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Abstract

Introduction—Firearm violence is a major public health issue in the United States. There is 

growing evidence that firearm violence is associated with higher ambient temperatures. The aim of 

this study was to test competing hypotheses that could explain associations between temperature 

and firearm violence: temperature-aggression theory and routine activities theory.

Methods—We examined associations between elevated daily temperatures and shooting 

incidents in four United States cities: Chicago, Illinois; Cincinnati, Ohio; New York, New 

York; and Philadelphia, Pennsylvania. Temperature was operationalized using two different 

measures: daily maximum temperature and deviations of the daily maximum temperature from 

30-year averages. Generalized linear autoregressive moving average models related temperature to 

shooting incidence while controlling for seasonal effects.

Results—As maximum daily temperature deviates from the expected, there was an association 

with increased shooting incidents in all four cities (e.g., New York: b = 0.014, 95% CI = 0.011, 

0.017). An interaction term created by multiplying daily maximum temperature by the daily 

difference of maximum temperature from a 30-year average was also found to have a positive 

association in all four cities (e.g., New York: b = 0.020, 95% CI = 0.016, 0.025).
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Discussion—These findings accord with previous studies demonstrating a positive relationship 

between temperature and firearm violence and further support temperature-aggression theory as 

the primary causal mechanism.

INTRODUCTION

Firearm violence is a serious public health issue in the United States (US). A total of 

19,384 people died and 29,317 people were admitted to emergency departments in 2021 

due to interpersonal shooting events (1). That same year, firearm-related injuries became 

the leading cause of death in children and adolescents (2). This reflects the rise in firearm-

related deaths in recent years. Rates have been increasing since 2015, after remaining 

relatively stable from 1999 to 2014 (3). Research identifies many structural factors that 

contribute to firearm violence, such as historical disinvestment (4) and physical disorder (5). 

Another factor that may contribute to firearm violence incidence is ambient temperature.

Research has established the effects of temperature and elevated heat on violence (6), 

including firearm violence (7, 8). Given rising global temperatures from climate change, 

even slight increases could significantly escalate shooting incidents, posing a severe public 

health crisis. Since the late 1800s, the planet’s average surface temperature has risen by 

about 2°F, largely due to human activity (9). As these warming trends continue, it is 

imperative to characterize the relationship between heat and firearm violence and develop 

mitigation strategies.

Two competing theories explain the association between heat and shootings. One is 

temperature-aggression theory, which posits that hot weather contributes to interpersonal 

violence by increasing discomfort, impulsivity, and aggression (10). This theory would 

explain increases in violence in areas that are already hot and experiencing hotter-than-

average temperatures. However, temperature-aggression theory does not explain increased 

violence in areas where higher temperatures are unlikely to cause discomfort (e.g., locations 

where the temperature has risen from cold to warm). Another explanation, the routine 

activity theory, suggests that changes in ambient temperature alter people’s routine activities 

(11), including at lower temperatures. Under this theory, warmer temperatures increase the 

chances of being outside, leading to more opportunities for crime and violence to occur. 

Understanding the mechanism behind the relationship between heat and firearm violence is 

essential in the presence of rising global temperatures.

METHODS

Setting

This study included cities with populations over 300,000 (12) and publicly available 

shooting data from their city police department. This resulted in four study cities: Chicago, 

Illinois; Cincinnati, Ohio; New York, New York; and Philadelphia, Pennsylvania.

Data sources

We obtained daily temperature data from January 1, 2010 to December 31, 2019 from the 

National Oceanic and Atmospheric Administration. These were obtained from the closest 

Bushover et al. Page 2

Inj Prev. Author manuscript; available in PMC 2026 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



first-order National Weather Service weather station to each city centroid. We extracted 

maximum daily temperature (13), representing the highest temperature reported daily, and 

US Daily Climate Normals (14) for maximum daily temperature, a 30-year average of this 

measure.

We acquired fatal and nonfatal shooting incidents from January 1, 2010 to December 

31, 2019 from each city’s police department shooting database (15–18), and calculated a 

count of total number of daily shooting incidents. The Philadelphia Police Department has 

data available starting January 1, 2015, while the remaining police departments have data 

available starting at least in 2010. Therefore, the analysis for Philadelphia spans 5 years (n = 

1,826 days), and the analyses for the remaining cities consist of 10 years (n = 3,652 days).

Statistical analysis

Generalized linear autoregressive moving average (GLARMA) models assessed the 

association between daily temperature and shooting incidents for each city using the glarma 

package (19) in R 4.3 (20). The models fit time series of shooting incidents that are assumed 

to follow a negative binomial distribution. We included year as a linear term and daily sine 

and cosine transformation to account for temporal trends. The trigonometric transformations 

were specified at time t as:

sin 2πt
365 and cos 2πt

365

Four models with different temperature-related independent variables for each city were 

utilized to investigate the association between temperature and shootings. Model 1 included 

maximum daily temperature. Model 2 used a quadratic term for daily maximum temperature 

to investigate possible nonlinear associations between temperature and shooting incidents. 

Model 3 examined the maximum temperature deviation from average. This term was 

created by taking the difference of the Climate Normals for day-specific maximum daily 

temperature from the actual, observed maximum temperature on a given day. Like Model 

2, a sensitivity analysis was conducted to test possible nonlinear associations. For Models 2 

and 3, utilizing routine activities theory, we expect these associations to follow a parabolic 

curve. Theoretically, at extreme low and high temperatures, shootings would decrease but 

during more pleasant temperatures they would increase because individuals and populations 

would be less likely to be outdoors during extreme temperatures. Conversely, a linear 

association would support temperature-aggression theory: as temperature increases, the 

risk of a shooting would increase. Model 4 included an interaction term which was the 

maximum daily temperature multiplied by the daily difference from average term. A 

positive association would provide evidence for temperature-aggression theory, as it would 

demonstrate that shooting incidents are increased on days of high heat and not just on those 

with warmer-than-average temperatures.

Patient and Public Involvement

The public was not involved in the conduct of this study. All data are publicly available and 

de-identified.
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RESULTS

From 2010 to 2019, there were 24,927 shooting incidents in Chicago, 3,562 in Cincinnati, 

and 11,085 in New York. From 2015 to 2019, there were 6,548 shooting incidents 

in Philadelphia. Table 1 provides descriptive statistics for each city’s daily maximum 

temperatures and shootings.

Table 2 presents the results by city and model. Model 1 verified the previously observed 

positive association between maximum daily temperature and shooting incidents in all four 

cities. A 10°F increase in maximum daily temperature was associated with a 10 to 17% 

increase in shooting incidents.

Model 2 tested the assumption that the association between temperature and shooting 

incidents is linear and included a quadratic term for temperature. The model was statistically 

significant for Chicago and Cincinnati, but only one quadratic term was significant in 

New York and Philadelphia. The coefficients of the quadratic terms were log-transformed 

and used to create an equation estimating the number of shooting incidents for each city. 

Figure 1 shows the estimated equations superimposed on a plot of observed maximum daily 

temperatures against shooting incident counts.

For Model 3, in every city, as maximum daily temperature deviates from the average 

there is a positive association with shootings. The association between a 10°F increase 

in the difference-from-expected maximum daily temperature ranged from an 11% (95% 

confidence interval (CI):7-15%) in Cincinnati to an 18% (95% CI:16-20%) increase in 

shootings in Chicago. For the sensitivity analysis, the quadratic term for the difference from 

the average was not statistically significant for any city (Table 3).

In Model 4, the interaction term was found to be positively associated with shooting 

incidents in all four cities. For example, in Chicago, the interaction of a 10°F increase 

in the maximum daily temperature and that day’s difference-from-expected maximum 

temperature in units of 10°F was associated with a 2.3% increase in shooting incidents 

(95% CI:2.1-2.6%).

DISCUSSION

This study found that increasing ambient temperatures are associated with increased 

shooting incidents in Chicago, Cincinnati, and New York from 2010 to 2019, and in 

Philadelphia from 2015 to 2019. These findings agree with previous studies documenting a 

positive relationship between heat and firearm violence (7, 8). Additionally, our study found 

that increases in maximum daily temperature from the expected average are also associated 

with increases in firearm violence, adding nuance to potential firearm violence mitigation 

strategies.

The findings from the testing of interaction terms (Model 4) support temperature-aggression 

theory as the primary mechanism connecting temperature to firearm violence. The 

interaction between increasing daily maximum temperatures and increasing differences from 

average maximum temperature was associated with increases in shooting incidents in all 
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four cities. This provides evidence that the association between maximum daily temperature 

and shooting incidents is seen primarily on days that are already elevated in heat, like the 

summer, and not just on days that are hotter than average. Importantly, these four cities are 

in a similar geographic region. These findings may differ across cities in different areas that 

regularly experience extremely hot days or cities that infrequently experience them.

Our analysis has some limitations to note. First, the temperature data for each city was 

sourced from a single weather station, which may not accurately reflect temperature 

variations across the city. Additionally, we utilized daily temperature data rather than 

hourly measurements. As a result, the temperature attributed to each day’s shootings does 

not account for intraday temperature fluctuations. Such potential misclassifications could 

lead to an underestimation of the observed associations. Despite these constraints, our 

analysis benefits from the precision of the shooting incident data and the incorporation of 

adjustments for seasonal temperature variations, enhancing the robustness of our findings.

This study adds to the growing body of literature demonstrating a positive association 

between heat and firearm violence. Our findings lend support to the temperature-aggression 

theory as a plausible explanation for this link. As the planet continues to warm, and more 

days of the year are hotter than average, we can expect a further increase in firearm 

violence, so developing mitigation strategies will be critical. Future work should investigate 

interventions informed by the temperature-aggression theory.

Funding and Support:

Research reported in this publication was supported by the Centers for Disease Control and Prevention (CDC) 
National Center for Injury Prevention and Control’s Injury Control Research Center Grant R49CE003094. The 
content is solely the responsibility of the authors and does not necessarily represent the official views of the CDC.

Role of the Funder/Sponsor:

The funders had no role in the design and conduct of the study; collection, management, analysis, and interpretation 
of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for 
publication.

REFERENCES

1. Centers for Disease Control and Prevention. Web-based Injury Statistics Query and Reporting 
System (WISQARS) [cited 2023 Dec 14]. Available from: https://wisqars.cdc.gov/.

2. Goldstick JE, Cunningham RM, Carter PM. Current causes of death in children and adolescents 
in the United States. N Engl J Med. 2022;386(20):1955–6. doi:10.1056/NEJMc2201761. [PubMed: 
35443104] 

3. Goldstick JE, Zeoli A, Mair C, Cunningham RM. US firearm-related mortality: national, state, and 
population trends, 1999–2017. Health Aff 2019;38(10): 1646–52. doi:10.1377/hlthaff.2019.00258.

4. Mehranbod CA, Gobaud AN, Jacoby SF, Uzzi M, Bushover BR, Morrison CN. Historical redlining 
and the epidemiology of present-day firearm violence in the United States: a multi-city analysis. 
Prev Med. 2022;165(Pt A):107207. doi:10.1016/j.ypmed.2022.107207. [PubMed: 36027991] 

5. Kondo MC, South EC, Branas CC, Richmond TS, Wiebe DJ. The association between urban tree 
cover and gun assault: a case-control and case-crossover study. Am J Epidemiol. 2017;186(3):289–
96. doi:10.1093/aje/kwx096. [PubMed: 28481962] 

6. Burke M, Hsiang SM, Miguel E. Climate and conflict. Annu Rev of Econom. 2015;7(1):577–617. 
doi:10.1146/annurev-economics-080614-115430.

Bushover et al. Page 5

Inj Prev. Author manuscript; available in PMC 2026 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://wisqars.cdc.gov/


7. Lyons VH, Gause EL, Spangler KR, Wellenius GA, Jay J. Analysis of daily ambient temperature 
and firearm violence in 100 US cities. JAMANetw Open. 2022;5(12):e2247207–e. doi:10.1001/
jamanetworkopen.2022.47207.

8. Reeping PM, Hemenway D. The association between weather and the number of daily shootings 
in Chicago (2012-2016). Inj Epidemiol. 2020;7(1):31. doi:10.1186/s40621-020-00260-3. [PubMed: 
32564771] 

9. National Aeronautics and Space Administration. How Do We Know Climate Change Is Real? 2023 
[cited 2023 Dec 1]. Available from: https://climate.nasa.gov/evidence/.

10. Anderson CA. Temperature and aggression: ubiquitous effects of heat on occurrence of human 
violence. Psychol Bull. 1989;106(1):74–96. doi:10.1037/0033-2909.106.1.74. [PubMed: 2667010] 

11. Cohen LE, Felson M. Social change and crime rate trends: a routine activity approach. Am Sociol 
Rev. 1979;44(4):588–608. doi:10.2307/2094589.

12. U.S. Census Bureau. Total Population [cited 2024 Apr 8]. Available from: https://data.census.gov/.

13. National Centers for Environmental Information. Global Historical Climatology Network - 
Daily, Version 3. 2023 [cited 2023 Jun 2]. Available from: https://www.ncei.noaa.gov/metadata/
geoportal/rest/metadata/item/gov.noaa.ncdc:C00861/html.

14. National Centers for Environmental Information. U.S. Climate Normals 2020: U.S. Daily Climate 
Normals (1991-2020). 2023 [cited 2023 Jun 2]. Available from: https://www.ncei.noaa.gov/
metadata/geoportal/rest/metadata/item/gov.noaa.ncdc%3AC01621/html.

15. NYC Open Data. NYPD Shooting Incident Data (Historic). 2023 [cited 2023 Jun 2]. Available 
from: https://data.cityofnewyork.us/Public-Safety/NYPD-Shooting-Incident-Data-Historic-/833y-
fsy8.

16. City of Chicago. Chicago Data Portal. Violence Reduction - Victims of Homicides and Non-Fatal 
Shootings. 2023 [cited 2023 Jun 2]. Available from: https://data.cityofchicago.org/Public-Safety/
Violence-Reduction-Victims-of-Homicides-and-Non-Fa/gumc-mgzr/about_data.

17. OpenDataPhilly. Shooting Victims. 2023 [cited 2023 Jun 2]. Available from: https://
opendataphilly.org/datasets/shooting-victims.

18. City of Cincinnati. PDI (Police Data Initiative) CPD Shootings. 2023 [cited 2023 Jun 2]. 
Available from: https://data.cincinnati-oh.gov/safety/PDI-Police-Data-Initiative-CPD-Shootings/
7a3r-kxji/about_data.

19. Dunsmuir WTM, Scott DJ. The glarma Package for observation-driven time series regression of 
counts. J Stat Softw. 2015;67(7):1–36. doi:10.18637/jss.v067.i07.

20. R Core Team. R: A Language and Environment for Statistical Computing. Vienna, Austria: R 
Foundation for Statistical Computing; 2023.

Bushover et al. Page 6

Inj Prev. Author manuscript; available in PMC 2026 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://climate.nasa.gov/evidence/
https://data.census.gov/
https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/gov.noaa.ncdc:C00861/html
https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/gov.noaa.ncdc:C00861/html
https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/gov.noaa.ncdc%3AC01621/html
https://www.ncei.noaa.gov/metadata/geoportal/rest/metadata/item/gov.noaa.ncdc%3AC01621/html
https://data.cityofnewyork.us/Public-Safety/NYPD-Shooting-Incident-Data-Historic-/833y-fsy8
https://data.cityofnewyork.us/Public-Safety/NYPD-Shooting-Incident-Data-Historic-/833y-fsy8
https://data.cityofchicago.org/Public-Safety/Violence-Reduction-Victims-of-Homicides-and-Non-Fa/gumc-mgzr/about_data
https://data.cityofchicago.org/Public-Safety/Violence-Reduction-Victims-of-Homicides-and-Non-Fa/gumc-mgzr/about_data
https://opendataphilly.org/datasets/shooting-victims
https://opendataphilly.org/datasets/shooting-victims
https://data.cincinnati-oh.gov/safety/PDI-Police-Data-Initiative-CPD-Shootings/7a3r-kxji/about_data
https://data.cincinnati-oh.gov/safety/PDI-Police-Data-Initiative-CPD-Shootings/7a3r-kxji/about_data


KEY MESSAGES

What is already known on this topic

• Firearm violence is a serious public health issue.

• There is a well-established association between rising temperatures and 

violence, and an emerging body of work extending this observation to firearm 

violence specifically.

What this study adds

• Using data from 4 United States cities, there is evidence that the temperature-

aggression theory may be the mechanism behind the association between 

firearm violence and increases in average temperatures, meaning that effects 

are strongest on days with extremely high temperatures.

How this study might affect research, practice, or policy

• As more days of the year continue to reach hotter than average temperatures, 

we can expect a further increase in firearm violence. Effective mitigation 

strategies will need to be informed by relevant theory.
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Figure 1. 
Estimation of shooting incident count by temperature increase overlaid on observed shooting 

incidents and temperature from Model 2 by US study city: Chicago, Cincinnati, New York 

(2010-2019), and Philadelphia (2015-2019). Points have been jittered due to overplotting of 

discrete data.
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Table 1.

Descriptive statistics of exposures of interest by US study city: Chicago, Cincinnati, New York (2010-2019), 

and Philadelphia (2015-2019)

Mean (SD) Minimum, Maximum

Maximum daily temperature (°F)

    Chicago, IL 59.7 (21.6) −10, 103

    Cincinnati, OH 65.1 (19.7) 6, 113

    New York, NY 63.9 (18.5) 15, 104

    Philadelphia, PA 66.1 (18.8) 16, 98

Difference from average maximum daily temperature

    Chicago, IL 0.02 (10.0) −41.7, 38.0

    Cincinnati, OH 0.51 (9.8) −38.7, 37.2

    New York, NY 0.32 (8.4) −25.7, 55.0

    Philadelphia, PA 0.77 (9.0) −27.5, 31.7

Daily shooting incidents

    Chicago, IL 6.8 (3.9) 0, 26

    Cincinnati, OH 1.0 (1.0) 0, 6

    New York, NY 3.0 (2.3) 0, 21

    Philadelphia, PA 3.6 (2.4) 0, 17
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