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Abstract: Drought has exacerbated morbidity and mortality worldwide. Here, a time series study
was conducted in northern Bangladesh to evaluate the impact of drought on selected causes of
mortality during 2007–2017. Rainfall and temperature data from six meteorological stations were
used to analyze drought and non-drought periods and to categorize mild, moderate, severe, and
extreme drought based on the 3-month and 12-month Standardized Precipitation Index (SPI) and
Standardized Precipitation Evaporation Index (SPEI). A generalized linear model with Poisson
regression with log link, a negative binomial with log link, and a zero-inflated Poisson model were
used to determine associations between drought severity and mortality. The SPI and SPEI produced
slightly different analysis results. Compared with the SPEI, the SPI showed a stronger and more
sensitive correlation with mortality. The relative risk for respiratory disease mortality was high,
and Saidpur was the most vulnerable area. Health care expenditure was negatively associated
with mortality. High temperatures during the drought period were associated with suicide-related
mortality in Rajshahi. The impact of drought on mortality differed with small changes in climate.
The findings of this study improve our understanding of the differences between the two most used
drought indicators and the impact of drought on mortality.

Keywords: drought; public health; mortality; SPI; SPEI; SVRS

1. Introduction

Climate change poses an ongoing challenge for countries [1]. Higher temperatures cause
increased variability in precipitation and extreme weather events, such as droughts, floods,
and seasonal shifts, which are associated with increased greenhouse gas emissions [2,3].
Weather, climate, and water crises accounted for 50% of all disasters, 45% of recorded deaths,
and 74% of reported economic losses from 1970 to 2019. Developing countries accounted for
more than 91% of these deaths. Drought (650,000 deaths), storms (577,232 deaths), floods
(58,700 deaths), and extreme temperatures (55,736 deaths) were the disasters that caused the
greatest loss of life during this period [4].

Drought is the most complex natural phenomenon among all natural disasters and
has far-reaching impacts [5]. It is caused by a lack of precipitation [6] and is divided into
four types. Meteorological drought refers to rainfall deficit, hydrological drought refers to
low water levels in streams, agricultural drought refers to low moisture levels in the soil,
and socioeconomic drought is when water demand exceeds the supply [7]. Meteorological
drought can be assessed by the annual rainfall [8]. Yearly precipitation that is 25–50% lower
than average is considered moderate drought, while yearly precipitation that is 50% lower
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than average is considered severe drought. A year is termed a drought year if the country
as a whole receives less than 20% of its average annual precipitation [9].

Droughts have become more common and severe in many parts of the world because
of global warming and climate change owing to higher temperatures and changes in rainfall
patterns [10,11]. However, the biological mechanisms by which drought impacts human
well-being are unclear. Drought might impact disease prevalence through facilitating
exposure by increasing airborne dust or smoke from forest fires and altering the growth
and spread of pollen and allergenic fungal spores [12]. One of the few studies on the
health effects of drought, which was conducted in the USA, found that under more severe
drought conditions, adults over 65 are at higher risk of death; in particular, those living
in areas that have experienced less extreme drought conditions are at greater risk of
cardiovascular disease and mortality [13]. Several studies in Spain have suggested that
short-term drought with high temperatures and air pollution impact selected causes of
mortality [14–16]. Our previous study conducted in the northernmost region of Bangladesh
also revealed the impact of short-term extreme drought on natural cause and respiratory
disease-related mortality [17].

As the Intergovernmental Panel on Climate Change points out, some low- and middle-
income countries are exposed to the effects of climate change. Bangladesh is a middle-
income country, and various studies have found that the rate of warming in Bangladesh
is faster than the global average and will continue in the next decades [2,18,19]. Drought
is a common occurrence in several parts of Bangladesh; nevertheless, owing to its high
precipitation variability, the northwest region is the most drought-prone [20]. This region
receives less rainfall than the rest of the country [21] and has low moisture-retention
capacity and infiltration rate characteristics [22], which keep the area relatively dry and
increase the chance of drought. Severe droughts have occurred in Bangladesh (in 1951,
1961, 1975, 1979, 1981, 1982, 1984, 1989, 1994, 1995, and 2000), affecting approximately 53%
of the population [23]. Drought has led to the contamination of existing water supplies,
especially rivers and stagnant ponds, and dysentery and diarrhea in Bangladesh have
increased considerably because of the use of non-potable drinking water [24].

Health expenditure by the government, non-governmental organizations, health
insurance companies, and private financing (i.e., out of pocket) all play a role in a country’s
health status and mortality rate [25]. In Bangladesh, 3% of gross domestic product (GDP)
is spent on health care, with the public sector accounting for less than one-third. The
country’s total health expenditure (THE) is USD37 per capita per year [26]. According to
a comparison of THE as a percentage of GDP across South Asian Association for Regional
Cooperation nations in 2014, Bangladesh was the second lowest in the region. Nevertheless,
in the past two decades, the overall health of Bangladesh’s population has significantly
improved. Between 2000 and 2017, men’s life expectancy increased by 7 years, while
women’s life expectancy increased by 10 years (SVRS 2017). One study found that health
care expenditure potentially reduces maternal and infant mortality in lower- and middle-
income countries [27].

In our previous study, we investigated the effects of drought on mortality in northern
Bangladesh. It was a regional study, covering the Nilphamari, Dinajpur, and Rangpur areas
in the north of the country, and did not consider different drought indices and included
only three causes of death [17]. However, because precipitation varies greatly in this region,
and because there are climatic and meteorological differences among geographical locations
in northern Bangladesh, the conclusions reached for the northernmost part of the country
cannot be conclusively applied to the rest of the region. Thus, in the current study, we
investigated the whole of northern Bangladesh to gain a better understanding of the short-
and long-term consequences of drought on specific causes of mortality over the 2007–2017
period. We also compared the performance results of two different drought indices to
determine which proxies are best for estimating health risks.
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2. Materials and Methods

In this retrospective ecological study, we assessed the short- and long-term effects of
drought on natural cause-, circulatory-, respiratory-, infectious disease-, and suicide-related
mortality in northern Bangladesh from 2007 to 2017. The primary objective was to analyze
the impact of drought as measured by the 3- and 12-month Standardized Precipitation
Evapotranspiration Index (SPEI-3, SPEI-12) and Standardized Precipitation Index (SPI-3,
SPI-12) on each type of mortality. The secondary objective was to identify which drought
index is more suitable for our study area.

2.1. Study Area

The study area was the northern region of Bangladesh. The Rajshahi and Rangpur
divisions, consisting of 16 districts, make up northern Bangladesh. To compare mortal-
ity statistics with drought periods, the study area was divided into six parts, based on
nearest place to a weather station, each represented by one meteorological station and
for which mortality data were collected (Figure 1). The six Bangladesh Meteorological
Department (BMD) weather stations in Rangpur and Rajshahi division provided the climate
data (rainfall, temperature, and humidity) for this study. Table 1 shows the study area’s
geographical situation [26,28–31].
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Table 1. Characteristics of the study area.

Station
Area Covered by
Meteorological
Station (km2)

Study
Population

Selected
from SVRS

Yearly Average
Rainfall,

2007–2017 (mm)

Monthly
Average

Temperature,
2007–2017 (◦C)

Monthly
Average

Humidity,
2007–2017 (%)

Per Capita
Health Care
Expenditure
(US $) (2017)

Bogra 3884.40 37,125 1554.72 30.94 76.94 37.07

Ishurdi 4868.92 38,250 1370.76 31.38 78.35 37.07

Rajshahi 9441.29 56,250 1258.5 31.6 78.65 37.07

Dinajpur 5226.04 33,750 1641.12 30.24 78.07 29.49

Rangpur 6824.87 75,375 1961.52 29.82 79.32 29.49

Saidpur 4295.70 41,625 1825.5 30.37 78.51 29.49

SVRS, Sample Vital Registration System.

2.2. Meteorological Data

Data on monthly precipitation, temperature, and relative humidity were collected for
the 1989–2018 time period from the six BMD meteorological stations in the study area and
used to acquire insight into drought characteristics. However, the analysis in the current
investigation used time series data from the 2007–2017 time period.

2.3. Mortality Data

Mortality data covering 2007–2017 were obtained through the Sample Vital Regis-
tration System (SVRS). SVRS, a core operation of the Bangladesh Bureau of Statistics
(BBS), collects critical information, such as births and deaths, from a sample population
of approximately 1 million people. There are 1000 primary sample units, each containing
250 households with an average of 4.5 individuals [28]. THE data were collected from
a Bangladesh national health account publication [26].

We also collected 2007–2017 daily mortality data from across the study area. SVRS
listed 64 different causes of death for this dataset, which we classified by station and cause.
To compare with the monthly drought period, we categorized daily mortality and converted
it to monthly mortality. We chose five causes of death for the study population and classified
them using the International Classification of Diseases 10 (ICD-10): natural cause mortality
(A00–R99), circulatory-related mortality (I00–I99), respiratory-related mortality (J00–J99),
infectious disease-related mortality (A00–B99), and intentional self-harm (suicide) (X60–X84).

2.4. Analyzing Drought

Drought indicators are important instruments for tracking and defining drought [32]
and assessing its many effects [33,34]. There are various methods for assessing and monitor-
ing drought conditions [35], including the Palmer drought severity index [36], SPI [8], and
SPEI [37]. The SPI and SPEI have several timeframes, allowing them to represent different
types of droughts and to better reflect fluctuations in drought features [38]. The SPEI is
calculated based on the accumulated difference between precipitation (P) and potential
evapotranspiration (PET), which can comprehensively reflect changes in the surface water
balance [39]. The SPI considers only precipitation, is easy to calculate, and has temporal
and spatial robustness [40,41]. For a realistic assessment of drought in the context of global
warming, the increase in evaporation produced by warming is not negligible. As a result,
the SPEI outperforms the SPI in drought monitoring [42]; however, its applicability in arid
regions may be limited [43]. The differences in drought monitoring between the SPI and
SPEI, as well as their robustness in the context of global climate change, are still open to
debate. In the current study, the SPI and SPEI were calculated at different timescales using
the SPEI package in R [44]. The potential evapotranspiration variable was initially evalu-
ated using the Hargreaves method [45] to produce the SPEI series. Fitting the P and P-PET
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series to a suitable probability distribution is required to calculate these indicators. The
SPI [8] and SPEI [37] are defined by converting the fitted series into standardized values.

Drought was calculated using monthly data from 1989 to 2018. To assess short- and
long-term drought, both indices were calculated for 3 and 12 months cumulatively. Studies
have suggested that the application of the SPI and SPEI series at a 3-month scale (short-
term) produces a high temporal frequency of periods of drought and moisture and that
the 12-month SPI is better at indicating long term drought results, better also than for
36 and 48 months. Therefore, in this study, we used 3-month SPI/SPEI to assess short-term
drought and 12-month SPI/SPEI to assess long-term drought [8,46]. Table 2 contains the
actual SPI categories used for drought calculation based on severity. Agnew et al., however,
proposed thresholds to ensure that the SPI categories were more appropriate, the thresholds
also being suitable for SPEI categories, and this has been applied by many researchers
subsequently. Based on this, the onset of a drought episode was defined as when the
index value falls below zero and the episode ends when the index returns a positive
value; furthermore, its severity could be quantified by applying certain thresholds (based
on a normal distribution). Drought conditions were rated from 0 to 4, where 0 is ‘no
drought’ and 4 is ‘extreme drought’ [13,14,47]. The revised values used in this study for
the SPI and SPEI drought categories based on severity are described in Table 2. To be
able to ascertain the influence of each drought severity level in our study, we used this
classification of drought and did not use a direct link between negative and positive SPI
values. We included −0.85 < SPI/SPEI ≤ 0 as mild drought because, while mild drought
may not have a significant impact on agriculture and has not typically been included in
previous health-related research, mild drought might have a considerable influence on
health impact analyses.

Table 2. Drought characteristics based on actual and revised values.

Drought Category Actual SPI Value Revised SPI Value
Used in This Study

Revised SPEI Value
Used in This Study

No drought >0 >0 >0

Mild drought −0.99 ≤ 0 −0.85 ≤ 0 −0.85 ≤ 0

Moderate drought −1.49 ≤ −1 −1.27 ≤ −0.85 −1.27 ≤ −0.85

Severe drought −1.99 ≤ −1.50 −2.05 ≤ −1.28 −2.05 ≤ −1.28

Extreme drought ≤−2.00 ≤−2.06 ≤−2.06

2.5. Statistical Analysis

Two distinct analyses were performed to estimate the relative risk (RR) and impact
on mortality associated with exposure to drought. This included monthly deaths from all
causes and cause-specific mortality (e.g., cardiovascular, respiratory, infectious disease,
suicide), and the duration of the drought with respect to its severity (i.e., mild, moderate,
severe, and extreme, with no drought as a reference). We first analyzed drought using R
software. We then defined drought as a categorical variable, characterizing the drought
severity as 0, 1, 2, 3, 4, based on the value of SPI and SPEI. Here, 0 represents no drought,
1 represents mild drought, 2 is moderate drought, 3 is severe drought and 4 is extreme
drought. This categorical variable was used as the independent variable against dependent
variable mortality data. We used a generalized linear model based on a Poisson distribution
to define the relationship between mortality and drought severity based on the SPI and
SPEI categories. The consequences of drought and non-drought periods were clarified
by these analyses. Two models were created in which model 1 consisted of drought,
mortality, temperature, and humidity. As drought is closely related to temperature and
humidity, it was appropriate to use temperature and humidity as covariates. This enabled
assessment of the direct impact of drought on mortality. In model 2, along with model 1,
we used seasonality impact and health expenditure as the covariates, providing the result
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of adjusted drought impact on mortality. The two different models applied in this study
were constructed to determine the adjusted and unadjusted impacts of drought. Only
the RR results are included in this paper for Model 2. To assess the effects of seasonality,
we also conducted quarterly assessments using the following quarters: Q1 (December–
February), Q2 (March–May), Q3 (June–August), and Q4 (September–November). Statistical
significance was defined as a p value of less than 0.05. For each cause of death and each
timescale for both drought indices, we used Poisson regression with log link, negative
binomial with log link, and zero-inflated Poisson regression (ZIP) to analyze the impact
on mortality, with the most appropriate results being used for this study. Goodness of fit
for high and low dispersion, an omnibus test, Akaike’s information criterion (AIC), and
Bayesian information criterion (BIC) values were checked for every analysis to determine
over- and under-exposure of each test. The IBM SPSS Statistics 25 package (IBM Corp.,
Armonk, NY, USA) was used to conduct all the analyses. The R software package version
3.3.6 (https://www.r-project.org/, accessed on 11 October 2020) was used to conduct the
drought analysis.

2.6. Ethical Approval

This study did not require research ethics approval because publicly available, anonymized
aggregate data were used for all analyses.

3. Results
3.1. Drought Statistics for Northern Bangladesh

The total number of drought months and percentages during the study period (2007–
2017) based on drought severity (no drought, mild drought, moderate drought, severe
drought, and extreme drought) are shown in Table 3. There were very few differences in
the drought periods as defined by the SPI and SPEI. The highest percentage of no drought
based on the SPI-3 and SPEI-3 was in Rajshahi (46.97% and 45.45%, respectively). The
highest percentages of no drought based on the SPI-12 and SPEI-12 were in Bogra (35.61%
and 32.57%, respectively). Compared with the rest of the areas, the percentage of mild
drought was much higher based on all indices in Dinajpur, Rangpur, and Saidpur. The
SPI-12 and SPEI-12 resulted in more drought months than the SPI-3 and SPEI-3. The
moderate and severe drought results were quite similar for both indices. However, there
was a clear difference in the results for extreme drought. The SPI showed much longer
durations of extreme drought in Rajshahi, Bogra, and Ishurdi compared with the SPEI.
Additionally, the SPI-12 showed a higher percentage of extreme drought than the SPI-3.
There was a higher number of mild and moderate drought months in Rangpur, Saidpur,
and Dinajpur (northwestern part of the study area). The number of severe and extreme
drought months was higher in Rajshahi, Bogra, and Ishurdi. There were no months of
extreme drought in Dinajpur according to both indices and timescales. According to the
SPI-12 and SPEI-12, there was no extreme drought in Rangpur or Saidpur. The largest
difference between the SPI and SPEI calculations was found for the Rajshahi and Ishurdi
stations during extreme drought. For Rajshahi, the SPI-12 showed 6.82% extreme drought
during the study period, but the SPEI-12 showed only 0.76%. Similarly, for Ishurdi, the
SPI-12 showed 6.06% extreme drought, but the SPEI-12 showed 0%.

3.2. Drought Effects on Selected Causes of Mortality in Northern Bangladesh (Model 1)

Table 4 shows the individual cause and total mortality in northern Bangladesh during
2007–2017 for selected causes of mortality. The impact of drought on mortality was mainly
found in the short-term drought period. The impact varied by climate and region. The
two drought indicators gave slightly different results, with the SPI indicating a higher level
of impact on selected causes of mortality.

On the basis of the SPI-3, extreme drought was associated with respiratory and infec-
tious disease mortality in Bogra, with natural cause and respiratory disease mortality in
Ishurdi, and with natural cause and infectious disease mortality in Saidpur. On the basis of

https://www.r-project.org/
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the SPI-3, mild drought was associated with cardiovascular disease mortality in Dinajpur.
According to the SPI-3, drought was negatively associated with mortality in Rajshahi and
Rangpur. According to the SPI-12, drought was negatively associated with mortality in
all six areas. The SPI-12 showed that moderate drought was significantly associated with
suicide-related mortality only in Saidpur (Tables 5–10).

Table 3. Number of drought months and percentage during the study period according to drought severity.

Station
Name

Drought
Category

SPI-3 No.
Months (%)

SPI-12 No.
Months (%)

SPEI-3 No.
Months (%)

SPEI-12 No.
Months (%)

BOGRA

ND 52 (39.3) 47 (35.61) 51 (38.60) 43 (32.57)

MD 41 (31.06) 32 (24.24) 47 (35.60) 32 (24.24)

MOD 22 (16.67) 19 (14.39) 19 (14.39) 25 (18.93)

SD 16 (12.12) 29 (21.97) 15 (11.36) 31 (23.48)

ED 1 (0.76) 5 (3.79) 0 (0.00) 1 (0.76)

DINAJPUR

ND 55 (41.67) 22 (16.67) 52 (39.3) 20 (15.15)

MD 53 (40.15) 84 (63.64) 53 (40.15) 82 (62.12)

MOD 16 (12.12) 16 (12.12) 21 (15.90) 19 (14.39)

SD 8 (6.06) 10 (7.58) 6 (4.54) 11 (8.33)

ED 0 (0.00) 0 (0.00) 0 (0.00) 0 (0.00)

ISHURDI

ND 58 (43.94) 43 (32.58) 57 (43.18) 36 (27.27)

MD 39 (29.55) 49 (37.12) 37 (28.03) 53 (40.15)

MOD 17 (12.88) 18 (13.64) 20 (15.15) 21 (15.90)

SD 16 (12.12) 14 (10.61) 17 (12.87) 22 (16.67)

ED 2 (1.52) 8 (6.06) 1 (0.76) 0 (0.00)

RAJSHAHI

ND 62 (46.97) 43 (32.58) 60 (45.45) 35 (26.52)

MD 35 (26.52) 56 (42.42) 37 (28.03) 52 (39.3)

MOD 22 (16.67) 10 (7.58) 21 (15.90) 22 (16.67)

SD 11 (8.33) 14 (10.61) 13 (9.84) 22 (16.67)

ED 2 (1.52) 9 (6.82) 1 (0.76) 1 (0.76)

RANGPUR

ND 55 (41.67) 36 (27.27) 54 (40.90) 30 (22.72)

MD 53 (40.15) 72 (54.55) 51 (38.60) 77 (58.33)

MOD 15 (11.36) 14 (10.61) 16 (12.12) 13 (9.84)

SD 7 (5.30) 10 (7.58) 10 (7.57) 12 (9.09)

ED 2 (1.52) 0 (0.00) 1 (0.76) 0 (0.00)

SAIDPUR

ND 56 (42.4) 23 (17.42) 52 (39.3) 26 (19.69)

MD 55 (41.67) 90 (68.18) 53 (40.15) 78 (59.09)

MOD 16 (12.12) 9 (6.82) 18 (13.63) 17 (12.87)

SD 3 (2.27) 10 (7.58) 9 (6.81) 11 (8.33)

ED 2 (1.52) 0 (0.00) 0 (0.0) 0 (0.00)
ND, no drought; MD, mild drought; MOD, moderate drought; SD, severe drought; ED, extreme drought;
SPEI-3/12, 3- and 12-month Standardized Precipitation Evapotranspiration Index; SPI-3/12, 3- and 12-month
Standardized Precipitation Index.

The SPEI-3 showed that severe drought (ZIP model) was associated with suicide
mortality in Bogra. In Dinajpur, the SPEI-3 showed that mild drought was associated with
cardiovascular disease and that severe drought was associated with respiratory disease. In
Ishurdi, the SPEI-3 and SPI-3 both showed that drought was associated with natural cause
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and respiratory disease mortality. In Rangpur, the SPEI-3 showed that severe drought was
associated with natural cause mortality. Rajshahi and Saidpur did not show any impacts
based on the SPEI-3. The SPEI-12 revealed a negative impact for all areas. The results based
on the SPI and SPEI were different for Bogra, Dinajpur, and Saidpur. The RR of respiratory
disease in Bogra and Ishurdi, and the RR of suicide in Saidpur, were significantly higher
than in the other areas (Tables 5–10).

Table 4. Individual and total number of deaths during 2007–2017 for select causes of mortality.

Station
Name

Natural
Cause

Mortality

Cardiovascular
Disease

Mortality

Respiratory
Disease

Mortality

Infectious
Disease

Mortality
Suicide

Bogra 1415 285 279 131 19

Ishurdi 1548 417 229 131 33

Rajshahi 3130 933 457 287 47

Dinapur 1340 323 303 136 22

Rangpur 3003 816 551 292 45

Saidpur 1585 366 370 154 24

Total 12,021 3140 2189 1131 190

Table 5. Statistically significant associations between drought and mortality in Bogra, 2007–2017.

Drought
Index

Mortality
Category

Drought
Severity B Lower Upper P EXP(B) Lower Upper

SPI-3
RD Extreme 1.17 0.42 1.92 0.00 3.22 1.52 6.81

ID Moderate 0.47 0.00 0.94 0.05 1.60 1.00 2.56

SPI-12

NC Severe −0.22 −0.37 −0.07 0.01 0.80 0.69 0.94

CD Extreme −1.23 −2.38 −0.08 0.04 0.29 0.09 0.93

RD Severe −0.33 −0.64 −0.01 0.04 0.72 0.53 0.99

RD Moderate −0.41 −0.79 −0.03 0.03 0.66 0.45 0.97

RD Mild −0.42 −0.74 −0.09 0.01 0.66 0.48 0.91

SPEI-3 SU Severe 2.45 0.01 (ZIP model)

SPEI-12

NC Severe −0.24 −0.40 −0.09 0.00 0.78 0.67 0.91

NC Moderate −0.24 −0.41 −0.08 0.00 0.79 0.67 0.93

RD Severe −0.35 −0.66 −0.04 0.03 0.70 0.52 0.96

RD Moderate −0.49 −0.84 −0.14 0.01 0.61 0.43 0.87

RD Mild −0.51 −0.84 −0.18 0.00 0.60 0.43 0.84

No drought used as reference. NC, natural cause; CD, cardiovascular disease; RD, respiratory disease; ID,
infectious disease; SU, suicide; B, unstandardized beta; P, statistical significance.

Table 6. Statistically significant associations between drought and mortality in Dinajpur, 2007–2017.

Drought
Index

Mortality
Category

Drought
Severity B Lower Upper P EXP(B) Lower Upper

SPI-3 CD Mild 0.30 0.02 0.58 0.035 1.348 1.021 1.780

SPEI-3

CD Mild 0.30 0.02 0.58 0.04 1.35 1.02 1.79

RD Severe 0.47 0.03 0.90 0.04 1.59 1.03 2.47

RD Mild −0.33 −0.60 −0.06 0.01 0.72 0.55 0.94

No drought used as reference.
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Table 7. Statistically significant associations between drought and mortality in Ishurdi, 2007–2017.

Drought
Index

Mortality
Category

Drought
Severity B Lower Upper P EXP(B) Lower Upper

SPI-3
NC Extreme 0.60 0.05 1.16 0.03 1.83 1.05 3.18

RD Extreme 1.11 0.25 1.97 0.01 3.04 1.29 7.15

SPI-12
NC Mild −0.22 −0.40 −0.04 0.01 0.80 0.67 0.96

SU Mild −1.05 −1.93 −0.18 0.02 0.35 0.15 0.84

SPEI-3
NC Extreme 0.85 0.11 1.59 0.02 2.35 1.12 4.93

RD Extreme 1.28 0.16 2.39 0.02 3.58 1.18 10.90

SPEI-12
NC Mild −0.21 −0.40 −0.03 0.03 0.81 0.67 0.97

SU Mild −1.05 −1.90 −0.19 0.02 0.35 0.15 0.82

No drought used as reference.

Table 8. Statistically significant associations between drought and mortality in Rajshahi, 2007–2017.

Drought
Index

Mortality
Category

Drought
Severity B Lower Upper P EXP(B) Lower Upper

SPI-3 NC Extreme −0.51 −0.95 −0.06 0.03 0.60 0.39 0.95

SPI-12 CD Moderate −0.49 −0.86 −0.11 0.01 0.61 0.42 0.89

SPEI-3 RD Mild −0.24 −0.47 −0.01 0.04 0.79 0.63 0.99

SPEI-12

NC Moderate −0.16 −0.31 0.00 0.05 0.85 0.73 1.00

CD Moderate −0.29 −0.55 −0.02 0.04 0.75 0.57 0.98

SU Severe −1.75 −3.22 −0.28 0.02 0.17 0.04 0.75

No drought used as reference.

Table 9. Statistically significant associations between drought and mortality in Rangpur, 2007–2017.

Drought
Index

Mortality
Category

Drought
Severity B Lower Upper P EXP(B) Lower Upper

SPI-3
CD Mild −0.25 −0.43 −0.06 0.01 0.78 0.65 0.94

ID Moderate −0.47 −0.93 −0.01 0.05 0.63 0.40 0.99

SPI-12 CD Moderate −0.37 −0.70 −0.05 0.03 0.69 0.50 0.96

SPEI-3 NC Severe 0.24 0.05 0.43 0.01 1.27 1.05 1.53

No drought used as reference.

During drought periods, the temperature and humidity also showed significant im-
pacts on mortality. Humidity was associated with infectious disease mortality according to
the SPI-3/12 and SPEI-3/12 in Bogra and Dinajpur, and with suicide in Saidpur according
to the SPI-3. Temperature was associated with suicide mortality in Rajshahi according to
all indices (Supplementary Tables S1–S6).

3.3. Drought Associated with Selected Causes of Mortality in Northern Bangladesh (Model 2)

Model 2 showed slightly different results from Model 1 based on the SPI-3. In Bogra,
on the basis of the SPI-3, extreme drought was associated with respiratory disease mortality
(RR = 2.42, 95% CI, 1.12; 5.25), and on the basis of the SPEI-3, mild drought was associated
with infectious disease mortality (RR = 1.53, 95% CI, 1.02; 2.28) (Figure 2). In Dinajpur,
according to the SPEI-3, mild drought was associated with cardiovascular disease (RR = 1.33,
95% CI, 1.00; 1.77) and severe drought was associated with respiratory disease (RR = 1.97,
95% CI, 1.16; 3.35). In Ishurdi, for both the SPI-3 and SPEI-3, extreme drought was associated
with respiratory disease mortality (RR = 2.36, 95% CI, 1.10; 5.05, RR = 2.73, 95% CI, 1.05; 7.08,
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respectively). In Rajshahi and Rangpur, there were no positive associations based on any
of the indices. In Saidpur, on the basis of the SPI-3, extreme drought was associated with
natural cause and infectious disease mortality (RR = 1.75, 95% CI, 1.00, 3.05; RR = 2.25, 95%
CI, 1.03; 4.93, respectively). For the SPI-12, moderate drought was associated with suicide-
related mortality, with a very high relative risk (RR = 4.23, 95% CI, 1.28; 13.93). On the basis
of the SPEI-3, severe drought was associated with infectious disease mortality (RR = 1.86,
95% CI, 1.00; 3.46). According to the SPEI-12, moderate drought was also associated with
suicide-related mortality (RR = 3.40, 95% CI, 1.02; 11.36). Short-term extreme drought had
a higher RR then long-term drought. Saidpur was the most vulnerable area in terms of
drought impact.

Table 10. Statistically significant associations between drought and mortality in Saidpur, 2007–2017.

Drought
Index

Mortality
Category

Drought
Severity B Lower Upper P EXP(B) Lower Upper

SPI-3
NC Extreme 0.64 0.03 1.24 0.04 1.89 1.03 3.47

ID Extreme 1.15 0.43 1.86 0.00 3.16 1.54 6.45

SPI-12

NC Severe −0.41 −0.78 −0.04 0.03 0.66 0.46 0.96

RD Severe −0.79 −1.48 −0.11 0.02 0.45 0.23 0.90

SU Moderate 1.21 0.05 2.36 0.04 3.34 1.05 10.59

SPEI-12

NC Severe −0.45 −0.78 −0.11 0.01 0.64 0.46 0.90

NC Moderate −0.58 −0.88 −0.28 0.00 0.56 0.41 0.75

CD Moderate −0.79 −1.29 −0.28 0.00 0.46 0.27 0.75

RD Severe −0.89 −1.54 −0.25 0.01 0.41 0.22 0.78

RD Moderate −0.64 −1.15 −0.13 0.01 0.53 0.32 0.88

No drought used as reference.
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In Bogra, on the basis of the SPI-3 and SPEI-3, humidity was associated with natural
cause mortality. Temperature had a negative impact on mortality in all areas. THE was
negatively associated with mortality in all areas (Supplementary Tables S7–S11).

4. Discussion

In this detailed study in northern Bangladesh, we found differences in climate among
the included areas, particularly between the two divisions of Rajshahi and Rangpur. The
northernmost part of the country (Rangpur, Saidpur, and Dinajpur) had more rainfall and
lower temperatures than the rest of the northern part (Rajshahi, Bogra, and Ishurdi). These
climatic differences led to different drought characteristics, as well as different impacts on
mortality. The areas with less rainfall had more severe and extreme drought than areas
receiving more rainfall. Additionally, we found that short-term drought had a stronger
impact on mortality than long-term drought. Corroborating these findings, several studies
in Spain have found that short-term drought is similarly associated with selected causes of
daily mortality [14–16].

It was difficult to distinguish between the suitability of the SPI and SPEI for analyzing
our study area, but we found that the SPI had stronger associations with mortality than the
SPEI in both Models 1 and 2. Other studies have also found slight differences between the
SPI and SPEI; however, they found that the SPEI has stronger associations with mortality
than the SPI [48]. We also found that, during short-term drought, Bogra, Ishurdi, and
Saidpur were vulnerable to extreme drought only. Natural cause, respiratory disease,
and infectious disease mortalities were only associated with extreme drought in the short-
term drought period. Some studies have suggested that severe droughts inflict more
damage, which explains the impact of extreme drought on natural cause mortality and
the low impact on mortality from mild and moderate drought [13,14,17,49]. According
to a US study, among people aged 65 and older, severe drought increased the risk of
mortality, but decreased the risk of respiratory admissions throughout all analyzed drought
periods [13]. However, our findings were not similar; on the basis of the SPI-3, Dinajpur was
vulnerable to mild drought associated with cardiovascular disease mortality, and severe
drought was associated with respiratory disease mortality. Infectious disease mortality and
suicide-related mortality were associated with both the drought period and temperature or
humidity. Bogra and Saidpur were the most vulnerable to infectious disease- and suicide-
related mortality during drought periods. Regarding long-term drought, the only identified
association was suicide during moderate drought in Saidpur.

We found that the RR of respiratory disease mortality was much higher in Bogra than
in the other areas. Bogra, Dinajpur, and Ishurdi were all impacted by respiratory disease
mortality. Several studies have collectively examined other environmental factors (e.g.,
heat waves, forest fires, and pollution) that have significant associations with mortality,
particularly among vulnerable populations. Extreme drought is linked to high tempera-
tures [50,51], which results in dry soil, deforestation, the prevalence and severity of forest
fires and dust storms, and other situations that degrade the air quality [52]. All of these
drought-related phenomena increase dust, which transports pathogens and particulate
matter, as well causing an increase in the release of hazardous aerosols into the atmosphere,
all of which can have negative health consequences. The high RR associated with respi-
ratory disease mortality found in our study can be explained by the longer dry season in
Dinajpur and the severe drought in Bogra and Ishurdi, which resulted in poor air quality.

Regarding covariates, we found that temperature had a negative impact on mortality
in all areas. Humidity was significantly associated with infectious disease mortality in
Bogra and Dinajpur at both timescales. Similarly, previous research in Bangladesh has
linked low temperatures to a significant increase in natural cause mortality and to deaths
due to cardiovascular, respiratory, and neonatal causes [53–55]. Seasonal low absolute
temperatures are not the cause of winter excess mortality, rather, a seasonal drop in average
temperature is the cause of winter excess mortality [54,56]. Another study suggested that
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warm climate countries have higher excess winter deaths owing to inadequate housing
and ineffective clothing protection against cold [57].

We found that in Rajshahi, during drought periods, higher temperatures were associ-
ated with suicide-related mortality. This important finding differs from those of previous
studies. In our dataset, the highest temperature was recorded in 2016 in Rajshahi [31],
which could be why we found the connection with suicide. Another finding was that
THE was negatively associated with mortality, meaning that, as health care expenditure
increased, mortality decreased. In support of this finding, a previous study found that
health care expenditure potentially reduces maternal and infant mortality in lower- and
middle-income countries [27].

We found that drought had the least impact on mortality in Rajshahi and Rangpur.
According to a report from the Economic Census in Bangladesh, focused public investment
and special credit programs aided the expansion of non-farm activity in these areas, which
has helped to alleviate the drought crisis in recent years [58]. In addition, medical care and
facilities are more accessible in Rangpur and Rajshahi. These two factors—an improved
economy and better medical facilities—likely play a role in reducing the impact of drought
on mortality. Furthermore, the highest level of per capita government spending is in the
Rajshahi division [26], which might be another reason why no association was found
between drought and mortality. Future studies should consider hospital admissions and
morbidity in Rajshahi to gain a greater understanding of drought impacts. Our previous
study in northern Bangladesh found an impact from extreme drought in Rangpur, which is
a slightly different result than found in the current study [17]. The current study differs
mainly because of the larger study area and greater amount of mortality data.

While interpreting the results, the following limitations should be taken into consider-
ation. First, numerous factors, such as a population’s vulnerability, health status, gender,
age, socioeconomic features, and access to and use of water, can amplify the effects of
drought and reinforce the dangers associated with its frequency [59–61]. However, we
were unable to account for all these factors in our investigation. Other limitations of this
study are that the mortality data were collected at random, and the mortality classifications
were broad and did not adhere to the International Classification of Diseases guidelines. In
addition, there were very few weather stations in our study area, and there may have been
some variation in drought conditions in areas furthest from the stations. Another limitation
was that we did not consider flood data in this study, as well as river and drainage area
data this could play a vital role regarding drought. These constraints should be considered
in future research. Finally, we have been unable to examine some variables that could affect
vulnerability to drought, such as individual socioeconomic status, previous health condi-
tions and adaptive capacity of the population, sex, and age. Future research with a large
cohort study in northern Bangladesh considering all these features alongside droughts and
mortality can widen our understanding of the impact of drought.

On the basis of our study results, we found different health risks associated with
drought that need to be addressed by the government and local authorities to mitigate the
situation. We believe this study will help authorities to deploy specific measures to each
area to combat the health risks more efficiently. Because there is a good understanding
of the regional characteristics, authorities may be able to allocate medical resources more
efficiently, which could save both lives and money. Additionally, the local health care
workforce should be aware of the health risks of drought for individual areas, and the
government should increase its support for health care expenditure in the most vulnerable
area, Saidpur. To reduce health risks associated with drought’s numerous health impacts,
it is vital to support comprehensive and visionary policies based on drought prevention,
mitigation, and adaptation. It is critical to create comprehensive plans that include actions
to mitigate the effects of drought. Surveillance systems and the action plans that go with
them should be created with the conditions of a particular region in mind, particularly the
local climate and the health needs of the population.
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5. Conclusions

In this study, the SPI and SPEI were found to have minimal differences when analyzing
drought; however, in our study area, the SPI was more strongly associated with mortality.
Short-term drought, especially extreme drought based on the SPI-3, had the strongest
association with mortality. Temperature and humidity also play an important role in
exacerbating mortality during drought periods. Drought varies regionally depending on
small changes in climate. Thus, it is important to understand the drought characteristics
and impacts in a given location and consider tailored approaches for dealing with them.
The findings of this study will be useful in examining the impact of drought over various
timescales and for different causes of mortality in other drought-prone areas and countries
affected by climate change.
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