Pre prints.org

Article Not peer-reviewed version

Quantifying the Impact of Atmospheric
Aerosols on Clear-Sky and All-Sky Solar
Irradiance Components in a Tropical
Coastal Urban Environment: A Case
Study of Penang, Malaysia (2014-2018)

Hussaini Yusuf , Norhaslinda Mohamed Tahrin i , Lim Hwee San

Posted Date: 5 February 2026
doi: 10.20944/preprints202602.0419.v1

Keywords: radiative forcing efficiency; aerosol optical depth; single scattering albedo; Angstrém exponent;
solar irradiance components

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/397233
https://sciprofiles.com/profile/4978808
https://sciprofiles.com/profile/751
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 5 February 2026 d0i:10.20944/preprints202602.0419.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from
any ideas, methods, instructions, or products referred to in the content.

Article
Quantifying the Impact of Atmospheric Aerosols on

Clear-Sky and All-Sky Solar Irradiance Components
in a Tropical Coastal Urban Environment: A Case
Study of Penang, Malaysia (2014-2018)

Hussaini Yusuf!2, Norhaslinda Mohamed Tahrin** and Lim Hwee San!

1 School of Physics, Main Campus, Universiti Sains Malaysia, 1800 Gelugor, Penang, Malaysia
2 Department of physics, Aliko Dangote University of Science and Technology Wudil, Kano, Nigeria

* Correspondence: haslinda@usm.my

Abstract

Atmospheric aerosols strongly regulate surface solar irradiance in tropical coastal environments
through scattering and absorption. This study examines aerosol-irradiance interactions over Penang,
Malaysia, using Aerosol Robotic Network (AERONET) observations of aerosol optical depth (AOD),
single scattering albedo (SSA), and extinction Angstrém exponent (AE); NASA’s Prediction of
Worldwide Energy Resource (POWER) irradiance data; and MERRA-2 reanalysis for aerosol
compositional context. Bottom-of-atmosphere radiative forcing efficiency (BOA RFE) was quantified
for global, direct and diffuse irradiance (GHI, DNI and DHI) under clear and all-sky conditions
during 2014-2018. Results show persistent aerosol-induced attenuation of surface radiation, with
GHI and DNI RFE predominantly negative, while DHI RFE remains consistently positive, indicating
redistribution of solar energy from direct to diffuse components. Time resolved analysis reveals daily
GHI RFE typically ranging from approximately -0.5 to -3.5 W m= per unit AOD, with episodic
excursions below -4 W m= per AOD during high-aerosol events, whereas DNI RFE frequently
reaches values below —0.8 W m=2 per AOD, confirming its greater sensitivity to aerosol extinction. In
contrast, DHI RFE commonly exceeds +5 W m= per AOD and intermittently surpasses +10 W m2 per
AOD, reflecting enhanced scattering and multiple-scattering effects. AOD-stratified analysis
demonstrates a nonlinear weakening of forcing efficiency with increasing aerosol burden, with mean
GHI RFE decreasing from approximately -1.6 to 0.4 W m=2 per AOD between low- and high-AOD
regimes, accompanied by corresponding reductions in DNI (-0.35 to 0.1 W m=2 per AOD) and DHI
(+3.3 to +0.8 W m=2 per AOD). Overall, aerosol loading is identified as the dominant control on BOA
radiative forcing efficiency in this tropical coastal environment, while SSA and AE act as secondary
modulators.

Keywords: radiative forcing efficiency; aerosol optical depth; single scattering albedo; Angstrom
exponent; solar irradiance components

1. Introduction

Solar irradiance is a critical driver of Earth’s energy budget, playing a central role in atmospheric
processes, hydrological cycles, and climate dynamics. In urban tropical environments, where solar
energy potential is high, understanding the variability of solar radiation is also essential for
optimizing photovoltaic (PV) power generation and urban energy planning. However, solar
irradiance reaching the Earth's surface is often modulated by atmospheric aerosols suspended
particles such as dust, sea salt, black carbon, and sulfates which scatter and absorb solar radiation,
altering both its intensity and spectral distribution [1,2].
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Aerosols influence solar radiation in two major ways: directly through scattering and absorption
(direct radiative effect), and indirectly by modifying cloud properties (indirect radiative effect) [3].
The direct effects, which are more quantifiable, can reduce the amount of solar radiation reaching the
surface (global horizontal irradiance (GHI) and change its angular distribution between direct normal
irradiance (DNI) and diffuse horizontal irradiance (DHI) [4]. These effects are highly dependent on
aerosol optical depth (AOD), single scattering albedo (SSA), and Angstrom exponent (AE) [5,6].

Recent studies have emphasized the importance of differentiating between clear-sky and all-sky
conditions when quantifying aerosol impacts, especially in tropical and monsoonal climates where
cloud cover is frequent and heterogeneous [7]. Under clear-sky conditions, aerosol radiation
interactions can be isolated, enabling accurate estimation of direct aerosol radiative effects. However,
in all-sky scenarios, cloud-aerosol interactions can complicate interpretations of irradiance reductions
[8]. Furthermore, the spectral and temporal resolution of irradiance GHI, DNI, DHI under varying
aerosol regimes is crucial for solar energy forecasting, climate modeling, and understanding regional
air pollution effects [9]. Malaysia, particularly Penang a coastal urban city situated in the tropics
experiences significant aerosol loading from both anthropogenic and natural sources, including
industrial emissions, vehicular pollution, marine aerosols, and periodic transboundary haze events
linked to biomass burning in nearby regions [10][11]. Despite this, the radiative impacts of aerosols
on solar irradiance in Penang remain understudied, especially in terms of distinguishing between
clear-sky and all-sky conditions and accounting for different aerosol compositions.

This study addresses this knowledge gap by quantifying the impact of atmospheric aerosols on
the three main solar irradiance components GHI, DNI, and DHI under both clear-sky and all-sky
conditions over Penang, Malaysia, from 2014 to 2018. Using ground-based Aerosol Robotic Network
(AERONET) data, satellite-derived aerosol composition from Modern-Era Retrospective analysis for
Research and Applications Version 2 (MERRA-2), and meteorological and irradiance data from
NASA'’s Prediction of Worldwide Energy Resource (NASA POWER), this work analyzes how aerosol
optical properties influence surface radiation and estimates the associated radiative forcing efficiency
(RFE). The study also evaluates the influence of aerosol types on irradiance variability and radiative
effects, with implications for air quality management and solar energy forecasting in Southeast Asia.

2. Materials and Methods

2.1. Study Area and Datasets Used

Penang, located on the northwestern coast of Peninsular Malaysia (approximately 5.42°N
latitude and 100.33°E longitude), represents a tropical coastal urban environment characterized by
consistently high humidity and temperature throughout the year. The region experiences two
primary monsoon periods: the Northeast Monsoon (NEM) November to March and the Southwest
Monsoon SEM May to September, separated by two inter-monsoon transitions, March to May and
October to early November. These seasonal transitions bring distinct shifts in wind patterns, rainfall
intensity, and atmospheric stability. Combined with frequent convective rainfall and periodic
transboundary haze events from regional biomass burning, these dynamics create a complex and
variable aerosol environment. Given Penang’s rapidly developing urban infrastructure and its
sensitivity to both regional meteorological conditions and anthropogenic emissions, the area serves
as a representative setting for investigating aerosol-radiation interactions in tropical Southeast Asia
[12].

To quantify the impact of aerosols on solar irradiance components in Penang, a multi-source
dataset spanning from January 2014 to December 2018 was compiled. Ground-based aerosol optical
properties were obtained from the AERONET station located in Penang (Figure 1). The Level 2.0
dataset provided cloud-screened, quality-assured observations of aerosol optical depth (AOD) at
wavelengths of 440, 675, and 870 nm, as well as Single Scattering Albedo (SSA) and the Angstrt')m
exponent (AE) derived from the spectral AOD. These parameters are essential for evaluating aerosol
loading, scattering efficiency, and the relative dominance of fine- or coarse-mode particles [13].
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Figure 1. Map of Penang Showing Aeronet Site Location, https://aeronet.gsfc.nasa.gov/.

Aerosol parameter (AOD) and related optical properties Level 2.0, provide high-quality ground-
based aerosol measurements with reported uncertainties of approximately +0.01-0.02 for visible-
wavelength AOD under well-calibrated conditions. Derived parameters such as SSA and AE exhibit
larger uncertainty, particularly under low aerosol loading, due to inversion assumptions and signal-
to-noise limitations[14].

Satellite-derived solar irradiance data were obtained from NASA’s Prediction of Worldwide
Energy Resource (POWER) project. This study utilized daily average values of GHI, DNI, and DHI
to assess aerosol impacts on surface-level solar energy components. These products are derived from
a combination of satellite observations, meteorological reanalysis fields, and radiative transfer
modeling, and are widely used for climatological and applied solar radiation studies, particularly in
regions lacking dense ground-based radiometric networks [15]. Validation studies indicate that
NASA POWER GHI estimates typically exhibit uncertainties of approximately 5-10% under clear-
sky conditions, increasing to 10-20% under cloudy conditions, while DNI generally shows larger
relative uncertainty due to its sensitivity to aerosol extinction and cloud screening [16]. Uncertainty
in DHI is further influenced by aerosol scattering assumptions and cloud optical properties, which
are particularly relevant in humid tropical environments.

These irradiance parameters were essential for quantifying aerosol-radiation interactions under
varying atmospheric loading, particularly in distinguishing the effects under all-sky conditions
across different aerosol regimes [17]. Additionally, MERRA-2 data in this study are used primarily
for qualitative and relative interpretation of aerosol composition and variability, rather than for
precise quantitative forcing estimates. Monthly averaged aerosol extinction optical depths for sulfate,
sea salt, organic carbon, black carbon, and dust were extracted and collocated with the other datasets.
These extinction values helped identify the dominant aerosol types present during different periods
of the study, providing insight into the radiative forcing efficiency of individual species and mixed
aerosol events [18]. MERRA-2 data are subject to uncertainties arising from emission inventories, data
assimilation constraints, and model parameterizations; however, they have been shown to reliably
capture regional-scale aerosol variability and relative contributions of major aerosol species [19].

All datasets were harmonized to a daily temporal resolution to ensure consistency in the
analysis. AERONET observations were averaged, where multiple retrievals were available per day,
and MERRA-2 monthly values were expanded to match the daily timeline to support compositional
comparisons.

2.2. Data Processing

Following data acquisition, extensive pre-processing was performed to ensure consistency and
reliability across all datasets. Initially, the AERONET Level 2.0 aerosol optical properties were filtered
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to remove any remaining anomalies or outliers, and daily averages were computed to match the
temporal resolution of the NASA POWER irradiance data. The AERONET values of AOD, AE, and
SSA were merged with corresponding daily solar irradiance data.

To distinguish between clear-sky and all-sky conditions, a threshold-based method was
adopted, grounded in radiative transfer principles. Clear-sky conditions were identified using a
combination of GHI variability and cloud cover surrogates derived from diffuse and direct irradiance
ratios. Specifically, days with relatively high DNI and low DHI values were classified as clear-sky,
consistent with previous studies that employed similar irradiance-based criteria [20,21]. The ratio of
DHI to GHI, in particular, served as a useful indicator of cloud presence, as an increase in scattering
from clouds leads to elevated diffuse irradiance levels.

Further validation of clear-sky identification was supported by visual inspection of time series
plots and correlation analyses. Days affected by extreme aerosol events, such as haze or dust
transport, were flagged using the Angstrom exponent and SSA values. High AOD combined with
low AE (<1.0) and SSA (<0.90) suggested the presence of absorbing coarse-mode particles typically
associated with regional biomass burning or long-range dust events [5]. For aerosol composition
analysis, monthly averaged MERRA-2 aerosol extinction optical depths for five key species sulfate,
sea salt, black carbon, organic carbon, and dust were interpolated to daily resolution using nearest-
neighbor matching. This allowed each day's irradiance conditions to be contextualized with
prevailing aerosol types, supporting the assessment of species-specific radiative effects.

The complete dataset was merged into a master file and subjected to further consistency checks.
Missing or incomplete data were handled conservatively, with days removed only if critical variables
were unavailable. This comprehensive processing ensured that each retained data point contained
harmonized and quality controlled values for aerosols, irradiance, forming the basis for subsequent
radiative forcing efficiency analysis.

2.3. Radiative Forcing Efficiency Estimation

Radiative Forcing Efficiency (RFE) is used in this study as a key metric to quantify the effect of
aerosols on surface solar radiation under both clear-sky and all-sky conditions. RFE refers to the
reduction in solar irradiance per unit of AOD, capturing the attenuation efficiency of atmospheric
aerosols without requiring full radiative transfer modeling. This approach isolates the bottom of
atmosphere (BOA) perspective, focusing on how aerosols influence the actual irradiance received at
the Earth’s surface rather than the full atmospheric column. The estimation was performed separately
for three irradiance components. Clear-sky irradiance data, provided by NASA POWER, were used
as a reference to evaluate aerosol-induced deviations in observed (all-sky) values. For each irradiance
component, RFE was calculated as the difference between the clear-sky and all-sky measurements,
normalized by AOD at 440 nm, using the formula [22]:

Iclear—sky_ Iall—sky
RFE = 1
Bo4 AODys0nm ’ M

where [ represents the irradiance (GHI, DNI, or DHI), and AOD440nm is the aerosol optical depth
at 440 nm. This formulation enables a wavelength-sensitive evaluation of aerosol impacts, especially
relevant for urban regions where particle scattering and absorption vary significantly by type and
source [23][24].

The use of AOD at 440 nm in Equation (1) is motivated by both observational and physical
considerations. The 440 nm channel represents the shortest standard wavelength in AERONET Level
2.0 retrievals and exhibits the highest sensitivity to fine-mode, light-absorbing aerosols such as
biomass-burning smoke and urban pollution, which dominate aerosol radiative impacts in tropical
coastal regions. Moreover, shortwave radiative forcing at the surface is more strongly modulated by
aerosol extinction at shorter wavelengths, making AOD,4onm particularly suitable for normalization
when assessing surface irradiance responses. In addition, the 440 nm channel is less affected by
calibration uncertainties than extrapolated AOD values derived through AE wavelength conversion,
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which can introduce additional uncertainty, especially under mixed aerosol conditions and variable
particle size distributions [25].

The original solar irradiance data obtained from the NASA POWER database are provided as
daily accumulated energy fluxes in units of kilowatt-hours per square meter per day (kWh m2 day).
To ensure consistency with radiative forcing and radiative efficiency calculations, these values were
converted to mean power fluxes in watts per square meter (W m-2).

RFE in this study is evaluated at the BOA to quantify the sensitivity of surface solar irradiance
components to aerosol loading under real atmospheric conditions. While top-of-atmosphere (TOA)
radiative forcing is more directly linked to the planetary energy balance and climate response, BOA
forcing provides a physically meaningful measure of aerosol impacts on surface energy availability,
boundary-layer processes, and surface-based applications such as solar energy assessment [26].
However, a BOA-based RFE framework does not account for aerosol-induced changes in
atmospheric absorption or reflection above the surface, nor does it capture the vertical redistribution
of radiative energy within the atmospheric column. Consequently, the BOA RFE values reported here
characterize surface radiative responses to aerosols rather than total climate forcing, and should be
interpreted as complementary to, rather than a substitute for, TOA-based assessments.

2.4. Aerosol Type Classification

Seasonal classification was based on the monsoonal cycle typical of Peninsular Malaysia: NEM,
first inter monsoon, SWM, and second inter monsoon. This stratification allowed for assessment of
both interseasonal and haze-driven variability in RFE. Aerosol type classification was further applied
using SSA and AE thresholds: scattering-dominated aerosols were defined as SSA > 0.95, while
absorbing aerosols had SSA < 0.95; fine-mode particles were identified by AE > 1.0, and coarse-mode
by AE < 1.0.

Aerosol type classification in this study employed a two tier approach to distinguish between
haze impacted and typical urban aerosol conditions. The first tier utilized a curated haze day flag list
derived from visibility reduction records, regional haze advisories, and corroborative hotspot data to
identify periods of potential transboundary pollution events in Penang. These flags were compiled
in a dedicated dataset and cross referenced with daily observations to isolate haze-affected periods
across the study timeframe of 2014-2018 [27].

The second tier applied aerosol optical thresholds based on AERONET retrievals to verify
aerosol characteristics. Specifically, the AE and SSA were used to infer particle size and absorption
properties, respectively. AE values less than 1.0 typically indicate dominance of coarse particles, such
as those from biomass burning or dust, while SSA values below 0.95 point to enhanced aerosol
absorption, further confirming absorbing-type aerosols [28][29]. Days satisfying both haze flagging
and optical property criteria (AE < 1.0 and SSA < 0.95) were classified as “haze,” reflecting the
presence of mixed or absorbing aerosol. All other days were categorized as “urban background,”
representing locally emitted aerosols from traffic, industry, and marine influences, typically
characterized by higher AE and SSA indicative of fine-mode scattering aerosols [30]. This
classification framework was critical in enabling a focused assessment of how aerosol types
differentially influence bottom-of-atmosphere radiative forcing efficiency (BOA_RFE), specifically
across GHI, DNI, and DHI components

3. Results and Discussion

3.1. Temporal and Seasonal Trends

The temporal evolution of AOD at 440 nm, 675 nm, and 870 nm over Penang for the period 2014-
2018 is illustrated in Figure 2. At 440 nm, AOD exhibits the largest magnitude and variability
throughout the record, reflecting the strong sensitivity of shorter wavelengths to fine-mode aerosols.
Moderate background values generally remain below 0.5 during non-haze periods; however,
pronounced peaks are evident during late 2015, where AOD at 440 nm exceeds 4.0, marking the most
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extreme aerosol loading observed in the entire dataset. This episode corresponds to the well-
documented 2015 Southeast Asian transboundary haze, driven by widespread biomass burning
under El Nifio-induced drought conditions [31].
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Figure 2. Time series of AOD at 870 nm (top), 675 nm (middle), and 440 nm (bottom) over Penang from 2014 to
2018.

The 675 nm AOD time series mirrors the temporal structure observed at 440 nm but with slightly
reduced magnitudes. Peak values during late 2015 reach approximately 3.5-4.0, reinforcing the
dominance of fine-mode aerosols during this period. Outside the haze years, 675 nm AOD generally
fluctuates between 0.1 and 0.4, indicative of relatively clean to moderately polluted atmospheric
conditions typical of coastal urban environments influenced by marine air masses. At the longest
wavelength, 870 nm, AOD values are consistently lower, as expected due to reduced sensitivity to
fine particles. Background levels are typically below 0.3, while extreme haze-related peaks during
late 2015 rise to about 3.0, confirming that even coarse-wavelength extinction was substantially
enhanced during this event. The simultaneous increase across all three wavelengths, with a clear
wavelength-dependent gradient (440 nm > 675 nm > 870 nm), strongly indicates a fine-particle-
dominated aerosol regime, characteristic of biomass-burning smoke rather than dust or sea salt. [5].

From 2017 onward, all wavelengths show markedly reduced AOD levels, with most values
remaining below 0.5 and only sporadic short-lived enhancements. This decline reflects the absence
of major regional haze episodes during these years and highlights the strong interannual variability
of aerosol loading over Penang. The relatively stable and low AOD observed in 2018 further
underscores the episodic nature of extreme aerosol events in the region [32].

The figure 3, illustrates the temporal evolution of key aerosol microphysical properties over
Penang from 2014 to 2018, namely the AE derived from 440-870 nm measurements (Panel A) and the
SSA at 440 nm, 675 nm, and 870 nm (Panel B). Panel (A) shows that the AE (440-870 nm)
predominantly ranges between ~1.0 and 1.6 throughout most of the study period, indicating a
persistent dominance of fine-mode aerosols over Penang. Such values are characteristic of urban-
industrial pollution, biomass-burning smoke, and aged secondary aerosols, rather than coarse-mode
particles such as sea salt or mineral dust. Notably, elevated AE values exceeding 1.6-1.8 are
frequently observed during 2014-2016, with pronounced clustering during late 2015, coinciding with
the period of extreme aerosol loading identified in the AOD analysis. This reinforces the
interpretation that the 2015 haze event was dominated by fine combustion-derived particles,
consistent with large-scale biomass burning during El Nifio-driven dry conditions in Southeast Asia
[33].
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AERONET Angstrom Exponent (440-870nm) Over Time: Single Scattering Albedo (SSA) Time Series
Penang, Malaysia
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Figure 3. (a) Time series of Angstrom Exponent (440-870 nm) from AERONET (2014-2018). (b) Single Scattering
Albedo (SSA) at 440 nm, 675 nm, and 870 nm over Penang.

Periods where AE temporarily decreases toward ~0.6-0.9 suggest episodic contributions from
coarser aerosol components, potentially linked to marine influences, local resuspension, or enhanced
atmospheric mixing during cleaner conditions [34]. However, the absence of sustained low AE values
confirms that coarse-mode aerosols do not dominate the aerosol climatology of Penang.

Figure 3 (b) presents the temporal evolution of SSA at 440 nm, 675 nm, and 870 nm, with values
predominantly ranging between ~0.92 and 0.99 across the study period. These high SSA values
indicate that aerosols over Penang are generally scattering-dominated, particularly under
background and moderately polluted conditions [35]. However, distinct reductions in SSA are
observed during 2015 and early 2016, especially at shorter wavelengths (440 nm), where SSA
occasionally drops to ~0.85-0.90. This wavelength-dependent decrease is a strong indicator of
enhanced aerosol absorption, consistent with the presence of black carbon and organic carbon
associated with biomass-burning smoke. The more pronounced absorption at shorter wavelengths
further supports the dominance of fine, light-absorbing particles during haze periods [36].

The gradual recovery of SSA values after 2017, approaching ~0.97-0.99 across all wavelengths,
reflects a return to cleaner atmospheric conditions with aerosols that are more weakly absorbing and
increasingly influenced by scattering processes. The convergence of SSA values across wavelengths
during these periods suggests a more internally mixed aerosol population with reduced absorption
efficiency [37].

Figure 4, provides a coupled assessment of daily surface solar irradiance components (Panel A)
and aerosol optical composition derived from MERRA-2 (Panel B) over Penang for the period 2014~
2018, enabling a robust evaluation of aerosol-radiation interactions under tropical coastal conditions.
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NASA POWER: Daily Global Horizontal Irradiance (GHI) - Penang, Malaysia
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Figure 4. (a) Daily time series of GHI, DNI, and DHI irradiance from NASA POWER (2014-2018). (b) Monthly
extinction AODs of MERRA-2 aerosol species over Penang: TOTEXTTAU, DUEXTTAU, BCEXTTAU,
OCEXTTAU, SEEXTTAU, SSEXTTAU.

Figure 4 (a), shows that GHI remains persistently high throughout the study period, with daily
values predominantly ranging between 4.5 and 6.5 kWh m™ day™, reflecting Penang’s near-
equatorial solar regime. However, notable short-term depressions are evident, particularly during
2015-2016, when GHI frequently drops below 5.0 kWh m™2 day!, indicating episodic atmospheric
attenuation. The DNI exhibits substantially stronger variability than GHI, with typical daily values
between 3.0 and 5.5 kWh m2 day™* under background conditions. During high-aerosol episodes—
most prominently in mid-2015 to early-2016 DNI shows pronounced reductions, frequently falling
below 4.0 kWh m= day™, and in several instances approaching 3.0 kWh m™ day™'. These sharp
declines underscore the high sensitivity of the direct solar beam to aerosol extinction through
combined scattering and absorption processes [38]. In contrast, DHI displays a narrower dynamic
range, typically fluctuating between 2.0 and 3.2 kWh m™ day*. Importantly, periods of suppressed
DNI coincide with relative stabilization or mild enhancement of DHI, indicating increased multiple
scattering under aerosol-laden skies [39]. This compensatory behavior explains why reductions in
GHI are systematically smaller than those observed for DNI, despite significant aerosol loading.

Figure 4 (b), reveals that the total aerosol extinction optical depth (TOTEXTTAU) remains
relatively moderate during most years, but exhibits a pronounced peak during 2015, marking the
most aerosol-intensive period of the study. This peak temporally coincides with the strongest DNI
and GHI suppressions observed in Panel (A), confirming a direct aerosol-radiation linkage.
Decomposition of TOTEXTTAU indicates that carbonaceous aerosols dominate this enhancement.
Both organic carbon (OCEXTTAU) and black carbon (BCEXTTAU) show clear increases during 2015—
2016, consistent with large-scale regional biomass-burning events. These absorbing aerosols are
particularly effective at attenuating direct solar radiation, providing a physical explanation for the
disproportionate suppression of DNI relative to GHI. Sulfate aerosols (SUEXTTAU) contribute
persistently throughout the study period, reflecting continuous anthropogenic emissions and
secondary aerosol formation, while exhibiting secondary enhancements during polluted years. In
contrast, dust (DUEXTTAU) and sea salt (SSEXTTAU) display lower magnitudes and weaker
interannual variability, indicating that coarse-mode aerosols play a limited role in driving extreme
aerosol loading events over Penang [33].
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3.2. Clear-Sky vs. All-Sky Irradiance Responses

Figure 5 compares clear-sky and all-sky surface solar irradiance components, GHI, DNI, and
DHI over Penang for the period 2014-2018, highlighting the radiative impacts of aerosols and clouds

on the surface energy budget.
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Figure 5. Daily Time Series Comparison of Clear-Sky and All-Sky Solar Irradiance Components (GHI, DNI, DHI)
from 2014 to 2018 in Penang.

The clear-sky GHI consistently exceeds the corresponding all-sky values throughout the study
period, with clear-sky GHI predominantly ranging between 280 and 420 W m=, while all-sky GHI
generally fluctuates between 180 and 320 W m™2. The systematic reduction of approximately 60-120
W m2 under all-sky conditions reflects the combined attenuation effects of aerosols and cloud cover.
Interannually, the largest clear-sky to all-sky divergence occurs during 2015-2016, coinciding with
enhanced aerosol loading associated with regional haze episodes. Despite Penang’s persistently high
solar availability, this reduction demonstrates that aerosol and cloud processes significantly
modulate the net surface shortwave flux even in tropical coastal environments [27].

DNI exhibits the strongest sensitivity to atmospheric conditions among the three components.
Clear-sky DNI frequently reaches 250-350 W m=2, whereas all-sky DNI is substantially reduced, often
falling within 80-200 W m™. During severe attenuation events, particularly in 2015, all-sky DNI
occasionally drops below 100 W m, representing reductions exceeding 50-60% relative to clear-sky
values. This pronounced suppression highlights the vulnerability of the direct solar beam to aerosol
extinction through both scattering and absorption. The magnitude and persistence of DNI reductions
emphasize the dominant role of aerosols especially fine-mode and absorbing species in degrading
direct solar irradiance under polluted conditions [5].

In contrast to GHI and DNI, the bottom panel shows all-sky DHI exceeding DHI clear-sky. This
inversion is due to increased atmospheric scattering, whereby both aerosols and clouds redirect solar
radiation from the direct beam into the diffuse component. Notably, the enhancement in DHI under
all-sky conditions is especially prominent during hazy periods, reinforcing the role of high-AOD and
high-SSA aerosols (e.g., sulfates and organics) in generating diffuse radiation [32]. In contrast to GHI
and DNI, DHI shows a reversed behavior, with all-sky DHI consistently exceeding clear-sky values.
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Clear-sky DHI typically remains within 30-70 W m~2, while all-sky DHI frequently increases to 80—
140 W m2, particularly during aerosol- and cloud-rich periods. This enhancement reflects intensified
multiple scattering processes in the atmosphere, whereby aerosols and clouds redistribute incoming
solar radiation from the direct beam into the diffuse component. Notably, during periods of reduced
DNI, DHI partially compensates for the loss of direct irradiance, explaining why GHI reductions are
less severe than DNI reductions [40].

These findings are consistent with previous regional and global studies. For instance, Li et al. [7]
highlighted the importance of distinguishing aerosol effects under clear-sky versus all-sky conditions
in monsoonal Asia, while Kazadzis et al. [41] quantified similar GHI reductions due to aerosol-cloud
interactions in Southeast Asia. Moreover, the increase in DHI under all-sky conditions echoes
findings from Kudo et al. [42], who documented enhanced diffuse radiation during biomass burning
episodes. The behavior observed in Figure provides a quantitative baseline for assessing RFE in the
subsequent sections, where the deviations from clear-sky values will be normalized by AOD to derive
per-unit aerosol effects.

3.3. Impact of SSA and AE on DHI Partitioning

Figure 6 examines the sensitivity of DHI to aerosol optical characteristics using a classification-
based framework, rather than linear regression. This approach allows for a more physically
meaningful assessment of aerosol-radiation interactions under different scattering and size regimes,
while explicitly accounting for uncertainty through the use of the standard error of the mean (SEM).
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Figure 6. variation of Mean DHI across Aerosol Single Scattering Albedo (SSA) and Angstrém Exponent (AE)
under Different Aerosol types.

The left panel of Figure 6 presents the mean DHI values classified according to aerosol SSA,
separating conditions dominated by scattering aerosols (SSA > 0.95) from those dominated by more
absorbing aerosols (SSA < 0.95). The results indicate mean DHI values of 98.0 + 2.3 W m? for
scattering aerosols (N = 48) and 101.9 + 2.5 W m for absorbing aerosols (N = 40).

From a radiative transfer perspective, aerosols with higher absorption reduce the direct beam
more efficiently while still allowing multiple scattering within the atmosphere, which can enhance
the diffuse component under certain conditions, particularly when aerosol optical depth is moderate
and cloud contamination is minimal [43]. The slightly higher mean DHI observed under absorbing
aerosol conditions is therefore physically plausible and consistent with theoretical and observational
studies showing that absorbing aerosols can redistribute solar energy from the direct to the diffuse
component rather than uniformly suppressing all irradiance components [44].

However, it is important to emphasize that the overlapping SEM ranges indicate that the
difference between the two SSA classes is modest and not necessarily statistically significant. This
suggests that, over Penang, aerosol absorption alone does not exert a dominant control on DHI
variability, and that other factors such as aerosol loading, vertical distribution, relative humidity, and
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cloud-aerosol interactions likely modulate the observed response [7]. The result therefore supports a
moderate sensitivity of DHI to aerosol absorptivity rather than a deterministic relationship.

The right panel of Figure 6 explores the dependence of DHI on aerosol size characteristics using
the extinction AE as a proxy, with AE > 1.0 representing fine-mode-dominated conditions and AE <
1.0 representing coarse-mode dominated conditions. The mean DHI under fine-mode conditions is
92.9 + 15.8 W m2 (N = 2), whereas coarse-mode conditions exhibit a higher and more stable mean
DHI of 100.0 £ 1.7 W m=2 (N = 86).

In contrast, the coarse-mode regime is well represented and shows a relatively narrow SEM,
indicating a stable diffuse irradiance response. Coarse-mode aerosols, such as sea salt and aged
mineral dust, are efficient scatterers at shortwave wavelengths and can substantially enhance diffuse
irradiance by increasing multiple scattering within the atmosphere [45]. Given Penang’s coastal
location, the dominance of marine aerosols during certain seasons likely contributes to the higher and
more consistent DHI observed under coarse-mode conditions. These findings are consistent with
previous coastal and island study that report enhanced diffuse radiation under marine-influenced
aerosol regimes, particularly in humid tropical environments where hygroscopic growth further
amplifies scattering efficiency [46].

Figure 7 examines the relationship between clear-sky and all-sky solar irradiance components,
focusing on (a) the partitioning behavior of GHI and DNI, and (b) the nonlinear response of diffuse
horizontal irradiance (DHI) under varying atmospheric conditions.
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Figure 7. Scatter plots of Clear-Sky vs All-Sky Solar Irradiance Components (GHI, DNI, DHI).

Panel (a) shows scatter plots comparing clear-sky and all-sky values of GHI and DNI,
respectively, along with linear fits. The near-unity slopes (=1.43 for GHI and =1.07 for DNI) and
extremely high coefficients of determination (R? = 1.00) indicate a strong, nearly linear partitioning
between clear-sky and all-sky irradiance for these components. This behavior reflects the fact that
GHI and DNI are primarily governed by the attenuation of the direct solar beam by clouds and
aerosols, with clear-sky conditions representing an upper radiative bound under a given solar
geometry [47]. The tight linearity suggests that, for the study region, all-sky irradiance variability
largely scales with the clear-sky baseline, consistent with previous studies using satellite-derived
clear-sky products such as NASA POWER and CAMS McClear [48,49].

In contrast to GHI and DNI, panel (b) reveals a markedly nonlinear relationship between clear-
sky and all-sky DHI, captured here using a cubic polynomial fit. The relatively low coefficient of
determination (R? = 0.081), despite a large sample size (N = 1826), highlights the limited predictive
power of simple regression models for diffuse irradiance. The diffuse component of solar radiation
is inherently sensitive to multiple interacting processes, including aerosol scattering, cloud optical
thickness, cloud fraction, and multiple scattering within the atmosphere. As a result, DHI does not
scale linearly with all-sky conditions, and its variability cannot be adequately described by a single
deterministic function.
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Importantly, the curvature of the fitted relationship suggests a saturation-type behavior at
higher DHI values, where additional scattering does not translate into proportional increases in
diffuse irradiance. Such behavior has been reported in both observational and modeling studies and
reflects the combined effects of aerosol optical depth, absorption, and cloud overlap [50].

3.4. High-AOD Periods with Low GHI and DNI

Figure 8 presents the temporal evolution of surface solar irradiance components GHI, DNI, and
DHI stratified by aerosol loading categories (low, moderate, and high AOD). This figure provides a
temporally resolved perspective on how aerosol abundance modulates the partitioning of incoming
solar radiation at the surface, complementing the regime-based and statistical analyses presented
earlier.
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Figure 8. Time Series of GHI, DNI, and DHI under Low, Moderate, and High AOD Conditions.

The top panel shows the temporal evolution of GHI stratified by aerosol load. Across the study
period, low aerosol loading conditions consistently exhibit higher GHI values, frequently exceeding
250 W m=, whereas high aerosol loading conditions are associated with a downward shift in GHI,
with many values clustered below 220 W m-2.

This behavior reflects the integrated effect of aerosols on the total shortwave radiation reaching
the surface. Aerosols attenuate GHI primarily through scattering and absorption, reducing the direct
solar beam and partially redistributing energy into the diffuse component. Under high aerosol
loading, enhanced extinction leads to a net reduction in GHI despite potential increases in diffuse
radiation. The overlap between aerosol classes indicates that aerosol loading is not the sole driver of
GHI variability; cloud cover, solar geometry, and seasonal meteorology also play important roles.

The middle panel reveals a much clearer separation between aerosol loading regimes for DNI.
Low aerosol loading conditions are characterized by higher DNI values, often exceeding 200-250 W
m2, while high aerosol loading conditions show pronounced suppression of DNI, with values
frequently below 150 W m=. This strong sensitivity arises because DNI depends almost entirely on
the direct solar beam, which is highly vulnerable to aerosol extinction along the optical path [8-10].
Both scattering out of the beam and absorption by aerosols reduce the direct component, making DNI
a particularly sensitive indicator of aerosol radiative effects. The sharp reduction in DNI under high
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aerosol loading is consistent with theoretical expectations and observational studies across tropical
and subtropical regions [51,52].

The bottom panel illustrates the response of DHI to aerosol loading. In contrast to GHI and DN,
moderate to high aerosol loading conditions tend to exhibit comparable or slightly elevated DHI
values, often clustering between 90 and 120 W m™. Low aerosol loading conditions, while still
producing substantial DHI, display a somewhat broader spread toward lower values. This pattern
reflects the dual role of aerosols as scatterers and absorbers. Increased aerosol loading enhances
multiple scattering within the atmosphere, redirecting solar radiation from the direct beam into the
diffuse component. As a result, DHI can remain stable or even increase under moderate aerosol
conditions, even as DNI is strongly suppressed. However, under very high aerosol loading or
strongly absorbing aerosol regimes, the enhancement of DHI may be limited by absorption losses
and reduced total incoming radiation [53].

Figure 9 provides a physically coherent comparison between a representative clean day (9
February 2017) and a polluted day (6 October 2015), linking aerosol optical properties to changes in
surface solar radiation components.

Comparison of Clean vs. Polluted Day: Solar Radiation Parameters
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Figure 9. Comparative Radiative Signatures of a Clean-Sky Day (2017-02-09) and a Severe Haze Day (2015-10-
06) in Penang.

The comparison from Figure 9 (a) illustrates the profound impact of elevated aerosol loading on
solar energy availability. On the polluted day, the AODuy increased dramatically to 3.29, compared
to just 0.12 on the clean day. This difference nearly an order of magnitude represents an extreme
turbidity event, likely influenced by transboundary biomass burning and stagnant meteorological
conditions. Such extreme AOD values have been previously reported during Southeast Asian haze
events, particularly in 2015 when prolonged El Nifio-induced drought amplified fire activity across
Sumatra and Kalimantan [54].

The polluted day is also associated with a decrease in SSA (from 0.98 to 0.86), indicating the
dominance of absorbing aerosols most likely black carbon and organic matter from biomass
combustion. Lower SSA values are known to increase atmospheric absorption, thereby reducing the
solar radiation that reaches the surface [51]. The accompanying change in AE from 1.32 (clean) to 1.20
(polluted) suggests a modest shift in aerosol size distribution, likely due to the contribution of both
fine- and coarse-mode particles during the pollution event. The consequences of these aerosol
characteristics are clearly reflected in the irradiance metrics.

From Figure 9 (b) GHI dropped from 237.92 W/m? on the clean day to 209.17 W/m? on the
polluted day, while DNI experienced an even sharper decline from 193.33 W/m? to 154.44 W/m?2.
These reductions represent losses of ~12% and ~20%, respectively, underscoring the greater
susceptibility of DNI to aerosol extinction. This is consistent with radiative transfer modeling studies
that show direct beam irradiance is particularly sensitive to increases in AOD and SSA changes [55].
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Interestingly, DHI increased from 92.92 W/m? (clean) to 111.33 W/m? (polluted), highlighting the
diffuse enhancement effect caused by aerosol scattering. Such an increase is typical when scattering
aerosols dominate and is frequently observed in urban haze conditions, where radiation that would
otherwise reach the surface directly is instead redistributed through multiple scattering processes.
However, this increase in DHI does not fully compensate for the losses in DNI and GHI, confirming
the net negative radiative effect of aerosols pollution episodes [56]. This clean-vs-polluted day
comparison demonstrates the radiative signature of heavy aerosol loading and reaffirms the use of
optical parameters such as AOD, SSA, and AE as reliable predictors of surface irradiance suppression.
It also validates the time series results from Figure 8 and supports the development of aerosol-aware
irradiance forecasting models, particularly for solar energy applications in haze-prone tropical
regions.

3.5. Temporal and Statistical Insights into RFE of Solar Irradiance Components

In this study, Radiative Forcing Efficiency (RFE) is defined as the change in solar irradiance per
unit increase in AOD, expressed in W/m? per unit AOD. A positive RFE value indicates that the
irradiance component increases with aerosol loading, while a negative value denotes a decrease. For
GHI and DNI, negative RFE values are typically expected under aerosol-dominated conditions due
to extinction by scattering and absorption. In contrast, DHI may exhibit positive or negative RFE
depending on aerosol type.

Figure 10a presents the temporal evolution of BOA-RFE derived from GHI, DNI, and DHI. By
normalizing surface irradiance perturbations by aerosol optical depth, the RFE metric isolates the
efficiency with which aerosols modify surface solar radiation, allowing intercomparison across
periods characterized by different aerosol burdens and atmospheric conditions.
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Figure 10. (a) Daily Time Series of Bottom of the Atmosphere Radiative Forcing efficiency (BOA RFE) for GHI,
DNI, and DHI (b) BOA REFE stratified by AOD regimes for GHI, DNI, and DHI, (2014-2018).

The top panel shows that GHI RFE is consistently negative throughout the study period, with
values predominantly ranging between approximately 0.5 and -3.5 W m=2 per unit AOD, and
occasional excursions approaching -4 W m2 per unit AOD, particularly during 2016-2017. This
persistent negative forcing indicates that aerosols systematically reduce the total solar energy
reaching the surface. The strongest negative GHI RFE values coincide temporally with known high-
aerosol periods in the region, including transboundary haze episodes. These enhanced negative
excursions suggest that during such events, aerosols are not only more abundant but also more
radiatively efficient in attenuating solar radiation, likely due to increased contributions from
absorbing fine-mode particles. Periods of relatively stable or less negative RFE (e.g., early 2014 and
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parts of 2018) indicate conditions dominated by weaker aerosol-radiation interactions, consistent
with cleaner atmospheric states [8].

The middle panel highlights that DNI RFE exhibits the strongest and most variable negative
forcing among the three components. Values generally range from about -0.2 to 0.8 W m per unit
AOD, with several pronounced minima reaching nearly -1.0 W m=2 per unit AOD, particularly
around 2015-2017. This enhanced sensitivity of DNI reflects the direct beam’s vulnerability to aerosol
extinction through both scattering and absorption. The sharp negative spikes indicate episodic
conditions under which aerosols especially absorbing and fine-mode particles severely attenuate the
direct solar beam [57]. Compared to GHI, the narrower dynamic range but deeper negative
excursions of DNI RFE underscore that aerosol radiative effects preferentially impact the direct
component, a key result for solar energy and radiative transfer studies.

In contrast, the bottom panel shows that DHI RFE is predominantly positive, with typical values
between 0 and 5 W m=2 per unit AOD, and intermittent peaks reaching ~10-15 W m2 per unit AOD,
particularly during 2014-2016. These positive values clearly demonstrate that aerosols enhance the
diffuse component of surface irradiance through increased scattering. The episodic nature of the
highest DHI RFE peaks suggests that aerosol type and microphysical properties play a decisive role:
scattering-dominated aerosols and mixed aerosol populations enhance diffuse radiation most
efficiently. The gradual decline in extreme DHI RFE magnitudes after 2017 is consistent with a
reduction in intense scattering episodes, possibly reflecting interannual variability in aerosol sources
and atmospheric conditions.

Overall, the temporal behavior of BOA RFE highlights the dual role of aerosols in reducing total
surface solar irradiance while enhancing diffuse radiation in this tropical coastal environment. These
findings have important implications for surface energy balance, atmospheric thermodynamics, and
solar energy applications, particularly in regions where aerosol composition and loading exhibit
strong temporal variability.

Figure 11b presents the (BOA RFE) stratified by AOD regimes for GHI, DNI, and DHI, providing
a quantitative assessment of how aerosol loading modulates the efficiency of surface radiative
perturbations. Unlike absolute forcing, this stratified RFE framework isolates the marginal radiative
impact per unit aerosol loading, allowing a clearer interpretation of aerosol-radiation interactions
across clean and polluted conditions [58].

For GHI, the BOA RFE is consistently negative across all AOD regimes, confirming that aerosols
reduce total surface solar irradiance regardless of loading. However, the magnitude of this negative
forcing efficiency decreases systematically with increasing AOD. Under low-AOD conditions, GHI
RFE exhibits the strongest negative values (approximately —1.6 to —1.7 W m=2 per unit AOD), while
under moderate and high AOD conditions the magnitude weakens to around —0.7 and —0.3 W m~2
per unit AOD, respectively. This progressive reduction in forcing efficiency indicates a non-linear
aerosol-radiation response, where incremental increases in aerosol loading become less effective at
further reducing surface irradiance once the atmosphere is already optically thick [59,60].

The DNI-based BOA RFE also remains negative across all AOD classes, reflecting the direct
attenuation of the solar beam by aerosol extinction. Similar to GHI, the strongest DNI forcing
efficiency occurs under low-AOD conditions (approximately —0.35 to —0.4 W m2 per unit AOD), with
progressively weaker magnitudes under moderate and high AOD regimes. This behavior highlights
that the direct beam is most sensitive to incremental aerosol loading in relatively clean atmospheres,
whereas under polluted conditions the direct irradiance is already substantially diminished, limiting
further reductions per unit AOD [51]. The comparatively smaller magnitude of DNI RFE relative to
GHI further emphasizes the compensating role of diffuse radiation in the surface energy budget.

In contrast, the DHI-based BOA REFE is positive across all AOD regimes and exhibits the
strongest dependence on aerosol loading. Under low-AOD conditions, DHI RFE reaches its
maximum values (approximately 3.2-3.4 W m= per unit AOD), indicating highly efficient
enhancement of diffuse radiation per unit aerosol loading. As AOD increases to moderate and high
regimes, DHI RFE decreases markedly, dropping to approximately 1.6 and 0.8 W m=2 per unit AOD,
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respectively. This decline reflects a transition from efficient single and multiple scattering
enhancement at low aerosol concentrations to a regime where absorption, forward scattering, and
radiative saturation limit further diffuse gains. Such behavior is consistent with recent studies
showing that diffuse enhancement efficiency peaks at moderate optical depths and diminishes as
absorbing aerosol fractions and photon trapping increase under heavy pollution [61].

Overall, the AOD-stratified BOA RFE analysis demonstrates that aerosol radiative efficiency is
highest under clean atmospheric conditions and decreases as aerosol loading increases. This finding
has important implications for climate forcing assessments, solar energy applications, and air quality
mitigation strategies, as it highlights that reductions in aerosol concentrations can yield
disproportionately large radiative benefits in relatively clean environments compared to already
polluted ones.

4. Conclusions

This study demonstrates that aerosol loading is the dominant control on bottom-of-atmosphere
radiative forcing efficiency over Penang, Malaysia. Elevated aerosol conditions consistently suppress
global horizontal and direct normal irradiance, with GHI RFE frequently below -3.5 W m™ per unit
AOD and DNI exhibiting even stronger sensitivity, while diffuse irradiance is systematically
enhanced through scattering-driven redistribution of solar energy. Forcing efficiency weakens
nonlinearly with increasing aerosol optical depth, indicating radiative saturation under optically
thick conditions. Clean—polluted day contrasts and seasonal analyses further confirm stronger
negative forcing extremes during the Southwest and Post-Southwest monsoon periods, consistent
with enhanced regional aerosol transport. Overall, the results highlight aerosol loading as the
primary driver of surface radiative forcing in this tropical coastal environment, with aerosol optical
properties acting as secondary modulators, carrying important implications for surface energy
balance and solar resource assessments.
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