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from MODIS Aqua and Terra satellites to ascertain the Spatio-temporal and seasonal distri-
bution of aerosols over Ghana and its major cities. The MODIS AOD at 3 km were validated
Editor: DR B Gyampoh against ground-based Aerosol Robotic Network (AERONET) AODs to ascertain the suitabil-
ity of the MODIS 3 km data for air quality application in the region. The contribution of

ﬁg(‘;"s‘;ﬁs; distant aerosols to city aerosol loadings was also assessed with Hybrid Single-Particle La-
AOD grangian Integrated Trajectory (HYSPLIT) backscatter model. A moderate-high aerosol bur-
Ghana den (AODs ~ 0.50) was observed over Ghana with a significant contribution from the pre-
MODIS monsoon season. City centres of Takoradi and Kumasi showed higher aerosol loads (AODs
AERONET ~ 0.80) than Accra and Tamale. The HYSPLIT model showed that distant or transported
HYSPLIT aerosol sources to the city centres were of both marine and land generated origins. Lin-
ear regression analysis between MODIS AOD and AERONET AOD showed a reasonably good
correlation of ~ 0.60 for Aqua and Terra. From the validation analysis, both Aqua and Terra
satellites can be used for air quality monitoring over Ghana; however, more ground re-

search must be conducted to ascertain better aerosol model assumptions for the region.
© 2021 The Authors. Published by Elsevier B.V. on behalf of African Institute of
Mathematical Sciences | Next Einstein Initiative.
This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

Introduction

Aerosols are suspended solids, liquids or mixed-phase particles in the atmosphere with variable chemical composition
and size distribution [1-3]. They originate from two main pathways: the emissions of primary particulate matter (PM) and
the formation of secondary particles from gaseous precursors. Among the primary sources of aerosols are mineral dust,
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sea salt spray, black carbon (BC) and primary biological aerosol particles (PBAPs). In contrast, sulphate, nitrate, and ammo-
nium are secondary aerosol formation processes [4]. Both primary and secondary aerosols are influenced by natural and
anthropogenic sources and can be transported thousands of kilometres by prevailing winds. The extent of the transport and
distribution (vertically and horizontally) from the source is dependent on seasonal meteorological conditions. For instance,
elevated aerosol layers picked up by strong winds from Africa or Asia are transported to Europe and America as observed
by [5,6]. During these transportation processes, the physio-chemical properties of aerosols change via multiphase chemical
transformations, cloud processing and deposition [7]. Aerosols are primarily regional due to their short lifetime, high an-
thropogenic contribution at regional, urban and local levels. However, the natural sources of aerosols are more significant
on a global scale [8-12] compared to the anthropogenic sources.

Evidence of the diverse impact of aerosols on climate, air quality and human health has been recorded [13,14]. Directly,
aerosols affect the atmospheric energy balance by scattering and absorbing radiations [15]; indirectly, they serve as cloud
condensation nuclei [16] and semi-directly heat the air through absorption of radiation resulting in a reduction of low cloud
cover [17]. Aerosols thus directly impact the hydrological cycle [18] and, to a more considerable extent, food security [14]. In
addition to the vast impacts of aerosols on climate, human diseases such as cancer, cardiopulmonary diseases and increased
morbidity and mortality, especially among infants and the aged [13,19], have also been linked to high concentrations of near-
surface fine aerosols with diverse micro-organisms therein. However, the relative strength of these particles in imparting
deleterious effects depends heavily on their availability and physiological properties [20]. According to [21], aerosols in the
accumulation mode are of utmost importance as they can hydrate to diameters between 0.1 and 2 wm. With this feature,
the accumulation mode aerosols can become very efficient in mass extinction and scattering as well as possess a greater
atmospheric lifetime [22].

Many researchers have used Aerosol Optical Depth (AOD) as a proxy [e.g. [23-26]] to quantify the degree of aerosol
loadings in the atmosphere. AOD is the integral extinction of columnar electromagnetic radiation due to scattering and
absorption processes by atmospheric aerosols. The degree of aerosol loading is thus tied to the total column of optically
effective particles, which provide more information on the available reservoir of these pollutants above each location [27].
Satellite-based AOD retrievals provide global coverage and non-intrusive measurement of Spatio-temporal examination of
air quality and pollution [28]. However, these measurements are froth with errors and inaccuracies due to instrumenta-
tion, surface reflectance schemes, and retrieval algorithms [29,30]. Several studies [e.g. [26,31-35]] therefore recommend
that satellite mapping and monitoring of air pollutants be related to “ground-truth” measurements such as Aerosol Robotic
Network (AERONET). AERONET is a global network of ground-based sunphotometers capable of acquiring information about
aerosols including columnar AODs [36].

Among the many Earth Observing Systems (EOS) in orbit, the MODerate Resolution Imaging Spectroradiometer (MODIS),
consisting of the Aqua and Terra satellites, had more aerosol-related applications due to its wide swath width of 2330 km
and nearly global coverage in every 1 to 2 days. Aerosol retrievals by MODIS are based on three main retrieval algorithms;
Dark Target (DT) and Deep Blue (DB) algorithms over land and Dark Target (DT) algorithm over the ocean. The DT algorithm
is developed for AOD retrievals over dark surfaces (dark soil and vegetation), while DB is used for AOD over bright surfaces
(desert and urban regions) [37,38]. These retrieval algorithms have undergone several upgrades from collection 4 through 5
to the current collection 6.1, which provides the standard AOD retrieval at 10 km resolution, a nominal resolution at 3 km for
air quality assessment on a local and urban scale. Beginning the collection 006, a new product, combined Dark Target and
Deep Blue (DTB), based on the DT and DB algorithm, was also added [37]. Earlier MODIS collections have received enormous
validation over many global regions than the latter. Thus, there is the need to assess the performance of this product over
other geographical locations, predominantly Africa, where information on urban or local scale aerosol validation are scarce.

The present study was conducted over Ghana, a country experiencing rapid population growth and rising economic
activities [39]. Due to the country’s geographical position, it experiences diverse aerosol types and loadings throughout the
year. For instance, emissions from biomass burning by local farmers during land preparation periods, Saharan dust outbreaks,
and the incidences of meningitis [40,41]. The speedy rise and vast redistribution of gaseous pollutants and aerosols [42]| due
to deep convection in the tropics, as well as the transport of Sahara dust to the Gulf of Guinea [43] through several South
West African countries including Ghana [44], makes Ghana a candidate to the complex mixtures of West African aerosols. In
addition, extensive economic activities in its major cities heightened by significant anthropogenic emissions from industrial
activities, transportation, construction sites, petroleum extraction fields, and surface mining sites pose additional aerosol
burdens on Ghana and its cities.

In spite of all these possible aerosol emission sources, routine measurements of aerosols over Ghana are scarce. Previ-
ous studies [e.g. 45] was more of a regional study than local and as such inadequate for local scale air quality assessment
due to the following reasons: i) a coarse MODIS product (i.e. Level 3 gridded 1° x 1° lower resolution) which cannot resolve
aerosol at microscale, ii) “ground truth” validation of the MODIS AOD was not conducted, even though recommended due to
surface reflectance challenges, complex variation of aerosols over different regions, as well as instrumentation and retrieval
algorithm errors, iii) seasonal aerosol assessment which captures the contribution of local farming practices (especially dur-
ing the pre-monsoon) were not considered. Besides, the study was largely based on two seasons, the dry (harmanttan) and
wet seasons. However, the pre-monsoon season could have dire effect on aerosol loadings over the country as it coincides
with the massive land preparation (e.g. extensive biomass burning and soil tillage) activities by local farmers in the region.

The present study therefore, seeks to provide: i) spatio-temporal aerosol assessment from MODIS 3km AOD product over
Ghana; ii) validate MODIS 3km AOD product with a “ground truth” AERONET AOD data, iii) assess seasonal aerosol spatial
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Fig. 1. A topographic (elevation measured in meter above mean sea level [m MSL]) map of Ghana with an inset (top left corner) showing the country’s
geographical position on the globe and the West African Region. The star () sign indicating the location of the AERONET site in the country, while inset
A shows the aerial view (from google map) surrounding the AERONET site and inset B showcasing a Cimel sun-sky sunphotometer (part of AERONET)
installed on top of All Nations University College (ANUC) administration block, Koforidua in the Eastern Region of Ghana.

distribution over the country, iv) ascertain inter-city aerosol variability over the country’s four major cities and v) evaluate
the possible contribution of distant aerosol source to city aerosol burdens. Section 2 describes the study area and prevailing

meteorological conditions, datasets used and methodology. Section 3 presents the results and discussion and Section 4 the
summary and conclusions.

Datasets and methodology

Study area

The study was conducted over Ghana (Fig. 1). This country lies between latitude 5° N and 11° N and longitude 4° W
and 2° E and bordered by Burkina Faso to the north, Ivory Coast to the west, Togo to the east and the south by the Atlantic
ocean and the Gulf of Guinea. The country has the largest man-made lake which covers an area of about 8,500 km? (about
4% of total area of Ghana) with an average depth of 18.8 m (~ 62 ft) and estimated shoreline of 5,500 km [46]. The country’s
population is projected to be around 29.6 million (Ghana Statistical Service, GSS 2018 report) with most densely populated
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region being the coastal and middle portion of the country. According to Lacombe et al. [47], about 60 % of the economically
active population depend on agriculture for their livelihood. Active farming takes place during the monsoon season (as there
is less irrigation farming) while land preparation and harvesting take place during the pre-monsoon and the post-monsoon
seasons respectively.

The climate of Ghana is characterized by two seasons (dry and wet), a tropical monsoonal climate [48]. Rainfall in this
region is mainly associated with mesoscale convective systems and is modulated by moisture flux from the Gulf of Guinea in
the low-level atmosphere. The climate system is usually referred to as the West African Monsoon (WAM). It is driven mainly
by the energy and temperature gradient between the Gulf of Guinea and the Sahara [49]. The Inter-Tropical Discontinuity
(ITD), a region form between the continental airmass and maritime airmass, play a vital role in the WAM [50]. The annual
rainfall is closely related to the north- and southward migration of the ITD, resulting in changes in the rainfall regime from
the south to the country’s north [48]. As a result, there are two rainfall regimes: bi-modal in the south, consisting mainly of
coastal and forest zones, and uni-modal in the northern part of the country, consisting of part of the transition and savannah
zones [51,52].

Annual mean rainfall over the country range from 900 to 1900 mm with the North-Western parts recording higher
values compared to the Savannah and Eastern coast [52]. The onset of rains in the region begin in February while the dry or
harmattan season (characterised by dry and dusty north easterly winds from the Sahara) from November to early February.
Annual average relative humidity ranges from 77 % to 85 %, whereas daily mean temperatures stands at ~ 30 °C and ~
24 °C during day and nighttime respectively [53].

Ghana has four major cities (Accra, Kumasi, Takoradi and Tamale). Accra and Takoradi are situated along the coast,
whereas Kumasi and Tamale are in the middle and northern parts respectively. These cities are experiencing escalating
population growth, enormous industrial and economic activities as well as high vehicular population [39]. According to
[54], most vehicles imported into Ghana are over aged, undergo less maintenance and as such have high emissions.

Datasets

MODIS

MODIS consist of two sensors in orbit, one upon each of the Earth Observing System (EOS) Aqua and Terra satellites.
The MODIS EOS measures reflected solar radiance and terrestrial emission in 36 channels with moderate spatial resolutions
of 0.25 km, 0.5 km, and 1.0 km at an altitude of 705 km and a 55° scan view [55,56]. MODIS aerosol retrievals are based
on three retrieval algorithms: Dark Target (DT) [57] and Deep Blue (DB) retrieval algorithms over land, as well as a DT
retrieval algorithm over oceans [38,58]. In addition to these three main algorithms is the combined Dark Target and Deep
Blue product algorithm which selects the best algorithm (i.e. DB or DT algorithm) base on land surface characteristics or
type. The DT algorithms are utilised over dark surfaces such as, vegetation and dark soil and another over oceans, while
the second-generation DB algorithm can be used over bright surfaces such as, deserts and urban areas as well as vegetated
surfaces. Aerosol retrievals with the DT algorithm over dense vegetation and dark soil surface are based on the assumed
relationship between two visible wavelengths 0.47 and 0.65 jwm and one shortwave (2.12 wm) in the infra-red wavelength
[55]. Aerosol properties derived from MODIS over land and ocean allow us to acquire in-depth understanding about aerosols
over the globe [55].

The current operational MODIS collection, CO61 provides standard aerosol parameters at a spatial resolution of 10 x
10 km? in the Level 2 (L2) datasets (i.e. MODO04 for Terra and MYDO04 for Aqua) with lower resolution of 1° x 1° in aggre-
gated L3 products [59]. A separate 3 km DT aerosol file is added to the C006 (presently C061) datasets for the provision of
air quality information at urban or local levels. Detailed description of the C006 can be found in [60] while updates on the
DT C006 which resulted in the current C061 are captured in [61]. The DT product is known to exhibit more significant un-
certainty, especially when the underlying surface is bright [57]. Remer et al. [60], in validating the MODIS 3 km AOD against
six months ground-based (AERONET) data, observed the same uncertainty range as the 10 km resolution (i.e. (£(0.05 + 15
%)) over land. He however, recommended that, the uncertainty range be broadened to 4(0.05 + 20 %). Uncertainty for the
MODIS AOD product over ocean is however maintained at +(0.03 + 5%) [58,62].

Based on the vegetation cover of the study area, that is Normalised Difference Vegetation Index (NDVI) value of approx-
imately 60%, the DT AOD values were the best option as recommended [e.g. 37, 63].

AERONET

AERONET consist of a network of ground based remote-sensing Cimel sun-sky sunphotometers established by the Na-
tional Aeronautic Space Agency, NASA to study the spatial coverage of aerosols. It estimates AODs based on Lambert-Beer-
Bourguer principle - which is a direct method where spectral extinction of incident radiation at different wavelengths is
measured after it has passed through the atmosphere. Errors as a result of losses due to Rayleigh scattering, ozone ab-
sorption and gaseous pollutants are corrected to obtain the optical depth above the sunphotometer. Uncertainties of the
AERONET measurement lies within 4+ 0.02 and + 0.01 for shorter (< 440 nm) and longer (> 440 nm) wavelengths respec-
tively [36,64].

AERONET data used for the validation of the MODIS data in the present study was downloaded from https://aeronet.
gsfc.nasa.gov/ web site. The AERONET site (lat:lon 6.10941 N : 0.30206 W) in Ghana is a “young” site located on the main
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Table 1
Seasonal mean and average minimum and maximum AOD retrievals from Terra and
Aqua over Ghana.

Season Average Terra Mean Terra Average Aqua Mean Aqua
AOD Range AOD=+sd AOD Range AOD + sd
Dry 0.24 - 1.00 0.54 +0.19 0.23 - 0.81 0.50 + 0.15
Pre-monsoon 0.17 - 2.05 0.58 +0.19 0.04 - 1.75 0.57 + 0.23
Monsoon 0.20 - 1.16 0.55 £0.19 0.11 - 0.67 0.41 £ 0.14
Post-monsoon  -0.05 - 0.96 0.48 £ 0.15 0.17 - 0.61 0.30 + 0.08

campus of All Nations University College (ANUC), Koforidua (about 5 km away from Koforidua city centre). The Cimel sun-
sky sunphotometer is installed on the roof-top (i.e. 205 metres above ground level, AGL) of the main ANUC administration
block. Data collection at the site began in December 15, 2015 and still on-going. As at the time of the study, available data
from the site were: Level 1.0 (unscreened) > 5 years, Level 1.5 (cloud screened) < 4 years and Level 2.0 (cloud screened
and quality assured) < 4 years. Only high quality Level 2.0 Version (V) 3.0 dataset were utilised in the present study. The
V3 L2 product was used as it has some improvements, (such as removal of thin cirrus clouds which is common over the
region) over the earlier version (V2) [65]. Additional site information can be found at the AERONET website (i.e. https:
/|aeronet.gsfc.nasa.gov/).

AOD retrieval over Ghana

MODIS (Aqua and Terra) CO61 L2 DT AOD product at 3 km resolution are utilised to assess spatio-temporal aerosol
distribution over Ghana. The study was conducted for a period of 14 years (2005-2018). The choice to use the 3 km nominal
resolution instead of the L3 gridded product previously used by [45] are based on its ability to retrieve aerosols within areas
closer to coastlines (or shorelines), resolve local aerosol gradients features (such as smoke plumes) at city or urban levels
and also remove cirrus clouds which frequently occur in the study area [26,30,60]. These features could be missed by the
poor-resolution 1° x 1° L3 gridded product previously utilised by [45] over the region.

Only daytime AOD dataset (wavelength, A = 0.55 wm) at ~ 10:30 am local time for Terra and ~ 1:30 pm local time for
Aqua overpass times were respectively downloaded from https://ladsweb.modaps.eosdis.nasa.gov/ for the study. The Scien-
tific Data Set (SDS), Optical_Depth_Land_And_Ocean were selected for used in estimating the spatio-temporal aerosol distri-
bution over the entire country. Data volume was increased by using all quality flagged, QF (1 - marginal, 2 - good and 3 -
highest "confidence” data respectively) satellite data retrieved. The country was divided into smaller grids of 0.04° x 0.04°
(about 4 x 4 km?2) area and pixel fall (i.e. at least five) within these grids averaged to obtain estimated AODs for the entire
country. It must be noted that no further statistical smoothening or gap filling was conducted on these dataset.

To evaluate the seasonal spatial distribution of aerosols over the country, AOD values were organised into four seasonal
windows (dry/harmattan, pre-monsoon, monsoon and post-monsoon seasons) instead of the two main seasons observed in
the country. This was done so as to capture the contribution of land preparation activities by local farmers (predominantly
during the pre-monsoon season) to aerosol burden and distribution over the country. This was done so as to gain the true
picture of MODIS Aqua and Terra AOD retrievals over the country.

AOD over selected cities in Ghana

Aerosol loadings over the four major cities in Ghana were estimated by collecting MODIS AOD data over an area of
0.02° x 0.02° (about 2 x 2 km?) longitude and latitude centred on each city centre as was done elsewhere by Gupta et al.
[66]. The data was downscaled to obtain higher resolution. To assess the level of aerosol loadings over the four major cities,
spatial distribution of mean AODs from city centres were obtained by drawing three different circles of radius 25 km, 50 km
and 75 km centred on each city centre. The estimated means and standard deviations of AODs were then calculated using
all pixel fall within each of the grid boxes in the circle. Spatial distribution of AODs from city centres to the outskirts were
assessed to get the trend of aerosol loadings from the city centres to the outskirts (Table 1). All quality flags (QFs) were
incorporated into the data analysis to increase data volume as in the previous section.

To ascertain the impact of distant aerosol sources on the cities aerosol burden, 7 days backward airmass trajectory during
aerosol episodes (defined here as, periods with AOD> 3.0 centered on the city centre) were assessed by using the Air Re-
source Laboratory’s (ARM) Hybrid Single-Particle Lagrangian Integrated (HYSPLIT) backward trajectory model. The backward
trajectory was performed for seven days as aerosols reside in the lower troposphere for about 7 days [67].

MODIS AOD validation with AERONET AOD data

To validate MODIS AOD data, three years (2016-2018) direct sunlight AOD measurement from AERONET L2 Version 3
(V3) are utilised. The AERONET AOD data were downloaded from http://aeronet.gsft.nasa.gov. The L2 data is used because,
of its high quality assurance (QA) as it is automatically cloud screened and has undergone pre and post field calibration.
For a point to be incorporated into the validation analysis, AERONET and MODIS AOD measurements were matched in
space and time. This spatial matching was achieved by making grids of 0.02 ° x 0.02 ° (about 2 km?) within a circle of
fixed radius 7.5 km around the AERONET site as prescribed by Remer et al. [60], for the validation of MODIS 3 km AOD

5


https://aeronet.gsfc.nasa.gov/)
https://ladsweb.modaps.eosdis.nasa.gov/
http://aeronet.gsft.nasa.gov

K. Fosu-Amankwah, G.E.Q. Bessardon, E. Quansah et al. Scientific African 14 (2021) e00971

product. To increase the number of statistical samples for the validation, collocation was defined as the average of at least
2 AERONET AOD measurements within 1 h (& 30 min) overpass time for Aqua and Terra. Only MODIS AOD pixels with very
high quality assurance (QA = 3) are averaged over the AERONET site for the sake of consistency with pre-launch validation
by the MODIS DT science team [57]. For a better comparison, AERONET AODs were interpolated to match the MODIS AOD
retrieval wavelength (0.55 pwm), as the AERONET sunphotemeters do not retrieve AODs at 0.55 pwm. In achieving this, second
order polynomial fit technique (Eq. 1) utilised by Eck et al. [64] and Roy et al. [68] was applied.

In(AOD) = a, + a1InA + a;(Ink)? (1)

Simple linear regression model was used to establish the relationship between AOD from AERONET and the MODIS 3 km
AOD product. The model was performed on the MODIS and AERONET match-up AODs to determine the slope ¢ and intercept
m between AERONET AOD (A;) and MODIS AOD (M;).

Statistical indicators such as, relative mean bias (RMB, Eq. (2)), root mean square error (RMSE, Eq. (3)), mean absolute
error (MAE, Eq. (4)), correlation coefficient (R, Eq. (5)) were conducted to ascertain data quality and precision between the
MODIS space borne AODs and that of the AERONET “ground truth” AODs as done elsewhere [e.g. 58, [69-72], 73]. The RMB
indicate the overall bias between the MODIS and AERONET AODs. RMB > 1 depicts overestimation and RMB< 1 indicates
otherwise. The correlation coefficient, R shows the consistency in data between the two instruments, higher R-value portrays
better agreement, and the vice versa while a higher RMSE signifies poor agreement or otherwise. MAE, on the other hand
shows the average prediction error between pair-observations in a regression model [74]. MAE < 1 shows lower prediction
error and the vice versa.

As fewer than 100 collocated points were obtained for the three year period, bootstrap confidence interval technique was
used to ascertain the level of uncertainty and precision between AODs from AERONET and MODIS datasets.

1 | | AODp),
RMB = — — (2)

N\ & | AOD ),

N 1 2
RMSE = [>° N(AOD(MD),, — AOD (4), ) (3)
N=1
.l N
MAE — (N) 3" |A0D gyp), — AOD 4| 4)
R— Y11 (AOD ), — AODyp),) (AOD ), — AOD af;) 5)
\/ZL (AODp), — AOD (ip), ) 31 (AOD 4, — AOD 45, )2

EE = +(0.05 + 20% x AODyg) (6)

AODyp and AODyg represent AOD at 0.55 pwm wavelength from MODIS and AERONET respectively. EE is the 1 standard
deviation estimated confidence envelope (expected error) within which the 3 km MODIS AOD is considered probable [60].

Results and discussion
Fourteen-years AOD distribution over Ghana

Figure 2 (a and b) shows the climatological outlook of aerosol burden over Ghana, and Fig. 2¢, a corresponding Giovanni
generated Normalised Difference Vegetation Index (NDVI) climatology for the same period of the study. The NDVI map
provides information on vegetation coverage over the country as it has effect on the choice of AOD retrieval algorithm used
[75]. The AOD spatial distribution map shown in Fig. 2a and b are based on AODs at 550 pwm wavelength for a period
of fourteen years (2005-2018) from MODIS (Aqua and Terra) retrievals. It can be observed from both maps that, MODIS
successfully retrieved AODs over the entire country. Mean AOD values of 0.410 (+ 0.143 standard deviation, sd) and 0.544
(4 0.187 sd) were respectively obtained for Aqua and Terra over Ghana. The Terra DT algorithm yielded greater mean AOD
compared to the Aqua counterpart. The reason for this discrepancy could be attributed to the overpass times of these two
satellites. For instance, humidity values in the tropics are relatively high, especially during morning hours than it is in the
afternoon. Hence, there is a greater propensity of the Terra satellite encountering aerosols with high hygroscopic growth
during its passage (~ 10:30 pm) than the Aqua counterpart which does its scan in the afternoon (~ 1:30 pm local time).
Further more, the Terra satellite could also “pick up” high density aerosol air mass during its passage from morning “rush
hour” emissions (such as, soot from wood fire, largely used for domestic and commercial food preparations in the region,
exhaust fumes from over-aged vehicles, etc.) and previous nights emissions, possibly retained by the stable night time and
morning atmosphere. The difference in retrieval (mean Terra AOD - mean Aqua AOD) between the two satellites is quite
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Fig. 2. Average AOD distribution over Ghana for Aqua (a) and Terra (b) retrievals and an average Normalised Difference Vegetation Index (NDVI [MODIS-
Terra MOD13C2 V006]) map at 0.05 ° spatial resolution (c) over Ghana for the same climatological period as that of the AOD study period.
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significant (0.134). The observed offset between Aqua and Terra AOD retrievals in the present study is consistent with a
study by Levy et al. [76] who observed systematic difference of about 13% between Aqua and Terra AOD retrievals globally.

Overall, high AODs are observed to be concentrated around the south western parts of the country, while sparsely high
AOD variations are observed at the mid and south eastern borders. The high AODs over the south western part of the
country could be attributed to the fact that the DT algorithm performs well over dark surfaces such as dense vegetation
and dark soils. These surface characteristics can be said about the south western part of Ghana as could be observed in
the NDVI map (Fig. 2c). This part of the country covers an area of about 2,3921 km?2, approximately 10% of the total land
mass of Ghana. Out of this land mass, seventy five percent (75%) of its vegetation lies within the high forest zone and the
equatorial climatic zone. These high vegetation cover characterised by moderate temperature could serve as a major source
of primary biogenic aerosols as it has been observed elsewhere by Charlson et al. [77]. The DT algorithm utilised in study,
also does better retrievals over such areas.

Furthermore, the high AOD values observed in the south western Ghana could also be as a result of sea salt spray aloft
the atmospheric column or even aerosols released from source regions, as these contribute directly to local dust loadings
and thus can impact on aerosol loadings. The comparatively high AODs observed at the mid and eastern borders could
be attributed to anthropogenic emissions including, fine and coarse particulate matter from surface mining activities, black
carbon (BC) emissions from biomass burning and aerosols from distant origins as well as the topography of the surrounding
area. The eastern corridors of the country has some range of mountains, the Akuapim - Togo mountain range. These high
lands do affect aerosol dispersal and containment, and as such could be a contributing factor to the relatively high AODs
observed at the eastern corridors.

Areas where low mean AODs were recorded include the northern parts of Ghana, areas along the eastern coast and some
portions of the eastern region. The northern and the eastern coast have sparse vegetation and in some cases dense urban
settlement (especially along the eastern coast). Such areas are characterised by bright surfaces and as such the DT algorithm
may not perform very well. The low AOD values recorded could also be attributed to aerosol transport from these regions,
as high or low AOD regions could be described as major sources of aerosols or receptors.

It must be made clear here, that we (the researchers) are mindful of the possible artefacts that inland waters such as
the Volta lake may pose to satellite retrieval of AODs and are aware of MOD44W data for masking out such inland water
bodies. In our study however, the Volta lake was not masked out due to two reasons related with the current MOD44W
data, 1) the available MOD44W data were not up to date (available data is up to 2015) as it was short of 3 more years data
to make-up to the duration of the present study, 2). Errors in the reprojection of the MOD44W Volta lake data were also
observed as some of the points fell outside (not presented in the study) the delineated coverage areas of the lake. For these
reasons the researchers rejected using MOD44W to mask out the Volta lake during the study.

The observed high AODs over the Volta lake may not be artefacts as, 1) the MODIS 3 km resolution has the ability to
retrieve aerosols within coastlines (shorelines) [60]; 2) the Volta lake with an average depth of 18.8 metres (~ 63 ft) is a
shallow inland water according to depth threshold definition by the MODIS inland water (MOD44W) mask team [78]. Per
this grouping and the geographical position, some of the tributaries of the Volta lake, can be ranked as ephemeral waters
during prolonged dry seasons. According to Carroll et al. [78], during such periods, the "continuity of the rivers are lost
as the width could be smaller than 500 m. This posses some constraints to the 500 m spatial resolution from which the
MOD44W inland water masking is done. The ephemeral “behaviour” together with the long shorelines (~ 5,500 km) of the
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Fig. 3. Seasonal AOD trend over Ghana from both Aqua (upper panel) and Terra (lower panel) retrievals. Dry Season (December to February, DJF), Pre-
monsoon (March to May, MAM), Monsoon (June to August, JJA) and Post-monsoon (September to November, SON).

Volta lake as well as surrounding biomass burning and charcoal production [79] activities could be among the causes of the
high AODs observed over the Volta lake and not necessarily artefacts. In addition to the above reasons, the high AODs over
the Volta lake could also be attributed to the possibility of high aerosol concentrations over the lake due to temperature
inversion induced by local wind regimes from the lake or its shorelines as was observed elsewhere by Hewson and Olsson
[80] (published online in March, 16 2012). Similar observation described as “basin effect” was also made by Xie and Sun
[81] in a study over Wuhan, China.

Seasonal AOD trend over Ghana

The dynamic and thermodynamic properties of the atmosphere play a pivotal role in aerosol loadings and distribution
at any location. The degree of aerosol burden at a particular location is dictated by the air mass and trajectories associated
with the region in a given period of time [82]. Due to the disparities in meteorological parameters such as wind speed and
direction, temperature and relative humidity, the seasonal trend analysis of AODs were conducted by dividing the time series
into four meteorological seasons, Dry or Harmattan (December to February, DJF), Pre-monsoon (March to May, MAM), Mon-
soon (June to August, JJA) and Post-monsoon (September to November, SON). Among these seasons, the dry and monsoon
periods are the two contrasting seasons, while pre-monsoon and post-monsoon are transition seasons.

Figure 3 shows the seasonal climatological AOD maps for Aqua (upper panel) and Terra (lower panel) over Ghana with
corresponding values displayed in Table 1. It can be observed here that, similar seasonal AOD patterns were observed by
both Aqua and Terra during the pre and post monsoon season. Maximum average AODs and highest seasonal mean AODs
from both Aqua (1.75 and 0.57) and Terra (2.05 and 0.58) satellites were all recorded in the pre-monsoon season. Similarly,
both Aqua (0.61 and 0.30) and Terra (0.96 and 0.48) recorded their least average maximum AOD and lowest mean AOD
values in the post-monsoon. This makes the pre-monsoon season a major contributor to aerosol burden in Ghana. The cause
of these high aerosol loadings could be attributed to the massive land preparation activities by local farmers awaiting the
onset of rains. Farming practices undertaken by these local farmers involve, slashing, extensive bush burning and land tilling
which result in the release of large amount of both fine (BCs, OCs, NOy, etc.) and coarse mode (dust, plant debris, flying ash,
etc) aerosols into the atmosphere, subsequently causing a rise in AOD values during the pre-monsoon season. Long-range
aerosol transport from agricultural crop residue burning from neighbouring countries due to the redistribution of gaseous
pollutants and aerosols [43] and the passage of the north-east trade winds [42] can also add up to the high mean AODs
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this article.)

observed in the pre-monsoon season. According to [83], in a study elsewhere, air contaminated by aerosols from biomass
burning can contribute four times the total number of particles recorded in uncontaminated air.

While similar seasonal AOD patterns were observed by both Aqua and Terra satellites in the pre and post-monsoon
seasons, the two contrasting seasons (i.e. dry and monsoon seasons) witnessed significant seasonal variation in AOD re-
trieval patterns. Terra recorded its second highest mean and average maximum AODs in the monsoon season, whereas Aqua
recorded its second highest and maximum average AODs in the dry season. The least average minimum AODs were ex-
pected in the monsoon season due to aerosol scavenging by rains, however these values were recorded by Terra (-0.05) in
the post-monsoon season while Aqua (0.04) recorded its average minimum in the pre-monsoon season. These two transi-
tional seasons are characterised by intermittent rains which may cause a “ wash-out” of aerosols hence the least values. The
highest average minimum AOD ~ 0.24 were recorded by both satellites in the dry season. This outcome can be attributed
to the continuous passage of dry and dusty air mass from the Sahara desert through SWA including Ghana to the Gulf of
Guinea at all times during the dry season. Both Aqua and Terra satellite may sample similar air masses hence recording
almost same average minimum AOD value (see Table 1.).

The strong disparities in the seasonal AOD retrievals observed by both Aqua and Terra satellites could be attributed to
the satellites sampling different air masses during their overpass times. In the morning hours, local aerosol emissions and
residual pollutants of the previous nights may dominate due to static stability of the morning boundary layer compared to
the afternoons where there is significant atmospheric mixing due to convection. In such situations high AODs are possibly
to be recorded by the Terra satellites compared to that of Aqua. Generally, Terra recorded high mean AODs throughout the
seasons than the Aqua counterpart (Table 1).

From Fig. 3, it can be observed that, with the exception of the dry season (where “rainy” clouds hardly form), all the maps
for the other seasons have some white patches. These white patches are places where the MODIS DT retrieval algorithm
“breaks down”. The “near” impossible or no retrieval situation observed especially over the western sections of Ghana during
the monsoon and post-monsoon seasons can be attributed to the presence of low stratiform clouds which frequently form
over the SWA region (i.e. from Ivory Coast through Ghana to Nigeria and up to a latitude of 9°) [84,85]. According to Remer
et al. [60], the DT algorithm avoids clouds and as such AOD retrievals are not be performed under these cloudy conditions.
It must however be noted that, this does not mean the absence of aerosols below the clouds.

Validation of MODIS with AERONET

To ascertain the validity of the satellite AOD output, “ground truth” AERONET AOD data are compared with the space
borne MODIS (Aqua and Terra) AOD data. Figure 4(a and b) presents the validation and statistics related to the degree
of accuracy between AOD retrievals from MODIS space borne system and the ground based sunphotometer (AERONET).
Figure 4a, shows AOD retrieval comparison between MODIS Aqua and AERONET while Fig. 4b, provides the comparison
between AERONET and MODIS Terra. From each figure are statistical measures such as root mean square error (RMSE),
relative mean bias (RMB) and mean absolute error (MAE), 1:1 line and expected error (confidence interval, CI). Relationship
between the MODIS and AERONET datasets are assessed by a simple linear regression line while the strength of the linear
relationship are ascertained from the correlation coefficient (R) between the number of match-up points (N). Match-up
points were obtained from a three year (2016 - 2018) MODIS - AERONET dataset. More match-up points were obtained
between AERONET-Aqua (A-A) (N = 97) than AERONET-Terra (A-T) (N = 89).

The disparity in the match-up points observed between A-A and A-T could be attributed to the possible encounter of
more thin cirrus clouds (common within the region especially, during morning hours) during Terra overpass time than may
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Table 2
Geographical position and average AOD values + standard deviation over the four major
cities of Ghana. Only MODIS Terra AOD values were considered (2005-2018).

Variables Accra Tamale Takoradi Kumasi
Latitude - 0.1870 - 0.8393 - 1.7831 - 1.6163
Longitude 5.6037 9.4007 49016 6.6666

AOD (25 km radius)  0.64 £ 0.09 033 +£0.03 0.82+0.13 0.82+0.14
AOD (50 km radius)  0.70 + 0.07  0.36 + 0.03  0.83 + 0.16  0.70 + 0.07
AOD (75 km radius)  0.71 £0.10 0.38 £ 0.03 0.84 + 0.14  0.68 + 0.07

possibly occur during the Aqua overpass time. According to Huang et al. [86], the presence of such clouds can introduce on
the average 25% contamination in AOD retrievals hence are rejected by the V3 AERONET algorithm [65] which is utilised
in the present study. This, together with the use of only high quality assured (QA) data from MODIS could be the major
reason for the reduction in the number of match-ups points between A-T. The extra cirrus clouds present in the MODIS
AOD retrievals are of degraded quality assured confidence (QAC) [37] and hence not used in the current validation study.
The observation made in the current study is in disagreement with a number of observations elsewhere [e.g. [26,87,88]]
where, more match-ups were observed between A-A than there was between A-T.

From both Aqua (Fig. 4a) and Terra (Fig. 4b), it could be observed that, a small fraction of only 12.4% and 10.1% respec-
tively of the data, fall within the EE of the MODIS DT 3 km AOD algorithm. The observed high percentage of points below
the expected error, BEE = 80.4%, 84.3% for both Aqua and Terra with corresponding lower RMB values of 0.26, 0.29 show
overall underestimation by both Aqua and Terra DT algorithm over the study area. Overestimation of AODs by both Aqua
and Terra were however on the low, as small percentage ~ < 8% of match-up points were above the EE.

Fairly strong linear relationship exist between A-A and A-T AODs as R-value of 0.56 and 0.62 were found between A-A
and A-T respectively. The near zero (~ 0.08) MAE for both A-A and A-T and the lower RMB (Aqua, Terra: 0.26, 0.29) show
there is relatively smaller bias between the space borne MODIS derived AODs and the ground-based AERONET measured
AODs. The outcome from the comparison shows that both Aqua and Terra satellites can be used for air quality purposes
locally as most of the statistical uncertainty tests show good precision. However, attention must be paid to the assumption
of the aerosol model used as the slope of the linear relationship is far less than 1.

AOD estimated from city centres

Spatial distribution of aerosols loadings over the four major cities in Ghana are presented in Fig. 5 with the city center
location indicated with a star (x) sign. Shown in Table 2 are also the summary of the mean spatial AODs (from Terra)
together with their standard deviations (+ sd) at a radius of 25, 50 and 75 km centred on each city center. The Terra satellite
was used for the spatial inter-city aerosol distribution assessment as the Terra satellite showed better linear relationship in
the validation assessment than the Aqua counterpart. Takoradi was observed to have the highest aerosol loadings with AOD
values ranging from 0.82 (25 km radius) to 0.84 (at 75 km radius). This makes Takoradi the most aerosol burdened city
in Ghana, with most of its aerosol loadings concentrated outside the city centre. Kumasi, however has the highest mean
AOD (0.82) within the 25 km radius, making its city center the most polluted. The mean AOD value observed in Kumasi
city centre is however the same as that observed in Takoradi city centre. Aerosol burdens in Kumasi however, decreases
(0.82 to 0.64) as one moves to the outskirts of the city. The highest AOD value recorded over Takoradi (in 50 and 75 km
radius) could be as a result of emissions from industrial sites which are mostly sited away from the city centre as well as
contributions from sea salt spray and emissions from offshore oil and gas industries based on prevailing wind speed and
direction due to the city’s proximity to the coast.

Aerosol loadings over Accra saw an increasing trend from the city centre to the outskirts (0.64 to 0.71). Among the four
major cities assessed, Tamale recorded the least aerosol loadings with mean AOD value of 0.33 from the city center to 0.38
along the outskirts. The high aerosol loadings observed in the city centre’s (25 km radius) of Takoradi and Kumasi could
be attributed to similar town planning or design as most commercial activities are centred within the city centre. In such
a situation, high anthropogenic activities especially, that due to vehicular emissions as a result of dense traffic congestion
could result in high aerosol loadings as observed whiles the low AODs recorded over Accra and Tamale could be attributed
to “less centred” town planning approach as well as similarities in surface characteristics. Accra and Tamale have similar
vegetation and soil type (coastal savanna/savanna and sandy soil) which are described as bright or urban surface per the DT
algorithm and as such AOD retrievals could be poor.

HYSPLIT Trajectory Model

The impact of distant aerosols on aerosol loadings in the cities, are assessed by running the HYSPLIT model [89] using the
NCAR/NCEP reanalysis data at 1° resolution with the isentropic vertical velocity procedure to ascertain air-mass origin to the
four major cities of the country. The HYSPLIT model was performed during aerosol episodes. Aerosol episodes were defined
as periods with AODs > 3.0 over each city centre during the 14 years study period. As aerosols have short life time in the
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Fig. 5. Spatial distribution of AODs over the four major cities (Kumasi, Takoradi, Tamale and Accra) in Ghana. The star () sign indicate the city centre and
circles of 25, 50 and 75 km radius drawn round the city centre.

atmosphere, seven (7) days backward trajectory was run over all the cities. Aerosol episodes were not recorded in any of the
cities studied with the exception of Kumasi which recorded five events (i.e. 04/03/2007, 21/02/2008, 22/02/2008, 24/03/2010
and 14/04/2015). Distant air-masses were centred on each city’s centre by considering air-masses at three different altitudes
(250, 500 and 750 mAGL) as displayed in Fig. 6.

From Fig. 6, distant aerosols to Kumasi are of both marine and inland sources. Distant air-masses which could transport
aerosols to Kumasi are observed to be originating from Nigeria at altitudes above 750 mAGL. All other air-masses probably
carrying distant aerosols to Kumasi during aerosols episodes are of marine origin. Air-masses from the Gulf of Guinea and
the Atlantic ocean could contain aerosols such as sea salt spray [90,91] is considered as a major primary constituent of
marine aerosols, VOCs, dimethyl sulphate (DMS) aliphatic amines, DMS, aliphatic amines, monoterpenes and isoprene which
is capable of forming SOAs [92]. Theses marine air-masses may also carry aerosol aerosols released into the atmosphere by
gas flare from the off-shore petrochemical industries of the coast of Ghana.

Per the model outcome, locally generated aerosols could be a major contributor to the high aerosol loadings observed in
the cities studied.
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Fig. 6. A 7-day HYSPLIT backward trajectory model of aerosol source origin during aerosol episodes (AOD > 3.0) over Kumasi during the 14 years study
period. Fig. 6(a, b, ¢, d and e) represent different aerosol episode days. The red, blue, green, cyan and pink lines represent airmass at different altitudes (i.e.
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legend, the reader is referred to the web version of this article.)

Conclusions

The study presents a fourteen year (2005-2018) spatio-temporal and seasonal aerosol distribution assessment over Ghana
and its major cities by utilising MODIS AOD at 3 km resolution. Distant aerosol source origins to the cities were performed
by using the HYSPLIT backward trajectory model. In order to ascertain the reliability of the MODIS AOD at 3 km resolution
for air quality at a local gradient, the MODIS AOD data were validated against a three-year ground-based version 3 (V3)
AERONET AOD data.

The spatio-temporal aerosol distribution from MODIS Aqua and Terra AOD retrievals showed that Ghana has a lower
aerosol burden as mean AODs from the two satellites were ~ 0.5. Retrieval patterns from the two satellites were consistent
with a 0.134 difference between mean Terra and Aqua AODs. By visual inspection, the southwestern part of the country
showed higher aerosol loadings, and the northern and the eastern coast showed low loadings. The higher aerosol loadings
observed over the south western parts of Ghana could be attributed to its dense vegetation coverage and the possible higher
biogenic emissions. The DT algorithm also performs better over dark surfaces such as dense vegetation, impacting the higher
aerosol observation. Deposition of sea salt spray due to a bubble bursting from the ocean and emissions from oil and gas
industries off the coast of western Ghana could also add to the higher aerosol loadings over southwestern Ghana due to
its proximity. The other parts of the country where lower loadings were observed are either urban or savannah areas with
many bright surfaces and might be the reason for the lower AODs.

During the study, strong seasonal aerosol distribution patterns were observed, with significant contributions from the
pre-monsoon (MAM) season (mean AODs ~ 0.6). The higher aerosol loadings observed in the pre-monsoon season could be
attributed to land preparation activities by local farmers awaiting the onset of rains in the monsoon. These activities are
characterised by intense biomass burning and soil tillage with the possible release of large amounts of aerosols or PMs into
the atmosphere. The least seasonal mean (AOD ~ 0.4) was observed in the post-monsoon season. This observation could
be a result of excess scavenging due to intermittent rains in the post-monsoon seasons. Extreme aerosol loading disparity
was observed between the two contrasting seasons, dry/harmattan and monsoon season, attributable to the meteorological
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changes. In the dry season, dust transport from the Sahara is dominant in the atmosphere compared to the monsoon season,
where high emissions of biogenic aerosols and particles with more remarkable hygroscopic growth may be observed.

Linear regression analysis between MODIS AOD at 3 km and AERONET interpolated AOD at 550 nm wavelength showed
quite a good correlation, R ~ 0.60 for Aqua and Terra. Underestimation of AODs by both satellites was observed with RMB
~ 0.2, expected error and EE ~ 10%. However, the level of uncertainty between AEROENT and MODIS AODs was good with
MAE ~ 0.08 and a near-zero intercept. The observed underestimation of the MODIS DT AOD C061 L2 product at 3 km
resolution shows some uncertainties in assumptions adopted for the aerosol model used over the region. Therefore, more
ground-based studies must be conducted over the region to gain more insight input to improve the assumptions adopted
for the aerosol model.

Spatial inter-city aerosol distribution analysis conducted during aerosol episodes (AOD > 3.0) for the fourteen years in-
dicate aerosol pattern descending in the order: Takoradi, Kumasi, Accra, Tamale. It was observed that, with the exception of
Kumasi, all the other three cities have aerosol loadings increasing towards the outskirts of the city centre.

Model output from HYSPLIT backscatter trajectory showed that, aside from locally generated aerosol contributions, dis-
tant aerosol sources (both land and marine generated) also contribute to city aerosol loadings.

In conclusion, Ghana is moderately polluted and to routinely monitor air quality in our cities and the country as a whole,
the AOD product at 3 km resolution from the two satellites (Aqua and Terra) on MODIS Earth Observing System (EOS) can be
utilised. It is however recommended that, further researches be conducted to ascertain the contribution of biogenic aerosol
emissions from the dense vegetation in the western parts of Ghana and cities so as to characterise locally generated aerosols
over the country.
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