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Abstract: COVID-19, caused by the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2),
is a very contagious disease that has killed many people worldwide. According to data from the
World Health Organization (WHO), the spread of the disease appears to be slower in Africa. Although
several studies have been published on the relationship between meteorological parameters and
COVID-19 transmission, the effects of climate conditions on COVID-19 remain largely unexplored
and without consensus. However, the transmission of COVID-19 and sensitivity to climate conditions
are also not fully understood in Africa. Here, using available epidemiological data over 275 days
(i.e., from 1 March to 30 November 2020) taken from the European Center for Disease Prevention
and Control of the European Union database and daily data of surface air temperature specific
humidity and water vapor from the National Center for Environmental Prediction (NCEP), this
paper investigates the potential contribution of climate conditions on COVID-19 transmission over
16 selected countries throughout three climatic regions of Africa (i.e., Sahel, Maghreb, and Gulf of
Guinea). The results highlight statistically significant inverse correlations between COVID-19 cases
and temperature over the Maghreb and the Gulf of Guinea regions. In contrast, positive correlations
are found over the Sahel area, especially in the central part, including Niger and Mali. Correlations
with specific humidity and water vapor parameters display significant and positive values over the
Sahelian and the Gulf of Guinea countries and negative values over the Maghreb countries. Then,
the COVID-19 pandemic transmission is influenced differently across the three climatic regions:
(i) cold and dry environmental conditions over the Maghreb; (ii) warm and humid conditions over
the Sahel; and (iii) cold and humid conditions over the Gulf of Guinea. In addition, for all three
climatic regions, even though the climate impact has been found to be significant, its effect appears to
display a secondary role based on the explanatory power variance compared to non-climatic factors
assumed to be dominated by socio-economic factors and early strong public health measures.

Keywords: COVID-19 pandemic; climate conditions; health; West Africa; North Africa

1. Introduction

In late December 2019, the WHO was informed about an epidemic of “pneumonia
of unknown cause” detected in the city of Wuhan (Hubei Province, China), the seventh-
largest city in China, with 11 million inhabitants [1,2]. The first reported infected individuals

Atmosphere 2022, 13, 34. https://doi.org/10.3390/atmos13010034 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos13010034
https://doi.org/10.3390/atmos13010034
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-3157-0925
https://orcid.org/0000-0001-8834-7620
https://orcid.org/0000-0001-8350-4906
https://doi.org/10.3390/atmos13010034
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13010034?type=check_update&version=2


Atmosphere 2022, 13, 34 2 of 18

were associated with the Wuhan seafood market in southern China. The virus causing
the epidemic was quickly determined to be a novel coronavirus linked to the Middle
Eastern Respiratory Syndrome Coronavirus (MERS-CoV) and the Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) [3]. The coronaviruses constitute a family of
various viruses affecting both humans and animals. Infected travelers, mainly by aircraft,
are known to be responsible for the introduction of the virus outside Wuhan [4]. The
novel coronavirus so-called 2019-nCoV in the early parts of the epidemic spread rapidly to
multiple countries and was declared on 11 March 2020 as a pandemic by the WHO. The
2019-nCoV terminology changed later and became Coronavirus Disease 2019 (COVID-19).

Researchers who have been working on this epidemic believe that this coronavirus
probably originates from bats [5]. Indeed, the COVID-19 disease shares 80% of genetic
similarity with SARS-CoV [6]. The infection caused a wide range of symptoms and
showed different degrees of severity with varying fatality rates that are country depen-
dent. Symptoms may appear 2–14 days after exposure to the virus [7]. People with
these symptoms or combinations of symptoms may have coughs, shortness of breath,
or difficulty breathing. Transmission can take place by air, in contact with secretions, or
contaminated objects. The case mortality rate is relatively lower compared to SARS-CoV-1
and ranges around the world from 0.5% to around 10% among different countries (see,
https://coronavirus.jhu.edu/data/mortality, accessed on 14 November 2020). The most
sensitive people are the elderly and those suffering from respiratory and immunosup-
pressed pathologies.

One of the scientific community’s central questions is how climate conditions may
contribute to COVID-19 transmission [8–13]. The investigations of Chan et al. [14] on the
past SARS coronavirus outbreaks have put in evidence that the viability of the virus was
lost at high temperatures (e.g., 38 ◦C) and high specific humidity (e.g., >95%), and this
explains the lower number of cases in Asian countries including Malaysia in particular.
The first studies from China have shown that the contagiousness of COVID-19 is higher in
the cities in the north with a lower humidity value and lower temperatures than those over
the southeastern coasts with warm and humid conditions [15,16]. Meteorological variables
such as air temperature, humidity, and other parameters, including solar radiation, have
also been found to act differently concerning coronavirus survival [17]. Although several
studies have supported the hypothesis that climate conditions may affect the COVID-
19 pandemic transmission as happens with other viruses such as influenza [18,19] and
respiratory syncytial virus [20,21], considerable disagreement is evident among the different
investigations (often based on different countries or cities); most of them have concluded
that the COVID-19 transmission prefers cold and dry weather conditions—i.e., temperature
and humidity-related variables are negatively correlated to the virus transmission [8–13,17]
and [22] (for a review), while other studies have reported contradictory results showing
that temperature and humidity variables may positively be associated or not be associated
with the COVID-19 expansion [23–27]. However, most of the papers mentioned above were
focused on Asian and European countries (i.e., mid-latitude regions). Few studies have
investigated the effects of weather conditions on the incidence of COVID-19 pandemic
transmission over Africa, and the results have even less consensus (often based on a single
country or city) [28–30].

It is worth pointing out that since the first coronavirus cases appeared in Africa (early
March 2020), the spread of the disease seems to be progressing more slowly there than
elsewhere. The five most affected countries are South Africa, Algeria, Morocco, Egypt,
and Cameroon, with a very slow infection rate compared to the mid-latitudes or South
American countries (see Figure 1).

https://coronavirus.jhu.edu/data/mortality
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Figure 1. COVID-19 cumulative infection cases by country. The map of COVID-19 pandemic
transmission shows the most affected countries at this time are the US, India, Brazil, the UK, and
Russia, with a very slow infection rate in African countries (https://infographics.channelnewsasia.
com/COVID-19/map.html, accessed on 30 November 2020).

Note that even the statistics on the total number of cases in Africa might also be affected
by the number of tests, the reliability of reporting the results, and the first establishment of
the arrival of the virus in each area [31,32], a mix of socio–economic factors interacting with
climate factors is highly expected to contribute to slow down this transmission pattern seen
in Africa. In the opening statement of the COVID-19 Press Conference on 24 September 2020
Remarks, the WHO Regional Director for Africa confirmed that relatively low infections
had marked COVID-19 transmission in Africa due to a variety of socio-economic factors
and early and robust public health measures taken by governments across the region [33].
The pandemic has been mainly in a younger age group, suggesting country-specific aspects
drive the pattern of disease and death. About 91% of COVID-19 infections in sub-Saharan
Africa are among people below 60 years, and over 80% of cases are asymptomatic [33].

However, it is essential to note that due to a vulnerable economy, countries included
in our area of study could never apply a complete lockdown, but just personal changes
in activity established by the governments. Environmental conditions such as climate
variability may play a significant role in this typical coronavirus outbreak over Africa [22].
This hypothesis seems to be corroborated by the fact that the countries most affected by the
pandemic have a relatively temperate climate and that most of the cases are concentrated
over countries with colder temperatures. Thus, whereas country measures, culture, popula-
tion density, and youngness could influence the growth and spread of COVID-19, the effect
of climate on the virus is of particular interest. The present study aimed to investigate the
potential contribution of climate conditions on COVID-19 pandemic transmission in 16
highly populated West and North African countries divided into three climatic regions (i.e.,
Maghreb, Sahel, and the Gulf of Guinea) [34].

The present work is organized as follows. Section 2 outlines the data used and the
statistical methods applied. Section 3 investigates the spatial distribution of COVID-
19 confirmed cases throughout North and West African countries and their potential
relationship with climate conditions. Finally, a summary and discussion of the main
findings are provided in Section 4.

2. Data and Methods
2.1. Surveillance COVID-19 Data

The clinical data correspond to the number of COVID-19 cases over 16 West and North
African countries recorded by the European Center for Disease Prevention and Control of

https://infographics.channelnewsasia.com/COVID-19/map.html
https://infographics.channelnewsasia.com/COVID-19/map.html
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the European Union, and all age groups were screened (https://www.ecdc.europa.eu/en/
publications-data/download-todays-data-geographic-distribution-covid-19-cases-worldwide,
accessed on 30 November 2020). The countries were selected based on their high population
density and the regularity of the reported daily cases. The chosen countries include the
Maghreb countries (Algeria, Egypt, Libya, Morocco, and Tunisia), the Sahelian countries
(Burkina-Faso, Mali, Niger, and Senegal), and Gulf of Guinea countries (Ivory Coast, Ghana,
Guinea Conakry, Liberia, Nigeria, Sierra Leone, and Togo). Note that the number of ob-
served COVID-19 cases is available for the selected countries from 1 March to 30 November
2020, and datasets are obtained at the country level. These cases are clinically confirmed by
the Polymerase Chain Reaction (PCR) tests, as recommended by the WHO.

2.2. Climate Dataset

Due to the lack of recent continuous observed weather station datasets over the
selected countries, reanalysis is a systematic approach to produce datasets for climate
monitoring and research [35]. We use daily data of surface air temperature, relative
humidity, and specific humidity from National Centers for Environmental Prediction
datasets provided by the National Oceanic and Atmospheric Administration [35] with
2.5◦ × 2.5◦ horizontal resolution over North and West Africa. In addition to those vari-
ables, the water vapor variable (WV; g/kg) is estimated following the methodology
of [10,16,19,36–41] (see Equation (1)), where RH represents the specific humidity (g/kg),
T represents the air temperature (◦C), and P represents the atmospheric pressure (hPa).
Note that the climate variables for the period from 15 February to 30 November 2020 (i.e.,
15 days before the first reported COVID-19 cases) are selected in the analysis to consider the
virus incubation period not considered in many investigations over Africa [28–30]. In other
terms, knowing that the median incubation period was estimated to be 5.1 days (95% CI, 4.5
to 5.8 days), and 97.5% of those who develop symptoms will do so within 11.5 days (95%
CI, 8.2 to 15.6 days) of infection [42], climate variables are 15 days back time-shifted. The
incubation period is commonly considered between 2 and 14 days by the CDC (Centers for
Disease Control and Prevention). This implies that the daily number of positive COVID-19
cases from 1 March 2020 to 30 November 2020 is the result of infections from 15 February
2020 to 15 November 2020. This approach is inspired by [43].

WV = 6.22 × RH × 6.112

exp
(

17.67×T
T+2435

)
P

 (1)

Africa through the northern part is mainly characterized by different types of cli-
mates [44]; as we mentioned above, the selected countries were divided into three con-
trasted bio-climate zones based on a classification that closely fits with Köppen-Geiger
bio-climatic zones [34,45]:

(i) The Maghreb (North Africa) zone is mainly characterized by winter rains and summer
drought [46]. The rainfall regime is variable but predominantly bimodal in the north-
ern part, with peaks during fall and spring. The rainy seasons correspond with the
short days-cool temperature period (from November to April). This category includes
hyper-humid to hyper-arid bioclimates, with mean annual rainfalls of 2330 mm over
the northeast of Algeria and 1530 mm over the northwest of Tunisia [34] decreasing to
virtually zero in the central-eastern Sahara. The mean annual temperature may vary
from less than 10 ◦C in the highlands of Algeria and Morocco to 25 ◦C in the north
and central Sahara [34].

(ii) The Sahel region represents a transition zone between the Saharan desert and the
wet climate of tropical Africa. The Sahelian countries have a tropical semi-arid
climate which is typically hot, sunny, dry, and somewhat windy. The bio-climate is
characterized by a monomodal (unimodal) type of rainfall distribution pattern; i.e.,

https://www.ecdc.europa.eu/en/publications-data/download-todays-data-geographic-distribution-covid-19-cases-worldwide
https://www.ecdc.europa.eu/en/publications-data/download-todays-data-geographic-distribution-covid-19-cases-worldwide
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there is only one annual peak in the rainy season, which is lagged with the summer
solstice by a 1–2-month time lag [34,45].

(iii) The Gulf of Guinea with an equatorial bio-climate that is constantly humid is char-
acterized by a bimodal rainfall distribution pattern (i.e., there are two peaks in the
rainy season following the seasonal position Intertropical Convergence Zone (ITCZ)),
although some climatic characteristics can be found in countries such as Nigeria with
hot-dry, hot-humid, temperate-dry, temperate-humid, and temperate-dry with a cool
climate [47].

2.3. Statistical Analysis

Two non-linear robust and non-parametric rank correlation tests were implemented
to analyze the potential effects of the climate conditions on the COVID-19 pandemic
transmission and to discuss their statistical significance:

(i) The Kendall rank correlation non-parametric test τ is shown in Equation (2), where
concor represents the number of concordant pairs. In contrast, discor represents the
discordant pairs, and n is the number of pairs [48].

τ =
concor − discor
0.5n × (n − 1)

(2)

(ii) The Spearman rank correlation non-parametric test rs is described in Equation (3)
below, where di represents the difference between the ranks of two parameters and
the number of alternatives [48].

rs = 1 −
6 × ∑n

i d2
i

n × (n2 − 1)
(3)

More descriptions of the statistical methods used can be found in [40,44]. Note
that the main reason for using the non-parametric Kendall and Spearman statistical tests
is that they tend to be more powerful and better suited for non-normally distributed
variables compared with parametric statistical tests such as the Pearson test [48]. As the
distribution of COVID-19 cases data and climatic variables is not necessarily Gaussian, the
non-parametric Kendall and Spearman statistical tests might be more appropriate for testing
the null hypothesis of the association/correlation between the two given variables [49,50].

In addition, the correlation coefficients are often computed between two times series
(e.g., two time series representing, respectively, the number of daily COVID-19 cases and
daily average temperatures or humidity) [28–30], without considering the possible presence
of cycles or temporal trends in the data, which can strongly affect the estimated correlation
values and yield artefactual associations. In the present paper, the daily cases of COVID-19
are fitted with the robust and non-parametric Median-Based Linear Model (MBLM) defined
in [49].

Further, an analysis of variance (ANOVA) was used to measure the relative proportions
of variance explained by the contribution of each of the potential explanatory covariates
predicting the COVID-19 cases. The calculation considers time-series autocorrelation. In
other terms, the dynamics of the disease transmission (e.g., today’s cases may depend on
those in the days before) was considered by considering the first–order autoregressive
model by assuming a multivariable regression model of the form:

yt = α + β1x1
t + β2x2

t + β3x3
t + µt , t = 1, . . . , T (4)

where yt (the responses) are the anomaly (residuals) of daily cases, t is the time variable
assigned to yt, α is a constant term, x1

t , x2
t , and x3

t represent the temperature, specific
humidity, and water vapor variables, β1, β2, and β3, represent the associated linear trends,
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and µt represents the residual term that is assumed to be autoregressive of the order of 1
[AR (1)] and may be related as follows:

µt = ρµt−1 + εt, t = 2, . . . , T (5)

where ρ is the coefficient of autocorrelation, εt (the white noise series) represents the inde-
pendent random variables with mean zero and common variance [49]. We also assumed
that −1 < ρ < 1, so the noise process µt is stationary. This model allows the noise to be
autocorrelated among successive observed daily cases, such that ρ = Corr (µt, µt−1). Note
that due to a lack of sufficient data for the considered countries, the non-climatic factors
such as socio-economic, epidemic response, demographic, and geographic factors are not
modeled. This approach is similar to that one used in [32].

3. Results
3.1. Spatiotemporal Variability of COVID-19 Cases

Figure 2 shows the patterns of the total number of COVID-19 confirmed cases between
1 March and 30 November 2020 over all the considered countries. It becomes evident that
the COVID-19 pandemic transmission varies in different regions during the studied time
period. The highest outbreak ranging up to more than ≈300,000 cases is located in the
Maghreb countries, mainly including Morocco and Egypt. The number of COVID-19 cases
ranges from 5000 to 10,000 cases in the Sahelian countries and 50,000 to 200,000 cases in the
Gulf of Guinea countries. The lowest number of cases is observed in the center of the Sahel.

Figure 2. Spatial patterns of the total number of COVID-19 confirmed cases from 1 March to 30
November 2020 over all the considered countries. The countries were selected based on their high
population density and the regularity of the reported daily positive cases.

Figure 3 further shows that more occurrences of COVID-19 cases are observed over
the northern part of Africa in Maghreb countries compared to the Sahel and the Gulf of
Guinea. Figure 3a, with a y-axis capped at ≈400,000 COVID-19 cases for Morocco and
80,000 for the other northern countries, shows a rapid spread of COVID-19 cases in the
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Maghreb, with the largest trend for Morocco and Egypt. Until the end of July, the number
of confirmed COVID-19 cases in Tunisia and Libya was very slow, but a rapid increase is
also noted since August. For Maghreb, it is only in Libya that very few COVID-19 cases
are recorded. Tunisia does not exceed 1000 cases in three and a half months, while the
maximum number of cases are in developed Maghreb countries such as Egypt, Algeria,
and Morocco. In Figure 3b, related to the Sahel, the largest number of COVID-19 cases is
observed in Senegal with a rapid expansion, since the pandemic starts with a stationary
situation in mid-September. A more homogeneous distribution is found between the rest of
the Sahelian countries (Figure 3b), where the y-axis could be capped at 3000 COVID-19 cases
instead of 15,000 cases as in Senegal. In the Gulf of Guinea (Figure 3c), the COVID-19 cases
approach 50,000 in Ghana and 70,000 in Nigeria after nine months of the pandemic. Some
small West African countries such as Sierra Leone, Liberia, and Togo have accumulated
COVID-19 cases of less than 1000, while some countries such as Ivory Coast and Guinea
Conakry exhibit an intermediate situation. For the three subzones, the first two months of
the time period are marked by overall flat curves of the cumulated COVID-19 cases.

Figure 3. Growth curve of the cumulative confirmed COVID-19 cases over (a) the Maghreb countries,
(b) the Sahel countries, and (c) the Gulf of Guinea countries (from 1 March to 30 November 2020).
Due to the large difference in the amplitudes between the three different African bio-climatic zones,
the y-axis is capped at 400,000 cases for the Maghreb, 18,000 cases for the Sahel, and 70,000 cases for
the Gulf of Guinea.

In Figure 4, we compare the fitted COVID-19 cases to the observed daily cases for each
of the three bio-climatic regions. The residuals with respect to the reported data (i.e., the
differences between the fitted curve and the observed curve) are considered. Considering
the residuals concerning the reported data makes the analysis independent on the period
of lockdown or restriction, knowing that the correlation analysis strongly depends on the
considered time period [43]. This approach is also followed in [43]. Thus, the residual
analysis should preserve spurious correlations between the effects mentioned above and
the parameters under study. Then, the Spearman and Kendall rank correlations have been
computed between the residuals of COVID-19 cases, extrapolated from the data trend, and
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the detrended anomaly of the meteorological parameters with 15 days back time-shifted to
consider the virus incubation period.

Figure 4. COVID-19 confirmed cases fitted by an MBLM model [49], extrapolated from the observed
COVID-19 data over the (a) Maghreb, (b) Sahel, and (c) Gulf of Guinea regions. The residuals (i.e.,
the differences between the MBLM fitted curve and the observed curve).

Although several studies have considered the relationship between meteorological
parameters and positive COVID-19 cases, it worth pointing out that the daily new positives
variable is highly correlated to the number of performed tests, i.e., the more the tests are
performed, the more positive COVID-19 cases are found. In addition, delays in processing
tests and false positives/negatives, being not uncommon and frequently reported, are
factors that might introduce a bias in the analysis. For this reason, daily spikes in cases
without considering the incubation period can be uncorrelated with the climatic variables,
as discussed in [41].

3.2. Spatiotemporal Variability of Climate Parameters

Figure 5 shows the seasonal patterns of climate parameters, including temperature,
specific humidity, and water vapor variables through North and West Africa. A strong sea-
sonal temperature regime (with high-temperature values during JJA and lower temperature
values during September–November) associated with a slight seasonal specific humidity
regime is observed. Comparing the seasonal patterns of climate parameters across the three
seasons (i.e., during MAM, JJA, and SON), the highest values of temperature are located
over the northern part of the Sahel during summer (Figure 5a), while the lowest values are
found over the Gulf of Guinea countries (Figure 5b). The low humidity and water vapor
values are found in the northern area up to the central part of the Sahel (Figure 5d–f). In
the Gulf of Guinea side, the temperature decreased from March to August. The specific
humidity and water vapor increased (Figure 5b–h) mainly because the Gulf of Guinea area
usually received substantial rains associated with high humidity and lower temperatures.
Meanwhile, over Sahelian countries, low values of humidity are observed compared to the
Gulf of Guinea part, with a wetter period in summer associated with the northward shift of



Atmosphere 2022, 13, 34 9 of 18

the main tropical rainfall band. Over the Maghreb countries, a well-marked cool period is
observed during the spring and is associated with a slight decrease in humidity and water
vapor. These seasonal climate conditions may differently contribute to enhancing/reducing
COVID-19 pandemic transmission across the different considered regions.

Figure 5. Seasonal spatial patterns of climate parameters over the North and West African countries
(20◦ W–40◦ E; 4◦–40◦ N). (a) surface air temperature in MAM, (b) in JJA, and (c) in SON; (d) specific
humidity in MAM, (e) in JJA, and (f) in SON; (g) water vapor in MAM, (h) in JJA, and (i) in SON.

In Figure 6, the daily COVID-19 cases anomaly with respect to the climate parameters
over the three bio-climatic zones are shown. In the Maghreb, the positive anomalies of
the daily COVID-19 cases are observed when the climatic parameters (i.e., temperature,
humidity, and water vapor) have simultaneously a downward trend at the beginning and
toward the end of the time period (Figure 6a,b). However, for the Sahel (Figure 6c,e) and the
Gulf of Guinea (Figure 6e,f), the positive anomalies of COVID-19 cases are found during the
summer, when these regions experience a high value of specific humidity and water vapor.

Table S1 shows the daily variation of the meteorological parameters over each country
and of the three climatic regions, together with statistical analysis. Note that the climate
data are aggregated to the national level. For the countries partly located in the Sahara with
large, unpopulated areas such as Algeria, Libya, Egypt, Mali, and Niger, the non-habitable
areas over the desert have been removed in the average values. It can be noticed that the
mean temperature in Maghreb countries is 25.86 ± 6.24 ◦C (mean ± standard deviation)
with the low humidity of around 7.51 ± 1.60 (g/kg) and water vapor around 13.18 ±
3.40 (g/kg). Over the Sahel, the mean temperature is estimated at 29.96 ± 2.76 ◦C with a
high amount of specific humidity (12.65 ± 5.23 g/kg) and water vapor (20.72 ± 8.37 g/kg)
two times larger compared to the Maghreb countries. In the Gulf of Guinea, the mean
temperature is also estimated at 27.39 ± 2.16 ◦C with a high amount of specific humidity
(17.67 ± 2.89 g/kg) and water vapor (27.50 ± 4.21 g/kg) during the considered period (i.e.,
from 1 March to 30 November 2020).
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Figure 6. COVID-19 daily case anomaly (residual) and climate parameters for the period between 1
March and 30 November 2020 (a,b) for Maghreb, (c,d) for Sahel, and (e,f) for the Gulf of Guinea.
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3.3. Relationship between COVID-19 and Climate Parameters

The contribution of the meteorological variables (temperature, specific humidity, and
water vapor) on the COVID-19 pandemic transmission in Africa was investigated, and
correlation coefficient values are estimated using the robust and non–parametric Kendall
and Spearman (Figure S1 in the Supplementary Materials) rank tests. Note that we have
chosen to show the correlation values calculated using the Kendall test (see Figure 7)
because it is more insensitive to error and discrepancies in data and provides p-values more
accurately compared to Spearman’s rho test [48].

Figure 7. Kendall non-linear rank correlation (τ) test between the detrended anomaly of the meteoro-
logical variables (a–c) and the residuals of COVID-19 cases over the selected northern and western
African countries and area averages over the three climatic regions: the Maghreb, the Sahel, and
the Gulf of Guinea. Significant correlations with 99% confidence intervals, that is, correlation that
passed the Kendall rank tests at 0.01 level (i.e., p < 0.01; 99% CI), are reported in green dots, while
correlations that passed the Kendall rank tests at 0.05 level (i.e., p < 0.05; 95% CI) are reported in black
dots. The correlations are investigated against the residual of COVID-19 cases with a time-shift of
15 days (i.e., with a time-lag of −14 days) to consider the incubation period.
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Figure 7 (top panel) highlights that statistically significant inverse correlations (i.e.,
with p < 0.01; 99% CI) are found between COVID-19 cases and surface air temperatures
over most of the Maghreb countries (Tunisia, Morocco, and Libya) and in all of the Gulf of
Guinea countries except Togo, while significant positive correlations (i.e., with p < 0.01; 99%
CI) between COVID-19 cases and surface air temperature are found in the Sahel, especially
over the central part including Niger and Mali. However, positive correlations between
COVID-19 cases and surface air temperature were found in some specific Maghreb countries
such as Egypt and Algeria, which was mainly due to the dry, hot weather associated with
higher temperatures exceeding 38 ◦C in Egypt and Algeria’s southern regions located in the
north and central Sahara, as shown in Figure 5a,c. Nevertheless, on average, statistically
significant inverse correlations between COVID-19 cases and temperature are highlighted
over the Maghreb and the Gulf of Guinea. These findings agree with [10,15,16]. Whereas
positive correlations are found in the Sahel, which was also found by [51] who showed that
high temperature affects the COVID-19 transmission rate.

Considering the correlations with specific humidity and water vapor parameters,
Figure 7 (middle and bottom panels) displays significant negative values over all the
Maghreb countries and positive values in most countries over the Gulf of Guinea. Over
the Sahel, the significant and high positive correlations (τ = 0.6, p < 0.01; 99% CI) are
observed over Senegal, where the highest transmission of the COVID-19 pandemic are
reported (Figure 3b), while negative and non-significant correlations can be observed in
Burkina Faso, Mali, and Niger. Comparing Figure S1 (i.e., correlation values calculated
with Spearman rank test) and the results shown in Figure 7 (i.e., Kendall rank test versus
Spearman rank test), our results are even more robust because all correlations have the
same sign. However, the magnitude of correlations is lower in the Kendall test mainly
because of its high insensitivity to error and discrepancies in datasets compared to the
Spearman rank test.

These results confirm previous findings [9–11,13–15,18,41,52–54] that cold and dry
climate conditions enhance the virus transmission. On the other hand, given the average,
our results highlight that the COVID-19 pandemic transmission has different sensitivities
to climate conditions across the three climatic regions:

(a) Over the Maghreb, results imply that the COVID-19 transmission is strongly in-
fluenced by a decrease in temperature that connects to the reduction of humidity
and water vapor. It may partly explain the high number of COVID-19 pandemic
transmission observed in autumn over the Maghreb countries (Figures 4a and S2a).

(b) Over the Sahel, the results highlight that the COVID-19 pandemic transmission prefers
warm and humid environmental conditions. In other words, COVID-19 is strongly
influenced by an increase in temperature associated with an increase in humidity
and water vapor. Such findings contrast with the results found over the Maghreb
countries and other studies suggesting that summer weather could reduce COVID-
19 transmission [52] but confirm some previous findings (e.g., [53]) and may partly
explain the high number of COVID-19 pandemic transmission (i.e., the first wave)
experienced in most countries during the period May–August (Figures 4b and S2b).

(c) Over the Gulf of Guinea, results highlight that the COVID-19 transmission is enhanced
by decreased temperature associated with a high increase in humidity and water vapor
conditions. In other words, COVID-19 transmission over this area may be strongly
enhanced by the observed high level of humidity and water vapor. Such findings are
consistent with prior findings for influenza over the tropical countries [21] and may
also strongly contribute to the observed peak of the cases experienced in the Gulf of
Guinea countries during May–August (Figures 4c, 6e and S2c).

In Figure 8 and Table 1, the relative proportion of variance explained by the climatic
variables, i.e., the potential climate factors contributions to the COVID-19 transmission, is
quantitatively assessed and compared to the non-climate factors assumed to be dominated
by non-climatic factors such as socio-economic, epidemic response, demographic, and
geographic factors. This methodology has been applied to other respiratory viruses to
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quantitatively separate direct or indirect transmission via human behavior and the effects
of physiological factors [54]. The results show that although the COVID-19 pandemic
transmission is somewhat significantly correlated with the climate conditions, these later
are associated with weaker explanatory power for the virus transmission. Contrastingly,
the non-climatic factors, including the dynamics of the disease transmission, explain
the greatest proportion over 80% of the variance of the COVID-19 pandemic for all the
considered countries, except for Morocco, where the number of daily contagions appears to
be more dependent on temperature, which would contribute to explaining over 60% of the
total variance in the number of new daily COVID-19 diagnoses (see Figure 8 or Table 1).

Moreover, the proportion of variance explained by the climatic variables does not
appear to vary between the different countries (Figure 8 or Table 1). However, the COVID-
19 pandemic transmission is differently affected across the three African climatic regions.
Overall, these three weather parameters explained only around 20% of the variance in the
number of new daily COVID-19 cases, which means that even those climatic variables have
much weaker explanatory power than the non-climate factors. Therefore, likewise other
respiratory viruses [54].

Table 1. Summary of the values of the percentage of variance explained in Figure 8. Contributions
with a significant statistic at 99% are indicated by **, significant at 95% by *. TAS (◦C), SH (g/kg),
and WV (g/kg) represent the temperature, specific humidity, and water vapor climate variables,
respectively. At the same time, “DDT” and “Other factors” refer respectively to the dynamics of the
disease transmission (DDT) and the non-climatic factors.

TAS (%) SH (%) WV (%) DD Other Factors (%)

Algeria 0.186 * 0.607 * 0.004 * 93.732 * 5.467 *

Egypt 14.592 * 3.155 * 0.531 *** 56.799 24.921

Libya 17.757 * 0.263 14.418 * 4.983 * 62.576

Morocco 59.81 * 2.411 * 0.444 2.909 * 34.419

Tunisia 36.792 * 3.426 * 3.316 * 2.322 * 54.142

Maghreb 61.869 * 0.785 ** 0.278 0.961 * 36.105

Burkina-Faso 0.279 0.187 0.371 0.660 98.500

Mal 6.147 * 8.791 * 3.316 * 0.479 81.265

Niger 2.100 * 1.198 ** 11.000 * 26.223 * 59.477

Senegal 0.363 34.627 * 0.007 27.012 * 37.988

Sahel 2.419 * 7.883 * 16.432 * 18.697 * 54.566

Ivory-coast 18.273 * 0.171 6.788 * 9.965 * 64.800

Ghana 19.255 * 0.011 0.071 * 4.226 * 76.434

G-Conakry 3.430 * 11.710 * 0.369 0.230 84.259

Liberia 4.888 * 6.249 ** 1.693 ** 5.620 * 81.548

Nigeria 38.329 * 2.665 * 11.208 * 22.694 * 25.101

S-Leone 9.872 * 7.645 * 6.827 * 2.416 * 73.237

Togo 0.891 0.0333 0.098 0.114 98.862

G-Guinea 30.734 * 2.405 * 3.992 27.163 * 35.704
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Figure 8. Relative proportion of variance explained, i.e., the contribution of each potential explanatory
covariates predicting the COVID-19 pandemic transmission. TAS, SH, and WV represent the temper-
ature, specific humidity, and water vapor climate variables. At the same time, “DDT” and “Other
factors” refer respectively to the dynamics of the disease transmission (DDT) and the non-climatic
factors such as socio-economic, epidemic response, demographic, and geographic factors. Due to
a lack of sufficient data in the considered countries, these non-climatic factors were not modeled.
Significant contribution with 99% confidence intervals, that is, the proportion of variance explained
that is significant at 0.01 level (i.e., p < 0.01; 99% CI), is reported in red dot, while the proportion of
variance explained that is significant at 0.05 level (i.e., p < 0.05; 95% CI), is reported in black dot.

4. Summary and Conclusions

An extension of the analysis available in the literature for the quantification of the
relationship between climatic variables and COVID-19 pandemic transmission in North
and West Africa is presented in this paper. The contributions of climate conditions on the
COVID-19 transmission have been studied in the 16 most highly populated West and North
African countries divided into three climatic regions (i.e., the Maghreb, the Sahel, and the
Gulf of Guinea) on Köppen climatic classification [34]. The correlation between the essential
meteorological variables and virus transmission over 275 days was investigated from 1
March 2020 to 30 November 2020 at each considered country and regional level. To assess
the correlation, differently from other studies [28–30], here, we look at a reliable variable,
i.e., the residuals of the daily new positive cases, making our analysis independent of the
analyzed period. In addition, considering the incubation period i.e., the correlations were
investigated against the residual of COVID-19 cases with a time-shift of 15 days. Another
important aspect of this paper is that this is, to our knowledge, the first work based in three
climatic regions using COVID-19 datasets reported over 275 days (i.e., nine months) and
investigating the correlation against the residual of COVID-19 cases with a time-shift of
15 days. The strongest finding of this paper is that the COVID-19 pandemic transmission
has different sensitivities to climate conditions observed across the three climatic regions.
First, over the Maghreb countries, our results highlight that COVID-19 is strongly enhanced
by a decrease in temperature associated with a reduction of humidity and water vapor,
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i.e., cold and dry environmental conditions. Such findings are consistent with previous
studies available in the literature [8,9,11,13,16,17,29,40,55,56] supporting the hypothesis
that COVID-19 transmission prefers cold and dry weather conditions, while it is more
robust, because they are often limited to a single country or city and considering a short
period of COVID-19 reported data. Over the Sahel, our results show that the COVID-19
pandemic transmission prefers warm and humid climate conditions. In other words, the
virus transmission is strongly influenced by an increase in temperature associated with an
increase in humidity and water vapor. Such findings contrast with the studies suggesting
that summer weather could reduce COVID-19 transmission (e.g., [52]) but are consistent
with some previous studies available in the literature (e.g., [53]) and [22] (for a review)
and may partly explain the high number of COVID-19 cases experienced in most of the
Sahelian countries during the period May–August (Figures 4b and S2b). Finally, over
the Gulf of Guinea, the high level of humid and water vapor conditions enhances the
COVID-19 transmission. In other words, COVID-19 transmission is enhanced by a decrease
in temperature associated with a high increase in humidity and water vapor conditions.
Such findings are also consistent with prior results available in the literature (e.g., [24,25,57]
findings for influenza.

Our results reveal that the three weather parameters explain around 20% of the
variance in the number of new daily COVID-19 cases. In other terms, climatic variables
have much weaker explanatory power compared to non-climatic factors. Such findings are
also consistent with previous studies available in the literature (e.g., [32,58]), supporting
the hypothesis that socio-economic and epidemic response factors explained the greatest
proportion of variance in the COVID-19 cases estimated. Our results also support the
WHO’s guidelines not to raise expectations that the COVID-19 outbreak will significantly
slow because of changes to climate conditions alone. On the contrary, subsequent “waves”
of COVID-19 cases have already occurred in most selected countries, which experienced
a second peak during the wintertime. The results also imply that a seasonal change of
climate conditions may have significant effects upon forthcoming patterns of COVID-19
transmission, but the non-climatic factors will be much more dominant. Our conclusions
are robust for the entire record (i.e., from 1 March 2020 to 30 November 2020) with high and
significant correlations. Still, the seasonal and transitional relationship between climate
variables and COVID-19 pandemic transmission can be different because of the short period
of data considered and lower signal-to-noise ratio.

Results suggest that further studies are needed to investigate why the COVID-19
pandemic has different sensitivities to the climate conditions observed across the three
climatic regions. Even though our research is focused on the potential influence of the
climate factors, the findings can promote further studies in other climatic areas and testing
the effects of air-pollution—related variables, such as the concentration of the particulate
matter with an aerodynamic diameter less than 2.5 microns (PM2.5), nitrogen dioxide (NO2),
and carbon monoxide. There is a limitation to this work. The non-climatic factors such
as socio-economic, epidemic response, demographic, and geographic factors were not
modeled due to insufficient data/information in the considered countries. Therefore, there
is a need for much more comprehensive models to formally assess and quantify these
numbers accounting for confounding factors not considered in this paper. Nevertheless,
this work contributes to increasing attention and encourages further studies to improve
our understanding of the underlying factors that control the COVID-19 pandemic spread.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos13010034/s1. Figure S1: Spearman non-linear rank correlation (τ) test between the
detrended anomaly of the meteorological variables and the residuals of COVID-19 cases over the
selected Northern and Western African countries, as well as area averages over the three climatic
regions: the Maghreb, the Sahel, and the Gulf of Guinea. Statistically significant correlation with 99%
confidence intervals, that is, correlation that passed the Spearman rank tests at 0.01 level (i.e., p < 0.01;
99% CI), is reported in green dot, while correlation that passed the Spearman rank tests at 0.05 level
(i.e., p < 0.05; 95% CI), is reported in black dot. The correlations are investigated against the residual

https://www.mdpi.com/article/10.3390/atmos13010034/s1
https://www.mdpi.com/article/10.3390/atmos13010034/s1
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of COVID-19 cases with a time-shift of 15 days to consider the incubation period; Figure S2: Seasonal
effects of the relative climate factors contributions on the COVID-19 pandemic transmission. The
relation between COVID-19 pandemic transmission (x-axis) versus Temperature (TAS ◦C) in black,
Specific Humidity (SH, g/kg) in red, water vapor (WV, g/kg) in green, is drawn (y-axis) for (a) the
Maghreb, the Sahel (b) and (c) the Gulf of Guinea. Correlations are calculated for each contribution
using the Kendall non-linear rank (τ) test between the detrended anomaly of the meteorological
variables and the residuals of COVID-19 cases over the three climatic regions. Two-asterisk symbols
(**) are added when the correlation is significant at 99% confidence intervals (i.e., p < 0.01; 99% CI).
One-asterisk symbol (*) is added when the correlation is significant at 95% confidence intervals (i.e.,
p < 0.05; 99% CI). The correlation is investigated against the residual of COVID-19 cases with a
time-shift of 15 days to take into consideration the incubation period; Table S1: Descriptive statistical
analyses of meteorological variables (15 February to 15 November 2020; N = 275) over the 16 selected
Northern and Western African countries and area averages over the three climatic regions: the
Maghreb, the Sahel, and the Gulf of Guinea.
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