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Abstract 
In reference to the contribution of natural and anthropogenic activities to 
pollution levels over Kenya, investigation of the changes in aerosol optical 
properties during COVID-19 lockdowns was assessed. To achieve its objec-
tive the present study used aerosol Optical Depth (AOD), Angstrom expo-
nent (AE) and Single Scattering Albedo (SSA) from Ozone Monitoring In-
strument (OMI) and Moderate-resolution Imaging Spectroradiometer 
(MODIS) satellite sensors, to analyze the variations in aerosol properties for 
pre, during and post COVID-19 pandemic. This was achieved by doing a 
phase wise analysis of the spatial-temporal variation over Kenya during the 
lockdown phase. A comparison to reference period was done for the 
pre-lockdown, during lockdown and post lockdown phases. 24-hour mean 
value data retrieval over Kenya was obtained from the Modern-Era Retros-
pective analysis for Research and Applications (MERRA-2) model from 1st 
April to 30th June 2019 - 2021. It was evident that the emissions into the at-
mosphere over Kenya did not reduce relatively during the COVID-19 lock-
downs. The spatial-temporal variability of the pollutants (AOD, AE AND 
SSA) did not depict a significant deviation from the normal in the lockdown 
phase as compared to the same season in the previous one year and a year af-
ter lockdowns. This was because of the migration of aerosols from regional 
sources, dominance of natural sources such as geothermal activities and low 
stringent levels on lockdown protocols. However meteorological factors have 
had great influence on the variability and seasonality of the aerosol optical 
properties over the sampled region, with the March-April-May (wet season) 
recording lower values of AOD and June-July-August (dry season) registering 
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the highest values of AOD. In summary lockdowns did not alter values of 
aerosol optical properties over Kenya due to limited control of anthropogenic 
emissions. The findings of this proposed study can be utilized by the scientific 
community and regulators to strengthen the emergency response to check on 
high pollution in Kenya until cleaner technologies are put in place. 
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1. Introduction 

Atmospheric aerosols are liquid and solid particles with varying diameters sus-
pended in the atmosphere [1]. Their diameter may vary from a few nanometers 
to tens of micrometers. Aerosols play an important role in solar radiation budg-
et, climate change, hydrological cycle, air quality and visibility through the 
process of scattering and absorption of incoming solar energy from the sun [2]. 
Aerosols may cause health-related issues such as asthma, premature death, lung 
cancer, cardiopulmonary mortality and pulmonary inflammation [3]. The 
knowledge on the concentration and chemical composition of these particles at 
different locations and spatial scales is a key as far as health is concerned [4].  

In December 2019, there was an eruption of a pandemic of the severe acute 
respiratory syndrome (SARS) species of virus in Wuhan city of China [5] and 
later spread to the whole world [6]. The virus was named Corona Virus Dis-
ease 2019 (COVID-19) whose symptoms are related to the already witnessed 
SARS and Middle East Respiratory Syndrome (MERS) virus [7]. Lockdowns 
were therefore instituted to control the spread of the COVID-19 over various 
domains [8].  

Scientists have investigated various domains on the effect of COVID-19 lock-
down aerosol optical properties. For instance, [9] analyzed the effect of SARS 
COVID-19 lockdowns on AOD over urban and mining regions in India and re-
ported a huge drop in AOD levels during the lockdown periods as compared to 
its AOD in 2019. In another related study, [10] conducted research on the effect 
of lockdowns on AOD over urban and mining regions in India and indicated 
that the lockdown reduced the air pollution levels and therefore decreased the 
AOD. Further, [11] used space-time machine learning models to analyze 
COVID-19 pandemic lockdown effects on AOD over Europe and reported AOD 
drop during the COVID-19 lockdown.  

A number of studies have further ascertained the trend of optical properties 
over Kenya and how they are influenced by anthropogenic activities. [12] did a 
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trend analysis of the AOD550 and AE470-660nm anomaly over the East Africa region 
using MODIS and recorded an increasing trend over Nairobi. [13], analyzed the 
changes in Absorption Angstrom Exponent (AAE) and Single Scattering Albedo 
(SSA) over Athens city in Greece during the pre-lockdown (1st to 2nd March 
2020), lockdown (23rd March to 3rd May 2020) and post lockdown 4th to 31st May 
2020) periods. The results revealed an increase in AAE during lockdown period 
due to reduced emissions from fossil fuel combustion, while a slight increase in 
SSA values was noted indicating that the dominant aerosol were scattering in 
nature.  

These lockdowns provide a unique scientific opportunity to detect and under-
stand the impact of anthropogenic emissions on Earth’s atmosphere at all spatial 
scales -from region to global [14], hence forming a basis for research in air qual-
ity in a number of studies worldwide. Additionally, similar studies have attracted 
intense scientific research in 2020 at various domains with the view of under-
standing both regional and global aerosol variability. However, most of these 
studies have mainly focused on the variation of PM and aerosol optical proper-
ties and how they relate to the COVID-19 lockdowns and curfews. 

Air quality studies have not been adequately done in Kenya because of limited 
ground-based date on pollutant concentration and trends.  

Since there is a justified link between COVID-19 lockdowns, air quality and 
associated aerosol optical properties (AOD, AE and SSA) reported by previous 
researchers over various domains [15] [16], little knowledge has been docu-
mented over the same in East Africa especially Kenya. As a result, the study 
sought to assess the impact of the lockdowns and curfews on aerosol optical 
properties over the current study domain. 

1.1. Study Area and Meteorology 

Kenya is a country in East Africa region located between the longitudes 32˚ East 
and 42˚ East and latitudes 5˚ South and 5˚ North. It is bordered by Ethiopia to 
the north, Tanzania to the south, South Sudan to the Northwest, Uganda to the 
west and Somalia to the east. 

The country is populous with a population of 47,564,296 (Kenya 2019 census). 
Kenya has a land area of about 569,374 km2 with varying topography and which 
includes glaciated mountain peaks with permanent snow cover, plateaus and 
coastal plain [12]. The long-term annual average values of temperature over the 
Kenyan territory are 25˚C to 34˚C while the relative humidity ranges between 
24.0% and 69.0% respectively [17]. Climatologically, the seasons are, MAM, JJA, 
SON and DJF. MAM and SON are the local wet sessions whereas DJF and JJA 
are local dry seasons. 

1.2. Data 

To ascertain the impact of lockdown on air quality, selected aerosol properties 
and pollutant concentrations were studied in three phases as designed by [18].  
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Figure 1. Map of Kenya. The inset shows the map of Africa the area shaded blue represents the water bodies while 
the wording in purple and the red coloured spots are pollution hot spots. 

 
First was the Pre-lockdown period. This period ran from April 1st to June 30th 
2018. The second period during the study was during the lockdown period over 
the study domain from April 1st to June 30th 2019 while the last period of study 
was the Post Lockdown which spans from April 1st to June 30th 2020. These data 
products were sourced from http://giovanni.gsfc.nasa.gov/giovanni/. 

2. Materials and Methods 
2.1. Instruments  
2.1.1. Moderate Resolution Imaging Spectroradiometer (MODIS) 
MODIS satellite was launched in December 1999. The second was launched on 
May 4, 2002, on board the aqua platform [19] [20]. It has 36 channels spanning 
the spectral range from 0.44 to 15µm. These measurements are used to derive 
spectral aerosol optical thickness and aerosol size parameters over both land and 
ocean [21]. The sensor has a swath of ~2330km, with a temporal resolution of 1 - 
2 days and acquires data at three spatial resolutions (2 bands at 250 m, 5 bands 
at 500 m and 29 bands at 1 km). Seven of these bands operating in 
near-ultra-violet (UV), visible and near infrared spectroscopy (IR) wavelength 
regions (0.415 - 2.155 µm), can effectively retrieve AOD over land and ocean 
[20] [22] using two different algorithms: dark target (DT) and “deep blue (DB)” 
[22]. 
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2.1.2. Ozone Monitoring Instrument (OMI) 
The Ozone Monitoring Instrument provides high-resolution data sets with daily 
global coverage. The instrument measures a reflectance in wavelength range 264 
– 504 nm. It was launched in July 2004 by Nasa’s Earth Observing Systems 
(NEOS) onboard the aura satellite by Netherlands agency for aerospace pro-
gramme in collaboration with the Finnish Meteorological Institute [23] [24]. 
Although designed to retrieve datasets of trace gases, OMI’s wavelength of a 
range of ~400 nm allows detection of elevated layers of absorbing aerosols hence 
providing vital information on aerosol types of particular regions at four 
processing level; - level 1, level 2 and level 3. The level -3 AOD at 1˚ × 1˚ grid 
resolution used in this study was sourced from https://disc.sci.gsfc.nasa.gov). 

2.1.3. Modern-Era Retrospective Analysis for Research and Applications, 
Version 2 (MERRA-2) 

MERRA-2 model is a long-term global reanalysis that assimilate the space-based 
observations of aerosols and represent their interactions with other physical 
processes in the climate system. It provides datasets for combined dark blue 
AOD at λ = 500 nm, AE at λ = 440 nm and SSA. The spatial distribution of each 
pollutant was obtained and specified for our area of interest. The selected aerosol 
optical properties (AOD, AE and SSA) satellite data was collected from 2019 to 
2021 over Kenya. The data accessed from the GIOVANNI (Goddard Earth 
Sciences Data and Information Services Centre, or GES DISC), indicates various 
Geoscience data from NASA satellites directly on the web portal  
(https://earthdata.nasa.gov/), without any disturbances of traditional data acqui-
sition and analysis methods.  

2.2. Methodology 

AOD (τ) which is defined as the integrated extinction coefficient over a vertical 
column of unit cross-section was determined using Beer-lambert-Bouguer law in 
Equation (1) [25]. It describes the degree to which aerosols prevent the trans-
mission of light from the sun by either absorption or scattering [19] [25] [26]. 
The Voltage (V) measured by a sun photometer is proportional to spectral irra-
diance (I) reaching the instrument at surface. The estimated top of the atmos-
phere spectral irradiance (Io) in terms of voltage (Vo) is obtained by sun photo-
meter measurements from sensors on board satellites. The Beer-lambert-Bouguer 
law has been used by a number of researchers [24] [26] [28]; 

( ) ( ) ( )2 expo totV V d mλ λ τ λ = − ∗                  (1) 

where V is the digital voltage measured at wavelength λ, oV  is the extraterre-
strial voltage, d is the ratio of the average to the actual Earth-Sun distance, ( )totτ  
is the total optical depth and m is the optical air mass [23] [25]. 

The size of aerosols can be estimated from spectral aerosol optical depth from 
440 nm to 870 nm. The negative slope (first derivative) of AOD with wavelength 
in logarithmic scale is known as the angstrom exponent (α ). 
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where α  is the Angstrom exponent, aτ  is the aerosol optical depth, and λ is 
the wavelength. 

Further, the SSA, which is the ratio of the scattering efficiency to total extinc-
tion efficiency can be approximated by power law relation [27]. 
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where spτ  is the scattering optical depth, apτ  is the absorption optical depth 
and extτ  the total extinction optical depth. The single scattering albedo (SSA) 
represents a key parameter in describing the aerosol optical properties. The SSA 
describes the portion of solar energy radiation scattered from the main beam 
passing through the atmosphere. The SSA influences the diffuse radiation, while 
its effect on direct radiation can be considered negligible.  

3. Results and Discussion 
3.1. Aerosol Optical Depth Variability  

Figure 2 shows the Time series area averaged AOD results during the study pe-
riod over Kenya. It is noted that MAM and SON have decreased AOD because of 
increased rainfall washout [17] [20]. These seasons are also characterized by 
minimum dust loading since the ground is wet. Further, minimum AOD is rec-
orded during April while maximum AOD values are recorded in June. From the 
start of April, it is noted that AOD increased for all the years 2019, 2020 and 
2021. However there is no notable change in AOD variation in 2020 that may be 
associated with prevailing COVID-19 lockdown over the country. This fact is at-
tributed to negative variation in AOD for all seasons during the year which is a 
result of the transported pollution inlands since the region experiences domi-
nant South Easterlies and North Easterlies during greater period of the year 
[12]. 

Figure 3 depicts the spatial maps for variation in AOD over Kenya during the 
study period. The first, second and third columns represent April, May and June 
while the first, second and third rows represent the years 2019, 2020 and 2021 
respectively. In the investigation of the spatial variation in AOD for the months 
of April, May and June in 2019, 2020 and 2021 for the pre-lockdown (2019), 
lockdown (2020) and post lockdown (2021), it was noted that for April 2020, 
AOD values over the entire country were lower in MAM as compared to JJA in 
2019 to 2021. These results are consistent with the findings of [28]. The lower 
AOD in MAM is attributed to the prevailing local wet season which enhances 
the wet scavenging of aerosols while the higher AOD in the local dry month of 
June is associated with reduced wet scavenging and increased anthropogenic ac-
tivities such as biomass burning and dust generation [12] [19] [28].  
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Figure 2. Time series, Area average of AOD over Kenya from January to December for 
2019 to 2021. 

 

 
Figure 3. Spatial maps for variation of AOD over Kenya between April to June from 2019 
to 2021. 
 

The government instituted lockdown protocols in April 2020 to curtail nor-
mal operations had insignificant variations on AOD spatial distributions as in-
dicated by Figure 3. It is noted that COVID-19 lockdowns instituted by the 
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government in April had no significant influence on AOD spatial-temporal var-
iation over Kenya. The AOD variability is influenced by long-distance transport 
as justified by the results from the HYSPLIT model as reported by [28]. The 
central and southeastern Kenya had slightly lower mean AOD as compared to 
the north and northeastern regions of the country during the study period. This 
is as a result of the higher dust levels in the northeastern and northern parts of 
the country as compared to the wet central and southwestern parts of the coun-
try. These facts agree with the findings of [12] which postulated that aerosol 
optical properties over East Africa region are controlled by monsoon precipita-
tion that enhance long distance transport [28]. The relatively higher AOD over 
the coast region is as a result of sea salt aerosols that are domicile there because 
of the marine environment. Cumulatively during the entire lockdown period in 
Kenya, (22nd March 2020 to 30th June 2020), no observable change in spatial va-
riability of AOD was noted as compared to the mean AOD in 2019 and 2021 for 
the same time period. 

3.2. Angstrom Exponent 

The average annual seasonal pattern of AE is shown in Figure 4. It is clear that 
AE values over Kenya peaked in May and November during the study period. 
This is associated with high concentration of aerosols of the fine mode species 
from burning of biofuels and biomass burning which are least washed down by 
rainfall as a result of reduced precipitation.  

 

 
Figure 4. Time series, Area average of AE over Kenya from January to De-
cember from 2019 to 2021. 
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Lower values closer to 1 i.e. 1.1, 1.2 and 1.2 for 2019, 2020 and 2021 are ob-
served during the months of June respectively. These values depicted more con-
tribution of course-mode dust particles relative to fine-mode particles since June 
is considered a dry month [28]. The average spatial patterns of AE470 -870 over 
Kenya observed during the study period is illustrated in Figure 5. The first, 
second and third columns represent April, May and June while the first, second 
and third rows represent the years 2019,2020 and 2021 respectively. The values 
of AE470 are observed to vary between 0.6 to 1.15 with lower values AE470 < 1 
dominating most parts of the study domain. This is attributed to dominance of 
course mode aerosols resulting from desert dust produced locally [29] as well as 
transported from the Saharan and Arabian Peninsula [30]. The coastal region 
had moderately low AE470 associated with course mode aerosols such as sea salt 
[25] [26] [28]. The arid areas of northwest Kenya around Lake Turkana posted 
low values of AE470, resulting from local production of dust aerosols from the 
Chalbi desert along with carbonaceous aerosols from the alkaline Lake Turkana 
[31]. 

From Figure 5, it was also noted that there is no significant relation between 
AE trends to the national wide COVID-19 lockdown. The COVID-19 lockdowns 
instituted by the Kenya and regional governments did not result in any change 
in total AE over Kenya during the period of study. This points to the fact that 
there was marginal change if any in the size of aerosols in the atmosphere over 
Kenya during this period. The inter-seasonal disparity in the meteorological 
conditions at the coastal strip and dust generation in the north-eastern drought 
prone area is the strongest contributing factor to the lower values of AE along 
the coastal line and in the north and northeastern part of the country. 
 

 
Figure 5. Spatial maps of Area-Average of Deep Blue Angstrom Exponent over Kenya 
between April to June from 2019 to in 2021. 
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3.3. Single Scattering Albedo 

A lower SSA indicates an enviromental episode dominated by either desert 
dust or biomass burning while a Single Scattering Albedo at 440 nm between 0.9 
- 0.98 indicate urban/industrial aerosols, 0.92 - 0.93 indicate desert dust and 0.89 
- 0.95 indicates biomass burning [32]. 

The SSA over Kenya ranges between 0.156 to 0.160 from January to mid-June 
during the study period indication that the urban/industrial aerosols dominated 
the atmosphere during this period (as depicted in Figure 6). Coincidently this 
period corresponds to the lockdown period declared by the government of 
Kenya. However past this period, the SSA is erratic hitting as low as slightly over 
0.166 in July and as high as 0.168 during the month of September. 

In Figure 7, the first, second and third columns represent April, May and 
June while the first, second and third rows represent the years 2019, 2020 and 
2021 respectively. The values of SSA over northeastern Kenya as indicated by 
Figure 7 are associated with desert dust. 

It is apparent from the time series of the SSA over Kenya that the COVID-19 
lockdown is seen to create no disruption of the normal distribution and concen-
tration of main pollutants and aerosols over the Kenyan territory however, there 
is no significant impact of the lockdown on SSA values over Kenya. 

 

 
Figure 6. Time series, area average of SSA over Kenya from 2019 to 2020. 
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Figure 7. Spatial maps of area-average of single scattering Albedo over Kenya between 
April to June from 2019 to in 2021. 

4. Conclusion and Recommendation 

Meteorological and anthropogenic factors modulate the seasonality and diurnal 
variation of the selected aerosol optical properties over Kenya. The high AOD in 
some places is related to proximity of aerosol sources in such places. However 
the significant pollutant concentration registered during lockdown months is 
primarily due to natural sources such as geothermal emissions, dust generation 
and sea salt aerosols. However, time series for all the aerosol optical properties 
(AOD, AE and SSA) recorded an annual variation, registered as a result of me-
teorological factors such as rainfall which cause downwash of aerosols and tem-
peratures which affect atmospheric chemistry.  

The short-term impact of COVID-19 lockdown gives an important memo-
randum to all the world leaders, administrators and policymakers to recover the 
damaged environmental quality along with global human health. The short-term 
lockdown system is the best remedy for all industrial and non-industrial nations 
to manage high pollution of the total environment. The partial lockdowns may 
not be a permanent solution to recover the health of the total environment, so 
more research and development is required in this specific research gap, howev-
er, the findings of this research are highly essential to combat the terrific situa-
tion and scientists should take proper responsibility to minimize the pollution 
standard for sustainable urban and rural environmental management.  

https://doi.org/10.4236/oalib.1111223


P. M. Mutama et al. 
 

 

DOI: 10.4236/oalib.1111223 12 Open Access Library Journal 
 

Conflicts of Interest 

The authors declare no conflicts of interest. 

References 
[1] Boucher, O. and Boucher, O. (2015) Atmospheric Aerosols. Springer, Dordrecht, 

9-24. https://doi.org/10.1007/978-94-017-9649-1_2 

[2] Levy, R.C., Remer, L.A., Martins, J.V., Kaufman, Y.J., Plana-Fattori, A., Redemann, 
J. and Wenny, B. (2005) Evaluation of the MODIS Aerosol Retrievals over Ocean 
and Land during CLAMS. Journal of the Atmospheric Sciences, 62, 974-992.  
https://doi.org/10.1175/JAS3391.1 

[3] Mulenga, D. and Siziya, S. (2019) Indoor Air Pollution Related Respiratory Ill 
Health, a Sequel of Biomass Use. The Journal of Spinal Cord Medicine, 1, 30-37.  
https://doi.org/10.28991/SciMedJ-2019-0101-5 

[4] Van Pinxteren, D., Fomba, K.W., Müller, K., Iinuma, Y., Lee, T., Collett Jr. J.L. and 
Herrmann, H. (2015) Trace Metal Characterization of Aerosol Particles and Cloud 
Water during HCCT 2010. Atmospheric Chemistry and Physics, 15, 8751-8765.  
https://doi.org/10.5194/acp-15-8751-2015 

[5] Bukhari, Q. and Jameel, Y. (2020) Will Coronavirus Pandemic Diminish by Sum-
mer? 

[6] Gupta, M., Abdelmaksoud, A., Jafferany, M., Lotti, T., Sadoughifar, R. and Goldust, 
M. (2020) COVID-19 and Economy. Dermatologic Therapy, 33, e13329.  
https://doi.org/10.1111/dth.13329 

[7] Hu, T., Liu, Y., Zhao, M., Zhuang, Q., Xu, L. and He, Q. (2020) A Comparison of 
COVID-19, SARS and MERS. PeerJ, 8, e9725. https://doi.org/10.7717/peerj.9725 

[8] Gkatzelis, G.I., Gilman, J.B., Brown, S.S., Eskes, H., Gomes, A.R., Lange, A.C. and 
Kiendler-Scharr, A. (2021) The Global Impacts of COVID-19 Lockdowns on Urban 
Air Pollutiona Critical Review and Recommendations. Elementa: Science of the 
Anthropocene, 9, Article 00176. https://doi.org/10.1525/elementa.2021.00176 

[9] Lal, P., Kumar, A., Bharti, S., Saikia, P., Adhikari, D. and Khan, M.L. (2021) Lock-
down to Contain the COVID-19 Pandemic: An Opportunity to Create a Less Pol-
luted Environment in India. Aerosol and Air Quality Research, 21, Article 200229.  
https://doi.org/10.4209/aaqr.2020.05.0229 

[10] Ranjan, R.R. and Iyer, K.N. (2009) Studies of Aerosol Optical Depth Using Multi-
wavelength Sun Photometer Measurements at the Semi-Arid Region: Rajkot. 

[11] Ibrahim, S., Landa, M., Pešek, O., Pavelka, K. and Halounova, L. (2021) Space-Time 
Machine Learning Models to Analyze COVID-19 Pandemic Lockdown Effects on 
Aerosol Optical Depth over Europe. Remote Sensing, 13, Article 3027.  
https://doi.org/10.3390/rs13153027 

[12] Makokha, J.W. and Odhiambo, J.O. (2017) Trend Analysis of Aerosol Optical 
Depth and Angstrom Exponent Anomaly over East Africa. 

[13] Kaskaoutis, D.G., Grivas, G., Liakakou, E., Kalivitis, N., Kouvarakis, G., Stavroulas, 
I., Kalkavouras, P., et al. (2021) Assessment of the COVID-19 Lockdown Effects on 
Spectral Aerosol Scattering and Absorption Properties in Athens, Greece. Atmos-
phere, 12, Article 231. http://dx.doi.org/10.3390/atmos12020231 

[14] Jones, C.D., Hickman, J.E., Rumbold, S.T., Walton, J., Lamboll, R.D., Skeie, R.B. and 
Ziehn, T. (2021) The Climate Response to Emissions Reductions Due to COVID-19: 
Initial Results from CovidMIP. Geophysical Research Letters, 48, e2020GL091883. 

[15] Lin, W.Y., Hsiao, M.C., Wu, P.C., Fu, J.S., Lai, L.W. and Lai, H.C. (2020) Analysis of 

https://doi.org/10.4236/oalib.1111223
https://doi.org/10.1007/978-94-017-9649-1_2
https://doi.org/10.1175/JAS3391.1
https://doi.org/10.28991/SciMedJ-2019-0101-5
https://doi.org/10.5194/acp-15-8751-2015
https://doi.org/10.1111/dth.13329
https://doi.org/10.7717/peerj.9725
https://doi.org/10.1525/elementa.2021.00176
https://doi.org/10.4209/aaqr.2020.05.0229
https://doi.org/10.3390/rs13153027
http://dx.doi.org/10.3390/atmos12020231


P. M. Mutama et al. 
 

 

DOI: 10.4236/oalib.1111223 13 Open Access Library Journal 
 

Air Quality and Health Co-Benefits Regarding Electric Vehicle Promotion Coupled 
with Power Plant Emissions. Journal of Cleaner Production, 247, Article 119152.  
https://doi.org/10.1016/j.jclepro.2019.119152 

[16] Zeldin, W. (2017) Taiwan: Action Plan to Reduce Air Pollution, Shift to Electric 
Vehicles. 
https://www.loc.gov/item/global-legal-monitor/2017-12-29/taiwan-action-plan-to-r
educe-air-pollution-shift-to-electric-vehicles/ 

[17] Ayugi, B.O., Wen, W. and Chepkemoi, D. (2016) Analysis of Spatial and Temporal 
Patterns of Rainfall Variations over Kenya. Journal of Environmental & Earth 
Sciences, 6, 69-83. 

[18] Mahato, S., Pal, S. and Ghosh, K.G. (2020) Effect of Lockdown Amid COVID-19 
Pandemic on Air Quality of the Megacity Delhi, India. Science of the Total Envi-
ronment, 730, Article 139086. https://doi.org/10.1016/j.scitotenv.2020.139086 

[19] Khamala, G.W., Makokha, J.W., Boiyo, R. and Kumar, K.R. (2022) Long-Term 
Climatology and Spatial Trends of Absorption, Scattering, and Total Aerosol Opti-
cal Depths over East Africa during 2001-2019. Environmental Science and Pollution 
Research, 29, 61283-61297. https://doi.org/10.1007/s11356-022-20022-6 

[20] Levy, R.C., Mattoo, S., Munchak, L.A., Remer, L.A., Sayer, A.M., Patadia, F. and 
Hsu, N.C. (2013) The Collection 6 MODIS Aerosol Products over Land and Ocean. 
Atmospheric Measurement Techniques, 6, 2989-3034.  
https://doi.org/10.5194/amt-6-2989-2013 

[21] Remer, L.A., Tanré, D., Kaufman, Y.J., Levy, R. and Mattoo, S. (2006) Algorithm for 
Remote Sensing of Tropospheric Aerosol from MODIS: Collection 005. National 
Aeronautics and Space Administration, 1490. 

[22] Floutsi, A.A., Korras-Carraca, M.B., Matsoukas, C., Hatzianastassiou, N. and Biskos, 
G. (2016) Climatology and Trends of Aerosol Optical Depth over the Mediterra-
nean Basin during the Last 12 Years (2002-2014) Based on Collection 006 
MODIS-Aqua Data. Science of the Total Environment, 551, 292-303.  
https://doi.org/10.1016/j.scitotenv.2016.01.192 

[23] Holben, B.N., Eck, T.F., Slutsker, I.A., Tanré, D., Buis, J.P., Setzer, A. and Smirnov, 
A. (1998) AERONET—A Federated Instrument Network and Data Archive for 
Aerosol Characterization. Remote Sensing of Environment, 66, 1-16.  
https://doi.org/10.1016/S0034-4257(98)00031-5 

[24] Khamala, G.W., Makokha, J.W., Boiyo, R. and Kumar, K.R. (2023) Spatiotemporal 
Analysis of Absorbing Aerosols and Radiative Forcing over Environmentally Dis-
tinct Stations in East Africa during 2001-2018. Science of the Total Environment, 
864, Article 161041. https://doi.org/10.1016/j.scitotenv.2022.161041 

[25] Makokha, J.W. and Angeyo, H.K. (2013) Investigation of Radiative Characteristics 
of the Kenyan Atmosphere Due to Aerosols Using Sun Spectrophotometry Mea-
surements and the COART Model. Aerosol and Air Quality Research, 13, 201-208.  
https://doi.org/10.4209/aaqr.2012.06.0146 

[26] Khamala, G.W., Odhiambo, J.O. and Makokha, J.W. (2018) Seasonal Variability in 
Aerosol Microphysical Properties over Selected Rural, Urban and Maritime Sites in 
Kenya. Open Access Library Journal, 5, 1-20. https://doi.org/10.4236/oalib.1104821 

[27] Ångström, A. (1964) The Parameters of Atmospheric Turbidity. Tellus, 16, 64-75.  
https://doi.org/10.3402/tellusa.v16i1.8885 

[28] Boiyo, R., Kumar, K.R. and Zhao, T. (2018) Optical, Microphysical and Radiative 
Properties of Aerosols over a Tropical Rural Site in Kenya, East Africa: Source Iden-
tification, Modification and Aerosol Type Discrimination. Atmospheric Environ-

https://doi.org/10.4236/oalib.1111223
https://doi.org/10.1016/j.jclepro.2019.119152
https://www.loc.gov/item/global-legal-monitor/2017-12-29/taiwan-action-plan-to-reduce-air-pollution-shift-to-electric-vehicles/
https://www.loc.gov/item/global-legal-monitor/2017-12-29/taiwan-action-plan-to-reduce-air-pollution-shift-to-electric-vehicles/
https://doi.org/10.1016/j.scitotenv.2020.139086
https://doi.org/10.1007/s11356-022-20022-6
https://doi.org/10.5194/amt-6-2989-2013
https://doi.org/10.1016/j.scitotenv.2016.01.192
https://doi.org/10.1016/S0034-4257(98)00031-5
https://doi.org/10.1016/j.scitotenv.2022.161041
https://doi.org/10.4209/aaqr.2012.06.0146
https://doi.org/10.4236/oalib.1104821
https://doi.org/10.3402/tellusa.v16i1.8885


P. M. Mutama et al. 
 

 

DOI: 10.4236/oalib.1111223 14 Open Access Library Journal 
 

ment, 177, 234-252. https://doi.org/10.1016/j.atmosenv.2018.01.018 

[29] Ngaina, J.N., Mutai, B.K., Ininda, J.M. and Muthama, J.N. (2014) Monitoring Spa-
tial-Temporal Variability of Aerosol over Kenya. Ethiopian Journal of Environ-
mental Studies and Management, 7, 244-252.  
https://doi.org/10.4314/ejesm.v7i3.3 

[30] Gatebe, C.K., Tyson, P.D., Annegarn, H.J., Helas, G., Kinyua, A.M. and Piketh, S.J. 
(2001) Characterization and Transport of Aerosols over Equatorial Eastern Africa. 
Global Biogeochemical Cycles, 15, 663-672.  
https://doi.org/10.1029/2000GB001340 

[31] Cohen, A.S. (1986) Distribution and Faunal Associations of Benthic Invertebrates at 
Lake Turkana, Kenya. Hydrobiologia, 141, 179-197.  
https://doi.org/10.1007/BF00014214 

[32] Lee, J., Kim, J., Song, C.H., Kim, S.B., Chun, Y., Sohn, B.J. and Holben, B.N. (2010) 
Characteristics of Aerosol Types from AERONET Sunphotometer Measurements. 
Atmospheric Environment, 44, 3110-3117.  
https://doi.org/10.1016/j.atmosenv.2010.05.035 

 

https://doi.org/10.4236/oalib.1111223
https://doi.org/10.1016/j.atmosenv.2018.01.018
https://doi.org/10.4314/ejesm.v7i3.3
https://doi.org/10.1029/2000GB001340
https://doi.org/10.1007/BF00014214
https://doi.org/10.1016/j.atmosenv.2010.05.035

	Spatial-Temporal Assessment of Changes in Aerosol Optical Properties Pre, during, and Post COVID-19 Lockdowns over Kenya, East Africa
	Abstract
	Subject Areas
	Keywords
	1. Introduction
	1.1. Study Area and Meteorology
	1.2. Data

	2. Materials and Methods
	2.1. Instruments 
	2.1.1. Moderate Resolution Imaging Spectroradiometer (MODIS)
	2.1.2. Ozone Monitoring Instrument (OMI)
	2.1.3. Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2)

	2.2. Methodology

	3. Results and Discussion
	3.1. Aerosol Optical Depth Variability 
	3.2. Angstrom Exponent
	3.3. Single Scattering Albedo

	4. Conclusion and Recommendation
	Conflicts of Interest
	References

