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Abstract 

Traditional satellite based AOD retrieval techniques with a coarse resolution such as 

collection 5 hardly provides a high spatial detail suitable for accurate AOD retrieval 

particularly over the ecologically stressed sites of East Africa. Furthermore, AOD retrievals 

from Moderate Resolution Imaging Spectroradiometer (MODIS-collection 5) require a linear 

mixing model that utilizes the normalized difference vegetation index (NDVI) to calculate 

surface reflectance. Since NDVI is affected by the presence of aerosols in the atmosphere, an 

empirical linear relationship between short wave infrared (SWIR) and visible reflectance were 

estimated in order to calculate a modified aerosol free vegetation index (AFRI). Based on 

AFRI and the minimum reflectance technique (MRT), an improved linear mixing model was 

developed. Calculated Vis/SWIR ratio diverges from the one used in the hypothetical model 

for AOD retrieval. Likewise, the regression coefficients between retrieved AOD for the 

developed algorithm and AERONET were higher as compared to that of MODIS collection 5 

and AERONET. These emphasize the need of using AFRI plus accurate selection of surface 

characteristics and aerosol type for accurate AOD retrieval over East Africa that is addressed 

by the developed algorithm. At low AERONET AOD values, the two algorithms i.e. MODIS and 

developed agree but as the AERONET AOD value increases, a discrepancy is noted between 

the two as a result of usingNDVI and AFRIin the MODIS and developed algorithms 

respectively. 
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Introduction 

Atmospheric aerosols are the most 

abundant and variable component of the 

Earth’s atmosphere (IPCC, 2007). The 

main types of aerosol over Africa are 

desert dust and biomass burning aerosols 

which are UV-absorbing. In particular, 

Western Sahara is a major source for dust 

(Prospero et al., 2002; Reid et al., 2003; 

Kaufman et al., 2005) that is normally 

transported to the tropical North-Atlantic 

Ocean and the Mediterranean Sea yearly 

(D'Almeida, 1986; Prospero et al., 1996; 

Engelstaedter et al., 2006).This makesthe 

continent an appropriate place to study 

aerosol impact on both local and global 

climate.As well, during the local dry 

period, smoke and other biomass burning 
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aerosols areproduced by annually recurring 

Savanna fires in all vegetated parts of 

Africa. These aerosols are known to be 

chemically active with their internal 

physico-chemical properties changing 

rapidly in a few hours to days after their 

release (Reid et al., 2005). 

De Graaf et al. (2010) established that 

Absorbing Aerosol Index (AAI) and 

residues data are related to monthly mean 

precipitation data and they show Monsoon 

controlled aerosol loadings. Seasonal 

variation in the aerosol distribution was 

clearly linked to the seasonal cycle of the 

Monsoonal wet and dry periods over East 

and West Africa. The residue varies freely 

due to aerosol emissions from deserts and 

biomass burning events during dry period 

while on contrary; they depend linearly on 

the amount of precipitation as a result of 

scavenging of aerosols and prevention of 

aerosol emissions from the wet surface 

during wet period. This is most clear over 

East Africa, where the sources and sinks of 

atmospheric aerosols are controlled 

directly by the local climate, i.e. 

Monsoonal precipitation. 

Understanding the influence of 

aerosols on climate howeverrequires 

identification of aerosol properties i.e. 

sources, size, sinks and type which can be 

retrieved from ground-based instruments 

(AErosol RObotic NETwork (AERONET) 

(Holben et al., 1998) and Multi-axis 

Differential Optical Absorption 

Spectroscopy (MAX-DOAS) (Wittrock et 

al., 2004). Alternatively, these properties 

may also be derived from satellite-based 

spectroscopic sensorslike theModerate 

Resolution Imaging Spectrometer 

(MODIS) (Salomonson et al., 1989). In 

general, satellite-borne aerosol 

observations have an advantage over 

ground-based measurements since they 

have a large spatial coverage even though 

only taking one or two observations in a 

given day and position. 

Aerosol properties retrieval over ocean 

surfacesfrom satellite-based measurements 

utilizes the Near Infra-Red (NIR) channels 

(Von Hoyningen-Huene et al., 2003). This 

is because the ocean surfaces experiences 

relatively low spectral surface reflectance 

which can be ignored in the process of 

aerosol retrieval (Geogdzhayev et al., 

2002). Conversely, retrieval of aerosol 

properties over land is complex, requiring 

several model assumptions (Torres et al., 

1998; 2002). The procedure for a nadir 

retrieval of AOD for instance fails in NIR 

due to high surface reflectance and its 

variability over bright surfaces. However, 

in the visible regime i.e. 0.4 μm <λ< 0.67 

µm (with the exception of snow and desert 

ground) the spectral surface reflectance has 

values in the range ≤ 0.05 that decrease 

with decreasing wavelength. Therefore, 

retrieval of aerosol properties over land 

requires separation techniques to consider 

the variable contribution of surface 

reflectance. 

Kaufman and Tanre (1998) proposed 

the dense dark vegetation (DDV) method 

using the multiband algorithm from 

MODIS satellite images (collection 4). It 

was later noted that this technique works 

efficiently over vegetation areas 

characterized by low surface reflectance 

but for bright surfaces such as deserts, 

coastal, arid and urban areas (main sources 

of anthropogenic aerosols), it fails. This is 

because the DDV method makes 

assumption that the vegetation is 

sufficiently dark and the ratio between the 

bottom of atmosphere (BOA) and top of 

atmosphere (TOA) reflectance at different 

wavelengths is constant (Gillingham et al., 

2012). Additionally, Chu et al. (2002) 

showed that the MODIS collection 4 

algorithm has a positive bias when 

compared to data retrieved from the 

AERONET sunphotometer while Levy et 

al. (2004) and Remer et al. (2005) reported 
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some inherent problems in using the DDV 

algorithm.  

The contribution of surface reflectance 

on AOD retrieval is well documented (Von 

Hoyningen-Huene et al., 2003; Lee et al., 

2006; Guo et al., 2009; Wong et al., 2010). 

Any attempt to retrieve aerosol 

characteristics from a satellite image 

depends on the method of decoupling both 

surface and aerosol reflectance and its 

subsequent modeling using a radiative 

transfer model (RTM). Levy et al. (2007) 

modified the surface reflectance 

determination in the MODIS aerosol 

retrieval algorithm (known as collection 5) 

by considering NDVI for dark pixel 

screening, as well as the scattering angle. It 

was later discovered that NDVI over 

estimates the surface reflectance and 

consequently underestimating aerosol 

reflectance of a given pixel if there is a 

strong aerosol influence in the presence of 

satellite scene. Since retrieval of aerosol 

reflectance over bright surfaces is a 

challenge due to the complexity in 

decoupling both surface and aerosol 

reflectance, Hsu et al. (2004; 2006) 

developed a deep blue algorithm for 

aerosol retrieval over bright surfaces using 

MODIS imagesmakes use of the blue 

wavelengths where the surface reflectances 

are bright in the red region and darker in 

the blue region.  

The region’s vegetation cover, aerosols 

sources and sinks affect the decoupling 

process of both surface and aerosol 

reflectance. In order to retrieve and map 

AOD distributions over theregion with an 

improved accuracy, a newMODIS (500m) 

AOD retrieval algorithm was developed. 

This algorithm utilizes the modified MRT 

technique and AFRI to decouple surface 

and aerosol reflectances. This is because 

AFRI is known to assess the vegetation 

index in the presence of smoke, 

anthropogenic natural aerosol sources that 

dominate the region.  

Rapid urbanization (Nairobi), 

monsoonal influence (Malindi), biomass 

burning and land cover change (Mbita) and 

deforestation (around Mount Kilimanjaro) 

in the last 30 years necessitates the need to 

retrieve and improve on the understanding 

of aerosol contribution on the climate 

change (Höller et al., 2005) in the region. 

This understanding should be with 

appreciable accuracy and confidence since 

aerosol properties are highly variable. This 

paper presents results of a newly 

developed algorithm that utilizes MODIS 

radiance measurements with AFRI and 

MRT for AOD retrieval over the 

ecologically stressed regions of East 

Africa.  

Area of Study 

The study was undertaken over 

selected AERONET sites in the two East 

African countries i.e. Kenya and Tanzania 

so that results from satellite measurements 

can more easily be ground-referenced 

shown in Figure 1. Additionally, the 

selection was also based on physical 

features known to profoundly modify 

aerosol characteristics in the immediate 

atmosphere.  

Nairobi 
Nairobi is a fast expanding metropolis 

in East African region with a tropical high 

altitude (1798 m) and is situated at 1°S, 

36°E. The city is strongly impacted on by 

local urban pollution attributable to its high 

populace (about 3.1 million), industrial 

activities, and smoke aerosols from refuse 

burning, transport of air masses from 

biomass burning regions adjacent to it and 

vehicular emissions characterized by early 

morning and late evening rush hour.   

Mbita 
Mbita is a rural site in South Western 

Kenya, on the shores of Lake Victoria 

situated at 0°S, 34°E with an altitude of 

1125 mand a population of 46,223. Other 

than farming, fishing, biomass burning and 

farm clearance for cultivation activities 
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that dominate the site, the region also 

experiences the Lake-terrestrial air mass 

exchange due to its nearness to Lake 

Victoria. 

Malindi 
Malindi is a town located at 2°S, 

40°Ewith an altitude of 12 m, lying on the 

Indian Ocean coast of Kenya. It is 120 

kilometers northeast of Mombasa City 

with a population of 1.1 million.The site is 

dominated by maritime conditions 

associated with sea salt and sea spray 

aerosols that are known to dominate the λ 
= 0.44 μm atmospheric window. Unique to 

the site is the significance of long distance 

transport of coarse aerosols from the 

Arabian Peninsula desert via Monsoon 

winds (Makokha and Angeyo, 2013). 

Mount Kilimanjaro 
Mount Kilimanjaro, located at 3°S, 

37°E, is the highest mountain in Africa, 

and the highest free-standing mountain in 

the world at 5895 metres above sea level 

with an area of approximately 75 km x75 

km. The disappearance of the mountain’s 

glaciers is associated to deforestation 

activities going on around it in the adjacent 

Kilimanjaro National Park (Fairman et al., 

2011). 

  

Figure 1: Map indicating the selected sites of study in the East African region. 

 

Materials and Methods 

Spectral Imaging 
Acquisition of data from satellite 

imaging sensor utilizes various techniques 

among them is the push-broom imaging 

technique (Shaw and Burke, 2003). In this 

spectral imaging format, the cross track-

line of spatial pixels are decomposed into 

three spectral bands via diffraction grating 

and wedge filter mechanisms (Seery et al., 

1996). On the other hand, Principal 

Component Analysis (PCA) was utilized in 

reduction ofdata dimensionality while 

preserving essential information in the 

spectral data cube (Hsu and Burke, 2003).  

For MODIS L1B data pre-processing 

procedures i.e. georeferencing, bow tie 

correction (overlap effect of consecutive 

scans) and subset (images created for a 

specific area of the globe) were achieved 
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via MODIS TOOL in ENVI 4.0 over each 

pixel on the ground. Details of various 

equations used to derive reflectances from 

MODIS L1B data are discussed elsewhere 

(Kaufman et al., 1997; Von Hoyningen-

Huene et al., 2007).  

Cloud Masking Procedure 
Aerosol properties retrievals depend on 

accurate cloud masking algorithms that 

utilizes a combination of different 

wavelengths (Ackerman et al., 1998). In 

the present case, the absence of the high 

resolution thermal band in the 

MOD02Hkm (500m) data necessitated the 

development of a tailor-made cloud 

masking algorithm. This masking 

algorithm reflectance threshold at 550 nm 

was based on clear sky conditions on 30
th

 

January 2003who’sRGB and gray scale 

images are shown in Figure 2 for MODIS 

Terra. The thresholds for aerosol retrieval 

in each pixel for the channels of interest 

were set i.e. reflectances >0.2 or AFRI<-

0.5 were all masked for each pixel over the 

specifiedstudy sites.Additionally, the 

minimum reflectance technique (MRT) 

which involves a procedure to find the 

clearest pixels (i.e. with the lowest 

reflectance) daily for the period of study 

was applied. 

 

 
Figure 2: Clear sky RGB (a) and grey scale (b) images from MODIS Terra over the study 

sites 

 

Decoupling of Modified Reflectance from 

TOA reflectance  

Rayleigh Path Reflectance 

The modified reflectance ( ) is 

obtained by subtracting the Rayleigh path 

reflectance from the TOA reflectance for 

each illumination and observation 

geometry. Based on digital elevation 

model (DEM) in the MOD03 geolocation 

data, height and pressure of each pixel was 

determined following Wong et al. 

(2010).Furthermore, determination of 

Rayleigh path reflectance was based on its 

dependence on Rayleigh optical depth 

(ROD) and phase function as described in 

both Bucholtz (1995) and Wong et al. 

(2010). 

Surface Reflectance  
Kaufman et al. (1997) shows the 

process of decoupling . Based on 

this procedure, a linear relationship 

between short wave infrared (SWIR) and 

visible channel reflectance was calculated 

(Table 1). Thisrelation depends highly on 
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land cover type and temporal variation in 

vegetation index as indicated by Karnieli et 

al. (2001), hence the need to establish that 

which fits each study siteis of necessity. 

AFRI was adopted according to equation 1 

with the constant ( ) depending on the 

linear relationship between SWIR and Vis 

reflectance over each study site to aid in 

cloud masking as detailed in Table 1. 

 

  (1) 

 

Satellite Signal in the Solar Spectrum 

(6S) radiative transfer model 
The 6S radiative transfer model 

permits calculations of near-nadir aircraft 

observations, accounting for target 

elevation, non lambertian/anisotropic 

surface conditions, and new absorbing 

species in the atmosphere.The 6S code 

computational accuracy for Rayleigh and 

aerosol scattering effects has been 

improved by the use of state of the art 

approximations, improved spectral 

integration to 2.5 nm and implementation 

of the successive orderscattering (SOS) 

algorithm. A detailed description of the 

methods may be found in Vermote et al. 

(2006). In this study, the 6S code is meant 

for calculation of look up table (LUT) 

necessary for AOD retrieval. 

Retrieval of Aerosol Reflectance 
TOA reflectance was limited to within 

±30 minutes of MODIS overpass time 

AERONET measurement for easy ground 

referencing. The daily calibrated 

reflectances were first cloud masked 

andthen grouped into their respective 

seasons i.e. those corresponding to dry 

season (December to February) and Wet 

season (inclusive of both short and long 

rains i.e. March to November) (Kaufman et 

al., 1997). The MRT was used in 

identifying pixels with TOA reflectance 

values ≤ 0.2 after which Rayleigh 

scattering effects were corrected as 

discussed in a section on Rayleigh path 

reflectance. Surface and aerosol 

reflectances were decoupled using the 

AFRI as detailed in the surface reflectance 

section.  

The scheme in Figure 3 runs on 

Ubuntu Linux with a pre-installed Python 

2.7.X version. Python modules i.e. Numpy, 

Scipy, Matplotlib, Python-dateutil, Pysolar 

and Pandas were downloaded from their 

respective repositories and installed in the 

respective order. Py6S, an interface to the 

6S atmospheric RTM through the Python 

programming language was utilized in the 

retrieval of AOD. 

 

 

Retrieval of Aerosol Optical Depth over Ecologically Stressed East African................MAKOKHA et al. 



955 

 

 
Figure 3: The schematic diagram for the developed aerosol optical depth retrieval algorithm 

 

Retrieval of Aerosol Optical Depth 
Inputs to the 6S comprise of geometric 

conditions (solar zenith angle, solar 

azimuth angle, sensor zenithal angle and 

sensor azimuthal angle), atmospherical 

model (tropical), aerosol models (biomass 

burning, urban and maritime) and a 

homogeneous surface were utilized. A 

comprehensive LUT was constructed using 

the 6S code for calculating aerosol 

reflectance as a function of AOD under 

various sun viewing geometries (only nadir 

images with satellite viewing angle <35º) 

based onaccurate optimal spectral shape 

fitting according to Wong et al. (2010). 

For the purpose of validation, only AOD 

values at 550 nm were determined here 

since MODIS collection 5 end products are 

only at this wavelength and then compared 

to AERONET ground measurements. 

 

Results and Discussions 

Relationship between the visible and 

SWIR bands 
The surface reflectance ratio between 

the Vis and SWIR radiation is animportant 

quantity for AOD retrieval from MODIS 

Terra. Based on empiricallydetermined 

Vis/SWIR ratios, AOD retrievaluses the 

surface reflectance in the SWIR band 

(2100 nm), where the interaction between 

solar radiation and the aerosollayer is 

small, to predict the visible reflectances in 

the 550 nm band. Figure 5 shows 

Vis/SWIR ratios over each study site 

during dry and wet seasons from February 

2000 to December 2013. Basically, other 

than the criterion set in the algorithm 

(Figure 3), the choice of MODIS Terra 

Rayleigh corrected reflectance to be used 

in the determination of the Vis/SWIR 

ratios over each study site was limited to: 

1. A complete monthly data set is 

composed of more than 50 % 

qualified daily reflectances in each of 

the two spectral bands. 

2. The SWIR reflectance was limited to 

a value less or equal to 0.15 as per 

the criterion given by MRT. 

Thus, based on the stated criterion, 

Vis/SWIR ratios were plotted as shown in 

Figure 4 over each study site. 
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Figure 4: Relation between the Rayleigh corrected visible (550 nm) and SWIR spectral bands (2100 nm) reflectances averaged fordry 

season (Column 1) and wet season (Column 2) over each study site from February 2000 to December 2013. 
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The Vis/SWIR ratio over each study 

site differs from the one proposed for AOD 

retrieval in the hypothetical model 

(Kaufman et al., 1997; Karnieli et al., 

2001). The variation is more significant 

during the dry season as compared to the 

wet season since this ratio is highly 

depended on land cover type and temporal 

variation of vegetation. Figure 4 clearly 

shows that the use of hypothetical model 

values proposed by Kaufman et al. (1997) 

in the retrieval of AOD over the East 

African atmosphere will be inaccurate. 

Therefore, the hypothetical model values 

cannot always be used to calculate surface 

reflectance for aerosol retrieval over the 

study sites. The slope and intercept of 

atmospheric corrected reflectance over 

each site of study were as shown in the 

Table 1. 

 

Table 1: The slope and intercept (in bracket) of atmospheric corrected reflectances at 550 nm 

verses 2100 nm ( ) spectral bands from February 2000 to December 2013. 
Site of Study Dry Season Wet Season Hypothetical model proposed by 

Kaufman et al., 1997 

Nairobi 0.36 (0.036) 0.38 (0.032) 0.33 

Mbita 0.34 (0.037) 0.34 (0.029) 

Malindi 0.38 (0.035) 0.35 (0.023) 

Mount Kilimanjaro 0.40 (0.038) 0.35 (0.038) 

 

Aerosol Optical Depth Retrieval and 

validation 
We note the variation in the Vis/SWIR 

ratios used in the hypothetical model and 

those derived for AOD retrieval. This 

variation leads to either an overestimation 

or underestimation of surface reflectance, 

hence impacting negatively on aerosol 

reflectance that is necessary for accurate 

AOD retrieval over the region. Thus to 

increase the level of confidence in the 

derived aerosol products, a comprehensive 

validation process of the retrieved AOD 

must be effected. Here, the retrieved AOD 

at 550 nm wavelength from Level-3 

MODIS gridded atmosphere monthly 

global product and that derived from the 

developed algorithm was implemented via 

AERONET AOD (Level 1.5-cloud 

screened) but limited to within ±30 

minutes of MODIS Terra overpass time. 

Correlation between (MODIS, developed 

algorithm) and AERONET retrieved AOD 

in each season and study site for the stated 

period except Mount Kilimanjaro are 

shown in Figure 5.  
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Figure 5: Correlations between (MODIS, developed algorithm) and AERONET retrieved AOD for dry season (Column 1) and wet 

season (Column 2) except Mount Kilimanjaro 
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Correlations between the derived AOD 

from MODIS Terra collection 5, developed 

algorithm and AERONET in each season 

are presented in Figure 5. The correlation 

coefficients between retrieved AOD for 

developed algorithm and AERONET were 

higher as compared to that of MODIS 

collection 5 and AERONET over each 

study site and season. This was attributed 

to improper assumptions of surface 

reflectance and selection of aerosol type 

(Jethva et al., 2005; 2010, Tripathi et al., 

2005, More et al., 2013) that were 

addressed by the developed algorithm. 

Details of the correlation coefficients 

between (MODIS, developed algorithm) 

and AERONET retrieved AOD for each 

season except Mount Kilimanjaro as a 

result of luck of AERONET data over any 

of the three AERONET site during the dry 

season are shown in Table 2. 

 

Table 2: Regression coefficients between (MODIS, developed algorithm) and AERONET 

retrieved AOD for each season except Mount Kilimanjaro 
Site of Study Dry Season Wet Season 

MODIS verses 

AERONET 

Developed Algorithm 

verses AERONET 

MODIS verses 

AERONET 

Developed Algorithm 

verses AERONET 

Nairobi 0.05 0.58 0.04 0.13 

Mbita 0.36 0.71 0.04 0.56 

Malindi 0.10 0.78 0.27 0.81 

Mount 

Kilimanjaro 

  0.74 0.97 

 

At low AERONET AOD values, the 

two algorithms i.e. MODIS and developed 

agree over each study and season but as the 

AERONET AOD value increases, a 

discrepancy is noted between the two. This 

discrepancy is associated to the use of 

NDVI (MODIS algorithm) and AFRI 

(developed algorithm). Normally, the use 

of NDVI which cannot exactly represent 

an accurate vegetation state for estimation 

of surface characteristics particularly under 

strong aerosol influence explains the low 

MODIS verse AERONET retrieved AOD 

correlation (Lee et al., 2006). 

Alternatively, AFRI is not always affected 

by aerosol presence and it also assesses the 

sensitivity of surface reflectance to aerosol 

retrieval (Lee et al., 2006, Karnieli et al., 

2001). Hence, the results that indicate high 

regression coefficients to that of 

AERONET over each study site and 

season. This therefore emphasizes the need 

of using AFRI instead of NDVI in the 

aerosol retrieval algorithm of AOD over 

the region of interest since the previous is 

based on the ability of SWIR bands to 

penetrate the atmospheric column even 

when aerosols such as smoke or sulfates 

exist. Consequently, AFRI has a major 

application in assessing vegetation in the 

presence of smoke anthropogenic pollution 

and volcanic plumes (Karnieli et al., 

2001). High regression coefficients 

presented by the developed algorithm as 

compared to MODIS collection 5 implies 

that more retrieved AOD from the previous 

algorithm is more comparable to 

AERONET retrieved AOD.  

 

Conclusion 

A new developed algorithm forAOD 

retrieval utilizing MODIS L1B calibrated 

reflectance data at a resolution of 500mis 

described, tested and validated using 

AERONET AOD between 2000-2013 

depending on the site of study. The 

developed algorithm uses MRT coupled 

with AFRI instead of NDVI in the AOD 
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retrieval over various land surfaces in the 

region. The Vis/SWIR ratio differs from 

the one proposed for AOD retrieval in the 

hypothetical model, this implies that the 

hypothetical model cannot always be used 

to accurately calculate surface reflectance 

for aerosol retrieval over East Africa. 

Results indicate that retrieved AOD from 

the developed algorithm are more 

consistent with that of AERONET over 

each study site and season as compared to 

that of MODIS collection 5. This then 

emphasizes the need of using AFRI plus 

accurate selection of surface characteristics 

and aerosol type for accurate AOD 

retrieval over East Africa, hence increasing 

the confidence in exploiting remotely 

sensed data over the region.  
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