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Abstract 24 

Heat waves (HWs) are emerging as a major climate hazard across tropical regions, yet their 25 

climatological characteristics and governing physical mechanisms remain poorly understood in Sri 26 

Lanka. This study presents the first comprehensive assessment of seasonal HW variability and 27 

associated ocean–atmosphere drivers over Sri Lanka using ERA5 reanalysis data for the period 28 

1995–2024. HWs were identified using a percentile-based threshold applied to daily maximum 29 

temperature (𝑇௠௔௫), and their frequency, duration, and intensity were examined across the four 30 

monsoonal seasons. The results reveal pronounced spatial and seasonal contrasts in HW behaviour 31 

across the island. The First Inter-Monsoon (FIM) season exhibits the strongest HW regime, 32 

characterized by the highest proportional occurrence of HW days, elevated intensities, and long 33 

event duration under conditions of strong solar heating and weak atmospheric ventilation. In 34 

contrast, during the Southwest Monsoon (SWM), HW activity becomes concentrated over the 35 

eastern and southeastern dry-zone lowlands as the central highlands generate a pronounced rain-36 

shadow effect that suppresses cloud formation and rainfall on the leeward side of the island. 37 

Composite analyses show that HW days are consistently associated with enhanced large-scale 38 

subsidence linked to variability in the Walker and Hadley circulations, leading to suppressed 39 

convection, reduced cloud cover, and positive Outgoing Longwave Radiation (OLR) anomalies 40 

across the northern Indian Ocean. These conditions promote enhanced surface shortwave radiation 41 

and radiative amplification of near-surface temperatures. Concurrent rainfall deficits and reduced 42 

boundary-layer humidity further intensify and sustain heat extremes through land–atmosphere 43 

feedback processes. In addition, HW conditions indicating enhanced evaporative stress and 44 

reduced latent cooling. In addition, HW conditions occur alongside positive Sea Surface 45 

Temperature (SST) anomalies across the tropical Indian Ocean, indicating that Sri Lankan HWs 46 

are embedded within a broader basin-scale warm ocean–atmosphere state that reinforces 47 

atmospheric stability and persistent hot conditions. Together, these findings demonstrate that HWs 48 

in Sri Lanka arise from tightly coupled ocean–atmosphere–land interactions rather than from local 49 

temperature anomalies alone. The identification of distinct seasonal HW regimes and persistent 50 

regional hotspots provides an important scientific basis for improving climate-risk assessment and 51 

adaptation planning in the rapidly warming Indian Ocean region. 52 
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 1 Introduction 57 

Heat Waves (HWs) are prolonged periods of anomalously high near-surface air temperature 58 

relative to the local climatological baseline, typically persisting for several consecutive days 59 

(Perkins & Alexander, 2013). Unlike short-lived temperature extremes, HWs represent sustained 60 

thermal stress events whose impacts accumulate over time, affecting human health, agriculture, 61 

ecosystems, and energy systems (Perkins, 2015; Horton et al., 2016; IPCC, 2023b; Wu et al., 2023; 62 

WHO, 2024). Their severity is further amplified in humid environments, where reduced 63 

evaporative cooling enhances physiological heat stress (Cvijanovic et al., 2023). The increasing 64 

scientific and societal focus on HWs reflects their emergence as the deadliest major global hazard 65 

(Barriopedro et al., 2023). Extreme heat events have been linked to increased mortality (Miralles 66 

et al., 2014), agricultural losses, ecosystem stress, reduced labour productivity, and increased 67 

energy demand across both developed and developing regions (Horton et al., 2016). Despite their 68 

global significance, there is no universally accepted definition of HWs, largely due to regional 69 

differences in climate variability and impact thresholds (Robinson, 2001; Perkins & Alexander, 70 

2013). Consequently, percentile-based approaches, where temperature extremes are defined 71 

relative to local climatology, have become widely adopted, particularly for comparative analyses 72 

across diverse climatic regimes (Alexander et al., 2006; Perkins & Alexander, 2013; Perkins, 2015; 73 

Sharma et al., 2022; Cvijanovic et al., 2023). 74 

The increasing frequency and intensity of HWs represent one of the most robust signals of climate 75 

change (IPCC, 2023a). Observations indicate widespread increases in the frequency, duration, and 76 

intensity of extreme temperature events across most land regions since the mid-twentieth century 77 

(Seneviratne et al., 2021). Beyond thermodynamic warming, these changes are strongly modulated 78 

by dynamical processes within the climate system, including atmospheric circulation variability, 79 

land–atmosphere feedbacks, cloud–radiation interactions, and ocean–atmosphere coupling 80 

(Seneviratne et al., 2010; Horton et al., 2016). In particular, persistent HWs are commonly 81 

associated with large-scale subsidence, suppressed convection, and reduced cloud cover, which 82 

enhance incoming shortwave radiation and promote surface warming (Trenberth & Fasullo, 2012; 83 

Barriopedro et al., 2023). 84 

While HW dynamics are well documented in mid-latitude regions, their governing mechanisms in 85 

the tropics remain less clearly understood. In contrast to mid-latitude blocking systems, tropical 86 



HWs are more strongly influenced by variations in convection, vertical motion, cloud cover, and 87 

radiative fluxes (Horton et al., 2016; Perkins-Kirkpatrick & Lewis, 2020). High background 88 

humidity further intensifies heat stress, even under moderate temperature anomalies, highlighting 89 

the importance of moisture–temperature coupling in these regions (Sherwood & Huber, 2010). 90 

These distinct characteristics underscore the need for region-specific, process-based assessments 91 

of HW behaviour in tropical climates. 92 

The Indian Ocean plays a critical role in modulating regional climate variability across South Asia 93 

through its strong influence on atmospheric circulation, convection, and rainfall (Roxy et al., 2014; 94 

Cai et al., 2014, 2015, 2018; Pathirana et al., 2023). Rapid warming of the tropical Indian Ocean 95 

has altered large-scale circulation patterns, including the Walker and Hadley circulations, with 96 

implications for cloud formation, subsidence, and surface energy balance (Roxy et al., 2015; Xie 97 

et al., 2016). Variations in Sea Surface Temperature (SST) gradients can therefore influence the 98 

occurrence and persistence of heat extremes by modulating atmospheric stability and radiative 99 

fluxes. However, the role of these coupled ocean–atmosphere processes in shaping HW 100 

characteristics over tropical island environments remains poorly understood. This gap is 101 

particularly relevant for tropical islands such as Sri Lanka, where ocean-atmosphere interactions 102 

strongly influence local climate variability. 103 

While large-scale atmospheric and oceanic drivers provide the necessary conditions for HW 104 

occurrence, local land-atmosphere feedback processes, particularly soil moisture-temperature 105 

coupling, act as critical intensifiers (Ford & Schoof, 2017; Miralles et al., 2012). Soil moisture 106 

controls the energy budget by partitioning net radiation between latent and sensible heat fluxes 107 

(Yuan et al., 2019). Surface moisture depletion during HW reduces evaporative cooling (latent 108 

heat) (Benson & Dirmeyer, 2021). It leads to a rapid increase in near-surface temperatures 109 

(sensible heat), further desiccating the soil in a positive feedback loop (Liu & Pu, 2019). 110 

Understanding this feedback is essential for characterizing the persistence of a regional hotspot in 111 

a tropical island setting. 112 



 113 

Fig. 1 Geographical Location and Agro-ecological Climatic Zone (Dry-Zone: annual rainfall < 114 

1750 mm, Intermediate-Zone: annual rainfall 1750 – 2500 mm, and Wet-Zone: annual rainfall > 115 

2500 mm) of Sri Lanka. Red dots indicate the locations of the 19 meteorological observation 116 

stations used in this study. The Inset globe shows Sri Lanka's geographic position within the 117 

broader Indian Ocean region. (Details of the station network are provided in Table S1). 118 

 119 

Sri Lanka, located at the southern tip of the Indian subcontinent (5°55'- 9°51' N and 79°42'- 81°53' 120 

E; Fig. 1), provides a unique setting to investigate these processes. The island’s climate is strongly 121 

governed by monsoon circulation and exhibits pronounced seasonal variability associated with the 122 

Northeast Monsoon (NEM, December–February), First Inter-Monsoon (FIM, March–April), 123 

Southwest Monsoon (SWM, May–September), and Second Inter-Monsoon (SIM, October–124 

November) (Karunathilaka et al., 2017; Punyawardena et al., 2020; Abeysekera et al., 2021). These 125 

seasonal regimes modulate cloud cover, rainfall, wind patterns, and humidity (Suppiah & Yoshino, 126 

1984; Suppiah, 1996), thereby influencing surface energy balance and the persistence of high-127 

temperature anomalies. In addition, marked spatial heterogeneity, characterized by wet, 128 

intermediate, and dry climatic zones, creates distinct regional environments with varying 129 

susceptibility to heat extremes.  130 



Despite its climate complexity and vulnerability, systematic assessments of HWs in Sri Lanka 131 

remain limited. Previous studies have primarily focused on precipitation variability, with relatively 132 

few investigations addressing temperature extremes using high-resolution daily data (Jayawardena 133 

et al., 2018; Keshav et al., 2026). Moreover, existing analyses have largely emphasized statistical 134 

characterization, with limited attention to the underlying physical drivers. As a result, key 135 

uncertainties persist regarding the spatial distribution, seasonal variability, and governing 136 

mechanisms of HWs across the island. In particular, the role of ocean-atmosphere coupling, 137 

circulation variability, and surface energy balance processes in modulating HW development and 138 

persistence remains insufficiently understood. While the ERA5 reanalysis product is widely used 139 

for temperature extreme studies, its 0.25° (~28 km) spatial resolution warrants careful validation 140 

in regions of complex topography such as Sri Lanka, where mesoscale temperature gradients 141 

associated with the central highlands may not be fully resolved.  To strengthen confidence in the 142 

identified HW hotspots, the present study therefore includes a rigorous point-to-pixel comparison 143 

of ERA5 daily maximum temperature (𝑇௠௔௫) against independent station observations. In this 144 

context, the present study provides a comprehensive, process-oriented assessment of HWs 145 

characteristics in Sri Lanka. Using gridded temperature data for the period 1995–2024, this study 146 

quantifies the frequency, intensity, and duration of HWs and identifies emerging hotspot regions 147 

across different climatic zones. Furthermore, it investigates the seasonal variability of HWs within 148 

the monsoon framework and examines the role of ocean–atmosphere coupling in modulating their 149 

development and persistence through analyses of key atmospheric and oceanic variables. By 150 

linking large-scale climate processes to regional heat extremes, this study provides new insights 151 

into the drivers of HWs in a tropical island setting and offers a foundation for improved climate 152 

risk assessment and adaptation strategies in Sri Lanka. 153 

 154 

2 Data and Methodology 155 

2.1 Data 156 𝑇௠௔௫  was obtained from the ERA5 reanalysis produced by the European Centre for Medium-157 

Range Weather Forecasts (ECMWF; Hersbach et al., 2020). ERA5 provides globally consistent 158 

atmospheric variables with high spatial and temporal resolution and has been widely used in 159 

studies of climate variability and temperature extremes. 𝑇௠௔௫ was obtained from the 2-m air 160 



temperature (t2m) variable for the period 1995-2024. The gridded dataset (0.25° × 0.25°) was 161 

spatially constrained to the land area of Sri Lanka using a national boundary shape file to exclude 162 

surrounding ocean grid cells. 163 

To investigate the large-scale drivers of HW variability, additional atmospheric and oceanic 164 

variables were analyzed over the Indian Ocean region. SST data were obtained from the NOAA 165 

Optimum Interpolation Sea Surface Temperature (OISST) Version 2.1 dataset, which provides 166 

daily global SST fields at 0.25° spatial resolution based on combined satellite and in-situ 167 

observations (Reynolds et al., 2007). Outgoing Longwave Radiation (OLR) was obtained from the 168 

NOAA Daily OLR Climate Data Record, which provides satellite-derived estimates of top-of-169 

atmosphere long-wave radiation at 1° spatial resolution (Lee, 2014). Vertical motion was 170 

examined at 500 hPa, representing mid-tropospheric subsidence and ascent at 0.25° spatial 171 

resolution. To characterize large-scale circulation structure, including the Hadley and Walker cells, 172 

vertical velocity fields across multiple pressure levels (1000-100 hPa) were also analyzed. Surface 173 

wind fields were derived from the 10-m zonal (u10) and meridional (v10) wind components, 174 

representing the horizontal wind velocity at 10m above the surface at 0.25° spatial resolution for 175 

the study period. Daily total precipitation (mm/day) at 0.25° spatial resolution was analyzed to 176 

examine anomalous rainfall during the study period and to investigate the suppression of 177 

convective rainfall activity. Shortwave Radiation represents the total amount of solar radiation, 178 

derived from the downwelling shortwave flux at 0.25° spatial resolution.  Low cloud cover (LCC) 179 

and high cloud cover (HCC) at 0.25° spatial resolution were analyzed to characterize cloud 180 

variability relevant to radiative and convective. Vertical velocity, Surface wind fields, Daily total 181 

precipitation, Shortwave, LCC and HCC were obtained from ERA5 reanalysis datasets produced 182 

by the ECMWF (Hersbach et al., 2020). Near-surface relative humidity (RH, %) was obtained 183 

from the AgERA5 dataset (Boogaard et al., 2020), which provides daily agro-meteorological 184 

variables at 0.25° spatial resolution derived from ERA5 with bias-correlations and tailored 185 

processing designed for surface-layer and agricultural applications. Daily surface volumetric soil 186 

moisture was obtained from the C3S Satellite Surface Soil Moisture merged combined product. 187 

This dataset integrates active and passive microwave remote sensing observations at a 0.25° spatial 188 

resolution (Dorigo et al., 2017). 189 



To assess the reliability of ERA5 𝑇௠௔௫  for HW analysis, daily 𝑇௠௔௫  observations from 19 190 

meteorological stations (Table S1) were obtained from the Department of Meteorology Sri Lanka, 191 

under a university-approved research grant for the period 1995-2024 and used as an independent 192 

reference dataset. 193 

All variables were analyzed at daily temporal resolution over the period 1995-2024 and were 194 

subsequently classified according to the four climatological seasons of Sri Lanka. Table S2 in the 195 

supplementary material summarizes the dataset used in this study. Data processing, statistical 196 

calculations, and visualization were carried out using the Python programming language with 197 

supportive libraries. 198 

2.2 Methodology 199 

2.2.1 Seasonal Classification 200 

All analyses were conducted within the framework of the four climatological seasons that represent 201 

the Sri Lankan monsoon cycle: NEM, FIM, SWM, and SIM (Karunathilaka et al., 2017; 202 

Punyawardena et al., 2020). This seasonal classification reflects the distinct rainfall regimes and 203 

large-scale atmospheric circulation patterns that govern Sri Lanka’s climate, which differ 204 

substantially from standard astronomical seasons used in extra-tropical studies. For consistency, 205 

December was assigned to the following year to preserve the complete December-February 206 

seasonal cycle. 207 

 208 

2.2.2 Seasonal Climatology and Variability of Maximum Temperature 209 

Seasonal climatological mean 𝑇௠௔௫ fields were computed by averaging 𝑇௠௔௫ across all years 210 

(1995-2024) for each season. Seasonal variability of 𝑇௠௔௫ was quantified using the standard 211 

deviation (STD) of daily 𝑇௠௔௫ at each grid point. For visualization purposes, the gridded 212 

temperature fields were interpolated to a higher-resolution grid using a nearest-neighbour 213 

interpolation approach. A land mask based on the Sri Lankan boundary shape file was applied to 214 

retain only terrestrial grid points.  215 

 216 

2.2.3 Long-term Trends in 217 ࢞ࢇ࢓ࢀ 



Long-term changes in 𝑇௠௔௫ were assessed by estimating linear trends in seasonal mean 218 

temperature over the study period. Daily 𝑇௠௔௫ values were first aggregated into seasonal means 219 

for each year, and trends were then calculated using ordinary least squares regression (Wilks, 220 

2011). Trend magnitudes are expressed in degrees Celsius per decade (°C/decade). The statistical 221 

significance of the trends was assessed using the p-value associated with the regression slope, with 222 

significance defined at the 95% confidence level (p < 0.05).  223 

 224 

2.2.4 Heat Wave Identification 225 

HWs were identified at each grid point using a percentile-based relative threshold approach, which 226 

accounts for local climatological variability and is particularly suitable for tropical regions 227 

(Perkins and Alexander, 2013; Perkins-Kirkpatrick and Lewis, 2020). For each calendar day, a 228 

threshold was defined as the 95th percentile of 𝑇௠௔௫ computed using a ±15-day moving window 229 

centred on that day.  Day-of-year were calculated on a 366-day calendar to account for leap years, 230 

with the percentile threshold window (±15 days) wrapping around the year boundary to ensure 231 

adequate sample sizes for 29th of February. When normalizing HW frequency by the total number 232 

of events per season, leap years were accounted for by using the actual calendar days for each year, 233 

ensuring accurate percentage calculations across the 1995-2024 study period. This produced a 234 

seasonally varying threshold that capture the annual cycle. A HW event was defined as a period 235 

of at least three consecutive days during which 𝑇௠௔௫ exceeded the corresponding threshold 236 

(Collins et al., 2000; Perkins and Alexander, 2013; Russo et al., 2015). To avoid artificial 237 

fragmentation of events, a 4-day separation rule was applied, whereby exceedance periods 238 

separated by fewer than four days were treated as part of the same event (Fischer & Schär, 2010; 239 

Perkins & Alexander, 2013).  240 

To assess the robustness of hotspot identification, the primary 95th percentile threshold was 241 

compared with an alternative 90th percentile threshold. The resulting seasonal HW frequency maps 242 

were examined to determine whether the major HW hotspot regions remained consistent across 243 

the threshold choices. 244 

 245 

2.2.5 Spatial Aggregation and Event Characterization 246 



Grid-point HW occurrences were aggregated spatially and temporally to derive island-wide 247 

metrics and event-based characteristics across the seasons. At each grid point, the following 248 

metrics were computed to describe the spatial distribution of HW properties: frequency (total 249 

number of HW events), mean intensity (mean 𝑇௠௔௫ during HW days), maximum intensity (peak 250 𝑇௠௔௫ during recorded HW events), minimum intensity (weakest 𝑇௠௔௫ during recorded HW 251 

events), mean duration (mean length of all events in days at each grid points), and strongest 252 

duration (length of the longest recorded event). The strongest-duration metric is the longest 253 

individual HW event recorded at each grid point across the study period. Therefore, it provides 254 

insight into the maximum persistence of HW conditions across Sri Lanka. Seasonal HW 255 

contribution was calculated as the ratio of the number of events occurring within each season to 256 

the total number of days in that season, expressed as a percentage. This normalization is essential 257 

for meaningful cross-seasonal comparisons, as raw frequency counts would systematically favour 258 

the longer SWM season independent of any genuine difference in HW propensity (Perkins & 259 

Alexander, 2013; Russo et al., 2015; Perkins-Kirkpatrick & Lewis, 2020). These metrics 260 

collectively provide a comprehensive characterization of the spatial heterogeneity of the HW 261 

hazard across Sri Lanka. 262 

To identify larger-scale events, grid-level occurrences were temporally merged and filtered based 263 

on spatial extent. An event was classified as a major HW only when it affected at least 80 grid 264 

cells simultaneously, corresponding to approximately 20% of the total terrestrial domain. This 265 

spatial extent threshold was adopted to ensure that retained events represented coherent, 266 

climatically meaningful episodes driven by large-scale atmospheric forcing, rather than isolated 267 

local exceedance arising from meso-scale or topographically forced temperature anomalies.  268 

 269 

2.2.6 Heat Wave Metrics Trend Analysis 270 

This study quantifies long-term changes in HW characteristics using HW frequency, maximum 271 

intensity, and strongest duration. To assess long-term trends, annual seasonal time series of each 272 

metric were analyzed using ordinary least square (OLS) regression. The regression slope 273 

represents the rate of change per year. Statistical significance was evaluated at the 95% confidence 274 

level (p < 0.05), and the coefficient of determination (R2) was used to assess the explanatory power 275 

of the linear trend relative to interannual variability. 276 



2.2.7 Composite Analyses 277 

To diagnose the environmental conditions associated with HW development, composite analyses 278 

were performed separately for HW and non-heat wave (non-HW) days for each season. Variables 279 

included in the composite analyses were SST, 10-m surface winds, vertical velocity, precipitation, 280 

OLR, Shortwave Radiation, near-surface RH, LCC, HCC, and Surface Soil Moisture. Before 281 

composite calculation, daily anomalies for each variable were computed by subtracting the 282 

seasonal climatological mean from the raw daily values, thereby isolating sub-seasonal variability 283 

from the annual cycle. Composite mean anomalies were computed separately for HW and non-284 

HW days, and composite differences (HW – non-HW) were calculated to isolate the 285 

thermodynamic, radiative, and dynamical conditions specifically associated with HW occurrence 286 

relative to typical seasonal conditions. This approach effectively suppresses the influence of the 287 

seasonal cycle and long-term trend on the composite signal, ensuring that identified anomalies 288 

reflect synoptic-to-intra-seasonal forcing rather than climatological mean differences between 289 

seasons (Wu et al., 2023). The composite framework facilitates identification of compound hot-290 

dry conditions linked to land-atmosphere feedbacks, consistent with recent studies demonstrating 291 

the role of precipitation deficits and reduced soil moisture in amplifying surface heat extremes 292 

(Hassan et al., 2024). 293 

 294 

2.2.8 Statistical Significance  295 

The statistical significance of composite differences between HW and non-HW conditions was 296 

assessed using a two-sided Welch’s t-test (Wilks, 2011), which does not assume equal variances 297 

between the samples. Composite differences were considered statistically significant at the 95% 298 

confidence level (p < 0.05). This significance framework was applied to the circulation, 299 

thermodynamic, and surface driver composites. 300 

 301 

2.2.9 Validation of ERA5 ࢞ࢇ࢓ࢀ against Station Observations 302 

To evaluate the reliability of ERA5 𝑇௠௔௫ over a region of complex topography, a point-to-pixel 303 

comparison was performed between ERA5 and the 19 meteorological station records described in 304 



section 2.1. For each station, daily ERA5 𝑇௠௔௫ was extracted from the nearest 0.25° grid cell to 305 

the station coordinates, and the resulting paired time series were compared over their common 306 

overlapping period. Agreement between ERA5 and the observations was quantified using three 307 

complementary metrics: the Pearson correlation coefficient (r), which assesses the temporal 308 

agreement between the two records; the Mean Bias (MB), which identifies systematic over-or 309 

under-estimation; and the Root Mean Square Error (RMSE), which quantifies the overall 310 

magnitude of absolute error.  311 

2.2.10 Abbreviations 312 

  

CDS Climate Data Store 

  

ECMWF European Center for Medium-range Weather Forecasts Reanalysis 

  

ENSO El Niño Southern Oscillation  

  

FIM First Inter-monsoon 

  

HCC High Cloud Cover 

  

HW Heat wave 

  

IOBM Indian Ocean Basin Mode 

  

IOD Indian Ocean Dipole  

  

LCC Low Cloud Cover 

  

MB Mean Bias 

  

NEM North East Monsoon 



  

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 

𝑇௠௔௫ Daily Maximum near-surface air Temperature 

  

3 Results  313 

3.1 Validation Result of ERA5 ࢞ࢇ࢓ࢀ against Station Observations 314 

The point-to-pixel comparison between ERA5 𝑇௠௔௫ 19 observational stations (Fig. 2; Fig. S1) 315 

demonstrates an overall high level of agreement across Sri Lanka. The strongest temporal 316 

agreement was observed at Trincomalee (r = 0.92) and Vavuniya (r = 0.91), both located within 317 

the dry-zone HW hotspot regions identified in sections 3.4 and 3.5. Correlation remains 318 



consistently high (r > 0.8) across the majority of dry-zone and lowlands stations, indicating that 319 

ERA5 reproduces the day-to-day evolution of 𝑇௠௔௫ with high fidelity in these areas.  320 

Bias and error metrics reveal a clear elevation dependence (Fig. 2b), consistent with the 321 

topographic concern raised regarding ERA5’s 0.25° resolution. High-elevation stations such as 322 

Nuwara Eliya (1880 m) show a pronounced warm bias (+3.49 °C), while low-lying coastal stations 323 

such as Jaffna show a cold bias (-2.92 °C). RMSE values follow a similar Pattern, with the largest 324 

errors occurring at high-elevation and complex-terrain stations (ex: Ratnapura, Nuwara Eliya, 325 

Katugastota, Hambantota). Importantly, within the primary HW hotspot regions of the northern 326 

and eastern dry-zones, correlations remain high, and biases remain relatively low, supporting the 327 

use of ERA5 𝑇௠௔௫  for the seasonal HW characterization presented in sections 3.2-3.5.328 

 329 

Fig. 2 Validation skill-score summary comparing ERA5 𝑇௠௔௫ against 19 meteorological station 330 

observations (1995-2024). (a) Pearson correlation coefficient (r) ranked by station, with warm bias 331 

stations shown in orange and cold bias stations in blue. (b) Corresponding RMSE and absolute 332 

MB (°C) for each station. 333 

 334 

3.2 Seasonal climatology of 335 ࢞ࢇ࢓ࢀ 

The spatial distribution of seasonal mean 𝑇௠௔௫ over Sri Lanka (Fig. 3a) reflects the combined 336 

influence of monsoonal circulation, topography, and the island’s tropical setting. A persistent cool 337 



core is evident over the central highlands in all seasons, while warmer conditions dominate the 338 

surrounding lowlands. This thermally stratified structure arises primarily from elevation-339 

dependent cooling and orographic control of airflow, which together regulate both temperature 340 

and precipitation patterns (Domroes & Ranatunge, 1993; Punyawardena, 2010). Consequently, a 341 

marked climatic contrast exists between the humid southwestern highlands and the semi-arid 342 

northern and eastern lowlands (Climate Change Secretariat, 2016). 343 

Superimposed on this topographic control, clear seasonal differences emerge. During the NEM 344 

season, 𝑇௠௔௫ ranges between ~27–30 °C across most regions. Relatively stable atmospheric 345 

conditions, moderate cloud cover, and limited convective activity suppress excessive daytime 346 

heating, resulting in comparatively moderate temperatures (Suppiah, 1996; Zubair et al., 2008). In 347 

contrast, the FIM season represents the annual peak in background thermal conditions. 348 𝑇௠௔௫ exceed 32 °C across extensive areas of the northern, eastern, and southwestern lowlands. 349 

This reflects strong solar insolation, weak large-scale circulation, and reduced cloud cover during 350 

the pre-monsoon period, which together maximize net surface radiation and promote widespread 351 

warming (Karunathilaka et al., 2017).  352 

During SWM, a pronounced east–west contrast develops. The southwestern windward region and 353 

central highlands experience lower 𝑇௠௔௫ due to persistent cloud cover and rainfall associated with 354 

southwesterly monsoon flow. In contrast, the northern and eastern leeward regions remain 355 

relatively hot, which may be due to rain-shadow effects, which reduce cloudiness and enhance 356 

surface heating. This orographically driven thermal asymmetry is a defining feature of Sri Lanka’s 357 

climate. The SIM season exhibits moderately high 𝑇௠௔௫ but with a more spatially uniform pattern. 358 

Increased convective activity and frequent rainfall events associated with transitional atmospheric 359 

conditions act to moderate temperatures through enhanced cloud cover and latent heat fluxes, 360 

reducing strong spatial gradients. Overall, these results indicate that while topography imposes a 361 

persistent spatial structure on 𝑇௠௔௫, seasonal variations are primarily governed by changes in cloud 362 

cover, radiative forcing, and monsoonal circulation.  363 



 364 

Fig. 3 (a) Seasonal climatology, (b) Seasonal variability of maximum temperature (°C), and (c) 365 

Trends of maximum temperature (°C/ decade) over Sri Lanka for NEM, FIM, SWM, and SIM 366 

derived from ERA5.Trends are calculated using Least-Squares Regression of annual seasonal 367 

mean temperature. Black dots indicate grid points where the trend is statistically significant at P < 368 

0.05 369 

 370 



3.3 Seasonal variability of 𝑇௠௔௫ 371 

The seasonal variability of 𝑇௠௔௫, represented by the STD of daily values (Fig. 3b), provides insight 372 

into the temporal stability of temperature conditions. The NEM season exhibits the lowest 373 

variability (STD < ~1.5 °C), reflecting its relatively stable atmospheric state with limited synoptic 374 

disturbances and weak temperature fluctuations (Suppiah, 1996). Variability increases markedly 375 

during the FIM season, particularly over the northern and eastern regions. This reflects the 376 

transitional nature of the pre-monsoon period, during which alternating clear-sky conditions and 377 

episodic convection produce strong fluctuations in radiative forcing and surface temperature 378 

(Karunathilaka et al., 2017). This heightened thermal variability during the pre-monsoon season 379 

reflects the progressive destabilization of the lower troposphere as solar heating intensifies and 380 

low-level moisture increases ahead of the monsoon onset. 381 

During SWM, variability is moderate overall but shows spatial contrasts. The southwestern wet-382 

zone maintains relatively stable 𝑇௠௔௫ due to persistent cloud cover and rainfall, while the eastern 383 

dry-zone exhibits higher variability linked to intermittent cloud cover and monsoonal break 384 

periods. The SIM season displays the highest variability across several regions. Frequent 385 

convective events and tropical disturbances introduce substantial day-to-day fluctuations in cloud 386 

cover, precipitation, and surface energy balance. As a result, 𝑇௠௔௫ variability peaks during this 387 

dynamically active transition season. Taken together, these results indicate that inter-monsoon 388 

seasons (particularly SIM) are characterized by enhanced thermal variability, whereas monsoon 389 

seasons exhibit greater stability due to persistent large-scale circulation patterns. 390 

 391 

3.4 Long-term Trends in 𝑇௠௔௫ 392 

The spatial patterns of long-term trends in seasonal 𝑇௠௔௫  (1995-2024; Fig. 3c) reveal substantial 393 

regional and seasonal heterogeneity. A coherent and statistically significant warming signal 394 

emerges during the NEM season across most parts of the country, particularly in the northern and 395 

eastern regions, with trends exceeding ~0.2 °C/decade. This aligns with broader large-scale 396 

warming patterns (IPCC, 2023a) and may partly reflect the influence of rapid warming in the 397 

tropical Indian Ocean, which alters the regional atmospheric circulation (Roxy et al., 2014, 2015). 398 



In contrast, the FIM season displays a more spatially heterogeneous trend pattern, with warming 399 

in western and southern regions and weaker or locally negative trends in parts of the east. This 400 

suggests a stronger influence of local processes, including cloud variability, land–atmosphere 401 

coupling, and regional circulation anomalies. During SWM, the trend pattern shows a pronounced 402 

west-east asymmetry. Significant warming occurs in the western and southwestern regions, while 403 

eastern areas show weaker trends or slight cooling. These differences are likely linked to changes 404 

in monsoon rainfall distribution and cloud cover, which modulate surface radiative heating. During 405 

the SIM season, moderate warming occurs in the western and southern regions, while elsewhere, 406 

patterns are less coherent. This reflects the complex interaction between convective activity and 407 

ocean–atmosphere variability during the transition period. 408 

Overall, 𝑇௠௔௫ warming is evident across Sri Lanka, but it is strongly season-dependent. These 409 

differences emphasize the importance of monsoonal circulation and ocean–atmosphere 410 

interactions in shaping regional temperature trends. Notably, these climatological changes 411 

establish the baseline conditions upon which HW characteristics develop. 412 

 413 

3.5 Seasonal Characteristics of Heat Waves over Sri Lanka 414 

3.5.1 Seasonal frequency and proportional contribution  415 

The seasonal distribution of HW frequency across Sri Lanka is presented in Fig 4a.  In terms of 416 

absolute event count, the highest number of detected HWs occurs during SWM, particularly over 417 

northern, northwestern, eastern, and southeastern lowlands. In contrast, the SIM exhibits the lowest 418 

HW frequency across most regions, while the NEM and the FIM show intermediate patterns. 419 

However, because SWM spans five months, raw event counts alone overestimate its relative 420 

importance. When normalized by season length (Fig. 4b), a different picture emerges: the FIM 421 

season shows the highest proportion of HW days. This indicates that extreme heat occupies a larger 422 

fraction of the seasonal climate during FIM, despite fewer total events.   423 

This distinction reveals two complementary aspects of HW behaviour: SWM is the highest 424 

cumulative event count, while FIM is the strongest dominance of HWs within the season. Both 425 

metrics consistently identify the northern, eastern and south-eastern dry-zones as hotspots, while 426 

the central highlands are least affected due to their elevation and the influence by clouds. The 427 



prominence of FIM is physically linked to strong insolation, weak atmospheric ventilation and 428 

limited cloud development, which favour rapid boundary-layer warming and frequent threshold 429 

exceedance. 430 

A sensitivity analysis using an alternative 90th percentile threshold (Fig. S2) resulted in higher HW 431 

frequencies across all seasons, as expected from the lower exceedance threshold. However, the 432 

overall spatial distribution of HW activity remained remarkably similar. The northern, eastern, and 433 

southeastern dry-zone lowlands consistently emerged as the dominant hotspot regions under both 434 

threshold definitions, while the central highlands remained comparatively less affected. This 435 

indicates that the identified hotspot patterns are robust and are not strongly dependent on the choice 436 

of percentile threshold.  437 

 438 

Fig. 4 (a) Seasonal distribution of Heat Wave (HW) Frequency (Total number of events per 439 

season) across Sri Lanka, (b) Seasonal distribution of HW Frequency (% of days) across NEM, 440 

FIM, SWM, and SIM, derived from ERA5  441 

 442 

3.5.2 Heat Wave Intensity 443 



The maximum HW intensity during the study period, defined as the highest daily 𝑇௠௔௫ recorded 444 

within any HW event at each grid point is presented in Fig. 5a.  The maximum HW intensity is 445 

highest in the dry-zone lowlands, particularly during FIM and SWM.  In contrast, the central 446 

highlands display relatively low temperatures, indicating that even the most intense HW events 447 

are substantially reduced by elevation-induced thermodynamic constraints. FIM exhibits the most 448 

extensive and severe intensities, reflecting its high background 𝑇௠௔௫. This is consistent with the 449 

seasonal mean 𝑇௠௔௫ (Fig. 3a) patterns discussed in section 3.2, where FIM was identified as the 450 

period of peak background thermal conditions over large parts of Sri Lanka. Elevated 451 

climatological baseline implies that even moderate anomalies translate into very high absolute 452 

temperatures.  As a result, FIM not only shows a high proportional contribution (Fig. 4b), but also 453 

thermally extreme.  454 

During SWM, high intensities persist in leeward eastern regions, consistent with the well-455 

documented rain-shadow influence of Sri Lanka’s central highlands during the SWM (Domroes 456 

& Ranatunge, 1993; Karunathilaka et al., 2017). The SIM shows moderate intensities, and NEM 457 

exhibits weaker intensities due to convective interruptions. Thus, the maximum intensity maps 458 

suggest that the strongest HW conditions are concentrated in the dry-zone lowlands, while the 459 

impact intensifies during FIM compared to other seasons. 460 

The seasonal distribution of minimum (Fig. 5b) and mean (Fig. 5c) intensity reveals the sustained 461 

thermal nature of HWs. Dry-zone regions experience high minimum intensities, especially during 462 

FIM and SWM. This indicates that even the least intense days within these events remain unusually 463 

warm. This reflects an overall shift upwards in the temperature distribution. In contrast, the central 464 

highlands and parts of the southwestern wet-zone exhibit markedly lower minimum intensities. 465 

This spatial contrast in minimum intensity has direct physical significance: a high thermal floor 466 

implies that the entire duration of a HW in the dry-zone lowlands is characterized by sustained 467 

warmth rather than alternating between brief extremes and near-normal temperatures. 468 

Mean intensity patterns (Fig. 5c) closely mirror seasonal mean 𝑇௠௔௫ (Fig. 3a), confirming that 469 

background climatology exerts a strong influence on event severity. This is consistent with the 470 

broader understanding that, in tropical climates where inter-annual temperature variability is 471 

relatively low, even modest positive anomalies relative to a warm seasonal mean can generate 472 

substantial events (Perkins-Kirkpatrick & Lewis, 2020; IPCC, 2023a). FIM emerges again as the 473 



dominant season for sustained heat, followed by SWM in leeward regions. These results 474 

demonstrate that dry-zone HWs are not only intense but also persistently warm throughout their 475 

duration, thereby increasing cumulative thermal stress. 476 

 477 

 478 



Fig. 5 Seasonal distribution of (a) Maximum HW Intensity (°C), (b) Minimum HW Intensity (°C), 479 

and (c) Mean HW Intensity (°C) across Sri Lanka for NEM, FIM, SWM, and SIM, derived from 480 

ERA5. 481 

 482 

3.5.3 Heat Wave Duration 483 

The spatial distributions of the strongest and mean HW duration are presented in Fig. 6a and Fig. 484 

6b, respectively. The strongest duration metric (Fig. 6a) shows that the longest HW events occur 485 

mainly during FIM and SWM, with the highest persistence concentrated over the eastern, 486 

southeastern, and parts of the north-central dry-zone lowlands. In several locations, individual 487 

events persist for more than 10 days, indicating prolonged HW conditions are a prominent feature 488 

of the country. During FIM, prolonged HW events are spatially widespread across much of the 489 

central region and dry-zone. SWM also exhibits pronounced HW persistence, although the longest 490 

events are more spatially confined to the eastern and southeastern lowlands. In contrast, the central 491 

highlands consistently show much shorter event durations in NEM and SIM. The SIM season 492 

generally displays shorter HW durations across most parts of the island, while NEM exhibits 493 

moderate persistence, mainly over the northern dry-zone regions. Overall, the strongest-duration 494 

patterns indicate that the most persistent HW events in Sri Lanka are concentrated in the dry-zone 495 

lowlands during FIM and in the eastern leeward regions during SWM. 496 

The mean duration metric (Fig. 6b) complements the strongest-duration analysis by representing 497 

the typical persistence of HW events rather than isolated extremes. Mean HW duration is generally 498 

highest during FIM, particularly across the north-central, eastern, and southeastern parts of the 499 

island, indicating that HWs during this season are not only frequent and intense but also 500 

systematically long-lasting. Although SWM records a larger number of HW events overall, this is 501 

partly related to the longer duration of the monsoon season itself. 502 

Taken together, the strongest and mean duration metrics consistently identify the eastern and 503 

southeastern dry-zones as the principal regions of persistent HW activity in Sri Lanka. More 504 

broadly, the results reveal a spatially coherent pattern of HW behaviour across the island. The dry-505 

zone lowlands consistently experience the highest HW frequency, intensity, and persistence, while 506 

the central highlands remain comparatively less affected. Among the four seasons, FIM emerges 507 



as the most HW-dominated season in relative terms, characterized by high proportional HW 508 

occurrence, elevated intensity, and long event duration. SWM records the highest absolute number 509 

of events, with particularly persistent HW conditions over the eastern and southeastern regions. In 510 

contrast, NEM and SIM exhibit comparatively weaker HW activity. These findings highlight the 511 

strong spatial and seasonal variability of HW characteristics across Sri Lanka. 512 

 513 

Fig. 6 Seasonal distribution of Heat Wave (a) Strongest Duration and (b) Mean Duration across 514 

Sri Lanka throughout the NEM, FIM, SWM, and SIM derived from ERA5 515 

 516 

3.5.4 Heat Wave Metrics Trends 517 



The trend analysis of HW metrics reveals a non-uniform and seasonally dependent evolution of 518 

extreme temperature behaviour, which contrasts with the more coherent warming signal observed 519 

in seasonal mean temperatures. This indicates that changes in HW characteristics are not simply a 520 

linear response to background warming. 521 

All monsoonal seasons exhibit weak positive trends in HW frequency over the study period (Table 522 

S3), suggesting a gradual increase in the occurrence of extreme temperature events. The strongest 523 

increase is observed during the SWM, followed by the SIM, while weaker increases are observed 524 

during the NEM and FIM. However, none of these trends are statistically significant, indicating 525 

that interannual variability dominates the long-term signal in HW occurrence. 526 

HW intensity shows a clearer seasonal signal. The NEM exhibits a statistically significant 527 

decreasing trend in maximum intensity (slope = -0.1829 °C/year, p = 0.025) indicating a robust 528 

reduction in peak HW severity during this season. Other seasons show weak and non-significant 529 

trends, with SWM displaying a decreasing tendency, SIM a slight increase, and FIM remaining 530 

nearly stable. This suggests that intensity changes are strongly seasonally asymmetric, with only 531 

NEM showing a statistically robust signal (Table S3). 532 

Trends in strongest HW duration are generally weak and statistically insignificant across all 533 

seasons. The SWM shows the largest positive slope, suggesting a possible increase in persistence 534 

of extreme events, while FIM shows a slight negative trend. NEM and SIM exhibit weak positive 535 

tendencies. Overall, there is no statistically robust evidence of a consistent long-term change in 536 

HW duration during the study period (Table S3). 537 

 538 

4 Discussion 539 

4.1 Atmospheric and Oceanic Drivers of Seasonal Heat Waves over Sri Lanka 540 

4.1.1 Large-Scale Circulation Background and Anomalous Subsidence 541 

Sri Lankan HWs develop within the broader dynamical framework of the Walker and Hadley 542 

circulations over the tropical Indian Ocean. Climatologically, the Walker circulation is 543 

characterized by enhanced ascent over the eastern Indian Ocean and Maritime Continent and 544 

subsidence toward the western basin (Fig. S3a), while the Hadley circulation exhibits tropical 545 



ascent and subtropical descent (Fig. S3b). Sri Lanka lies near the transition zone between these 546 

ascending and descending branches, making the island highly sensitive to changes in regional 547 

vertical motion. 548 

Composite differences between HW and non-HW conditions reveal that HW days are consistently 549 

associated with enhanced subsidence across the northern Indian Ocean (Fig. 7). Positive vertical 550 

velocity anomalies indicate stronger downward motion during HW periods, implying a large-scale 551 

suppression of atmospheric convection. Such subsidence promotes atmospheric stability, reduces 552 

cloud formation and favours increased surface heating, consistent with mechanisms identified in 553 

previous HW studies (Trenberth & Fasullo, 2012; Perkins-Kirkpatrick & Lewis, 2020).  554 

The spatial structure of the subsidence signal varies seasonally. During FIM, the anomalous 555 

subsidence is spatially coherent and extends across much of the northern Indian Ocean and Sri 556 

Lanka, supporting island-wide HW development. In contrast, the SWM season exhibits weaker 557 

and more spatially heterogeneous subsidence anomalies, suggesting that local and regional 558 

processes become increasingly important during this season. This seasonal contrast helps explain 559 

why FIM HWs are widespread across the island, whereas SWM HWs are concentrated mainly in 560 

the eastern and south-eastern dry-zone lowlands.   561 

 562 



 563 



 564 

Fig. 7 (a) Seasonal differences in the Walker circulation between HW and non-HW conditions 565 

over the tropical Indian Ocean (40°E–120°E). The panels show the vertical velocity difference (ω; 566 

Pa/s) in the longitude–pressure plane and (b) Seasonal differences in the Hadley circulation 567 

between HW and non-HW conditions over the tropical Indian Ocean (10S-30N). The panels show 568 

the vertical velocity difference (ω; Pa/s) in the latitude–pressure plane for NEM, FIM, SWM, and 569 

SIM. Negative values indicate enhanced ascending motion during HW periods, while positive 570 

values represent stronger subsidence during HW conditions relative to non-HW periods. Stippling 571 

denotes grid points where the difference is statistically significant at the 5% level (Welch’s t-test)   572 

4.1.2 Mid-Tropospheric Vertical Velocity, Convective Suppression, and OLR anomalies 573 



The role of atmospheric subsidence is further confirmed by the 500 hPa vertical velocity and OLR 574 

composites (Fig. 8a and Fig.8b respectively). Positive 500 hPa ω anomalies during HW days 575 

indicate enhanced mid-tropospheric downward motion over Sri Lanka and the surrounding oceanic 576 

region. At the same time, positive OLR anomalies reveal reduced convective cloudiness and 577 

enhanced clear-sky conditions.  578 

These two variables together provide strong evidence that HW events are closely linked to 579 

suppressed convection. Reduced deep convection limits cloud development and precipitation, 580 

resulting in greater solar heating of the land surface. The strongest and most spatially coherent 581 

positive OLR anomalies occur during the inter-monsoon period, indicating that inter-monsoon 582 

HWs are particularly associated with large-scale convective suppression across the northern Indian 583 

Ocean. This relationship between subsidence and reduced convection is particularly important in 584 

tropical climates such as Sri Lanka, where relatively small perturbations in cloud cover can 585 

strongly modify the surface energy balance. The broad spatial coherence of these anomalies during 586 

the FIM helps explain the widespread and proportionally dominant HW conditions identified 587 

above.  588 



 589 

Fig. 8 Composite differences in (a) 500 hpa vertical velocity ω (Pa/s), between HW and non-HW 590 

days. Positive values indicate anomalously stronger subsidence on heat wave days. (b) OLR (W 591 



m⁻²) between HW and non-HW days. Stippling denotes grid points where the difference is 592 

statistically significant at the 5% level (Welch’s t-test)   593 

 594 

4.1.3 Cloud Dynamics and Shortwave Radiation Amplification 595 

The suppression of convection during HW periods is directly reflected in reductions in both HCC 596 

and LCC (Fig. S4). Negative cloud-cover anomalies are accompanied by positive anomalies in 597 

downward shortwave radiation (Fig. 9a), indicating enhanced solar energy reaching the surface 598 

during HW days. This radiative response represents a key amplification mechanism for HW 599 

development. In Sri Lanka’s tropical environment, solar radiation is a dominant component of the 600 

surface energy budget (Renne et al., 2003); therefore, reductions in cloud shading rapidly increase 601 

land-surface heating and near-surface air temperature. 602 

The spatial expression of this radiative amplification differs markedly between seasons. During 603 

FIM, positive Shortwave Radiation anomalies extend across much of the island, consistent with 604 

the widespread HW activity observed during this season. During SWM, however, enhanced 605 

Shortwave Radiation is mainly confined to the eastern and southeastern dry-zone lowlands. This 606 

reflects the strong topographic influence of the central highlands, which intercept moist 607 

southwesterly monsoon flow and maintain persistent cloudiness over the southwestern windward 608 

region while allowing clearer conditions to persist in the leeward east. The combined reduction in 609 

cloud cover and increase in Shortwave Radiation therefore provide the immediate surface-energy 610 

pathway linking large-scale subsidence to extreme surface heating.  611 



 612 

Fig. 9 Composite differences in (a) Shortwave Radiation (W m⁻²), and (b) SST (C °) & 10-m Wind 613 

vectors between HW and non-HW days. Panel (a) shows Positive values indicate increased 614 



downward shortwave radiation at the surface during heat wave conditions. Stippling denotes grid 615 

points where the difference is statistically significant at the 5% level (Welch’s t-test). Panel (b) 616 

Shading shows only statistically significant SST differences (p < 0.05, Welch’s t-test). Green 617 

arrows indicate statistically significant wind differences at p < 0.05 (both u- and v-components); 618 

black arrows show non-significant wind differences 619 

 620 

4.1.4 Basin-scale Ocean-atmosphere Coupling  621 

The SST and 10-m wind composites (Fig. 9b) indicate that Sri Lankan HWs occur within a broader 622 

warm Indian Ocean environment. Positive SST anomalies are evident across large sectors of the 623 

tropical Indian Ocean during HW periods, suggesting that oceanic conditions provide an important 624 

background state for HW development. 625 

These warm SST anomalies likely reinforce the atmospheric conditions favourable for HWs by 626 

supporting a warmer lower troposphere and modifying regional circulation patterns. The influence 627 

of rapid Indian Ocean warming on atmospheric circulation and South Asian climate has been 628 

widely documented (Roxy et al., 2014; Xie et al., 2016), and the present results suggest that Sri 629 

Lankan HWs are embedded within this broader ocean-atmosphere system. The SST influence 630 

appears strongest during FIM, when warm oceanic conditions coincide with the seasonally 631 

warmest continental temperatures. During SWM, SST anomalies remain positive, but the spatial 632 

distribution of HW activity over Sri Lanka is more strongly controlled by topography and 633 

monsoonal circulation. These findings indicate that warm Indian Ocean SSTs act primarily as a 634 

reinforcing boundary condition rather than as a direct trigger of HWs. 635 

 636 

4.1.5 Hydro-Climatic Feedbacks: Rainfall Deficits and Boundary-layer Humidity 637 

HW days are also characterized by substantial reductions in rainfall (Fig. 10a) and RH (Fig. 10b). 638 

Negative rainfall anomalies indicate that HW events occur under anomalously dry conditions, 639 

while reduced RH reflects drying of the lower atmosphere and land surface (Zscheischler et al., 640 

2020). These hot-dry conditions likely enhance HW persistence by reducing evaporative cooling 641 

and increasing the proportion of available surface energy converted into sensible heating (Chen et 642 



al., 2026). Such land-atmosphere feedback processes are widely recognized as important 643 

amplifiers of extreme heat and compound drought-heat events (Seneviratne et al., 2010; Miralles 644 

et al., 2014). 645 

The strongest RH reductions occur during FIM and over the eastern and southeastern dry-zone 646 

lowlands, consistent with the regions identified as HW hotspots. This indicates that boundary-layer 647 

drying contributes not only to higher daytime temperatures but also to the maintenance of 648 

persistently warm conditions throughout HW events (Jackson et al., 2025). The co-occurrence of 649 

HW conditions with rainfall suppression and atmospheric drying has important implications for 650 

Sri Lanka because it links thermal stress directly with water stress (Li et al., 2025). These 651 

compound hot-dry conditions are particularly relevant for agriculture, irrigation demand, and 652 

human health in the dry-zone regions of the country. 653 



 654 

Fig. 10 Composite differences in (a) Total Rainfall (mm/day), and (b) RH (%) between HW and 655 

non-HW days. Stippling denotes grid points where the difference is statistically significant at the 656 

5% level (Welch’s t-test)  657 



4.1.6 Land-Surface Desiccation and Soil Moisture-Temperature Coupling 658 

The surface soil moisture composites provide further evidence that land-surface drying is closely 659 

associated with HW conditions across Sri Lanka (Fig. 11). Negative surface soil moisture 660 

anomalies indicate that HW days generally occur under drier surface conditions than non-HW 661 

days, supporting a coupling between land-surface moisture availability and near-surface 662 

temperature. As soil moisture declines, the capacity of the land surface to dissipate available 663 

energy through evapotranspiration is reduced, favouring a greater partitioning of energy toward 664 

sensible heating. Such soil moisture–temperature coupling is a well-established mechanism for 665 

amplifying warm extremes, particularly when strong radiative forcing coincides with limited water 666 

availability (Miralles et al., 2014; Chen et al., 2026). 667 

The strength and spatial extent of this relationship vary substantially between seasons. During 668 

FIM, negative soil moisture anomalies extend across much of Sri Lanka (Fig. 11b), coinciding 669 

with the widespread HW activity and strong radiative forcing identified above. The spatial 670 

coherence suggests that land-surface drying contributes to the broad regional expression of the 671 

FIM HW regime. During SWM, by contrast, soil-moisture anomalies are generally weaker and 672 

more spatially heterogeneous (Fig. 11c). This indicates that the active SWM maintains relatively 673 

greater land-surface moisture even during HW conditions, particularly outside the leeward dry-674 

zone. The persistence of HWs in the eastern and southeastern lowlands despite this relatively 675 

weaker soil-moisture deficit therefore suggests that SWM HWs depend less on widespread land-676 

surface desiccation and more strongly on the regional distribution of moisture and cloud cover 677 

associated with the monsoon and topography. 678 

During SIM, negative soil-moisture anomalies are again more spatially coherent over Sri Lanka 679 

(Fig. 11d), broadly consistent with the concurrent rainfall deficits, reduced humidity, and enhanced 680 

radiative forcing. NEM shows a comparatively weaker and more spatially variable soil-moisture 681 

response. Overall, the soil-moisture results indicate that land-surface drying is an important 682 

component of the HW environment, but its contribution is seasonally dependent. The particularly 683 

strong FIM signal supports a coupled radiative–land-surface pathway, whereas the weaker SWM 684 

response highlights the importance of distinguishing the underlying mechanisms of the two major 685 

seasonal HW regimes. 686 



 687 

Fig. 11 Composite differences in Surface Soil Moisture (m3 m-3) between HW and non-HW days 688 

for (a) NEM, (b) FIM, (c) SWM, and (d) SIM. Stippling denotes grid points where the difference 689 

is statistically significant at the 5% level (Welch’s t-test).  690 

 691 

 692 



4.1.7 Reliability of ERA5 ࢞ࢇ࢓ࢀ for Heat Wave Analysis 693 

The reliability of ERA5 maximum temperature for identifying HW variability is supported by the 694 

station-based validation presented in Section 3.1. Correlations between ERA5 and observed daily 695 𝑇௠௔௫ exceed 0.80 at most stations and 0.90 at several dry-zone stations, indicating that ERA5 696 

captures the temporal evolution of temperature variability across most of Sri Lanka. This level of 697 

agreement is particularly relevant to the present analysis because HWs are identified from 698 

persistent departures from the local temperature climatology rather than from isolated absolute 699 

temperature values. 700 

The validation nevertheless reveals an elevation-dependent component to the ERA5 temperature 701 

bias. Stations in the central highlands generally show a warm bias, whereas some low-elevation 702 

stations exhibit a cold bias. These differences are likely related to the 0.25° spatial resolution of 703 

ERA5, which cannot fully represent the steep elevation gradients and complex terrain of Sri Lanka. 704 

A single grid cell may encompass substantial differences in elevation and land-surface 705 

characteristics, resulting in an imperfect representation of local temperature conditions. Such 706 

limitations are particularly important when interpreting the magnitude of HW intensity over 707 

mountainous areas. 708 

However, the main HW hotspots identified in this study are concentrated in the northern, eastern, 709 

and southeastern dry-zone lowlands, where the station validation indicates relatively strong 710 

agreement between ERA5 and observations. Moreover, the use of a grid-point-specific percentile 711 

threshold reduces the influence of systematic mean temperature biases because HW identification 712 

is based on departures from the local climatological distribution. Consequently, although some 713 

uncertainty remains in the absolute magnitude of 𝑇௠௔௫ , particularly over complex terrain, the 714 

principal spatial patterns and seasonal contrasts in HW occurrence are less sensitive to these biases. 715 

The robustness of the identified hotspots is further supported by the threshold sensitivity analysis. 716 

Increasing the threshold from the primary 95th percentile to the 90th percentile changes the absolute 717 

number of detected events, as expected, but does not substantially alter their spatial distribution. 718 

The northern, eastern, and southeastern dry-zone lowlands remain the dominant hotspots. This 719 

consistency indicates that the principal geographic features of Sri Lankan HW variability are 720 

unlikely to be an artefact of the selected percentile threshold. Together, the station validation and 721 

sensitivity analysis provide reasonable confidence that ERA5 is suitable for examining the spatial 722 



and seasonal characteristics and large-scale drivers of HWs across Sri Lanka, while results over 723 

complex terrain should be interpreted with greater caution. 724 

 725 

4.2 Implications for Climate Risk and Adaptation in Sri Lanka 726 

This study provides the first comprehensive seasonal assessment of HW characteristics and their 727 

physical drivers over Sri Lanka, directly addressing the knowledge gap identified in Sri Lanka’s 728 

Third National Communication (Climate Change Secretariat, 2023). The results demonstrate that 729 

HW risk is not spatially uniform across the island. The eastern, southeastern, and north-central 730 

dry-zone lowlands consistently experience the highest HW frequency, intensity, and persistence, 731 

while the central highlands remain comparatively less affected. Importantly, the FIM and SWM 732 

seasons together expose these dry-zone regions to HW conditions over a substantial fraction of the 733 

annual cycle. 734 

These findings have direct implications for public health, agriculture, water resources, and energy 735 

management. The co-occurrence of extreme heat with rainfall deficits and low humidity suggests 736 

that HW periods are also associated with enhanced drought stress, increasing pressure on irrigation 737 

systems, reservoir storage, and hydroelectric generation (Zscheischler et al., 2020). The results are 738 

therefore highly relevant for climate adaptation planning in Sri Lanka, particularly in sectors 739 

identified as climate-sensitive in national adaptation strategies (Climate Change Secretariat, 2023). 740 

The identification of warm Indian Ocean SST anomalies as a persistent background feature of HW 741 

events further suggests that continued Indian Ocean warming may intensify future HW risk over 742 

Sri Lanka (Rohini et al., 2016). As basin-scale warming continues under climate change, the 743 

atmospheric and thermodynamic conditions favourable for HW development are likely to become 744 

increasingly common, particularly during the FIM pre-monsoon season.  745 

 746 

4.3. Limitations and Future Directions 747 

This study has several limitations that should be considered when interpreting the results. First, 748 

the analysis relies primarily on ERA5 reanalysis, which provides spatially continuous and 749 

dynamically consistent atmospheric fields but has recognized limitations over complex terrain 750 



(Zhao et al., 2023). Validation against 19 independent meteorological stations showed generally 751 

good agreement and high temporal correlations, although elevation-dependent biases were evident, 752 

with larger errors over the central highlands. These discrepancies likely reflect, in part, the 0.25° 753 

spatial resolution of ERA5, which cannot fully resolve the steep elevation gradients and associated 754 

local-scale temperature variability of Sri Lanka’s mountainous interior. The percentile-based HW 755 

definition reduces the influence of systematic temperature biases, and the major HW hotspots 756 

identified in this study are predominantly located in lowland regions where ERA5 performs better. 757 

Nevertheless, some uncertainty remains in the magnitude and spatial structure of HW intensity, 758 

particularly over elevated terrain. Combining station observations with higher-resolution 759 

reanalysis or dynamically downscaled datasets would therefore improve the representation of local 760 

heat extremes in future studies. 761 

Second, the identification of HWs using a percentile-based 𝑇௠௔௫ threshold depends on the choice 762 

of climatological baseline (Fraser-Leonhardt et al., 2026). Because the 1995–2024 study period 763 

encompasses substantial warming over the tropical Indian Ocean, the assumption of a stationary 764 

temperature distribution may influence the estimated frequency and temporal evolution of HWs. 765 

A sensitivity analysis using an alternative 90th-percentile threshold, however, produced broadly 766 

consistent spatial patterns of the major HW hotspots, indicating that the principal geographic 767 

conclusions are robust. Nevertheless, absolute event frequencies and some measures of temporal 768 

variability remain sensitive to the threshold definition. Future studies could therefore compare 769 

fixed and moving climatological baselines or apply non-stationary extreme-value approaches that 770 

explicitly account for the underlying warming trend (Thomas et al., 2023). 771 

Third, the present analysis identifies HWs solely from 𝑇௠௔௫. Although 𝑇௠௔௫ provides a robust 772 

measure of daytime thermal extremes, it does not fully represent human heat stress in a humid 773 

tropical environment, where atmospheric moisture strongly influences evaporative cooling and 774 

physiological heat strain (Khanna & Karan, 2025). The observed reduction in relative humidity 775 

during many HW events indicates a drier boundary layer, but absolute moisture levels may 776 

nevertheless remain sufficiently high to contribute substantially to thermal stress (Simath & 777 

Emmanuel, 2022). Future work should therefore complement temperature-based HW detection 778 

with integrated heat-stress metrics, including wet-bulb temperature, Heat Index, or Apparent 779 

Temperature. Such an approach would provide a more direct assessment of the implications of 780 



humid heat for human health, occupational exposure, and labour productivity across Sri Lanka’s 781 

contrasting climatic regions. 782 

A further limitation concerns the assessment of long-term changes in HW characteristics. The 30-783 

year record is sufficient to characterize recent HW climatology but remains relatively short for 784 

robustly separating forced trends from interannual and decadal variability associated with large-785 

scale climate modes. This limitation is reflected in the relatively weak or statistically insignificant 786 

trends observed for some HW metrics despite their directional changes. Longer observational 787 

records, together with non-stationary extreme-value methods, would help distinguish persistent 788 

changes in HW behaviour from variability associated with natural climate fluctuations. 789 

Finally, the composite analysis identifies a coherent sequence of atmospheric, oceanic, and land-790 

surface anomalies associated with HWs, but the relative contribution and causality of individual 791 

processes remain to be quantified. In particular, the roles of ENSO and the Indian Ocean Dipole 792 

(IOD) in modulating the two identified seasonal HW regimes require explicit investigation. 793 

Similarly, the inferred land–atmosphere feedback could be evaluated more directly using soil 794 

moisture, evapotranspiration, and surface energy-balance observations to quantify the transition 795 

from moisture-limited to sensible-heat-dominated conditions. Future studies should also employ 796 

high-resolution regional climate simulations and multi-model projections to determine how the 797 

FIM radiative and SWM leeward HW regimes may change under continued Indian Ocean 798 

warming. Such analyses would help establish whether the spatial hotspots and seasonal 799 

mechanisms identified here are likely to persist, intensify, or shift under future climate change. 800 

 801 

5 Summary 802 

This study presents the first comprehensive, process-based assessment of seasonal HW variability 803 

in Sri Lanka between 1995 and 2024 and demonstrates that HW development over the island is 804 

strongly controlled by the interaction between monsoonal circulation, topography and coupled 805 

Indian Ocean–atmosphere variability. The results reveal a clear spatial concentration of HW 806 

activity over the dry-zone lowlands of northern, eastern and south-eastern Sri Lanka, where the 807 

highest frequency, intensity and persistence of events occur, while the central highlands remain 808 

comparatively less affected due to elevation-induced cooling and enhanced cloudiness. Two 809 



seasonally distinct HW regimes were identified. The first is a pre-monsoon radiative regime during 810 

the FIM, characterized by the highest proportional contribution of HW days, elevated intensities 811 

and long event durations associated with strong solar heating, weak atmospheric ventilation and 812 

limited cloud development. The second is a leeward monsoon regime during the SWM, in which 813 

the central highlands create a pronounced rain shadow effect that maintains persistently hot 814 

conditions over the eastern and south-eastern lowlands despite active monsoon conditions 815 

elsewhere. Although SWM records the largest number of events in absolute terms due to its longer 816 

seasonal length, FIM represents the season most strongly dominated by HW conditions relative to 817 

its seasonal length. 818 

 819 

The composite analyses further show that Sri Lankan HWs are embedded within a coherent 820 

coupled ocean–atmosphere–land process chain across the northern Indian Ocean. HW days are 821 

consistently associated with enhanced large-scale subsidence, suppressed convection, reduced 822 

cloud cover, positive OLR anomalies, and increased shortwave radiation at the surface, creating 823 

conditions favourable for radiative amplification of near-surface temperatures. These atmospheric 824 

anomalies are accompanied by rainfall deficits, reduced boundary-layer humidity, and warm 825 

Indian Ocean SST anomalies, which together reinforce atmospheric stability, surface drying, and 826 

heat persistence. The results therefore demonstrate that HWs in Sri Lanka are not simply isolated 827 

local temperature extremes, but manifestations of broader regional dynamical and thermodynamic 828 

interactions involving the tropical Indian Ocean and monsoonal circulation system. As Indian 829 

Ocean warming continues under anthropogenic climate change, the background conditions 830 

favourable for both the FIM radiative regime and the SWM leeward regime are likely to intensify, 831 

increasing the risk of more frequent, persistent, and severe HWs across Sri Lanka. These findings 832 

provide an important scientific basis for improving heat-risk assessment, seasonal early-warning 833 

capability, and climate adaptation planning in tropical island environments. 834 
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