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Introduction: To investigate relationships between ambient temperatures and violent crimes to
determine whether those relationships are consistent across different crime categories and whether
they are best described as increasing linear functions, or as curvilinear functions that decrease beyond
some temperature threshold. A secondary objective was to consider the implications of the observed
relationships for injuries and deaths from violent crimes in the context of a warming climate. To address
these questions, we examined the relationship between daily ambient temperatures and daily incidents
of violent crime in Dallas, Texas from 1993—-1999.

Methods: We analyzed the relationships between daily fluctuations in ambient temperature, other
meteorological and temporal variables, and rates of daily violent crime using time series piece-wise
regression and plots of daily data. Violent crimes, including aggravated assault, homicide, and sexual
assault, were analyzed.

Results: We found that daily mean ambient temperature is related in a curvilinear fashion to daily rates
of violent crime with a positive and increasing relationship between temperature and aggravated crime
that moderates beyond temperatures of 80°F and then turns negative beyond 90°F.

Conclusion: While some have characterized the relationship between temperature and violent crime
as a continually increasing linear function, leaving open the possibility that aggravated crime will
increase in a warmer climate, we conclude that the relationship in Dallas is not linear, but moderates
and turns negative at high ambient temperatures. We posit that higher temperatures may encourage
people to seek shelterin cooler indoor spaces, and that street crime and other crimes of opportunity are
subsequently decreased. This finding suggests that the higher ambient temperatures expected with
climate change may result in marginal shifts in violent crime in the short term, but are not likely to be
accompanied by markedly higher rates of violent crime and associated increased incidence of injury
and death. Additional studies are indicated, across cities at varying latitudes that experience a range of
daily ambient temperatures. [West J Emerg Med. 2012;13(3):239-246.]

INTRODUCTION the remainder includes robbery (31.0%), forcible rape (6.7%),
Violent crime is a leading cause of morbidity and mortality and murder (1.2%).! Approximately 21% of annual aggravated

in the United States and among the leading causes of death in  assaults result in physical injury requiring emergency

young people. In 2009, violent crime incidence was 429.4 per treatment. Of injured victims, 49% are under the age of 19 and

100,000 population (1.32 million total).! Aggravated assaults ~ 75% are under the age of 35. In 2008, 542,280 violent crime

comprise 61.2% of violent crimes reported to law enforcement;  victims required medical care, 56% of which was provided at a
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doctor’s office, hospital, emergency department or urgent care
clinic.? In 1996, the Justice Department estimated that annual
losses from homicides alone totaled $700 million in medical
costs, $32.7 billion in other tangible costs, and $60 billion in
quality of life losses (equivalent to $1.1 billion, $51.2 billion,
and $94 billion respectively in 2011 inflation-adjusted
dollars).’

The complex origins of violent crime have been widely
documented. According to the Federal Bureau of Investigation
(FBI), weather is one of many factors affecting its incidence.
Others include:

e individual characteristics, e.g., psychological and phys-
iological status and behavioral indicators

e population density, degree of urbanization, and age
distribution

e population stability with respect to mobility and
transience

* socio-economic conditions

e family cohesiveness and divorce rates

o cffectiveness of law enforcement agencies

e citizens’ attitudes toward crime and crime reporting.*

Among the factors that affect the incidence of violent
crime, weather is of particular interest due to the observed
association between crime and temperature. With climate
change, regional mean temperatures in the U.S. are expected
to rise between 3.6 and 7.2°F by 2100.° Such increases may
have implications for the incidence of violent crime and
associated morbidity and mortality. The likely impacts
depend on the nature of the observed relationship between
temperature and violent crime and how that might change in a
warming climate. Laboratory studies provide evidence of a
significant relationship between extreme heat, irritability, and
aggressiveness.® The effects of weather on aggression have
been analyzed using the incidence of violent crime as a proxy.
Such studies report important temporal correlations with
violence. For instance, aggravated assault is more common
on weekends and holidays and varies with years, months,
seasons, and day length.””® Significant associations between
violent crime and weather, especially temperature, are also
reported.®"”

The nature of the relationship between temperature and
violent crime is contested. Anderson® describes potential
functional forms, including a linear function or an inverted-U
shaped curvilinear function. The functional form of the
relationship is important as it may convey the likely impacts
of a warming climate on violent crime. A positive linear
relationship suggests increased violence with increasing
temperatures, while an inverted U-shaped function suggests
moderation or a decrease in violent crime at high
temperatures.

Two theories provide conceptual underpinnings for the
linear hypothesis. A General Affective Aggression Model
hypothesizes that a person’s affect, arousal, and cognitive state

are mediated by a number of factors and that the interaction
between temperature and violence is a positive linear
function.'® The Routine Activity Theory also supports a linear
relationship, hypothesizing that crime occurs when there is a
motivated offender, a suitable target, and no one to intervene.
%19 Routine Activity Theory suggests that in warm weather,
people congregate in public places with increased social
interaction leading to increased violence.

The linear relationship is supported by studies of daily
assaults in Chicago and Houston, in two analyses of nation-
wide crime databases, in an analysis of non-violent crime in
Des Moines and Indianapolis, in a daily time series study of
assaults in Charlotte, and in an analysis of aggravated crimes in
Cleveland.®'*!3"1*162% Harries and Stadler'® also observe a
linear relationship for low income populations in Dallas.

Contrary to the linear hypothesis, other studies support a
curvilinear, inverted-U shaped relationship. The Negative
Affect Escape Model posits that a negative affect and
associated violence increase as temperatures increase to an
inflection point beyond which violence decreases as a person’s
“flight” motivation (i.e., aversion to heat) overrides aggressive
motives.'* Similarly, the Social Escape or Avoidance Theory
hypothesizes a curvilinear relationship in which people will try
to avoid conditions that are consistent with an aggressive
affect.” This theory suggests that on very hot days, people will
interact less, decreasing violent crime.

The curvilinear hypothesis was postulated by Baron'' and
later confirmed by Baron and Bell.'* From human experiments,
they found that high temperatures (above 80°F) inhibit
aggression. More recent work by Bell?! found that some of the
studies that reject the curvilinear function have no or
inadequate data from periods in which temperatures are high
enough to suppress aggression. Cohn and Rotton’s”? analyses
of assaults and domestic violence in Minneapolis and assaults
in Dallas also supported the inverted-U relationship.

The nature of the relationship is not only of intrinsic
importance, but is central to the question of how violent crime-
related morbidity and mortality might change in a warming
climate. If there is a positive linear relationship, substantial
increases may result. Anderson®* finds a causal relationship
characterized as an increasing linear function and predicts an
increase of approximately 12,000 aggravated assaults and
murders in the U.S. annually (a 1.3% increase based on 2001
statistics) for every 1°F increase in mean temperature.” This
could impact healthcare use, direct healthcare costs, and other
indirect costs associated with disability, lost productivity, and
decrements to quality of life. Insight into the relationship might
provide opportunities for improved prediction, which could
support prevention and preparedness activities. The objective
of'this investigation was to clarify the nature of the relationship
for violent crime in Dallas and consider implications for
climate change.
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METHODS

To examine the relationship between temperature and
violent crime, we collected daily crime data for aggravated
assault, homicide, and rape and attempted rape in Dallas for
1993 to 1999, and daily meteorological data for the same
period. We developed baseline regression models for each
crime category that maximize and controlled for the
explanatory capacity of non-weather, temporal factors. Once
the “best-fitting” baseline model was specified, we added
weather variables to estimate observed associations.

Crime Data

Daily crime data by offense and ZIP code were reported by
the City of Dallas Police Department from January 15, 1993
through December 31, 1999. The study period is limited to
those data made available by the Dallas Police Department.
Service calls were coded according to the FBI’s Uniform Crime
Reporting categories.”* Three crime categories were examined:
aggravated assault, homicide, and rape or attempted rape.

Meteorological Data

Meteorological data were based on measurements from
Dallas-Fort Worth International Airport, archived by the
National Climatic Data Center. Meteorological measures
included daily mean, minimum, and maximum temperatures,
daily mean relative humidity and dewpoint, and daily
precipitation. The effects of a variety of weather variables are
examined, including a temperature-humidity index (THI). The
THI or apparent temperature was derived from measures of
temperature (T) and relative humidity (RH) when T>80°F and
RH>40.%

Statistical Considerations

Statistical methods used to analyze associations between
temperature and violent crime addressed three features of the
daily time series: data distribution; potential for serial
correlation; and need to control for associations between crime
categories and time-varying factors other than weather.?®
Models for small numbers of daily counts (such as assaults and
murders) had to account for non-Gaussian errors. Although
ordinary least squares (OLS) regression provides unbiased
estimates, OLS underestimates standard errors for models with
small counts, thereby overestimating the coefficient estimates’
significance.””*° To address this issue, we converted daily
crime counts to daily rates per 100,000 (using U.S. Census
annualized population estimates for Dallas), then applied OLS
regression. We found no significant first-order serial correlation
in Durban-Watson tests of regression residuals.?®

Modeling

For each crime category, a baseline regression model was
fit that maximizes the explanatory capacity (based on adjusted
R?) of non-weather, time-varying factors. The time series itself
controls potential confounders that are unlikely to vary

substantially from day to day (e.g., population, socioeconomic
status, etc.). The non-weather covariates selected for the
baseline model were similar, if not identical, to variables used in
other studies. To control for temporal variation in the dependent
variable, we entered dummy variables for years, day of week,
holidays, and first day of the month in the model, along with
linear and quadratic trends, and measures of daylight and
seasons (as these variables may serve as proxies to control for
variation in outdoor activity and social interaction).

Once the best-fitting baseline model was specified, we
introduced weather variables. Mean ambient temperature was
specified as a continuous term; as a 2-day moving average; as 1,
2, and 3-day lagged effects; and by indicators for 10-degree
increments to allow for non-linearity in the response surface.
We evaluated a piece-wise regression of the effects of mean
temperature, using two slope segments with inflection points at
80°F, 85°F, and 90°F. We also evaluated the effects of maximum
temperature, RH, and THI.

RESULTS
General Crime and Weather Data

Aggravated assault is the most common violent crime in
Dallas. During the study period, an average of 112 daily assault
calls were logged (283,916 calls from 1993-1999), plus 0.68
daily calls for murder (1731 total), and 2.46 daily calls for rape
and attempted rape (5294 total). Aggravated assaults, murders,
and rapes declined significantly from 1993-1999. Daily
aggravated assault rates decreased from 11.49 per 100,000 in
1993 to 8.79 in 1999. The daily murder rate per 100,000 was
0.087 in 1993 and fell by halfto 0.043 in 1999. The daily rape
and attempted rape rate per 100,000 was 0.26 in 1993 and
decreased to 0.19 by 1999.

Annual mean temperatures rise during the study period,
from 66.6°F in 1993 to 68.9°F in 1999. Overall, daily mean
temperatures range from 19°F to 97°F. Annual maximum
temperatures also rise during the study period, from 76.4°F to
79.4°F. Daily maximum temperatures range from 23°F to
110°F. Daily precipitation averages 0.10 inches during the
study period with a range from no precipitation to as high as 3.9
inches in 1 day. Daily daylight varies from 10.21 to 14.04
hours. As expected, daylight and temperature are highly
correlated (r=0.774).

Daily Aggravated Assaults

Aggravated assaults account for an average of 111.7 daily
calls from 1993—-1999. Assaults are most frequent in summer
(120.0 per day) and least frequent in winter (100.4) (Table 1).
Significantly more assaults occur on the weekend (t=17.09) and
on holidays (t=9.22). The first-order correlation of mean
temperature and daily assaults is significantly positive (r=0.38,
p<<0.001) (Table 2). A plot of mean temperature (divided into
eight 10-degree increments from <30°F to >90°F) and daily
counts of aggravated assaults support a curvilinear hypothesis
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Table 1. Mean daily counts of aggravated crime categories and mean temperatures (standard deviation) [range] by time-varying factors for
Dallas, Texas, 1993—-1999.

Aggravated Assault Murder Rape Mean Temp °F

1993-1999 111.7 (27.1) [35-222] 0.68 (0.91) [0-6] 2.46 (1.44) [1-11] 66.8 (16.1) [19-97]
Winter* 100.4 (24.8) 0.69 (0.90) 2.24 (1.37) 48.9 (9.9)

Spring 115.8 (26.5) 0.65 (0.88) 2.43 (1.42) 65.1 (10.8)
Summer 120.0 (26.5) 0.72 (0.96) 2.68 (1.46) 85.0 (4.7)

Fall 110.0 (26.4) 0.67 (0.91) 2.45 (1.46) 67.4 (12.0)
Weekend' 125.4 (26.6) 0.76 (0.93) 2.66 (1.50) 66.5 (16.3)
Weekday 106.2 (25.3) 0.65 (0.91) 2.37 (1.40) 66.9 (16.0)
Holiday* 133.1 (30.5) 0.90 (1.01) 2.99 (1.94) 67.3 (17.7)
Non-holiday 110.6 (26.4) 0.67 (0.91) 2.43 (1.40) 66.8 (16.0)

* Winter is defined as December, January, and February and other seasons as similar 3 month intervals.

T Weekend includes Saturday and Sunday.

* Holidays include New Year's Eve and New Year’s Day, Cinco de Mayo, Memorial Day weekend, Independence Day and closest
weekend, Labor Day weekend, the 4-day Thanksgiving break, and Christmas Eve and Christmas Day.

(Figure 1) with an increasing relationship that moderates
beyond 80°F and turns negative beyond 90°F.

The best-fitting non-weather or baseline model for the
daily aggravated assault rate used 19 degrees of freedom and
explains 64% of the variation in assaults, based on adjusted R?
(Table 3). Once the baseline model was specified, we assessed
the effects of weather covariates (Table 4). Mean ambient
temperature had the greatest explanatory capacity, explaining
an additional 6.5% of the variation in the daily aggravated
assault rate. RH was not significant nor was THI, when in the
presence of mean temperature.

A piecewise linear regression, with 2 slope segments,
defined with a mean temperature inflection point at 90°F,
estimates a positive slope segment at temperatures less than
90°F as p=0.0744 (p<<0.001) while at 90°F and higher the slope
becomes negative: f=—0.14151 (p<<0.001). These estimates
supported a curvilinear relationship consistent with the
inverted-U which was also evident in the plot of temperature
and aggravated assault (Figure 1). Effect estimates for

inflection points at 80°F and 85°F were not significant, a
finding that supports the 90°F threshold.

Daily Homicides

Daily homicides average less than 1 per day and vary by
season, with a maximum of 0.72 in summer and a minimum of
0.65 in spring. Homicide counts also vary across years, from
0.92 in 1993 to 0.50 in 1999. Murders occur relatively more
often on weekends (t=2.73) and holidays (t=2.70). The first-
order correlation between temperature and homicide was small
(r=0.05) and not statistically significant. The plot of
temperature and homicides did suggest a non-linear function.
But, unlike the robust explanatory capacity of the baseline
model for aggravated assaults, the baseline model for
homicides explained only 6.7% of the variation in the daily
homicide rate, with day of week and day length exhibiting the
greatest explanatory capacity. When added to the baseline
model, mean temperature explained only 0.1% of the variation
in the dependent variable, and though the parameter estimate

160
Table 2. Pearson First-Order Correlation Coefficients for »
aggravated assault rate and for homicide rate (Prob>|r|), Dallas, “é 140 T T
Texas 1993—-1999. § I
1
Aggravated E 120 T
Assault Homicide Rate &
Rate per 100,000 per 100,000 2 100 T —
(Prob>|r|) (Prob>|r|) =
T 80 1 —
Daily mean temp 0.358 (<0.0001) 0.046 (0.020) a
Daily max temp 0.361 (<0.0001) 0.051 (0.011) 60 . T . . . . .
Daylight hours 0.319 (<0.0001) 0.024 (0.227) SO0 o0 A0S0 o0hd Bhal et 00 Rapls
Holiday 0.173 (<0.0001) 0.053 (0.008) Temperature °F
Weekend 0.311 (<0.0001) 0.055(0.005)  Ejgyre 1. Mean daily aggravated assaults (+/- 1 standard deviation)
by mean temperature, Dallas Texas, 1993-1999.
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Table 3. Ordinary least squares regression estimates for the
baseline model of temporal (non-weather) factors on the daily
aggravated assault rate per 100,000 in Dallas, Texas, 1993—1999.
Adjusted R*=0.644.

Parameter  Standard
Variable Estimate Error t-value Pr>1t|
Intercept 2.70 0.71 3.80 0.0001
Holiday 0.979 0.140 6.97  <0.0001
First of month 0.633 0.169 3.75 0.0002
Day length 0.863 0.051 16.83  <0.0001
Tuesday —3.228 0.112 —-28.79  <0.0001
Wednesday -3.678 0.113 —32.68 <0.0001
Thursday —3.789 0.112 -33.68  <0.0001
Friday —3.452 0.112 -30.75  <0.0001
Saturday —2.407 0.112 -21.47  <0.0001
Sunday 0.180 0.112 1.61 0.1079
Fall 1.007 0.144 7.01 <0.0001
Winter 0.881 0.178 494  <0.0001
Spring 0.317 0.094 3.38 0.0007
Year 1994 —0.861 0.113 -7.63  <0.0001
Year 1995 —0.832 0.113 -7.38  <0.0001
Year 1996 —1.249 0.113 -11.07  <0.0001
Year 1997 —2.001 0.113 —-17.73  <0.0001
Year 1998 —2.250 0.113 —-19.94  <0.0001
Year 1999 —2..650 0.113 —-23.49  <0.0001

was statistically significant (t=3.03), the effect was quite small:
a 0.00056 increase in the homicide rate for every 1°F increase
in mean temperature. Piece-wise regression with mean
temperature and an inflection point at 90°F yielded a result
similar to that for aggravated assaults. The slope estimate
through 89°F was positive and significant (f=0.00056). At
90°F and higher, the coefficient estimate was negative and
significant (f=—0.00769).

Daily Rapes and Attempted Rapes

In Dallas, rape and attempted rape correlate with both
temporal factors and temperature. The daily rate per 100,000
decreased from 0.26 in 1993 to 0.18 in 1999. Rape also varies
by day of the week, occurs more often on weekends (t=4.26),
and is significantly higher on holidays (t=3.92). The first-order
correlation between temperature and rape was 0.12, which
while significant (p<<0.01), was several orders of magnitude
smaller than that observed for temperature and assaults. The
plot of temperature and rape was similar to that for temperature
and assaults. Yet, the non-weather baseline model accounted for
only 10% of the variation in the daily sexual assault rate. When
added to the baseline model, mean temperature was significant
and positive. A 1°F increase in mean temperature accounted for

Table 4. Coefficient estimates for weather-related variables
regressed on crime categories characterized as daily rates per
100,000 population in Dallas, Texas, 1993—1999.

Variable Assaults’ Murder® Rape®
Mean temp* 0.073* 0.00059* 0.0013*
Mean temp in winter* 0.072* 0.00055 0.00095
Mean temp in spring* 0.102* 0.0012* 0.0014
Mean temp in summer* 0.069* —0.00021 —0.0003
Mean temp in fallt 0.084* 0.00097 0.002*
RH* —0.0047 —0.00014 —0.00009
RHS —0.0050 —0.00014 —0.00009
THI* 0.0155* 0.00004 —0.00083
THIS —0.0077 —0.00089 —0.0014

T Mean daily rates per 100,000 are 10.03 for aggravated assault,
0.06 for homicide, and 0.22 for rape and attempted rape.

* Variable entered singly into baseline model.

§ Variable entered into baseline model along with mean
temperature.

*p<0.01

RH, relative humidity; THI, temperature-humidity index

an increase of 0.0013 in the mean daily rate of sexual assault
(Table 4). As before, piece-wise regression suggested a
decrease of the response function beyond 90°F.

Summary

Temporal trends, including weather, contributed to the
variation in violent crimes with the magnitudes of the observed
associations varying by crime category. The relationship with
temperature was strongest for aggravated assault and was
consistent with an inverted-U shaped curve with an inflection
point at 90°F. We observed similar relationships for sexual
assaults and homicides, but the regression models for those
variables have limited explanatory capacity.

DISCUSSION

In Dallas from 1993-1999, increases in daily temperature
in the low to moderate range were associated with increased
aggravated assault, homicide, and rape. A temperature
threshold appeared to exist (at approximately 90°F) where the
positive relationship between mean temperature and violent
crimes became negative. This finding was supported both by
data plots and by piece-wise regression and was consistent with
the curvilinear hypothesis. While we were unable to draw
conclusions about the functional form in other locales, the
literature suggests key clues that allowed us to speculate. First,
the curvilinear hypothesis was supported in studies that
adequately control for temporal factors, while the linear
hypothesis was favored in studies that do not.”'%-!416-20-21
Second, studies in northern latitudes found linear temperature-
violence relationships, apparently owing to the limited upward
range of daily temperatures.'”*° Given these findings, it is
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Figure 2. Interaction of mean daily temperature and daily counts of
aggravated assaults: Potential shift of the response function with
increasing temperatures.

reasonable to conclude that the true relationship is likely non-
linear, but that daily temperatures in northern locales rarely
reach and sustain the threshold at which the incidence of
violent crime would decline.

An important question is whether the threshold for a
moderating or negative effect is relatively fixed across locales
or more locally determined and whether the range of thresholds
is bounded by physiologic or behavioral acclimatization. If the
threshold is fixed (suggesting a largely physiological
determination), then climate change may initially result in a net
increase in crime incidence as temperatures climb the response
curve, but then ultimately a net decrease as temperatures pass
the threshold. Such a point is likely relatively far off; there
would have to be substantial temperature increases for the total
area under the curve to decrease. Alternatively, if the threshold
is not fixed but determined in part by acclimatization, there may
be little observed effect, as the curve will shift to the right as the
temperature climbs with the area under the curve remaining
unchanged (Figure 2). We concluded that the potential exists
for different functional forms and different thresholds across
different locales.

There is clearly a statistically significant relationship
between temperature and violent crime. Over the next several
decades, during which any physiologic or behavioral
adaptations will be constrained, climate change may result in
increased violent crime. If this is the case, there may be viable
public health and public safety adaptations that could reduce
violent crime and the associated direct and indirect costs to
human health and welfare. Understanding the nature of the
temperature-crime relationship may allow for improved
prevention and preparedness. Public safety measures may
include increasing police presence, instructing first
responders to expect upturns in violent crime and associated
medical emergencies, and advising local hospitals and
healthcare providers to expect spikes in admissions.

Neighborhood-level analyses of violent crime using
Geographic Information Systems can visualize spatial
variations in violence within a community to target
interventions and can be overlaid with thermal imaging to
assess correlations with neighborhood microclimates. Other
simple but effective adaptations might include neighborhood
cooling centers, extended hours at public swimming pools
and opening fire hydrants to create a community “oasis.”
Finally, media outlets can be used to communicate the risks
associated with extreme heat and telephone hotlines can be
set up to provide answers to frequently asked questions and to
direct needed resources.’’

LIMITATIONS

There were threats to both internal and external validity in
our analyses. The internal threats related to limitations in the
exposure data and the difficulty in interpreting individual
estimates in multivariate models. First, airport temperatures
were only approximate measures of individual exposures.
Individuals who engage in violence may not be exposed to the
ambient air. What is more, a daily measure for mean
temperature aggregates across a range of temperatures that may
be as wide as 30—40°F. Such aggregate measures may mask
important aspects of the statistical relationship.*' Rotton and
Cohn® examined shorter time periods (every 3 hours) and found
non-linear effect estimates in Dallas. Bushman et al** re-
examined Minneapolis data using time of day of the report and
the temperature at that time. Their findings supported a positive
linear relationship. Certainly, when available, more frequent
data are preferred. Second, interpreting parameter estimates for
individual variables is tricky. A complex mix of factors
contribute to aggressive behaviors.* Accurate interpretation of
effect estimates from multivariate models is difficult when
explanatory variables are highly correlated, measurement error
is present, and important covariates are not measured or
controlled.

External limitations related to generalizing from one
locale. Caution should be used in extending results to other
cities, particularly those in other latitudes or those with
markedly different demographic profiles. This caution extends
to interpreting the implications in a changing climate.
Ultimately, we need to analyze data from cities at different
latitudes under different climate regimes.

CONCLUSION

While the incidence of violent crime depends on many
factors, weather, particularly temperature, appears to
significantly influence aggravated crime. In Dallas, this
relationship is nonlinear and most consistent with an
inverted-U shaped curve with a threshold at approximately
90°F. These findings have implications for the incidence of
morbidity and mortality associated with violent crime as the
climate warms, depending on whether the curvilinear
hypothesis prevails in other locales, whether the temperature
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