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Highlights

	•Drought periods had a greater influence on mortality in the interior provinces.

	•Mortality was mainly manifested for longer timescales of SPEI/SPI in the Coastal.

	•In short-term, the effect of droughts and heatwaves was observed in interior zones.

	•In short-term, the drought effect on mortality was mainly explained by pollution.

	•There are hardly differences between SPEI and SPI for the mortality risk estimation.




Abstract
Climate change scenarios indicate an increase in the intensity and frequency of droughts in several regions of the world in the 21st century, especially in Southern Europe, highlighting the threat to global health. For the first time, a time-series diagnostic study has been conducted regarding the impact of droughts in Galicia, a region in north-western Spain, on daily natural-cause mortality, daily circulatory-cause mortality, and daily respiratory-cause mortality, from 1983 to 2013. We analysed the drought periods over the area of interest using the daily Standardized Evapotranspiration-Precipitation Index (SPEI) and the daily Standardized Precipitation Index (SPI), obtained at various timescales (1, 3, 6, 9 months), to identify and classify the intensity of drought and non-drought periods. Generalized linear models with the Poisson regression link were used to calculate the Relative Risks (RRs) of different causes of mortality, and the percentage of Attributable Risk Mortality (%AR) was calculated based on RRs data. According to our findings, there were statistically significant (p < 0.05) associations between drought periods, measured by both the daily SPEI and SPI, and daily mortality in all provinces of Galicia (except Pontevedra) for different timescales. Furthermore, drought periods had a greater influence on daily mortality in the interior provinces of Galicia than in the coastal regions, with Lugo being the most affected. In short term, the effect of droughts (along with heatwaves) on daily mortality was observed in interior regions and was mainly explained by atmospheric pollution effect throughout 2000 to 2009 period in Ourense, being respiratory causes of mortality the group most strongly associated. The fact that droughts are likely to become increasingly frequent and intense in the context of climate change and the lack of studies that have considered the impact of droughts on specific causes of mortality make this type of analysis necessary.
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Introduction
Several studies have demonstrated the vulnerability and exposure of many human systems to the current climate variability, highlighted by the recent impact of climate related to extreme phenomena, such as heatwaves, droughts, floods, cyclones, and forest fires (e.g., McMichael and Lindgren, 2011; Handmer et al., 2012; Watts et al., 2017).
Furthermore, climate change scenarios indicate that hydrological extremes, like droughts or floods, will be more frequent and intense in the 21st century in several regions of the world (e.g., Stewart et al., 2015; Sapionini et al., 2017; Wang et al., 2018; WHO, 2018; Zhaoli et al., 2018), with important effects in Europe (e.g., Guerreiro et al., 2018). Specifically, in Southern Europe, a 15% decrease in precipitation and a large increase in temperature (e.g., Vicente-Serrano et al., 2011) have been predicted. Although there have been several studies regarding the effects of floods, there are much fewer on the effects of droughts despite their dangerous global impact, due to the complexity in assigning the beginning and end of the events and their accumulated effects over time. In addition, many of the effects of droughts are indirect (Vins et al., 2015; Ebi and Bowen, 2016; Berman et al., 2017). Every year droughts affect several million people and the most recent data available from the international disasters database (EMDAT) estimate that >50 million people around the world were affected by droughts in 2011 (Stanke et al., 2013). In addition, between 1960 and 2013, about 600 drought events resulted in 2.19 million deaths and 2.14 billion affected people (Sena et al., 2014). Moreover, the Lancet commission in 2015 indicated that a change in population from Shared Socioeconomic Pathway 2 (SSP2) and climate change could lead to 1.4 billion additional people exposed to drought events per year by the end of this century (Watts et al., 2015), what could be associate with greater morbidity and mortality (IPCC, 2014; Yusa et al., 2015; Berman et al., 2017). One of the most notable effects of drought is the decrease in air quality. Droughts often have secondary effects, such as dust storms and forest fires, leading to an increase in the concentration of fine particles (PM), dust, and smoke, and they are also associated with alteration of dispersion of allergens. All these events could lead to increased risk of respiratory tract and/or cardiovascular diseases, and could result in mortality (Sena et al., 2014; Yusa et al., 2015; Stanke et al., 2013; Berman et al., 2017; Watts et al., 2017; Bell et al., 2018).
Among the few studies on the effects of droughts on health is a recent study from the USA, which showed that in more severe drought conditions the risk of mortality increased in adults over 65 years, with the particularity that, those regions that had previously suffered fewer drought events had a higher risk of cardiovascular disease and mortality (Berman et al., 2017). This fact reflects the great importance in emphasizing the effects of droughts, which are projected to occur with greater intensity and duration in future climates, on global health. Although a decrease in respiratory hospital admissions during periods of drought is described in Berman´ study, Smith et al. (2014) showed for the Brazilian Amazon that drought events led to increased hospitalization for respiratory diseases of children under five years old.
On the other hand, droughts also have a long-term influence on the modification and degradation of the environment and ecosystems. Droughts are a growing threat to the increase the risk of malnutrition, infectious diseases, problems associated with mental health and human well-being disorders, and to changes in the ecology of vector borne diseases (e.g., Berry et al., 2010; Shukla, 2013; OBrien et al., 2014; Sena et al., 2014; Yusa et al., 2015; Vins et al., 2015; Bell et al., 2018; Berman et al., 2017).
All these effects will interact with the susceptibility and vulnerability of the reference population, socio-economic factors, adequate access to health infrastructure, and underlying demographics factors, whose combined influence can aggravate some of the existing threats, creating new challenges in health care (Stanke et al., 2013; IPCC, 2014; Ebi and Bowen, 2016).
The impact on health largely depends on the severity of droughts (Stanke et al., 2013; Ebi and Bowen, 2016; Berman et al., 2017) and, in this sense, drought indices are essential measures for quantifying and identifying possible changes in the frequency and duration of the risks they measure. Drought indicators make it possible to obtain better knowledge and undergo preparation to tackle the drought effects on health (Vicente-Serrano et al., 2017). One difficulty in studying the different effects of droughts lies in their own definition, as they are classified into four categories: meteorological, hydrological, agricultural, and socioeconomic (Bachmair et al., 2016; Ortega-Gómez et al., 2018). In addition, droughts differ from other environmental phenomena in that they are a slow developing hazard (Bachmair et al., 2016). There are continually an increasing number of indicators, but there is no specific index designed to measure the type of drought in reference to its impact on health, so each index can differ in its estimation, and each type of drought can affect health outcomes in a different way (Berman et al., 2017).
The Iberian Peninsula is considered one of the southern European regions that is most likely to suffer an increase in drought severity during the 21st century (Vicente-Serrano et al., 2011). This study focuses on Galicia, in the northwest of the Iberian Peninsula (Fig. 1). Galicia is an ideal region for studying the relationships between droughts and health, including analysing the meteorological and biological mechanisms, because its climate is very unique and varied (Gómez-Gesteira et al., 2011). It is surrounded by the Atlantic Ocean with its coastal areas marked by a mild and rainy maritime climate and an inner area that has a much less rainy continental climate, very warm in summer and cold in winter. In terms of precipitation mechanisms, Galicia is located in the southernmost part of the Atlantic storm track (Dong et al., 2013), and its extremes of precipitation are strongly influenced by the occurrence of atmospheric rivers (Gimeno et al., 2014; Eiras-Barca et al., 2018). Furthermore, its climatic variability is closely linked to several and important teleconnection patterns as the North Atlantic Oscillation (Lorenzo et al., 2008). Concerning to weather conditions, a particular study in Galicia showed an increase in respiratory admissions associated with cold, dry weather, or anticyclonic types (Royé et al., 2016). In terms of the environmental mechanisms that link droughts and health, Galicia has one of the highest incidences of forest fires of all the regions in Europe (Fuentes-Santos et al., 2013). Galicia certainly is the region in Spain where more fires have occurred and more hectares have been burned. In 2017, there were 3249 forest fires and 62,000 ha that were burned (Mapama, 2017). In addition, Galicia has two coastal industrial poles, one in the North (A Coruña) and the other in the South (Vigo in Pontevedra) with strong emissions (García-Santiago et al., 2017), and has undergone intense heatwaves with potential effects on health (e.g. Decastro et al., 2011).
In this study, we report the first evidence of a relationship between drought exposure and the daily risk of specific causes of mortality in northwest Spain. With the exception of the Berman et al. (2017) study, few works have evaluated the effects of droughts on specific daily causes of mortality, so, analysis such as the work presented here in this paper are necessary to gain better understanding in adopting strategies of management and preparation as well as create early responses to reduce the negative health effects attributable to hydrological extremes.
The main objective of this study is the evaluation of the impact of drought, measured by the Standardized Evapotranspiration-Precipitation Index (SPEI) and the Standardized Precipitation Index (SPI), on daily natural, circulatory and respiratory causes of mortality in Galicia, Spain, from 1983 to 2013. For its approach, we conducted the following aims:
	I)Evaluation of the effect of this hydrological extreme on different causes of daily mortality using SPI and SPEI obtained for different timescales (1, 3, 6, and 9 months), throughout 1983 to 2013 period.

	II)Integrated analysis to control the effect of heatwaves and pollution levels along with drought periods measured by short-term to determinate the effect of these strongly associated climatic variables on the different causes of mortality from 2000 to 2009.





Section snippets
Material and methods
We conducted a retrospective ecological study of daily time series to evaluate the impact of droughts on daily mortality from different causes in Galicia, at NW Spain, during the period from 1983 to 2013. The variables involved in the study are outlined below.
Descriptive statistics of the episodes of drought in Galicia, NW Spain, and mortality causes
The descriptive environmental and mortality characteristics according to drought conditions in the provincial capital cities of Galicia, in the period 1983 to 2013, using SPEI and SPI metrics obtained for the time scales of 1, 3, 6 and 9 months were evaluated. The total number of daily deaths by different causes were tabulated, according to the categorization of days with drought for each provincial capital city of Galicia (see Table S1 in the supplementary material).
In terms of drought
Discussion
This paper evaluates for the first time the effect of the droughts measured by SPEI and SPI on daily natural and specific (circulatory and respiratory) causes of mortality for each province of Galicia throughout the 1983 to 2013 period. In addition, droughts were measured for different timescales (1, 3, 6, and 9 months) to evaluate the periods of accumulation in which the different causes of daily mortality were manifested, comparing the results obtained by both indicators. Based on the results 
Conclusion
The main findings of this study are that daily mortality in the interior regions of Galicia are more affected by drought than in the coastal regions. In the interior provinces of Galicia, the effects on daily mortality suggest that they are associated with droughts mainly measured for shorter timescales. In the coastal province of A Coruña, the daily mortality is manifested with longer droughts. Moreover, there are hardly differences between SPEI and SPI, so both indicators are valid to assess
Disclaimer
This paper reports independent results and research. The views expressed are those of the authors and not necessarily those of the Carlos III Institute of Health.
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	The effect of heterogeneous severe drought on all-cause and cardiovascular mortality in the Northern Rockies and Plains of the United States
2024, Science of the Total Environment

Show abstract
Drought is a distinct and complicated climate hazard that regularly leads to severe economic impacts. Changes in the frequency and occurrence of drought due to anthropogenic climate change can lead to new and unanticipated outcomes. To better prepare for health outcomes, more research is needed to develop methodologies to understand potential consequences. This study suggests a new methodology for assessing the impact of monthly severe drought exposure on mortality in the Northern Rockies and Plains of the United States from 2000 to 2018. A two-stage model with the power prior approach was applied to integrate heterogeneous severe drought pattern and estimate overall risk ratios of all-cause and cardiovascular mortality related to multiple drought indices (the US Drought Monitor, 6- and 12-month Standardized Precipitation-Evapotranspiration Index, 6- and 12 month Evaporative Demand Drought Index). Under severe drought, the risk ratios of all-cause mortality are 1.050 (95 % Cr: 1.031 to 1.071, USDM), 1.041 (95 % Cr: 1.022 to 1.060, 6-SPEI), 1.009 (95 % Cr: 0.989 to 1.031, 12SPEI), 1.045 (95 % Cr: 1.022 to 1.067, 6-EDDI), and 1.035 (95 % Cr: 1.009 to 1.062, 12-EDDI); cardiovascular mortality are 1.057 (95 % Cr: 1.023 to 1.091, USDM), 1.028 (95 % Cr: 0.998 to 1.059, 6-SPEI), 1.005 (95 % Cr: 0.973 to 1.040, 12-SPEI), 1.042 (95 % Cr: 1.005 to 1.080, 6-EDDI), and 1.004 (95 % Cr: 0.959 to 1.049, 12-EDDI). Our results showed that (i) a model with properly accounted for heterogeneous exposure pattern had greater risk ratios if statistically significant; (ii) a mid-term (6-month) severe drought had higher risk ratios compared to longer-term (12-month) drought; and (iii) different severe droughts affect populations in a different way. These results expand the existing knowledge of drought relationship to increasing mortality in the United States. The findings from this study highlight the need for communities and policymakers to establish effective drought-prevention initiatives in this region.




	Drought and all-cause mortality in Nebraska from 1980 to 2014: Time-series analyses by age, sex, race, urbanicity and drought severity
2022, Science of the Total Environment

Show abstract
Climate change will increase drought duration and severity in many regions around the world, including the Central Plains of North America. However, studies on drought-related health impacts are still sparse. This study aims to explore the potential associations between drought and all-cause mortality in Nebraska from 1980 to 2014.
The Evaporative Demand Drought Index (EDDI) were used to define short-, medium- and long-term drought exposures, respectively. We used a Bayesian zero-inflated censored negative binomial (ZICNB) regression model to estimate the overall association between drought and annual mortality first in the total population and second in stratified sub-populations based on age, race, sex, and the urbanicity class of the counties.
The main findings indicate that there is a slightly negative association between all-cause mortality and all types of droughts in the total population, though the effect is statistically null. The joint-stratified analysis renders significant results for a few sub-groups. White population aged 25–34 and 45–64 in metro counties and 45–54 in non-metro counties were the population more at risk in Nebraska. No positive associations were observed in any race besides white. Black males aged 20–24 and white females older than 85 showed protective effect against drought mainly in metro counties.
We also found that more sub-populations had higher rates of mortality with longer-term droughts compared to shorter-term droughts (12-month vs 1- or 6-month timescales), in both metro and non-metro counties, collectively.
Our results suggest that mortality in middle aged white population in Nebraska shows a greater association with drought. Moreover, women aged 45–54 were more affected than men in non-metro counties. With a projected increase in the frequency and severity of drought due to climate change, understanding these relationships between drought and human health will better inform drought mitigation planning to reduce potential impacts.




	The association between drought conditions and increased occupational psychosocial stress among U.S. farmers: An occupational cohort study
2021, Science of the Total Environment
Citation Excerpt :
While the financial costs of drought are behind only tropical cyclones and severe storms, its threat to public health remain understudied, particularly among vulnerable populations. Drought has been associated with multiple adverse health outcomes, including increased mortality (Salvador et al., 2019; Berman et al., 2017; Lynch et al., 2020), respiratory-related disease (Salvador et al., 2019; Jagger et al., 2015; Smith et al., 2014a), water and vector borne infection (Stanke et al., 2013; Froelich et al., 2012; Hagan et al., 2018; Brown et al., 2014), and cardiovascular events (Berman et al., 2017). Evidence has correlated drought with worsening air quality and higher concentrations of ozone and fine particulate matter (Wang et al., 2017).



Show abstract
Drought represents a globally relevant natural disaster linked to adverse health. Evidence has shown agricultural communities to be particularly susceptible to drought, but there is a limited understanding of how drought may impact occupational stress in farmers.
We used repeated measures data collected in the Musculoskeletal Symptoms among Agricultural Workers Cohort study, including 498 Midwestern U.S. farmers surveyed with a Job Content Questionnaire (JCQ) at six-month intervals in 312 counties from 2012 through 2015. A longitudinal linear mixed effects model was used to estimate the change in job strain ratio, a continuous metric of occupational psychosocial stress, during drought conditions measured with a 12-month standardized precipitation index. We further evaluated associations between drought and psychological job demand and job decision latitude, the job strain components, and applied a stratified analysis to evaluate differences by participant sex, age, and geography.
During the growing season, the job strain ratio increased by 0.031 (95% CI: 0.012, 0.05) during drought conditions, an amount equivalent to a one-half standard deviation change (Cohen's D = 0.5), compared to non-drought conditions. The association between drought and the job strain ratio was driven mostly by increases in the psychological job demand (2.09; 95% CI: 0.94, 3.24). No risk differences were observed by sex, age group, or geographic region.
Our results suggest a previously unidentified association between drought and increased occupational psychosocial stress among farmers. With North American climate anticipated to become hotter and drier, these findings could provide important health effects data for federal drought early warning systems and mitigation plans.




	Extreme weather events in europe and their health consequences – A systematic review
2021, International Journal of Hygiene and Environmental Health
Citation Excerpt :
Similarly, Salvador et al. (2020) found the same correlation when they extended the study to all of Spain. No correlations between respiratory mortality and droughts were observed in the coastal regions of Galicia (Salvador et al., 2019). In terms of cardiovascular mortality, the highest impact occurred after three months of drought conditions in the interior areas of Galicia with a RR of 1.049 (95% CI, 1.027–1.071) respectively 9 months at the coastal areas with a RR of 1.017 (95% CI, 1.004–1.030) (Salvador et al., 2019).



Show abstract
Due to climate change, the frequency, intensity and severity of extreme weather events, such as heat waves, cold waves, storms, heavy precipitation causing wildfires, floods, and droughts are increasing, which could adversely affect human health. The purpose of this systematic review is therefore to assess the current literature about the association between these extreme weather events and their impact on the health of the European population.
Observational studies published from January 1, 2007 to May 17, 2020 on health effects of extreme weather events in Europe were searched systematically in Medline, Embase and Cochrane Central Register of Controlled Trials. The exposures of interest included extreme temperature, heat waves, cold waves, droughts, floods, storms and wildfires. The health impacts included total mortality, cardiovascular mortality and morbidity, respiratory mortality and morbidity, and mental health. We conducted the systematic review following PRISMA (Preferred Reporting Items for Systematic Review and Meta-analysis). The quality of the included studies was assessed using the NICE quality appraisal checklist (National Institute for Health and Care Excellence).
The search yielded 1472 articles, of which 35 met the inclusion criteria and were included in our review. Studies regarding five extreme weather events (extreme heat events, extreme cold events, wildfires, floods, droughts) were found. A positive association between extreme heat/cold events and overall, cardiovascular and respiratory mortality was reported from most studies. Wildfires are likely to increase the overall and cardiovascular mortality. Floods might be associated with the deterioration of mental health instead of mortality. Depending on their length, droughts could have an influence on both respiratory and cardiovascular mortality. Contradictory evidence was found in heat-associated morbidity and wildfire-associated respiratory mortality. The associations are inconclusive due to the heterogeneous study designs, study quality, exposure and outcome assessment.
Evidence from most of the included studies showed that extreme heat and cold events, droughts, wildfires and floods in Europe have negative impacts on human health including mental health, although some of the associations are not conclusive. Additional high-quality studies are needed to confirm our results and further studies regarding the effects of other extreme weather events in Europe are to be expected.




	Drought effects on specific-cause mortality in Lisbon from 1983 to 2016: Risks assessment by gender and age groups
2021, Science of the Total Environment
Citation Excerpt :
The time resolution of both drought indices is normally presented on a monthly or weekly scale (each month is divided into four periods as in Vicente-Serrano et al. (2017)). However, following studies by Berman et al. (2017) and Salvador et al. (2019, 2020b) with this type of analysis, linking droughts and health effects, a daily scale was used. Thus, from weekly series of drought indices, daily series were constructed assuming the same conditions for each seven-day interval during the studied period.



Show abstract
Portugal (Southwestern Europe) experiences a high incidence of dry hazards such as drought, a phenomenon that entails a notable burden of morbidity and mortality worldwide. For the first time in the Lisbon district, a time-series study was conducted to evaluate the impact of drought measured by the Standardised Precipitation Index (SPI) and Standardised Precipitation-Evapotranspiration Index (SPEI) on the daily natural, circulatory, and respiratory mortality from 1983 to 2016. An assessment by gender and adult age population groups (45–64, 65–74, ≥75 years old) was included. To estimate the relative risks and attributable risks, generalised linear models with a Poisson link were used. Additionally, the influence of heatwaves and atmospheric pollution for the period from 2007 to 2016 (available period for pollution data) was considered. The main findings indicate statistically significant associations between drought conditions and all analysed causes of mortality. Moreover, SPEI shows an improved capability to reflect the different risks. People in the 45–64 year-old group did not indicate any significant influence in any of the cases, whereas the oldest groups had the highest risk. The drought effects on mortality among the population varied across the different study periods, and in general, the men population was affected more than the women population (except for the SPEI and circulatory mortality during the long study period). The short-term influence of droughts on mortality could be explained primarily by the effect of heatwaves and pollution; however, when both gender and age were considered in the Poisson models, the effect of drought also remained statistically significant when all climatic phenomena were included for specific groups of the total population and men. This type of study facilitates a better understanding of the population at risk and allows the development of more effective measures to mitigate the drought effects on the population.




	Short-term effects of drought on daily mortality in Spain from 2000 to 2009
2020, Environmental Research
Citation Excerpt :
This report also showed the evolution of the Köppen climate classification for 1961–1990, 1971–2000, and 1981–2010, and the result was a clear increase (approximately 6%) in the extension of the semi-arid climate over Spain. Only a regional study has been conducted on the effects of drought on daily mortality in Spain (Galicia, northwest Spain) (Salvador et al., 2019b), which revealed that in short-term, mortality was associated to the incidence of droughts and extreme heat temperatures in interior provinces, whose effects were mainly explained by pollution effect. However, the spatial patterns of droughts across the Iberian Peninsula are very complex (Vicente-Serrano, 2006), as there is a clear regionalisation of precipitation (strong spatial gradient of precipitation with significant seasonal characteristics) (Parracho et al., 2016).



Show abstract
Spain is a country of southern Europe that is prone to drought, and it is likely that this type of hydrological extreme will become substantially more frequent and intense in the 21st century, which could lead to greater health risks if adequate adaptive measures are not taken. For the first time, we calculated the relative risks (RRs) of daily natural (ICD10: A00–R99), circulatory (ICD10: I00–I99), and respiratory (ICD: J00–J99) mortality associated with drought events in each province of Spain from 2000 to 2009. For this purpose, we compared the performance of the Standardized Precipitation Index (SPI) and Standardized Precipitation- Evapotranspiration Index (SPEI) obtained at 1 month of accumulation (denoted as SPI-1/SPEI-1) to estimate the short-term risks of droughts on daily mortality using generalised linear models. Attributable risks were calculated from the RR data. The main findings of this study revealed statistically significant associations between the different causes of daily mortality and drought events for the different provinces of Spain, and clear spatial heterogeneity was observed across the country. Western Spain (northwest to southwest) was the region most affected, in contrast to northern and eastern Spain, and daily respiratory mortality was the group most strongly linked to the incidence of drought conditions. Moreover, for a considerable number of provinces, the effect of SPI-1 and SPEI-1 largely reflected the impact of atmospheric pollution and/or heatwaves; however, for other regions, the effect of drought conditions on daily mortality remained when these different climatic events were controlled in Poisson models. When the performances of the SPEI and SPI were compared to identify and estimate the risks of drought on daily mortality, the results were very similar, although there were slight differences in the specific causes of daily mortality.
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