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Abstract 39 

Background. This study examines the association between ambient temperature and road-traffic 40 

mortality across Thailand and characterises its pattern: the shape of the association over the local 41 

temperature distribution, and the share of the associated deaths that arises on moderately warm 42 

rather than extreme days. Temperature–mortality research has concentrated on non-accidental 43 

causes. Recent work in Latin America, Japan and China has quantified heat effects on road-44 

traffic and other external-cause deaths, but nationwide evidence from Southeast Asia remains 45 

scarce, and few studies report where across the temperature distribution the associated burden 46 

accrues. 47 

Methods. We analysed 283,847 road-traffic deaths in Thailand's 77 provinces between 1 January 48 

2011 and 24 August 2025, from the integrated RTDDI death file. The exposure dataset was 49 

constructed for this study: 4,514,684 daily station observations from 1,347 stations, harmonised 50 

from two national meteorological networks with per-station quality control, and a 0.1° gridded 51 

reconstruction of daily maximum temperature by inverse-distance weighting from 1,145 stations. 52 

Exposure entered as province-specific percentile bands. We fitted a time-stratified case-53 

crossover design as a conditional Poisson model, stratifying on province × year × month × day-54 

of-week, with cluster-robust variance on province, adjusting for precipitation and the Songkran 55 

and New Year holiday periods; the estimator was implemented for this study and validated 56 

against a Poisson GLM with dense stratum fixed effects (agreement to 5.8 × 10-15). Five pre-57 

specified sensitivity analyses addressed spatial exposure resolution, exposure assigned by crash 58 

rather than death date, exclusion of the Songkran window, consecutive-day heatwave definitions, 59 

and composite humid-heat metrics. 60 
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Results. Mortality risk per day rose from the cold end of the distribution to approximately the 61 

75th local percentile and showed no further increase above it (P75–90 RR 1.045, 95% CI 1.023–62 

1.068; P95–99 RR 1.050, 1.018–1.083; ≥P99 RR 1.041, 0.979–1.108; reference P40–60). A 63 

binary extreme-heat-day contrast gave RR 1.015 (0.992–1.039), because its comparison group 64 

already contains the elevated warm days. The shape persisted when exposure was reassigned at 65 

0.1° spatial resolution using crash coordinates on the identical 107,313 geocoded deaths, despite 66 

a mean absolute difference of 2.95 °C between the two exposure measures, and when exposure 67 

was assigned by crash date rather than death date in the 94,437 deaths where both were available. 68 

It was also unchanged by excluding the Songkran holiday period, by a consecutive-day heatwave 69 

framing across 15 definitions, and by substituting composite humid-heat indices for dry-bulb 70 

temperature. Excess mortality associated with temperatures above the P40–60 reference band 71 

was 4,509 deaths (95% CI 2,581–6,442), 1.59% of all road-traffic deaths. Approximately 72% 72 

of that excess occurred between the 60th and 90th percentiles, whereas only 14.8% 73 

occurred above the 95th percentile. 74 

Conclusions. Road-traffic mortality was higher on warm days than on days of median 75 

temperature, with risk rising from moderately warm temperatures onward and levelling off above 76 

approximately the 75th local percentile. Because moderately warm days are common, they 77 

carried most of the temperature-associated excess: about 72% arose between the 60th and 90th 78 

percentiles and 14.8% above the 95th. Warm weather therefore warrants sustained road-safety 79 

attention across the whole warm season, and not only on the extreme days that heat–health alert 80 

systems are designed to detect, which account for a small share of this burden. 81 

Keywords: ambient temperature; road-traffic injury; case-crossover; heat–health warning 82 

systems; Thailand; motorcyclists. 83 
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1. Introduction 84 

Road-traffic injury kills about 1.25 million people a year worldwide and is among the leading 85 

causes of death in the WHO Western Pacific Region. Injuries as a whole accounted for roughly 86 

249 million disability-adjusted life-years in 2019. 87 

Until recently, environmental epidemiology largely bypassed this burden. The dominant 88 

temperature–mortality literature is about non-accidental causes, a gap stated independently by 89 

several groups: few studies had examined temperature and external causes of death (Pan et al. 90 

2022); most previous work addressed non-accidental morbidity or mortality, with far less on 91 

heat-related accidental events (He et al. 2023); the association and burden of heatwaves on 92 

mechanism-specific injury mortality remained underexplored (Hu et al. 2025); and few 93 

nationwide studies had quantified temperature-related risk and burden for cause-specific injury 94 

(Zhou et al. 2024). 95 

That gap has narrowed. Between 2022 and 2025 it was addressed for Japan, for China, and — 96 

with a 272-city study covering six countries — for Latin America (Hsu et al. 2025). A systematic 97 

review and meta-analysis of 34 high-temperature effect estimates (Liang et al. 2022) established 98 

that the association is real but modest: pooled relative risk 1.025 (95% CI 1.014–1.035) for road-99 

traffic accidents and 1.073 (1.065–1.091) for traffic-accident injuries, with 1.114 (1.092–1.137) 100 

in the mortality subgroup. 101 

Several mechanisms have been proposed: prolonged heat exposure on the road; vehicle 102 

mechanical failure; pavement deterioration; increased traffic volume; emergency services under 103 

strain, with more calls and longer response times; and behavioural change, including impaired 104 

attention and riskier driving. Motorcyclists, cyclists and pedestrians have been argued to be 105 

particularly susceptible, lacking protective enclosures. 106 
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Global burden analyses have gone further, attributing a measurable proportion of road-injury 107 

mortality and disability to high, low and non-optimum temperatures, with substantial geographic 108 

and socioeconomic heterogeneity (Cui et al. 2023). Such aggregate estimates answer how much 109 

burden is attributable to temperature. They do not establish where along the local temperature 110 

range that burden actually occurs. 111 

Three questions motivate this study. 112 

First, evidence from Southeast Asia remains scarce, and road-traffic mortality is absent 113 

from it. None of the 34 effect estimates pooled by Liang et al. (2022) came from Southeast Asia; 114 

their regional subgroups were Europe, Asia — represented by China, Korea, Taiwan, Japan and 115 

Iran — and the USA. A 2026 scoping review of heat-related health impacts across the ten 116 

ASEAN countries (Aung et al. 2026) makes the gap more precise. It screened 851 studies and 117 

included 76, of which 20 involved Thailand — the joint highest of any member state, alongside 118 

Vietnam — so the Thai heat–health literature is comparatively well developed. Yet among the 28 119 

heat-related mortality studies in the region, the outcomes examined were all-cause (n = 19), 120 

cardiovascular (n = 9), respiratory (n = 9), diabetes, malignancy, genitourinary, COVID-19 and 121 

intestinal infection. For Thailand specifically the review records all-cause, cardiovascular, 122 

respiratory, diabetes, genitourinary and neoplasm mortality. Road-traffic mortality does not 123 

appear as a studied outcome, in Thailand or anywhere else in the region. Injury enters the 124 

regional literature only as morbidity, through 39,313 emergency injury visits across 733 facilities 125 

in Hanoi (Le et al. 2024). The review's design profile is also relevant: of the 28 mortality studies, 126 

15 were time-series and only 2 used a case-crossover design, and few were nationwide, the 127 

majority being provincial or multi-provincial. 128 
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Regional work on road traffic specifically is limited in scope. The one directly comparable study 129 

analysed 42,989 injury-causing road-traffic accidents in Singapore between January 2016 and 130 

November 2021 using a time-stratified case-crossover design; it found cooler temperatures 131 

(adjusted OR at 25 °C 1.087, 1.023–1.156) and higher rainfall (adjusted OR at 38 mm 1.168, 132 

1.129–1.208) associated with increased odds, with stronger effects on expressways (Chua et al. 133 

2025). Its outcome is accident occurrence rather than mortality, and Singapore is an equatorial 134 

city-state with a very narrow thermal range. Thailand has one of the world's highest road-death 135 

rates and a vehicle fleet dominated by motorcycles, and the Latin American authors identify the 136 

tropical Global South as the priority gap. Whether ambient temperature is associated with road-137 

traffic mortality in Thailand, and where within the temperature distribution any associated 138 

burden occurs, therefore remains unclear. 139 

Second, few studies have examined where across the temperature distribution the 140 

associated road-traffic mortality burden accrues. Attributable fractions are reported as totals, 141 

and none of the studies pooled by Liang et al. (2022) reported one at all. Whether the associated 142 

excess falls on the extreme days that a heat–health warning system is designed to detect, or 143 

accumulates across ordinary warm days, is a different question from whether an association 144 

exists, and it bears directly on whether threshold-based instruments are well matched to the 145 

problem. 146 

Third, published estimates are difficult to compare. Reported heat relative risks across four 147 

studies range from 1.05 to 1.60, but the four use four different reference temperatures, from the 148 

1st percentile to −12.1 °C. Differences in reference temperature account for an important 149 

component of this apparent between-study variation. 150 
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These questions call for a different design from the one that produced the existing global 151 

estimates. Whereas previous global burden analyses have quantified temporal trends in modelled 152 

road-injury burden attributable to non-optimum temperatures, the present study estimates short-153 

term daily mortality associations with observed temperature, allowing the exposure–154 

response curve and the distribution of excess deaths across the local temperature range to be 155 

characterised. 156 

2. Methods 157 

2.1 Outcome 158 

Deaths came from the RTDDI integrated road-traffic death file (data.go.th/dataset/rtddi, 159 

CC-BY), which merges Ministry of Public Health injury surveillance, Royal Thai Police records, 160 

and Road Accident Victims Protection e-claim data. Of 296,459 records, 283,847 fell within the 161 

analysis window (1 January 2011 – 24 August 2025, the end bounded by the retirement of 162 

NOAA GSOD) and matched a province-day with valid exposure: 77 provinces and 5,340 days 163 

with valid matched exposure data, out of 5,350 calendar days in the window. 164 

Geography is province of death, which is 100% complete. Province of residence was rejected: it 165 

is 0–52% complete depending on year. 166 

2.2 Exposure 167 

Province daily maximum temperature from the Thai Meteorological Department synoptic 168 

network via NOAA GSOD. Sixty-four provinces contain at least one station; the remaining 13 169 

were assigned the nearest station using province centroids from HII telemetry coordinates (12 of 170 

13 within 71 km; Bueng Kan 109 km). Precipitation (GSOD PRCP, province daily mean) was 171 

carried as a confounder. 172 
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Temperature was entered as province-specific percentile bands (<P5, P5–25, P25–40, P40–60 173 

= reference, P60–75, P75–90, P90–95, P95–99, ≥P99), because 36 °C is routine in Ubon 174 

Ratchathani and extreme in Phuket, and as a continuous deviation from the province median. 175 

Lags examined were same-day, mean of lag 0–1, and mean of lag 0–3. 176 

2.3 Design and estimation 177 

Time-stratified case-crossover, fitted as conditional Poisson, with stratum = province × year × 178 

month × day-of-week. Conditioning on the within-stratum total reduces the Poisson likelihood to 179 

a multinomial logit over the days of the stratum: 180 

LL = Σ_s [ Σ_i y_i·η_i − N_s·log Σ_i exp(η_i) ] 181 

fitted by Newton–Raphson with analytic gradient and Hessian (Analysis/condpois.py). The 182 

estimator was validated against a statsmodels Poisson GLM with dense stratum fixed 183 

effects: coefficients agree to 5.8 × 10-15. 184 

By construction the design controls province, season, long-term trend and day-of-week; only 185 

day-to-day variation within a province-month-weekday cell identifies the association. Variance is 186 

cluster-robust on province (77 clusters); model-based standard errors were 1.14–2.0 times too 187 

narrow because daily counts are serially correlated within province. 188 

2.4 Confounders requiring explicit handling 189 

Songkran. Thailand's two road-death peaks are Songkran (11–17 April) and New Year (29 190 

December – 4 January), the "seven dangerous days". Songkran falls at the annual temperature 191 

peak, so month-level stratification does not remove it: within April, Songkran days average 36.1 192 

°C and 0.889 deaths per province-day against 35.9 °C and 0.676 on the rest of April. Both 193 

windows enter as indicators. 194 
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Precipitation. A hot tropical day is largely a rainless day, and rain changes both crash risk and 195 

traffic volume. Models are reported with and without rain terms (rain ≥1 mm, heavy rain ≥20 196 

mm, log(1+mm)). 197 

2.5 Secondary analyses 198 

• Spatial exposure resolution. Crash coordinates were binned to 0.1° cells and daily Tmax 199 

interpolated by inverse-distance weighting (power 2, 30 km radius) from 1,145 TMD/GSOD 200 

and HII stations, then the case-crossover re-run on the identical deaths with strata redefined 201 

on cells. Median cell-to-station distance 10.3 km (7.0 km weighted by deaths). 202 

• Humid heat. RH at the hottest hour estimated as e(Td_mean)/es(Tmax) (Magnus formula, 203 

Alduchov–Eskridge coefficients), then NWS Rothfusz heat index, Steadman apparent 204 

temperature and Stull wet-bulb compared against dry-bulb Tmax on the same rows and 205 

strata, so conditional log-likelihoods are comparable. Effect modification tested by nested 206 

likelihood-ratio test (2 df). 207 

• Heatwaves. Fifteen definitions (thresholds P90, P92.5, P95, P97.5, P99 × minimum 208 

durations 2, 3, 4 days), distinguishing the total effect from the added effect of persistence 209 

net of the day's own temperature (Gasparrini & Armstrong 2011). 210 

• Holiday exclusion. Songkran is both the annual temperature peak and a large mortality 211 

spike, so in addition to adjusting for it the analysis was repeated with the 11–17 April 212 

window removed entirely (7,168 deaths, 2.53% of the total), and again with New Year 213 

removed as well. Constant indicator columns were dropped from those models. 214 

• Crash-date exposure. See Section 2.7. 215 
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• Reference-scale comparability. For cross-study comparison, the identical model was 216 

refitted with the minimum-risk band (<P5) as the omitted category, so confidence intervals 217 

derive from the same cluster-robust covariance rather than from dividing point estimates. 218 

2.6 Excess-mortality estimand 219 

We report excess deaths associated with temperatures above the P40–60 reference band, 220 

computed as Σ_b n_b (1 − 1/RR_b) over bands b with RR_b > 1, where n_b is the observed 221 

number of deaths in band b. Confidence intervals are Monte-Carlo draws (8,000) from the full 222 

cluster-robust covariance of the band coefficients, which are correlated. 223 

Three properties of this estimand are stated explicitly because they affect interpretation and are 224 

not interchangeable with the conventional heat-attributable burden: 225 

1. It is defined against the P40–60 reference band, not against a minimum-mortality 226 

temperature. It therefore answers: how many more deaths occurred in the bands above the 227 

reference band than would be expected had those days carried the risk of the P40–60 band? 228 

2. It is one-sided: bands with RR < 1 contribute zero rather than a negative quantity. The 229 

corresponding two-sided (net) quantity is reported alongside it. 230 

3. It is consequently not comparable to published attributable fractions anchored at a 231 

minimum-mortality temperature without recomputation, which we provide (Section 3.4). 232 

2.7 Crash-date exposure and the crash-to-death interval 233 

DateRec (วนัที่เกิดเหตุ, e-claim) is the crash date per the official dictionary and DeadDate the date 234 

of death. The principal analysis was refitted twice on the same 94,437 individuals, assigning 235 

exposure by death date and by crash date, to quantify exposure-date misclassification directly. 236 
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Two exclusions. The 2561 (2018) file was dropped entirely: its crash-to-death interval is 237 

symmetric over ±320 days (SD 145 days; 61% beyond ±60 days) against SD 10 days and 0.5% 238 

in the adjacent 2562 file, and reversing day/month does not repair it — row misalignment or a 239 

corrupted column, not a date-format problem. Negative intervals (1.11%) and intervals beyond 240 

the 30-day RTDDI definition (1.21%) were also dropped. 241 

DateRec originates in the compulsory motor-insurance e-claim subsystem, so records carrying a 242 

crash date are those matched to a claim: the subset is 53% motorcycle against 41% in the full file 243 

and is not representative. Analyses of the crash-to-death interval itself are reported in 244 

Supplementary Material S3. 245 

2.8 Software and use of AI-assisted tools 246 

All analyses were run in Python. A generative AI tool (Claude, Anthropic) was used, under the 247 

author's direction, to assist with writing and debugging the analysis code and with drafting and 248 

language editing of the text; a second tool (ChatGPT, OpenAI) was used to support review and 249 

revision of the manuscript. The study question, design, analytic decisions and interpretation are 250 

the author's; the author reviewed and verified all code, numerical results and text. The exposure 251 

dataset, the analytic panels and the complete analysis code are openly available (Vieira 2026). 252 

3. Results 253 

3.1 The association is graded and does not increase beyond the 75th percentile 254 

No binary extreme-heat definition isolated an excess (Table 1): ≥P95 RR 1.015 (0.992–1.039); 255 

≥P99 RR 1.006 (0.953–1.063); the lag 0–1 and lag 0–3 means were similar. 256 

The graded model shows why (Table 2, Figure 2). Risk per day rose from the cold end of the 257 

distribution to about the 75th local percentile. Against the P40–60 reference, RR reached 1.045 258 
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(1.023–1.068) at P75–90, and we found no evidence that risk continued to increase beyond 259 

this point: 1.044 (1.015–1.073) at P90–95, 1.050 (1.018–1.083) at P95–99, and 1.041 (0.979–260 

1.108) at ≥P99. The continuous estimate was RR 1.0127 (95% CI 1.0103–1.0152) per 1 °C 261 

increase in Tmax, centred at the province-specific median. 262 

These contrasts are uninformative about heat by construction, not because heat is unrelated to 263 

road deaths: the comparison group — every day below P95 — already contains the elevated 264 

P60–90 days that carry most of the excess. A binary threshold compares warm days with a 265 

mixture that is itself partly warm. 266 

Within the exposed-user group, where power is greatest, no heat band exceeded P75–90 (P90–95 267 

vs P75–90 ratio 0.992, p = 0.72; P95–99 vs P75–90 1.028, p = 0.27; ≥P99 vs P75–90 0.989, p = 268 

0.81). The same held on the absolute scale: against 34–36 °C, 36–38 °C gave 1.023 (0.990–269 

1.058), 38–40 °C gave 1.047 (1.002–1.093), and ≥40 °C gave 1.002 (0.909–1.103). 270 

3.2 The shape persists under fine spatial exposure assignment 271 

Spatial exposure misclassification of Berkson type was the leading candidate explanation for the 272 

flattening, and was examined directly by reassigning exposure at the crash site. 273 

On the same 107,313 geocoded deaths, the cell-level and province-level exposures differ 274 

substantially — correlation 0.752, mean absolute difference 2.95 °C — yet the two exposure–275 

response curves were indistinguishable (Table 3, Figure 3), and the flattening persisted at cell 276 

level (P90–95 vs P75–90 ratio 1.021, p = 0.41; P95–99 vs P75–90 1.019, p = 0.49; ≥P99 vs P75–277 

90 0.952, p = 0.28). This substantial refinement in spatial exposure resolution left the shape 278 

unchanged, making spatial exposure misclassification an unlikely explanation for the 279 

observed plateau. Liang et al. (2022) identify coarse spatial and temporal exposure assignment 280 
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as a shortcoming of this field as a whole and call for work at a finer scale; this analysis provides 281 

that test directly. 282 

The geocoded subsample did show larger RRs than the full sample (≈1.08 versus ≈1.05 at P90–283 

99) — but so did the province-level model fitted on those same deaths. The difference is 284 

composition, not resolution: geocoding is far more complete for motorcycle deaths (69.9%) 285 

than for car occupants (30.5%) or pedestrians (26.7%). 286 

3.3 Neither persistence nor humidity accounts for the shape 287 

Heatwaves. All 15 definitions gave null total effects; the largest was P97.5/≥3 days at 1.030 288 

(0.982–1.080). Under the Hu et al. definition (≥2 consecutive days above P92.5) the total effect 289 

was 1.003 (0.980–1.028). The added effect of persistence, net of the day's own temperature, was 290 

≈0.96 and consistent across three adjustments — at or slightly below unity. There was no 291 

duration–response (day 1 RR 0.998, day 2 1.012, day 3 0.992, day 4+ 1.005). Full grid in 292 

Supplementary Table S2. 293 

Humid heat. Composite humid-heat indices did not improve model fit over Tmax (Δ conditional 294 

log-likelihood −26.0 heat index, −23.3 apparent temperature, −47.6 wet-bulb), and there was no 295 

evidence of temperature–humidity interaction (p = 0.23–0.56 across three humidity measures). 296 

Humidity itself showed an inverse independent association with road-traffic mortality 297 

(dewpoint RR 0.976, 0.968–0.984), and adjusting for it left the exposure–response shape and the 298 

burden distribution unchanged. The per-degree estimate was larger in the wet season (1.0223) 299 

than the dry (1.0080); part of this reflects the narrower wet-season temperature distribution (SD 300 

2.39 vs 3.25 °C), and standardising to one province-SD reduced the excess-risk ratio from 2.8× 301 

to 1.7×. A residual seasonal difference remains unexplained. Detail in Supplementary Material 302 

S1. 303 
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3.4 Most of the associated excess occurs below extreme-heat thresholds 304 

Excess mortality associated with temperatures above the P40–60 reference band was 4,509 305 

deaths (95% CI 2,581–6,442) over 14.6 years = 1.59% (0.91–2.27%) of all road-traffic 306 

deaths, about 308 per year. 307 

The distribution across bands is the substantive result (Table 4, Figure 1). Only 665 of 4,509 308 

deaths — 14.8% — fell in the P95+ bands. Seventy-two per cent accrued in the P60–90 bands, 309 

reflecting the combination of elevated relative risks and the much greater frequency of these 310 

moderately warm days. 311 

Three sensitivity analyses of the estimand (Section 2.6): 312 

Estimand Excess deaths 95% CI Share in P95+ 

vs P40–60, one-sided 

(reported) 
4,509 2,581–6,442 14.8% 

vs P40–60, net of cooler-

day deficit 
1,325 −1,848 to 4,436 — 

vs minimum-risk band <P5, 

one-sided 
15,454 9,177–21,918 8.8% 

 313 

Two points follow. The magnitude of the excess is strongly dependent on the reference band, 314 

ranging from 1.59% to 5.44% of all deaths, and the net quantity relative to the P40–60 band is 315 

not distinguishable from zero — warm-day excess is largely offset by a cool-day deficit. The 316 

distribution, however, is robust: the share occurring above P95 was 14.8% using P40–60 as 317 

reference and 8.8% using the minimum-risk band. Adjusting for humidity gives 4,175 deaths 318 

(1.62%) with 15% in P95+ bands. 319 

3.5 Design validation 320 

The model recovered the expected elevation in mortality during Thailand's two established high-321 

risk road-safety periods: Songkran RR 1.311 (95% CI 1.241–1.384) and New Year RR 1.194 322 

(1.140–1.252). 323 
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Excluding the Songkran window entirely, rather than adjusting for it, left the exposure–response 324 

curve unchanged: P75–90 RR 1.046 (1.024–1.069) against 1.045 in the main model, P95–99 325 

1.050 (1.016–1.084) against 1.050, and the contrasts against P75–90 remained null (P90–95 p = 326 

0.48; P95–99 p = 0.87; ≥P99 p = 0.76). Supplementary Material S5. 327 

3.6 Exposure assigned by crash date gives the same shape 328 

Because crash dates are unavailable after 2021, the main analysis uses date of death. Refitting on 329 

the same 94,437 individuals under both assignments (Table 5) showed no attenuation: death-date 330 

point estimates were if anything slightly higher, with overlapping intervals throughout, and the 331 

shape — rise to P75–90, then no further increase — was preserved under both. With 76.7% of 332 

deaths occurring the same day and temperature strongly autocorrelated, the two assignments 333 

largely coincide. 334 

In the same subset, higher crash-day temperature was not associated with a shorter crash-to-335 

death interval (adjusted OR for same-day death 0.998 per +1 °C, 0.989–1.006, p = 0.62). 336 

Supplementary Material S3. 337 

3.7 Comparison on a common reference scale 338 

Refitting against the minimum-risk band moves the all-deaths P95–99 estimate from 1.050 to 339 

1.106 (1.062–1.151), against 1.16 in Latin America. By road-user type, our motorcyclist 340 

estimate — 1.193 (1.126–1.265) at P95–99 — is close to the 1.24 reported at P95 for Latin 341 

American motorcyclists. Our estimate for enclosed-vehicle occupants shows no association at 342 

any band (P95–99 1.025, 0.928–1.131), where Latin America reports 1.14. Full table in 343 

Supplementary Table S4. 344 
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Comparisons with Hsu et al. are restricted to point estimates because a published Author 345 

Correction identified an error in the confidence intervals reported in their Table 2; point 346 

estimates and study conclusions were unaffected. 347 

4. Discussion 348 

4.1 Principal findings 349 

In this hot tropical setting, ambient temperature was associated with road-traffic mortality per 350 

day, but we found no evidence that risk continued to increase above approximately the 75th local 351 

percentile. The gradient below that point is precise and robust; it is the absence of further rise 352 

above it, together with the resulting distribution of the associated excess, that constitutes the 353 

contribution. 354 

Four analyses that might have accounted for the flattening did not. It persisted under 355 

substantially finer spatial exposure assignment on identical deaths, making spatial 356 

misclassification an unlikely explanation — and note that Hsu et al. attribute the taper they 357 

observe on the absolute scale to sparse data at the extremes. It persisted under a consecutive-day 358 

heatwave framing across 15 definitions, under substitution of humid-heat indices for dry-bulb 359 

temperature, and under exposure assigned by crash date rather than date of death. 360 

4.2 Behavioural and exposure pathways 361 

The shape we observe — a rise beginning at moderately warm temperatures that does not 362 

continue into the extremes — is difficult to reconcile with a purely physiological account, and 363 

the existing literature offers a plausible behavioural pathway that could contribute to this pattern. 364 

Pan et al. (2022) argue that associations between temperature and external causes of death may 365 

be strongly influenced by human behaviour, invoking this to explain why their lag–response 366 
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patterns were shorter than those typical for non-accidental mortality. They note that people 367 

engage in more outdoor activities in warmer conditions and that, for transport specifically, 368 

driving performance deteriorates at warm temperatures. In their Japanese data the transport-369 

mortality relation increased monotonically across the temperature range (RR 1.60, 95% CI 370 

1.35–1.90 for heat), which is a useful contrast with the plateau we observe (Section 4.3). Zhou et 371 

al. (2024) make a closely related argument for injury hospitalisations: alongside thermal 372 

discomfort and its consequences for fatigue, concentration and judgement, they propose that 373 

under moderate heat conditions people tend to have more outdoor activities, thereby 374 

increasing the likelihood of injury. 375 

Both components fit what we observe. A mechanism operating through greater mobility and 376 

outdoor activity could engage at moderately warm temperatures rather than require extreme heat, 377 

which is where our association begins; and one operating through degraded driving performance 378 

could plausibly affect all road users rather than only those without protective enclosure, 379 

consistent with our finding that exposed and enclosed users are not distinguishable in any heat 380 

band (Section 4.3). The increase from moderately warm temperatures onward may therefore 381 

partly reflect changes in population exposure and behaviour, not only physiology. 382 

The plateau invites the complementary hypothesis: that at the upper end of the Thai temperature 383 

distribution, behavioural adaptation or reduced exposure offsets any further increase in per-trip 384 

risk, so that risk per day stops rising. We state this explicitly as a hypothesis generated by the 385 

present findings, not as an inference from the cited work. Neither Pan et al. nor Zhou et al. 386 

examined whether mobility declines under extreme heat, and neither should be read as evidence 387 

that it does; their contribution here is to establish that behaviour is a plausible and probably 388 

important pathway for temperature and external causes generally. Testing the hypothesis requires 389 
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mobility or traffic-volume data, which we did not have — the same gap identified in Section 4.5, 390 

where we note that a within-stratum decline in circulation on the hottest days would produce 391 

exactly this pattern. 392 

The closest external evidence on shape comes from the one injury study in the region. In Hanoi, 393 

Le et al. (2024) modelled 39,313 emergency injury visits against daily mean temperature (range 394 

10.6–38.5 °C) and found a curve referenced at 15 °C peaking at 33 °C (RR 1.3, 1.2–1.6); among 395 

males, it "increases to 33 °C, at which point the association decreases in an inverted U-shape 396 

response", with 33 °C well inside their observed range rather than at its edge. That is an interior 397 

maximum followed by decline, in a tropical Southeast Asian city, for an injury outcome — the 398 

nearest independent parallel to the shape we report. Three differences limit it: their outcome is 399 

emergency-visit morbidity, not mortality; their 33 °C is a daily mean and not comparable to our 400 

35.5 °C daily maximum; and their female curve instead reached its highest value at the highest 401 

temperatures, with intervals the authors flag as imprecise. 402 

The other tropical road-traffic case-crossover points the opposite way: in Singapore, Chua et al. 403 

(2025) report higher odds of injury-causing accidents at cooler temperatures and with higher 404 

rainfall. Their outcome is accident occurrence rather than death, and Singapore is equatorial, 405 

with a thermal range narrow enough that cool days are largely rainy days, making temperature 406 

and rainfall difficult to separate. Thailand spans a much wider range with a distinct dry season, 407 

and our precipitation terms were themselves null while the temperature gradient persisted. The 408 

divergence plausibly reflects outcome definition and the confounding structure of an equatorial 409 

climate rather than a contradiction about heat. 410 

Non-linear temperature–health relationships are also the norm rather than the exception in this 411 

region: the ASEAN scoping review reports J-shaped, U-shaped, V-shaped, M-shaped and 412 
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inverse-S-shaped associations across outcomes and countries, with the shape varying by outcome 413 

and setting (Aung et al. 2026). A departure from monotonicity in Thai data is therefore not 414 

anomalous in regional terms. 415 

Behavioural avoidance of outdoor heat is documented there as a regional phenomenon rather 416 

than a speculative one: the review invokes "behavioural change during extreme heat days, such 417 

as spending time indoor and air-conditioning" to explain null findings in ASEAN studies. That is 418 

offered in the context of effect modification by air pollution rather than of curve shape, and 419 

neither the review nor the studies it summarises examined travel behaviour, so it supports the 420 

plausibility of the pathway and not the specific claim that reduced mobility explains our plateau. 421 

Flattening is also not unprecedented even where the overall relation is not flat: Zhou et al.'s total-422 

injury curve was approximately linear, but the curve for head and neck injuries became constant 423 

in high temperature ranges. None of this displaces the central interpretation. Whether the 424 

operative mechanism is behavioural, physiological or a combination, the association we 425 

document is one of warm weather rather than extreme heat. 426 

Pan et al., Zhou et al. and Le et al. all use daily mean temperature, whereas we use daily 427 

maximum, so absolute temperatures are not comparable across these studies — a further reason 428 

to compare on the percentile scale. 429 

4.3 Relation to published estimates 430 

Our estimates are closely in line with the pooled literature. The meta-analysis of Liang et al. 431 

(2022) reports a pooled relative risk of 1.050 (1.017–1.084) for high temperature versus a 432 

reference temperature in traffic-accident-injury studies — essentially identical to our P95–99 433 

estimate of 1.050 (1.018–1.083) — and a pooled per-degree estimate of 1.008 (1.001–1.021) for 434 

road-traffic accidents, within which our 1.0127 (1.0103–1.0152) per +1 °C falls. This reframes 435 
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the comparison that follows: relative to the body of published evidence, it is the Latin American 436 

estimate of 1.16 that lies above the pooled value, not ours that lies below it. 437 

Read at face value, our P95–99 RR of 1.050 is well below the 1.16 reported for Latin America. 438 

Much of that difference is attributable to reference choice: our estimate is anchored at the median 439 

band and theirs at the minimum-mortality percentile. Placed on a common scale, our 440 

motorcyclist estimate is consistent with theirs. More generally, differences in reference 441 

temperature account for an important component of the apparent between-study variation in 442 

effect estimates across this literature, and comparisons of raw relative risks across studies should 443 

be interpreted with that in mind. 444 

Two differences survive re-referencing. 445 

Shape. We observed no increase above P75; Hsu et al. report a monotonic rise on the percentile 446 

scale, Pan et al. a monotonic transport-mortality relation in Japan, and Zhou et al. an 447 

approximately linear one in China. Japan and China are temperate settings with considerably 448 

greater thermal range. Notably, Hsu et al.'s own hottest climate cluster is itself flat, at 1.16 at 449 

both P95 and P99. We therefore offer a hypothesis rather than a contradiction: one possibility is 450 

that saturation is more likely to emerge in hot tropical environments, where the upper tail 451 

represents a smaller departure from an already high thermal baseline. Indirect support comes 452 

from He et al., who found road traffic had the smallest projected increment among accidental 453 

causes under warming, and from the meta-analytic subgroup analysis of Liang et al. (2022): 454 

among traffic-accident-injury studies, those conducted in settings with a mean temperature above 455 

20 °C gave a pooled relative risk of 1.024 (0.972–1.078), against 1.325 (1.125–1.561) in settings 456 

at or below 20 °C. That ordering is what a baseline-dependent association would produce, but it 457 

rests on four and two studies respectively, with substantial residual heterogeneity, and the 458 
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corresponding subgroups for road-traffic accidents do not show the same ordering — so it is 459 

suggestive rather than confirmatory. This hypothesis could be tested across populations spanning 460 

different baseline climates and thermal ranges. 461 

Enclosed-vehicle occupants. Hsu et al. report an association among motor-vehicle occupants 462 

(1.14 at P95); we observed none. This is a difference in point estimates rather than a formally 463 

tested discrepancy (Section 3.7). This bears on mechanism, because an association that reaches 464 

occupants of air-conditioned vehicles is difficult to attribute to direct thermal exposure of the 465 

road user and is more consistent with the mechanisms acting on all road users discussed in 466 

Section 4.2 — degraded driving performance, traffic volume, pre-hospital care under strain. Our 467 

precision in this group is substantially lower (26,033 deaths against 126,668 exposed), so the 468 

difference may reflect power rather than a genuine contrast. 469 

We emphasise that our data do not support the protective-enclosure hypothesis. Although the 470 

linear term differs between exposed and enclosed users (1.0181 vs 1.0028, p = 0.0002), 471 

estimating the full curve by group shows the two are not distinguishable in any heat band (p = 472 

0.21–0.55); the only clear divergence is at the cold end. We report this comparison as 473 

exploratory. 474 

Age. Latin America and China report risk highest in the young; we observed a U-shape with the 475 

maximum in those aged 65+ (1.0193) and the minimum in the middle-aged (1.0069). Because 476 

the pattern is U-shaped rather than inverted, this is not a direct contradiction, but it is 477 

unexplained; candidate explanations include mode composition by age, occupational exposure, 478 

and Thailand's rapid population ageing across the study period. 479 

4.4 Implications for heat–health warning systems 480 
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Global burden analyses quantify how much road-injury burden is attributable to non-optimum 481 

temperature (Cui et al. 2023), but not where across the temperature range it accrues — and it is 482 

the latter that determines whether a threshold-based instrument is well matched to the problem. 483 

Heat–health warning systems are built on thresholds — a temperature or percentile above which 484 

alerts fire. Only 14.8% of the estimated temperature-associated excess occurred on days above 485 

the 95th percentile, and 8.8% when the estimand is anchored at the minimum-risk band. This 486 

suggests that interventions restricted to extreme-heat days would target temperature conditions 487 

accounting for only a small fraction of the estimated temperature-associated excess mortality. 488 

This is an argument about targeting, not about importance. The association with temperature is 489 

present, precisely estimated and, in aggregate, substantial; what the distribution shows is that it 490 

accrues mainly on days that are unremarkable enough to fall below any extreme-heat threshold. 491 

Read the other way round, the same result says that a large share of the temperature-associated 492 

burden sits on days that are frequent, predictable and already part of the ordinary operating 493 

conditions of the road system — which is an argument for sustained warm-season road-safety 494 

measures rather than for fewer measures. 495 

We are not estimating the effectiveness of any intervention. A warning system could alter 496 

behaviour, exposure or risk on subsequent days, and our design speaks to the distribution of 497 

associated deaths across temperature bands, not to what any programme would avert. What the 498 

distribution does suggest is that instruments calibrated to the warm season as a whole merit 499 

consideration alongside threshold-triggered alerts. The Songkran result (RR 1.311) is instructive 500 

by contrast: a date-bounded window of known elevated risk of that magnitude is well matched to 501 

a targeted campaign, and Thailand already runs one. 502 

4.5 Limitations 503 
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• No traffic-volume denominator, which conditions the principal finding. The design 504 

estimates risk per day, not per vehicle-kilometre. Because the stratum absorbs province, year, 505 

month and day-of-week, only daily traffic volume would help, and no daily provincial series 506 

is published for Thailand. The shape of the association is also at risk: if travel declines on the 507 

hottest days, risk per trip could continue to rise where risk per day does not, and the observed 508 

plateau would reflect the denominator. This is also the quantity required to test the 509 

behavioural-adaptation hypothesis advanced in Section 4.2. We therefore state the finding as 510 

applying to mortality per day. Daily provincial counts of non-fatal injuries would resolve 511 

this, by allowing deaths/(deaths+injuries) to be modelled, in which traffic volume cancels. 512 

We note that Hsu et al. face the same limitation and cite evidence that adjustment for 513 

temporal trends and day-of-week yields results consistent with analyses that do include 514 

traffic-volume data; that argument bears on the level of the association rather than on its 515 

shape, which is what concerns us here. 516 

• Alcohol is unmeasured and is plausibly on the causal pathway between heat and crashes. 517 

• Vehicle type is unspecified for 46% of records, so road-user analyses rest on the classified 518 

subset. 519 

• Helmet and seatbelt fields are effectively empty — absent in 13 of 16 years and 4–9% 520 

complete in the other three. 521 

• The geocoded subsample is not representative: crash coordinates are absent after 2023 and 522 

differentially present by road-user type. 523 

• The crash-date subset is not representative either: it is 53% motorcycle against 41% in the 524 

full file. 525 
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• Exposure is station-based, from an unevenly distributed network, and 13 provinces use a 526 

proxy station. 527 

• The residual wet-season/dry-season difference is unexplained after adjustment for scale, 528 

rain and humidity. 529 

• The excess-mortality estimand is reference-dependent (Section 3.4); magnitudes are not 530 

comparable to published attributable fractions without recomputation. 531 

5. Conclusion 532 

Warm days carry a higher risk of road-traffic death in Thailand. Relative to days of median 533 

temperature, mortality was about 3% higher on days in the P60–75 band and about 4–5% higher 534 

from P75 upward, with no evidence of further increase beyond that point. Because moderately 535 

warm days are far more numerous than extreme ones, they account for most of the temperature-536 

associated deaths: approximately 72% of the estimated excess arose between P60 and P90, 537 

against 14.8% above P95. This pattern held under fine spatial exposure assignment, crash-date 538 

exposure assignment, exclusion of the Songkran holiday, consecutive-day heatwave definitions 539 

and humid-heat metrics. 540 

The practical implication is that warm weather deserves sustained road-safety attention 541 

throughout the warm season — the period in which most of this burden arises — rather than 542 

attention concentrated on the rare days that cross extreme-heat alert thresholds, which carry a 543 

small share of it. That the association does not intensify further at the top of the temperature 544 

range is a finding about where to act, not a reason to act less. 545 

  546 
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Tables 547 

Table 1. Binary extreme-heat-day definitions, on the same 283,847 deaths as Table 2. 548 

Percentiles are province-specific; 5.2% of province-days reach P95 and 1.1% reach P99. 549 

Definition RR (95% CI), rain-

adjusted 
p RR (95% CI), 

unadjusted 
p 

Tmax ≥ province 
P95, lag 0 

1.015 (0.992–1.039) 0.210 1.022 (0.999–1.046) 0.064 

Tmax ≥ province 
P99, lag 0 

1.006 (0.953–1.063) 0.826 1.013 (0.959–1.070) 0.645 

mean of lag 0–1 ≥ 
P95 

1.012 (0.987–1.038) 0.345 1.018 (0.993–1.044) 0.152 

mean of lag 0–3 ≥ 
P95 

1.008 (0.983–1.034) 0.538 1.013 (0.987–1.039) 0.338 

 550 

The rain-adjusted column is the one comparable to Table 2 and to the headline estimates. 551 

Table 2. Exposure–response by province-specific percentile band of daily maximum 552 

temperature. Reference P40–60; adjusted for precipitation, Songkran and New Year; cluster-553 

robust on province. n = 283,847 deaths. 554 

Band Mean Tmax (°C) Deaths RR (95% CI) 

<P5 27.0 14,506 0.950 (0.924–0.976) 

P5–25 30.5 56,619 0.968 (0.952–0.985) 

P25–40 32.2 41,861 0.987 (0.969–1.006) 

P40–60 (reference) 33.2 56,040 1.000 

P60–75 34.2 42,857 1.033 (1.017–1.049) 

P75–90 35.5 43,186 1.045 (1.023–1.068) 

P90–95 36.9 14,362 1.044 (1.015–1.073) 

P95–99 38.1 11,412 1.050 (1.018–1.083) 

≥P99 39.8 3,004 1.041 (0.979–1.108) 

 555 

Continuous: RR 1.0127 (1.0103–1.0152) per 1 °C increase in Tmax, centred at the province-556 

specific median. 557 
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Table 3. Cell-level versus province-level exposure, fitted on the identical 107,313 geocoded 558 

deaths, 2012–2023. Correlation between the two exposures 0.752; mean absolute difference 2.95 559 

°C. 560 

Band Cell-level (0.1°) Province-level, same deaths 

<P5 0.945 (0.907–0.983) 0.962 (0.926–1.000) 

P5–25 0.966 (0.942–0.991) 0.965 (0.941–0.989) 

P25–40 1.016 (0.991–1.041) 1.012 (0.987–1.037) 

P40–60 (reference) 1.000 1.000 

P60–75 1.033 (1.006–1.060) 1.061 (1.035–1.088) 

P75–90 1.062 (1.034–1.090) 1.056 (1.028–1.085) 

P90–95 1.084 (1.041–1.128) 1.074 (1.032–1.119) 

P95–99 1.082 (1.033–1.134) 1.086 (1.039–1.136) 

≥P99 1.011 (0.929–1.100) 1.082 (0.992–1.181) 

 561 

Table 4. Excess deaths associated with temperatures above the P40–60 reference band, by band, 562 

and sensitivity of the estimand. 563 

(a) Band decomposition 564 

Band RR Deaths in band Excess deaths Share of excess 

P60–75 1.033 42,857 1,371 30.4% 

P75–90 1.045 43,186 1,874 41.6% 

P90–95 1.044 14,362 599 13.3% 

P95–99 1.050 11,412 546 12.1% 

≥P99 1.041 3,004 119 2.6% 

Total   4,509 100% 

of which ≥P95   665 *14.8% 

 565 

(b) Estimand sensitivity 566 

Estimand Excess deaths 95% CI % of all deaths Share ≥P95 

vs P40–60, one-sided 

(reported) 
4,509 2,581–6,442 1.59% 14.8% 

vs P40–60, net of 

cooler-day deficit 
1,325 −1,848 to 4,436 0.47% — 

vs minimum-risk 

band <P5, one-sided 
15,454 9,177–21,918 5.44% 8.8% 
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 567 

Table 5. Exposure assigned by date of death versus date of crash, fitted on the same 94,437 568 

individuals, 2011–2021. 569 

Band By death date By crash date 

<P5 0.950 (0.908–0.995) 0.935 (0.886–0.986) 

P5–25 0.962 (0.940–0.985) 0.960 (0.934–0.988) 

P25–40 1.003 (0.975–1.032) 0.996 (0.968–1.024) 

P40–60 (reference) 1.000 1.000 

P60–75 1.047 (1.020–1.076) 1.027 (0.996–1.060) 

P75–90 1.070 (1.036–1.106) 1.048 (1.014–1.084) 

P90–95 1.051 (1.001–1.103) 1.040 (0.990–1.093) 

P95–99 1.071 (1.011–1.136) 1.013 (0.963–1.066) 

≥P99 1.128 (1.036–1.229) 1.069 (0.982–1.163) 

 570 

Figures 571 

Figure 1. Distribution of the associated excess deaths across temperature bands, compared with 572 

the share of all province-days falling in each band. Bands above the 95th percentile are 573 

highlighted. 574 
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 575 

Figure 2. Exposure–response curve for road-traffic mortality by province-specific percentile 576 

band of daily maximum temperature, with 95% confidence intervals. Reference band P40–60. 577 

The dashed vertical line marks the point above which there was no evidence of further increase 578 

in risk; it was identified from the estimates and was not specified in advance. 579 
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 580 

Figure 3. Exposure–response curves estimated at cell level (0.1°) and at province level on the 581 

identical 107,313 geocoded deaths, with 95% confidence intervals. 582 
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Supplementary Material 584 

S1. Humid heat — metrics, nested interaction tests, seasonal standardisation. S2. Heatwave grid 585 

— 15 definitions, total and added effects, duration–response. S3. Crash-to-death interval — 586 

descriptives, logistic, spline, Cox, subgroups. S4. Minimum-risk-referenced estimates by road-587 

user type. S5. Sensitivity analyses — proxy stations, pre/post-COVID, Tmean, season, and 588 

exclusion of the Songkran and New Year windows. 589 
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