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Abstract
The correlation between hot temperatures and crime is well documented, though the
relationship between heat and gun violence faces confounding problems of misreporting
and under-reporting of crimes. In this research, we utilize ShotSpotter data which
records the time and location of gunshots via listening devices that are distributed
across select cities, and we link this data with information on temperature variation
over time. These data allow us to circumvent the concern that gun violence may be
under-reported or unobserved in standard sources like the Uniform Crime Reporting
records. Here we show that the marginal effect of a 1F change in the daily maximum
temperature increases gunshot counts within a city by approximately 0.6%, and that
a 1F change increases the probability that a gunshot occurs. Under expected warming
paths this implies at least a 1.6% increase in gunshots daily, and an increase in the
rate of firearm deaths due to assault and suicide.
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There is mounting evidence that hotter temperatures lead to unexpected adverse outcomes including: hampered learning (Park et al. (2020)); increased emergency department
visits for mental illness, suicides, and self-reported days of poor mental health (Mullins and
White (2019)); and the effect of hotter temperatures has been recognized in the crime literature since at least Cohn (1990). Gun violence imposes significant economic and social costs
to communities. Crimes within this category include murder, suicide, theft, and drug-related
violence. Pinning down the causal factors that lead to increased gun violence is difficult,
though, because of issues in the original reporting of incidents, local presence of police, and
even the adoption of gun-friendly laws (to name a few). In this research, we investigate a
well-worn correlation between crime and hot weather and provide causal evidence of this
linkage for gun-use. To investigate the effect of hot weather on gun violence we use an
unbiased account of gun-use, ShotSpotter data, which are uniquely able to identify gunshot
occurrences.
Robust, causal evidence on the temperature-crime relationship has been slower to coalesce
than some other outcomes of increased warming. Heilmann and Kahn (2019) study the heatcrime relationship in Los Angeles and find that when the maximum daily temperatures goes
above 85F overall crime increases by 2.2% and violent crimes increase by 5.7%. Colmer and
Doleac (2020) make use of exogenous variation in temperatures and find that a 1C increase in
temperature is associated with a 0.388% increase in homicides. Beyond this, they find that
in states where gun access is less prohibited, homicides are over two times more responsive
to temperature increases. In states with more lenient gun laws, a one degree increase is
associated with nearly a 1% increase in homicides.
One explanation for the observed (or expected) heat-crime relationship is that of a psychological change. Anderson (2001) shows that hot temperatures increase aggression by
increasing feelings of hostility and aggressive thoughts. This is supported by Baylis (2020)
who uses data from Twitter to show that there is strong evidence of a sharp decline in a
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person’s ‘hedonic state’ at temperatures above 70F. An additional explanation is that hotter temperatures increase social interactions, which increases the chance of an altercation,
simply because more people are outside. (Jacob et al. (2007)).
In this research, we are able to rely on observations that are recorded, literally, by microphones that are dispersed across cities that have adopted ShotSpotter. These data allow
for any linkage between hot weather and gun-use to be based just upon the change in daily
temperatures, not the reporting behaviors of people or the response of local law enforcement. For example, using the same data source Carr and Doleac (2018) find that only 12%
of gunshot occurrences result in a 911 call, and only 2-7% of occurrences result in a reported
assault with a dangerous weapon. Here we show that hot temperatures lead to more gunshots occurring in a city. We find that the marginal effect of a 1F degree increase is a 0.6%
increase in daily gunshot occurrences, or a 0.21-0.48% increase in the probability that a gun
is discharged. While our primary goal is to determine how hot temperatures effect gun-use,
we also provide a short discussion on how additional gunshots affect firearm mortality at
the county-level. To do this, we take an instrumental variables approach that predicts the
amount of gunshots based on the average maximum temperature over the month. We find
that temperature-predicted gunshots are positively associated with the amount of deaths by
firearms. Specifically, we see an increase for both the firearm assault rate and the firearm
suicide rate, but fail to find any relation to the amount of ‘unintentional’ firearm deaths.
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Empirical Strategy

We are interested in the daily amount of gunshots and their relation with the observed
temperature.

E(ShotCountit |Xit ) = Xit0 β + εt
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(1)

Where Xt0 β is the observed daily maximum temperature and other city and time fixed effects,
discussed below.
In our sample, the amount of gunshots in city i on a given day t is relatively rare, so
there are many days with zero gunshots recorded. We estimate models using two different
ways to to account for these zero values. First, we apply an inverse hyperbolic sine (IHS)
transformation to each daily gunshot count.1 The IHS transformation is approximately
equal to log(2ShotCountit ) and can be interpreted in the same way as a logarithmic transformation (as an ‘elasticity’ or percentage change). The major benefit of this specification is
that, unlike the familiar logarithmic transformation, zero is defined. This is the same variable transformation used when studying the relationship between heat and violent crime in
Colmer and Doleac (2020). We also recast our outcome variable as a dichotomous indicator
variable that denotes whether or not a gunshot occurred on a given day. In this model, our
dependent variable, ShotDummyit is equal to one on days in which a gunshot is recorded,
zero otherwise.

1.1

Data Description

We rely on ShotSpotter data to determine if a gunshot occurred in a city. ShotSpotter uses
audio sensors that are installed throughout a city. These sensors are able to detect gunshots,
record the time the gunshot(s) occurred, and then triangulate the precise location of the
sound.2 In this study, we only use cities that have entries for the latitude and longitude of
a gunshot occurring as well as the time stamp for when the gunshot occurred. The cities
included in our sample are listed in Table 4, below. The unit of observation is a city-day,
and we use all available observations from 2012-2018, though some cities have only partial
coverage in this time period.3
1

asinh(ShotCountit ) = log(ShotCountit + (ShotCount2it + 1)0.5 )
A machine learning algorithm is used to separate the sound of a gunshot from other loud noises.
Technicians follow-up on these observations to verify whether a gunshot occurred.
3
For example, some cities only have data for a window of time in this sample (e.g. 2014-7).
2
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The advantages these data offer over traditional reported crime data are that they have
precise time and location stamps. Moreover, they are not subject to selective underreporting
that could bias empirical estimates. As Doleac and Carr (2018) note, “[c]riminal activity
is often selectively underreported – that is, underreported in a non-random manner” (Carr
and Doleac (2018)). This sort of selection bias, which may be present in other data sources,
could result from unobserved variation in reporting rates over time or the affected populations. We further believe these data are able to reduce any confounding effects due to any
potential unobserved connection between the reporting of a gunfire incident and the current
temperature.
Of particular concern for our study is the use of firecrackers on the Fourth of July holiday
(and the days preceding and following the holiday). This particular issue is recognized in
Carr and Doleac (2018), and we must account for it here. Inconveniently, these observations
take place when temperatures tend to be hotter than the rest of the year. When we include
July 4th in our data set, the mean amount of “gunshots” observed is 1.32 per city per day
and the maximum amount observed is 1,285. When we exclude July 4th the mean drops to
1.23 with a maximum of 59.4
To link daily gunshot occurrences with the day’s temperature, we use information on
daily temperature maximums from the National Oceanic and Atmospheric Administration’s
(NOAA) global monitoring system. This data is collected by 58,578 individual stations in
the United States.5 To construct the estimates of the maximum observed daily temperature
by city, we calculate the mean latitude and longitude of each recorded gunshot and connect
this geolocation with all weather stations within 10 kilometers. For each day we calculate
the mean maximum temperature across all weather stations within this radial distance.6
4

Excluding July 3rd and July 5th changes the mean amount of gunshot counts to 1.22 but the maximum
remains the same (59).
5
This data includes information on the daily temperature average, minimum, and maximum, and any
precipitation. We use the daily maximum because there are substantial gaps in the data on average temperatures.
6
The mean temperature is 64.45F with a range from -8.02 - 105.98F.
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1.2

Econometric Specification

Our benchmark model is shown in (2).

ShotsCountit = β0 +

6
X

β2+j F HTt−j + εit

j=0

εit = λdow + λy + t ∗ µi + νst
Our identification strategy assumes that innovations to daily temperature extremes are
uncorrelated with other factors that might also affect the discharging of a gun. We discuss
the rationale and method of clustering standard errors below, but for now consider that
including location-specific (city) fixed effects allows us to control for economic, demographic,
and climate adaptation factors. We include year and day-of-week fixed effects to control for
other unobserved heterogeneity. It is natural to consider including month fixed effects to
control for patterns that could be related to both crime and temperature (e.g. seasonality
in violent crime and the amount of daylight hours). Indeed, this partly motivates the use
of two-way clustered standard errors discussed in more detail below. Lastly, we include a
city-specific trend variable to account for the potential endogenous adoption of ShotSpotter
in the first place. For example, it could be the case that a city has elected to invest in the
technology because gun violence already followed an upward trajectory. If this was indeed
the case, then it is important to account for any (pre-existing) trends in gunshot occurrences.
Lastly, we control for the maximum temperatures observed over the prior seven days. Each
table shows coefficients for the prior three days for the sake of brevity as well as the test
statistic for the joint test that all past values of F HTt−j equal zero (j 6= 0). The estimated
coefficients for each day are plotted in Figure 1.7 It is easy to see in Figure 1 that prior days’
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Note, that the coefficient adjustment to elasticity form is not made in this figure, but that does not
effect statistical significance.
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temperatures do not effect the prevalence of gunshots contemporaneously. Our findings (or
really, lack of statistically significant findings) indicate that prior day temperatures do not
affect the amount of current day gunshots. This, we believe, is the strongest indicator that
hotter temperatures have a causal impact on the amount of gunshots in a day.

1.3

Two-way Clustering

The nature of our research question lends itself to a short discussion of clustered robust
standard errors. In our setting, the ‘natural’ cluster level is at the city level since this,
we expect, would account for correlated errors within a specific area. For example, this
addresses any adaptation or ‘climate-resiliance’ measures taken, or even differences in the
built environment and micro-climate effects. But since the daily maximum temperature is
randomly assigned within clusters, or is as good as randomly assigned, then the withincluster correlation of this regressor will likely be zero. In other words, there is no need to
cluster standard errors (Colin Cameron and Miller (2015), Abadie et al. (2017)). On the
other hand, temperatures within a month are clearly correlated with one another. Thus, we
may want to cluster at the city-level to permit valid inference for within-city autocorrelation
in the errors.
In a panel setting that clusters on the observational unit (in our case the individual city),
within-unit error correlation is allowed, but across-unit correlations such as those arising
from common shocks are ruled out (e.g. a national news story that affects the likelihood of
shooting a gun). On the other hand, clustering by time period allows for common shocks,
but assumes that errors associated within a city are independently distributed, which is also
not likely true here (Baum et al. (2010). Thus, in all tables below, we use two-way cluster
standard errors by city and month. This makes the inclusion of city or month fixed effects
redundant which is why we only pay a passing glance to their description above.8
8

Note, that it is possible for cluster-robust standard errors to be smaller than their non-robust counterparts if the errors are negatively correlated.
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Figure 1. Contemporaneous and Lagged Effect of Daily Maximum Temperature

Figure 1 shows how the clustering method effects the size of the standard error for our
key regressors. In some cases the two-way cluster results in larger standard errors than when
we cluster only on city or month, and in others it is slightly smaller, but the difference is not
enough to change any of the conclusions presented here.

2

Results

Table 1 displays our primary results. Columns 1 and 2 show estimated coefficients when
there are no fixed effects or the city-specific trend included, and columns 3 and 4 include
these variables. Columns 2 and 4 both include lagged temperature effects while columns
1 and 3 do not. Note, that all reported coefficients have been scaled to be interpreted as
semi-elasticities since we have used the hyperbolic sine transformation on the shot count.9
Across specifications, we consistently find that hotter daily maximum temperatures are
associated with more gunshots. The size of the effect ranges from 0.51-0.62%, with larger
effect sizes found when lagged daily maximum temperatures are included. We also fail to
9


Each reported coefficient is

β∗

r

1
1+
∗ 100 to account for the hyperbolic sine transformation.
ȳ
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Table 1. Shot Counts

find a statistically discernible effect due to past temperature changes. This is true for all
lagged values individually (see figure 1), and remains true when we test these as a group.
In other words, we fail to reject that these variables are jointly equal to zero. The fact that
temperatures are exogenous, and further that we are able to leverage panel data techniques,
allows for a causal interpretation to the finding that hotter contemporaneous temperatures
increase gunshot occurrences. Taken together with the lack of significance on prior days, we
believe this yields strong evidence that the temperature-gunshot relationship is meaningful.
In Table 2 we recast our dependent variable as a dichotomous indicator variable that is
equal to one if a gunshot occurs. Indeed, this is a useful version of the model because there
are many days in our data set that have zero gunshot occurrences.10 In Table 3 the first two
columns are estimated by OLS (the ‘linear probability model’) and the latter two columns
use a Logit model. We still consistently find that hotter daily maximum temperatures are
associated with an increased probability that a gunshot occurs. Moreover, we find (again)
that prior day temperatures do not change the probability that a gunshot occurs, holding
10

Note that the mean for the Shot Dummy variable is 0.655
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Table 2. Shot Probability

constant the current temperature.
Lastly, Table 3 provides a robustness check to our results. ShotSpotter is unevenly
adopted across cities and time, so we do not have a fully balanced panel. To determine if
any single city substantially impacts our results we re-estimate the model shown in column
4 of Table 1 (the full model with lagged daily maximum temperatures and all fixed effects)
while incrementally dropping individual cities. Here, we see that the standard error size is
relatively stable, but that the magnitude of the effect varies from 0.436-0.795. Because of
this, the same-day temperature effect falls just outside of the bounds of traditional statistical
significance when Peoria, IL or Minneapolis, MN are removed from the sample (p-value of
0.106 and 0.118, respectively). That being said, we believe that this is yet further evidence
of the temperature-gunshot relationship. These are both northern cities that may be lesswell-adapted to hot temperature shocks (e.g. fewer public spaces with air conditioning, less
private ownership of air conditioning units, etc.), so it is reasonable to expect that hot days
have an out-sized effect in these cities. Statistical significance is not sensitive to the removal
of any other cities.
9

Table 4. Temperature-Shot Count Robustness

2.1

Extensions

The results presented here indicate that hotter weather is causally related with more gunshots. While this descriptive result is interesting, we are still uncertain as to whether there
are meaningful changes in other outcome variables associated with gun-use. For instance,
related questions include: is there a spike in gunshot wounds at hospital emergency rooms
during hot weather? Does hot weather shift violent activity from cooler days to hotter days,
or does hot weather increase the overall level of violence in a calendar year? Are local police
authorities aware of the correlation between hot weather and increased violence and do they
adjust their patrols with this in mind? In an effort to begin answering these important
questions, we extend our analysis to discuss gun-involved mortality. To do this, we make use
of data from the Centers for Disease Control (CDC) on deaths that occurred by firearm.
Raw data from the CDC indicates a specific ICD code for each death that occurs nationally. This code is an indicator for the manner of death ranging from natural deaths,
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to suicide and overdose, to specific illnesses and cancers. The specificity of this code even
distinguishes between the type of gun that was involved in each gun-involved death. For
this analysis we separate gun-involved deaths that were the result of assaults, suicide, or
were unintentional.11 We are able to use data at a monthly interval for each county that our
sample cities belong to, and we link this information with the observed temperature-gunshot
relationship for each city. Using the monthly counts of gun-involved deaths for each county
we transform our outcome variables to rates per 100,000 people using county population data
from the 2010 census.12 We then use an instrumental variables approach to estimate the
marginal effect of more gunshots on deaths by assault with a firearm and suicide by firearm.
The first stage regression uses the average maximum-observed temperature over the month
and county-level fixed effects to predict the amount of gunshots in a month.13,14 As a placebo
check we also estimate the effect of gunshots on unintentional deaths. A priori, we do not
expect temperature-predicted gunshots to be related to unintentional firearm deaths because
they are, well, unintentional. Previous research indicates that unintentional firearm deaths
are more the result of gun access or their open presence in a home. For instance, Levine
and McKnight (2017) show that unintentional firearm deaths increased following the Sandy
Hook Elementary School shooting. The mechanism behind these unintentional deaths was
that there was a spike in gun sales following the shooting because legislation was perceived
to be imminent.
Table 4 shows our second-stage results for each manner of death by firearm - assault,
suicide, and unintentional. Each coefficient represents the marginal effect of an additional
gunshot on the county mortality rate per 100,000 people. We find that increases in the
amount observed gunshots in a city are related to increases in the firearm mortality rate for
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There is also a category for ‘undetermined’ method involving a gun which we do not include.
Again, we have uneven coverage over time by city, so we use a single year county population estimate
in this analysis.
13
The mean amount of gunshots observed is 36.8, and the mean amount of predicted gunshots is 37.6.
14
The F-statistic and R-squared for this regression are 5.06 and 0.52, respectively.
12
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Table 4. Firearm Deaths Second-stage Regression

both assault and suicide. This result is only strengthened when county-specific trends are
included. The effect gunshots on unintentional deaths by firearm cannot be differentiated
from zero. Moreover, the R2 statistic is very low for regressions using the rate of unintentional
firearm deaths.
To put these estimates in context we have also estimated the associated change in mortality rates for a standard deviation change in the amount of gunshots. In our sample, the
mean firearm assault rate is 0.619 per 100,000 people and the mean firearm suicide rate is
0.404 per 100,000 people. For a one standard deviation increase in the amount of predicted
gunshots15 there is an increase in the firearm assault death rate of 0.052. This is an 8.4%
increase relative to the mean firearm assault death rate. For suicides, this same standard
deviation increase in gunshots is associated with an increase of 0.0584 in the rate of suicides
by firearm per 100,000 – a 14.45% increase relative to the mean.
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Conclusions and Policy Discussion

This paper makes an important step forward in understanding the relationship between
crime and changing temperatures in part because of the nature of the data that are used.
Here, we make use of ShotSpotter data which are collected using sensors that are placed
about cities that have invested in the technology. Using ShotSpotter data, we are able to
15

standard deviation is 3.14 gun shots.
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estimate how changes in the maximum temperature observed on a day effects the amount of
gunshots (or the probability of a gunshot occurring) while reducing the concern of bias due
to under-reporting that has been noted in the literature. In other words, the present research
is able to connect temperature changes to gunshot occurrences - not with gunshot victims.
We find that a 1F degree change is associated with a 0.602% increase in gunshots in a day.
This finding is robust to the inclusion of year and day-of-week fixed effects, accounting for
pre-existing trends for each city, the method of clustering, and accounting for the maximum
temperature on prior days. We also find that hotter days are associated with an increase in
the probability that a gunshot occurs at all.
To put our findings in context, the Intergovernmental Panel on Climate Change 2020
report expects a 1.5C degree change in average temperatures (2.7F) globally. Absent any
new adaptation measures taken, or changes in the pattern of firearm purchases, our estimates
indicate that this will cause a 1.63% increase in the amount of gunshots daily. This, however,
is associated with the average expected warming amount. In areas in the upper tail of
temperature increases (3-5C), this implies a 3.25%-5.42% increase in the amount of gunshots
per day. Connecting these changes with the mortality rate changes we observe at the countylevel, we expect the firearm assault rate to increase by 0.0102 on the low end (1.5C) to 0.033
on the high end (5C). Absent any adaptation measures taken, this amounts to a 1.6-5.3%
increase in the firearm assault rate relative to the mean.

References
Abadie, A., Athey, S., Imbens, G. W. and Wooldridge, J. (2017). When Should You Adjust
Standard Errors for Clustering?, Technical Report w24003, National Bureau of Economic
Research.
URL: https://www.nber.org/papers/w24003

13

Anderson, C. A. (2001). Heat and Violence, Current Directions in Psychological Science
10(1): 33–38. Publisher: SAGE Publications Inc.
URL: https://doi.org/10.1111/1467-8721.00109
Baum, C. F., Nichols, A. and Schaffer, M. E. (2010). Evaluating one-way and two-way
cluster-robust covariance matrix estimates.
Baylis, P. (2020). Temperature and Temperament: Evidence from a billion tweets.
Carr, J. B. and Doleac, J. L. (2018). Keep the Kids Inside? Juvenile Curfews and Urban
Gun Violence, The Review of Economics and Statistics 100(4): 609–618. Publisher: MIT
Press.
URL: https://doi.org/10.1162/resta0 0720
Cohn, E. G. (1990). Weather and Crime, British Journal of Criminology 30: 51.
URL: https://heinonline.org/HOL/Page?handle=hein.journals/bjcrim30id=59div=collection=
Colin Cameron, A. and Miller, D. L. (2015). A Practitioner’s Guide to Cluster-Robust
Inference, Journal of Human Resources 50(2): 317–372.
URL: http://jhr.uwpress.org/lookup/doi/10.3368/jhr.50.2.317
Colmer, J. and Doleac, J. L. (2020). Access to Guns in the Heat of the Moment: The Effect
of Gun Laws on Violent Crime.
Heilmann, K. and Kahn, M. E. (2019). The Urban Crime and Heat Gradient in High and
Low Poverty Areas, Working Paper 25961, National Bureau of Economic Research. Series:
Working Paper Series.
URL: http://www.nber.org/papers/w25961
Jacob, B., Lefgren, L. and Moretti, E. (2007). The Dynamics of Criminal Behavior: Evidence from Weather Shocks, The Journal of Human Resources 42(3): 489–527. Publisher:

14

[University of Wisconsin Press, Board of Regents of the University of Wisconsin System].
URL: https://www.jstor.org/stable/40057316
Levine, P. B. and McKnight, R. (2017). Firearms and accidental deaths: Evidence from the
aftermath of the Sandy Hook school shooting, Science 358(6368): 1324–1328. Publisher:
American Association for the Advancement of Science Section: Report.
URL: https://science.sciencemag.org/content/358/6368/1324
Mullins, J. T. and White, C. (2019). Temperature and mental health: Evidence from the
spectrum of mental health outcomes, Journal of Health Economics 68: 102240.
URL: http://www.sciencedirect.com/science/article/pii/S016762961830105X
Park, R. J., Goodman, J., Hurwitz, M. and Smith, J. (2020). Heat and Learning, American
Economic Journal: Economic Policy 12(2): 306–339.

15

