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Abstract

This study uses observations and atmospheric reanalysis products in order to understand the impacts of smoke aerosols
advected from the Southern Hemisphere on the dynamics of the West African monsoon. Seasonal biomass burning and
resulting aerosol emissions have been well documented to affect regional weather patterns, especially low-level convection.
Out of all monsoon months, precipitation shows the most variability over land during August, in which anomalous smoke
aerosol values can increase (decrease) by 33% (29%) in the Northern Gulf of Guinea and precipitation can decrease (increase)
by up to~2.5 mm day~! (~3 mm day~!) along the West African monsoon region accounting for a 17% (18%) change in
precipitation. Smoke aerosols produced by biomass burning occurring near Central Africa are advected towards the Gulf of
Guinea at elevations around the 850 hPa level. Satellite observations show an increase (decrease) in cloud fraction and opti-
cal depth below (above) the 300-hPa level in the Gulf of Guinea and along the West African coastline along with concurrent
decreases (increases) in cloud droplet radius during dirty (clean) aerosol episodes. Additional observations of shortwave
radiation quantify changes in cloud coverage and monsoon dynamics. On average, reductions in surface shortwave radiation
of ~10-15 W m~2 occur over the Gulf of Guinea during increased aerosol transport, with aerosols accounting for ~33-50%
of that reduction. Reductions in shortwave radiation are associated with decreased convective available potential energy
(CAPE). This demonstrates that increased transport of aerosols perturbs surface radiation, convection in the lower troposphere
and eventually cloud coverage, potentially leading to the observed monsoon precipitation suppression. In a broader social
context, this region houses 200 million people and thus understanding these climate patterns may carry great importance.
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1 Introduction

Anthropogenic and natural combustion emissions, includ-
ing biomass burning, are major sources of greenhouse
gases such as nitrogen oxide and carbon dioxide, as well as
aerosol particles. Aerosols, particulates in the atmosphere,
have the potential to be transported more than 10,000 km
downwind of emission sources (Clarke et al. 2001), where
they can alter local radiation budgets and cloud formation
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processes. Aerosols directly impact the planetary energy
balance through the absorption and scattering of incoming
radiation (Ramanathan et al. 2001; Haywood and Boucher
2000), which is known as the “direct effect”. Some aerosols
act as cloud condensation nuclei (CCN), thereby influenc-
ing cloud droplet size and consequently the likelihood of
coalescence and the accumulation of liquid water and ice
in clouds, thus altering cloud albedo and lifetime (Twomey
et al. 1987; Albrecht 1989; Ferek et al. 2000; Ghan et al.
2012). This is the so-called “indirect effect”. The direct and
indirect effects caused by aerosols might induce changes in
convection and precipitation patterns. The change in glob-
ally measured radiative forcing from the preindustrial to the
present due to interactions between aerosol particles and
cloud cover has the largest uncertainty of all anthropogenic
factors (Stocker et al. 2013).

Carbonaceous aerosols in the atmosphere both scatter
and absorb radiation. The absorbing component, generally
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referenced as black carbon (BC), is mainly soot produced
from incomplete combustion. BC can absorb shortwave
radiation efficiently and heat the atmosphere, thus leading
to cloud dissipation if the aerosols are co-located with the
clouds. This is the so-called “semi-direct effect”. The scat-
tering component is generally referred to as organic carbon
(OC) since these aerosols contain organic matter. It should
be noted that BC also scatters radiation and although ini-
tially hydrophobic, becomes hydrophilic when aged and thus
can act as CCN (Croft et al. 2005). Observations from Earth
observing satellites indicate that carbonaceous aerosols are
widespread with about 80% of biomass aerosols originating
in the tropics (Dentener et al. 2006). Estimates of the mag-
nitude of radiative forcing by carbonaceous aerosols carry
considerable uncertainty. Radiative forcing by carbonaceous
aerosols can alter surface solar radiation (Wild 2012) and the
hydrological cycle (Ramanathan et al. 2001).

Uncertainties of aerosol emissions are large in the trop-
ics, where 50% originate from anthropogenic fires. Smoke
emissions from biomass burning account for 20% of the
global sum of all aerosol emissions, but smoke emissions in
tropical regions account for 12% of the global aerosol burden
alone (Dentener et al. 2006; Marlon et al. 2008). Regions
with substantial aerosol emissions from biomass burning
suffer from frequent drought episodes and other disruptions
to the hydrological cycle, with adverse societal impacts that
have been widely reported during the last several decades.
Africa is the single largest continental source of biomass
burning emission and has a vast, complex terrain with stark
contrast in geography, most notably the elevation and land
cover transitions from southern to central Africa that aid the
process of natural fires. African biomass burning peaks dur-
ing local dry seasons, occurring near savannah-dominated
land, and is thus geographically and temporally constrained
by spatial and seasonal variations in precipitation. In the
Northern Hemisphere, burning is confined between the
Sahara Desert to the north and the Congo Rainforest to the
south (~5°N-15° N), and in the Southern Hemisphere, burn-
ing is confined between the Kalahari Desert to the south and
the rainforest towards the north (~ 10°S—15°S).

Previous studies have demonstrated links between carbo-
naceous aerosols and changes in local climate. Ramanathan
et al. (2005) documented increases in atmospheric stabil-
ity caused by the presence of BC and OC that significantly
impact the intensity of Indian Monsoons. Modeling stud-
ies investigating aerosol effects on precipitation have been
conducted over East Asia (Liu et al. 2011; Xie et al. 2016).
Such aerosols have been shown to either invigorate or inhibit
cloud formation (Koren et al. 2008) and may reinforce exist-
ing drought conditions (Rosenfeld et al. 2008; Zhang et al.
2009). Aerosol loading over West Africa during wet and
dry seasons has been linked to correlations in wind inten-
sity (Nwofor et al. 2018). Using direct satellite observations,
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Tosca et al. (2015) found that a higher smoke burden limits
upward vertical motion and increases surface pressure dur-
ing the African fire season, indicative of convective sup-
pression. A study by Huang et al. (2009a) utilized back tra-
jectory and regression analysis to determine that both dust
and smoke contribute to precipitation suppression over the
West African monsoon (WAM) region; however, this study
focused on the local dry season in which precipitation is
minimal. More so, the mechanisms connecting aerosols and
precipitation suppression are not well understood. The mis-
representation of black carbon aerosols across climate mod-
els creates uncertainty in our understanding of the mecha-
nisms by which aerosols may impact regional climate. None
of the abovementioned studies quantitatively show ways in
which smoke aerosols impact the WAM region during the
monsoon season.

Recent aerosol aircraft measurement campaigns have
been conducted to analyze the potential impacts that smoke
emissions from Central Africa have on clouds and pre-
cipitation in the tropical Atlantic. NASA’s Observations of
Aerosols above Clouds and their Interactions (ORACLES;
https://espo.nasa.gov/oracles) campaign sampled cloud and
aerosol layers in the Southeast Atlantic between peak bio-
mass burning season (Aug—Oct) for 2016-2018 to charac-
terize seasonal offshore aerosol loading and aerosol-cloud
interactions. The UK CLARIFY 2016 (Clouds and Aero-
sol Radiative Impacts and Forcing; Year 2016) campaign
took similar samples at St. Helena Island (Zuidema et al.
2016). The Dynamic-Aerosol-Chemistry-Cloud-Interactions
in West Africa (DACCIWA) project also took place in the
summer of 2016 and involved a campaign near coastal West
Africa. Here, the synoptic and mesoscale weather systems
accompanying aerosol transport and monsoon dynamics are
well documented (Knippertz et al. 2017).

In order to further understand the aerosol-associated
changes in WAM dynamics, we examine possible linkages
between biomass-burning aerosols and cloud formation and
local radiation budgets. Bouniol et al. (2012, their Fig. 5)
analyzed cloud frequency occurrence in a study region
encompassing our own during the 2008 monsoon season
using CloudSat radar and CALIPSO lidar. Tracing the path
that aerosols follow from their source to the WAM, cloud
types transition from stratocumulus over the GoG towards
tall, cuamulonimbus decks over the continent associated with
the monsoon (Deetz et al. 2018). This cloud transition may
be influenced by the presence of aerosol, so we correspond-
ingly analyze potential impacts that aerosols may have on
clouds of various types.

In this study, we show how anomalous aerosol trans-
port may affect meteorological variables associated with
monsoon precipitation, including cloud coverage as well
as short-wave (SW) radiation budgets. Here, we document
regions in Central Africa with maximum aerosol emissions
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and follow their path across the equator and over the ocean
towards the West African coastline. At this location, the
potential effects that aerosol loading may have on cloud
cover and radiative properties are analyzed. Unlike previous
studies, this research focuses on aerosol-cloud-precipitation
interactions during the local dry season over aerosol source
regions and local monsoon season over impact regions cov-
ering a span of 13 years. Utilized datasets and descriptions
of methodology are presented in the next section, followed
by analyzed results and concluding remarks.

2 Datasets and methods

In order to determine how changes in aerosol loading over
source regions impact monsoon precipitation downwind,
daily-averaged or time-specific data (GMT) are utilized from
a variety of sources (with the exception of fire emissions).
Using daily intervals of data allows for a better sampling
resolution as well as capturing mesoscale and synoptic-scale
weather processes that would not be resolved with monthly
data output.

Monthly fire carbon emissions (Giglio et al. 2013) are
acquired from the Global Fire Emissions Database (GFED)
at 0.25°x%0.25° resolution. These data include burn area
resulting from small fires and are used only to understand
seasonal changes in fire distribution throughout the continent
(Van Der Werf et al. 2017).

Daily aerosol optical depth (AOD) for the years
2003-2015 are obtained from Modern-Era Retrospective
analysis for Research and Applications, Version 2 (MERRA-
2) at 0.5°%0.625° resolution (GMAO 2015). The reason
for selecting this time period is that it coincides with the
launch of the Aqua mission that provides purely observed
data onboard NASA’s A-train constellation. Like most sat-
ellite observations, data are not available for areas outside
the satellite swath path. Having missing AOD data can lead
to large errors when undergoing statistical analysis. Using
reanalysis data reduces such errors as data not captured by
observations are assimilated using a numerical algorithm
to create a synthesized estimate of the state of the climate
system (Bengtsson et al. 2004). Observations, such as the
aerosol index and aerosol absorption optical depth obtained
from the Ozone Monitoring Instrument (OMI) measure-
ments and aerosol retrievals from the AErosol RObotic
NETwork (AERONET) (Buchard et al. 2015) validated the
data obtained from reanalysis used in our study. We note
that this study claims that AOD values in Southern Africa
biomass burning regions from MERRA are underestimated.

In order to quantify the magnitude and location of anoma-
lous changes in rainfall, daily data at 1-degree resolution
is obtained from the Global Precipitation Climatology
Project, Version 1.2 (GPCP 1.2). All the GPCP products

are produced by optimally merging precipitation estimates
computed from microwave, infrared, sounder data observed
on board satellites, and ground-based rain gauge analysis,
taking advantage of the strengths of each data type (Huff-
man et al. 2016). These satellite datasets have been validated
against rain gauges on land in West Africa, particularly on
sub-monthly time scales (Nicholson et al. 2003).

Daily wind fields (zonal, meridional and vertical), tem-
perature, specific humidity, convective available potential
energy (CAPE), sea level pressure and geopotential height
data at 0.75° by 0.75° resolution were obtained at multiple
pressure levels ranging from the surface to 500 hPa from
the European Centre for Medium-Range Weather Forecasts
(ECMWEF) reanalysis product (Berrisford et al. 2011) at a
local time of 6 A.M. UTC, which is consistent with the anal-
ysis of Tosca et al. (2015). Here, they studied the changes in
cloud fraction associated with variability in fire emissions
and compared meteorological variables in control and high
fire scenes using ECMWF reanalysis at a 6 am local time
to better understand the influence of mesoscale dynamics.
Furthermore, mid-level clouds have been found to dominate
cover over West Africa during the monsoon season early in
the morning (Bourgeois et al. 2018).

To analyze the effect of aerosols on cloud cover, we
obtained computed, surface radiation fluxes and cloud cov-
erage during the study period from Clouds and the Earth’s
Radiant Energy System (CERES) data, which is available,
daily-averaged, at 1-degree resolution (Doelling et al. 2013,
2016). This data is broken down into 4 vertical cloud lev-
els (low, mid-low, mid-high and high). Cloud properties are
determined using simultaneous measurements by other EOS
and S-NPP instruments such as the Moderate Resolution
Imaging Spectroradiometer (MODIS) and the Visible and
Infrared Sounder (VIRS). We calculate aerosol forcings by
subtracting surface fluxes from computed surface fluxes with
aerosols removed in order to gain a better understanding
for local radiation budgets. Their computed fluxes are pro-
duced using the Langley Fu—Liou radiative transfer model.
Here, observed aerosol values are obtained using MODIS
and computations are constrained to the observed CERES
TOA fluxes.

Our study regions in the northern Gulf of Guinea (GoG)
and WAM comprise of the boundaries between 0° -5°N and
10°W-10°E and 5°N-10°N and 10°W-10°E respectively.
For each of the 13 years, the 31 days in August were classi-
fied into pentiles according to the magnitude of AOD aver-
aged over the study region in the GoG for that day. This
pentile sampling is done independently for each month in
order to sample many different independent background
meteorological states over the entire dataset (Results using
the absolute dirtiest and cleanest days are very similar). The
top and bottom pentiles each had 78 days and are referred to
as “clean” (lowest AOD) and “dirty” (highest AOD) days.
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All dates associated with these dirty and clean days are aver-
aged together to create composites that track how aerosol
loading evolves with other meteorological variables of inter-
est. Climatological means are subtracted from composited
data to reveal anomalous changes. By utilizing this method,
we attempt to determine which variables control or are
impacted by variations in aerosol transport. Statistical sig-
nificance of results was determined by the 95% confidence
interval according to a 2-tailed Student’s 7 test accounting
for serial correlation by using the effective sample size,
n(l —r)1 +r1)_l, where 7 is the number of days and r, is
the lag-1 autocorrelation coefficient leading to ~ 3 day decor-
relation time.

3 Results
3.1 Climatology

African biomass burning peaks during local dry seasons,
occurring where tropical rainforests transition into savannah-
dominated lands, and is thus geographically constrained by
seasonal variations in precipitation. For the current study,
maximum aerosol emissions located in this transition zone
occur during boreal summer/austral winter (regional dry
season in the Southern Hemisphere). Figure 1 shows clima-
tological carbon emissions associated with biomass burning
over the period 2003-2015 for the month of August.

The WAM is distinguished by a northward migration of
the Intertropical Convergence Zone (ITCZ) and a spatial
shift in monsoon onset. Although the WAM occurs dur-
ing June—September, the present study focuses on August
because precipitation variability is largest over land rela-
tive to other months. During August, intense precipitation
is present in Southern West Africa (Fig. 2). Figure 2 shows
925 hPa wind and precipitation climatology for the month
of August. The West African westerly jet (WAW]) is clearly
evident at this pressure level (925 hPa) in the areas of deep
convection near 8°-11° N. This jet is responsible for trans-
porting low-level moisture from the GoG toward land and is
located at the ~900 hPa level throughout our study region.

Further south, winds from emission regions can be seen
leading into the monsoon flow, which has been documented
by reconstruction of the mean meridional circulation over
West Africa and the GoG (Hourdin et al. 2010). Figure 3
shows the distribution of aerosol optical depth (AOD), a
variable that measures the extinction of incoming solar radi-
ation by airborne particulate matter over the African con-
tinent for August averaged during a 13-year observational
record. Overlain on top of AOD are climatological winds
averaged at 850 hPa over the same time period to give an
idea as to where smoke aerosols are transported. Winds at
this pressure level are used because they represent the condi-
tions immediately above the planetary boundary level (PBL)
and have been used in previous studies linking aerosols and
precipitation near this region (Huang et al. 2009b; Wilcox

Fig. 1 Climatological August
Biomass Burning Emissions for
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Fig.2 925 hPa wind and
precipitation climatology for
the month of August. The box
region reflects where precipita-
tion analyses are carried out in
subsequent figures

Fig.3 850 hPa wind and
column-integrated AOD clima-
tology for the month of August.
The box region reflects where
AOD composites are created
for analyses carried out in this
study
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et al. 2016). The GoG region is of particular focus because it
is adjacent to both the source of aerosol emissions and areas
impacted by the WAM.

3.2 Aerosol-cloud-SW radiation feedback
in the WAM region

Figure 4 displays the composite anomalies in AOD and
850 hPa winds for dirty (top) and clean (bottom) days. Stip-
pling represents AOD data that is significant at the 5% level,
a convention that will be used for data in subsequent figures.
It is clearly evident that anomalous transport of aerosols
from Central Africa towards the GoG is caused by changes
in wind direction and intensity over the source region. Cou-
pled with Africa’s complex topography, there exists anoma-
lously higher/lower sea level pressures in Southern Africa
that may impact the westward offshore transport of smoke
(Adebiyi et al. 2015; Kruger et al. 2010) and these factors
lead towards observed, increased aerosol transport (Sup-
plementary Fig. 1). Within the GoG, AOD values are, on
average, ~ (.12 +0.018 higher than the climatological value
of ~0.36 during episodes of increased transport, accounting
for a 33% increase in aerosol presence. In contrast, AOD
values are, on average,~0.11+0.011 lower during episodes
of decreased transport, accounting for a 29% decrease in
aerosol presence. We refrain from conducting AOD analysis

Fig.4 AOD and 850 hPa wind (a)
anomalies for dirty (a) and

over the WAM region to avoid possible aerosol washout by
climatological precipitation.

The presence of increased (decreased) biomass burn-
ing aerosols is associated with slight increases (decreases)
between ~2 and 4% in low-level cloud (surface—700 hPa)
fraction over our study region in the GoG and Central
African interior where aerosols are being transported from
(Fig. 5). Considering that the GoG is predominantly covered
with lower-level clouds, our results are consistent with Wil-
cox (2012) and Brioude et al. (2009), who analyzed obser-
vations that show that atmospheric warming due to solar
absorption by biomass burning aerosols above the cloud
layer may enhance the buoyancy of free-tropospheric air
above the cloud, inhibit cloud top entrainment and lead to
additional cloud thickening in the boundary layer. This may
be potentially caused by the semi-direct aerosol effect.

Assuming that aerosols are initially transported around
the 850 hPa height, aerosol impacts on higher level clouds
would be a result of aerosol indirect effects. Therefore, we
examine changes in cloud optical depth and cloud water
radius (when adequate data is available) in addition to
cloud fraction. Looking at mid-low cloud fraction anoma-
lies (700-500 hPa), we find increases (decreases) up to 5%
for dirty (clean) days respectively between the GoG and
the West African coastal region (Figs. 6a and 7a). With an
increase in aerosol amount at this particular level, there also

clean (b) days for the month of
August. Stippling represents
AOD data that is significant at
the 5% level
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Fig.5 Low-level cloud fraction (a)
(surface—700 hPa) anomalies 10
during dirty (a) and clean (b) 15° N
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exist increases in cloud optical depth (Fig. 6b). Our findings
here are in agreement with Kaufman et al. (2005) who they
find evidence of a smoke aerosol-induced indirect effect over
the eastern Atlantic Ocean during monsoon months for both
stratiform and cumulus cloud decks. They attribute increased
low-level cloud fraction to dry air entrainment as well. We
can see this signal clearly in the GoG on dirty days. The
authors correlate increases in cloud coverage and aerosol
loading at 3 km with decreases in cloud droplet effective
radius (Fig. 6¢). They also find similar results for cumulus
clouds that penetrate through the smoke layer. Haywood
et al. (2003) found that aerosols over the ocean have a clear
separation from the underlying stratiform clouds, whereas
over land, biomass-burning aerosols become well mixed
up to 500 hPa. Over continental air, where deep convection
is much stronger than over the ocean, aerosols are lofted
into high-level, monsoon strength clouds. For middle high-
level clouds (500-300 hPa), we find the highest increases
in cloud fraction and optical depth over GoG and Southern
West Africa (Fig. 8). Contrasting results are found for clean
conditions (Fig. 9).

Changes in the number of absorbing aerosols and cloud
fraction lead to further changes in surface heating, which
is investigated further by analyzing SW radiation fluxes.
Figure 10 shows CERES computed surface SW anomalies

during dirty days for the month of August, with the top (bot-
tom) panel represents all-sky (aerosol-only) conditions. At
the surface, we find reductions around 10-15 W m™2 for all-
sky conditions that consist of both clear and cloudy skies,
for which~5 W m~2 are due to the direct presence of aero-
sols. We also find contrasting results for clean days (Fig. 11).
A reduction in surface shortwave radiation can decrease
surface evaporation and energy available for convection.
Therefore, we also explore changes in convective available
potential energy (CAPE) during dirty and clean episodes
(Fig. 12). When more (less) aerosols are present, a reduction
(increase) in CAPE can be seen over our WAM land box and
Central Africa where the bulk of monsoon-related precipita-
tion occurs. CAPE reflects the potential vertical speed within
an updraft and can be expected to impact the formation of
clouds, especially towering cumulonimbus that reach the
tropopause like our current study region. Composite temper-
ature soundings over GoG reveal very little instability (Sup-
plementary Fig. 2). To complete our analysis of a possible
aerosol-cloud-SW radiation feedback, we include changes in
high-level (300 hPa-tropopause) clouds (Fig. 13). On dirty
days, we find reductions in high-level cloud fraction, which
is in agreement our previous results showing decreases in
surface SW radiation and reduced CAPE. Contrasting results
are found on clean days as well.
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Fig.6 Changes in mid-low
(700-500 hPa) cloud fraction
(a), cloud optical depth (b) and
cloud droplet radius in units of
microns (c¢) for polluted aerosol
conditions. Stippling represents
cloud data that is significant at
the 5% level

Fig.7 Same as Fig. 6 but under
clean aerosol conditions
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Fig.8 Changes in mid-high (a)
(500-300 hPa) cloud fraction
(a) and cloud optical depth (b) 15" N
during polluted aerosol condi-
tions. Stippling represents cloud
data that is significant at the

5% level
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Fig. 10 CERES computed sur-
face SW anomalies during dirty
days for the month of August
for all-sky (a) and aerosol-only

(b) conditions for polluted days.

Stippling represents data that is
significant at the 5% level

Fig. 11 Same as Fig. 10, but
with clean days shown
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Fig. 12 Convective available (a)
potential energy (CAPE) anom- 200
alies for dirty (a) and clean (b) G5 : .
days in the month of August. w = A\ | 150
Stippling represents data that is 3 s . 00
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3.3 Statistical relationships between anomalous
aerosol transport and the WAM

These AOD, cloud and radiation anomalies within in
the GoG, in turn, may potentially impact precipitation
in the WAM region. Figure 14 shows precipitation and
925 hPa wind anomalies for dirty (top) and clean (bot-
tom) days. Coinciding with dirty days over the GoG is
an adjacent decrease in daily precipitation rates along the
West African coastline towards its Sub-Saharan interior
(Fig. 14, box region over West Africa). Decreases of 17%
(0.83 mm day~!+0.75 mm day~! on average) relative to a
5.9 mm day~! climatological value can be seen over densely
populated countries like Nigeria whose agricultural sector
relies on monsoonal rain for annual crop yields. In contrast,
increases of 18% (0.91 mm day~' +0.8 mm day™' on aver-
age) are associated with clean days over the GoG.

For further analysis, we compared AOD and precipitation
anomalies directly for the month of August during all study
years comprising of 403 days by calculating box averages
for each day. We use our aforementioned region in the GoG
for AOD values, and a region spanning 4.5°N-9.5°N and
9.5°E-9.5°W for precipitation. This boundary encompasses
the portion of West Africa that is directly adjacent of the
GoG. Figure 15 displays a scatterplot comparing AOD and

precipitation rates, providing a good way to visualize how
these two variables change together. This fit represents a sta-
tistically significant negative relationship and filled circles
display where clean and dirty days fall amongst the August
spread. For additional context, mean values for each vari-
able are plotted in dotted lines. Previous investigations of
relationships between aerosols and precipitation during the
Indian summer monsoon are consistent with our results in
that increased aerosol is associated with decreased precipita-
tion (Ramanathan et al. 2005; Shindell et al. 2012).

A potential explanation for the observed precipitation
reduction could be simply meteorological variability. What
if changes in wind strength, specifically the meridional com-
ponent can explain the precipitation variability in the WAM
region? Ideally, stronger winds from the Gulf of Guinea
are indicative of a stronger monsoon flow. If so, the pre-
vious connection between aerosols, precipitation, clouds
and surface radiation fluxes is merely correlative and not
causal. Looking closely at Fig. 14 shows stronger meridional
winds (925 hPa) during dirty days, which would suggest a
stronger jet and increased moisture transport, yet there is not
an increase in precipitation. Thus, providing good reasoning
that local meteorological variability cannot explain changes
in aerosol amounts.
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Fig. 13 High-level cloud (a)
fraction (300 hPa-tropopause) 10
anomalies during dirty (a) and 15° N 5
clean (b) days for the month of
August. Stippling represents e
data that is significant at the 4
5% level =
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Fig. 14 Precipitation and

925 hPa wind anomalies for
dirty (a) and clean (b) days for
the month of August. Data sig-
nificant at the 5% level is shown
with filled, green circles. The
blue box represents a region
downwind of the GoG box high-
lighting precipitation anomalies
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4 Conclusion

Variations in wind intensity over source regions of smoke
aerosols in tropical Africa leads to anomalous aerosol advec-
tion towards the GoG. During the peak in the local monsoon
season, we found evidence linking increased aerosol pres-
ence with a reduction in precipitation over West Africa. To
further understand the possible mechanisms by which this
occurs, we analyzed other meteorological variables associ-
ated with precipitation.

First, we looked at changes in low level cloud properties
associated with dirty and clean aerosol conditions. Through-
out our study regions, fine-mode smoke aerosols (Adebiyi
et al. 2015) interact with various cloud types and have two
different effects on cloud coverage. A previous study using
monthly CALIPSO observations indicated that the peak
of smoke aerosols is about 650 hPa, which is well above
the atmospheric boundary layer (Fig. 1b of Adebiyi and
Zuidema 2018). There is evidence of a semi-direct radia-
tive forcing caused by smoke aerosols in the GoG where
low-level clouds dominate the region. At this location, low-
level stratocumulus clouds can reside at a lower altitude than
smoke aerosols coming from the continent possibly leading
to additional cloud coverage. This proposed mechanism for
a semi-direct radiative forcing is consistent with the results
obtained by Wilcox (2012). Over land, where deep con-
vection is more prevalent, we find evidence for the aerosol
indirect effect. Near the West African coastline and Central

African interior, we observed increases in mid-level cloud
formations during dirty days as shown in Fig. 8. Coupled
with an increase in cloud fraction, we find corresponding
increases in cloud thickness and decreases in cloud droplet
radius. As elegantly noted by Koren et al. (2008), initial
cloud fraction plays a critically important role in determin-
ing the balance between the two effects. This study further
introduces two equations (Eqgs. 4-5) representing aerosol
direct/indirect effects and its contribution on total cloud
fraction by superimposing these two equations (Koren et al.
2008, figure 1). Cloud fields with large cloud fraction will be
affected mostly by microphysics, whereas fields with small
cloud fraction will be inhibited by aerosol absorption since
larger amounts of cloud free sky will be available for aerosol
radiative effects to dominate.

The signal for elevated aerosol transport and increased
low to mid-level cloud fraction shows itself in the surface
SW flux, in which aerosols account for ~33% of the reduc-
tion in energy reaching the surface during dirty conditions.
With the reduction in SW radiation reaching the surface,
we see a corresponding decrease in CAPE which probably
promotes a decrease in high-level cloud fraction. We suggest
that aerosol radiative effects alter local radiation budgets,
ultimately weakening the energy available for convection
and reducing precipitation rates for the month of August in
the WAM region.

While this paper proposes a mechanism by which smoke
aerosols potentially inhibit monsoon driven precipitation

@ Springer



1090

0. Ajoku et al.

over West Africa, it remains necessary to evaluate how full-
physics climate models simulate these aerosol-cloud-precip-
itation responses over this region, including which aerosol
radiative effect is more dominant. Since this research takes
a unique approach in linking connections between transport
of biomass burning produced aerosols from a source region
and monsoon precipitation in another region, there are few
related studies for comparison. Additional research will help
to clarify the mechanisms and potentially confirm the pro-
posed interactive processes.
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