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Abstract Seasonal variation in the incidence of influenza is
widely assumed. However, few studies have examined non-
stationary relationships between global climate factors and
influenza epidemics. We examined the monthly incidence of
influenza in Fukuoka, Japan, from 2000 to 2012 using cross-
wavelet coherency analysis to assess the patterns of associa-
tions between indices for the Indian Ocean Dipole (IOD) and
El Niño Southern Oscillation (ENSO). The monthly incidence
of influenza showed cycles of 1 year with the IOD and 2 years
with ENSO indices (Multivariate, Niño 4, and Niño 3.4).
These associations were non-stationary and appeared to have
major influences on the synchrony of influenza epidemics.
Our study provides quantitative evidence that non-stationary
associations have major influences on synchrony between the
monthly incidence of influenza and the dynamics of the IOD
and ENSO. Our results call for the consideration of non-
stationary patterns of association between influenza cases
and climatic factors in early warning systems.
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Introduction

Influenza is one of the most significant diseases in humans; it
is considered to be associated with approximately 3–5 million
cases of severe illness and approximately 250,000–500,000
deaths globally per year (World Health Organization (WHO)).
The incidence of influenza displays a seasonal pattern in
temperate areas, with marked peaks in the winter in the
northern and southern hemispheres (Viboud et al. 2006).
Despite this regular occurrence, differences exist in the region,
duration, and magnitude of transmission periods. New infor-
mation regarding the regional dynamics of influenza epi-
demics would broaden our understanding of influenza trans-
mission and help to predict or prevent these epidemics (Cox
and Subbarao 1999). From a public health perspective, this
information is important in developing and implementing
prevention policies to decrease morbidity and mortality rates.
However, our understanding of the basis for the pronounced
seasonality remains incomplete (Tamerius et al. 2011). Thus,
documenting the dynamic patterns of influenza epidemics is
fundamental to understanding the underlying mechanisms
driving epidemic fluctuations.

As with influenza epidemics, meteorological variables,
such as air temperature, relative humidity, and rainfall,
have been suggested to be important drivers of the spread
and seasonality of influenza (Steel et al. 2011). However,
whether elements of the local climate that are relevant for
influenza transmission have non-stationary associations
with influenza over different time scales remains unclear.
Additionally, interannual climatic events related to the El
Niño Southern Oscillation (ENSO) and the Indian Ocean
Dipole (IOD) have been shown to be associated with the
transmission of infectious diseases, including dengue
(Cazelles et al. 2005) and malaria (Hashizume et al.
2009). The ENSO is the most prominent source of inter-
annual global climate variability which affects weather
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conditions, including temperature, precipitation, wind
speed and direction, and storm tracking, throughout the
planet; however, these effects are not uniform but vary
among regions (Shaman and Lipsitch 2013). Moreover,
although the ENSO has been implicated in influenza
transmission in temperate climates (Viboud et al. 2004),
few studies have examined non-stationary associations
between influenza and the ENSO. The IOD is another
global climate phenomenon that arises from ocean–atmo-
sphere interactions which affect climate patterns in the
tropical Indian Ocean (Hashizume et al. 2009); however,
no previous study has examined non-stationary associa-
tions between influenza and the IOD. Further, unusual
weather events in East Asian countries have been associ-
ated with the IOD in the tropical Indian Ocean and the
ENSO in the tropical Pacific (Saji et al. 1999; Guan and
Yamagata 2003). In Kanto region (Tokyo and 6 neighbor-
hood prefectures), Japan, a recent study found that the
extremely hot days tended to be associated with the pos-
itive IOD or ENSO (Akihiko et al. 2014). Especially in
Fukuoka, Japan, a previous study suggested that La Niña
event was associated with strong negative mode of IOD,
and spring and summer temperature in the next year of La
Niña event tended to become extremely low (Iseri et al.
2007). Despite these potential links of tropical climate
teleconnection, few studies have examined the relation-
ship between the tropical climate variability and influenza
dynamics in Japan.

Wavelet analysis is suitable for the investigation of time
series data from non-stationary systems and the inference
of associations within such systems (Torrence and Compo
1998). It is increasingly used to analyze the dynamics of
various human infectious diseases (Chaves and Pascual
2006) and particularly to measure associations between
two time series at any frequency band and at every time-
window period. This method has been used to determine
whether the presence of a particular periodic cycle at a
given time in a disease incidence corresponds to the pres-
ence of the same periodical cycle at the same time in an
exposure covariate (Cazelles et al. 2005; Cazelles and
Hales 2006).

Influenza is a major health risk in many parts of the
world. A better understanding of its sensitivity to climate
might be useful in developing a reliable climate-based
prediction system for influenza epidemics, which might,
in turn, lead to improvements in current disease control
programs.

In this study, we explored temporal relationships between
climate variation and the monthly incidence of influenza
between 2000 and 2012 in Fukuoka, Japan. To our knowl-
edge, this report is the first to quantify the temporally variable
impacts of climate factors on the incidence of influenza using
cross-wavelet analysis.

Methods

Data sources

In Fukuoka Prefecture, located in southwestern Japan, 198
sentinel medical institutions (Supplementary Fig. S1) report
the numbers of patients with influenza on a weekly basis
under the Infectious Disease Control Law. The number of
sentinel medical institutions is based on the population of
the area in which the health center is located: a health center
with a population of <75,000 would have one sentinel, an area
with a population of 75,000–125,000 would have two, and an
area with a population of >125,000 would have three or more
([population–125,000]/100,000) sentinels (Onozuka and
Hagihara 2008). A case of influenza is defined by the follow-
ing factors: sudden fever (>38 °C), respiratory symptoms,
general malaise, and myalgia. We obtained clinical data for
all cases recorded and reported weekly by volunteers at the
198 sentinel sites from 2000 to 2012 to the Fukuoka Institute
of Health and Environmental Sciences, the municipal public
health institute of the Fukuoka Prefectural Government.
Monthly records for influenza cases were calculated from
the daily records based on the day of diagnosis. Data were
normalized using a square root transformation.

The strength of the IOD was measured using the Dipole
Mode Index (DMI), defined as the difference in sea surface
temperature (SST) anomalies between the western (10° S–10°
N, 50–70° E) and eastern (10° S–0°, 90–110° E) tropical
Indian Ocean. Monthly DMI data were obtained from the
Japan Agency for Marine-Earth Science and Technology
(http://www.jamstec.go.jp/frcgc/research/d1/iod/). The
monthly ENSO indices (Multivariate ENSO Index [MEI],
Niño 3, Niño 4, and Niño 3.4) were extracted from US
National Oceanic and Atmospheric Administration Climate
Prediction Center data (http://www.cpc.ncep.noaa.gov). The
strength of the ENSO was measured by SST anomalies. Niño
1+2 was not included in the analysis because it represents
coastal and equatorial upwelling and coast areas of Ecuador
and Peru.

We also obtained data on daily average temperature, rela-
tive humidity, and rainfall in the prefecture from the Japan
Meteorological Agency. The local climate data were moni-
tored at various ground monitoring sites and recorded by local
bureau of meteorology (Supplementary Fig. S2). We used the
data of Fukuoka Regional Headquarters, Japan Meteorologi-
cal Agency (33°34.9′ N, 130°22.6′ E) to represent the entire
study area. Monthly means for these local weather parameters
were calculated from the daily records.

Statistical analysis

We examined the periodicity in the influenza incidence time
series using cross-wavelet coherency analysis (Torrence and
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Compo 1998; Chaves and Pascual 2006). Wavelet transform
analysis is used to examine the periodicity and frequency of
one time series at multiple scales (Torrence and Compo 1998;
Chaves and Pascual 2006). Specifically, wavelet coherence
analysis investigates and quantifies whether the presence of a
particular influenza frequency at a given time corresponded to
the presence of the same frequency at the same time in a
climate covariate, and with the cross-wavelet phase analysis,
we can determine the time lags between these two series as
well (Torrence and Compo 1998; Chaves and Pascual 2006).
Cross-wavelet coherence significance was estimated using the
method of Maraun and Kurths (Maraun and Kurths 2004) for
a minimum time scale. In this study, for practical purposes, we
fitted a polynomial based on the Monte Carlo methods simu-
lated 10,000 realizations of wavelet coherency of two time
series for significance testing wavelet coherency (Maraun and
Kurths 2004). The Morlet wavelet was used, and the mini-
mum period of interest in the cycles was set at 6 months.
Cross-wavelet coherence was computed using a total smooth-
ing window of 15 months. All statistical analyses were con-
ducted using the “R” statistical software, ver. 3.0.2 (R Devel-
opment Core Team).

Results

In total, 737,878 (100 %) cases of influenza from 2000 to
2012 were included in our analyses, of which 194,944
(26.4 %) occurred in children aged 0–4 years, 236,478
(32.0 %) occurred in those aged 5–9 years, 122,882
(16.7 %) were in those aged 10–14 years, and 183,574
(24.9 %) occurred in patients aged ≥15 years.

The time series for the number of influenza cases per
month, ambient temperature, relative humidity, and rainfall
during the study period are shown in Fig. 1. As noted in the
Introduction, the incidence of influenza displays a seasonal
pattern in temperate areas, with marked peaks in the winter
(Fig. 1).

The time series for DMI and ENSO indices (MEI, Niño 3,
Niño 4, and Niño 3.4) during the same period are shown in
Fig. 2. Strong positive IOD events (indicated by large DMI
values) occurred in 2006 and 2012, and the DMI peaked in
October and August of those years, respectively. Strong
ENSO events (indicated by large MEI values) were observed
in 2006 and 2009–2010 (Fig. 2).

Cross-wavelet coherence and phase analyses of the global
climatic time series (DMI and ENSO indices) with influenza
incident cases are shown in Fig. 3. Cross-wavelet coherence
analysis revealed that influenza cases were significantly co-
herent (p<0.05) with the DMI in 1-year periods in 2002–2003
and 2006–2007; and 2-year periodicity withMEI, Niño 4, and
Niño 3.4 for 2003–2006, 2004–2006, and 2002–2006,

respectively, with DMI and ENSO indices leading the dynam-
ics of the disease as shown by the cross-wavelet phases
(Fig. 3). The differences in phase are longer for ENSO indices
than for DMI. All local climatic factors had non-stationary
relationships with the DMI and ENSO indices (Supplementa-
ry Data, Fig. S3).

Discussion

In this study, we found evidence that the monthly incidence of
influenza was significantly associated with the dynamics of
the IOD in a 1-year periodic mode and the ENSO (MEI, Niño
4, and Niño 3.4) in a 2-year periodic mode. These associations
were non-stationary and appeared to have major influences on
the synchrony of influenza epidemics. These findings indicate
that epidemic early warning systems should consider non-
stationary, and possibly non-linear, patterns of association
between influenza incident cases and climatic factors.

Anticipation of the potential effects of changes in climate
on the incidence and distribution of influenza requires a clear
understanding of the relationship between climate and disease
dynamics (Patz et al. 2002). Our results show that the dynam-
ics of influenza cases are strongly associated with those of
climate variables, including the DMI and ENSO indices, with
coherent cycles of about 1–2 years. Recent studies in France
and the USA indicated that the impact of influenza epidemics
in terms of morbidity and mortality is influenced not only by
the type of serotype circulating, both nationally and interna-
tionally (Viboud et al. 2004), but also by climatic conditions
associated with El Niño; more severe impacts are significantly
associated with colder conditions (Viboud et al. 2004). Addi-
tionally, influenza activity peaks occurred earlier in years
associated with the ENSO and/or large-scale epidemics in
Japan (Zaraket et al. 2008). Changes in the phase of the ENSO
have been shown to alter the migration, stopover time, fitness,
and interspecies mixing of migratory birds (Shaman and
Lipsitch 2013). Further investigation of how climate change
could affect in the spread of influenza would be a critical topic
for future study.

Extreme IOD and El Niño events are two dominant drivers
for year-to-year climate variability on Earth (Luo et al. 2010).
The IOD and El Niño have co-occurred repeatedly since the
mid-1970s, indicating the interactive nature of the two major
climate modes (Annamalai et al. 2005). ENSO time series
exhibits an irregular series of warm and cold events, recurring
approximately every 3–8 years. The periodicity of IOD has
been mostly quasi-biennial ranging from 18 months to 3 years
in recent decades (Nakamura et al. 2009). Thus, the periodic-
ity found in this study may suggest the relationships of IOD
and ENSO. Additionally, a recent study suggested that
multidecadal Indian Ocean warming relative to the Pacific
played an important role in multidecadal Pacific climate
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changes (Luo et al. 2012). Another study suggested that the
Indian Ocean significantly enhanced El Niño and its onset
forecast, and El Niño, in turn, enhanced the IOD and its long-
range predictability (Luo et al. 2010). Thus, our combined

IOD and ENSO results demonstrate the importance of global
climate factors in influenza epidemics.

Our study also found that the dynamics of influenza inci-
dence are strongly associated with local climate variables

Fig. 1 Monthly time series data
in Fukuoka, Japan, 2000–2012. a
Influenza incident cases, b
temperature, c relative humidity,
d rainfall

Fig. 2 Monthly time series data
for global climatic indices (2000
to 2012). a DMI (dipole mode
index), b MEI (multivariate
ENSO index), c Niño 3 (ENSO
index), d Niño 4 (ENSO index), e
Niño 3.4 (ENSO index)
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(temperature, relative humidity, and rainfall), with coherent
cycles of about 1 year. In addition, these results also appeared
that DMI-influenza intervals coincide with rainfall-influenza
intervals; and ENSO-influenza intervals coincide with tem-
perature and relative humidity-influenza intervals. These co-
incidences highlight the significance of the time intervals
potentially linking global to local climate relationships. Our
results are consistent with those of a previous study, which
suggested that the consistent winter-time influenza peak in
temperate regions is often associated with, arguably, a corre-
sponding dry and cold climate (du Prel et al. 2009). However,
this study assumed that the associations of temperature, rela-
tive humidity, and rainfall with influenza incidence were
consistent over the study period. Additionally, not only con-
ditions in which aerosol-borne influenza transmission is most
favorable (Shaman and Kohn 2009), but also those that

promote indoor crowding tendencies and large-scale human
mobility patterns, may lead to higher risks of contact trans-
mission (Tamerius et al. 2011). Indoor winter heating without
humidification might also enhance influenza transmission
(Lofgren et al. 2007) because absolute indoor humidity tends
to be correlatedwith outdoor values and is thus typically lower
in the winter (Shaman et al. 2010). Our findings suggest that
the previous finding based on this assumption can be im-
proved by assuming a non-stationary association and by more
accurately evaluating the possibly non-linear associations be-
tween climatic covariates and influenza incidence.

A laboratory-based study suggested that the aerosol trans-
mission of a seasonal H3N2 influenza virus was most efficient
under cold, dry conditions (Lowen et al. 2007). The aerosol
transmission of a 2009 pandemic strain also showed a depen-
dence on temperature and relative humidity and, very similar

Fig. 3 Cross-wavelet coherency
and phase of the influenza time
series with global climatic
indices. a DMI (dipole mode
index), b MEI (multivariate
ENSO index), c Niño 3 (ENSO
index), d Niño 4 (ENSO index), e
Niño 3.4 (ENSO index). Red
regions in the upper part of the
plots indicate frequencies and
times for which the two series
share variability. The cone of
influence (within which results
are not influenced by the edges of
the data) and the significant
coherent time-frequency regions
(p<0.05) are indicated by solid
lines. In cross-wavelet phase
plots, colors correspond to
different lags between the
variability in the two series for a
given time and frequency,
measured in angles from -PI to PI.
A value of PI corresponds to a lag
of 16 months
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to that of a seasonal H3N2 influenza virus, this mechanism
was mediated by a complex interaction that affected the sur-
vivability of aerosol droplet nuclei and virus particles (Lowen
et al. 2008). Low temperatures might cause vasoconstriction
in the nose and respiratory tract, enhance viral stability
(Lowen et al. 2007), reduce mucosal blood flow (Le Merre
et al. 1996), and diminish leukocytes and phagocytic activity
(Mourtzoukou and Falagas 2007). Low-humidity conditions
might result in moisture losses in the nasal mucosa, reduce
mucociliary clearance (Salah et al. 1988), and enhance the
survival times of viral aerosols (Schaffer et al. 1976). Other
studies have demonstrated that absolute humidity is a better
predictor of influenza virus survival and transmission than are
relative humidity and temperature (Shaman and Kohn 2009).
However, temperature and absolute humidity are strongly
correlated, making the exclusion of a confounding effect
difficult (Shaman et al. 2010). These results suggest that local
weather factors affect the seasonal variations in influenza
virus transmission and survival complexly (Tamerius et al.
2011). Further investigation of the effects of global and local
climate factors on the spread of epidemic foci would have
implications for the control of influenza.

Climate can affect the dynamics of infection in a host
population through several linear and non-linear pathways. It
can affect several biological traits of the organisms involved in
parasites’ life cycles, from individual life histories to popula-
tion dynamics (Hallett et al. 2004). The changes in climate and
air quality substantially increase respiratory morbidity and
mortality in patients with common chronic lung diseases, such
as asthma, chronic obstructive pulmonary disease, and respi-
ratory tract infections (Ayres et al. 2009). Whereas local
climate is more likely to affect only the biological components
of disease transmission, large-scale climate patterns could also
influence contextual components of disease dynamics, such as
population susceptibility.

Some limitations of this study should be considered. First,
not all cases in the community are represented in the surveil-
lance data. Under-reporting can occur at any point in the
reporting chain, from a patient’s initial decision not to seek
healthcare to the failure to record cases in a disease registry.
Because the degree of under-reporting is not likely to vary
over time, however, we consider that this factor would not
have resulted in substantial bias. Second, the participating
sentinel medical institutions were recruited on a voluntary
basis. This recruitment technique did not likely impact the
validity of comparisons over time, however, which was the
subject of this study. Third, we analyzed monthly data from
2000 to 2012. To provide more appropriate modeling of non-
stationary associations between climatic factors and influenza
dynamics, additional analyses based on a longer study period
or more detailed (weekly or daily) data are required. Forth,
wavelet analysis is typically most effective with long time
series. For data series, the wavelet studies could span for

decades, which limit the characterization of climate disease
relationships across time-frequency space. There is also ten-
dency for errors at the beginning and end of the series
(Torrence and Compo 1998). The sophistication of the ana-
lytical methodology is a topic for future study. Fifth, the local
weather variables, including daily temperature, humidity, and
rainfall, were monitored at various ground monitoring sites
and recorded by local bureau of meteorology. Thus, the local
weather data might not match the sentinel sites of cases, and
the within prefectural heterogeneity is also negligible.

Our findings have several practical implications. Under-
standing the effects of climate factors on the epidemiology of
infectious diseases is important for the planning of health
services. Observed associations of climate factors with ad-
verse health effects could provide a model or analog for the
possible health impacts of future climate change. Health ser-
vices may need to prepare for the effects of climate change on
the epidemiology of influenza through the implementation of
preventive public health interventions. Our results might aid
in the prediction of epidemics and in preparation for the effects
of climatic changes on the epidemiology of influenza through
implementation of preventive public health interventions,
such as promoting good hygiene practices, including proper
hand and respiratory hygiene, temporary closure of education-
al institutions, and campaigns that include press releases and
media events to encourage preventive activities. These inter-
ventions might change behaviors, such as by increasing peo-
ple’s awareness that close contact increases the chance of
person-to-person transmission.

In conclusion, our study provides quantitative evidence
that non-stationary associations have major influences on
synchrony between the monthly incidence of influenza and
the dynamics of the IOD and ENSO. Our results call for the
consideration of non-stationary patterns of association be-
tween influenza cases and climatic factors in early warning
systems.
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