zone lowlands consistently experience the highest HW frequency, intensity, and persistence,
while the central highlands remain comparatively less affected. Importantly, the FIM and SWM
seasons together expose these dry-zone regions to HW conditions over a substantial fraction of the

annual cycle.

These findings have direct implications for public health, agriculture, water resources, and energy
management. The co-occurrence of extreme heat with rainfall deficits and low humidity suggests
that HW periods are also associated with enhanced drought stress, increasing pressure on irrigation
systems, reservoir storage, and hydroelectric generation (Zscheischler et al., 2020). The results are
therefore highly relevant for climate adaptation planning in Sri Lanka, particularly in sectors
identified as climate-sensitive in national adaptation strategies (Climate Change Secretariat, 2023).
The identification of warm Indian Ocean SST anomalies as a persistent background feature of HW
events further suggests that continued Indian Ocean warming may intensify future HW risk over
Sri Lanka (Rohini et al., 2016). As basin-scale warming continues under climate change, the
atmospheric and thermodynamic conditions favourable for HW development are likely to become

increasingly common, particularly during the FIM pre-monsoon season.

4.3. Limitations and Future Directions

This study has several limitations that should be considered when interpreting the results. First,
the analysis relies primarily on ERAS reanalysis, which provides spatially continuous and

dynamically consistent atmospheric fields but has recognized limitations over complex terrain
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(Zhao et al., 2023). Validation against 19 independent meteorological stations showed generally
good agreement and high temporal correlations, although elevation-dependent biases were evident,
with larger errors over the central highlands. These discrepancies likely reflect, in part, the 0.25°
spatial resolution of ERAS, which cannot fully resolve the steep elevation gradients and associated
local-scale temperature variability of Sri Lanka’s mountainous interior. The percentile-based HW
definition reduces the influence of systematic temperature biases, and the major HW hotspots
identified in this study are predominantly located in lowland regions where ERAS performs better.
Nevertheless, some uncertainty remains in the magnitude and spatial structure of HW intensity,
particularly over elevated terrain. Combining station observations with higher-resolution
reanalysis or dynamically downscaled datasets would therefore improve the representation of local

heat extremes in future studies.

Second, the identification of HWs using a percentile-based T;,,,, threshold depends on the choice
of climatological baseline (Fraser-Leonhardt et al., 2026). Because the 1995-2024 study period
encompasses substantial warming over the tropical Indian Ocean, the assumption of a stationary
temperature distribution may influence the estimated frequency and temporal evolution of HWs.
A sensitivity analysis using an alternative 90" -percentile threshold, however, produced broadly
consistent spatial patterns of the major HW hotspots, indicating that the principal geographic
conclusions are robust. Nevertheless, absolute event frequencies and some measures of temporal
variability remain sensitive to the threshold definition. Future studies could therefore compare
fixed and moving climatological baselines or apply non-stationary extreme-value approaches that

explicitly account for the underlying warming trend (Thomas et al., 2023).

Third, the present analysis identifies HWs solely from T,,,,. Although T,,,, provides a robust
measure of daytime thermal extremes, it does not fully represent human heat stress in a humid
tropical environment, where atmospheric moisture strongly influences evaporative cooling and
physiological heat strain (Khanna & Karan, 2025). The observed reduction in relative humidity
during many HW events indicates a drier boundary layer, but absolute moisture levels may
nevertheless remain sufficiently high to contribute substantially to thermal stress (Simath &
Emmanuel, 2022). Future work should therefore complement temperature-based HW detection
with integrated heat-stress metrics, including wet-bulb temperature, Heat Index, or Apparent

Temperature. Such an approach would provide a more direct assessment of the implications of
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humid heat for human health, occupational exposure, and labour productivity across Sri Lanka’s

contrasting climatic regions.

A further limitation concerns the assessment of long-term changes in HW characteristics. The 30-
year record is sufficient to characterize recent HW climatology but remains relatively short for
robustly separating forced trends from interannual and decadal variability associated with large-
scale climate modes. This limitation is reflected in the relatively weak or statistically insignificant
trends observed for some HW metrics despite their directional changes. Longer observational
records, together with non-stationary extreme-value methods, would help distinguish persistent

changes in HW behaviour from variability associated with natural climate fluctuations.

Finally, the composite analysis identifies a coherent sequence of atmospheric, oceanic, and land-
surface anomalies associated with HWs, but the relative contribution and causality of individual
processes remain to be quantified. In particular, the roles of ENSO and the Indian Ocean Dipole
(IOD) in modulating the two identified seasonal HW regimes require explicit investigation.
Similarly, the inferred land—atmosphere feedback could be evaluated more directly using soil
moisture, evapotranspiration, and surface energy-balance observations to quantify the transition
from moisture-limited to sensible-heat-dominated conditions. Future studies should also employ
high-resolution regional climate simulations and multi-model projections to determine how the
FIM radiative and SWM leeward HW regimes may change under continued Indian Ocean
warming. Such analyses would help establish whether the spatial hotspots and seasonal

mechanisms identified here are likely to persist, intensify, or shift under future climate change.

S Summary

This study presents the first comprehensive, process-based assessment of seasonal HW variability
in Sri Lanka between 1995 and 2024 and demonstrates that HW development over the island is
strongly controlled by the interaction between monsoonal circulation, topography and coupled
Indian Ocean—atmosphere variability. The results reveal a clear spatial concentration of HW
activity over the dry-zone lowlands of northern, eastern and south-eastern Sri Lanka, where the
highest frequency, intensity and persistence of events occur, while the central highlands remain

comparatively less affected due to elevation-induced cooling and enhanced cloudiness. Two
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seasonally distinct HW regimes were identified. The first is a pre-monsoon radiative regime during
the FIM, characterized by the highest proportional contribution of HW days, elevated intensities
and long event durations associated with strong solar heating, weak atmospheric ventilation and
limited cloud development. The second is a leeward monsoon regime during the SWM, in which
the central highlands create a pronounced rain shadow effect that maintains persistently hot
conditions over the eastern and south-eastern lowlands despite active monsoon conditions
elsewhere. Although SWM records the largest number of events in absolute terms due to its longer
seasonal length, FIM represents the season most strongly dominated by HW conditions relative to

its seasonal length.

The composite analyses further show that Sri Lankan HWs are embedded within a coherent
coupled ocean—atmosphere—land process chain across the northern Indian Ocean. HW days are
consistently associated with enhanced large-scale subsidence, suppressed convection, reduced
cloud cover, positive OLR anomalies, and increased shortwave radiation at the surface, creating
conditions favourable for radiative amplification of near-surface temperatures. These atmospheric
anomalies are accompanied by rainfall deficits, reduced boundary-layer humidity, and warm
Indian Ocean SST anomalies, which together reinforce atmospheric stability, surface drying, and
heat persistence. The results therefore demonstrate that HWs in Sri Lanka are not simply isolated
local temperature extremes, but manifestations of broader regional dynamical and thermodynamic
interactions involving the tropical Indian Ocean and monsoonal circulation system. As Indian
Ocean warming continues under anthropogenic climate change, the background conditions
favourable for both the FIM radiative regime and the SWM leeward regime are likely to intensify,
increasing the risk of more frequent, persistent, and severe HWs across Sri Lanka. These findings
provide an important scientific basis for improving heat-risk assessment, seasonal early-warning

capability, and climate adaptation planning in tropical island environments.
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The maximum temperature data used in this study is publicly available at https://doi.org/10.2438
1/cds.4991¢f48 from ECMWEF ERAS reanalysis via the Copernicus Climate Data Store (CDS). T

o analyze the physical mechanisms of this study, the precipitation, high and low cloud cover data

were obtained from the ECMWF ERAS reanalysis via the CDS (https://doi.org/10.24381/cds.49

91cf48). Atmospheric variables, including vertical velocity and surface wind component (u and v
) were also obtained from the ERAS datasets available through the CDS (https://doi.org/10.24381
/cds.50314f4c). Shortwave radiation was accessed from the CDS (https://doi.org/10.24381/cds.e2

161bac). Relative Humidity were obtained from the AgERAS dataset provided by Wageningen E
nvironmental Research via the CDS (https://doi.org/10.24381/cds.6c68c9bb). Outgoing Longwav
e Radiation was obtained from the NOAA Interpolated OLR dataset, provided by the NOAA Phy

sical Sciences Laboratory (PSL), and is available at gov.noaa.ncdc:C00875. Sea Surface Temperatur
e data is accessed through the NOAA Optimum Interpolation Sea Surface Temperature (OISST)
Version 2 High Resolution dataset, also provided by NOAA PSL, and is assessable at ftp://eclipse.

ncdc.noaa.gov/pub/Ol-daily-v2/. Daily Surface Volumetric Soil Moisture were obtained from the C3

S satellite surface soil moisture merged COMBINED product (v202505.0.0), and is assessable at
https://doi.org/10.24381/cds.d7782f18
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