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Abstract
Drought is a devastating natural hazard that significantly affects human health and social
and economic activities. This study aims to explore the short-term association between
drought and outpatient visits for respiratory diseases (RDs) in four northwest cities,
China. In this study, we obtained daily outpatient visits for RDs, meteorological factors,
and air pollutant data in four cities (Lanzhou from 2014 to 2016, Wuwei from 2016 to
2018, Tianshui and Zhangye from 2015 to 2018) of northwest China. We used the daily
Standardized Precipitation Index (SPI) as an indicator of drought and estimated the effects
of drought on outpatient visits with RDs by using a generalized additive model (GAM) in
each city, controlling for daily temperature, time trends, and other confounding factors.
The city-specific estimates were pooled by random-effects meta-analysis. There were
1,134,577 RDs cases in the hospitals across the four cities. We found that a 1-unit
decrease in daily exposure to SPI-1 was positively associated with daily outpatient visits
for RDs, with estimated RR of 1.0230 (95% CIs: 1.0096, 1.0366). Compared to non-
drought periods, the RR of daily outpatient visits for RDs for exposure to all drought
conditions was 1.0431 (95% CIs: 1.0309, 1.0555). In subgroup analysis, the estimated
effects of drought on outpatient visits for RDs appeared larger for males than females
though not statistically different, and the estimated effects in children and adolescents
were the greatest among different age groups. Drought likely increases the risk of
respiratory diseases, particularly among children and adolescents. We highlight that
public health adaptations to drought such as drought monitoring, mitigation measures,
and adaptation strategies are necessary.
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1 Introduction

A changing climate has been considered one of the major health threats globally in the
twenty-first century (Watts et al. 2018a; 2018b), including more frequently occurring heat
waves, hurricanes, and droughts (Franchini and Mannucci 2015; Schwalm et al. 2017).
The 2020 report of the Lancet Countdown showed that the global land surface area
affected by excess drought was more than twice that of a historical baseline, and drought
poses multiple risks for health (Watts et al. 2020). Droughts were reported to have killed
more lives than all the other natural hazards combined over the past century (Maskey and
Trambauer 2015). Long-term drought would lead to the deterioration of the ecological
environment (Allen et al. 2010; Wu et al. 2018) and cause many other tangible and
intangible damages. A study in China suggested that the annual economic losses caused
by droughts may reach several tens of billions of US dollars in China with increasing
drought intensity and areal coverage across China (Su et al. 2018). Schwalm et al. (2017)
reported that global droughts would occur more frequently in the future, and researchers
predicted that the ecosystems in some places would encounter another drought before they
recover from one, which may cause permanent ecological damage. According to Zhang
et al. (2019), since the year 2000, at least 79 global big cities have already suffered from
urban drought disaster more than once. They found that urban drought occurred not only in
arid or semi-arid regions but also in semi-humid and even in humid regions. So droughts
may become a new normal in the twenty-first century.

Therefore, it is critical to explore the effects of droughts on human health at this urgent
moment because droughts will become a common challenge in many populations. However,
until now, few studies have reported the effects of drought on health (Berman et al. 2017; Ebi
and Bowen 2016; Salvador et al. 2019). Drought may damage ecosystems, thereby reducing
the food supplies, and then reduce quantity and/or quality of nutrient intake, which leads to
greater vulnerability to illness and increases mortality risk (Ebi and Bowen 2016; Stanke et al.
2013). Drought can cause a shortage of drinking water and/or a decline in drinking water
quality, exposing many people to potentially contaminated water, and promote the risk of
waterborne diseases Yusa and Berry (2015). For example, there was an epidemic of cholera in
northern Kenya following a severe drought (Shuman 2010). Some studies have shown that
economic stress caused by droughts may harm mental health (Barreau et al. 2017; Lv et al.
2014; Stain et al. 1982).

In addition, dusty and wildfires that often accompany drought could harm health (Franchini
and Mannucci 2015), particularly by increasing the concentrations of particulate matter in the
air (Yusa and Berry 2015). Exposure to these elements was responsible for large respiratory
morbidity (Barnes 2018; Reid et al. 2016). Machado-Silva et al. (2020) found that drought
exacerbated the incidence of respiratory diseases (RDs) in the Amazon. Berman et al. (2017)
estimated the risk of drought on daily hospital admissions for cardiovascular and respiratory
and daily deaths among adults 65 years or older in the western USA. A recent study from
Spain showed a statistically significant relationship between daily natural-cause mortality,
daily respiratory-cause mortality, and drought (Salvador et al. 2020). However, no study has
reported the effects of drought on respiratory diseases in China.

In this study, we proposed to evaluate the short-term association between drought and
outpatient visits for respiratory diseases in an arid area of China-Gansu province (Wang et al.
2015). To define the level of drought, the Standardized Precipitation Index (SPI) was applied;
the index has been used to estimate the effects of drought on daily mortality (Salvador et al.
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2019; 2020). We conducted a time-series study to evaluate the effects of droughts on daily
outpatient visits for respiratory diseases with SPI.

2 Material and methods

2.1 Study area and data collection

We conducted a retrospective ecological study of daily time series to evaluate the short-term
impact of droughts on daily outpatient visits for respiratory diseases in four northwest cities of
China (Fig. S1), which included Tianshui, Lanzhou, Wuwei, and Zhangye. These cities mostly
covered by semi-arid to arid land, alternatively influenced by subtropical monsoon climate and
temperate continental climate (Wang et al. 2015), and the mean annual precipitation was less
than 400 mm (Xu et al. 2015). According to the provincial population data reported by the
Gansu Provincial Bureau of Statistics in 2016 (http://tjj.gansu.gov.cn/), the populations of
Tianshui, Lanzhou, Wuwei, and Zhangye were over 3.32 million, 3.70 million, 1.81 million,
and 1.22 million, respectively.

In this study, we chose the central urban districts of four cities as the study area (Fig. S2).
The Tianshui city includes two central urban districts (Qinzhou and Maiji), Lanzhou city
includes four central urban districts (Chengguan, Qilihe, Xigu, and Anning). The Wuwei city
and Zhangye city include one central urban district; they are Liangzhou and Ganzhou,
respectively. Daily data on outpatient visits for RDs between Jan 01, 2014, and Dec 31,
2016, were collected from 11 large general hospitals of Lanzhou. In Tianshui city, Wuwei city,
and Zhangye city, the daily outpatient visit data of RDs were collected from their biggest
hospitals, which were the First Hospital of Tianshui City, Tumor Hospital of Wuwei City, and
People’s Hospital of Zhangye City, respectively. Due to the availability of outpatient visit data,
the studying periods for the First Hospital of Tianshui City, Tumor Hospital of Wuwei City,
and People’s Hospital of Zhangye City were Jan 01, 2015, to Dec 31, 2018, Jan 01, 2016, to
Dec 31, 2018, and Jan 01, 2015, to Dec 31, 2018, respectively. Outpatient visit data were
coded using the 10th Revision of the International Classification of Diseases (ICD-10) Code of
respiratory diseases (J00-J99), which excluded the postprocedural respiratory disorders (J95).
All data on outpatient visits for respiratory diseases were obtained from hospitals, which were
confirmed and permitted by the hospitals and related health departments.

For each city, we chose the weather monitoring stations and air quality monitoring
stations closest to the hospitals (Fig. S2). Meteorological factors (daily temperature and
precipitation data) of Tianshui, Wuwei, and Zhangye were collected from the meteoro-
logical data web page of the National Greenhouse Data Sharing Platform (http://data.
sheshiyuanyi.com/WeatherData/). As the data of the meteorological station in Lanzhou
was not online for public access, we obtained the daily meteorological data of Lanzhou
from the Shanghai Meteorological Bureau. Each city has a meteorological monitoring
station. The daily mean air pollutant data were obtained from the Data Center for the
Ministry of Ecology and Environment of the People’s Republic of China (http://
datacenter.mee.gov.cn/), including particulate matter with aerodynamic diameter ≤2.
5 μm (PM2.5), nitrogen dioxide (NO2), and ozone (O3). There were four air quality
monitoring stations in Lanzhou, three in Tianshui, and two in both Wuwei and Zhangye.
We used the average of all air quality monitoring points in each city to represent the
average concentration of pollutants in each city. The locations of meteorological
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monitoring stations and air quality monitoring stations of four study cities are shown in
Fig. S2.

2.2 Drought index

We used the Standardized Precipitation Index (SPI) to measure the drought conditions.
The SPI was designed to quantify the precipitation deficit for multiple timescales. It could
be calculated at various timescales (1, 3, 6, 9, 12, 36, and 48 months) that reflect the
impact of drought on the availability of the different water resources. The different
timescales correspond to different accumulation periods, which are associated with dif-
ferent drought types. For example, SPI obtained at 1 month of accumulation (SPI-1) for
meteorological drought, 1 to 6 months for agricultural drought, and 6 up to 24 months or
longer for hydrological drought (Salvador et al. 2019). The SPI of all timescales can be
created in weekly or monthly time steps. In this study, we calculated the weekly SPI-1 to
assess the short-term effects of droughts on outpatient visits for RDs. To obtain better
control of acute daily confounding factors (including air pollution and weather), we
assumed the same condition for each 7-day interval following the approach in Berman
et al. (2017) and Salvador et al. (2019 and 2020). The SPI-1 was calculated by the latest
SPI program (SPI Generator v 1.7.5), which can be downloaded for free (see http://
drought.unl.edu/droughtmonitoring/SPI/SPIProgram.aspx for more details). The SPI
calculated in this program is based on representing the historical precipitation record
with a gamma distribution. The Standardized Precipitation Index User Guide introduced
that the calculation of SPI requires at least 30 years of monthly/weekly precipitation data
in order to have some confidence in the statistics (World Meteorological Organization,
2012). Therefore, we collected 30 years of continuous daily precipitation data to create
weekly SPI-1 data. The missing values of daily precipitation data in all four cities were
less than 10%, and there were more missing values in the first 15 years, which could be
handled by the SPI program. According to the national standard of Grades of Meteoro-
logical Drought (GB/T 20481-2017) of the People’s Republic of China (National
Standardization Management Committee of China, 2017) and previous study (Li et al.
2021), a drought event occurs when the SPI-1 is equal or below −0.5 and ends when the
SPI-1 greater than −0.5. And the severity of drought periods can be classified into 4 grades
by the SPI-1 value: (1) SPI-1 between −1.0 and −0.5 is considered “light drought”; (2)
SPI-1 between −1.5 and −1.0 is considered “moderate drought”; (3) SPI-1 between −2.0
and −1.5 is considered “severe drought”; and (4) the SPI-1 lower than −2.0 is considered
“very severe drought.”

2.3 Statistical methods

We conducted a two-stage analysis to estimate the effects of drought on daily outpatient visits
for RDs. In the first stage, we fitted a generalized additive model (GAM) with quasi-Poisson
regression to estimate the short-term associations between drought and the outpatient visits
with RDs in each city. The quasi-Poisson distribution was applied to overcome the
overdispersion of outpatient visit data of RDs. Based on the previous study (Berman et al.
2017), the natural cubic spline smooth function was used to adjust for long-term time trends
and meteorological factors. Although air pollutants may increase the risk of RDs, the air
pollution was not adjusted in the model due to the strong correlation between air pollutants and
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temperature (Table S1-S4), so as to assess the total effects of drought. But in the sensitivity
analysis, we provided the results after adjusting the PM2.5, O3, and NO2, respectively. The
GAM equation is as follows:

Log E Ytð Þ½ � ¼ α þ βSPI−1t þ ns time; 7=yearð Þ þ ns AT; 6ð Þ þ λ1Dowþ λ2Holiday ð1Þ
where t is the day of the observation, E(Yt) is the expected number of daily outpatient visits for
RDs on day t, α is the intercept, β and λ are the regression coefficients, time is the days of
calendar time on day t, SPI-1t is the daily SPI-1 on day t, and ns() denotes the natural cubic
spline smooth function. Based on previous studies (Berman et al. 2017; Wang et al. 2018a),
the 7 degrees of freedom (df) per year is used to adjust for time trends and 6 df for 3-day
moving average ambient temperature (AT) to control potential nonlinear effects of tempera-
ture. Dow is a categorical variable for day of week to account for possible variations of
morbidity in a week, and holiday is a binary variable (0 indicates no holiday and 1 indicates a
holiday) for national holidays in China.

After the establishment of the above model, we divided SPI-1 into a binary variable by the
Grades of Meteorological Drought (GB/T 20481-2017) (0 for the non-drought periods and 1
for the drought periods) to estimate the effects of all drought conditions on the outpatient visits
with RDs compared with the non-drought period. Moreover, we considered drought severity
when assessing health risks (Berman et al. 2017). We further separated SPI-1 into five
categorical variables (0 for the non-drought periods, 1 for the light drought periods, 2 for
the moderate drought periods, 3 for the severe drought periods, and 4 for very severe drought
periods) to estimate the effects of light, moderate, severe, and very severe drought periods
compared to non-drought periods.

In the second stage, the random-effects meta-analysis was used to pool the city-specific
effects.

2.4 Subgroup and sensitivity analysis

The subgroup analyses were defined by gender (male and female) and age (children and
adolescents, 0~18 years old; adults, 19~64 years old; and elders, ≥65 years old) only in
Tianshui, due to unavailability of age and gender data in Lanzhou, Wuwei, and Zhangye. We
used Z-test to test the statistical significance of the differences between subgroups following

the formula , where β1 and β2 are the effect estimates for the subgroups

and SE1 and SE2 are their respective standard errors (Altman and Bland 2003).
We conducted a sensitivity analysis by changing the threshold of drought defined by SPI-1:

(1) the onset of drought is defined when the SPI-1 value falls below 0 (Salvador et al. 2019;
Salvador et al. 2020). (2) A drought event is defined when the SPI-1 falls below −1.0 (World
Meteorological Organization, 2012). Considering acute and delayed effects of air pollutants on
outpatient visits for RDs (Shahi et al. 2014; Wang et al. 2018b), we used 2-day moving
average of current-day and previous-day concentrations of PM2.5, NO2, and O3 (lag 01)
separately controlled in the models. Besides, we also changed the df from 6 to 9 per year
for calendar time and from 3 to 7 for temperature and changed the moving average days of
temperature (lag 07, lag 014, lag 021) in models.

All analyses were conducted using R software (version 4.0.3) with the GAM fitted by
the “mgcv” package (version 1.8-33). And the meta-analysis was based on the “meta”
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package (version 4.15-1). All statistical tests were two-sided, and P-values less than 0.05
were considered statistically significant. The effects of SPI-1 were denoted as the relative
risks (RR) and their 95% confidence intervals (CIs) in daily outpatient visits for RDs
associated with per 1-unit (1 unit is equal to 1) decrease in SPI-1. And the effects of all
drought conditions, light, moderate, severe, and very severe drought periods were denoted
as RR and their 95% CIs of daily outpatient visits for RDs compared to the non-drought
periods

3 Results

3.1 Description of the general situation

There were 647,855 RDs outpatient visits during Jan 1, 2014, through Dec 31, 2016, in 11
major hospitals of Lanzhou, 17,089 RDs outpatient visits during Jan 1, 2016, through Dec 31,
2018, in one hospital of Wuwei, 235,604 outpatient visits with RDs during Jan 1, 2015, to
Dec 31, 2018, in one large hospital of Zhangye, and 234,029 outpatient visits with RDs during
Jan 1, 2015, through Dec 31, 2018, in one large hospital of Tianshui. Among the hospital of
Tianshui, there were 127,118 males (54.32%), 106,911 females (45.68%), 155,887 children
and adolescents (66.61%), 64,238 adults (27.45%), and 13,904 elders (5.94%). During the
study period, drought occurred on approximately 25.94% of the days in Tianshui, 17.42% in
Lanzhou, 33.48% in Wuwei, and 27.52% in Zhangye (Fig. 1). In four cities, the daily average
temperature of Tianshui was the highest (12.47°C), and Zhangye had the lowest minimum
temperature (−22.40°C) (Table 1). Among these four cities, the daily average concentration of
PM2.5 and NO2 in Lanzhou was the highest (were 54.16 μg/m3 and 50.87 μg/m3, respectively),
but the highest daily average concentration of O3 was found in Zhangye (105.63 μg/m3)
(Table S5).

Fig. 1. Drought characterization for Tianshui (from 2015 to 2018), Lanzhou (from 2014 to 2016), Wuwei (from
2016 to 2018), and Zhangye (from 2015 to 2018) in the northwest of China. Blue lines represent days with no
drought conditions, and red represents days with drought conditions. Moreover, the more negative the SPI-1
values, the greater the severity of the drought conditions. SPI-1 showed the weekly value.
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3.2 The effects of droughts on respiratory diseases

Fig. 2 shows the associations of SPI-1 with daily outpatient visits for RDs. By conducting a
meta-analysis, we found that each 1-unit decrease in the daily SPI-1 was positively and
significantly associated with daily outpatient visits for RDs, the estimated RR was 1.0230
(95% CIs: 1.0096, 1.0366). For city-specific effects, the estimated effects of SPI-1 were
positively linked to the daily outpatient visits for RDs in Tianshui, Lanzhou, Wuwei, and
Zhangye, but Wuwei was not statistically significant (P>0.05). However, the strongest
estimated RR in Lanzhou was 1.0374 (95% CIs: 1.0337, 1.0412).

As shown in Fig. 3, there were significant positive associations between droughts and daily
outpatient visits for RDs. Compared with the non-drought periods, the pooled RR of daily
outpatient visits for RDs during all drought conditions was 1.0431 (95% CIs:1.0309, 1.0555).
For city-specific effects, compared to the non-drought periods, the estimated effects of all
drought conditions were positively linked to the daily outpatient visits for RDs in Tianshui,
Lanzhou, Wuwei, and Zhangye, but Wuwei was not statistically significant (P>0.05). How-
ever, the strongest estimated RR in Tianshui was 1.0577 (95% CIs: 1.0459, 1.0696) (Fig. S3).
In the analysis of drought severity, daily outpatient visits for RDs were positively related to
light, moderate, severe, and very severe drought periods compared to non-drought periods, but

Table 1 Descriptive statistics on daily outpatient visits for RDs and meteorological parameters.

Variables City Mean SD Min P25 Median P75 Max

Daily counts of outpatient visits for
respiratory diseases

Tianshui 160.18 71.07 21.00 111.00 158.00 202.00 557.00
Lanzhou 591.11 217.70 135.00 433.75 587.50 724.00 1622.00
Wuwei 15.59 9.73 0.00 8.00 14.00 22.00 53.00
Zhangye 161.26 60.01 0.00 122.00 157.00 195.00 426.00

SPI-1 Tianshui 0.24 1.05 −2.87 −0.52 0.21 1.03 2.90
Lanzhou 0.33 0.86 −1.97 −0.33 0.34 0.83 2.47
Wuwei 0.08 0.97 −2.58 −0.78 0.06 0.78 2.69
Zhangye 0.09 0.88 −2.52 −0.56 0.09 0.75 2.59

Temperature (°C) Tianshui 12.47 9.33 −10.20 4.10 13.50 20.50 30.40
Lanzhou 11.40 9.75 −12.40 2.58 12.90 19.70 29.80
Wuwei 9.39 11.64 −18.10 −0.30 10.75 19.50 30.50
Zhangye 8.77 12.13 −22.40 −1.70 10.30 19.50 30.80

Note: SD standard deviance, P25 25th percentile, P75 75th percentile, SPI-1 Standardized Precipitation Index for
1-month timescale

Fig. 2. Associations between drought and the daily outpatient visits for respiratory diseases in four northwest
cities of China. The effect of SPI-1 is estimated as a relative risk (RR) and 95% confidence intervals (CI) to
represent the risk of daily outpatient visits for respiratory diseases associated with a 1-unit decrease in exposure to
SPI-1.
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only light drought was significant (P<0.05). Although the estimated RR of the moderate
drought was larger than that of light drought, the difference was not significant (P >0.05). The
city-specific results of drought severity are shown in Supplementary Material (Fig. S3).

3.3 The subgroup analysis

In gender-specific analyses, we observed positive and significant associations between drought
and outpatient visits for RDs in both males and females (Fig. 4). Males showed a larger RR,
while the difference was not significant (P>0.05). In age-specific analyses, the estimated
effects of drought on outpatient visits for RDs were significant among children, adolescents
(≤18 years), and adults (19~64 years). Positive but no significant association was found among
the elderly (≥65 years) (Fig. 4). The estimated effects of SPI-1 on RDs were not significantly
different across the three age groups, although the younger age groups tended to show larger
estimates. The estimated effect of exposure to all drought conditions in comparison to
exposure to non-drought periods was the highest in children and adolescent group, followed
by adults and the elderly. There was evidence (P < 0.05) suggesting a difference between the
children and adolescents (≤18 years) and the adults (19~64 years) (Fig. 4).

3.4 The sensitivity analysis

Fig. 5 shows the estimated effects of drought defined by the three thresholds on the daily
outpatient visits for RDs. Except for Zhangye, the estimated results were similar in other
regions. In Tianshui and Lanzhou, the estimated effects of drought defined by the three
thresholds on respiratory diseases were positive and significant. However, the estimated effects
of drought only defined by threshold 2 on the daily outpatient visits with RDs were significant
in Zhangye. The estimated effects of drought defined by the three thresholds on respiratory
diseases were not statistically significant in Wuwei (P>0.05). The biggest total effect was
threshold 2.

The associations between drought and hospital outpatient visits for respiratory diseases
were robust when adjusting for air pollution (PM2.5, NO2, and O3), changing the moving

Fig. 3. The overall relative risks (RR) of daily outpatient visits for respiratory diseases associated with exposure
to all drought conditions and exposure by the severity of drought from light to very severe in comparison to
exposure to non-drought periods. The RRs and their 95% confidence intervals (CIs) are combined estimates
pooled across four cities using meta-analysis.
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average days of temperature (lag 07, lag 014, and lag 021) and changing the df from 3 to 7 for
temperature and from 6 to 9 per year for calendar time (Table S6-S10).

4 Discussion

This study reported the short-term association between drought exposure and the daily risk of
outpatient visits for respiratory disease in China. The results of the present study are based on
the four cities (including 1,134,577 RDs cases from 14 hospitals) in the arid area of China to
assess the impact of drought on daily outpatient visits for RDs. With these data and analysis,
we suggest that drought exposure may be also an important risk factor for RDs.

According to the Grades of Meteorological Drought (GB/T 20481-2017) of China
(National Standardization Management Committee of China, 2017) and previous study (Li
et al. 2021), SPI-1 values below −0.5 described drought conditions, and the more negative the
SPI-1 values, the greater the severity of the drought conditions. In the estimated effects of SPI-
1, negative coefficients of estimates obtained in the quasi-Poisson models indicated the higher
risk for respiratory disease linked to severe drought events (Table S7 and Table S9). This is
consistent with the study carried out by Salvador et al. (2019) in Spain and Berman et al.
(2017) in the western USA. In the analysis by drought severity, daily outpatient visits for RDs
were positively related to light, moderate, severe, and very severe drought periods compared to
non-drought periods, but only light drought was significant (P<0.05). This may be related to
the low frequency of moderate, severe, and very severe droughts (small sample size) (Fig.S3).
Compared to SPI, the Standardized Precipitation-Evapotranspiration Index (SPEI) takes into

Fig. 4. The effects of drought on the daily outpatient visits for respiratory diseases in Tianshui, stratified by
gender and age. The effects of SPI-1 are estimated as relative risks (RR) and 95% confidence intervals (CIs) to
represent the risk of daily outpatient visits for respiratory diseases associated with a 1-unit decrease in exposure to
SPI-1. The effects of all drought conditions are estimated as RR and 95% CIs to represent the risk of daily
outpatient visits for respiratory diseases associated with exposure to all drought conditions in comparison to the
non-drought periods. *The difference between children and adolescents (≤18 years) and adults (19~64 years) was
significant at α=0.05.
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account both precipitation and potential evapotranspiration (Vicente-Serrano et al. 2010).
However, SPI allows for comparisons across different locations in different climates. A study
by Salvador et al. (2020) that compared the performance of the SPI and SPEI to estimate the
risks of droughts on daily respiratory mortality suggests that SPI may be a more sensitive
drought indicator for assessing respiratory health risk. Also, we found that there were different
estimated effects on the respiratory disease by changing the threshold of drought defined by
SPI-1, indicating that different regions may have different thresholds for the association
between drought and respiratory disease.

Although very few studies have discussed the effects of drought on respiratory health, our
results are consistent with Smith et al. (2014) and Machado-Silva et al. (2020) who reported
that drought events could increase the risks of respiratory diseases. In subgroup analysis, we
found that males appeared to be more affected by drought than females, which might be
attributed to their different physiologic characteristics and working environment. In particular,
males may have more chances of outdoor exposure to drought than females due to their social
role. In age-specific analyses, the estimated effects of drought on RDs in children and
adolescents were greater than in adults and the elderly. It is generally recognized that this
high vulnerability among the 0~18 age group can be attributed to their immature lungs and the
underdeveloped immune function, which may add together to make children and adolescents
more susceptible to droughts (Ma et al. 2020). Besides, our results showed a positive but non-
significant association between drought exposure and outpatient visits for RDs among the
elderly (≥65 years). This may be due to the small sample size of the elderly leading to the

Fig. 5. The relative risks (RR) of daily outpatient visits for respiratory diseases during all drought conditions
compared to non-drought periods by changing the threshold of drought defined by SPI-1. Threshold 1 indicates
that drought is defined as SPI-1 value falls below 0. Threshold 2 indicates that drought is defined as SPI-1 value
is less than −0.5. Threshold 3 indicates that drought is defined as SPI-1 value is less than −1.0.
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larger confidence intervals (CIs). However, Berman et al. (2017) described a decrease in
respiratory hospital admissions during periods of drought among adults 65 years or older in the
USA. This may be explained by the higher level of health care system for the elderly in the
USA. Other explanations could be (1) different indices to measure drought; (2) different public
health policies to deal with drought in each place; and (3) differences in securing livelihoods
and maintaining well-being caused by different economic, educational, and cultural levels.

Although the mechanisms involved in the effects of drought on respiratory diseases are
unclear, there are some potential and possible hypotheses. The drought may increase the
number of particulates suspended in the air, such as pollen and smoke (Yusa and Berry 2015).
These substances irritate the bronchi and lungs, worsening chronic respiratory disease and
increasing the risk of acute respiratory infections (Barnes, 2018). And climate change in
drought increases fungal infections by increasing the inhalational exposure of soil (Mirsaeidi
et al. 2016). The toxins originating from cyanobacteria can become airborne in droughts
(Richer et al. 2015). These toxins are related to lung stimulation. Also, the drought may
promote the deterioration of the ecological environment, which in turn causes short-term or
long-term mental health of human beings (Barreau et al. 2017; Lv et al. 2014; Stain et al.
1982). These mental stresses will influence the behavioral and physiological responses,
including inflammatory, endocrine, and immunological dysfunction, which may increase the
risk of respiratory diseases (Cohen et al. 2012; Pedersen et al. 2010). Another explanation
could also come from the environmental changes in temperature, precipitation, and relative
humidity which led to the drought, which may influence viral activity and transmission
(Mirsaeidi et al. 2016; Yang and Marr 2012). These alterations may directly or indirectly
affect the incidence and severity of respiratory infections by affecting the vectors and the host
immune responses.

Although we found that there was a significant association between drought and RDs visits;
some limitations of this study should not be ignored. Firstly, measure misclassification is a
limitation in our study, but it may not cause substantial bias (Zeger et al. 2000). The individual-
level confounders could not be controlled, such as indoor air pollution, second-hand smoke
exposure, and personal social information. Secondly, droughts include meteorological
droughts, hydrological droughts, agricultural droughts, and economic droughts (Vicente-
Serrano et al. 2012). Different types of droughts have different health effects. We only
estimated the effects of meteorological drought on the respiratory system. However, meteo-
rological drought is the main cause of other droughts, and the evaluation results can be used as
a basis for exploring the effects of other droughts on health. Thirdly, we use weekly SPI-1 to
assume the same condition for each 7-day interval, which may lead to daily potential exposure
misspecification. Finally, due to the limitation of access to respiratory disease data, Tianshui,
Zhangye, and Wuwei contain only one hospital, and the sample size in Wuwei is relatively
small and may not be enough to represent Wuwei. And our study covers only four regions in
northwest China; thus, the generalizability should be considered when interpreting our results
for other areas.

5 Conclusion

In summary, our results indicate that drought exposure is associated with an increased risk of
respiratory diseases, particularly among children, adolescents, and potentially males. As
droughts would become more severe and occur more frequently in the future under climate
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change, we should pay more attention to its potential health effects. In addition, it is
significantly essential for the government to establish drought monitoring, mitigation mea-
sures, and adaptation strategies to address this global public health challenge.
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