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Abstract

Little research explores how climate extremes affect early childhood mortality in sub-
Saharan Africa, despite great vulnerability to both climate extremes and high rates
of early childhood mortality. Although there have been substantial improvements
in early childhood mortality in recent decades, climate change threatens to offset this
progress. Focusing on the case of Cote d’Ivoire, I combine individual-level data from
the Demographic and Health Surveys with high-resolution climate data to investigate
how and when in-utero exposure to severe agricultural droughts influences early child-
hood mortality. I find that in-utero exposure to severe agricultural droughts increases the
probability of under-five mortality, and most recent droughts seem to exert the greatest
impact. I also find that boys and children born into families with little to no formal edu-
cation are highly vulnerable to drought exposure during gestation. Maternal education
mitigates the negative impact of droughts on under-five survival, regardless of urban or
rural residence, suggesting that its protective effects may be linked to specific knowl-
edge, behaviours, and practices that highly educated mothers employ rather than their
living environment. These findings carry important lessons for policymakers, emphasis-
ing the need for policies that enhance educational opportunities for parents and develop
targeted interventions for boys and children from families with little formal education.

Keywords Climate extremes - Under-five mortality - Droughts - Africa

Introduction

Cote d’Ivoire’s economy is heavily reliant on agriculture, with a large proportion
of the population engaged in rainfed subsistence farming. Less than 1% of the cul-
tivated land is equipped with irrigation facilities, making food security and general
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livelihood highly dependent on climatic conditions (FAO et al., 2018; World Bank,
2021a). When the country experienced a series of severe droughts over the past dec-
ades (Cote d’Ivoire MINESUDD, 2014), the resulting crop losses undermined food
security and negatively impacted the well-being of the people in Cote d’Ivoire (FAO
et al., 2018). Projections show further increases in temperatures and dry spell length
(AfDB, 2018; World Bank, 2021a; Yapo et al., 2020) which will place additional
pressure on food security in a country where 27.3% of child deaths are associated
with undernutrition (WFP, 2022).

In recent years, there have been substantial improvements in early childhood mor-
tality in Cote d’Ivoire, with under-five deaths more than halving between 1990 and
2021, decreasing to 75 deaths per 1,000 live births in 2021 (UN IGME, 2023). How-
ever, extreme weather has the potential to offset this progress. This study investi-
gates how and when in-utero exposure to agricultural droughts impacts under-five
mortality and explores how this impact varies based on demographic and socioeco-
nomic characteristics. The study sample consists of all under-five children from the
Cote d’Ivoire Demographic and Health Surveys. The individual-level data, which
include information on the child’s date of birth and geographic location, are com-
bined with local high-resolution spatial data on climate to create a measure of in-
utero exposure to agricultural droughts as measured by the Standardised Precipita-
tion Evapotranspiration Index (SPEI). This paper makes three main contributions to
the demographic literature on the effect of in-utero exposure to weather events on
early childhood mortality.

First, previous literature has primarily focused on the mortality consequences of
in-utero drought exposure for infants (Flatg & Kotsadam, 2014; Kudamatsu et al.,
2012; Kumar et al., 2016; Rocha & Soares, 2015), thus neglecting its effect on mor-
tality among slightly older children (i.e. ages one through four). Given that child-
hood deaths in low-income countries occur at high rates between ages one and five
(UN IGME, 2023), focusing solely on infant mortality may lead to an underestima-
tion of the adverse effects of drought on early childhood mortality. I not only inves-
tigate the impact of in-utero exposure to droughts on under-five mortality but also
comprehensively analyse the timing underpinning this impact.

The second contribution of this work is methodological and relates to the meas-
ure of drought. Previous research investigating the impact of in-utero exposure to
drought on child health outcomes often defines droughts simply as a lack of rain-
fall. However, as we learn from the meteorological literature (Masih et al., 2014;
WMO, 1975), droughts are not solely caused by decreased precipitation: increases
in evaporation from soil and vegetation—mainly due to warmer temperatures—
also contribute significantly (Vicente-Serrano et al., 2012). In this work, I adopt
a more comprehensive measure of drought exposure that incorporates numerous
climate parameters beyond just precipitation: the SPEI. Widely recognised as the
most complete and robust agricultural drought index in Africa (WMO, 2012), the
SPEI is employed here for the first time in combination with demographic data on
early childhood mortality.

The third contribution of this work is to investigate the extent to which key demo-
graphic and socioeconomic factors can mitigate children’s vulnerability to climate
extremes in-utero. By examining how individual, household, and community-level
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factors—such as child’s sex, parental level of education, household wealth, and
place of residence—modify the degree of susceptibility to under-five mortality, this
analysis pinpoints specific population subgroups that require targeted policy inter-
ventions (Andriano, 2023; Dimitrova, 2021; Dimitrova & Muttarak, 2020; Muttarak
et al., 2015).

The effects of weather shocks on early childhood health
and mortality: Existing evidence base and theoretical perspectives

Exposure to environmental risks before birth can harm foetal growth and contribute
to negative health outcomes (WHO, 2002). A substantial body of research explores
the impacts of prenatal exposure to adverse environmental conditions (Almond &
Currie, 2011; Almond & Mazumder, 2011; Andalén et al., 2016; Camacho, 2008;
Currie & Rossin-Slater, 2013; Dorélien, 2019; Torche, 2011). This body of research
mainly focuses on the impact of climatic shocks on health at birth and throughout
childhood, including birthweight, preterm birth, and malnutrition (Aguilar & Vicar-
elli, 2011; Andalén et al., 2016; Andriano, 2023; Cornwell & Inder, 2017; Daven-
port et al., 2020; Deschénes et al., 2009; Dimitrova, 2021; Dimitrova & Muttarak,
2020; Grace et al., 2015, 2021; Kumar et al., 2016; Rocha & Soares, 2015).

Research on prenatal exposure to weather shocks and early childhood mortality is
still in its infancy. Only a few studies have analysed the effects of in-utero exposure
to weather shocks on the mortality of infants, overlooking the effects extending into
subsequent years of life. Kudamatsu et al. (2012) find that drought exposure during
the two rainy seasons before birth increases the mortality of infants born during the
hungry season in arid areas of Africa by 23.1 deaths per 1,000 live births, primarily
attributed to maternal malnutrition. Flatg and Kotsadam (2014) find that extreme
droughts occurring in the rainy season prior to birth in sub-Saharan Africa increase
female infant mortality by 11.9 deaths per 1,000 live births, attributing this to gen-
der-based discrimination occurring after birth. In a study from the semiarid North-
east Brazilian region, Rocha and Soares (2015) find that a drought episode 1 year
before birth increases the infant mortality rate by 3.3 points, largely due to intestinal
infections and malnutrition. Kumar et al. (2016) find that infant mortality increased
by 3.5 deaths per 1,000 live births for children exposed to a drought during the year
of birth, but no significant effects were found for in-utero exposure.

Although pinpointing the reasons for the divergent findings in previous studies is
challenging, these studies offer insights into key pathways linking in-utero drought
exposure to infant mortality—pathways that are relevant to this work on under-five
mortality. These pathways, which I discuss in detail below, include maternal malnu-
trition, altered disease environment, and maternal stress.

Firstly, droughts decrease the quantity, quality, and variety of crops produced,
often causing significant increases in food prices and reductions in disposable
income. For example, during the 1991-1992 drought in Zimbabwe, food prices
surged by 72% (Stern, 2006). Droughts can also affect livestock and milk produc-
tion and even lead to the death of livestock (Webb & Reardon, 1992), further reduc-
ing income for households that rely on these animals. For instance, during the 1985
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drought, 75% of the herds of the Fulbe pastoralists perished (de Bruijn, 1997). To
cope with decreased food access and income, households may resort to consuming
calorie-dense but nutrient-poor foods (Bloem et al., 2010). This dietary shift exac-
erbates micronutrient deficiencies in pregnant women, amplifying their existing vul-
nerabilities during a critical nutritional period (Gebremedhin & Enquselassie, 2011)
and ultimately increasing child mortality rates (Schoeps et al., 2018).!

Secondly, droughts also modify the disease environment by compromising water
availability and quality, increasing the risk of water-borne infections (De Waal, 1989;
Rocha & Soares, 2015). During pregnancy, such conditions can lead to chronic diar-
rhoea and result in anaemia and micronutrient deficiencies that harm both maternal
and new-born health (Chen et al., 2012; Watt & Chamberlain, 2011). Drought con-
ditions also contribute to a rise in HIV prevalence among women, particularly due
to an increase in transactional sex (Burke et al., 2014). This exchange of goods and
cash for sexual relationships before and during pregnancy could increase the risk of
HIV transmission from infected mothers to their children, subsequently increasing
the risk of mortality in the absence of antiretroviral therapy (WHO, 2010).

Thirdly, droughts also induce maternal stress and increased energy expenditure.
Stress during pregnancy is linked to the production of hormones and cortisol that are
associated with preterm delivery (Glynn et al., 2001; Hobel, 2004; Lockwood, 1999),
contributing to lower birthweight—a well-known risk factor of early childhood
mortality. Drought conditions also often require women to travel greater distances
to access clean water. Carrying heavy water loads could adversely affect women’s
health (Geere et al., 2010), compounding the risks associated with pregnancy.

Agriculture and climate in Cote d’lvoire

Cote d’Ivoire, located in West Africa, has an economy heavily reliant on agricul-
ture. The sector employs approximately two-thirds of the population and contrib-
utes significantly to the national GDP (FAO et al., 2018; Riquet et al., 2017). The
primary agricultural products include cocoa, coffee, palm oil, and rubber, which are
crucial export commodities. Subsistence farming is prevalent, with many house-
holds depending on the cultivation of staples such as rice, maize, cassava, and yams
for their daily sustenance. In fact, 64% of Cote d’Ivoire’s total area is comprised of
arable land (FAO et al., 2018), underscoring the importance of agriculture for ensur-
ing food security in the country.

The climate in Cote d’Ivoire is predominantly tropical, characterised by a
humid equatorial zone in the southern regions and a tropical savannah climate in
the northern regions. The country generally experiences a rainy season from June
to October and average annual temperatures range from 24 to 28 °C (World Bank,

! Note that it is not necessary to be a food producer or livestock farmer to suffer from lower agricultural
outputs because lower yields and reduced livestock production translate into higher prices for everyone.
Similarly, families involved in the production of export crops in the country, such as cocoa and coffee,
could financially suffer from lower yields which limit their overall purchasing power.
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2021b). In the south, the climate allows for two growing seasons: the first starts
between March and May and lasts until July, sometimes extending to October,
while the second starts in August and ends in November/December. In the north,
there is a single growing season from April/May to October/November, with sea-
son lengths ranging from 80 to 190 days (Goula et al., 2010).

Despite the favourable conditions for agriculture, the country’s high depend-
ence on subsistence farming and rainfed agriculture makes food security and gen-
eral livelihood highly dependent on climatic conditions (FAO et al., 2018; World
Bank, 2021a; Yapo et al., 2020). For instance, during periods of severe drought,
the country has suffered substantial crop losses, undermining food security and
negatively impacting the livelihoods of those dependent on farming (Cote d’Ivoire
MINESUDD, 2014; FAO et al., 2018). Climate change poses potential threats to
soil fertility, evaporation rates, and overall soil moisture content which may lead to
diminished agricultural yields and production (World Bank, 2021a).

Demographic and socioeconomic vulnerabilities

In response to climate change, scholars and policymakers are increasingly looking
for ways to mitigate the negative consequences of climate extremes. Individual- and
community-level factors including the access to information, proximity to main
roads, and capacity to diversify income can determine the extent to which climate
extremes can disrupt livelihoods and affect children’s survival chances. This line
of thought aligns closely with the demographic differential vulnerability approach
(Muttarak et al., 2015) which has been used to investigate how natural disasters and
climate extremes can impact population groups differently depending on age, sex,
socioeconomic status, and education (Andriano, 2023; Conte Keivabu & Cozzani,
2022; Dimitrova, 2021; Dimitrova & Muttarak, 2020).

When it comes to child mortality, research shows that women’s education is an
important determinant of children’s survival chances: previous studies find a causal
link between maternal education and child mortality (Andriano & Monden, 2019;
Breierova & Duflo, 2004; Chou et al., 2010; Grépin & Bharadwaj, 2015; Makate
& Makate, 2016). The literature also suggests that the relationship between mater-
nal education and child survival chances persists during famines when food prices
rise dramatically (Kiros & Hogan, 2000, 2001). Education is further found to both
reduce vulnerability to weather shocks and increase the propensity to prepare against
natural disaster (Hoffmann & Muttarak, 2017; Lutz et al., 2014).

Given the vast expansion in education in Cote d’Ivoire over the past few decades
(UNESCO, 2015), education is particularly relevant in protecting against drought-
related fatality in early childhood. Other potentially important factors for mitigating
the negative consequences of drought exposure to under-five mortality include the
child’s sex, household wealth, and place of residence. In this study, I will investigate
how in-utero exposure to agricultural droughts impacts the survival chances of chil-
dren across different demographic and socioeconomic groups.
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Data

I combine two sources of data: (1) three rounds of the Cdte d’Ivoire Demographic
and Health Survey (CDHS) georeferenced data on early childhood mortality and key
demographic and socioeconomic characteristics, and (2) gridded climate data from
the ERA-Interim (ERA-I) archive produced by the European Centre for Medium-
Term Weather Forecasting (ECMWF). Each of these data sources is discussed in
detail below.

Individual data

The individual-level data come from the CDHS rounds of 1994, 1998-1999, and
2011-2012. The DHS Program collects nationally representative data on popula-
tion health, child mortality, and socioeconomic characteristics. Importantly for this
study, the CDHS reports the GPS latitude and longitude coordinates of clusters
where women and their children reside, which enables linking them to their geo-
graphic location at survey time.” I use their geographic location at survey time as
a proxy for their geographic location during gestation. Using the latitude and lon-
gitude data in the DHS, I match each child to the weather grid cell corresponding
to their location to construct variables of in-utero exposure to agricultural droughts.

The analytical sample includes children born in the 5 years prior to the survey,
covering 13,545 children born to 10,275 mothers living in over 727 geographic loca-
tions (see Fig. 1 for a map of the geographic locations).

Climate data

The climate data used to calculate the variable for agricultural droughts, as measured
by SPEI, are taken from the high-quality ERA-Interim reanalysis dataset (Dee et al.,
2011). The ERA-Interim dataset contains information on climate for every 6 hours
from 1 January 1979, on a global grid of parallels and meridians at a 0.75x0.75°
resolution (about 80 km by 80 km at the equator).” This dataset has been previously

2 To preserve confidentiality, urban clusters are displaced a distance of up to 2 km; rural clusters up
to 5 km. A randomly selected 1% of rural clusters are displaced a distance up to 10 km (Burgert et al.,
2013). In this analysis, this random displacement is unlikely to pose a significant issue for two main rea-
sons. Firstly, the climate data used in the study has a spatial resolution of 80 km by 80 km, meaning each
grid cell covers a vast area. Therefore, displacement of 2, 5, or even 10 km is minor relative to the size
of each grid cell, ensuring that most data points remain within the same climate grid cell despite being
displaced. Secondly, the weather variability between neighbouring grid cells is minimal, suggesting that
even if a displacement shifts a data point to an adjacent cell, the climatic conditions relevant to this anal-
ysis—such as temperature or rainfall patterns—remain substantially the same.

3 The choice of the ERA-I dataset for analysis was driven by practical considerations. At the time of
the analysis, the SPEI database developed by Vicente-Serrano and colleagues was only available up to
the year 2006 (Vicente-Serrano, Begueria, Lopez-Moreno, et al., 2010a, 2010b). Given that this analysis
extends until 2012, the ERA-I dataset was the most viable option at that time, as it allowed for the cal-
culation of the SPEI at a fine spatial resolution. While other datasets also offered this possibility, ERA-I,
being reanalysis data, was deemed the optimal choice. Since then, newer and more spatially fine-grained
reanalysis datasets such as ERAS have become available, providing additional options for calculating the
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Fig. 1 Spatial distribution of DHS clusters across Cote d’Ivoire

used in studies exploring the effects of extreme weather on life-course transitions,
infant mortality, and conflict incidence (Andriano & Behrman, 2020; Flatg & Kots-
adam, 2014; Harari & La Ferrara, 2018).

In order to calculate SPEI, I use data up to April 2012* on monthly mean daily net
solar radiation, monthly mean daily minimum and maximum temperatures, monthly
mean daily wind speeds, monthly mean daily dewpoint temperature, elevation above

Footnote 3 (continued)

SPEI Despite the evolving landscape of available datasets, the initial choice of ERA-I was guided by its
compatibility with the specific requirements of the analysis at that time.

4 April 2012 is the latest date of birth among children in the DHS sample.
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sea level, latitude, and monthly total precipitation. I elaborate on how these weather
parameters are used to calculate SPEI in the methods section below.

The advantages of the ERA-Interim data are that (i) they are reanalysed using
various sources, such as satellites, radiosondes, pilot balloons, aircraft, wind profil-
ers, ships, drifting buoys, and land stations,’ and (ii) they have less bias in rainfall
outcomes in the arid and semi-arid areas of Africa compared to gauge data (Zhang
et al., 2013).

Empirical method
In-utero exposure to agricultural droughts as measured by SPEI

In this study, I introduce a novel measure of in-utero exposure to agricultural
droughts, focusing primarily on its impact on maternal malnutrition during preg-
nancy. It is important to note that this measure does not isolate maternal malnutrition
as the sole pathway through which agricultural droughts may affect early childhood
mortality. For example, agricultural droughts could lead to maternal malnutrition
which may impair a newborn’s growth. Alternatively, this impaired growth itself can
increase the newborn’s susceptibility to infections, further impairing growth. This
measure still offers an understanding of the broader effects of agricultural droughts
on early childhood mortality.

To measure agricultural drought conditions, I use the SPEI. SPEI is a standard-
ised, multiscalar index measuring drought severity, intensity, and duration. Unlike
precipitation-based drought indices, it allows for comparisons of drought sever-
ity across space and time since it can be calculated over a wide range of climates
(Vicente-Serrano et al., 2010a, b). The SPEI also has the advantage of being multi-
scalar, meaning it can be computed at different time scales over which water deficits
accumulate to reflect different drought types. Short time scales refer to soil water
content and river discharge, and long time scales relate to changes in groundwater
storage (Vicente-Serrano et al., 2010a, b).

For this analysis, I use the SPEI at a 3-month time scale (SPEI3) because it
reflects short- and medium-term moisture conditions, providing a seasonal esti-
mation of climate relevant for agriculture (WMO, 2012). Agricultural droughts
are associated with a shortage of water for plant growth and are characterised by
insufficient soil moisture to replace evapotranspirative losses (WMO, 1975), which
negatively affects crop production (Boken, 2005; Sivakumar et al., 2010; Wu et al.,
2011). Several indices have been developed to measure agricultural droughts, but
the SPEI has been identified as the most complete and robust agricultural drought

5 Reanalysis data combine available observational data with model forecasts to create a comprehensive,
consistent, and detailed historical record of atmospheric conditions (Zhang et al., 2013). This process
ensures that the data provide ‘a multivariate, spatially complete, and coherent record of the global atmos-
pheric circulation’ (Dee et al., 2011, p.554).
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Fig.2 Spatial distribution of SPEI3 across Cote d’Ivoire in 1992, 1997, 2002, 2007, and 2012

index in Africa (WMO, 2012) (see Sivakumar et al. (2010) for a review of all agri-
cultural drought indices).

SPEI is expressed in units of standard deviation from the cell average and has
mean O by construction, where negative values below —1 indicate dry conditions and
positive values above +1 indicate wet conditions. Dry conditions can be categorised
into moderately dry (—1 < SPEI < —1.5), severely dry (—1.5 < SPEI < -2), and
extremely dry SPEI < —2. Similarly, wet conditions are categorised into moderately
wet 1 < SPEI < 1.5, very wet (1.5 < SPEI < 2), and extremely wet (SPEI > 2)
(WMO, 2012). In additional analyses, I leverage these pre-established categorisa-
tions of SPEI to explore the effects of severe and extreme droughts (SPEI < —1.5),
which I refer to as severe droughts in the remainder of the paper.

To create the measure of in-utero exposure, I follow three steps. First, I use the
monthly weather data to compute the potential evapotranspiration (PET), represent-
ing the amount of water that could be evaporated and transpired if a sufficient water
source were available. This calculation is performed for each ERA-I cell and month
up to April 2012. Second, I use the monthly PET and monthly total precipitation
to derive the SPEI3 for each ERA-I cell and month up to April 2012.% (Additional
information on all the weather parameters and calculations used for the derivation of
PET and SPEI is available in the Supplementary Material.) In the third step, I cal-
culate the average SPEI3 value during the 12 months preceding the child’s date of
birth. This measure based on SPEI3 likely captures the weather conditions affecting
maternal nutrition during pregnancy.

Figure 2 shows the SPEI3 values across Cote d’Ivoire over time for the period
of analysis between 1992 and 2012. The figure shows areas where SPEI3 values
are negative (yellow to red squares) or positive (light blue to dark blue). The pat-
terns observed in Fig. 2 are compatible with the historical records of drought in Cote
d’Ivoire. For example, the data used for this analysis show that the country was hit
by drought in 2007, an event caused by the delayed onset of the wet season (NASA,
2007).

 The R package ‘SPEI is used to generate monthly values of SPEI based on the input ERA-I data
(Begueria & Vicente-Serrano, 2013).
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Fixed-effects linear probability model

A fixed-effects linear probability model is used to investigate the effect of in-utero
exposure to SPEI on under-five mortality. The model specification reads as follows:

Pimygs = B1SPel, + X0+ @, + a, + @y + g + €, )

where p;,,,., is a binary variable for under-five mortality of child i born in month
m and year y residing in ERA-T cell g from survey year s; spei,,, is the average
SPEI3 value during the 12 months before the child’s date of birth.” The vector of
child, parental, and community characteristics, x;, includes child’s sex, child’s birth
order (first birth; 2—4 births; 5+ births), maternal education attainment (no formal
education; primary education; secondary and higher education), paternal education
attainment (no formal education; primary education; secondary and higher educa-
tion; missing/don’t know; the ‘missing/don’t know’ category implicitly describes a
woman’s marital status because the question about paternal education was not asked
to women who were not in a union at the time of the survey), mother’s age at birth,
mother’s age at birth squared, household wealth (wealthy or poor),® and place of
residence (rural or urban).

The vectors of month-of-birth fixed effects, year-of-birth fixed effects, and ERA-I
cell fixed effects are denoted as «,,, a, and a,, respectively. The use of these fixed
effects allows to account for ERA-I cell-specific, temporal, and seasonal trends, ena-
bling a causal interpretation of estimates. The survey-year fixed effects, o, capture
potential effects from pooling data across surveys, controlling for any unobserved
differences between survey years which may bias the results such as survey design,
implementation, and population characteristics. 1 also use survey-year weights,
which adjust the data to reflect how many people were interviewed as a proportion
of the population in that year.” This weighting ensures results are representative of
the individuals living in C6te d’Ivoire over time (ICF International, 2012).

To investigate whether key demographic and socioeconomic factors can miti-
gate the effect of in-utero exposure to agricultural droughts on under-five mortal-
ity, I estimate a new set of fixed-effects linear probability models. These models
include an interaction term between the variable of severe agricultural droughts and
a categorical variable which captures the key demographic and socioeconomic fac-
tors. Population subgroups are distinguished by the child’s sex, the mother’s level
of education, the father’s level of education, the household wealth, and the place
of residence. I also combine parents’ level of education with household wealth

7 To facilitate interpretation of results, the dependent variable was multiplied by 100.

8 T use the DHS wealth index to classify households by their economic status. Wealthy households are in
the highest three wealth quintiles; poor households are in the lowest two wealth quintiles.

° These weights are calculated as the ratio between the female population aged 1549 in the country in
the year of the survey and the number of women aged 1549 interviewed in the survey, using population
data from United Nations Population Division’s World Population Prospects. For the CDHS 1998-1999,
I use the average of the female population between 1998 and 1999; for the CDHS 2011-2012, I use the
average of the female population between 2011 and 2012.
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and place of residence into two categorical variables to pinpoint potential popula-
tion subgroups most vulnerable to climatic shocks such as the lower educated and
poor (Dimitrova & Muttarak, 2020). The first categorical variable has the following
categories: ‘no formal education and poor’, including children whose parents have
no formal education and whose households are in the lowest two wealth quintiles;
‘formal education and poor’, including children whose parents have at least primary
education and whose households are in the lowest two wealth quintiles; ‘no formal
education and wealthy’, including children whose parents have no formal education
and whose households are in the highest three wealth quintiles; and ‘formal educa-
tion and wealthy’, including children whose parents have at least primary education
and whose households are in the highest three wealth quintiles. The second categori-
cal variable has the following categories: ‘no formal education and rural’; ‘formal
education and rural’; ‘no formal education and urban’; and ‘formal education and
urban’.

Results
Descriptive statistics

Table 1 presents the summary statistics of the variables used in this analysis for the
overall sample and by survey. The average under-five mortality rate in the sample
is 10.4%, increasing from 8.6% in 1994 to 14.2% in 1998-1999 and then decreas-
ing to 8.2% in 2011-2012, a trend in line with other national estimates (Garenne
& Gakusi, 2005). Children in the sample are evenly distributed by sex and born to
mothers aged 26 years on average. The percentage of children varies by birth order,
with 22.4% being firstborn, 46.9% being of birth order 2—4, and 30.7% being of birth
order 5 or higher. 64.7% of the children live in rural areas, and 45% are born in poor
households. A large percentage of children have parents with no formal education.
Notably, more than 19% of children were exposed to severe agricultural droughts
during gestation.!” This relatively high prevalence of drought exposure highlights
the importance of investigating potential health outcomes associated with severe
agricultural droughts.

Main model results

Table 2 shows the results of the model described in Eq. (1).!' Due to signifi-
cantly higher under-five mortality in the 1998-1999 survey, primarily attribut-
able to HIV/AIDS (Garenne & Gakusi, 2005), and the relatively low prevalence of

10" This exposure rate varies significantly over time, with 5.31% in 1994, 3.16% in 1998-1999, and a
peak of 37.28% in 2011-2012. These variations could be attributed to increases in the prevalence of
droughts in more recent years or specific conditions unique to each year.

! For simplicity, only coefficients of SPEI are reported; full results for the specification are available
upon request.
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Table 1 Sample characteristics

Characteristic N=13545" N'%4=3,098 N98-199=199) NM!-2012=7 555
Under-five mortality rate (per 100)  10.4 (30.5) 8.6 (28.1) 14.2 (34.9) 8.2 (27.5)
Average SPEI3 -0.1(0.8) 0.3(0.3) 0.6 (0.5) —-0.8 (0.4)
Severe droughts 19.4% 5.3% 3.2% 37.3%
Very wet conditions 10.4% 0.5% 29.4% 0.2%

Sex

Female 49.9% 49.3% 50.0% 49.9%
Male 50.2% 50.7% 50.0% 50.1%
Child’s birth order

1 22.4% 20.1% 23.6% 22.5%
2-4 46.9% 44.8% 44.6% 49.6%

5+ 30.7% 35.1% 31.8% 28.0%
Mother’s education

No education 64.7% 66.3% 65.2% 63.6%
Primary education 26.4% 24.9% 27.5% 26.1%
Secondary and higher education 9.0% 8.7% 7.3% 10.3%
Father’s education

No education 30.8% 47.5% 0% 46.8%
Primary education 12.3% 17.7% 0% 19.2%
Secondary and higher education 13.1% 20.2% 0% 19.9%
Missing/don’t know 43.9% 14.6% 100.00% 14.1%
Mother’s age at birth 26.0 (6.9) 25.8 (6.9) 259 (7.1) 26.1 (6.8)
Type of residence

Rural 64.7% 66.2% 68.1% 61.6%
Urban 35.3% 33.8% 31.9% 38.4%
Type of household

Poor 45.0% 43.6% 46.8% 44.1%
Wealthy 55.1% 56.4% 53.2% 55.9%

#Means and percentages are based on weighted data, standard errors in parenthesis; N is unweighted.
For column 2, the weights are the survey-specific sampling weights multiplied the survey-year weights,
where the survey-year weights are calculated as the ratio between the woman’s female population 15-49
in the country in the year of the survey and the number of women 15-49 interviewed in the survey (ICF
International, 2012). For columns 3-5, the weights are the survey-specific sampling weights. The vari-
able for the father’s level of education is missing in the DHS 1998-1999

drought exposure among children in the survey, I have excluded children from the
1998-1999 survey from the main analysis. This exclusion is intended to enhance the
efficiency of the estimator. It is worth noting that the results remain consistent even
when children from the 1998-1999 survey are included (Table 1 in the Supplemen-
tary Material).

Findings suggest that SPEI3 is negatively linked to under-five mortality
(Model 1). A one-unit decrease in SPEI3 is associated with a 3.4 percentage
point increase in the probability that a child dies before the age of five, an effect
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Table 2 Effect of SPEI3 on
under-five mortality

All All All

Model 1 Model 2 Model 3

Average SPEI3 (r—1) —3.389%%  —4.945%*%  _333(0%*
(1.138) (1.468) (1.149)
Average SPEI3 (1 —2) —1.482
(0.989)
Average SPEI3 (¢ — 1), squared —0.834
(1.018)
Control variables Yes Yes Yes
Grid-cell FEs Yes Yes Yes
Month-of-birth FEs Yes Yes Yes
Year-of-birth FEs Yes Yes Yes
Survey-year FEs Yes Yes Yes
N 11,553 11,553 11,553

*p<.1; ¥p<.05; ¥p < .01; #%p < .001

Control variables: maternal education, paternal education, household
wealth, child’s sex, child’s birth order, place of residence, mother’s
age at birth, mother’s age at birth squared, ERA-I grid-cell fixed
effects, month-of-birth fixed effects, year-of-birth fixed effects, and
survey-year fixed effects. Standard errors are clustered by ERA-I
grid cell

that is significant at the 1% level and that corresponds to a 41% increase in the
under-five mortality rate given an average mortality rate of 8.4%.

In the next analysis I investigate whether more recent in-utero exposure to
agricultural dry conditions should have larger or smaller effects on under-five
mortality than less recent one. This analysis helps disentangle the stage in preg-
nancy in which drought influences under-five mortality. In particular, a less
recent drought would affect intrauterine growth around conception and in the
first period of pregnancy (i.e. embryogenesis and initial foetal development), as
opposed to a more recent drought that would influence intrauterine growth dur-
ing the final foetal period.

I therefore calculate SPEI3 in the 12-to-24-month period before birth to
measure less recent in-utero exposure to agricultural dry conditions and add it
to the model. The coefficients presented in Model 2, Table 2, indicate that SPEI3
is negatively linked to under-five mortality; however, this negative relationship
is statistically significant for more recent exposure, while the coefficient for less
recent exposure is also negative but not statistically significant. This finding sug-
gests that exposure to agricultural dry conditions during the final foetal period is
detrimental to the survival chances of children. The most plausible explanation
for this finding is that we are capturing a nutrition effect given that maternal
nutritional shocks primarily impact foetal growth during the later stages of ges-
tation (Darling, 2017; Lawton et al., 1988; Lumey, 1998; Painter et al., 2005;
Strauss & Dietz, 1999).
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Fig.3 Predicted values of under-five mortality at varying levels of SPEI3. Notes: The model controls for
maternal education, paternal education, household wealth, child’s sex, child’s birth order, place of resi-
dence, mother’s age at birth, mother’s age at birth squared, ERA-I grid-cell fixed effects, month-of-birth
fixed effects, year-of-birth fixed effects, and survey-year fixed effects. Standard errors are clustered by
ERA-I grid cell

Exploring non-linear relationships

I next investigate potential non-linear relationships between SPEI3 and under-five
mortality. For this analysis, I include the quadratic polynomial of the SPEI3 variable
in the regression model (Model 3, Table 2). Figure 3 shows the predicted values of
under-five mortality at different levels of SPEI3 derived from this model.

The results indicate children exposed to droughts in-utero are considerably more
likely to die. As SPEI3 decreases from 0 to— 1.5, the probability that a child dies
before the age of five rises from 7.4 to 11.5%, ceteris paribus. Importantly, the data
also shows that the risk of mortality decreases at positive values of SPEI (>2),
but the estimates are imprecise, as indicated by wide confidence intervals.'> Such
extreme SPEI values indicate exposure to very wet conditions. While climatic shocks
often have negative consequences for local livelihoods, there are also instances
when climatic shocks could be beneficial for livelihoods. A study in Senegal found

12 This is likely due to the small percentage of children exposed to very wet conditions in-utero in the
sample (i.e. 0.32%).
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that positive rainfall shocks reduced infant mortality, suggesting a positive income
shocks and food supply from a plentiful harvest (Pitt & Sigle, 1998).

Severe drought conditions

I next investigate the impact of in-utero exposure to droughts on under-five mortal-
ity. I classify a child as being exposed to ‘severe agricultural droughts’ in-utero if
the average SPEI3 value during the 12 months before the child’s date of birth is <
— 1.5, and as ‘non-droughts’ otherwise.

The results shown in Table 3 indicate that in-utero exposure to severe agricultural
droughts significantly increases under-five mortality (Model 1). Specifically, being
exposed to severe agricultural droughts is associated with a 2.3 percentage point
increase in the probability that a child dies before the age of five, which corresponds
to a 28% increase in the under-five mortality rate given an average mortality rate of
8.4%. Again, I only find evidence of a relationship between more recent droughts
and under-five mortality (Model 2), and no significant relationship is found between
exposure to very wet conditions and under-five mortality (Models 1 and 2).

Tab.le 3 Effect of severe All All
agricultural droughts on under-
five mortality

Low conflict
affected areas

Model 1 Model 2 Model 3

Severe droughts (r—1) 2.344%%  2.350%* 3.061%*
(0.785) (0.778) (1.070)
Severe droughts (1 —2) 0.433
(0.702)
Very wet conditions (r— 1) -2.122 —1.825 -5.607
(3.187) (3.259) (3.752)
Very wet conditions (#—2) 1.894
(2.883)
Control variables Yes Yes Yes
Grid-cell FEs Yes Yes Yes
Month-of-birth FEs Yes Yes Yes
Year-of-birth FEs Yes Yes Yes
Survey-year FEs Yes Yes Yes
N 11,553 11,553 6,629

*tp<.1; *p<.05; #p <.01; #+%p <.001

Control variables: maternal education, paternal education, household
wealth, child’s sex, child’s birth order, place of residence, mother’s
age at birth, mother’s age at birth squared, ERA-I grid-cell fixed
effects, month-of-birth fixed effects, year-of-birth fixed effects, and
survey-year fixed effects. Standard errors are clustered by ERA-I
grid cell
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In the next analysis, I examine the impact of in-utero exposure to severe agricul-
tural droughts on infant mortality to understand whether previous studies may have
underestimated the impact of droughts on early childhood mortality (Table 4). My
findings indicate that droughts are positively linked to infant mortality, but the effect
is not statistically significant (Model 1). I then explore the impact on child mortality,
defined as death between 12 and 59 months old, and find that the impact is positive
and significant (Model 2). These findings suggest that the detrimental effects of in-
utero drought exposure may manifest more significantly as children grow older, per-
haps due to impaired growth in-utero that increases their susceptibility to infections
and diseases as they grow.

Robustness checks

I now provide a detailed discussion about the several potential channels that may
bias this effect. One potential source of bias in the estimate is selection in-utero.
If a weaker foetus is more likely to die in-utero due to drought exposure, then the
stronger foetuses are more likely to survive. Previous research finds that maternal
exposure to climate extremes increases pregnancy loss (Davenport et al., 2020). It is
worth noting that this will likely underestimate the true effect of in-utero exposure to
agricultural droughts on early childhood mortality.

Another source of bias is migration after conception. Because the DHS data
contain women’s geographic location at survey time, it is difficult to determine that
women and children are exposed to the weather conditions in the same area (i.e.
ERA-I grid cell) in the 12 months before birth. The direction of the bias is unclear.

Table 4 Effect of severe

. . Infant mortality Child mortality
agricultural droughts on infant
and child mortality Model 1 Model 2
Severe droughts 1.084 1.260%*
(0.730) (0.366)
Very wet conditions —0.640 —1.482
(2.522) (1.192)
Control variables Yes Yes
Grid-cell FEs Yes Yes
Month-of-birth FEs Yes Yes
Year-of-birth FEs Yes Yes
Survey-year FEs Yes Yes
N 11,553 11,553

*tp<.1; *p<.05; #p <.01; #+%p <.001

Control variables: maternal education, paternal education, household
wealth, child’s sex, child’s birth order, place of residence, mother’s
age at birth, mother’s age at birth squared, ERA-I grid-cell fixed
effects, month-of-birth fixed effects, year-of-birth fixed effects, and
survey-year fixed effects. Standard errors are clustered by ERA-I
grid cell
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Conflict

[] Not highly affected
W Highly affected

Fig.4 Exposure to conflict across areas of Cote d’Ivoire, 1997-2012. Notes: The map includes all con-
flict events available in the xSub repository and defines as ‘highly affected’ if there were more than two
conflict events in that area. The choice of two as the threshold is based on it being the median in the
sample

For example, if a woman moves to an area with more favourable climatic conditions
within the year preceding her child’s birth and the time of the survey, the estimate
may potentially underestimate the true impact of in-utero exposure to agricultural
drought on early childhood mortality.

Unfortunately, the CDHS does not contain information on women’s migration
history.'® The country experienced significant displacement as a result of the politi-
cal instability between 1999 and 2011. The conflict, however, varied widely across
the country, and some regions were more affected by the conflict than others. I use
spatial data on conflict available from xSub (Zhukov et al., 2019), a repository of
microlevel, subnational event data on armed conflict and contention to be able to
identify the areas that were most affected by conflict in the 2000s. Figure 4 shows
that the western, eastern, southern, and to a lesser extent the central parts of the
country were most affected. I therefore estimate the same model excluding children
living in areas that were highly affected by the conflict, that is, all children from

13 Only in the 1994 CDHS survey were women asked whether they always lived in their current resi-
dence and how many years they had lived there.
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the 2012 DHS living in 19 regions. Excluding children living in the highly affected
areas from the sample does not change the sign and significance level of the coef-
ficient (Model 3, Table 3). If anything, the magnitude of the coefficient increases,
suggesting a potential underestimation of the true effect of in-utero exposure to agri-
cultural drought on under-five mortality.

Identifying vulnerable groups of the population

In the following analysis, the empirical model is extended by including an interac-
tion term between the droughts variable and key demographic and socioeconomic
factors. Above, I identified that droughts in the 12 months prior to birth are critical
to child survival. I therefore focus on droughts experienced during this timeframe.
Figure 5 shows the results of the models with an interaction term. First, gender
differences in climate-related vulnerability can be observed: droughts are associated
with an increased risk of mortality for boys, while marginally significant effects for
girls are found (Model 1). This disparity can be attributed to male vulnerability in
early life (DiPietro & Voegtline, 2017), particularly related to nutritional factors.

Model 1
Child Is female —_—
Child is male . —_——
Model 2
Mother has no formal education H —_—
Mother has primary education L 2
Mother has secondary and higher education =
Model 3
Father has no formal education 2 —
Father has primary education ' — g
Father has secondary ana hgnc education — e
sing/Don't know -
Model 4
Poor household - —
Wealthy household —
Model 5
Urban area e
Rural area v
Model 6
Mother has '30'“:\ ccural or\ and hh Is poor —®
Mcmc has formal nd hh is wealthy @ =
Mother has no '3(’7\;\ (] on and rn b :)OY .
Mother has no formal education and i s ' - e
Model 7
Father has formal educ: al"n :md M s pom % e
Father has formal educ ———— &1
Father has no formal e arn or % =@
Father has no formal education anr‘ hhis .\cavm, . ®
Model 8
Mother has formal educath on, and ves In a rural area — &
Mother has formal education an urban area . hd
Mother has no formal at :>r an ves In a rural area 3 4’7
Mother has no formal education and lives in an urban area .
Model 9
Father has formal educath on an: mc w a rural area H — &
ur:;an area : e
\o m '\ rural area 5 —_— e ——
Father has no formal education and lves n an urban area &
-5.0 -2.5 J 0 2.5 5.0 7.5
Marginal eﬂect

Fig.5 Marginal effects of severe agricultural droughts on under-five mortality by demographic and soci-
oeconomic groups. Notes: All models also control for child’s birth order, mother’s age at birth, mother’s
age at birth squared, very wet conditions, ERA-I grid-cell fixed effects, month-of-birth fixed effects,
year-of-birth fixed effects, and survey-year fixed effects. Standard errors are clustered by ERA-I grid cell
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Male foetuses generally have higher growth rates, which result in greater nutritional
demands. During droughts, the reduced availability of nutrients can disproportion-
ately affect male foetuses, making them more susceptible to health issues later in
childhood.

Second, the results show that children born to less educated mothers, regardless
of the family’s wealth status, are particularly susceptible to mortality due to drought
exposure (Model 6). Interestingly, there is no evidence that higher wealth status pro-
vides the same level of protection as maternal education (Models 4 and 6). The neg-
ative consequences of in-utero exposure to severe agricultural droughts are mainly
concentrated among children whose mothers have no formal education.

One plausible explanation for the finding that maternal education mitigates the
effects of in-utero exposure to droughts on under-five mortality regardless of the
family’s wealth status is that highly educated mothers typically reside in urban areas.
In urban areas, they may benefit from less direct dependence on agriculture and bet-
ter access to diverse nutritional options, which can improve their ability to man-
age risks associated with droughts during pregnancy. They may also have greater
access to information and support services, important for maintaining health during
drought conditions. However, this is not what my findings suggest. I find no evi-
dence that urban living shields children from drought-related mortality (Models 5
and 8). The negative impact of agricultural drought on under-five mortality is statis-
tically insignificant for children of highly educated mothers, regardless of whether
they live in rural or urban areas, yet remains significant for children of less educated
mothers in both settings (Model 8). These findings suggest that the protective effects
of maternal education against the impacts of droughts on under-five mortality are
not dependent on the context in which mothers live. They could instead be linked
to the specific knowledge, behaviours, and practices that highly educated mothers
employ.'*

Father’s education seems to protect against drought-related mortality in a similar
way as mother’s education. As expected, children born to less educated and poor
fathers are the most vulnerable (Model 7). Interestingly, the protective effect of
paternal education is only evident in urban settings, where the impact of in-utero
exposure to droughts on under-five mortality is statistically insignificant (Model 9).
Unlike for mothers, the benefits of education for fathers are more context depend-
ent. In urban settings, access to diverse and stable job markets that are less affected
by environmental shocks may amplify the benefits of paternal education, allowing
fathers to better support their families.

14 It could also be that women with higher education are less likely to live in drought-prone areas, where
exposure to agricultural droughts is disproportionately higher. In a supplementary analysis, I find that
mothers who are pregnant during droughts do not have higher education (Table 2 in the Supplementary
Material).
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Discussion and conclusion

In this study I investigated the impact of in-utero exposure to agricultural droughts
on under-five mortality in Cote d’Ivoire, a country highly dependent on rainfed
agriculture where weather fluctuations heavily influence crop productivity and food
access (World Bank, 2021a). I linked survey data with local climate data to create a
measure of agricultural droughts during gestation. While this analysis spans 18 years
and does not fully account for all temporal changes in technology and infrastructure
potentially impacting drought resilience and coping mechanisms, the findings reveal
that in-utero exposure to severe agricultural droughts is associated with increases
in the risk of mortality. By extending the focus to include under-five mortality, this
study also suggests that previous research might have underestimated the effect of
drought on early childhood mortality (Flatg & Kotsadam, 2014; Kudamatsu et al.,
2012; Kumar et al., 2016; Rocha & Soares, 2015). I find that most recent droughts
seem to exert the greatest impact suggesting that the final foetal period is crucial
for interventions aimed at mitigating adverse health outcomes. This increased vul-
nerability during the final foetal period is likely due to the critical role of maternal
nutrition during this stage (Lawton et al., 1988; Lumey, 1998; Painter et al., 2005;
Strauss & Dietz, 1999), impacting foetal growth and subsequent child health.

This work underscores the increasing challenge of securing children’s survival
chances amidst projected rises in droughts in the region (AfDB, 2018; World
Bank, 2021a; Yapo et al., 2020). Identifying the most vulnerable groups is cru-
cial for developing targeted interventions. The analysis revealed that boys are
particularly vulnerable to in-utero drought exposure, likely due to their higher
nutritional demands during foetal development. This finding contrasts with some
previous studies (Flatg & Kotsadam, 2014) but aligns with others that highlight
boys’ increased vulnerability to climatic shocks (Andriano, 2023; Dimitrova,
2021). Whether this increased vulnerability stems from behavioural factors, such
as feeding practices favouring girls after birth, or biological reasons that render
boys more susceptible to malnutrition during droughts falls beyond the scope of
this paper. Nevertheless, my finding suggests that drought exposure in-utero is
likely to amplify the already existing male survival disadvantage.

Parental education emerged as a critical protective factor against drought-related
under-five mortality. Maternal education mitigates the adverse effects of droughts on
under-five survival. This finding aligns with prior research emphasising the role of
maternal education in improving children’s health outcomes during climate extremes
(Andriano, 2023; Dimitrova, 2021; Dimitrova & Muttarak, 2020), independent
of economic status and living environments. Additionally, the protective effect of
paternal education is significant, particularly in urban settings. This context-depend-
ent benefit may be due to greater access to diverse and stable job markets, allowing
fathers to better support their families during environmental shocks. Children born
into lower educated and poor families are the most vulnerable to in-utero drought
exposure, highlighting the compounded risk factors of lower education and poverty.

Some limitations should be noted. First, the mechanisms through which
droughts increase under-five mortality are not directly identified. Because the core
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independent variable measures agricultural droughts rather than droughts that are
not as directly tied to nutritional shocks, it is plausible that maternal malnutrition
drives the effect of droughts on under-five mortality. This interpretation is cor-
roborated by the finding that the effect of agricultural droughts is concentrated
among boys and the final foetal period. This potential conclusion is consistent
with previous research highlighting that poorer child health outcomes are driven
by maternal nutritional shocks during pregnancy (Kudamatsu et al., 2012; Kumar
et al., 2016). However, there could be other possible explanations; for example,
droughts may also lead to an altered disease environment and increased maternal
stress, impacting child survival chances. These possibilities were not possible to
assess in the data but would be a fruitful area for future research.

Second, the sample might be biased due to (i) selective foetal loss, where weaker
foetuses are more likely to die in-utero during droughts, and (ii) the cross-sectional
nature of the data, which does not observe under-five children who may die after the
survey. Both factors contribute to an underestimation of the true impact of droughts
on under-five mortality.

Finally, the channels through which parental education mitigates the impacts of
droughts on under-five mortality are not identified. The finding that the protective effects
of maternal education against drought-related under-five mortality are not linked to eco-
nomic status or living in rural areas suggests that the benefits arise from highly educated
mothers possessing knowledge, adopting behaviours, and engaging in practices that
enhance their ability to manage risks associated with droughts. This aligns with previ-
ous research highlighting that individuals with higher education are more likely to adopt
preventive measures, which improves their ability to prepare for, cope with, and recover
from the impacts of weather disasters (Helgeson et al., 2013; Hoffmann & Muttarak,
2017; Lutz et al., 2014; Muttarak & Pothisiri, 2013). Whether they are more conscious
of the risks and better able to implement preventive measures is difficult to assess, espe-
cially since droughts are unexpected events and thus difficult to anticipate. Maternal
education is also shown to enhance health knowledge and the utilisation of healthcare
services during weather shocks, such as floods (Dimitrova & Muttarak, 2020). Future
studies should examine specific behaviours and practices that contribute to this resilience
to the impacts of droughts among children of highly educated mothers.

While this is a case study of Cdte d’Ivoire, the findings carry important lessons
for other low- and middle-income countries in sub-Saharan Africa. Specifically, the
findings emphasise the need for policies that enhance educational opportunities for
parents and develop targeted interventions for boys and children from families with
little formal education. More broadly, this study contributes to better understanding
the relationship between extreme climate and vital demographic outcomes. By bet-
ter understanding the impact of climate extreme on early childhood mortality, the
results help to put into perspective the impact of climate extremes on the health of
surviving children. For example, studies reporting limited effect of drought on nutri-
tional outcomes of surviving children should consider the possibility that droughts
might exert an impact on early childhood mortality before concluding that agricul-
tural shocks do not have determinantal effects on children’s health.

Climate extremes pose a particular challenge to sub-Saharan Africa, where rain-
fed agriculture provides about 90% of the food and feed (Rosegrant et al., 2002) and
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diversification in rural income-generating activities is lower than in other regions
(Davis et al., 2010). Agriculture serves as the primary source of livelihood for over
70% of the population and contributes to about 25% of GDP (Dixon et al., 2001;
Hellmuth et al., 2007), which makes the region highly vulnerable to climate change
(Boko et al., 2007; Collier et al., 2008; Esikuri, 2005). During the last decades, the
region has witnessed an intensification of droughts in frequency, intensity, and geo-
spatial coverage due to climate change (Collier et al., 2008; Masih et al., 2014). As
drought can cause crop failure and food shortage that significantly impact children,
understanding the relationship between extreme climate and vital demographic out-
comes is crucial for developing effective adaptation strategies.
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