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Heat early warning systems and action plans use temperature
thresholds to trigger warnings and risk communication. In this
study, we conduct multistate analyses, exploring associations
between heat and all-cause and cause-specific hospitalizations,
to inform the design and development of heat –health early warn-
ing systems. We used a two-stage analysis to estimate heat –health
risk relationships between heat index and hospitalizations in
1,617 counties in the United States for 2003 –2012. The first stage
involved a county-level time series quasi-Poisson regression, using
a distributed lag nonlinear model, to estimate heat –health associ-
ations. The second stage involved a multivariate random-effects
meta-analysis to pool county-specific exposure –response associa-
tions across larger geographic scales, such as by state or climate
region. Using results from this two-stage analysis, we identified
heat index ranges that correspond with significant heat-attributable
burden. We then compared those with the National Oceanic and
Atmospheric Administration N ational Weather Service (NWS)
heat alert criteria used during the same time period. Associations
between heat index and cause-specific hospitalizations vary widely
by geography and health outcome. Heat-attributable burden
starts to occur at moderately hot heat index values, which in some
regions are below the alert ranges used by the NWS during the
study time period. Locally specific health evidence can beneficially
inform and calibrate heat alert criteria. A synchronization of health
findings with traditional weather forecasting efforts could be
critical in the development of effective heat –health early warning
systems.
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Extreme heat is an established hazard. Risk for a range of
conditions is associated with extreme heat exposure (1, 2),

including morbidity from heat illness (3), electrolyte and renal
dysfunction (4, 5), and exacerbations of chronic respiratory (6)
and cardiovascular (7) disease, as well as all-cause mortality (3).
The association between the particular temperatures at which
risks are manifested and the magnitude of the effects vary re-
gionally due to acclimatization, air conditioning prevalence, de-
mography, and other factors (8).

Successful risk management varies by setting and includes
prevention strategies ranging from engineering controls such as
air conditioning, management controls such as shifts in work
schedules and activity restrictions, and behavioral controls en-
couraged through heat early warning systems and action plans
(9). These systems and plans are activities that link forecasts of
heat exposure with risk communication and risk reduction ac-
tivities aimed at reducing exposure and limiting adverse health
impacts among the exposed such as cooling centers, neighbor
check-ins, and maintenance of air conditioning availability (10),
which have been linked with reduced morbidity and mortality.

Given variability in temperature thresholds at which risks in-
crease, one central consideration in heat early warning systems is

the threshold at which warnings should be issued (11). Guidance
recommends setting thresholds based on analysis of associations
between heat exposure (measured using a variety of metrics) and
adverse health effects (9). In the United States, the National
Oceanic and Atmospheric Administration’s National Weather
Service (NWS) issues excessive heat watch, warning, and heat
advisory alerts as weather conditions warrant. While NWS pro-
vides guidance to its Weather Forecast Offices (WFOs) on
appropriate thresholds for issuing these alerts, WFOs are
encouraged to work with local officials to define locally appro-
priate alert thresholds (12). There is no standard protocol for
incorporating local epidemiological analyses, as relevant data
and expertise may not be locally available. In addition to these
constraints, risk assessment has been complicated by a lack of
consensus regarding exposure assessment (e.g., which tempera-
ture metrics to use), standardization of heat-sensitive health
outcomes (e.g., morbidity measures or mortality) and resulting
heat attributable health impacts, and standard analytical ap-
proaches, despite emerging consensus in the field that best
practices include basing thresholds on recent time-series analyses
of the relationship between temperature and the best available
local health data (9, 13). Recent analyses have demonstrated

Significance

Heat early warning systems and action plans have been shown
to reduce risks of heat exposure, and best practice recommends
that plans be built around local epidemiologic evidence and
emergency management capacity. This evaluation provides
useful information for heat early warning system and action
plan administrators regarding the temperature ranges at which
health impacts are manifest, the morbidity outcomes most
sensitive to heat, and alignment between alert thresholds and
temperatures at which disease burden is most pronounced. The
results suggest opportunities for improvement and for re-
finement of prevention messaging as well as coordination
between meteorological and public health authorities at mul-
tiple levels before, during, and after periods of extreme heat.

Author contributions: A.V., A.G., and A.E. designed research; A.V. performed research; A.V.,
S.S., A.M.V.-C., M.H., and J.H. contributed new reagents/analytic tools; A.V., N.A., and R.J.
analyzed data; S.S., R.J., J.H., and A.E. provided administrative support; A.V., A.M.V.-C., and
A.G. performed statistical analysis; A.G., R.J., and M.H. provided technical support; A.V., N.A.,
and R.J. performed acquisition, analysis, and interpretation of data; R.J. and A.E. provided
material support; A.V. led this research effort; and A.V. wrote the paper with assistance from
all authors.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence should be addressed. Email: rishv@cdc.gov.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1806393116/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1806393116 PNAS Latest Articles | 1 of 8

E
N

V
IR

O
N

M
E

N
T

A
L

S
C

IE
N

C
E

S

https://www.pnas.org/cgi/doi/10.1073/pnas.1806393116


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806393116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806393116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806393116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806393116/-/DCSupplemental


associations tend to differ across outcomes. We also identified a
systematic dissociation in some geographic areas between the
temperatures at which heat alerts are issued and the tempera-
tures at which peak impacts are observed.

This misalignment in some geographic areas between the
temperatures at which health burdens become significant and
temperatures at which alerts are issued raises critical questions.
Following the methodology of issuing heat alerts based on the
extremity of heat index distribution regardless of differential
population sensitivity could generally fail to account for a large
proportion of heat-attributable adverse health impacts observed
at moderately hot conditions. This may be an important con-
sideration, especially among those populations residing in cooler
regions, with no structural adaptations such as air conditioning.
While it is likely that there should be better alignment between
alert thresholds and regional heat epidemiology, it is not clear
exactly where warning thresholds should be set. There are a
number of issues to consider, including the potential for warn-
ing fatigue (17). Conversely, in warmer locations, peak heat-
attributable burden occurs past the median temperature for
heat alerts, yet the burden curves generally show a monotonic
rise above these threshold temperatures, raising questions about
the effectiveness of current intervention strategies, heat alert
messaging, and related activities. Potentially, this highlights in-
herent communication challenges in delivering actionable risk
information and prevention guidelines to various stakeholders,
including vulnerable populations. Additional research regarding
specific protective measures and appropriate timing for risk re-
duction measures is needed to inform future risk management
decisions.

Our results show promise for the use of regionally specific
health evidence to inform and calibrate heat alert protocols (22).
Further, graduated heat alert protocols may help warn for low,
moderate, and peak adverse health impacts. Such graduated
alerts, such as the air quality index (23), are currently used to
identify areas impacted by poor air quality. In addition to em-
pirical alignment of warnings with risks, such recalibrated heat
alerts and more specific messaging might improve message rele-

vance and facilitate better stakeholder engagement (24). In addi-
tion, web-enabled resources detailing individual preventative
options (25), especially at low and moderately high tempera-
tures, coupled with graduated community-level interventions,
such as opening cooling shelters (26) during more extreme sit-
uations like heat waves, could potentially minimize heat-related
adverse health impacts more effectively. These initiatives could
strengthen heat preparednessand response capabilities but
require additional coordination across various local, state, and
federal agencies.

There are some limitations to our assessment. Although our
analysis included hospitalizations for more than 1,200 counties
covering 55% of the total US population, E-R associations may
not fully characterize the underlying heat–health relationship in
areas that are sparsely populated or in regions where certain key
states are omitted. While adding more counties would improve
population coverage and generalizability of the findings, data
access limitations prevented inclusion of additional counties.
Another limitation is the identification of state- and region-level
heat index ranges that are used for issuing alerts. Our primary
goal was to explore the discrepancy between heat index values
used for issuing alerts and those that are associated with signif-
icant heat-attributable health burden for the time period used in
this assessment; however, heat alert criteria, which are set by
WFOs, are occasionally revised and sometimes changed based
on epidemiologic evidence (11). Further, this assessment does
not present any evidence on how some of the population-level
health risks can be modified by individual risk factors (age, race,
or occupational status) or by community-level factors (poverty,
density, land use, and land cover). Despite including robust daily,
county-level environmental predictors in our time-series analy-
ses, our results may be affected by residual confounding (27),
especially should there be an omitted or misspecified confounder
that fluctuates over time in a manner similar to heat index.
Further, exposure misclassification could result from using
modeled data sources, especially in areas where modeled estimates
of heat metrics do not comport well with those derived from
station-based measurements. Finally, relying on ambient weather

Climate Region
Hospitalization 

Outcome

Heat-Sensitive Zones with Heat Aler t Criteria, by Heat Index Ranges

<= 80 °F 81  – 90 °F 91 – 100 °F 101 – 110 °F > 110 °F

South All -Causes

All cardiovascular

All respiratory

Diabetes

Fluid and electrolyte

Renal failure

Southeast All -Causes

All cardiovascular

All respiratory

Diabetes

Fluid and electrolyte

Renal failure

Southwest All -Causes

All cardiovascular

All respiratory

Diabetes

Fluid and electrolyte

Renal failure

West All -Causes

All cardiovascular

All respiratory

Diabetes

Fluid and electrolyte

Renal failure

West North 
Central

All -Causes

All cardiovascular

All respiratory

Diabetes

Fluid and electrolyte

Renal failure
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Region                    
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Outcome

Heat-Sensitive Zones with Heat Alert Criteria, by Heat Index Ranges
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All cardiovascular

All respiratory
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Fluid and electrolyte

Renal failure

East North 
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All -Causes
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Fluid and electrolyte

Renal failure

Northeast All -Causes

All cardiovascular

All respiratory

Diabetes

Fluid and electrolyte

Renal failure

Northwest All -Causes

All cardiovascular

All respiratory

Diabetes

Fluid and electrolyte

Renal failure

Heat index ranges at which positively significant peak heat-attributable health risk / burden are observed

Heat-sensitive zone

Heat index ranges used for issuing alerts

Median heat alert criteria

Fig. 3. Region-specific heat-sensitive zones with heat alert criteria.
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Association of Healthcare Organizations, Utah Department of Health, Vir-
ginia Health Information, West Virginia Department of Health and Human
Resources, and West Virginia Health Care Authority. The findings and

conclusions in this paper are those of the authors and do not necessarily
represent the official position of the CDC and other organizations partici-
pating in this assessment.
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