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Nonpolio enteroviruses are diverse and common viruses that can
circulate year-round but tend to peak in summer. Although most
infections are asymptomatic, they can result in a wide range of
neurological and other diseases. Many serotypes circulate every
year, and different serotypes predominate in different years, but
the drivers of their geographical and temporal dynamics are not
understood. We use national enterovirus surveillance data col-
lected by the US Centers for Disease Control and Prevention
during 1983−2013, as well as demographic and climatic data for
the same period, to study the patterns and drivers of the season-
ality of these infections. We find that the seasonal pattern of
enterovirus cases is spatially structured in the United States and
similar to that observed for historical prevaccination poliomyelitis
(1931−1954). We identify latitudinal gradients for the amplitude
and the timing of the peak of cases, meaning that those are more
regularly distributed all year-round in the south and have a more
pronounced peak that arrives later toward the north. The peak is
estimated to occur between July and September across the United
States, and 1 month earlier than that for historical poliomyelitis.
Usingmixed-effectsmodels, we find that climate, but not demography,
is likely to drive the seasonal pattern of enterovirus cases and that
the dew point temperature alone explains ∼30% of the variation
in the intensity of transmission. Our study contributes to a better
understanding of the epidemiology of enteroviruses, demonstrates
important similarities in their circulation dynamics with polioviruses,
and identifies potential drivers of their seasonality.
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Human enteroviruses (Enterovirus genus) are a large group of
viruses of more than 100 serotypes that includes polioviruses,

coxsackieviruses A and B, echoviruses, and other serotypes (1).
Enteroviruses cause a broad spectrum of illnesses (including
meningitis, encephalitis, paralysis, myocarditis, respiratory illness,
and rash), and their burden has become increasingly apparent in
recent years (2, 3), making them to be increasingly recognized as a
significant cause of neurological and respiratory diseases.
The most studied enteroviruses are polioviruses, which cause

poliomyelitis and are the subject of intensive eradication efforts
(4). More recently, there has been an increasing number of studies
on enterovirus A71 (EV-A71) and coxsackieviruses A16 (CV-
A16) and A6 (CV-A6), which have been responsible for large
outbreaks of hand-foot-and-mouth disease (HFMD) in Southeast
Asia during the last 10 to 20 y, resulting in severe complications in
thousands of cases (5). In China alone, the total number of
HFMD cases has exceeded 1 million annually (5). Although not
associated with HFMD outbreaks of the same size, EV-A71 has
also been responsible for clusters of severe neurological illnesses
in Europe (6, 7) and the United States (8). In 2014, enterovirus
D68 (EV-D68) was implicated in an outbreak of severe re-
spiratory illness in the United States (9) and subsequently was
seen in other regions of the world (10, 11). In addition, potential
associations between EV-D68 and cases of acute flaccid myelitis
are currently being studied (12). Despite the clinical importance

of enterovirus infections, little is known about the mechanisms
underlying their spatial and temporal dynamics.
Enteroviruses are detected year-round but tend to peak in

summer. However, the seasonal determinants of their transmission
dynamics remain unknown. Elucidating the drivers of seasonal
patterns in infectious disease can provide a powerful probe for
clarifying their epidemic dynamics (13). Here, we analyze entero-
virus surveillance data from the United States collected between
1983 and 2013 (Materials and Methods) to describe the seasonality
of these infections across the country and further assess the con-
tribution of demographic and climatic factors to the observed
patterns. As a comparison, we perform the same analysis on histor-
ical poliomyelitis cases during the prevaccination era of 1931−1954
(Materials and Methods). We find that the seasonal pattern of en-
terovirus cases exhibits a well-defined geographical structure across
the United States very similar to that of historical poliomyelitis, and
find that measures of humidity, such as the dew point temperature,
are strong predictors of the intensity of enterovirus transmission.

Results
Description of Nonpolio Enterovirus Cases.During the period 1983−
2013, a total of 27,858 nonpolio enterovirus cases were reported
from the contiguous United States, including 57 different sero-
types. Case age was available for the period 2000−2013, during
which time it was reported in 84% of cases. Among those, 34% had
an age <1 y. The specimen type was reported for 71% of cases,
and among those, the most commonly reported types were ce-
rebrospinal fluid (55%), throat swab (29%), and stool (15%).

Significance

Nonpolio enteroviruses are responsible for a high burden of
neurological and other diseases and exhibit a peak in summer
every year, but drivers of their seasonality are not clearly un-
derstood. We find that the seasonal pattern of enterovirus
cases in the United States has a spatial structure comparable
with that of prevaccination poliomyelitis. The average monthly
distribution of cases is more flat in the south and has a more
pronounced peak that occurs later toward the north, with the
peak for poliomyelitis occurring approximately 1 month later
than that for nonpolio enteroviruses. We find that climate, but
not demography, is likely to explain this seasonality and
identify the dew point temperature as a strong predictor of the
intensity of enterovirus transmission.
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Seasonal Patterns of Incidence. The monthly number of nonpolio
enterovirus cases exhibits an annual peak in the United States that
occurs in summer (Fig. 1A). A similar seasonal pattern is apparent
for reported poliomyelitis incidence in the prevaccination period
(Fig. 1A), although the peak for poliomyelitis was slightly later
than that for nonpolio enterovirus cases (Fig. 1B). The wavelet
analysis of the two time series of cases shows a clear band at 1 y
(Fig. 1 C and D), confirming that the long-term temporal variation
in the incidence of cases is dominated by the 1-y periodic com-
ponent (annual seasonality). The interruption of this band for the
nonpolio enterovirus cases between 2000 and 2001 corresponds to
the introduction of molecular typing, which led to a temporary
drop in the reporting of cases.
We characterized the seasonal pattern of incidence in each

state, both for nonpolio enterovirus cases (all serotypes com-
bined) and for poliomyelitis, by summarizing the average
monthly distribution of cases for the years 1983−2013 and 1931−
1954, respectively (Fig. 2 E–H and SI Appendix, Fig. S1). When
including all states with at least 50 cases reported over the entire
time periods, the mean timing of cases (i.e., mean month in
which cases occurred) of enterovirus ranged between July in
Texas (7.05; 95% CI, 6.96 to 7.14) and September in Colorado
(9.33; 95% CI, 8.98 to 9.64), and between August in Texas (7.83;
95% CI, 7.80 to 7.86) and October in South Dakota (9.61; 95%
CI, 9.56 to 9.67) for poliomyelitis. For both groups, the mean
month in which cases occurred increased from south to north
(Fig. 2 A, C, and D), with poliomyelitis cases approximately 1 mo
later than nonpolio enterovirus cases (Fig. 2A). The dispersion of
cases throughout the year (measured as the SD from the mean)
decreased from south to north, meaning that the distribution of
the monthly average incidence of cases was flatter in the south
and showed an increasing peak toward the north, with polio-
myelitis cases showing a more peaked distribution compared
with nonpolio enterovirus cases (Fig. 2B).
We further characterized the seasonal curves by estimating the

amplitude and the timing of the peak for each year of data in
each state (Materials and Methods). Both the amplitude and the
timing of the peak (measured as the amplitude and phase of the
annual component) showed a latitudinal gradient for enterovirus
cases (regression analysis of amplitude: R2 = 0.51, r = 0.03, P <
0.001; peak: R2 = 0.35, r = 0.08, P < 0.001) and for poliomyelitis
cases (amplitude: R2 = 0.37, r = 0.02, P < 0.001; peak: R2 = 0.69,
r = 0.08, P < 0.001) (Fig. 3 and SI Appendix, Fig. S2). The lat-
itudinal gradients of the timing of the peak for enterovirus and
poliomyelitis had a very similar slope (Fig. 3B), but the peak for
nonpolio enteroviruses was estimated to occur nearly 1 mo
earlier than that for poliomyelitis, as shown by the estimated
difference on the intercept (σ = 0.892, P < 0.001) in the joint
regression for enterovirus and poliomyelitis (SI Appendix, Table
S1). A similar analysis showed that the latitudinal gradient for the
amplitude was more pronounced for enterovirus cases than for

poliomyelitis (P = 0.036), as indicated by a steeper slope (Fig. 3A
and SI Appendix, Table S2). However, when including in the re-
gressions only those states with data for both enterovirus and
poliomyelitis cases, this difference in the latitudinal gradients for
the amplitude was not apparent (P = 0.257, SI Appendix, Fig.
S3 and Table S4).
The causes of a peak occurring slightly earlier for nonpolio

enteroviruses compared with historical poliomyelitis remain
unclear, but it could be that some enterovirus serotypes sys-
tematically circulate earlier than others. To further explore this
hypothesis, we estimated the mean timing of cases across the
United States by serotype and by species (Fig. 4) and found
small, but not significant, differences, except for CV-A6 that
ranked first with an estimated mean timing of cases in April
(4.30; 95% CI, 3.77 to 4.80). EV-D68 ranked among the last
ones, with an estimated mean timing of cases in September (9.28;
95% CI, 8.97 to 9.61). When looking at the mean timing of cases
by species, species A ranked first (7.37; 95% CI, 7.13 to 7.60) and
species D ranked last (9.31; 95% CI, 8.98 to 9.66), with species B
(8.09; 95% CI, 8.06 to 8.12) and C (8.38; 95% CI, 7.85 to 8.93)
having similar mean estimates. However, the estimates for spe-
cies A, C, and D were informed by a small number of cases (983,
88, and 114, respectively) compared with B (23,680), and most
species D cases were EV-D68. Interestingly, the estimated mean
timing of cases for species C enterovirus (which includes polio-
viruses) occurred relatively late, as did historical poliomyelitis,
but the low number of nonpolio cases of species C informing that
estimate was too small to conclude that both (polio and nonpolio
species C) had a similar mean timing of cases that was later than
that for species B.

Role of Demography and Climate.As a first step to explore whether
there was evidence that any demographic [population size, pop-
ulation density, number of live births, and birthrates (SI Appendix,
Figs. S6–S9)] or climatic factors [temperature, precipitation, dew
point temperature, potential evaporation, pressure, relative hu-
midity, and specific humidity (SI Appendix, Figs. S10–S16)] could
explain the spatial structure of the seasonal patterns of enterovirus
cases, we conducted univariable linear regressions for the ampli-
tude and the timing of the peak (Materials and Methods and SI
Appendix, Tables S6 and S7). We found that the annual range of
the dew point temperature was the strongest predictor of the
amplitude (R2 = 0.35), and that latitude was the strongest pre-
dictor of the timing of the peak (R2 = 0.26), closely followed by
the annual minimum of specific humidity (R2 = 0.24). A larger
annual range between the maximum and the minimum dew point
was associated with a larger amplitude (r = 0.003, P < 0.001), and
a higher minimum value of the specific humidity was associated
with an earlier peak (r = −0.305, P < 0.001). Although some
demographic variables were statistically significantly associated
with the amplitude and the timing of the peak, climatic factors
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Fig. 1. Annual summer seasonality of nonpolio
enterovirus and historical poliomyelitis cases in the
United States. (A) Time series of the monthly number
of nonpolio enterovirus cases (np-EVs; red) and po-
liomyelitis cases (Polio; blue) in the United States
during the periods 1983–2013 and 1931–1954, re-
spectively. (B, shown as Inset) Average monthly
distribution of cases within the year for nonpolio
enterovirus (red) and poliomyelitis (blue) based
on all cases reported. (C and D) Average wavelet
power of the two time series in A: poliomyelitis (C)
and nonpolio enteroviruses (D).
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explained more of the variance (SI Appendix, Tables S6 and S7).
Birthrates performed better than the other demographic factors in
explaining both the variance in amplitude (22% vs. <10%) and the
timing of the peak (11% vs. <7%), but this was still less than
several climatic variables. Higher birthrates were associated with
an earlier peak and smaller amplitude (SI Appendix, Fig. S19).
The incidence of cases is driven by changes in the efficiency of

virus transmission, the prevalence of immunity in the population,
and the number of prevalent infections (“mass action”). In-
cidence generally lags transmission efficiency because of the time
taken for infection to establish in the population and the in-
cubation period. However, transmission is more likely to be di-
rectly affected by climatic variables. We therefore controlled for
the number of prevalent infections in the population by estimating
the case reproduction number (Materials and Methods) and
regressed these estimates against climatic and demographic

variables using linear mixed-effects models that included state
as a random effect and accounted for temporal autocorrelation
(Materials and Methods). Exploratory plots to assess the re-
lationship between the intensity of transmission and each cli-
matic variable (SI Appendix, Figs. S23 and S24) suggested that
temperature, dew point, potential evaporation, and/or specific
humidity would have an important role in the statistical anal-
ysis. The best individual predictor of the intensity of trans-
mission was the dew point (Fig. 5A and SI Appendix, Table S8),
followed by temperature and specific humidity (SI Appendix,
section S3). The final model (SI Appendix, Table S13) included
three variables: dew point, potential evaporation, and pressure
(which was treated as a categorical variable) and had estimated
marginal (M) and conditional (C) R2 values [sensus (14)] of 0.47
and 0.55, respectively, meaning that it explained a relatively large
amount of the variance of the intensity of transmission and that
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of nonpolio enterovirus (red) and poliomyelitis (blue)
cases. (A) Gradients for the annual amplitude. (B)
Gradients for the timing of the peak. The dots are
mean values per state of the seasonal characteristics
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shades are the 95% CIs of the estimated linear re-
gression by minimizing the least squares. A sensitivity
analysis of A and B data using the latitude of the
state’s center of population showed a similar pattern
(SI Appendix, Fig. S4).

30 35 40 45

M
ea

n 
tim

in
g 

of
 c

as
es

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Jan

Feb

Mar np−EVs
Polio

30 35 40 45
1.0

1.5

2.0

2.5

3.0

S
d 

tim
in

g 
of

 c
as

es
 (

nu
m

be
r 

m
on

th
s)

6

7

8

9

10

11

M
ean tim

ing of cases

CA FL IA NY

J F M A M J J A S O N D J F M A M J J A S O N D

np-EVs

Polio

A B

C

D

E F G H

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

J F M A M J J A S O N DJ F M A M J J A S O N D

Fig. 2. Description of the monthly distribution of cases within the year per state. (A) Mean timing of cases of nonpolio enterovirus (np-EVs; red) and po-
liomyelitis (Polio; blue) per state as a function of the latitude of its capital city. The 95% CIs of the mean were obtained by bootstrapping 1,000 times. (B) SD of
the timing of cases per state as a function of the latitude of its capital city. In A and B, the lines are cubic splines weighted by the total number of cases
reported in each state. The size of the points in B indicates the number of total cases in each state. A sensitivity analysis of A and B data using the latitude of
the state’s center of population showed a similar pattern (SI Appendix, Fig. S5). (C and D) US maps showing the mean timing of cases per state. (E–H) Monthly
distribution of cases of enterovirus (red) and poliomyelitis (blue) within the year in four different states: California (CA), Florida (FL), Iowa (IA), and New York
(NY). In E–H, the vertical lines indicate the estimated mean timing of cases in each state.

3080 | www.pnas.org/cgi/doi/10.1073/pnas.1721159115 Pons-Salort et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721159115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721159115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721159115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721159115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721159115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721159115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721159115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721159115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1721159115/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1721159115


the random effects captured only a small amount of it (the dif-
ference between R2

C and R2
M was small). No demographic

variables were retained in the final model (SI Appendix, Table
S8). The best model with only one fixed effect was dew point,
which after accounting for autoregressive errors (SI Appendix,
Table S14), had an R2

M value of 0.23 and a R2
C value of 0.29,

indicating that dew point alone was an important predictor of the
intensity of enterovirus transmission.

Discussion
We have described the seasonality of enterovirus cases across the
United States using national surveillance data collected over
three decades (1983−2013). We have shown that enterovirus
cases peak in summer, with a relatively flat seasonal profile of
incidence in the south and a more pronounced peak that arrives
later toward the north. This spatial structure is very similar to
that observed for historical poliomyelitis, although the peak of
enterovirus cases was estimated to occur approximately 1 mo
earlier than the peak of historical poliomyelitis. The reason for
this shift in the peak remains unclear, but could be explained by
an earlier peak for species A and B enteroviruses compared with
species C (which includes poliovirus). Our analyses of the mean
timing of cases by serotype and by species have revealed small,
but not conclusive, differences, except for CV-A6, which ranked
first with a mean timing of cases in April. An alternative expla-
nation for the later peak of poliomyelitis could be that fecal-oral
transmission in the polio period accounted for more transmission
compared with the enterovirus period, where the majority of the
transmission is likely to be respiratory. The survival of the virus
in the environment (e.g., sewage) is longer (measured in weeks)
than in droplets or aerosols (measured in hours or days),
allowing for longer periods of fecal-oral transmission compared
with the respiratory route.
The similarities found in the mean timing of cases across

nonpolio enterovirus serotypes, regardless of those being asso-
ciated with different clinical outcomes, affecting different age
groups, and having different transmission pathways, suggest the
existence of external common mechanisms across serotypes un-
derlying their seasonal dynamics. Our findings strongly suggest
that climatic factors may be among these mechanisms but do not
support a major role for demography. Among the climatic vari-
ables evaluated, we have identified the dew point temperature as
the main predictor of the intensity of enterovirus transmission.
The dew point is the temperature to which air must be cooled at
constant pressure for saturation to occur; that is, for air water
vapor to condense to form liquid water (or in other words, to
have a relative humidity of 100%). As such, the dew point de-
pends on temperature and humidity. It is not surprising then that
models with temperature or specific humidity as the only fixed

effect followed the dew point as the best univariable models.
Dew point was clearly the best single predictor, but disentangling
the effect of dew point, temperature, and specific humidity was
not possible due to the high correlation among these climatic
variables, and it could be that the dew point worked as a sum-
mary measure of the combined effect of the other two. Never-
theless, our results suggest that the amount of water vapor in the
air directly affects the intensity of enterovirus transmission.
Laboratory experiments conducted in the 1960s found an ef-

fect of relative humidity on the survival of poliovirus in aerosols
when temperature was maintained constant (15). Although we
did not find an association between the intensity of enterovirus
transmission and relative humidity, we could approximate the
dew point during those experiments (Fig. 5B), and our results are
consistent with those findings. Just after spraying, the survival of
poliovirus was high for values of the dew point above 10 °C, and
for longer time periods (including hours), an important proportion
of viral particles was recovered for dew point values above 13 °C
(15). At the population level, we found that the intensity of en-
terovirus transmission increased with increasing dew point, and the
case reproduction number was around 1 for values of the dew
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Experimental studies conducted in the early 1960s studied the influence of
relative humidity on the survival of poliovirus in aerosols (15). We used data in
ref. 15 and an approximation of the dew point based on temperature, relative
humidity, and pressure to look at those results for different values of the dew
point. This approximation was based on the so-called Magnus formula (39),
accounting for an improvement of the saturation water vapor pressure in ref.
40 and using the constants in ref. 41. The lower and upper bounds of the
intervals for the dew point were computed using the lower and upper values
reported for temperature and relative humidity.
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point between approximately 0 °C and 12 °C (Fig. 5A). That being
said, enteroviruses can also be transmitted by the fecal-oral route,
meaning that virus survival in media other than aerosols, like
sewage, could be important, although in places with good sanita-
tion such as the United States, the respiratory route may account
for most of the transmission events.
We also found that the annual range between the maximum

and minimum dew point was the best individual climatic pre-
dictor of the amplitude of incidence, and the annual minimum
dew point was ranked second for the timing of the peak. The last
point might imply the existence of a threshold of the dew point
under which transmission barely occurs, and thereby, trans-
mission might “start” later in states with a lower minimum dew
point, consequently resulting in a later peak.
In the United States, some populations in the western states

live at high altitudes. The final model for the intensity of en-
terovirus transmission included pressure, which is strongly in-
versely correlated with altitude, perhaps suggesting that altitude
was associated with a lower intensity of transmission.
Although based on our findings, demographic variables seem

to have little if any role in driving the seasonal pattern of
enteroviruses, it could be that births have an important role in
the long-term dynamics of individual enterovirus serotypes,
which are likely to depend, at least partly, on changes in pop-
ulation immunity and numbers of susceptible children.
A previous study in China (5) found that HFMD (mainly as-

sociated with EV-A71 and CV-A16) exhibited a latitudinal gra-
dient in the annual amplitude similar to what we found for
nonpolio enterovirus and poliomyelitis cases in the United
States. However, that study also found that HFMD in China had
an annual peak of cases around June in the north, but two peaks
each year in the south (a big one around May and a smaller one
around October). This semiannual pattern was not observed for
nonpolio enterovirus cases (or poliomyelitis) in the United
States. However, EV-A71 and CV-A16 represent a very small
proportion of cases captured by the US surveillance system,
making a direct comparison difficult. Nonetheless, although Xing
et al. (5) reported very small associations between individual cli-
matic variables and the timing of the peak of HFMD, they found
that climatic factors were the main predictors of the two main
epidemiological regions of HFMD in China, in agreement with
our conclusions that climate is likely to drive the seasonal pattern
of enterovirus diseases.
Enterovirus surveillance is passive in the United States and has

been subject to important changes in detection and typing meth-
ods during the last 20 y. As a consequence, the data for entero-
virus cases used here are sparse, meaning that only some states
report cases every year; most did not consistently report over the
study period, and states may even inconsistently report during the
year. Moreover, enterovirus reports may more closely reflect
outbreak-driven testing, rather than endemic circulation. Despite
these limitations, the similarities that we have found in the am-
plitude and the timing of the peak with historical poliomyelitis
support the results for nonpolio enteroviruses.
The role of climatic factors was not tested for poliomyelitis in

the 1931−1954 period. The climatic data available for that period
[e.g., through the National Center for Environmental Prediction I
(NCEP I) dataset global reanalysis, which starts only in 1948] is of
lower quality and provided through a coarse grid of ∼250 km at
the lowest latitudes in the United States and, therefore, does not
capture climate variability with a sufficient spatial resolution.
Moreover, some important variables are not available in that
dataset (e.g., relative humidity and dew point).
Two major questions remain. The first is whether the latitudinal

gradients described here imply traveling waves (16) of enteroviruses
from south to north in the United States, or whether, on the con-
trary, these viruses have more local dynamics and perhaps persist
all year-round everywhere. Analyses of viral sequence data from the
same season and from consecutive seasons collected in different
states could help answer this question. The second question con-
cerns the long-term nonseasonal dynamics of individual enterovirus

serotypes. Despite a peak of cases of nonpolio enterovirus (all se-
rotypes combined) being observed every year, some serotypes have
longer, relatively regular multiannual cycles (1, 17). The contribu-
tion of population immunity, cross-immunity (18), and viral evo-
lution to these diverse patterns is not currently understood.
The causes of seasonal variation in the incidence of infectious

diseases remains an open question that has been dominated by re-
search on influenza (19–22) and other winter viruses like respiratory
syncytial virus (23). The results in this paper bring evidence to this
field for another group of pathogens. The physical and chemical
properties that affect virus survival in different media (droplets,
aerosols, water, waste, and surfaces) have been extensively reviewed
before for enteroviruses and other enteric and airborne viruses
(24–26). In addition to virus survival or epidemiological studies,
where possible, environmentally controlled transmission studies
(mainly in animal models) (27, 28) will be a key tool to further
elucidate the mechanisms through which environmental factors
determine the seasonal patterns of different viral diseases.
In the context of enterovirus epidemiology, these findings

constitute a first step toward a better understanding of the
drivers of their transmission dynamics and their related spatial
and temporal epidemic patterns. Future work must focus on
understanding the diversity of circulation patterns among the
different serotypes.

Materials and Methods
Nonpolio Enterovirus Data. Enterovirus detections reported to the US Centers
for Disease Control and Prevention (CDC) through the National Enterovirus
Surveillance System (NESS) between January 1983 and December 2013 were
used. NESS is a voluntary, passive surveillance system that includes reports from
US laboratories with the capacity to type enteroviruses. A detailed description
of NESS can be found in ref. 17. The reports from NESS contain information on
the state, month, and year of the sample collection and were used to obtain
the monthly incidence of nonpolio enterovirus cases (Fig. 1A). The analyses
were restricted to the data from the contiguous United States, which excludes
Alaska, Hawaii, and all offshore territories. Data for the period 1983−1999
were reported by patient, whereas data for 2000−2013 were reported by
specimen. For the latter, because more than one enterovirus detection could
be reported per patient, we used the patient identification number to avoid
counting a patient multiple times. The detection of an enterovirus (particu-
larly, in a nonsterile site) does not imply that this is the etiological agent of
the clinical symptoms. For simplicity, here we use “enterovirus cases” to refer to
patients reported with a positive sample.

Polio Data. The number of poliomyelitis cases reported in the contiguous
United States per state and month between January 1931 and December
1954 were available from a previous publication (29) (Fig. 1A). The total
number of poliomyelitis cases reported during this period was 433,743.

Demographic Data. The population size by state and year from 1983 to
2013 was extracted from the United States Census Bureau (https://www.
census.gov), and the population density was obtained dividing those num-
bers by the land area. The annual number of live births per state was
extracted from the Vital Statistics Data maintained by the CDC (30). The
crude annual birthrate was obtained by dividing the annual number of live
births by the annual population size (SI Appendix, Figs. S6–S9).

Climate Data. We extracted climate data from the North American Regional
Reanalysis (NARR) dataset (31), which covers a period starting in 1979 until
present and provides data through a high-resolution grid of ∼32 km at the
lowest latitude. We extracted monthly estimates from the NARR Monthly
Means dataset for the following variables: air temperature, accumulated
precipitation, dew point temperature, potential evaporation, vapor pres-
sure, relative humidity, and specific humidity (SI Appendix, Figs. S10–S16 and
Table S5). For each state, we used the value of the variables in the grid
closest to its capital.

Wavelets. We performed a wavelet analysis of the time series of enterovirus
and poliomyelitis cases to detect and quantify the periodicity of these two time
series. This method is particularly adapted to nonstationary data (32). Here, we
applied the Morlet wavelet, as has been classically done for the analysis of
epidemiological data (32). This analysis was performed using the “Wave-
letComp” R package (33).
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Distribution of Cases Within the Year: Mean Timing and Dispersion. We esti-
mated the mean and SD of the timing of cases from the average monthly
distribution of cases in each state obtained using the total number of cases
reported over theentireperiods of the study. Both statistics (meanand SD)were
computed using circular statistics through the “circular” R package (34). Cir-
cular statistics, contrary to arithmetic statistics, are adapted to data that are
best represented in a circle rather than in a line, as it is the case for time in
months within a year. Note that the date of cases was given in months (entire
values), and therefore the estimates of the mean timing of cases are biased
toward the beginning of the months.

Characteristics of Seasonal Patterns of Incidence. To describe the seasonal
pattern of incidence in each state and each year, we fitted a seasonal model
with four harmonic terms to the proportion of cases reported each month (for
each year of data) and we extracted the amplitude of the annual and semi-
annual components, the timing of the peak (measured as the phase of the
annual component), and the relative contribution of the semiannual com-
ponent. Details are in SI Appendix, section S1.

Latitudinal Gradients for the Amplitude and the Timing of the Peak. For each
state, we took the mean value of the amplitude and timing of the peak of
cases weighted by the number of cases informing that value each year. We
tested for the presence of latitudinal gradients on those characteristics by
fitting linear regression models separately for enteroviruses and poliomy-
elitis, weighted by the number of years informing the value of each state and
with the latitude of the state’s capital city as independent variable. A sen-
sitivity analysis using the latitude of the state’s center of population (35)
provided similar results (SI Appendix, Fig. S5). We also tested for differences
between enteroviruses and poliomyelitis in their latitudinal gradients of the
seasonal characteristics (SI Appendix, section S2).

Univariable Linear Models for the Amplitude and the Timing of the Peak. We
conducted univariable linear models for the amplitude and the timing of the
peak of cases using climatic and demographic factors, as well as latitude,
longitude, and elevation, as covariables. We used the following annual
summary statistics for the climatic variables obtained from the monthly data:
minimum, maximum, median, and range.

Estimation of the Case Reproduction Number. We estimated the monthly case
reproduction number in each state to quantify the intensity of transmission
over time using the methods described in ref. 36 and implemented in the
“epiEstim” R package. For the serial interval we assumed a gamma distri-
bution, with mean equal to 1.1 mo and SD equal to 0.2 mo based on data for
poliovirus (37).

Mixed-Effects Models of the Intensity of Enterovirus Transmission. We mod-
eled the (log10-transformed) case reproduction number with linear mixed-
effects models, where state was a random effect (random intercept), climatic
and demographic variables were fixed effects, and we accounted for auto-
correlated errors. The models were implemented using the “nlme” R pack-
age (38). Model selection was performed using a bottom-up strategy,
although a top-down process gave the same final model. Diagnostic plots
were used to check that the final model did not violate the assumptions of
linear regression (SI Appendix, Fig. S27). To measure the goodness of fit,
we used the marginal and conditional R2 for mixed-effects models in-
troduced in ref. 14. See SI Appendix, section S3 for a full description.
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