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SUMMARY

Annual periodicities of reported chickenpox cases have been observed in several countries. Of
these, Japan has reported a two-peaked, bimodal annual cycle of reported chickenpox cases. This
study investigated the possible underlying association of the bimodal cycle observed in the
surveillance data of reported chickenpox cases with the meteorological factors of temperature,
relative humidity and rainfall. A time-series analysis consisting of the maximum entropy method
spectral analysis and the least squares method was applied to the chickenpox data and
meteorological data of 47 prefectures in Japan. In all of the power spectral densities for the
47 prefectures, the spectral lines were observed at the frequency positions corresponding to the
1-year and 6-month cycles. The optimum least squares fitting (LSF) curves calculated with the
1-year and 6-month cycles explained the underlying variation of the chickenpox data. The LSF
curves reproduced the bimodal and unimodal cycles that were clearly observed in northern and
southern Japan, respectively. The data suggest that the second peaks in the bimodal cycles in the
reported chickenpox cases in Japan occurred at a temperature of approximately 8·5 °C.
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INTRODUCTION

Chickenpox occurs more often in children than adults
and has a generally good prognosis [1]. However, com-
plications such as secondary bacterial skin and soft tis-
sue infections, meningoencephalitis, cerebellar ataxia,
pneumonia and hepatitis can occur. Adults and preg-
nant women who become infected often develop a
severe infection. Furthermore, a mortality rate of 2–
3/100 000 infected persons has been reported [2].

Therefore, chickenpox remains an important public
health issue worldwide. In Japan, despite the avail-
ability of a safe and effective vaccine since 1987, it is
estimated that about 4000 people are hospitalized
and about 20 die annually as a result of chickenpox [3].

To prevent the burden of chickenpox, researchers
have attempted to understand the associated epi-
demiological factors, such as the mechanism of the
seasonality of the epidemics, using reported cases of
the disease in surveillance systems [1]. Chickenpox
has an annual cycle in several countries. For example,
Japan, Turkey and the UK have bimodal cycles,
i.e. two peaks of reported chickenpox cases annually
[4–6]. One of the dominant hypotheses regarding the
cause of the bimodal cycle of reported chickenpox
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cases is the temperature dependence of disease occur-
rence [4]. An alternative hypothesis proposes that the
seasonality of reported chickenpox cases is related to
the school calendar, as is the case with measles [5, 6].
Investigations of the reasons for the bimodal cycle
of reported chickenpox cases might be significant for
the prevention and prediction of this disease.

The purpose of this study was to identify the associ-
ation of the bimodal cycle of reported chickenpox
cases with meteorological conditions. In Japan’s
nationwide surveillance system for infectious diseases,
chickenpox surveillance data are collected in all 47
prefectures. The country is divided into prefectures,
each of which is further subdivided into cities with
respective wards and blocks. Japan extends from lati-
tude 45° N to 20° N; thus, meteorological conditions
vary widely. Our study utilized the chickenpox surveil-
lance data and meteorological data for all 47 prefec-
tures in Japan to conduct a systematic study of the
effect of meteorological conditions (temperature, rela-
tive humidity, rainfall) on the reported number of
chickenpox cases. The analyses included a time-series
analysis consisting of the maximum entropy method
(MEM) spectral analysis and the least squares method
(LSM) [7, 8]. The obtained results might aid in the
prediction of epidemics and the preparation for the ef-
fects of climatic changes on the epidemiology of infec-
tious diseases [9].

DATA

Chickenpox data

The time-series data that were analysed in this study
represent the weekly reported chickenpox incidence
data for all 47 prefectures in Japan. These data were
obtained from the Infectious Diseases Weekly Report
Japan (IDWR) [10]. The incidence data for each prefec-
ture indicated the number of weekly reported chicken-
pox cases per paediatric sentinel clinic in the
prefecture (there are about 3000 paediatric sentinel
clinics nationwide). The sentinel case reports of chick-
enpox were defined by their clinical presentation, i.e.
a rash first appearing on the trunk and face and then
spreading over the entire body [10]. The data for each
prefecture were gathered over 626 weeks (626 data
points) from January 2000 to December 2011.
Portions of the 2011 data for Miyagi prefecture (week
10) and Fukushima prefecture (weeks 10, 11, 13, 14)
were unavailable because of the Great East Japan
Earthquake. These missing data were replaced by the
mean values that were calculated from the data

immediately before and after the missing observations.
The 47 prefectures in Japan are shown in Figure 1.

Children aged 0–4 years accounted for about 75–
80% of the reported chickenpox cases during 2000–
2011 [3]. For preschool children, the healthcare system
in Japan provides healthcare services, including infec-
tious disease control, with the parent/guardian accept-
ing responsibility for 20% of the costs and the
government paying the remaining 80% [11]. Payment
for personal medical services is offered through a
universal healthcare insurance system that provides
relatively equal access for chickenpox patients to sen-
tinel clinics and hospitals of the surveillance system,
with fees set by a government committee.

Meteorological data

Data on the daily mean values of temperature (°C),
relative humidity (%) and the daily rainfall (mm)
that were collected in the 47 prefectural capitals dur-
ing 2000–2011 were obtained from the website of the
Japan Meteorological Agency [12]. The daily data
were gathered for a total of 4383 days from 2000 to
2011 (4383 data points). Using the daily temperature,
relative humidity and rainfall data during 2000–2011
for each prefecture, we calculated a mean value that
corresponded to the average of the daily data (one
data point). With respect to rainfall, for each prefec-
ture, we further calculated a summation of the daily
rainfall during 2000–2011 (one data point).

METHODS

Time-series analysis

Spectral analysis

We assumed that the time-series data x(t) (where t=
time) were composed of systematic and fluctuating
parts [13]:

x t( ) = systematic part+ fluctuating part. (1)
To investigate the temporal patterns of x(t) in the

reported chickenpox incidence data and the meteoro-
logical data (temperature, relative humidity, rainfall),
we performed an MEM spectral analysis. This method
of analysis enabled us to elucidate periodicities in the
time series of short data lengths with a high degree of
frequency resolution compared to other analytical
methods of infectious disease surveillance data, such
as the fast Fourier transform and the autoregressive
method, which require time series of long data lengths
[14]. In our previous work, we investigated the periodic
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structures of surveillance data such as measles with 360
data points, using aMEMspectral analysis [7, 8, 15–17].
The length of the chickenpox time-series data used in
our study (626 data points) was longer than that of
measles (360 data points) and was sufficient for investi-
gating the periodic structures of the data in detail. The
MEM spectral analysis produces a power spectral den-
sity (PSD). The formulation of MEM-PSD has been
previously described [7].

LSM

The validity of the MEM spectral analysis results was
confirmed by the calculation of the least squares fitting
(LSF) curve to the original time-series data x(t) with
MEM estimated periods. The formulation of the
LSF curve in X(t) is described as follows:

X (t) = A0 +
∑N

n=1

An cos 2πfn t+ θn( ){ }
, (2)

which is calculated using the LSM for x(t) with un-
known parameters fn, A0 and An (n= 1, 2, 3, . . ., N),
where fn ( = 1/Tn; Tn is the period) is the frequency
of the nth component, A0 is a constant that indicates
the average value of the time-series data, An and θn
are the amplitude and phase of the nth component, re-
spectively, and N is the total number of components.
The reproducibility level of x(t) by the optimum
LSF curve was evaluated by Pearson’s correlation
(ρ) with SPSS v. 17.0J software (SPSS, Japan). A P
value 40·05 was considered as the criterion for stat-
istical significance.

Contribution ratio

For the assignment of periodic modes constructing the
seasonality of the original time-series data x(t), a ‘con-
tribution ratio’ was defined [15, 18–21]. The contri-
bution ratio Qn is described as follows:

Qn = A2
n/Q, (3)

Fig. 1. Distribution of 47 prefectures in Japan. Dashed lines indicate the boundaries of the four main islands constituting
Japan: Hokkaido, Honshu, Shikoku and Kyushu.
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where An indicates the amplitude of the nth periodic
mode constituting the LSF curve X(t) to the original
data x(t) [equation (2)], and Q is the total power of
x(t). An outline of the contribution ratio is described
in the Appendix.

Correlation between reported chickenpox incidences
and meteorological conditions

We investigated the association of the bimodal cycle
of reported chickenpox incidences with the tempera-
ture, relative humidity and rainfall for each prefecture.
Specifically, we conducted the following procedures:
(i) the assignment of the periodic cycle describing
the seasonal variations of the reported chickenpox in-
cidence from the PSD; (ii) the calculation of the con-
tribution ratio of the periodic cycle assigned in the
previous step (i); and (iii) the plotting of the value of
the contribution ratio obtained in step (ii) against
the average of the daily data for temperature and rela-
tive humidity and the summation of the daily data for
rainfall during 2000–2011.

Occurrence point of temperature for second peaks of
reported chickenpox incidences

To investigate in detail the occurrence point of tem-
perature for the second peaks in the 1-year cycles of
reported chickenpox incidences, we identified the tem-
perature values of the minimum reported chickenpox
incidence between the first and second peaks of the
LSF curve during 2000–2011. Then, we calculated
the mean of these temperature values, T. Next, we
plotted the contribution of the 6-month cycle (Q2)
against the T value.

Selection method of eight prefectures as illustrative
examples

Based on a geographical division of the Japan
Meteorological Agency [12], we selected eight prefec-
tures from all 47 prefectures in Japan as illustrative
examples. Japan Meteorological Agency divides the
entire country into the following four areas for servi-
cing weather information: northern Japan, eastern
Japan, western Japan and southern Japan. In this
study, we selected one, two or three prefectures from
each area as illustrative examples (Fig. 1), as follows:
(a) Hokkaido and Miyagi from northern Japan; (b)
Tokyo and Nagano from eastern Japan; (c) Kyoto,
Kochi and Fukuoka from western Japan; and (d)

Okinawa from southern Japan. This gave us a total
of eight prefectures.

Japan consists of four main islands (Honshu,
Shikoku, Kyushu, Hokkaido). Seven of the above-
selected prefectures (excluding Okinawa) were chosen
to cover the fourmain islands that constitute the country,
as follows: Honshu (Miyagi, Tokyo, Nagano, Kyoto),
Shikoku (Kochi), Kyushu (Fukuoka) and Hokkaido
(Hokkaido).

RESULTS

Figure 1 presents the results for eight of the 47 prefec-
tures in Japan as illustrative examples. In Table 1, the
eight prefectures are arranged from northern Japan to
southern Japan by (a) latitude, (b) longitude and (c)
population size.

Age distribution

Although about 1 million reported chickenpox cases
are estimated to occur annually in Japan, the number
of reported cases has gradually decreased in the past
few years [3]. The age distribution of the reported
cases is shown in Figure 2 [3]. A gradual decline in
the proportion of reported cases in the 0–4 years age
group was observed after 2010. This age group con-
tributed 78% of the reported cases in 2009 but this
decreased slightly to 75% in 2011. There was a corre-
sponding shift in the age distribution of reported
chickenpox cases in the 5–9 years age group, but not
significantly, from 20% in 2009 to 22% in 2011
(P = 0·969).

Temporal variations of reported chickenpox incidence
data

Figure 3 indicates the weekly reported chickenpox in-
cidence data for the following eight prefectures:
Hokkaido, Miyagi, Tokyo, Nagano, Kyoto, Kochi,
Fukuoka and Okinawa. A 1-year chickenpox data
cycle is shown for each prefecture. For Hokkaido
(Fig. 3a), two peaks, one in winter and the other in
spring, were superimposed on a 1-year cycle. This
bimodal cycle was clearly observed in the cases of
Miyagi, Tokyo, Nagano and Kyoto (Fig. 3b–e, re-
spectively). However, for Kochi and Fukuoka
(Fig. 3f, g, respectively), the annual cycles were largely
modulated by fairly irregular, shorter-term variations
within the 1-year cycle. For Okinawa (Fig. 3h), a
unimodal pattern was evident.
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Spectral analysis

The PSDs based on the MEM for the chickenpox
data (Fig. 3) are shown in Figure 4. In each PSD,
the prominent spectral line was observed at f = 1·0
[ f(1/year); frequency] ( = f1) corresponding to the
1-year cycle, and the spectral lines of f2 ( = f1 × 2) cor-
responding to the 6-month cycle, were observed at
f = 2·0. For each PSD (Fig. 4), the prominent spectral
peak at f2 (6 months) is a point of interest because
it leads to the question of whether the f2 mode
has its origin in the harmonics of f1, in the bimodal
cycles that were clearly observed in the chickenpox
data for Hokkaido, Miyagi, Tokyo, Nagano and
Kyoto (Fig. 3a–e, respectively), or in a superposition
of both.

Seasonal cycles of chickenpox incidence data

To investigate the seasonality of each set of chicken-
pox data (Fig. 3) in detail, the LSF curve in equation
(2) was calculated for the 1-year and 6-month cycles
that were clearly observed in the PSD (Fig. 4). The
LSF curves are shown in Figure 5.

In Figure 5, the LSF curves for all prefectures except
Okinawa (Fig. 5h) demonstrated a bimodal seasonal
cycle with a first peak in winter (December–February)
and a second peak in spring (April–June). For
Okinawa (Fig. 5h), the annual occurrence of epi-
demics was unimodal, with a peak spanning winter–
spring (February–April). The values of ρ between
the chickenpox data and the LSF curve were high
for all prefectures (0·74–0·86). Thus, the 1-year and

Table 1. Longitude, latitude, population size and the peaks of LSF curves of eight prefectures in Japan

(a) Latitude (b) Longitude
(c) Population size
(×103)

(d) Peak month of LSF curve

First peak Second peak

Hokkaido 43° N 141° E 5506 Dec. June
Miyagi 38° N 140° E 2348 Dec., Jan. June
Tokyo 35° N 139° E 13159 Dec., Jan. May, June
Nagano 36° N 138° E 2152 Dec., Jan. June
Kyoto 35° N 135° E 2636 Dec., Jan. June
Kochi 33° N 133° E 764 Jan., Feb. May
Fukuoka 33° N 130° E 5072 Jan., Feb. Apr., May
Okinawa 26° N 127° E 1393 Feb.–Apr. –

LSF, Least-squares-fitting.

Fig. 2. Age distribution of the reported chickenpox cases from paediatric sentinel clinics.
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6-month cycles made major contributions to the sea-
sonal oscillations. The peak month of the LSF curve
for each prefecture is listed in Table 1d.

The correlation between reported chickenpox
incidences and meteorological conditions

Figure 6 [panels (a–c) and (a’–c’)] shows plots of the
contribution ratio of the 1-year cycle (Q1) and the
6-month cycle (Q2), respectively, against the daily
mean temperature and relative humidity data, and
the summation of the daily rainfall data during
2000–2011 for all 47 prefectures. The meteorological

data for the eight prefectures plotted in Figure 6 are
listed in Table 3(a, b, d). Spearman’s ρ correlation
coefficients between the meteorological data and the
contribution ratio (Q1 and Q2) were calculated, and
the obtained results are listed in Table 2.

Occurrence of unimodal cycles of reported chickenpox
incidences

As shown in Figure 6a, the value of Q1 increased as
the value of the mean temperature increased. The
mean relative humidity and rainfall (Fig. 6b, c, re-
spectively) appeared to have a randomly scattered

Fig. 3. Weekly incidence data of chickenpox from eight prefectures in Japan from 2000 to 2011: (a) Hokkaido,
(b) Miyagi, (c) Tokyo, (d ) Nagano, (e) Kyoto, ( f ) Kochi, (g) Fukuoka, (h) Okinawa.
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pattern. The values of Q1 showed significant correla-
tions with temperature (P < 0·001) and rainfall (P=
0·002) in Figure 6(a, c), respectively. However, no

significant correlation with relative humidity (P=
0·134) was identified in Figure 6b. This result indicates
that the occurrence of the unimodal cycle of reported

Fig. 4. Power spectral densities (PSDs) obtained from weekly incidence data of chickenpox from eight prefectures in
Japan from 2000 to 2011: (a) Hokkaido, (b) Miyagi, (c) Tokyo, (d ) Nagano, (e) Kyoto, ( f ) Kochi, (g) Fukuoka, (h)
Okinawa.
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chickenpox incidences in Japan is related to the mean
temperature and rainfall.

Occurrence of bimodal cycles of reported chickenpox
incidences

As shown in Figure 6a’, the values of Q2 decreased as
the mean temperature value increased, and the mean
relative humidity and rainfall appeared to be ran-
domly scattered (Fig. 6b’, c’, respectively). The values

of Q2 showed significant correlations with mean tem-
perature (P< 0·001) and rainfall (P = 0·014) but no
significant correlations with mean relative humidity
(P = 0·07), similar to Q1. This result indicates that
the occurrence of the bimodal cycle of reported chick-
enpox incidences in Japan is associated with the mean
temperature and rainfall.

We re-plotted the values of Q1 and Q2 against the
latitude of the 47 prefectures in Figure 7a, b, respect-
ively. As the latitude became higher, the unimodal

Fig. 5. Comparisons of the weekly incidence data (dashed line) and least-squares-fitting curves calculated with the 1-year
and 6-month periodic modes (red solid line): (a) Hokkaido, (b) Miyagi, (c) Tokyo, (d ) Nagano, (e) Kyoto, ( f ) Kochi, (g)
Fukuoka, (h) Okinawa.
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cycles of the reported chickenpox incidence disap-
peared (Fig. 7a) and the bimodal cycles of the epi-
demics became apparent (Fig. 7b).

The occurrence point of temperature for the second
peaks of reported chickenpox incidences

The value of Q2 in Figure 8 gradually decreased from
0·69 at T = 1·1 for Hokkaido in northern Japan to
0·33 at T = 8·8 for Tokyo in eastern Japan. The
Q2 value was 0·1 at T = 9·1 for Kochi and 0·1 at
T = 12·1 for Fukuoka in western Japan.

DISCUSSION

This study revealed a statistically significant relation-
ship between the contribution ratio of the 1-year
cycle (Q1) and the 6-month cycle (Q2) of reported
chickenpox incidence and mean temperature

Fig. 6. Gradient of Q1 (left-hand side) and Q2 (right-hand side) against meteorological factors in 47 prefectures in Japan
from 2000 to 2011. (a) and (a’) Daily mean temperature (°C); (b) and (b’) daily mean relative humidity (%); (c) and (c’)
summation of daily rainfall (mm).

Table 2. Spearman’s ρ calculated for meteorological
factors and contribution ratio of seasonal cycles (Q1

and Q2)

Q1 Q2

Temperature 0·764**
(P < 0·001)

−0·763**
(P< 0·001)

Relative humidity −0·227
(P = 0·134)

0·273
(P= 0·070)

Rainfall 0·438**
(P = 0·002)

−0·358*
(P= 0·014)

** P< 0·01, * P< 0·05.
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(Fig. 6a, a’). The results shown in Figure 7a, b support
the findings of Shoji et al. [22], who showed that the
reported cases of chickenpox increased at 5–20 °C
(i.e. the temperature range at which the chickenpox
virus is activated) and decreased at temperatures
lower than 5 °C and higher than 20 °C. In northern
Japan, where the temperature falls below 5 °C in win-
ter and exceeds 20 °C in summer, the occurrence of
epidemics is bimodal. By contrast, in southern
Japan, where the temperature rarely falls below 5 °C
in winter, the occurrence of epidemics is unimodal.

A statistically significant relationship with the
values of Q1 and Q2 was revealed for mean rainfall;
however, the strength of the correlation was weak
compared to the correlation with temperature
(Table 2). This weak correlation of rainfall with Q1

and Q2 might be due to the large variance of the
daily rainfall data that was observed for the eight pre-
fectures (Table 3c). However, the amount of rainfall is
subject to the amount of water vapour in the air,
which influences relative humidity [23]. As a result,
relative humidity vs. Q1 and Q2 indicated a scattering

point (Table 2). The variances of relative humidity for
the eight prefectures (Table 3b) were relatively small
compared to the variances of rainfall (Table 3c).
This result is because relative humidity is constrained
by the amount of saturated vapour, which is depen-
dent on the air temperature [23]. Thus, it is reasonable
to consider that the unimodal and bimodal cycles
observed in temporal variations of the reported chick-
enpox incidence were dominated by temperature and
had strong correlations with Q1 and Q2 (Table 2).

One study identified that reported chickenpox cases
in the UK have a bimodal pattern, with two peaks in
spring [5]. In comparison, Canada has a unimodal
pattern, with a single spring peak. The explanation
that was offered for this difference was that the spring
school holiday lasts at least 2 weeks (twice the dur-
ation of the chickenpox infectious period) in the
UK, whereas the spring school holiday only lasts 1
week in Canada [5]. With respect to Japan, the pri-
mary school spring holiday lasts about 2 weeks from
the end of March to the beginning of April across
the whole country [24, 25]. Thus, it is unlikely that

Table 3. The value of mean, standard deviation (S.D.) and S.D./mean for (a) daily temperature, (b) daily relative
humidity and (c) daily rainfall, and (d) the value of a summation of the daily rainfall during 2000–2011 for the eight
prefectures in Japan

(a) Daily temperature (b) Daily relative humidity (c) Daily rainfall (d )
Summation
of daily
rainfall

Mean
(°C)

S.D.
(°C)

S.D.
/mean

Mean
(%)

S.D.
(%)

S.D.
/mean

Mean
(mm)

S.D.
(mm)

S.D.
/mean

Hokkaido 9·2 9·5 1·03 68·4 10·5 0·15 3·1 7·3 2·34 13696
Miyagi 12·7 8·3 0·65 71·2 13·0 0·18 3·5 11·0 3·14 15314
Tokyo 15·5 7·9 0·51 60·3 15·2 0·25 4·3 13·2 3·08 19364
Nagano 12·2 9·5 0·77 71·0 10·1 0·14 2·6 6·7 2·54 11565
Kyoto 16·2 8·7 0·55 63·8 9·7 0·15 4·0 10·7 2·67 17442
Kochi 17·4 7·8 0·45 68·5 13·1 0·19 6·9 20·7 3·01 30165
Fukuoka 17·4 7·9 0·45 62·7 11·1 0·18 4·4 12·7 2·89 19284
Okinawa 23·3 4·7 0·20 72·1 10·3 0·14 5·9 18·6 3·14 26003

Fig. 7. A plot of Q1 and Q2 against latitude. (a) Q1 and (b) Q2.
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the occurrence of bimodal reported chickenpox inci-
dences in Japan is related to the school calendar.
Rather, the bimodal pattern might result from the
mean temperature, as observed in Figure 6(a, a’).

The occurrence point of temperature of the second
peaks in the annual cycles of reported chickenpox
incidences has attracted the attention of researchers
[4, 22]. In Figure 8, the decreasing trend separates
two regions of Japan (solid and dashed lines in
Fig. 8). The solid line indicates that the bimodal
cycle disappears as the latitude becomes lower. The
dashed line indicates that the unimodal cycle appears
as the latitude becomes lower. In Figure 8, the anom-
alous behaviour at T ≅ 8·5 bestriding the boundary
between the two decreasing trends is considered to
correspond to a transitional region between the bimo-
dal and unimodal cycles. This result supports the fol-
lowing previous reports on the occurrence point of
temperature for second peaks in annual cycles in
reported chickenpox cases in Japan: T= 5·0 by Shoji
et al. [22] and T = 7·5 by Furushima et al. [26].

The epidemiology of chickenpox differs in temperate
and tropical regions [27]. In temperate regions, chicken-
pox is a disease of preschool and school-aged children. In
tropical regions, chickenpox typically occurs at a later
age, with many cases in adolescents and adults who
are at risk of developing more severe disease. The rela-
tively small number of reported chickenpox cases in chil-
dren in tropical regions may result from the reduced
chickenpox virus transmission in those areas [28].
Garnett et al. [29] proposed that the transmission poten-
tial of chickenpox virus might be adversely affected by a
combination of high ambient temperatures and hu-
midity in tropical regions. For example, in India,

outbreaks of chickenpox appear to be more common
in the coolermonths of the year than thewarmermonths
[30]. By contrast, in tropical regions such as Singapore,
the incidence does not seem to vary according to season
[31]. Recently, Rice [32] interpreted the seasonality of
reported chickenpox incidences in tropical regions
from the viewpoint of the level of ultra-violet radiation
and air pollution. Thus, the effect of meteorological fac-
tors on chickenpox incidence might differ from one
country to another in tropical regions. To understand
the underlying causes of chickenpox virus transmission
in tropical regions and to utilize the obtained results
effectively for health service, it is necessary to conduct
a systematic study toquantify the impact ofmeteorologi-
cal factors on chickenpox incidence for each country in
the tropical regions. For this purpose, the Susceptible-
Exposed-Infective-Recovered (SEIR) model, which is a
well-known mathematical model of infectious disease
epidemics, might be useful, as in the case of malaria
[33]. Thus, it is expected that a theoretical procedure
such as the SEIR model will contribute to the future in-
vestigation of meteorological factors for chickenpox
transmission [7]. This investigation should be conducted
in future research.

The chickenpox vaccine was first licensed in Japan in
1987 and is administered at the request of an individual
or a child’s legal guardian as part of the voluntary vac-
cination programme. For the prefectures that were
used as illustrative examples in our study, in 2006, the
vaccination coverage rates for Hokkaido and Miyagi
exceeded the national average (35·7%) and those for
Nagano and Kyoto were below it [34]. However, the
temporal patterns of the incidence data for these four
prefectures indicated approximately the same pattern

Fig. 8. A plot of Q2 against the mean temperature of the minimum incidence between the first and second peaks of the
least-squares-fitting curve during 2000–2011.
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in 2006, i.e. the bimodal cycle (Fig. 5a, b, d, e, respect-
ively). From 2006 until recently, the vaccination cover-
age rate has remained low at about 30–40% [3, 35], and
the temporal patterns of the four prefectures has con-
tinued to indicate the bimodal cycle (Fig. 5a, b, d, e).
Thus, the vaccination coverage rate might not have af-
fected the temporal patterns of the incidence data
throughout the time range that was investigated in
this study (2000–2011). When the vaccination coverage
rate exceeds 80% in Japan, the seasonal peak super-
posed on a 1-year cycle will diminish, as observed in
the USA [36]. The Strategic Advisory Group of
Experts (SAGE) on immunization of the World
Health Organization concluded that before countries
introduce the chickenpox vaccine into routine child-
hood immunization programmes, they should establish
an adequate disease surveillance system to assess the
burden of chickenpox, with the provision of continued
surveillance after the introduction of the vaccination
[37]. This is because resources must be sufficient to en-
sure that a vaccine coverage of 580% is reached and
sustained because a vaccine coverage of 20–80%
would shift chickenpox to older ages, with the risk of
an associated increase in severe disease and mortality
[38]. SAGE also indicated that meteorological factors
and other country-specific factors, rather than the
country’s world region, are key determinants of chick-
enpox incidence [37]. Thus, it is expected that for coun-
tries without universal chickenpox vaccination, our
method of time-series analysis will contribute to the es-
timation of the correlation of meteorological factors
with chickenpox incidences.

In this study, bimodal cycles of reported chickenpox
incidences that were clearly observed in northern Japan
disappeared at lower latitudes, and unimodal cycles ap-
peared in the south. Based on the results in Figure 6
(a, a’), this transition of patterns of reported chickenpox
incidences might be temperature-dependent. The
Intergovernmental Panel on Climate Change Third
Assessment Report indicated that ‘changes in climate
that will affect potential transmission of infectious dis-
eases include temperature, humidity, altered rainfall,
and sea-level rise’ [39]. Based on this report, it is possible
that the temporal chickenpox pattern in northern Japan
will change frombimodal to unimodal if the temperature
increases in Japan. The chickenpox virus is devoid of
thermostatic mechanisms, and its reproductions and sur-
vival rates are strongly affected by fluctuations in tem-
perature as well as other viruses, parasites and bacteria
[40, 41]. Thus, the investigation of the effect of meteoro-
logical factors on the epidemiologyof infectious diseases,

including chickenpox, is necessary for practitioners and
public health policy-makers to control disease and for
media events to encourage preventive activities.

APPENDIX

On the determination of the value of ‘contribution ratio’.
Based on the result of MEM spectral analysis, we assign
periodic modes fn in equation (2) that construct seasonal
variations of chickenpox data. First, the power of each
periodic mode is evaluated by the square of amplitude,
An
2, of the nth mode constituting the LSF curve.

Second, we estimateR corresponding to the power of re-
sidual time series which is obtained by subtracting the
LSF curve from the original time series. As a result, the
total powers of the original time series Q is obtained by

Q = A2
n + R. (A1)

When both sides of equation (A1) are divided by Q, we
obtain the following normalized relation:

A2
n/Q + R/Q = 1, (A2)

Where An
2/Q and R/Q correspond to the contribution of

An
2 and R to Q, respectively. We define the first term of

the left-hand side of equation (A2) the ‘contribution
ratio’, which means the contribution An

2 normalized by
Q. IfAn

2/Q in thefirst termbecomes large, then the second
term R/Q becomes small.
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