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Background: Influenza seriously affects the health of children, yet little evidence is 
available on the association between meteorological factors and the occurrence of 
influenza among children in subtropical regions. The current study aimed to explore 
the effects of meteorological factors on influenza among children in Guangzhou, a 
subtropical city in China.
Methods: The distributed lag nonlinear model (DLNM) was used to assess the effects 
of meteorological factors on children influenza occurrence in Guangzhou, China. 
Daily number of influenza cases among children aged 0- 17 years from 2013 to 2017 
were obtained from the National Information System for Disease Control and 
Prevention.
Results: Mean temperature, relative humidity, and atmospheric pressure were asso-
ciated with influenza cases. The relative risks (RRs) increased as temperature fell 
below 20°C. The relationship between relative humidity and influenza cases could be 
described with a U- shaped curve, and the RRs increased if relative humidity was 
lower than 50% or higher than 80%. The risk of influenza increased with rising atmos-
pheric pressure with 1005 hPa as the break point. The cold effect, humid effect, dry 
effect, high- pressure effect, and low- pressure effect showed statistical significance 
both in female and male. The cold effect increased with age. The humid- effect af-
fects all age ranges of children, but dry effect mainly affected 4- 14 years old. High- 
pressure effect mainly affected the 0- 3 years old, whereas low- pressure effect 
protected preschool children aged 0- 6 years old.
Conclusion: Mean temperature, relative humidity, and atmospheric pressure might 
be important predictors of the influenza occurrence among children in Guangzhou.
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1  | INTRODUC TION

Influenza is a global public health concern; annual epidemics attack 
3- 5 million people of all ages and contributes to 500 000 deaths 
worldwide.1 Children aged 6- 59 months face the highest risk of com-
plications. In temperate regions, seasonal epidemics occur mainly in 
winter. While in tropical and subtropical areas, irregular epidemics 
may break out throughout the year.1,2 In southern China, influenza 
is prevalent throughout the year; it has a clear peak in summer and 
a less pronounced peak in winter.3 Hong Kong, close to Guangzhou 
city, experiences semi- annual cycles with epidemics usually peaking 
in spring and summer.4,5 The seasonality of influenza suggests that 
meteorological factors might influence the spread of the disease.

Several studies have suggested an association between climate 
change and influenza spread, but the findings are inconsistent.6-8 
Experimental and modeling studies have suggested that cold tempera-
ture and low relative/absolute humidity increase the risk of influenza 
transmission and survival in temperate settings,3-5,9 while rainfall fluc-
tuations may drive influenza activity in low latitudes, but this has not 
been well documented.5,10 In tropical and subtropical regions, where 
the annual average temperature and humidity are much higher, there is 
insufficient evidence to prove a relationship between influenza risk and 

temperature or humidity. Furthermore, since temperature, precipitation, 
humidity, and other parameters may vary significantly within a climatic 
zone, it needs to explore the local information on influenza seasonality.

In Guangzhou, a subtropical city in China which often experiences 
extreme weather, the effects of temperature with low humidity and 
other meteorological factors on influenza transmission in children are 
not clearly understood. In this study, we established a distributed lag  
nonlinear model (DLNM) with the daily time series data during 2013- 
2017 to assess the effects of meteorological factors on the occurrence 
of influenza among children in Guangzhou. We also examined whether 
the association was regulated by age and sex. The findings of this study 
may provide evidence for health authorities to develop an early warn-
ing system for influenza epidemic, so as to limit the health impacts on 
children.

2  | METHODS

2.1 | Setting

Guangzhou, the capital of Guangdong Province in southern China, 
is located at 22°26′N to 23°56′N and 112°57′E to 114°3′E.11,12 

F IGURE  1 Geographical location of the study area in China
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Covering an area of 7434 square kilometers and 11 districts, 
Guangzhou has a population of 14.0 million in 2017, including 1.71 
million (12.21%) aged 0- 14 years, 12.33 million (87.79%) aged over 
15 years. The monsoon in subtropical Asia gives Guangzhou a long, 
hot, and humid summer, and a short, mild, and dry winter. January 
and February have the lowest mean temperatures (6.5- 12.1°C). 
Extremely wet days, locally known as “Hui- nan- tian” in February and 
March, appear when the dew point temperature of the outdoor air ex-
ceeds the surface temperature of indoor objects, along with high air 
humidity up to 100%.13,14 The period between May and September 
is hot and humid, with the mean temperature (33.0- 34.9°C) peaking 
between July and August. The average annual rainfall ranges from 
1370 to 2353 mm and exhibits a seasonality.15 Figure 1 shows the 
geographical location of Guangzhou.

2.2 | Data collection

Influenza is a notifiable disease in China and categorized as a Class “C” 
infectious disease. According to China’s notifiable infection disease 
regulations, all influenza cases should be reported to the National 
Information System for Disease Control and Prevention maintained 
by the Chinese Center for Disease Control and Prevention (China 
CDC, Beijing).16 Daily data on the cases of influenza among children 
aged 0- 17 years from January 1, 2013 to December 31, 2017, in 
Guangzhou were obtained from the national surveillance network. 
The data from this network were collected from 214 sentinel hospi-
tals and community medical service centers.

According to the clinical criteria in a guidebook published by 
the Chinese Ministry of Health in 2011,17 influenza cases were di-
agnosed based on clinical symptoms with fever of ≥38°C and the 
acute onset of respiratory symptoms without an alternate explana-
tion when influenza viruses were circulating in the community, and/
or respiratory samples tested positive for influenza. The influenza 
cases were strictly examined and verified by various levels of CDC. 
At least 5- 10 nasopharyngeal/throat swab specimens, randomly 
from the patients within first 3 days after onset and who hadn’t 
received antiviral treatment, were prepared weekly in each senti-
nel setting. Serotyping and sequencing were performed at provin-
cial surveillance laboratories with quality control from Guangdong 
Province Center for Disease Control and Prevention (GDCDC).

Demographic information of all cases included gender, age 
(between the date of influenza onset and the date of birth), and 
the form of child care. According to our data, more than 83.08% 
influenza cases were children aged 0- 17 years. Therefore, we fo-
cused on the cases among children aged 0- 17 years in this study. 
The form of child care might impact influenza infection in children. 
According to our data, children aged 0- 3 years are usually cared for 
at home, 4- 6 years attend kindergarten, and 7- 14 years go to pri-
mary and middle schools, 15- 17 years go to senior school. To inves-
tigate which subpopulation was most susceptible to meteorological 
changes, we conducted the analyses for different age subgroups 
(0- 3, 4- 6, 7- 14, and 15- 17 years) and sex (male and female).

The daily meteorological data including maximum, mean, and 
minimum temperature, and relative humidity, daily precipita-
tion, wind velocity, and atmospheric pressure were obtained from 
Guangdong Meteorological Administration.

2.3 | Data analysis

We used Pearson correlation analysis to examine the correlation be-
tween daily meteorological factors and influenza cases. Scatter plots 
were drawn to observe the patterns of meteorological factors and 
influenza cases over time. Since the daily number of influenza cases 
follows a Poisson distribution, and the meteorological factors such 
as temperature have lag effects, we used a distributed lag nonlinear 
model (DLNM) to assess the association between meteorological 
factors and the daily number of influenza cases.12,18 DLNM is a flex-
ible model that simultaneously estimates the nonlinear and delayed 
exposure- response relationship, especially the effects of meteoro-
logical factors on health.18

We calculated Pearson’s correlation coefficients matrix within 
the meteorological factors for a preliminary analysis. Because of 
the strong correlation coefficient between temperature and at-
mospheric pressure (Table 2), we developed two DLNMs to inde-
pendently analyze the two variables. A Poisson regression with 
quasi- Poisson function was established to test the over- dispersion 
in the daily number of influenza cases. All models were adjusted with 
indicator variables, like time trend, day of week (DOW), and public 
holidays. The calculation was as follows: 

In this equation, Yt is the daily number of influenza cases on 
day t; α is intercept; NS is a natural cubic spline; M is one of the 
two strongly correlative variables to estimate including tempera-
ture (or atmospheric pressure); df is the degree of freedom; Xi is 
the other explanatory variables of meteorological factors includ-
ing relative humidity and atmospheric pressure; DOWt is day t of 
the week, and γ is vector of coefficients; Holidayt is a binary vari-
able the value of which is “1” if day t is a public holiday; Time re-
fers to duration of seasonality in the calendar year and long- term 
trend, and we found that using a NS with 6 df per year for time 
produced the best model fitting based on the Akaike Information 
Criterion for quasi- Poisson (Q- AIC), which was supported by other 
references.11,18

We used the Q- AIC to choose the df for the meteorological fac-
tors and the maximum lag. The effects of daily mean temperature, 
relative humidity, and atmospheric pressure were controlled using 
NS of 2 df, 2 df and 3 df, and the maximum lag of all 27 days, re-
spectively. The reference level was defined as the median value of 
mean temperature, relative humidity, and atmospheric pressure to 
calculate the relative risks (RRs) and 95% confidence intervals (CI).

Log[E(Yt)]=�+NS(M,df,lag,df)+
∑

NSi(Xi ,df,lag,df)+�DOWi+

�Holidayt+NS(Time,6∕year)
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The extreme effects of high value at the 95th percentile and ex-
treme low value at the 5th percentile were estimated. The relative 
risks (RRs) of influenza brought by high temperature (hot effect), 
high relative humidity (humid effect), and high pressure (high- 
pressure effect) were calculated comparing the 95th percentile to 
the median value. The relative risks (RRs) of influenza brought by 
low- temperature (cold effect), low relative humidity (dry effect), and 
low- pressure (low- pressure effect) were calculated by comparing 
the 5th percentiles to the median value. To estimate the cumula-
tive extreme effects of mean temperature, on the basis of Akaike 
Information Criterion (AIC) and other references,11,18 a maximum lag 
of 10 days was selected for hot effect, of 27 days for cold effect, for 
humidity, a maximum lag of 27 days was selected for humid effect, 
of 20 days for dry effect, and for atmospheric pressure, a maximum 
lag of 15 days was selected for high- pressure effect, of 20 days for 
low- pressure effect.

All statistical tests were two- sided, and P- value < 0.05 was con-
sidered statistically significant. All analyses were performed using 
the R software (version 3.0.2; R Development Core Team 2013), and 
DLNM was carried out using the “dlnm” package.

3  | RESULTS

A total of 58 840 children aged 0- 17 years were reported to have 
influenza in Guangzhou during January 1, 2013 and December 31, 
2017, with a male to female sex ratio of 1.37:1(34 001:24 839). 
Among them, 25 395 cases (43.16%) were aged 0- 3 years old; 
15 285 cases (25.98%) aged 4- 6 years old; 16 818 cases (28.58%) 
aged 7- 14 years old, and 1342 cases (2.28%) aged 15- 17 years old.

Daily meteorological conditions and influenza cases are shown in 
Table 1. The median number of influenza cases was 10, and the daily 
average maximum, mean, and minimum temperatures were 26.71, 
22.34, and 18.84°C, respectively. The average of relative humidity, 
daily precipitation, wind velocity, atmospheric pressure was 78.04%, 
6.46 mm, 4.27 hours, 1004.97 hPa, respectively.

Figure 2 shows the time series of daily meteorological factors 
and daily influenza cases in Guangzhou, 2013- 2017. There was an 
obvious seasonal pattern and upward trend in the number of influ-
enza cases for children aged 0- 17 years. The time points of seasonal 
peaks were not stable, arising in spring (April- May) in 2013, in winter 
lasting to summer (January- June) in 2014, in late spring and early 
summer (May- June) in 2015, in spring (March- April) in 2016, in sum-
mer (June- July) and winter (December) in 2017.

Table 2 provides the matrix of Pearson’s correlation coefficients 
within the meteorological factors. For all age groups, the daily in-
fluenza cases were positively correlated with sunshine hours only. 
However, in the further stratified analyses by age and sex, tempera-
ture, humidity, and air pressure were significantly correlated with 
influenza cases. Thus, we used the statistically significant variables 
above (mean temperature, relative humidity, and atmospheric pres-
sure) for the subsequent analyses. Meanwhile, there was a high 
correlation between temperature and atmospheric pressure (cor-
relation coefficient 0.86, P < 0.05). Thus, temperature and atmo-
spheric pressure were not included in the same model due to the 

potential collinearity.
For a better interpretation, the relative risks (RRs) and 95% 

confidence intervals (CI) of daily influenza occurrence (relative to 
the risk at the median value of the covariate) were plotted against 
covariate values for mean temperature, relative humidity, and at-
mospheric pressure over the corresponding lag days in Figure 3. 
In general, mean temperature, relative humidity, and atmospheric 
pressure were associated with influenza cases. The relative risks 
(RRs) increased as temperature fell below 20°C. The relationship 
between relative humidity and influenza cases could be described 
with a U- shaped curve. The RRs increased if relative humidity 
was lower than 50% or higher than 80%. The risk of influenza in-
creased with rising atmospheric pressure with 1005 hPa as the 
break point.

To identify the extreme effects, the estimated effects of mean 
temperature, relative humidity, and atmospheric pressure compar-
ing the 95th percentile to the median value and the 5th percentiles 

TABLE  1 Daily meteorological conditions and influenza cases of children in Guangzhou, 2013- 2017

Variables Mean SD Min. P25 P50 P75 Max.

Daily influenza 
frequency

32.22 60.52 0 3 10 30 497

Maximum 
temperature(°C)

26.71 6.29 5.50 22.20 27.80 32.00 38.30

Mean temperature (°C) 22.34 6.17 3.60 17.50 23.80 27.50 33.50

Minimum temperature 
(°C)

18.84 6.27 1.20 13.78 20.60 24.30 28.40

Relative humidity (%) 78.04 12.09 26.00 72.00 80.00 86.00 100.00

Daily precipitation (mm) 6.46 16.39 0 0 0 4.10 164.10

Wind velocity (m/s) 2.28 0.99 0.60 1.60 2.00 2.80 7.50

Atmospheric pressure 
(hPa)

1004.97 6.73 985.3 999.80 1004.60 1010.30 1027.40

Sun (h) 4.27 3.80 0 0 3.80 8.10 12.00
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to the median value were plotted in Figure 4. The hot effect was 
not significant, whereas cold effect was a significant risk factor 

occurring within 0- 27 lag days. A significant humid effect was ob-
served along 0- 27 lag days, but the dry effect was not significant. 

F IGURE  2 The time series of daily meteorological factors and daily influenza cases in Guangzhou, 2013- 2017 (freq: Daily influenza 
cases, p: Atmospheric pressure (hPa), pre: daily precipitation(mm), rh: Relative humidity (%), tm: Mean temperature (°C), t max: Maximum 
temperature (°C), t min: Minimum temperature (°C), Ws: Wind velocity (m/s))
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TABLE  2 Pearson correlation coefficients matrix of meteorological factors on influenza cases of children in Guangzhou, 2013- 2017

Variables
Influenza 
frequency

Maximum 
temperature (°C)

Mean 
temperature 
(°C)

Minimum 
temperature 
(°C)

Relative 
humidity 
(%)

Precipitation 
(mm)

Wind 
velocity 
(m/s)

Atmospheric 
pressure (hPa)

Influenza frequency 1

Maximum 
temperature(°C)

−0.02 1

Mean 
temperature(°C)

−0.02 0.95* 1

Minimum tempera-
ture (°C)

0.00 0.87* 0.96* 1

Relative humidity (%) 0.08 0.16* 0.26* 0.42* 1

Daily precipitation 
(mm)

0.04 0.06 0.12* 0.19* 0.39* 1

Wind velocity(m/s) −0.04 −0.36* −0.31* −0.28* −0.30* −0.03 1

Atmospheric 
pressure(hPa)

−0.02 −0.79* −0.86* −0.87* −0.42* −0.27* 0.23* 1

Sun (h) −0.14* 0.42* 0.24* 0.05 −0.53* −0.28* −0.02 −0.06

*P < 0.05. 

F IGURE  3 The estimated overall effects of mean temperature, relative humidity, and atmospheric pressure on children influenza cases 
over the corresponding lag days. Confounding factors included time trend, DOW, and public holidays. The red lines represent mean relative 
risks, and gray regions represent 95% confidence intervals. The median value of each meteorological factor (mean temperature: 23.8°C, 
humidity: 80%, pressure:1005 hPa) is as a reference level
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The high- pressure effect peaked at the current day and appeared 
within 0- 15 lag days. The low- pressure effect appeared within 0- 20 
lag days.

We also calculated the cumulative extreme effect of meteorolog-
ical factors on influenza (Table 3). For all age children, the RR of hot 
effect at 10th lag day, humid effect at 27th lag day, and high- pressure 
effect at 15th lag day were 0.99 (95% CI: 0.92, 1.06), 1.45 (95% CI: 1.39, 
1.51), 1.11 (95% CI: 1.02, 1.20) comparing the 95th to the 90th percen-
tile of their own, respectively. The RR of cold effect at 27th lag day, dry 
effect at 20th lag day, and low- pressure effect at 20th lag day were 1.63 
(95% CI: 1.41, 1.88), 1.28 (95% CI: 1.11, 1.47), 0.58 (95% CI: 0.50, 0.66) 
comparing the 5th to the 10th percentile of their own, respectively.

For the subpopulations, the cold effect, humid effect, dry effect, 
high- pressure effect, and low- pressure effect showed statistical sig-
nificance both in female and male populations. The RR of cold ef-
fect increased with age, whereas the humid effect did not present 
with a similar trend. The significant dry effect was mainly among 
4- 6 years group (RR = 1.39, 95% CI: 1.18, 1.64) and 7- 14 years group 

(RR = 1.38, 95% CI: 1.09, 1.75). The significant high- pressure effect 
was among 0- 3 years group (RR = 1.16, 95% CI: 1.04, 1.29), and the 
significant low- pressure effect, which was protective, was among 
0- 3 years group (RR = 0.52, 95% CI: 0.45, 0.60) and 4- 6 years group 
(RR = 0.60, 95% CI: 0.50, 0.72).

4  | DISCUSSION

To the best of our knowledge, this is the first in China to apply a 
DLNM model and use population- wide monitoring data to evaluate 
the effects of meteorological factors on influenza occurrence among 
children in a subtropical city. In addition to temperature and humid-
ity which were often mentioned in previous studies,6,7,19 the role of 
other potential meteorological factors including daily precipitation, 
wind velocity, and atmospheric pressure were also explored in the 
present study. Our study showed that the correlation between rela-
tive humidity and influenza cases was illustrated with a U- shaped 

F IGURE  4 The estimated extreme effects at the 95th and the 5th percentile of mean temperature, relative humidity, and atmospheric 
pressure at different lag days on children influenza cases. The median value of each meteorological factor (mean temperature: 23.8°C, 
humidity: 80%, pressure: 1005 hPa) is as a reference level. The red lines are mean relative risks, and gray regions are 95% confidence 
intervals
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curve, and influenza cases increased with colder temperature and 
higher pressure.

Our study indicated that influenza cases increased significantly 
with a low temperature below 20°C, which is consistent with many 
previous studies.5,6,10,19–21 For example, a study using a guinea pig 
model found the most efficient transmission of influenza virus was 
at 5°C and the most inefficient transmission at 30°C.22 Two stud-
ies from tropical and subtropical areas showed that cool climate 
(14- 19°C in Hong Kong, China,23 and 13- 22°C in Niamey, Niger20) 
raised the influenza occurrence. One of the possible reasons for 
the increased influenza cases in Guangzhou is that the cool winter 
temperature lowers the activity of influenza virus and promotes the 
transmission of aerosol virus indoors. The findings can strengthen 
the awareness that indoor air must be ventilated with outdoor air to 
reduce the transmission of influenza virus.

Previous studies found dry weather was associated with the sea-
sonal influenza epidemic in winter in temperate areas,4-6,9 but this as-
sociation was not significant in tropical and subtropical areas such as 
Hong Kong.5,7,10,20,23 Our investigation verified a U- shaped relationship 
between the relative humidity and influenza cases, which is similar to 
the results of some previous experimental and epidemiological stud-
ies.5,24,25 The influenza virus is active when the relative humidity is 
below 50%, especially between 20% and 35%.6 Influenza virus can at-
tack the innate defense of host nasal epithelia, and it is more productive 
and transmittable (via respiratory aerosols and droplets) in dry weather 
conditions.6,9,25 Our findings indicate that it will be useful to humidify 
the indoor air to curb the spread of influenza virus in dry winter.

Influenza cases normally peak in winter in temperate regions,3,5 
but the influenza peak appears between January and June in 
Guangzhou, Hong Kong and some other tropical and subtropical cit-
ies.4,5,23 The spring and summer of Guangzhou are warm, humid and 
rainy, with occasional extreme humid wet days. High relative humid-
ity or precipitation might swing the seasonality of influenza epidem-
ics.5,7,10,23,26 The effect of humidity on influenza cases was verified 
by our investigation. High humidity can bring forth droplets that bind 
to influenza virus, increasing the concentration of virus in the air 
around the infection source. Experimental study has shown stronger 
infectivity of influenza virus in a high relative humidity (60%- 80%)22. 
Under such conditions, air- borne transmission becomes more effi-
cient as air humidity decreases. Children, especially school children, 
spend most of their time indoors. Dehumidifying the air in spring and 
summer, especially on wet days in Guangzhou may reduce the influ-
enza virus. Moreover, our study showed that the effect of extreme 
wetness (100% relative humidity) in spring was obvious.

Little literature is available about the effects of atmospheric 
pressure on influenza. We found that the number of influenza cases 
increased under high pressure (upper 1005 Pa), most obviously 
among 0- 3- year- old children. Similarly, Soebiyanto et al reported 
that the incidence of influenza was correlated with maximum atmo-
spheric pressure in Maricopa County.4 High pressure often means 
a sunny day when children’s outdoor activities increase the risk of 
virus infection.27 However, our investigation found that low atmo-
spheric pressure protected preschool children aged 0- 6 years old. TA
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Guangdong is a coastal province frequented by tropical cyclones, 
mostly typhoons, which bring low pressure and rich rainfall.18,28,29 
Low pressure can also reduce children’s outdoor activities and inter-
personal body contacts.

Several limitations exist in this study. First, the meteorological 
data were for outdoor measurements, but children spend most of 
their daytime in air- conditioned rooms where the humidity might be 
different from that of the outside. Second, other potentially influen-
tial factors (such as school closure, vaccination, economy) were not 
analyzed in our investigation.8,30 Third, this is a single city study and 
more cities in different areas should also be covered.

5  | CONCLUSIONS

Mean temperature, relative humidity, and atmospheric pressure 
might be important predictors of the influenza occurrence among 
children in Guangzhou. Accordingly, the warning system for influ-
enza should be improved to protect this population.
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