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Abstract 

Background Increasingly intense weather anomalies associated with interannual climate variability patterns, 
like El Niño-southern oscillation (ENSO), could exacerbate the occurrence and transmission of infectious diseases. 
However, research in China remains limited in understanding the impacts and intermediate weather changes 
of ENSO on bacillary dysentery (BD). This study aimed to reveal the relationship between ENSO, weather conditions, 
and the incidence of BD, and to identify the potential meteorological pathways moderated by ENSO in the ENSO-BD 
connections.

Methods BD disease data and meteorological data, as well as ENSO index, from 2005 to 2020 were obtained 
for 95 cities in the Yangtze River Basin. We first established the associations between ENSO events and BD, ENSO 
and weather, as well as weather and BDs using two-stage statistical models. Then, we applied a causal mediation 
analysis to identify the specific meteorological changes in the ENSO-BD relationship.

Results In the Yangtze River Basin, both El Niño (IRR: 1.06, 95%CI: 1.04 ~ 1.08) and La Niña (IRR: 1.03, 95%CI: 1.02 ~ 1.05) 
events were found to increase the risk of BD. Variations of ENSO index were associated with changes in local weather 
conditions. Both the increases in regional temperatures and rainfall were associated with a higher risk of BD. In 
the casual mediation analyses, we identified that higher temperatures and excessive rainfall associated with La Niña 
and El Niño events mediated the ENSO’s effect on BD, with mediation proportions of 38.58% and 34.97%, respectively.

Conclusions Long-term climate variability, like ENSO, can affect regional weather conditions and lead to an increased 
risk of BD. We identified the mediating weather patterns in the relationship between ENSO and BD, which could 
improve targeted health interventions and establish an advanced early warning system in response to the BD 
epidemic.
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Background
The increasing trends in rising temperatures and intensi-
fied hydrological events due to climate change pose great 
threat to human health [1]. In particular, these changes 
in climate variability and shifts in weather conditions at 
different time scales can alter the natural environments, 
ecosystems, and social vulnerability, which could affect 
the probability of a range of disease outbreaks [2]. With 
its climate diversity and huge population, China is espei-
cially  vulnerable to climate change and is projected to 
suffer more adverse health impacts, thereby undermin-
ing its progress in reducing the burden of infectious dis-
eases [3]. Yet, despite intensive research into relationship 
between infectious diseases and certain meteorological 
factors, it  is still challenging to study the impacts of cli-
mate variability from a long-term perspective [4].

As a major driver of global interannual climate vari-
ability, the El Niño-southern oscillation (ENSO) phe-
nomenon is characterized by periodic fluctuations of 
sea surface temperatures (SSTs) and atmospheric condi-
tions in the central equatorial Pacific Ocean. The periodic 
swing in SSTs anomalies between positive to negative 
extremes leads to two anomalous conditions known as 
El Niño (warm) and La Niña (cold) events, and the cycle 
often lasts over 2–7  years. The circulation of SSTs and 
ENSO events is often accompanied by extremes in local 
weather patterns such as temperatures, monsoons, and 
precipitation across the globe [5]. Although ENSO is 
originated from the central Pacific Ocean, it has far-
reaching consequences around the world. ENSO has pro-
found impacts on global climate and weather anomaly 
patterns, often defining major peaks in spatial and tem-
poral dimensions of extreme weather conditions, espe-
cially for those places that are tele-connected to ENSO 
like South America, East Asia and Africa [6]. Because of 
the dominant position of the global climate phenomenon 
affecting meteorological conditions, ENSO is viewed as a 
natural experiment to observe the impacts of large-scale 
climate variability on myriad subjects, such as agricul-
tural production [7], economic output [8], social stability 
[9], and human health [10].

The adverse impacts of ENSO on human health have 
been widely studied, among which the infectious dis-
eases are paticularly important because nearly two-
thirds of them are climate-sensitive [11]. The regional 
surges in weather anomalies following ENSO events 
can affect the pathogens, route of transmission, and 
hosts through various ways, which could drive the 
occurrence and exacerbate the spread of infectious dis-
eases [12]. Moreover, given that  ENSO conditions  can 
be predicted months in advance  through climate fore-
casting [13], it would be meaningful to directly link 

ENSO with a range of infectious diseases. Therefore, 
it  is necessary to develop an improved understanding 
of the impacts of ENSO on infectious diseases for opti-
mized preparedness in disease forecast and prevention.

Although several studies have linked ENSO to infec-
tious diseases including dengue fever [14], malaria 
[15], and diarrhea [16], most have focused on a single 
region or one ENSO phase, resulting in inconsistent 
findings. In Bangladesh [16], they found positive asso-
ciations between cholera and El Niño-related regional 
temperature anomalies, while studies in Nepal [17] 
and Botswana [18] found that La Niña-related weather 
anomalies may drive an increase in local rainfall, thus 
promoting the incidence of diarrhea  in children under 
five. These findings indicated a complex relationship 
between ENSO variability and disease transmission, 
as the associations will be mediated by local weather 
pathways that are spatially distinct in different ENSO 
teleconnected places. In China, evidence of the effect of 
ENSO on noteworthy infectious diseases such as infec-
tious diarrhea still remain limited [19], with only one 
empirical study exploring ENSO-diarrhea relationship 
in Shandong province, which failed to demonstrate 
the local weather changes moderated by ENSO [20]. 
In exploring the impacts of ENSO on infectious dis-
eases, identifying such potential intermediate weather 
patterns would help the public services to implement 
more practical and targeted measures for disease 
interventions.

To address the knowledge gap in current research, we 
investigated how ENSO-moderated weather changes 
are associated with bacillary dysentery. Bacillary dysen-
tery (BD) is a type of acute infectious diarrhea, which to 
date remains a serious public health burden in China, 
ranking as the third most reported infectious disease 
[21]. As one of the climate-sensitive infectious diseases, 
BD is mainly transmitted through food, water, and 
person-to-person contact, which are highly affected by 
meteorological factors [22]. Since the evidence of cli-
mate teleconnection with ENSO was well-documented, 
we conducted a regional study in the Yangtze River 
Basin, China, where ENSO variability often resulted in 
changes in terms of temperature and rainfall anomalies 
[23]. In addition, the Yangtze River Basin has the high-
est prevalence of BD, accounting for nearly one-third of 
the annual reported cases in the country [24]. In this 
study, we aimed to establish the associations between 
ENSO-BD, ENSO and weather, and weather conditions 
and BD through a long-term dataset. We also aimed 
to identify the intermediate weather pathways in the 
ENSO- BD associations through causal mediation anal-
ysis, to improve the ability to predict and control diar-
rhea risk under future climate change.
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Methods
Study area
The Yangtze River Basin is one of the most populated 
regions in China, home to more than one-third of the 
nation’s population [25]. With a multi-tier terrain and 
influenced by the summer monsoon, the Yangtze River 
Basin has complex climate conditions, as most of the 
basin is located in subtropical and temperate climate 
zones, resulting in a hot and humid summer and a cold 
and dry winter [23]. Based on its varied geomorphology, 
the Yangtze River Basin is usually divided into the Upper, 
Middle and Lower reaches (separated by the city of 
Yichang). The Upper reaches of the Yangtze River Basin 
are located in a cold and dry high-altitude area, governed 
by a semi-arid and semi-humid climate, while the Middle 
and Lower reaches are dominated by plains  with warm 
and humid climates. There exited significant differences 
in social conditions between the Upper reaches and the 
Middle and Lower reaches [26]. The risk of the disease 
depends not simply on meteorological conditions, but 
also the underlying social and ecological contexts [21]. 
As a result, we divided the area into Upper, Middle and 
Lower reaches based on geographic differences in order 
to further control the social and ecological factors. 
Under the guideline of spatial statistic trinity [27], we 

additionally quantified the spatial characteristics of BD 
in those different reaches. We selected a total of 95 pre-
fecture-level cities (including 2 municipalities) within the 
Yangtze River Basin in this study, with 39 located in the 
Upper reaches and 56 in the Middle and Lower reaches 
(Fig. 1).

Data collection
The time-series monthly Niño 3.4 index data were 
obtained from the National Oceanic and Atmospheric 
Administration of the United States (http:// www. cpc. 
ncep. noaa. gov/), representing a three-month running 
mean of sea surface temperatures in the equatorial Pacific 
(5°N–5°S, 170–120°W) [28]. According to the Identi-
fication method for El Niño/ La Niña events issued by 
the  China Meteorological Administration [29], ENSO 
events were classified based on Niño 3.4 SST anomalies, 
for El Niño events (warm events) were defined as Niño 
3.4 index above 0.5 K for five consecutive months, and La 
Niña events (cold events) were defined as Niño 3.4 index 
below -0.5  K for five consecutive months. We obtained 
and verified county-level BD individual case data, includ-
ing age, diagnostic date, and the administrative code of 
the corresponding county from the China National Notifi-
able Disease Surveillance System (NDSS). BD is one of the 

Fig. 1 Map of study area in the Yangtze River Basin, China

http://www.cpc.ncep.noaa.gov/
http://www.cpc.ncep.noaa.gov/
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legally mandated category B notifiable diseases. According 
to the China’s national communicable disease control act, 
all health and sanitation facilities are required to report 
BD cases through the  NDSS. The NDSS has been effec-
tively established and in use since January 2004 [30]. The 
diagnostic and classification criteria of BD was according 
to the Chinese diagnostic criteria for infectious diarrhea, 
the management standards and principles of dysentery 
issued by the Ministry of Health of the People’s Repub-
lic China [31]. We then aggregated the data into monthly 
time-series BD cases by city for the following analyses. 
The annual city’s average population was obtained from 
the  China Statistical Yearbook (http:// www. stats. gov. cn/ 
tjsj/ ndsj) during study period to allow for comparability. 
The meteorological data including daily maximum tem-
perature, relative humidity, and precipitation during the 
study period were obtained from the fifth generation of the 
European Re-Analysis (ERA5) dataset [32]. We extracted 
the 0.25*0.25 degrees resolution of grid weather data and 
matched them with the corresponding cities by longitude 
and latitude. Then, we aggregated them to monthly time-
series data from January 2005 to December 2020.

Data analysis
Under the guidelines of the SST, first, we measured the 
spatial stratified heterogeneity of BD in the Yangtze River 
Basin by applying a Geo-Detector method. Geodetector 
is an advance statistical method to detect spatial strati-
fied heterogeneity and reveal the driving factors behind it 
[33]. Q-statistic in Geo-detector has already been applied 
in many fields of natural and social sciences to measure 
spatial stratified heterogeneity [34]. The q-statistic is a 
monotonic function of the strength of the spatial strati-
fied heterogeneity [35]. The result is listed in Additional 
File 1, Table S1. Geographically, we observed an apparent 
spatial stratified heterogeneity of BD cases in the Yang-
tze River Basin, with q-statistic value of 0.24. The results 
indicated that both rainfall and temperature played a 
dominant role in the spatial heterogeneity of the disease.

Association analysis
We used a two-stage statistical model for the associa-
tion analysis to quantify the city-level relationship, and 
then the pooled associations were obtained at regional 
and sub-regional levels by meta-analysis. The association 
model formulations are described below.

Firstly, to estimate the association between the ENSO-
BD relationship in the Yangtze River Basin, we used a 
generalized linear model with quasi-Poisson distribution 
following previous research [36],

(1)log E[Yit ] ∼ β0 + bi + β1ENSOit + β2TEMit + β3RHUit + β4PREit + β5Seasonit + ns
(

timeit |df
)

+ log POPit ,

where Yit stands for monthly counts of BD cases in city 
i during month t. The ENSOit refers to categorical vari-
able indicating different ENSO phases (0 for ENSO-nor-
mal phase as reference) occurred in city i during month 
t. The weather conditions were controlled in linear terms 
for TEM as monthly maximum temperature, PRE as 
monthly precipitation, and RHU as monthly mean rela-
tive humidity in the corresponding month and city in 
the model. Season was a four-level categorical variable 
(Winter, Spring, Summer, Fall) categorized by different 
seasons (December – February, March – May, June – 
August, September—November). As for the long-term 
trend  analysis, we applied a natural cubic spline for 
month numbers, with 16 degrees of freedom accounting 
for 16 years of study period based on previous research 
[36]. We also used an offset POPit in the model to con-
trol the differences in each city’s population. The bi was 
used as a random intercept to account for city baseline 
risks. The cumulative 0–3 lag effects were estimated sep-
arately for each ENSO event and reported as incidence 
rate ratios (IRR) with 95% confidence intervals (95%CI).

Secondly, we used grid-level monthly total precipi-
tation data and the Niño 3.4 index to identify the tel-
econnection between ENSO and local weather [37]. 
Correlations were estimated within each grid cell for 
different seasons. The area in the  Yangtze River Basin 
was tele-connected to ENSO when the gridded precipi-
tation in month t is significantly correlated with Niño 
3.4 index of the season at the  second month lag (lag 
t-2 month).Then, We assessed seasonal associations 
between Niño 3.4 index and regional monthly rainfall, 
monthly maximum temperature based on linear regres-
sion with gaussian distribution (Model 2). Following 
the previous literature, we used Niño 3.4 index to pre-
dict the seasonal changes of rainfall and temperature, 
as well as the lagged effect of ENSO index [38]. The 
results were calculated by separate models stratified by 
four seasons, using lagged 0–12 months Niño 3.4 index

Thirdly, we applied a generalized linear model with 
quasi-Poisson distribution at monthly timescale to 
establish the associations between rainfall, temperature 
and BD. We calculated a long-term monthly average 
data for each calendar month specific to each city based 
on a 30-year period (1991–2020). Then, we calculated 
the monthly weather anomalies as deviations in given 
city from the long-term average data for corresponding 
month of the year. The weather events were then cat-
egorized into five groups based on the given anomalies, 

(2)E[Yit ] ∼ α + β1Ni noit + β2Season+ ∈

http://www.stats.gov.cn/tjsj/ndsj
http://www.stats.gov.cn/tjsj/ndsj
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which above or below the corresponding percentile of 
each city throughout the study period following previ-
ous researches [17]. Event types were specified as 5 cat-
egories: a) the normal weather event was a month when 
the anomalies between the 33rd and 67th percentile 
and was used as reference in the model; b) an abnor-
mally weather event was a month when the anoma-
lies was higher (or lower) than 90th (10th) percentile; 
and  c) the cold/warm (dry/wet) event was a month 
when the anomalies was between 10th to 33rd and 67th 
to 90th percentile. Then, we modeled

where all the variable parameters were defined the same 
as Model 1 before. While Anomalyit was the categori-
cal variable refers to different weather events (0 for the 
normal event as reference), which categorized differ-
ent weather anomaly in city i at month t. The model was 
adjusted by weatherit , representing either temperature or 
rainfall based on the corresponding weather event.

We further explored the exposure–response rela-
tionship between temperature, rainfall, and incidence 
of BD at daily timescale by using a generalized linear 
model combined with a distributed lag nonlinear model 
(DLNM) [39]. We modeled

where Yit refers to the daily counts of BD cases on day t in 
city i. Daily maximum temperature was included using a 
cross-basis natural cubic spline function (df = 3) for both 
the response and lag dimensions. Daily total precipitation 
was also applied using the same cross-basis natural cubic 
spline function for  both the response and lag dimen-
sions. A lag  period of 0–28  days was chosen to capture 
the delayed effect of weather variables on BD with an 
average lag period of 1 month [40]. Daily relative humid-
ity rhuit was included in the model as a  potential con-
founder. We modeled both the exposure–response and 
lag-response relationship using natural cubic splines with 
equally spaced knots and three degrees of freedom cho-
sen from lowest value of the minimum quasi-AIC (akaike 
information criterion) [41]. A natural cubic spline ns() 
with 7 degree of freedom per year for time was accounted 
for seasonality and long-term trends [42]. We addition-
ally included a first-order lagged residual term rest−1 to 
control for auto-correlation.

Causal mediation analysis
Based on the previous association analyses, we con-
ducted a mediation analysis of the ENSO-BD relationship 

(3)log E[Yit ] ∼ β0 + bi + β1Anomalyit + β2weatherit + β3seasonit + ns
(

timeit |df
)

+ log POPit ,

(4)log E[Yit ] ∼ α + cb(temit)+ cb(preit)+ ns(rhuit , 3)+ ns
(

time, 7per year
)

+rest−1,

mediated by weather conditions to explore the potential 
effect modification. Based on the mediation method pro-
posed by Preacher and Hayes [43], we used the regres-
sion-based method for binary independent variables to 
estimate ENSO-BD relationship mediated by tempera-
ture and rainfall [44]. The model-based causal mediation 
analysis was conducted in two steps. First, we mod-
eled generalized linear regressions to estimate the total 
effect, the average causal mediation effects (ACME), and 
the average direct effects (ADE) separately for each mete-
orological mediator. The mediation proportion can be 

calculated as the ratio of ACME and ADE. Then, the ratio 
of these estimates interpreted as proportion mediated 
was calculated to quantify the magnitude of mediation 
effect for each weather mediator. The mediation analy-
sis was conducted using a bootstrapping approach (1000 
samples) [45]. We performed our mediation analysis by 
using “mediation” package in R software [46].

Sensitivity analysis
In our study, the following sensitivity analyses were 
applied to validate the chosen parameters: (1) changing 
the maximum number of lag months (0, 1, 2, 3) for the 

effect of ENSO on BD, (2) changing the degrees of free-
dom (14–16) for the time effect, and  (3) changing the 
df (3–5) for each meteorological factors in the  DLNM 
model. In order to test the stability of ENSO index in the 
study, we also performed sensitivity analyses by replacing 
ENSO indices Niño 3.4 into Niño 3 and Niño 4. Results 
of these analyses are shown in the Additional file Tables 
S2 and Figure S9- S10.

All the statistical analyses were performed in Arc-
GIS 10.2 and R software 4.2.1 (R Foundation for Statis-
tical Computing), with packages ‘splines’ (version 4.1) 
[47], ‘tsModel’ (version 0.4) [48], ‘dlnm’ (version 2.4.6) 
[49], ‘mediation’ (version 4.5.0) [46] and ‘mvmeta’ (ver-
sion 1.0.3) [50]. The statistical tests were two-sided, and 
effects of P < 0.05 were considered statistically significant.

Results
Descriptive analysis
During the study period, a total of 1,037,150 BD cases 
were reported from 95 cities in the Yangtze River Basin, 
accounting for 30.2% of all reported BD cases in the 
country. Table  1 describes the statistics of the reported 
BD cases. There were more BD cases in the Middle and 
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lower reaches (547,753; 52.8%) than in the Upper reaches 
(489,397; 47.2%), and the highest prevalence age group 
was adults aged 18 to 59-year-old (455,075; 43.8%). In 
terms of seasonality, 36.7% (381,426) of BD were reported 
in summer and 28.7% (297,326) were reported in fall. The 
incidence of bacillary dysentery is higher in the western 
cities in the upper reaches than cities in the middle and 
lower reaches (Figure S1b). There was a similar pattern 
of BD and temperature as well as rainfall, with the cases 
peaking in summer when the highest temperature and 
rainfall were recorded throughout the year (Figure S1). 
On average, monthly rainfall was higher in the entire 
Yangtze River Basin during the El Niño phase compared 
to normal and La Niña phase (Table 2). We also observed 
that the average monthly maximum temperature with 

La Niña phase is higher than El Niño and normal phase 
in spring and summer, though remaining lower than El 
Niño phase in the winter. 

Effect of ENSO events on bacillary dysentery
Figure  2 presents the estimated incidence rate ratios 
of different ENSO events on BD in the Yangtze River 
Basin. Overall, ENSO events were associated with more 
BD cases. Compared with normal months, both El Niño 
(IRR: 1.06, 95%CI: 1.04 ~ 1.09) and La Niña events (IRR: 
1.03, 95%CI: 1.02 ~ 1.05) were significantly associated 
with BD incidence in the Yangtze River Basin. Region-
specific results showed that the Middle and lower reaches 
of the Yangtze River Basin were likely to suffer more neg-
ative influence from El Niño events, with a higher inci-
dence rate ratio (IRR: 1.08, 95%CI: 1.06 ~ 1.11) than in the 
Upper reaches (IRR: 1.03, 95%CI: 1.00 ~ 1.06). We found 
no significant association between La Niña event and 
BD incidence in the Upper reaches (IRR: 1.01, 95%CI: 
0.99 ~ 1.03), in contrast with the Middle and lower 
reaches (IRR: 1.05, 95%CI: 1.03 ~ 1.07).

Association between Niño 3.4 index and temperature, 
rainfall
ENSO variability can significantly affect regional cli-
mate conditions across different seasons in the Yangtze 
River Basin. We found a significant positive correlation 
between the Niño 3.4 index and monthly total rainfall 
in the majority area of the Middle and lower reaches of 
the Yangtze River Basin during summer and winter (Fig-
ure S2). Further seasonal regression analysis unveiled 
significant associations among rainfall, temperature, 
and the Niño 3.4 index across different seasons at differ-
ent time lags. In the entire Yangtze River Basin, Niño 3.4 
index had a positive association with rainfall throughout 
the year and was significantly associated with rainfall in 
summer and winter at a 2–5 months lag and 0–7 months 
lag, respectively (Fig. 3a). The results indicated that the El 

Table 1 Distribution of BD cases in Yangtze River basin during 
2005–2020

Characteristic Yangtze River 
basin (95 
cities)

Upper 
reaches (39 
cities)

Middle and lower 
reaches (56 cities)

Total Cases (n, %) 1,037,150 489,397 547,753

Age

  ≤ 5 364,843(35.2) 179,979(36.8) 184,864(33.8)

 6–17 116,365(11.2) 58,120 (11.9) 58,245(10.6)

 18–59 455,075(43.9) 206,337(42.1) 248,738(45.4)

  ≥ 60 100,867(9.7) 44,961(9.2) 55,906(10.2)

Season

 Spring 226,156(21.8) 116,208(23.8) 109,948(20.1)

 Summer 381,426(36.7) 177,489(36.3) 203,937(37.2)

 Fall 297,327(28.7) 130,497(26.6) 166,830(30.5)

 Winter 132,241(12.8) 65,203(13.3) 67,038(12.2)

ENSO phase

 Normal 540,547(52.1) 253,349(51.8) 287,198(52.4)

 El Niño 137,704(13.3) 68,352(14.0) 69,352(12.7)

 La Niña 358,899(34.6) 167,696(34.2) 191,203(34.9)

Table 2 Meteorological conditions in Yangtze River basin during 2005–2020, stratified by different ENSO phases and season

SD standard deviation, Tmax maximum temperature.

Monthly weather mean 
(SD)

Year round Spring Summer Fall Winter

Tmax (℃)

 Normal 20.1 (8.4) 21.0 (5.1) 29.1 (4.0) 21.5 (5.5) 9.6 (3.4)

 El Niño 19.6 (8.5) 20.2 (4.8) 29.2 (4.1) 19.2 (5.8) 9.9 (3.3)

 La Niña 20.4 (8.2) 21.4 (5.2) 29.9 (4.2) 21.3 (5.2) 9.3 (3.7)

Rainfall (mm)

 Normal 117.1 (97.8) 134.6 (90.9) 198.4 (107.1) 88.0 (64.2) 48.3 (45.3)

 El Niño 129.5 (104.8) 135.3 (94.6) 208.8 (115.2) 102.9 (62.4) 59.8(56.9)

 La Niña 100.2 (80.4) 112.8 (75.4) 182.7 (90.4) 74.4 (49.6) 43.6 (38.3)
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Niño-like (warmer) Niño 3.4 index was associated with 
higher regional rainfall. During summer, a 1  K increase 
of Niño 3.4 index was significantly associated with a 
49.5  mm (95%CI: 12.2 ~ 86.9  mm) increase in rainfall 
at 2-month lag. As in winter, a 1 K increase of Niño 3.4 
index led to a 19.8 mm (95%CI: 6.0 ~ 33.5 mm) increase 
in rainfall at a 7-month lag. Likewise, we found that 
Niño 3.4 index was significantly associated with aver-
age maximum temperature during summer and win-
ter at 0–4  months lag and 0–8  months lag, respectively 
(Fig.  3b). Specifically, the La Niña-like (cooler) Niño 
3.4 index was associated with higher regional tempera-
tures in summer, while the El Niño-like (warmer) Niño 
3.4 index was associated with higher regional tempera-
tures in fall and winter. A 1 K increase in Niño 3.4 index 
resulted in 0.74 °C (95%CI: -1.3 ~ -0.2 °C) decrease in 
temperature at 0-month lag during summer. During win-
ter, a 1 K increase in the Niño 3.4 index led to a 1.50 oC 
(95%CI: 0.7 ~ 2.3 °C) increase at a 7-month lag.

Fig. 2 The incidence rate ratios (IRR) and 95% confidence intervals 
(CI) for the association between ENSO events and BD stratified 
by different regions

Fig. 3 Associations between Niño 3.4 SST anomalies and a regional rainfall (mm), b maximum temperature (°C) in the Yangtze River basin 
by different season from 2005 to 2020. Note: The y-axis represents Beta coefficients that when change in 1 K (unit) in Niño 3.4 SST anomalies, 
the corresponding changes in the outcome (in millimeters for rainfall, degrees of Celsius for temperature)
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Region-stratified analyses suggest similar pat-
terns in different reaches of the Yangtze River Basin. 
In the Upper reaches (Figure S3), Niño 3.4 index 
was positively associated with rainfall during spring 
(7–10 months lag), summer (3–4 months lag) and win-
ter (9–12  months lag). Similarly, a significant positive 
association was observed during spring (0-month lag), 
summer (2–4 months lag), and winter (0–7 months lag) 
in the Middle and lower reaches (Figure S4). Moreo-
ver, the regional temperature was negatively associated 
with Niño 3.4 index during spring (0–1 months lag) and 
summer in the Middle and lower reaches (0–5 months 
lag) (Figure S5). The significant positive association 
between temperature and Niño 3.4 index was found 
during fall at 5–6  months lag in the Upper reaches 
(Figure S5) and during winter at 0–8 months lag in the 
Middle and lower reaches (Figure S6).

Relationships between temperature, rainfall and bacillary 
dysentery
Both rainfall and temperature anomalies were associ-
ated with the burden of BD in the Yangtze River Basin 
at a monthly scale (Table 3). In comparison to the nor-
mal conditions, wetter than normal conditions were 
associated with 10.2% (IRR: 1.10, 95%CI: 1.06 ~ 1.13) 
increase in BD, and abnormally wet conditions were 
associated with 14.9% (IRR: 1.14, 95%CI: 1.10 ~ 1.18) 
increase in incidence of BD. Conversely, we found 
abnormally dry condition had protective effect on BD 
incidence (IRR: 0.91, 95%CI: 0.89 ~ 0.93). Additionally, 
warmer-than-normal and abnormally hot conditions 
were associated with 5.6% (IRR = 1.05, 95%CI: 1.03–
1.08) and 6.2% (IRR: 1.06, 95%CI: 1.02 ~ 1.09) increase 
in incidence of BD respectively. While the abnormally 
cold conditions were associated with 11.2% (IRR: 0.88, 
95%CI: 0.85 ~ 0.91) reduction in incidence of BD. 
Region-stratified results showed similar patterns in dif-
ferent reaches, but we found no significant association 
for abnormally hot conditions with BD in the Upper 
reaches.

Pooled estimates of expose-response relationship 
between daily maximum temperature, daily total rainfall 
and BD in the Yangtze River Basin are shown in Fig.  4. 
We found that daily temperature was significantly asso-
ciated with an increased risk of BD with an approximate 
linear trend. Furthermore, the pooled result of daily total 
rainfall on BD was an inverted U-shape curve. The risk 
of BD increased with increasing rainfall, but gradually 
decreased to non-significant when rainfall exceeded to a 
high level. The region-stratified analysis showed similar 
patterns of the association between BD and daily temper-
ature, daily rainfall.

Results of causal mediation analysis
We further conducted the mediation analysis to exam-
ine the role of rainfall and temperature in the associa-
tion between different ENSO events and the incidence 
of BD (Fig.  5, Table  S3). In mediation analyses for the 
effect of El Niño events on BD considering rainfall, the 
estimated natural direct effect derived from the model 
was 1.06 (95%CI: 1.00 ~ 1.15), while the natural indi-
rect effect was 1.03 (95%CI: 1.01 ~ 1.08). The mediation 
proportion was up to 34.97% (p < 0.001), meaning that 
increased regional rainfall following the warmer ENSO 
conditions served as a mediating factor in the asso-
ciations between El Niño events and BD. Similarly, we 
found that heightened regional temperature following 
cooler ENSO conditions mediated in the associations 
between La Niña events and BD. The estimated natural 
direct effect was 1.04 (95%CI: 1.01 ~ 1.08) and the nat-
ural indirect effect was 1.03 (95%CI: 1.01 ~ 1.06), with 
the proportion of mediation was 38.58% (p < 0.05). We 
also ovserved a a negative mediation proportion when 
rainfall was mediated between La Niña and bacillary 
dysentery (− 12.63%), though the result was not statisti-
cally significant.

Table 3 Incidence rate ratios (IRR) with 95% confidence intervals 
(CI) of bacillary dysentery associated with weather anomaly in 
Yangtze River Basin by different reaches

Weather anomaly Cumulative IRR with 95%CI

Yangtze River 
basin

Upper reaches Middle 
and lower 
reaches

Rainfall anomaly

 Normal Ref Ref Ref

 Abnormally dry 0.91
(0.89,0.93)

0.95
(0.91,0.99)

0.88
(0.86,0.90)

 Dry 0.99
(0.97,1.01)

1.00
(0.96,1.03)

0.98
(0.96,1.01)

 Wet 1.10
(1.06,1.13)

1.12
(1.08,1.16)

1.08
(1.03,1.14)

 Abnormally wet 1.14
(1.10,1.18)

1.16
(1.11,1.20)

1.14
(1.09,1.20)

Temperature anomaly

 Normal Ref Ref Ref

 Abnormally cold 0.88
(0.85,0.91)

0.85
(0.80,0.90)

0.90
(0.86,0.94)

 Cold 1.02
(0.99,1.04)

1.04
(0.99,1.09)

1.00
(0.97,1.03)

 Warm 1.05
(1.03,1.08)

1.04
(1.01,1.07)

1.07
(1.02,1.11)

 Abnormally hot 1.06
(1.02,1.09)

1.02
(0.98,1.06)

1.11
(1.06,1.16)
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Results of sensitivity analysis
In sensitivity analyses of time lags for ENSO events, we 
found there was a similar decresing trend between ENSO 
and BD. The strongest effect was observed within the 
current month (Table  S2). The effect of El Niño event 

tends to last longer for significant association can be 
observed up to 2-month lag. While for the La Niña event, 
we found a significant decrease in the incidence of BD 
in the 3-month lag. Moreover, we performed sensitiv-
ity analyses by replacing the Niño 3.4 index with Niño 3 

Fig. 4 Pooled estimates of relative risks (RR) with 95% confidence interval (CI) of a daily max temperature (°C), b daily precipitation (mm) 
on bacillary dysentery for different reaches in Yangtze River basin. Reference: 50th percentile for temperature and 0 mm for precipitation

Fig. 5 Schematic graphs of the mediation role and effect of different weather changes between the relationship of ENSO extreme events 
and bacillary dysentery in El-Niño (a) and La- Niña (b) conditions. Note: The solid arrows indicate the direct effect of ENSO event on bacillary 
dysentery, and the dashed arrows indicate the indirect effect of ENSO on bacillary dysentery that is attributable to rainfall and temperature. The 
models were mutually adjusted for each weather condition. Abbreviations: RR, rate ratios; CI, confidence interval
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and Niño 4 index to examined the relationship between 
ENSO variability and local weather conditions. Results 
are shown in Supplementary Figs. S7 and S8, and these 
results using different ENSO index remained consistent 
to the results from using Niño 3.4 index. To justify the 
parameters we used in the models, we altered the df for 
the exposure space of temperature and rainfall, the df 
for the time trend. The pooled estimates of the temper-
ature-BD, rainfall-BD association remained similar (Fig-
ure S9-S10). This suggests that the model was robust and 
insensitive to the parameters.

Discussion
To the best of our knowledge, this is the first study to 
explore how ENSO influences the spread of bacillary 
dysentery in the Yangtze River Basin by affecting local 
weather patterns. The results of this study indicate that 
long-term climate variability ENSO was an important 
driver of BD, for a positive association with BD was found 
for both El Niño and La Niña events in the Yangtze River 
Basin. Moreover, we identified the potential exposure 
pathways for BD and the impact of weather conditions 
moderated by ENSO through mediation analyses, show-
ing that BD risk was positively associated with increased 
regional rainfall caused by El Niño and increased regional 
temperature caused by La Niña.

Despite evidence in China remains limited, previ-
ous studies only focused on partial ENSO variability in 
a single region, with findings marked with uncertainty. 
In study conducted by Zhang et  al. [20], SOI index was 
found negatively associated with BD in Shandong prov-
ince. Studies conducted in Peru [51] and Nepal [17] also 
indicated that either El Niño or La Niña event can result 
in an increase in diarrhea. In contrast to these findings, 
our study demonstrated that both ENSO events can lead 
to an increase risk of BD. This may be due to the broad 
impact of ENSO variability on the climate conditions 
in the Yangtze River Basin, where both ENSO extremes 
were associated with anomaly weather [23]. Further 
regional stratified analysis showed that the impacts of 
ENSO variability on BD in the Middle and lower reaches 
of Yangtze River Basin was larger than that in the Upper 
reaches, where no significant association was found 
in latter for La Niña event. The divergence in the two 
reaches may reflect differences in climate-related expo-
sure pathways from different ENSO events due to the 
weather sensitivity. Our findings provide empirical evi-
dence of health deterioration from long-term climate 
variability, and underscore the importance of considering 
local weather teleconnections in exploring the impacts of 
ENSO.

Yangtze River Basin has been widely recognized as one 
of the ENSO tele-connected regions, and existing studies 

have found ENSO holds a significant impact on weather 
patterns such as temperature and precipitation anomalies 
[52]. Generally, we found variations in precipitation and 
temperature over the Yangtze River Basin were associated 
with SST anomalies but with different characteristics in 
different seasons. For example, we found SST anomalies 
was negatively associated with higher maximum tem-
perature in spring and summer but positively associated 
in winter. The finding was in line with Tian et  al. [53] 
which emphasized that in most of the river basin, tem-
perature was negatively correlated with SST anomalies in 
summer. However, this relationship between ENSO and 
temperature is not stable for Xie et al. [54] noted that in 
summer, El Niño can lead to above-normal hot days in 
the southern part of the Yangtze River Basin. These find-
ings suggested a complex underlying mechanism ENSO 
and regional temperature, which further study should 
focus on. Compared to temperature, the covariation of 
monthly rainfall with SST was more homogeneous in 
different seasons, for we found SST anomalies were posi-
tively associated with regional excessive rainfall in sum-
mer and winter, which was consistent with Jesse et  al. 
[37] who found that Niño 3.4 index was positively cor-
related with monthly rainfall in southern China. Similar 
findings indicated that El Niño strongly intensified rain-
fall anomalies during June–August (JJA) and December-
February (DJF) in the south and south-eastern part of 
China [55], and the flood disasters that occurred in the 
basin can be attributed to this [52]. With more frequent 
and intense weather anomaly moderated by ENSO have 
been observed under climate change [56], risk of climate-
sensitive diseases within the Yangtze River Basin may 
further increase, therefore it’s important to implant more 
researches on evaluating the risk of infectious diseases 
due to weather changes brought by ENSO.

Our previous works have shown that both weather 
conditions and extreme weather event, such as tem-
perature [57] and flood event [58] were closely associ-
ated with BD risk in cities located in the lower reaches 
of the Yangtze River Basin. In this study, based on the 
entire Yangtze River Basin, we provide further evidence 
that both increased regional temperature and rainfall 
were associated with a higher risk of BD on monthly and 
daily scale. On one hand, the exposure–response rela-
tionships we found between daily levels of weather and 
BD highlight the seasonal patterns and instant effect of 
such weather variables [40]. On the other hand, monthly 
weather anomalies can capture the shift of weather 
changes, including extreme weather events [59]. The dif-
ferent scales of weather conditions can better measure 
the patterns in the weather-BD relationships, emphasiz-
ing the important role of climate variability in heighten-
ing BD risk.
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The mechanism behind the weather-BD associa-
tion was well-documented in previous research [60]. 
We found similar patterns in the exposure–response 
relationship between temperature, precipitation, and 
BD incidence in both the Upper and Middle and lower 
reaches of the Yangtze River Basin, coinciding with stud-
ies in other regions [61]. The seasonal patterns revealed 
that the BD pathogen favors a warmer and wetter sea-
son probably because it’s more easily exposed to humans 
through faster replication, virulence gene activation, and 
longer survival time [39]. Moreover, rainfall surpluses 
can affect pathogens transport via the “run-off effect” 
by flushing fecal contaminated matter into groundwa-
ter, causing sewage overflow [18]. Several studies also 
pointed out floods can overwhelm water sanitation sys-
tems as well as cause forced displacement that leads to 
an outbreak of BD [62]. In contrast with a study in Tai-
wan [63], we found that abnormally cold and abnormally 
dry conditions can reduce the risk of BD, which may be 
because the environment is not suitable for the survival 
of Shigella in excessively cold or dry conditions.

On the basis of the association analyses, we identified 
possible weather pathways among ENSO events, weather 
conditions and BD through mediation analysis. During El 
Niño events, rainfall played a significant role in influenc-
ing the spread of Bacillary dysentery due to the increase 
and intensification of heavy rainfall events. In contrast, 
during La Niña events, temperature had a more notable 
impact on the disease for the rise of extreme tempera-
ture may promote the transmission of pathogen. We also 
found a negative a negative mediation proportion when 
rainfall was mediated between La Niña and bacillary 
dysentery. Previous research shows that ENSO’s impact 
on BD is influenced by both regional climate and social 
vulnerability. Our study found La Niña conditions are 
linked to decreased rainfall and higher temperatures in 
the Yangtze River Basin, which could increase unsafe 
water consumption. However, La Niña’s mild rainfall 
may dilute pathogens, reducing BD risks. Conversely, El 
Niño’s extreme rainfall events can promote BD transmis-
sion, highlighting the complexity of rainfall patterns and 
their effects on BD.

Studies elsewhere linked ENSO and infectious diseases 
based on the synchronous changes found in the ENSO-
weather and weather-BD association [14], yet our find-
ings provide an important advance by accounting for the 
specific weather changes moderated by ENSO events, 
which support the need of public health authority to 
adopt targeted measures to mitigate BD risk in the future. 
More importantly, compared to weather, large-scale cli-
mate variability like ENSO can contribute to building a 
more advanced early warning system for diarrhea in the 
Yangtze River Basin, considering the sub-seasonal to 

seasonal lead times it offers. The profound impacts of 
ENSO, compounded by climate change, underscore the 
necessity for comprehensive preparedness plans that 
integrate disease surveillance, disaster preparedness, and 
climate adaptation strategies [64]. It is crucial for pub-
lic health authorities to assess potential ENSO-related 
health effects and the underlying mechanisms influenced 
by ENSO to implement effective and timely measures in 
response to the infectious disease risks associated with 
climate change [65].

Several limitations in our study should be acknowl-
edged. First, the bacillary dysentery data we used in the 
study might be underreported because not all patients 
who are infected would seek medical services, thus may 
lead to an underestimate of the impact of ENSO events. 
Second, we chose two main weather variables instead 
of considering all meteorological factors in our study, 
though other weather variables have less effect on BD 
based on the previous evidence [66], potential expo-
sure pathways between ENSO and BD might have been 
neglected. Third, we didn’t account for some confounders 
in our analyses, such as socioeconomic factors, personal 
behavior, and local immune level, which may lead to bias 
in our results.

Conclusion
Our research provided further evidence that linked long-
term climate variability and BD considering the weather 
pathways moderated by ENSO. We showed that both 
ENSO events can lead to an increased risk of BD in the 
Yangtze River Basin. Specifically, under El Niño event, 
warmer SSTs anomalies were associated with excessive 
rainfall and resulted in an increased risk of BD. While 
under La Niña event, cooler SSTs anomalies was associ-
ated with increased regional temperature that may drive 
the incidence of BD. These findings support the need for 
comprehensive awareness, advanced early warning sys-
tems, and targeted measures to respond to the risk of 
infectious diseases due to climate change.
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