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SUMMARY

The purpose of this study was to clarify the association between hand, foot, and mouth disease
(HFMD) epidemics and meteorological conditions. We used HFMD surveillance data of all 47
prefectures in Japan from January 2000 to December 2015. Spectral analysis was performed
using the maximum entropy method (MEM) for temperature-, relative humidity-, and total
rainfall-dependent incidence data. Using MEM-estimated periods, long-term oscillatory trends
were calculated using the least squares fitting (LSF) method. The temperature and relative
humidity thresholds of HFMD data were estimated from the LSF curves. The average
temperature data indicated a lower threshold at 12 °C and a higher threshold at 30 °C for risk of
HFMD infection. Maximum and minimum temperature data indicated a lower threshold at 6 °C
and a higher threshold at 35 °C, suggesting a need for HFMD control measures at temperatures
between 6 and 35 °C. Based on our findings, we recommend the use of maximum and minimum
temperatures rather than the average temperature, to estimate the temperature threshold of
HFMD infections. The results obtained might aid in the prediction of epidemics and preparation
for the effect of climatic changes on HFMD epidemiology.

Key words: Hand, foot, and mouth disease, relative humidity, spectral analysis, surveillance,
temperature.

INTRODUCTION

Meteorological factors have been recognized as risk
factors associated with hand, foot, and mouth disease
(HFMD) epidemics [1–3]. We previously demon-
strated that in Wuhan, China, HFMD cases are

frequently reported with temperatures of 10–25 °C
and reports decrease at temperatures below 10 °C or
above 25 °C [4]. This inverse V-shaped relationship
between the reported number of HFMD cases and
temperature has also been observed during HFMD
epidemics in Taiwan and mainland China [5, 6]. Our
previous results suggest that bimodal seasonal peaks
in HFMD epidemics are attributable to enterovirus
A71 (EV-A71) epidemics. Current hypotheses explain-
ing the seasonal pattern of EV-A71 infection include
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host immune competence fluctuations mediated by
seasonal factors, such as melatonin or vitamin D levels
[7] as well as seasonal behavioural factors unrelated to
weather, such as school attendance and indoor crowd-
ing [8]. However, human behavioural factors alone do
not appear to account for the seasonal pattern
observed in certain cases of EV-A71 infection, includ-
ing those that occur among school-aged children or in
association with household crowding [9].

It has been reported that viruses are devoid of thermo-
static mechanisms and that their reproduction and sur-
vival rates are strongly affected by fluctuations in
temperature, as are those of parasites and bacteria
[10, 11]. Thus, investigation of the effect of meteoro-
logical factors on the epidemiologyof infectious diseases,
includingHFMD, is necessary for practitioners andpub-
lic health policy makers to control disease and for plan-
ning public health media events to promote preventive
activities. Based on our previous study in Wuhan,
China [4], controlling the spread of viral infections at
temperatures ranging from 10 to 25 °C should be consid-
ered, to help prevent HFMD infections. In Japan, no
concrete temperature range has been associated with
HFMD epidemics. Many people believe that HFMD
is an infection that occurs in the summer season, but
the timing of such infections is too ambiguous to prevent
and predict HFMD incidence. Further investigation is
required to clarify the association between HFMD and
meteorological conditions in Japan.

The purpose of this study was to further clarify the
association between HFMD epidemics and meteoro-
logical conditions. For this, we used HFMD surveil-
lance data of all 47 prefectures in Japan, collected
by Japan’s National Epidemiological Surveillance of
Infectious Diseases (NESID) [12]. Japan extends
from latitude 45°N to 20°N; therefore, meteorological
conditions vary widely. We considered that a subset
of the HFMD surveillance data might be useful to
clarify the association between HFMD epidemics
and meteorological conditions.

Our study used HFMD surveillance data and
meteorological data of all prefectures in Japan, based
on a study conducted in Japan’s southern prefectures
reporting that ambient temperature and relative humid-
ity were associated with increased occurrence of
HFMD [13]. To precisely estimate the relationship
between HFMD data throughout Japan and meteoro-
logical data, we proposed a method with a clear criter-
ion of adequate estimation. The analyses included
spectral analysis using the maximum entropy method
(MEM) and least squares method (LSM) [14, 15].

The obtained results might assist in the prediction of
epidemics and preparation for the effects of climatic
changes on infectious disease epidemiology.

DATA

HFMD data

The time series data analysed in this study represent
the weekly reported HFMD incidence data for all 47
prefectures of Japan. These data were obtained from
the Infectious Diseases Weekly Report Japan [16].
The incidence data for each prefecture indicates the
number of HFMD cases reported weekly per paediat-
ric sentinel clinic in the prefecture. There are approxi-
mately 3000 paediatric sentinel clinics nationwide.
The number of sentinel clinics (3000) has been set to
a standard error rate of annual number of HFMD
patients in all of Japan of <5% [17]. Sentinel HFMD
cases were defined by clinical presentation, that is,
papular or vesicular rash on the hands, feet, mouth,
or buttocks, with or without fever [16]. The data for
each prefecture were gathered over 835 weeks (835
data points) from January 2000 to December 2015.
Portions of the 2011 data for Miyagi Prefecture (week
10) and Fukushima Prefecture (weeks 10, 11, 13, and
14) were unavailable because of the Great East Japan
Earthquake. These missing data were replaced with
the mean values, which were calculated using the data
immediately before and after the missing observations.
The 47 prefectures of Japan are shown in Figure 1.

Meteorological data

The Automated Meteorological Data Acquisition
System (AMeDAS) developed by the Japan
Meteorological Agency (JMA) is a high-resolution
surface observation network. The AMeDAS com-
prises 1300 stations throughout Japan, of which 840
stations cover temperature, relative humidity, precipi-
tation, and so on; the average distance between sta-
tions is 21 km [18]. In the present study, we used
daily data collected at the AMeDAS stations in the
47 prefectural capitals. These data were obtained
from the JMA website [19] and included average tem-
perature, maximum temperature, minimum tempera-
ture, relative humidity, and precipitation. Daily data
were obtained for a total of 5845 days from 2000 to
2015 (5845 data points).

Descriptive statistics for the weekly meteorological
data are shown in Table 1. Notably, the mean values
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of average temperature rise with lower latitudes:
9·3 °C in Hokkaido (latitude 43°N), 12·8 °C in
Miyagi (38°N), 16·7 °C in Tokyo (35°N), 12·3 °C
in Nagano (36°N), 16·2 °C in Kyoto (35°N), 17·4 °C
in Kochi (33°N), 17·4 °C in Fukuoka (33°N), and
23·3 °C in Okinawa (26°N).

METHODS

Selection method of eight prefectures as representative
sites

Based on geographical division by the JMA [19], we
selected eight from among the 47 prefectures in Japan
as representative sites. For providing weather

information, the JMA divides the entire country
into the following four areas: northern, eastern, west-
ern, 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 a total of
eight prefectures. Among them, Hokkaido has a sub-
polar climate and Okinawa has a subtropical climate.
The other six prefectures (Miyagi, Tokyo, Nagano
Kyoto, Kochi, and Fukuoka) have a temperate
climate [20].

Fig. 1. Distribution of the 47 prefectures of Japan. Dashed lines indicate boundaries of the four main islands constituting
Japan: Hokkaido, Hoshu, Shikoku, and Kyushu. The eight prefectures are used as representative sites: (a) Hokkaido and
Miyagi Prefectures in northern Japan (blue); (b) Tokyo and Nagano in eastern Japan (green); (c) Kyoto, Kochi, and
Fukuoka in western Japan (yellow); and (d) Okinawa in southern Japan (orange).
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Figure 1 shows the results for eight of the represen-
tative sites. In Table 1, the eight prefectures are
arranged from northern to southern Japan by latitude
and longitude.

Data analysis

Setting up the time series data for analysis

The sampling interval differed for the HFMD data
(weekly) and meteorological data (daily). To analyse

these two datasets together, it was necessary to choose
equal sampling intervals. Therefore, we calculated
weekly data for the meteorological variables (835
data points) from the original daily data (5845), to
conform to the weekly HFMD data. All meteoro-
logical parameters studied and values used for testing
the associations are summarized as supplementary
information (see online Supplementary Table S1).
For example, the weekly average maximum tempera-
ture was calculated by averaging the daily maximum
temperature for 1 week. The weekly meteorological
variables are as follows: T{A}, average temperature
(°C); T{M}, maximum temperature (°C); T{m}, min-
imum temperature (°C); RH, relative humidity (%);
RF, total rainfall (mm).

To explain the present method, we used weekly
HFMD data of Fukuoka Prefecture (Fig. 2a), which
is located in western Japan (Fig. 1).

Correlation between HFMD data and meteorological
data

The average occurrence of HFMD in the different
domains of average temperature (T{A}), T to T +
ΔT, was calculated using the following formula [21]:

NT A{ } =
∑n

i Cif (ti)∑n
i f (ti) , (1)

where i is the sequence from 0 to n (=834, correspond-
ing to the data point [835] minus one), ti is T{A} for
the ith week period, Ci is the total number of disease
cases per sentinel clinic in the ith week, and f(ti) is a
function with the following values:

f (ti) = 1, whenT ≤ ti , T + ΔT
= 0, otherwise

{
(2)

The numerator on the right side of equation (1)
represents the sum of all Ci comprising the 1-week
average temperature (ti) within the temperature
domain of T to T + ΔT during the data period. The
denominator is the total number of occasions in
which T< ti <T + ΔT is satisfied during the same
data period.

Similarly, average occurrences of HFMD infections
in the different variable domains for maximum tem-
perature (NT{M}), minimum temperature (NT{m}),
RH (NRH), and RF (NRF) were determined. The vari-
ables ti, T, and ΔT for T{A} in equations (1) and (2)
were replaced with tMi, TM, and ΔTM, respectively,
for T{M}; with tmi, Tm, and ΔTm, respectively, for
T{m}; with hi, H, and ΔH, respectively, for RH; and

Table 1. Summary statistics for weekly meteorological
conditions of eight prefectures in Japan used as
representative site

Prefectures Latitude Longitude Variable Mean S.D.

Hokkaido 43°N 141°E T{A} (°C) 9·3 9·4
T{M} (°C) 13·2 10·0
T{m} (°C) 5·7 9·3
RH (%) 68·5 6·8
RF(mm) 22·5 22·3

Miyagi 38°N 140°E T{A} (°C) 12·8 8·2
T{M} (°C) 16·9 8·2
T{m} (°C) 9·3 8·4
RH (%) 71·0 9·3
RF(mm) 24·5 35·1

Tokyo 35°N 139°E T{A} (°C) 16·7 7·7
T{M} (°C) 20·5 7·7
T{m} (°C) 13·3 8·0
RH (%) 60·3 11·6
RF(mm) 31·3 42·4

Nagano 36°N 138°E T{A} (°C) 12·3 9·3
T{M} (°C) 17·8 9·8
T{m} (°C) 7·9 9·3
RH (%) 71·4 7·4
RF(mm) 18·7 21·8

Kyoto 35°N 135°E T{A} (°C) 16·2 8·6
T{M} (°C) 21·2 8·8
T{m} (°C) 12·1 8·5
RH (%) 64·3 6·2
RF(mm) 28·6 35·0

Kochi 33°N 133°E T{A} (°C) 17·4 7·6
T{M} (°C) 22·2 7·1
T{m} (°C) 13·2 8·2
RH (%) 68·7 8·9
RF(mm) 50·4 42·2

Fukuoka 33°N 130°E T{A} (°C) 17·4 7·7
T{M} (°C) 21·3 7·9
T{m} (°C) 14·0 7·8
RH (%) 66·1 7·9
RF(mm) 31·7 45·4

Okinawa 26°N 127°E T{A} (°C) 23·3 4·5
T{M} (°C) 26·0 4·6
T{m} (°C) 21·1 4·7
RH (%) 72·4 7·9
RF(mm) 41·7 64·5
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Fig. 2. Procedures of the present analysis method, where incidence data of Fukuoka Prefecture are used an example. (a)
Weekly incidence of HFMD per sentinel clinic from 2000 to 2015. (b) Average occurrence of HFMD infections against
average temperature (T{A}), NT{A} in equation (1). (c) Power spectral densities of NT{A}. (d) Comparison of the least
squares fitting curve XT{A}(Temp) in equation (4) (solid line) with the original data NT{A} in equation (1) (dashed line).
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with ri, R, and ΔR, respectively, for RF. Values for
ΔT, ΔTM, ΔTm, ΔH, and ΔR were determined using
semi-empirical procedures, as previously described
[4]; these were 1, 1, 1 °C, 5%, and 30 mm, respectively.
As a result, we obtained temperature-dependent inci-
dence data (NT{A}, NT{M}, and NT{m}), RH-dependent
incidence data (NRH), and RF-dependent incidence
data (NRF).

In Figure 2b, we show the temperature-dependent
incidence data, that is, the value of NT{A} against
Temp [temperature (°C)] for Fukuoka Prefecture.

Spectral analysis and LSM

(i) Theoretical background. We assumed that tempera-
ture-dependent incidence data, NT{A} against Temp
(Fig. 2b), was composed of systematic and fluctuating
parts [22]:

NT A{ } = systematic part+ fluctuating part (3)

The systematic part in equation (3) is regarded as the
underlying variation in the original data; the fluctuating
part, including undeterministic components such as
noise, was obtained as the residual data when the under-
lying part was subtracted from the original data.
Estimation of the underlying variation is a key point.

The underlying variation in the original data NT{A}

against Temp (Fig. 2b) is assumed to be described by
the function XT{A}(Temp), as follows:

XT{A}(Temp) = A0

+
∑N
i=1

Ai cos{2πfi(Temp+ θi)}, (4)

which is calculated using the LSM for NT{A} with
unknown parameters fi, A0, and Ai (i= 1, 2, 3, . . ., N),
where fi (=1/Ti; Ti is the period) is the frequency of the
ith component, A0 is a constant that indicates the aver-
age value of NT{A}, Ai and θi are the amplitude and
phase of the ith component, respectively, and N is the
total number of components. The values of N were
determined using a semi-empirical procedure, as previ-
ously described [4]. In the same manner, the formula-
tions of the least squares fitting (LSF) curve to NRH

and NRF are described by the function h [RH (%)] and
by the function r [RF (mm)], respectively, as follows:

XRH(h) = A0 +
∑N
i=1

Ai cos{2πfi(h+ θi)}, (5)

XRF(r) = A0 +
∑N
i=1

Ai cos{2πfi(r+ θi)}. (6)

The LSM using equations (4)–(6) must be non-
linear. Linearization of this non-linearity is required
to obtain unique optimum values of these parameters.
In the present study, linearization of equations (4)–(6)
is achieved using the MEM-estimated frequency fi.

(ii) Determination of fi (spectral analysis). To esti-
mate fi in equation (4), spectral analysis based on
MEM was conducted for NT{A} against Temp
(Fig. 2b). Spectral analysis has been applied to spatial
series data [23, 24] and time series data [25, 26]. MEM
spectral analysis has a high degree of resolution and is
useful for clarifying periodicities within short data ser-
ies, such as the data examined in this study [25, 26].
Formulation of the MEM power spectral density
(PSD) is described in the Appendix.

The value of fi in equation (4) is determined by the
position of the spectral peak in the PSD, shown in
Figure 2c. In the figure, prominent spectral lines
were observed at f= 0·022 and f= 0·057, which corre-
sponded to 45·5 and 17·5 temperature periodic modes,
respectively, owing to a large difference between the
beginning and end parts of the data and asymmetrical
pattern of the data NT{A} against Temp (Fig. 2b).

(iii) Determination ofA0,Ai and θi, andN(least squares
analysis).Using two frequency modes (N= 2), f= 0·022
and f= 0·057 observed in Figure 2cwithXT{A}(Temp) in
equation (4), the optimum values for parameters A0, Ai,
and θi (i= 1, 2) in equation (4) are determined exactly
from the optimum LSF curve calculation. In Figure 2d,
the LSF curve XT{A}(Temp) thus calculated is shown
with the original data NT{A}.

The reproducibility level ofNT{A},NT{M}, andNT{m}

by equation (4),NRH by equation (5), andNRF by equa-
tion (6) were evaluated byPearson’s correlation (ρ) using
IBM SPSS Statistics for Windows, Version 22·0 (IBM
Corp., Armonk, New York, USA). A two-tailed ana-
lysis was used for all statistical tests and a P value of
40·05 was considered statistically significant.

RESULTS

Case description

From January 2000 to December 2015, a total 2 521
199 cases of HFMD were reported in Japan.
Children under 5 years of age accounted for over
80·4% of the reported cases from 2000 to 2014 [16].

Temporal variations in HFMD data

The eight weekly incidence datasets gathered from
January 2000 to December 2015 are shown in
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Figure 3. All weekly incidence data showed an annual
cycle. For Okinawa (Fig. 3h), bimodal cycles of epi-
demics were clearly observed in 2002 and 2011.

Correlations between HFMD cases and T{A}, T{M},
and T{m}

Using HFMD data (Fig. 3) and data for T{A}, T{M},
and T{m}, we obtained NT{A}, NT{M}, and NT{m}

[equation (1)], respectively. The results of NT{A} are
shown in Figure 4, and those of NT{M} and NT{m} are
listed in the Supplementary Material (see online
Supplementary Figs S1 and S2, respectively).

We conducted MEM spectral analyses for NT{A} for
the eight prefectures; MEM-PSDs are shown in
Figure 5. In each PSD, two prominent spectral lines
were observed. By using the two periodic modes for
each prefecture observed in Figure 5, the optimum
LSF curve, XT{A}(Temp) [equation (3)], to NT{A}

data (Fig. 4) was calculated; the XT{A}(Temp) thus
obtained is shown in Figure 4. Therein, XT{A}(Temp)
for each prefecture reproduces the underlying variation
of NT{A} data. The optimum LSF curves for NT{A},
NT{M}, and NT{m} [XT{A} (Temp), XT{M}(Temp), and
XT{m}(Temp), respectively] were similarly calculated
using two dominant periodic modes in the PSDs,
which are listed in the Supplementary Material (see
online Supplementary Table S2). The good fit of the
LSF curves to the data of NT{A}, NT{M}, and NT{m}

was supported by the result that the values of ρ covered
the upper level: ρ= 0·83–0·97 for NT{A}, ρ= 0·87–0·96
for NT{M}, and ρ= 0·83–0·99 for NT{m}.

In the LSF curves for NT{A}, that is, XT{A}(Temp),
of the eight prefectures (Fig. 4), the patterns showed
positive slopes against Temp. Notably, in Fukuoka
Prefecture (Fig. 4g), for example, XT{A}(Temp) indi-
cated a maximum value at Temp = 28 °C and
decreased at 28 °C < Temp. This inverse V-shaped
relationship between XT{A}(Temp) against Temp was
observed in 21 of the 47 prefectures (45%). For cases
that exhibited inverse V-shaped slopes, we estimated
maximum values of XT{A}(Temp) and inflection
points or minimum values just before the maximum
values of XT{A}(Temp). Maximum values of XT

{A}(Temp) ranged from 24 to 30 °C (Fig. 6a), and
inflection points or minimum values of XT{A}(Temp)
ranged from 12 to 18 °C (Fig. 6b). Each set of the
values shown in Figure 6a, b for XT{A}(Temp) indi-
cated no significant correlations with latitude of the
prefectures.

In the LSF curves for NT{M}, that is, XT{M}(Temp)
(online Supplementary Fig. S1), an inverse V-shaped
relationship between XT{M}(Temp) against Temp was
observed for 26 of the 47 prefectures (55%). Maximum
values of XT{M}(Temp) are shown in Figure 6a′. It is
worth noting that the maximum values ranged from
28 to 35 °C, a higher temperature range compared
with the case of XT{A}(Temp) (24–30 °C) (Fig. 6a).

In the LSF curves for NT{m}, that is, XT{m}(Temp)
(online Supplementary Fig. S2), an inverse V-shaped
relationship between XT{m}(Temp) against Temp was
observed for 15 of the 47 prefectures (32%).
Inflection points or minimum values of XT{m}(Temp)
are shown in Figure 6b′. Interestingly, inflection points
or minimum values ranged from 6 to 17 °C, a lower
temperature range compared with the case of XT

{A}(Temp) (12–18 °C) (Fig. 6b). Among all 47 prefec-
tures, there were 12 in which both XT{m}(Temp) and
XT{M}(Temp) were assigned, as listed in Table 2.
Both XT{m}(Temp) and XT{M}(Temp) listed in
Table 2 showed no significant correlations with lati-
tude of the prefectures.

Correlations between HFMD cases and RH

Using the HFMD data (Fig. 3) and RH data, we
obtained NRH [equation (1)]; the results of NRH are
shown in Figure 7. We investigated the LSF curves
of NRH, that is, XRH(h) [equation (5)], using the
same procedure as with the cases of NT{A}, NT{M},
and NT{m} (Fig. 4); the results of XRH (h) for the
eight prefectures are shown in Figure 7. For all
cases, the value of NRH gradually increased with
increasing RH> 60%. In Miyagi (Fig. 7b), for
example, the value of XRH (h) peaked at h= 80%
and decreased at 80%< h. This inverse V-shaped rela-
tionship between XRH (h) against h was observed for
eight of 47 prefectures (17%). Maximum values of
XRH (h) ranged from 70% to 85% (Fig. 8a), and inflec-
tion points or minimum values ranged from 45% to
70% (Fig. 8b). Each set of the values shown in
Figure 7a, b for XRH (h) indicated no significant cor-
relations with latitude of the prefectures.

Correlations between HFMD cases and RF

Using data of HFMD (Fig. 3) and RF, we determined
NRF [equation (1)]; the results are displayed in
Figure 9. We calculated the LSF curves of NRF, that
is, XRF (r) [equation (6)], by following the same pro-
cedure as that for NT{A}, NT{M}, and NT{m} (Fig. 4);
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Fig. 3. Weekly incidence of HFMD per sentinel clinic from 2000 to 2015, in eight prefectures of Japan: (a) Hokkaido, (b) Miyagi, (c) Tokyo, (d) Nagano, (e) Kyoto, (f)
Kochi, (g) Fukuoka, and (h) Okinawa.
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Fig. 4. Average occurrence of HFMD infection against average temperature (T{A}), NT{A} in equation (1), and its least
squares fitting curve, XT{A}(Temp) in equation (4). XT{A}(Temp), solid line; NT{A}, dashed line. (a) Hokkaido, (b) Miyagi,
(c) Tokyo, (d) Nagano, (e) Kyoto, (f) Kochi, (g) Fukuoka, and (h) Okinawa.
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results of XRF (r) for the eight prefectures are shown in
Figure 9. For Miyagi, Tokyo, and Kyoto (Fig. 9b, c
and e, respectively), the values of XRF (r) increased
with increasing r< 300 mm. For Kochi, Fukuoka,
and Okinawa (Fig. 9f–h, respectively), the values of

XRF (r) still increased at 300 mm4 r: 270 mm4 r<
360 mm for Kochi (Fig. 9f), 270 mm4 r < 420 mm
for Fukuoka (Fig. 9g), and 360 mm4 r < 480 mm
for Okinawa (Fig. 9h). With respect to Hokkaido
and Nagano (Fig. 9a, d, respectively), it was difficult

Fig. 5. Power spectral densities of NT{A}. (a) Hokkaido, (b) Miyagi, (c) Tokyo, (d) Nagano, (e) Kyoto, (f) Kochi,
(g) Fukuoka, and (h) Okinawa.
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to find a relationship between XRF (r) and r because of
a relatively small amount of rainfall.

DISCUSSION

The present results for T{A} demonstrated a lower
threshold at 12 °C (Fig. 6b) and a higher threshold

at 30 °C (Fig. 6a). This supports our previous result
that the risk of HFMD infection is high at 10 °C4
Temp < 25 °C in Wuhan, China [4]. However, the
results for T{M} and T{m} indicated a lower thresh-
old at 6 °C (Fig. 6b′) and a higher threshold at 35 °C
(Fig. 6a′). These findings can help with control of
HFMD at temperatures 6 °C4Temp4 35 °C,
which is a wider temperature range than 12 °C4
Temp4 30 °C for T{A} (Fig. 6a, b). Based on this
result, we recommend the use of maximum and min-
imum temperatures rather than the average tempera-
ture, to estimate the temperature threshold of
HFMD infections.

Many studies have found threshold effects
between meteorological factors and HFMD epi-
demics [1–6]. Our findings showed that for 26 and
15 of the 47 prefectures, the risk function of T{M}
and T{m}, respectively, approximated an inverse
V-shaped curve with HFMD incidence, and the
threshold of temperature ranged from 6 to 35 °C
(Fig. 6a′, b′). This association may be partially
explained by the fact that temperatures ranging
from 2 to 27 °C provide a more favourable environ-
ment for enterovirus epidemics [27], making it easier

Fig. 6. Number of prefectures against temperature for XT{A}(Temp), XT{M}(Temp), and XT{m}(Temp). (a) Number of
prefectures against temperature for maximum value of XT{A}(Temp), (a′) number of prefectures against temperature for
maximum value of XT{M}(Temp), (b) number of prefectures against temperature for inflection point or minimum value of
XT{A}(Temp), and (b′) number of prefectures against temperature for inflection point or minimum value of XT{m}(Temp).

Table 2. Prefectures where both XT{M}(Temp) and
XT{m}(Temp) were assigned, and the values of each
prefecture’s XT{M}(Temp) and XT{m}(Temp)

Prefectures XT{m} XT{M}

Akita 10 29
Nagano 9 33
Nara 11 32
Shimane 10 30
Okayama 12 34
Hiroshima 11 30
Yamaguchi 11 34
Fukuoka 12 33
Saga 12 32
Kumamoto 6 31
Oita 10 31
Okinawa 17 31
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for people to be infected. However, extreme tem-
peratures may make it difficult for people to take
part in public activities, which makes them less
likely to be infected [6].

For RH, there was a lower threshold at 45% and a
higher threshold at 85% (Fig. 8a, b). This result sup-
ports that of Zhang et al. [28], who found a threshold
of RH ranging from 45% to 85% in Shenzhen, China.

Fig. 7. Average HFMD infection occurrence against relative humidity (RH), NRH in equation (1), and its least squares
fitting curve, XRH(h). XRH(h) in equation (5), solid line; NRH, dashed line. (a) Hokkaido, (b) Miyagi, (c) Tokyo,
(d) Nagano, (e) Kyoto, (f) Kochi, (g) Fukuoka, and (h) Okinawa.
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Within a certain range of RH, higher humidity could
facilitate viral attachment to the surface of objects,
including toys [29], which is also supported by experi-
mental studies wherein viruses exhibit a rapid rate of
decline during the dry season [30].

For rainfall (Fig. 9), our findings of a positive cor-
relation between reported cases of HFMD and rain-
fall in all cases, except for Hokkaido and Nagano
(Fig. 9a, d, respectively), are supported by our previ-
ous study. In that study, we demonstrated that
Wuhan, China, which is in an area with a subtropical
wet monsoonal climate, experiences more outbreaks
of HFMD during the rainy season [4]. The large
values of XRF (r) at 300 mm4 r for Kochi and
Fukuoka in western Japan (Fig. 9f, g, respectively)
and Okinawa in southern Japan (Fig. 9h) might
result from typhoons, which often land and develop
in these areas during July–November, as well as the
East Asian rainy seasons during June–July in early
summer and during November–December in early
winter.

Until recently, EV-A71 and coxsackievirus A16
(CA16) have been considered the main causes of
HFMD in Japan. However, in 2009, coxsackievirus
A6 (CA6) began to emerge as a cause of HFMD.
Large HFMD outbreaks in the country were caused
by CA6 in 2011, 2013, and 2015. Among the prefec-
tures investigated in this study, bimodal seasonality
of HFMD was observed in Okinawa Prefecture in
southern Japan (Fig. 1). The causative agent of
HFMD in Okinawa is not known because only 26
strains of enterovirus have been reported in Okinawa
between 1986 and 2016. As a result, the bimodal sea-
sonality of HFMD in Okinawa in 2002 and 2011 is yet
to be explained. Because the average value of T{m} in
Okinawa (21·1 °C in Table 1) is above 6 °C, Okinawa

is the only prefecture that belongs to the subtropical
zone in Japan. It is possible that the bimodal
HFMD epidemics in Okinawa can be explained by
multiple epidemics of CA16, EV-A71, and CA6
within 1 year. One good example of unique entero-
virus circulation in Okinawa is a local outbreak of
haemorrhagic conjunctivitis that was caused by cox-
sackievirus A24 (CA24) [31]. No outbreaks of CA24
were observed in Japan, except for in Okinawa, during
the period of this study.

Using HFMD surveillance data collected in all
47 prefectures by Japan’s nationwide surveillance sys-
tem for infectious diseases, we confirmed that there is
no latitude dependence of maximum values, and
inflection point or minimum value of XT{A}(Temp),
XT{M}(Temp), XT{m}(Temp) (Fig. 6), and XRH (h)
(Fig. 8). The country is divided into prefectures,
each of which is further subdivided into cities with
respective wards and blocks. In the present study, we
used prefecture data of HFMD because prefecture
measures are the minimum unit of measurement
released by the NESID in Japan. To investigate spa-
tial characteristics of HFMD incidence in Japan
in more detail, such as the spatial heterogeneity
[32, 33], further studies using data from cities,
wards, and/or blocks should be conducted.

Causative pathogens of HFMD, such as EV-A71,
CA16, and CA6, may affect the disease duration or
epidemic peaks [34, 35]; however, in the present
study, there was no information available on these
pathogens. Under this condition, the use of equations
(1) and (2) in this study enabled us to efficiently exam-
ine whether HFMD transmission in the 47 prefectures
was related to meteorological factors. Information on
the causative agents of HFMD for each Japanese pre-
fecture can assist in future investigation of those

Fig. 8. Number of prefectures against relative humidity (RH) for XRH(h). (a) Number of prefectures against relative
humidity for maximum value of XRH(h), and (b) number of prefectures against temperature for inflection point or
minimum value of XRH(h).
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meteorological factors related to HFMD transmission
in the country, using more sophisticated methods such
as generalized additive models [36] and non-linear
regression models [37].

A limitation of the present study is that we used
weekly data of HFMD, whereas we used daily data
for meteorological factors, because weekly measures
are the minimum unit of measurement released by

Fig. 9. Average HFMD infection occurrence against total rainfall (RF), NRF in equation (1), and its least squares fitting
curve, XRF(r). XRF(r) in equation (6), solid line; NRF, dashed line. (a) Hokkaido, (b) Miyagi, (c) Tokyo, (d) Nagano, (e)
Kyoto, (f) Kochi, (g) Fukuoka, and (h) Okinawa.
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the NESID. We investigated monthly HFMD and
meteorological data for Fukuoka Prefecture to com-
pare the results shown in Figure 2d. We confirmed
that, with monthly data, we did not obtain the inverse
V-shaped curves obtained for weekly data (see online
Supplementary Fig. S3). Furthermore, we confirmed
that, for the eight prefectures (Fig. 3), the variance
of yearly temperature was relatively small compared
with the variance of yearly incidence rate of HFMD
(see online Supplementary Table S3). Thus, we con-
sider that the monthly and yearly data are too rough
to extract a correlation between HFMD data and
meteorological data. Further studies using daily data
of HFMD should be conducted.

In conclusion, we demonstrated that the ambient
temperature and relative humidity thresholds can be
extracted from NESID data of the 47 prefectures in
Japan by constructing a systematic procedure with a
clear criterion of adequate estimation. We recommend
the use of maximum and minimum temperatures to
estimate the temperature threshold of HFMD epi-
demics. The obtained results might aid in the predic-
tion of HFMD epidemics and preparation for the
effect of climatic changes on HFMD epidemiology.

SUPPLEMENTARY MATERIAL

The supplementary material for this article can be
found at https://doi.org/10.1017/S0950268817001820.

APPENDIX

MEM spectral analysis

MEM-PSD P(f) (where f represents frequency) for the
time series with equal sampling interval Δt, can be
expressed by

P( f ) = PmΔt

1+∑m
k=−m γm.k exp −i2πfkΔt

[ ]∣∣ ∣∣2 , (A1)

where the value of Pm is the output power of a
prediction-error filter of order m and γm, k is the corre-
sponding filter order. The value of the MEM-esti-
mated period of the nth peak component Tn (=1/fn;
where fn is the frequency of the nth peak component)
can be determined by the positions of the peaks in the
MEM-PSD.
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