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Abstract. Carbonaceous aerosols over the equatorial Indian Ocean influence regional radiative forcing and long-range transport, 

yet integrated observations linking aerosol chemistry, optical properties, transport pathways, and source characteristics remain 

scarce. Here, we present year-round measurements of PM₂.₅ chemical composition, aerosol optical properties, air-mass transport, 

and representative dual-carbon isotope signatures from the Maldives Climate Observatory at Gan (MCOG; 0.69° S, 73.15° E) to 15 
investigate how seasonal monsoon circulation regulates aerosol transport and atmospheric processing. 

During the northeast monsoon (NEM), continental outflow from South and Southeast Asia resulted in significantly higher PM₂.₅ 

concentrations (5.6 ± 2.7 μg m⁻³), aerosol optical depth (AOD₅₀₀ = 0.17 ± 0.09), and elevated concentrations of black carbon (BC), 

organic carbon (OC), and non-sea-salt sulfate (nss-SO₄²⁻). In contrast, marine inflow during the southwest monsoon (SWM), 

together with enhanced precipitation, substantially reduced aerosol loading while increasing the relative contribution of sea-salt 20 
aerosol. Diagnostic aerosol ratios revealed significant seasonal shifts in aerosol source characteristics and chemical composition. 

Although BC mass absorption cross-sections at 658 nm were slightly higher during the SWM, the seasonal difference was not 

statistically significant. Representative dual-carbon isotope measurements provided independent evidence for mixed fossil and 

contemporary carbon sources. 

These observations demonstrate that monsoon circulation governs aerosol transport, loading, and chemical composition over the 25 
equatorial Indian Ocean and provide observational benchmarks for improving the representation of long-range aerosol transport, 

atmospheric processing, and aerosol–climate interactions in regional chemical transport and Earth system models. 
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Graphical Abstract:  31 

 32 

Schematic overview of the monsoon-driven evolution of carbonaceous aerosols over the equatorial Indian 33 

Ocean. Continental outflow during the northeast monsoon enhances aerosol loading and the abundance of 34 

combustion-derived carbonaceous aerosols. In contrast, marine inflow during the southwest monsoon 35 

promotes wet scavenging, atmospheric aging, and enhanced black carbon absorption. The integrated 36 

observations of transport, aerosol chemistry, optical properties, and supporting dual-carbon isotope 37 

measurements demonstrate how monsoon circulation regulates aerosol sources, atmospheric processing, 38 

and aerosol–climate interactions.  39 

 40 

1. Introduction  41 

Carbonaceous aerosols are among the most important atmospheric constituents influencing air quality, climate, and the global 42 

carbon cycle. Black carbon (BC) strongly absorbs solar radiation and contributes to atmospheric warming, whereas organic carbon 43 

(OC) exerts more complex radiative effects through both scattering and absorption depending on its composition and atmospheric 44 

evolution. Beyond their direct radiative impacts, carbonaceous aerosols modify cloud microphysics, influence precipitation 45 

processes, affect atmospheric chemistry, and contribute to regional climate variability (Bond et al., 2013; IPCC, 2021).  46 

The climatic effects of aerosols are particularly important over the Indian Ocean, where long-range transport of continental aerosols 47 

interacts with the seasonally reversing South Asian monsoon circulation. During the northeast monsoon (NEM), persistent 48 

northeasterly winds transport anthropogenic emissions, biomass-burning aerosols, and secondary pollutants from South and 49 

Southeast Asia across the Indian Ocean. In contrast, the southwest monsoon (SWM) introduces relatively clean marine air masses 50 

from the southern Indian Ocean, accompanied by increased precipitation, high relative humidity, and efficient wet scavenging. 51 

This seasonal reversal produces pronounced variations in aerosol loading, composition, and atmospheric processing, making the 52 
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region a natural laboratory for investigating the evolution of carbonaceous aerosols during long-range transport (Ramanathan et 53 

al., 2001; Corrigan et al., 2006; Bosch et al., 2014; Budhavant et al., 2015, 2020). 54 

Although numerous studies have characterized aerosol composition and transport over the northern Indian Ocean, significant 55 

uncertainties remain regarding the processes controlling the seasonal evolution of carbonaceous aerosols over the equatorial Indian 56 

Ocean (Novakov et al., 2000; Sheesley et al., 2012; Budhavant et al., 2015, 2018). Most previous investigations have focused on 57 

aerosol mass concentrations, chemical composition, or source apportionment in isolation, whereas relatively few studies have 58 

simultaneously examined transport pathways, aerosol chemistry, optical properties, and carbon-isotope signatures within a single 59 

observational framework (Budhavant et al., 2020, 2023). Consequently, the processes linking monsoon-driven transport, 60 

atmospheric aging, aerosol optical properties, and carbon source variability remain insufficiently understood. 61 

Atmospheric processing plays a critical role in determining the climatic impacts of carbonaceous aerosols. During long-range 62 

transport, BC particles undergo physical and chemical transformations through condensation of secondary inorganic and organic 63 

species, heterogeneous reactions, cloud processing, and interactions with water vapor. These processes modify particle mixing 64 

state and morphology, enhancing light absorption and altering aerosol radiative forcing (Bond et al., 2013; Liu et al., 2017). Wet 65 

scavenging substantially reduces aerosol loading while simultaneously altering aerosol composition. However, continued 66 

atmospheric aging during marine transport enhances particle mixing and BC absorption efficiency (Budhavant et al., 2020, 2023). 67 

Consequently, aerosol optical properties cannot be inferred solely from BC mass concentrations but must also account for 68 

atmospheric aging, particle mixing state, and transport history. Reliable identification of aerosol sources is equally important for 69 

understanding atmospheric evolution. Carbon isotope measurements provide valuable constraints on the relative contributions of 70 

fossil and contemporary carbon sources, complementing conventional chemical tracers and transport analyses. However, because 71 

radiocarbon analyses are analytically demanding and generally available only for selected samples, isotope observations are most 72 

powerful when interpreted alongside year-round measurements of aerosol chemistry, optical properties, and air-mass transport. 73 

Such a multi-constraint approach enables a more robust interpretation of seasonal source variability than any single observational 74 

technique alone. 75 

The Maldives Climate Observatory at Gan (MCOG) occupies a unique receptor location in the equatorial Indian Ocean, where 76 

seasonally reversing monsoon circulation alternately transports polluted continental outflow from South and Southeast Asia during 77 

the NEM and predominantly marine air masses from the southern Indian Ocean during the SWM (Figure 1). This pronounced 78 

seasonal contrast provides an ideal natural laboratory for investigating how monsoon circulation regulates aerosol transport, 79 

chemical composition, atmospheric aging, and optical properties during long-range transport. As one of the few long-term 80 

atmospheric observatories in the equatorial Indian Ocean, MCOG offers a unique observational platform for quantifying the 81 

seasonal evolution of carbonaceous aerosols and their implications for regional aerosol–climate interactions. 82 

In this study, we present year-round observations of PM₂.₅ chemical composition, aerosol optical properties, air-mass transport, 83 

and representative dual-carbon-isotope measurements collected at MCOG in 2022. By integrating these complementary datasets, 84 

we investigate the mechanisms through which seasonal monsoon circulation influences aerosol transport, source characteristics, 85 

atmospheric aging, and BC absorption over the equatorial Indian Ocean. 86 
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 87 

Figure 1: Conceptual framework illustrating the contrasting aerosol regimes associated with the northeast monsoon (NEM) 88 

and southwest monsoon (SWM) over the equatorial Indian Ocean. During the NEM, continental outflow from South and 89 

Southeast Asia transports combustion-derived aerosols, resulting in enhanced aerosol loading, carbonaceous aerosol 90 

concentrations, non-sea-salt sulfate, and aerosol optical depth. During the SWM, marine inflow from the southern Indian 91 

Ocean is characterized by higher relative humidity, increased precipitation, efficient wet scavenging, and a greater relative 92 

contribution of sea-salt aerosol. The Maldives Climate Observatory at Gan (MCOG) serves as a unique receptor site for 93 

investigating monsoon-driven variability in aerosol transport, chemical composition, atmospheric processing, optical 94 

properties, and source characteristics over the equatorial Indian Ocean. 95 

Specifically, this study addresses the following hypotheses: 96 

1. Seasonal monsoon circulation governs air-mass transport pathways and aerosol loading over the equatorial Indian Ocean. 97 

2. Changes in transport pathways modify aerosol chemical composition and promote atmospheric aging, thereby enhancing 98 

BC absorption during marine transport. 99 

3. Representative dual-carbon isotope measurements provide complementary evidence supporting seasonal variability in 100 

carbon source contributions inferred from transport and aerosol chemistry. 101 

By combining transport analysis, aerosol chemistry, optical properties, and supporting isotope observations within a unified 102 

observational framework, this study provides new insights into the processes governing the evolution of monsoon-driven aerosols 103 

over the equatorial Indian Ocean. The results improve our understanding of aerosol transport and atmospheric aging in this 104 
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climatically important region and provide observational constraints for improving the representation of aerosol–climate 105 

interactions in regional chemical transport and Earth system models. 106 

 107 

2 Methods 108 

2.1 Site description and aerosol sampling 109 

Atmospheric aerosol measurements were conducted at the MCOG (0.69° S, 73.15° E, 5 m above mean sea level), located on Gan 110 

Island in Addu Atoll, the southernmost atoll of the Maldives in the equatorial Indian Ocean (Figure 2). PM₂.₅ aerosol samples were 111 

collected throughout 2022 using a high-volume aerosol sampler installed on the atmospheric sampling tower at MCOG. Sampling 112 

was conducted on a regular schedule to capture the full seasonal cycle, including both the NEM (December to April) and the SWM 113 

(June to October), as well as transitional periods. The observatory provides long-term atmospheric measurements to investigate 114 

regional aerosol transport and seasonal variability over the equatorial Indian Ocean. 115 

Fine particulate matter (PM₂.₅) was collected using a high-volume aerosol sampler (Digitel DH-77, Digitel Elektronik AG, 116 

Switzerland) equipped with a PM₂.₅ size-selective inlet (impactor with silicone-greased plate) and operated at a nominal flow rate 117 

of 500 ± 10 L min⁻¹. Aerosol particles were collected on binder-free quartz filters (Millipore AQFA8X105, Merck, Ireland) cut to 118 

150 mm diameter, which were pre-combusted by heating at 450 °C for 6 h before sampling, to remove residual organic 119 

contaminants. The filters were kept in pre-combusted, folded aluminum foil envelopes and then sealed in polyethylene bags. Before 120 

and after sampling, filters were weighed in a climate-controlled room (20 °C, 50% RH) after at least 24 h of equilibration. Samples 121 

were stored at -20 °C except during transport and analysis. Aerosol sampling was performed continuously throughout the year, 122 

using 72-hour integrated sampling periods. The extended sampling duration was selected to obtain sufficient particulate mass for 123 

comprehensive analyses of carbonaceous components, inorganic ions, optical properties, and dual-carbon-isotope compositions, 124 

while maintaining adequate temporal resolution to resolve seasonal and monsoon-scale variability. 125 

Instrument flow rates were calibrated regularly using a certified flow calibration system. Field blank filters were collected at regular 126 

intervals, handled identically to exposed samples except for active air sampling, and used to evaluate potential contamination 127 

during filter handling, transport, and laboratory processing.  128 

2.2 Carbonaceous aerosols and chemical composition 129 

Carbonaceous aerosol components, including OC and elemental carbon (EC), hereafter referred to as BC, were quantified using a 130 

thermal–optical carbon analyzer (Model 4L, Sunset Laboratory Inc., USA) following the NIOSH 5040 protocol. During analysis, 131 

filter punches (1.5 cm2) were subjected to a stepwise temperature program under helium and helium–oxygen atmospheres. 132 

Desorbed carbon during the helium phase was oxidized to CO2 in an MnO2 oven, and the remaining carbon was directly combusted 133 

during the helium-oxygen phase before passing through the MnO2 oven. CO2 was quantified with a flame ionization detector (FID) 134 

after conversion to CH₄ in a methanator. Continuous laser transmittance (658 nm) measurements were used to correct for pyrolytic 135 

carbon formation and to determine the OC–BC split point. Instrument calibration was performed using NIST-traceable (SRM 136 
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8785) sucrose standards, and routine quality control included calibration verification, replicate analyses, and blank corrections. 137 

Based on repeated analyses and calibration performance, the analytical uncertainties were estimated to be approximately ±10% for 138 

OC and ±15% for BC. Further details are provided in Budhavant et al. (2015, 2023).  139 

Major water-soluble inorganic ions, Na⁺, K⁺, Ca²⁺, Mg²⁺, NH₄⁺, Cl⁻, NO₃⁻, and SO₄²⁻, were measured by ion chromatography 140 

(Dionex Aquion system, Thermo Fisher Scientific, USA). Filter punches were extracted in Milli-Q water (18.2 MΩ⋅cm, 0.22 µm 141 

filter) in 15-mL polypropylene centrifuge tubes and sonicated for 30 min prior to analysis. Anions were separated on an AS9-HC 142 

column, and cations on a CS12A column. Analytical precision for ion concentrations was typically better than 5%; detection limits 143 

were <0.1 µg m⁻³. More details are provided in Budhavant et al. (2023). To distinguish marine and non-marine contributions, 144 

concentrations of non-sea-salt sulfate (nss-SO₄²⁻), non-sea-salt potassium (nss-K⁺), non-sea-salt calcium (nss-Ca²⁺), and non-sea-145 

salt magnesium (nss-Mg²⁺) were calculated using sodium (Na⁺) as a conservative tracer of sea salt and the corresponding seawater 146 

ionic ratios following Keene et al. (1986). 147 

nss-X = Xmeasured − Na⁺ × (X/Na⁺)seawater 148 

where X denotes SO₄²⁻, K⁺, Ca²⁺ and Mg²⁺. Organic matter (OM) concentrations were estimated from measured OC using an 149 

OM/OC conversion factor of 1.8, consistent with previous observations of aged continental aerosols transported over the Indian 150 

Ocean and South Asian outflow regions (Turpin and Lim, 2001; Budhavant et al., 2015, 2018). The selected conversion factor falls 151 

within the range commonly reported for moderately to highly oxidized atmospheric organic aerosols. It provides a reasonable 152 

estimate of particulate organic matter for regional mass closure. 153 

Analytical uncertainties associated with carbonaceous species, inorganic ions, and derived parameters were propagated throughout 154 

subsequent calculations. The combined uncertainties associated with OM estimation and non-sea-salt calculations were 155 

substantially smaller than the observed seasonal differences and therefore do not influence the principal interpretation of monsoon-156 

driven changes in aerosol composition and source characteristics. 157 

2.3 Aerosol optical properties 158 

The optical properties of carbonaceous aerosols were characterized using the BC mass absorption cross-section (BC-MAC658) and 159 

column-integrated aerosol optical depth (AOD). These complementary measurements provide information on aerosol absorption 160 

efficiency at the surface and the total atmospheric aerosol loading, respectively. 161 

The BC-MAC₆₅₈ was estimated from filter-based optical attenuation measurements obtained using the Sunset Laboratory thermal–162 

optical carbon analyzer. Optical attenuation at the instrument laser wavelength (658 nm) was measured continuously during 163 

thermal analysis and combined with thermally determined BC mass concentrations to estimate BC-MAC₆₅₈ following approaches 164 

previously applied over the Indian Ocean (Ram and Sarin, 2009; Budhavant et al., 2020, 2024; Nair et al., 2024). The aerosol 165 

absorption coefficient was derived from the measured optical attenuation using a multiple-scattering correction factor of 4.5 166 

(Weingartner et al., 2003; Budhavant et al., 2024). BC-MAC₆₅₈ was calculated as the ratio of the aerosol absorption coefficient to 167 

the corresponding BC mass concentration. Variations in BC-MAC₆₅₈ were interpreted as indicators of changes in particle mixing 168 
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state, secondary aerosol coatings, and atmospheric aging. It should be noted that BC-MAC₆₅₈ provides an indirect measure of 169 

atmospheric processing and does not constitute a direct measurement of particle morphology or internal mixing state. 170 

Column-integrated AOD was obtained from a CIMEL sun–sky radiometer operated as part of the Aerosol Robotic Network 171 

(AERONET) at MCOH. Only Version 3 Level 2.0 quality-assured data, representing 230 measurement days, were used in this 172 

study. The AERONET processing algorithm includes automatic cloud screening, instrument calibration, and standardized quality-173 

control procedures, ensuring high-quality and globally consistent aerosol optical measurements (Holben et al., 1998; Giles et al., 174 

2019). Daily mean AOD at 500 nm (AOD500) was used to characterize seasonal changes in column aerosol loading and to 175 

complement the surface-based PM2.5 observations. 176 

 177 

Figure 2: Dominant seasonal transport pathways to the Maldives Climate Observatory at Gan (MCOG), inferred from 10-178 

day HYSPLIT backward-trajectory clusters overlaid on the 2022 MODIS annual aerosol optical depth (AOD) distribution. 179 

Continental outflow during the northeast monsoon (red) originates from South and Southeast Asia, whereas air masses 180 

dominate marine inflow during the southwest monsoon (blue) from the southern Indian Ocean. Additional details 181 

regarding the trajectory clustering are provided in the Supplemental Information (Figure S3).182 
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2.4 Meteorological measurements and air-mass trajectory analysis 

Meteorological parameters, including air temperature, relative humidity (RH), precipitation, wind speed, and wind direction, were 

obtained from the Maldives Meteorological Service station located adjacent to the MCOG. These observations were used to 185 

characterize seasonal meteorological conditions and to interpret variations in aerosol loading, chemical composition, optical 

properties, and atmospheric processing associated with the monsoon circulation. 

Air-mass transport pathways were investigated using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT, 

version 5.4.2) model developed by the NOAA Air Resources Laboratory (Draxler and Hess, 1998; Stein et al., 2015). Ten-day 

backward trajectories were calculated four times daily (00:00, 06:00, 12:00, and 18:00 UTC) using an arrival height of 50 m above 190 

ground level, consistent with previous trajectory analyses at the MCOG that focused on near-surface marine air masses (e.g., 

Budhavant et al., 2024). Meteorological input fields were obtained from the Global Data Assimilation System (GDAS) with a 

horizontal resolution of 1° × 1°. The 10-day trajectory length was selected to capture long-range transport from major continental 

and marine source regions. 

Trajectory clustering was performed using the Total Spatial Variance (TSV) method implemented within HYSPLIT to identify the 195 

dominant transport regimes and reduce trajectory complexity. Two major trajectory clusters were identified, representing 

continental and marine transport pathways (Figure S3), and were subsequently used to interpret seasonal variations in aerosol 

chemistry, optical properties, and isotope signatures. Although uncertainties in individual trajectories increase with transport time, 

the ensemble trajectory analysis provides a robust characterization of the dominant seasonal transport patterns influencing MCOG. 

2.5 Dual-carbon isotope measurements and analysis 200 

A subset of PM₂.₅ samples was selected for dual-carbon isotope analysis. The selected samples were collected during each monsoon 

season and had relatively high BC concentrations to ensure sufficient carbon mass for accurate radiocarbon (Δ¹⁴C) and stable 

carbon isotope (δ¹³C) measurements. BC was isolated from quartz fiber filters using the thermal–optical transmission method 

described previously, coupled with online CO₂ collection following established procedures (Zencak et al., 2007; Chen et al., 2013; 

Andersson et al., 2015; Budhavant et al., 2015, 2023). During thermal–optical analysis, the BC fraction was evolved under 205 

controlled heating conditions, and the resulting CO₂ was purified using magnesium perchlorate and silver wool traps to remove 

water vapor and halogen-containing gases, respectively. The purified CO₂ was cryogenically trapped in liquid nitrogen and flame-

sealed in pre-combusted borosilicate glass ampoules for isotope analysis. 

Radiocarbon (Δ¹⁴C) and stable carbon isotope (δ¹³C) measurements were performed at the Department of Physics and Astronomy, 

Uppsala University, Sweden. Radiocarbon signatures were used to distinguish fossil-fuel-derived BC (Δ¹⁴C ≈ −1000‰) from 210 

contemporary biomass-derived carbon, while δ¹³C provided complementary information on carbon source characteristics and 

atmospheric processing (Gustafsson et al., 2009; Bosch et al., 2014; Kirillova et al., 2013, 2014; Andersson et al., 2015; Budhavant 

et al., 2023). The combined use of Δ¹⁴C and δ¹³C provides a robust source-diagnostic framework for evaluating seasonal variability 

in BC sources over the equatorial Indian Ocean. 
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Seasonal differences between the NEM and SWM were evaluated using Welch's t-test and Mann–Whitney U test. Statistical 215 

significance was defined as p < 0.05. 

 

3. Results and discussion  

3.1 Monsoon meteorology, transport pathways, and aerosol loading  

Seasonal meteorological conditions over the equatorial Indian Ocean during 2022 exhibited the characteristic reversal associated 220 

with the South Asian monsoon system (Figures S1 and S2). During the NEM, relatively dry conditions and persistent northeasterly 

winds favoured the transport of continental air masses from South and Southeast Asia. In contrast, the SWM was characterized by 

stronger southwesterly winds, higher relative humidity, and substantially greater precipitation, reflecting the increased influence 

of marine air masses originating over the southern Indian Ocean. 

The contrasting meteorological regimes were clearly reflected in the HYSPLIT backward trajectories (Figure 2). During the NEM, 225 

air masses predominantly originated over South and Southeast Asia before reaching MCOG, whereas during the SWM trajectories 

remained largely confined to the southern Indian Ocean, indicating a predominantly marine influence. Trajectory cluster analysis 

further showed that continental transport accounted for approximately 32 % of all air masses arriving at MCOG, while marine 

transport represented the remaining 68 % (Figure S3). Continental trajectories crossed densely populated and industrialized regions 

where anthropogenic emissions, biomass burning, and secondary aerosol formation are major aerosol sources, whereas marine 230 

trajectories originated over the remote southern Indian Ocean and were associated with comparatively clean oceanic air masses. 

The MODIS annual AOD distribution independently supports these transport patterns (Figure 2). Elevated aerosol loading over 

the Indo-Gangetic Plain, northern Indian Ocean, and parts of Southeast Asia coincided with the principal continental transport 

pathways during the NEM, whereas substantially lower AOD over the southern Indian Ocean was consistent with the 

predominantly marine trajectories observed during the SWM. The close agreement between satellite observations and HYSPLIT 235 

trajectories indicates that the seasonal monsoon circulation strongly influences the transport pathways by which aerosols reach the 

equatorial Indian Ocean. 

These contrasting transport regimes were reflected in the observed aerosol loading. PM₂.₅ concentrations exhibited a pronounced 

seasonal cycle, averaging 5.6 ± 2.7 μg m⁻³ during the NEM and decreasing significantly to 3.3 ± 1.3 μg m⁻³ during the SWM (p < 

0.001; Table 1, Figure 3). A similar seasonal pattern was observed for AOD₅₀₀, which decreased significantly from 0.17 ± 0.09 240 

during the NEM to 0.11 ± 0.04 during the SWM (p < 0.001; Table 1, Figure 4). The consistent seasonal behaviour of surface PM₂.₅, 

column-integrated AOD, backward trajectories, and satellite observations demonstrates that monsoon-driven changes in regional 

transport largely determine aerosol loading over the equatorial Indian Ocean. During the SWM, aerosol concentrations were 

significantly lower, yet measurable PM₂.₅ levels persisted throughout the year. This indicates that long-range transport continued 

to be an important contributor to the regional background aerosol burden in both continental and marine conditions. 245 
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3.2 Monsoon-driven changes in aerosol chemistry and source signatures 

3.2.1 Seasonal variability in aerosol chemical composition 

The pronounced seasonal differences in aerosol loading were accompanied by significant changes in aerosol chemical composition, 

reflecting the alternating influence of continental outflow and marine inflow associated with the South Asian monsoon (Figure 3; 255 

Table 1). Carbonaceous aerosol components and secondary inorganic species were substantially enhanced during the NEM, 

whereas marine-derived constituents became relatively more important during the SWM. The pre- and post-monsoon transition 

periods exhibited intermediate chemical characteristics, reflecting the progressive replacement of continental air masses by marine 

inflow during monsoon onset and the gradual re-establishment of continental influence during monsoon withdrawal. 

 260 

Figure 3: Panel (A) Time series of PM₂.₅ mass concentration and major aerosol chemical components measured at the 

Maldives Climate Observatory at Gan (MCOG) during 2022, including elemental carbon (BC), organic matter (OM), non-

sea-salt sulfate (nss-SO₄²⁻), and non-sea-salt potassium (nss-K⁺). The cyan-shaded region denotes the southwest monsoon 

(SWM). (B) Mean chemical composition of PM₂.₅ during the northeast monsoon (NEM), pre-transition, SWM, and post-

transition periods, showing the relative contributions of water-soluble inorganic ions, carbonaceous components (OM and 265 

BC), and the unidentified residual fraction. 

Concentrations of BC, OC, OM, and nss-SO₄²⁻ were all significantly higher during the NEM than during the SWM (p < 0.001; 

Table 1). The transition periods generally showed intermediate concentrations, consistent with the gradual evolution of air-mass 

origin rather than abrupt changes in aerosol composition. Elevated concentrations of carbonaceous aerosols and nss-SO₄²⁻ during 

the NEM are consistent with efficient long-range transport of combustion-derived aerosols and secondary sulfate from South and 270 

Southeast Asia. These observations agree with previous studies over the northern Indian Ocean and South Asian outflow, which 
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have demonstrated enhanced transport of anthropogenic aerosols during the winter monsoon (Ramanathan et al., 2001; Stone et 

al., 2007; Budhavant et al., 2020, 2023; Clarke et al., 2026). 

Although the absolute concentrations of sea-salt ions also varied seasonally, the relative contributions of Na⁺ and Cl⁻ to PM₂.₅ 

increased significantly during the SWM (p < 0.05), indicating a transition from a pollution-dominated aerosol regime during the 275 

NEM to a more marine-influenced aerosol composition. The transition periods bridged these contrasting seasonal regimes, with 

continental tracers progressively decreasing at monsoon onset and increasing at monsoon withdrawal, reflecting the seasonal 

evolution of transport pathways. 

 

Figure 4: Seasonal variability of aerosol diagnostic ratios measured at the Maldives Climate Observatory at Gan (MCOG) 280 

during December 2021–January 2023: (a) NH₄⁺/nss-SO₄²⁻, (b) nss-SO₄²⁻/NO₃⁻, (c) Cl⁻/Na⁺, (d) nss-K⁺/BC, and (e) OC/BC. 

Shaded regions denote the northeast monsoon (NEM), southwest monsoon (SWM), and the intervening transition periods. 

The seasonal evolution of these diagnostic ratios illustrates changes in the relative influence of continental and marine 

aerosol sources, secondary aerosol composition, and aerosol source characteristics associated with monsoon-driven 

transport over the equatorial Indian Ocean.  285 
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3.2.2 Diagnostic aerosol ratios and evidence for source variability 

Diagnostic aerosol ratios provide additional insight into seasonal variations in aerosol sources and chemical processing beyond 

what concentration measurements alone can provide (Figure 4). Seasonal correlation patterns among major aerosol species further 

support these changes in aerosol composition and source characteristics (Figure S4). 

The OC/BC ratio was significantly higher during the SWM than during the NEM (3.22 ± 1.97 vs. 4.89 ± 2.67; Mann–Whitney p 290 

< 0.001; Figure 4e), indicating a greater relative contribution of organic carbon under marine conditions. Conversely, lower OC/BC 

ratios during the NEM are consistent with stronger influences of combustion-derived continental aerosols transported from South 

and Southeast Asia (Bosch et al., 2014; Budhavant et al., 2015, 2020). The transition periods exhibited intermediate values, 

reflecting the gradual shift between continental and marine air masses. 

The NH₄⁺/nss-SO₄²⁻ ratio also differed significantly between the two monsoon seasons (p < 0.001; Figure 4a), with higher and 295 

more variable values during the SWM. In contrast, the nss-SO₄²⁻/NO₃⁻ ratio was significantly higher during the NEM (p < 0.001; 

Figure 4b), confirming the dominance of sulfate over nitrate, particularly during continental outflow. The Cl⁻/Na⁺ ratio increased 

significantly during the SWM (p < 0.001; Figure 4c), consistent with a stronger contribution of fresh marine sea salt. 

The nss-K⁺/BC ratio showed considerable temporal variability but no significant seasonal difference (Figure 4d). Consequently, 

although individual samples suggest episodic biomass-burning influence, this ratio is interpreted only as a qualitative indicator of 300 

source variability because non-sea-salt potassium also has non-combustion sources (Safai et al., 2010). 

Overall, the diagnostic ratios demonstrate statistically significant seasonal changes in the relative contributions of continental and 

marine aerosol components, while the transition periods exhibited intermediate characteristics consistent with the gradual evolution 

of monsoon circulation. Together with the transport analysis and aerosol composition presented in Sections 3.1 and 3.2.1, these 

results show that seasonal monsoon circulation strongly influences aerosol source characteristics over the equatorial Indian Ocean. 305 

3.3 Atmospheric aging enhances BC absorption over the equatorial Indian Ocean 

3.3.1 Seasonal variability in BC-MAC and aerosol optical depth 

Aerosol optical properties exhibited contrasting responses to seasonal monsoon circulation (Figure 5; Table 1).  The AOD₅₀₀ closely 

followed the seasonal variation in PM₂.₅, decreasing significantly from 0.17 ± 0.09 during the NEM to 0.11 ± 0.04 during the SWM 

(p < 0.001). This behaviour is consistent with the strong reduction in aerosol loading associated with the transition from continental 310 

outflow to predominantly marine air masses. 
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Figure  5: Seasonal variability of (a) black carbon mass absorption cross-section at 658 nm (BC-MAC₆₅₈) and (b) aerosol 

optical depth at 500 nm (AOD₅₀₀) measured at the Maldives Climate Observatory at Gan (MCOG) from December 2021 to 

January 2023. Shaded regions denote the northeast monsoon (NEM), southwest monsoon (SWM), and the intervening 315 

transition periods. AOD₅₀₀ exhibits a pronounced seasonal cycle, with higher values during the NEM, which correspond to 

enhanced continental aerosol loading. In contrast, BC-MAC₆₅₈ shows only modest seasonal variability despite the 

substantial changes in aerosol loading between the two monsoon regimes. 

In contrast, BC-MAC₆₅₈ exhibited only modest seasonal variability. Mean BC-MAC₆₅₈ increased from 8.8 ± 2.9 m² g⁻¹ during the 

NEM to 10.2 ± 3.2 m² g⁻¹ during the SWM; however, this difference was not statistically significant (Table S1). The substantial 320 

overlap between the seasonal distributions indicates that the average light-absorbing efficiency of BC remained broadly 

comparable under the contrasting monsoon regimes. 

The contrasting behaviour of AOD₅₀₀ and BC-MAC₆₅₈ indicates that seasonal monsoon circulation exerted a much stronger 

influence on aerosol abundance than on the intrinsic absorption efficiency of BC particles. Although the tendency toward higher 

BC-MAC₆₅₈ during the SWM is consistent with atmospheric processing during marine transport, the absence of a statistically 325 

significant seasonal difference suggests that BC absorption efficiency remained relatively stable despite pronounced changes in 
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aerosol loading. The implications of these observations for atmospheric aging and aerosol radiative effects are discussed in the 

following section. 

3.3.2 Atmospheric processing and implications for BC optical properties 

The seasonal evolution of BC optical properties is interpreted in the context of the contrasting meteorological conditions, transport 330 

pathways, and aerosol chemistry over the equatorial Indian Ocean. During the SWM, persistently high relative humidity, frequent 

precipitation, and predominantly marine air masses provide favourable conditions for aqueous-phase oxidation and secondary 

aerosol formation during long-range transport (Bond et al., 2013; Liu et al., 2017). Although wet deposition efficiently removes a 

substantial fraction of atmospheric aerosol, the particles that remain airborne continue to undergo chemical processing under humid 

marine conditions. 335 

The aerosol chemical observations are broadly consistent with this interpretation. Sulfate remained the dominant secondary 

inorganic aerosol throughout the year, while the significantly higher OC/BC ratios observed during the SWM  indicate a greater 

relative contribution of organic aerosol under marine conditions. In addition, the significantly higher Cl⁻/Na⁺ ratio during the SWM 

(p < 0.001) reflects the increased influence of relatively fresh marine sea salt. Together, these observations suggest continued 

atmospheric processing during marine transport, although they do not provide direct evidence of changes in BC particle mixing 340 

state or coating thickness. 

The HYSPLIT trajectory analysis further shows that SWM air masses traveled predominantly over the southern Indian Ocean 

before reaching MCOG, providing longer residence times under marine conditions than during the NEM. Such transport pathways 

favour atmospheric oxidation and particle transformation. However, the seasonal increase in BC-MAC₆₅₈ was modest and not 

statistically significant (Welch's t-test, p = 0.103; Mann–Whitney U test, p = 0.064). Consequently, although the observations are 345 

consistent with atmospheric processing during transport, they do not conclusively demonstrate enhanced BC absorption associated 

with aging. 

The observed BC-MAC₆₅₈ values nevertheless fall within the range previously reported for aged aerosols over the northern Indian 

Ocean and South Asian outflow regions (Budhavant et al., 2020, 2024), suggesting that the optical properties of BC at MCOG are 

representative of the regional background aerosol. The combination of transport analysis, aerosol chemistry, and optical 350 

observations indicates that monsoon circulation strongly influences aerosol loading and composition, whereas the average light-

absorbing efficiency of BC remains comparatively stable despite pronounced seasonal changes in aerosol abundance. 

These findings have important implications for aerosol–climate interactions over the equatorial Indian Ocean. The present 

observations suggest that accurately representing monsoon-driven transport, wet removal, and seasonal changes in aerosol 

composition is likely to have a greater influence on model performance than introducing increasingly complex parameterizations 355 

of BC absorption efficiency. Nevertheless, longer-term observations combining BC optical measurements with direct 

characterization of particle mixing state and morphology are needed to determine whether transport-dependent changes in BC 

optical properties require more sophisticated treatment in regional and global atmospheric models. 
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3.4. Supporting dual-carbon isotope evidence for aerosol source variability 

Dual-carbon isotope measurements were performed on a limited number of PM₂.₅ samples to provide an independent assessment 360 

of carbon source characteristics over the equatorial Indian Ocean (Figure 6). Owing to the analytical complexity and high carbon 

mass requirements of radiocarbon analysis, isotope measurements were restricted to samples with sufficiently high carbon loading. 

Consequently, the isotope dataset represents a targeted subset of the year-round observations and is interpreted as complementary 

evidence rather than a comprehensive seasonal source-apportionment dataset. 

 365 

Figure 6: Dual-carbon isotope signatures (δ¹³C and Δ¹⁴C) of black carbon (BC) measured at the Maldives Climate 

Observatory at Gan (MCOG). Circles and squares represent samples collected during the northeast monsoon (NEM) and 

southwest monsoon (SWM), respectively. Shaded boxes indicate the approximate isotopic ranges of fossil-fuel, C₃ biomass, 

and C₄ biomass endmembers based on previous studies (Budhavant et al., 2023). The isotope signatures indicate temporal 

variability in the relative contributions of fossil and contemporary carbon sources, providing complementary evidence for 370 

changes in aerosol source characteristics over the equatorial Indian Ocean.  
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The Δ¹⁴C signatures indicate substantial variability in the relative contributions of fossil and contemporary carbon among the 

analysed samples, while δ¹³C provides additional information on carbon source characteristics and atmospheric processing. 

Together, the isotope measurements demonstrate that carbonaceous aerosols reaching MCOG originate from mixed sources whose 

relative importance varies over time. However, because only a limited number of samples were analysed, the dataset does not 375 

permit a quantitative assessment of seasonal source apportionment or a clear separation of source influences from atmospheric 

processing based on isotopes alone. 

3.5 Broader implications for aerosol–climate interactions over the Indian Ocean 

The combined meteorological, transport, chemical, optical, and isotope observations presented in this study provide a coherent 

picture of how seasonal monsoon circulation regulates carbonaceous aerosols over the equatorial Indian Ocean. The seasonal 380 

reversal of the South Asian monsoon controls the origin of air masses reaching MCOG, producing statistically significant changes 

in aerosol loading and chemical composition while simultaneously altering the relative influence of continental and marine aerosol 

sources. 

The unique location of MCOG between the continental outflow from South and Southeast Asia and the relatively pristine southern 

Indian Ocean makes it an important receptor site for investigating aerosol evolution during long-range transport (Budhavant et al., 385 

2024). The observations demonstrate a progressive transition from a continentally influenced aerosol regime during the NEM to a 

more marine-influenced environment during the SWM, with the pre- and post-monsoon periods exhibiting intermediate 

characteristics as the regional circulation evolves. 

Although aerosol loading, chemical composition, and several diagnostic source indicators varied significantly between the two 

monsoon seasons, BC-MAC₆₅₈ exhibited only modest seasonal variability. This result suggests that monsoon circulation exerts a 390 

much stronger influence on aerosol abundance and composition than on the average light-absorbing efficiency of BC particles. 

While the observed BC-MAC₆₅₈ values are consistent with previous studies of aged aerosols over the Indian Ocean, the present 

dataset does not provide statistically conclusive evidence that atmospheric aging alone produced enhanced BC absorption during 

the SWM. 

These findings have important implications for regional chemical transport and Earth system models. The observations indicate 395 

that accurately representing monsoon-driven transport, wet scavenging, and seasonal changes in aerosol composition is likely to 

have a greater influence on reproducing the observed variability than introducing increasingly complex parameterizations of BC 

absorption efficiency. At the same time, the consistency of the measured BC-MAC₆₅₈ values with previous regional observations 

suggests that continued investigation of transport-dependent changes in BC optical properties remains warranted. 

The limited isotope dataset further highlights both the complexity of carbonaceous aerosol sources over the equatorial Indian Ocean 400 

and the practical challenges associated with radiocarbon analysis, which requires relatively large carbon masses and substantial 

analytical effort. Future studies combining long-term chemical measurements, expanded dual-carbon isotope observations, single-

particle characterization, and regional modelling will provide stronger constraints on aerosol transport, atmospheric processing, 

and aerosol–climate interactions across the Indian Ocean. 
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4. Conclusions  405 

This study presents the first integrated year-round observations of PM₂.₅ chemical composition, aerosol optical properties, air-mass 

transport, and dual-carbon isotope signatures at the MCOG, providing new insights into the evolution of carbonaceous aerosols 

over the equatorial Indian Ocean. The combined observations demonstrate that seasonal monsoon circulation is the dominant 

control on aerosol transport, loading, and chemical composition over this climatically important receptor region. 

During the NEM, continental outflow from South and Southeast Asia resulted in significantly higher PM₂.₅, BC, OC, and nss-SO₄²⁻ 410 

concentrations, reflecting the long-range transport of combustion-derived aerosols. In contrast, the SWM was characterized by 

marine air masses, stronger precipitation, and substantially lower aerosol loading, leading to a transition from a continentally 

influenced aerosol regime to a more marine-dominated environment. Diagnostic aerosol ratios further confirmed systematic 

seasonal changes in aerosol source characteristics and chemical composition, while the pre- and post-monsoon transition periods 

exhibited intermediate conditions associated with the seasonal evolution of regional circulation. 415 

Although aerosol loading and chemical composition changed markedly between the two monsoon seasons, BC-MAC₆₅₈ exhibited 

only modest seasonal variability, with no statistically significant difference between the NEM and SWM. This finding suggests 

that monsoon circulation exerts a much stronger influence on aerosol abundance and composition than on the average light-

absorbing efficiency of BC particles. The observed BC-MAC₆₅₈ values are nevertheless consistent with previous measurements 

over the Indian Ocean and South Asian outflow, indicating that the optical properties of BC over MCOG are representative of the 420 

regional background aerosol. 

The limited dual-carbon isotope dataset provided complementary evidence that carbonaceous aerosols reaching MCOG originated 

from mixed fossil and contemporary sources, although the number of samples was insufficient for quantitative seasonal source 

apportionment. 

Overall, this study demonstrates the value of integrating meteorological observations, transport analysis, aerosol chemistry, optical 425 

measurements, and isotope techniques to investigate aerosol evolution over the equatorial Indian Ocean. These multi-constraint 

observations provide an important observational benchmark for evaluating regional chemical transport and Earth system models. 

Future long-term observations integrating expanded dual-carbon isotope measurements, direct characterization of BC mixing state, 

aerosol optical properties, and regional modelling will provide stronger constraints on aerosol transport, atmospheric processing, 

aerosol–radiation interactions, and their implications for the South Asian monsoon and regional climate. 430 
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