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ARTICLE INFO ABSTRACT

Keywords: Carbon dioxide (CO2) and Methane (CHy) are considered the most crucial climate forcing greenhouse gases due
Carbon dioxide to their significant impacts on climate systems. The present study is aimed at analyzing the long-term
Methane

(2004-2016) concentration patterns of CO2 and CH4 over Malawi located in Southeast Africa using the obser-

E;?I;n;sosl:urning vations from Atmospheric Infrared Sounding (AIRS). The study found an annual increase concentration of CO2
HYSPLIT 24 and CHy, with a rate of 7.08% and 1.66%, respectively; whereas, the respective concentration levels of CO3 and
Malawi CHy in 2016 were noted as >400 ppm and >750 ppb, which is comparable to that reported by IPCC (2014) over

the globe. The monthly and seasonal analyses revealed that high patterns are associated with biomass burning
season, changes in vegetation cover, and long-range transport. The two trace gases were seasonally correlated
with carbon-containing compounds produced from incomplete combustion and biomass burning. The trace gases
and pollutants are emitted from the burning of crop residues during the harvesting season, besides, open burning
of forests and vehicular emissions. The present study also detected a seasonal increase in CO, and CH4 con-
centrations during JJA and SON seasons. The temperature (T °C) exhibited profound correlation with COz (r =
0.75, p < 0.01) and CH4 (r = 0.80, p < 0.01) during the pollution peak season of SON. Moreover, CO, and CH4
showed significant positive correlation with cloud top temperature (r = 0.56, p < 0.05 and r = 0.74, p < 0.01,
respectively) and negative correlation with cloud fraction (r = —0.55, p < 0.05 and r = —0.69, p < 0.01,
respectively) during SON, imply extensive climatic effect by the trace gases during high pollution season. The
backward air mass trajectories divulge a contribution of distant produced pollutants from neighboring
Mozambique, Madagascar Islands, and the South American continent. The major sinks of tropospheric CO, and
CH4 observed from the present study are precipitation and vegetation.
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1. Introduction

Carbon dioxide (CO5) and Methane (CH4) contribute 65% and 17%,
respectively, of the total radiative forcing from the historical greenhouse
gases (GHGs) (IPCC, 2014). These gases are both naturally and anthro-
pogenically emitted into the atmosphere (Baeket al., 2014). Biomass
burning is the main source of gaseous pollutants, including CO2 and CH4
(Crutzen, 1990). COgocan be emitted into the atmosphere through
biomass burning or land-use change and then sinks back to the land or
oceans. CH4 is mostly sourced from biomass burning, wetlands, agri-
culture, and waste, as well as oceanic and geological (Kirschke et al.,
2013; Shi et al., 2015; Saunois et al., 2016). Most of the CHy4 is removed
by the reaction with hydroxyl radicals (OH) initiated by pollutants such
as NOy, which then generates ozone in the troposphere (Kim et al., 2015;
Saunois et al., 2016). They are also influenced by regional sources,
long-distance transport, meteorology, economic development, as well as
topography (Sreenivas et al., 2016a, 2016b; Ncipha et al., 2020; Wei
et al., 2020). Even though trace gases can be removed from the atmo-
sphere, recent studies show that the level of trace gases in the atmo-
sphere, such as COy and CHy4, has drastically increased from the
pre-industrial level, with the current global level surpassing 400 ppm
and 750 ppb, respectively (IPCC, 2014; WMO, 2019). This is signifying
total emissions have surpassed the total sinks. Such an increase in at-
mospheric concentration poses a threat to the future climate, human
health, and the environment (Lingaswamy et al., 2017).

From the past decades, significant effort has been made to monitor
CO and CHy in the atmosphere, providing detailed information about
the distribution and trends of GHGs for climate studies at both global
and regional scale (Keeling et al., 1976; Nakazawa et al., 1997; Tans
et al., 1990; Brunke et al., 2009; Billett and Harvey, 2013; Lingaswamy
et al., 2017; Machida et al., 2008). Even though such significant steps
have been taken, it remains a challenge in most developing countries to
have a continuous record of these gasses due to lack of skills as well as
modern measuring equipment; as such long-term assessment of atmo-
spheric GHGs and their associated impacts becomes uncertain. Howev-
er, with the application of remote sensing technology specifically,
satellite observations, which can provide continuous measurements of
data in space and time, offers a better platform for continuous moni-
toring of these trace gases in the atmosphere and assess their impacts on
the climate, human health, and environment (Wagner et al., 2008; Abed
et al., 2017).

In recent years, Malawi has experienced changes in climate patterns
such as floods, droughts, and temperature variations (Joshua et al.,
2016). Several studies have been carried out to assess the driving factors
of these changes in climatic patterns, such as those of (Nicholson et al.,
2014) with less detailed the contribution of trace gases, e.g., CO5 and
CHy, specifically in the lower atmosphere where most of the weather
systems take place. Several studies in different environments have found
the implication of these trace gases on local and regional climate
(Ramanathan et al., 1985; Hansen et al., 2007; Yadav et al., 2017;
Burney and Ramanathan, 2014; Deltedesco et al., 2019; Sparrevik et al.,
2020). To the knowledge of the present study, there are no studies
focused on the long-term patterns of trace gas concentrations in the
atmosphere over Malawi. Therefore, it is worth and wealthy to consider
monitoring and analyzing long-term atmospheric trace gases and their
implication to the climate over Malawi, where climate change impacts
are at an alarming rate. Regarding this, the present study analyses the
patterns of tropospheric CO5 and CH4 concentrations over the urban site
of southern Malawi using remotely sensed data sets retrieved from the
Atmospheric Infrared Sounder (AIRS) onboard NASA’s Aqua satellite.
The study provides detailed temporal concentration patterns of the two
important trace gases for the study period from 2004 to 2016.

The investigation of regional contribution to the concentrations of
CO, and CH4 is well examined. Further, we have also discussed the
climatic effects of trace gases in the Southeast Africa region. The rest of
the paper is structured as follows: section 2 outlines the study domain
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and local meteorology; section 3 details the data sets and approach to
the present study. Results and discussions are given in section 4, while
section 5 presents the main conclusions drawn from the current work.

2. Study domain and local meteorology

Malawi (Fig. 1) lies in the southeast part of the African continent.
The country is stretched between latitudes 9°S-17°S and longitudes
32°E—36°E. To be specific, trace gas data was retrieved over Blantyre,
an urban site of southern Malawi (15.78°S, 35.05°E). The topography of
the surrounding areas of the sampling site is relatively low to the West
and South while high to the East. It is characterized by high population
density with major industries, as well as more traffic intensity (Mapoma
et al., 2014). Based on the National Statistics Office Malawi 2018 (http:
//www.nsomalawi.mw/), the southern areas of Malawi have the highest
population of about 7.751 million people with an estimated population
density of about 2286 per square kilometer over the urban area. The
basic climatic features of the study area are presented in Fig. 2. The
meteorological variables observed at Chichiri Meteorological station in
the city of Blantyre showed high temperatures (Fig. 2a) between
September and November but gradually decreased with the lowest
recorded in July. Conversely, the wet months (Fig. 2b-c) start from
October with the maximum precipitation recorded in January and ends
in March; the rest of the season is dry. Interestingly, the dry season
(May-October) coincides with the active fire hotspots, as shown in
Fig. S1 of Supplementary Material (SM). The seasonal wind pattern over
the study domain and surrounding region depicts a convergency system
of south easterly and north easterly air mass as Inter-Tropical Conver-
gence Zone (ITCZ) during the wet months of December to February, and
south easterlies from March to August (Fig. S2). Meanwhile, strong
easterlies dominate during the September-November (SON) period.

The study domain lies in a region of active biomass burning,
including indoor biomass burning of wood/charcoal for energy, burning
of crop residues by farmers during post-growing as well as pre-growing
season to clear the fields (Vakkari et al., 2018). Moreover, it is also
characterized by open burning, such as man-made forest fires, particu-
larly during the dry season (Queface et al., 2003; Robles, 2008; Adesina
et al., 2015; Nyasulu et al., 2020). In a bid to understand the impact of
biomass burning over the region, the study utilized the data from the
Moderate Resolution Imaging Spectroradiometer (MODIS) sensor
observed on the selected days of each which were consistent for each
month of the year 2016 as a representative for the examination of fire
hotspots over the study domain. The spatial patterns show that the fire
hotspots advance from May to October, indicating a high rate of open
burning (Fig. S1) over the study domain.

3. Data and methods

CO, and CHy4 datasets used in this study were retrieved from the
Atmospheric Infrared Sounding (AIRS). The AIRS is a hyper spectral
sensor flown aboard the National Aeronautics and Space Administration
(NASA) Aqua satellite (Chahine et al., 2005, 2008). It has 2378 spectral
channels within 0.41-15.4 pm that can measure several trace green-
house gases in the troposphere, including CO2 and CHg4. It passes over
the equator at approximately 1:30 a.m. and 1:30 P.M that result in
global coverage twice a day. The validation of CH, using in situ aircraft
observation has proven that the bias of the retrievals is approximate
—1.4%-0.1%, and the root mean square is about 0.5%-1.6% (Xiong
et al., 2008). The estimates of CO5 from AIRS agree to the approximate
of about +0.5% in the mid-troposphere between the latitudes +65° with
NOAA ESRL/GMD aircraft data retrievals (Maddy et al., 2008). The
present study utilized tropospheric mole fractions of COz and CH4 level 3
version 5 products for the period 2004-2016 at a spatial resolution of
25° x 25°%and 1° x 1 °, respectively. To construct a long-term
monthly time series, the present study averaged the monthly values at
a grid box corresponding to the resolution of the data at the selected site.
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Fig. 1. Location and topographic map of Malawi. The black triangle show the site data sets were observed.

The average area technique is provided by GES DISC through a
web-based application known as Giovanni. The NASA data and more
information about the download technique are available on https://gio
vanni.gsfc.nasa.gov/giovanni/. More details on data retrievals and
validation have been documented by several authors and hence not
repeated here to avoid duplication (Chahine et al., 2005, 2008; Maddy
et al., 2008; Engelen et al., 2009; Strow et al., 2008; Rajab et al., 2012;
Kahn et al., 2014; Xiong et al., 2008; Cao et al., 2019). In the past
decade, AIRS retrieved CO5 and CH4 have been widely used in atmo-
spheric research studies in different environments (Bai et al., 2010;
Singh et al., 2015; Abed et al., 2017). The significance of utilizing AIRS
is that it can provide trace gases even during cloudy conditions without
the use of information from the models. As such, the present study had
no missing data for the entire study duration.

To determine the variations of meteorological variables, the present
study utilized the key parameters, namely; temperature, relative hu-
midity, and precipitation. The daily variables were observed at Chichiri
Meteorological station with the latitude 15.78 °S and longitude 35.05
°E. All the meteorological parameters were sourced from the local
weather agency, the Department of Climate Change and Meteorological
Services Malawi for the entire study period. The daily variables were
averaged to create a long-term climatology of the selected site. The
pollutants were retrieved in the surface to compare whether the local
emissions contributed to the variation of tropospheric trace gases.
Furthermore, the study analyzed the influence of the Vegetation Index
on the concentration of CO, and CH4 for the entire study period. Pol-
lutants and Vegetation Index data were retrieved in the same period as
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CO, and CHy4, were all obtained from the NASA’s Earth Observation data
available at https://earthdata.nasa.gov/. The retrieving method, similar
to CO2 and CHy4, was also employed for the pollutants and Vegetation
Index data. Furthermore, the study used thermal radiance data to show
evidence of active open biomass burning over the study domain. The
MODIS collection 6.1 was employed in the current study, with more
details on the datasets is available at https://firms.modaps.eosdis.nasa.
gov/.

In this study, four major meteorological seasons were considered,
namely: December-January-February (DJF), March-April-May (MAM),
June-July-August (JJA), and September-October-November (SON). To
evaluate the seasonal changes during the study period, the research
employed linear regression analysis. However, linear regression could
not detect abrupt changes in the time series. Therefore, the study further
applied the Mann-Kendall (MK) sequential test to detect such changes in
the CO3 and CH4 concentrations (Mann, 1945; Kendall, 1975). The study
also considered the statistic introduced by Sneyers (1990). These include
forward statistic u’(t) and backward sequential statistic u(t). The sub-
sequent forward statistic is a standardized variable with a unit standard
deviation and zero means. These statistics were computed using the MK
test for each season during the whole study period. The confidence limit
of the standard normal Z values is at a = 5%. The upper and lower
confidence limits correspond to +1.96. When the progressive MK values
exceed confidence limit points, it signifies a significant trend at a 5%
significance level. The above approach is useful in both short-term and
long-term climatic studies and has recently been used by many re-
searchers (Ayugi et al., 2018; Chatterjee et al., 2014; Zarenistanak et al.,
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Fig. 2. Monthly variations of averaged meteorological variables (a) Tempera-
ture, (b) Relative humidity and (c) precipitation observed over Blantyre dur-
ing 2004-2016.

2020).

The changes in vegetation and water vapor can contribute to both
increases and decrease the concentration of trace gases in the atmo-
sphere. The burning of vegetation results in the emission of pollutants
into the atmosphere or, in the other way, absorbs pollutants such as CO5
for photosynthetic processes. In this study, we have employed the
Normalized Difference Vegetation Index (NDVI) from the MODIS-Terra
platform at a spatial resolution of 0.5° to understand its relationship.
The NDVI is defined as the ratio of albedo («) observed at different
wavelengths:

Q0 86um + X0.67um

NDVI = (€9)

Qo.86um — A0.67um

where 0.86 pm and 0.67 pm are for NIR and red, respectively. The values
can vary between —0.1 and 1.0 though the common values are between
0.1 and 0.7. The higher NDVI, the greater the density and greenness of
plant canopies (Sreenivas et al., 2016a, 2016b). Furthermore, the study
compared with the level 3 water vapor obtained from AIRS at a reso-
lution of 1° with the trace gases for the entire study period to deduce
whether the variation of the two variables influenced each other. Water
vapor and photolysis of ozone (O3) are the primary sources of hydroxyl
(OH) radicals (Fisele et al., 1997; Sreenivas et al., 2016a, 2016b). OH are
the most reactive and responsible for the oxidation of all gasses in the
atmosphere (Kim et al., 2015). The primary source can be defined as:

03+ hv( < 310nm)—0, + O( @) ®)
where O( @) is the electronically excited atom.

0(@)+0,-0+M 3)
O(@)+ H,0—-20H ©)]

In the atmosphere, pollutants such as NOy can initiate the reaction
between OH radicals and trace gases. For example;

HO, +NO—OH + NO, ()
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CH, + OH—CH; + H,0 (6)

It is through equation (6) where most of the pollutants like CH4 are
washed out from the atmosphere.

In the interest of understanding the contribution of long-distance
sources of pollutants, the study used the HYSPLIT model (Draxler and
Hess, 1997) to analyze air mass pathways reaching the study domain. A
5-day backward air mass trajectory arriving at a minimum altitude of
500 m above the ground level ending at the selected site was considered
for the entire study duration, while the maximum altitude was set at 10,
000 m. All the air mass trajectories were computed using the HYSPLIT
model-based Trajstat software (Wang et al., 2009).

4. Results and discussion

4.1. Monthly and seasonal variations

Fig. 3 shows the monthly mean changes of mid-tropospheric CO2 and
CH4 concentrations observed from the AIRS during the study period. The
results showed two peaks in the concentration of CO, pattern were
recorded in July and December and drastically decreased in January,
while the lowest was observed in April. It can also be noted from Fig. 3
that the peaks of CO3 and CH4 concentration do not coincide; signifying
different factors influence the tropospheric concentration of the two
trace gases over the selected site. The averaged values of CO, were found
to be 389 ppm and 388 ppm in December and July, respectively, during
2004-2016, while in April, it was 386 ppm. In contrast, CHs was
recorded the highest in September and decreased to the lowest in
January. The average of 1833 ppb was observed in September for the
study period, while January marked with 1788 ppb. Seasonal averages
showed high concentration of CO; during JJA and SON as well as low
during MAM (Fig. S3). In contrast, CH4 concentration was observed high
during SON and low during DJF season (Fig. S3). It is observed that the
variations of CO, and CHy4 concentration are highly associated with the
changes in meteorological variables and anthropogenic activities. The
key meteorological variables such as air temperatures, relative humid-
ity, and rainfall decrease from April over the site, and generally, the
weather is cold until July (Fig. 2). To sustain the cold weather, there is
an increasing scenario of indoor biomass burning, such as the increased
usage of wood-burning is observed in Malawi to get warmth against cold
winters. Moreover, it is also the end of the crop growing season, where
most of the farmers burn the agricultural waste (crop) residues from May
(dry period). Such activities enhance the concentration of trace gases in
the troposphere.

Also, the regional open biomass burning, such as man-made bush
fires, largely contributed to the concentration pattern of CO, and CHy.
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Fig. 3. Monthly average concentration of CO, and CH4 during the entire
study period.
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This is supported by Fig. S1 where the density of fire hotspots obtained 405

from the MODIS due to burning gradually increase from May to October, (a) ’
as the two gases were observed to be relatively high. Besides, vehicle and 400 ¢ T 7
industrial emissions also produce a large number of pollutants such as L %’ 1
carbon monoxide (CO) along with CO, and CH4 (Mapoma et al., 2014), 395 | =3 $ “
which is widely spread by the strong winds (Nyasulu et al., 2020) results L == X ]

in the increased concentration levels. Furthermore, changes in tropo-
spheric circulation accompanied by distant travel air mass played a key
role in an increase of COq level in the troposphere from April to July.

390

CO, (ppm)
-
atly
14

More details about air mass are highlighted in section 4.7. | t % x 4

During June and July air masses in the lower troposphere mostly 380 1 ¥ =29 X 1
originated from the Indian Ocean, locally known as Chiperoni weather I 1 # 7
(Ngongondo et al., 2011; Fiwa et al., 2014), reduce the concentration 375 % E —
levels of pollutants on the surface that results into the decrease of CHy,

on the other way CO, does not decrease, which is discussed in section

370 T T T T T T T T T T T T T

4.7. However, it is wealthy to emphasize that the level of OH radicals 1880
during this period is low; therefore, the impact on CH,4 sinking is lower (b)
than that observed during the wet season. A decrease in CH4 from "
November is due to the reduced anthropogenic activities accompanied 1860 - S )
by the onset of the rains, which are associated with an increase of OH r ¥
radicals that reacts with CHy4. Further, December is observed to be 1840 " . . 4
influenced by north easterly air mass (see Fig. 9 and section 4.7) through > 1
northeasterly trade winds (Fig. S2). Such air mass carries the pollutants g 1820 L E o ||
from polluted regions of the Middle East, increasing of CO, level in = 9
December. However, as the peak of rainfall approaches (Decem- o I Eﬁ |
ber-February), there is a drastic decrease in CO; because of convective 1800 E T
processes that bring heavy rain, which washes out CO,. Moreover, less 3 | *
anthropogenic activities, and regeneration of vegetation cover that ab- 1780 k ’ ) ' 4
sorbs COg, reduced the level of CO, during the subsequent months. ‘

1 760 T T T T T T T T ) T T T T
4.2. Inter-annual patterns § ﬁ?@ ,@Qb ,\96\ ,;9& §Q h?\g ,\9\\ @\, ,\§ ﬁ?\v ,\?b ﬁg\b

The present study found that the concentration of CO3 and CHy4 in the
troposphere increased by 7.08% and 1.66%, respectively, from 2004 to
2016. By 2016, an annual average of CO» was just above 400 ppm, while
CH,4 was higher than 1809 ppb (Fig. 4). The results show that concen-
trations of CO, and CH4 were increased gradually for the period Table 1
2004-2016. The above results revealed that the levels of emissions
surpassed the levels of sinking, which could be attributed to increased

Fig. 4. Inter-annual variations of (a) CO, and (b) CH4 from 2004 to 2016 in
Blantyre, Malawi.

Seasonal variations of CO, (ppm) and CH4 (ppb) during the study period.

. P . . . Year DJF MAM JJIA SON
anthropogenic activities such as excessive deforestation and biomass
burning. CO; increased at a steady rate, with an average of 0.5% Mean  Std Mean 5t Mean  5td Mean  5td
annually, while 0.1% for CH4 was added into the troposphere annually. €O,
Going into specific years, a notable decrease of CH4 was observed in 2004 374 1.87 373 0.59 375 0.53 376 0.49
2006 and 2009 by 0.04% and 2013 by 0.18%. Considering the seasonal 2005 377 228 376 050 377 044 378 073
h bl h h . > . 2006 379 1.45 378 0.76 380 0.84 379 0.32
c anges, Table 1 shows t. at CO; increased to >400 ppm in 2016, with 2007 381 1.49 380 044 382 0.34 382 0.58
the highest values noted in JJA (401 + 0.87 ppm) and SON (402 + 0.31 2008 383 1.19 382 0.38 384 0.31 384 0.90
ppm). Similarly, CHy4 exhibited relatively higher values during SON and 2009 386 1.62 384 0.49 386 0.63 386 0.29
JJA compared to other seasons. Both gases were the most abundant 2010 387 L71 387 063 389 0.56 388 0.68
during the drv seasons 2011 389 0.81 389 0.56 390 0.65 391 0.46
g Iy o . . . 2012 392 0.76 391 0.32 392 0.33 393 0.30
The trend from linear regression analysis for each season depicts a 2013 394 0.65 394 0.33 395 0.31 395 0.24
rapid increase in tropospheric CO, concentration at an average of 2.1 2014 395 1.08 395 0.62 397 0.21 396 0.64
ppm per year. The trends for the respective seasons were 2.12, 2.24, 2015 398 0.95 398 0.65 399 0.89 399 0.98
2.16, and 2.15 ppm per year for DJF, MAM, JJA, and SON. For CHy4, the ?;_}6 400 1.27 401 0.90 401 0.87 402 031
. . . . 4
dry seasons (JJA and SON) have a high contribution with 3.26 and 3.23 2004 1786 12.97 1791 299 1793 1087 1804 10.35
ppb for JJA and SON respectively each year, while DJF and MAM 2005 1789 1295 1796  3.65 1795  5.37 1806  10.51
contributed to 1.69 and 2.45 ppb, respectively. The p-values for CO; and 2006 1785  6.85 1790 883 1800  7.03 1808  10.16
CH4 were <0.05 signifying a significant increase of two trace gases. The 2007 1782 1150 1799~ 440 1794 908 1815  8.68
Sequential Mann-Kendal test is shown in Fig. 5 and Fig. 6, revealed 2008 1793 1172 1802 2.00 1799 8.84 1822 1573
q : & & 5 2009 1788 263 1801 123 1806 975 1817  10.63
abrupt changes in 2010 for all the seasons, except CH4 during the DJF 2010 1788  5.35 1802 9.89 1806  7.26 1826  11.22
season, while a significant change occurred in 2013. A notable decrease 2011 1797 9.79 1812 203 1818 1076 1830  15.60
in CH4 was observed between 2006 and 2007 during DJF, MAM, and 2012 1796 2.90 1814 515 1824  9.94 1836  14.00

JJA, which agrees with the inter-annual changes. The same could be 2013 1794 7.11 1815 358 1818 854 1830 11.40
2014 1797  11.05 1818  9.86 1822  10.67 1837  11.44

associated with heavy rains over the region c.lurmg thes? years (Kum- 2015 1802 1604 1820  6.81 1829  13.56 1839  16.92
buyo et al., 2014; Alexander, 2017), resulted in a rapid sink of CHy. 2016 1810  0.97 1812  5.11 1828  10.99 1843  21.39

129



M. Nyasulu et al.

uv(t)= = UL = = LL|

Atmospheric Pollution Research 12 (2021) 125-135

w(t)y = =UL) = = LL

Z-Score

Fig. 6. Abrupt change in seasonal CHy4 derived from Sequential Mann-Kendal test statistic.

4.3. Relationship of CO2 and CHy4 with other pollutants

CO; and CH4 were compared with the carbon-containing compounds
produced from the incomplete combustion, namely black carbon (BC),
carbon monoxide (CO), and sulfur dioxide (SO») attributed from open
biomass burning such as crop residues as well as coal combustion from
industries and vehicle emissions (Mapoma et al., 2014). The results
revealed an increase of the pollutants corresponds to the rise of these
two trace gases, particularly CH4 during the peak season of biomass
burning (Fig. 7). This tells that the greenhouse gases, particularly CHy,
were emitted from the same source as the pollutants during the dry
season from biomass burning. This is also supported by the correlation
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analysis between the pollutants and trace gases where positive corre-
lations dominated. The correlations of CO, with BC, CO and SO, were
0.49 (P = 0.11), 0.42 (P = 0.18), and 0.14 (P = 0.14), respectively,
indicating no significant relations among them. On the contrary, the
correlations of CH4 with BC, CO, and SO, were 0.87, 0.79, and 0.89,
respectively, with P-value <0.01 suggesting a significant relationship
between CH4 and pollutants. Interestingly, the peaks of pollutants
coincided with CHy4 as well as the correlations were stronger for CHy
than CO,. This implies that the concentration of CH4 was much influ-
enced by local sources as well as the surrounding region, while CO, was
influenced by distant sources through long range air mass travel. More
details about air masses are highlighted in section 4.7.
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Fig. 7. Monthly variations of (a) CO, and (b) CH4 with other pollutants of black
carbon (BC), sulfur dioxide (SO,), and carbon monoxide (CO).

4.4. Relationship of CO2 and CH4 with vegetation cover

We observed from the present study that CO, and CHy4 concentra-
tions varied inversely with NDVI, except in December when CO,
increased with the increment of NDVI (Fig. S5). Generally, the wet
season starts in October (Fig. 2b—c) over the study domain, resulting in
the regeneration of vegetation, consequently leading to a decrease in
tropospheric CO». This is because the sprouting vegetation takes up most
of the CO,. However, most of the farmers excessively burn their fields to
clear land for the growing season around November and December
resulted in an increase of atmospheric CO; concentration in December.
Further, CO; is enhanced by distant sources through changes in atmo-
spheric circulation during December. And then, the CO, decreased in
January due to the enhancement of vegetation cover when CO, was
uptake by vegetation during the photosynthesis process. A slight in-
crease in CO9 during February could be due to the convergence system
that brings up fresh pollutants such as CO from regions of active biomass
burning. This, coupled with those locally produced that reacts with
excessive OH to form COs. Nevertheless, the concentration of CO5, along
with other pollutants, dramatically decreased in April, probably due to
less anthropogenic activities and changes in atmospheric circulations
that inhibit the concentration of pollutants.

It is of interest to note that CH4 concentration was found high in April
than CO, attributed to different sources (e.g., wetlands) rather than
anthropogenic emissions and the decrease of monthly rainfall. April is
the cessation period of the rains in the southern areas of Malawi (Fig. 2).
Compared to January, excess rains wash out CH4, while reduction of the
rains during April enhances the concentration of CH4. From May,
vegetation starts to dry, and at the same time, farmers harvest the crops.
During this period, farmers burn crop residues coupled with changes in
atmospheric circulation that allows the accumulation, hence increase
CH4 concentration levels. The pattern observed coincides with fire
hotspots (Fig. S1), which gradually increases during the dry season over
the study domain. A decrease in CH4 between June and July has been
explained in section 4.1. This indicates that land management, partic-
ularly regarding vegetation cover coupled with changes in weather
patterns, significantly contributes to the concentration of CHy in the
troposphere over the study domain. The rapid decrease of CO, during
April and increase in the later months in the mid-troposphere is
observed to have been affected by changes in air mass pattern (section
4.7) rather than vegetation only.
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4.5. Implications with atmospheric water vapor

It is observed that the two trace gases, particularly, CH4 concentra-
tion decrease with the increase of water vapor in the atmosphere
(Fig. S4). This is because, with an increase in water vapor, more OH
radicals are expected to be available to react with CHy4 (see Egs. (2)-(4)),
resulting in a rapid decrease of CH,4 from October throughout the wet
months. The inverse happens during the dry months when low OH
radicals are expected; however, except during the June-July season,
probably some OH radicals produce (discussed in section 4.1) that
suppress CH,4 concentration.

4.6. Climate response by CO2 and CH4 concentration

Changes in CO3 and CH4 concentration have a substantial impact on
climate patterns through perturbating energy flow into and out of the
climate system (IPCC, 2014). This occurs due to the absorption of
longwave radiation by the two gases, which results in the distortion of
shortwave and longwave radiative equilibrium. To restore the equilib-
rium, the climate system adjusts the temperature, also known as positive
feedback, which results in external radiative forcing (RF) that restores
radiative equilibrium (Etminan et al., 2016; Hofmann et al., 2006;
Ramaswamy et al., 2019). An adjusted temperature associated with
changes in CO, and CH4 concentration in the radiative equilibrium is a
fundamental key in the climate system as both gases contribute a high
percentage of the total RF (IPCC, 2014). In the present study, therefore,
the long-term (1985-2015) trend pattern of temperature was assessed
and compared with the two trace gases in the last decade over the
selected site using daily temperature observed at Chichiri meteorolog-
ical station (Fig. 8). The long-term temperature trends revealed a gen-
eral rise in temperature over Chichiri meteorological stations in the past
three decades. A significant temperature change was observed in 2003.
Temperature trends were further compared with those of trace gases
(Fig. 8b-c) during the last decade (2004-2015). It can clearly be
observed that both temperature and trace gases are increasing over the
study domain. Interestingly, there is a steady increase in temperature
from 2009 onwards, which coincides with the change point for the two
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Fig. 8. Abrupt change of (a) temperature during 1985-2015, (b) CO, and (c)
CH4 during 2004-2016 derived from Sequential Mann-Kendal test statistic.
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Fig. 9. 5-Day backward air mass trajectories ending over the selected site above 500 m ground level during each month of the year in 2016.

trace gases (Fig. 8b—c). A steady increase in temperature in the last
decade signifies a temperature response to the significant rising of trace
gases during 2010-2015.

It is worthy to note that positive feedback of temperature with the
changes of CO5 and CHy4 has a fundamental impact on climate systems,
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such as disruption of precipitation patterns due to excess heating. This
resulted in adverse effects on agriculture systems due to high evapora-
tion, which is highly sensitive to weather and climate variables over
Sub-Sahara African regions, including Malawi (Kotir, 2011). The scatter
plots between the temperature and trace gases (Fig. S6) revealed an
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interesting pattern with a significant positive correlation when the
concentration of these two trace gases was observed high (in SON sea-
son). The strong Pearson correlation coefficients were observed between
temperature and CO, (r =0.75, p < 0.01) and CHy4 (r = 0.80, p < 0.01) at
95% and 99% significant level during SON season when trace gases
along with other pollutants concentrations are high. The above findings
imply that the concentration of CO, and CH4 during the SON season
might have a significant influence on the temperature pattern over the
selected site.

CO2 and CH4 were further compared with cloud optical properties,
namely cloud fraction (CF) and cloud top temperature (CTT), to un-
derstand whether trace gases have any influence on them or not. The
results show that CO, and CH4 were positively correlated with CTT, such
as (r =0.56, p < 0.05) and (r = 0.74, p < 0.01), respectively, during the
dry season (SON) (Fig. S6). It is of interest to note that excluding the
outlier as shown in Fig. S6, CTT showed stronger correlations with CO5
(r = 0.73, p < 0.01) and CH4 (r = 0.82, p < 0.01). In contrast, CF
exhibited profound negative correlation with CO3 (r = —0.54, p < 0.05)
and CH4 (r = —0.69, p < 0.01) during the earlier season (SON) where
pollution levels were high. It is also notable from Fig. S6 that the cor-
relations of CO, and CH4 with cloud properties were observed to be
significant at a 95% significant level during SON season. High concen-
trations of CO2 and CH4 during SON season might have influenced cloud
characteristics by modifying temperature patterns in the troposphere.
Correlation coefficients of trace gases with temperature and cloud
properties for the other seasons were generally insignificant (Table S1).

4.7. Influence of air masses

The analysis of air mass trajectories has recently been preferred to
understand the long-range transport of pollutants from one place to
another (Adesina et al., 2015; Boiyo et al., 2017; Nyasulu et al., 2020). In
the present study, The HYSPLIT revealed the origin of multiple back-
ward trajectories of air mass from distant locations arriving at the site
(Fig. 9). The most dominant air masses; however, are observed to
originate from the South Indian Ocean. During August and September, it
is observed that air mass can travel from the South Atlantic Ocean
through South Africa up to the selected site. Such air mass can transport
carbon-containing pollutants from the South American continent and
polluted areas of South Africa up to the study site and surrounding re-
gion. The air mass from the South American continent passing through
South Africa has a significant contribution to the concentration of COy
observed in Fig. 3 during the June-August months. Similar results have
been recently documented by Ncipha et al. (2020), who observed
intercontinental transport of pollutants, mainly originating from the
South American continent, which reaches different environments over
South Africa. This is also in total agreement with the intercontinental
movement of air mass and its contribution to the increase of pollutants,
initiated by changes in atmospheric circulation over Southern Africa.
From the previous studies (Edwards et al., 2006; Freitas et al., 2005;
Reboita et al., 2010; Romatschke and Houze, 2010), it is observed that
the air mass reaching the southern African continent in the troposphere
is initiated by the anticyclonic circulation of the South Atlantic Ocean.
The studies showed that the air mass from northern parts of the South
American continent turns southwards on the western edge of the
Atlantic anticyclone and crosses over the landmass of the South Amer-
ican continent. This air mass from South America then crosses over the
South Atlantic Ocean, transporting pollutants from areas of active
biomass burning that ends up in Southern Africa. This is consistent with
the seasonal cluster analysis (Fig. S7), while 33% of air mass was
captured extending further to the South Atlantic Ocean through South
Africa during JJA. On the other way, the air mass originated from the
South Indian Ocean during JJA, carries moisture, which reduces CH,4 by
supplying more OH radicals that react with CHy, which is evident from
sections 4.1 and 4.5. Interestingly, the CO, is not affected by the influx of
southeasterly moisture as compared to CH4. This is because CO; is
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mostly influenced by westerlies from the South American continent in
the mid-troposphere than CHy, which is sourced from within the region,
hence washed out in the lower troposphere by the moist south easterlies.
During September to October months, the easterly air mass is the most
dominant, which also coincides with easterly airflow (Fig. S2). It can be
observed that easterly and southeasterly air mass traveled a short dis-
tance as compared to the air mass originating from the South Atlantic
Ocean. This implies that the air mass spent much of the time over the
land hence spreading regional pollutants such as from neighboring
Mozambique, increasing trace gases, particularly CHy4, which is emitted
within the region. Easterly air mass that extends further to Madagascar
Islands transport pollutants from the islands; similar observation has
been recently documented by Adesina et al. (2015) and Nyasulu et al.
(2020). It is also of interest to note from the above results that a decrease
in air mass contribution from South Atlantic Ocean through South Africa
during SON was associated with a decrease of CO2 as compared to JJA
season, when high air parcel over the South Africa was associated with a
high concentration of CO; in the troposphere.

As the peak of rainfall season approaches from December to
February, the pattern of air mass change with a clear convergence sys-
tem lies over the study domain. Air masses from Northwest (Congo),
Southeast, and Northeast air mass all converge over the selected site.
The most dominant air mass during DJF as observed in Fig. S7 is
southeasterly (36%) and northeasterly (38%). The convergency system
over the domain is also known as the Intertropical Convergence System
(ITCZ) (Jury and Mwafulirwa, 2002). The convergency system brings
pollutants from a region of active biomass burning such as Congo (de
Graaf et al., 2010; Boiyo et al., 2017), which mixes with the locally
produced pollutants though the concentrations of the pollutants are
relatively low due to washout by excess rainfall. The Northeast air mass
originates from the polluted region of the Middle East (Nyasulu et al.,
2020), which transports pollutants; hence an increase in COy observed
during December. Lastly, March to May is dominated by air mass from
the South Indian Ocean with fewer pollutants compared to the other
months. This is also reflected in Fig. S3, where CO» is observed lowest in
MAM season as it is mostly influenced by changes in air mass patterns.

5. Summary and conclusions

The long-term tropospheric CO, and CH4 retrieved during
2004-2016 were analyzed from the AIRS sensor over the urban location
of Malawi, Southeast Africa. The monthly variations showed an increase
of CO5 and CHy4 levels during the dry months from May to November,
although CO, was found to exhibit another peak in December. CO5
showed two peaks during July and December, while the highest peak for
CH4 was observed in September. The monthly variation of the two trace
gases is highly associated with changes in precipitation, land cover, and
anthropogenic activities, notably biomass burning coupled with vehic-
ular and industrial emissions. Seasonal averages for CO, were recorded
highest during JJA (388 ppm) and SON (388 ppm), while CH4 had the
highest records during SON (1823 ppb). The interannual characteristics
revealed an increase in tropospheric CO5 and CH4 between 2004 and
2016 by 7.08% and 1.66%, respectively, during JJA and SON seasons,
being the major contributors as they fall in the active biomass burning
season over the region. Both the trace gases are highly correlated with
carbon-containing compounds from incomplete combustion, suggesting
the sources are from biomass burning, vehicle, and industrial emissions.
The air mass backward trajectories demonstrated that pollutants by
long-range atmospheric transport from active biomass burning region
and local emissions could enhance concentration levels of CO5 and CHy.
The main sinks of the two gases are occurred by precipitation and
vegetation during the wet season over the study site.

CO, and CH4 showed significant positive correlations with ambient
temperature during the SON season. While temperature and trace gases,
both levels were high, indicating a large warming effect and indirectly
have a substantial influence on radiative forcing by the trace gases. We
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also observed profound correlations between trace gases and cloud
properties during which high pollution levels are noted over the sam-
pling site. These findings demonstrated that trace gases have a large
climatic effect in the Southeast Africa region. Therefore, the study rec-
ommends consistent monitoring of trace gases and assesses their cli-
matic impact. Further, proper measures need to be considered that
inhibit pollutants emissions strictly observed both at local and regional
scales. This can heavily control the tropospheric concentration of CO5
and CH4 over the site and the entire region.
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