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Cloud processing and weeklong ageing affect
biomass burning aerosol properties over the
south-eastern Atlantic
Haochi Che 1✉, Michal Segal-Rozenhaimer 1,2,3✉, Lu Zhang 1, Caroline Dang3,4, Paquita Zuidema 5,

Amie Dobracki5, Arthur J. Sedlacek III 6, Hugh Coe 7, Huihui Wu7, Jonathan Taylor 7, Xiaoye Zhang8,

Jens Redemann 9 & Jim Haywood10,11

Southern Africa produces a third of global biomass burning emissions, which have a long

atmospheric lifetime and influence regional radiation balance and climate. Here, we use

airmass trajectories to link different aircraft observations to investigate the evolution of

biomass-burning aerosols during their westward transport from Southern Africa over the

south-eastern Atlantic, where a semi-permanent stratocumulus cloud deck is located. Our

results show secondary organic aerosol formation during the initial 3 days of transport,

followed by decreases in organic aerosol via photolysis before reaching equilibrium. Aerosol

absorption wavelength dependency decreases with ageing, due to an increase in particle size

and photochemical bleaching of brown carbon. Cloud processing, including aqueous-phase

reaction and scavenging, contributes to the oxidation of organic aerosols, while it strongly

reduces large diameter particles and single-scattering albedo of biomass burning aerosols.

Together, these processes resulted in a marine boundary layer with fewer yet more oxidized

and absorbing aerosols.
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Southern Africa contributes to roughly one-third of the
global biomass burning (BB) emissions through widespread
fires1,2. These BB aerosols exhibit various physical and

chemical properties depending on fuel source, combustion phase
(i.e., flaming, smouldering, pyrolysis), and atmospheric ageing3.
Despite extensive studies, the radiative forcing by BB aerosols in
the south-eastern Atlantic (SEA) region remains uncertain4–9.

The mass, composition, morphology, and size distribution of
BB aerosols evolve with ageing10–14, resulting in uncertainties in
BB aerosol-radiation-cloud interactions. BB aerosols in the SEA
have a long lifetime in the atmosphere, and as such suggesting
ageing can have an important yet unclear effect on aerosol
properties15,16. Aerosol ageing can cause organic aerosol (OA)
mass to either increase by functionalisation or oligomerisation
reactions or decrease by fragmentation12,17,18. Laboratory
experiments show a considerable increase in the OA (70% on
average) resulting from the formation of secondary organic
aerosol (SOA)12,19–21. While field observations have reported
conflicting results10,22–24, with the majority of field observations
suggest negligible changes25–29. Brown carbon (BrC), a particular
type of OA, is of interest due to its ability to absorb radiation
near-UV and visible wavelengths30. Ageing can produce sec-
ondary BrC through multiphase reactions31–34; it can also reduce
BrC, known as “BrC bleaching”26,30,35. Current climate models
generally consider OA to be scattering only, leading to large
uncertainties in some regions, where BrC contributes sub-
stantially or even dominates the total aerosol absorption30,36.

The number size distribution of BB aerosol evolves with ageing
due to collision and coalescence, as well as condensation of SOA
on BB particles23,25, affecting cloud condensation nuclei (CCN)
concentration and, in turn, indirect radiative forcing. The evo-
lution of the physical and chemical properties of BB aerosol can
result in changes in its optical properties. Single-scattering albedo
(SSA) and absorption Ångström exponent (AAE) are two critical
parameters in calculating the aerosol direct radiative effects.
Given that SSA of BB aerosols is a strong controlling factor for
the sign and magnitude of direct radiative forcing in the SEA37,
and SSA depends on particle size, shape, and chemical compo-
sition, the aforementioned changes via ageing can therefore affect
direct radiative forcing in the SEA by changing SSA.

Cloud processing, one particular type of ageing, is unique in
providing a supersaturated environment and liquid droplets
which facilitate aqueous-phase reactions38. In addition, it can
also modulate aerosol distribution by Brownian capture as well
as collision and coalescence. The frequently observed smoke in
the marine boundary layer in Ascension Island39 highlights the
importance of cloud processing in the SEA. However, as only
few studies focus on cloud processing, its effect on aerosols
remains uncertain40. Therefore, cloud processing has been
treated separately in this work for a comparative study of its
impact.

The lack of understanding of ageing and cloud processing in
the SEA also comes from the sparsity of observations. In previous
studies, laboratory experiments have focused on examining
aerosol ageing within a few hours while the African BB aerosol
over the SEA undergoes several days of ageing15,16. Most field
observations have challenges in investigating the evolution of BB
aerosols due to the spatial scales required to capture aging suf-
ficiently. To address these issues, two synergistic aircraft mea-
surement campaigns were performed in the SEA in 2017. By
linking aircraft observations from different regions (different
transport time of plumes) with air mass trajectories, we are able
to investigate the evolution of BB aerosols in the specific airmass
by using a Lagrangian methodology. Here we report on the
evolution of BB aerosol in the SEA region and their chemical,
optical, and physical properties.

Results and discussion
Oxidation and evolution of organic aerosols. As shown in
Fig. 1(a, b), we find that cloud processing plays a vital role in
affecting OA mass. For dry cases, where aerosols do not undergo
cloud processing (grey dots), OA enhancement factors Δ(OA/
CO) are slightly above or around zero, indicating OA mass
increases lightly or remains unchanged with ageing. Whereas for
wet cases, where aerosols have been subjected to cloud processing
(coloured dots), Δ(OA/CO) values are negative, showing the
decrease in OA mass. The reduced OA can be up to 70%, indi-
cating a strong wet removal of BB particles by the clouds. The
extent of wet removal may be related to the cloud liquid water
content, as most of the wet cases (ageing time <100 h) show the
higher cloud liquid water content, the greater reduction of OA
mass. In addition to clouds, temperature is another important
factor influencing OA matter and ageing. Figure 2(b) illustrates
the temperature variations during the transport of the linked BB
aerosols, where the temperature increases for those samples with
clearly decreased OA mass. This result suggests that the increase
in temperature may also contribute to reducing OA mass, likely
resulting from the evaporation of high volatile OA. However, as
the aerosol spends more time in the atmosphere, it subsides from
the free troposphere and can reach altitudes with warmer tem-
peratures, suggesting the reduction in OA and the increase in
temperature may be independent. Dang et al. (2022)41 found that
OA measured in ORACLES has lower volatility than CLARIFY
OA; therefore, the change in OA mass due to temperature is likely
to be minor, suggesting that cloud processing may be the domi-
nant factor behind the reduction in OA mass.

Two of the dry cases clearly exhibit the increase of OA in
Fig. 1(a, b), indicating the formation of SOA. Although the
modified combustion efficiency (MCE) of those two cases are
slightly lower than others, they are still higher than 0.98
(Supplementary Notes 3), suggesting all BB emissions in our
study are from similar flaming fires, consistent with recent
findings16. Statistical significance tests for MCE and Δ(OA/CO)
find that the two variables are not significantly correlated (p-
value > 0.05), although the small sample size may contribute to
large uncertainties. Therefore, the increased OA mass results
from an ageing process rather than different burning conditions.
As seen in Fig. 2(a), the two samples with increased Δ(OA/CO)
are accompanied by high upstream CO concentrations, while the
samples with substantially unchanged Δ(OA/CO) in the dry
environment have low CO concentrations. Therefore, this may
indicate that the increase in OA may be related to the high
concentration of the plume still observed after ~40 h of
initial ageing (at the upstream sampling locations, Supplementary
Notes 2), as it may preserve high concentrations of volatile
organic gases. From these two Δ(OA/CO) increased samples, we
find that Δ(OA/CO) decreases with further ageing (ageing hours
since the upstream observation), indicating that SOA formation
peaks before ~30 h of further ageing, after which OA mass starts
to decrease. The decrease of OA mass may indicate fragmentation
processes such as photolysis, which can cause carbon-carbon
bond cleavage and result in smaller and more volatile
compounds, becoming dominant after ~30 h of further ageing.
This finding is consistent with a filter-based study which found
that CLARIFY has more volatile OA, whereas the OA in
ORACLES generally is less volatile41. After ~60 h of further
ageing, Δ(OA/CO) remains around zero for dry cases, indicating
that SOA formation and OA volatilisation rates are in
equilibrium, resulting in a negligible change in OA mass,
suggesting the remaining OA is more resistant to photolysis.

For both no-cloud and cloud-processed cases, the oxidised
organic fraction of f44 increases with ageing in Fig. 1(c, d), despite
OA mass decreasing or remaining unchanged (Fig. 1c, d). The
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increased amount of f44 is linearly correlated with the hours of
daylight time, indicating that the oxidation of organic aerosol is
generally dominated by photochemical or OH (also related to
sunlight) induced reactions. Both no-cloud and cloud-processed
samples have good linear relationships for f44 and daylight time,
with R2 higher than 0.7, and all samples are within the 95%
confidence intervals. f44 has a higher rate of increase in cloud-
processed cases rather than no-cloud cases at comparable ageing
points, indicating the contribution of cloud processing to f44.
There are two potential ways in which cloud processing can result
in a higher Δf44, (1) increases the fraction of SOA via aqueous-
phase reactions, and (2) reduction in the mass of less oxidised OA
components. As the air mass enters the cloud layer, the mass of

both high and low oxidised OA is reduced by the cloud droplets
and supersaturated water vapour. However, when the air mass
exits the clouds, it may carry aerosols which formed from the
evaporation of cloud droplets. The OA of those cloud residual
particles is highly hygroscopic and has a high oxidized fraction
due to the aqueous phase oxidation they have been subject to
ref. 42,43, resulting in an overall increased f44 in the observed
particles. As well, OA in BB aerosols that are not removed by
cloud droplets may also undergo heterogeneous reactions,
forming SOA with high f44. This finding highlights the
importance of cloud processing, as it increases the highly oxidised
OA mass, resulting in more easily activated CCN and further
affecting the stratocumulus cloud deck when BB aerosol interacts

Fig. 2 Evolution of organic aerosol (OA) enhancement factor with ageing. a Coloured by variation in temperature and b by upstream CO concentrations
(COup) during transport of the linked biomass burning aerosol samples. The further ageing time are ageing hours since the upstream observation.

Fig. 1 Evolution of organic aerosol (OA) with ageing. a OA enhancement factor Δ(OA/CO) and b changes of OA in percentage as ageing time increases
since the upstream observation (further ageing time); c enhanced f44 and d changes of f44 in percentage with further ageing time for daylight hours only,
during the transportation of the biomass burning aerosols between upstream and downstream observations. The dots are mean values for linked cases, and
the error bars are standard errors calculated from Gaussian error propagation. The colourmap indicates the mean cloud liquid water content within the last
day of transport as derived from the SEVIRI satellite data (as detailed in the method section), and the grey colour represents samples with no cloud
processing. The black horizontal lines in a, b are the zero lines of OA mass changes. The dashed and solid lines in c, d are linear regressions and 95%
confidence intervals for samples with cloud processing (cyan coloured lines) and without (black coloured lines). The fitted equations and R2 values are
shown in each of the plots.
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with the cloud layer. Although observational evidence of SOA
aqueous formation is rare, our result is supported by numerous
laboratory and modelling studies44,45.

Variation of BB aerosol size distribution. From Fig. 3(a), the
aerosol mode diameter Dm generally increases with ageing, con-
sistent with previous findings25. The increase of Dm can be up to
30 nm, exhibiting considerable changes in BB aerosol distribution
by ageing. The geometric standard deviation σ also generally
increases after further ageing for cases that show an apparent
increase in Dm. Therefore, the variation in these two parameters
indicates that aerosol size distribution broadens and shifts the
peak towards larger diameters as it ages. Note that due to missing
values in the observations, only one dry sample is available after
prolonged ageing, implying that there may be large uncertainties
in the results of dry samples. Nevertheless, cloud processing
clearly increases Dm, and the increase in Dm is greater for samples
with longer ageing hours and experiencing cloud processing with
higher liquid water. However, for cases where the σ is clearly
increased, strong cloud processing tends to reduce the Δσ (Δσ still
>0, Fig. 3b), suggesting that cloud processing can narrow the
aerosol size distribution. To provide a clearer view of the evolu-
tion of aerosol size distribution with ageing, two examples with
similar ageing in hours but different cloud processing (with and
without) were selected for further illustration. The two samples
selected are enclosed in the black boxes in Fig. 3(a, b), and the
corresponding variations in the number size distribution with
ageing are shown in Fig. 3(c, d).

Compared to the dry sample, the particle concentration of the
wet sample decreases substantially after ageing, demonstrating the
considerable effect of cloud processing in removing aerosols. For

both cases, ageing broadens particle size distributions and shifts
them towards larger diameters (ΔDm and Δ σ > 0), resulting in a
decrease in aerosols at the small sizes (<200 nm), and an increase
in large particles (>200 nm) for the dry sample. The possible
reason for the decrease in small-sized particles for the dry sample
is coagulation, since the condensation growth would become very
slow or even stops with sufficient ageing, while coagulation can
still occur. The strong inversion under the plume layer may have
prevented the vertical dilution of the plume, thus facilitating
coagulation growth. Although coagulation should be much more
obvious in fresher BB aerosols, this result highlights the
importance of its role for very aged plumes in the SEA. For the
wet sample, particles below 400 nm decrease with ageing and
cloud processing, while above 400 nm, the changes are less
pronounced. This may be due to the inherently low concentration
of particles above 400 nm in diameter that may mix with cloud
residuals, which have a large size, as they exit the clouds. For
the dry sample, particles above 200 nm increase after ageing.
This result is consistent with the findings of Capes et al.25, who
used a coagulation box model to simulate the changes in the
particle size distribution with ageing for African BB aerosols, and
found that coagulation mainly affects particles below 100 nm.
Therefore, coagulation alone is unable to explain the observed
increase in large particles, which may be more likely due to the
entrainment of multiple plumes into the same air parcel and size-
dependent condensation and re-evaporation processes. Compare
these two cases; it can be seen that the aged aerosol distribution
(from CLARIFY, CLoud–Aerosol–Radiation Interaction and
Forcing campaign) is narrower in the case with cloud processing,
as demonstrated by the lower fraction of larger particles
(>200 nm). Therefore, the reduction of σ by cloud processing is
mainly reflected in the removal of large particles. In general,

Fig. 3 Evolution of aerosol size distribution with ageing. a Aerosol mode diameter Dm and b geometric standard deviation σ with further ageing time.
c, d Corresponding aerosol size distributions from two cases in the black box of a and b. The dots and error bars in a, b are mean values and standard errors
from Gaussian error propagation. The dots in c, d are mean particle size distribution measured by upwind ORACLES (ObseRvations of Aerosols above
CLouds and their intEractionS) campaign, whereas the triangles are means from downwind CLARIFY (CLoud–Aerosol–Radiation Interaction and
Forcing) campaign during the sampling time. The solid lines in c, d are the fitted size distributions for ORACLES, and dashed lines are fitted size
distributions for CLARIFY. The Grey colour represents cases with no cloud processing, and the colourmap indicates the cloud liquid water content.
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ageing shifts the aerosol distribution towards larger sizes and
increases the proportion of large particles. With the increase of
the aerosol hygroscopicity resulting from f44 increasing, the
ageing process can be an important source of CCN, especially in
the intermediate and clean SEA marine boundary layer46.

Variation of BB aerosol optical properties. The changes in AAE
with ageing and cloud processing are illustrated in Fig. 4(a, b).
Overall, AAE decreases with ageing. The longer it ages, the
greater the decrease, with a maximum reduction of AAE up to
50%. The decrease of AAE indicates the diminishing of the
wavelength dependence of the light-absorption coefficient of BB
aerosol, which may be caused by the photochemical degradation
of BrC and variations in the aerosols size distribution. In general,
AAE is highly sensitive to particle size distribution for compact
and coated BC, with large particles having a smaller AAE47. As
we have shown in the previous section, ageing increases the mode
diameter of aerosol distribution, which may be responsible for the
AAE reduction. Mie model simulations suggest the variations in
the aerosol number size distribution may be the main reason for
the decrease in AAE (Supplementary Fig. 8). However, changes in
the size distribution can only account for a partial decrease in
AAE (more than 50%), suggesting it is not sufficient to explain
the observed reduction in AAE. Therefore, the reduction of BrC
might also contribute to the decrease in AAE. As the absorption
coefficient of BrC has a strong spectral dependence than that of
BC, photobleaching of BrC leads to a decrease in AAE, which can
be used along with the variation in aerosol size distribution to
explain the reduction in AAE in dry samples. This finding is
consistent with the result of aerosol optical closure studies in the
region, which suggests upwind ORACLES (ObseRvations of
Aerosols above CLouds and their intEractionS)48 have more BrC
than downwind CLARIFY49 observations. For wet cases, the
mode diameters of aerosol size distributions increase with ageing,

resulting in a decrease in AAE. In addition to that, the removal of
BrC also contributed to the decrease in AAE in the wet samples.
The aqueous-phase processing and oligomerisation of water-
soluble organics have been recognised to form light-absorbing
BrC, suggesting cloud processing is an important source of BrC50.
However, our results find AAE decreases even more for stronger
cloud processing cases, suggesting that the contribution of BrC
from the aqueous-phase reaction is overridden by wet removal.
This is because BrC is generally considered to be hygroscopic30,
as even tarballs, the most refractive and least hygroscopic BrC, is
able to completely dissolve in a water droplet under
supersaturation51. Therefore, its hygroscopic properties lead to
the dominance of the wet removal of BrC, resulting in a decrease
in AAE.

The trend of ΔSSA with ageing is less clear due to the limited
data (Supplementary Fig. 9). However, we find ΔSSA generally
decreases with cloud liquid water content (Fig. 4c, d). For cases
with cloud liquid water content smaller than 0.6 g/m3, ΔSSA is
approximately equal to or greater than 0, suggesting the possible
increase in SSA for aged BB aerosol. Haywood et al. studied
fresh52 and 5 h aged53 BB plumes in Southern Africa during
SAFARI-2000 and also found that the aged BB aerosol has a
higher SSA, likely due to the condensation of scattering material
and change in black carbon (BC) morphology from a chain
agglomerate to a more spheroidal shape54. The BB plume in our
study is more aged with mostly compact BC41. However, as we
illustrated previously, ageing can increase the large particle
fraction. Since scattering is highly dependent on diameters, such
an increase can result in an increase in SSA. For samples with
stronger cloud processing, SSA decreases. The higher the cloud
processing intensity, the larger the reduction of SSA. The decrease
of SSA due to cloud processing can be up to approximately 10%,
and may result from the wet removal of large particles and thickly
coated BC by cloud droplets. Mie model simulations confirm that
variations in aerosol number size distribution are the main factor

Fig. 4 Evolution of aerosol optical properties with ageing. a Absorption Ångström exponent (AAE) and b the corresponding changes of AAE in percentage
with further ageing time; c the impact of cloud processing on single-scattering albedo (SSA); and d the corresponding changes of SSA in percentage. The dots
are mean values, and the error bars are standard errors from Gaussian error propagation. The grey colour in a, b represents cases with no cloud processing,
while the colour map represents the cloud liquid water content. Blue, green, and red dots in c, d represent SSA at different wavelengths.
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contributing to the decrease in SSA. Ground-based in-situ
measurements on Ascension Island showed the lowest SSA
values compared to all previously reported aircraft observations
in the SEA39,55, which can be explained by cloud processing, as
the BB plume needs to travel through the extensive stratocumulus
cloud deck to reach their sampling location.

Conclusions
By linking observations from upwind and downwind areas with
trajectories, we investigated the BB aerosol evolution with ageing
in the SEA. The main conclusions are illustrated schematically by
Fig. 5. All BB aerosols measured are emitted from flaming fires,
with MCE all above 0.98. Our results suggest SOA formation
prevails when the further ageing time is less than ~30 h. Taking
the average age of BB aerosols measured at the upwind location
~40 h into account (Supplementary Table 1), it may suggest SOA
formation dominates at high CO concentrations for 70 h of
transport of the BB plume after emission. This time scale is much
longer than previous studies, partly because the strong inversion
layer below the plume has prevented vertical diffusion, resulting
in relatively high levels of volatile organic compounds in the
plume. This finding of SOA formation after a long transport time
has important implications on the regional climate, as SOA can
modulate BB aerosol direct and semi-direct radiative forcings by
affecting BBA optical properties. SOA can also affect the indirect
radiative forcing by providing more CCN, as it has a higher
hygroscopicity. After ~30 h of further ageing (~70 h in total),
SOA formation rates may have dropped to a very low level,
resulting in the decrease of OA mass, which may be related to the
photolysis or OH induced fragmentation reactions. At ~60 h of
further ageing (~100 h in total), OA mass falls back to the
approximate amount measured in the upwind and generally
remains constant afterwards, implying that OA is in a dynamic
equilibrium between SOA formation and photolysis. However, it
is still higher than that freshly emitted, considering the formation
of SOA in the first 40 h after emission. These results can provide
key information on the time scales of different effects on the long-
lived BB aerosols in the SEA, contributing to better model
parameterisation. Cloud processing shows a clear reduction in
OA mass, showing a strong wet removal of OA; however, cloud
processing is accompanied by an increase in temperature,

suggesting that it may have also led to the reduction in OA mass.
The oxidised OA fraction f44 increases steadily with ageing,
regardless of whether the aerosol has undergone cloud processing,
and even more markedly if it has, suggesting the continuous
oxidation of OA and highlighting aqueous-phase oxidation by
clouds. Besides its effect on BB aerosol chemical composition,
ageing can also change the physical properties of BB aerosols.
With ageing, aerosol size distribution shifts towards larger dia-
meters resulting in an increase in CCN, which is very important
in the SEA, as the emitted BB aerosol would eventually subside
and meet the gradually deepening marine boundary layer56.
Comparing aged aerosols that have experienced cloud processing
with those not with a similar ageing time, cloud processing shows
an effective removal effect for large particles.

As a result of physical and chemical changes of BB aerosol
caused by ageing and cloud processing, its optical properties evolve
correspondingly. The decrease of AAE may be driven by a com-
bination of factors; the main factor is the increase in particle size
with ageing, as larger particles have a lower AAE. However, var-
iations in aerosol size distribution alone are not sufficient to explain
the observed decrease in AAE, suggesting the photochemical
bleaching of BrC with ageing may be another reason for the
reduction of AAE. Sedlacek III et al. (from personal communica-
tion) find a decrease in BC coating after a long period of transport
of BB plume, which could also be another reason for the decreases
in AAE. For those aerosols that experience cloud processing, one
additional reason for the decrease in AAE is the wet removal of
BrC, which is generally hygroscopic and can completely dissolve in
water droplets under supersaturation. We also find SSA decreases
with cloud processing, which may happen because cloud proces-
sing removes large particles and makes BC more compact. In
addition, thickly coated BC particles can also be removed by clouds,
as they have a higher hygroscopicity. The reduction of SSA by
clouds may suggest the BB aerosol in the SEA boundary layer is
more absorbing, as BB aerosols generally need to travel through
clouds to reach the marine boundary layer. Those changes in SSA
may have a vital effect on the regional radiation balance, as the
direct radiative forcing of BB aerosol is sensitive to the SSA9.
However, as the number of linked samples is relatively scarce, we
encourage more multiple aircraft observations to untangle the BB
aerosol-cloud-radiation interactions caused by aerosol ageing.

Fig. 5 Schematic showing the evolution of biomass burning aerosols with ageing and cloud processing during the westward transport in the south-
eastern Atlantic. For a clear visualisation of the aerosol changes, most of the aerosols in the figure are externally mixed, which would not match reality, and the
actual aerosol mixing is beyond the scope of this paper. During transport, changes in aerosols are illustrated by small upward and downward arrows, indicating
increases and decreases. Two of such arrows suggest a significant change. Note those changes are compared to the previous step connected by the big blue arrow.
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Materials and methods
Aircraft measurements. Aircraft observation campaigns of ORACLES (ObseR-
vations of Aerosols above CLouds and their intEractionS) and CLARIFY
(CLoud–Aerosol–Radiation Interaction and Forcing) were conducted in different
areas over the SEA. The ORACLES aircraft campaign was based from São Tomé in
2017, and flew in the upwind area of the SEA57, while CLARIFY was based from
Ascension Island, and flew in the downwind regions15. The fire counts, aircraft
tracks, mean aerosol optical depths, and mean low-cloud fraction during the flight
observation can be seen in Supplementary Fig. 1. These two campaigns cover a
large area with mean low-cloud fractions ranging from 0.7 to 0.4 and mean aerosol
optical depths from 1.2 to 0.4, respectively. A brief description of the data we used
is presented in this section, while a more detailed one can be found in campaign
overviews15,57. Black carbon (BC) mass concentration was measured by the Single
Particle Soot Photometer (SP2), and non-refractory aerosol chemical composition
was measured by Aerodyne C-ToF-aerosol mass spectrometer (AMS) in CLARIFY
and HR-ToF-AMS in ORACLES. Carbon monoxide (CO) was measured by Los
Gatos Research CO/CO2/H2O analyser in ORACLES and vacuum ultraviolet
fluorescence spectroscopy (AL5002, Aerolaser GmbH) in CLARIFY. The aerosol
scattering and absorption coefficients were measured by nephelometers and par-
ticle soot absorption photometer (PSAP) in ORACLES, while CLARIFY used the
EXSCALABAR instrument (Extinction Scattering and Absorption of Light for Air-
Borne Aerosol Research). The absorption, scattering, and extinction coefficients
from both campaigns are converted to 450, 550, and 660 nm wavelength for
comparison by calculating the Ångström exponent. For the aerosol size distribu-
tion, we use the ultra-high-sensitivity aerosol spectrometer (UHSAS) data for
particles ranging from 60 to 1000 nm in ORACLES; while for CLARIFY, we use the
Passive Cavity Aerosol Spectrometer Probe (PCASP) data for particles from
100 nm to 3 µm, and the Scanning Mobility Particle Size Spectrometer (SMPS) for
particles below 100 nm. An undersized issue by UHSAS was detected, and a cor-
rection function was applied for ORACLES data58. During the campaigns, an
intercomparison between ORACLES and CLARIFY aircraft observation was con-
ducted on 18 August 2017 to ensure measurements from different aircraft were
comparable59. Although the aerosol concentration was very low during the inter-
comparison flights, the CO observations showed fairly good agreement. A detailed
comparison can be found in Supplementary Note 1. All variables have been con-
verted under the standard temperature and pressure (STP) for the ensuing analysis.

Trajectory linking. We use airmass trajectories calculated by the Hybrid Single-
Particle Lagrangian Integrated Trajectory model (HYSPLIT)60 to link ORACLES
and CLARIFY observations. To improve the accuracy, we use hourly high reso-
lution (0.25° × 0.25°) ERA5 reanalysis (fifth generation of ECMWF reanalysis data)
for the calculation. There are five main procedures to ensure the success of the
linking. (1) Identify and limit analysis to only straight-level runs from ORACLES
flights. (2) Launch forward trajectory at the coordinate of straight-level runs of
each ORACLES aircraft, calculate a trajectory per minute, with a time step of the
trajectory of 20 min. (3) Calculate the horizontal and vertical distance between the
airmass and aircraft of CLARIFY and other ORACLES flight at each time step. If
the horizontal distance is within 0.5° and the vertical distance is within 500 m, then
the case is identified as potentially linked. (4) In those potentially linked cases, if
the total sampling time is over 2 min, and there is no obvious change between the
linked trajectory and other trajectories launched at the adjacent times from the
upwind ORACLES, then the airmass is marked as “successfully linked”. (5) For
those linked air masses, estimate the initial age of the BB aerosols measured from
upwind ORACLES aircraft (detailed in Supplementary Note 2). Only select those
with an ageing time of fewer than 48 h (remove already very aged samples) and
remove cases with data below the detection limit for further analysis. The suc-
cessfully linked cases are illustrated in Supplementary Fig. 4, along with their air
mass trajectories. In total, 23 linked cases have been identified, with 11 ORACLES
linked with CLARIFY cases and 12 ORACLES cases linked with ORACLES itself
(Table S1). The linking procedure allows the investigation of samples measured in
the exact same airmass but at different times, where the evolution of aerosols can
be analysed by the Lagrangian methodology.

Satellite data. The Spinning Enhanced Visible and InfraRed Imager (SEVIRI) on
the Meteosat Second Generation satellite was utilized here, using cloud properties
generated by NASA Langley61. The SEVERI cloud data has a high resolution (3 km
at the subsatellite point with a repeat cycle of 15 min) and was used to provide
cloud processing information by collocating with the linked trajectories. An air
mass that experiences cloud processing was defined as one with cloud liquid water
content above 0.01 g m−3 on its trajectory, and an air mass height above cloud base
and below cloud top. The accumulated cloud liquid water content within 24 h
before the air mass reached the downwind linked location was calculated and used
in our analysis. By considering the aerosol cloud processing in the last day of
transport, we assume that aerosols are not subject to mixing and other ageing
effects in the 24 h after being in-cloud. As the cloud processing estimate requires
the vertical height of the cloud, the uncertainty in SEVIRI cloud height can
therefore lead to uncertainties in the cloud processing62. Supplementary Fig. 5
shows an example of a linked case with cloud processing along with its trajectory.

The GPM (Global Precipitation Measurement) IMERG (Integrated Multi-
satellitE Retrievals for GPM) precipitation V06 final run data63 was used to identify

precipitation. The data has a high spatial resolution of 0.1 degrees and is available
every half hour. During the transport of the air mass, if the height of the trajectory
was lower than the height of the cloud base, and precipitation was present at the
location of the air mass, the air mass was determined to be influenced by
precipitation. Only one sample showed a slight influence due to precipitation, with
an accumulated precipitation of around 0.003 mm. We removed this sample to
remove the effects of precipitation from our linked cases.

Linked measurement analysis. To determine the evolution of OA mass, we cal-
culated the OA enhancement factor Δ(OA/CO) as in Eq. (1) to examine the change
of OA mass by removing the dilution effect.

4OA
CO

¼ OAdown

COdown
� OAup

COup
ð1Þ

The subscripts “down” and “up” indicate downwind and upwind observations,
respectively. CO is used as a conservative tracer to account for dilution, as it has a
lifetime of approximately a month. The units of CO have been transformed into the
same weight unit of OA; thus, the OA/CO is unitless. Positive values of Δ(OA/CO)
indicate an increase in OA mass along with the airmass transport, implying the
formation of SOA. A zero value of Δ(OA/CO) means there is no net change of OA
mass along with the transportation, while negative values indicate a decrease in OA
mass. Next, we calculated OA mass concentration downwind (OAcalc

down) by
assuming only dilution is affecting the OA mass, as in Eq. (2). Therefore, changes
in OA mass with ageing can be calculated in percentage, as in Eq. (3).

OAcalc
down ¼ OAup

COup
� COdown ð2Þ

f OA ¼ OAdown � OAcalc
down

OAcalc
down

� 100% ð3Þ

The OA oxidation level is represented by f44 calculated from AMS data. The
difference of f44 between the upwind and downwind observations is calculated as
in Eq. (4), and the change in f44 in percentage can be calculated as in Eq. (5)

4f 44 ¼ f 44down � f 44up ð4Þ

f f 44 ¼
4f 44
f 44up

� 100% ð5Þ

The AAE at upwind and downwind locations of airmass trajectories are
calculated between 450 and 660 nm wavelengths as in Eq. (6). Then the differences
are calculated as in Eq. (7) to study the changes of AAE with ageing.

AAE ¼ � lnðσ450=σ660Þ
lnð450=660Þ ð6Þ

4AAE ¼ AAEdown � AAEup ð7Þ
where the σ450 and σ660 denote the aerosol absorption coefficient at 450 and
660 nm, respectively. SSA is calculated in Eq. (8), and the change of SSA by Eq. (9).

SSA ¼ σscattering=σextinction ð8Þ

4SSA ¼ SSAdown � SSAup ð9Þ
where σextinction and σscattering are extinction and scattering coefficients of BB
aerosol. The changes in AAE and SSA in percentage can be calculated in Eqs.
(10–11).

f AAE ¼ 4AAE
AAEup

� 100% ð10Þ

f SSA ¼ 4SSA
SSAup

� 100% ð11Þ

Uncertainties of the parameters in each linked case are estimated by the
Gaussian error propagation with the measured data. Note that only the uncertainty
of the data during the observation is considered; the error of the instrument is not
included in the calculation.

Data availability
Data from the CLARIFY aircraft campaign are available on the CEDA repository at
http://catalogue.ceda.ac.uk/uuid/38ab7089781a4560b067dd6c20af3769 (last access: 2022-
07-04). Data from ORACLES aircraft campaigns are available on the repository at
https://espo.nasa.gov/oracles/archive/browse/oracles/id14 (last access: 2022-07-04).
ERA5 reanalysis data (https://doi.org/10.24381/cds.bd0915c6) can be obtained from
https://cds.climate.copernicus.eu. The SEVIRI cloud poduct are provided by NASA
Langley, and are available in: https://satcorps.larc.nasa.gov/cgi-bin/site/showdoc?docid=
22&lkdomain=Y&domain=ORACLES (last access: 2022-07-04). GPM precipitation data
(https://doi.org/10.5067/GPM/IMERG/3B-HH/06) can be obtained from: https://disc.
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gsfc.nasa.gov/datasets/GPM_3IMERGHH_06/summary (last access: 2022-07-04).
SEVIRI fire data in Supplements are from the geostationary satellite Meteosat-8, and can
be obtained from: https://navigator.eumetsat.int/product/EO:EUM:DAT:MSG:FRP-
SEVIRI (last access: 2022-07-04). MODIS wildfire data (https://doi.org/10.5067/FIRMS/
MODIS/MCD14DL.NRT.0061) in supplements are from NASA FIRMS https://
earthdata.nasa.gov/firms (last access: 2022-07-04).
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