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Abstract

Dust aerosols play a critical role in atmospheric processes, influencing air
quality, climate, and weather patterns through their interactions with radia-
tion and cloud formation. This study aimed at characterizing the spatiotem-
poral distribution of dust and quantifying its radiative forcing over Kenya us-
ing a combination of satellite observations and model-based measurements.
Multi-year datasets from MERRA-2 and MODIS were utilized to analyze dust
loading and spatial variability. Additionally, radiative forcing (RF) derived
from MERRA-2 and satellite observations was estimated to assess dust-in-
duced changes in surface of-atmosphere (BOA), top-of-atmosphere (TOA)
and within atmosphere (ATM). The findings on spatiotemporal variability of
dust over Kenya, highlight high concentrations in northern regions during dry
months and reductions during wet seasons (MAM and OND). While on par-
ticle size distribution, the analysis shows coarse-mode dominance in dry peri-
ods, depicting dominance of dust. On the other hand, dust mass concentra-
tions peak in the northwest part of the study domain. Further, RF analysis
indicates dust induces BOA and TOA cooling but atmospheric heating, with
peak heating in June to July, local dry months. This study therefore recom-
mends an enhanced integrated dust monitoring and modeling system, espe-
cially during dry seasons, to capture Dust AOD, size, and mass concentration.
Further, targeted mitigation measures like afforestation, land-use planning
and early warning systems should be prioritized to reduce dust emissions, im-
prove climate model accuracy, and protect public health in vulnerable regions.
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1. Introduction

Atmospheric aerosols are among the major drivers of climate forcing agents that
are globally recognized [1] [2]. These aerosols, comprising fine solid particles or
liquid droplets suspended in the atmosphere, play a pivotal role in Earth’s climate
system [3]-[5]. Further, they are emitted into the atmosphere either through nat-
ural or anthropogenic means [5] [6] and they significantly contribute to regional
and global climate change. The total aerosol load consists of various aerosol spe-
cies with dust originating from arid and semi-arid regions as the major aerosol
contributor to the global aerosol load. As a fact, therefore, they have profound
implications for radiative forcing and atmospheric dynamics [1] [2] [7]-[9]. Aer-
osols and majorly dust, affect climate directly by scattering and absorbing solar
radiation, thereby modifying the radiation budget at the top, bottom, and within
the atmosphere, which in turn influences the atmospheric heating rate [10]-[13].
The atmospheric heating rate is strongly dependent on aerosol optical depth
(AOD) and single scattering albedo (SSA), being the column-integrated quantities
that measure aerosol light extinction and absorption, respectively [14] [15]. In re-
gions like Kenya, where local and transboundary dust sources converge, under-
standing the spatiotemporal variability and radiative impacts of mineral dust is
essential for effective climate modeling [16].

The radiative effects of dust are multifaceted, including both direct and indirect
interactions with solar and terrestrial radiation [17]-[28]. Dust particles scatter
and absorb sunlight, modulating the atmospheric energy budget and influencing
surface temperature [29]-[31]. These effects vary depending on the chemical com-
position, particle size distribution and optical properties of the dust [32]. Further-
more, dust aerosols act as cloud condensation nuclei (CCN) and ice-nucleating
particles (INPs), altering cloud properties and precipitation patterns [33]. Over
Kenya, the radiative forcing of mineral dust plays a significant role in shaping
regional weather and climate patterns.

Advancements in model-based measurements and remote sensing technologies
have revolutionized the study of dust. Numerical models, such as the Modern-Era
Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) [26]
[33] [34] and satellite datasets from instruments like the Moderate Resolution Im-
aging Spectroradiometer (MODIS) [35] and the Cloud-Aerosol Lidar and Infra-
red Pathfinder Satellite Observation (CALIPSO), provide high-resolution data on
aerosol properties. These tools enable comprehensive assessments of dust’s spatial
distribution and radiative impacts [27] [36].

Over the years, researchers have explored the dynamics of dust in various con-
texts, offering insights into its sources, transport mechanisms and interactions
with atmospheric processes [16] [37]-[42]. For instance, [31] investigated global
distribution and size variability of desert dust aerosols and highlighted that parti-
cle size influences the transport and deposition of dust, which in turn affects cli-
mate systems and nutrient cycles. In another related study, [37] delved into the

physics of windblown sand and dust, and revealed that surface wind speeds, soil
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properties, and vegetation coverage determine the intensity of dust events. Re-
gionally, a study by [43] examined air pollution trends in East Africa from 2001
to 2021, identifying heterogeneous patterns with increasing pollution in certain
hotspots and decreasing levels in other areas. Further, [44] focused on inhalable
particulate matter in Uganda and found that both urban and rural areas experi-
ence significant levels of particulates, with urban areas like Kampala showing
higher concentrations. While over the current study domain, [45] assessed
changes in aerosol optical properties over Kenya during the COVID-19 lockdown
period and reported insignificant effects on AOD spatial distributions.

Also, studies have been conducted over varied study domains on spatio-tem-
poral radiative forcing. For instance, [12] conducted research on aerosol radiative
forcing, emphasizing the role of dust in modulating atmospheric heating and sur-
face cooling. While [46] focused on Middle East, investigating how dust alters at-
mospheric circulation and heating and reported a positive role of dust in modu-
lating monsoon systems. On regional scale, [27] analyzed absorbing aerosols and
their radiative forcing over various East African stations from 2001 to 2018 using
AERONET and MERRA-2 and reported a spatio-temporal DARF at TOA, BOA
and within the atmosphere. Therefore, the present study has analyzed the spatio-
temporal characteristics of dust and quantified its radiative forcing over Kenya
using satellite- and model-based measurements. The rest of this paper is struc-
tured as follows: the study area and meteorology section illustrate the study area,
data, and methodology. Results and discussions are documented in the results and
discussion section, while the conclusions and recommendation section summa-
rizes the key findings drawn from the present work and call future research works

to be undertaken.

2. Materials and Methods
2.1. Study Domain and Meteorology

The study domain covers located between latitudes 5°S to 5°N and longitudes
34°E to 42°E [45] and spans an area of 582,646 km? as depicted in Figure 1. It is
bordered by Uganda to the west, Somalia to the east, Ethiopia to the north, Tan-
zania to the south and South Sudan to the northwest. It has a land area of about
569,137 km? with great diversity of landforms ranging from glaciated mountain
peaks with permanent snow cover, through a flight of plateaus to the coastal plain
[46]. Climatologically, Kenya has mostly tropical climate, with four distinct sea-
sons based on rainfall patterns [47]. The wet seasons, March-April-May (MAM)
and October-November-December (OND), are associated with lower AOD due
to enhanced wet scavenging and reduced anthropogenic emissions. Conversely,
the dry seasons, January-February (JF) and June-July-August-September (JJAS),
exhibit higher AOD, driven by meteorological changes and increased emission
sources [48] [49]. It has a distinct bimodal rainfall pattern which is influenced by
the Inter Tropical Convergence Zone (ITCZ), global oceans, the tropical high
pressure systems, tropical monsoons and tropical cyclones [5] [27]. This study
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encompasses long term characterization of dust and its radiative forcing over
Kenya using an integrated approach that combines satellite-based measurements
and model simulations. Additionally, the research examines the radiative forcing
of dust to assess its contribution to the Earth’s energy budget and its role in influ-

encing local and regional climate systems.
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Figure 1. Geographical map of Kenya showing the locations of major cities, including Nai-
robi, Mombasa, and Kisumu. The map also highlights key water bodies such as Lake Vic-
toria and Lake Turkana. The map is overlaid with latitude and longitude coordinates for
spatial reference.

2.2. Instrumentation and Data

To conduct an effective spatio-temporal dust analysis, a combination of both sat-
ellite-derived and model-based measurements was used. Satellite data from
MODIS, provide critical parameters such as aerosol optical depth (AOD) and dust
retrievals [50]. It was launched into the Earth’s orbit, with daytime equator cross-
ing at 10:30 h local time (LT = UTC + 3h), by the National Aeronautics and Space
Administration (NASA) Goddard Space Flight Center (GSFC) on 18th, December
1999 onboard the Terra satellite. The second was launched on May 4, 2002,
onboard the Aqua platform [35] and has a daytime equator crossing at 13:30 h LT.
The sensor has a swath of ~2330 km, with a temporal resolution of 1 - 2 days, and
acquires data over 36 spectral bands ranging in wavelengths from 0.415 to 14.235
um 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-ultraviolet (UV), visible and near
infrared spectroscopy (IR) wavelength regions (0.415 - 2.155 um) can effectively
retrieve AOD over land and ocean [51]-[53] using two different algorithms: “Dark
Target (DT)” and “Deep Blue (DB)”. MODIS aerosol products are stored at dif-

ferent levels and under various versions called “collections.” The MODIS data
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processing levels include level 1.0 (geolocated radiance and brightness tempera-
ture), level 2.0 (retrieved geophysical data products), and level 3.0 (gridded
points). MODIS retrieval accuracy over land and ocean [35] was estimated to be
+0.05 = 0.20 (AOD) and +0.03 = 0.15 (AOD), respectively, for level 2 products.
Detailed information concerning the sensor, data products, retrieval algorithms,
calibration, and uncertainties can be found elsewhere [51] [52] [54].

On the other hand, MERRA-2 is a global atmospheric reanalysis dataset devel-
oped by NASA’s Global Modeling and Assimilation Office (GMAO) and
launched in 2009 [34]. It is based on the GEOS-5 atmospheric model, covering
the period from 1980 to 2016 with a spatial resolution of 0.5° x 0.625° and 72
vertical layers, spanning the satellite observing era from 1980 to the present [26]
[33] [34]. In 2017, the initial MERRA model was enhanced with improved anal-
ysis, forecasting, data assimilation, and bias correction of aircraft observations,
leading to the development of MERRA-2 [36]. This model integrates meteoro-
logical data assimilation, aerosol analysis, precipitation, water vapor climatol-
ogy, and temperature estimates using NASA’s stratospheric ozone observations.
Building on the success of GEOS-based reanalysis, MERRA-2 aims to provide a
comprehensive Earth system reanalysis of the atmosphere, land, ocean, and ice.
In this study, MERRA-2 M2TMNXAER v5.12.4 level-3 monthly time-averaged
data were used to analyze trends in dust aerosols, which represent the total ab-

sorption and scattering per unit atmospheric depth. These datasets were sourced

from http://giovanni.gsfc.nasa.gov/giovanni/.

2.3. Methodology

A number of key aerosol properties were analyzed to characterize dust load and
optical effects. Dust AOD, a fundamental parameter representing columnar aero-
solloading, was computed using Equation (1) that has been used by previous stud-
ies [55]:

AOD, :J';:ﬂﬂ(z)dz (1)

where S, (Z) is the extinction coefficient at altitude z and wavelength A [35].
The Angstrom exponent (AE) was also calculated to infer particle size, given by
Equation (2) as:

o _log (A0D, /AOD,) o)

=5

where A4, and A, are reference wavelengths. Low AE values (AE < 1) indicate

coarse-mode aerosols such as dust, while higher values suggest fine-mode aerosols
like smoke or urban pollution [56].
To estimate the mass concentration (pg/m®) of dust aerosols, the following re-
lationship in Equation (3) was employed:
M — PpAOD,
Qe Fert

3)
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where p is the particle density, Q,, the extinction efficiency and r, the ef-
fective radius [57]. On radiative forcing is connected via linear connection to

global mean equilibrium temperature variation as given by Equation (4)
AT, = ARF (4)

Atmospheric aerosols perturb the incoming shortwave and outgoing longwave
radiation through the process known as direct aerosol radiative forcing (DAREF).
The DARF (W-m™) at the bottom (BOA; 1 km) and top of the atmosphere (TOA;
100 km) is calculated as the change in the net fluxes with ( FZ, ) and without ( F_, )
aerosols [23] [27].

b

AFgon = Fnzt,BOA - Fnet,BOA (5)
b

AFron = Fnit,TOA - Fnet,TOA (6)

Since the net flux ( F

et ) is the difference between the downward ( F, ) and upward

(F;) fluxes, the radiative forcing at BOA and TOA was calculated using Equation
(7) and Equation (8)

AFgon = ( FfBOA - FT"TBOA ) - ( Fib,BOA - F‘Fb, BOA ) )

AFron = ( Ff,TOA - FTETTOA ) - ( l:lb,TOA - FTb,TOA ) ®)

where AFis DARF while F® and F° are global irradiances with and without
aerosols measured the TOA ( AF;,, ) or BOA (AF,,, ), respectively. The net at-
mospheric forcing (AF,q, ), representing the amount of solar energy trapped in
the atmosphere due to dust aerosols was calculated as the difference between dust
TOA and BOA forcing (Equation (9)).

AFpmy = AFron —AFgo, )

However, since MERRA-2 reports total aerosol radiative effects, this study iso-
lated dust-only RF using dust-specific AOD (DUEXTTAU for total dust AOD)
and then calculated RF due to dust using Equation (10)
AOD,,
AOD

RF

dust

= RI:Total X (10)

Total

DDust

where RF;,, MERRA-2 radiative forcing for all aerosols, is the aer-

Total

osol mixing ration for Dust specific AOD (AOD,,, ) and total aerosol AOD
(AODq4, )- To achieve this, MERRA-2 data, including total aerosol radiative forc-

ing and AOD dust components, were retrieved. The dust-specific monthly radia-

tive forcing was then computed using Equation (10).

3. Results and Discussions

3.1. Spatiotemporal Analysis of Optical and Physical Properties of
Dust

3.1.1. Spatial Analysis of Dust

The monthly dust variation over Kenya, as illustrated in Figure 2, exhibits a clear
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seasonal pattern influenced by regional climatic conditions, wind regimes, rainfall
distribution and surface characteristics. The spatial gradient of dust AOD consist-
ently shows higher values in the northern and northeastern parts of the country,
with the southern and central regions experiencing relatively lower levels through-

out the year.
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Figure 2. (a-1) Monthly distribution of dust AOD over Kenya (January-December). The figure illus-
trates the spatial and temporal trends of dust mass concentration across Kenya for each month of the
year. The color bar indicates the intensity of dust loading.

From January to March, Kenya experiences its highest dust concentrations, par-
ticularly in the northern part of the domain [46]. This period corresponds to the
dry season, during which rainfall is minimal or absent across most parts of the
country. The arid and semi-arid landscapes of northern Kenya become major dust
sources due to the dry, loose soil and sparse vegetation.

Additionally, the region is under the influence of the northeasterly (Harmattan)
winds, which blow from the Arabian Peninsula and the Horn of Africa. These
winds are dry and strong, favoring the uplift and transport of dust particles across
the region. The intensity of the dust increases southwards into the central parts of
Kenya but weakens before reaching the southern boundary, where vegetation
cover and occasional rainfall offer some protection against dust emission.

In April, a noticeable decline in dust concentration begins. This marks the onset
of the long rainy season (March to May) in many parts of Kenya. The increasing

rainfall plays a critical role in suppressing dust activity by wetting the soil and
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facilitating vegetation growth. Moist surfaces significantly reduce the availability
of loose particles for wind erosion. This downward trend in dust levels continues
through May, as rainfall becomes more widespread and persistent, especially over
the highlands and central regions of the country. The reduction in wind speed and
increased atmospheric moisture further inhibits dust emission [5] [27].

Between June and August, dust concentrations remain low across most parts of
the study domain. The study domain during these months shows predominantly
low dust concentration, indicating a relatively clean atmosphere in terms of dust.
Although the northern parts of Kenya remain drier than the south, the cumulative
effects of the previous rains and increased vegetation cover continue to restrain
dust mobilization [58]. Moreover, cooler temperatures during this period help re-
tain soil moisture and limit convective activities that might otherwise stir dust into
the atmosphere [58] [59].

The months of September to November represent the period with the lowest
dust concentrations across Kenya. These months coincide with a transitional cli-
matic phase and the onset of the short rains season (typically October to December).
While the short rains are not as intense or prolonged as the long rains, they are
sufficient to maintain relatively moist surface conditions and moderate wind speeds
[59] [60]. This combination minimizes the likelihood of dust uplift. Throughout
this period, the entire study region, including the typically dusty north, exhibits
the lowest dust loadings of the year.

In December, a resurgence in dust levels is observed, particularly in the north-
ern regions, attributed to the gradual cessation of the short rains and the re-emer-
gence of dry conditions [46]. As the soil dries out and vegetation begins to thin,
the surface becomes more vulnerable to wind erosion once again. The northeast-
erly winds start to pick up strength towards the end of the month, contributing to
the initial buildup of dust that will culminate in the peak season beginning in Jan-

uary.

3.1.2. Temporal Analysis of Dust

The temporal analysis of AOD, over the study domain marked seasonal vari-
ability in atmospheric dust loading, with monthly variations reflecting the influ-
ence of meteorological conditions, land surface dynamics, and aerosol transport
processes. The results have been tabulated in Table 1.

Dust levels are observed to be highest during the dry months, particularly in
June and July, with mean AOD,, values of 0.0797 and 0.0657, respectively.
These elevated values are attributed to enhanced surface wind activity, dry soil
conditions, and reduced vegetation cover, all of which contribute to increased dust
uplift and atmospheric loading [27] [59]. While June exhibits a slight positive
trend in dust levels over the years, the month of July shows a notable declining
trend in dust extinction, suggesting a possible reduction in dust emissions due to
evolving land use practices, soil stabilization or regional climate changes. How-
ever, the correlation values (r?) for these trends remain low, indicating that the

changes are not strongly consistent over time. The JF season presents moderately
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high dust values, with February peaking at 0.0516. Despite the relatively elevated
dust levels, this period shows a general decline in dust loading, most pronounced
in February, which records a substantial negative trend. The weakening of the
Harmattan influence and the approach of the long rain season may be attributable

to this decline.

Table 1. Monthly Mean Dust Extinction AODssonm 550 nm with the associated trends and
correlation coefficient (r?) indicating temporal variability in dust loading.

Trends in Average Dust Extinction AOT 550 nm

Months
Mean AODpust Trends (107%) r?

January 0.0414 3.9484 + 0.0003 0.0027
February 0.0516 —5.506 + 0.0005 -0.2044
March 0.0509 —1.400 £ 0.0004 -0.5337
April 0.0298 —4.137 £ 0.0002 -0.4315
May 0.0311 —2.784 + 0.0003 -0.1886
June 0.0797 1.836 + 0.0008 0.0480
July 0.0657 —8.873 £ 0.0007 -0.2644
August 0.0329 -5.939+ 0.0003 -0.3385
September 0.0247 —4.860 £ 0.0002 -0.5184
October 0.0185 —3.583 £ 0.0002 -0.4114
November 0.0250 —1.867 + 0.0002 -0.2084
December 0.0333 —0.1346 £+ 0.0003 -0.0102

On the other hand, during the long rain season (MAM), dust extinction values
drop significantly from 0.0509 (March) to 0.0311 (May). This reduction is linked
to wet deposition processes, where rainfall efficiently removes dust particles from
the atmosphere and to increased vegetation cover, which reduces dust source avail-
ability [5] [9] [27] [59]. The consistent negative trends observed in wet months sup-
port the hypothesis that dust concentrations are generally decreasing during this
season, likely due to interannual climatic variations and possibly improved land
cover management.

In the latter part of the year, especially from August through November, the
dust values remain relatively low, ranging from 0.0250 to 0.0333. This period also
features strong negative trends, particularly in August and September, which may
be associated with the transition from dry to wet conditions and a corresponding
decline in dust mobilization. September records one of the lowest mean dust levels
(0.0247) and a significantly negative trend, which may indicate sustained suppres-
sion of dust events during this period. The month of October, a local wet month,
has the lowest dust extinction value (0.0185), further reinforces this seasonal de-
cline. Finally, December exhibits a slight rebound in dust levels (0.0333), but the

trend is nearly flat, indicating relative stability in dust concentrations during the
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month, likely due to balanced meteorological and surface conditions that neither

favor nor inhibit dust transport.

3.1.3. Particle Size Analysis of Dust

The monthly distribution of aerosol size over Kenya represented in Figure 3,
shows a clear seasonal pattern that distinguishes between fine-mode aerosols and
coarse-mode aerosols such as dust. To start with, in January (Figure 3(a)), the AE
values are generally low (0.5 < AE < 0.7) across most parts of the study domain,
except in the western regions, indicating a predominance of mixed particles (fine
and coarse particles; Khamala et al, 2023). The northern and northeastern regions
show lower AE values (<0.5), suggesting the influence of coarse particles, possibly

early signs of dust intrusion from adjacent arid zones.

36E 40E 36E 40E 36E 40E I6E 40E

Figure 3. Monthly spatial variation of aerosol size over Kenya. Panels (a) to (1) represent the average
aerosol particle size distribution from January to December, respectively. The color gradient reflects
the mean aerosol size over the study domain.

As the season progresses into February and March (Figure 3(b) and Figure
3(c)), mixed aerosol-mode aerosols remain dominant in the central and southern
regions, while coarser aerosols become more prominent in the north and east,
depicted by decreasing AE values in those regions (>0.5). This gradual transition
reflects increasing dust uplift in drier areas. During the long rains, April (Figure
3(d)) generally corresponds with higher AE values (>0.5) over most parts of the

domain, indicating fine aerosol conditions as rainfall suppresses dust emissions
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and promotes wet scavenging. However, Eastern Kenya maintains slightly lower
AE values (0.5 < AE < 0.6), hinting at persistent dust presence.

From May through August (Figures 3(e)-(h)), the domain enters the peak in
the fine mode aerosols, especially in western and central regions. This is clearly
indicated by high AE values (AE > 1.1), which reflect the dominance of fine-mode
particles. The Southern Africa experiences intense biomass burning (forest and
savanna fires) during the JJAS season, releasing large quantities of fine-mode aer-
osols (e.g., organic carbon, black carbon). Due to prevailing southerly and south-
easterly winds, these plumes are transported northward across the equator, often
reaching eastern and central Kenya.

During the months of September, October and November (Figures 3(i)-(k)),
dust concentrations over Kenya show a progressive decline, particularly as the
country transitions from the dry season to the onset of the short rains, depicted in
increasing AE. In September, some residual dust remains, especially over the
northern and northeastern arid regions, such as Turkana, Marsabit, and Wajir,
where vegetation is still sparse and rainfall is minimal. However, as the season
advances into October and November, a significant reduction in dust levels be-
comes evident across most parts of the country as depicted in AE levels. This de-
cline is primarily due to the onset of the short rainy season, which is most pro-
nounced in central, western, and southern Kenya. The increased rainfall enhances
soil moisture and promotes vegetative growth, both of which inhibit dust uplift
by stabilizing the land surface and reducing wind erosion [59].

Lastly, in the months of December (Figure 3(1)), dust aerosols dominate over
Kenya as depicted by low AE (AE < 0.7). This period coincides with the dry season
in much of the country, particularly over the northeastern, eastern, and northern
arid and semi-arid regions such as Turkana, Marsabit, Isiolo, and Garissa. These
regions experience minimal rainfall, leading to dry and exposed soils that are
highly susceptible to wind erosion. The lack of vegetation during this season fur-
ther exacerbates surface vulnerability, allowing large quantities of dust to be lifted

into the atmosphere.

3.1.4. Dust Mass Concentration
The monthly distribution of dust mass concentration over Kenya, as illustrated in
Figure 4, reveals notable spatial and seasonal variability. The values, represented
in micrograms per cubic metre (ug/m?), range from 0.01 to 0.10 as indicated on
the color scale. The northwestern part of Kenya, particularly the region bordering
South Sudan and Uganda, stands out as a persistent dust hotspot throughout the
year. This area frequently records the highest concentrations, often exceeding 0.08
pg/m? [9].

The peak dust activity is observed around March (Figure 4(c)), where values in
the northwestern zone reach the maximum threshold of 0.10 ug/m’. This suggests
intensified atmospheric dust loading, possibly driven by prevailing dry conditions

and strong winds that facilitate the lifting and transport of dust from arid surfaces
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such as the Turkana Basin and nearby dry lakebeds.
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Figure 4. Monthly spatial distribution of dust mass concentration (ug/m*) over Kenya. Panels (a) to (1) rep-
resent specific months from January to December, respectively. The color scale indicates dust mass concen-
tration values ranging from 0.01 pg/m? to 0.10 pg/m’.

In contrast, the central, southern, and western parts of Kenya consistently show
lower dust mass concentrations (<0.03 pg/m?). This is particularly evident during
the mid-year months (May to August; Figures 4(e)-(h)). During this period, pre-
cipitation likely suppresses dust emissions and atmospheric loading by increasing
soil moisture and promoting vegetation growth, which acts as a natural barrier to
wind erosion.

During the end of the dry season in September and beginning of the short rains
that extend into November, dust concentrations begin to rise again, particularly
in the northwestern regions. However, these later months (Figures 4(i)-(k)) gen-
erally exhibit slightly lower peak values (~0.09 pug/m?) than those recorded in the
early part of the year. While in December (Figure 4(1)) shows a return to the high
dust loading over the study domain, suggesting a transitional period before the

next cycle of elevated dust begins.

3.1.5. Direct Radiative Forcing of Dust

The radiative forcing due to dust aerosols varies considerably throughout the year,
with distinct patterns observed at the top of the atmosphere (TOA), bottom of the
atmosphere (BOA), and within the atmospheric (ATM) column (Table 2).
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Table 2. Monthly Variation of dust-AOD mixing ratio and associated Radiative Forcing
(RF) at the Top of Atmosphere (TOA), Bottom of Atmosphere (BOA), and Within the
Atmosphere (ATM).

Dust-AOD ' ALRF DustRF TOTALRF DustRF 2V XF

Months mfgg 9 oA TOA BOA  BOA “Z;};T
( W:: (Wim?)  (W/m?)  (W/m?) (W/m?) (W/m?)

January 0.2935 -3.213 —-0.943 -7.379 -2.165 1.223
February 03260  -3.466  -1.130  -8.148 -2.656  1.527
March 03506  -3.025  -1.061  -7.230 -2.535  1.474
April 02894  -2027  -0.587 4609 —1.334  0.747
May 03050  -2172  —0.664  -4414 -1350  0.686
June 04449  -3969  -1766  -8.471 -3.768  2.003
July 03324 -4158  -1.382  -9913 -3.295 1913
August 02115  -2955  -0.625  -8.061 -1705  1.080
September  0.1865  -2.394  —-0.446  -7.108 -1.326  0.879
October 0.1645  -1.995  -0.328  -5813 —0.956  0.628
November 0.2179 -2.266 -0.493 —5.568 -1.213 0.719
December 02577  -2.821  -0.727  -6.564 1691  0.964

To start with is the RF at TOA. The dust aerosols predominantly exert a nega-
tive radiative forcing, indicating a net cooling effect. This occurs because dust par-
ticles scatter incoming solar radiation back to space, thereby reducing the amount
of energy absorbed by the Earth system [27]. The strongest cooling at the TOA is
observed during June and July, with values of —1.77 W/m?* and —-1.38 W/m? re-
spectively. These months also coincide with higher dust-AOD mixing ratios, sug-
gesting more intense dust activity. In contrast, the least cooling occurs in October
(-0.33 W/m?), aligning with the lowest dust-AOD mixing ratio recorded for the
year.

At the BOA, dust aerosols also contribute to a significant reduction in solar
radiation reaching the Earth’s surface, resulting in surface cooling. This effect is
most pronounced in June and July, with radiative forcing values of —3.77 W/m?
and —3.29 W/m?, respectively. These substantial negative values highlight the ca-
pacity of dust to obstruct solar radiation during peak dry seasons, when dust con-
centrations are typically high due to arid conditions and increased surface winds.
Conversely, October shows the lowest magnitude of surface cooling, with a value
of —0.96 W/m?, consistent with lower dust presence.

Within the atmosphere, the difference between TOA and BOA dust RF reveals
a positive net forcing, indicating atmospheric heating. This occurs because dust
aerosols absorb part of the incoming solar radiation, warming the atmospheric
column. The highest atmospheric heating is again observed in June (2.003 W/m?)
and July (1.913 W/m?), mirroring the pattern seen at the TOA and BOA. The low-
est heating effect within the atmosphere is recorded in October (0.628 W/m?), re-
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flecting the minimal dust contribution during this period.

4. Conclusions and Recommendations

4.1. Conclusions

Using multi-year aerosol data sets retrieved from MODIS and the MERRA-2
Model, the present study revealed an in-depth understanding of spatial trends in
dust as well as dust radiative forcing over Kenya for the period 2000-2024 and the
conclusion drawn from the findings as follows.

1) The monthly dust variation over Kenya is largely governed by seasonal rain-
fall patterns, wind dynamics and surface characteristics. The highest dust levels
occur during the dry months, driven by strong northeasterly winds and dry soil
conditions in the north. Dust levels steadily decline with the onset and progression
of the rainy seasons, reaching their minimum during September to November
when soil moisture and vegetation cover are at their peak. A modest increase in
December signals the transition back into the dry season, setting the stage for the
next annual dust cycle.

2) On size distribution, the study domain showed a distinct inverse relationship
between the size distributionand AOD,, especially during dust-dominated pe-
riods in the JF and JJAS and in arid regions such as northern and northeastern
Kenya. High AOD,, values during these periods indicate large aerosol loads
composed mainly of coarse-mode dust particles, which are associated with low AE
values (typically <0.6). Conversely, during wetter months or in areas with more veg-
etation and urban activity. AOD,, tends to decrease while AE increases due to
the greater influence of fine-mode aerosols from biomass burning and anthropo-
genic sources.

3) The analysis of monthly RF values reveals a clear seasonal variability in the
impact of dust aerosols on the Earth’s radiation balance. High dust, particularly
observed in June and July, corresponds to more negative radiative forcing at both
TOA and BOA of the atmosphere, indicating stronger cooling effects due to dust
scattering and absorption. Simultaneously, the positive radiative forcing within
the atmosphere peaks during these months, suggesting enhanced atmospheric
heating from dust absorption. Conversely, lower dust contributions in months
like October and September are associated with weaker radiative forcing at all lev-

els.

4.2. Recommendations

Based on the findings on long-term characterization of dust and its radiative forc-
ing over Kenya, the study recommends a strengthened integrated dust monitoring
systems that capture both optical and physical characteristics of aerosols across
the study domain. Since high Dust AOD and mass concentrations are often ob-
served during dry periods, targeted mitigation measures such as reforestation,
windbreaks and sustainable land use should be implemented to reduce surface

erosion and dust uplift.
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