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Background—Higher ambient temperature and air pollution may contribute to increased risk of 

behaviors harmful to oneself or to others; however, quantitative evidence is limited. We examined 

the relationship of deaths due to suicide and homicide with temperature and air pollution in 

California—a state prone to high levels of both exposures.

Method—California death certificates from 2014 to 2019 were used to identify deaths due 

to suicide and homicide. Residential data for decedents were used to assign exposure to daily 

temperature (maximum[Tmax], minimum[Tmin]) and daily average air pollution concentrations 

(particulate matter <10 μm[PM10] and <2.5 μm[PM2.5], nitrogen dioxide[NO2], ozone[O3]). 

Tmin served as a surrogate for nighttime temperature. A time-stratified case-crossover study 

design using conditional logistic regression was used to assess the effects of daily exposure to 

temperature and air pollutants on suicide and homicide mortality, adjusting for relative humidity. 

Effect modification by sex and age was assessed.

Results—We observed 24,387 deaths due to suicide and 10,767 deaths due to homicide. We 

found a monotonic temperature association for both outcomes. A 5°C increase in Tmax at lag-2 

and Tmin at lag-0 was associated with 3.1% (95% confidence interval [CI]: 1.1%–5.2%) and 3.8% 

(95%CI: 0.9%–6.8%) increased odds of death due to suicide, respectively. The increased odds 

of homicide mortality per 5°C increase in Tmax at lag-0 and Tmin at lag-1 were 4.9% (95%CI: 

1.6%–8.1%) and 6.2% (95%CI: 1.6%–11.0%), respectively. No air pollutant associations were 

statistically significant. Temperature associations were robust after adjustment for PM2.5. Some 

temperature effects were larger among women for suicide and men for homicide mortality, and 

among those over age 65 years for both outcomes.

Conclusion—Risk of suicide and homicide mortality increases with increasing daily ambient 

temperatures. Findings have public health relevance given anticipated increases in temperatures 

due to global climate change.
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INTRODUCTION

Violent behavior is a major public health problem in the United States (US) and worldwide. 

Deaths due to suicide and homicide (commonly referred to as violent deaths) are a major 
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cause of premature death for young adults in the United States (CDC, 2019). For persons 

aged 10-24 in 2017, suicide and homicide followed closely behind unintentional injuries, 

with suicide ranking second and homicide ranking as the third leading cause of death 

(Heron, 2019).

Climate change affects a wide range of human health outcomes. Recent evidence has 

elucidated the impacts of climatic conditions, such as changes to high temperature, excessive 

precipitation and drought, on behavioral and mental health related outcomes (Burke et al., 

2018; To et al., 2021). The rise of air pollution and temperature due to climate change 

is highly relevant for many areas around the world, including the western United States 

(McClure and Jaffe, 2018; Xie et al., 2022). California in particular is prone to elevated 

temperatures and associated increased frequency and severity of wildfires (Williams et al., 

2019), which affects air quality by increasing concentrations of particulate matter.

Unlike other health outcomes, there is limited quantitative evidence on the associations 

between climatic conditions (and their impacts) and mental health related outcomes. 

Several studies have observed associations between temperature and air pollution with 

violent deaths (Burkhardt et al., 2020; Gates et al., 2019; Helama et al., 2013; Kim et 

al., 2011; Liu et al., 2021; Thompson et al., 2018), and recent work suggests that these 

associations vary by location. (Xu et al., 2020). Xu et al. (2020) recently examined the 

effect of increased temperature on death due to homicide in nine US cities and found 

associations only in Chicago and New York. A California study reported an increase in 

emergency department visits for mental health related outcomes, including depression, self-

harm/suicide, and homicide/inflicted injury associated with daily mean levels of PM2.5 and 

O3 (Nguyen et al., 2021). Regional-scale studies are needed to characterize the associations 

between environmental factors and violent deaths. California is a climate vulnerable area: 

since the 1970s, the state has experienced a progressive increase in average summertime 

temperature of approximately 1.4 °C (Williams et al., 2019). Wildfire is one of the major 

drivers of increased air pollution concentration in the Western United States (McClure 

and Jaffe, 2018). Yet, studies that have evaluated associations between temperature and air 

pollution with violent deaths lacked fine temporal resolution. An ecological study reported 

an association between monthly average temperature and suicide rate in five California 

counties; however, monthly average data limits the ability to examine acute effects (Cheng et 

al., 2021). Notably, no previous study has comprehensively studied the effect of both daily 

temperature and air pollution on the risk of suicide and homicide mortality across the state 

of California.

In this study, we examined the associations between acute temperature and air pollution 

exposure with deaths due to suicide and homicide, and potential effect modification by 

sex and age. We leveraged six years of mortality data in California and used decedent’s 

residential address information to estimate exposure to temperature and air pollution on the 

day of death, as well as on each of the seven preceding days.
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METHODS

Study Design

A time-stratified case-crossover study design was used to assess the relationship between 

temperature (Tmax and Tmin) and air pollution (particulate matter <10 μm [PM10] and <2.5 

μm [PM2.5], nitrogen dioxide [NO2], ozone [O3]) with suicide and homicide mortality. This 

study design allows individuals to serve as their own control, thus allowing for control of 

all time-independent (within the same month) factors such as age, race/ethnicity, education 

level, pre-existing chronic disease, and socioeconomic status. Rather than recording case 

individuals, case days are used. Case days are the day of an individual’s death, and control 

days are days in the weeks prior to or following the individual’s death within the same 

month and falling on the same day of the week. For example, if an individual’s death 

occurred on the third Tuesday of March 2017, the first, second, and fourth Tuesdays of 

March 2017 were used as control days.

Definition of Outcome

The California Department of Public Health’s vital statistics provided death certificate 

data for deaths due to all causes occurring in California from 1 January 2014 to 31 

December 2019, supplying demographical data related to the decedent. Using the 10th 

revision of the International Classification of Diseases (ICD-10), these data were subset to 

specific immediate causes of death listed on the decedent’s death certificate: deaths due to 

suicide and homicide. Suicide was defined as intentional self-harm through various methods 

(ICD-10 codes X60 -X84, Y87.0), while homicide was characterized as assault through 

several means, including sequelae of assault (ICD-10 codes X85-Y09, Y87.1). Management 

and analysis of these data were approved by the Committee for the Protection of Human 

Subjects for the state of California.

Exposure Assessment

Data for temperature, defined as continuous daily temperature measured in degrees 

Celsius (°C), were assessed using daily gridMET, a gridded re-analysis dataset estimating 

daily meteorological conditions for the continental United States with 4 km resolution 

(Abatzoglou, 2013). Using nearest grid points, census tracts were assigned daily maximum 

(Tmax) and minimum (Tmin, a surrogate for nighttime) temperatures, and corresponding 

relative humidity (RHmax and RHmin also from gridMET) during the years 2014 to 2019. 

Air pollutants examined include daily (24-hour) mean concentrations of PM2.5, PM10, 

and NO2 and daily maximum 8-hour average O3. Ambient pollutant concentrations were 

based on data from the ambient air quality monitoring system obtained from the US 

Environmental Protection Agency’s Air Quality System for 2014 to 2019. Estimates of 

pollutant concentration for census tract population weighted centroids were based on inverse 

distance squared weighting of observations from up to four nearby (<50 km) monitoring 

locations (Wong et al., 2004). Prior work by our group has validated this approach for 

estimating exposure at census tract resolution (Eckel et al., 2016). Decedents’ residential 

census tracts obtained from the death certificates were used for linkage with exposure data. 

We examined same day (lag 0) through up to seven days prior (lag 7) exposure, with each 

lag examined in a separate model.
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Statistical Analysis

Conditional logistic regression models were fit to assess the effects of temperature (Tmax and 

Tmin) and air pollution (PM10, PM2.5, NO2, and O3) on suicide and homicide. Specifically, 

conditional logistic regression models were used to evaluate the association between deaths 

due to suicides and homicides with temperature and air pollution for each exposure-outcome 

pairing separately. Single exposure models of temperature and each pollutant across all lag 

days were evaluated. Potential nonlinearity was examined by plotting exposure–response 

(E–R) curves using a natural cubic spline with 3 degrees of freedom (df). Additionally, 

potential nonlinearity was tested by including a polynomial terms (i.e., quadratic, cubic) for 

exposure in the models. We performed a single-day lag model (i.e., a linear parameterization 

for each of the individual lags) for temperatures and air pollutants. Further, a distributed 

non-linear lag model (DLNM) was also applied to estimate the cumulative effects of lag 

exposures days (Gasparrini, 2011; Gasparrini et al., 2010). With DLNM, we modeled the 

nonlinear exposure-outcome associations using natural spline functions. The df for the 

natural spline was chosen based on lowest Akaike information criterion (AIC) value. Based 

on AIC, the linear model provided the best fit. The general form of the case-crossover 

conditional logistic model is logit(logit(πm(x)) = β0 + βEXE + ns(XRH) + βSXS where πm is either 

suicide or homicide mortality, XE is one of the exposures (either temperature or a pollutant), 

XRH is relative humidity, ns(XRH) denotes a natural cubic spline with 3 degrees of freedom, 

and XS is any additional covariates included for sensitivity analyses as mentioned below.

Effect modification by sex and age was also evaluated. Studies report that the elderly are 

more susceptible to high temperatures (Gronlund et al., 2016; Hopp et al., 2018; Kim et al., 

2011; Son et al., 2011; Wang et al., 2016); however, a growing recent literature suggests 

that the largest temperature effects might be found among younger adults and middle aged 

populations (Kingsley et al., 2016; Sun et al., 2021; Zhao et al., 2017). To examine the 

temperature effects on suicide or homicide mortality among young adults, middle aged, and 

older adults we conducted an age interaction model by categorizing age into the following 

groups: ≤24 years, 24–65 years, and ≥65 years. Wald chi-squared tests were performed to 

assess the interaction. All models were adjusted for same lag day relative humidity using 

a natural cubic spline with 3 df to control for potential confounding (Kim et al., 2010; 

Lin et al., 2016; Xu et al., 2020). For air pollution models, we adjusted for same lag day 

temperature (with natural cubic spline of 3 df) in addition to relative humidity of same lag 

day. Temperature effects may be confounded by air pollution, particularly PM2.5 (Rahman 

et al., 2022; Tian et al., 2019), thus in a sensitivity analysis, both Tmax and Tmin models 

were adjusted for PM2.5 to evaluate the robustness of association. O3 may be on the causal 

pathway between temperature and health (Massazza et al., 2022; Reid et al., 2012), thus we 

did not adjust for O3 in models for temperature effects.

Odds ratios (OR) of suicide or homicide mortality (separately) associated with a 1°C 

increase in temperature and an inter-quartile range increase in air pollutant concentrations 

are reported. All analyses were performed using R Statistical Software (v3.5.2; R Core Team 

2021). R packages “survival”, “splines”, and “dlnm” were used for data analysis.
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RESULTS

From 1 January 2014 to 31 December 2019 we identified 1,514,292 deaths in the state of 

California. Of these, 24,387 were due to suicide and 10,767 were due to homicide (Table 1). 

The mean (standard deviation) age at death due to suicide was 48.9 (19.3) years and at death 

due to homicide was 35.3 (16.0) years. For both outcomes, more decedents were men than 

women.

Descriptive statistics for temperature, relative humidity, and air pollutants on both case and 

control days for each outcome are presented in Table 1. The mean Tmax on days when 

suicide and homicide deaths occurred was 24.3°C and 24.6°C, respectively. For suicide 

mortality, the mean concentrations of PM10, PM2.5, NO2, and O3 on case days were 25.9 

μg/m3, 10.1 μg/m3, 10.4 ppb, and 43.5 ppb, respectively. For homicide mortality, the mean 

concentrations of PM10, PM2.5, NO2, and O3 on case days were 28.3 μg/m3, 10.8 μg/m3, 

11.5 ppb, and 43.5 ppb, respectively.

We observed a monotonic association between daily temperature and increased odds of 

death due to suicide and homicide, with no clear evidence of a threshold (Figure 1). 

Evaluation of polynomial terms for exposure revealed no evidence of non-linearity in 

the association between temperature and either mortality outcome (data not shown). Tmax 

was statistically significantly associated with deaths due to suicide across several lag-days 

exposures (lag-0 to lag-4), with largest association at lag-2 (Table 2). A 1°C increase in Tmax 

at lag-2 was associated with higher odds of death due to suicide by 0.6 % (OR = 1.006; 

95% CI: 1.002, 1.010). The cumulative effect of Tmax over 0-7 lag days was 0.9% (OR = 

1.009; 95% CI: 1.003, 1.106). Similarly, Tmin at lag-0 to lag-1 was statistically significantly 

associated with death due to suicide, with the largest association at lag-0. A 1°C increase in 

same day (i.e., lag-0) Tmin was associated with 0.9% (OR = 1.009; 95% CI: 1.002, 1.015) 

higher odds of death due to suicide. The cumulative effect of Tmin over 0-7 lag days was 

slightly higher than from the single lag day effect (OR = 1.010; 95% CI: 1.001, 1.020). 

A statistically significant association was found between same-day Tmax and death due to 

homicide. For every 1°C increase in Tmax, the odds of homicide mortality was 0.8% higher 

(OR = 1.008; 95% CI: 1.002, 1.014). Similar results were observed for Tmin with both lag-0 

and lag-1 exposures. For every 1°C increase in one day prior Tmin (i.e., lag-1), the odds of 

homicide mortality was 1.1% higher (OR=1.002; 95% CI: 1.020, 1.110). The cumulative 

effects of Tmin on suicide and homicide mortality were slightly higher from single lag day 

effect. The association of Tmax and Tmin with suicide and homicide mortality were not 

markedly different in a sensitivity analysis adjusting for PM2.5 (Supplementary Table 1).

Air pollutants associations with suicide mortality were largely positive although they did 

not reach statistical significance. In contrast, air pollutants associations with homicide 

mortality were largely null (Table 3). The cumulative effects of air pollutants on both 

suicide and homicide mortality were larger than single day lag effects but these results are 

not statistically significant either. Since_no significant increase in death due to suicide or 

homicide was observed for any air pollutant, analyses for effect modification by sex or age 

were restricted to the temperature exposures.
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In the sex-specific analysis, we found some evidence that the effects of temperature on 

suicide mortality were larger among women [ORmen = 1.004 (95% CI: 0.997, 1.010) vs. 

ORwomen = 1.019 (95% CI: 1.007, 1.032, interaction P-value=0.03) for 1°C increase in 

Tmin at lag-1], whereas for the homicide mortality the temperature effect estimates were 

larger among men [ORmen = 1.012 (95% CI: 1.005, 1.018) vs. ORwomen = 0.995 (95% CI: 

0.982, 1.008), P-int=0.02) for 1°C increase in Tmax at lag-0] (Table 4). Our age-specific 

model provided some evidence that the effects of temperature on both suicide and homicide 

mortality were larger among the elderly (decedents aged over 65 years) (Table 5 & 6). For 

example, the odds ratio of suicide mortality for a 1°C increase in same-day (e.g., lag-0) Tmax 

were 0.994 (95% CI: 0.984, 1.005) for ≤ 24 years old age group, 1.003 (95% CI: 0.998, 

1.008) for between 24 and 65 years old age group, and 1.016 (95% CI: 1.007, 1.024) for ≥ 

65 years old age group (global interaction P-value = <0.01).

DISCUSSION

In this study of 24,387 deaths due to suicide and 10,767 deaths due to homicide from 2014 

to 2019 in California, we observed that exposure to higher daily temperature, both minimum 

and maximum, was monotonically associated with increased odds of suicide and homicide 

mortality, without an evidence of threshold value. Results are consistent with a prior study 

reporting a monotonic association of temperature with hospital admissions and emergency 

department visits for multiple disease outcomes, including mental disorders (Qiu et al., 

2022; Sun et al., 2021). The temperature associations with suicide and homicide mortality 

observed in this study were robust to adjustment for PM2.5. We observed some evidence of 

temperature-mortality effect heterogeneity by sex and age group. Some temperature-suicide 

mortality associations were larger among women and some temperature-homicide mortality 

associations were larger among men. The odds ratios for suicide and homicide deaths 

associated with some lags of higher daily temperature, particularly the most recent lag 

days, were larger among decedents aged 65 years and older. No associations were observed 

between air pollutants and either of the two mortality outcomes.

With progressing climate change, there is a pressing need to understand health effects 

associated with increased temperature. Exposure to higher daily temperature is associated 

with a range of health outcomes, including cardiovascular and respiratory mortality (Ban 

et al., 2017; Chen et al., 2018; Gasparrini et al., 2012), with a growing literature on the 

associations between temperature and mental health outcomes (Liu et al., 2021; Palinkas 

and Wong, 2020). Most studies have evaluated these relations with populations outside of 

the US, including in Western Europe, South Africa and Western/Southeast Asia (Gao et al., 

2019; Gates et al., 2019; Helama et al., 2013; Kim et al., 2011; Lehmann et al., 2022; Liu 

et al., 2021; Thompson et al., 2018). Xu et al., recently examined temperature association 

with daily homicide mortality in nine US cities (Xu et al., 2020), and a California study 

examined the air pollution effects on mental health related emergency room visits (Nguyen 

et al., 2021). To our best knowledge, this is the first study to assess the associations of 

acute heat and pollution exposure with suicide and homicide mortality across the state of 

California. Elucidating these relations is an important area of research given the expected 

continued increase in heat and pollution exposure with the changing climate (McClure and 

Jaffe, 2018), and our study adds to the limited research in this area.
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The magnitude of the associations between temperature and suicide mortality in our study 

was smaller than reported in a recent meta-analysis (Liu et al., 2021) of nine studies 

examining suicide mortality associations with daily temperature. The overall pooled results 

estimated that a 1°C increase in temperature was associated with a 1.2% increase in suicide 

mortality (RR = 1.012; 95% CI: 1.003–1.021). However, the magnitude of the association 

varied greatly among studies (I2=79.9%, p < 0.001). Only a few studies have examined 

the association between homicide and temperature. Most temperature-homicide mortality 

studies have been cross-sectional in design or were based on monthly or annual homicide 

mortality data (Mares, 2013; Rotton and Cohn, 2003; Takahashi, 2017; Tiihonen et al., 

2017), making it difficult to evaluate the acute effects of temperature on homicide. To the 

best of our knowledge, few studies have considered daily level temperature and homicide 

exposure and used a case-crossover study design as we did in the current study (Gates et al., 

2019; Xu et al., 2020). Both studies reported increased homicides with short-term increases 

in temperature with reported effect estimates that were somewhat larger compared with 

those in this current study. Gates et al. reported that a 1°C increase in same-day maximum 

temperature was associated with a 1.5% (95% CI: 1.3%–1.8%) increase in homicide 

mortality in South Africa (Gates et al., 2019). Xu et al. found statistically significant 

association in two US cities (New York and Chicago) among nine cities examined; the 

association was an 8.8% (95% CI: 1.5%–16.6%) increase per 5°C increase in daily mean 

temperature in New York and a 9.5% (95% CI: 4.3%–15.0%) increase in Chicago (Xu et 

al., 2020). It is worth mentioning that Los Angeles, the largest city in California comprising 

~10% of the state’s population, was included in the Xu et al. study, but no association 

was observed (−7.7% [95% CI: −19.7%, 6.1%]). This may be due to a smaller number 

of homicide deaths in that study (N=3,256) compared to this current study (N=10,767). In 

addition, this current study included a broader geographical area (compared to a single city) 

with increased heterogeneity in temperature exposures and socio-demographic structures.

Several hypotheses have been proposed to explain the link between increased ambient 

temperature and the risk of violent deaths. Temperature increase is associated with 

aggressive behavior and with exacerbation of depressive disorders due to lack of social 

activities and interaction on a very hot day, and depression and aggression are both 

associated with suicide and homicide (Lehmann et al., 2022). In addition, hot temperature 

increases an individual’s discomfort resulting in disrupted sleep (Obradovich et al., 2022; 

Rifkin et al., 2018), and poor sleep is associated with aggression and violence (Kamphuis 

et al., 2012). It is important to note that our observed suicide and homicide mortality 

associations were for higher temperature across a range of temperatures, not only on hot 

days. The specific mechanisms underlying these relations maybe different depending on 

the specific temperature changes (e.g., cool to warm day, warm to warmer, hot to hotter, 

etc.). The underlying biological mechanism linking temperature with suicide and homicide 

remains unclear. Temperature increase may inhibit 5-hydroxytryptamine (5-HT) function 

in human beings, resulting in decrease in serotonin level with increase in temperature 

(Tiihonen et al., 2017; Xu et al., 2020). Serotonin level was found to be lower in people 

who committed suicide compared to those who died from other causes (Maes et al., 1995). 

Dysfunction in the serotonergic system is linked with depression and aggressive behavior 

(Carballo et al., 2009; Lehmann et al., 2022).
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We did not find any statistically significant associations between short-term increases in air 

pollution and suicide or homicide mortality in this study, but there is growing literature 

suggesting that increased air pollution exposure is associated with suicide mortality 

(Davoudi et al., 2021). We found no study on air pollution and homicide mortality 

but two studies have reported associations between air pollution (PM2.5 and O3) and 

violent crime (Berman et al., 2019; Bondy et al., 2018). The physiological pathway of 

suicide and homicide mortality risk associated with air pollution is hypothesized to be 

neuroinflammatory, proposing that air particulates and gaseous pollutants act as irritants 

generating systemic and local inflammatory responses, leading to the exacerbation of mental 

disorders including depression and self-harm behaviors (Costa et al., 2014; Gładka et al., 

2018).

We found some evidence of a possible larger temperature-suicide association among women. 

While this result is largely inconsistent with prior studies, it is consistent with studies 

of the general population which have found that women are at higher risk of attempting 

suicide, while men are more likely to complete it (Miranda-Mendizabal et al., 2019). A 

recent meta-analysis reported that the association between temperature and suicide did 

not vary by sex [men= 1.020 (95% CI: 1.002–1.038); women= 1.022 (95% CI: 0.998–

1.046)] (Liu et al., 2021). Among two studies that examined temperature-homicide mortality 

association using daily level data (Gates et al., 2019; Xu et al., 2020), only one assessed 

sex-specific association (Gates et al., 2019). Gates et al. (2019) reported that temperature-

homicide association did not vary by the sex of the victims, whereas we found the strongest 

associations among men. More research is needed to better understand this possible sex 

difference in the effect of temperature and homicide mortality.

Consistent with prior literature (Kim et al., 2011; Liu et al., 2021), we found that 

temperature associations with both suicide and homicide mortality were largest among 

the elderly. Elderly people may be more vulnerable to the temperature effects on suicide 

deaths possibly contributed by higher rates of depression due to having co-morbid disease 

conditions, disability, isolation, and relocation (Alexopoulos, 2005; Conwell et al., 2010; 

Kim et al., 2011). Depression is shown to be associated with aggression, violence, suicide, 

and homicide (Bénézech and Bourgeois, 1992; Hynan and Grush, 1986; Judd et al., 2013; 

Krakowski and Czobor, 2014; Mamdani et al., 2022). In addition, temperature effects on 

sleep disturbance, which could lead to decreased duration of sleep and is thus in turn related 

to deaths due to violence (Rod et al., 2011), may be more pronounced among the elderly 

compared with young adults (Okamoto-Mizuno and Mizuno, 2012; Okamoto et al., 1998). 

Because aging impairs thermoregulation (Meade et al., 2020), which is a critical determinant 

of both falling asleep and staying asleep (Kräuchi, 2007; Obradovich et al., 2022).

This study has several strengths. First, we focused on two understudied temperature-

mortality outcomes — suicide and homicide — compared with more well-studied effects 

on all-cause, cardiovascular, and respiratory mortality. It is important to note that these 

outcomes impact, on average, younger people, as demonstrated by our distribution of 

age at death. Second, the case-crossover design controlled for time-invariant potential 

confounding factors such as socioeconomic status and history of mental illness, which 

may be difficult to control in other study designs. Third, we included six years of data 
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on all deaths in California, and because outcomes were identified based on cause of death 

listed on death certificates using ICD-10 codes, we expect outcome misclassification to be 

low and likely to be non-differential with respect to our exposures. Fourth, we included 

both minimum and maximum daily temperatures—approximating nighttime minimums 

and daytime maximums, respectively—which may have different mechanisms and thus 

impacts. Indeed, slightly differing effect estimates were observed, with strongest effects 

from daily minimum temperature increase. One possible explanation of strongest effects 

of high nighttime temperature could be that it interferes with physiological processes that 

regulate the sleep–wake cycle and thermoregulation (Murage et al., 2017; Obradovich et al., 

2022).

This study has some limitations. First, residential census tracts were used to assign exposure 

to both temperature and air pollution, which could lead to some exposure misclassification. 

Exposure assessment was not available for the exact geocoded residential address, which 

would have been preferred. Regardless, the census tract-based approach was used for all 

study subjects, so we expect any misclassification to be non-differential with respect to 

outcome, and would not have resulted in falsely positive associations. Second, given the 

focus on mortality, we were only able to examine homicide deaths (and characteristics of the 

decedent) and not the perpetrators of homicide, whose characteristics may be more relevant 

when considering effect heterogeneity. Future studies might try to expand on this area to 

better differentiate the possible differing effects of temperature in these subpopulations. We 

did not have on information time-varying acute disease conditions, so we were not able to 

adjust these potential confounders.

In conclusion, increase in ambient temperature was linearly associated with higher odds of 

death due to suicide and homicide. There is limited previous quantitative evidence of acute 

effects of temperature on violent deaths. This study adds to the growing literature from a 

climate change vulnerable region, which has experienced, and will continue to experience, 

progressively increasing temperatures—both gradual long-term and acute short-term shifts, 

the latter being most relevant to this study—over several decades under climate change 

(Williams et al., 2019). Our findings suggest that violent deaths might increase with the 

progression of the climate crisis. While further study is needed on this important topic, our 

study provide evidence in support of the development of targeted prevention policies and 

guidelines to prevent heat-related mental health mortality.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Increased ambient temperature was associated with increased odds of suicide 

deaths

• Increased ambient temperature was associated with increased odds of 

homicide deaths

• The temperature-mortality associations were larger among older individuals

• No associations with suicide or homicide deaths were observed for air 

pollutants
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Figure 1. 
Exposure-response curves for associations between daily maximum ambient temperature 

and suicide (lag-2) and homicide (lag-0) mortality. Solid lines represent mean odds ratios 

and dashed lines represent 95% confidence intervals.

Rahman et al. Page 16

Sci Total Environ. Author manuscript; available in PMC 2024 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Rahman et al. Page 17

Table 1.

Distribution of demographic and exposure characteristics among decedents with death due to suicide or 

homicide. Mean (standard deviations) presented unless otherwise noted.

Decedents’ characteristic Suicide Homicide

N 24,387 10,767

Age, years 48.9 (19.3) 35.3 (16.5)

Sex, n (%)

  Men 18,813 (77.1) 8,909 (82.7)

  Women 5,574 (22.9) 1,858 (17.3)

Environmental exposure on case days

Maximum Temperature, °C 24.27 (7.10) 24.56 (7.11)

Minimum Temperature, °C 11.81 (5.27) 12.14 (5.31)

PM10, μg/m3 25.90 (18.61) 28.29 (18.31)

PM2.5, μg/m3 10.08 (8.02) 10.82 (8.16)

NO2, ppb 10.40 (7.40) 11.49 (7.70)

O3, ppb 43.45 (14.33) 43.49 (15.05)

Maximum Relative Humidity, % 80.04 (18.24) 79.40 (17.90)

Minimum Relative Humidity, % 37.00 (18.41) 36.51 (18.24)

Environmental exposure on control days

Maximum Temperature, °C 24.21 (7.11) 24.40 (7.09)

Minimum Temperature, °C 11.79 (5.27) 12.09 (5.27)

PM10, μg/m3 25.83 (17.02) 28.00 (17.63)

PM2.5, μg/m3 10.10 (8.10) 10.75 (8.31)

NO2, ppb 10.36 (7.37) 11.40 (7.68)

O3, ppb 43.38 (14.33) 43.40 (15.04)

Maximum Relative Humidity, % 80.26 (18.03) 79.82 (17.75)

Minimum Relative Humidity, % 37.19 (18.39) 36.93 (18.24)
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Table 2.

Associations of maximum and minimum temperature with deaths due to suicide and deaths due to homicide. 

Results are shown for same day exposure (Lag-0) to 7 days prior exposure (Lag-7), per 1°C increase in 

temperature.

Lag Suicide OR (95% CI) Homicide OR (95% CI)

Maximum Temperature

0 1.005 (1.000, 1.009) 1.009 (1.002, 1.015)

1 1.004 (1.000, 1.008) 1.006 (1.000, 1.013)

2 1.006 (1.002, 1.010) 1.003 (0.997, 1.009)

3 1.005 (1.001, 1.009) 1.001 (0.995, 1.007)

4 1.006 (1.002, 1.010) 0.997 (0.991, 1.003)

5 1.002 (0.998, 1.007) 0.999 (0.993, 1.005)

6 1.001 (0.997, 1.005) 0.999 (0.993, 1.005)

7 1.001 (0.997, 1.005) 1.002 (0.996, 1.008)

0-7 1.009 (1.003, 1.016) 1.010 (1.001, 1.020)

Minimum Temperature

0 1.008 (1.002, 1.014) 1.011 (1.002, 1.020)

1 1.007 (1.001, 1.013) 1.011 (1.002, 1.020)

2 1.006 (1.000, 1.012) 1.007 (0.998, 1.016)

3 1.005 (0.999, 1.010) 1.006 (0.997, 1.016)

4 1.002 (0.996, 1.008) 1.001 (0.992, 1.010)

5 1.003 (0.997, 1.009) 0.997 (0.988, 1.006)

6 1.002 (0.996, 1.008) 1.001 (0.993, 1.010)

7 0.999 (0.993, 1.005) 1.003 (0.994, 1.012)

0-7 1.010 (1.001, 1.018) 1.014 (1.000, 1.025)

Models were adjusted for same lag day relative humidity.
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Table 3.

Associations of PM10, PM2.5, NO2, and O3 with deaths due to suicide and deaths due to homicide. Results are 

shown for same day exposure (Lag-0) to 7 days prior exposure (Lag-7), per inter-quartile range (IQR) increase 

in air pollutants concentrations.

Pollutants Lag Suicide OR (95% CI) Homicide OR (95% CI)

PM10

0 1.012 (0.990, 1.032) 1.016 (0.982, 1.051)

1 1.007 (0.983, 1.030) 0.982 (0.945, 1.019)

2 1.008 (0.990, 1.027) 0.991 (0.954, 1.028)

3 1.017 (0.993, 1.040) 0.988 (0.950, 1.027)

4 1.017 (0.992, 1.040) 0.972 (0.934, 1.011)

5 1.007 (0.982, 1.030) 0.965 (0.926, 1.004)

6 1.018 (0.995, 1.042) 0.975 (0.936, 1.012)

7 0.973 (0.950, 0.998) 0.988 (0.952, 1.023)

0-7 1.022 (0.979, 1.066) 0.961 (0.897, 1.030)

PM2.5

0 1.000 (0.987, 1.013) 1.002 (0.945, 1.060)

1 1.003 (0.990, 1.016) 0.966 (0.906, 1.025)

2 1.010 (0.996, 1.022) 0.979 (0.920, 1.035)

3 1.005 (0.992, 1.019) 0.995 (0.938, 1.051)

4 1.003 (0.990, 1.016) 0.961 (0.904, 1.018)

5 1.006 (0.993, 1.019) 0.973 (0.917, 1.028)

6 0.998 (0.985, 1.011) 0.979 (0.922, 1.034)

7 0.998 (0.985, 1.011) 0.979 (0.922, 1.037)

0-7 1.011 (0.991, 1.031) 0.981 (0.950, 1.012)

NO2

0 0.993 (0.958, 1.027) 0.986 (0.888, 1.085)

1 0.993 (0.958, 1.028) 1.023 (0.926, 1.122)

2 0.988 (0.954, 1.023) 0.970 (0.872, 1.067)

3 1.018 (0.983, 1.053) 0.926 (0.830, 1.023)

4 1.012 (0.978, 1.047) 0.970 (0.872, 1.067)

5 1.026 (0.991, 1.061) 0.975 (0.881, 1.071)

6 1.014 (0.980, 1.048) 0.975 (0.879, 1.073)

7 0.988 (0.954, 1.021) 0.926 (0.830, 1.023)

0-7 1.020 (0.962, 1.082) 0.953 (0.870, 1.044)

O3

0 0.996 (0.961, 1.032) 0.954 (0.901, 1.005)

1 1.004 (0.968, 1.039) 0.938 (0.885, 0.989)

2 1.014 (0.979, 1.050) 0.972 (0.918, 1.025)

3 1.002 (0.966, 1.037) 0.993 (0.942, 1.046)

4 1.025 (0.989, 1.060) 0.996 (0.943, 1.048)

5 1.009 (0.973, 1.044) 0.996 (0.943, 1.050)

6 1.030 (0.995, 1.066) 0.956 (0.903, 1.007)

7 1.025 (0.989, 1.060) 1.007 (0.954, 1.060)

0-7 1.047 (0.983, 1.115) 0.922 (0.839, 1.011)
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Models were adjusted for same lag day temperature and relative humidity. IQR for PM10, PM2.5, NO2, and O3 were 16.8 μg/m3, 6.0 μg/m3, 8.9 

ppb, and 17.7 ppb, respectively.
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Table 4.

Sex-specific effect estimates (odd ratios) of suicide and homicide mortality for exposure to maximum and 

minimum temperature. Results are shown for same-day exposure (Lag-0) to 7 days prior exposure (Lag-7), per 

1°C increase in temperature.

Suicide Homicide

Lag Men (N=18,813) Women (N=5,574) P Men (N=8,909) Women (N=1,858) P

Maximum 
Temperature

0 1.005 (1.000, 1.009) 1.004 (0.996, 1.012) 0.8 7 1.012 (1.005, 1.018) 0.995 (0.982, 1.008) 0.02

1 1.004 (0.999, 1.008) 1.007 (0.999, 1.014) 0.4 9 1.009 (1.002, 1.016) 0.993 (0.980, 1.007) 0.03

2 1.005 (1.000, 1.009) 1.012 (1.004, 1.020) 0.1 1 1.003 (0.996, 1.010) 1.004 (0.991, 1.017) 0.8 8

3 1.003 (0.999, 1.008) 1.010 (1.002, 1.018) 0.1 2 1.001 (0.994, 1.008) 1.001 (0.988, 1.014) 0.9 9

4 1.005 (1.001, 1.010) 1.008 (1.000, 1.016) 0.5 5 0.996 (0.990, 1.003) 1.000 (0.987, 1.014) 0.5 8

5 1.002 (0.998, 1.007) 1.002 (0.994, 1.010) 0.9 3 0.997 (0.991, 1.004) 1.008 (0.994, 1.021) 0.1 6

6 1.002 (0.998, 1.007) 0.997 (0.989, 1.005) 0.2 3 0.998 (0.991, 1.004) 1.004 (0.991, 1.018) 0.3 4

7 1.002 (0.997, 1.006) 0.999 (0.991, 1.007) 0.5 6 1.002 (0.995, 1.008) 1.003 (0.990, 1.016) 0.8 8

Minimum Temperature

0 1.007 (1.000, 1.014) 1.010 (0.998, 1.023) 0.6 5 1.012 (1.002, 1.022) 1.008 (0.987, 1.029) 0.7 5

1 1.004 (0.997, 1.010) 1.019 (1.007, 1.032) 0.0 3 1.011 (1.001, 1.021) 1.010 (0.990, 1.032) 0.9 4

2 1.004 (0.997, 1.010) 1.014 (1.002, 1.027) 0.1 4 1.006 (0.996, 1.016) 1.009 (0.989, 1.030) 0.7 9

3 1.004 (0.997, 1.010) 1.008 (0.996, 1.021) 0.4 9 1.003 (0.994, 1.013) 1.020 (1.000, 1.042) 0.1 5

4 1.001 (0.994, 1.008) 1.005 (0.993, 1.017) 0.5 6 1.001 (0.991, 1.011) 1.004 (0.983, 1.024) 0.8 1

5 1.003 (0.996, 1.009) 1.005 (0.993, 1.017) 0.7 5 0.995 (0.986, 1.005) 1.006 (0.986, 1.027) 0.3 3

6 1.003 (0.996, 1.009) 0.999 (0.987, 1.011) 0.6 2 1.001 (0.991, 1.011) 1.003 (0.983, 1.023) 0.8 8

7 0.999 (0.993, 1.005) 0.999 (0.987, 1.011) 0.9 7 1.004 (0.994, 1.014) 0.998 (0.979, 1.018) 0.6 2

N represents number of deaths. Models were adjusted for same lag day relative humidity. Wald chi-squared test was performed to test heterogeneity 
between 2 groups.
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Table 5.

Age-specific effect estimates (odd ratios) of deaths due to suicide for exposure maximum and minimum 

temperature. Results are shown for same-day exposure (Lag-0) to 7 days prior exposure (Lag-7), per 1°C 

increase in temperature.

Lag Age <= 24
(N=2,875)

Age > 24 & < 65
(N=16,224)

Age >= 65
(N=5,284) P

Maximum Temperature

0 0.994 (0.984, 1.005) 1.003 (0.998, 1.008) 1.016 (1.007, 1.024) <0.01

1 0.997 (0.986, 1.008) 1.002 (0.997, 1.007) 1.014 (1.006, 1.023) <0.01

2 1.004 (0.994, 1.015) 1.005 (1.000, 1.010) 1.011 (1.003, 1.020) 0.34

3 1.004 (0.994, 1.015) 1.004 (0.999, 1.009) 1.007 (0.999, 1.015) 0.82

4 1.005 (0.995, 1.016) 1.005 (1.000, 1.010) 1.009 (1.001, 1.017) 0.74

5 0.998 (0.988, 1.009) 1.002 (0.997, 1.006) 1.007 (0.999, 1.015) 0.36

6 1.000 (0.990, 1.011) 1.001 (0.996, 1.006) 1.004 (0.996, 1.012) 0.81

7 1.004 (0.993, 1.014) 1.000 (0.995, 1.004) 1.003 (0.996, 1.011) 0.61

Minimum Temperature

0 0.997 (0.981, 1.014) 1.006 (0.999, 1.013) 1.018 (1.005, 1.030) 0.13

1 1.005 (0.988, 1.022) 1.005 (0.998, 1.012) 1.014 (1.002, 1.027) 0.44

2 1.001 (0.985, 1.018) 1.005 (0.998, 1.012) 1.012 (1.000, 1.025) 0.54

3 0.998 (0.981, 1.015) 1.003 (0.996, 1.010) 1.013 (1.000, 1.026) 0.28

4 0.994 (0.978, 1.011) 1.002 (0.995, 1.009) 1.006 (0.994, 1.018) 0.53

5 0.995 (0.979, 1.011) 1.005 (0.998, 1.012) 1.002 (0.990, 1.015) 0.55

6 0.998 (0.982, 1.015) 1.003 (0.996, 1.010) 1.000 (0.988, 1.012) 0.84

7 0.997 (0.981, 1.014) 1.000 (0.993, 1.007) 0.996 (0.984, 1.008) 0.80

N represents number of suicide deaths. Models were adjusted for same lag day relative humidity. Wald chi-squared test was performed to test 
heterogeneity across 3 groups.
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Table 6.

Age-stratified effect estimates (odd ratios) of deaths due to homicide for exposure maximum and minimum 

temperature. Results are shown for same-day exposure (Lag-0) to 7 days prior exposure (Lag-7), per 1°C 

increase in temperature.

Lag Age <= 24
(N=3,174)

Age > 24 & < 65
(N=6,967)

Age >= 65
(N=623) P

Maximum Temperature

0 1.008 (0.997, 1.018) 1.008 (1.001, 1.016) 1.019 (0.996, 1.043) 0.64

1 1.008 (0.997, 1.019) 1.005 (0.997, 1.012) 1.014 (0.992, 1.038) 0.68

2 1.007 (0.997, 1.018) 1.000 (0.993, 1.008) 1.010 (0.988, 1.034) 0.43

3 1.005 (0.995, 1.016) 1.000 (0.992, 1.007) 0.995 (0.972, 1.019) 0.56

4 0.999 (0.989, 1.010) 0.997 (0.989, 1.004) 0.992 (0.969, 1.015) 0.82

5 1.000 (0.989, 1.010) 0.999 (0.992, 1.007) 0.992 (0.969, 1.015) 0.80

6 0.999 (0.988, 1.009) 1.000 (0.993, 1.007) 0.982 (0.960, 1.005) 0.33

7 0.998 (0.988, 1.008) 1.004 (0.997, 1.012) 0.993 (0.970, 1.016) 0.41

Minimum Temperature

0 1.014 (0.998, 1.031) 1.006 (0.995, 1.017) 1.051 (1.015, 1.089) 0.06

1 1.019 (1.002, 1.036) 1.006 (0.994, 1.017) 1.034 (0.999, 1.071) 0.18

2 1.011 (0.995, 1.028) 1.003 (0.992, 1.014) 1.023 (0.987, 1.06) 0.46

3 1.001 (0.985, 1.017) 1.009 (0.998, 1.020) 1.005 (0.969, 1.042) 0.70

4 0.994 (0.978, 1.010) 1.005 (0.994, 1.016) 0.995 (0.960, 1.031) 0.51

5 0.987 (0.971, 1.003) 1.002 (0.992, 1.013) 0.991 (0.957, 1.026) 0.26

6 0.989 (0.974, 1.005) 1.008 (0.997, 1.019) 0.991 (0.957, 1.026) 0.14

7 0.991 (0.975, 1.007) 1.009 (0.999, 1.020) 0.990 (0.956, 1.026) 0.12

N represents number of homicide deaths. Models were adjusted for same lag day relative humidity. Wald chi-squared test was performed to test 
heterogeneity across 3 groups.
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