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Abstract 
Trend analysis of atmospheric aerosols enhances confidence in the evaluation 
of both direct and indirect effects of aerosols on regional climate change. To 
comprehensively achieve this over East Africa, it’s important to understand 
aerosols temporal characteristics over well selected sites namely Nairobi (1˚S, 
36˚E), Mbita (0˚S, 34˚E), Mau Forest (0.0˚S - 0.6˚S; 35.1˚E - 35.7˚E), Malindi 
(2˚S, 40˚E), Mount Kilimanjaro (3˚S, 37˚E) and Kampala (0˚N, 32.1˚E). In 
this context, trend analysis (annual (in Aerosol Optical Depth (AOD) at 550 
nm and Ångström Exponent Anomaly (ÅEA) at 470 - 660 nm) and seasonal 
(AOD)) from Moderate Resolution Imaging Spectroradiometer (MODIS) 
were performed following the weighted least squares (WLS) fitting method for 
the period 2000 to 2013. The MODIS AOD annual trends were ground-truthed 
by AErosol RObotic NETwork (AERONET) data. Tropical Rainfall Measure-
ment Mission (TRMM) was utilized to derive rainfall rates (RR) in order to 
assess its influence on the observed aerosol temporal characteristics. The de-
rived annual AOD trends utilizing MODIS and AERONET data were consis-
tent with each other. However, monthly AOD and RR were found to be nega-
tively correlated over Nairobi, Mbita, Mau forest complex and Malindi. There 
was no clear relationship between the two trends over Kampala and Mount 
Kilimanjaro, which may imply the role of aerosols in cloud modulation and 
hence RR received. Seasonality is evident between AOD and ÅEA annual 
trends as these quantities were observed to be modulated by RR. AOD was 
observed to decrease over East Africa except Nairobi during the study period 
as a result of RR during the study period. Unlike the other study sites, Nairobi 
shows positive trends in AOD that may be attributed to increasing populace 
and fossil fuel, vehicular-industrial emission and biomass and refuse burning 
during the study period. Negative trends over the rest of the study sites were 
associated to rain washout. The AOD and ÅEA derived annual trends were 
found to meet the statistical significance of 95% confidence level over each 
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1. Introduction 

Atmospheric aerosols influence the Earth’s atmospheric energy budget and 
therefore climate through direct and indirect means (Intergovernmental Panel 
on Climate Change) [1] [2]. Aerosols directly influence climate by absorbing and 
scattering solar radiation which yields a warming and cooling effect, respectively 
on the immediate atmosphere. Likewise, aerosols indirectly modify the proper-
ties of clouds by acting as Cloud Condensation Nuclei (CCN) that aid in the 
formation of clouds. The complex nature of atmospheric aerosols both spatially 
and temporally together with their short lifetime enhances uncertainties in the 
quest to estimate their direct and indirect effects on climate forcing. 

Understanding the spatial and temporal variability of atmospheric aerosols on 
both regional and global scales requires long-term satellite measurements of 
high fidelity, from which we can then evaluate aerosol effects in climate models 
[3] [4] [5]. To enhance accuracy in the calculated regional and global aerosol 
trends, we utilized satellite data from MODIS to assess the utility of east Africa’s 
atmospheric aerosol properties in the accurate estimation of regional climate 
trends/models. 

Aerosol Optical Depth (AOD) annual trends over worldwide stations utilizing 
the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) from 1998-2010 have 
been quantified i.e. 0.00078 ± 0.00019 yr−1 with an absolute trend relative to its 
uncertainty ( )ωω σ  of 4.00000 at 95% confidence level [6]. Nevertheless, on 
regional scale for example the dust prone region of Arabian Peninsula expe-
riences a strong positive AOD trend of 0.00920 ± 0.00130 yr−1 with ( )ωω σ  of 
7.18000, while insignificant trends of no statistical significance is reported over 
desert regions in China [7]. In contrast, [8] has reported decreasing trends in 
various aerosol optical parameters over Cape Town, Bloemfontein, and Durban 
in South Africa due to implementation of environmental protection laws. 

The reducing Saharan dust export from North Africa to Western and Atlantic 
regions has led to the observed negative trends of −0.00400 ± 0.00140 yr−1 with 

( )ωω σ  of 2.81 [9]. There is also a notable long-term seasonal pattern in both 
AOD and Ångström Exponent (ÅE) over the West African region attributable to 
local climate [10] [11]. Additionally, this region is experiencing observable de-
creasing trends of dust aerosol due to decreasing dust activity i.e. +0.22% yr−1 at 
Banizoumbou, −1.56% yr−1 at Dakar and −1.95% yr−1 at Ouagadougou [11] [12] 
[13] [14] [15]. This result is consistent with the outcomes from the Global 
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Aerosol Climatology Project (GACP) data [3]. Other than dust events, aerosol 
characteristics over the West Africa region are also modulated by biomass 
burning and emissions from agricultural activity during the dry season (Decem-
ber to January) [16]. Studies by [17] on AOD over Middle East Combined Dark 
Target/Deep Blue aerosol optical depth (AOD) satellite product of the moderate- 
resolution imaging spectroradiometer (MODIS) collection 6 to study trends over 
the Middle East between 2000 and 2015. The study used multiple linear regres-
sion to show that AOD trends and interannual variability can be attributed to 
soil moisture, precipitation and surface winds. 

Recent studies over the East African region show that aerosol characteristics 
are controlled directly by the local climate, i.e. Monsoonal precipitation [10]. 
This monsoon precipitation accelerates wet scavenging of aerosols from the at-
mosphere which explains the low AOD values during wet season [15] [18]. 

It is evident that accurate diagnosis of the regional aerosol influence on cli-
mate models requires long-term and accurate identification of aerosol sources 
and sinks. For example, over East Africa, aerosol source regions are greatly in-
fluenced either anthropogenically or naturally [19]. In the previous case, fine 
mode aerosols over urban, industrialized and densely populated regions (Nairo-
bi and Kampala) are mainly due to gas-to particle conversion mechanism of 
aerosols (fossil fuel, industrial-vehicular emissions, biomass and refuse burning) 
[20]. Biomass burning and deforestation activities in the recent years have im-
pacted highly on the regional aerosol loading that modulate climate e.g. the dis-
appearance of Mount Kilimanjaro glaciers and the Mau Forest Complex [21] 
[22]. Moreover, the latter case constitutes mainly coarse mode aerosols from 
dust loading, farming and maritime conditions i.e. sea salt and spray aerosols 
(Malindi), Lake-land air mass exchange (Mbita) and long distance transport of 
aerosols from the Arabian Peninsula desert via Monsoon winds over Malindi 
[19]. 

These factors (i.e. anthropogenic and natural activities coupled with variable 
seasonality, aerosol complexities and their short lifetime) hamper the efforts to 
accurately quantify the influence of aerosols on climatic models. Therefore, the 
remedy to unscramble the paradox is to use long-term satellite measurements 
with appreciable accuracy to study decadal aerosol annual and seasonal trends in 
AOD and Ångström Exponent Anomaly (ÅEA). In this way, we shall be in posi-
tion to examine, understand and explain aerosol effects on regional weather and 
climate systems, as well as on air quality [3]. The current study reports the 
trends in both AOD (at 550 nm) and ÅEA (at 470 - 660 nm) over selected sites 
of East Africa namely Nairobi (1˚S, 36˚E), Mbita (0˚S, 34˚E), Mau Forest Com-
plex (0.0 - 0.6˚S; 35.1 - 35.7˚E), Malindi (2˚S, 40˚E), Mount Kilimanjaro (3˚S, 
37˚E) and Kampala (0˚N, 32.1˚E) from 2000 to 2013. The sites were chosen on 
the basis of dominance of anthropogenic influence and availability of AERONET 
stations that provide ground truthing of the satellite data used. 

This paper provides a perspective of more than a decade (2000-2013) under-
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standing of East Africa’s regional AOD and ÅEA trends utilizing Moderate Res-
olution Imaging Spectroradiometer (MODIS) spectral data the weighted least 
squares (WLS) fitting method. The AERONET AOD used in this work serves to 
provide ground truthing to the MODIS measurements used in the trend analy-
sis. This study therefore forms the basis of regional climate change studies which 
is a subset to global climate change. Moreover, a quantitative knowledge of 
aerosol effects not only does it act as a subset to the establishment of aerosols’ 
role in the observed climate change but also necessitates the prediction of future 
climate over the East African region. 

2. Materials and Methods 
2.1. Seasons and Atmospheric Dynamics 

East Africa covers diverse land forms comprising of glaciated mountains, Semi- 
Arid, Plateaus and Coastal regions. The region also consists of inland plains to-
gether with forest covers which have been under threat of extinct in the recent 
past due to wood locking and deforestation [23]. Moreover, the region expe-
riences a distinct bimodal rainfall pattern i.e. March-April-May-MAM and Sep-
tember-October-November-SON (wet season) characterized by low AOD values 
due to enhanced scavenging of aerosols [10] [24]. The bimodal rainfall pattern is 
influenced by the Inter Tropical Convergence Zone (ITCZ), global oceans, trop-
ical high pressure systems (Mascarene, St. Helena, Azores and Arabian), tropical 
Monsoons and cyclones [10] [25]. On the contrary, high AOD values are noted 
during dry season i.e. December-January-February-DJF and June-July-August- 
JJA. These high AOD values are associated with enhanced aerosol emission from 
desert and biomass burning events with reduced scavenging of aerosols from the 
atmosphere through dry deposition. The selection of the study sites with its de-
tails (see Table 1) was based on physical features that are known to profoundly 
modify aerosol characteristics in the immediate atmosphere and the availability 
of AERONET stations at some of the study sites for easier ground truthing as 
shown in Figure 1. 

2.2. Modis and Aeronet Observations 

MODIS is on board the Earth Observing System (EOS) namely, Terra and Aqua 
satellites operating at an altitude of 705 km [25] [26]. MODIS measures reflected 
solar radiance and terrestrial emission in 36 channels (0.41 - 14.4 μm wavelength 
range) with resolutions varying between 0.25 - 1 km. Level-3 MODIS gridded 
atmosphere monthly global product “MOD08_M3” at spatial resolution of 1˚ × 
1˚ [27] was used to study trends in both AOD (at 550 nm) and ÅEA (at 470 - 660 
nm) from 2000 to 2013 over the study sites. To ground truth the results from 
MODIS, a trend analysis of AErosol RObotic NETwork (AERONET) [28] AOD 
(Level 1.5-cloud screened) at similar wavelength but limited to within ± 30 mi-
nutes of the MODIS Terra overpass time was utilized. Basically, the choice of an 
AERONET site was limited to: 
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Figure 1. Study sites. 
 
Table 1. Location, Prevailing environment and latest populace census over each study site 
in the East African atmosphere. 

Country Site of Study 
Location Altitude 

(Meters) 
Type of Prevailing 

Environment 

Populace as per 
the latest census 
(Year of census) Latitude Longitude 

Kenya 

Nairobi 1.0˚S 36.0˚E 1798 Urban 3,138,369 (2009) 

Mbita 0.0˚S 34.1˚E 1125 Rural 46,223 (2009) 

Malindi 2.3˚S 40.1˚E 12 Maritime 1,109,735 (2009) 

Mau Forest 
Complex 

(0.0 - 0.6)˚S (35.1 - 35.7)˚E 1800 - 2700 Forest cover 79,000 (2009) 

Tanzania 
Mount  

Kilimanjaro 
3.1˚S 37.2˚E 5895 

Volcanic/Forest 
cover 

1,640,087 (2012) 

Uganda Kampala 0.0˚N 32.1˚E 1190 Urban 1,659,600 (2011) 

 
1) The AERONET site should have more than three complete years of obser-

vation history limited to within the span of the study. 
2) To complete a yearly data set is composed of more than seven qualified 

monthly averages. 
Although a minimum of three year time series is insufficiently short for a sta-

tistically significant trend analysis, aided in ground truthing of MODIS results. 
Thus following this criterion, Nairobi, Mbita and Malindi AERONET sites in 
Kenya were utilized. Since actual validation of MODIS AOD has been a subject 
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of some work over the East Africa region [24] current study sought to compute 
the MODIS trend analysis in both AOD and ÅEA which is ground truthed by 
AERONET level 1.5 AOD data over selected sites based on the criterion stated 
above. 

The MODIS products are retrieved based on aforementioned raw measure-
ments following a lookup table approach in which a small set of aerosol types, 
loading and geometry are assumed to span the range of global aerosol condi-
tions. The algorithm matches the measured spectral reflectance with the lookup 
table and theoretically retrieves the atmospheric scenario corresponding to the 
observed radiation field [25]. Details of periodical updates in the MODIS re-
trieval algorithm and the overall spectral imaging technique are discussed else-
where [25] [26]. 

2.3. Estimation of Annual and Seasonal Trends 
2.3.1. Weighted Least Squares Regression 
The trends in AOD and ÅEA were then calculated following the weighted least 
squares (WLS) fitting method [5] [11] [29] [30]. This is because the WLS me-
thod (see Equation (1)) handles regression situations in which the data points 
are of varying quality [31]. 

, 1, 2, ,t t tY X N t Tµ ω= + + =                   (1) 

where tY  is the time series, µ  is a constant term, ω  is the magnitude of the  

trend per year (
12t
tX = ), tN  is the residual on the straight line of fit, t  is the 

individual months of the time series, 
12
Tn =  is the total number of years while  

T  is the total number of months. Since the uncertainty in absolute AOD and  

ÅEA is heteroskedastic, a weighted factor (
2

1
σ

= , where σ  is the error in each  

individual AOD and ÅEA absolute values) was used. For the AOD case, the pre-
dicted uncertainty is ± (0.05 + 0.15AOD) over land [27] [32]. The weighted fac-
tors assigned to each individual monthly data set aid in eliminating the influence 
of either high or low AOD and ÅEA absolute values on the trend characteristics. 
The statistical significance of the calculated trends has been assessed using the 
WLS method described by [31]. It is shown that the uncertainty ( ωσ ) on the es-
timated trend can be approximated by: 

3 2

1
1

N

nωσ
σ φ

φ
+

≈
−

                       (2) 

In Equation (2), Nσ  is the standard deviation of the residuals of tN  on the 
fit while φ  is the autocorrelation coefficient. When the absolute trend relative 
to its uncertainty i.e. ωω σ  ratio is 2 or more, the trend is significant at 95% 
confidence level. Similarly, significance at the 90% level is found for  

1.65ωω σ >  (the z-score of 10% point of the normal distribution). 
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2.3.2. Annual Trends 
Monthly data sets were computed by determining a simple mean of high quality 
assurance (QA) (2 or 3) daily retrievals of AOD and ÅE. Since the uncertainty in 
ÅE cannot be globally quantified due to its observed unrealistic values and its 
binary behavior [25] [31]. ÅEA was computed by determining the difference 
between ÅE monthly variation and the average over all the years under consid-
eration for each grid cell. Thus, utilizing the WLS method, the annual trend in 
both AOD and ÅEA was treated as a simple linear model that minimizes chi- 
square error statistics was adopted as shown in Equation (1). It is worth noting 
that the least squares fit described in Equation (1) was applied to both AOD and 
ÅEA time series to get the slope coefficient of the linear regression that 
represents the annual trend in each of the two optical properties. 

2.2.3. Seasonal Trends 
There is a strong seasonality in both emission intensities of natural and anthro-
pogenic aerosols over the East African region [10]. Thus, a trend analysis was 
performed separately for each season i.e. Dry season (DJF and JJN) and Wet 
season (MAM and SON). AOD values used in the trend analyses over each site 
were averaged over a number of 1˚ × 1˚ grids cells depending on the size of the 
site of interest. For a reasonable temporal distribution in the analysis and to 
maintain consistency with the estimation of the annual trends, seasonal trends 
were computed based on the time series of individual months for a particular 
season instead of calculating a seasonal mean trend i.e. the average between DJF 
and JJN for the dry season and MAM and SON for wet season from 2000 to 2013 
over each site of study. 

3. Results and Discussions 
3.1. Meteorological Influence on Aerosol Optical Depth 

Tropical Rainfall Measurement Mission (TRMM) derived rainfall rate (RR) 
(mm/hr) data at 0.25˚ × 0.25˚ latitude longitude resolution from 2000 to 2013 
are used in the study to examine corresponding correlation between monthly 
AOD and RR absolute values, if any, over the study sites. Before performing a 
correlation analysis, pre-treatment of the daily absolute values of AOD ≥ 1 and 
their corresponding RR were excluded from the analysis. This was meant to in-
crease the reliability of the monthly absolute values of the two products before 
correlation analysis. The annual RR trends (Table 2) were calculated in a similar 
way as the annual AOD trends. A negative correlation between monthly AOD 
and RR absolute values is noted in Figures 2(a)-(c). An increase in RR translates 
to a rise in aerosol scavenging from the atmosphere and the prevention of aero-
sol emissions from the wet surface, hence low AOD values over the study loca-
tion. During dry periods, the residue varies freely due to aerosol emissions from 
deserts and biomass burning events. Moreover, reduced aerosol scavenging 
through dry deposition doesn’t effectively remove aerosol particles from the at-
mosphere, leading to high AOD values over the study location. On the other  
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Table 2. Annual trends for rainfall rates TRMM product over each study site from February 2000 to December 2013. 

Site of study 
Years of study 

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 

Nairobi 0.0126 −0.0079 −0.0003 0.0033 0.0104 −0.0035 −0.0003 −0.0078 −0.0002 0.0052 −0.0117 0.0052 0.0051 −0.0021 

Mbita 0.0262 −0.0098 0.0208 0.0038 0.0002 −0.0143 0.0124 −0.0059 −0.003 −0.0027 −0.0023 0.0132 0.0029 −0.0043 

Malindi 0.0007 −0.0007 0.001 0.0029 0.0021 0.0008 0.0022 0.0014 −0.0043 0.0058 −0.0053 0.0014 0.0064 0.003 
Mau Forest 
Complex 

0.0157 −0.0038 0.0006 0.0058 −0.0086 −0.0056 0.0034 −0.0069 −0.0004 0.007 −0.0154 0.006 0.0086 −0.0027 

Mount  
Kilimanjaro 

0.0083 −0.0075 −0.0083 −0.0048 −0.0064 −0.006 0.0031 −0.0052 −0.0034 0.0036 −0.0062 0.005 0.0003 −0.0068 

Kampala 0.0026 −0.0137 −0.0025 −0.0053 0.0011 −0.0003 0.0015 0.0025 0.0111 0.0066 0.0085 0.0111 0.0154 0.0083 

 

 
Figure 2. Correlations between monthly AOD verses Rainfall Rate (RR) (mm/hr) for the study period over Nairobi; (b) Correla-
tions between monthly AOD verses Rainfall Rate (RR) (mm/hr) for the study period over Mbita; (c) Correlations between 
monthly AOD verses Rainfall Rate (RR) (mm/hr) for the study period over Mau Forest Complex; (d) Correlations between 
monthly AOD verses Rainfall Rate (RR) (mm/hr) for the study period over Kampala; (e) Correlations between monthly AOD 
verses Rainfall Rate (RR) (mm/hr) for the study period over Mount Kilimanjaro. 
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hand, there is no clear relationship between AOD and RR over Mount Kiliman-
jaro as noted in Figure 2(d) and Figure 2(e). 

3.2. Regional Trends 
3.2.1. Trend Analysis of MODIS Terra and AERONET AOD (550 nm) 
Based on the criterion for the selection of an AERONET site, AOD level 1.5 data 
over Nairobi, Mbita and Malindi was utilized to compute a trend analysis of 
AOD for both AERONET (in Table 3) and MODIS Terra (in Table 4). The de-
rived AERONET AOD trends were used to ground truth the MODIS AOD 
trends. 

For similar years of study, both AERONET and MODIS Terra derived AOD 
trends over Nairobi and Mbita are consistent with each other. A comparison 
between AERONET and MODIS Terra derived AOD trends to not indicate any 
significant drift at all, thus, the use of MODIS Terra derived AOD in circums-
tances of missing data from AERONET is justified over the region. MODIS Ter-
ra AOD data over Malindi was of poor quality and was not included in this 
study. It is worthy pointing out that Malindi’s AERONET AOD trends from 
2008 to 2013 are controlled by monsoon precipitation as confirmed by [10]. 
Thus, a positive trend in AERONET AOD is as a result of a negative trend in RR 
trend and vice versa. 

3.2.2. Annual Trends of Aerosol Optical Depth and Ångström Exponent 
Due to the limited AERONET AOD data that is insufficiently for a statistically 
significant trend analysis, the annual trends for both MODIS Terra AOD abso-
lute values and ÅEA over the study sites were computed as shown in Table 4. 
The MODIS Terra AOD and ÅEA trend analysis were calculated from February 
2000 to December 2013. 

In general, the derived MODIS Terra AOD and ÅEA annual trends from 2000 
 
Table 3. Annual AERONET AOD product trend over Nairobi, Mbita and Malindi (bold 
and italic for 95% significant and italic for 90% significant data). 

Si
te

 o
f 

st
ud

y 

Product 
Years of study 

 2005 2006 2007 2008 2009 2010 2011 2012 2013 

N
ai

ro
bi

 

A
O

D
 tr

en
d ω  −− 0.0055 0.0086 −0.0094 0.0031 −− −− −− −− 

ωσ  −− 0.0018 0.0022 0.0052 0.0012 −− −− −− −− 

ωω σ  −− 3.06 3.91 1.81 2.58 −− −− −− −− 

M
bi

ta
 

A
O

D
 tr

en
d ω  −− −− −0.0091 0.0131 −− 0.0038 −0.0024 −0.0124 −0.0029 

ωσ  −− −− 0.0032 0.0035 −− 0.0012 0.0010 0.0048 0.0011 

ωω σ  −− −− 2.84 3.74 −− 3.17 2.40 2.58 2.64 

M
al

in
di

 

A
O

D
 tr

en
d ω  −− −− −− 0.0048 −0.0079 0.0072 −0.0086 −0.0198 −0.0036 

ωσ  −− −− −− 0.0011 0.0012 0.0014 0.0023 0.0026 0.0013 

ωω σ  −− −− −− 3.91 6.58 5.14 3.74 7.62 2.77 
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Table 4. Annual trends for MODIS AOD and ÅEA over the study sites from February 2000 to December 2013 (bold and italic for 
95% significant and italic for 90% significant data). 

Si
te

 o
f 

st
ud

y 

Product 
Years of study 

 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 

N
ai

ro
bi

 

A
O

D
 tr

en
d ω  −0.0025 0.0035 0.0011 0.0033 −0.0026 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 

ωσ  0.0012 0.0015 0.0006 0.0015 0.0011 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 0.0015 

ωω σ  2.08 2.33 1.83 2.30 2.36 2.33 2.33 2.33 2.33 2.33 2.33 2.33 2.33 2.33 

Å
EA

 tr
en

d ω  0.01 −0.0015 0.0180 0.0089 0.0071 −0.0015 −0.0015 −0.0015 −0.0015 −0.0015 −0.0015 −0.0015 −0.0015 −0.0015 

ωσ  0.0034 0.0009 0.0040 0.0035 0.0026 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 

ωω σ  2.94 1.67 4.50 2.54 2.73 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67 

M
bi

ta
 A
O

D
 tr

en
d ω  −0.0023 −0.0003 −0.0024 −0.0007 −0.0038 −0.0003 −0.0003 −0.0003 −0.0003 −0.0003 −0.0003 −0.0003 −0.0003 −0.0003 

ωσ  0.0013 0.0001 0.0016 0.0003 0.0013 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

ωω σ  1.77 3.00 1.50 2.33 2.92 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 3.00 

Å
EA

 tr
en

d ω  −0.0135 −0.0222 −0.0138 0.0068 −0.0128 −0.0222 −0.0222 −0.0222 −0.0222 −0.0222 −0.0222 −0.0222 −0.0222 −0.0222 

ωσ  0.0032 0.0035 0.0030 0.0027 0.0024 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 0.0035 

ωω σ  4.22 6.34 4.60 2.52 5.33 6.34 6.34 6.34 6.34 6.34 6.34 6.34 6.34 6.34 

M
al

in
di

 

A
O

D
 tr

en
d ω  0.0034 0.0043 −− −− −− −− −− −− −− −− −− −− −− −− 

ωσ  0.0012 0.0019 −− −− −− −− −− −− −− −− −− −− −− −− 

ωω σ  2.83 2.26 −− −− −− −− −− −− −− −− −− −− −− −− 

Å
EA

 tr
en

d ω  −0.0024 −0.038 −− −− −− −− −− −− −− −− −− −− −− −− 

ωσ  0.0013 0.0017 −− −− −− −− −− −− −− −− −− −− −− −− 

ωω σ  1.85 2.24 −− −− −− −− −− −− −− −− −− −− −− −− 

M
au

 F
or

es
t C

om
pl

ex
 

A
O

D
 tr

en
d ω  −0.0021 0.0021 0.0001 0.0052 −0.0024 0.0012 0.0045 −0.001 0.0036 0 0.0043 0.0023 −0.0007 −0.0012 

ωσ  0.0011 0.0014 0.0002 0.0017 0.0011 0.0010 0.0011 0.0007 0.0016 0.0009 0.0013 0.0011 0.0002 0.0006 

ωω σ  1.91 1.50 0.50 3.06 2.18 1.20 4.09 1.43 2.25 0.00 3.31 2.09 3.50 2.00 

Å
EA

 tr
en

d ω  −0.0066 −0.0043 0.0124 −0.0101 0.005 −0.0168 0.0046 −0.0079 −0.0037 0.0132 −0.0015 0.0007 0.0144 0.0036 

ωσ  0.0022 0.0020 0.0028 0.0026 0.0025 0.0025 0.0027 0.0018 0.0031 0.0025 0.0008 0.0002 0.0031 0.0012 

ωω σ  3.00 2.15 4.43 3.88 2.00 6.72 1.70 4.39 1.19 5.28 1.88 3.50 4.65 3.00 

M
ou

nt
 K

ili
m

an
ja

ro
 

A
O

D
 tr

en
d ω  −0.0152 0.0019 0.0008 0.0067 −0.0085 −0.0027 0.0066 −0.0013 0.001 −0.0049 0.0028 0.0005 0.0011 −0.0091 

ωσ  0.0022 0.0011 0.0002 0.0026 0.0018 0.0016 0.0015 0.0016 0.0006 0.0013 0.0014 0.0002 0.0009 0.0027 

ωω σ  6.91 1.73 4.00 2.58 4.72 1.69 4.40 0.81 1.67 3.77 2.00 2.50 1.22 3.37 

Å
EA

 tr
en

d ω  0.0022 −0.0004 0.0004 −0.0002 −0.0002 0.0002 0.0005 0.0003 −0.0003 0.0018 −0.0007 0.003 0.0005 0.0012 

ωσ  0.0003 0.0002 0.0002 0.0001 0.0004 0.0001 0.0002 0.0001 0.0001 0.0004 0.0003 0.0007 0.0002 0.0005 

ωω σ  7.33 2.00 2.00 2.00 0.50 2.00 2.50 3.00 3.00 4.50 2.33 4.29 2.50 2.40 

K
am

pa
la

 

A
O

D
 tr

en
d ω  −0.0029 −0.0103 −0.0116 −0.0045 −0.009 −0.0029 0.0088 0.0011 −0.0055 −0.0026 0.0033 −0.004 −0.009 −0.008 

ωσ  0.0011 0.0024 0.0031 0.0026 0.0018 0.0017 0.0016 0.0009 0.0020 0.0016 0.0020 0.0019 0.0023 0.0024 

ωω σ  2.64 4.29 3.74 1.73 5.00 1.71 5.50 1.22 2.75 1.63 1.65 2.11 3.91 3.33 

Å
EA

 tr
en

d ω  0.006 0.0176 0.0273 0.018 0.0152 0.0052 0.0089 −0.002 0.0118 0.0112 −0.0019 0.0019 0.0253 0.0263 

ωσ  0.0023 0.0025 0.0046 0.0033 0.0037 0.0037 0.0031 0.0012 0.0035 0.0027 0.0012 0.0009 0.0061 0.0044 

ωω σ  2.61 7.04 5.93 5.45 4.11 1.41 2.87 1.67 3.37 4.15 1.58 2.11 4.15 5.98 
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to 2013 were found to be either positively/negatively considerable but signifi-
cantly modulated by the RR trends over each of the study site (see Table 2 and 
Table 4). From this observation, it is notable that aerosol optical characteristics 
over the East Africa region are controlled by monsoon precipitation. For exam-
ple, Nairobi is dominated by positive annual trends in both AOD (except for 
2000 and 2004) and ÅEA (except for 2001, 2005 and 2010) that may be are asso-
ciated with increasing fossil fuel consumption, industrial-vehicular emissions, 
biomass and refuse burning over the metropolis city of East Africa for the period 
of study [19] [20]. The negative annual trends in AOD in 2000 and 2004 and 
ÅEA in 2001 2005 and 2010 may be associated with significant positive and drop 
in annual trends for RR respectively (see Table 2). Nairobi’s annual trends in 
both AOD and ÅEA range between (−0.0025 ± 0.0012 yr−1 to 0.0081 ± 0.0013 
yr−1 with ωω σ  of range 1.44 - 6.23) and (−0.0015 ± 0.0009 yr−1 to 0.0404 ± 
0.0092 yr−1 with ωω σ  of range 1.67 - 8.33) respectively for the period of study 
(see Table 4). From Table 4, most values of the derived annual trends for the 
two aerosol products are found to meet the statistical significance of 95% confi-
dence level. 

It is also evident from the results shown in Table 4 that, Mbita and Kampala 
are dominated by negative annual trends in AOD and ÅEA that are associated to 
increasing RR. Precisely, Mbita’s annual trends in both AOD and ÅEA range 
between (−0.0003 ± 0.0001 yr−1 to 0.0036 ± 0.0013 yr−1 with ωω σ  of range 
1.50 - 3.00) and (−0.0065 ± 0.0028 yr−1 to 0.0086 ± 0.0025 yr−1 with ωω σ  of 
range 1.86 - 8.07) respectively (see Table 4). This negative trend is related to in-
creasing RR that hinders dust loading and biomass burning activities for agri-
cultural land and enhances aerosol scavenging from the atmosphere [20] [24]. 
On the other hand, Kampala’s annual trends in AOD and ÅEA varied between 
(−0.0029 ± 0.0011 yr−1 to 0.0088 ± 0.0016 yr−1 with ωω σ  of range 1.22 - 5.00) 
and (−0.0019 ± 0.0009 yr−1 to 0.0273 ± 0.0046 yr−1 with ωω σ  of range 1.41 - 
7.04) respectively. Even though negative trends in AOD are noticeable over 
Kampala and modulated by RR, there is a unique scenario over the site i.e. both 
AOD and RR trends are positively correlated in 2006, 2007 and 2010 due to high 
energy use and emissions associated with the growth of private motorized 
transport in Kampala city [33]. 

Mount Kilimanjaro’s annual trends in AOD and ÅEA range between (−0.0152 
± 0.0022 yr−1 to 0.0067 ± 0.0026 yr−1 with ωω σ  of range 0.81 - 6.91) and 
(−0.0002 ± 0.0001 yr−1 to 0.003 ± 0.0007 yr−1 with ωω σ  of range 0.50 - 7.33) 
respectively. These observed trends over the site are majorly modulated by 
dwindling RR (see Table 2) as a result of biomass burning and deforestation ac-
tivities around the site [23]. Likewise, Mau forest complex experiences the dwin-
dling RR (see Table 2) that are negatively correlated to the observed AOD an-
nual trends. The observed annual trends in AOD and ÅEA over the site range 
between (−0.0007 ± 0.0002 yr−1 to 0.0052 ± 0.0017 yr−1 with ωω σ  of range 
0.00 - 3.50) and (−0.0168 ± 0.0025 yr−1 to 0.0144 ± 0.0031 yr−1 with ωω σ  of 
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range 1.19 - 6.72) respectively (see Table 4). Negligible annual trends in the two 
aerosol products (see Table 4) of significant at the 95% confidence level is noted, 
therefore, aerosol characteristics over the site have relatively remained constant 
during the study period. 

3.2.3. Seasonal Trends of Aerosol Optical Depth 
MODIS AOD time series (see Figure 3) and seasonal trends together with their 
corresponding uncertainties for the said period of study over the sites are shown 
(see Table 5). It is notable that on average, except Nairobi, most of the study 
sites have negative trend in AOD for all seasons during the study period. This 

 

 
Figure 3. (a) Aerosol Optical Variability during wet and dry seasons over Nairobi; (b) Aerosol Optical Variability during wet and 
dry seasons over Mbita; (c) Aerosol Optical Variability during wet and dry seasons over Mau Forest; (d) Aerosol Optical Variabil-
ity during wet and dry seasons over Kampala; (e) Aerosol Optical Variability during wet and dry seasons over Mount Kilimanjaro. 
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Table 5. Seasonal MODIS Terra AOD trends over the study sites from February 2000 to 
December 2013 (bold and italic for 95% significant and italic for 90% significant data). 

Site of study 
Dry season Wet season 

ωω σ±  ωω σ  ωω σ±  ωω σ  

Nairobi 0.0004 ± 0.00021 1.90 −0.001 ± 0.00027 3.70 

Mbita −0.0081 ± 0.00058 3.12 −0.0045 ± 0.00058 7.75 

Malindi −0.0007 ± 0.00038 1.87 −0.0032 ± 0.00044 7.32 

Mount Kilimanjaro −0.0034 ± 0.00097 3.51 −0.0049 ± 0.00079 6.23 

Kampala −0.0066 ± 0.00013 5.24 −0.0082 ± 0.0015 5.42 

 
negative trend was attributed to the transported pollution inlands since the re-
gion experiences dominant South Easterlies and North Easterlies during greater 
period of the year [24]. On the other hand, Nairobi’s positive trend of 0.0004 ± 
0.00021 during the dry season (DJF and JJA) attributable to anthropogenic in-
fluences e.g. increasing populace, vehicular and industrial emissions [20]. Dur-
ing the wet season, each site of study experiences a higher magnitude of negative 
AOD trends as compared to the dry season (except Mbita) (see Table 5) signifi-
cantly at between 90% to 95% range confidence levels. This is because of en-
hanced scavenging of aerosol particles in the atmosphere via rain washout and 
also minimized dust loading and wood locking during the wet season [24]. This 
result is similar to the results reported by [6] over West Africa region. 

On the other hand, the negative trend observed for Mbita during the dry sea-
son is almost double that of the wet season as a result of decreasing biomass 
burning activities which have significantly decreased in frequency during the 
study period [19] [24]. Mau Forest complex shows an insignificant negative 
trend of (−0.0007 ± 0.00038) during the dry season that is attributable to contin-
uing biomass burning and forest clearance for agricultural use even after the 
process of land reclamation that stated in 2008 [22]. However, for wet season, we 
note a significant negative trend of (−0.0032 ± 0.00044) as a result of limited 
dust loading and biomass burning during the study period. Likewise, Mount Ki-
limanjaro has been reclaimed in the recent past restraining the negative impacts 
of deforestation hence, explaining the negative seasonal trend in AOD during 
the study period [23]. 

4. Conclusion 

Assessment of anthropogenic influence of atmospheric aerosols requires a com-
prehensive quantification of the temporal characteristics which significantly vary 
spatially. To aid in the quest to quantify aerosols effects on both regional and 
global climate change, we have reported on more than a decade trend analysis of 
aerosol optical properties over the region. MODIS Terra monthly AOD and ÅE 
level 3 data from February 2000 to December 2013 have been used to estimate 
annual trends (for both AOD and ÅEA) and seasonal trends (AOD only) over 
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selected study sites of the East African region. Derived AERONET and MODIS 
Terra AOD trends were found to be consistent with each other, therefore the 
spectroscopic techniques can be used interchangeably particularly over scenarios 
where one of it has insufficient or poor quality data in the region. Monthly AOD 
and RR projected a negative correlation over the study sites except Kampala and 
Mount Kilimanjaro which showed no clear relationship that is attributable to 
aerosol cloud modulation that affect the RR received. Negative trends in aerosol 
loading over East Africa except Nairobi were associated to rain washout. Alike, 
Nairobi posted a positive trend due to anthropogenic influence from 2000-2013. 
Aerosol optical properties seasonal variability is evident during the study period. 
Future characterization of more radiative characteristics over the area of study is 
recommended. 
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