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Abstract
Accumulating evidence demonstrates the significant influence of weather factors, especially temperature and humidity, on
influenza seasonality. However, it is still unclear whether temperature variation within the same day, that is diurnal temperature
range (DTR), is related to influenza seasonality. In addition, the different effects of weather factors on influenza seasonality across
age groups have not been well documented in previous studies. Our study aims to explore the effects of DTR and humidity on
influenza seasonality, and the differences in the association between weather factors and influenza seasonality among different
age groups in Hong Kong, China. Generalized additive models were conducted to flexibly assess the impact of DTR, absolute
humidity (vapor pressure, VP), and relative humidity on influenza seasonality in Hong Kong, China, from January 2012 to
December 2016. Stratified analyses were performed to determine if the effects of weather factors differ across age groups (< 5, 5–
9, 10–64, and > 64 years). The results suggested that DTR, absolute humidity, and relative humidity were significantly related to
influenza seasonality in dry period (when VP is less than 20 mb), while no significant association was found in humid period
(when VP is greater than 20 mb). The percentage changes of hospitalization rates due to influenza associated with per unit
increase of weather factors in the very young children (age 0–4) and the elderly (age 65+) were higher than that in the adults (age
10–64). Diurnal temperature range is significantly associated with influenza seasonality in dry period, and the effects of weather
factors differ across age groups in Hong Kong, China.
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Introduction

The annual influenza epidemic leads to increased mortality
and hospital admissions, especially in high-risk populations
(Thompson et al. 2003, 2004). It is estimated that influenza
infection is related to 250,000 to 500,000 deaths around the
world each year (World Health Organization 2009). Influenza
epidemics typically occur every cold winter in temperature
regions. However, influenza seasonality is more diverse, and
multiple peaks tend to arise at various times within a year in

the warm tropical and subtropical regions (Tamerius et al.
2013).

Previous studies have found that weather factors are closely
correlated with the transmission and disease burden of influ-
enza, and temperature and humidity are considered to be re-
markably significant factors in the spread of influenza (Lowen
et al. 2007; Tamerius et al. 2013). Cold and dry weather con-
ditions were found to enhance the activity of influenza in
guinea pig models (Lowen et al. 2007). Low-temperature
can increase contact rates, suppress immunity, and facilitate
the transmission of influenza disease (Tamerius et al. 2011).
On the other hand, absolute humidity can constrain both trans-
mission and survival of influenza viruses, and has been rec-
ognized as a better predictor than relative humidity (Shaman
and Kohn 2009). In general, weather factors lead to a change
of susceptibility to influenza infections indirectly by changing
individual behavior and health status (Dowell 2001). In addi-
tion, diurnal temperature range (DTR) describes the variation
between the maximal and minimal temperatures that occurs in
the same day (Braganza et al. 2004). Although the influence of
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temperature has been well established, it is still unclear wheth-
er DTR is related to influenza seasonality.

The description and comparison of influenza incidence
among different age groups have been widely conducted
(Ruf and Knuf 2014; Simonsen 1998). Nevertheless, there
are few studies on the different effects of weather factors on
influenza across age groups (Huang et al. 2017). High-risk
groups, including the very young children and the elderly,
are vulnerable to influenza virus and tend to suffer from
influenza-related complications (Ruf and Knuf 2014; World
Health Organization 2009). Accordingly, it is essential to ex-
plore if the impact of meteorological factors on the occurrence
of influenza varies across different age groups.

This study is designed to examine the impact of DTR,
absolute humidity, and relative humidity on influenza season-
ality in Hong Kong, a subtropical city in the Asian Pacific rim.
The different effects of weather factors on various age groups
were also explored in our study. We constructed a generalized
additive model to flexibly assess the impact of DTR, absolute
humidity, and relative humidity on influenza seasonality after
controlling the confounding effects of other environmental
factors and time trend.

Methods

Data source

The Hong Kong Centre for Health Protection conducted rou-
tine laboratory surveillance for influenza. Weekly respiratory
samples in laboratory surveillance systemwere collected from
patients with influenza like illness (defined as fever ≥ 38 °C
and sore throat or cough) in general practitioners (GPs) and
general out-patient clinics (GOPCs), and inpatients with acute
respiratory diseases (Yang et al. 2008). With the development
of the sentinel surveillance program for influenza in Hong
Kong, 50 general practitioners and 64 general out-patient
clinics selected throughout Hong Kong were included in the
sentinel surveillance system. Weekly influenza-positive rate
from laboratory confirmation was collected from the Center
for Health Protection (http://www.chp.gov.hk/). The
laboratory surveillance data indicates the activity of
influenza viruses in the entire region of Hong Kong (Hong
Kong Centre for Health Protection 2017). However, we have
no access to weekly laboratory-confirmed influenza rates by
age groups. Hospitalizations for influenza calculated from
principal discharge diagnosis of influenza may be expected
to be a minimum estimate of influenza disease but can inform
policy-makers on influenza immunization in many settings
(Beard et al. 2006). Hospitalization for influenza across vari-
ous age groups is an alternative approach to estimate the ac-
tivity of influenza among age groups. We obtained weekly
rates in hospitals with a principal discharge diagnosis of

influenza infection (ICD-9-CM 487) across four age groups
(0–4, 5–9, 10–64, and 65+ years of age) from the Center for
Health Protection. In cases of hospitalization, the discharge
code ICD-9-CM 487 was used in the principle diagnosis at
discharge to identify influenza-related hospitalization cases.
All the hospitalized patients in our study were predominantly
due to influenza infection.

Meteorological parameters including daily maximal, mean,
and minimum temperature, relative humidity, wind speed, and
rainfall were obtained from the Hong Kong observatory. The
daily maximum temperature minus the daily minimum tem-
perature was calculated as the DTR. The mean of each daily
meteorological factor was aggregated over influenza surveil-
lance weeks. Data on laboratory-confirmed influenza, hospi-
talizations for influenza, and meteorological parameters were
available from 2012 to 2017.

According to previous research, vapor pressure could be used
as the measure of absolute humidity in our study (Shaman and
Kohn 2009). We used the following equations to calculate vapor
pressure (e) from temperature (K) and relative humidity:

e ¼ es Tð Þ � RH
100

and

es Tð Þ ¼ es T0ð Þ � exp
L
RV

1

T0
−
1

T

� �� �
;

where es(T0) is the saturation vapor pressure = 6.11 mb at tem-
perature T0 = 273.15 K, L is the latent heat of evaporation for
water = 2.27 MJ/kg, RV is the gas constant for water vapor =
461.5 J/(kg/K), T is the temperature in K, and RH is the relative
humidity (Tang et al. 2010).

Statistical analyses

We conducted descriptive statistical analyses to describe the
summary statistics of weekly influenza-positive rate from lab-
oratory confirmation (LAB%), weekly rates of hospitalizations
for influenza (per 10,000 population), and meteorological data.
The coefficients of Pearson correlation, tolerance, and varia-
tion inflation factors (VIF) among meteorological parameters
were examined to determine the possible effects of collinearity.

First, we used a generalized additive regression model
(GAM) to analyze the effects of DTR and humidity on influ-
enza seasonality. The nonparametric smoothing functions
were adopted in GAM to explore the association between
response variable and independent variables. In this study,
the weekly-confirmed rates of positive specimens of influenza
in Hong Kong were considered as the response variable. The
independent variables consisted of the weekly-averaged DTR,
relative humidity (RH), vapor pressure (VP), rainfall, and
wind speed (WS). Time trend and meteorological parameters,
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including wind speed and rainfall, were considered in all
models as the adjustment for seasonal factors, unmeasured
long-term time trend, and other meteorological parameters.
The model used for analysis was

E μtð Þ ¼ α0 þ s DTRt−ið Þ þ s VPt−ið Þ þ s RHt−ið Þ
þ s WStð Þ þ s Rainfalltð Þ þ s Timeð Þ ð1Þ

where t is the number of the week, μt is the expected rate of
laboratory-confirmed influenza-positive specimens at week t,
α0 is the model intercept, and s(x) denotes the penalized
smoothing spline functions of weather factors and time trend.
The confounding of seasonal factors and unmeasured long-
term were adjusted by the smoothing function of time trend.
The combination of degree of freedom for this model was
applied to minimize the generalized cross validation scores.
To explore the delayed effect of weather factors on influenza
activity, we lagged meteorological parameters by i weeks. For
single-week lag, a lag of zero week (i = 0, lag 0) corresponded
to the current week weather factors, while a lag of 1 week (i =
1, lag 1) was corresponding to weather factors in previous
week. For multiple-week average lag, the moving average
lag (lag 01) was the 2-week moving average of the values of
the current and previous weeks. We selected the lag time by
the Akaike information criterion (AIC). Concurvity, the non-
parametric analogue of multicollinearity, was assessed using
GAM concurvity measures in our study (Ramsay et al. 2003).

Second, we plotted the exposure-response curve between
laboratory-confirmed influenza and weather factors based on
the above GAM with a selected lag time. If the association
were linear or almost linear, weather effects were directly indi-
cated as percentage change of laboratory-confirmed influenza
infection rates per unit increase of weather factors. If the asso-
ciations were non-linear, we chose a breakpoint and used a
linear-threshold model to explore quantitatively the effect of
weather factors (Liu et al. 2011; Zhang et al. 2014). The per-
centage changes of LAB% for per unit increase in weather
factors below the threshold and per unit increase above the
threshold were estimated to evaluate the effects of weather
factors. The estimation of 95% confidence interval in our study
was based on the assumption of asymptotic normality and a
Bayesian approach for confidence interval calculation with
good coverage probabilities (Wood and Wood 2007).

To examine the different impacts of weather factors on
influenza hospitalization among various age groups, stratified
analyses of four age groups (< 5, 5–9, 10–64, ≥ 65 years) were
performed by the same procedure. All statistical analyses in
this study were performed using the MGCV packages in soft-
ware R (version 3.2.0.).

Data availability The meteorological datasets are available
from the Hong Kong Observatory (http://www.hko.gov.hk/

wxinfo/pastwx/extract.htm), and the data on laboratory-
confirmed influenza and hospitalizations for influenza across
age groups are available from the Hong Kong Center for
Health Protection (http://www.chp.gov.hk/).

Results

The descriptive statistics for the weekly percentages of
laboratory-confirmed positive specimens of influenza
(LAB%), rates of hospitalizations for influenza, and meteoro-
logical data are summarized in Table 1. The average rate of
weekly influenza from the 1st of January 2012 to the 31st of
December 2016 was 10.28%. The average rate of hospitaliza-
tions for influenza (per 10,000 population) in Hong Kong was
0.994 (range 0–6.710), 0.379 (range 0–2.550), 0.053 (range
0–0.260), and 0.560 (range 0–5.330) for the age groups 0–4,
5–9, 10–64, and 65+ years, respectively. The weekly time
series of meteorology data and influenza surveillance data,
including LAB% and hospitalizations for influenza by age
groups over the 5-year period, are depicted in Fig. 1.
Seasonal patterns of hospitalizations for influenza rates were
similar among the four age groups with two peaks observed in
summer and winter annually (Fig. 1). As shown in Table 2, the
collinearity statistics in our study indicated that the Pearson’s
correlation coefficients among weather factors ranged from −
0.028 to − 0.469, and the variance inflation factor (VIF)
ranged between 1.367 and 2.058 (tolerance 0.486 to 0.732).
A variance inflation factor above 10 (or, tolerance values less
than 0.10) indicates highmulticollinearity among independent
variables and is thought to signal harmful collinearity
(Marquaridt 1970), while a variance inflation factors of less
than 10 (or, tolerance values above 0.10) is indicative of in-
consequential collinearity (Hair et al. 1995). The collinearity
analysis indicates that multicollinearity would not pose a seri-
ous threat in our study (O’brien 2007). The model with mov-
ing average of 2 weeks (lag 01) had the smallest AIC values
(− 710.95) among all these models and yielded the best fit
(Table 3). Therefore, the model with moving average of
2 weeks was used in the subsequent analyses. The estimated
indices of concurvity among nonparametric smoothing terms
ranged from 0.08 to 0.32, which is prone to support that the
current degree of concurvity would not result in serious inflat-
ed variance of the estimate.

The exposure-response relationships for weather factors
and influenza activity (Fig. 2) suggested that influenza infec-
tions had strong positive relationship with DTR and RH. The
approximate linear association of DTR and RH with
laboratory-confirmed influenza was obtained (Fig. 2). The
estimated effect (slope) of VP on influenza activity sharply
decreased as VP increased up until around 20 mb and then
plateaued, which indicated the almost linear association be-
tween influenza risks and VP in the range of less than 20 mb.

Int J Biometeorol (2018) 62:1615–1624 1617

http://www.hko.gov.hk/wxinfo/pastwx/extract.htm
http://www.hko.gov.hk/wxinfo/pastwx/extract.htm
http://www.chp.gov.hk/


The exposure-response curves were shown as a similar linear-
threshold pattern between weather factors and hospitalizations
for influenza by different age groups (Fig. 3). In fact, Wang et
al. estimated a U-shaped correlation between influenza activ-
ity and VP with through at around 20 mb in two subtropical
regions of southern China (Wang et al. 2017). Such associa-
tion between weather factors and influenza risk was partially
consistent with previous studies (Shaman and Kohn 2009;
Tamerius et al. 2013). Consequently, 20 mb was considered
as a breakpoint (commonly called the Bthreshold^), and a
linear-threshold model was conducted to explore quantitative-
ly the effect of weather factors in vapor pressure above (humid
period) or below (dry period) the threshold.

In dry period (when VP is less than 20 mb), positive cor-
relations were observed between DTR, RH, and laboratory-
confirmed influenza, while a negative correlation was ob-
served between VP and influenza (Table 4). The impacts of
DTR and humidity on hospitalizations for influenza by differ-
ent age groups in the dry period were also detected (Table 5).
DTR and relative humidity had positive effects on hospitali-
zation for influenza across all age groups, except for the asso-
ciation between DTR and the elderly (65+ years). The in-
crease in the weekly hospitalizations for influenza were
26.69% (95% CI 19.11 to 34.27), 11.52% (95% CI 7.93 to
15.11), 1.53% (95% CI 1.10 to 1.95), and 17.49% (95% CI
11.26 to 23.71) for per unit decrease in weekly VP for the 0–4,
5–9, 10–64, and 65+ years age groups, respectively. The cor-
responding average increases in the weekly rates of hospital-
izations for influenza were 71.35% (95% CI 44.49 to 98.21),
22.61% (95%CI 9.80 to 35.42), 3.10% (95%CI 1.60 to 4.60),
and 17.43% (95% CI − 4.85 to 39.70) for per unit increase in
weekly DTR, and 11.63% (95% CI 7.71 to 15.55), 4.40%
(95% CI 2.57 to 6.24), 0.66% (95% CI 0.44 to 0.88), and
6.46% (95% CI 3.31 to 9.62) for per unit increase in RH.
However, the effect of DTR on hospitalizations for influenza
at the elderly (age 65+) was not significant. Additionally, we

found the impacts of weather factors on hospitalizations for
influenza varied by age groups. The percentage changes of
hospitalization rates due to influenza associated with per unit
increase of weather factors in the very young children (age 0–
4) and the elderly (age 65+) were higher than that in the adults
(age 10–64).

In humid environmental surroundings (when VP is greater
than 20 mb), the associations between weather factors and
influenza infections were completely different from those in
dry environments. Laboratory-confirmed influenza (Table 4)
and hospitalizations for influenza across four age groups
(Table 5) were not significantly related to weather factors ex-
cept for VP, which was positively related to hospitalization for
influenza in group of the elderly (age 65+).

Discussion

Our study found that diurnal temperature range and humidity
had significant impacts on influenza infections in dry period.
The association between weather variables, especially temper-
ature and humidity, and seasonal influenza has been widely
reported (Shaman and Kohn 2009; Wang et al. 2017).
However, few studies have investigated the association be-
tween DTR and influenza seasonality. The GAMmodels sug-
gested that DTR had positive impact on influenza infections in
dry period, after adjusting for other meteorological factors,
seasonal variability, and unmeasured long-term. It is biologi-
cally plausible because DTR can contribute to the spread of
influenza and infections, though the underlying mechanism is
unclear. Previous studies found that temperature change could
increase cardiovascular workload and had negative effects on
the health of human beings (Imai et al. 1998; Luurila 1980).
Another study suggested that the temperature change of in-
haled air could lead to the release of inflammatory mediators
associated with mast cells (Togias et al. 1985). DTR may

Table 1 Descriptive statistics for
meteorological data, weekly
influenza virus activity, and rates
of hospitalizations for influenza in
Hong Kong (January 1, 2012–
December 31, 2016)

Variables Mean SD Min Percentile Max

25 50 75

Diurnal temperature range (°C) 4.363 0.875 2.171 3.714 4.414 5.000 7.257

Vapor pressure (mb) 21.153 6.078 7.858 15.675 21.827 27.276 29.480

Relative humidity (%) 79.290 7.8240 53.140 75.290 80.29 84.860 94.290

Wind speed (km/h) 22.635 6.029 8.943 18.183 22.643 27.014 36.971

Rainfall (mm) 6.739 10.638 0 0.143 2.314 8.600 70.457

Weekly influenza isolate rates (%) 10.280 8.990 0.250 3.400 7.320 14.600 39.650

Rates of hospitalizations for influenza (per 10,000 population)

< 5 years 0.994 1.108 0 0.230 0.610 1.290 6.710

5–9 years 0.379 0.465 0 0.080 0.200 0.480 2.550

10–64 years 0.053 0.057 0 0.010 0.030 0.070 0.260

> 64 years 0.560 0.798 0 0.100 0.300 0.640 5.330
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bring about pathophysiological responses of the respiratory
epithelium, such as inflammatory changes and broncho-
spasms (Graudenz et al. 2006). All the adverse effects on
human health caused by DTR may lower the resistance and
enhance the susceptibility to airborne pathogens, which lead
to an increased rate of influenza infections.

Influenza seasonality has been shown to be closely related
with humidity (Tamerius et al. 2013). We found that the inci-
dence of influenza infections increased with the relative hu-
midity, which was consistent with previous studies in Hong
Kong (Chan et al. 2009; Tang et al. 2010), Buenos Aires
(Viegas et al. 2004), and Shanghai (Wang et al. 2017). In fact,
influenza viruses tend to loss infectivity under low relative
humidity due to unstable nature of their structures as
enveloped viruses (Hambling 1964; Hammond et al. 1989;
Rechsteiner andWinkler 1969). Aerosolized influenza virions
remain relatively stable at a high relative humidity (60–80%)
(Schaffer et al. 1976). The influenza activity may fluctuate in
Hong Kong with relative humidity ranging from 59 to 93%
(Chan et al. 2009). The correlation between temperature and
VP indicates that low temperature can bemore common in dry

environment and is favorable for the spread and transmission
of influenza. Furthermore, colder air is easier to be saturated
with water vapor, and thus a high RH occurred (Tang et al.
2010). Consequently, relative humidity was sustained to have
a positive relation with influenza infections. A recent study
suggested that absolute humidity is a very important factor to
explain the seasonality of influenza and correlates more close-
ly with influenza seasonality than relative humidity.
Experimental studies indicated the survival and transmission
of influenza virus increased as the absolute humidity de-
creased (Shaman and Kohn 2009). The estimated effect of
VP on influenza infection sharply decreased as VP increased
up until around 20mb and then plateaued in our study. Similar
to our results, previous studies also demonstrated a negative
correlation between influenza seasonality and VP within the
range of 5 to 20 mb (Shaman and Kohn 2009; Wang et al.
2017). In all, absolute humidity is believed to constrain both
transmission and survival of influenza virus significantly and
reduce the spread of influenza within a certain range
(McDevitt et al. 2010).

Fig. 1 Time series of weekly
averaged diurnal temperature
range (a), vapor pressure and
relative humidity (b), wind speed
(c), rainfall (d), laboratory-
confirmed influenza (e), and
age-specific rates of
hospitalizations for influenza
(f) of Hong Kong, from
January 1, 2012, to
December 31, 2016
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Accumulating evidence has demonstrated that temperature
plays an important role in the transmission of influenza.
However, we avoid building a model including both VP and
temperature because of the collinearity problem between VP
and temperature (Pearson correlation coefficient 0.95, P <
0.01). Alternatively, we can develop another model including
the covariate temperature by replacing s(DTRt − i) and s(VPt − i)
with s(Temperaturet − i) in model (1) and the conducted model
selection. Akaike information criterion (AIC) was used to
compare the fitness of models with various weather factors.
The AIC values of these models clearly revealed that the
models including the effect of diurnal temperature range (with
minimumAIC values) provided a better fit to the data than the
other models including the effect of temperature (see
Supplementary Information, Table S1). Therefore, the model
(1) including the effect of diurnal temperature range was
mainly explored in our study.

Another novel contribution of this study is that we explored
the impact of meteorological factors on influenza hospitaliza-
tion by different age groups. Our results indicated that DTR,
VP, and RH had the greatest effect on the young children (age
0–4), followed by the elderly (age 65+) and older children (age
5–9), and had relatively less effect on adults (age 10–64). The
differences in the extent of impact among different age groups
may be attributable to the differences of environment exposure,
immunity, social behavior, and other related factors. The young
children (age 0–4) are susceptible to influenza viruses for the
reason that their lungs have little ability to fight off virus infec-
tions (Feng et al. 2016). Influenza virus infections are also
important risk factors of the complications (Izurieta et al.
2000), which causes a massive number of influenza infections
and hospitalizations in children. Children, especially infants,

are greatly susceptible to influenza infection during the epi-
demic period (Neuzil et al. 2000). On the other hand, the el-
derly are susceptible to influenza infection despite being vac-
cinated due to the weakened immune system (Kang et al.
2004). Influenza infections are usually complicated by second-
ary virus or bacterial infection, and the elderly are especially
vulnerable to complications caused by influenza infections
(Fleming and Elliot 2005). Additionally, the elderly tend to
require hospitalization because influenza infections usually
cause serious diseases (Fleming et al. 2003; Mullooly et al.
1994). Those older children (age 5–9) attend school or day
care, which would lead to crowding and increase the spread
and infections of influenza (Huang et al. 2017). Compared to
adults, older children tend to spendmore time playing outdoors
and have greater exposure to adverse meteorological factors.
Therefore, children (aged 0–9 years) and the elderly group
(aged > 64 years) have substantially higher hospitalization
rates due to influenza than adults (aged 10–64 years). Our
results support the current influenza immunization policies rec-
ommended by the Hong Kong government and WHO, which
suggest that young children, the elderly, pregnant women, and
those in clinical risk groups should be vaccinated (WHO
2012). Interestingly, the only exception in dry period was that
DTR had no significant influence on hospitalization for influ-
enza at the elderly (age 65+). The living and exercise habits of
elderly people are different from the adults and children, and
the outdoor DTR data in our study cannot completely represent
the temperature differences that the elderly experienced. It is
possible that indoor diurnal temperature range is more related
to the influenza infection and hospitalization for the elderly
than outdoor DTR data in practice. Therefore, the elderly
may be less susceptible to the outdoor DTR. Future studies
are in need to understand the associations between indoor en-
vironmental factors and influenza activities.

Not surprisingly, the association between weather factors
and influenza seasonality in humid environmental surround-
ings is significantly different from those in dry environments.
VP was positively related to hospitalization for influenza at
the elderly (age 65+), but other weather factors had no signif-
icant effect on influenza seasonality and hospitalizations for
influenza across four age groups. In hot days, air-conditioning

Table 2 Pearson’s correlation
coefficients, tolerance, and
variation inflation factors (VIF) of
the weather variables in Hong
Kong (January 1, 2012–
December 31, 2016)

Correlations DTR VP WS RH Rainfall Tolerance VIF

DTR 1 0.530 1.885

VP 0.132* 1 0.543 1.841

WS − 0.448** − 0.378** 1 0.701 1.427

RH − 0.469** 0.445** − 0.028 1 0.486 2.058

Rainfall − 0.181** 0.416** 0.089 0.459** 1 0.732 1.367

DTR diurnal temperature range, VIF variation inflation factors, VP vapor pressure, WS wind speed, RH relative
humidity

*P < 0.05; **P < 0.01

Table 3 AIC scores for
generalized additive
regression models of
influenza activity with
weather factors
considering lag weeks

AIC

Lag 0 − 676.01
Lag 1 − 693.72
Lag 01 − 710.95

The italicized number indicates the
smallest number in the table
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is widely used in homes, shopping malls, and other indoor
area where people live in high density in many subtropical/
tropical countries. The effect of air-conditioning on influenza
survival and transmission is still unclear. Air-conditioning can
lower humidity, which makes environments more favorable
for the survival and transmission of influenza virus. The en-
hancement of influenza survival and transmissibility increases
the potential for influenza infections and other respiratory dis-
ease. On the contrary, virus-bearing aerosols can also be
trapped by the condensation process within the unit itself.

Because the indoor climate conditions are different from those
of outdoor in summer in Hong Kong, current meteorological
parameters in our study may be an imperfect indicator of per-
sonal exposure because they spend a majority of time indoors
(Chan et al. 2009). The positive correlation between VP and
hospitalizations for influenza at the elderly in humid surround-
ings may be because the elderly is greatly susceptible to influ-
enza infection and VP is positively associated with precipita-
tion. Precipitation induces social behavior and promotes con-
tact transmission, which greatly contribute to the summer

Fig. 2 Exposure-response curves
for the effects of meteorological
factors on influenza activity. The
X-axis is the meteorological
factors (moving average of
2 weeks). The solid lines state the
mean estimates, and the dashed
lines indicate the corresponding
95% CI

Fig. 3 Exposure-response curves for the effects of meteorological factors on rates of hospitalizations for influenza across four age groups. The X-axis is
the meteorological factors (moving average of 2 weeks). The solid lines state the mean estimates, and the dashed lines indicate the corresponding 95%CI
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influenza peak in Hong Kong (Lowen et al. 2008; Soebiyanto
et al. 2010).

In practice, wind could speed the air circulation and change
the virus concentration in the air. Ambient temperatures, includ-
ing mean, maximum, and minimum temperatures, are usually
used to assess influenza seasonality. Additionally, wind could
make people feel cold by drawing heat away from the exposed
body and influence people’s perception of temperature (Lin et al.
2013; Siple and Passel 1999). Concentrations of air pollutants,
which have significant impact on spread of influenza, are closely
related with wind speed (Demirci and Cuhadaroglu 2000; Rigby
and Toumi 2008). Therefore, wind speed was considered as
confounding effects in our study to better examine the impact
of meteorological factors on influenza seasonality.

We also conducted another model to explore whether there
was an interaction effect between DTR and VP on influenza
activity with dry and humid periods defined using the VP
threshold of 20 mb. We found that there was no significant
interaction effect of DTR and VP on influenza activity with
dry and humid periods in our study (see Supplementary
Information, Table S2). However, the underlying mechanism
of the association between weather factors and influenza ac-
tivity still needs to be further investigated.

To our knowledge, this is the first studywhich has found that
DTR is statistically related to influenza activities in a

subtropical city of China. An additional finding of our study
is the different effects of environmental factors on influenza
hospitalization across age groups. Weekly influenza-positive
rate from laboratory confirmation and hospitalizations for influ-
enza calculated from principal discharge diagnosis of influenza
can be used to indicate the activity of influenza viruses and
inform policy-makers on influenza immunization, though they
reflect different degrees of severity of influenza infection
(Beard et al. 2006; Hong Kong Centre for Health Protection
2017). Several weaknesses should be acknowledged. This is an
ecological study, and the bias caused by exposure misclassifi-
cation may be inevitable. Only one city was taken into consid-
eration, and extensive studies are in need to verify the general-
izability of our results to other regions. In addition, hospitaliza-
tions for influenza calculated from principal discharge diagno-
sis of influenza are expected to be a minimum estimate of
influenza disease burden but cannot fully reflect the disease
and social economic burden caused by influenza (Beard et al.
2006).

Conclusions

Our findings suggested that weather factors of DTR, VP, and
RH played significant roles in the spread and transmission of

Table 4 Percentage change of
laboratory-confirmed influenza
rates associated with per unit in-
crease of weather factors

Time period Meteorological parameter Percentage change (%) (95% CI)

Dry period Diurnal temperature range 5.01 (3.20 to 6.82)

Vapor pressure − 2.26 (− 2.77 to − 1.75)
Relative humidity 1.02 (0.76 to1.29)

Humid period Diurnal temperature range − 0.90 (− 3.07 to 1.26)

Vapor pressure 0.37 (− 0.003 to 0.74)

Relative humidity 0.13 (− 0.15 to 0.41)

All exploratory variables were used in moving average of 2 weeks (lag 01). The significance of italics in the table
refers to the variables with P < 0.05

CI confidence interval

Table 5 Percentage change of
hospitalizations for influenza by
age groups associated with per
unit increase of weather factors

Percentage change (%) (95% confidence interval)

Time period Age Diurnal temperature range Vapor pressure Relative humidity

Dry period < 5 71.35 (44.49, 98.21) − 26.69 (− 34.27, − 19.11) 11.63 (7.71, 15.55)

5–9 22.61 (9.80, 35.42) − 11.52 (− 15.11, − 7.93) 4.40 (2.57, 6.24)

10–64 3.10 (1.60, 4.60) − 1.53 (− 1.95, − 1.10) 0.66 (0.44, 0.88)

> 64 17.43 (− 4.85, 39.70) − 17.49 (− 23.71, − 11.26) 6.46 (3.31, 9.62)

Humid period < 5 − 4.87 (− 30.06, 20.31) − 0.13 (− 4.47, 4.21) 1.85 (− 1.36, 5.06)
5–9 − 6.23 (− 14.56, 2.10) 0.54 (− 0.89, 1.96) 0.93 (− 0.12, 1.98)
10–64 − 0.28 (− 1.59, 1.03) 0.02 (− 0.21, 0.24) 0.13 (− 0.04, 0.30)
> 64 − 15.38 (− 33.42, 2.67) 4.91 (1.81, 8.01) − 0.16 (− 2.47, 2.16)

All exploratory variables were used in moving average of 2 weeks (lag 01). The significance of italics in the table
refers to the variables with P < 0.05
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influenza virus under dry condition. We focused on DTR,
which rarely has been studied in previous studies on influenza,
was found to have statistically significant effect on influenza
infections, and could be important predictor of influenza.
Furthermore, the effects of climatic conditions were significant-
ly related to hospitalizations for influenza across all ages in dry
period. On the contrast, influenza seasonality and hospitaliza-
tions for influenza across four age groups had no relation to
weather factors in humid environment except for VP, which
was positively related to hospitalizations for influenza at the
elderly (age 65+). Our results provide an improved understand-
ing of the associations between weather factors and influenza
activities within different age groups. These findings are of
great importance to provide evidences for precise vaccination
strategies and public health polices in different age groups.
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