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Abstract 
Atmospheric aerosols have contributed to radiative forcing through direct and 
indirect mechanisms. Aerosol effects are important in computing radiative 
forcing estimates for the past, current and future climate. In this study, a 
comprehensive assessment of regional aerosol radiative forcing, Optical 
Properties of Aerosol and Clouds (OPAC) model (wavelength range of 0.25 - 
4.0 μm) over selected sites in East Africa was done. Aerosol optical properties 
constituted the inputs of a Radiative Transfer Model (RTM). Optical proper-
ties investigated included Aerosol Optical Depth (AOD), Single Scattering 
Albedo (SSA) and Asymmetry Parameter (AP). Aerosol Radiative Forcing 
(ARF) during the study period at the surface (SFC), top of the atmosphere 
(TOA) and the atmosphere (ATM) was estimated to be –18.4 ± 1.4 W∙m−2, 
+1.1 ± 0.3 W∙m−2 and +19.5 ± 2.5 W∙m−2, respectively. This corresponds to an 
increment in net atmospheric forcing at a heating rate of about 0.55 ± 0.05 
K/day (0.41 ± 0.03 to 0.78 ± 0.03 K/day) in the lower troposphere. The study 
points out the significant role played by atmospheric aerosols in climate mod-
ification over the area of study. It is recommended that a further assessment 
be done in view of uncertainties that may impact on the findings and which 
were not within the scope of this research.  
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1. Introduction 

Atmospheric aerosols are responsible for a radiative forcing (RF) of the atmos-
phere through multiple processes namely direct and indirect means (the Inter-
governmental Panel on Climate Change) [1]. They directly affect climate by ab-
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sorbing and scattering solar radiation which yields a warming and cooling effect 
respectively on the immediate atmosphere. Likewise, aerosols indirectly modify 
the properties of clouds by acting as cloud condensation nuclei (CCN) that aids 
in the formation of cloud droplets. Climate relevant aerosol properties (size dis-
tribution, hygroscopicity, chemical composition, mixing state, optical, and cloud 
nucleation) and their atmospheric distribution constitute directly to its influence 
on Earths radiation budget. 

The direct aerosol effect on RF is estimated to be −0.35 (−0.85 to +0.15) 
W∙m−2 (high confidence) [1]. The rapid adjustment to this direct aerosol RF 
leads to further negative forcing, particularly through cloud adjustments, and is 
attributable primarily to black carbon. As a consequence, the direct effective ra-
diative forcing (ERF) is more negative than the direct RF (low confidence) and 
given a best estimate of about −0.45 (−0.95 to +0.05) W∙m−2 [1]. The assessment 
of aerosol direct RF effect is less negative than reported in Fourth Assessment 
Report (AR4) because of a re-evaluation of aerosol absorption. A recent estimate 
of aerosol RF over the Kenyan atmosphere was −0.48 W∙m−2 [2]. 

Globally, there is an improved understanding of aerosol-cloud interactions 
which have led to a reduction in the magnitude of many aerosol-cloud forcing 
estimates [1]. The total ERF due to direct and indirect aerosol effects (excluding 
the effect of absorbing aerosol on snow and ice) is estimated to be about −0.9 
(−1.9 to −0.1) W∙m−2 (medium confidence) [1]. This range was obtained by giv-
ing equal weight to satellite-based studies and estimates from climate models. 
The total ERF due to direct and indirect aerosol effects is consistent with mul-
tiple lines of evidence suggesting less negative estimates for aerosol-cloud inte-
ractions than those discussed in AR4. 

The IPCC Report [1] indicates that anthropogenic gas emissions have driven 
changes in Well-Mixed Greenhouse Gas (WMGHG) concentrations during the 
industrial era over the globe. This has consequently affected the WMGHGs at-
mospheric burden globally and regionally, especially CO2 which resulted into an 
increase in their RF of 2.83 (2.54 to 3.12) W∙m−2 from 2005 to 2011 (globally). 
Moreover, in the last 15 years, CO2 has been the dominant contributor to the in-
creasing RF from the WMGHGs with an average growth rate of slightly less than 
0.3 W∙m−2 per decade [1]. Likewise, after a decade of near stability in CH4 emis-
sions, its recent increase enhanced its RF impacts globally as compared to AR4 
by about 2% to 0.48% (0.43 to 0.53) W∙m−2 [1]. Furthermore, atmospheric N2O 
has increased by 6% since AR4, causing a RF of about 0.17 (0.14 to 0.20) W∙m−2. 
On the contrary, as the N2O concentrations rise, those of dichlorodifluorome-
thane (CF2Cl2, CFC-12), the third largest WMGHG contributor to RF for several 
decades, are consistently decreasing due to phase-out of emissions of this chem-
ical under the Montreal Protocol. Studies by Juma [3] revealed that reducing ra-
diative forcing over Kenya associated with aerosols. The study was not however 
comprehensive about direct and indirect effects of aerosols and also the radiative 
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characteristics of aerosols. 
Details of individual WMGHGs and aerosol impact on RF globally together 

with their level of confidence are provided for in Figure 1. 
Short-lived GHGs such as O3 and stratospheric water vapor also contribute 

significantly to anthropogenic forcing. It has been pointed out from observations 
that O3 increased at many undisturbed (background) locations through the 
1990s which has consistently increased over Asia (though observations cover a 
limited area) while remaining constant over Europe during the last decade [1]. 
The total RF due to changes in O3 is 0.35 (0.15 to 0.55) W∙m−2 (high confidence), 
with RF due to tropospheric O3 of 0.40 (0.20 to 0.60) W∙m−2 (high confidence) 
and due to stratospheric O3 of −0.05 (−0.15 to +0.05) W∙m−2 (high confidence). 
It is of significance to note that O3 is not emitted directly into the atmosphere; 
instead it is formed by photochemical reactions [4] [5]. 

This paper presents a comprehensive long term assessment of aerosol radia-
tive forcing over the selected East African sites namely Nairobi (1˚S, 36˚E), 
Mbita (0˚S, 34˚E), Mau Forest Complex (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) from 
2000 to 2013. Selection of the study sites was based on the dominance of anth-
ropogenic influence and availability of AERONET stations that provide ground 
truthing of the satellite and Optical Properties of Aerosol and Clouds (OPAC)  

 

 
Figure 1. Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties 
for the main drivers of climate change. (Source: [1].) 
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model data used in retrieving the regions radiative characteristics. To determine 
the Aerosol Radiative Forcing (ARF) at surface (SFC), top of the atmosphere 
(TOA) and atmosphere (ATM), Aerosol Optical Properties (AOP) from the 
OPAC model were used as inputs to the Coupled Ocean and Atmosphere Radia-
tive Transfer (COART) model based on the Discrete Ordinate Radiative Trans-
fer (DISORT) code [6] [7] [8]. 

2. Methodology 
2.1. Description of Study Area 

The East Africa region covers diverse land forms comprising of glaciated moun-
tains, Semi-Arid, Plateau and Coastal regions. Details and the map illustrating 
the study region and specifics on each site of study are as shown in [9]. 

2.2. Regional Radiative Forcing 

AOP i.e. Aerosol Optical Depth (AOD), Single Scattering Albedo (SSA) and 
Asymmetry Parameter (AP), derived from Optical Properties of Aerosol and 
Clouds (OPAC) model (wavelength range of 0.25 - 4.0 μm) formed the input to a 
Radiative Transfer Model (RTM). The RTM used in the study was the COART 
model based on the DISORT code [6] [7] [8]; COART uses a numerical stable 
algorithm based on DISORT to solve the equations of plane-parallel radiative 
transfer in vertically inhomogeneous atmosphere. 

To calculate the ARF at SFC, TOA and ATM, the COART model requires ad-
ditional information such as surface albedo (MOD_09, Level 1B) and columnar 
water vapor content from MODIS-Terra and columnar ozone from OMI. The 
RTM uses six standard atmospheres vertical profiles namely tropical, mid-latitude 
summer, mid-latitude winter, sub-arctic summer, sub-arctic winter and US62 
[6]. Rainfall data for training set was obtained from TRMM while for predictive 
studies in precipitation rate; the National Centers for Environmental Prediction 
(NCEP) reanalysis data was utilized. 

The standard tropical profile was used in the current study. The tropical at-
mospheric profile also requires information about some additional atmospheric 
components such as column water vapor content and columnar ozone. Due to 
regional inhomogeneity in aerosol characteristics, each site in the region was as-
signed to a specific boundary layer aerosol model that minimizes the uncertainty 
in the derivation of the utilized AOP. Therefore, Nairobi and Kampala utilized 
the OPAC urban, while Malindi exploited the OPAC maritime tropical and 
Mbita, Mau forest Complex and Mount Kilimanjaro used the OPAC continental 
average boundary layer aerosol models. 

Estimation of ARF to study aerosol effects on regional atmospheric heating 
has been implemented by various researchers all over tropical India [10] [11] 
[12]. To start with, ARF at the TOA/SFC can be defined as the difference in the 
flux reaching the top of the atmosphere (surface) with and without the presence 
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of aerosols in the atmosphere. The clear-sky ARF calculations at TOA and SFC 
are performed separately with and without aerosols at 15˚ solar zenith interval 
and are used to determine 24-h [13]. 

( ) ( )
24

with aerosol TOA,SFC without aerosol TOA,SFC
0

TOA,SFC 24

0

Flux net Flux net d
ARF

d

h

h

 − 
=
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where dh is the time in hours. The difference between the radiative forcing at the 
TOA and SFC is defined as the atmospheric forcing and can be written as: 

( ) ( ) ( )TOA/SFC TOA/SFCTOA/SFCNA AF F F∆ = −                (2) 

where F∆  is the radiative forcing, NAF  and AF  are the fluxes estimated re-
spectively under no aerosol and with aerosol conditions. From these, the ATM 
forcing due to aerosols ( ATMF∆ ) is deducted as TOA SFCF F∆ −∆  with negative 
and positive ARF values indicating cooling and heating of the Earth-Atmosphere 
system respectively. As mentioned earlier, fluxes at the TOA and SFC are calcu-
lated by the COART model based on the DISORT code (Zhonghai et al., 1994; 
2006). Generally, ATMF∆  represents the amount of energy trapped by the aero-
sols present in the atmosphere, which aids in accessing aerosol impacts on global 
or regional climate. Aerosol impacts on climate are assessed by estimating the 
atmospheric heating rate via the First Law of Thermodynamics and hydrostatic 
equilibrium [14]. 

ATM

p

T g F
t C P

∂ ∆
=

∂ ∆
                        (3) 

where T t∂ ∂  is the heating rate in K⋅day−1, g is acceleration due to earth’s grav-
ity, pC  is specific heat capacity of air at a constant pressure = 1006 J⋅kg−1⋅K−1, 

ATMF∆  is the atmospheric forcing. P∆  is the atmospheric pressure difference 
taken as 300 hPa which is equal to the pressure difference between surface and 3 
km altitude. The concept behind this assumption is that the large amounts of 
aerosols are concentrated from surface to ~3 km altitude [15]. In order to esti-
mate change in incoming solar radiation caused by aerosols over the observa-
tional sites, calculations were made for extraterrestrial solar radiations using 
Equation 4.30 (Iqbal 1983): 

2 cos cos sin sin sin2
π

o
o sc

rH I
r

φ δ ω ω φ δ+   =      
.          (4) 

where Ho is extraterrestrial solar radiation, Isc is solar constant taken 1367 
W⋅m−2, (ro/r)2 is eccentricity correction factor, φ is the geographic latitude of the 
observation site, δ is solar declination angle which is the angle between the line 
joining the centre of the sun and Earth to the equatorial plane, ω is the hour an-
gle which is measured at the celestial pole between the observer’s longitude and 
solar longitude and taken at noon equal to zero. 
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3. Results and Discussions 
Regional Radiative Forcing 

To enhance the confidence in the results, AOD (at 550 nm) and ÅE (at 470 - 660 
nm) measured over the six study sites are compared to the derived OPAC values 
and found to be in good agreement as shown in Table 1. Additionally, seasonal 
mean atmospheric parameters such as columnar ozone (DU), precipitable water 
vapor (cm) and accumulated rainfall (mm) were used in process of radiative 
modeling via the COART model over each study site for the period of study are 
also presented. 

The SSA average at 550 nm during the study period was found to be 0.811 ± 
0.05 and varied between 0.611 ± 0.04 and 0.956 ± 0.06. Seasonal variability in the 
SSA was also exhibited during the study period across all the study sites i.e. SON 
season (0.875 ± 0.03 - 0.899 ± 0.02), followed by MAM (0.810 ± 0.04 - 0.853 ± 
0.05), DJF (0.611 ± 0.04 - 0.778 ± 0.06) and JJA (0.754 ± 0.07 - 0.796 ± 0.03). A 
seasonal change in the absorbing nature of atmospheric aerosols over the region 
is depicted by the higher SSA values of SON and MAM seasons as compared to 
that of the DJF and JJA seasons over the region. Likewise, the monthly average 
values of AP estimated around 0.697 ± 0.02 and varied between 0.627 ± 0.02 and 
0.711 ± 0.04 over the entire East African region. Seasonally, AP at 550 nm de-
picted different values with season’s i.e. SON, MAM, DJF and JJA were 0.678 ± 
0.01, 0.673 ± 0.04, 0.648 ± 0.05 and 0.645 ± 0.03, respectively. The higher value 
of AP in SON season indicates that the size distribution is dominated by 
coarse-mode aerosols. 

Variation of both downward and upward irradiance with the SZA over each 
study site during the study period was examined (see Figure 2(a), Figure 2(b)). 
It was established that the two irradiances decrease with increasing SZA over 
each of the study site. The decrease is more significant at larger SZA since most 
of the incoming solar radiation is diffuse in nature due to scattering effects. The 
low sun case (SZA 0˚ - SZA 20˚) is characterized by high down welling irra-
diances since most of the incoming solar radiation is direct and strikes the sur-
face at a glancing angle unlike in the high sun case (SZA 50˚ - SZA 80˚) where 
most of the down welling irradiance is diffuse, hence the low spectral irradiance 
values [8]. Figure 1(b) shows that upward irradiances in the atmosphere over 
the study sites decrease with increasing SZA that is attributable to strong Fresnel 
reflection on the Earth’s surface [8]. 

As stated earlier, the OPAC model derived values were utilized as an input to 
RTM to calculate ARF; as a result, uncertainty in the calculated ARF needs to be 
quantified especially when the magnitude of the forcing is small. Generally, un-
certainties arise from the estimation of composition of aerosol types, state of 
mixing assumptions and the vertical distribution of aerosols. The uncertainties 
in SSA and AOD between OPAC and AERONET/MODIS values were estimated 
at ~6% and ~7%, respectively while that of AP was quite low (~0.7%). Addition-
ally, the combined effect of atmospheric condition and surface albedo was found  
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Table 1. Comparisons of seasonal mean AOD and ÅE from observed measurements as compared to the modeled values from 
OPAC and Seasonal mean atmospheric parameters over each study site during the study period. 

Site Parameters Observed/model 
Season 

DJF MAM JJA SON 

N
ai

ro
bi

 

AOD (550 nm) 

AERONET/MODIS 0.24 ± 0.07 0.18 ± 0.05 0.20 ± 0.04 0.16 ± 0.06 

OPAC Derived 0.26 ± 0.06 0.20 ± 0.07 0.23 ± 0.08 0.18 ± 0.07 

RMSE 0.02 0.03 0.02 0.02 

ÅE (470 - 660 nm) 

AERONET/MODIS 1.43 ± 0.33 1.04 ± 0.26 1.53 ± 0.24 1.36 ± 0.14 

OPAC Derived 1.40 ± 0.14 1.06 ± 0.21 1.51 ± 0.11 1.30 ± 0.25 

RMSE 0.02 0.02 0.03 0.04 

Columnar ozone (DU) OMI 268 ± 15 283 ± 13 264 ± 12 278 ± 20 

Precipitable water vapor (cm) MODIS-Terra 1.4 ± 0.4 4.5 ± 0.3 1.1 ± 0.5 2.5 ± 0.9 

Rainfall (mm) From NCEP re-analysis 10.90 138.87 37.36 114.03 

M
bi

ta
 

AOD (550 nm) 

AERONET/MODIS 0.21 ± 0.06 0.15 ± 0.05 0.20 ± 0.07 0.18 ± 0.05 

OPAC Derived 0.23 ± 0.05 0.20 ± 0.06 0.21 ± 0.04 0.19 ± 0.03 

RMSE 0.03 0.03 0.01 0.03 

ÅE (470 - 660 nm) 

AERONET/MODIS 1.46 ± 0.31 1.14 ± 0.26 1.57 ± 0.20 1.46 ± 0.17 

OPAC Derived 1.43 ± 0.14 1.10 ± 0.21 1.56 ± 0.12 1.43 ± 0.11 

RMSE 0.01 0.03 0.01 0.02 

Columnar ozone (DU) OMI 264 ± 17 278 ± 19 260 ± 18 271 ± 21 

Precipitable water vapor (cm) MODIS-Terra 1.8 ± 0.6 4.9 ± 0.5 1.6 ± 0.4 3.0 ± 0.7 

Rainfall (mm) From NCEP re-analysis 12.30 137.31 34.86 114.61 

M
al

in
di

 

AOD (550 nm) 

AERONET/MODIS 0.26 ± 0.08 0.20 ± 0.05 0.22 ± 0.06 0.20 ± 0.07 

OPAC Derived 0.28 ± 0.07 0.22 ± 0.04 0.25 ± 0.03 0.21 ± 0.06 

RMSE 0.02 0.02 0.01 0.02 

ÅE (470 - 660 nm) 

AERONET/MODIS 1.01 ± 0.11 0.99 ± 0.13 0.78 ± 0.11 0.96 ± 0.12 

OPAC Derived 1.00 ± 0.15 0.94 ± 0.10 0.75 ± 0.10 0.94 ± 0.16 

RMSE 0.03 0.02 0.01 0.02 

Columnar ozone (DU) OMI 271 ± 10 272 ± 14 261 ± 18 272 ± 21 

Precipitable water vapor (cm) MODIS-Terra 2.1 ± 0.3 5.4 ± 0.1 1.9 ± 0.3 3.4 ± 0.5 

Rainfall (mm) From NCEP re-analysis 6.67 105.31 26.16 98.18 

M
au

 fo
re

st
 c

om
pl

ex
 

AOD (550 nm) 

AERONET/MODIS 0.16 ± 0.03 0.10 ± 0.04 0.13 ± 0.06 0.11 ± 0.07 

OPAC Derived 0.17 ± 0.01 0.12 ± 0.07 0.16 ± 0.07 0.13 ± 0.08 

RMSE 0.02 0.03 0.03 0.02 

ÅE (470 - 660 nm) 

AERONET/MODIS 1.56 ± 0.21 1.17 ± 0.13 1.57 ± 0.10 1.66 ± 0.17 

OPAC Derived 1.54 ± 0.16 1.14 ± 0.11 1.56 ± 0.17 1.64 ± 0.11 

RMSE 0.03 0.03 0.02 0.03 

Columnar ozone (DU) OMI 265 ± 10 280 ± 15 261 ± 15 275 ± 21 

Precipitable water vapor (cm) MODIS-Terra 1.4 ± 0.2 3.1 ± 0.6 1.1 ± 0.8 2.2 ± 0.3 

Rainfall (mm) From NCEP re-analysis 11.00 127.89 37.45 111.01 
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Continued 
K

am
pa

la
 

AOD (550 nm) 

AERONET/MODIS 0.25 ± 0.06 0.20 ± 0.08 0.22 ± 0.06 0.20 ± 0.06 

OPAC Derived 0.27 ± 0.07 0.23 ± 0.09 0.24 ± 0.05 0.21 ± 0.07 

RMSE 0.03 0.04 0.03 0.02 

ÅE (470 - 660 nm) 

AERONET/MODIS 1.66 ± 0.10 1.44 ± 0.16 1.73 ± 0.14 1.76 ± 0.10 

OPAC Derived 1.65 ± 0.11 1.43 ± 0.11 1.71 ± 0.17 1.73 ± 0.15 

RMSE 0.01 0.01 0.02 0.03 

Columnar ozone (DU) OMI 276 ± 16 285 ± 10 274 ± 10 281 ± 14 

Precipitable water vapor (cm) MODIS-Terra 1.5 ± 0.2 4.3 ± 0.7 1.4 ± 0.6 2.8 ± 0.5 

Rainfall (mm) From NCEP re-analysis 11.30 131.12 30.11 109.13 

M
ou

nt
 K

ili
m

an
ja

ro
 

AOD (550 nm) 

AERONET/MODIS 0.19 ± 0.02 0.14 ± 0.04 0.17 ± 0.04 0.15 ± 0.05 

OPAC Derived 0.20 ± 0.04 0.17 ± 0.05 0.18 ± 0.07 0.16 ± 0.04 

RMSE 0.02 0.01 0.02 0.01 

ÅE (470 - 660 nm) 

AERONET/MODIS 1.51 ± 0.11 1.11 ± 0.10 1.17 ± 0.12 1.16 ± 0.07 

OPAC Derived 1.49 ± 0.06 1.09 ± 0.09 1.15 ± 0.07 1.14 ± 0.10 

RMSE 0.02 0.03 0.02 0.01 

Columnar ozone (DU) OMI 258 ± 12 273 ± 17 254 ± 16 268 ± 12 

Precipitable water vapor (cm) MODIS-Terra 1.3 ± 0.4 4.0 ± 0.8 0.87 ± 0.4 2.2 ± 0.5 

Rainfall (mm) From NCEP re-analysis 10.34 135.34 32.56 110.64 

 
to range from 0.10 to 0.25 while the maximum uncertainties in computation of 
ARF were ~6%. Combining all these, the overall uncertainty in the estimation of 
daily averaged ARF combining various parameters was ~19.7% falling to within 
the prescribed limits of between 10% - 20% [16]. 

It is worth noting that both ARFTOA and ARFSFC were found to be negative 
with the former having a higher magnitude over each of the study sites and sea-
sons throughout the study period. The negative ARF values indicate a cooling of 
the Earth-Atmosphere dominating the study sites. There was an insignificant in-
tra-annual variability in the heating rates over each study site during the study 
period. Moreover, seasonal variability in the atmospheric heating rates as mod-
ulated by aerosols loading in the atmosphere was pronounced. The daily average 
ARFATM estimated over the entire East African region during the study period 
translates into atmospheric daily heating rates of 0.57 K/day, 0.54 K/day, 0.45 
K/day and 0.49 K/day during DJF, JJA, MAM and, SON seasons, respectively for 
all the SZA under consideration. These heating rates are comparable to those 
from other regions in the tropics e.g. India where similar studies report as high 
as 0.42 to 0.81 K/day. The stated heating rates over the region imply weaker 
convection activities leading to less precipitation over the concerned atmos-
phere. 

Pronounced anthropogenic activities over urban environs i.e. Nairobi and  
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(a)                                        (b) 

Figure 2. (a) (b) COART modeled downward and upward integrated fluxes for varying 
SZA respectively over Nairobi in 2000. 
 
Kampala e.g. refuse burning, increasing populace, vehicular and industrial emis-
sions [17]. Together with low rainfall rates that enhance dust lifting promote 
coarse-mode aerosols during the dry seasons (DJF and JJA). During the DJF 
season, the ARFSFC, ARFTOA and ARFATM are −16.9 ± 1.1 W∙m−2, −1.8 ± 0.4 
W∙m−2 and +15.1 ± 0.6 W∙m−2, respectively which translates to a daily heating 
rate of about 0.48 ± 0.02K/day during the study period. On the other hand, the 
JJA season is characterized by ARFSFC, ARFTOA and ARFATM of −17.3 ± 0.4 
W∙m−2, −1.4 ± 0.8 W∙m−2 and +15.9 ± 1.9 W∙m−2, respectively which translates to 
a daily heating rate of about 0.55K/day for the period of study. During the wet 
season, Nairobi is characterized by lower ARF values i.e. ARFSFC, ARFTOA and 
ARFATM of about −10.1 ± 0.5 W∙m−2, −1.7 ± 0.3 W∙m−2 and +8.4 ± 0.1 W∙m−2, 
respectively (for MAM) and −12.3 ± 1.0 W∙m−2, −1.6 ± 1.3 W∙m−2 and +10.7 ± 
1.9 W∙m−2, respectively (for SON). This translates to daily heating averages of 
0.48 K/day and 0.51 K/day for MAM and SON seasons respectively. Increasing 
heating rates for both MAM and SON seasons over Nairobi necessitates strong 
atmospheric absorption that directly influences the regional general atmospheric 
circulation. 

Vehicular emissions over Kampala explain the high AOD values (see Table 
5.10) as compared to Nairobi throughout the study period [18]. These high AOD 
values explain the enhanced heating rates over the site as compared to Nairobi 
during the study period. During the DJF season, the ARFSFC, ARFTOA and 
ARFATM are −17.8 ± 1.4 W∙m−2, −1.4 ± 0.3 W∙m−2 and +16.2 ± 0.4 W∙m−2, respec-
tively leading to a daily heating rate of about 0.56 ± 0.03 K/day during the stud 
period. Similarly, the JJA season is described by ARFSFC, ARFTOA and ARFATM of 
−18.1 ± 0.2 W∙m−2, −1.2 ± 0.2 W∙m−2 and +16.9 ± 1.7 W∙m−2, respectively which 
translates to a daily heating rate of about 0.56 K/day for the period of study. The 
increasing heating rates during DJF and JJA seasons over Kampala imply strong 
atmospheric absorption that directly affects regional atmospheric dynamics. 

Wet season is characterized by lower ARF values i.e. ARFSFC, ARFTOA and 
ARFATM of about −12.3 ± 0.4 W∙m−2, −1.3 ± 0.2 W∙m−2 and +11.0 ± 0.6 W∙m−2, 
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respectively (for MAM) and −13.6 ± 1.2 W∙m−2, −1.8 ± 1.3 W∙m−2 and +11.8 ± 
1.8 W∙m−2, respectively (For SON) as compared to dry season. This translates to 
daily heating averages of 0.49 K/day and 0.52 K/day for MAM and SON seasons 
respectively. Enhanced aerosol scavenging from the atmosphere through wet 
deposition implies low aerosol loading which explains the decreasing heating 
rates observed over Kampala during wet seasons over the site. 

Mbita, a rural site adjacent to Lake Victoria similarly exhibits seasonal varia-
bility in ARF but of a lower magnitude as compared to that of Nairobi as a result 
of declining biomass burning activities which consequently lower aerosol load in 
the atmosphere [8] [19] [20]. During the dry seasons i.e. DJF and JJA, the site is 
characterized by ARFSFC, ARFTOA and ARFATM of −14.1 ± 0.3 W∙m−2, −1.4 ± 0.7 
W∙m−2 and +12.7 ± 1.4 W∙m−2, respectively which translates to a daily heating 
rate of about 0.41 K/day for the period of study. Moreover, the wet season is 
characterized by ARFSFC, ARFTOA and ARFATM of about −9.1 ± 0.3 W∙m−2, −1.9 ± 
0.1 W∙m−2 and +7.2 ± 0.6 W∙m−2, respectively (for MAM) and −8.6 ± 0.3 W∙m−2, 
−1.7 ± 0.3 W∙m−2 and +6.9 ± 0.6 W∙m−2, respectively (For SON). This translates 
to daily heating averages of 0.41 K/day and 0.42 K/day for MAM and SON sea-
sons respectively. The relatively constant heating rates over Mbita in all seasons 
are attributed to invariant aerosol loading in the atmosphere during the study 
period. 

Maritime conditions (sea spray and sea salt) dominating Malindi plus the in-
fluence of Monsoon transportation of dust from the Arabian Peninsula [8] ex-
plains the enhanced ARF. Additionally, ARF are seasonally invariant in ARFSFC, 
ARFTOA and ARFATM and are estimated as −13.4 ± 1.8 W∙m−2, +2.4 ± 1.3 W∙m−2 
and +16.7 ± 2.4 W∙m−2, respectively translating to a daily heating rate of about 
0.66K/day. This heating rate is the highest among all the study sites in the re-
gion. The enhanced heating rate may be attributed to high absorbing aerosol 
loading Monsoon transport from Arabian Peninsula dominating the site. 

Mau Forest is mainly dominated by forest clearance for agricultural use and 
biomass burning activities [21] [22]. These activities may explain the larger AOD 
(0.16 ± 0.03 and 0.13 ± 0.06 for DJF and JJA seasons respectively) as a result of 
inefficient dry deposition of aerosols and accelerated dust lifting from bare land 
due to the forest clearance. During the wet seasons i.e. MAM and SON, AOD 
values are slightly lower (see Table 1) as a result of efficient wet deposition of 
aerosols from the atmosphere and at the same time limiting dust lifting activi-
ties. Seasonal ARF values at the surface during DJF, MAM, JJA and SON seasons 
are of the order of −16.1 ± 1.7 W∙m−2, −13.7 ± 2.2 W∙m−2, −6.5 ± 1.3 W∙m−2, and 
−12.2 ± 3.1 W∙m−2, respectively during the study period. Additionally, DJF, 
MAM, JJA and SON seasons projected an extraterrestrial solar radiation over 
Mau Forest estimated around 430.68 W∙m−2, 450.30 W∙m−2, 392.79 W∙m−2 and 
437.54 W∙m−2, respectively. Thus, the estimated ARF at the surface is −16.8 
W∙m−2, −14.1 W∙m−2, −15.0 W∙m−2 and −14.8 W∙m−2 for DJF, MAM, JJA and 
SON seasons respectively over Mau Forest. 
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Furthermore, the stated surface ARF in each season over Mau Forest trans-
lates to a relative change in incoming solar radiation of about 3.4%, 3.2%, 5.6% 
and 6.4%, in DJF, MAM, JJA and SON seasons respectively. Likewise, estimated 
extraterrestrial solar radiations are of magnitude of 433 W∙m−2, 448 W∙m−2, 327 
W∙m−2 and 299 W∙m−2 during the DJF, MAM, JJA and SON seasons respectively 
over Mount Kilimanjaro. This represents a relatively low percentage change in-
coming solar radiation of about 1.1%, 2.2%, 1.9% and 1.8%, as influenced by 
aerosols during DJF, MAM, JJA and SON season respectively. This minimal 
change in the surface ARF is attributed to the concerted efforts by the relevant 
authorizes in mitigating deforestation activities that were prevalent over the site 
[23]. 

4. Conclusions 

Assessment of radiative forcing due to aerosols is important in accounting for 
the cloud effect that has contributed to uncertainties in climate forcing esti-
mates. This study gave radiative forcing estimates in response to optical proper-
ties of aerosols over East Africa during the period of study. Aerosol optical 
properties constituted the inputs of a radiative transfer model to give corres-
ponding forcing estimates. 

The study revealed that aerosols variability over the region directly increased 
the net atmospheric forcing which translated to an increase in the heating rate of 
about 0.55 ± 0.05 K/day (0.41 ± 0.03 to 0.78 ± 0.03 K/day) in the lower tropos-
phere. This enhanced heating rate in the atmosphere has most likely contributed 
to increasing variability in the adiabatic lapse rate over the area of study which 
consequently leads to increasing variability in atmospheric stability that is cha-
racterized by varying climate over the period of study. This phenomenon can be 
attributed to increasing climate variability and change over the area of study. 
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