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ects of COVID-19 lockdowns on
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The COVID-19 lockdown served as a pivotal moment to analyze significant changes in air quality due to

unprecedented reductions in emissions across major African countries. This study assesses the

alterations in air quality, focusing on key pollutants such as CO, NO2, O3, SO2 and aerosol particles

during the lockdown period in 2020. Utilizing chemical reanalysis data from the state-of-the-art multi-

component satellite data assimilation system at the Jet Propulsion Laboratory, quarterly anomalies were

calculated for March to May (MAM) and June to August (JJA). The analysis reveals a significant decline in

CO, NO2, O3 and nitrate aerosols across most African nations, with more pronounced decreases

observed during the JJA period. However, notable discrepancies emerged: quarterly dual anomalies

indicated a reduction in NO2 and SO2 levels in Northern Africa, while quarterly anomalies suggested an

increase, indicating that containment policies affected these trends. In Southern Africa (SA), both

quarters witnessed increases in SO2 levels, likely due to relaxed restrictions and heightened energy

demands. Additionally, the rise in O3 levels in SA may be associated with the decrease in NO2. The

increase in sulfate and ammonium aerosols in Northern and Southern Africa is likely attributed to dust

events and elevated residential emissions, respectively. The findings from this study highlight that air

quality changes are influenced by a combination of natural and anthropogenic factors, stressing the

urgent need for stricter emission standards for coal-fired plants and the promotion of clean energy

initiatives throughout African countries.
Environmental signicance

Due to the scarcity of reliable monitoring data, there are no relevant studies on the air pollutant changes in most African countries during COVID-19 lockdown
periods. Our study lls this gap. Based on our analysis of these results, our study highlights key issues and directions that Africa needs to address in order to
improve air quality.
1 Introduction

The strict containment policies during the outbreak of coro-
navirus disease 2019 (referred to as COVID-19) in 2020, such as
partial or complete closure of international borders, schools,
and non-essential businesses, as well as restrictions on citizen
movement in some cases,1 provided a natural experiment to
investigate how the air quality will respond to potential strict
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control policies.2–4 Numerous studies have investigated the air
quality changes due to the lockdown measures across different
regions worldwide using surface observation, air quality
modelling and satellite retrievals. However, the responses to the
air quality changes were highly dependent on the species and
location and were not always consistent.

Many studies have shown that strict lockdown measures
have led to signicant improvements for certain pollutants, but
no noticeable decrease for others. Take a few examples, the
cities of Chongqing, Luzhou, and Chengdu in China experi-
enced the largest decreases in nitrogen dioxide (NO2) and sulfur
dioxide (SO2) by 62.1% and 83.8% individually from February
2020 compared with previous years (2017–2019), while carbon
monoxide (CO), PM10, and PM2.5 had relatively smaller
decreases, ranging from 17.9% to 30.8%. Surprisingly, O3

concentration increased by 6.2% instead.5 In addition, although
reduced anthropogenic emissions during the lockdown period
Environ. Sci.: Atmos.
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led to an obvious decrease in PM2.5 across most provinces in
China, unfavourable weather conditions, mainly less rainfall,
lower planetary boundary layer (PBL) and wind speed, higher
relative humidity (RH) and temperature, resulted in only half of
its precursor's decline.6 During the recent lockdown period in
Shanghai, China from April to May 2022, both surface and
column NO2 exhibited a signicant decrease. However, surface
formaldehyde (HCHO) was found to increase by 13%, while O3

concentration did not change signicantly, due to the weakened
titration effects from the reduction in NO.7 As one of the cities
most severely affected by the COVID-19 pandemic aer Wuhan,
Milan in Italy also observed a signicant decrease in NO2 during
the lockdown period. However, while there was a 20% reduction
in SO2 concentration in urban areas, there was no change in SO2

levels in suburban areas, possibly due to more closures of
public places in urban areas resulting in a decrease in heating
demand, but the suburban heating demand has not dropped
signicantly. Meanwhile, O3 concentrations signicantly
increased in urban areas, which could be attributed to chemical
oxidation reactions caused by increased sunlight hours and
decreased NO2 concentrations.8 During the lockdown period,
NO2 concentrations were also found to decrease signicantly in
the United States,9–11 while PM2.5 only decreased in metropol-
itan areas of Northeastern and California/Nevada regions with
O3 concentrations remaining relatively stable.12 Similar
phenomena have also been found in other countries such as
India,2,13 Bangladesh,14 Brazil,15 Spain,16 and EU member
states.17 Meanwhile, a few studies also investigated the impact
of lockdown measures on air quality changes from a global
perspective,18–20 including assimilated high-resolution OMI and
TROPOMI satellite retrievals or ground observation data which
have found that although global anthropogenic NO2 emissions
decreased signicantly during the lockdown periods in 2020,
the decreases in PM2.5 were smaller than that of NO2 and even
remained unchanged.18,21,22 Additionally, due to the high local
ozone production efficiency in Asia and America, there were
little changes in the global tropospheric ozone burden.19

Furthermore, Shi et al.22 discovered that the decreases in NO2

concentrations in 11 typical cities were lower than expected
through deweathering machine learning techniques, indicating
the importance of weather conditions in the air quality changes.
However, to the best of our knowledge, few studies have been
focused on the African continent mainly due to the lack of well-
developed ground monitoring sites and the lack of attention
and funding for the African environment.23

As the region with the highest exposure to PM2.5 in the world,
Africa's air pollution problem cannot be overlooked. With rapid
urbanization, economic development and increasing reliance
on fossil fuel combustion,24–26 the air pollution-induced
mortality burden has become the second leading cause of death
in Africa.27,28 The epidemic lockdown has also provided an
“opportunity scenario” for African countries to study the effec-
tiveness of emission reduction policies to improve air quality.
Some available studies have been carried out to study the air
quality changes in specic African cities or regions by utilizing
sporadic monitoring station data29 and remote sensing.30 For
example, in certain cities of Morocco, during the lockdown
Environ. Sci.: Atmos.
period, there was a signicant decrease in NO2 compared with
before the lockdown, and PM2.5 also relatively decreased.29,31 In
some cities in Nigeria, O3 concentration increased slightly,
while NO2 concentration decreased in March but slightly
increased in April. SO2 concentration during the lockdown
months (March and April) increased compared with previous
years but with a lower magnitude than in January and
February.32 Using OMI retrieved data, NO2 emissions decreased
by 15% and 33% in Cairo and Alexandria in Egypt respectively,
with a slight decrease of CO (approximately 5%) and an increase
of ozone by about 2% compared with the years 2015–2019.33 In
Kampala, Uganda, one of EA's busiest cities, the Air Quality
Index (AQI) showed a 6.6% decrease during the lockdown
period (March to July) compared with the previous year.34

The primary objective of this study was to investigate
changes in gas and aerosol pollutants during the COVID-19
lockdown periods across major African countries, specically
during March to May (referred to as MAM) and June to August
(referred to as JJA). Chemical reanalysis products from a state-
of-the-art multi-component satellite data assimilation
system19,35,36 were utilized, optimizing pollutant concentrations
and emissions by assimilating multiple satellite observations
and accounting for chemical interactions among different
gases. To isolate the effects of temporal emission changes and
interannual meteorological variations, two distinct methods
were applied to quantify air quality changes: quarterly mean
anomalies (the difference in pollutant concentration between
2020 and reference years from 2005 to 2019) and difference-in-
difference (the difference between the February mean anomaly
and the quarterly mean anomaly). Additionally, Pearson corre-
lation coefficients were calculated to assess the relationship
between changes in pollutant concentrations and variations in
stringency indices or meteorological conditions during the
MAM and JJA seasons.
2 Data and methodology
2.1 Study area

Fig. S1 illustrates the study area, encompassing the entire
African continent, which includes 50 countries situated
between 40°S and 40°N latitude and 20°W and 40°E longitude.
Certain islands, such as Cabo Verde, São Tomé and Pŕıncipe,
Comoros, Mauritius, Mayotte, Réunion, Seychelles, and Saint
Helena are excluded from this coverage. Additionally, the
studied African countries were categorized into several regions:
Northern Africa (NA), Central Africa (CA), Western Africa (WA),
Eastern Africa (EA), and Southern Africa (SA), as dened by the
United Nations (see Fig. S1).
2.2 Government restrictions in Africa

Since March 2020, African countries have implemented
different restrictive policies in response to the COVID-19
pandemic. We obtained the indicator of the lockdown strin-
gency measures developed by Hale et al.37 to quantify the
containment intensity in African countries. The index, which
ranges from 0 to 100 (Fig. S2), tracks the multiple measures and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The stringency index weighted average in major African countries in MAM (a) and JJA (b), and the changes from MAM to JJA (c). Among
them, the countries in white (a and b) lack containment information.
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responses to the COVID-19 crisis overtime at a daily resolution,
including school and workplace closings, public transport
closings, international travel restrictions, and so on. Fig. 1
shows that the overall stringency index for the African countries
such as Mozambique, Ethiopia, South Sudan, Libya, Malawi,
Guinea, Uganda and Nigeria is higher during the JJA season
than in MAM, indicating that lockdown measures were gener-
ally more stringent in those countries. As shown in Fig. 1c, the
stringency indexes of all CA countries have increased in the JJA
compared to the MAM, while other regions in Africa have mixed
changes. There were 18 countries where the stringency index in
the MAM was higher than those in the JJA. These countries
include Tunisia, Burkina Faso, Niger, Somalia, Mauritania,
Sierra Leone, Senegal and Benin. In MAM, the countries with
the highest stringency index include Morocco (78.4), Libya
(78.2), Kenya (74.5), Tunisia (74.5), Uganda (72.9), while in JJA,
Libya (92.1), Uganda (86.0), South Sudan (82.2), Ethiopia (80.6)
and Gabon (80.6) had the highest stringency index (Table S1). It
is interesting to notice that countries with lower stringency
index which were below 50, such as Burundi, Niger, Tanzania,
Zambia, and Somalia (Table S1), had generally released their
restriction earlier, which mean that they usually had a higher
stringency index in MAM than in JJA (Fig. 1c).
2.3 Surface air quality data

For this study, the long-term chemical reanalysis products
constructed by NASA Jet Propulsion Laboratory (https://
tes.jpl.nasa.gov/tes/chemical-reanalysis/products/two-hourly,
last accessed March 10, 2024) were used. The chemical
reanalysis products used a multi-component satellite data
assimilation system36 to assimilate the results of CO, NO2,
SO2, O3, and HNO3 measurements from multiple satellites,
including Aura/OMI, Aura/MLS, Aqua/AIRS, Terra/MOPITT,
and Suomi NPP/OMPS. Data assimilation uses MICROC-
CHASER predictive models to simulate various processes,
including transport, emissions, deposition, and chemical
© 2026 The Author(s). Published by the Royal Society of Chemistry
reactions such as ozone and aerosol processes. An Integrated
Kalman ltering technique was employed to combine prior
data (predictions) and observational data for obtaining
optimal state estimation.38 During the optimization of
pollutant emission estimates, only total combined emissions
were optimized, while proportions of different emission
categories from previous emission estimates were applied at
each grid point to obtain assimilated posterior anthropogenic
emissions.19 Prior surface NOx and SO2 emissions in 2020
were derived from the Hemispheric Transport of Air Pollution
version 2.2 at a resolution of 0.1° for the anthropogenic
emission (Janssens-Maenhout et al., 2015), Global Fire
Assimilation System version 1.2 at a resolution of 0.1° for the
re emissions,39 and Global Emissions Initiative at
a resolution of 0.5° for the soil NOx emission.39–41 Lightning
NOx sources in the model were calculated using
corresponding parameterizations at each model time step.42

The emissions in 2020 were constrained by various satellite
measurements including NO2, SO2, CH4, CO, and ozone (O3),
with the quality of the reanalysis eld evaluated using ozone
detection as well as aircra and satellite observations. Based
on TROPOMI NO2 constraints at a resolution of 0.56°,
ground-level NOx emissions in 2020 have been used to assess
global tropospheric ozone response to COVID-19 lockdown
measures.19
2.4 Tropospheric column data for HCHO and NO2

To explain the changes in ozone levels in major African coun-
tries, high-resolution monthly offline products of HCHO and
NO2 vertical column densities (VCD) for the year 2020 were
obtained from the Tropospheric Emission Monitoring Internet
Service (TEMIS; https://www.temis.nl/index.php, last accessed
March 20, 2024).43 The TROPOMI Level 3 HCHO and NO2 data
were retrieved using algorithm versions 1.1.2 (HCHO) and
1.2.2 (NO2), based on the DOAS method with corrections for
clouds, aerosols, and surface reectance to improve accuracy.
Environ. Sci.: Atmos.
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Bilinear interpolation was applied to standardize the data
resolution to 0.1° × 0.1°. The African border shapele was
then used to extract monthly and quarterly mean
concentrations of HCHO and NO2 across the main continent
of Africa. Finally, the HCHO/NO2 ratios for MAM and JJA in
2020 were calculated.
2.5 Statistical analyses to quantify the air quality changes

For this study, two distinct methods were applied to quantify air
quality changes during the lockdown periods. Following
previous research (such as Chen et al.;44 Li et al.;45 Ma et al.46 and
Zhang et al.47), the quarterly dual anomalies method, also
known as the difference-in-differences method, was rst
utilized to account for seasonal and long-term variations in air
pollution. Specically, for each country and grid cell in Africa,
the air quality changes were calculated during the lockdown
period compared with the pre-lockdown period (February) in
2020 and then these changes were compared to those observed
during the corresponding periods from reference years (2005–
2019). These changes represent the rate of change in pollutant
concentrations during the lockdown period compared to pre-
lockdown levels. Another method employed is the quarterly
anomalies, which was used to calculate seasonal concentration
differences between 2020 and the multi-year mean (from 2005
to 2019). The quarterly anomalies were calculated for MAM and
JJA separately. Additionally, the rate of change in pollutant
concentration for each country was reported, calculated by
dividing the quarterly anomalies by the multi-year mean. To
further analyze seasonal changes in major air pollutants from
2005 to 2019, the Mann–Kendall trend analysis was performed
(Fig. S3). The results indicate that all P-values were greater than
0.05 for Africa, suggesting no signicant air quality trends
attributable to anthropogenic emissions or meteorological
conditions during this period. Therefore, it is assumed that the
multi-year average from 2005 to 2019 serves as a representative
baseline for hypothetical air quality in 2020 had no lockdown
measures been implemented, with the calculated quarterly
anomalies primarily reecting emission changes resulting from
lockdown measures. To test this hypothesis, air quality changes
were also examined by calculating the differences between 2020
values and a ve-year average from 2015 to 2019 for both
methods. Similar spatial patterns of air quality changes were
observed (Fig. S4–S10).

To evaluate the statistical stability of the quarterly dual
anomalies and quarterly anomalies methods across countries,
we employed a t-distribution-based condence interval esti-
mation.48 For each country, we rst calculated the mean (�x) of
the quarterly anomalies, then determined the standard devia-
tion and standard error using the following formulae:

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

Xn

i¼1

ðxi � xÞ2
s

(1)

SE ¼ sffiffiffi
n

p (2)
Environ. Sci.: Atmos.
where s is the sample standard deviation (with a degree of
freedom of n − 1), SE is the Standard Error, xi stands for
a specic value of quarterly dual anomalies or quarterly
anomalies, and n is the number of quarterly dual anomalies or
quarterly anomalies for the respective country.

Then, the critical value of the condence interval is further
calculated: with a condence level of 95%, the critical value t* is
determined as follows:

t* = t0.975 (df = n − 1) (3)

where t0.0975 is the critical value of the two-tailed t-distribution
with n − 1 degrees of freedom. We then calculate the upper and
lower bounds of the condence interval (CIlower, CIupper) as well
as its half-width (CIhalf):

CIlower = �x − t*$SE (4)

CIupper = �x + t*$SE (5)

CIhalf = t*$SE (6)

Statistical stability is determined using a dynamic threshold.
Let the set of condence interval half-widths for all countries be
denoted as CIhalf

(1), CIhalf
(2),.. By calculating the median (M)

and interquartile range (IQR) of this set, the stability threshold
is dened as:

Threshold = M + 1.5$IQR (7)

If the condence interval half-width (CIhalf) of a country is
less than or equal to the threshold, the average value of that
country is considered representative of the variation level across
the entire country.

2.6 Random forest model prediction of pollutants

To isolate the inuence of local meteorological changes,
a random forest (RF) model was applied to predict pollutant
concentrations in specic regions of Africa, with a focus on
Central African countries that have experienced a signicant
decrease in CO levels. Random Forest is an ensemble learning
method that combines multiple decision trees to improve
prediction accuracy and robustness. It uses two types of
randomness: bootstrap sampling to create different training
sets for each tree, and random feature selection for each split.
This reduces overtting and increases model diversity. The nal
prediction is made by voting (for classication) or averaging (for
regression). Random Forest is effective at handling large data-
sets, high-dimensional data, noise, and missing values, offering
strong accuracy and stability.49 The average daily values of each
feature from February to August 2015–2019 were utilized as the
training set for this analysis. The features included time (the
day of the year), latitude and longitude, as well as meteorolog-
ical variables such as temperature (T2), humidity, v wind and u
wind. The target variable was the CO concentration. All of the
data are from the chemical reanalysis products constructed by
NASA Jet Propulsion Laboratory (https://tes.jpl.nasa.gov/tes/
chemical-reanalysis/products/two-hourly, last accessed March
© 2026 The Author(s). Published by the Royal Society of Chemistry
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10, 2024) and the resolution was uniformly adjusted to 0.5° ×

0.5° using bilinear interpolation. These predictions are based
on historical levels of CO, which include information on past
anthropogenic emissions. Therefore the predicted CO
concentrations still retain the inuence of emissions from
previous years. To improve accuracy, simulations were
conducted for February, MAM, and JJA separately. For model
validation, a time series split rolling cross-verication was
employed based on ve splits according to Shen et al.50 The
performance of the model was measured using the Pearson
correlation coefficient (PCC) and low root mean square error
(RMSE), as shown in Fig. S14. Aer cross-validation (Fig. S18),
the optimal model was selected to predict the CO
concentrations in 2020 under the previous emission scenario.
The “n_estimators” of the model was 108 and “max_depth”
was 21. Then, by subtracting the actual CO concentrations in
Fig. 2 Spatial distribution of CO changes from the twomethods: quarterl
and c), JJA (b and d) in African countries. The units are ppbv. For countrie
the situation of the entire country. White denotes countries where the c

© 2026 The Author(s). Published by the Royal Society of Chemistry
2020 from the predicted values, we can isolate the air quality
changes from the meteorological conditions. Finally, we
calculated the average concentrations of CO for February,
MAM, and JJA respectively.

2.7 Pearson correlation analyses

Pearson correlation analysis was conducted to examine the
relationships between pollutants and the stringency index or
meteorological variables.51 Average daily concentration anom-
alies for SO2, CO, NO2, temperature, and absolute humidity
were calculated for the period from March 1 to August 31, 2020.
The calculations of the average daily concentration anomalies
were similar to the quarterly anomalies we described above.
Then, the Pearson correlation coefficients of pollutant daily
anomaly with temperature daily anomaly, absolute humidity
daily anomaly and the stringency index were calculated from
y dual anomalies (a and b), and quarterly anomalies (c and d) for MAM (a
s marked with gray dots, their national average values cannot represent
hange falls below 2% of the minimum value observed.

Environ. Sci.: Atmos.

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ea00111k


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 2
/2

5/
20

26
 1

1:
14

:0
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
March 1 to May 31 and from June 1 to August 31, respectively.
The results are shown in Fig. 3 and S19–S21.
3 Results
3.1 Gas pollutant change for CO, SO2, and NO2

3.1.1 CO changes. Fig. 2 shows the spatial distribution of
CO changes in MAM and JJA in African countries estimated
from the two methods. In general, we found consistent
temporal–spatial CO changes from the twomethods, with larger
CO decreases observed in JJA than those in MAM, sharing the
similar spatial patterns with the country stringency index
(Fig. 1). The average CO changes in Africa were −54.92 ppbv
(−469.60 to 22.46 ppbv depending on the country) in Africa
during the JJA and −0.10 ppbv (−61.51 to 33.85 ppbv) in MAM
(Fig. 2c and d). Meanwhile, the two methods are consistent in
showing that the countries with the largest CO decline are
mainly located in CA, such as Angola (Fig. 2b and d). Previous
studies have shown that 90% of res that occurred in sub-
Saharan regions were caused by human activities,52,53 especially
in JJA, which is the re season in the southern hemisphere
(Fig. S22). Analysis of re radiative power (FRP) data (Fig. S23)
shows that FRP in 2020 was lower than in previous years across
Central African countries (e.g., Angola, the Central African
Republic, and the Democratic Republic of the Congo). Speci-
cally, the Central African Republic recorded an MAM FRP
decline outside natural variability compared to the 2015–2019
annual average, with falling approximately 2.8 standard devia-
tions below the 2015 to 2019 average FRP. Changes in FRP in
other countries, such as Cameroon, were also consistent with
variations in CO concentrations. Thus, it can be concluded that
the constrained human activities during the strict lockdown
periods in JJA (Fig. 1) reduced the occurrence of wildres54 and
Fig. 3 Spatial distribution of Pearson correlation coefficients from March
Positive values denote positive correlations and negative values denote
index.

Environ. Sci.: Atmos.
led to a more signicant CO decline. Zhang and Zhang (2025)55

also identied wildres and climate change as key drivers of
forest carbon ux variations in Africa over the past two decades,
noting that compared to wildres, the impacts of these climate
drivers are slower and more spatially variable. Furthermore,
light-duty vehicles were another major source of CO especially
in the Sahara regions such as Egypt in NA,33 indicating that the
stricter lockdown measures which restrained the vehicle's
activities contributed to reducing the CO concentration.56

Besides the similar results we drew from the twomethods, there
are slight variations, with the quarterly dual anomalies method
(Fig. 2a and b) usually showing larger CO decreases in both
seasons. Also, the signicant CO decreases in Cameroon and
Central African Republic were observed in both seasons using
the quarterly dual anomalies (Fig. 2a and b). In contrast,
reductions were not detected by the quarterly anomalies
method (Fig. 2c and d). We also found obvious CO increases in
MAM especially in NA regions as estimated from the quarterly
anomalies method (Fig. 2c). This could be caused by the high
natural biomass burning activity in the Northern hemisphere of
Africa57 and the low population (Fig. S24). To further investigate
the contribution of emission changes to the concentration
anomalies in 2020, we compared the CO concentration differ-
ences in MAM and JJA of 2020 between those estimated in the
chemical reanalysis data with the RF-predicted CO concentra-
tion which isolated the inuence of meteorological changes,
and a similar magnitude change between these two was found,
conrming the conclusions above (Fig. S25).

By calculating the Pearson correlation coefficient between
CO anomalies and stringency index (Fig. 3), it was found that
during the MAM, many countries exhibited a signicant nega-
tive correlation between these two variables. This negative
correlation was mainly concentrated in CA, WA and NA, such as
1st to May 31st (a), and June 1st to August 31st (b) in African countries.
negative correlations between daily CO anomalies and the stringency

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The same as Fig. 2, but for NO2. The inserted plot displays the average values across five African regions. Quarterly dual anomalies (a and
b), and quarterly anomalies (c and d) during MAM (a and c) and JJA (b and d) in African countries. The units are ppbv.
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the Central African Republic, Cameroon, Nigeria, Egypt and
South Africa. Although the Central African Republic had
moderate lockdown stringency indexes and population levels,
its CO concentration still signicantly decreased due to its
originally higher CO concentration, leading to more noticeable
emission reductions. In contrast, despite lower original CO
concentrations in Egypt and South Africa, their higher strin-
gency indexes resulted in a decrease in CO concentrations.
However, countries like Chad, Uganda, and Ethiopia still had
positive dual anomalies, which may be related to lower strin-
gency indexes in these countries or their neighbours, as well as
meteorology. During the JJA, the decrease in CO concentrations
was negatively correlated with stringency indexes in some
countries only, particularly in CA and NA. Because some coun-
tries have a lower level of stringency index during the JJA, the
Pearson correlation analysis may be affected by unusual occa-
sional changes in pollutants. In conclusion, changes in CO
© 2026 The Author(s). Published by the Royal Society of Chemistry
concentration are co-controlled by each country's individual CO
emission levels, the lockdown stringency indexes and even
population conditions.

3.1.2 NO2 change. As shown in Fig. 4, the spatial NO2

anomalies in MAM and JJA estimated from the two methods
agree well with each other, similar to what was observed for CO.
The reduction in NO2 concentration in CA and WA regions is
attributed to reduced biomass burning and industrial emis-
sions due to strict lockdown measures as also discussed in
previous studies.58,59 In some countries such as Central African
Republic and Cameroon, the decreases in NO2 during JJA were
slightly larger than those during MAM. This aligns with the
overall trends in the stringency index between the two seasons.
In general, the average change in NO2 across Africa during JJA is
−0.09 ppbv (−1.8 to 0.2 ppbv, corresponding to a change rate of
−29.9% to 30.1% depending on the country; see Fig. S27b),
whereas during MAM, the average change is −0.05 ppbv (−1.2
Environ. Sci.: Atmos.
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to 0.3 ppbv, change rate between −38.8% and 23.4%). Some
countries, such as Egypt, Chad, and Tanzania, showed similar
changes from both methods. In SA, the quarterly anomalies
method showed an obvious decrease in NO2 which was not
captured by the quarterly dual anomalies method.

However, for parts of NA and SA, the NO2 trends derived
from the two methods differ (and even contradict with each
other). For example, the quarterly dual anomalies showed NO2

decreases in NA countries, such as Tunisia, Morocco, Algeria,
and Libya, whereas the quarterly anomalies method showed an
increase. This shows that while NO2 levels in some countries of
NA have increased compared with previous years, the magni-
tude of the increase is smaller than that observed before the
lockdowns. In contrast, for SA countries (such as South Africa
and Botswana), the quarterly dual anomalies showed an
increase in NO2, whereas the quarterly anomalies method
indicated a decrease. This implies that even though NO2
Fig. 5 The same as Fig. 2, but for SO2. Quarterly dual anomalies (a and b)
d) in African countries.

Environ. Sci.: Atmos.
concentrations have increased relative to the pre-lockdown
period, the magnitude of the increase is lower than that in
normal years. Aer the lockdown, some countries may have
retained certain environmental control measures (e.g., traffic
restrictions, promotion of clean energy). These measures have
curbed the rebound rate of NO2 concentrations, resulting in
a weaker recovery trend than in previous years. However, during
the lockdown period, due to demands such as heating and
capacity adjustments in some high-emission industries in these
southern countries, particularly during JJA, the emission
intensity aer resumption of work and production may have
been inherently lower than that before the lockdown, which in
turn is reected as an insufficient rebound in concentration. In
addition, the countries showing the greatest declines differ
between the two methods. The quarterly dual anomalies
method shows the largest NO2 decreases that occurred in WA
and the northern parts of CA during MAM and JJA, such as in
, and quarterly anomalies (c and d) during MAM (a and c) and JJA (b and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the Central African Republic (−0.6 and −0.8 ppbv), Cameroon
(−0.3 and −0.5 ppbv), and Guinea (−0.8 and −0.7 ppbv).
Conversely, the quarterly anomalies method shows the greatest
declines in NO2 concentration in southern parts of CA and SA,
such as Eswatini (−1.2 ppbv), South Africa (−0.3 ppbv), and
Côte d'Ivoire (−0.4 ppbv) in MAM, and Eswatini (−1.8 ppbv) and
Angola (−0.3 ppbv) in JJA. This indicates that while NO2

concentrations have decreased in these countries, the rate of
decline is relatively slow, and heating during the cold season
has mitigated this downward trend.

3.1.3 SO2 change. Fig. 5 illustrates the spatial distribution
of SO2 changes in MAM and JJA as estimated by two methods in
African countries. Surprisingly, there is substantial and even
contradictory variation in SO2 concentration changes between
the two methods. The dual quarterly anomalies methods
showed a general decrease in SO2 (Fig. 5a and b), led byMorocco
(−1.62 ppbv), Cameroon (−1.45 ppbv), and the Central African
Fig. 6 The same as Fig. 2, but for MDA8 O3. The inserted plot displays the
and b), and quarterly anomalies (c and d) during MAM (a and c) and JJA

© 2026 The Author(s). Published by the Royal Society of Chemistry
Republic (−1.21 ppbv). However, the quarterly anomalies indi-
cate widespread increases in SO2 concentration in both seasons
(Fig. 5c and d), with slightly noticeable decreases in countries
like the Democratic Republic of Congo and Tanzania during JJA.
This difference is attributed to the quarterly anomalies method
indicating the rate changes at which the concentration of
pollutants decreases or rises during the lockdown period
compared with those during pre-lockdown. We found higher
SO2 concentration in the WA and NA in Feb 2020, which makes
the relative comparisons withMAM and JJA in 2020much lower.
However, the anomalies method only considered the changes
between 2020 and previous years. When the two methods are
considered in combination, the results indicate that although
SO2 concentrations in most African countries increased in 2020
compared with previous years, the growth rate was slower than
that observed before the lockdown measures were
average values across five African regions. Quarterly dual anomalies (a
(b and d) in African countries.

Environ. Sci.: Atmos.
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implemented. This indirectly demonstrates the effectiveness of
the lockdown policies.

In addition, both methods indicated that in SA countries
such as South Africa andMozambique, the concentration of SO2

continued to increase, which contradicts the stringency index
change. This increase is attributed to the possible expansion of
coal-red power plants in these countries.60,61 On April 1st,
2020, this region doubled the emission limit for SO2 from coal-
red power plants and allowed many factories to reopen aer
July 1st.37,60 Besides, stay-at-home policies may lead to an
increase in residential electricity demand and the use of fuels
for activities such as cooking and heating,62–64 thereby
increasing the operating load of power plants65 and then SO2

concentrations. Meanwhile, the dry, cold conditions in the
Southern Hemisphere make it harder for SO2 to disperse.
Previous studies have observed that, apart from Africa, in some
countries with high SO2 emissions such as Turkey66 and India,13

certain cities also experienced an increase in SO2 concentra-
tions during lockdown periods.13,67,68 This highlights the need
for stricter coal restriction policies or promotes the use of clean
energy to reduce environmental pollution in these regions.
Therefore, containment policies implemented in winter may
have a limited effect on SO2 reduction in regions with heavy
coal-burning industries and residential burning. Additionally,
during the MAM, over half of the countries also exhibited
negative correlations between NO2, SO2, and the stringency
index (Fig. S19 and S20). Specically, in Chad (−0.84) and the
Central African Republic (−0.83), the correlation coefficients
between NO2 variations and the stringency index fell below
−0.8. For SO2, Cameroon recorded a correlation coefficient of
−0.90. By the JJA season, the correlation coefficients weakened
(became less negative) for most countries. This indicates that
strict lockdown measures effectively mitigated the increase in
NO2 and SO2 emissions in most regions. Although lockdown
Fig. 7 Spatial distribution of averaged HCHO/NO2 ratios during MAM an

Environ. Sci.: Atmos.
measures were relaxed during the JJA season, the combined
inuence of various conditional factors still contributed to the
declining trend of NO2 and SO2 concentrations in the majority
of countries.
3.2 Ozone change

As shown in Fig. 6, both methods indicated a larger decline for
the maximum daily 8 hour average (MDA8 O3) in Africa during
JJA than those during MAM. The JJA anomaly is −2.48 ppbv
(−5.98 to 0.35 ppbv), ranging from −11.67% to 1.08%,
compared with a −0.74 ppbv (−3.12 to 2.74 ppbv, ranging from
−10.99% to 7.54%) decrease in MAM (Fig. S29). Both methods
agree with each other on the regions with the greatest declines.
During MAM, the largest declines occurred in the WA region,
such as Togo (−9.37 from the dual anomaly method and −3.12
ppbv for the anomaly method), Benin (−7.66 and −2.92 ppbv),
and Ghana (−7.56 and −2.96 ppbv). In JJA (Fig. 6b and d),
countries in CA such as Congo (−7.64 and −4.57 ppbv for the
dual anomaly and anomaly method respectively), Gabon
(−6.03/−3.59 ppbv), and Central African Republic (−5.40/−3.47
ppbv) exhibited the most signicant decreases, which had hot
spots (Fig. S28). In regions with frequent biomass burning such
as WA and CA, the decline in O3 concentrations may be more
closely related to reduced biomass burning emissions due to
lockdown measures. We employed the ratio of satellite-derived
HCHO (representing VOCs) to NO2 as an indicator to assess O3

sensitivity to precursors in Africa.69–71 We found that in many
countries across WA (such as Togo, Ghana, and Benin), Central,
and EA, anomalies in O3 concentrations corresponded well with
changes in NO2 (Fig. 7). This alignment is attributed to higher
levels of VOC/NOx ratios in regions with abundant tropical
vegetation, where O3 tends to correlate positively with NOx.
d JJA, 2020.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In South Africa, both methods showed a greater increase in
O3 concentrations during the JJA compared to MAM (Fig. 6),
which may be associated with a decline in NO2 concentrations.
According to Fig. 7, during the JJA, industrial areas of South
Africa exhibited broader ranges of lower HCHO/NO2 ratio,
indicating a negative correlation between O3 and NOx.72

Signicant reductions in NOx levels favor O3 formation.73

Additionally, strong correlations between O3 and CO in South
Africa have been reported,74 and Vakkari et al.75 documented
rapid O3 formation in plumes from grassland res in South
Africa, highlighting the substantial inuence of biomass
burning emissions on O3 generation in SA. The O3 increases
during the lockdown were also seen in some regions of other
countries, such as Shanghai,7 North China76 and Milan in
Italy.77

In both methods, a widespread decrease in surface O3 across
NA was observed, possibly inuenced by ozone precursors and
Fig. 8 The same as Fig. 2, but for sulfate aerosol. Quarterly dual anomalie
JJA (b and d) in African countries.

© 2026 The Author(s). Published by the Royal Society of Chemistry
meteorological conditions, particularly temperature.78

Compared with previous years, temperatures in the Sahara have
notably decreased, particularly during JJA, with coastal regions
experiencing a decline of 4 °C (Fig. S31c). Lower temperatures
might reduce the photolysis rate of ozone molecules, further
stabilizing the atmosphere and making it less likely for O3 to
disperse, thereby leading to decreased surface O3

concentrations.

3.3 Aerosol particles

The inorganic aerosol concentration changes, including sulfate,
nitrate and ammonium aerosols, oen exhibit nonlinear rela-
tionships due to their formation through both primary emis-
sions and secondary reactions of gaseous precursors in the
atmosphere.79,80 Etchie et al.81 found that meteorological
conditions rather than lockdowns resulted in marginal reduc-
tions in aerosol levels in Nigeria. Similar observations of no
s (a and b), and quarterly anomalies (c and d) during MAM (a and c) and

Environ. Sci.: Atmos.
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signicant reductions in atmospheric particulate matter due to
lockdown measures have also been reported in China, the
United States, Spain and India.16,82–85

Unlike other pollutants, both methods showed a greater
increase for sulfate aerosols in JJA compared to MAM across
Africa overall, especially in NA and SA (Fig. 8). The average
sulfate aerosol particles in Africa were estimated to be 0.49 mg
m−3 and 0.72 mg m−3 for MAM and JJA respectively from the
quarterly anomaly method. NA, located in the Sahara Desert, is
the world's largest dust source.86 The increase in sulfate aerosol
concentration was primarily inuenced by Saharan dust storms
in June 2020. Burgess and Oyola-Merced87 have shown that the
concentration of sulfate aerosols in the atmosphere over Africa
signicantly increases during Saharan dust storms. Further-
more, the decrease in temperature and humidity during the JJA
in NA regions compared to previous years also favours the
accumulation and transport of aerosols,88,89 thereby increasing
Fig. 9 The same as Fig. 2, but for ammonium aerosol. Quarterly dual ano
and JJA (b and d) in African countries.

Environ. Sci.: Atmos.
aerosol particle concentrations. In SA, the signicant increase
in sulfate, particularly in South Africa, may be linked to
increased coal combustion activities during lockdown periods.
However, the two methods showed distinct results for sulfate
aerosol changes in WA, CA and EA regions, observed for the
gaseous SO2 (Fig. 5). The quarterly dual anomaly displayed an
overall decrease in concentrations in these regions (Fig. 8a and
b), whereas the quarterly anomaly shows a slight increase
(Fig. 8c and d). This is linked to the elevated February concen-
trations of sulfate aerosols near the equator compared to
previous years (Fig. S12d). The comprehensive analysis of both
methods suggests that despite a relative increase in sulfate
aerosol concentrations compared to previous years (Fig. S14a
and d), reduced res due to pandemic lockdowns or meteoro-
logical conditions can mitigate the upward trend in sulfate
concentrations. Similar to sulfate aerosol, we observed an
increase in ammonium aerosol in both MAM and JJA in most
malies (a and b), and quarterly anomalies (c and d) during MAM (a and c)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 The same as Fig. 2, but for nitrate aerosol. Quarterly dual anomalies (a and b), and quarterly anomalies (c and d) during MAM (a and c) and
JJA (b and d) in African countries.
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countries (Fig. 9), especially in the NA and SA regions. This led
us to conclude that ammonium existed mostly in the form of
ammonium sulfate,90,91 and was therefore inuenced by
biomass burning and soil emissions (e.g., animal manure,
fertilizers).13,92

As shown in Fig. 10, unlike sulfate and ammonium aerosols,
the nitrate aerosol showed consistent decreases from the two
methods in major African countries. For instance, using the
quarterly anomalies method, the average MAM anomaly in
Africa is −0.01 mg m−3, ranging from −0.23 to 0.06 mg m−3

(−89.45% to 114.27%, Fig. S31), while the JJA anomaly is −0.04
mg m−3, ranging from −0.64 to 0.004 mg m−3 (−74.50% to
47.22%). Both methods showed a greater decrease in JJA
compared to MAM across Africa, particularly in countries such
as Angola, Zambia and Eswatini. Relative to other aerosol
particles, nitrate aerosol particles primarily depend on emis-
sions of nitrogen oxides from human activities in the
© 2026 The Author(s). Published by the Royal Society of Chemistry
atmosphere, such as traffic, industrial activities, and construc-
tion.61 Therefore, during the pandemic, restricted traffic
measures from lockdown led to more pronounced reductions in
nitrogen dioxide levels, thereby affecting nitrate aerosol
production. In regions with higher nitrate, such as Egypt,
Tunisia, and Angola (Fig. S15), the magnitude of concentration
decrease was also greater, consistent with previous ndings.33

We observed that in some countries with lower stringency index
of lockdown measures (such as below 60), such as Niger, Bur-
kina Faso and Ethiopia, pollutant concentrations decreased
slowly or even increased. This suggests that in Africa, the wide-
ranging decrease in nitrate aerosol concentrations due to
lockdown measures may not have been uniformly observed.
While NO2 rebounded due to the recovery of local anthropo-
genic activities in parts of SA (dual anomalies) and NA (anom-
alies), the abundant alkaline mineral aerosols introduced by the
enhanced dust storms preferentially reacted with oxidized SO2
Environ. Sci.: Atmos.
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to form sulfate. This process likely involved the reactive
substrates necessary for NO2 conversion to nitrate.93,94 Conse-
quently, coupled with the subsequent sedimentation of dust,
the concentration of nitrate exhibited a downward trend.
4 Summary and conclusions

This study analyzed the impact of lockdown policies on the
changes in gaseous pollutants in African countries, focusing on
CO, NO2, SO2, O3 and aerosol particles. We applied two distinct
methods, quarterly dual anomalies and quarterly anomalies to
calculate the concentration changes in March to May (MAM)
and June to August (JJA) in 2020. The quarterly dual anomalies
calculated the air quality changes during the lockdown period
compared with the pre-lockdown period (February) and then
compared these changes to corresponding periods from refer-
ence years (2005–2019). The quarterly anomalies calculated the
seasonal concentration differences between 2020 and the multi-
year mean (2005–2019) for MAM and JJA individually.

1. Both methods revealed a decrease in CO concentrations in
most African countries, with greater reductions observed during
JJA compared to MAM. This is attributed to the emission
reductions from biomass burning (sub-Saharan) and the
transport emissions (Saharan) which were both caused by the
restricted human activities during the lockdown.33,57 The
random forest model further corroborated the signicant role
of anthropogenic emission changes in the observed reduction
of CO concentrations in CA.

2. Both methods observed a decrease in NO2 concentrations
across most African countries, with a slightly larger reduction in
JJA compared to MAM, demonstrating the effectiveness of
restrictions on traffic, biomass burning, and industrial activity.
However, discrepancies were observed in the NA region, where
the quarterly dual anomalies method indicated a decline in
NO2, while the quarterly anomalies method showed an increase.
This suggests that while NO2 levels were generally higher in
February 2020 compared to previous years, containment
measures, especially traffic restrictions,33 mitigated the rate of
increase.

3. Unexpectedly, both methods observed an increase in SO2

in South Africa, especially during JJA. This increase may be
linked to relaxed emission limits for factory pollutants and
heightened coal-red power plant usage during home isolation
in winter.37,60 For most other countries, the quarterly dual
anomalies method revealed a general decline in SO2, whereas
the quarterly anomalies indicated an increase. This shows that
despite an overall increase in SO2 levels in 2020, containment
measures may have slowed the rate of increase.

4. Regarding MDA8 O3, both methods indicated a general
decline in concentrations in most countries, especially in WA
and CA regions, with greater reductions observed during JJA.
This decline is likely related to reduced emissions from biomass
combustion as a result of lockdown measures. However, in
South Africa, a more signicant increase in O3 during JJA was
noted, potentially due to decreased NO2 concentrations and
lower tropospheric HCHO/NO2 ratios.
Environ. Sci.: Atmos.
5. Both methods revealed an increase in sulfate and
ammonium aerosols in the NA and SA regions, with a larger
increase during JJA. In the NA region, this increase is likely
associated with an extreme dust event in June 2020, while in the
SA region, it corresponds to increased coal burning.95 Nitrate
aerosols consistently decreased across both quarters, reecting
the overall reduction in NO2 emissions due to containment
measures.

In conclusion, the air quality changes during lockdown in
Africa may be interweaving with both natural and anthropo-
genic inuences. Judging the similarities and disagreements
between the twomethods applied in this study, we highlight the
necessity to include more surface observations for African
countries, as well as stricter emission standards for coal-red
plants and promote clean energy infrastructure. However, due
to the scarcity of surface in situ observation sites across the
African continent, the quantitative interpolation of SNA
changes over this region is subject to considerable uncertainties
and requires further validation. Nevertheless, to the best of our
knowledge, this study represents the rst comprehensive
attempt to interpolate inorganic aerosol changes over Africa
during the COVID-19 period by combining state-of-the-art
chemical transport modeling and satellite-based observations.
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