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Abstract 

Black carbon (BC) is a strong absorber of solar radia)on and a major contributor to climate 
warming. It is mainly produced by the incomplete combus)on of fossil fuels, biofuels, and 
biomass. In the atmosphere, BC undergoes aging through condensa)on, coagula)on, and 
mul)phase reac)ons, during which it becomes coated with other aerosol components. These 
aging processes substan)ally enhance BC’s light absorp)on and hygroscopicity, thereby 
influencing its direct radia)ve forcing and aerosol-cloud interac)ons. However, large 
uncertain)es remain in assessing the clima)c impacts of BC mixing state. A key reason is the 
limited understanding of BC mixing characteris)cs under real atmospheric condi)ons. Most 
exis)ng studies have focused on con)nental environments, par)cularly near-surface 
observa)ons. However, the diversity of BC mixing states across different environments poses 
challenges for constraining global models. For global climate models, observa)ons of BC loading 
and mixing state over marine regions are especially important for characterizing remote 
environments and represen)ng global averages. Nevertheless, available measurements over 
oceans remain scarce, par)cularly those concerning BC mixing state. As a result, our 
understanding of how the marine environment influences BC aging and mixing state remains 
very limited. 

This thesis focuses on shipborne measurements of BC mass concentra)ons and mixing state 
over the Atlan)c Ocean, conducted using a Single Par)cle Soot Photometer (SP2) aboard the 
research sailing yacht S/Y Eugen Seibold. The study inves)gates the key factors influencing BC 
loading and mixing state in marine environments. Based on an improved method for BC mixing-
state retrieval, this work elucidates the aging processes through which freshly emiSed BC 
externally aSached to non-BC aerosols (e.g., sea salt) evolves into thickly coated BC during 
transport in humid marine atmospheres. 

In Chapter 2, to enable rapid and scalable analysis of SP2 datasets collected in marine 
environments, the SP2 Parallel Accelerated Run)me Kit (SPARK) is developed in this thesis. It is a 
cross-plagorm toolkit designed for efficient and accurate analysis of large SP2 datasets. SPARK 
enhances data accuracy through improved numerical algorithms and ensures long-term data 
stability by automa)cally detec)ng and correc)ng instrument driDs such as laser misalignment, 
baseline shiDs, and )ming varia)ons. Its parallel compu)ng capabili)es greatly accelerate data 
processing, allowing rou)ne analysis of extensive campaign datasets. Moreover, its standardized 
and physically consistent retrievals of op)cal sizing and coa)ng proper)es provide the analy)cal 
founda)on for all subsequent chapters, ensuring consistent and high-precision characteriza)on 
of BC mass, size, and mixing state across the Atlan)c shipborne measurements. 

In Chapter 3, this study examines the transforma)on of freshly emiSed BC par)cles in marine 
atmospheres, which tend to aSach to marine aerosols and subsequently form thickly coated 
core-shell structures under high rela)ve humidity. Based on in-situ measurements from ten 
Atlan)c Ocean cruises aboard the S/Y Eugen Seibold, this study compiled a comprehensive 
dataset (over 1120 hours of observa)ons) of BC concentra)ons and mixing states across both 
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near-coastal and remote regions (10° N-60° N, 10° E-65° W). The results show that the 
background BC concentra)on over the Atlan)c Ocean is approximately 100 ng m-3, indica)ng a 
well-mixed marine atmosphere extending up to ~1000 km offshore. Non-core-shell BC par)cles 
dominate (>50%) in coastal regions, likely due to coagula)on with marine aerosols. High 
humidity (>85%) further transforms BC associated with marine aerosols into thickly coated core-
shell par)cles via hygroscopic growth. These findings provide new insights into BC behavior and 
transforma)on processes in marine environments. 

In Chapter 4, this study reveals that regional transport in marine environments can produce 
highly aged BC par)cles with coa)ng thicknesses of several hundred nanometers. In this work, 
shipborne measurements from seven cruises (over 660 hours of observa)ons) conducted 
between June and August 2020 across the Northeast Atlan)c (35-66° N, 30° W-10° E) were 
classified into two groups according to air mass origin: con)nental-dominated and marine-
dominated. Comparisons between these two groups reveal that air masses origina)ng from 
con)nental Europe increased BC loadings in the Atlan)c marine atmosphere by tens to 
hundreds of ng cm-3. Marine air masses, in contrast, favored the forma)on of aged BC with 
larger cores and thicker coa)ngs, oDen reaching 100-200 nm. For BC par)cles emiSed from 
Europe, coa)ng growth in con)nental environments typically ranges from only a few to tens of 
nanometers (Laborde et al., 2013). Our observa)ons demonstrate that BC transported through 
marine environments can reach highly aging levels, likely due to coagula)on with marine 
aerosols (e.g., sea salt) and droplet forma)on at high humidity. This is consistent with the 
mechanisms proposed in Chapter 3. Our findings highlight the crucial role of marine 
environments in enhancing BC aging during regional transport and promo)ng the forma)on of 
thickly coated par)cles, which have important implica)ons for the global climate system. 

In summary, this thesis provides new insights into BC aging processes in the marine atmosphere 
and their implica)ons for improving climate model representa)ons of aerosol-radia)on 
interac)ons. It addresses the current knowledge gap regarding how marine condi)ons shape BC 
mixing state, which is a key factor controlling its climate impact. Our results demonstrate that 
BC aging and mixing in marine environments are strongly influenced by coagula)on with marine 
aerosols and high humidity, rather than solely by local emissions or condensa)on. These 
findings reveal previously unquan)fied marine pathways that would enhance BC light 
absorp)on and aerosol-cloud interac)ons. Ul)mately, this thesis provides crucial observa)onal 
evidence to inform and constrain the parameteriza)on of BC mixing state and its associated 
radia)ve and microphysical effects in marine regions, thereby improving future climate 
modeling and predic)ons of BC’s role in global climate change. 
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Zusammenfassung 

Schwarzer Kohlenstoff (Black Carbon, BC) ist ein starker Absorber der solaren Strahlung und ein 
bedeutender Treiber der Klimaerwärmung. Er entsteht hauptsächlich bei der unvollständigen 
Verbrennung fossiler Brennstoffe, BiokraDstoffe und Biomasse. In der Atmosphäre altert BC 
durch Kondensa)on, Koagula)on und Mehrphasenreak)onen, wobei er mit anderen 
Aerosolkomponenten beschichtet wird. Diese Alterungsprozesse verstärken BCs Lichtabsorp)on 
und Hygroskopizität erheblich und beeinflussen damit seinen direkten Strahlungsantrieb sowie 
Aerosol-Wolken-Wechselwirkungen. Die klima)schen Auswirkungen des BC-Mischungszustands 
sind jedoch mit großen Unsicherheiten behaDet. Ein wesentlicher Grund ist das begrenzte 
Verständnis der BC-MischungseigenschaDen unter realen atmosphärischen Bedingungen. Die 
meisten bisherigen Studien konzentrieren sich auf kon)nentale Umgebungen, insbesondere auf 
bodennahe Beobachtungen. Die Vielfalt der BC-Mischungszustände in unterschiedlichen 
Umgebungen erschwert jedoch die Parametrisierung und Validierung globaler Klimamodelle. 
Für globale Klimamodelle sind Beobachtungen der BC-Beladung und des Mischungszustands 
über mari)men Regionen besonders wich)g, um abgelegene Umgebungen zu charakterisieren 
und globale MiSelwerte abzubilden. Dennoch sind verfügbare Messungen über den Ozeanen 
selten, insbesondere solche zum BC-Mischungszustand. Folglich ist unser Verständnis darüber, 
wie die mari)me Umgebung die BC-Alterung und den Mischungszustand beeinflusst, sehr 
begrenzt. 

Diese Disserta)on konzentriert sich auf schiffsgestützte Messungen der BC-
Massenkonzentra)onen und des Mischungszustands über dem Atlan)k, durchgeführt mit einem 
Single Par)cle Soot Photometer (SP2) an Bord der Forschungssegelyacht S/Y Eugen Seibold. Die 
Studie untersucht die Schlüsselfaktoren, die BC-Beladung und den Mischungszustand in 
mari)men Umgebungen beeinflussen. Auf Basis einer verbesserten Methode zur Bes)mmung 
des BC-Mischungszustands beschreibt diese Arbeit die Alterungsprozesse, durch die frisch 
emiuerter BC, der äußerlich an nicht-BC-Aerosole (z. B. Meersalz) angelagert ist, während des 
Transports in feuchten mari)men Atmosphären zu stark beschichtetem BC wird. 

In Kapitel 2 wird zur schnellen und skalierbaren Analyse von in mari)men Umgebungen 
erhobenen SP2-Datensätzen das SP2 Parallel Accelerated Run)me Kit (SPARK) entwickelt. Es 
handelt sich um ein plavormübergreifendes Toolkit zur effizienten und genauen Analyse großer 
SP2-Datensätze. SPARK erhöht die Datenqualität durch verbesserte numerische Algorithmen 
und gewährleistet die langfris)ge Stabilität der Daten, indem InstrumentdriDs wie Laser-
Fehljus)erungen, Basislinienverschiebungen und zeitliche Versätze automa)sch erkannt und 
korrigiert werden. Die Parallelisierung beschleunigt die Datenverarbeitung erheblich und 
ermöglicht die rou)nemäßige Analyse umfangreicher Kampagnendatensätze. Darüber hinaus 
bilden standardisierte und physikalisch konsistente Retrieval-Verfahren zur op)schen 
Größenbes)mmung und zu BeschichtungseigenschaDen die analy)sche Grundlage für alle 
folgenden Kapitel und gewährleisten eine konsistente, hochpräzise Charakterisierung von BC-
Masse, -Größe und -Mischungszustand über die schiffsgestützten Atlan)kmessungen hinweg. 
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In Kapitel 3 untersucht diese Studie die Transforma)on frisch emiuerter BC-Par)kel in 
mari)men Atmosphären, die dazu neigen, sich an marine Aerosole anzulagern und 
anschließend bei hoher rela)ver LuDfeuchte stark beschichtete Kern-Schale-Strukturen (core-
shell) zu bilden. Basierend auf In-situ-Messungen während zehn Atlan)kfahrten an Bord der S/Y 
Eugen Seibold wurde ein umfassender Datensatz (über 1120 Beobachtungsstunden) der BC-
Konzentra)onen und Mischungszustände in sowohl küstennahen als auch abgelegenen 
Regionen (10° N–60° N, 10° E–65° W) zusammengestellt. Die Ergebnisse zeigen, dass die 
Hintergrund-BC-Konzentra)on über dem Atlan)k ungefähr 100 ng m⁻³ beträgt, was auf eine gut 
durchmischte mari)me Atmosphäre hinweist, die sich bis etwa 1000 km von der Küste engernt 
erstreckt. BC-Par)kel ohne Kern-Schale-Struktur überwiegen (>50 %) in Küstenregionen, 
wahrscheinlich aufgrund der Koagula)on mit marinen Aerosolen. Hohe rela)ve LuDfeuchte 
(>85 %) transformiert BC, das mit marinen Aerosolen assoziiert ist, durch hygroskopisches 
Wachstum weiter zu stark beschichteten Kern-Schale-Par)keln. Diese Befunde liefern neue 
Einblicke in das Verhalten und die Transforma)onsprozesse von BC in mari)men Umgebungen. 

In Kapitel 4 zeigt diese Studie, dass regionaler Transport in mari)men Umgebungen stark 
gealterte BC-Par)kel mit Beschichtungsdicken von mehreren hundert Nanometern 
hervorbringen kann. In dieser Arbeit wurden schiffsgestützte Messungen von sieben Fahrten 
(über 660 Beobachtungsstunden), die zwischen Juni und August 2020 über dem Nordostatlan)k 
(35–66° N, 30° W–10° E) durchgeführt wurden, nach der LuDmassenherkunD in zwei Gruppen 
eingeteilt: kon)nental bzw. mari)m dominierte Gruppen. Vergleiche zwischen diesen beiden 
Gruppen zeigen, dass aus dem kon)nentalen Europa stammende LuDmassen die BC-Beladung 
in der marinen Atmosphäre des Atlan)ks um Dutzende bis Hunderte ng cm-3 erhöhten. 
Mari)me LuDmassen förderten dagegen die Bildung gealterten BCs mit größeren Kernen und 
dickeren Beschichtungen, die häufig 100–200 nm erreichen. Für aus Europa emiuerte BC-
Par)kel liegt das Beschichtungswachstum in kon)nentalen Umgebungen typischerweise nur im 
Bereich von wenigen bis einigen Dutzend Nanometern (Laborde et al., 2013). Unsere 
Beobachtungen zeigen, dass BC, der durch mari)me Umgebungen transpor)ert wird, ein sehr 
hohes Alterungsniveau erreichen kann, wahrscheinlich aufgrund von Koagula)on mit marinen 
Aerosolen (z. B. Meersalz) und Tropfenbildung bei hoher Feuchte. Dies s)mmt mit den in Kapitel 
3 vorgeschlagenen Mechanismen überein. Unsere Ergebnisse unterstreichen die entscheidende 
Rolle mari)mer Umgebungen bei der Verstärkung der BC-Alterung während des regionalen 
Transports und der Förderung der Bildung stark beschichteter Par)kel, die wich)ge 
Implika)onen für das globale Klimasystem haben. 

Zusammenfassend liefert diese Disserta)on neue Einblicke in die BC-Alterungsprozesse in der 
mari)men Atmosphäre und deren Bedeutung für die Verbesserung der Darstellung von Aerosol-
Strahlungs-Wechselwirkungen in Klimamodellen. Sie adressiert die bestehende Wissenslücke 
darüber, wie mari)me Bedingungen den BC-Mischungszustand prägen, der ein Schlüsselfaktor 
für seine Klimaauswirkungen ist. Unsere Ergebnisse zeigen, dass BC-Alterung und -Mischung in 
mari)men Umgebungen stark durch Koagula)on mit marinen Aerosolen und hohe Feuchte 
beeinflusst werden und nicht ausschließlich durch lokale Emissionen oder Kondensa)on. Diese 
Befunde offenbaren bislang nicht quan)fizierte mari)me Pfade, die die Lichtabsorp)on von BC 
und Aerosol-Wolken-Wechselwirkungen verstärken können. Letztlich liefert diese Disserta)on 
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entscheidende beobachtungsbasierte Evidenz, die die Parametrisierung des BC-
Mischungszustands und seiner damit verbundenen strahlungs- und mikrophysikalischen Effekte 
in marinen Regionen informiert und verbessert und dadurch die zukünDige Klimamodellierung 
sowie Vorhersagen zur Rolle von BC im globalen Klimawandel verbessert. 
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1.1 Black Carbon: defini3on, proper3es, and climate effects 

1.1.1 DefiniCon and terminology 

Atmospheric aerosols are solid or liquid par)cles suspended in the atmosphere, ranging from a 
few nanometers to tens of micrometers in diameter. These par)cles influence climate through 
various mechanisms. Most aerosols cool the atmosphere, but black carbon (BC) warms it. 
Among atmospheric aerosols, BC occupies a unique posi)on as the strongest light-absorbing 
component (IPCC, 2013; IPCC, 2021). BC also reduces visibility, degrades air quality, and impacts 
human health (Ni et al., 2024; Seinfeld and Pandis, 2006). 

BC aerosol is defined based on four key physical proper)es: (1) high light absorp)on efficiency 
per unit mass, with a mass absorp)on cross sec)on exceeding 5 m2 g-1 at 550 nm; (2) refractory 
nature, with vaporiza)on temperature near 4000 K; (3) insolubility in water and organic 
solvents, and (4) aggregate morphology composed of small carbon spherules (Bond and 
Bergstrom, 2006). This combina)on dis)nguishes BC from other atmospheric carbonaceous 
par)cles.  

Different techniques use dis)nct opera)onal terminology to define ‘light-absorbing 
carbonaceous’ that are similar to BC (Petzold et al., 2013; Pöschl, 2005). The term soot is similar 
to BC but it generally refers to par)cles origina)ng from the incomplete combus)on of 
hydrocarbon fuels, describing their source mechanism (Petzold et al., 2013). Thermal-op)cal 
analysis separates elemental carbon (EC) from organic carbon (OC) through stepwise hea)ng 
protocols (Cavalli et al., 2010; Chow et al., 2007), while op)cal methods quan)fy equivalent 
black carbon based on assumed mass absorp)on cross-sec)ons (Petzold et al., 2013). Brown 
carbon (BrC) exhibits stronger absorp)on in the ultraviolet and blue wavelengths compared to 
BC's rela)vely uniform absorp)on across the visible spectrum (Andreae and Gelencsér, 2006; 
Laskin et al., 2015). Refractory black carbon (rBC) is defined by its ability to maintain structural 
integrity up to ~4000 K. It can be dis)nguished and quan)fied using the laser-induced 
incandescence (LII) method (Melton, 1984; Schwarz et al., 2006; Stephens et al., 2003).  

BC forms when combus)on lacks sufficient oxygen for complete conversion to CO2. Carbon-rich 
precursors (e.g., acetylene, C2H2; polycyclic aroma)c hydrocarbons, PAHs) nucleate into 
molecular clusters of 1-2 nm, which collide and fuse into chain-like aggregates within 
milliseconds (Bond and Bergstrom, 2006; Petzold et al., 2013). At combus)on temperatures 
exceeding 1500°C, thermal annealing transforms these aggregates into ordered sp2-bonded 
carbon structures (Andreae and Gelencsér, 2006). This sp2-hybridized, graphene-like carbon 
structure gives BC a strong capacity to absorb visible and near-infrared light - its delocalized π-
electrons make BC a highly efficient light absorber in the atmosphere (Bond et al., 2013; 
Jacobson, 2001; Liu et al., 2020; Ramanathan and Carmichael, 2008). 

Once emiSed, BC undergoes an atmospheric life cycle that includes near-source mixing, 
boundary-layer export and convec)ve loDing, chemical and physical aging (coa)ng growth and 
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restructuring), and eventual removal by wet and dry deposi)on (Bond et al., 2013). Most 
ambient BC resides in the aerosol accumula)on mode, where life)mes are long and health 
relevance is high (Janssen et al., 2011; Kirrane et al., 2019). Typical residence )mes in the 
troposphere are several days to about a week, but can extend to weeks or longer when BC is 
loDed into the free troposphere or lower stratosphere, where scavenging is less efficient 
(Samset et al., 2014; Schwarz et al., 2017). This persistence, coupled with strong absorp)on, 
underlies BC’s role as a potent climate-warming agent. These founda)ons set up how BC 
perturbs climate through radia)ve forcing pathways (sec)on 1.1.2) and specifically focuses on 
mixing state as the microphysical link between aging, op)cs, and removal (sec)on 1.2). 

1.1.2 BC climate effects 

Aerosols influence climate through aerosol-radia)on interac)ons (ARI) and aerosol-cloud 
interac)ons (ACI) (IPCC, 2021). ARI covers direct radia)ve interac)ons and rapid atmospheric 
adjustments (e.g., temperature profiles, stability changes); ACI captures aerosol effects on cloud 
microphysics. BC contributes to both (schema)zed in Fig. 1.1): aged/coated BC can act as cloud 
condensa)on nuclei (CCN), poten)ally increasing droplet number and cloud albedo (Bond et al., 
2013; Cappa et al., 2012), while semi-direct effects arise when absorp)on-driven hea)ng 
reduces cloudiness by stabilizing the column, evapora)ng droplets, or altering temperature 
profiles (Koch and Genio, 2010; Li et al., 2022). Due to BC’s strong light-absorp)on capacity, its 
direct radia)ve impacts tend to dominate its net climate effect while quan)fying its climate 
forcing is challenging and remains highly uncertain. The IPCC FiDh Assessment Report (2013) 
es)mated the global BC direct radia)ve forcing (DRF) (1750–2011) at roughly +0.40 W m-2 (with 
a range of about +0.05 to +0.80 W m-2). Bond et al. (2013) es)mated a +0.71 W m-2 (range +0.08 
to +1.27 W m-2) for industrial-era BC direct forcing. A useful approxima)on for BC DRF is (Schulz 
et al., 2006b): 

𝐷𝑅𝐹!" = E × L × AFE × MAC#$ (1.1) 

where E [g m-2 s-1] is the global BC emission rates, L [s] is the atmospheric life)me of BC, MAC#$ 
[m2 g-1] is the mass absorp)on cross-sec)on, AFE [W m-2 AAOD-1] is the absorp)on forcing 
efficiency (Liu et al., 2020; Schulz et al., 2006b). The product E × 𝐿 × MAC#$ yields BC 
absorp)on aerosol op)cal depth (AAOD), which is measurable through ground-based sun 
photometers, satellite retrievals, and aircraD-based measurements (Dubovik and King, 2000; 
Holben et al., 2001).  

Inventory uncertainty arises from emission factors, ac)vity data, and source mix, therefor affect 
the E. Global BC emissions from boSom-up inventories are es)mated at 7.5 Tg yr-1 with large 
uncertain)es (2-29 Tg yr-1) (Bond et al., 2013; Klimont et al., 2017; Wang et al., 2014b). Open 
biomass burning, episodic fire seasons can raise E sharply on regional scales, for example, the 
2017 Pacific Northwest wildfires loDed ~0.1–0.3 Tg total aerosol (BC ~2–3%) directly into the 
stratosphere (Khaykin et al., 2020; Peterson et al., 2018; Torres et al., 2020).  
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ADer emission, transport and ver)cal placement control both the life)me L and the absorp)on 
forcing efficiency AFE. Long-range transport can carry BC across ocean or con)nentals (e.g., 
biomass burning smoke from Asia to North America and from African to South America) (Hadley 
et al., 2007; Holanda et al., 2020). Deep convec)on such as pyro-convec)on can rapidly inject 
BC into the upper troposphere and episodically the lower stratosphere (Ditas et al., 2018; Ma et 
al., 2024; Peterson et al., 2018; Yu et al., 2019). At such al)tudes, BC residence can extend from 
days to months, and per-mass forcing efficiency AFE can be ~5–10 )mes higher than near the 
surface (Samset and Myhre, 2011). 

Wet scavenging dominates the global sink through ac)va)on into as CCN or ice-nuclea)ng 
par)cles (INP) and subsequent rainout or washout. Dry deposi)on via gravita)onal seSling is 
rela)vely more important in low-precipita)on regions (deserts, polar areas). Once deposited on 
snow and ice, BC darkens the surface and produces a dis)nct, regionally important posi)ve 
forcing separate from its atmospheric effects (Bond et al., 2013). 

The mass absorp)on cross-sec)on MAC#$ links microphysics to op)cs and is governed primarily 
by the aging that occurs during transport. Condensa)on and coagula)on add inorganic and 
organic material to BC cores, and humidity cycling can restructure aggregates via capillary forces 
(Pagels et al., 2009; Zhang et al., 2008); together these processes alter refrac)ve-index contrast 
and morphology in ways that can either enhance or moderate bulk absorp)on. Uncertainty in 
this op)cal term projects linearly into absorp)on and hence into forcing. The term mixing 
state—the degree to which BC exists as externally mixed bare aggregates or internally mixed, 
coated par)cles—as the summary descriptor of this evolu)on; its detailed treatment, including 
quan)ta)ve ranges and measurement approaches, is deferred to sec)on 1.2 (Adachi et al., 
2010; Bond et al., 2013; Cappa et al., 2012; China et al., 2013).  

In summary, uncertain)es in BC forcing es)ma)on arise from its atmospheric lifecycle. 
Sec)on 1.2 will therefore introduce BC’s mixing state and its clima)c relevance, as it is a key to 
bridging the gap between BC’s micro-scale processes and macro-scale climate forcing. 

1.2 Mixing state of black carbon 

The mixing state describes how BC and non-BC species are distributed within individual par)cles 
and across the par)cle popula)on (Riemer et al., 2019). Within a par)cle, BC may be bare or 
par)ally to fully coated; morphologies include near core-shell, patchy or offset coa)ngs, or 
mul)ple small BC inclusions embedded in non-BC material (Adachi and Buseck, 2008). Across 
the popula)on, composi)on spans externally mixed (nearly pure BC) through thinly and thickly 
coated BC to BC-free par)cles (Bond et al., 2013). The amount of coa)ng (by coa)ng thickness, 
absolute shell thickness or the shell-to-core diameter ra)o) is oDen used to quan)fy the mixing 
state. At the popula)on level, distribu)ons of coa)ng thickness capture the heterogeneity of BC 
mixing and indicate how BC interacts with radia)on and clouds, since op)cal and microphysical 
responses emerge from par)cle-scale diversity (Fierce et al., 2020; Lack and Cappa, 2010).  
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1.2.1 Pathways to internal mixing: aging  

Freshly emiSed BC is typically externally mixed, hydrophobic, and highly fractal agglomerates of 
nanometer-scale spherules. With atmospheric processing, BC transi)ons from bare aggregates 
to par)ally and then thickly coated par)cles—oDen with progressive structural compac)on (Fig. 
1.1). This evolving mixing state controls how BC interacts with radia)on and clouds and, 
ul)mately, its atmospheric residence )me (Adachi and Buseck, 2008; Bond and Bergstrom, 
2006; Petzold et al., 2013). 

Three broad, frequently discussed pathways can drive the transi)on toward internal mixing, 
with efficiencies that vary by environment and par)cle size (Riemer et al., 2019; Seinfeld and 
Pandis, 2006). (1) Condensa)on/par))oning: oxida)on of SO2/NOx/VOCs and mul)phase 
chemistry supply sulfate, nitrate, and secondary organics that condense onto BC; this pathway 
strengthens with higher precursor abundance and oxidant levels, is accelerated at high RH via 
aqueous uptake, and is temperature-sensi)ve (cooler air favors par))oning of semi-vola)le 
nitrate and some organics) (Pagels et al., 2009; Seinfeld and Pandis, 2006; Zhang et al., 2008). 
(2) Coagula)on/aSachment: collisions with pre-exis)ng par)cles (e.g., inorganics, organics, sea 
salt) embed BC within mixed par)cles or aSach BC at their surfaces; this pathway intensifies at 
high number concentra)ons, under turbulence, and for smaller BC cores, which diffuse and 
collide more efficiently (Riemer et al., 2019; Seinfeld and Pandis, 2006). (3) Restructuring by 
humidity and heat: repeated humidifica)on–evapora)on and cloud processing generate 
capillary forces that compact aggregates and redistribute inclusions toward more op)cally 
coupled arrangements; mild thermal histories can further densify structures. Timescales depend 
on mechanism and environment. In photochemically ac)ve, polluted boundary layers—and/or 
at high RH where aqueous uptake and cloud cycling are frequent—condensa)on-dominated 
aging proceeds within hours, whereas in cleaner or remote air where coagula)on and 
intermiSent cloud processing dominate, aging can take mul)ple days (Peng et al., 2016; Riemer 
et al., 2019; Seinfeld and Pandis, 2006). 

As coa)ngs accumulate and composi)ons become more hygroscopic, BC-containing par)cles 
tend to ac)vate at lower supersatura)on. This ac)va)on enhances their entry into cloud cycles 
and increases wet scavenging, and this generally shortens atmospheric life)me. Under typical 
cloud supersatura)ons (~0.1-1%), accumula)on-mode par)cles (~0.1–0.3 µm) are most likely to 
ac)vate because only modest growth/coa)ng is needed to cross CCN thresholds for such size 
ranges (Bond et al., 2013; PeSers and Kreidenweis, 2007). Nuclea)on scavenging is selec)ve: 
larger and/or more thickly coated BC-containing par)cles are preferen)ally removed, while 
small BC cores are efficiently removed when embedded in larger hygroscopic hosts formed via 
coagula)on (Bond et al., 2013; Riemer et al., 2019). 

1.2.2 BC mixing state and coaCng “lensing” 

Coa)ngs on BC cores can amplify light absorp)on via the “lensing effect”: a rela)vely 
transparent shell focuses light into the absorbing core and, together with aggregate 
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compac)on, increases the MAC#$ (Bond et al., 2013; Fuller et al., 1999; Lack and Cappa, 2010). 
In the context of sec)on 1.1, a larger MAC#$ increases the ARI warming by BC. The absorp)on 
enhancement of (E%&') increases with coa)ng thickness up to a moderate shell-to-core ra)o 
(assuming spheric shape). Lensing effect is stronger for non-absorbing coa)ngs (e.g., sulfate, 
most secondary organics) and is weaken when coa)ngs are light-absorbing (brown carbon) or 
when aggregates remain highly porous (Fierce et al., 2020; Lack and Cappa, 2010). 
Consequently, the same average coa)ng mass can yield different MAC#$ depending on how 
coa)ng distribu)ons map onto morphology and composi)on, and on the humidity history that 
drives compac)on (Bond et al., 2013; Riemer et al., 2019). 

There is ongoing debate about the magnitude and ubiquity of absorp)on enhancement. Cappa 
et al. (2012) found small ensemble-average E%&' enhancements in California ouglow despite 
substan)al coa)ngs and showed that idealized core-shell assump)ons can overpredict lensing 
for realis)c par)cle popula)ons. Subsequent works reached similar conclusions (small E%&') and 
explicitly highlighted the sensi)vity to mixing-state heterogeneity (Cappa et al., 2019). Other 
studies, especially in polluted, rapidly aging plumes, report larger absorp)on enhancement 
consistent with thicker coa)ngs and par)al compac)on, whereas regional ouglow and 
free-tropospheric observa)ons oDen show moderate values—smaller than many model or 
chamber simula)ons (Cappa et al., 2019; Peng et al., 2016; Zhang et al., 2018a). Taken together, 
the literature indicates that enhancement depends on environmental condi)ons and 
source/aging regime: rapid condensa)on in urban haze can drive large E%&', while diluted 
ouglow and the free troposphere more oDen exhibit modest values (Liu et al., 2017; Zhang et 
al., 2023). 

In polluted boundary layers, condensable vapors can form thick coa)ngs within hours. However, 
dilu)on, boundary-layer dynamics, and variability in core size limit the generalizability of these 
condi)ons. As air is transported to regional ouglow and the free troposphere, repeated 
humidifica)on and cloud cycling compress carbon aggregates. Simultaneously, wet removal 
preferen)ally depletes the thickest-coated, most CCN-ac)ve par)cles (Bhandari et al., 2019; 
Zhang et al., 2008). Consequently, the ensemble-mean E%&' remains small to moderate, even 
when measurable coa)ngs are present. Models that assume uniform core-shell par)cles may 
overes)mate enhancement, while represen)ng distribu)ons of shell-to-core ra)os and 
morphologies aligns predic)ons more closely with field constraints (He et al., 2015; Wang et al., 
2023a; Zhang et al., 2016). 

Overall, the rela)onships between enhancement and mixing state depend jointly on where BC 
ages and how it is observed and modeled. Sec)on 1.2.3 examines the spa)al heterogeneity of 
mixing state and the measurement limits that shape reported coa)ng–enhancement 
rela)onships—mo)va)ng paired near-source and remote-ocean observa)ons for 
forcing-relevant constraints. 
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1.2.3 SpaCal variability of BC mixing state and its forcing implicaCons  

The mixing state varies systema)cally with proximity to sources, chemical environment, and 
meteorology: near combus)on sources BC is oDen externally mixed or only thinly coated, 
limited )me for condensa)on and cloud processing and with frequent hetero-coagula)on / 
aSachment in high-number environments. With transport and photochemical processing, 
condensa)on of sulfate/nitrate/secondary organics and humidity-driven restructuring move the 
popula)on toward internally mixed states, while size-dependent wet removal selec)vely 
depletes the thickest-coated, most CCN-ac)ve par)cles (Buffaloe et al., 2014; Cappa et al., 
2014; Cheng et al., 2012; Subramanian et al., 2010; Taketani et al., 2016; ZanaSa et al., 2018). 
These paSerns are observed across urban, ouglow, and marine/remote environments and are 
consistent with field constraints on ver)cal profiles and aging rates. Spa)al heterogeneity in BC 
mixing state maps directly onto the terms in the DRF es)mates: coa)ngs and morphology 
regulate MAC#$ via lensing (and thus E%&'); increased hygroscopicity/CCN ac)vity shortens BC 
life)me in humid, cloudy boundary layers via selec)ve wet removal; and ver)cal placement 
during transport (e.g., export/loDing) raises AFE aloD so that smaller masses can exert outsized 
radia)ve influence (Bond et al., 2013). 

Close-to-source measurements (roadside and stack/ship-exhaust transects, urban supersites, 
and aircraD plume intercepts) constrain the ini)al condi)ons for aging—source-resolved 
core-size distribu)ons and early condensa)on/coagula)on rates. Remote environment 
measurements at remote environments, by contrast, constrain the contribu)on of aging, 
transport, providing forcing-relevant closure along the source-to-sink pathway. For example, 
remote ocean provides globally relevant constraints on BC mixing state and its climate effect. 
Because oceans cover ~70% of Earth’s surface, the marine boundary layer is compara)vely 
quasi-uniform, repeatable, and meteorologically well characterized rela)ve to con)nental 
boundary layers; it is also far from direct emission sources. As con)nental ouglow transi)ons to 
remote marine air, BC experiences mul)-day photochemical processing and repeated 
humidity/cloud cycles that promote coa)ng growth and aggregate compac)on, while selec)ve 
scavenging removes the most CCN-ac)ve, thickly coated par)cles. This natural evolu)on—from 
near-source to regional ouglow to remote marine—dis)lls the coupled effects of aging, wet 
removal, and transport that control popula)on-mean MAC#$ and E%&', and thus the AAOD term 
in sec)on 1.1.2 (Bond et al., 2013). 

1.3 Black Carbon Measurement: Evolu3on, Applica3ons, and Challenges 

The climate effects and uncertain)es discussed in Sec)on 1.2 highlight the need for accurate, 
comprehensive BC measurements to constrain forcing es)mates. As noted earlier in sec)on 1.1, 
each measurement method defines ‘black carbon’ in its own opera)onal way, depending on 
whether it measures carbon content, light absorp)on. Thus, BC measurement techniques have 
evolved from bulk analyses to op)cal and single-par)cle methods to capture different aspects of 
BC (Petzold et al., 2013). 
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1.3.1 Historical development of BC measurement techniques 

BC has been quan)fied by bulk carbon analyses and by op)cal measurements that infer mass 
from absorp)on. Thermal-op)cal analysis emerged as a primary technique for quan)fying 
carbonaceous aerosols in the 1980s-1990s. This analysis separates organic carbon (OC) from 
elemental carbon (EC) through stepped hea)ng in controlled atmospheres (Cavalli et al., 2010; 
Chow et al., 2007). While thermal-op)cal analysis became standard, it suffers from method-
dependent EC/OC splits and cannot resolve mixing state. Filter-based op)cal 
methods developed concurrently, defining BC through its light-absorbing proper)es. 
Instruments like the Aethalometer, Par)cle Soot Absorp)on Photometer (PSAP), and Mul)-
Angle Absorp)on Photometer (MAAP) quan)fy absorp)on by drawing aerosol-laden air through 
a filter and measuring the resul)ng light aSenua)on (Coen et al., 2010). Vola)lity tandem DMAs 
(V-TDMAs) can infer aerosol mixing state from size-resolved shrinkage during hea)ng, but 
because the refractory residue aDer hea)ng includes BC together with other non-vola)le 
material, a V-TDMA alone cannot chemically dis)nguish BC from non-BC components (Zhang et 
al., 2016, 2023). These techniques suffer from ar)facts related to filter loading effects, 
scaSering correc)ons, and interference from other absorbing species (Lack et al., 2014).  

Despite extensive deployment, these techniques share fundamental limita)ons. They cannot 
resolve par)cle-level heterogeneity controlling op)cal proper)es, mixing state distribu)ons 
determining hygroscopicity, or morphological varia)ons affec)ng absorp)on enhancement 
(Petzold et al., 2013). Climate models require these microscale proper)es to reduce forcing 
uncertain)es. As demonstrated in Sec)on 1.2, these par)cle-level proper)es - especially mixing 
state and distribu)on - drive much of the uncertainty in es)mates of BC’s climate forcing.  

1.3.2 The Single ParCcle Soot Photometer: principle, validaCon and applicaCon 

The Single Par)cle Soot Photometer (SP2) quan)fies individual BC par)cles using LII (Stephens 
et al., 2003). It employs a con)nuous-wave 1064 nm Nd:YAG laser to heat par)cles to 
incandescence (~4000 K), which allows direct measurement of refractory BC mass. 
Simultaneously, the instrument infers par)cle size (assuming a BC density) and determines each 
par)cle’s coa)ng thickness and mixing state. A detailed technical introduc)on and the data 
processing methodology to the SP2 is provided in Chapter 2. 

Key technical developments and valida)ons expanded SP2 capabili)es over the past decades. 
Moteki & Kondo (2007) introduced the “lag-)me” analysis, which examines the delay between 
the scaSering peak and the incandescence peak. This delay allows classifica)on of individual BC 
par)cles as either bare/thinly coated (short lag) or thickly coated (long lag), essen)ally a binary 
indicator of single-par)cle mixing state. Sedlacek et al. (2012) used this lag-)me approach to 
iden)fy “non-core-shell” BC morphologies, where the BC core aSaches to the par)cle surface 
rather than being fully encapsulated in the center. These cases are indicated by a nega)ve lag-
)me in the SP2 signal. Such par)cles have dis)nct op)cal proper)es that may not be captured 
by tradi)onal core-shell models (see Sec)on 1.2.2).  
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Quan)fying coa)ng thickness proved challenging because par)cle evapora)on begins before 
the BC incandesces, causing the scaSering signal to deviate from the ideal Gaussian beam 
profile. Moteki & Kondo (2008) developed a physical model to describe the )me-dependent 
scaSering cross-sec)on of a par)cle as it passes through the Gaussian laser beam, enabling 
reconstruc)on of the full scaSering signal. Gao et al. (2007) modified the detector setup with a 
four-quadrant photodiode to track each par)cle’s posi)on within the laser beam. This addi)onal 
posi)onal informa)on helped constrain the Gaussian fit of the scaSering signal. This work 
introduced Leading-Edge-Only (LEO) fiung to reconstruct the full scaSering signals of par)cles 
within the Gaussian laser beam before thermal perturba)on, enabling determina)on of coa)ng 
thickness. This hardware modifica)on has since been incorporated into later SP2 instruments. 
The LEO-fit is now a widely accepted method for retrieving mixing-state informa)on (introduced 
in Chapter 2 and applied in the SP2 data processing toolkit development in Chapter 3).  

The ongoing improvements to the SP2 reflect an itera)ve development process: each 
enhancement of the instrument has revealed new complexi)es that spurred further innova)on. 
Since its origin as a laboratory prototype, the SP2 has been deployed on every con)nent to 
improve understanding of BC’s global distribu)on, its mixing-state variability, and its role in 
climate forcing. 

1.3.3 SP2 measurements and limitaCons 

Schwarz et al. (2006) provided the first ambient atmospheric valida)on of the SP2 during 
research flights (from the boundary layer up to the lower stratosphere). They found that 
individual BC par)cle masses ranged roughly from 3 to 300 femtograms, and ~40% of the 
measured par)cles showed evidence of internal mixing. Since then, the SP2 has been deployed 
in a wide range of environments – from pris)ne polar regions to polluted megaci)es, in 
sta)onary observatories as well as on ships and high-al)tude aircraD – demonstra)ng its broad 
u)lity.  

The SP2 quan)fies BC mass concentra)ons across many orders of magnitude – from ~2 ng m-3 in 
the Arc)c summer atmosphere (Jurányi et al., 2023; Schulz et al., 2019) to over 20 μg m-3 in 
polluted megaci)es (Gong et al., 2016; Liu et al., 2019; Yang et al., 2022). These urban studies 
have revealed dis)nct source signatures: fresh traffic emissions typically show small BC cores 
(60-80 nm) with thin coa)ngs, while aged biomass burning par)cles have larger cores (80-130 
nm) with thicker coa)ngs. Cappa et al. (2014) and Buffaloe et al. (2014) measured BC emission 
factors from ship plumes, finding predominantly uncoated BC par)cles in fresh marine exhaust; 
Ditas et al. (2018) documented wildfire smoke injec)on into stratosphere with BC 
concentra)ons averaging over 20 (and up to 100) )mes background levels, and par)cles 
covered by thick coa)ngs. Zhang et al. (2018) retrieved BC mixing state at a polluted urban 
Beijing site, showing that polluted condi)ons promote rapid aging and thicker coa)ngs, 
enhancing light absorp)on. Moteki et al. (2014) iden)fied "aSached-type" BC par)cles in Tokyo, 
where BC cores adhered to the surface of other par)cles rather than embedded within them. 
Similarly, Sedlacek et al. (2012) applied the lag-)me analysis to dis)nguish non-core-shell BC 
morphologies. In remote regions such as the Tibetan Plateau and European Arc)c, Wang et al. 
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(2014) and ZanaSa et al. (2018) demonstrated that substan)al frac)ons of BC par)cles become 
thickly coated during long-range transport due to atmospheric processing. 

In prac)ce, however, long-term and mobile field, deployments (ships, aircraD, remote sites, etc.) 
operate under unstable environmental condi)ons—plagorm mo)on, swings in 
pressure/temperature/humidity, and occasional power interrup)ons—that can shiD laser 
capacity and detector response, introduce )ming offsets and baseline driD, and create data 
gaps. Unstable condi)ons can compromise data quality. As a result, the data processing at these 
condi)ons requires the parameteriza)on of signal waveforms and environmental changes. 
These reali)es mo)vate a robust, broadly applicable solu)on based on a deeper theore)cal 
understanding of SP2 principles. Chapter 2 presents this theore)cal framework in detail. 

1.4 Research objec3ves and overview 

Understanding the clima)c impact of BC requires knowledge of how its atmospheric loading 
and mixing state evolve throughout its life cycle—from emission to removal. These proper)es 
determine how BC interacts with radia)on and clouds, yet both are influenced by diverse and 
dynamic atmospheric processes. To study these effects, it is essen)al to obtain broad coverage, 
in situ observa)ons spanning source regions, transport pathways, and remote background air. 
Marine regions are globally important yet under-observed, especially for par)cle-resolved 
mixing state. However, most field campaigns are limited to either near-source or background 
regions, providing snapshots rather than con)nuous coverage along the transport con)nuum. 
As a result, how BC’s loading and mixing state evolve during long-range transport remains 
poorly constrained.  

Single-par)cle-resolved BC measurements are valuable because BC mixing state is 
heterogeneous across par)cles and sizes, while popula)on averages may obscure key op)cal 
and microphysical behaviors at par)cle level. The SP2 is widely deployed for this purpose, but 
its long-term and mobile opera)ons (ships, aircraD, remote sites) face unstable condi)ons—
plagorm mo)on, pressure/temperature/humidity swings, and intermiSent power—that can 
shiD laser alignment and detector baselines, introduce )ming offsets, and create data gaps. 
Besides, retrieving par)cle-level proper)es from SP2 datasets remains computa)onally 
demanding and )me consuming. Exis)ng SP2 data-processing rou)nes oDen rely on manual 
steps and in-house programming, leading to high numerical uncertainty and significant 
computa)onal overhead at the campaign scale.  

To overcome these technical limita)ons, this thesis addresses the following technical objec)ves: 

(1) to enhance SP2 data-processing efficiency especially for long-term campaigns, reducing 
the SP2 data analyzing burden; 

(2) to improve retrieval accuracy and stability under field condi)ons, as significant 
computa)onal barriers exist in SP2 data processing, and the instrument exhibits highly 
environment-sensi)ve ar)facts that may introduce uncertain)es; 
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To advance the scien)fic understanding of marine BC and reduce uncertainty in its climate 
impacts, this thesis aims: 

(3) to characterize episodic influences on BC in the oceanic environment (e.g., wildfire 
smoke intrusions, discrete shipping plumes), determining how such events perturb 
loading and mixing state rela)ve to background marine processing and transport-regime 
effects;  

(4) to establish a broad Atlan)c observa)onal baseline and map coastal-to-remote gradients 
in BC loading and mixing state, iden)fying primary environmental drivers such as vessel 
traffic density, distance from shore, rela)ve humidity, and BC sizes; 

(5) to determine the drivers and pathways through which the marine environment shapes 
BC aging process and mixing state across regions, to quan)fy their rela)ve contribu)ons; 

To accomplish these objec)ves, the thesis is organized as follows (Fig. 1.2): 

Shipborne observa)ons were made with a Single Par)cle Soot Photometer (SP2) aboard the 
research sailing yacht S/Y Eugen Seibold (measurement plagorm), and all raw SP2 waveforms 
data were processed with the SP2 Parallel Accelerated Run)me Kit (SPARK) (data-processing 
rou)ne), which converts signals to par)cle-resolved BC mass, mass-equivalent core size, op)cal 
total par)cle size, coa)ng thickness and lag-)me with automated driD correc)ons and 
parallelized throughput. This plagorm–toolkit together fulfils the technical objec)ves (1) and (2) 
by enabling accurate, scalable, and reproducible retrievals across mul)-week marine campaigns. 
Building on these processed products, Chapter 3 delivers the Atlan)c baselines proposed by 
(objec)ve 4), a characteris)c marine background (~100 ng m-3) and coast-to-remote gradients in 
loading and mixing state—while quan)fying key environmental controls (emission sources, 
humidity) and documen)ng episodic perturba)ons such as discrete shipping plumes (objec)ve 
3). Chapter 4 then applies trajectory-based regime separa)on (con)nental-dominated vs 
marine-dominated transport) to aSribute mechanisms and pathways (objec)ve 5), sugges)ng 
that coagula)on with marine aerosol and high-RH/cloud cycling drive the forma)on of thickly 
coated (with coa)ng thickness 100-200 nm) core–shell BC during over-ocean transport, and 
further examining wildfire-smoke episodes (objec)ve 3). Ul)mately, this thesis provides 
campaign-scale, par)cle-resolved observa)onal constraints that inform and constrain the 
parameteriza)on of BC loading and mixing state in marine environments, thereby improving 
future climate modeling and predic)ons of BC’s role in global climate change. 
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Figure 1.1. Conceptual schema)c of the atmospheric lifecycle and climate effects of black 
carbon (BC). Emissions from combus)on are transported and loDed; par)cles age by 
condensa)on, coagula)on, and restructuring, evolving from fresh aggregates to aSached-type 
and internally mixed (core-shell) forms. BC absorbs sunlight (ARI), with efficacy enhanced above 
clouds/bright surfaces, influences clouds via CCN/IN ac)va)on (ACI), and is removed by wet and 
dry deposi)on, including snow/ice darkening. 
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Figure 1.2. Structure and key findings of this thesis, arrows indicate the workflow from 
observa)ons to processing to scien)fic outputs. Dashed boxes denote the components in this 
thesis: the shipborne measurement plagorm (SP2 aboard the research sailing yacht S/Y 
Eugen Seibold) and the SP2 Parallel Accelerated Run)me Kit (SPARK) used for rapid SP2 data 
processing. The solid-line box summarizes the conceptual framework for marine BC loading and 
aging. The colored boxes denote the chapters. 
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The following text, figures, and tables quoted (within “”) from page 15 to page 42 are the same 
as the manuscript which is cited on page 14. 

“ 

Abstract 

The SP2 is widely deployed on ships, aircraD, and at remote sites, but long-term field opera)on 
introduces variable pressure, temperature and humidity that shiD laser alignment and detector 
baselines and thereby increase uncertainty in per-par)cle retrievals. Processing SP2 data under 
these condi)ons requires waveform parameteriza)on and environmental correc)ons. Besides, 
long term campaigns can produce very large SP2 raw dataset—oDen from gigabytes to 
terabytes. In prac)ce, however, the SP2 data-processing approaches are either in-house script 
developed by research groups, either plug-ins layered onto commercial soDware. These tools 
oDen lack automa)on, scalability, and parallel processing, so campaign scale datasets remain 
slow and resource intensive to analyze. 

To address these shortcomings, this work developed the SP2 Parallel Accelerated Run)me Kit 
(SPARK), a cross-plagorm, configurable processing toolkit that converts raw SP2 waveforms into 
per-par)cle proper)es at campaign scale per-par)cle proper)es and )me-aggregated products 
at campaign scale. It builds on the principle of how the SP2 u)lizes laser-induced incandescence 
(LII) to measure par)cle-resolved mass and mixing-state informa)on (sec)on 2.1). The features 
of this toolkit are presented in sec)on 2.2. The end-to-end workflow is presented in sec)on 2.3 
with focusing on several op)miza)ons Gaussian fiung rou)ne with an analy)cal Jacobian to 
characterize the laser, a closed-form leading-edge-only (LEO) fit for undistorted BC scaSering. 
The parallel implementa)ons are introduced in sec)on 2.4, the benchmarks and valida)ons are 
in sec)on 2.5. 

2.1 Theore3cal founda3ons of SP2 

The SP2 heats refractory BC in a focused 1064 nm laser and records their response as scaSering 
and incandescence waveforms. Under typical SP2 condi)ons, BC is heated at rates exceeding 
3×108 K s-1 within ~10 μs and reaches incandescence temperatures of 3700-4300 K (Moteki and 
Kondo, 2010). During the hea)ng, non-refractory material evaporates at lower temperature 
(typically < 1000 K), so coa)ng loss occurs before BC incandescence. This temporal separa)on 
can be used to infer mixing state (from when scaSering changes) and BC mass (from the 
incandescence amplitude) (Moteki and Kondo, 2007; Schwarz et al., 2006).  

2.1.1 Energy balance in LII 

BC par)cle temperature evolu)on during LII follows an energy balance (Liu and Snelling, 2007; 
Michelsen et al., 2007; Schulz et al., 2006a). As shown in Fig. 2.1, under SP2 opera)on 
condi)ons, the dominant mechanisms are (Michelsen et al., 2015): 
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𝑑𝑈()*
𝑑𝑡

= 𝑄+,- − 𝑄.+/ − 𝑄01)/ − 𝑄-2, + 𝑄3//(*(1)+4 (2.1) 

where 𝑈()* represents the par)cle internal energy and the 𝑄 terms represent the dominant 
energy transfer pathways (Fig. 2.1). 𝑄+,- is the absorp)ve hea)ng, the dominate hea)ng 
pathway during LII; 𝑄.+/  is the thermal radia)on emission, 𝑄-2, is the evapora)ve cooling 
during carbon sublima)on, 𝑄01)/  the conduc)ve cooling. Addi)onally, the residual term 
𝑄3//(*(1)+4 	collects minor processes such as oxida)on, structural annealing, and thermionic 
emission, which together contribute less than 5% to the energy budget under typical SP2 flow 
condi)ons and laser fluences (Bambha and Michelsen, 2015; Liu and Snelling, 2007; Michelsen 
et al., 2015; Schulz et al., 2006a). 

At the ini)al hea)ng stage (par)cle temperature 𝑇 < 2000 k), the 𝑄+,- provides the sole energy 
input, the heated BC par)cle starts emiung thermal radia)on 𝑄.+/  (roughly ∝ 𝑇5). Between 
2000-3000 K, conduc)ve cooling 𝑄01)/  remains the primary cooling pathway (Michelsen et al., 
2015), 𝑄.+/  also increases rapidly due to its 𝑇5dependence. Above 3500 K, 𝑄01)/  begins to 
contribute significantly, capping the par)cle’s temperature at ~4000 K. At this point, vapor-
pressure equilibrium prevents further hea)ng, marking the point of incandescence and the 
occurrence of the LII peak (Bambha and Michelsen, 2015; Michelsen et al., 2015). 

2.1.2 From the LII energy balance to SP2 implementaCon 

The SP2 implements LII physics by coupling a well-characterized temporal irradiance profile to a 
four-channel op)cal/detec)on system. A con)nuous-wave 1064 nm Nd:YAG laser (TEM00 mode) 
produces a Gaussian spa)al intensity: 

𝐼(𝑟) = 𝐼6 exp >−
2𝑟7

𝑤7 @ (2.2) 

Where 𝐼6 is the peak irradiance and 𝑤 ~0.2 mm is the significant waist. A laminar aerosol stream 
carries par)cles perpendicular to the beam at around ~48 m s−1 (under standard opera)on 
condi)on), yielding a temporal profile for each par)cle transit (Moteki and Kondo, 2007), 

𝐼(𝑡) = 𝐼6 exp A−
(𝑡 − τ)7

2σ7
D (2.3) 

where τ is the moment when the par)cle passes through the beam center (maximum intensity), 
and σ represents the temporal width (~3-4 μs). This σ emerges from the ra)o of the beam 
diameter to the par)cle velocity: a wider beam or slower flow extends the interac)on )me, 
while narrower beams or faster flows compress it (Moteki and Kondo, 2008).  

During the incandescence progress, absorp)ve hea)ng (𝑄+,-) dominates ini)ally, driving 
temperature upward un)l balanced by radia)ve losses (𝑄.+/) and sublima)on cooling (𝑄-2,), 
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stabilizing around ~4000 K (Michelsen et al., 2007; Moteki and Kondo, 2007). The detected 
incandescence signal 𝑆89:%(𝑡) integrates emiSed thermal radia)on across wavelengths and 
angles, expressed as (Moteki and Kondo, 2007, 2010): 

𝑆()0+(𝑡) =
π
4 𝑑;

7 (𝑡)H H 𝑄+,-
<

6=>
⋅ 𝑃?(𝑇(𝑡), λ) ⋅ η(λ) 𝑑λ 𝑑Ω (2.4) 

Here, 𝑃?(𝑇(𝑡), 𝜆) is Planck’s emission func)on at instantaneous par)cle temperature, and η(λ) 
represents the wavelength-dependent sensi)vity of the detec)on system (e.g., SP2 detectors’ 
filter transmissions and detector quantum efficiencies). 𝑄+,- depends on par)cle size, 
morphology, complex refrac)ve index, and orienta)on angles rela)ve to laser polariza)on and 
detec)on geometry (Michelsen et al., 2015; Moteki et al., 2010; Moteki and Kondo, 2010).  

Under typical SP2 condi)ons (BC par)cles <500 nm and a detec)on wavelength of 1064 nm), 
the Rayleigh approxima)on applies, simplifying the absorp)on efficiency to (BOHREN and 
HUFFMAN, 1983; Michelsen et al., 2015; Moteki and Kondo, 2010): 

𝑄+,- =
4𝜋𝑑;
𝜆 Im R

𝑚7 − 1
𝑚7 + 2T

(2.5) 

This simplified form reveals the key rela)onship underlying SP2 measurements: 𝑄+,- 
propor)onal to the BC mass equivalent diameter 𝑑;, inversely propor)onal to wavelength 𝜆, 

and dependent on intrinsic absorp)on capacity via Im V;
!@A

;!B7
W. The refrac)ve index term remains 

nearly constant for atmospheric BC (Bond and Bergstrom, 2006). Moteki & Kondo (2007) 
confirmed experimentally that organic coa)ngs do not alter the BC core incandescence signal, 
valida)ng this approxima)on. Further, Moteki & Kondo (2010) demonstrated a linear LII-to-
mass rela)onship in the Rayleigh domain, with devia)ons emerging only for larger par)cles or 
compact morphologies.  

When BC par)cles with vola)le coa)ngs experience this laser hea)ng, the temperature rise 
triggers sequen)al evapora)on of coa)ng materials (sec)on 2.1.1). Ini)ally, as par)cles enter 
the low-intensity beam area, they scaSer laser light without experiencing significant hea)ng. 
This elas)c scaSering produces a signal 𝑆':%C(𝑡) that relates directly to the par)cle's op)cal 
proper)es: 

𝑆':%C(𝑡) = 𝑠 ⋅ 𝐼(𝑡) ⋅ Δ𝐶-0+*(𝑡) (2.6) 

where 𝑠 represents an instrument-specific calibra)on constant that accounts for detector 
sensi)vity, op)cal transmission efficiency, and electronic gain factors. The term Δ𝐶-0+*(𝑡) 
denotes the differen)al scaSering cross-sec)on integrated over the detector's collec)on solid 
angle, quan)fying how much laser light the par)cle scaSers toward the detectors (Moteki and 
Kondo, 2008). For par)cles that remain unchanged during beam transit, maintaining constant 
size and refrac)ve index, the Δ𝐶-0+ remains constant, causing the scaSering signal to closely 
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mirror the Gaussian laser intensity profile. In these cases, the scaSering signal essen)ally 
follows the Gaussian laser intensity profile. This behavior allows one to determine the par)cle’s 
ini)al op)cal diameter by comparing the signal to Mie theory predic)ons (Gao et al., 2007; 
Moteki and Kondo, 2008). The details are presented in sec)on 2.3.  

2.2 Features of SPARK 

As detailed above, the SP2 uses op)cal detectors to measure how individual aerosol par)cles 
interact with its laser beam. The instrument records high-frequency scaSering and 
incandescence signals, which are digi)zed and stored directly as raw binary waveforms—high-
resolu)on )me series capturing each par)cle’s detailed op)cal response. Rather than directly 
outpuung physically meaningful parameters (such as par)cle mass, size, or coa)ng thickness), 
the SP2 provides these raw waveform data as its final data products. To efficiently process such 
waveforms, a specific workflow is developed in this work, namely the SP2 Parallel Accelerated 
Run)me Kit (SPARK).  

SPARK is implemented in Python and distributed as a standalone executable for Windows, 
macOS, and Linux. All required libraries are bundled to prevent version conflicts and ensure 
consistent cross-plagorm performance. Numerical computa)ons use NumPy and SciPy, non-
computa)onal components (data I/O, logging, error handling, parallel orchestra)on) rely on 
Python’s standard libraries.  

SPARK supports both serial and parallel execu)on. Paralleliza)on is fully integrated (see sec)on 
2.4) and can be enabled via the GUI or a configura)on file (Appendix B). The toolkit provides 
both graphical user interface (GUI) (Fig. 2.2) and a command-line interface (CLI). Both interfaces 
share a common configura)on file to ensure consistent, reproducible seungs; a complete 
parameter list is given in Appendix B.  

Users can start runs from the GUI or by poin)ng the CLI to a config file, on a laptop or through 
high-performance compu)ng (HPC) clusters. SPARK processes the raw signal traces from the SP2 
instrument and organizes its outputs into two categories: 

(1) Per-par)cle results. Each event is classified as BC-containing or purely scaSering (PSC). For 
BC events, outputs include rBC core mass, op)cal diameters (core size and total size), coa)ng 
thickness (when applicable), and scaSering/incandescence amplitudes. PSC outputs include 
op)cal diameters and scaSering amplitudes.  

(2) Aggregated summaries. Individual results are grouped over user-defined intervals (minutes 
to hours) to produce )me-resolved metrics (e.g., BC mass concentra)on, PSC number 
concentra)on) and sta)s)cs (median/mean/variance of coa)ng thickness). These outputs 
enable downstream analysis and visualiza)on. 
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2.3 SP2 Data Processing Workflow in SPARK 

The SP2 integrates four op)cal channels that capture different aspects of par)cle-laser 
interac)ons. Two avalanche photodiodes (APDs) monitor elas)c light scaSering at the laser 
wavelength (1064 nm), where one detector measures total scaSering intensity (denoted as “SC” 
hereaDer) while the other is configured as a two-element avalanche photodiode (TEAPD, 
denoted as “SP” hereaDer). The scaSering channel employs long-pass op)cal filtering 
(transmiung only λ > 850 nm) to exclude poten)al incandescence signals that would 
contaminate the elas)c scaSering measurement (Moteki and Kondo, 2007). Two 
photomul)plier tubes (PMTs) capture thermal emission in dis)nct bands (broadband ~350-800 
nm; red narrow ~630-800 nm) for mass-sensi)ve incandescence and color-ra)o thermometry.  

The SP2’s final data product is a stream of binary waveforms: eight traces (high/low-gain pairs 
for four op)cal channels) sampled at 2.5 MHz for every detected par)cle. Each channel provides 
~100 samples, so a single event contains ~800 samples plus per-event metadata (status flags, 
)mestamps, etc.). A typical raw file records ~50,000 par)cle events—about 80 MB—and 
mul)-week deployments rou)nely accumulate terabytes which makes long-term data 
management and processing opera)onally challenging. The toolkit first reads each raw file as a 
16-bit big-endian stream and extracts metadata ()mestamps, event counts, channel counts, 
points per record, channel flags, satura)on flags) (Droplet-Measurement-Technologies, 2022b). 
For each channel’s waveform, a baseline is computed from the first samples (default 10, 
configurable), then three features are derived: baseline-subtracted peak intensity, )me-of-peak, 
and waveform width. These features drive classifica)on and subsequent fits; all amplitudes 
used later are baseline-subtracted (Ditas et al., 2018; Droplet-Measurement-Technologies, 
2022b, a). 

The overall workflow of SPARK follows the basics of the exis)ng established frameworks (PSI SP2 
Toolkit v4.116): (1) event pre-processing and classifica)on (PSC vs BC); (2) fit PSC scaSering 
signals with a Gaussian to recover the instantaneous beam profile and )ming parameters used 
later; (3) reconstruct undistorted BC scaSering on the leading edge, op)onally using the 
dual-channel constraint; and (4) convert incandescence to mass, then retrieve core size and 
coa)ng thickness via Mie Theory (BOHREN and HUFFMAN, 1983). Sec)on 2.3.1 introduces the 
PSC Gaussian fit; sec)on 2.3.2 describes LEO for BC scaSering; sec)on 2.3.3 details op)cal 
sizing/coa)ng retrievals.  

2.3.1 Sca-ering signals of PSC parCcles 

A non-absorbing par)cle traversing the beam produces a Gaussian-shaped scaSering pulse 
whose )me dependence reflects the transit-)me irradiance defined in sec)on 2.1.2 (Moteki 
and Kondo, 2008). To recover the instantaneous beam profile for each data segment, this toolkit 
every PSC scaSering waveform to a Gaussian func)on (Gao et al., 2007; Moteki and Kondo, 
2007):  
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𝑔(𝑡(; 𝐴, 𝜇, 𝜎) = 𝐴DE" ⋅ exp >−
(𝑡( − 𝜇)7

𝜎7
@	+ 𝑤( , 𝑖 = 1,2,⋯100 (2.7) 

where 𝑡(  is )me (sampled at 0.4 µs intervals over 100 samples), 𝐴DE"  is the scaSering amplitude 
(propor)onal to the par)cle’s scaSering cross-sec)on in the laser beam), 𝜇 is the Gaussian 
center (i.e., )me of peak intensity), and 𝜎 is the Gaussian width set by the par)cle transit )me 
and the beam profile. The term 𝑤(  is )me-dependent and accounts for small, systema)c 
devia)ons of the measured waveform, e.g., baseline shiDs and/or minor op)cal-alignment 
asymmetries. Previous studies treated the baseline offset as a constant offset (Gao et al., 2007; 
Metcalf et al., 2012).  

In prac)ce, omiung 𝑤(  from the fiung does not bias convergence of 𝐴DE" , 𝜇 and 𝜎, the 𝑤(  is 
therefore obtained aDer the Gaussian fit as the residual between the measured trace and the 
fiSed Gaussian. For a perfect Gaussian-shaped signal, 𝑤(𝑡() would be zero at any 𝑡(. Figure S2.1 
demonstrates how real scaSering signals depart slightly from the ideal Gaussian shape. 
Although these departures are small and the fiSer minimizes residuals regardless, they can 
become non-negligible for BC scaSering reconstruc)ons that rely on very few leading-edge 
samples (see sec)on 2.3.2); carrying 𝑤(  forward helps characterize and correct such shape 
imperfec)ons.  

The PSC fiung also derives the cross-to-center delay, Δ𝑡ED = 𝜇 − 𝑡ED where 𝑡ED is the split-
posi)on determined by the notch in the two-element avalanche photodiode (TEAPD) detector 
(Gao et al., 2007), as shown in Fig. 2.4. Because the notch loca)on and the beam center 𝜇 are 
both op)cally fixed, Δ𝑡ED is also expected to be fixed and is independent of 𝑡ED under stable 
opera)ng condi)ons and is therefore can be used to shape the laser beam shape for 
downstream use in BC-par)cle analysis (sec)on 2.3.2) (Gao et al., 2007). 

In this toolkit, we exploit the empirical rela)onship between the recorded 𝑡ED and par)cle 
scaSering ability—represented here by PSL size. As shown in Fig. 2.5, larger PSLs (stronger 
scaSerers) tend to appear later in the 100-point )me window (larger 𝑡ED), whereas smaller PSLs 
(weaker scaSerers) yield smaller 𝑡ED. Because the sample airflow is fixed (well-controlled 
laminar flow, 0.12 L min⁻¹) and PSLs in the 0.2–1 µm range move at uniform velocity, transit-
speed differences are unlikely (Moteki and Kondo, 2007; Seinfeld and Pandis, 2006). A more 
plausible explana)on for this rela)onship is the SP2’s amplitude-based trigger: recording begins 
when the signal crosses a fixed count threshold. Because the saved 100-point snippet is 
anchored to that trigger and always includes the same number of pre-trigger samples, a 
stronger scaSerer reaches the threshold farther out on the leading edge (earlier in real )me), so 
more of the pre-center por)on of the pulse is captured before the split; the split (and center) 
therefore appear later in the saved window (Schwarz et al., 2022). Weaker scaSerers reach the 
threshold closer to the beam center, so less pre-center )me is captured and the split falls earlier 
in the record. Thus, stronger scaSerers trigger earlier on the front edge of signal, and their split 
(and center) appear later in the 100-point record (larger 𝑡ED); weaker scaSerers trigger closer to 
the center and produce smaller 𝑡ED.  
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This par)cle scaSering ability-dependent shiD also influences the baseline 𝑤8, which varies 
systema)cally with 𝑡ED and therefore can be parameterized as 𝑤8(𝑡ED). Figure 2.6 shows the 
𝑤8(𝑡ED) grouped by 𝑡ED, exhibit, the shape and magnitude of 𝑤8(𝑡ED) evolve with the 𝑡ED. This 
allows the toolkit to es)mate a 𝑤8(𝑡ED) profile as a func)on of 𝑡ED prior to knowing the 
scaSering amplitude, to further correct the laser beam shape devia)ons.  

In prac)ce, the fiSed 𝜎 can driD over )me (due to flow oscilla)on, op)cal misalignment, etc). 
For instance, in an airborne campaign, reducing the SP2’s sample flow (due to the al)tude 
changes) from 128 cm3 min-1 to 112 cm3 min-1 can shiD the 𝜎 ~10% (0.4 µs steps; Fig. 2.7). In 
this toolkit, 𝜎 is updated at short, user-defined intervals to track such driD. 

To efficiently process large datasets—oDen involving hundreds of millions of PSC par)cles—this 
toolkit implements a custom Levenberg–Marquardt least-squares fiSer with an analy)cal 
Jacobian. The Jacobian matrix provides exact deriva)ves of the Gaussian fit func)on, guiding the 
op)mizer directly toward the minimum and avoiding costly numerical differen)a)on at each 
itera)on (Boyd and Vandenberghe, 2004; Virtanen et al., 2020). Benchmarking on ~60000 
ambient PSC scaSering signals (iden)cal convergence criteria: rela)ve parameter change <10⁻⁶, 
max 300 itera)ons) shows that, compared to the conven)onal finite-difference Jacobian 
approach, the analy)cal Jacobian reduces the number of itera)ons by a factor of five and 
shortens run)me by approximately 30% (Figure S2.2). The numerical implementa)on of this 
rou)ne is provided in Appendix A. Once convergence, the fit returns the best-fit values of 𝐴DE" , 
𝜇 and 𝜎 for each PSC signal, defining the laser beam profile 𝑔(𝑡() under current condi)ons, 
𝑤(𝑡() is extracted as the residual aDer fit convergence (Appendix A). 

At this stage, the laser-beam profile can be determined for downstream BC reconstruc)on, with 
accoun)ng for (1) small, )me-dependent baseline/op)cal-alignment devia)ons captured by 
𝑤8(𝑡ED) and (2) slight width shiDs in 𝜎 due to flow or minor alignment changes.  

2.3.2 ReconstrucCon of the BC sca-ering signals 

BC-containing par)cles interact strongly with the SP2 laser beam due to their high absorp)vity. 
As they heat up, coa)ng on BC par)cles can vaporize or undergo phase transi)ons (e.g., mel)ng 
or fragmenta)on), leading to changes in their size and scaSering cross-sec)on (Bambha and 
Michelsen, 2015; Michelsen et al., 2015). As a result, their scaSering signals deviate from the 
Gaussian shape expected for non-absorbing par)cles (Moteki et al., 2014; Moteki and Kondo, 
2007). Es)ma)on of the mixing state of BC-containing par)cles therefore requires 
reconstruc)on of their undistorted scaSering signals.  

The LEO-fit method reconstructs the scaSering amplitude of BC-containing par)cles by fiung a 
Gaussian func)on to the earliest, unperturbed por)on of the par)cle’s scaSering signal (Gao et 
al., 2007). The Gaussian shape (i.e., 𝜇!" , 𝜎, and the 𝑡ED-dependent weigh)ng func)on 𝑤8(𝑡ED)) 
is derived by fiung PSC par)cles (sec)on 2.3.1), therefore only the amplitude 𝐴!"  needs to be 
solved, the model becomes linear in 𝐴!"  (Gao et al., 2007). In our implementa)on, we avoid 
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itera)ve curve-fiung algorithms and instead use a closed-form solu)on for this linear 
least-squares amplitude fit (see Appendix A for details) to improve efficiency. 

Selec)ng the leading-edge window requires balancing bias (from early hea)ng/evapora)on) 
against variance (signal-to-noise ra)o, SNR and sample count). A common prac)ce is to set the 
last fit sample at an amplifica)on factor of 20–30 (i.e., fit down to 5–3.3 % of the peak laser 
intensity), which keeps the window safely on the unheated front (Gao et al., 2007; Metcalf et 
al., 2012). Going earlier (e.g., ~3.3 %) would further minimize evapora)on bias but reduces SNR 
and may leave too few valid points, especially for small par)cles; going later increases SNR but 
risks including por)ons already affected by hea)ng. Recent studies emphasize both sides of this 
trade-off: Laborde et al. (2012) set the LEO upper bound 2 µs before the earliest incandescence 
)me—i.e., a more conserva)ve cutoff than the commonly used ~3.3 % of peak laser intensity 
and jus)fied its reliability, while Naseri et al. (2024) iden)fy that for some thickly coated or 
highly vola)le par)cles, even a ~3.3 % threshold can be too late—such par)cles may begin 
evapora)ng before the SP signal can reliably determine posi)on, so they are excluded from LEO 
altogether.  

To address the issues above, the SPARK toolkit adopts two strategies: 

(1) Providing beSer constraining for the fiung by validate laser beam geometry (𝜇!" , 𝜎 and 
𝑤8(𝑡ED)) used for the amplitude fit, as already introduced in sec)on 2.3.1. 

(2) Use the scaSering signal from SP channel for the LEO-fit, then place it on the SC scale with a 
stable ra)o. Both SC and SP detectors (APDs) observe the same 1064-nm elas)c-scaSering 
event; they differ only by an instrument-specific gain ra)o 𝑅ED/E" , which is derived from 
undistorted PSC signals fiung. Choosing SP channel for the LEO-fit because it delivers higher 
SNR than SC channel: the SP is operated as a posi)on-sensi)ve, differen)al (split-and-invert) 
detector and is naturally tuned with higher analog gain so that the par)cle posi)on can be 
robustly detected. In addi)on, with its long-pass filter of visible light, which background (e.g., 
Rayleigh/stray light) and yields cleaner signals (Schwarz et al., 2015). 

This strategy is verified by applying LEO fit from both SP and SC signals on PSL and ambient PSC 
par)cles, as described in sec)on 2.5.2, the SP-based LEO fit provides higher accuracy and lower 
variability. Yuan et al., (2020) also reported narrower single-par)cle spreads ()ghter 10th/90th 
percen)les) when using SP signals for LEO than using SC signals. We also tested the sensi)vity of 
𝑅ED/E" , Fig. 2.8 shows the 𝑅ED/E"  obtained from 2 different instruments, e.g., ~4 in one and ~40 
in another. Although the absolute ra)o is instrument-dependent, 𝑅ED/E"  is highly stable within 
each instrument and is par)cle size independent.  

2.3.3 Retrieving the parCcle sizes, mixing state and coaCng thickness 

ADer processing the SP2 signals as described above, the toolkit determines par)cle size metrics 
and BC mixing state. For PSC par)cles, each par)cle’s calibrated scaSering peak intensity is 
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converted to an op)cal-equivalent par)cle diameter 𝐷DE"  based on Mie theory, assuming a 
homogeneous sphere of known refrac)ve index 𝑅𝐼DE"  and using PSL calibra)on. Figure 8 shows 
Mie calcula)ons based on commonly used (see Appendix B for a comprehensive list) refrac)ve 
index assump)ons.  

Both the calibra)on parameters and refrac)ve index are user-specified inputs provided via the 
configura)on file or GUI. These Mie-based sizes retrieval methods are well-standardized in 
exis)ng SP2 data analysis (Ditas et al., 2018); here, we present the integrated, automated 
implementa)on within the SPARK toolkit.  

For each BC-containing par)cle, the toolkit first computes a lag-)me as the difference between 
the peak of the scaSering signal and the peak of the incandescence signal (Moteki and Kondo, 
2007; Sedlacek et al., 2012). This lag-)me reflects the par)cle’s thermal response and is a 
qualita)ve indicator of mixing state: short lags suggest bare or thinly coated BC (external 
mixed), while longer lag-)mes indicate thick coa)ngs (internal mixed). The toolkit outputs the 
lag-)me per par)cle and corresponding sta)s)cal. The applica)on of the lag-)me is presented 
in the next Chapter 3 and 4.  

In addi)on to the lag-)me, the toolkit retrieves two diameters for each BC par)cle (assuming a 
spheric core-shell structure): the BC core diameter (𝐷01.?) and the total op)cal diameter 
(𝐷*1*+4). The coa)ng thickness (𝐶𝑇) is then derived: 𝐶𝑇 = (𝐷*1*+4 − 𝐷01.?)/2. The calcula)on 
proceeds as follows: First, convert the incandescence signal to BC mass using user-provided 
calibra)on curves (assuming a spherical core density), then compute 𝐷01.? from that mass and 
density. Next, using the reconstructed scaSering amplitude 𝐴!"  (from the LEO-fit) and known 
𝐷01.?, interpolate a precomputed Mie lookup table rela)ng scaSering cross-sec)on to 𝐷*1*+4. 
These lookup tables are parameterized by 𝐷01.?, core/coa)ng refrac)ve indices (𝑅𝐼01.? and 
𝑅𝐼01+*()G), and core density. All required lookup tables (based on common combina)ons of 
𝑅𝐼01.? and 𝑅𝐼01+*()G) are bundled with the toolkit. Users may select the appropriate table, or 
customize inputs (e.g., refrac)ve indices, core density) via the GUI or CLI to match their 
measurement condi)ons.  

2.4 Parallel compu3ng strategies in SPARK 

SPARK can process SP2 datasets of any size in serial or parallel mode. In serial mode, all steps 
run sequen)ally on a single core with minimal overhead—ideal for small datasets or standalone 
use (Fig. 2.9, leD panel). In parallel mode, the toolkit uses process-based parallelism (mul)ple 
independent worker processes) rather than mul)-threading. This approach bypasses Python’s 
Global Interpreter Lock (GIL) and is beSer suited for CPU-intensive SP2 processing. An 
automated resource-tuning feature es)mates the op)mal number of worker processes based 
on dataset size, available CPU cores, and current system load, maximizing throughput without 
requiring users to configure parallel seungs manually. 
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Two paralleliza)on approaches are supported: (1) a shared-memory model that uses mul)ple 
cores of a single machine, and (2) a distributed-memory model that runs across mul)ple 
machines. This setup allows the same code to scale from a personal laptop up to an HPC cluster. 
In shared-memory mode, the toolkit automa)cally manages the crea)on of worker processes 
and the distribu)on of tasks.  

On a single machine (single node), the toolkit uses a shared-memory strategy based on Python’s 
built-in mul)processing process pool. When parallel processing begins, a pool of worker 
processes is spawned (Fig. 2.9, middle panel), and each worker runs the SP2 processing 
workflow independently (sec)on 2.3). As soon as a worker finishes processing its current file or 
)me-chunk, it automa)cally retrieves the next task from a queue. This persistent process-pool 
strategy avoids repeated process startup overhead and keeps all CPU cores busy un)l the en)re 
dataset is processed. To keep the GUI responsive during parallel execu)on, we use an individual 
compute thread oversees the worker pool. Worker processes send progress updates, warnings, 
and errors via a thread-safe queue to a central handler. A separate listener process logs these 
messages (with )mestamps) and refreshes the GUI in real )me. If the user clicks “Stop” or any 
worker encounters a cri)cal error, the toolkit performs an orderly shutdown: the master process 
logs the event and gracefully terminates all workers to prevent data corrup)on. 

For mul)-node HPC environments, the toolkit provides a distributed-memory parallel solu)on 
(coordinated via the Message Passing Interface, MPI). At startup, the master node (rank 0) 
broadcasts the configura)on (calibra)on parameters, file lists, etc.) to all worker nodes. Each 
node then processes its assigned por)on of the dataset independently (as illustrated in Fig. 2.9, 
right panel), with minimal inter-node communica)on needed during processing. This 
straighgorward architecture yields near-linear performance scaling even as the number of 
nodes increases. The benchmarks for the parallel strategies (for both shared-memory and 
distributed-memory cases) on large SP2 datasets (see sec)on 2.5) 

2.5 Performance benchmark and valida3on  

2.5.1 The parallel efficiency benchmark 

We benchmarked the SPARK using a large SP2 dataset comprising 1921 raw “.sp2b” files 
collected over ∼1 000 h. Each file contains eight-channel waveform traces for roughly 50000 
par)cle events. We par))oned the full dataset into 23 sub-workloads—each corresponding to a 
unique calibra)on set (13–478 files)—and used the number of BC-containing par)cles in each 
sub-workload as a proxy for workload complexity.  

In shared-memory mode, each sub-workload was processed on a single HPC node with 72 
cores, using a process pool of 10–60 workers (propor)onal to workload size). In distributed-
memory mode, we ran all sub-workloads in one MPI job across four nodes (288 cores). MPI 
ini)aliza)on took ~10 seconds in this case, which is negligible compared to total run)me. 
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Figure 2.10a compares total processing )me in parallel vs. serial mode as a func)on of the 
number of BC-containing par)cles. Each point represents a sub-workload; the y-axis is the 
parallel processing run)me and the point’s color denotes the corresponding serial processing 
run)me. All parallel runs are substan)ally faster—oDen about an order of magnitude—
especially for workloads exceeding ~2×106 BC par)cles. The red-highlighted point corresponds 
to the distributed-memory run on the en)re dataset, which completed in 7.7 minutes. 

Figure 2.10b shows the observed speedup (serial run)me divided by parallel run)me) versus 
the number of processes, with the ideal linear scaling line for reference. We compute parallel 
efficiency as speedup normalized by the number of processes. According to Amdahl’s law 
(Amdahl, 1967) , efficiency approaches 1 for ideal scaling but is always less. In our tests, 
efficiency remained high and stable (mean ± std: 0.81 ± 0.07) across different BC concentra)ons 
and both parallel modes. The devia)on from 100% efficiency is aSributable to overhead and 
occasional load imbalance (e.g., when some cores idle due to variability in workload).  

Overall, these benchmarks show that process-based paralleliza)on—on a single mul)-core 
machine or across an HPC cluster—substan)ally accelerates SP2 analysis, reducing days of serial 
run)me to minutes.  

2.5.2 LEO-fit validaCons 

To validate the LEO fiung implementa)on and evaluate the advantages of using SP signal 
(instead of SC), we applied both methods to a dataset consis)ng of ambient PSC par)cles 
collected from oceanic environments and PSL standards. Using the LEO fit on SC signal 
(amplifica)on factor 20) yielded stable but low calibra)on slopes (~0.75 for PSL and ~0.71 for 
ambient PSC), consistent with previous studies (Gao et al., 2007; Metcalf et al., 2012). In 
contrast, the LEO fit on SP signal (amplifica)on factor 25) significantly improved the fiung 
quality: the slopes were much closer to unity (approximately 1.00 for PSL and 1.20 for ambient 
PSC; see Fig. 2.11). The data points also cluster much )ghter around the 1:1 line with the dual-
channel method, illustra)ng the improvement. These results demonstrate that our toolkit’s LEO 
implementa)on accurately reconstructs the undistorted scaSering signals, and that the dual-
channel approach further enhances the fit reliability. 

2.5.3 OpCcal sizing validaCons 

We validated the op)cal sizing for both core-shell BC (lag-)mes >1.6 µs) and PSC par)cles by 
comparing SP2-derived total op)cal diameters of 𝐷*1*+4  with monodisperse aerosol sizes 
selected by a differen)al mobility analyzer (DMA) during the filed campaign at the Xianghe, 
China (Zhang et al., 2016; 2018). In this configura)on the DMA set mobility diameters to 250, 
300, and 350 nm and delivered the classified aerosol directly to the SP2. The DMA scanned 
across these sizes repeatedly for 4 days and we adopted from these 4 days. For core-shell BC 
retrievals we adopted the refrac)ve indices 𝑅𝐼01+*()G = 1.42 + 0i and 𝑅𝐼01.? = 1.84 − 0.84i, 
and effec)ve BC core density of 1.2 g cm-3; PSC par)cles were treated as homogeneous spheres 
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with 𝑅𝐼DE" = 1.42 + 0i, consistent with the assumed coa)ng composi)on (Zhang et al., 2016; 
2018). Core-shell BC were processed with the workflow described in sec)on 2.3, to obtain core 
size 𝐷01.? from incandescence-derived BC mass and 𝐷*1*+4  from LEO-reconstructed scaSering 
and core–shell Mie lookups. Since the per-par)cle BC mass dependent only on the 
incandescence peak height and incandescence-to-mass calibra)ons, so we expect accurate BC 
mass calcula)ons thus only the core-shell BC total size valida)ons are conducted. 

Figure 2.11 shows the normalized SP2 op)cal-diameter distribu)ons for PSC and core–shell BC 
at the three DMA set sizes. PSC distribu)ons exhibit sharp peaks that align with the DMA 
mobility diameters, confirming accurate sizing for non-absorbing par)cles under the assump)on 
of 𝑅𝐼DE" = 1.42 + 0i. Coated-BC distribu)ons are broader—reflec)ng variability in shell 
thickness and refrac)ve index rela)ve to the fixed-parameter Mie tables—but their means 
agree with the DMA set points; mul)ple-charge modes are also resolved in the SP2 
distribu)ons. Collec)vely, these comparisons indicate that the toolkit retrieves reliable op)cal 
sizes for both PSC and coated-BC par)cles under realis)c campaign condi)ons, suppor)ng the 
use of SP2-derived size and mixing-state metrics in subsequent analyzes. 

2.6 Summary 

The methods in this chapter establish a scalable workflow that converts raw SP2 waveforms into 
calibrated per-par)cle proper)es and )me-aggregated products while explicitly correc)ng for 
environmental driD. SPARK’s Gaussian beam characteriza)on with an analy)cal Jacobian, 
closed-form SP-based LEO reconstruc)on, enable robust retrievals of rBC mass, op)cal sizes 
(core and total), coa)ng thickness, and lag-)me; process-based parallelism scales the same 
code from laptops to mul)-node HPC, reducing days of serial run)me to minutes.  

The remainder of this thesis leverages that capability: Chapters 3–4 apply SPARK to campaign 
datasets to quan)fy BC loadings, and BC size distribu)ons, coa)ng sta)s)cs, and mixing-state 
dynamics in Atlan)c Ocean from shipborne measurement. 
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Figure 2.1. Energy transfer mechanisms that govern laser-induced incandescence in BC par)cles. 
Laser absorp)on provides the primary energy input, driving par)cle temperatures to ~4000 K. 
Energy dissipa)on occurs through conduc)on to surrounding gas, thermal radia)on, and 
sublima)on at high temperatures. Minor processes (oxida)on, annealing, thermionic emission) 
contribute less than 5% to the total energy budget under typical SP2 condi)ons. Adapted from 
Michelsen et al. (2015). 
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Figure 2.2. Screenshots of the SPARK graphical user interface on macOS. LeD: The main window 
(Configura)on tab) with the seungs viewer and task progress monitor, showing ongoing 
processes and system status. Right: the calibra)on data processing tab.  
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Figure 2.3: Schema)c overview of the SPARK data processing workflow. Raw SP2 waveform files 
are loaded and decoded, then processed through each step: baseline subtrac)on, peak 
detec)on, par)cle classifica)on (PSC vs. BC), signal reconstruc)on, size/mass retrieval, and 
finally the export of per-par)cle results and )me-aggregated summaries. 
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Figure 2.4: Example SP2 waveforms for three par)cle types – (a) a purely scaSering par)cle 
(PSC), (b) an uncoated (bare) BC par)cle, and (c) a core–shell (coated) BC par)cle. The orange 
curve is the total scaSering signal (SC detector); green is the split scaSering signal (SP detector); 
red and blue are the narrowband and broadband incandescence signals (in panels a and c the 
incandescence signals are amplified for visibility). The leD y-axis corresponds to scaSering and 
incandescence intensity (arbitrary units), and the right y-axis corresponds to the SP detector’s 
split signal. 
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Figure 2.5: Dependence of split-posi)on )ming (𝑡ED) on par)cle size for polystyrene latex (PSL) 
spheres. The scaSer plot shows that 𝑡ED (delay between when the split detector triggers and the 
beam center) increases systema)cally with PSL diameter. Larger par)cles cross the fixed split-
detector threshold later in )me, resul)ng in a longer delay. 

 

 

Figure 2.6: Mean residual profiles from the PSC Gaussian fiung, shown for two example data 
sets (panel a and panel b). In each panel, the black dashed line represents the average residual 
(difference between actual signal and Gaussian fit) across all par)cles in that data set. These 
two data sets come from separate field campaigns and were measured with different SP2 
instruments, illustra)ng the consistency of the fiung performance across different condi)ons. 

 



2. Rapid, scalable analysis of SP2 datasets with the SP2 Parallel Accelerated Run,me Kit 

32 

 

Figure 2.7: Distribu)on of fiSed Gaussian widths (𝜎) under different SP2 sampling flow rates 
during ~12 hours of aircraD measurements. Each boxplot summarizes the σ values at a given 
flow rate seung; the shaded ver)cal band marks the nominal (preset) flow rate for the 
instrument. In each horizontal boxplot, the leD edge, center line, and right edge correspond to 
the 25th percen)le, median (50th percen)le), and 75th percen)le of 𝜎, respec)vely. The 
“whiskers” extend to show the full range (min to max), and the overlaid dots mark the mean 𝜎 
for each period. The dot colors indicate the SP2 chamber pressure for those measurements. 
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Figure 2.8: Correla)on between the total scaSering signal amplitude (x-axis) and the split-
detector scaSering amplitude (y-axis) for the two example data sets from Figure 3 (panels a and 
b). Each point is a par)cle; the point color indicates that par)cle’s split-posi)on )ming (𝑡ED). The 
black dashed line in each panel is a linear fit to the data, illustra)ng the propor)onal 
rela)onship between the split detector signal and the total scaSering signal. 
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Figure 2.9: Comparison of Serial and Parallel Processing Architectures: Showcases a side-by-side 
visual comparison between the serial and parallel processing architectures in the data 
processor. The leD segment depicts the serial execu)on mode with its sequen)al process flow, 
while the right segment highlights the parallel execu)on mode, demonstra)ng how tasks are 
distributed and processed concurrently, thus elucida)ng the opera)onal differences and 
efficiencies between the two methods. 
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Figure 2.10: (a) Parallel-mode )me cost as a func)on of the number of BC-containing par)cles, 
with colors indica)ng the equivalent serial-mode )me cost. (b) Speedup versus the number of 
processes for each workload. Points are color-coded by parallel efficiency. The dashed line 
represents ideal speedup (efficiency = 1), while the red-labeled point highlights the distributed-
memory benchmark. The annotated scaSer denotes the result from the distributed-memory 
MPI execu)on across 288 processes. 

 

Figure 2.11: Comparison of two leading-edge-only (LEO) fit performance. ScaSer of fiSed vs. 
true scaSering amplitudes for PSL standards (blue) and ambient PSC par)cles (orange) using (a) 
conven)onal SC-channel LEO and (b) SP-channel LEO. Dashed line: 1:1 reference; slopes and R² 
values annotated. 
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Figure 2.12. Normalized SP2-derived op)cal-diameter distribu)ons (dN/dlog𝐷*1*+4), for DMA-
selected monodisperse aerosols at 250, 300 and 350 nm (leD to right). Dashed orange lines: 
purely scaSering (PSC) calibra)on par)cles; solid purple lines: core–shell BC par)cles (lag-)me ≥ 
1.6 µs). Distribu)ons were aggregated from four days of DMA scans from ambient 
measurement. Secondary peaks visible in some panels arise from mul)ply charged DMA 
transmission. 
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Appendix 

This appendix provides details of the custom least-squares fiung rou)nes introduced in 
Sec)on 2.2, including the incorpora)on of an analy)cal Jacobian and the linear ‘leading-edge-
only’ fit for BC par)cles. 

A2.1. PSC-fit implementaCon 

General-purpose curve-fiung func)ons (e.g., SciPy’s curve_fit or fiung rou)nes in MATLAB/Igor 
Pro) are very flexible, but that generality can be inefficient for our problem. We need to perform 
millions of fits, so we implemented a custom least-squares rou)ne with an analy)cal Jacobian. 
By tailoring the rou)ne to our specific use-case, we eliminate the overhead of a generic 
op)mizer and gain robustness. In par)cular, providing an analy)cal Jacobian improves the 
convergence speed and stability for our repe))ve calcula)ons.  

Let the observed scaSering signal from the PSC par)cles on SC channel be sE""#$,(  at )me points 
𝑡(. We fit the Gaussian model 𝑔(𝑡(; 𝐴DE" , 𝜇, 𝜎) by minimizing the least-squares objec)ve 
func)on:  

𝐿(𝐴, 𝜇, 𝜎) = ∑
(IA

A66
j𝑠E""#$,( − 𝑔(𝑡(; 𝐴DE" , 𝜇, 𝜎)k

7 (𝑎1)  

To minimize 𝐿(𝐴, 𝜇, 𝜎), we use the Levenberg–Marquardt (L-M) algorithm for this op)miza)on 
and supply it with an analy)cal Jacobian 𝐽(:  
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Where 𝐽(  represents the par)al deriva)ves of the Gaussian func)on with respect to 𝐴, 𝜇, 𝜎 at 
)me 𝑡(. Including this exact Jacobian (instead of having the algorithm approximate deriva)ves) 
makes the fiung both faster and more stable (Figure S2 shows the performance improvement). 

A2.2. LEO-fit implementaCon  

Reconstruc)ng a BC par)cle’s scaSering signal via LEO fiung ul)mately comes down to finding 
one parameter: the best-fit scaSering amplitude 𝐴!"  (the Gaussian’s peak height) that matches 
the signal’s leading-edge. In principle this is a simple linear least-squares problem, but many 
standard fiung rou)nes s)ll approach it with heavier machinery than necessary. For instance, 
SciPy’s curve_fit will by default treat it like a non-linear problem and run an itera)ve solver 
(Levenberg–Marquardt), even though only one linear parameter is being determined (Virtanen 
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et al., 2020). MATLAB and Igor Pro solve linear least-squares more directly (using matrix 
techniques like QR decomposi)on or singular value decomposi)on, SVD; MathWorks, 2023; 
WaveMetrics, 2024), but those s)ll carry overhead from handling matrices and are not designed 
for millions of repe))ve fits in our case.  

We derive a closed-form formula for the op)mal amplitude instead of any itera)ve op)miza)on 
that is )me-consuming. For a BC-containing par)cle, the modeled scaSering signal can be 
wriSen as: 

𝑔!"(𝑡(; 𝐴!" , 𝜇!" , 𝜎) = 𝐴!" ⋅ exp >−
(𝑡( − 𝜇!")7

𝜎7
@ + 𝑤((𝑡ED) (a4) 

Here, the 𝜎 and 𝑤((𝑡ED) are both derived from fiung PSC par)cles, while the BC par)cle’s 
center )me 𝜇!"  is inferred from the split-posi)on 𝑡ED plus the delay 𝛥𝑡ED (which is independent 
of the par)cle and also derived from fiung PSC) (Gao et al., 2007). Subs)tu)ng the 𝜎, 𝜇!"  and 
𝑤((𝑡ED) values and give discrete signal data points, Gaussian func)on for BC par)cles is 
simplified as: 

𝑔!",((A!") = 𝐴!" ⋅ 𝜀( +𝑤( (𝑎5) 

where the 𝜀( = exp(− (*%@L&$)!

N!
) represents the known, normalized Gaussian shape, and 𝑤(  

derived from PSC fiung, dependent on 𝑡ED (Gao et al., 2007). 

The objec)ve of the LEO-fit is to find the amplitude 𝐴!"  that best matches the observed 
scaSering data points in the leading-edge region 𝑠OPQ,(. Similar to equa)on (a1) the discrete 
least-squares loss func)on becomes: 

𝐿OPQ(𝐴!") =xj𝑠OPQ,( − (𝐴!" ⋅ 𝜀( +𝑤()k
7

(IA

R

(𝑎6) 

where 𝑀 is the number of valid data points on the leading-edge. Subtrac)ng the 𝑤(  from the 
observed scaSering data before fiung with 𝑠′OPQ,( = 𝑠OPQ,( −𝑤(  and the loss func)on is 
simplified into a purely amplitude-linear problem: 

𝐿OPQ(𝐴!") =x
(IA

R

j𝑠SOPQ,( − 𝐴!" ⋅ 𝜀()k
7 (𝑎7) 

Then, the loss func)on is expressed in matrix nota)on as: 

𝑟(𝑨OPQ) =∥ 𝑬OPQ𝐴OPQ − 𝑺SOPQ ∥77 (𝑎8) 
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Where, 𝑬OPQ represents vector of Gaussian shape (𝜀A, 𝜀7, ⋯ , 𝜀R)T, 𝑺′OPQ represents vector of 
corrected leading-edge signals �𝑠′OPQ,A	, 𝑠′OPQ,7, ⋯ , 𝑠′OPQ,R�

T
. Expanding (𝑎8) yields: 

𝑟(𝐴OPQ) = 𝑨OPQT 𝑬OPQT 𝑬OPQ𝐴OPQ − 2𝑺SOPQ
T 𝑬OPQ𝐴OPQ + 𝑺SOPQ

T 𝑺SOPQ (𝑎9) 

The gradient of the objec)ve func)on 𝛻𝑟 (with respect to 𝐴OPQ) is then computed as: 

𝛻𝑟 =
𝜕𝑟

𝜕𝐴OPQ
= 2𝑬OPQT 𝑬OPQ𝐴OPQ − 2𝑬OPQT 𝑺SOPQ (𝑎10) 

Seung 𝛻𝑟 = 0 to find the global minimum gives the closed-form solu)on: 

2𝑬OPQT 𝑬OPQ𝐴OPQ − 2𝑬OPQT 𝑺SOPQ = 0 (a11) 

Solving for 𝐴OPQ yields: 

𝐴OPQ = (𝑬OPQT 𝑬OPQ)@A𝑬OPQT 𝑺SOPQ (𝑎12) 

This result is simply the one-parameter least-squares formula (Boyd & Vandenberghe, 2004). It 
requires only basic vector opera)ons—no itera)ons or heavy matrix factoriza)ons—so it 
significantly reduces computa)on and is numerically robust. 
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Figure S2.1: Illustra)on of the PSC Gaussian-fit model and its residual. The observed scaSering 
waveform (blue) can be described as a Gaussian term (red) plus a small systema)c residual 
(green dashed, right-hand axis). The residual peaks at ≈ 6 % of the normalized signal, 
demonstra)ng minor devia)ons from an ideal TEM00 beam profile. 
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Figure S2.2: Performance comparison of the least-squares rou)ne with (blue) and without 
(yellow) analy)cal Jacobian. Bar chart showing mean itera)on count and total run)me for fiung 
60 000 PSC par)cles, demonstra)ng ~30 % speed-up when using the Jacobian. 
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Figure S2.3: Mie-theory-based scaSering calcula)ons relevant to SP2 analysis, calculated at a 
wavelength of 1064 nm. (a) ScaSering cross-sec)ons of spherical par)cles, curves correspond to 
different refrac)ve indices (RI), including polystyrene latex spheres (RIPSL = 1.59–0i) and several 
non-absorbing and weakly absorbing materials. (b) Contours illustra)ng rela)onships between 
BC par)cle mass (top x-axis), BC core diameter Dcore (boSom x-axis), and the ra)o of total 
diameter to core diameter Dtotal/Dcore (y-axis), assuming a spherical core–shell 
morphology. The upper panels assume a BC core density of 1.2 g cm⁻³, while the lower panels 
assume a density of 1.8 g cm⁻³. Color scales indicate calculated scaSering cross-sec)ons. The 
refrac)ve indices used for these calcula)ons correspond to different combina)ons of core and 
coa)ng materials. 
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Abstract 

Black carbon (BC) from mari)me emissions plays a cri)cal role by influencing radia)on, cloud 
processes, and atmospheric dynamics in the marine atmosphere. These impacts depend on BC 
concentra)on and mixing state with other aerosol components. However, in-situ observa)ons 
of BC over oceans remain scarce, and the influence of the marine environment on the evolu)on 
of BC mixing state is not well understood. Here, we present shipborne measurements of BC 
concentra)on and mixing state using a Single Par)cle Soot Photometer (SP2) aboard the 
research sailing yacht S/Y Eugen Seibold during ten Atlan)c Ocean cruises. The dataset spans 
1120 of measurement hours from near-coastal zones a few tens of kilometers from land to 
remote ocean areas up to a thousand kilometers offshore. In oceanic regions extending from 
tens to thousands of kilometers offshore, 1-minute averaged BC concentra)ons were typically 
around 100 ng m-3, sugges)ng a background level shaped by the well-mixed Atlan)c marine 
atmosphere. Despite the rela)vely small variability in BC mass concentra)ons, the mixing state 
of BC exhibits substan)al differences between nearshore and remote oceanic regions. High 
number frac)ons (>50%) of BC par)cles without core-shell morphologies, characterized by BC 
externally aSached to non-BC materials, were observed in near-coastal regions and decreased 
to ~20% in remote oceanic regions. In ship-impacted regions, small freshly emiSed BC par)cles 
tend to coagulate with other aerosol par)cles and forming non-core-shell aSached structures, 
while high rela)ve humidity (RH >85%) tends to promote the forma)on of thick coa)ngs. Our 
results provide new insights into climate-relevant proper)es and underscore the importance of 
coagula)on and hygroscopic processing for the mixing state of BC in the marine atmosphere.  

Plain Language Summary 

Uncertainty in es)ma)ng black carbon (BC)-induced climate warming remains high due to 
debates over the role of BC mixing state in light absorp)on. According to Mie theory, when BC is 
coated by other materials in a “core-shell” structure, it can absorb more sunlight through a 
“lensing effect”. However, whether such structures actually form, especially over the ocean, is 
largely unknown. The marine atmosphere, characterized by high humidity, low precursor levels, 
abundant marine aerosols, and strong air-sea turbulence, may drive dis)nct BC aging pathways. 
Our study shows that fresh BC in marine environments tends to form non-core-shell aSached 
structures through coagula)on with aerosol par)cles/droplets, especially near coastal regions, 
likely driven by wave-induced turbulence. Although low precursor levels constrain condensa)on 
and mul)phase reac)ons, high humidity over the ocean can promote hygroscopic growth, 
transforming BC par)cles that aSach with marine aerosol (e.g., sea salt) into thickly coated 
core-shell par)cles. This suggests that marine shaping of BC mixing states can significantly 
enhance its light absorp)on, thereby amplifying its impact on the marine climate. 
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3.1 Introduc3on 

Black carbon (BC) is an important light-absorbing component of atmospheric aerosols and is 
widely recognized as a significant short-lived climate-warming agent (Bond and Bergstrom, 
2006; Ramanathan and Carmichael, 2008). Produced through incomplete combus)on of fossil 
fuels, biofuels, and biomass etc., BC not only absorbs sunlight, thereby contribu)ng to 
atmospheric warming, but also influences cloud processes (Bond et al., 2013). The overall 
radia)ve effects of BC depend not just on its concentra)on, but also on its microphysical 
proper)es, including its size, shape, and mixing state. Here, “mixing state” refers to the extent 
to which BC par)cles are mixed with other aerosol cons)tuents formed or acquired during 
atmospheric aging processes such as condensa)on, coagula)on, and mul)phase reac)ons 
(Zhang et al., 2023). Changes in the mixing state can significantly alter the op)cal proper)es, 
hygroscopicity, ice nuclea)on (IN) ac)vity and life)me of BC, making it more difficult to quan)fy 
its climate effect (Bond et al., 2013; Cheng et al., 2012; Kärcher, 2018). An improved 
understanding of the clima)c impact of BC requires more comprehensive observa)onal 
constraints to enable accurate representa)on of BC mixing states under real atmospheric 
condi)ons in models (Zhang et al., 2025). 

To elucidate the impact of BC aerosols on marine climate, increasing efforts have been devoted 
to in situ measurements of BC in marine environments. According to Bond et al. (2013) , marine 
shipping contributes approximately 2% of global BC emissions; however, it may account for a 
dispropor)onately larger share of direct BC emissions in remote regions. Marine regions, 
characterized by their vast spa)al extent, rela)vely pris)ne atmospheric condi)ons, limited 
local emissions, and high-albedo surfaces (e.g., sea ice and cloud cover), are par)cularly 
suscep)ble to BC-induced radia)ve forcing, thereby amplifying the clima)c significance of BC in 
these areas (Bond and Bergstrom, 2006; Ramanathan and Carmichael, 2008). Current online 
observa)ons of BC in marine environments have predominantly focused on quan)fying 
atmospheric BC concentra)ons. These measurements indicate that background BC levels in 
marine environments are substan)ally influenced by shipping ac)vity. In regions with high 
shipping density, BC concentra)ons typically range from tens to several hundred nanograms per 
cubic meter (ng m-3) (Buffaloe et al., 2014; Diesch et al., 2013). In contrast, in remote open-
ocean areas such as the Arc)c, BC concentra)ons are generally limited to a few ng m-3, and in 
some instances, fall below 1 ng m-3 (Deng et al., 2024; Ka)ch et al., 2018; Taketani et al., 2016; 
ZanaSa et al., 2018). 

Compared to concentra)on measurements, observa)ons of BC mixing state in marine 
environments remain sparse. Taketani et al. (2016) conducted shipborne measurements in the 
Arc)c Ocean and reported the presence of BC par)cles coagulated with sea salt and other 
marine aerosols via coagula)on processes, forming so-called "aSached BC." However, few 
studies have examined the processes driving changes in BC mixing state, with most focusing on 
urban pollu)on condi)ons or biomass-burning plumes (Peng et al., 2016). The current 
understanding of how marine environments influence BC mixing state is s)ll limited, posing a 
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significant challenge to the accurate representa)on of BC mixing state and their radia)ve effects 
in atmospheric models. 

In this work, we conduct shipborne measurements of BC par)cles across the Atlan)c Ocean to 
explore the influence of the marine environment on the BC mixing state. We compare the 
characteris)cs of BC under different marine condi)ons in coastal and remote ocean regions, 
highligh)ng the important roles of vessel density, BC par)cle size, and rela)ve humidity (RH) in 
shaping the BC mixing state in the marine atmosphere. Our study reveals the transforma)on of 
the BC mixing state during long-range (nearly thousand-kilometer) atmospheric transport over 
the ocean. The findings suggest that the forma)on of thickly coated BC in the marine 
environment is mainly governed by coagula)on and hygroscopic growth, rather than the 
condensa)on of secondary aerosol components onto BC surfaces. This study not only provides 
new observa)onal data on BC mixing states over the ocean but also offers a novel perspec)ve 
on the forma)on mechanisms of core-shell structured BC in the atmosphere. 

3.2 Materials and Methods 

3.2.1 The S/Y Eugen Seibold 

This study u)lized data collected during oceanic cruises aboard the S/Y Eugen Seibold, a 72-foot 
research yacht specifically designed for sampling of air, seawater, and plankton (Aardema et al., 
2024; Schiebel et al., 2024). Atmospheric measurements were conducted onboard as indicated 
in Fig. S3.1. The inlet system is mounted approximately 13 m above the waterline, with a flexible 
glass-epoxy tube (outer diameter 60 mm, inner diameter 56 mm) shielding a bundle of smaller 
inlet tubes (for both aerosol and gas sampling) from direct sunlight and the corrosive marine 
environment (Fig. S3.1a and Fig. S3.1b). Further technical details on air and water sampling 
configura)ons on board the S/Y Eugen Seibold are provided by Schiebel et al. (2024).  

3.2.2 The black carbon measurement 

BC measurements collected during ten cruises conducted between February 2022 and January 
2023 in the Atlan)c Ocean, extending from temperate Bremerhaven, Germany (55°N, 8.5°E) to 
St. George’s, Grenada (12°N, 61°W), in the tropical ocean (Fig. 3.1 and Fig. S3.2). Refractory BC 
(rBC) aerosols were characterized using a Single Par)cle Soot Photometer (SP2). The SP2 
sampled 0.12 L min⁻¹ of dried air from the shared inlet system, which also served several other 
instruments drawing a combined total of 3.72 L min-1 (Fig. S3.1c). The transmission efficiency as 
a func)on of par)cle size was calculated using the Par)cle Loss Calculator (Weiden et al., 2009). 
For par)cles in the size range of 80-500 nm, par)cle losses within the inlet system were found 
to be less than 10% (Fig. S3.3), and the dataset was corrected accordingly.  

The SP2 uses laser-induced incandescence (LII) to measure the mass of rBC cores within 
individual par)cles. When a BC-containing par)cle passes through the focused 1064 nm laser 
beam, the rBC core absorbs energy and is rapidly heated to incandescence (~4000 K), emiung 
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thermal radia)on that is detected as the incandescence signal. Simultaneously, elas)c light 
scaSering from the en)re par)cle, including both the rBC core and any associated non-
refractory material, is measured (Moteki and Kondo, 2007; Schwarz et al., 2006; Stephens et al., 
2003). Here, the rBC specifically refers to the BC cores quan)fied by LII in SP2 measurements, 
and all references to measured BC in this study refer to this rBC component (Petzold et al., 
2013). Calibra)ons of the SP2 were conducted during and aDer these cruises to ensure 
consistency and instrument stability. The rela)onship between electrical mobility diameter and 
incandescence signal intensity was established using size-classified fullerene soot par)cles 
(stock 40971, lot L20W054, Alfa Aesar, USA), with soot densi)es at different diameters adapted 
from Gysel et al. (2011). The scaSering signal response was calibrated using standard 
polystyrene latex (PSL; Thermo Fisher) spheres. Both par)cle types were first size classified 
using a differen)al mobility analyzer and then introduced into the SP2. Assuming spherical 
geometry and a constant material density of 1.8 g cm-3, the mass-equivalent diameter of the 
rBC core was derived. Throughout this study, we refer to this mass-equivalent diameter simply 
as “core size” (Dcore).  

In this study, the mixing state of BC-containing par)cles was assessed by both “lag-)me” 
method and “leading-edge-only (LEO)-fit” method (Gao et al., 2007; Moteki and Kondo, 2007; 
Zhang et al., 2018a). The “lag-)me” method is defined as the temporal offset calculated as the 
)me of the incandescence peak minus the )me of the scaSering peak (Moteki and Kondo, 
2007). This method is commonly used to dis)nguish between “thickly coated” and “thinly 
coated or bare” BC par)cles based on their thermal response to laser hea)ng in SP2 
measurements. For BC-containing par)cles with core-shell structures, lag-)mes are typically 
posi)ve because the non-refractory coa)ng material evaporates prior to the incandescence of 
the rBC core, resul)ng in a delayed incandescence peak rela)ve to the scaSering peak. BC-
containing par)cles with shorter lag-)mes (typically 0-2 µs) are generally classified as bare or 
thinly coated. Threshold values used to define “thickly coated” par)cles vary slightly from 1.6 µs 
to 2.0 µs, depending on the specific SP2 instrument and par)cle proper)es (DahlköSer et al., 
2014; Ko et al., 2020; Moteki and Kondo, 2007; Subramanian et al., 2010; Zhang et al., 2016). 

However, BC-containing par)cles with non-core-shell structures can exhibit dis)nct thermal 
behaviors in the laser beam, resul)ng in nega)ve lag-)mes in SP2 measurements, where the 
incandescence peak precedes the scaSering peak (Fig. S3.4). During SP2 measurement, BC-
containing par)cles are exposed to a 1064 nm laser beam. If rBC incandesces before reaching 
the beam center, while the scaSering signal of the residual par)cle s)ll shows a peak at the 
beam center, it indicates that the rBC is externally aSached to non-BC material rather than 
internally mixed. Nega)ve lag-)mes have also been reported in field studies (DahlköSer et al., 
2014; Ko et al., 2020; Sedlacek et al., 2012; Taketani et al., 2016).  

We categorize representa)ve lag-)me paSerns for both posi)ve and nega)ve lag-)mes in the 
Fig. S3.4. Notably, we also observed twin-peak features in both incandescence and scaSering 
signals, similar to those reported by Moteki and Kondo (2007) and Sedlacek et al. (2015). To 
exclude the possibility of mechanical issues contribu)ng to mul)ple peaks, the laser beam 
profile was verified to be TEM₀₀ using a Mightex camera (Fig. S3.5). To minimize ambiguity in 
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lag-)me determina)on, all lag-)mes were calculated based on the maximum peak posi)ons of 
the scaSering and incandescence signals (Moteki and Kondo, 2007). 

For those BC with posi)ve lag-)mes (>0 µs), we further es)mated their coa)ng thickness using 
LEO-fit method (Gao et al., 2007). In this approach, the par)cle posi)on rela)ve to the laser 
center is derived from the split-scaSering signals, and the Gaussian width of the laser beam is 
measured using pure-scaSering par)cles (Ditas et al., 2018; Gao et al., 2007). In this study, LEO-
fit is applied to both the scaSering and split-scaSering signals (Schwarz et al., 2015; Yuan et al., 
2020), as the split-scaSering signals exhibit a higher signal-to-noise ra)o (SNR) due to detectors’ 
characteris)cs. In the SP2 instrument used in this study, the gain of the split-scaSering detector 
is approximately 40 )mes higher than that of the scaSering detector. This ra)o was es)mated 
by applying LEO-fit to both signals from pure-scaSering par)cles and it remains stable because 
it depends solely on the inherent characteris)cs of the detectors (Schwarz et al., 2015). A higher 
SNR is advantageous for LEO-fit, as beyond 1-5% of the peak laser intensity the scaSering signal 
may become biased due to the evapora)on of non-BC material (Gao et al., 2007; Metcalf et al., 
2012; Taketani et al., 2016). Therefore, in the leading-edge signal, data points with higher SNR 
are considered more reliable; otherwise, the signal may be obscured by noise, increasing the 
likelihood of inaccurate reconstruc)on of the scaSering peak height during Gaussian fiung. 

3.2.3 Vessel density, distance to shoreline and meteorological parameters 

To support our analyses, we incorporated monthly vessel density data as a proxy for local 
shipping ac)vity. These data are sourced from the Global Mari)me Traffic Density Service, 
GlobalMari)meTraffic.org (GMTDS, 2024), which compiles Automated Iden)fica)on System 
(AIS) datasets into georeferenced raster files. Each raster provides aggregated monthly vessel 
traffic intensity (hours per km2 per month) at a specified spa)al resolu)on (e.g., kilometers per 
pixel). In this study, for each measurement point, we selected the raster corresponding to the 
cruise month, transformed the coordinates into the same reference system as the raster, and 
extracted grid cells within a 5 km radius. We then computed the average vessel density over this 
region to obtain a local indicator of mari)me traffic. In addi)on, we calculated the minimum 
distance from each ship coordinate to the nearest coastline using the 10 m resolu)on Natural 
Earth shoreline dataset. Assigning these vessel density and distance-to-shoreline values to each 
sampling instance enabled us to dis)nguish regions with high shipping ac)vity (and thus likely 
fresher BC emissions) from those where BC may be more regionally or remotely influenced. 

We also monitored CO2 concentra)ons and recorded standard meteorological parameters (e.g., 
temperature, RH, wind speed, wind direc)on) onboard. Details on the measurement setup, 
calibra)on procedures, and data quality controls are provided in the supplementary informa)on 
and in related references (Schiebel et al., 2024). 
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3.3 Results and Discussion 

3.3.1 Marine traffic density and BC concentraCon 

During the ten Atlan)c Ocean cruises (Fig. 3.1a and Fig. S3.2), vessel density in the observed 
ocean regions spanned five orders of magnitude (10-2-103 hours km-2 month-1, Fig. 3.1b), 
providing a robust representa)on of the impact of shipping ac)vi)es on the marine 
environment. As shown in Fig. 3.2, the probability density func)on (PDF) of vessel density 
within the observed regions exhibits a bimodal distribu)on. Our observa)ons were 
predominantly conducted in ocean areas with vessel densi)es below 1 hour km-2 month-1, 
located tens to thousands of kilometers offshore. In contrast, observa)on areas with vessel 
densi)es exceeding 1 hour km-2 month-1 were primarily concentrated within 50 km of the 
coastline. In this study, we classify the marine environment into two dis)nct regimes for 
sta)s)cal analysis of our measurements: regions with vessel densi)es greater than 1 hour km-2 
month-1, represen)ng areas heavily influenced by anthropogenic ac)vi)es, and regions with 
vessel densi)es less than 1 hour km-2 month-1, reflec)ng rela)vely clean remote marine 
environments. 

Similar to vessel density, BC concentra)ons in the observed ocean regions span five orders of 
magnitude from 10-1 to 104 ng m-3 (Figs. 3.1c, 3.3 and 3.4). Where vessel density exceeds 1 hour 
km-2 month-1, the highest BC concentra)ons can reach 103 to 104 ng m-3. However, across 
different vessel density regimes, the PDFs of 1-minute averaged BC mass concentra)ons 
consistently exhibit a peak around 100 ng m-3 (Fig. 3.4), sugges)ng a characteris)c marine 
background level shaped by the well-mixed atmosphere over oceanic regions from tens to a 
thousand of kilometers offshore. In summary, vessel density primarily affects the high values of 
BC concentra)ons in the marine environment, while the transport of clean marine air masses 
can influence the background levels of BC concentra)ons over distances of several hundred 
kilometers across the ocean. 

Figure 3.5 shows BC core size distribu)on under different marine environments. In the high 
shipping ac)vity regime (vessel density >= 1 hour km-2 month-1), BC core size exhibits a 
concentra)on-dependent paSern: (1) in near-coastal areas and busy shipping lanes with 
elevated BC levels (>300 ng m-3), , the cores are rela)vely small, with a number median 
diameter (NMD) of ~80 nm and a mass median diameter (MMD) of ~110 nm, consistent with 
freshly emiSed fossil fuel BC (Cappa et al., 2014; Zhang et al., 2020), indica)ng dominance of 
local shipping emissions; (2) in contrast, in marine environments influenced by oceanic air 
masses but with similar shipping ac)vity and lower BC concentra)ons (<300 ng m-3), the BC 
cores remain larger (MMD ~150 nm) and invariant with concentra)on, sugges)ng aging 
processes such as coagula)on contribute to par)cle growth. On the other hand, in remote 
oceanic environments with low shipping ac)vity (vessel densi)es <1 hour km-2 month-1), BC 
par)cles exhibit a rela)vely large core size, with an MMD of approximately 180 nm. This 
observa)on indicates that prolonged atmospheric transport in the marine environment 
enhances the BC core size, likely driven by coagula)on processes over extended )mescales. 
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Notably, in remote areas with lower vessel density (< 1 hour km-2 month-1), the BC core size 
distribu)on remains unaffected by BC concentra)on, even when concentra)ons exceed 300 ng 
m-3, highligh)ng that long-range transport, rather than local emissions, predominantly governs 
BC characteris)cs in these remote marine regions. 

3.3.2 BC-containing parCcles with non-core-shell structures 

In the marine environment, a substan)al frac)on of BC-containing par)cles exhibits non-core-
shell structures (Fig. 3.1d), as iden)fied through lag-)me distribu)ons from SP2 analysis. 
Laboratory and field studies have reported that some BC-containing par)cles measured by SP2 
exhibit nega)ve lag-)me, likely due to the coagula)on of pure BC with non-BC par)cles, which 
could be relevant to source aSribu)on and aging (Moteki et al., 2014; Moteki and Kondo, 2007; 
Sedlacek et al., 2012; Taketani et al., 2016). Near sources, high par)cle number concentra)ons 
and limited secondary forma)on likely promote coagula)on of nearly bare BC with non-BC 
material, producing nega)ve-lag signatures. Sedlacek et al. (2012) reported high nega)ve-lag 
frac)ons (>0.6 µs) in near-surface wildfire plumes over Long Island. With transport and aging, 
the nega)ve-lag frac)on is lower but persists: DahlköSer et al. (2014) found ~5% nega)ve lag 
)mes in aged biomass-burning plumes at high al)tudes; Moteki et al. (2014) reported 
“aSached-BC” in Tokyo urban air, with frac)ons typically <10% and short episodes up to ~40%. 
Ko et al. (2020) also reported nega)ve lag-)me over California’s coastal regions with a number 
frac)on of ~2%. Taketani et al. (2016) iden)fied a dis)nct -3 µs mode comprising ~20% of 
refractory BC during Arc)c shipborne measurements. Similarly, our marine observa)ons 
frequently detected aSached-BC par)cles with nega)ve lag-)mes.  

The BC-containing par)cles with nega)ve lag-)mes observed in our marine measurements were 
primarily smaller than 180 nm in rBC size. As shown in Fig. 3.6, BC-containing par)cles with Dcore 
less than 180 nm display a bimodal lag-)mes distribu)on: one mode between -8 and-2 µs 
corresponds to externally aSached or par)ally coated BC, while the other mode from -2 to 2 µs 
represents bare or thinly coated BC. In contrast, BC-containing par)cles with Dcore greater than 
180 nm show a unimodal distribu)on centered around 0 µs. This suggests that smaller BC-
containing par)cles are more likely to exist in non-core-shell structures in the marine 
atmosphere. This may result from coagula)on processes, where smaller Dcore are more prone to 
external aSachment by sea salt or other aerosol/droplet components. As shown in Fig. 3.5, BC 
par)cles with smaller Dcore dominate in number, with BC par)cles of 80 < Dcore < 180 nm 
accoun)ng for 76.3% of the total number concentra)on. In this study, our analysis focuses on 
the bimodal lag-)mes distribu)on of these smaller BC-containing par)cles to inves)gate their 
non-core-shell structures (Fig. 3.7). In this study, we define BC-containing par)cles with lag-
)mes < -2 µs as non-core-shell structures. 

Figures 3.7 and 3.8 show the influence of vessel density and BC concentra)ons on the mixing 
state of BC-containing par)cles in marine environments. Lag-)me distribu)ons show that in 
regions with vessel densi)es exceeding 1 hour km-2 month-1, BC-containing par)cles with non-
core-shell structures are more prevalent. This indicates that in oceanic regions near ac)ve 
shipping lanes, freshly emiSed BC from marine vessels can undergo coagula)on with other 
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par)cles, resul)ng in a substan)al frac)on of BC being externally aSached to non-BC materials. 
As shown in Fig. 3.8, when vessel density exceeds 1 hour km-2 month-1 and BC concentra)ons 
are above 300 ng m-3, non-core-shell structures of BC-containing par)cles cons)tute 54.3% of 
the total number concentra)on. These par)cles are predominantly composed of freshly emiSed 
BC with smaller core sizes (Fig. 3.5). However, in near coastal regions with high vessel density 
that are influenced by clean marine air masses, BC concentra)ons can drop significantly (e.g., < 
30 ng m-3), leading to a decrease in the frac)on of non-core-shell structures of BC-containing 
par)cles. These results highlight the strong influence of shipping emissions on the occurrence 
and abundance of BC-containing par)cles with non-core-shell structures. 

Compared to oceanic regions with vessel densi)es exceeding 1 hour km-2 month-1, a lower 
frac)on of BC-containing par)cles exhibits non-core-shell morphologies in remote marine 
environments with vessel densi)es below this threshold. As shown in Fig. 3.7, coated BC 
par)cles with lag-)mes > 0 µs are more prevalent in remote regions (vessel density < 1 hour km-

2 month-1) than in areas influenced by shipping ac)vity. Specifically, the number frac)on of 
coated BC in low-vessel density regions is approximately 56.2%, significantly higher than the 
~27.2% observed in high-vessel density regions. Moreover, under low vessel density condi)ons, 
BC concentra)on has a liSle effect on the mixing state characteris)cs (Fig. 3.8), sugges)ng that 
BC-containing par)cles in remote marine environments are primarily influenced by long-range 
atmospheric transport rather than fresh emissions from local sources such as shipping. This is 
also supported by the BC size distribu)on (Fig. 3.5), which indicates a larger core size in these 
regions. During atmospheric transport, the frac)on of non-core-shell BC par)cles decreases, 
while the propor)on of coated BC par)cles increases, highligh)ng the shaping of the marine 
environments on BC mixing state.  

In addi)on to BC core size and vessel density, RH is also found to significantly influence the 
occurrence of BC-containing par)cles with non-core-shell structures (Fig. 3.9). Compared to 
near-coastal regions with vessel densi)es exceeding 1 hour km-2 month-1, such par)cles in 
remote oceanic environments (vessel density < 1 hour km-2 month-1) are more sensi)ve to 
varia)ons in RH. This is because, in marine regions with intense shipping ac)vity, the presence 
of non-core-shell BC par)cles is primarily governed by shipping emissions. In contrast, in remote 
oceanic regions with low shipping influence, the abundance and transforma)on of non-core-
shell BC par)cles are largely shaped by marine environmental factors such as RH. 

Figure 3.9 reveals a nonlinear rela)onship between RH and the occurrence of non-core-shell BC 
par)cles. When RH is below 85%, lower RH condi)ons favor the forma)on of non-core-shell 
structures. Specifically, as RH decreases, the number of BC-containing par)cles with lag-)mes < 
-5 µs, indica)ve of externally aSached BC, increases significantly. In contrast, high RH levels 
above 85% promote the forma)on of par)ally coated BC par)cles, as evidenced by the 
increasing abundance of par)cles with lag-)mes between -5 µs and -2 µs. This suggests two 
dis)nct RH-dependent regimes: at RH < 85%, reduced RH enhances the external aSachment of 
BC to non-BC material (lag-)mes < -5 µs); at RH > 85%, and par)cularly above 95%, elevated RH 
facilitates the forma)on of par)ally coated BC (-5 µs <lag-)mes <-2 µs) through interac)ons 
with liquid-phase aerosol components such as sea salt. As shown in Fig. 3.9, under RH > 95% in 
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marine environments with vessel densi)es below 1 hour km-2 month-1, the number frac)on of 
par)ally coated BC par)cles (-5 µs < lag-)mes <-2 µs) reaches 33.2%, being significantly higher 
than the 16.9% observed under moderate RH condi)ons (75% < RH < 85%). 

These findings indicate that under high RH condi)ons, more BC par)cles interact with droplets, 
promo)ng coagula)on and par)al coa)ng. As shown in Fig. 3.9, in RH > 95% environments, the 
frac)on of bare and thinly coated BC par)cles (-2 µs < lag-)mes < 2 µs) decreases markedly, 
while the frac)on of non-core-shell BC-containing par)cles, par)cularly par)ally coated ones (-5 
µs < lag-)mes < -2 µs), increases significantly. This points to the importance of repeated 
deliquescence and efflorescence cycles during atmospheric transport in shaping the BC mixing 
state. As discussed earlier (Fig. 3.7), this is consistent with the enhanced abundance of coated 
BC par)cles (lag-)mes > 0 µs) observed in remote oceanic regions. 

3.3.3 Thickly coated BC parCcles 

In addi)on to non-core-shell BC par)cles, we also observed thickly coated BC par)cles with a 
core-shell structure in the marine environment. As shown in Fig. 3.7, in remote marine regions 
with vessel densi)es below 1 hour km-2 month-1, thickly coated BC par)cles with lag-)mes 
greater than 2 µs accounted for approximately 22% of the BC-containing popula)on. These 
par)cles are influenced by both atmospheric transport and physicochemical processes in the 
marine environment. The lag-)me distribu)ons of BC-containing par)cles (Figs. 3.6-3.9) indicate 
that the BC mixing state in marine environments is affected by BC core size, vessel density, and 
RH. To further inves)gate the impact of the marine environment on thickly coated BC par)cles, 
we retrieved the coa)ng thickness of BC-containing par)cles with lag-)mes > 0 µs using SP2 
measurements. Figure 3.10 presents the coa)ng thickness distribu)ons for different BC sizes 
under varying vessel densi)es and RH condi)ons across different marine regions. 

Our study focuses on the coa)ng processes of BC par)cles emiSed from shipping in the marine 
environment. To dis)nguish thickly coated BC par)cles predominantly influenced by marine 
physicochemical processes from those primarily transported from con)nental sources, we 
compared detailed measurements from two S/Y Eugen Seibold cruises near the Canary Islands 
(ES22C01 in February 2022 and ES22C15 in October 2022), which experienced similar vessel 
densi)es at contras)ng air mass origins. During the February cruise, air masses mainly 
originated from con)nental regions, including the western Mediterranean and northern Africa, 
passing over areas with intense anthropogenic ac)vity (Fig. S3.6). In contrast, the October cruise 
was influenced by air masses from remote marine regions over the open Atlan)c Ocean, where 
anthropogenic influence is minimal (Fig. S3.6). Figure S3.7 compares the BC characteris)cs 
measured during the two cruises with contras)ng air mass origins. Under the influence of 
con)nental air masses, BC mass concentra)on, core size, the frac)on of thickly coated BC 
par)cles, and coa)ng thickness increased significantly. We found that con)nental air masses 
mainly affected the coa)ng thickness of BC par)cles with Dcore larger than 80 nm. Figure S3.8 
shows an example of a ship plume encounter, revealing that BC from shipping emissions is 
primarily characterized by Dcore smaller than 180 nm. Therefore, to inves)gate the coa)ng 
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processes of shipping-related BC in the marine atmosphere, we focused our analysis on the 
coa)ng thickness characteris)cs of BC par)cles with Dcore below 180 nm. 

As shown in Fig. 3.10, the coa)ng thickness of BC-containing par)cles in marine environments is 
influenced by BC core size, vessel density and RH. Table S2 summarizes the frac)ons of thickly 
coated BC par)cles under different RH and vessel density condi)ons. For thickly coated BC 
par)cles (coa)ng thickness > 30 nm), the coa)ng thickness distribu)on exhibits two dis)nct 
modes: one at ~100 nm associated with BC cores of 100-150 nm, and another at 30-50 nm 
corresponding to BC cores of 150-180 nm. In near-coastal regions under high vessel density 
condi)ons (>1 hour km-2 month-1), thickly coated BC par)cles are predominantly composed of 
smaller BC cores (100-150 nm) with thicker coa)ngs (~100 nm) (Fig. 3.10b), most likely 
influenced by air masses from con)nental regions. In contrast, in remote oceanic regions with 
under low vessel density condi)ons (<1 hour km-2 month-1), larger BC cores (150-180 nm) with 
rela)vely thinner coa)ngs (30-50 nm) dominate (Fig. 3.10a), which is most likely related to 
influence of marine environments. 

In this work, we focus on thickly coated BC par)cles in remote marine environments. As shown 
in Figs. 3.10a and 3.10b, in remote oceanic regions with low vessel density (1 hour km-2 month-

1), BC-containing par)cles exhibit an addi)onal coa)ng thickness mode (30-50 nm), in contrast 
to near-coastal regions with high vessel density (>1 hour km-2 month-1). In remote oceanic 
regions, RH above 85% enhances the 30-50 nm coa)ng mode of larger BC cores (150-180 nm) 
more strongly than the ~100 nm coa)ng mode of smaller cores (100-150 nm) (Fig. 3.10a). This 
contrasts with condensa)on aging, which is more efficient for smaller par)cles. This suggests 
that the RH-driven enhancement of the 30-50 nm coa)ng mode of larger BC is not caused by 
condensa)on but is instead dominated by coagula)on with other aerosols (e.g., sea salt), 
followed by droplet forma)on via deliquescence during atmospheric transport over the ocean. 
In summary, high humidity over the ocean can promote hygroscopic growth, transforming BC 
par)cles that aSach with marine aerosol (e.g., sea salt) into thickly coated core-shell par)cles.  

3.4 Summary 

In situ measurements from ten cruises aboard the S/Y Eugen Seibold, spanning the Atlan)c 
Ocean (10°N-60°N, 10°E-65°W), provide key insights into BC concentra)ons and mixing states. 
These findings help constrain processes that remain poorly represented in global climate 
models, improving the understanding of BC behavior in marine environments. Despite ship 
traffic varying by up to five orders of magnitude across the surveyed regions, 1-minute averaged 
BC concentra)ons were typically around 100 ng m-3. This highlights a remarkable regional 
consistency in BC loading, likely driven by large-scale atmospheric transport across oceanic 
areas spanning up to a thousand kilometers. The BC concentra)on data obtained in marine 
environments can be used to constrain BC levels in global climate models to assess BC’s climate 
effect. 
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In contrast, BC mixing states exhibited pronounced spa)al variability. In coastal regions (within 
tens of kilometers from land), BC par)cles were primarily externally aSached to non-BC 
aerosols, indica)ve of rela)vely fresh emissions. In remote oceanic areas (extending up to a 
thousand kilometers offshore), the frac)on of coated BC par)cles increased substan)ally. These 
observa)ons suggest that in marine environments, BC mixing states are influenced not only by 
emission sources but also by environmental condi)ons, par)cularly RH. Our results suggest that 
high RH can promote the transforma)on of externally aSached BC into par)ally and eventually 
thickly coated core-shell structures via repeated deliquescence-efflorescence cycles. These 
findings provide cri)cal insights into the aging process of BC in remote marine atmospheres. 

This work suggests the poten)al for the marine atmosphere to amplify BC’s climate impacts. 
Coagula)on with non-BC aerosols and subsequent hygroscopic growth under humid condi)ons 
facilitate the development of core-shell morphologies, significantly enhancing BC's light 
absorp)on via the lensing effect. Moreover, marine-induced transforma)on of BC mixing state 
may increase its ability to act as cloud condensa)on nuclei. Future research should further 
explore BC-marine aerosol interac)ons and evaluate their roles in aerosol-cloud-radia)on 
feedback. 

 



3. Black Carbon in the Marine Atmosphere: Concentra,on and Mixing State from Coastal to Remote Atlan,c Regions 

55 

 

 

Figure 3.1. Cruise tracks of the S/Y Eugen Seibold across the Atlan)c Ocean during ten cruises 
conducted from February 2022 to January 2023, overlaid on monthly averaged vessel density 
maps (hour km-2 month-1). (a) Ship tracks color-coded by individual cruise legs, with cruise 
iden)fiers and measurement periods provided in the legend. Key harbors and coastal loca)ons 
visited during the cruises are indicated. (b) Vessel density along the cruise routes extracted from 
monthly AIS-based vessel traffic data. (c) rBC mass concentra)on measured using the SP2 along 
the cruise paths. (d) Lag-)mes (µs), defined as the )me offset between scaSering and 
incandescence signals from the SP2.  
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Figure 3.2. Probability density func)on (PDF) of vessel density (hour km-2 month-1) across all 
measurement points. (a) Vessel density color-coded by the average distance to shore (km) for 
each bin. (b) Vessel density color-coded by average rBC mass concentra)on (ng m-3). 

 

Figure 3.3. Rela)onship between vessel density (hour km-2 month-1) and rBC mass concentra)on 
(ng m-3), color-coded by distance to shore (km) and sized by the frac)on of the total dataset (1-
min average) represented by each bin. Warmer colors (e.g., pink, orange) indicate offshore 
loca)ons, while cooler colors (e.g., green, blue) correspond to measurements taken closer to 
shore. Larger circle sizes indicate a greater frac)on of data.  
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Figure 3.4. Probability density func)ons (PDFs) of rBC mass concentra)on (ng m-3) 1-min 
average for different vessel densi)es. The color-coded lines represent subsets of data with 
varying vessel densi)es: ≤0.05 (blue), ≤1 (green), ≥1 (orange), and ≥ 50 hour km-2 month-1 
(purple), with the overall distribu)on shown in dashed black. The top panel indicates the 25-
75th percen)le (thick line), 5-95th percen)le (thin line), and median (dot) for each category. 
Sta)s)cal summary of rBC mass concentra)ons under different vessel density regimes is shown 
in Table S1. 
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Figure 3.5. Core size distribu)ons of BC-containing par)cles under different vessel density and 
rBC mass concentra)on condi)ons. Top panel: Observa)ons in regions with vessel density < 1 
hour km-2 month-1. BoSom panel: Observa)ons in regions with vessel density ≥ 1 hour km-2 
month-1. Solid lines represent mass-weighted distribu)ons (dM/dlogDcore), and dashed lines 
represent number-weighted distribu)ons (dN/dlogDcore, each normalized to their respec)ve 
maxima. Colors indicate BC mass concentra)on bins: <30 ng m-3 (green), 30-300 ng m-3 (orange), 
and >300 ng m-3 (purple), with the overall distribu)on shown in black.  
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Figure 3.6. Lag-)me distribu)ons of BC-containing par)cles in different core size (Dc) ranges 
under contras)ng vessel density regimes. (a) Regions with vessel density < 1 hour km-2 month-1; 
(b) Regions with vessel density ≥ 1 hour km-2 month-1. Each curve represents a different Dcore 
size bin (color-coded), from 80 nm to 380 nm. Lag-)mes were calculated as the temporal offset 
between the peak scaSering and incandescence signals. 

 

Figure 3.7. Normalized lag-)me distribu)ons of BC-containing par)cles under different vessel 
density regimes. Lines represent subsets of data binned by vessel density: ≤ 0.05 (blue), ≤ 1 
(green), ≥ 1 (orange), ≥ 50 hour km-2 month-1 (purple), and >0 (black, overall dataset). Par)cles 
with lag-)mes < -2 µs are classified as non-core-shell, while those with lag-)mes > 0 µs are 
considered coated.  
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Figure 3.8. Lag-)mes distribu)ons of BC-containing par)cles with core diameters between 80 
and 180 nm, stra)fied by vessel density and BC mass concentra)on. Top: Regions with vessel 
density <1 hour km-2 month-1. BoSom: Regions with vessel density ≥1 hour km-2 month-1. Lines 
are color-coded by BC mass concentra)on: <30 ng m-3 (green), 30-300 ng m-3 (orange), >300 ng 
m-3 (purple), and the overall distribu)on (black). 
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Figure 3.9. Lag-)me distribu)ons of BC-containing par)cles with core diameters between 80 
and 120 nm, stra)fied by vessel density and rela)ve humidity (RH). Top: Regions with vessel 
density <1 hour km-2 month-1. BoSom: Regions with vessel density ≥1 hour km-2 month-1. Lines 
are color-coded by RH level: 50-75% (blue), 75-85% (green), 85-95% (orange), ≥95% (purple), 
with the overall distribu)on shown in black.  
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Figure 3.10. Distribu)ons of BC coa)ng thickness as a func)on of BC core diameter (Dcore), 
organized by RH and vessel density regimes. Columns represent RH categories: (1) 50% < RH ≤ 
75%, (2) 75% < RH ≤ 85%, (3) RH > 85%, and (4) RH ≥ 50% (en)re RH range). Rows indicate 
vessel density condi)ons: (a) <1 hour km-2 month-1 (remote marine regions), (b) ≥1 hour km-2 
month-1 (shipping-influenced regions), and (c) >0 hour km-2 month-1 (overall dataset). Color 
shading indicates par)cle counts on a logarithmic scale. 
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Appendix 

 

Figure S3.1. Experimental setup aboard the S/Y Eugen Seibold. (a) Photo of the vessel’s stern 
showing the main inlet shield tube (orange) extending to the air sampling inlet. (b) Side 
eleva)on of the ship, highligh)ng the posi)ons of key environmental sensors and sampling 
ports, including the aerosol inlet mounted approximately 13 m above the waterline. (c) 
Schema)c of the aerosol and gas sampling system inside the Air Lab. Ambient air was dried to 
<30% rela)ve humidity using a Nafion dryer before distribu)on to the SP2 and other 
instruments. Flow rates for each channel are indicated. 
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Figure S3.2. Time series analysis of black carbon (BC) aerosols and environmental variables 
during 10 Atlan)c Ocean cruises (February 2022-January 2023). Shaded regions highlight 
individual cruise segments, and cruise IDs are labeled above the panels. The x-axis )cks 
represent the )me in UTC, indica)ng the start and end of two adjacent cruises. (a) La)tude 
(blue) and longitude (red) ploSed as lines, with cruise segments labeled above. (b) Ship density 
along the cruise tracks (hour km-2 month-1), color-coded by the distance to the nearest shoreline 
(km), which represents the calculated minimal distance from measurement coordinates to the 
coastline (10-meter-resolu)on). The vessel density data points correspond to monthly average 
data sourced from the Global Mari)me Traffic Density Service (GMTDS), 
GlobalMari)meTraffic.org, a service of MapLarge, 2024 (hSps://www.globalmari)metraffic.org). 
(c) Rela)ve humidity (RH, %) shown as scaSers with air temperature (°C) color-coded on each 
data point. (d) BC mass concentra)ons (ng m-3) shown as scaSers, with the color scale indica)ng 
corresponding CO2 concentra)ons (ppm). (e) Ten-minute normalized BC core size distribu)ons 
(Dcore, nm) represented as color-coded par)cle size bins, with white circles indica)ng hourly 
averages. (f) Ten-minute normalized lag-)me distribu)ons (µs) shown as color-coded density 
bins, with white circles represen)ng hourly averages. 
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Figure S3.3. Transmission efficiency for the SP2 inlet system (from ambient to SP2 inlet), 
calculated using the Par)cle Loss Calculator in August 2022. 
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Figure S3.4. Representa)ve )me-resolved SP2 signals of BC-containing par)cles illustra)ng 
posi)ve and nega)ve lag-)me paSerns. Each panel shows elas)c scaSering signals (orange, leD 
axis) and broadband incandescence signals (purple, right axis) as a func)on of )me. (a) Example 
of a thickly coated BC par)cle with a posi)ve lag-)me (4.8 µs); (b)-(d) Examples of BC par)cles 
with nega)ve lag-)mes (-1.6 µs, -3.6 µs, and -6.4 µs, respec)vely), indica)ng non-core-shell 
structures. 
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Figure S3.5. The laser intensity profile closely follows the TEM00 Gaussian mode. 
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Figure S3.6. NOAA HYSPLIT backward-trajectory analyses for two sampling periods in February 
(green box, ES22C01) and October (red box, ES22C15) 2022. Each map shows three color-coded 
trajectories (red, blue, green) origina)ng near 29° N 14.5° W, with corresponding al)tude 
profiles beneath each panel. Trajectories were computed using GFS0 meteorological data at 
1200 UTC on the indicated dates. 
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Figure S3.7. Comparison of rBC characteris)cs measured during two cruises near the Canary 
Islands: ES22C01 (February 2022; red lines) and ES22C15 (October 2022; green lines). Shown 
are probability PDFs of BC mass concentra)on (top leD), normalized mass-weighted BC core size 
(Dcore) distribu)ons (top right), lag-)me distribu)ons (boSom leD), and BC coa)ng thickness 
distribu)ons for selected core diameters (180-280 nm) with posi)ve lag-)mes (boSom right).  
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Figure S3.8.  Example of a ship-emission plume encounter on 2023/10/29. From top to boSom, 
the )me-series panels show (i) wind speed and direc)on (ii) BC mass concentra)ons (blue line) 
with background BC (BC_bg) and the instantaneous ΔBC concentra)on in the plume (red line); 
(iii) CO2 concentra)ons (green line) with background CO2 (CO2_bg) and the plume-induced 
concentra)on change (orange line); (iv) the rolling average of BC mass (purple) and its rela)ve 
drop (gray shading); (v) the BC core size distribu)ons (Dcore, nm) displayed as color-coded bins; 
and (vi) the lag-)mes distribu)ons (µs), also color-coded by normalized density. Shaded 
intervals mark the plume period, and inset panels on the right indicate vessel posi)on and 
measurement segments (before, during, aDer the plume). 
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Table S3.1. Sta)s)cal summary of BC mass concentra)ons (ng m-3) under different vessel 
density regimes in the Atlan)c marine environment, spanning tens to a thousand kilometers 
from the coastline. Values include mean, median, standard devia)on (Std), and percen)les (5th, 
25th, 75th, and 95th).  

 

Table S3.2. Frac)ons (%) of thickly coated BC-containing par)cles with coa)ng thickness >30 nm 
and >50 nm under various rela)ve humidity (RH) and vessel density condi)ons.  

 50% < RH <= 
75% 

75% < RH <= 
85% 

RH > 85% Overall (RH > 
50%) 

 BC with coating > 30 nm as (%) of BC with lag time > 0.1 µs and Dcore > 
90 nm 

Vessel density < 1 56 61 75 61 
Vessel density >= 1 53 75 71 65 
Overall (vessel 
density> 0) 

56 62 75 44 

 BC with coating > 50 nm as (%) of BC with lag time > 0.1 µs and Dcore > 
90 nm 

Vessel density < 1 36 42 56 42 
Vessel density >= 1 22 58 55 43 
Overall (vessel 
density > 0) 

35 43 56 30 

 

” 

 

 Mean Median Std  5-th 
perc. 

25-th 
perc. 

75-th 
perc. 

95-th 
perc. 

Vessel 
density 
(hour km-2 
month-1) 

BC mass concentrations (ng m-3) 

> 0 (overall) 121.9 46.4 375.4 0.9 9. 101.7 328.1 
< 0.05 64.9 42.6 80.8 1.1 17.1 77.4 239.7 
< 1 58.8 36.4 78.4 0.7 6.7 74.4 221.0 
>= 1 323.2 103.2 719.6 3.2 50.7 219.5 1769.2 
>= 50 439.8 192.2 765.5 13.1 93.8 397.4 2096.1 
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Abstract 

Black carbon (BC) is a major contributor to climate forcing. However, its impacts remain highly 
uncertain, partly due to limited understanding of its aging and coa)ng growth during 
atmospheric transport, especially over marine environments. Observa)onal constraints on how 
regional transport and marine processes modify BC mixing state are scarce, hindering accurate 
representa)on in global climate models. Here, we present shipborne measurements aboard the 
research sailing yacht S/Y Eugen Seibold from seven cruises in June-August 2020 across the 
Northeast Atlan)c (35-66° N, 30 W-10° E). We find that con)nental air masses transported from 
Europe enhanced BC loadings over the Atlan)c by tens to hundreds of ng cm-3, while marine air 
masses promoted extensive aging of BC. Under marine-dominated regional transport, high 
number frac)ons of thickly coated BC (>50%) were observed, significantly higher than those 
under con)nental influence (<30 %). The results reveal that BC undergoes pronounced aging in 
the marine atmosphere, forming coa)ngs of 100-200 nm. Such highly aged, thickly coated BC 
par)cles can markedly amplify direct radia)ve forcing and act as efficient cloud condensa)on 
nuclei, thereby exer)ng significant impacts on the marine climate. These observa)ons highlight 
the cri)cal role of the marine environment in BC aging during regional transport and provide 
essen)al constraints for parameterizing BC mixing state in climate models. 

4.1 Introduc3on 

Black carbon (BC) is a short-lived climate forcer whose radia)ve and microphysical effects 
depend on mixing state—whether BC remains externally mixed or becomes internally mixed 
with non-refractory material (e.g., sulfate, organics). Varia)ons in mixing state can significantly 
affect BC op)cal proper)es, hygroscopic growth, ice nuclea)on poten)al, and atmospheric 
life)me, complica)ng precise quan)fica)on of its clima)c impact (Bond et al., 2013; Cheng et 
al., 2012). The marine environment, with its extensive area, limited local emissions, and high 
surface albedo, is par)cularly suscep)ble to radia)ve forcing by BC, even trace amounts of BC 
can dispropor)onately increase column hea)ng and depress single-scaSering albedo. Improving 
the understanding and representa)on of BC mixing state under realis)c atmospheric condi)ons 
remains a significant challenge and requires more comprehensive observa)onal data, especially 
from marine regions (Moteki, 2023; Wang et al., 2023b).  

However, in situ BC measurements over the ocean remain limited and are primarily 
concentrated in coastal regions and near-source corridors. Direct observa)ons in remote open-
ocean air are scarce, constraining our understanding on how marine transport and oceanic 
condi)ons shape— and poten)ally promote—BC loadings and mixing state. The few remote 
open-ocean observa)ons generally report very low background BC, commonly at a few ng m⁻³ 
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and occasionally <1 ng m⁻³, punctuated by episodic enhancements from long-range transport 
and wildfires (Deng et al., 2024; Fossum et al., 2022; Ka)ch et al., 2018). By contrast, coastal and 
near-source studies consistently report elevated BC loadings—typically tens to several hundred 
ng m⁻³—linked to shipping and port ac)vity, and they generally observe fresher BC with limited 
evidence of strong internal mixing (Buffaloe et al., 2014; Cappa et al., 2014; Diesch et al., 2013). 
However, the role of atmospheric transport in driving the aging of BC and its subsequent coa)ng 
growth over marine environments—and the condi)ons that promote such transforma)ons—
remains poorly understood. These gaps limit both the parameteriza)on of BC aging and the 
assessment of its radia)ve impact in marine seungs. 

This study presents shipborne measurements across the Atlan)c Ocean, explicitly inves)ga)ng 
how marine atmospheric processes influence BC mixing state. U)lizing observa)ons from the 
research sailing yacht S/Y Eugen Seibold during seven cruises from June to August 2020 across 
the Northern Atlan)c, this study characterizes BC under two dis)nct atmospheric transport 
regimes: con)nental-dominated and marine-dominated regional transport. By analyzing the 
size-resolved mixing state using Single Par)cle Soot Photometer (SP2) measurements and 
trajectory-based air-mass classifica)ons, this study quan)zes how regional transport condi)ons 
influence the forma)on and evolu)on of thickly coated BC. The findings reveal that marine 
atmospheric condi)ons substan)ally enhance the frac)on of thickly coated BC, primarily 
through coagula)on processes and hygroscopic growth rather than condensa)on-driven coa)ng 
forma)on. This research not only provides crucial observa)onal constraints on BC mixing state 
in marine atmospheres but also delivers insight into the mechanisms driving BC aging during 
long-range marine transport. 

4.2 Methods 

4.2.1 Black carbon aerosol measurement 

Shipboard BC observa)ons were made aboard the research sailing yacht S/Y Eugen Seibold, a 
72-D plagorm equipped for atmosphere–ocean sampling. Ambient air was drawn through the 
vessel’s shared whole-air inlet mounted ~13 m above the waterline, dried with a Nafion dryer, 
and manifolded to the aerosol instruments, including the SP2. The Chapter 4 dataset covers 
seven summer 2020 (ES20C01–ES20C07), spanning the Northeast Atlan)c from Bremerhaven 
(Germany) to the Azores (Portugal); the track ranges from roughly 35–66° N and 30° W–10° E 
(see Fig. 4.1 of this chapter). Plagorm and inlet details follow those used throughout our Eugen 
Seibold campaigns (Aardema et al., 2024; Schiebel et al., 2024). 

Refractory black carbon (rBC) was quan)fied with a Single Par)cle Soot Photometer (SP2) using 
laser-induced incandescence to retrieve per-par)cle rBC mass and the corresponding 
mass-equivalent core diameter Dc (Schwarz et al., 2006; Stephens et al., 2003). Instrument 
calibra)ons (fullerene-soot for incandescence–mass, PSL for scaSering) and the mixing-state 
diagnos)cs (lag-)mes classifica)on and LEO-fit for coated par)cles) are iden)cal to those used 
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previously; see Chapters 2 and 3 for the details full data processing workflow which is applied 
here. 

4.2.2. Back-trajectory analysis 

We used the Lagrangian par)cle dispersion model FLEXPART (v11) in backward mode to 
characterize air-mass origin and quan)fy wildfire influence during the cruises (Bakels et al., 
2024). For each hourly receptor )me along the ship track, FLEXPART simulated 50,000 par)cles 
instantaneously at 100 m above sea level and integrated them 72 hours backward in )me. 
Simula)ons were driven by NCEP FNL analyses (1° grid, 6-hourly) and included boundary-layer 
turbulence, convec)on, and age-spectra diagnos)cs.  

FLEXPART yielded (1) a trajectory-based depic)on of the transport pathway and (2) a gridded 
source–receptor sensi)vity (SRR; “footprint”) on the FLEXPART grid around the receptor. SRR 
was calculated hourly on a 0.1° resolu)on in this study. The wildfire aSribu)on step combines 
these SRR footprints with wildfire emissions (CAMS Global Fire Assimila)on System, GFAS, 
Kaiser et al., 2012), as described in the Appendix. 

4.3 Results and discussion 

4.3.1 Influence of regional transport on BC loading in the AtlanCc atmosphere 

In this study, the observa)onal data were classified into two categories based on the origin of 
regional air masses: land-dominated and ocean-dominated regional transport. As shown by the 
3-day backward trajectory analysis (Fig. 4.1), during the shipborne campaign conducted from 
June to August 2020, the air masses sampled between June and early July over the region 53-
63°N and 8° W-10°E were predominantly influenced by con)nental ouglow from Western 
Europe (Group 1). In contrast, during the measurements from mid-July to August over 35-66°N 
and 25-9°W, the regional transport was mainly governed by marine air masses (Group 2). 
Subsequent analyses of BC characteris)cs were classified according to these two types of 
regional transport. 

BC transported via regional processes is typically more aged, and this study therefore focuses on 
thickly coated BC to elucidate the characteris)cs of regionally transported BC in the marine 
environment. As illustrated in Fig. S4.1, the lag-)me distribu)on of BC-containing par)cles 
measured by the SP2 exhibited a dis)nct bimodal paSern, with pronounced peaks at 
approximately 0 µs and 2 µs, and a clear separa)on at 1.6 µs. Previous SP2-based studies 
(Moteki and Kondo, 2007; Sedlacek et al., 2012; Zhang et al., 2016) have employed such lag-
)me distribu)ons to iden)fy internally mixed (thickly coated) BC. In the present study, BC-
containing par)cles with lag-)mes exceeding 1.6 µs were classified as thickly coated BC and 
used to analyze the proper)es of regionally transported BC in the marine atmosphere. 
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As shown in Figs. 4.2a and 4.3, air masses origina)ng from con)nental regions can substan)ally 
enhance BC loading in the marine environment by several tens of ng cm-3. Under the combined 
influence of con)nental ouglow and mari)me emissions (group 1), BC concentra)ons typically 
ranged from several tens to several hundred ng cm-3, whereas during marine air mass 
dominance (group 2), they were generally limited to a few to several tens of ng cm-3. This 
demonstrates that con)nental ouglow can elevate marine BC levels by approximately one order 
of magnitude (Fig. 4.3a). The BC mass concentra)on distribu)on under group 1 condi)ons 
exhibited a clear peak around 100 ng cm-3, consistent with the S/Y Eugen Seibold 2022 cruise 
observa)ons from coastal to remote Atlan)c regions (Chapter 3), sugges)ng that BC in the 
Atlan)c marine atmosphere is typically influenced by both con)nental ouglow and mari)me 
emissions. Notably, the background BC concentra)on defined in this study refers to the peak 
value of the 1-min or 10-min averaged BC mass concentra)on distribu)ons, represen)ng typical 
marine atmospheric condi)ons influenced by both con)nental ouglow and mari)me emissions. 

When the marine atmosphere was influenced by con)nental air masses transported from 
regional sources (group 1), the mass concentra)on of more aged BC par)cles with lag-)mes 
greater than 1.6 µs ranged from a few to several tens of ng cm-3 in the North Atlan)c 
atmosphere, with a peak around ~10 ng cm-3 (Fig. 4.3b). These BC par)cles were most likely 
derived from con)nental emission sources in Western Europe (Fig. 4.1b). The aged BC 
transported from con)nental emission not only enhanced the overall BC loading in the marine 
environment but also exerted a significant influence on aerosol radia)ve absorp)on and 
aerosol-cloud interac)ons due to its higher light absorp)on capacity and enhanced 
hygroscopicity (Cappa et al., 2019; Lack and Cappa, 2010; Liu et al., 2017). The subsequent 
analysis in this study focuses on these regionally transported, more aged BC par)cles, aiming to 
elucidate their further aging processes in the marine atmosphere through comparison with BC 
associated with marine air masses (group 2). 

4.3.2 BC size and mixing state 

When the marine atmosphere was influenced by both con)nental air masses and mari)me 
emissions (group 1), the presence of BC from mul)ple sources such as fossil fuel combus)on 
and biomass burning resulted in a broader BC core size distribu)on, with an increased frac)on 
of larger BC cores. As shown in Fig. 4.4 (leD panels), the mass size distribu)on of BC cores under 
group 1 condi)ons exhibited a peak around ~150 nm, which is larger than that of BC cores 
dominated by mari)me emissions (group 2), where the peak occurred at ~130 nm. For mari)me 
emissions, BC primarily originates from fossil fuel combus)on, par)cularly ship emissions, 
whereas con)nental air masses contain BC from a wider range of sources including both fossil 
fuel combus)on and biomass burning. Generally, BC emiSed from fossil fuel combus)on 
exhibits smaller core sizes than that from biomass burning(Cheng et al., 2018; Liu et al., 2014; 
Schwarz et al., 2008). FLEXPART analysis further indicated a contribu)on from wildfire emissions 
in group 1, sugges)ng that some con)nental air masses transported wildfire-derived BC to the 
North Atlan)c atmosphere. In summary, regional transport, par)cularly from anthropogenically 
influenced con)nental air masses, enriches the sources of BC in the marine environment and 
broadens the BC core size distribu)on. 
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For thickly coated BC with lag-)mes greater than 1.6 µs, the differences in BC core size 
distribu)ons between group 1 and group 2 suggest dis)nct aging processes in marine and 
con)nental environments. As shown in Fig. 4.4 (right panels), under con)nental air mass 
influence (group 1), the mass size distribu)on of BC cores peaked below 150 nm, whereas under 
marine air mass dominance (group 2), the peak shiDed to above 150 nm. This indicates that 
thickly coated BC formed in con)nental environments tends to have smaller cores than those 
formed in marine environments, likely reflec)ng different BC aging processes. In con)nental 
regions, where secondary aerosol precursors are abundant, BC aging is primarily driven by 
condensa)on, and smaller BC par)cles are more readily converted into thickly coated forms 
(Fierce et al., 2015; Peng et al., 2016; Riemer et al., 2010). In contrast, as discussed in Chapter 3, 
the low precursor levels in the marine atmosphere favor aging through coagula)on with other 
aerosols, such as sea salt, followed by droplet-phase processes. Thickly coated BC formed under 
marine condi)ons generally undergoes regional transport within marine air masses, during 
which coagula)on not only promotes coa)ng forma)on but also contributes to the growth of 
BC cores through BC–BC collisions. Consequently, under marine air mass influence (group 2), 
the observed thickly coated BC cores (lag-)mes >1.6 µs) were larger than those associated with 
con)nental air masses (Fig. 4.2c and Fig. 4.4). 

As shown in Figs. 4.2b and 4.5a, when regional transport was dominated by marine air masses 
(group 2), thickly coated BC accounted for 40-60% of the total BC number concentra)on in the 
marine atmosphere, which was substan)ally higher than the 5-30% observed under con)nental 
air mass influence (group 1). This indicates that BC tends to form thickly coated structures more 
readily during regional transport in the marine environment. As discussed in Chapter 3, freshly 
emiSed BC in marine environments can readily interact with other par)cles such as sea salt 
through coagula)on, forming aSached BC. During regional transport under high rela)ve 
humidity in marine atmosphere, these aSached BC par)cles are prone to deliquescence and 
droplet forma)on, leading to morphological transforma)on into thickly coated BC. The high 
frac)on (40-60%) of thickly coated BC observed under marine air mass influence in this study 
further supports the role of the marine environment in shaping BC mixing states, thereby 
enhancing its light absorp)on and poten)al to act as CCN (Bond et al., 2013; Liu et al., 2017). 

Figure 4.5b compares the number frac)on of thickly coated BC with different core sizes under 
group 1 and group 2 condi)ons, revealing that larger BC are more likely to become thickly 
coated in the marine environment than in con)nental regions. According to diffusion growth 
theory (Seinfeld and Pandis, 2006), smaller BC par)cles are more efficiently coated through 
condensa)on and thus more likely to form thickly coated BC. Our observa)ons show that, under 
both con)nental and marine air mass influences, the frac)on of thickly coated BC exceeds 40% 
when the BC core size is smaller than 100 nm. However, for BC cores smaller than 100 nm, the 
frac)on of thickly coated BC was significantly lower under con)nental air mass influence (group 
1) than under marine air mass influence (group 2). Under group 1 condi)ons, the frac)on of 
thickly coated BC decreased markedly with increasing core size, from ~28% to < 10%, consistent 
with diffusion growth theory and sugges)ng that BC aging during con)nental transport is 
primarily driven by condensa)on. In contrast, during marine air mass influence (group 2), the 
frac)on of thickly coated BC exhibited rela)vely liSle dependence on core size across the 80–
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400 nm range, indica)ng that condensa)on plays a limited role in BC aging in the marine 
environment due to the low level of secondary aerosol precursors. As discussed in Chapter 3, BC 
aging and the forma)on of thickly coated BC in the marine atmosphere are mainly governed by 
coagula)on and droplet-phase processes. 

4.3.3 BC aging in the marine atmosphere 

This study further compares the coa)ng thickness of thickly coated BC under group 1 and group 
2 condi)ons. The results show that BC associated with marine air mass-dominated regional 
transport exhibits thicker coa)ngs than those transported under con)nental air mass influence. 
As shown in Figure 4.2d, the median coa)ng thickness of thickly coated BC under con)nental-
dominated condi)ons (group 1) is typically below 100 nm, whereas that under marine-
dominated condi)ons usually exceeds 100 nm (group 2). This suggests that, although precursor 
concentra)ons of secondary components are generally lower in marine environments, BC can 
undergo a higher degree of aging there than in con)nental environments. Moreover, Figure 
4.4b shows that thickly coated BC under marine-dominated condi)ons has a larger core median 
size than that under con)nental air mass influence, indica)ng that marine environments favor 
the forma)on of aged BC with both larger cores and thicker coa)ngs. 

Figures 4.5c and 4.6 show the coa)ng thickness distribu)ons of thickly coated BC. In marine 
environments, a dis)nct bimodal distribu)on is observed, with peaks at 50-100 nm and 100-200 
nm. Back-trajectory analysis indicates that thickly coated BC in group 1 air masses remained 
over the ocean for 1-2 days, shorter than those in group 2 (≥ 3 days). The differences in coa)ng 
thickness distribu)ons between the two groups suggest that the longer BC is exposed to marine 
air masses, the more it shiDs toward the 100-200 nm mode. This implies that thickly coated BC 
with coa)ng thicknesses > 100 nm primarily forms under marine condi)ons. Such observa)ons 
further indicate that BC can reach aging degree in marine environments that are rarely achieved 
under con)nental condi)ons, likely due to coagula)on with marine aerosols (e.g., sea salt) and 
droplet forma)on at high rela)ve humidity, which promote the development of thick coa)ngs in 
marine atmosphere. 

This study suggests that marine aging processes play a crucial role in promo)ng the growth of 
BC coa)ngs to several hundred nanometers. For BC par)cles emiSed from Europe, coa)ng 
growth in con)nental environments typically ranges from only a few to tens of nanometers 
(Cheng et al., 2018; Laborde et al., 2013; Liu et al., 2014). When transported into the Atlan)c 
marine atmosphere, these par)cles can develop coa)ngs of several hundred nanometers 
through coagula)on and droplet-phase processes. Such marine-aged BC exhibits significantly 
enhanced light absorp)on and can act as CCN, thereby influencing solar radia)on and cloud 
microphysics. Our findings highlight that global climate models should account for the impact of 
marine environments on BC mixing states, and provide observa)onal constraints for 
represen)ng BC aging processes over the ocean. 
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4.4 Summary 

Our work elucidates the influence of regional transport on the mass concentra)on, size, and 
mixing state of BC in the Atlan)c marine atmosphere. BC loading in the marine atmosphere is 
typically influenced by both con)nental ouglow and mari)me emissions, with air masses 
origina)ng from con)nental Europe increasing BC mass concentra)ons by tens to hundreds of 
ng cm-3. Regional transport within the marine environment substan)ally increases the number 
frac)on of thickly coated BC, rising from 5-30% under con)nental air mass influence to more 
than 50% under marine-dominated condi)ons. Comparisons of BC mixing states under 
con)nental- and marine-dominated transport reveal that marine transport favors the forma)on 
of aged BC with larger core sizes and thicker coa)ngs, with coa)ng thicknesses oDen reaching 
100-200 nm. This substan)al coa)ng growth is most likely driven by coagula)on with marine 
aerosols such as sea salt, followed by droplet-phase processes under high rela)ve humidity, 
which can enhance BC aging beyond what is typically observed in con)nental environments. 

Our findings highlight the cri)cal role of the marine environment in enhancing BC aging during 
regional transport and the forma)on of thickly coated par)cles. The presence of BC with 
coa)ngs of several hundred nanometers in marine air masses has important implica)ons for the 
global climate system. Such thickly coated BC par)cles not only significantly increase the direct 
radia)ve forcing of BC but also serve as highly efficient cloud condensa)on nuclei, thereby 
modula)ng cloud microphysics. Current es)mates of BC’s climate effects remain highly 
uncertain, with model assessments differing by up to an order of magnitude, par)cularly in 
represen)ng its direct and indirect radia)ve impacts (Bond et al., 2013; Matsui et al., 2018; 
Räisänen et al., 2022). Incorpora)ng the influence of marine environments on BC mixing state 
and coa)ng growth is therefore essen)al to more accurately quan)fy BC’s climate forcing in 
global scale. Our observa)onal results provide crucial empirical evidence to inform and 
constrain the parameteriza)on of BC aging, mixing state, and associated radia)ve and 
microphysical effects in marine regions for future climate modeling efforts, improving 
predic)ons of BC’s role in global climate change. 
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Figure 4.1. (a) Track of S/Y Eugen Seibold during summer 2020 (legs ES20C01–ES20C07), colored 
by )me along the cruise; harbors are marked by red “X”. (b) FLEXPART back-trajectories used to 
define two air-mass regimes: Group 1 (con)nental/polluted ouglow; orange) and Group 2 
(clean-marine inflow; blue). Together these panels summarize the spa)al context and the 
trajectory-based regime separa)on used throughout. 
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Figure 4.2. Spa)al varia)on of BC loading and mixing-state metrics along the S/Y Eugen Seibold 
2020 cruise track, mapped on one-by-one la)tude-longitude grid cells. Each filled circle 
represents the center of a grid cell (cells with <2 samples were excluded); color scale shows the 
per-cell metric computed from all SP2 samples that fall into that cell. (a) Mean BC mass 
concentra)on (ng m-3) averaged over samples in each grid cell; (b) Number frac)on of thickly 
coated BC (lag-)me ≥ 1.6 µs) in each cell; (c) Mass-weighted modal core diameter Dc (nm) of 
thickly coated BC (lag-)me ≥ 1.6 µs); (d) Median coa)ng thickness (CT, nm) of thickly coated BC 
(lag-)me ≥ 1.6 µs) in each cell. 
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Figure 4.3. Probability distribu)ons func)ons (PDF) of BC mass concentra)ons during the 
cruises in this study under Group-1 (blue lines) and Group-2 (orange lines). (a) PDF of total BC 
mass concentra)on (ng m-3); (b) PDF of BC mass concentra)ons for the thickly coated BC subset 
(lag-)mes ≥ 1.6 µs). Curves show normalized probability densi)es 

 

Figure 4.4. (a) Normalized number- and mass-weighted BC core size distribu)ons (dN/dlog(Dc) 
and dM/dlog(Dc)) for all SP2 measured BC under Group-1 and Group-2 (b) The same diagnos)cs 
for the thickly coated BC subset (lag-)mes ≥ 1.6 µs). 
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Figure 4.5. Mixing-state metrics for Group-1 (con)nental-influenced; blue) and Group-2 
(marine-dominated; orange) during the S/Y Eugen Seibold 2020 cruises in this study. (a) 
Probability distribu)ons of SP2 lag-)me for BC par)cles. (b) Number frac)on of thickly coated 
BC (lag-)mes ≥ 1.6 µs) as a func)on of core diameter Dc; Dc is binned as 80–100, 100–140, 140–
180, 180–220, 220–260, 260–300, and 300–500 nm. (c) Probability distribu)ons of coa)ng 
thickness (CT) for thickly coated BC (lag-)me ≥ 1.6 µs). Curves in all panels show the mean 
probability (or frac)on) across spa)al grid cells (one-by-one la)tude-longitude cell, align with 
the Fig. 2); shaded areas show ±1 standard devia)on across grid cells and therefore represent 
spa)al variability along the cruise track.  
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Figure 4.6. Two-dimensional distribu)ons of coa)ng thickness (CT; y-axis, nm) versus BC core 
diameter for BC with lag-)me ≥ 1.6 µs. LeD panel: Group 1 (ES20C01–ES20C02). Right panel: 
Group 2 (ES20C03–ES20C07). Color code indicates the normalized 2-D density of observa)ons in 
each panel. 
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Appendix 

 

Figure S4.1. Lag-)mes (µs) probability distribu)on of all SP2 measured BC par)cles during the 
S/Y Eugen Seibold 2020 cruises (ES20C01 - ES20C07) in this study. 
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Wildfire aSribu)on 

The black carbon (BC), organic carbon (OC), and carbon monoxide (CO), and par)culate maSer 
(PM2.5) emission fluxes from GFAS emissions (Fig. S2) are assembled over the footprint )me 
window and linearly interpolated to the SRR )mestamps and grid. We compute, for each GFAS 
flux variable 𝑣 and grid cell 𝑖 at )me 𝑡, an incremental contribu)on sum over )me, and integrate 
the resul)ng map over the sphere using grid-cell areas 𝐴(: 

𝐼𝑛𝑑𝑒𝑥U = 𝛴(𝛴*[𝑆𝑅𝑅(𝑡, 𝑖) × 𝐺𝐹𝐴𝑆U(𝑡, 𝑖) × 𝛥𝑡 × 𝐴(] (1) 

This procedure yields a per-sample wildfire-influence index (kg s-1): 𝐼𝑛𝑑𝑒𝑥U = 0 when the 
retroplume does not intersect ac)ve fire grid cells during the integra)on period, whereas 
𝐼𝑛𝑑𝑒𝑥U > 0 iden)fies samples that were influenced by wildfire emissions. The magnitude of 
𝐼𝑛𝑑𝑒𝑥U increases with the strength and persistence of overlap between the SRR footprint and 
ac)ve fire regions. Because SRR is a sensi)vity field, the integrated values are interpreted as 
rela)ve indicators of poten)al smoke influence, rather than as absolute mass loadings. 
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Figure S4.2. FLEXPART diagnos)cs for four hourly receptor )mes along the cruise: (a)–(d). Panel 
(a) illustrates a non-influenced case (no overlap between the retroplume and ac)ve fire pixels; 
near-zero GFAS-weighted field), whereas panels (b)–(d) show cases with plume-fire overlap 
(indicated by red arrows) and increasing sensi)vity along the transport pathway (age-bin 
summaries indicated in the inset). In each panel, leD shows the GFAS-weighted wildfire 
influence (SRR × GFAS; kg s⁻¹) with the 72-h ensemble-mean back trajectory overlaid and age 
labels in hours; the receptor is marked by “x”. Right shows the )me-integrated retroplume 
(column SRR; s). All runs release 50 000 par)cles at 100 m AGL on a 0.1° grid within ±15° of the 
receptor. 
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This thesis quan)fied how BC loading and mixing state evolve across the Atlan)c and what that 
implies for climate-relevant proper)es. It is based on shipborne SP2 measurements aboard the 
research sailing yacht S/Y Eugen Seibold during June-August 2020, 2022, and 2023, spanning 
10–66° N, 10° E–65° W from coastal to remote Atlan)c regions and from near-Arc)c to near-
tropical la)tudes. In total, over 1800 hours of observa)ons of single par)cle SP2 data were 
collected and presented in this work. To enable rapid, accurate, and consistent analysis, this 
work developed SPARK, a cross-plagorm toolkit that converts raw SP2 waveforms into 
standardized, high-precision per-par)cle proper)es. SPARK improves accuracy with refined 
numerical algorithms, maintains stability via automated driD correc)ons (laser alignment, 
baselines, )ming), and achieves campaign-scale throughput through paralleliza)on, yielding 
par)cle-resolved constraints on BC mass, mass-equivalent core size, op)cal total size, coa)ng 
thickness, and lag-)me. 

The thesis establishes observa)onal baselines of BC mass concentra)on and mixing state across 
the Atlan)c in chapter 3. BC concentra)ons cluster around a characteris)c marine background 
of ~100 ng m-3 even hundreds of kilometers offshore, indica)ng a well-mixed marine 
atmosphere. In contrast, the mixing state varies strongly with environment: near coasts and 
shipping corridors, freshly emiSed BC is dominated by externally aSached (non-core-shell) 
aggregates, suggests the rapid coagula)on with marine aerosol (e.g., sea salt); in cleaner, 
remote marine air, BC is predominantly internally mixed and oDen thickly coated, reflec)ng 
extended marine aging. 

Building on these baselines, chapter 4 aSributes the observed variabili)es to regional transport. 
Con)nental-influenced air masses elevate BC loading but exhibit lower frac)ons of thickly 
coated BC, consistent with condensa)on-dominated aging in polluted ouglow. In marine-
dominated air, overall BC mass is lower, yet the frac)on of thickly coated par)cles increases 
markedly, with coa)ng thickness and core size both growing during mul)-day over-ocean 
residence. Together, these results reinforce and mechanis)cally clarify the spa)al transi)ons, 
highligh)ng coagula)on with marine aerosols and droplet-phase (high-RH) processing as 
dominant marine-specific BC aging pathways. 

Finally, these insights make marine BC treatment in models more realis)c by linking op)cs and 
life)me directly to the observed BC concentra)on and mixing state: (1) Light-absorp)on 
enhancement—combine core–shell op)cs with the measured, regime- and size-resolved 
distribu)ons of coated frac)on and coa)ng thickness to derive environment-specific 
enhancement Eabs (with trea)ng aSached, non-core-shell BC that dominates near coasts as 
essen)ally unenhanced (Eabs ~1); (2) Radia)ve forcing over the ocean—apply those Eabs values 
so that a more realis)c MACBC in marine environment can be es)mated; (3) use the observed 
mixing-state informa)on to raise hygroscopicity and CCN ac)va)on for coated BC (lower 
ac)va)on supersatura)on), increasing in-cloud and warm-rain removal pathways, while 
aSached/bare BC remains less CCN-ac)ve and longer-lived—keeping absorp)on, cloud 
interac)ons, and life)me internally consistent rather than tuned separately. 
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