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Objective: Analyzing the epidemiological characteristics of influenza cases 
among children aged 0–17  years in Guangzhou from 2019 to 2022. Assessing 
the relationships between multiple meteorological factors and influenza, 
improving the early warning systems for influenza, and providing a scientific 
basis for influenza prevention and control measures.

Methods: The influenza data were obtained from the Chinese Center for Disease 
Control and Prevention. Meteorological data were provided by Guangdong 
Meteorological Service. Spearman correlation analysis was conducted to 
examine the relevance between meteorological factors and the number of 
influenza cases. Distributed lag non-linear models (DLNM) were used to explore 
the effects of meteorological factors on influenza incidence.

Results: The relationship between mean temperature, rainfall, sunshine hours, 
and influenza cases presented a wavy pattern. The correlation between relative 
humidity and influenza cases was illustrated by a U-shaped curve. When the 
temperature dropped below 13°C, Relative risk (RR) increased sharply with 
decreasing temperature, peaking at 5.7°C with an RR of 83.78 (95% CI: 25.52, 
275.09). The RR was increased when the relative humidity was below 66% or 
above 79%, and the highest RR was 7.50 (95% CI: 22.92, 19.25) at 99%. The RR 
was increased exponentially when the rainfall exceeded 1,625  mm, reaching a 
maximum value of 2566.29 (95% CI: 21.85, 3558574.07) at the highest rainfall 
levels. Both low and high sunshine hours were associated with reduced 
incidence of influenza, and the lowest RR was 0.20 (95% CI: 20.08, 0.49) at 
9.4  h. No significant difference of the meteorological factors on influenza was 
observed between males and females. The impacts of cumulative extreme 
low temperature and low relative humidity on influenza among children aged 
0–3 presented protective effects and the 0–3  years group had the lowest RRs 
of cumulative extreme high relative humidity and rainfall. The highest RRs of 
cumulative extreme effect of all meteorological factors (expect sunshine hours) 
were observed in the 7–12  years group.
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Conclusion: Temperature, relative humidity, rainfall, and sunshine hours can 
be used as important predictors of influenza in children to improve the early 
warning system of influenza. Extreme weather reduces the risk of influenza in 
the age group of 0–3  years, but significantly increases the risk for those aged 
7–12  years.

KEYWORDS

meteorological factors, influenza, distributed lag non-linear models, children, 
incidence

1 Introduction

Influenza is an acute febrile respiratory infectious disease caused 
by influenza viruses (1). The World Health Organization estimates 
that the annual influenza epidemic results in approximately 3–5 
million cases of severe illness and 290,000 to 650,000 influenza-
associated respiratory deaths worldwide (2). Children under 
59 months are at a higher risk of severe influenza or complications. 
Approximately 10 to 15% of the global population is infected with 
influenza viruses every year (3). The incidence of influenza is about 5 
to 10% in adults and up to 20 to 30% in children. The positive rate of 
influenza tests varies among different age groups, with children aged 
5–15 years having the highest positive rate (4). It is estimated that the 
mortality rate among children under 5 years of age with influenza-
related lower respiratory tract infections is as high as 99% in 
developing countries and about 9,243 to 105,690 children under 
5 years of age die from influenza-associated respiratory disease 
annually in 92 countries (5, 6). In addition, studies have demonstrated 
that influenza markedly increases the number of outpatient visits for 
infants and children (7), with an average of 90 million new cases of 
influenza among children younger than 5 years and generally 870,000 
children under 5 years of age being admitted to hospitals for influenza 
annually (5, 8). The epidemics of influenza impose a substantial 
medical and economic burden on global health systems and societies, 
and pose a severe threat to the lives and health of children.

Previous studies have demonstrated that meteorological factors 
play an important role in influenza transmission, but these factors may 
have different effects on the spread of influenza in different regions 
(9–12), highlighting the complexity and diversity in the relationship 
between climate factors and influenza transmission. Temperature and 
humidity are considered as the most crucial meteorological indicators 
influencing influenza epidemics (13, 14). Generally, lower 
temperatures and humidity increase the risk of influenza. In temperate 
regions, influenza exhibits distinct seasonality, with peak activity 
during winter (December to March in the northern hemisphere and 
May to September in the southern hemisphere). This is because cold 
and dry environments facilitate the survival and migration of the 
influenza virus (15, 16). In tropical and subtropical regions, seasonal 
influenza is more varied, with prevalent activity throughout the year 
and two peaks in both winter and summer (17). It’s suggested that 
influenza epidemics are closely related to rainy seasons and increased 
rainfall (18), but further researches are needed. Furthermore, other 
climatic factors such as wind speed, atmospheric pressure, and 
sunlight duration are also considered to be associated with influenza 
activity (10, 11, 19), although the correlation is generally small or not 
statistically significant. The combined effects of these meteorological 
factors contribute to the disparities in influenza prevalence across 

different temperature zones. Therefore, no definitive consensus exists 
on the relationship between meteorological factors and influenza. 
Further exploration is required to understand he correlation between 
meteorological factors and influenza epidemic. This study aims to 
examine the relationship between multiple meteorological factors and 
pediatric influenza in Guangzhou, a subtropical city.

Understanding the role of meteorological factors in influenza 
epidemics and discerning the patterns of these epidemics can 
significantly aid in the implementation of effective control strategies. 
In this study, we first analyzed the epidemiological characteristics of 
influenza cases among children aged 0–17 years in Guangzhou from 
2019 to 2022. Then, distributed lag nonlinear model (DLNM) with the 
daily series data was used to evaluate the relationships between various 
meteorological factors and influenza. The findings from this study can 
contribute to the development of early warning systems for influenza, 
providing practical and reliable scientific basis for implementing 
influenza prevention and control measures, thus reducing the medical 
and economic burden associated with influenza in children.

2 Methods

2.1 Study area

Guangzhou, situated in south China, is the capital of Guangdong 
Province. It spans from 112°57′E to 114°3′E and 22°26′N to 
23°56′N. With a total area of 7434.4 square kilometers, Guangzhou is 
divided into 11 administrative districts, and its resident population 
reached 18.81 million by 2021. The city experiences a subtropical 
monsoon climate, with a notable influence from the marine climate. 
This climate is characterized by long, hot, and rainy summers, as well 
as short, mild, and dry winters.

2.2 Data collection

The influenza data collected in this study from 1 January 2019 to 
31 December 2022, were obtained from the National Notifiable 
Disease Surveillance System of the Chinese Center for Disease Control 
and Prevention. The dataset includes individual case data, consisting 
of case identification number, demographic information (gender, age, 
and the type of childcare), onset, and diagnosis times, case 
classifications, and reporting authorities.

Influenza is classified as a Class “C” infectious disease in China 
and must be reported to the National Disease Prevention and Control 
Information System within 24 h of diagnosis. According to the 
Influenza Diagnosis and Treatment Protocol (2020 Edition), influenza 
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cases can be categorized as suspected cases, clinically diagnosed cases, 
or confirmed cases. Suspected cases are those with clinical flu 
symptoms and either an epidemiological history or positive auxiliary 
examinations. Clinically diagnosed cases refer to suspected cases in 
which other diseases causing similar symptoms have been ruled out. 
Confirmed cases are individuals with clinical flu symptoms and one 
or more positive results from pathogenic testing. In this study, 
we included clinically diagnosed and confirmed influenza cases, while 
excluding suspected cases.

The meteorological data used in this study were provided by 
Guangdong Meteorological Service.1 The climate factors included 
daily average temperature (°C), maximum temperature (°C), 
minimum temperature (°C), average relative humidity (mm), average 
wind speed (m/s), atmospheric pressure (hpa), average rainfall (mm), 
and sunshine hours (h). The daily temperature range (DTR) was 
calculated by subtracting the daily minimum temperature from the 
maximum temperature. Only a small number of missing values were 
present, and these were resolved using multiple imputation.

2.3 Statistical analysis

We first conducted a descriptive analysis of the meteorological 
data and influenza data for children in Guangzhou and plotted a 
scatter plot to observe the relationship between meteorological factors 
and the daily number of influenza cases. Based on the nonlinear 
relationship observed in the scatter plot and the lagged effects of 
meteorological factors on health, DLNMs were used to explore the 
impact of meteorological factors on influenza incidence. This model 
can take into account the nonlinear exposure-response relationship 
and the lag effect of exposure factors on outcomes simultaneously 
(20). It has been widely used to evaluate the expose-lag-effect 
correlations between meteorological factors and infectious diseases, 
such as scarlet fever, mumps, and acute respiratory infections (21–23). 
Spearman correlation analysis was conducted as a preliminary analysis 
to examine the relevance between climate factors and the number of 
influenza cases. Considering the overdispersion of daily influenza 
cases, a Poisson regression with quasi-Poisson function was 
established to construct the model. The DLNMs structure was 
as follows:

 

( ) ( ) ( )
( ) ( ) ( )

log , , ,
, 4

t i jE Y a cb x lag df ns x df
ns time df dow holidayδ δ

  = + + ∑ + 
∗ + +

where Yt represented the daily number of influenza cases on day 
t; a was the intercept; cb represented the cross-basis matrix of 
meteorological factors, which using natural cubic spline function or 
natural cubic B-spline function; ns() was a natural cubic spline 
function; xi was one of the meteorological variables, such as mean 
temperature, relative humidity, rainfall, and sunshine hours; xj 
represented the climate variables other than xi; time denoted long 
term trends and seasonality; dow denoted the day of week effect; 
holiday referred to a binary variable for control for summer and 

1 http://gd.cma.gov.cn/

winter vacations as well as all Chinese legal vacations; df was degree 
of freedom. According to Akaike information criterion (AIC) and 
references (10, 11, 24), we chose df = 3 for xj, df = 6 for time, df = 5 for 
mean temperature, relative humidity and sunshine hours, and df = 3 
for rainfall. After taking into account incubation period of influenza, 
lag = 4 weeks was chosen for meteorological factors based on the AIC 
and other references (10, 19).

We calculated the extreme high effects by comparing the 97.5th 
percentiles to the median values, and the extreme low effects by 
comparing the 2.5th percentiles to the median values. Relative risk 
(RR) with corresponding 95% confidence interval was used to 
estimate these effects. The cumulative relative risks were further 
explored. Moreover, we estimated the effects of meteorological on 
influenza by gender and age group.

All statistical tests were two-sided and P < 0.05 was considered 
statistically significant. All analyses were performed using the “mice,” 
“Hmisc” and “dlnm” packages in R (version 4.2.1).

Sensitivity analyses were performed by adjusting df per year 
within the range of 4–7 to account for long-term trends and 
seasonality. Additionally, the df for mean temperature, relative 
humidity, and sunshine hours were adjusted within the range of 2–5. 
Furthermore, we changed the maximum lag weeks (2–4 weeks) for 
meteorological factors. Since there was no rainfall on most days, 
changing the degree of freedom for rainfall would lead to errors in the 
model. Therefore, only the lag weeks for rainfall were changed.

3 Results

3.1 Descriptive statistics for general 
characteristics

From 1 January 2019 to 31 December 2022, a total of 210,835 
clinically or laboratory confirmed cases of influenza among children 
aged 0–17 years were reported in Guangzhou. Among these cases, 
122,077 (57.90%) were males and 88,758 (42.10%) were females. The 
number of influenza cases of children aged 0–3, 4–6, 7–12 and 13–17 
was 65,561 (31.10%), 56,772 (26.93%), 68,503 (32.49%) and 19,999 
(9.49%), respectively. The yearly breakdown of influenza cases from 
2019 to 2022 was as follows: 106,426 (50.48%) in 2019, 23,902 
(11.34%) in 2020, 7,323 (3.47%) in 2021, and 73,184 (34.71%) in 2022. 
The maximum and minimum number of daily influenza cases was 
2,793 and 0, respectively, with a mean (standard deviation) of 144.3 
(365.7). In terms of time series, the influenza activity showed a wave-
like pattern in 2019, with two epidemic peaks observed during the 
winter of 2019–2020 and the summer of 2022. The number of 
influenza cases maintained at an extremely low level from spring 2020 
to autumn 2021, which may be related to the nationwide outbreak of 
Corona Virus Disease 2019 (COVID-19; Figure 1; Table 1).

Daily meteorological data were shown in Table 1 and Figure 1. The 
maximum and minimum temperature was 38.10°C and 1.10°C, 
respectively. The average daily temperature, daily temperature range, 
relative humidity, atmospheric pressure, rainfall, wind speed, and 
sunshine hours were 22.69°C, 8.48°C, 78.42%, 1004.90 hpa, 20.55 mm, 
2.27 m/s, and 4.79 h/d, respectively. The average temperature, relative 
humidity, atmospheric pressure displayed seasonal patterns, with 
higher temperatures and relative humidity in the summer and lower 
values in the winter. In contrast, atmospheric pressure showed the 
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opposite trend. Aggregate rainfall was higher in 2019 but remained 
extremely low from 2020 to 2022. Throughout this three-year period, 
there were a total of 656 days (59.8%) with no rainfall recorded.

3.2 Spearman correlation analysis

Table 2 provided the matrix of Spearman correlation coefficients 
between pediatric influenza cases and meteorological variables. 
Mean temperature and sunshine hours exhibited a negative 

correlation with daily influenza cases, while relative humidity and 
rainfall showed a positive correlation. Therefore, mean temperature, 
sunshine hours, relative humidity and rainfall were selected as 
research variables for further analysis. In addition, a significant 
negative correlation was found between mean temperature and 
atmospheric pressure (r = −0.88, p < 0.01). There was also a 
significant positive correlation between sunshine hours and daily 
temperature range (r = 0.78, p < 0.01). To avoid collinearity, 
atmospheric pressure and daily temperature range were removed 
from the models, and wind speed was included as a confounding 
variable to adjust models.

3.3 Overall effects of meteorological 
variables on influenza incidence in children

Figure  2 illustrated the relationships between meteorological 
variables and influenza incidence among children in Guangzhou with 
different lag days. For a better interpretation, one-dimensional curves 
were plotted to depict the overall effects of meteorological variables 
on influenza in Figure 3.

The relationship between average temperature and influenza cases 
generally presented a wavy pattern (Figure 3). When the temperature 
dropped below 13°C, RR increased sharply with decreasing 
temperature, peaking at 5.7°C with an RR of 83.78 (95% CI: 25.52, 
275.09). Temperatures between 14°C and the median value showed a 
protective effect on influenza incidence, with the lowest RR recorded 
at 18.1°C (RR = 0.35, 95% CI: 0.24, 0.51). Above the reference value, 
higher temperatures posed a risk effect, but no statistically significant 
effect on influenza cases in children was observed when temperature 
exceeded 27°C (Table 3). In the temperature exposure-effect curves 
stratified by sex and age, the temperature-RR curve for males, females, 

TABLE 1 Descriptive statistics of daily influenza cases of children and meteorological variables in Guangzhou, China, 2019–2022.

Variables Mean SD Min P25 P50 P75 Max

Influenza 144.30 365.70 0 6 14 113 2,793

  Male 83.56 211.58 0 4 9 65 1,664

  Female 60.75 154.46 0 2 6 47 1,129

  0–3 years 44.87 99.11 0 3 7 27 826

  4–6 years 38.86 103.86 0 1 4 24 914

  7–12 years 46.89 136.49 0 1 3 32 1,149

  13–17 years 13.69 42.04 0 0 1 7 351

Tmean (°C) 22.69 5.89 5.70 18.20 23.60 27.70 32.30

Tmax (°C) 27.76 6.05 6.90 23.50 28.80 32.80 38.10

Tmin (°C) 19.28 6.09 1.10 14.40 20.30 24.60 29.50

DTR (°C) 8.48 3.21 1.60 6.20 8.30 10.60 18.50

RH (%) 78.42 10.87 31.00 72.50 79.00 86.00 99.00

AP (hpa) 1004.90 6.42 987.80 999.60 1004.9 1009.8 1020.8

Rainfall (mm) 20.55 94.10 0.00 0.00 0.00 3.60 1718.00

WS (m/s) 2.27 0.98 0.80 1.60 2.00 2.80 8.80

SH (h/d) 4.79 3.81 0.00 0.70 4.80 8.40 12.10

SD, standard deviation; Influenza, all influenza cases; Male, number of male cases; Female, number of female cases; 0–3 years, number of cases aged 0–3 years; 4–6 years, number of cases aged 
4–6 years; 7–12 years, number of cases aged 7–12 years; 13–17 years, number of cases aged 13–17 years; Tmean, mean temperature; Tmax, maximum temperature; Tmin, minimum 
temperature; DTR, daily temperature range; RH, mean relative humidity; AP, mean atmospheric pressure; Rainfall, aggregate rainfall; WS, mean wind speed; SH, sunshine hours.

FIGURE 1

The distribution of daily influenza cases of children and 
meteorological variables in Guangzhou, China, 2019–2022. Tmean, 
mean temperature; DTR, daily temperature range; RH, mean relative 
humidity; AP, mean atmospheric pressure; Rainfall, aggregate rainfall; 
WS, mean wind speed; SH, sunshine hours.
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4–6 years group, 7–12 years group, and 13–17 years group were similar 
to the overall population curve. However the 7–12 years group had a 
substantially higher maximum RR (RR = 5501.18, 95% CI: 902.05, 

33549.24) compared to other groups. The 0–3 years group showed 
some distinct characteristics, with no statistical significance observed 
at the highest and lowest temperature, but it exhibited a protective 

FIGURE 2

Three-dimensional graph of the relative risks of meteorological factors on children influenza cases in Guangzhou, China, 2019–2022.

TABLE 2 Spearman’s correlation coefficients matrix of meteorological variables on influenza cases of children in Guangzhou, China, 2019–2022.

Variables Influenza Tmean DTR RH AP Rainfall WH SH

Influenza 1.00

Tmean −0.06* 1.00

DTR 0.00 0.00 1.00

RH 0.12** 0.15** −0.51** 1.00

AP −0.01 −0.88** 0.16** −0.34** 1.00

Rainfall 0.07* 0.13** −0.50** 0.69** −0.34** 1.00

WS −0.03 −0.21** −0.18** −0.35** 0.20** −0.07* 1.00

SH −0.07** 0.26** 0.78** −0.59** −0.05 −0.51** −0.03 1.00

*p < 0.05; **p < 0.01; Bold represented strong correlations. Influenza, all influenza cases; Tmean, mean temperature; DTR, daily temperature range; RH, mean relative humidity; AP, mean 
atmospheric pressure; Rainfall, aggregate rainfall; WS, mean wind speed; SH, sunshine hours.
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effect below the median and a risk effect above the median 
(Supplementary Figure S2).

The correlation between relative humidity and influenza cases 
showed a U-shape curve (Figure 3). The RR was increased when the 
relative humidity was below 66% or above 79%, with a median relative 
humidity of 79% used as the reference level. The highest RR was7.50 
(95% CI: 2.92, 19.25) at 99%, while the lowest RR was 0.40 (95% CI: 
0.27, 0.57) at 75%. In terms of gender and age stratification, the 
humidity-RR curves for males, females, and the 4–6 years group were 
similar to the overall population curve. For the 0–3 years group, lower 
relative humidity presented a protective effect, while higher relative 
humidity showed a risk effect. Both the 7–12 years and 13–17 years 

groups had the highest RRs when the relative humidity was the lowest 
(Supplementary Figure S3).

The association between aggregate rainfall and influenza cases 
showed a risk effect for rainfall below 550 mm and above 1,625 mm. 
The RR was increased exponentially when the rainfall exceeded 
1,625 mm, reaching a maximum value of 2566.29 (95% CI: 1.85, 
3558574.07) at the highest rainfall levels. Similar patterns were 
observed across different gender and age groups 
(Supplementary Figure S4).

The relationship between sunshine hours and influenza cases 
exhibited a fluctuating pattern, with both low and high sunshine 
duration were associated with reduced incidence of influenza. The 

FIGURE 3

The estimated overall effects of mean temperature, relative humidity, aggregate rainfall, and sunshine on influenza cases of children in Guangzhou, 
China, 2019–2022. The median values of each meteorological variables (mean temperature: 23.6°C, relative humidity: 79%, rainfall: 0  mm, sunshine 
hours: 4.8  h/d) were as the reference levels. The Y lab represented the value of relative risk, the X lab represented the value of relevant variables. The 
red lines represented mean relative risks and gray regions were 95% confidence intervals. The black vertical line represented the medians of the 
meteorological factors, and the dotted lines represented the 2.5 percentile and the 97.5 percentile for the meteorological factors, respectively.

TABLE 3 The overall effects of meteorological variables on influenza cases of children in Guangzhou, China, 2019–2022.

Variables
Low peak High peak

Values RR (95%CI) Values RR (95%CI)

T mean 18.1 (°C) 0.35 (0.24,0.51)* 5.7 (°C) 83.78 (25.52,275.09)*

RH 75 (%) 0.40 (0.27,0.57)* 31 (%) 17.40 (5.97,50.74)*

/ / 99 (%) 7.50 (2.92,19.25)*

Rainfall 1,202 (mm) 0 (0,0) 248 (mm) 75.14 (18.01,313.51)*

/ / 1,718 (mm) 2566.29 (1.85,3558574.07)*

SH 0.5 (h) 0.39 (0.19,0.81)* 3.8 (h) 1.16 (0.76,1.77)

9.4 (h) 0.20 (0.08,0.49)* / /

*Overall effects of meteorological variables on influenza cases of children are significant at 95% confidence intervals; RR, relative risks; T mean, mean temperature; RH, mean relative 
humidity; Rainfall, aggregate rainfall; SH, sunshine hours.
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lowest RR was 0.20 (95% CI: 0.08, 0.49) at 9.4 h. The SH-RR curve 
produced similar results when stratified by gender. In the 0–3 age 
group, sunlight duration of more than 5.8 h had a protective effect. On 
the contrary, the 7–12 age group had a protective effect only when 
sunlight duration was less than 2.3 h. The sunlight duration in the 
13–17 age group did not show statistical significance throughout the 
study period (Supplementary Figure S5).

3.4 Extreme effects of meteorological 
variables on influenza incidence in children

The extreme effects of mean temperature, relative humidity, 
sunshine hours, and rainfall on influenza cases along the lag days 
were shown in Figure 4 and Table 4. High temperature demonstrated 
a protective effect during 3–13 lag days, but posed a risk effect within 
18–27 lag days. The highest and lowest RRs for the hot effect were 
1.10 (95% CI: 1.05, 1.15) and 0.94 (95% CI: 0.90, 0.98), respectively. 
However, low temperature exhibited a protective effect in the first 
3 days and a risk effect after 5 days. The highest and lowest RRs for the 
cold effect were 1.13 (95% CI: 1.09, 1.16) and 0.86 (95% CI: 0.81, 
0.92), respectively. The effects of both high and low humidity showed 
no statistical significance in the initial 3 days but became risk factors 
later on. The maximum RRs for the humid and dry effects were 1.12 
(95% CI: 1.09, 1.15) and 1.10 (95% CI: 1.06, 1.14), respectively. Both 
long and short sunshine hours had protective effects within 15–25 lag 
days, while they were not statistically significant on other lag days. 
The minimum RRs for long sunshine hours and short sunshine hours 
were 0.89 (95% CI: 0.84, 0.94) and 0.95 (95% CI: 0.92, 0.97), 
respectively. With rainfall being absent on 59.1% of the days, we only 
estimated the extremely high effect of rainfall, which exhibited a risk 
effect with a lag of 1–17 days, and had a maximum RR of 1.45 (95% 
CI: 1.34,1.57).

The cumulative extreme effects of meteorological factors on 
influenza were also calculated (Table 5). For children of all age, when 
comparing the 97.5th percentiles to the median values, the cumulative 
RRs for the hot effect, humid effect, high rainfall effect, and long 

sunshine hours effect were 1.10 (95% CI: 0.52, 2.36), 6.04(95% CI: 
3.36, 10.85), 70.21(95% CI: 17.75, 277.67) and 0.27(95% CI: 0.10, 
0.72), respectively. When comparing the 2.5th percentiles to the 
median values, the cumulative RRs for the cold effect, dry effect, and 
short sunshine hours effect were 4.23 (95% CI: 2.67, 6.70), 4.76 (95% 
CI: 2.74, 8.26), and 0.43 (95% CI: 0.23, 0.79), respectively. Among the 
subpopulations, the hot effect showed statistical significance in all the 
subgroups, while the cold effect was not statistically significant in any 
subgroup. The effects of high rainfall and humidity showed statistical 
significance in all subgroups. Both long and short sunshine hours 
showed protective effects in all subgroups, although a few subgroups 
were not statistically significant. The 0–3 years age group presented 
protective effects for low temperature and drought, while other 
subgroups showed risk effects. The cumulative extreme effects showed 
minimal differences between males and females and were similar to 
those observed in the overall population.

FIGURE 4

The extreme effects of mean temperature, relative humidity, sunshine hours, and rainfall on influenza cases of children along the lag days in 
Guangzhou, China, 2019–2022. The extreme high effect was calculated by comparing the 97.5th percentiles to median values, and the extreme low 
effect was calculated by comparing the 2.5th percentiles to median values. The median value of mean temperature, relative humidity, sunshine hours, 
and rainfall was 23.6°C, 79%, 4.8  h/d, and 0  mm, respectively. The Y lab represented the values of relative risks, the X lab represented the values of lag 
days. The red lines represented mean relative risks and gray regions were 95% confidence intervals.

TABLE 4 The extreme effects of meteorological variables on influenza 
cases of children along the lag days in Guangzhou, China, 2019–2022.

Variables
Lag 
days

Extreme 
high effect 

(97.5%)
Lag 
days

Extreme low 
effect (2.5%)

RR 95%CI RR 95%CI

T mean 11 0.94* 0.90–0.98 0 0.86* 0.81–0.92

23 1.10* 1.05–1.15 21 1.13* 1.09–1.16

SH 0 0.94* 0.89–0.99 0 0.94 0.87–1.01

8 1.12* 1.09–1.15 9 1.10* 1.06–1.14

Rainfall 23 0.97 0.92–1.03 / / /

7 1.45* 1.34–1.57 / / /

RH 21 0.89* 0.84–0.94 19 0.95* 0.92–0.97

28 1.05 0.98–1.13 7 1.01 0.98–1.04

*Extreme effects of meteorological variables on influenza cases of children are significant at 
95% confidence intervals. Since both the median and the 2.5th percentile of rainfall were 0, 
extreme low effect could not be calculated. RR, relative risks; T mean, mean temperature; 
RH, mean relative humidity; Rainfall, aggregate rainfall; SH, sunshine hours.
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4 Discussion

In this study, we observed two epidemic peaks of influenza cases 
among children in Guangzhou, which occurred during the winter of 
2019–2020 and the summer of 2022. Average temperature, relative 
humidity, rainfall, and sunshine duration were found to be significant 
factors in influenza transmission. The correlation between relative 
humidity and influenza cases was illustrated by a U-shaped curve. The 
relationship between average temperature, rainfall, sunshine hours, 
and influenza cases presented a wavy pattern.

The incidence of influenza remained at an extremely low level 
from spring 2020 to the end of 2021, which might be related to the 

COVID-19 epidemic. COVID-19 was first identified in Wuhan, 
China, in December 2019, causing significant public health problems. 
Both SARS-CoV-2 and influenza viruses are respiratory viruses with 
many similarities (25). After the outbreak of COVID-19, various 
public health measures and non-pharmaceutical interventions were 
implemented, including frequent handwashing, mask-wearing, 
regular ventilation, and reduced gathering, which effectively prevented 
influenza transmission (26–28). As for the second influenza peak in 
2022, this outbreak may be primarily attributed to the diminished 
immunity level and insufficient immune barrier in the population 
resulting from the low incidence of influenza over the previous 2 
years, coupled with the normalization of COVID-19 prevention and 
control measures. Therefore, in the post-COVID era, influenza viruses 
have the potential to prevail once again as the predominant respiratory 
pathogen. China lifted a series of prevention and control measures 
against COVID-19 at the end of 2022, which weakened people’s 
initiative in preventing respiratory viruses, allowing influenza viruses 
to take advantage. It is essential for governments and medical 
institutions to enhance surveillance of influenza symptoms and 
continue promoting non-pharmaceutical interventions as preventive 
measures against influenza.

Our study found that low temperatures can dramatically increase 
influenza activity, which is consistent with the results in many 
temperate and subtropical regions (9–11, 24, 29). Animal experiments 
have shown that influenza viruses are more stable and have a longer 
half-life, and influenza virus titers in guinea pigs are higher at low 
temperatures (30, 31), which demonstrates that influenza viruses have 
a stronger ability to transmit under low-temperature conditions. 
Furthermore, low temperature can affect the immune system function 
and increase the susceptibility of the population (32), thus promoting 
the occurrence of influenza. At low temperatures, mucus secretion in 
the nasal mucosa increases and the frequency of ciliary movement 
decreases (33). Cold air slows down the clearance of mucociliary, 
thereby promoting virus transmission in the respiratory tract. 
Moreover, temperature can affect the spread of influenza by altering 
human activity. As the temperature drops, people tend to rely more on 
heating systems, minimize ventilation, and spend more time indoors 
(34, 35). Indoor crowding increases the opportunities and duration of 
person-to-person contact, thereby facilitating the transmission 
of influenza.

Consistent with other studies (9, 10, 29, 36–38), our studies 
confirmed a U-shaped relationship between relative humidity and 
influenza incidence. The risk of influenza increased with low (<66%) 
or high (>79%) relative humidity, and the detrimental effects of both 
arid and humid weather lasted for a duration of 26 days. When the 
relative humidity is low, droplets containing the influenza virus rapidly 
dehydrate and form droplet nuclei upon expulsion, thereby prolonging 
the survival time of virus and maintaining its stability. In addition, 
droplet nuclei can remain suspended in the environment for extended 
periods, increasing the opportunity for people inhaling influenza 
virus. Low humidity can also cause dryness in the nose, throat, and 
respiratory tract, lowing immunity and making individuals more 
susceptible to virus attacks (31, 39–41). Moreover, the droplets 
expelled by an infected source combine with the moisture in the air 
under high relative humidity conditions, increasing the volume and 
weight of the droplets, which accelerates the rate of sedimentation and 
exposes the population to a higher risk of influenza virus transmission 
(31, 42).

TABLE 5 The cumulative extreme effects of meteorological variables on 
influenza cases of children by gender and age group.

Variables Groups

Relative risks (95%)

Cumulative 
extreme low 
effect (2.5%)

Cumulative 
extreme high 
effect (97.5%)

T mean

Total 4.23(2.67,6.70)* 1.10(0.52,2.36)

Male 4.38(2.71,7.06)* 1.28(0.59,2.78)

Female 4.02(2.46,6.57)* 0.89(0.39,2.03)

0–3 years 0.38(0.23,0.65)* 1.33(0.67,2.63)

4–6 years 2.47(1.45,4.20)* 0.71(0.30,1.65)

7–12 years 39.67(19.62,80.22)* 1.50(0.36,6.19)

13–17 years 4.29(1.93,9.56)* 0.87(0.18,4.07)

RH

Total 4.76(2.74,8.26)* 6.04(3.36,10.85)*

Male 4.74(2.66,8.45)* 5.73(3.11,10.57)*

Female 4.80(2.68,8.59)* 6.44(3.46,11.98)*

0–3 years 0.28(0.11,0.68)* 2.63(1.23,5.64)*

4–6 years 1.63(0.80,3.31) 4.53(2.31,8.88)*

7–12 years 23.32(12.49,43.57)* 11.18(4.95,25.26)*

13–17 years 4.13(1.68,10.13)* 4.92(1.99,12.20)*

Rainfall

Total / 70.21(17.75,277.67)*

Male / 71.64(17.64,290.91)*

Female / 67.58(15.76,289.77)*

0–3 years / 21.65(5.75,81.53)*

4–6 years / 55.10(13.29,228.54)*

7–12 years / 235.27(29.35,1886.12)*

13–17 years / 476.93(50.24,4527.93)*

SH

Total 0.43(0.23,0.79)* 0.27(0.10,0.72)*

Male 0.42(0.23,0.78)* 0.30(0.11,0.81)*

Female 0.44(0.23,0.85)* 0.23(0.08,0.66)*

0–3 years 0.64(0.37,1.11) 0.28(0.13,0.61)*

4–6 years 0.38(0.20,0.72)* 0.15(0.06,0.43)*

7–12 years 0.22(0.07,0.68)* 0.14(0.02,1.29)

13–17 years 0.29(0.09,0.93)* 0.26(0.03,2.05)

*The cumulative extreme effects of meteorological variables on influenza cases of children 
are significant at 95% confidence intervals. Since both the median and the 2.5th percentile of 
rainfall were 0, the cumulative extreme low effect could not be calculated. T mean, mean 
temperature; RH, mean relative humidity; Rainfall, aggregate rainfall; SH, sunshine hours.
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There is a lack of consensus regarding the relationship between 
rainfall and influenza incidence. Our research found that compared to 
the absence of precipitation, both precipitation levels below 550 mm 
and above 1,625 mm were associated with increased risk of influenza, 
while a precipitation range of 550–1,625 mm showed a protective effect. 
One possible explanation for this result is the limited number of rainy 
days and the wide range of rainfall (0–1,718 mm), which may impact 
the statistical precision and accuracy. This is one of the reasons for the 
different results compared to the previous study in Guangzhou (11). 
Tamerius et al. have shown that influenza activity was more likely to 
peak during rainy months (35). Similarly, two studies conducted in 
Hong Kong and Hangzhou, China, demonstrated a significant positive 
correlation between rainfall and influenza activity (43, 44). In contrast, 
Murray et al. found an inverse correlation between influenza activity 
and precipitation in Egypt (45). Besides, some studies did not find an 
association between rainfall and influenza (11, 46). In general, the 
impact of rainfall on influenza varies by region (47), suggesting that the 
effect of climate on influenza is the result of the interaction of multiple 
meteorological factors. The mechanism through which rainfall affects 
influenza is still unclear, but commonly proposed explanations are 
included: (1) High rainfall leads to reduced outdoor activities and 
increased indoor activities, resulting in poor air circulation and 
increased contact and exposure time (48). (2) Rainfall is usually 
accompanied by a decrease in solar radiation, which can lower body 
immunity by affecting vitamin D synthesis (49). (3) Moderate rainfall 
can play an important role in cleaning the air and reducing the 
concentration of influenza virus particles in the atmosphere (47).

There is limited literature available on the relationship between 
sunshine hours and influenza. Our study illustrated that a higher 
sunshine duration reduced the risk of influenza activity, which was 
consistent with a previous study conducted in the subtropical region 
(10). Soebiyanto et  al. showed that increasing solar radiation by 
16.4 W/m (2) could lead to a 4.5–27.2% decrease in influenza (47). As 
mentioned above, sunshine can enhance the synthesis of vitamin D and 
strengthen immunity (49). It has also been suggested by Sagripanti 
et al. that solar radiation can inactivate viruses in the environment (50). 
However, we also observed that even low sunshine duration presented 
a protective effect. The specific reasons and mechanisms behind this 
require further exploration. In addition, the lag effects of long and short 
sunshine hours on influenza only became statistically significant after 
a two-weeks lag, indicating that the impact of sunshine duration on 
influenza is chronic, delayed, and not immediate. Based on our 
findings, we  recommend that parents encourage their children to 
engage in more outdoor activities, and moderate sun exposure each 
day can help reduce the transmission of influenza virus.

Many studies have shown that multiple climatic factors can jointly 
affect the survival and transmission ability of the influenza virus (35, 
51, 52). The risk of seasonal influenza significantly rises in “cold-dry,” 
“hot-humid” and “humid-rainy” conditions (35, 52). Considering the 
substantial disparities in temperature, humidity, and rainfall between 
subtropical and temperate regions, this partly explains why subtropical 
areas like Guangzhou experience two epidemic peaks in wither and 
summer, whereas temperate regions have only one epidemic peak 
each year. As a consequence, our study suggested that reducing the 
incidence of influenza can be achieved by raising the temperature and 
humidity in winter, as well as implementing cooling and 
dehumidification measures in summer.

The relationship between meteorological factors and influenza 
was further explored by stratifying gender and age. No significant 

difference was observed between males and females. The impacts of 
cumulative extreme low temperature and low relative humidity on 
influenza among children aged 0–3 presented protective effects, while 
they showed risk effects in other age groups. Moreover, the 0–3 years 
group had the lowest RRs of cumulative extreme high relative 
humidity and rainfall, suggesting that the risk effect among children 
aged 0–3 was smaller than that of other age groups. Despite some 
slight variations in age categorization, this particular finding was not 
observed in a similar study conducted in Guangzhou in 2019 (11). 
This phenomenon can be  explained by the fact that preschoolers 
(0–3 years old) have fewer social channels and engage in fewer 
clustered activities. Extreme weather conditions further limit the 
range and duration of activity for preschoolers, thereby reducing their 
exposure to the influenza virus. In addition, infants aged 0–6 months 
carry maternal immune antibodies that effectively resist the invasion 
of the influenza virus. However, these maternal immune antibodies 
gradually disappear after 12 months, and the autoimmune barrier has 
not yet been well established, leaving infants susceptible to the 
influenza virus during this period. Meanwhile, the highest RRs of 
cumulative extreme effect of all meteorological factors (except 
sunshine hours) were observed in the 7–12 years group. Compared to 
middle school students (13–17 years old) who resided in boarding 
schools, most primary school students (7–12 years old) have to 
commute between school and home every day, increasing the 
likelihood of transmitting the influenza virus to classmates, adult 
family members, and other community members. Many studies have 
demonstrated that school closures during influenza outbreaks not 
only reduce influenza transmission within the school but also in the 
community (53, 54). Moreover, young children are more prone to 
poor hand hygiene, such as touching contaminated objects and then 
touching their nose, eyes, and mouth (55). These bad behaviors 
expedite the velocity and range of influenza transmission. As a 
consequence, greater attention should be given to the prevention of 
influenza among primary school students.

All in all, meteorological factors affect influenza transmission in 
three major ways: (1) By affecting virus viability and infectivity. (2) By 
influencing population contact opportunities. (3) By impacting the 
immunity of susceptible individuals. Influenza vaccination is the most 
effective approach to prevent influenza. The WHO recommends 
annual seasonal influenza vaccination for children aged 6 to 
59 months. However, the vaccination rate for the entire population in 
China is only about 2% (56). Promoting the influenza vaccine and 
increasing the vaccination rate remain fundamental and crucial tasks 
in preventing influenza. Our research suggests that cold-dry and 
wet-rainy conditions can facilitate the spread of influenza, and the 
maximum benefits of influenza vaccination can be obtained during 
these periods. Taking into account the climate conditions in 
Guangzhou and considering the immune response time, 
we recommend promoting the vaccination program in Guangzhou 
from April to May and October to November each year. Furthermore, 
our research findings also indicate that meteorological factors have the 
greatest impact on children aged 7–12. Therefore, priority should 
be given to vaccinating primary school students against influenza 
during the aforementioned periods.

This study has several limitations. First, some potentially 
influential factors have not been controlled, such as host susceptibility, 
vaccination, socioeconomic level, air pollutants, and health policies. 
Particularly, we  have to consider the impact of the COVID-19 
epidemic on influenza, which was the primary reason why the results 
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differed from previous studies. Second, we only explored the effect of 
a single meteorological factor on influenza. Further research is needed 
to explore the interaction between meteorological factors and their 
combined impact on influenza. Third, meteorological data were 
measured outdoors, while children spend most of their time indoors. 
This discrepancy in temperature and humidity between indoor and 
outdoor environments may have influenced the results. Fourth, only 
the data from Guangzhou, China, were analyzed, so the conclusions 
cannot stand for other cities and are difficult to extrapolate. Finally, 
due to the short study period, we were unable to reveal the long-term 
trends of influenza in the post-COVID-19 era.

However, the ongoing COVID-19 pandemic has shifted attention 
away from influenza in recent years. Our study provides a timely 
contribution to the existing research on the relationship between 
meteorological factors and influenza during the COVID-19 epidemic. 
Compared to the previous study conducted in Guangzhou, our 
research complemented the correlations between precipitation and 
sunshine duration with influenza, providing valuable references for 
the future development of influenza prevention and control policies 
in Guangzhou. Furthermore, our results can offer scientific guidance 
for predicting the peak of the influenza epidemic, determining the 
optimal timing of vaccination, and developing non-pharmaceutical 
intervention strategies for influenza.

5 Conclusion

We identified a significant nonlinear correlation between multiple 
meteorological factors and the incidence influenza incidence among 
children in Guangzhou, with lag effects taken into account. 
Accordingly, temperature, relative humidity, rainfall, and sunshine 
hours can be used as important predictors of influenza in children to 
improve the early warning system of influenza. Low temperatures, 
both high and low relative humidity, and high rainfall contribute to 
the transmission of influenza. Both long and short sunshine hours can 
reduce the incidence of influenza. Extreme weather reduces the risk 
of influenza in the age group of 0–3 years, but significantly increases 
the risk for those aged 7–12 years. Influenza vaccine was encouraged 
to promoted in April–May and October–November in Guangzhou, 
with primary school students receiving priority access to the influenza 
vaccine during these periods.
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