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ABSTRACT: The relationship between El Niño–Southern Oscillation (ENSO) and the transatlantic slave trade (TAST)
is examined using the Slave Voyages dataset and several reconstructed ENSO indices. The ENSO indices are used as a
proxy for West African rainfall and temperature. In the Sahel, the El Niño (warm) phase of ENSO is associated with less
rainfall and warmer temperatures, whereas the La Niña (cold) phase of ENSO is associated with more rainfall and cooler
temperatures. The association between ENSO and the TAST is weak but statistically significant at a 2-yr lag. In this case,
El Niño (drier and warmer) years are associated with a decrease in the export of enslaved Africans. The response of the
TAST to El Niño is explained in terms of the societal response to agricultural stresses brought on by less rainfall and
warmer temperatures. ENSO-induced changes to the TAST are briefly discussed in light of climate-induced movements of
peoples in centuries past and the drought-induced movement of peoples in the Middle East today.

SIGNIFICANCE STATEMENT: The transatlantic slave trade was driven by economic and political forces, subject to
the vagaries of the weather; it spanned two hemispheres and four continents and lasted more than 400 years. In this
study we show that El Niño–Southern Oscillation, and its proxy association withWest African rainfall and temperature,
are significantly associated with the number of enslaved Africans that were transported from West Africa to the
Americas. Lessons learned from the effects of weather and climate on the transatlantic slave trade reverberate today:
extreme weather and climate change will continue to catalyze and amplify human conflict and migrations.
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1. Introduction

From 1440 to 1870, economic forces produced the largest
forced migration in history: The transatlantic slave trade
(TAST). More than 12 million enslaved Africans were forc-
ibly placed in shackles and loaded on ships bound for the
Americas.1 The transatlantic voyages lasted several months.
Of the enslaved Africans that survived the voyage, approxi-
mately 36% arrived in the British, French, Dutch, and Danish
West Indies; 35% arrived in Brazil; 22% arrived in Latin
America and the Caribbean Sea region; 5% arrived in the
United States; and 2% arrived in Europe (Thomas 1997).

The TAST was characterized by pronounced variability in
the number of slaves exported from Africa to the Americas.
The variability was a consequence of economic forces (Eltis
1987a,b), political upheavals (Thomas 1997; M’baye 2006), and
extreme weather events (Miller 1982; Fenske and Kala 2015).

The economic forces that operated on the TAST were
driven by the global appetite for commodities such as sugar,
tobacco, and cotton (Craton 1974). To meet the global
demand and the ever-growing zeal for profit required cheap
labor. The demand for sugar, for example, increased the
demand for enslaved Africans in Caribbean islands such as the
West Indies (Craton 1974; Eltis et al. 2005). The global
demand for tobacco increased the demand for enslaved
Africans throughout Brazil, Cuba, and the southern United
States (Eltis 1987b). After the invention of the cotton gin in
1793, cotton production became profitable, which accelerated
the need for slave labor throughout the southern United States
(Bailey 1994). The profits generated on the backs of the
enslaved Africans were then used to fuel the Industrial Revo-
lution (Craton 1974; Mintz 1986; Bailey 1994).

Political upheavals erupted throughout the TAST (Table 1).
Wars, revolutions, and changes in laws governing the slave
trade each affected the TAST. The Seven Years’ War, for
example, which spanned 1756–63, began as a battle for territo-
rial control by the British, French, and Spanish Empires
(Anderson 2000). After Britain won the war, the number of
slaves in their American territories increased. Unlike the
Seven Years’ War, the American Revolution (1765–83) and
the Haitian Revolution (1791–1804) each led to a decrease in
the number of slaves exported to the Americas (Du Bois
1896; Blackburn 1988). The decrease was associated, in part,
with an increase in the costs for slaves during the American
Revolution (Du Bois 1896) and with a successful Haitian
revolt against the French who controlled one-half of the
Caribbean island of Hispaniola (Blackburn 1988).
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1 Here we use the words enslaved and slave interchangeably,
although recently there has been an evolution toward the more
humanizing phrase, enslaved individuals. The largest slave ships
carried as many as 700 enslaved Africans, with ∼3 ft2 (0.3 m2) allot-
ted to each individual (Rediker 2007).
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From the late 1700s to the early 1800s, Britain experienced
political tumult that sprung from the proposed abolition of
the TAST. This led to an attempt to abolish the slave trade
when Britain enacted the Slave Trade Act in 1807, which pro-
hibited the slave trade throughout the British Empire (Anstey
1972). Decades would pass, however, before the British
enacted the Slavery Abolition Act in 1833, which formalized
Britain’s departure from the TAST.

After Brazil declared independence from Portugal, Brazil
attempted to end the slave trade through the Anglo-Brazilian
Anti-Slave Trade Treaty of 1827 (Bethell 1966). Yet, it was
not until 1850, a span of 23 years, that the Brazilian slave
trade would formally be abolished (Needell 2001).

The economic forces and political upheavals that occurred
during the TAST were subject to the vagaries of the weather
(Mulcahy 2004). For example, Saharan dust storms often
swept across North Africa, which were documented by ships
near the slave-trading ports located along the West African
coast (NCDC 1998). The dust storms have been shown to
affect the development and movement of hurricanes in the
eastern Atlantic Ocean (Chen et al. 2015). Once formed,
the hurricanes moved westward, eventually reaching landfall
where they destroyed ships, ports, towns, and agricultural stor-
age facilities that provided the infrastructure needed to fuel
the economic engine that drove the TAST (Sheridan 1976;
Mulcahy 2004). The effects of hurricanes often extended
beyond damage to infrastructure and agriculture; they resulted
in extensive casualties, particularly among the slave population
in the Caribbean. The Great Hurricane of 1780, for example,
killed approximately 2000 Barbadian slaves and reduced the
export of sugar, rice, and rum, which had a deleterious effect
on the British slave economy (Sheridan 1976; Mulcahy 2004).

Like the Caribbean, West Africa experienced extreme
weather events that influenced the TAST. Among the most
common events were droughts, which exacerbated economic
hardships and sparked internal conflicts (Miller 1982).

Formally, drought can be defined as “a period of abnor-
mally dry weather sufficiently long enough to cause a serious
hydrological imbalance . . . Drought is a relative term, there-
fore any discussion in terms of precipitation deficit must refer
to the particular precipitation-related activity that is under
discussion” (American Meteorological Society 2020). Because
there are different types of precipitation-related events, there
are several types of droughts. For example, the National Cen-
ters for Environmental Information define four types of
droughts: 1) meteorological, 2) hydrological, 3) agricultural,
and 4) socioeconomic. Meteorological drought occurs when

dry weather patterns, or rainfall deficits, dominate an area for
a sufficiently long period. Hydrological drought occurs after
many months of meteorological drought, when low water sup-
ply becomes evident in rivers, lakes, groundwater, and reser-
voirs. Agricultural drought occurs when crops become
affected by water resource deficits. And socioeconomic
drought relates the impact of drought conditions on the sup-
ply and demand of various commodities, such as fruits, vege-
tables, and meat (NCEI 2020).

Historians have asserted that drought-induced stresses on
West African (WA) societies increased the number of
enslaved Africans exported to the Americas (Dias 1981;
Miller 1982; Lovejoy 2012). Their assertions were based on
qualitative descriptions of weather events written in historical
documents such as memoirs, journals, chronicles, and national
archives. Lovejoy and Baier (1975), for example, identified
droughts from several sources including the “Kano Chron-
icle,” which is a written history of Hausa people in Nigeria
dating back to the tenth century. This chronicle, among
others, referenced agricultural productivity, famines, and
lake-level variations. Miller (1982) cited short-term weather
events from Portuguese observations and long-term weather
events from African oral traditions. Some events that were
associated with severe droughts have been associated with
changes in the number of enslaved Africans (Dias 1981;
Miller 1982; Lovejoy 2012). Dias (1981), for example, states,
“In October 1857, following two years of drought and crop
failure, men and women from Kisama inundated local mar-
kets on the north bank of the Kwanza, exchanging their own,
or their relatives’, freedom for small bags containing a mix-
ture of manioc flour, beans, maize and groundnuts. Demand
for slaves was very high.” Miller (1982), who extended the
work of Dias (1981), stated, “The historic peaks in the exports
[of enslaved Africans] from both Luanda and Benguela in the
1790s came as the most severe drought of the entire century
ran its course.” Lovejoy (2012, p. 70) states, “Many people,
not just slaves, found themselves in a desperate condition, as
traditions from the Senegal River valley demonstrate for the
middle of the eighteenth century, when the number of slaves
apparently increased as a result of this suffering.”

Economists Fenske and Kala (2015) took a different
approach from that of the historians. Rather than examine
qualitatively how droughts affected the TAST, they examined
statistically how anomalous temperatures affected the TAST.
Their approach relied on the notion of shocks, an approach
commonly used in economics to examine how an unexpected
event affects an economy. In their study, Fenske and Kala
(2015) examined how “environmental shocks shaped the
dynamics of the transatlantic slave trade.” To do so they used
a Tobit model, a type of regression model, to correlate the
Mann et al. (1998) reconstructed global temperatures, which
date back to the fifteenth century, with the number of
enslaved Africans transported from African slave-trading
ports to the Americas. Their analysis hinged on interpolating
the gridded temperature data to 134 African slave-trading
ports, which they correlated with the number of slaves
exported from African ports between 1730 and 1866. They
found a significant correlation between anomalously warm

TABLE 1. Major political events and wars during the TAST.

Event Dates

War of the Austrian Succession 1740–48
Seven Years’ War 1756–63
American Revolution 1765–83
Haitian Revolution 1791–1804
Abolition of the Slave Trade Act 1807
Anglo-Brazilian Anti-Slave Trade Treaty 1830
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temperatures and a decrease in the number of African slaves
transported to the Americas. The correlation was at a
zero lag, meaning the anomalous temperatures produced a
response in the TAST during the same year.2 Fenske and
Kala (2015) suggested that the reduction in slave exports was
due to increased agricultural stresses brought on by the
warmer temperatures. They argued that the warmer tempera-
tures produced “environmental shocks” that “raised the costs
of slaving,” which manifested in an overall reduction in the
number of enslaved Africans exported to the Americas.
Fenske and Kala’s (2015) analysis, however, did not address
the cause of the temperature anomalies.

More recently, Boxell (2019) examined how both tempera-
ture and rainfall influenced the TAST. He focused on the
period 1801–66, a period that spans ∼15% of the lifetime of
the TAST. This relatively short period was chosen because
proxy and instrumental rainfall data are both available for
most of the African slave-trading regions. Like Fenske and
Kala (2015), Boxell (2019) approached the study from the
perspective of environmental shocks, in which he used a Tobit
model to calculate the correlations. For the temperature–
TAST correlation, Boxell (2019) used Mann et al.’s (1998)
reconstructed temperatures; for the rainfall–TAST correla-
tion, he used Nicholson’s (2001) African rainfall data. Boxell
(2019) found 1) warmer and cooler temperatures are signifi-
cantly correlated with an increase in the number of enslaved
Africans transported to the Americas, and 2) a decrease in
rainfall is significantly correlated with an increase in the num-
ber of enslaved Africans transported to the Americas. Boxell
(2019) suggested that the decreases in rainfall exacerbated
interethnic group conflict, which resulted in the increase in
slave exports. However, Boxell (2019), like Fenske and Kala
(2015), did not address the cause of the temperature or rain-
fall anomalies.

Here we opt for a different but complementary approach to
that of Fenske and Kala (2015) and Boxell (2019). Rather
than use rainfall and temperature data, which are temporally
and spatially limited over Africa for the period and region to
be considered here, we use an El Niño–Southern Oscillation
(ENSO) index as a proxy for anomalous WA rainfall and
temperature. Doing so not only allows us to cover a longer
portion of the TAST, it also provides a physical mechanism
for the precipitation and temperature anomalies. In our analy-
sis, we examine ENSO-induced anomalies in both rainfall and
temperature, although we focus on the former, since rainfall
outweighs temperature when it comes to agricultural produc-
tion (Nieuwolt 1982; Lobell and Burke 2008).

Our study is framed by the following hypothesis: ENSO
and its relationship to WA rainfall and temperature modu-
lated the number of enslaved Africans that were transported
from West Africa to the Americas. To test our hypothesis, we
use the Trans-Atlantic Slave Trade database and a recon-
structed ENSO index, which we use as a proxy for WA rain-
fall and temperature. We then show that there is a small but
statistically significant association between ENSO-induced
rainfall and temperature anomalies and the TAST.

The paper is organized as follows: section 2 describes the
data and research methods used to determine the correlations
between ENSO and the TAST. Section 3 presents the results
and their interpretation, and section 4 presents the conclu-
sions, opportunities for further study, and how lessons learned
from ENSO-induced changes to the TAST can inform how
societies have responded to climate-induced changes in the
movement of peoples in the past and today.

2. Data and methods

In this section we discuss (i) the region for the analysis,
(ii) the TAST database, (iii) the period for the analysis,
(iv) the statistical method, (v) ENSO as a proxy for WA rain-
fall, and (vi) the selection of reconstructed ENSO indices.
The data used in this study and the periods over which they
are available are summarized in Fig. 1 and discussed below.

a. Analysis region

Our analysis focuses on West Africa, a region we define
as 58–208N and 208W–158E (Fig. 2). Based on the Köppen
climate classification system, this region includes two climate
zones: 1) A semiarid region: the Sahel; and 2) a tropical
region: the West African coast. Along the coast, major slave-
trading ports were in Senegambia and offshore Atlantic

FIG. 1. The period of this study is 1660–1866. The data available
for this period include TAST export data (Eltis et al. 2009) from
1501 to 1866, annual rainfall data (Nicholson et al. 2012) from 1801
to 1998, decadal-resolution rainfall data (Norrgård 2015) from 1750
to 1800, and annual rainfall data (Mitchell 2016) from 1900 to 2016.
The reconstructed ENSO data are based on several sources: Quinn
et al. (1987) (1525–1987), Cook et al. (2008) (1300–1929), Gergis
and Fowler (2009) (1525–2002), and McGregor et al. (2010)
(1650–1977). See the text for additional details.

2 We have confirmed Fenske and Kala’s (2015) results. As in
their study, we used a Tobit model to relate the Mann et al. (1998)
reconstructed temperatures with the TAST for the period span-
ning 1730–1866. In contrast to their analysis, however, in which
they used slave export data from select African ports, we used
slave export data for the whole West African region. Despite the
different datasets, we find, in agreement with Fenske and Kala
(2015), that an increase in temperatures is significantly associated
with a decrease in the number of enslaved Africans exported to
the Americas.
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(currently Senegal, Gambia, and Cape Verde); Sierra Leone;
the Windward Coast (currently Ivory Coast and Liberia); the
Gold Coast (currently Ghana); the Bight of Benin (currently
Togo and Benin); and the Bight of Biafra (currently Gabon)
(Curtin 1972).

b. TAST database

The Trans-Atlantic Slave Trade database (Eltis et al. 2009),
also known as the Slave Voyages database, includes the annual
number of enslaved Africans that embarked in West Africa
from 1501 to 1866 (Fig. 3a). The data were derived from histori-
cal archives, including personal journals and diaries, ship logs,
newspapers, and chronicles. Only 18 years, about 5% of all the
years available, are missing data, where most of the missing
data occur before 1650. To fill the data gaps, we linearly inter-
polated the data by taking the mean of the estimates from the
preceding and succeeding years surrounding the gap. After
interpolation, the total estimate of enslaved West Africans
transported from Africa to the Americas from 1501 to 1866 was
6 313789. The maximum occurred in 1770, when ∼68000
enslaved West Africans were transported out of West Africa.
The annual number of enslaved West Africans was relatively
small and steady until about 1650, after which the numbers rap-
idly grew, reached its zenith in the mid-1700s, and then rapidly
declined until the demise of the TAST in the mid-1800s.

c. Analysis period

The growth and decline of the TAST is evident in the
z scores shown in Fig. 3b, which measure how many standard
deviations the annual export of West African slaves is from the
1501 to 1866 mean. The z score is calculated as the difference
between the annual number and the mean of enslaved West
Africans, and then normalized by the standard deviation;
z scores greater than 11 or less than 21 represent anomalous
high or low exports, respectively. The z scores indicate that the
TAST was most active between 1700 and 1800. For this period,

the total number of exported slaves was 4093867 and averaged
40533 yr21 with a standard deviation of 13 213 yr21. The period
1700–1800 represents ∼65% of the total number of exported
West African slaves, while the average for this period is more
than double that of the period spanning 1501–1866.

Here we focus on the period 1660–1866, which includes the
time when the TAST grew most rapidly and when it eventu-
ally ended. This period contains ∼95% (5 983365) of the total
number of enslaved West Africans during 1501–1866, an aver-
age of 28 905 yr21 with a standard deviation of 17 272 yr21.

d. Statistical method

To prepare the data for statistical analysis, we first
obtain the power spectrum (Fig. 4) for the annual number
of enslaved Africans transported from West Africa to the
Americas between 1660 and 1866. Figure 4 shows that the
largest frequencies fall within the 10–25-yr range. This sug-
gests that over these frequency bands there were major
events that affected the TAST. For example, as shown in
Table 1, there were major political events and wars that
took place during the TAST. The difference between the
start date of the wars and political events ranged between
9 and 26 years, which falls within the 10–25-yr frequency
band.

To ensure the data are not overly influenced by the dom-
inant frequencies, whose time scales are outside of our
interest, we detrend the data. Before doing so, however,
we take the natural logarithm of the TAST data and then
use a high-pass filter to remove the centered moving aver-
age of 8 years. This isolates the shorter, interannual trends,
which are more apt to be associated with extreme weather
events, including droughts and floods. The detrended data
were then normalized by the standard deviation, which
yields the time series used for the statistical analyses pre-
sented in sections 2e and 2f.

Figure 5 shows the raw data (left column) and the
detrended data (right column) for three groupings: the
TAST data for the period 1660–1866, an example of a recon-
structed ENSO index used in this study (McGregor et al.
2010), and a scatterplot that provides a visual “first guess”
of the relationship between ENSO and the TAST at a 2-yr
lag. Not surprisingly, the scatterplot based on the raw data
shown in Fig. 5c shows little or no correlation, a conse-
quence of the many interrelated and complex forces that
operated on the TAST, which include socioeconomic, politi-
cal, and environmental forces. However, a correlation
between ENSO and the TAST at the 2-yr lag is visually evi-
dent in the scatterplot shown in Fig. 5f, which is based on
the detrended data. The correlation, which appears to have
a negative slope, will be shown in section 3 to be the most
statistically significant.

Our statistical analysis shows that the TAST and ENSO
data are each autocorrelated, which can overstate the
relationship between the two. To reduce the autocorrelation
that exists for each dataset, we use the Newey–West hetero-
skedasticity and autocorrelation consistent covariance matrix
(Newey and West 1987). After application of the

FIG. 2. Present-day political boundaries in West Africa overlaid
with the approximate location of the West African Sahel (tan shad-
ing) and the West African slave-trading regions (green shading).
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Newey–West method, we use a multivariate regression analy-
sis, one that depends on four lagged ENSO predictor varia-
bles, which span 0–3 years. The multiple linear regression
model identifies the lags that are most important.

To assess the statistical significance of the coefficients
obtained from the multiple linear regression model, we fol-
low standard practice and use the p value (Wilks 2006).
Traditionally, p 5 0.05 is used as a cutoff; p values less

FIG. 3. (a) Annual number of enslaved West Africans transported from West Africa to the
Americas from 1501 to 1866. Data are from the Slave Voyages database (http://www.
slavevoyages.org; Eltis et al. 2009). The shaded region denotes annual enslaved exports prior to
our study period of 1660–1866. Major political events and wars listed in Table 1 are also shown
with their corresponding dates. (b) The z scores of the number of enslaved West Africans trans-
ported to the Americas. Anomalously large transports occur between 1700 and 1800.
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than 0.05 are deemed statistically significant. But, as dis-
cussed by Amrhein et al. (2019a,b), Wasserstein et al.
(2019) and others, p values above 0.05 do not necessarily
mean that the correlations are insignificant. As Amrhein
et al. (2019a) make clear, when making statistical infer-
ences, “understanding of underlying mechanisms [is] often
more important than statistical measures such as P values.”
This view is shared by McShane et al. (2019), who suggest
that p values “be considered along with currently subordi-
nate factors (e.g., related prior evidence, plausibility of
mechanism, study design and data quality . . .) as just one
of many pieces of evidence.” With these caveats in mind,
we note p , 0.05 for several of the statistical associations
that we present later.

e. ENSO as a proxy for West African rainfall

1) DATA AVAILABILITY

Instrumental rain gauge data for West Africa during the
TAST is scant. To reconstruct past weather and climate over
the region, the limited instrumental data must be supplemented
with proxy data, such as tree rings, lake sediments, pollen sam-
ples, and descriptive documentary data. Nicholson et al. (2012),
for example, used a combination of instrumental rain gauge and
proxy data to develop annual rainfall indices that span the
African continent for the period 1801–1998 (Fig. 1). This date
range, however, is less than one-fifth of the span of the TAST
and includes only about a third of the total number of
exported slaves. Thus Nicholson et al.’s (2012) indices, which
include West Africa, fall short of what is needed to directly
find the correlation between WA rainfall and the TAST.

Norrgård (2015) extended Nicholson et al.’s (2012) annual
West African Sahel rainfall index back to 1750, but with decadal
rather than annual resolution (Fig. 1). The period from 1750 to
the mid-1800s constitutes less than one-third of the total time
span of the TAST and less than two-thirds of the total number of

exported slaves. Although Norrgård’s (2014) extended decadal
rainfall index provides a substantial increase in available data for
the TAST, it is not adequate for this study, which focuses on
interannual variability rather than decadal variability.

To focus on interannual variability, however, poses a quan-
dary: how do we statistically connect rainfall to the TAST given
the dearth of rainfall data? To make progress, we use a recon-
structed ENSO index as a proxy for WA rainfall. Thus, our first
step is to establish that there is indeed a significant correlation
between ENSO andWA rainfall.

2) ENSO AND WEST AFRICAN RAINFALL

ENSO is an ocean–atmosphere phenomenon that affects
global weather patterns (Ropelewski and Halpert 1987; Mason
and Goddard 2001). The oceanic part of ENSO is character-
ized by anomalous warming (El Niño) or cooling (La Niña) of
sea surface temperatures in the eastern equatorial Pacific
Ocean. The atmospheric part of ENSO is the Southern Oscil-
lation, which is characterized by an east–west variation in
atmospheric pressure between Tahiti and Darwin, Australia.
The wind counterpart to the Southern Oscillation is the
Walker circulation, which consists of two branches: a convec-
tive rising branch, in which air cools adiabatically resulting in
condensation, clouds and precipitation, and a descending
branch, in which air becomes warmer and drier due to adia-
batic compression, which results in evaporation and the sup-
pression of precipitation (Julian and Chervin 1978). The
Pacific Walker circulation is but one of three such circulations
that occur worldwide, the other two being the Atlantic and
Indian Ocean Walker circulations (Cook and Vizy 2016).

Shifts in the Walker circulation over West Africa affect the
region’s rainfall patterns (Long et al. 2000; Joly and Voldoire
2009). Long et al. (2000), for example, analyzed 31 years of
WA rainfall data and constructed empirical orthogonal func-
tions (EOFs) of the WA 500-hPa vertical velocity field. The
first EOF showed two significant circulations. A north–south
Hadley circulation located east of the prime meridian and an
east–west Walker circulation located over the Sahel. The rising
branch of the Walker circulation, located over eastern and cen-
tral Africa, corresponded with wetter conditions, while its
descending branch, located throughout West Africa, corre-
sponded with drier conditions. Joly and Voldoire (2009) used
the Climate Research Unit Precipitation Climatology dataset
and the Hadley Centre Sea Ice and Sea Surface Temperature
dataset to construct an ENSO principal component analysis
and a maximum covariance analysis to determine how WA
rainfall varies with ENSO. They showed that at the onset of an
El Niño event, anomalous subsidence occurred over West
Africa due to an eastward shift of the Walker circulation. This
subsidence favored droughts in the Sahel.

The connection between ENSO and WA rainfall also has
been shown in other studies (Janicot et al. 2001; Balas et al.
2007; Barandiaran and Wang 2014; Okonkwo et al. 2014;
and Okonkwo 2014). Balas et al. (2007), for example, used
the International Comprehensive Ocean–Atmosphere Data
Set (Worley et al. 2005) and an African rainfall dataset
(Nicholson et al. 2018a,b) to obtain the seasonal variability of

FIG. 4. Power spectrum for the annual number of enslaved West
Africans transported to the Americas from 1660 to 1866. The domi-
nant frequency bands fall within the 10–25-yr range, which contain
the global political events and wars listed in Table 1.
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the driest and wettest periods over the Sahel. They found that
La Niña was linked to the wettest periods, whereas El Niño
was linked to the driest periods. Barandiaran and Wang
(2014) used rain gauge observations from NOAA’s Precipita-
tion over Land dataset, the National Centers for Environmen-
tal Prediction and National Corporation for Atmospheric

Research Reanalysis I atmospheric data, and the Niño-3.4
index to show that during an El Niño, the tropical easterly jet
weakened, which suppressed convection over the Sahel.
Okonkwo (2014) used the Global Precipitation Climatology
Project, version 2, monthly rainfall anomalies from the
National Oceanic and Atmospheric Administration and the

FIG. 5. (a)–(c) Raw data and (d)–(f) the detrended data for three groupings: (top) the TAST data for the period 1660–1866, (middle) an
example of a reconstructed ENSO index used in this study (McGregor et al. 2010), and (bottom) a scatterplot of the relationship between
ENSO and the TAST at the 2-yr lag. See the text for additional details.
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Global Historical Climatology Network, and Niño-3.4 sea
surface temperature data to conduct a wavelet analysis.
Okonkwo (2014) found that El Niño events were significantly
correlated with Sahel droughts.

3) PRESENT-DAY ENSO INDICES AND RAINFALL

To establish ENSO as a proxy for WA rainfall, we begin by
establishing the correlation between present-day ENSO indi-
ces and a present-day Sahel rainfall index. To ensure that the
correlation we find between ENSO and present-day rainfall is
robust, we examine four present-day ENSO indices: 1) Bove
et al. (1998); 2) Rayner et al. (2003); 3) oceanic Niño index
(NOAA 2020a); and 4) multivariate ENSO index, version 2
(NOAA 2020b). We also compute an average ENSO index,
which was obtained by averaging the data for each year from
the four ENSO indices. For present-day Sahel rainfall, we use
Mitchell’s (2016) Sahel rainfall index. Mitchell (2016) used
the Deutscher Wetterdienst Global Precipitation Climatology
(Becker et al. 2013) to produce the Sahel rainfall index from
1901 to 2016. We used a multiple linear regression model to
determine the regression coefficients between the five ENSO
indices (four present-day indices and the average) and the
present-day Sahel rainfall index.

Figure 6 shows the regression coefficients, p values, and
standard errors obtained from the linear regression model. At
the zero lag, the regression coefficients agree in sign but differ
in statistical significance. Three of the five regression coeffi-
cients are significant at p # 0.15; two of five are significant at
p , 0.05, with the strongest coefficient associated with the
oceanic Niño index (NOAA 2020a). The signs of the regres-
sion coefficients are consistent with the physics-based model-
ing studies of Long et al. (2000) and Joly and Voldoire (2009);
that is, El Niño conditions are associated with drier conditions

in the Sahel during the same year. We also computed the lag
coefficients for years 4, 5, and 6, but they were much less con-
sistent in sign and in statistical significance.

f. Selecting a reconstructed ENSO index

In the previous subsection we established, in agreement
with prior studies, that ENSO is significantly associated with
present-day Sahel rainfall at a zero lag. Now that we have
established that ENSO can be used as a proxy for WA rain-
fall, our next step is to correlate ENSO with the TAST.
Before doing so, however, we must first obtain a reliable
ENSO reconstruction that overlaps with the TAST. By reli-
able we mean that an ENSO reconstruction, like the four pre-
sent-day ENSO indices used in the previous section, must be
significantly associated with the present-day Sahel rainfall
index at a zero lag, such that El Niño is associated with drier
conditions. This is our criterion for choosing an ENSO
reconstruction.

ENSO reconstructions are obtained using different meth-
ods and different proxy data (Wilson et al. 2010). To ensure
our results are robust, we tested seven ENSO reconstruc-
tions.3 Of the seven, four meet our criterion: Quinn et al.
(1987), Cook et al. (2008), Gergis and Fowler (2009), and
McGregor et al. (2010). Quinn et al.’s (1987) El Niño–only
index, which spans 1525–1987, was constructed by combining
documentary and instrumental data from northern South
America. Cook et al.’s (2008) ENSO index, which spans
1300–1979 (∼700 years), was constructed using tree rings from
Mexico and Texas. Gergis and Fowler’s (2009) ENSO index,

FIG. 6. Regression coefficients r, p values, and the standard errors s that relate the present-day
Sahel rainfall index developed by Mitchell (2016) with the four present-day ENSO indices [Bove
et al. (1998), Rayner et al. (2003), oceanic Niño index (NOAA 2020a), and multivariate ENSO
index, version 2 (NOAA 2020b)] and the average index, which was obtained by averaging the
data for each year from the four present-day ENSO indices. Upward or downward arrows
respectively represent a positive or negative coefficient; the black arrows are significant at
p# 0.05, gray arrows are significant at p# 0.15, and the white arrows are significant at p. 0.15.

3 The seven ENSO reconstructions that we tested are Quinn
et al. (1987), Cook et al. (2008), Braganza et al. (2009), Gergis and
Fowler (2009), McGregor et al. (2010), Li et al. (2011), and Li et al.
(2013).

WEATHER CL IMATE AND SOC I ETY VOLUME 14264

Brought to you by UNIVERSITY OF CALIFORNIA Davis - SERIALS RECORDS SECTION | Unauthenticated | Downloaded 02/01/22 08:26 PM UTC



which spans 1525–2002 (∼500 years), was constructed using
various global proxy data, including tree rings, coral sequen-
ces, and documentary records that were calibrated to the
coupled ENSO index (Gergis and Fowler 2005). McGregor
et al.’s (2010) ENSO index, which spans 1650–1977 (∼350
years), was constructed using a principal component analysis
to combine 10 ENSO proxies into a unified ENSO proxy.

Figure 7 lists the four reconstructed ENSO indices, their
average, and their regression coefficients, which measure the
relationship between ENSO and Sahel rainfall. Four of the
five coefficients are statistically significant at p , 0.05; one is
statistically significant at p 5 0.096. The reconstructed ENSO
indices are consistent with the present-day ENSO indices; the
reconstructed and present-day indices both show that El Niño
conditions are associated with drier conditions in the Sahel
during the same year. This lends confidence in the ability of
the reconstructed indices to yield reliable results when relat-
ing ENSO with the TAST.

3. Results and discussion

Figure 8 shows the regression coefficients, p values, and
standard errors that measure the connection between the five
ENSO indices and the TAST. The signs of the 0-, 1-, and 3-yr
lag regression coefficients are neither consistent in sign nor
statistically significant. The 2-yr lag regression coefficients,
however, are consistent in sign across all of the ENSO indices:
two of the five coefficients are small but significant at p ,

0.05; four of the five coefficients are small but significant at
p , 0.15. The 2-yr lag implies that the ENSO-induced rainfall
anomaly produces a delayed response in the TAST, a
response characterized by an El Niño–induced decrease in the
number of enslaved West Africans exported out of West
Africa. Such a delayed response is conceivable, since ENSO-

induced drought may impart agricultural stresses that would
take time to manifest in the societies involved in the TAST.

In a review of studies that examine climate and conflict,
Burke et al. (2015) suggest that in linear regression models
that possess multiple lags, such as ours, the lagged regression
coefficients should be summed to yield a net effect. For exam-
ple, as Burke et al. (2015) explain, if a lagged coefficient for
one year is the same in magnitude but opposite in sign to that
of another year, then the net effect would be zero. In this
study, only the 2-yr lag is significant, which dominates the net
effect of ENSO on the TAST.

Although anomalous rainfall is associated with agricultural
stresses (Nieuwolt 1982; Lobell and Burke 2008), anomalous
temperatures can also play a role (Hatfield and Prueger 2015;
Bhuiyan et al. 2017). For example, warmer temperatures act-
ing in concert with rainfall deficits could exacerbate agricul-
tural stresses, leading to a greater influence on the TAST.

To determine whether ENSO is indeed associated with
warmer temperatures in the Sahel, we correlated each of the
four reconstructed ENSO indices listed in Fig. 7 with Mann
et al.’s (1998) reconstructed Sahel temperature anomalies.
Mann et al.’s (1998) temperature reconstruction involved
combining annually resolved, multiproxy data networks,
which include dendroclimatic, ice core, ice melt, and historical
records. The multiproxy networks were calibrated against pat-
terns of temperature variability in the instrumental record,
from which annual mean anomalies were constructed for the
reference period 1902–80 and placed on a 58 3 58 grid. Our
analysis shows that, for each of the four reconstructed
ENSOs, El Niño is most strongly correlated (p , 0.000 001)
with warmer Sahel temperatures at a zero lag. Physics-based
modeling studies also show a connection between El Niño
and warmer Sahel temperatures (Rayner et al. 2003; Moron
et al. 2016; Oueslati et al. 2017).

FIG. 7. Regression coefficients r, p values, and the standard errors s relating the present-day
Sahel rainfall index developed by Mitchell (2016) and the four ENSO reconstructions [Quinn
et al. (1987) (Q), Cook et al. (2008) (C), Gergis and Fowler (2009) (G), and McGregor et al.
(2010) (M)] and the average index, which was obtained by averaging the data for each year from
the four reconstructed ENSO indices. See the text for further details. Upward or downward
arrows respectively represent a positive or negative coefficient; the black arrows are significant at
p# 0.05, gray arrows are significant at p# 0.15, and the white arrows are significant at p. 0.15.
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Moron et al. (2016), for example, used available tempera-
ture data from the Global Surface Summary of the Day and
Global Historical Climate Network to show that warmer
Sahel temperatures lag an El Niño event by one year. They
explain their results in terms of El Niño–induced shifts in the
upper and lower-tropospheric circulations over the tropics.
For the upper-tropospheric circulation, anomalous diabatic
heating over the central and eastern Pacific Ocean produces
anomalous deep convection, which is transported eastward by
equatorial Kelvin waves and westward by equatorial Rossby
waves. Together these waves form a teleconnection between
the El Niño warming of the Pacific Ocean and the anomalous
subsidence that occurs in regions throughout the tropical
atmosphere. As noted by Moron et al. (2016), the subsidence,
and its attendant adiabatic warming of tropical northern
Africa, particularly the Sahel, is simply a manifestation of the
far-field response to El Niño. For the lower-tropospheric cir-
culation, the trade winds weaken during El Niño, which
allows for the lower layer of the atmosphere to warm. This
warm layer could then be transported to the Sahel, further
increasing the region’s temperatures.

To summarize, our results show that during an El Niño
event, which we show is associated with less rainfall and
warmer temperatures over WA, slave exports decrease at a
2-yr lag. Similar to our study, Fenske and Kala (2015) show
that anomalously warm temperatures are associated with a
decrease in slave exports, but, in contrast to our study, their
association between temperature and the TAST is at a zero
lag. Boxell’s (2019) results, however, differ from both ours
and Fenske and Kala’s (2015). Specifically, Boxell (2019)
shows 1) less rainfall increases slave exports at a zero lag, and
2) anomalously warm or anomalously cool temperatures are
associated with an increase in slave exports at a 1-yr lag. What
accounts for the differences between these three studies?

To answer this question, it is instructive to first restate a key
difference between this study and that of Fenske and Kala
(2015). Here we use a multiple linear regression model to relate
ENSO, and its proxy association with WA rainfall and tempera-
ture, with slave exports from West Africa, whereas Fenske and
Kala (2015) use a regression model to relate anomalous temper-
atures with slave exports from specific ports throughout Africa.
In a brief statement, however, Fenske and Kala (2015) note
they find “no evidence that the effect of temperature differed
during years with El Niño events.” But it is unclear how they
reached that conclusion, though they do state that it was based,
in part, on Couper-Johnston (2000), who used Quinn et al.’s
(1987) reconstructed El Niño index, among others. The Quinn
et al. (1987) index, as we have shown earlier, has been super-
seded by other reconstructed ENSO indices, and, most impor-
tant, we find that its relationship with the TAST is much less
significant than the others. Furthermore, our statistical results,
as well as the statistical and modeling results of others we cited
earlier, all agree that during the warm phase of ENSO (El
Niño) the temperatures over North Africa, which includes West
Africa, are anomalously warm, which can be explained in terms
of El Niño–induced global circulation changes.

An answer to the above question relating to the difference
between our results and that of Fenske and Kala (2015) may
reside in the fact that the temperature anomalies they used
are a response to an amalgamation of weather and climate
forcings. For instance, in addition to the ENSO modulation of
rainfall and temperature over North Africa, as shown here
and in other studies, the North Atlantic Oscillation (NAO)
and the Atlantic multidecadal oscillation (AMO) can also
affect temperature fluctuations over North Africa (Folland
et al. 2009; Martin and Thorncroft 2014). Folland et al. (2009),
for example, used mean sea level pressure anomalies to show
that the summer NAO, which is the seasonal pressure

FIG. 8. Fig. 8. Regression coefficients r, p values, and the standard errors s relating the TAST
and each ENSO reconstruction used in this study for the period 1660–1866 [Quinn et al. (1987)
(Q), Cook et al. (2008) (C), Gergis and Fowler (2009) (G), McGregor et al. (2010) (M)] and the
average index, which was obtained by averaging the data for each year from the four recon-
structed ENSO indices. Upward or downward arrows represent a positive or negative coefficient;
the black arrows are significant at p# 0.05, gray arrows are significant at p# 0.15, and the white
arrows are significant at p. 0.15. The black dot indicates r, 1024.
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difference between the Icelandic low and the Azores high, is
negatively correlated with Sahel rainfall and positively corre-
lated with Sahel temperatures. Martin and Thorncroft (2014)
used several observational and reanalysis datasets, including
the Hadley Centre Global Sea Ice and Sea Surface Tempera-
ture dataset and the Climate Research Unit 3.1 precipitation
dataset, along with the NCEP–NCAR reanalysis dataset, to
show that the AMO, which is a warming or cooling of sea sur-
face temperatures in the North Atlantic, significantly corre-
lates with Sahel rainfall and temperature. Specifically, during
the warm phase of the AMO, Sahel rainfall is enhanced while
temperatures are cooler.

We also note that Fenske and Kala (2015) use a single tem-
perature reconstruction for their analysis, one based on Mann
et al. (1998). It is not clear to what extent their results are a
consequence of the reconstruction they used. For example,
the Mann et al. (1998) reconstruction was developed using a
multiproxy approach, which depends on the spatial and tem-
poral scale of the available data and on how each proxy is
weighted. As shown in Jones et al. (1998), for example, the
strength of proxies can be ranked from strongest to weakest
as follows: instrumental records, historical records, tree rings,
ice cores, and corals. Thus, like the ENSO reconstructions
that we examined, different temperature reconstructions may
yield different results. Indeed, Wang et al. (2020) have shown
that significant differences may arise between different recon-
structed temperature indices. For example, out of 18 recon-
structed temperature indices and 6 model simulations, they
found that the covariance among them became increasingly
different as they moved farther back in time. Reconstructed
temperature indices also are constructed using different proxy
data that vary based on temporal and spatial scales (Mann
2002). For example, coral reefs describe tropical environ-
ments, but lack multicentury records (Mann 2002).

Boxell (2019) shows that the response of the TAST to tem-
perature is nonuniform and most significant at a 1-yr lag; the
response is described by a parabolic-like curve, with the apex
separating anomalously cool temperatures from anomalously
warm temperatures. The curve shows that the number of
slave exports increases monotonically as the anomalously
cool or warm temperatures increase. Although this tempera-
ture–TAST relationship is strikingly different from Fenske
and Kala’s (2015), Boxell (2019) makes clear that the differ-
ence is likely due to the different time spans used in the
two studies: Fenske and Kala (2015) analyzed the period
1730–1866, a span of 117 years, whereas Boxell (2019) ana-
lyzed the period 1801–66, a span of 66 years. Boxell’s (2019)
66-yr span is also far shorter than what we have examined.

Boxell’s (2019) shorter analysis period was based on the
limited availability of African rainfall data, which he also
correlated with the TAST. Boxell (2019) used Nicholson’s
(2001) reconstructed African rainfall dataset, which spans
1801–1900. Boxell (2019) found that during drier conditions
the number of slave exports increased at a 1-yr lag. It is
unclear, however, whether Boxell’s (2019) results would
change, and perhaps be more aligned with ours, if Nicholson
et al.’s (2012) updated African rainfall dataset were used.

The differences between our results and those of Fenske
and Kala (2015) and Boxell (2019) may also be due to differ-
ences in the geographical focus and time periods between the
studies. For example, Fenske and Kala (2015) and Boxell
(2019) both study the export of enslaved Africans from
regions throughout Africa, but from 1730 to 1866 and 1801 to
1866, respectively. In contrast, this study focuses on the export
of enslaved Africans from West Africa from 1660 to 1866.
Moreover, after the British enacted the Slave Trade Act in
1807, most of the slaves were exported from central Africa
(Boxell 2019), a region that is not considered in this study.

4. Concluding remarks

The transatlantic slave trade was driven by economic and
political forces, subject to the vagaries of the weather; it
spanned two hemispheres and four continents and lasted
more than 400 years. Here we presented statistical evidence
that supports our original hypothesis: El Niño–Southern
Oscillation, and its proxy association with West African rain-
fall and temperature, modulated the number of enslaved Afri-
cans that were transported fromWest Africa to the Americas.
To test our hypothesis, we used the Slave Voyages dataset,
and to ensure that our results are robust, we used four recon-
structed ENSO datasets and a multiple linear regression
model to determine the statistical relationship between
ENSO and the TAST.

The statistical analysis shows a small but statistically signifi-
cant association between ENSO and the TAST at a 2-yr lag.
At this lag, El Niño is associated with a decrease in the num-
ber of enslaved Africans transported from West Africa to the
Americas.

Our analysis centered on the proxy association between
ENSO and West African rainfall and temperature, and how
that association affected the TAST. Our focus on rainfall was
based on a key factor: rainfall outweighs temperature when it
comes to agricultural production (Nieuwolt 1982; Lobell and
Burke 2008), which historians have deemed to be a primary
determinant in affecting the migration and enslavement of
African people during the TAST. Although rainfall tends to
outweigh temperature when it comes to agricultural produc-
tion, temperature may still play a role. For this reason, we
also examined the proxy association between ENSO and tem-
perature. In agreement with other studies (see section 3), we
show that in the Sahel, El Niño (drier conditions) is associated
with anomalously warm temperatures. The warmer tempera-
tures and rainfall deficits would act in concert to exacerbate
the dry conditions, conceivably leading to a flash drought, a
phenomenon associated with the rapid onset of drier condi-
tions (Mo and Lettenmaier 2015, 2016).

Flash droughts are of two types: heat-wave flash droughts,
which increase evapotranspiration and decrease soil moisture;
and precipitation-deficit flash droughts, which decrease soil
moisture, causing, in turn, increases in temperature by limit-
ing evaporative cooling (Koster et al. 2009). Flash droughts
occur worldwide. Mo and Lettenmaier (2016), for example,
showed that flash droughts affected United States’ agriculture
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in the 1980s. Yuan et al. (2018) showed that flash droughts
have increased in occurrence in South Africa. Although there
has yet to be a comprehensive study of flash droughts over
West Africa, it is plausible that they can occur there. If so, the
flash droughts would have caused agricultural stresses, which
would manifest in changes in the number of enslaved Africans
exported to the Americas. This scenario, which links drier con-
ditions (flash droughts) with the TAST, is illustrated in Fig. 9.

ENSO is one of several synoptic to planetary-scale circula-
tion features that are connected to West African rainfall.
Other features include the African easterly jet–African east-
erly wave (AEJ-AEW) system (Thorncroft and Blackburn
1999; Okonkwo et al. 2014; Bercos-Hickey et al. 2020), the
NAO (Folland et al. 2009; Polo et al. 2011; Okonkwo 2014),
and the AMO (Zhang and Delworth 2006; Ting et al. 2011;
Okonkwo 2014). Bercos-Hickey et al. (2020), for example,
used the Weather Research and Forecasting Model to exam-
ine the connection between West African rainfall and the
AEJ, a current of strong easterly winds in the lower tropo-
sphere that is centered at ∼158N, that is, between the Sahara
Desert to the north and the Guinea coast to the south. They
showed that variations in the strength, location, and spatial
orientation of the AEJ are tied to variations in both rainfall
and Saharan dust aerosols. Folland et al. (2009) showed that
the summer NAO was negatively correlated with Sahel rain-
fall and positively correlated with Sahel temperatures.
Okonkwo (2014) used a wavelet analysis to show that the
cooler phase of AMO was associated with Sahel droughts.
Adding to the complexity of the problem is the fact that the
AEJ-AEW system, NAO, AMO, and ENSO could conceiv-
ably act in isolation or in combination to affect the TAST.

From an economics perspective, the TAST was driven by
supply and demand. The Africans enslaved in North Africa
provided the manpower needed to meet the demand for com-
modities such as sugar and tobacco in the Americas. Here we

have focused on the supply side of the TAST, in which ENSO
and its proxy association with temperature and rainfall over
West Africa was shown to be statistically associated with
changes in the number of enslaved Africans transported to
the Americas. ENSO, however, also affects temperature and
rainfall during certain times and over certain regions of the
Americas (Kiladis and Diaz 1989; Diaz and Markgraf 1992).
Thus, it is conceivable that ENSO could modulate both the
supply and demand sides of the TAST. For example, on the
basis of the El Niño and La Niña phases of the Southern
Oscillation (SO), Kiladis and Diaz (1989) produced composite
temperature and precipitation anomalies for the period span-
ning 1877–1988 for several hundred stations across the globe.
Their study shows strong intraseasonal, interannual and
regional variability in the temperature and precipitation
response to the SO in West Africa and the Americas. Conse-
quently, determining whether the ENSO-modulated supply
and demand sides of the TAST operated in concert or in
opposition is a daunting task, one fraught with significant
challenges. Among the challenges is timing, which includes
the differences between the onset of ENSO, the responses
in temperature and precipitation in West Africa and the
Americas, and the TAST itself. And there is the issue of
ENSO-induced stresses on the political and economic struc-
tures of the societies themselves, which were manifestly dif-
ferent between West Africa and the Americas. Despite these
challenges and others, addressing how ENSO affected the
supply and demand sides of the TAST is an important prob-
lem, one that should be addressed in the future.

In addition to the limitations associated with neglecting
other climate forcings and the supply and demand sides of the
TAST, there are other factors that could affect our results.
These include measurement errors associated with the instru-
mental and proxy data used in the historical reconstructions
of the ENSO indices. In addition, our analysis relied on time
series data that did not account for geographic variations.
Such variations are difficult to assess, however, since current
ENSO reconstructions are not detailed enough to provide
reliable subsynoptic-scale information on rainfall and temper-
ature over West Africa.

We close with the West African word—sankofa, which
roughly translates to the past informs the future (Quarcoo
1972). Sankofa is an apt embodiment of this paper, which
adds to the many other historical and present-day studies that
have shown a connection between weather and climate and
their effects on society. The NAO, for example, and its associ-
ation with drier conditions in Europe, has been suggested as a
contributing factor to the fall of the Roman Empire (Drake
2017). Studies have shown that the severe droughts of the
twelfth and thirteenth centuries in the southwestern United
States were the impetus for the migration of the Anasazi
Indians from their ancestral homeland in Mesa Verde to more
hospitable locales (Van West and Dean 2000; Benson et al.
2007). More recently, droughts have been identified as a con-
tributing factor to the Syrian war. From 2006 to 2011, Syria
experienced one of their worst droughts on record (Kelley
et al. 2015; Cook et al. 2016). Coupled with ineffective policies
for water management, agriculture failures, and an increasing

FIG. 9. The 2-yr-lag scenario linking El Niño and the TAST in
West Africa. El Niño–induced drier and warmer conditions, which
may lead to flash droughts, reduce agricultural production. The
reduced agricultural production would cause a delayed response in
the TAST, one that would yield a decrease in the number of
enslaved West Africans exported to the Americas. See the text for
additional details.
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population, the drought forced more than one million farmers
and rural citizens to migrate into urban areas within one year
(Gleick 2014; Richani 2016). The United Nations Office for
the Coordination of Humanitarian Affairs’s (2017) report esti-
mates that the Syrian war caused more than 11 million Syrians
to be displaced within and outside of Syria.

Lessons learned from the effects of weather and climate on
the TAST reverberate today: extreme weather and climate
change will continue to catalyze and amplify human conflict
and migrations.
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