We thank both reviewers for their insightful feedback on this study which has
considerably improved the manuscript. For each of the reviewers’ comments
(reiterated here in italics), we have provided a response and, we have also
provided the modified text within the updated manuscript (indicated by
quotation marks). In our revised manuscript, modified text is highlighted using
tracked changes.

Referee #1

1. This paper is a global modeling study of SOA. The paper is generally well
written. | liked their Introduction. However, there are several points that need
to be clarified before publication. Following are my major comments

- We thank the reviewer for their positive feedback.

2. Page 10 near the top: Why does anthropogenic SOA have longer lifetime than
biogenic and biomass burning SOA?

- This is a good point that deserves further discussion in our manuscript. Our
understanding is that the difference in lifetimes between the various SOA
components is due to differences in the horizontal spatial distributions of
precursor emissions and precipitation patterns. We have expanded on our
discussion of SOA lifetime in the model simulation descriptions and results
(sections 2.3 and 4.1 respectively) of the revised manuscript.

- Page 9 line 12:
“For all SOA components and across all simulations, SOA is solely removed
by wet and dry deposition.”

Page 12 lines 5-16:

- “The variation in lifetime for the different SOA components is likely due to
differences in the spatial distributions of SOA precursor emissions, as well as
the extent of co-location of emissions and precipitation. Biogenic and
biomass burning VOCs, primarily located in tropical forest regions of the
southern hemisphere, experience different precipitation compared to
anthropogenic VOCs, which are primarily released in urban and industrial
regions of the northern hemisphere. Vertical gradients in SOA production can
also affect the SOA lifetime. However, in this study, all SOA precursors are
emitted at the surface, hence, the various SOA components in this study likely
have very similar vertical gradients. Shrivastava et al. (2105) find that the
SOA lifetime substantially increases when biomass burning precursors are
emitted at higher altitudes, where SOA is less susceptible to deposition. The
range in SOA lifetimes over the different simulations in this study is in
agreement with Tsigaridis et al. (2014), which ranged from 2.4 — 15 days.



These SOA lifetimes are also in good agreement with Hodzic et al. (2016)
who estimate the SOA lifetime from biogenic VOCs, anthropogenic and
biomass burning VOCs combined, and anthropogenic and biomass burning
S/IVOCs are 2.2, 3.3 and 3.0 days, respectively.”

. Biomass burning: Did the authors consider high altitude emissions of biomass
burning VOCs? These can increase tropospheric long range transport of
BBSOA and increase its lifetime.

We did not consider high altitude VOCggs emissions. We agree that higher
altitude emissions would increase the SOA burden and its lifetime, and have
modified the discussion on global SOA budget in Section 4.1 to make this
clearer:

Page 12 line 9:

“Vertical gradients in SOA production can also affect the SOA lifetime.
However, in this study, all SOA precursors are emitted at the surface.
Shrivastava et al. (2105) find that the SOA lifetime substantially increases
when biomass burning precursors are emitted at higher altitudes. “

Biomass burning SIVOC are not considered and biomass burning SOA
formation rate is assumed to be similar to monoterpenes. There are a several
issues with this. First, monoterpenes are not a major fraction of biomass
burning SIVOC/VOC emissions, although | agree they are also emitted during
wildfire burns. Most of the biomass burning SIVOCs would be branched/cyclic
akanes or other long-chain carbon compounds. Second, monoterpenes react
much faster than SIVOC.

We thank the reviewer for this comment and we acknowledge there are
several challenges when treating SOA production from biomass burning
VOCs (VOCes). Firstly, we agree, monoterpenes are not the major fraction of
VOCgs emissions. Our VOCes is a lumped species, representing a mixture of
organic compounds. As the dominant VOCas leading to SOA production is
unknown, selecting a rate constant for VOCass is extremely challenging.
Therefore, we initially chose to assume that VOCgs has a similar reactivity to
monoterpene. However, we acknowledge that VOCgss may not be as reactive
as monoterpene. In light of this, we have performed an additional sensitivity
simulation where VOCgs assumes the reactivity of naphthalene, which has
been used as a surrogate compound for IVOCs (Pye and Seinfeld, 2010) and
is roughly 50 % less reactive than monoterpene. We have added this to the
revised manuscript in the methods (section 2.3 including Table 2) and results
(section 4.1).



Page 9 line 11:
“Eight model simulations were performed using...”

Page 9 lines 20-23:

“A final sensitivity study tests the influence of the assumed reactivity of VOCss
on SOA. Here, with a reaction yield of 13 %, the reactivity is assumed to be
identical to naphthalene. Naphthalene was chosen as it has been used as a
surrogate compound to represent IVOCs in a global modelling study (Pye and
Seinfeld, 2010), and is roughly 50 % less reactive than monoterpene
(Atkinson and Arey, 2003).”

Table 2 now includes this additional sensitivity simulation.

Page 14 line 34 — page 15 line 7:

“The influence of assumed reactivity on simulated SOA from biomass burning
was investigated in an additional sensitivity simulation, where VOCgs adopts
the reactivity of naphthalene, an aromatic species (Table 2; section 2.3) which
has been used as a surrogate compound for IVOCs (Pye and Seinfeld, 2010).
Compared to monoterpene, naphthalene is roughly 50 % less reactive
(Atkinson and Arey, 2003). However, despite this substantial reduction in
reactivity, the global annual-total SOA production rate from biomass burning
VOCs is reduces by less than 1 %. Also, the simulated spatial distributions
are almost identical for the two VOCsgs species. Like all other SOA precursors
in this study, VOCgs does not undergo dry or wet deposition. Therefore, a
reduction in the reactivity of VOCgs does not affect the fate of this compound.®

The emissions of VOCBB and 13% yield are also arbitrary. The authors need
to justify their choices here and cite appropriate measurements of biomass
burning emissions of VOC/SIVOC, and their choice of yields. For example,
can model-measurement comparisons be used to understand if biomass
burning SOA formation is fast (similar to monoterpenes used in this study) or
is slow (as given by SIVOCs that are slower reacting but not considered
here)?

We do not feel that the VOCgs emissions we use are arbitrary as we describe
in the manuscript, how BB emissions of CO are used to define the spatial
distribution and seasonal cycle of VOCas, and that the total emission rate for
VOCeas is then scaled to equal non-methane VOC emissions from biomass
burning, estimated by EDGAR. We acknowledge that we did not explain the
assumption of a 13% yield for SOA from VOCss clearly. In the default version
of the model, monoterpene is assumed to have an SOA yield of 13 %. As new
sources were added, we chose to initially assume identical reaction yields. In
addition the assumption of identical reaction yields for each VOC source type
allows us to attribute differences in SOA concentrations solely to differences



in the spatial pattern, seasonality, and magnitude of VOC precursor
emissions. As outlined above, we have conducted an additional sensitivity
simulation to explore the effect of assumed reaction kinetics on SOA and
added these results to the revised paper. We have also added additional text
to section 4.2 to a) expand our discussion in the introduction (section 1) on
the highly uncertain laboratory-derived reaction yields, and b) in the methods
(section 2.2) outline the difficulty in selecting reaction yields for surrogate
compounds in the model (for both VOCgss and VOCanr).

Page 5 lines 10-19:

“The SOA reaction yields, which are typically determined in environmental
chambers, are highly uncertain. Firstly, the VOC sources implemented into
models often represent a mixture of different compounds, which may have
differing reaction yields. For example, a recent environmental chamber study
found that the SOA reaction yield varies from 2.5 to 16.9 % depending on the
particular monoterpene species (Zhao et al., 2015). Secondly, reaction yields
vary substantially from one study to another. Considering aromatic
compounds, which are typically associated with SOA production from
anthropogenic and biomass burning, estimates of SOA reaction yields from
aromatic compounds from different chamber studies range from 1 to 73
(Odum et al., 1996;0dum et al., 1997;Song et al., 2005;Ng et al., 2007b;Chan
et al., 2009). Part of this uncertainty is due to differences in environmental
chamber conditions. For aromatic compounds, factors such as relative
humidity (Hinks et al., 2018) and NOx (Ng et al., 2007a) influence oxidation
pathways which, in turn, control the yields of SOA."

Page 8 lines 14-34:

“The anthropogenic and biomass burning VOCs are lumped species, which
results in difficulty in selecting reaction kinetics for these species. For all
simulations, VOCant and VOCgg are assumed to react solely with OH. Initially,
VOCanT and VOCsg are assumed to have identical reactivity to monoterpene.
As monoterpene is a relatively reactive species, this provides an upper
estimate for the rate for anthropogenic and biomass burning VOC oxidation. A
lower estimate of SOA production from VOCss is provided by assuming
reactivity of naphthalene. Naphthalene has been used as surrogate
compound for IVOCs (Pye and Seinfeld, 2010) and is roughly 50 % less
reactive than monoterpene. Both monoterpene and naphthalene species are
used to represent the reactivity of VOCant/VOCss as they provide relatively
wide estimates of the reactivity of these surrogate compounds. For all the new
species added to SOA production: isoprene, VOCant and VOCes, initially, a
reaction yield of 13 % is applied. As discussed in Section 1, reaction yields
vary from one study to another, as well as within individual studies.
Furthermore, VOCant and VOCsgg are surrogate compounds, representing a
mixture of species and, therefore, preventing selection of molecule-specific
reaction yields from laboratory studies. The initial assumption of identical
reaction yields for all species does not negate the findings from laboratory



studies, which suggest reaction yields are highly dependent on molecular
structure. However, the substantial uncertainties of reaction yields, coupled
with these species representing lumped species, preventing accurate
selection of laboratory-derived reaction yields for specific compounds. In
addition, identical reaction yields allows differences in SOA concentrations to
be solely attributed to differences in the spatial pattern, seasonality, and
magnitude of VOC precursor emissions. However, the influence of accounting
for differences in reaction yields is explored in two additional simulations
described below; the reaction yields for isoprene is assumed to be 3 %, which
is suggested by (Kroll et al., 2005, 2006). Also, the reaction yield for VOCant
is increased from 13 to 40 %, which is motivated by the widespread model
negative bias in urban environments among global modelling studies.”

5. Although SIVOC chemistry is uncertain, measurements certainly show
evidence for large amounts of missing SIVOC emissions from biomass
burning (see Yokelson et al. 2013 and related discussions in the global
modeling study of Shrivastava et al. 2015). This means SIVOC emissions and
chemistry cannot be completely neglected, they just need better constraints.
In summary, what is the justification for neglecting SIVOC
emissions/chemistry in thispaper?

We thank the reviewer for this comment as this has highlighted to us that the
objective of our study was not clearly presented. Firstly, we acknowledge that
S/IVOCs may be an important source of SOA several times within the original
manuscript (page 4 line 6 and page 14 line 26 of original manuscript).
However, the objective of our study was to quantify the role of the three main
VOC source types (biogenic, anthropogenic and biomass burning) on the
global SOA budget and model agreement with observations. To clarify, our
objective was not to evaluate a state-of-the-art treatment of SOA, which would
require VOCs, S/IVOCs and aqueous production. In this study, we have
focussed on one SOA source: VOCs, and covered its emissions types. We
have now updated the title of the manuscript to:

“The impact of biogenic, anthropogenic and biomass burning volatile organic
compound emissions on regional and seasonal variations in secondary
organic aerosol”

In the introduction (section 1), we have also highlighted the overall aim of the
manuscript, to include the major VOC emissions sources of SOA:

page 6 lines 10-13 of updated manuscript:

“In this study, a global chemistry and aerosol model (UKCA) is used to
simulate SOA concentrations from all the VOC emission source types
described above: monoterpene, isoprene, anthropogenic and biomass
burning. Other mechanisms of SOA production, such as S/IVOCs and



heterogeneous production, may also be important, but in this study, the focus
is on VOCs.”

. Page 16: Welgegund: Can biomass burning be a large missing SOA source at
this cite rather than anthropogenic SOA? For example, Shrivastava et al.
2015 report that including biomass burning as SOA source improves model-
measurement agreement in terms of seasonality of SOA at this site.

Yes, we agree that biomass burning could be the missing source. Text has
been added to section 4.3.2 to make this point.

Page 21 lines 1-2 of updated manuscript:

“In contrast, Shrivastava et al. (2105) find good agreement between simulated
and observed OA when considering ARCTAS measurements, primarily to
their simulation of biomass burning SOA.”

. Figure 14: The various lines need captions. The text and the legends in this
figure need to be made clearer for readability. For example, it’'s not clear
which is monoterpene only versus total all source SOA simulation.

Apologies for not noticing the legend was missing from this figure. Figure 14
has been updated.

. The authors report that inclusion of biomass burning SOA source does not
improve model performance with respect to aircraft measurements especially
during ARCTAS. In sharp contrast, Shrivastava et al. 2015 reported a large
increase in model performance especially at high altitudes, with respect to
ARCTAS field campaign when they included biomass burning SOA source.
Clearly, this reflects the large difference in biomass burning SOA treatment
between this study and Shrivastava et al. 2015 study. Some discussions
about why the authors don’t see an improvement due to biomass

burning SOA is warranted and also how their SOA treatment for biomass
differs from Shrivastava et al. 2015 study

Within the original manuscript, we have attributed the lack of improvement
between modelled and observed OA when VOCss is included to two factors:
1) the global SOA production rate from VOCss is relatively small in
comparison to other sources, and 2) peak biomass burning emissions (e.g.
South America and Africa) are in different regions to the biomass burning
aircraft campaigns (e.g. North America) - page 15 line 18 and page 18 line 5,
page 19 line 24 of original manuscript. In addition to the new text added in
response to point 6 above, we have added further discussion of the difference
in biomass burning SOA treatment between this study and Shrivastava et al.
(2015):



Page 21 lines 3-7:

“These results highlight that biomass burning remains a highly uncertain
source of SOA. Here, biomass burning SOA is considered from VOCs, with a
global annual-total emission rate of 49 Tg a', and injected at the surface.
Contrastingly, Shrivastava et al. (2015) treated biomass burning SOA from
S/IVOCs, with global annual-total emissions of 450 Tg a™!, which are injected
at the surface as well as higher altitudes. Clearly, further research is required
to identity the dominant sources of biomass burning SOA, as well emissions
estimates and chemistry.”



Referee #2

Kelly et al. update a global chemistry-climate model (UKCA) for new sources of
secondary organic aerosol (SOA) and report on model predictions and the model-
measurement comparison from this updated model. They find that, on average, the
inclusion of new sources of SOA improves model performance against organic
aerosol (OA) mass concentrations, POA-SOA splits, and OA vertical profiles but
caution that the model still does not include some major SOA formation pathways
and processes (e.g., varying volatility, aqueous chemistry) and remains
unconstrained in the southern hemisphere due to a paucity of observations.

Kelly et al. have done an excellent job of reporting results from the model simulations
and the model-measurement comparison. The manuscript is also very well written
and makes for very easy reading. The findings and discussion from this work will be
helpful to the community. However, | found that the methods used did not reflect the
gaps/uncertainties discussed in the introduction nor come close to the current state-
of-the-science for treating SOA formation pathways and processes in atmospheric
models. While novel for the UKCA, the sources/formation pathways explored in this
work are routine for some of the other global chemistry-climate models and | was
struggling to see how this work was novel and offered fresh insights into the SOA
budget that haven’t been explored in earlier work. This work definitely needs to be
published but | am not comfortable recommending publication in Atmospheric
Chemistry and Physics given the lack of novelty.

We thank the reviewer for their insightful comments. We fully agree that the
treatment of SOA within this composition-climate model is not state-of-art. New SOA
formation pathways, such as aqueous phase production and the conversion from
POA, have recently been identified as potentially important sources of SOA. Also,
complex treatments of SOA, such as the volatility basis set (VBS), are currently
being developed. However, in a recent review paper on SOA modelling, it appears
that these recent advances in SOA understanding have are not fully accounted for in
today’s global models, especially composition-climate models
(http://dx.doi.org/10.1007/s40641-018-0092-3). This is demonstrated by the results
from AEROCOM. In this study, of the 31 state-of-the-art chemistry climate models
and general circulation models included, only 12 treat OA as semi-volatile, only 3
include aqueous production of SOA, and only 1 uses the volatility-basis set (VBS)
(Tsigaridis et al., 2014). Therefore, we feel our research is relevant to many other
researchers that are developing their SOA schemes in their respective models, and
we highlight that there are still key uncertainties associated SOA production from
VOCs. We do realise that we have not been clear about the focus of our study which
is to gain insights into the different VOC emission sources that lead to SOA
production which may have led to misinterpretation of our objective. Hence as
discussed above in our response to reviewer 1 (comment 5) we have clarified the
overall aim of our paper in the introduction and modified our title to:

“The impact of biogenic, anthropogenic and biomass burning volatile organic

compound emissions on regional and seasonal variations in secondary organic
aerosol”

| have listed just a few of my concerns related to the methods:


http://dx.doi.org/10.1007/s40641-018-0092-3

1. The POA (e.g., Robinson et al. (2007, 2010)) and SOA (e.g., Donahue et al.,
2012) need to be treated as semi-volatile and reactive to better model the OA
mass concentrations and its sensitivity to chemistry and changes in
temperature. One example where this would influence one of the findings
reported in this work is that SOA monolayers coated on POA could evaporate
with dilution/chemistry and transition POA back into its hydrophobic mode.
Another complication related to treating the semi-volatile nature of OA that
has surfaced recently is if organic particles achieves instantaneous
equilibrium with the organic vapors and how the phase state (i.e., diffusion
limitations within the particle) might influence the timescales to achieve
equilibrium (e.qg., Shiraiwa et al., 2017). A semi-volatile treatment should be
trivial to include with say a 2-product model (e.g., Odum et al., 1997).

- This is a very interesting point, the volatility of OA is an extremely important
factor in governing SOA. However, within the literature, there is no consensus
over the volatility of OA. Evidence for both semi-volatile (Robinson et al.,
2007;Donahue et al., 2012), and non-volatile (Jimenez et al., 2009;Cappa and
Jimenez, 2010) behaviour of OA exists. Of the 31 state-of-the-art global
chemistry transport models (CTMs) and general circulation models (GCMs)
included in AEROCOM, only 12 treat OA as semi-volatile (Tsigaridis et al.,
2014). However, we do note that the volatility will have substantial impacts on
OA, as demonstrated in a global modelling study by Shrivastava et al. (2015).
However, we do not feel that that this study needs a 2-product approach. As
discussed above, the objective of our study is to investigate the role of
different VOC emissions on the SOA budget and model agreement with
observations. Hence, to investigate these different VOC source contributions
we need to maintain an identical volatility treatment across all simulations.
However, we had added additional text to our introduction to highlight the
uncertainty over the volatility of OA and included the citations provided. Also,
we thank the reviewer for the references with regards to particle viscosity and
this has also been added to the introduction.

Page 5 line 25-30 of updated manuscript;

“Volatility is also another important aspect of OA, with substantial impacts on
SOA production. There is evidence for both semi-volatile (Robinson et al.,
2007;Donahue et al., 2012), and non-volatile (Jimenez et al., 2009;Cappa and
Jimenez, 2010) behaviour of OA. Of the 31 state-of-the-art global models
included in AeroCom, only 12 treat OA as semi-volatile (Tsigaridis et al.,
2014). Recently, the effects of volatility on SOA were quantified in a global
modelling study by Shrivastava et al. (2015). These authors estimate that the
global annual-total SOA production rate varies by almost a factor of 2
depending on whether OA is treated as semi-volatile or non-volatile. The
particle-phase state may be another important factor but is poorly
characterised (Shiraiwa et al., 2017), and is dependent on relative humidity
and SOA precursor (Hinks et al., 2016;Bateman et al., 2016)“



2. There is plenty of evidence that the chemical lifetimes and SOA mass yields
are very different for different SOA precursors (in addition to being a function
of the OA mass loading), which can be very easily reflected in this work
(regardless of whether the OA is treated as semi-volatile or non-volatile).
Furthermore, SOA mass yields need to be corrected for vapor wall loss
artifacts experienced in chamber experiments (e.g., Zhang et al., 2014).

- This is a good point. Firstly, we agree that the chemical lifetime of SOA
precursors (i.e. the lifetime of VOCs with respect to oxidation) will vary from
one VOC species to another. This difference in reactivity is explicitly
accounted for in the cases of isoprene and monoterpene, as they have
laboratory-constrained estimates of reaction kinetics (as shown in Table 2).
However, VOCant and VOCgg are not specific compounds as they are
surrogate species representing anthropogenic VOC and biomass burning
VOC respectively. Hence, these two lumped compounds reflect a mixture of
VOC compounds. As we do not know the chemical speciation of this mix, we
cannot apply a molecular-specific rate constant for these species. In light of
the uncertainties over the reactivity of VOCss (also highlighted by reviewer 1
comment 4), we have performed an additional simulation to test the sensitivity
of SOA to assumed reactivity and have including these results in section 4.2.
Interestingly, we find little impact on the global SOA production rate. In
addition, we do not feel that there is clear consensus over the SOA yields for
various precursors. For known SOA precursors, reaction yields vary
substantially from one study to another. Furthermore, VOCant and VOCgg are
unknown species, hence, again, we cannot select molecular-specific reaction
yields from laboratory studies. Even monoterpene is a mixture of compounds
with SOA yields varying substantially (Zhao et al., 2015). Also, we have
chosen to implement the new sources of SOA with identical reaction yields
initially as this allows the difference in SOA production from the various VOC
sources to be attributed to differences in emissions. We acknowledge that
reaction yields may vary from one compound to another. However, we did
explore the potential for differences in reaction yields within the study in the
Iso(3%) and Ant(40%) simulations. To address this concern we have added
text to the manuscript to 1) test the sensitivity of SOA to assumed reaction
kinetics (section 4.2), 2) provide more evidence for the uncertainty in reaction
yields including wall loss effects (section 1), and 3) explain why we selected
identical reaction yields for the initial simulations (section 2.1).

Page 14 line 43 — page 15 line 8:

“The influence of assumed reactivity on simulated SOA from biomass burning
was investigated in an additional sensitivity simulation where VOCgs adopts
the reactivity of naphthalene (Table 2; section 2.3) , an aromatic species
which has been used as a surrogate compound for IVOCs (Pye and Seinfeld,
2010). Compared to monoterpene, naphthalene is roughly 50 % less reactive



(Atkinson and Arey, 2003). However, despite this substantial reduction in
reactivity, the global annual-total SOA production rate from biomass burning
VOCs is reduced by less than 1 %. Also, the simulated spatial distributions
are almost identical for the two VOCags species. Like all other SOA precursors
in this study, VOCgs does not undergo dry or wet deposition. Therefore, a
reduction in the reactivity of VOCgs does not affect the fate of this compound.”

Page 5 line 10-19:

“The SOA reaction yields, which are typically determined in environmental
chambers, are highly uncertain. Firstly, the VOC sources implemented into
models often represent a mixture of different compounds, which may have
differing reaction yields. For example, a recent environmental chamber study
found that the SOA reaction yield varies from 2.5 to 16.9 % depending on the
particular monoterpene species (Zhao et al., 2015). Secondly, reaction yields
vary substantially from one study to another. Considering aromatic
compounds, which are typically associated with SOA production from
anthropogenic and biomass burning, estimates of SOA reaction yields from
aromatic compounds from different chamber studies range from 1 to 73
(Odum et al., 1996;0dum et al., 1997;Song et al., 2005;Ng et al., 2007b;Chan
et al., 2009). Part of this uncertainty is due to differences in environmental
chamber conditions. For aromatic compounds, factors such as relative
humidity (Hinks et al., 2018) and NOx (Ng et al., 2007a) influence oxidation
pathways which, in turn, control the yields of SOA. Finally, within an
environmental chamber, uptake of organic compounds by the surface walls
(known as ‘wall losses’) can occur. Traditionally, this process was assumed to
be non-negligible, resulting in the potential for environmental chamber studies
to underestimate the reaction yield. Zhang et al. (2014) found that reaction
yields of toluene, an anthropogenic source of SOA, were under estimated by
a factor of four due to wall losses during chamber studies. This has a
significant effect on simulated SOA production. Updating reaction yields to
account for wall losses in global models resulted in an increase in the global
annual biogenic SOA production rate from 21.5 to 97.5 Tg (SOA) a™' (Hodzic
et al., 2016).”

Page 8 lines 22-28:

“As discussed in Section 1, reaction yields vary from one study to another, as
well as within individual studies. Furthermore, VOCant and VOCgs are
surrogate compounds, representing a mixture of species and, therefore,
preventing selection of molecule-specific reaction yields from laboratory
studies. The initial assumption of identical reaction yields for all species does
not negate the findings from laboratory studies, which suggest reaction yields
are highly dependent on both molecular structure. However, the substantial
uncertainties of reaction yields, coupled with these species representing
lumped species, prevents accurate selection of laboratory-derived reaction
yields for specific compounds.”



. Emissions of semi-volatile and intermediate-volatility organic compounds
contribute significantly to anthropogenic SOA precursors (and possibly even
biogenic SOA precursors) and need to be explicitly modeled (e.q., Jathar et
al., 2014). These might help reduce the under predictions in urban areas and
elsewhere. On a related note, it is unclear to me how the model-measurement
comparison at urban locations needs to be evaluated. What fraction of the
under-prediction can be seemingly attributed to the model resolution?

We certainly agree that S/IVOC emissions may improve model under
predictions of observed OA. The potential importance of S/IVOCs were
highlighted in the introduction (Page 4 Line 6 of original manuscript). Also, in
our model-to-measurement comparison text in section 4.3.1, we highlighted
that our model negative bias may be improved by inclusion of S/IVOCs (Page
14 Line 26 of original manuscript). However, we do not feel that S/IVOC
emissions need to be considered in this study as our overall aim is to quantify
the role of different VOC emissions on the global SOA budget and model
agreement with observations. Ad discussed above, we have changed the title
of the manuscript to be clear about the purpose of our study.

We feel that model-to-measurement comparison needs to be evaluated
consistently across all environment sites. We used a suite of statistical tools to
evaluate model performance at all sites, then repeated the process for the
various site types. Generally, we found that a negative model bias was
systematic across urban, urban downwind and remote, indicating missing
sources of SOA. However, we noted that the model negative bias in urban
environments is probably due to both missing sources and the coarse model
resolution (Page 14 Line 20 of original manuscript). To establish the impacts
of model resolution on model agreement with observations at urban locations
would require further model simulations with varying degrees of resolution.
We feel this is outside the scope of this study. Alternatively, some global
modelling studies chose to evaluate model data against remote and urban
downwind sites only (Hodzic et al., 2016) . However, SOA is important from
an air quality perspective. Therefore, we feel including this model-
measurement comparison at urban locations and highlighting this negative
bias in urban regions that is not resolved with the addition of VOCanr is
important.

. Globally, aqueous processing of organic compounds in aerosol water and
clouds is probably a very important source/sink of OA and needs to be
included (McNeill et al., 2015). At the very least, one needs to consider
IEPQOX, glyoxal, and in-cloud formation of a few dominant organic acids in the
model.

We agree, aqueous production of SOA may be important for SOA, and was
highlighted in the introduction and conclusions (Page 3 Line 7 and Page 20
Line 6) in the original manuscript. But as discussed above aqueous
production does not fall within the objective of our study, which is to quantify



the role of VOC emission on SOA and we have modified the manuscript title
and overall aim for clarity.

Also, aqueous phase production of SOA is uncertain and in the recent
AEROCOM study by Tsigaridis et al. (2014) only 3 of the 31 models include
this process. Therefore, we have not included aqueous production of SOA,
but we have expanded the discussion of this source within our introduction.

Page 4 line 17-25:

“The heterogeneous production of SOA may be an additionally important
source of SOA, which is often not included in models (e.g., see (Tsigaridis et
al., 2014) . Soluble and polar organic vapours, which are too volatile to
condense, may be taken up by the aqueous phase, either in aerosol liquid
water or cloud liquid water. Within the aqueous phase, oxidation may lead to
less volatile products which, after liquid evaporation, remain in the aerosol
phase (Ervens, 2015). One example of a polar water soluble compound,
which is too volatile to directly condense, but may form SOA within the
aqueous phase, is glyoxal (Volkramer et al., 2007). Recent estimates of the
global annual-total SOA production rate within the cloud and aerosol phases
are 13—-47 and 0 — 13 Tg (SOA) a™" respectively (Lin et al., 2014). Aqueous
production may be an important source of SOA, but several uncertainties
remain, including the amount of cloud and liquid water in the atmosphere, and
how to simulate the uptake of organic gases onto aqueous surfaces.”
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Abstract. The global secondary organic aerosol (SOA) budget is highly uncertain, with global annual SOA production rates,
estimated from global models, ranging over an order of magnitude and simulated SOA concentrations underestimated
compared to observations. In this study, we use a global composition-climate model (UKCA) with interactive chemistry and
aerosol microphysics to provide an in-depth analysis of the impact of each VOCSGA source on the global SOA budget and its
seasonality. We further quantify the role of each source on SOA spatial distributions, and evaluate simulated seasonal SOA
concentrations against a comprehensive set of observations. The annual global SOA production rates from monoterpene,
isoprene, biomass burning and anthropogenic precursor sources is 19.9 19.6, 9.5 and 24.6 Tg (SOA) a'* respectively. When all
sources are included, the SOA production rate from all sources is 73.6 Tg (SOA) a’, which lies within the range of estimates
from previous modelling studies. SOA production rates and SOA burdens from biogenic and biomass burning SOA sources
peak during northern hemisphere (NH) summer. In contrast, the anthropogenic SOA production rate is fairly constant all year
round. However, the global anthropogenic SOA burden does have a seasonal cycle which is lowest during NH summer, which
is probably due to enhanced wet removal. Inclusion of the new SOA sources also accelerates the ageing by condensation of
primary organic aerosol (POA), making it more hydrophilic, leading to a reduction in the POA lifetime. With monoterpene as
the only source of SOA, simulated SOA and total organic aerosol (OA) concentrations are underestimated by the model when
compared to surface and aircraft measurements. Model agreement with observations improves with all new sources added,
primarily due to the inclusion of the anthropogenic source of SOA, although a negative bias remains. A further sensitivity
simulation was performed with an increased anthropogenic SOA reaction yield, corresponding to an annual global SOA
production rate of 70.0 Tg (SOA) aX. Whilst simulated SOA concentrations improved relative to observations, they were still
underestimated in urban environments and overestimated further downwind and in remote environments respectively. On the
other hand, the inclusion of SOA from isoprene and biomass burning did not improve model-observations biases substantially
except at one out of two tropical locations. However, these findings may reflect the very limited availability of observations
to evaluate the model, which are primarily located in the NH mid-latitudes where anthropogenic emissions are high. Our results

highlight that, within the current uncertainty limits in SOA sources and reaction yields, over the NH mid-Ilatitudes, a large
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anthropogenic SOA source results in good agreement with observations. However, more observations are needed to establish

the importance of biomass burning and biogenic sources of SOA in model agreement with observations.

1 Introduction

Organic Aerosol (OA) is important from both air quality and climate perspectives. Measurements across the northern
hemisphere (NH) mid-latitudes suggest OA represents between 18 and 70 % of fine aerosol mass depending on location and
atmospheric conditions (Zhang et al., 2007). However, due to coarse grid resolutions and uncertainties in the SOA lifecycle,
global chemistry transport models and general circulation model systematically underpredict observed OA concentrations in
both urban (mean normalised bias = -62 %) and remote (mean normalised bias = -15 %) environments (Tsigaridis et al., 2014).
Therefore, assessment of subsequent OA impacts on air quality (Hodzic et al., 2016) and climate (Scott et al., 2015) suffer
from a lack of confidence.

OA can be emitted as primary organic aerosol (POA) or formed as secondary organic aerosol (SOA). SOA is formed
from the oxidation products of volatile organic compounds (VOCs) and semi volatile and intermediate volatility organic
compounds (S/1IVOCs). Across the NH mid-latitudes, SOA accounts for 64, 83 and 95 % of observed surface OA submicron
mass in urban, urban downwind and remote environments respectively (Zhang et al., 2007). Despite the observed ubiquity of
SOA in the atmosphere, models generally perform poorly at reproducing observed SOA concentrations (Tsigaridis et al., 2014).
Using either global (Hodzic et al., 2016) or regional (Chen et al., 2009) scale models, relatively good agreement between
simulated and observed SOA concentrations in remote environments has been found. In contrast, in urban environments,
simulated SOA concentrations are substantially lower than observed (Hodzic et al., 2009; Heald et al., 2011; Khan et al., 2017).

Estimated annual global SOA production rates, based on bottom-up approaches using global models, range from 12
to 480 Tg (SOA) a! (Kanakidou et al., 2005;Heald et al., 2011;Tsigaridis et al., 2014;Hodzic et al., 2016;Shrivastava et al.,
2015). This large inter-model spread in simulated SOA production rates is likely due to an incomplete understanding of the
different sources of SOA and a lack of observations available to constrain models. Global annual SOA production rates,
estimated from top-down methods, such as scaling of the sulphate budget (Goldstein and Galbally, 2007), or constraining the
SOA budget using satellite data (Heald et al., 2010) or in-situ observations (Spracklen et al., 2011), are substantially greater
and even more uncertain (range 50 — 1820 Tg (SOA) a). Uncertainty ranges for the global POA budget are narrower, with
estimates of global POA production ranging from 34 to 144 Tg (POA) a* (Tsigaridis et al., 2014).

Emitted from both natural and anthropogenic sources, SOA has important climatic impacts. SOA can perturb the
energy balance of the Earth by absorption and scattering (aerosol-radiation interactions) and by altering cloud properties
(aerosol-cloud interactions) (Forster and Ramaswamy, 2007). However, climatic impacts of SOA are very sensitive to the
SOA budget. For example, in a multi-model study, estimates of the increase in the global SOA burden since preindustrial times
ranged from 0.09 to 0.97 Tg (SOA), which resulted in a direct radiative effect ranging from -0.21 to -0.01 W m (Myhre et

al., 2013). As an aerosol with a large natural source, SOA also contributes to the uncertainty in preindustrial aerosol
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concentrations, which is the dominant contribution to the uncertainty in the aerosol cloud albedo effect forcing (Carslaw et al.,
2013). Hence, reducing uncertainty in the SOA budget is crucial for constraining radiative forcing estimates.

The identity of SOA precursors is critical to our understanding of the SOA budget and its lifecycle, however, the
dominant precursors of SOA remain highly uncertain in their magnitudes and spatial distributions. Biogenic volatile organic
compounds (bVOCs) are considered important sources of SOA due to high emissions (Guenther et al., 2012) and fast reactivity.
Laboratory and field studies suggest that monoterpene (CioHis) (Yu et al, 1999), isoprene (CsHg) (Ng et al., 2008),
sesquiterpenes (CisHa4) (Tasoglou and Pandis, 2015) and the heterogeneous uptake of glyoxal (Volkamer et al., 2007) are all
important biogenic sources of SOA. Global biogenic SOA production rates, estimated using global models, range between
2.86 and 97.5 Tg (SOA) a! (Henze et al., 2008;Heald et al., 2008;Farina et al., 2010;Hodzic et al., 2016). Isoprene (Bonsang
et al., 1992) and monoterpene (Yassaa et al., 2008) are also emitted from phytoplankton. Although the SOA production rates
from marine VOCs is small, estimated at 5 Tg (SOA) a! (Myriokefalitakis et al., 2010), marine SOA may be important from
a climate perspective due to changes to cloud-condensation nuclei (Meskhidze et al., 2011). Many global models only consider
biogenic sources in their formation of SOA (Tsigaridis et al., 2014); other studies that include a number of different precursor
types suggest that biogenic sources contribute 74 % (Hodzic et al., 2016) to 95 % (Farina et al., 2010) to the annual global
total SOA production rate.

According to laboratory studies, anthropogenic VOCs (e.g. aromatics) yield only a small amount of SOA (Odum et
al., 1997). Therefore, the inclusion of anthropogenic SOA in global models based on such modest yields produces little SOA
production (1.6 — 3.1 Tg (SOA) a') and almost negligible SOA concentrations (Farina et al., 2010;Heald et al., 2011).
However, over the NH mid-latitudes, observed SOA concentrations are highest in urban environments (Zhang et al., 2007). In
a top-down approach, where biogenic, biomass burning and anthropogenic SOA sources were scaled, Spracklen et al. (2011)
found that their simulated model bias was minimised when the global SOA budget was dominated by anthropogenic precursors,
with an anthropogenic SOA production rate of ~100 Tg (SOA) a* and a biogenic SOA production rate of 13 Tg (SOA) a.
The magnitude of anthropogenic SOA production as well as dominance over biogenic SOA production estimated from this
top-down study is in stark contrast to bottom up estimates from global modelling studies. However, it remains unclear whether
the anthropogenic dominance of global SOA production found in Spracklen et al. (2011) simply reflects the location of
observations used to constrain this estimate; observations were primarily located in the NH mid-latitudes where anthropogenic
emissions are highest. Additionally, the reaction yield required to reach a production rate of 100 Tg (SOA) a™* of anthropogenic
SOA exceeds the reaction yield derived from laboratory studies (Odum et al., 1997). Furthermore, a high SOA production rate
from anthropogenic sources produced positive models biases compared to observed SOA concentrations in remote
environments (Spracklen et al., 2011) and at higher altitudes (Heald et al., 2011).

Laboratory (Grieshop et al., 2009) and field campaigns (Cubison et al., 2011) suggest biomass burning VOCs and
S/IVOCs can form SOA. Using observations, Cubison et al. (2011) estimated the global SOA production rate from biomass
burning at 1 — 15 Tg (SOA) a’’. This is consistent with Spracklen et al. (2011), who estimated a global SOA production rate
from biomass burning of 3 — 26 Tg (SOA) a’! using a top-down approach. S/IVOCs are estimated to account for between 15 —
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37 % of biomass burning carbonaceous emissions (Stockwell et al., 2015;Yokelson et al., 2013). Due to the limited knowledge
of S/IVOCs emissions and chemistry, assumptions are required when implementing biomass burning S/IVOCs into global
models. As a consequence biomass burning SOA production rates, estimated using global models, range substantially from
15.5 Tg (SOA) a’! (Hodzic et al., 2016) to 44 —95 Tg (SOA) a™! (Shrivastava et al., 2015). Therefore, biomass burning remains
an additional highly uncertain and potentially important source of SOA. Therefore, biomass burning remains an additional
highly uncertain and potentially important source of SOA.

Anthropogenic and biomass burning emissions include S/IVOCs, which in addition to VOCs, can also contribute to
SOA formation (Robinson et al., 2007). As traditional emissions inventories, such as van der Werf et al. (2010), account for
only a fraction of the emitted S/IVOCs, most modelling studies completely neglect the role of S/IVOCs as sources of SOA.
Alternatively, SOA formation from S/IVOCs can be artificially accounted for by scaling up reaction yields of VOCs.
Assumptions in the amount of S/IVOCs missing from traditional emissions inventories introduces uncertainty, with estimates

ranging from 0.25 — 2.8 times POA emissions (Robinson et al., 2010;Shrivastava et al., 2008). Estimates of global annual-total

S/IVOC emissions range from 54 Hodzic et al. (2016) to 450 Tg a* (Shrivastava et al., 2015). -Despite these uncertainties,
S/IVOCs have been included in a number of models. Both Hodzic et al. (2016) and Tsimpidi et al. (2016) agree that the sum

of the global SOA burden from anthropogenic and biomass burning precursors is dominated by S/IVOCs (72 and 69 %
respectively).

The heterogeneous production of SOA may be an additionally important source of SOA, which is often not included
commenly-negleeted in models (e.q., see (Tsigaridis et al., 2014). Soluble and polar organic vapours, which are too volatile to
condense, may be taken up by the aqueous phase, either in aerosol liquid water or cloud liquid water. Within the aqueous

phase, oxidation may lead to less volatile products which, after liquid evaporation, remain in the aerosol phase (Ervens, 2015).

One example of a polar water soluble compound, which is too volatile to directly condense, but may form SOA within the

aqueous phase, is glyoxal (Volkamer et al., 2007). Recent estimates of the global annual-total SOA production rate within the
cloud and aerosol phases are 13 — 47 and 0 — 13 Tg (SOA) a! respectively (Lin et al., 2014;Lin et al., 2012). Aqueous

production may be an important source of SOA, but several uncertainties remain, including the amount of cloud and liquid

water in the atmosphere, and how to simulate the uptake of organic gases onto aqueous surfaces.

The diversity in treatment of SOA formation within global models was highlighted in a recent multi-model study
(Tsigaridis et al., 2014). Of the 31 models included in this study, 11 models treat SOA formation by directly ‘emitting’ SOA
from vegetation. In doing so, these schemes neglect the role of many important atmospheric conditions on SOA formation
rates. For example, the effect of oxidant levels on both reaction rates and yields of SOA precursors are neglected. Some models
simulate SOA precursor emissions and subsequent oxidation to lower volatility compounds, which then condense to form
SOA. In such SOA schemes, the effect of oxidant levels on SOA precursor reaction kinetics are accounted for. However, in
studies where a single reaction yield is assumed throughout the atmosphere (Chung and Seinfeld, 2002;Tsigaridis and

Kanakidou, 2003;Spracklen et al., 2011), the effects of atmospheric conditions on reaction yields are neglected. However,
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chamber experiments show that SOA yields vary substantially with different atmospheric environmental conditions for each
of the main SOA precursor species: reaction yields of monoterpenes (Sarrafzadeh et al., 2016), isoprene (Rattanavaraha et al.,
2016) and aromatics (Ng et al., 2007b) are all affected by oxidant levels.

a*(Hedzicet-al—2016)-The SOA reaction yields, which are typically determined in environmental chambers, are highly

uncertain. Firstly, the VOC sources implemented into models often represent a mixture of different compounds, which may

have differing reaction yields. For example, a recent environmental chamber study found that the SOA reaction yield varies

from 2.5 to 16.9 % depending on the particular monoterpene species (Zhao et al., 2015). Secondly, reaction yields vary

substantially from one study to another. Considering aromatic compounds, which are typically associated with SOA production

from _anthropogenic and biomass burning,: eEstimates of SOA reaction vields from aromatic compounds from different
chamber studies range from 1 to 73 (Odum et al., 1996;0dum et al., 1997;Ng et al., 2007b;Chan et al., 2009;Song et al., 2005).

Part of this uncertainty is due to differences in environmental chamber conditions. For aromatic compounds, factors such as

relative humidity (Hinks et al., 2018) and NOx (Ng et al., 2007a) influence oxidation pathways which, in turn, control the

vields of SOA. Finally, within an environmental chamber, uptake of organic compounds by the surface walls (known as ‘wall

losses’) can occur. Traditionally, this process was assumed to be non-negligible, resulting in the potential for environmental

chamber studies to underestimate the reaction yield. Zhang et al. (2014) found that reaction yields of toluene, an anthropogenic

source of SOA, were under estimated by a factor of four due to wall losses during chamber studies. This has a significant effect

on simulated SOA production. Updating reaction yields to account for wall losses in global models resulted in an increase in
the global annual biogenic SOA production rate from 21.5 to 97.5 Tg (SOA) a! (Hodzic et al., 2016).

Volatility is also another important aspect of OA, with substantial impacts on SOA production. There is evidence for

both semi-volatile (Robinson et al., 2007;Donahue et al., 2012), and non-volatile (Jimenez et al., 2009;Cappa and Jimenez,
2010) behaviour. Of the 31 state-of-the-art global models included in AeroEROComOM, only 12 treat OA as semi-volatile

(Tsigaridis et al., 2014). Recently, the effects of volatility on SOA were guantified in a global modelling study by —Shrivastava

et al. (21015). These authors —estimates that the global annual-total SOA production rate varies by almost a factor of 2

depending on whether OA is treated as semi-volatile or non-volatile. The particle-phase state may be another important factor

but is poorly characterised (Shiraiwa et al., 2017), and is dependent on relative humidity and SOA precursor (Hinks et al.,
2016;Bateman et al., 2016)*.




10

15

20

25

30

Overall, global models show a clear systematic low bias in simulated SOA concentrations in comparison to
observations (Tsigaridis et al., 2014). Current global models represent a broad spectrum in chemical complexity, ranging from
essentially no chemical-dependence on SOA production up to moderate-complexity SOA mechanisms with volatility basis set
(VBS) (Donahue et al., 2006). Whether this systematic underprediction of SOA is due to incomplete SOA sources in the
models or underprediction SOA yields is not yet clear. Although numerous studies have investigated SOA production in global
models, these have mostly focussed on individual sources, with an aim to reduce model biases. Very few studies include all
major sources of SOA. Some studies suggest that the global SOA budget is dominated by biogenic sources (Hodzic et al.,
2016), whereas others suggest it is dominated by biomass burning (Shrivastava et al., 2015). Additionally, Spracklen et al.
(2011) indicates that biogenic SOA can be “anthropogenically enhanced” in polluted regions.

In this study, a global chemistry and aerosol model (UKCA) is used to simulate SOA concentrations fromeensidering

all the VOC emission source types described above: monoterpene, isoprene, anthropogenic and biomass burning. tn-thisstudy;

—Other mechanisms of SOA production, such as

S/IVOCs and heterogeneous production, may also be important, but in this study, the focus is on VOCs. The novelty of this

study is that a global model is used to simulate SOA and POA from a number of different sources, evaluating simulated
concentrations against a consistent set of observations to provide new insights into the seasonal influence of these different
SOA precursor sources. The paper is organised as follows. Section 2 describes the modelling approach and the measurements
used to evaluate the model are described in Section 3. Results on the global SOA production rates, spatial POA and SOA
distributions, and comparisons with surface and aircraft observations are explored in Section 4, with discussion and concluding

remarks in Section 5.

2. Chemistry-climate model description

For this study, we use the United Kingdom Chemistry and Aerosol (UKCA) model (Morgenstern et al., 2009; Mann et al.,
2010; O’Connor et al. 2014) coupled to the Global Atmosphere 4.0 (GA4.0) configuration (Walters et al., 2014) of the Hadley
Centre Global Environmental Model (Hewitt et al., 2011) version 3 (HadGEM3). We use an atmosphere-only configuration
with prescribed sea surface temperature and sea ice fields based on 1995-2004 reanalyses data (Reynolds et al., 2007). The
model is run at a horizontal resolution of N96 (1.875° longitude by 1.25° latitude). The vertical dimension has 85 terrain-
following hybrid-height levels distributed from the surface to 85 km. Horizontal winds and temperature in the model are
nudged towards ERA-Interim reanalyses (Dee et al., 2011) using a Newtonian relaxation technique with a relaxation time
constant of 6 hours (Telford et al., 2008). There is no feedback from the chemistry or aerosols onto the dynamics of the model;
this ensures identical meteorology across all simulations, so that differences in modelled SOA concentration are solely due to
differences in SOA sources.

The United Kingdom Chemistry and Aerosol (UKCA) model used in this study combines the “Troplsop” tropospheric
chemistry scheme from O’Connor et al. (2014) with the stratospheric chemistry scheme from Morgenstern et al. (2009). There

are 75 species with 285 reactions. This includes odd oxygen (Oy), nitrogen (NOy), hydrogen (HOx = OH + HO>), and carbon
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monoxide (CO). Hydrocarbons included are methane, ethane, propane, isoprene and monoterpene. Isoprene oxidation follows
the Mainz Isoprene Mechanism (Poschl et al., 2000) which is described in detail in O'Connor et al. (2014).

The aerosol component of UKCA is the 2-moment modal version of the Global Model of Aerosol Processes (GLOMAP-
mode) (Mann et al., 2010). Aerosol components considered are sulphate (SOa), sea salt (SS), black carbon (BC), primary
organic aerosol (POA) and secondary organic aerosol (SOA). Both aerosol mass and number are transported in seven internally
mixed log-normal modes (four soluble and three insoluble). Aerosol growth occurs via nucleation, coagulation, condensation,
ageing, hygroscopic growth and cloud processing. Condensation ageing transfers hydrophobic particles into the hydrophilic
mode when a 10 monolayer is formed on the surface a hydrophobic particle. Dry deposition and gravitational settling of aerosol
follows Slinn (1982) and Zhang et al. (2012), respectively. Grid-scale wet deposition of aerosol occurs via nucleation
scavenging and impact scavenging. Subgrid-scale wet deposition occurs via plume scavenging (Kipling et al., 2013). New
particle formation by binary homogenous nucleation of sulphuric acid (H.SO4) follows that described by Kulmala et al. (2006).
Gaseous sulphur compounds (sulphur dioxide, SO, and dimethyl sulphide, DMS) and VOCs are oxidised, forming low
volatility gases which condense irreversibly onto pre-existing aerosol. Condensation is calculated following Fuchs (1971)
which is described in Mann et al. (2010). Mineral dust is treated by the model in a separate aerosol module (Woodward, 2001).

The emissions used are all decadal-average emissions, centred on the year 2000, and monthly varying. Anthropogenic
and biomass burning gas-phase emissions are prescribed following Lamarque et al. (2010). Biogenic emissions of isoprene,
monoterpene and methanol (CH3OH) are also prescribed, taken from the Global Emissions Inventory Activity (GEIA), based
on Guenther et al. (1995). A diurnal cycle in isoprene emissions is imposed. POA and BC emissions from fossil fuel
combustion are prescribed following Lamarque et al. (2010). POA and BC emissions from savannah burning and forest fires
are prescribed, taken from the Global Fire Emissions Database (GFEDv2 (van der Werf et al., 2010)). All carbonaceous
emissions are emitted into the insoluble mode and are transferred to the soluble mode by condensation ageing. Ageing proceeds

at a rate consistent with a 10-monolayer coating being required to make a particle soluble.

2.1 Formation of SOA in the standard version of the model

In UKCA, VOCs undergo oxidation ([o] = OH, Oz and NO3). VOC oxidation products considered with a low enough volatility
to condense are represented by a single surrogate compound, SOG. The reaction yield (o) describes the molar quantity
(stoichiometric coefficient) of low volatility vapours formed. SOG condenses irreversibly onto the surface of pre-existing

aerosol, calculated following Fuchs (1971).
VoC + [o] » a SOG — SOA (1)

In UKCA, monoterpenes (CioHie), are the only VOC considered in SOA formation. Monoterpene is oxidised,
following reaction kinetics taken from Atkinson et al. (1989). The reaction yield applied to monoterpenes was assumed to be
13 %, which is identical to other global modelling studies, (Mann et al., 2010;Scott et al., 2014;Scott et al., 2015) , which was
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taken from (Tunved et al., 2006) who estimate the yield at 10 — 13 %. with-a-reactionyield-6f13-%-Global annual monoterpene

emissions are 142 Tg (monoterpene) a** and their spatial distribution is shown in Figure 1.

2.2 New SOA sources

For this study, new SOA sources are implemented in UKCA. Specifically, isoprene and lumped anthropogenic and biomass
burning VOCs are added as precursors of SOA. Biogenic isoprene emissions are taken from the GEIA database (Guenther et
al., 1995) and are equal to 561 Tg (isoprene) a™*. Isoprene reaction Kinetics are taken from Atkinson et al. (1989). For the
biomass burning source of SOA, CO emissions from biomass burning were used to define its spatial distribution (Lamarque
et al., 2010) and scaled to reproduce the global annual VOC total emissions from biomass burning estimated from Emissions
Database for Atmospheric Research (EDGAR) (49 Tg (VOC) a!). The biomass burning source of SOA is hereafter referred
to as VOCgg. Anthropogenic emissions of aromatic compounds, benzene, dimethylbenzene and trimethylbenzene, were taken
from Lamarque et al. (2010), and used together to define the spatial distribution for the anthropogenic source of SOA. These
were scaled to reproduce the global annual anthropogenic VOC total emissions estimated by EDGAR (127 Tg (VOC) a%).
This represents the anthropogenic source of SOA and will be referred to as VOCanr.

The anthropogenic and biomass burning VVOCs are lumped species, which results in difficulty in selecting reaction Kinetics

for these species. For all simulations, VOCant and VOCgg are assumed to react solely with OH. Initially, VOCant and VOCgg

are assumed to have identical reactivity to monoterpene. As monoterpene is a relatively reactive species, this provides an upper

estimate for the rate for anthropogenic and biomass burning VOC oxidation. A lower estimate of SOA production from VOCgs

is provided by assuming reactivity of naphthalene. Naphthalene has been used as surrogate compound for IVOCs (Pye and

Seinfeld, 2010) and is roughly 50 % less reactive than monoterpene. Both mFEer—eclarity—monoterpene and naphthalene species

awere used to represent the reactivity of VOCant/VOCgg as they provide relatively wide estimates of the reactivity of these

surrogate compounds. For all the new species added to SOA production:; isoprene, VOCant and VOCssg, initially, a reaction

vield of 13 % i-was applied-forall-reactions. As discussed in Section 1, reaction vields vary from one study to another, as well

as within individual studies. Furthermore, VOCant and VOCgg are surrogate compounds, representing a mixture of species

and, therefore, preventing selection of molecule-specific reaction vields from laboratory studies. The initial assumption of

identical reaction yields for all species does not negate the findings from laboratory studies, which suggest reaction yields are

highly dependent on both molecular structure. However, the substantial uncertainties of reaction yields, coupled with these

species representing lumped species, preventsing accurate selection of laboratory-derived reaction vields for specific

compounds. In additionFurthermore, identical reaction yields allows differences in SOA concentrations tocan be solely

attributed selely-to differences in the spatial pattern, seasonality, and magnitude of VOC precursor emissions. However, the

influence of accounting for differences in reaction yields is explored in two additional simulations described below; the reaction

yields for isoprene is assumed to be 3 %, which is suggested by (Kroll et al., 2005, 2006). Also, the reaction yield for VOCant

iln this studuys increased from 13 to 40 %, which is motivated by the widespread model negative bias in urban environments

among global modelling studies.
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magnitude-of precurser-emissions-The spatial pattern of precursor emissions from these additional SOA sources is also shown
in Figure 1. The seasonal cycle of the global precursor emissions from all of the VOC sources is shown in Figure 2. Biogenic

and biomass burning emissions peaking during NH summer, whereas anthropogenic emissions are highest during NH spring
and winter. Rate coefficients are taken from Atkinson et al. (1989) and are summarised in Table 1.
2.3 - Model simulations

EightSeven model simulations were performed using the different VOC sources of SOA for two years 1999-2000. The first
year was discarded as spin up and the analysis is based on the year 2000 (Table 2). For all SOA components and across all

simulations, SOA is solely removed by wet and dry deposition. The control simulation (Control) uses monoterpene as the only

SOA precursor. Isoprene (its biogenic terrestrial source only), VOCgg and VOCant are introduced in additional simulations:
Iso, BB and Ant respectively. All sources of SOA are combined in the AllSources simulation. A number of sensitivity
simulations were also carried out. The first sensitivity study tests a lower isoprene reaction yield of 3 % (Iso (3%)) which is
suggested by laboratory data (Kroll et al., 2005, 2006). The second sensitivity study tests a higher VOCanr reaction yield of
40 % (Ant (40%)) which is suggested by (Spracklen et al., 2011). Another study has also investigated such a large
anthropogenic SOA source, however, this was done by scaling simulated anthropogenic SOA concentrations (Heald et al.,

2011). A final sensitivity study tests the influence of the assumed reactivity of VOCBB on SOA. Here, with a reaction yield

of 13 %, the reactivity is assumed to be identical to naphthalene. Naphthalene was chosen as it has been used as a surrogate

compound to represent IVOCs in a global modelling study (Pye and Seinfeld, 2010) and it is roughly 50 % less reactive than

monoterpene (Atkinson and Arey, 2003).

3 Observations used to evaluate modelled OA

All measurements of OA mass concentrations used to evaluate the model were made using the Aerosol Mass Spectrometer
(AMS) (Canagaratna et al., 2007;Jayne et al., 2000). Uncertainties in the observed OA mass concentration are estimated to
be ~30-35% (Bahreini et al., 2009). Observations can be accessed on the AMS global network website

(https://sites.google.com/site/amsglobaldatabase/)

Surface OA observations from the AMS network, originally compiled by Zhang et al. (2007), span the time period 2000-
2010. The 37 observed surface measurement locations are shown in Figure 3 and coloured according to the environment

sampled from: urban, urban downwind, or remote. Note, for some sites, multiple measurements were made at different time
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periods. Surface OA mass concentrations were analysed further using positive matrix factorisation (PMF) to classify OA as
either oxygenated OA (OOA) or hydrocarbon-like OA (HOA). We assume observed OOA is comparable to simulated SOA,
and observed HOA is comparable to simulated POA. This assumption is made in several other studies (Hodzic et al.,
2016;Tsimpidi et al., 2016). The dataset is supplemented with 3 additional observations of total OA over Santiago (Chile)
(Carbone et al., 2013), Manaus (Brazil) (Martin et al., 2010), and Welgegund (South Africa) (Tiitta et al., 2014) These were
included as they expand the geographical coverage over which the model can be evaluated. To compare UKCA results to
observations spatially, the nearest model grid box (based on its centre co-ordinates) to the measurement site location was
selected. The month in which the observations fall is compared to the simulated monthly mean concentration for the year 2000.
Note that comparing simulated OA in the year 2000 with measured OA from a different year may introduce discrepancies for
model-observation comparison. This is particularly important for regions influenced by biomass burning as interannual
variability of biomass burning emissions is extremely high (Tsimpidi et al., 2016). However, simulating the entire measurement
period was not possible.

Aircraft OA concentrations from the AMS network, originally compiled by Heald et al. (2011), are also shown in Figure

3. For details and references of aircraft campaign, see https://sites.google.com/site/amsglobaldatabase/. These measurements

originate from ten intensive campaigns worldwide over the period 2000 - 2010. Four campaigns were carried out in remote
regions, located over the north Atlantic Ocean (TROMPEX and ITOP), Borneo (OP3) and the tropical Pacific Ocean
(VOCALS-UK). Three campaigns were carried out in North America and were influenced heavily by biomass burning
(ARCTAS-A, ARCTAS-B and ARCTAS-CARB). Three campaigns were also carried out in polluted regions of Europe
(EUCAARI, ADIENT and ADRIEX). To compare against UKCA, aircraft observations were binned onto the model’s vertical
grid. The nearest model grid box to the average horizontal aircraft measurement location was selected for comparison. Again
the month of the observations were matched to the monthly mean estimate for 2000 simulated by UKCA. As with the surface
evaluation, note the mismatch in measurement and simulation years as a potential contributor to model-observation

discrepancies.

4 Results and discussion
4.1 Global SOA budget

In this section, the effects of individual sources of SOA on the global SOA budget are evaluated. Table 3 shows simulated
annual SOA production rates for the simulations described in Table 2, as well as estimates taken from the literature. When
monoterpene is the only source of SOA, the annual global SOA production rate is 19.9 Tg (SOA) a*. With reaction yields of
13 %, the inclusion of isoprene (Iso), VOCgg (BB) and VOCant (Ant) increases the annual global SOA production rate by
19.6, 9.5 and 24.6 Tg (SOA) a’%, respectively. Differences in SOA production rates for the different sources of SOA are due
to differences in the spatial and temporal variability of VOCs and oxidant concentrations, as well as differences in reaction

constants. For example, surface oxidant concentrations are extremely spatially variable, with relatively lower concentrations
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over the Amazon and Congo, and higher concentrations over continental regions of the NH. Additionally, the short-lived
oxidants, OH and NOs, have strong diurnal profiles. In contrast, Oz is more temporally homogeneous. VOC emissions are also
spatially variable; in tropical forests, emissions of isoprene exceed emissions of monoterpene, whereas, in boreal forests,
emissions of monoterpene exceed emissions of isoprene. The response of bVOCs to regional and temporal oxidant
concentration variability, together with differences in reaction constants for oxidation (Table 1) explains why SOA production
from isoprene, despite its higher emissions compared to monoterpene has similar SOA production rates.
With isoprene and monoterpene as sources of SOA, the global annual biogenic SOA production rate is 39.5 Tg (SOA) a

1 (Table 3). This is in reasonable agreement with estimates of biogenic SOA production from most other global modelling
studies (14.9 — 55 Tg (SOA) a’l; Table 3) despite possible differences in which biogenic VOCs are included in the SOA
schemes. One global modelling study suggests an annual global biogenic SOA production rate of 97.5 Tg (SOA) a* ((Hodzic
et al., 2016); Table 3) based on reaction yields that account for wall losses during chamber studies. In contrast, an
observationally-constrained top-down estimate of biogenic SOA production (13 Tg (SOA) a; Table 3) is much lower than
our estimate. In our sensitivity simulation, when the reaction yield describing SOA formation from isoprene is reduced to 3
%, the annual global biogenic SOA production rate decreases to 23.9 Tg (SOA) a* (Table 3), which is still consistent with
other global modelling studies.

With a reaction yield of 13 %, the annual global SOA production rate from anthropogenic sources is 24.6 Tg (SOA)
a! (Table 3). This is higher than other global modelling studies (range of 1.6 — 19.2 Tg (SOA) a') but substantially lower than
the observationally-constrained top-down estimate (100 Tg (SOA) a') from Spracklen et al. (2011). In our sensitivity
simulation when SOA formation from anthropogenic sources is increased from 13 to 40 %, the annual global SOA production
rate increased to 70.0 Tg (SOA) a. Compared to other sources, biomass burning is the smallest source of SOA, yet still
significant (9.5 Tg (SOA) a; Table 3). The magnitude of SOA production from biomass burning is consistent with
observations (1 - 15 Tg (SOA) a%; Table 3) and top-down studies (3 — 34 Tg (SOA) a*; Table 3). However, biomass burning
SOA production rates vary substantially from different modelling studies. The reason for such large differences between
Hodzic et al. (2016) and Shrivastava et al. (2105), both of which simulate biomass burning SOA formation from S/IVOCs,
could be due to the lack of knowledge of S/IVOCs emissions and chemistry, resulting in the need for assumptions when
including SOA formation from these species in models (Shrivastava et al., 2017). When all sources of SOA are included with
identical reaction yields, the annual global SOA production rate is 74.0 Tg (SOA) a. This lies within the range of other
estimates based on bottom-up methods (13 — 132 Tg (SOA) a’%; Table 3). However, top-down approaches, such as scaling of
the sulphate budget (Goldstein and Galbally, 2007), or constraining the SOA budget by satellite (Heald et al., 2010) or in-situ
observations (Spracklen et al., 2011), are substantially greater (50 — 1820 Tg (SOA) a’l; Table 3).

With identical reaction yields, the annual-average global SOA burden, from monoterpene, isoprene, biomass burning

and anthropogenic precursors is 0.19, 0.22, 0.13 and 0.38 Tg (SOA), respectively.

Hadlations SOA-s-selelyromoved bywetand dey depasiien—\With monoterpene only, the annual average global lifetime of

SOA is 3.5 days. Inclusion of isoprene and biomass burning as sources of SOA has little effect on the SOA lifetime, with
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annual-average global lifetime of SOA ranging from 3.7 — 4.0 days in these simulations. However, inclusion of an
anthropogenic source of SOA increases the SOA lifetime to 4.7 days, and to 5.1 days with an anthropogenic source with a
40% vyield. The effect of new sources of SOA on SOA lifetime suggest that SOA from monoterpene, isoprene and biomass
burning has a similarly short lifetime, whereas SOA from anthropogenic sources has a relatively longer lifetime.

The variation in lifetime for the different SOA components is likely due to differences in the spatial distributions of SOA

precursor emissions, as well as the extent of co-location of emissions and ad-precipitation.: Bbiogenic and biomass burning

VOCs, primarily located in tropical forest regions of the southern hemisphere, experienceare-exposed-to different precipitation

rates compared to anthropogenic VVOCs, which are primarily released in urban and industrial regions of the northern

hemisphere. Vertical gradients in SOA production can also affect the SOA lifetime. However, in this study, all SOA precursors
are emitted at-the-same-altitudeat the surface; hence, the various SOA components in this study likelyprobably have very

similar vertical gradients. Shrivastava et al. (2105) find that the SOA lifetime substantially increases when biomass burning

precursors are emitted at higher altitudes. The range in SOA lifetimes over the different simulations in this study is in
agreement with gene ed-in-Tsigaridis et al. (2014), which
ranged from 2.45 — 15 days. These SOA lifetimes are also in good agreement withAdse; Hodzic et al. (2016) who estimate the

SOA lifetime from biogenic VOCs, anthropogenic and biomass burning VOCs combined, and anthropogenic and biomass

burning S/IVOCs to be are 2.2, 3.3 and 3.0 days, respectively.

Howava he SOA lifetimesfound-here a con a

The simulated global annual cycle of SOA production and SOA burden from varying sources of SOA is shown in figure

4. Figure 4 shows biogenic and biomass burning SOA production peaking during NH summer (Figure 4 a). This is due to both
high emissions (Figure 2) and elevated photochemistry during this season. This results in both biogenic and biomass burning
SOA burdens also peaking during this season (Figure 4 b). The seasonal cycle of the biomass burning SOA is consistent with
Tsimpidi et al. (2016). The global SOA production rate and the SOA burden were also found to peak during NH summer in
the multi-model study by Tsigaridis et al. (2014); however the seasonal cycle of SOA production and SOA burden for different
SOA components could not be determined. The anthropogenic emissions peak during NH spring and winter (Figure 2), and
are offset by the seasonal cycle of photochemistry (that influences oxidation), resulting in constant anthropogenic SOA
production all year round (Figure 4 a). However, the anthropogenic SOA burden shows a pronounced seasonal cycle with a
double peak during spring and autumn and a minimum during summer (Figure 4 b). Therefore, the seasonality of the
anthropogenic SOA burden must be driven by the seasonality of the anthropogenic SOA lifetime, since it differs from the
seasonal cycle of SOA production. Indeed, anthropogenic SOA precursor emissions are highest over China and India (Figure
1). Over these regions, during summer, rainfall is greatest, which may result in a reduction in SOA lifetime due to greater wet
deposition and a decrease in SOA burden. The seasonal profile of the global anthropogenic SOA burden is in agreement with

that found by Tsimpidi et al. (2016); however, they suggest an alternative cause. In their model, SOA is treated as semi volatile
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and can partition between the aerosol and gas-phase (as opposed to in this study, where SOA is treated as non-reactive and
non-volatile). In their study, partitioning is dependent on a number of parameters, including temperature. Tsimpidi et al. (2016)
suggest that the summertime peak in photochemistry is compensated for by enhanced SOA evaporation. Further research is

required to quantify the relative importance of each mechanism on the SOA burden.

4.2 Effects of new SOA sources on simulated SOA and POA spatial distributions

In this section, the effects of new sources of SOA on both surface SOA and POA distributions are explored. Figure 5 shows
the annual-average surface SOA concentrations simulated with a monoterpene source of SOA alone (Control) and with all
sources of SOA (monoterpene, isoprene, VOCpgg and VOCant) (AllSources) (Table 1). In the monoterpene only simulation,
annual-average surface SOA concentrations range between 3 - 6 g m over tropical forest regions of South America and
Africa, as well as lower SOA concentrations of up to 3 pg m=in the South East USA, and in parts of northern India, China
and South East Asia (Figure 5 a). These patterns generally reflects the location of peak monoterpene emissions (Figure 1),
which are emitted by vegetation only in the emissions inventory used here. Fast SOA production from monoterpene and a
relatively short lifetime of SOA results in SOA concentrations peaking at the emissions source with a sharp decrease
downwind. The addition of new SOA sources (isoprene, VOCgg and VOCant) together alongside monoterpene roughly
doubles annual-average surface SOA concentrations compared to simulations with monoterpene only. In particular, over the
Amazon and the Congo region, annual average surface SOA concentrations peak between 5 and 10 ug m2 (Figure 5 b). Over
industrialised and urban regions of India and China, annual-average surface SOA concentrations exceed 10 pg m. Over large
parts of the USA, Europe and most of Asia, SOA concentrations exceed 0.6 pug m3 (Figure 5 b).

The spatial patterns of SOA concentrations associated with each individual SOA source and all three new sources
combined are highlighted in Figure 6, which shows the difference in annual-average surface SOA concentrations for each
separate SOA source relative to the monoterpene only case. The inclusion of all new sources of SOA increases annual-average
surface SOA concentrations substantially (1-10 pg m) in both the NH and southern hemisphere (SH), and over continental
regions as well as to a lesser extent over downwind oceanic regions (up to 1 pg m) (Figure 6a). Isoprene is the most abundant
VOC in the atmosphere globally, therefore, including this species in SOA production results in a substantial increase (3-10 ug
m?) in SOA concentrations, especially in tropical regions (Figure 6b). Both monoterpene and isoprene contribute comparably
to SOA concentrations (Figure 6b, Figure 5a). Over the Amazon and Congo, the two biogenic sources of SOA (monoterpene
and isoprene) produce SOA concentrations that typically range from 3 — 10 pg m™ (Figures 6b, 5a), which is in agreement
with other studies (Hodzic et al., 2016;Shrivastava et al., 2015;Farina et al., 2010). However, (Spracklen et al., 2011) suggests
that biogenic sources yield only a small amount of SOA (global production = 13 Tg a'; Table 3) and, therefore, simulated
SOA concentrations in this region in their study did not exceed 1 pg m (Spracklen et al., 2011).

Biomass burning SOA also peaks in tropical forest regions of South America and the Congo region of Africa (Figure 6
c), corresponding to regions of intense forest and savannah fires (Figure 1). Over this region, annual average surface SOA

concentrations from biomass burning typically range from 1-3 pg m (Figure 6 ¢) and have lower values compared to SOA
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concentrations arising from the two biogenic sources. Biomass burning also contributes 0.2 — 1 pug m3 to annual-average
surface SOA concentrations over boreal forests of northern China and Eastern Siberia. The location and magnitude of these
peak SOA concentrations is in agreement with other global modelling and observationally-constrained studies (Tsimpidi et al.,
2016;Spracklen et al., 2011) despite differences in biomass burning production rates (Table 3), highlighting the importance of
SOA lifetimes in determining SOA concentrations.

The inclusion of an anthropogenic source of SOA increases SOA concentrations over much of the NH. Over industrialised
and urban regions of China and India, annual-average surface anthropogenic SOA concentrations typically exceed 6 pg m
(Figure 6 d). The location of peak annual-average surface anthropogenic SOA concentrations, which is reflected by the location
of anthropogenic combustion emissions (Figure 1), is in agreement with other global modelling studies (Spracklen et al.,
2011;Tsimpidi et al., 2016;Hodzic et al., 2016). The magnitude of peak SOA concentrations are lower than Tsimpidi et al.
(2016) but consistent with that of Spracklen et al. (2011). The inclusion of an anthropogenic source of SOA also results in
increases in annual-average surface SOA concentrations in remote regions: between 0.1-0.6 pg m= over the North Atlantic
and Pacific Oceans with larger values across the Indian Ocean (>1pug m).

The difference in annual-average surface SOA concentrations for the isoprene and anthropogenic sensitivity simulations,
relative to the monoterpene only simulation are shown in Figure 7. In the isoprene sensitivity simulation, reducing the reaction
yield decreases the proportion of oxidation products which are condensable, therefore lowering SOA concentrations (c.f.
Figure 7 a; Figure 6 b). Hence, SOA concentrations are only slightly elevated in this simulation compared to the monoterpene
only simulation, leading to biogenic SOA concentrations over Amazon and Congo of ~10 pug m3. In addition, for a decrease
in reaction yield from 13 to 3 % (factor of 4.3) the global annual-average surface SOA concentration from isoprene reduces
by a factor of 4.25. This suggests that SOA concentrations, at least for the global mean, respond linearly to changes in reaction
yields. In the anthropogenic sensitivity simulation, the reaction yield is increased such that the annual average surface
anthropogenic SOA concentrations increases by up to 17 pg m across most industrialised regions relative to the monoterpene
only simulation (Figure 7 b). The magnitude of these peak SOA concentrations are in broad agreement with Tsimpidi et al.
(2016). Contrastingly, our peak simulated anthropogenic SOA concentrations exceed those from the Spracken et al. (2011)
study, despite our smaller production rate (Table 3), again, suggesting the importance of differences in SOA lifetime in
determining SOA concentrations. For an increase in reaction yield of a factor of three, surface SOA concentrations increase
by the same amount, further corroborating the linear dependence of surface concentrations on reaction yield, as observed in
the isoprene sensitivity simulation.

The SOA spatial distributions simulated in this study may beare sensitive to the assumption of fast reaction kinetics
for anthropogenic and biomass burning SOA precursors. Here, we have assumed anthropogenic and biomass burning sources
of SOA are oxidised on a timescale identical to that of monoterpene. This is due to limited information on the identity of

dominant SOA precursors from these sources. Re

which-remains-highhy-uneertain: The influence of assumed reactivity on simulated SOA from biomass burning was investigated
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in an additional sensitivity simulation where—n-thissensitivity-simulation; VOCgg adopts the reactivity of naphthalene (Table

2; section 2.3) , an aromatic species which has been used as a surrogate compound for IVOCs (Pye and Seinfeld, 2010).

Compared to monoterpene, naphthalene is roughly 50 % less reactive (Atkinson and Arey, 2003). However, despiteEor this

substantial reduction in reactivity, however—the global annual-total SOA production rate from biomass burning VOCs is

reduceds by less than 1 %. Also, the simulated spatial distributions are almost identical for the two VVOCgg Speciesbetween
these-twe-simulations. Like all other SOA precursors in this study, VOCgg does not undergo dry or wet deposition. Therefore,

a reduction in the reactivity of VOCgg does not affect the fate of this compound.

Next, the effects of new sources of SOA on simulated POA concentrations are explored. Figure 8 shows the annual-
average surface POA concentrations simulated with monoterpene as the only VOC source. The emissions inventory used here
includes POA emissions from both biomass burning and anthropogenic sources. Within UKCA, all emitted POA is assumed
to be hydrophobic. Soluble vapours, such as sulphate and organic compounds (represented as SOG), condensing onto the
surface of POA particles, transfer hydrophobic POA particles into the hydrophilic mode (condensation ageing). UKCA
assumes 10 monolayers of soluble material are required to redistribute hydrophobic particles into the hydrophilic mode. Over
the Amazon, total POA lies in the range of 0.34 — 2.2 ugm and is almost entirely hydrophilic (Figure 8a and b). This is due
to sufficiently high SOA concentrations in the monoterpene-only source simulation, which also peak in this same region
(Figure 5 a). Over the Congo region, total POA concentrations lie between 1.2 — 4 pgm (Figure 8a) and hydrophobic POA
concentrations range from 0.17 to 1.51 pgm (Figure 8b). In this region, SOA concentrations are high enough (Figure 5 a) to
re-distribute the majority of POA into the hydrophilic mode, however, a small amount remains in the hydrophobic mode. Over
northern China and eastern Siberia, total POA concentrations are extremely high, ranging from 4 to 25 pgm (Figure 8 a). In
this region, SOA concentrations are low (Figure 5 a), therefore, a substantial fraction of POA remains in the hydrophobic mode
(range 2.59 — 13.2 ugm (Figure 8 b). Overall, 25 % of the global annual-average POA burden is hydrophobic.

When new sources of SOA are added to the model, condensation-ageing of POA increases and the proportion of
hydrophilic POA increases. Critically, wet deposition removes hydrophilic particles but not hydrophobic particles. Therefore,
inclusion of new sources of SOA decreases the POA lifetime and results in decreased POA concentrations. Figure 9 shows the
difference in annual-average surface POA concentrations relative to the control simulation. Over the Congo region, inclusion
of isoprene and biomass burning as sources of SOA results in a decrease in annual average surface POA concentrations of
greater than 3 ugm- (Figure 9a and b). In this region, the new sources of SOA enhances POA transfer from the hydrophobic
to hydrophilic modes, which are efficiently removed by deep tropical convection. Over Eastern Siberia, the inclusion of a
biomass burning source of SOA also decreases POA concentrations.

Over the Amazon, although inclusion of isoprene and biomass burning results in substantial increases in SOA
concentrations (Figure 6 b and c), there are negligible changes in POA concentrations (Figure 9). In this region of the world,
in the monoterpene only simulation, the majority of POA is hydrophilic. For this reason, increased SOA concentrations in this

region have no effect on the partitioning of POA between the hydrophobic and hydrophilic modes, hence, there is little change
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in POA lifetime. Over urban and industrialised regions of India and China, hydrophobic POA concentrations are much higher
(Figure 8b). In these regions, the inclusion of isoprene and anthropogenic sources of SOA results in substantial increases in
SOA concentrations (Figure 6 b and d), therefore, hydrophilic POA concentrations in this region are increased. However, there
are minimal changes in annual-average surface total POA concentrations (Figure 9) which is probably due to inefficient wet
removal. Across all simulations, in various locations, inclusion of new sources of SOA reduces POA concentrations. However,
the decrease in POA concentrations is always outweighed by the increase in SOA concentrations, thus, total OA increases.
To summarise, with monoterpene emissions only, SOA concentrations peak in the SH over tropical forest regions of
South America and Africa. Including isoprene, biomass burning and anthropogenic sources of SOA results in substantial
increases in SOA concentrations. Isoprene and biomass burning sources of SOA produce substantial increases in SOA
concentrations over the Amazon and Congo compared to the monoterpene only source. The anthropogenic source of SOA
increases SOA concentrations over industrialised and urban regions of China, India, USA and Europe. Sensitivity studies show
that SOA concentrations respond linearly to changes in reaction yields. Upon inclusion of new SOA sources, increased SOA

concentrations lead to decreased POA concentrations, however, in all regions of the globe, modelled total OA increases.

4.3 Effects of new SOA sources on model agreement with observations

In this section, simulated SOA, POA and total OA concentrations (see Section 4.2), are evaluated against observations (see
Section 3). First, simulated SOA and POA concentrations are compared to surface measurements. Next, to expand the spatial
coverage of evaluation, simulated total OA concentrations are compared against surface observations. Finally, vertical profiles

of simulated total OA concentration are compared against aircraft campaign observations.

4.3.1 Evaluation of surface SOA and POA concentrations

Surface observations used to evaluate the model are shown in Figure 3. Note that the overall number of sites is small and the
measurement locations are primarily in NH mid-latitude regions where anthropogenic emissions are high (Figure 1). However,
these sites sample urban, urban downwind, and remote environments over Europe, North America and Asia. The mean and
normalised mean bias (NMB) are used to evaluate model agreement with observations. A summary of statistics evaluating
simulated SOA, POA and OA are shown in Tables 4, 5 and 6, respectively.

High SOA concentrations observed in urban environments (mean = 4.76 ug m) are maintained further downwind (mean
=3.93 ug m®) and in remote environments (mean = 2.70 g m<) (Table 4). Contrastingly, observed POA concentrations peak
in urban environments (mean = 2.79 ug m) but decrease rapidly further downwind (mean = 0.78 g m=) to almost negligible
values in remote environments (mean = 0.14 pg m3). Zhang et al. (2007) suggest that cities act as sources of POA, whereas,
both cities and remote environments are sources of SOA. Compared to other cities, observed SOA and POA are extremely
high in densely populated cities. For example, observed SOA concentrations in Beijing and Mexico City are 17.3 and 14.55

ug m3, respectively, roughly 3 times greater than the mean observed SOA in urban environments. Observed POA
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concentrations in Beijing and Mexico City are 7.4 and 7.23 pg m3, respectively, roughly 2.5 times greater than the mean
observed POA in urban environments.

Figure 10 compares simulated SOA and POA from the monoterpene only simulation against AMS measurements. When
considering all observations, simulated SOA is substantially lower than observed (NMB = -91 %) (Table 4, Figure 10 a)
whereas simulated POA is in better but still relatively poor agreement with observed POA (mean = 0.71 pg m3, NMB = -43
%) (Table 5, Figure 10 b). A model negative bias in SOA and POA is common among global models (Tsigaridis et al., 2014).
It is suggested that this underestimate is partly due to the coarse grid resolution, which is unable to resolve both urban-scale
pollution and heterogeneities in remote environments (Kaser et al., 2015), but for SOA, uncertainties in its sources and their
reaction rates, as highlighted in section 3.1, will also be important. The simulated negative bias in SOA occurs for all site type
environments (NMB range -85 to -93 %) and all continental regions (NMB range -83 to -98 %) (Table 4). In the case of POA,
the model has a negative bias that is larger in urban compared to urban downwind environments. This may indicate that the
POA emissions inventory used by the UKCA model underestimates anthropogenic POA emissions. Known, missing sources
of POA from the emissions inventory used here include cooking OA and S/IVOCs. Emissions of OA from residential and
commercial cooking activities have been measured to contribute 17 — 19 % to total OA in urban environments (Hayes et al.,
2013;Mohr et al., 2012;Ge et al., 2012). S/IVOCs can also contribute to POA (Robinson et al., 2007). The amount of S/IVOCs
missing from traditional emissions inventories is estimated to be 0.25 — 2.8 times traditional POA emissions (Shrivastava et
al., 2008;Robinson et al., 2010). Regionally, over Asia, simulated POA is in good agreement with observations (NMB= 2%;
Table 5). However, the model underestimates POA over Europe (NMB = -59 %) and North America (NMB = -70 %) (Table
5). Underestimated POA concentrations over Europe have been reported in previous global modelling studies, and attributed
to under estimated emissions from residential biofuel and biomass burning in residential areas (van der Gon et al., 2015).

In remote environments, simulated POA is overestimated compared to observations (mean = 0.70 pg m=, NMB = 410
%) (Table 5, Figure 10 b). This may be due to the assumption that POA is non-volatile and unreactive in UKCA (i.e. missing
sinks). Similarly, Spracklen et al. (2011) also treats POA as non-volatile and unreactive and, consequently, overestimates POA
compared to observations in remote environments. By considering heterogeneous POA oxidation to form SOA, the NMB
against observed POA reduces from 274 to 45 % (Spracklen et al., 2011). Additionally, Tsimpidi et al. (2016) allows POA to
oxidise to form SOA via the gas phase and finds relatively good agreement between simulated and observed POA
concentrations in remote environments.

Finally, the impact of new sources of SOA on model agreement with observations is explored. Figure 11 shows simulated
SOA against observations for the simulations that include all the SOA sources and the individual sources in addition to
monoterpene (Iso, Ant, BB; Table 2). When considering all the measurement site data, the inclusion of all new sources of SOA
reduces the model negative bias in surface SOA concentrations compared to observations from -91 to -50% (Figure 11 a,
Table 4). This improvement in the model negative bias is primarily due to the inclusion of the anthropogenic source of SOA
(NMB = -65 %) (Figure 9 d, Table 4). This is because the anthropogenic source of SOA generates high SOA concentrations

(Figure 6 d) in areas with a high density of observations (Figure 3). When restricting observations classified by environments
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(urban, urban downwind and remote) or continent (i.e. Europe, North America and Asia), the reduction in the model negative
bias when all sources of SOA are included is also mainly due to the anthropogenic source of SOA. The inclusion of isoprene
and biomass burning as sources of SOA, reduces the NMB by only 7 and 1 %, respectively, compared to the monoterpene
source only results (Figure 11 b and c, Table 4). Although simulated SOA concentrations from both isoprene and biomass
burning are high (Figure 6 b and d), generally, peak concentrations associated with these sources do not occur in locations with
measurements of SOA (Figure 3).

Figure 12 shows simulated versus observed SOA concentrations for the isoprene and anthropogenic sensitivity simulations
with reaction yields of 3 % and 40 %, respectively. When the reaction yield of anthropogenic SOA formation is increased from
13 to 40 %, model negative biases are reduced further. When all sites are considered, simulated SOA concentrations are in
fairly good agreement with observations (NMB = -10 %), highlighting a large influence from anthropogenic sources of SOA
at these measurement site locations, and the requirement of a higher reaction yield than 13% to match observed levels of SOA.
However, simulated SOA concentrations are still underestimated in urban environments (NMB = -34 %) and slightly
overestimated further downwind (NMB = 14 %) and at remote site locations (NMB = 12 %). This positive bias downwind and
in remote environments could be due to an overestimated SOA lifetime. Hodzic et al. (2016) suggests that global models
typically overpredict SOA lifetime by low SOA wet deposition rates. When SOA scavenging efficiency was increased in their
model simulations, the SOA lifetime decreased from 6 — 10 days to 2.2 — 3.3 days, and positive biases in simulated SOA
concentrations downwind were reduced (Hodzic et al. (2016)). With a reaction yield of 40% for anthropogenic SOA formation,
simulated SOA is slightly overestimated over Europe (NMB = 12 %) and underestimated over North America and Asia (NMB=
-12 to -17 %). For the isoprene sensitivity simulation, there is almost no change in the model negative bias at these NH mid-
latitude measurement locations in comparison to the monoterpene only source simulation. As highlighted above, there are no
measurements of SOA concentrations in tropical isoprene-sensitive regions for suitable model evaluation.

When considering POA concentrations, the agreement between simulated and observed POA is largely unchanged
by the inclusion of new sources of SOA. With the new SOA sources, POA condensation-ageing increases, resulting in the
newly soluble POA particles undergoing wet removal. This decreases POA lifetime and causes POA concentrations to
decrease, as described above in relation to Figure 9. When considering all observations, the inclusion of new sources of SOA
has a reduction in the model negative biaswith the NMB changing by ~2 % (Table 5); this is also the case for individual site
types and across the three continental regions.

The observations used to evaluate SOA and POA concentrations thus far have been primarily located in the NH mid-
latitudes. The geographical coverage over which the model is evaluated is expanded by including observations of total OA
over the urban environment of Santiago (Chile) and the rural environments of Manaus (Brazil) and Welgegund (South Africa)
(Figure 3). Figure 13 shows simulated OA for the different SOA sources against observed OA for the three additional non-
speciated OA measurements. Observed OA concentrations over Manaus (Brazil) and Welgegund (South Africa) are 0.77 and
3.49 pg m3, respectively. These concentrations are typical of remote environments in the NH mid-latitudes (mean = 2.83 g

m3; Table 6). Over Manaus (Brazil), out of all the new sources of SOA added to the model, the addition of isoprene as an SOA
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source has the largest impact on increasing simulated OA concentrations at this location. However, in the case of Manaus
(Brazil), OA concentrations are overestimated with the inclusion of isoprene as an SOA source (Figure 13b). This suggests
that a lower isoprene reaction yield (Iso (3%)) may be more accurate (OA concentrations ~1.5 pug m=). Conversely, over
Welgegund (South Africa) with only a monoterpene source of SOA, simulated OA is substantially lower than observed OA
concentrations. Therefore, inclusion of new sources of SOA reduces the model negative bias at this location. Additionally, the
anthropogenic sensitivity simulation has a substantial improvement in the model negative bias over Welgegund (South Africa)
suggesting that this downwind location is heavily influenced by anthropogenic emissions from the urban centre (Cape Town).
This also appears to be the case for the urban downwind and remote sites in the NH mid-latitudes where the simulated OA
concentrations for all sources and for anthropogenic sensitivity simulations yield the lowest model bias compared to

observations (mean values for remote sites: 2.15 and 3.68 pg m respectively; Table 6). Alternatively, Shrivastava et al.

(2105) find that simulated OA at this site is primarily attributed to biomass burning.

Typical of densely populated cities, observed OA concentrations over Santiago are substantially higher than the
modelled OA concentrations in all simulations. (Figure 13 a); which primarily reflects the difficulty of a coarse resolution
global model to represent urban centres. Incorporation of these three observations expands the geographical coverage over
which the model can be evaluated, especially over regions influenced by biogenic emissions. However, since these
observations are not speciated, model biases in simulated OA concentrations cannot be attributed to SOA or POA
concentrations. Biases in simulated SOA and POA concentrations can sometimes act in unison (i.e. urban environments) or in
competition (i.e. remote) with one another (Tables 4 and 5), hence the underlying processes are harder to discern. Additionally,
there is a very low density of observations in these key regions of the world, therefore, the representativity of these sites for
the region as a whole is unknown.

In summary, when considering monoterpene as the only source of SOA, simulated SOA concnetrations are lower than
observed in all site types environments, as well as over North North America, Europe and Asia. Model performance is
improved substantially when all new sources of SOA are included in the model, particularly due to the inclusion of an
anthropogenic source of SOA. When the yield of anthropogenic SOA formation is increased, model agreement with observed
SOA is further improved at all site types. However, there is now a very slight positive bias compared to observed SOA further
downwind and in remote environments. When the spatial coverage of observations is expanded, to include measurements over
South America and Africa, isoprene becomes an important source of SOA. However, as very few observations have been made
in this region. the observations cannot be used to robustly evaluate the effects of all the different SOA sources. This highlights

the need for more observations, particularly over regions of the world influenced by biogenic and biomass burning emissions.
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4.3.2 Evaluation of OA vertical profile

In this section, simulated OA vertical profiles are compared to aircraft measurements from different campaigns that are
described in Section 3 (Figure 3). The measurement campaigns cover different chemical environments in the atmosphere,
sampling remote regions, regions influenced by biomass burning in North America and polluted regions in Europe.

Figure 14 shows the simulated OA vertical profile against the AMS aircraft measurements. Generally, observed OA
concentrations peak in the lowermost kilometre and decline with altitude (e.g. EUCAARI, AIDENT, OP3 and TROMPEX).
Biomass burning (ARCTAS campaigns; Figure 14 — bottom left) perturbs the vertical profile and results in elevated OA
concentrations up to ~ 8 km. Observed OA concentrations in the ARCTAS campaigns are extremely high and extremely
variable. Low OA concentrations from these campaigns reflect the remote regions of North America which are being sampled
from. High OA concentrations from this campaign also reflect the plume-chasing approach, sampling directly from biomass
burning plumes and resulting in extremely high OA concentrations.

The monoterpene only simulation typically underestimates observed OA concentrations in all environments and at all
altitudes (Figure 14). This is common among global models when evaluated against aircraft campaigns, in which simulated
SOA is purely biogenic (Utembe et al., 2011;Khan et al., 2017). The simulated OA from the monoterpene only simulation
compares relatively well in remote environments (Figure 14- right hand side), typically lying within one standard deviation of
the observations. When all SOA sources are included, OA concentrations increase, resulting in a smaller negative bias between
simulated and observed OA concentrations at all altitudes. This is primarily due to the inclusion of the anthropogenic SOA
source. However, simulated OA concentrations are larger than measured OA concentrations during the VOCALS and
TROMPEX campaigns, especially at higher altitudes. The anthropogenic sensitivity simulation generally improves model
agreement with aircraft observations even further for the polluted and biomass burning influenced campaigns, such that the
simulated OA concentrations now generally fall within one standard deviation of the measurements at most altitudes (Figure
14 left hand side). In contrast, OA concentrations simulated for the remote campaigns, OP3 and TROMPEX, are now
substantially overestimated compared to measurements away from the surface. This is in agreement with Heald et al. (2011)
who found that a large anthropogenic source for SOA results in positive biases in simulated OA concentrations in remote
environments. Other reasons for disagreement between model results and observations relate to our comparison methodology,
whereby observed OA concentrations span the time period 2000-2010 and simulated OA concentrations are from the year
2000 (section 3). The inclusion of a biomass burning source of SOA has very little effect on model agreement with aircraft
campaigns, even for campaigns influenced by biomass burning activity (ARCTAS). However, simulated biomass burning
emissions peak over South America and Central Africa (Figure 1 c), whereas the aircraft campaigns influenced by biomass
burning emissions were conducted in North America (Figure 3). Furthermore, biomass burning emissions vary substantially
from year to year. Therefore, the mismatch in time period and the use of decadal mean emissions is particularly relevant for
regions influenced by biomass burning. Higher temporal resolution emissions in biomass burning influenced regions may help

model agreement. Indeed, the use of daily-varying fire emissions inventories has been shown to help reproduce observed OA
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concentrations (Wang et al., 2011)._In stark-contrast, Shrivastava et al. (2105) find good agreement between simulated and

observed OA whenfer considering ARCTAS measurments, primarily due to their simulation of the-biomass burning SOA.

These results highlight that biomass burning remains a highly uncertain source of SOA. Here, biomass burning SOA is

considered from VOCs, with a global annual-total emission rate of 49 Tg (VOA) -1, and injected at the surface. Contrastingly,

Shrivastava et al. (2105) treated biomass burning SOA from S/IVOCs, with global annual-total emissions of 450 Tg (VOC) a

! which are injected at the surface as well as at higher altitudes. Clearly, further research is required to identity the dominant

sources of biomass burning SOA, as well emissions estimamisstates and chemistry.

5 Conclusions

Studies on different SOA sources are usually made in isolation and compared against different sets of observations,
resulting in difficulty in drawing robust conclusions on the role of each SOA source on the SOA global budget and on model
agreement with observations. In this study, a global chemistry and aerosol model (UKCA) was used to simulate SOA using
all the known major sources of SOA comparing results to a consistent set of observations and examining their seasonal
influence.

When monoterpene is the only source of SOA, the simulated annual global production rate is 19.9 Tg (SOA) a. The
inclusion of isoprene, biomass burning and anthropogenic sources of SOA increases the annual global SOA production rate
by 19.6, 9.5 and 24.6 Tg (SOA) a™! respectively. When all sources are included, the simulated annual global production rate is
74.0 Tg (SOA) a’l, which lies within the range of estimates from other global modelling studies but is substantially lower than
top-down estimates. In addition, it is found that SOA concentrations, at least for the global mean, respond linearly to changes
in reaction yields.

During NH summer, high biogenic and biomass burning emissions combine with enhanced levels of photochemistry,
resulting in the global SOA production rate and global SOA burden also peaking during this season. Contrastingly, the net
effect of two seasonal cycles (a winter peak in anthropogenic emissions and a summer peak in photochemistry that influences
oxidation) results in a global anthropogenic SOA production rate which is constant all year around. However, the global
anthropogenic SOA burden shows a seasonal cycle, peaking during NH spring and winter. This is due to the seasonal cycle of
the SOA lifetime, which is shortest during summer. As peak anthropogenic SOA concentrations occur over India and China,
the summertime reduction in anthropogenic SOA lifetime is possibly due to enhanced wet removal. Simulated annual average
SOA concentrations from both biogenic and biomass burning sources peak in the SH, in tropical forest regions of South
America and Africa. Contrastingly, simulated annual average SOA concentrations from anthropogenic sources peak in the
NH, over industrialised and urban regions of India, China, Europe and USA.

The addition of new SOA sources also affects the concentrations of primary organic aerosol (POA) due to enhanced

condensation-ageing. This increases the proportion of hydrophilic POA and, therefore, reduces the POA lifetime. POA
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concentrations decrease over the Congo region and Siberia, which correspond to regions of increased SOA concentrations,
available hydrophobic POA, and efficient wet removal.

Considering surface sites in the NH mid-latitudes, simulated SOA concentrations from the simulations with monoterpene
as the only SOA source are substantially lower than observed (NMB = -91 %). Inclusion of all three new sources of SOA,
isoprene, anthropogenic and biomass burning, improves model agreement with observations (NMB = -50 %). This is primarily
due to the inclusion of an anthropogenic source of SOA whereas inclusion of isoprene and biomass burning as sources of SOA
have little effect on model agreement with observations. However, a substantial underestimate remains in simulated SOA
concentrations. When the reaction yield of SOA formation from anthropogenic sources was increased from 13 to 40 %
(production = 73.6 Tg a*), model agreement with observations improves even further (NMB = -10 %). However, simulated
SOA concentrations in urban environments are lower than observed (NMB = -34 %) whereas, further downwind (NMB = 14
%) and in remote environments (NMB = 12 %), simulated SOA concentrations are in relatively good agreement compared to
observations albeit slightly overestimated. A large anthropogenic source of SOA may be plausible, however, the reaction yield
required greatly exceeds that derived from most chamber studies to date, revealing a knowledge gap to be filled. Including
POA oxidation may further improve the negative bias in modelled SOA and reduce POA lifetime, thus reducing the large
positive bias in simulated POA in remote regions.

However, these results relate primarily to the NH mid-latitudes where anthropogenic emissions are highest. Extending the
observational dataset to include measurements in the SH, Santiago (Chile), Manaus (Brazil), and Welgegund (South Africa),
shows that isoprene also has an effect on model agreement with observations, with simulated SOA concentrations closer to
observed values at Welgegund (South Africa) but produce a greater overestimate at Manaus (Brazil) compared to observations.
However, the lack of observations in regions influenced by biogenic and biomass burning results in very little constraint on
these sources of SOA. When considering aircraft campaigns, with monoterpene as the only source of SOA, simulated SOA
concentrations are substantially lower than observed in all environments and at all altitudes. Inclusion of new sources of SOA
improves model agreement further, again, primarily due to the inclusion of an anthropogenic source of SOA.

There are several limitations in this study. Firstly, as highlighted, the scarcity of available observations result in difficulty
in constraining simulated SOA. More observations of SOA are required in the SH, particularly over tropical forest regions of
South America and Africa, where simulated SOA concentrations from biogenic and biomass burning sources are extremely
high. The lumping of anthropogenic and biomass burning VOC species into single compounds also represents a significant
uncertainty in this study. Emitted VOC species from each source are likely to have different emissions distributions, reaction
kinetics and reaction yields which will likely result in differences in simulated SOA which will have not been captured in this
study. However, explicitly simulating each VOC is hindered by a lack of knowledge of the dominant species and the required
computational expense. Additionally, in this study, using the UKCA model VOC oxidation products of low enough volatility
to condense are lumped into a single surrogate compound (SOG). Therefore, this assumption does not account for the volatility
distribution of oxidation products. Chemical ageing in the atmosphere may be more efficiently represented using the volatility

basis set (VBS) (Donahue et al., 2006). Additionally, dry and wet deposition of SOA precursors is not included in this model
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due to the lumping of species and uncertainties in deposition parameters. Including dry and wet deposition of SOA precursors
will likely reduce SOA concentrations. Another limitation to this study is the absence of aqueous SOA formation in aerosols
(Ervens, 2015) and cloud water (McNeill et al., 2012). Further laboratory studies are required to provide detailed oxidation
mechanisms of VOC species such that they can be implemented into chemistry-climate models. Future modelling work will
evaluate dry deposition, wet depaosition, and an evolving volatility distribution or SOA precursors, and their impacts on SOA
formation.

Nevertheless, we have considered SOA formation from a number of different sources in a global composition-climate
model, and compared against a consistent set of observations. In doing so, we have highlighted that, overall, the inclusion of
new sources of SOA improves the ability of the UKCA model to simulate SOA distributions across many world regions.
Additionally, the new estimate of the global SOA budget from UKCA lies within the range of estimates from other global
modelling studies. Future modelling work should aim to improve confidence in SOA formation mechanisms, and to explicitly
simulate multigenerational oxidation products with evolving volatility. Furthermore, observations of SOA are required in

regions influenced by biogenic and biomass burning emissions, such as South America and Africa.

Acknowledgements. This work is supported by Natural Environment Research Council (NERC; NE/L008947/1) and the Met
Office through a CASE award. The development of UKCA and Fiona M. O’Connor are supported by the Joint UK BEIS/Defra
Met Office Hadley Centre Climate Programme (GA01101). F.M. O’Connor also acknowledges additional funding received
from the Horizon 2020 European Union’s Framework Programme for Research and Innovation “Coordinated Research in
Earth Systems and Climate: Experiments, Knowledge, Dissemination and Outreach (CRESCENDO)” project under grant
agreement no. 641816. Computer resources provided by the Met Office, the MONSooN supercomputer facility, were used for
the UKCA simulations reported here. The MONSo0N system is a collaborative facility supplied under the Joint Weather and
Climate Research Programme (JWCRP), which is a strategic partnership between the Met Office and NERC. ERA-Interim
data used in this study were provided by the European Centre for Medium Range Weather Forecasts (ECMWF).

23



10

15

20

25

30

References

Atkinson, R., Baulch, D. L., Cox, R. A., Hampson, R. F., Kerr, J. A., and Troe, J.. EVALUATED KINETIC AND
PHOTOCHEMICAL DATA FOR ATMOSPHERIC CHEMISTRY - SUPPLEMENT-III, International Journal of
Chemical Kinetics, 21, 115-150, 10.1002/kin.550210205, 1989.

Atkinson, R., and Arey, J.: Atmospheric degradation of volatile organic compounds, Chem. Rev., 103, 4605-4638,
10.1021/cr0206420, 2003.

Bahreini, R., Ervens, B., Middlebrook, A. M., Warneke, C., de Gouw, J. A., DeCarlo, P. F., Jimenez, J. L., Brock, C. A,,
Neuman, J. A., Ryerson, T. B., Stark, H., Atlas, E., Brioude, J., Fried, A., Holloway, J. S., Peischl, J., Richter, D.,
Walega, J., Weibring, P., Wollny, A. G., and Fehsenfeld, F. C.: Organic aerosol formation in urban and industrial
plumes near Houston and Dallas, Texas, J. Geophys. Res.-Atmos., 114, 10.1029/2008jd011493, 2009.

Bateman, A. P., Gong, Z. H., Liu, P. F., Sato, B., Cirino, G., Zhang, Y., Artaxo, P., Bertram, A. K., Manzi, A. O., Rizzo, L.
V., Souza, R. A. F., Zaveri, R. A., and Martin, S. T.: Sub-micrometre particulate matter is primarily in liquid form over
Amazon rainforest, Nature Geoscience, 9, 34-+, 10.1038/nge02599, 2016.

Bonsang, B., Polle, C., and Lambert, G.: EVIDENCE FOR MARINE PRODUCTION OF ISOPRENE, Geophysical Research
Letters, 19, 1129-1132, 10.1029/92g100083, 1992.

Canagaratna, M. R., Jayne, J. T., Jimenez, J. L., Allan, J. D., Alfarra, M. R., Zhang, Q., Onasch, T. B., Drewnick, F., Coe, H.,
Middlebrook, A., Delia, A., Williams, L. R., Trimborn, A. M., Northway, M. J., DeCarlo, P. F., Kolb, C. E., Davidovits,
P., and Worsnop, D. R.: Chemical and microphysical characterization of ambient aerosols with the aerodyne aerosol
mass spectrometer, Mass Spectrometry Reviews, 26, 185-222, 10.1002/mas.20115, 2007.

Cappa, C. D., and Jimenez, J. L.: Quantitative estimates of the volatility of ambient organic aerosol, Atmos. Chem. Phys., 10,
5409-5424, 10.5194/acp-10-5409-2010, 2010.

Carbone, S., Saarikoski, S., Frey, A., Reyes, F., Reyes, P., Castillo, M., Gramsch, E., Oyola, P., Jayne, J., Worsnop, D. R., and
Hillamo, R.: Chemical Characterization of Submicron Aerosol Particles in Santiago de Chile, Aerosol and Air Quality
Research, 13, 462-473, 10.4209/aaqr.2012.10.0261, 2013.

Carslaw, K. S., Lee, L. A, Reddington, C. L., Pringle, K. J., Rap, A., Forster, P. M., Mann, G. W., Spracklen, D. V.,
Woodhouse, M. T., Regayre, L. A., and Pierce, J. R.: Large contribution of natural aerosols to uncertainty in indirect
forcing, Nature, 503, 67-+, 10.1038/nature12674, 2013.

Chan, A. W. H., Kautzman, K. E., Chhabra, P. S., Surratt, J. D., Chan, M. N., Crounse, J. D., Kurten, A., Wennberg, P. O.,
Flagan, R. C., and Seinfeld, J. H.: Secondary organic aerosol formation from photooxidation of naphthalene and

24



10

15

20

25

30

alkylnaphthalenes: implications for oxidation of intermediate volatility organic compounds (IVOCs), Atmos. Chem.
Phys., 9, 3049-3060, 10.5194/acp-9-3049-2009, 20009.

Chen, Q., Farmer, D. K., Schneider, J., Zorn, S. R, Heald, C. L., Karl, T. G., Guenther, A., Allan, J. D., Robinson, N., Coe,
H., Kimmel, J. R., Pauliquevis, T., Borrmann, S., Poschl, U., Andreae, M. O., Artaxo, P., Jimenez, J. L., and Martin, S.
T.: Mass spectral characterization of submicron biogenic organic particles in the Amazon Basin, Geophysical Research
Letters, 36, 10.1029/2009g1039880, 20009.

Chung, S. H., and Seinfeld, J. H.: Global distribution and climate forcing of carbonaceous aerosols, J. Geophys. Res.-Atmos.,
107, 33, 10.1029/2001jd001397, 2002.

Cubison, M. J., Ortega, A. M., Hayes, P. L., Farmer, D. K., Day, D., Lechner, M. J., Brune, W. H., Apel, E., Diskin, G. S.,
Fisher, J. A., Fuelberg, H. E., Hecobian, A., Knapp, D. J., Mikoviny, T., Riemer, D., Sachse, G. W., Sessions, W.,
Weber, R. J., Weinheimer, A. J., Wisthaler, A., and Jimenez, J. L.: Effects of aging on organic aerosol from open
biomass burning smoke in aircraft and laboratory studies, Atmos. Chem. Phys., 11, 12049-12064, 10.5194/acp-11-
12049-2011, 2011.

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes,
M., Geer, A. J., Haimberger, L., Healy, S. B., Hersbach, H., Holm, E. V., Isaksen, L., Kallberg, P., Kohler, M.,
Matricardi, M., McNally, A. P., Monge-Sanz, B. M., Morcrette, J. J., Park, B. K., Peubey, C., de Rosnay, P., Tavolato,
C., Thepaut, J. N., and Vitart, F.: The ERA-Interim reanalysis: configuration and performance of the data assimilation
system, Q. J. R. Meteorol. Soc., 137, 553-597, 10.1002/qj.828, 2011.

Donahue, N. M., Robinson, A. L., Stanier, C. O., and Pandis, S. N.: Coupled partitioning, dilution, and chemical aging of
semivolatile organics, Environ. Sci. Technol., 40, 2635-2643, 10.1021/es052297c, 2006.

Donahue, N. M., Kroll, J. H., Pandis, S. N., and Robinson, A. L.: A two-dimensional volatility basis set - Part 2: Diagnostics
of organic-aerosol evolution, Atmos. Chem. Phys., 12, 615-634, 10.5194/acp-12-615-2012, 2012.

Ervens, B.: Modeling the Processing of Aerosol and Trace Gases in Clouds and Fogs, Chem. Rev., 115, 4157-4198,
10.1021/cr5005887, 2015.

Farina, S. C., Adams, P. J., and Pandis, S. N.: Modeling global secondary organic aerosol formation and processing with the
volatility basis set: Implications for anthropogenic secondary organic aerosol, J. Geophys. Res.-Atmos., 115, 17,
10.1029/2009jd013046, 2010.

Forster, P., and Ramaswamy, V.: Changes in Atmospheric Constituents and in Radiative Forcing, Climate Change 2007: The
Physical Science Basis, edited by: Solomon, S., Qin, D., Manning, M., Marquis, M., Averyt, K., Tignor, M. M. B,
Miller, H. L., and Chen, Z. L., Cambridge Univ Press, New York, 129-234 pp., 2007.

Fuchs, N. A. a. S., A. G: Highly dispersed aerosols, Chapter: Topics in current aerosol research, Pergamon, New York,
1971.

25



10

15

20

25

30

Ge, X. L., Setyan, A., Sun, Y. L., and Zhang, Q.: Primary and secondary organic aerosols in Fresno, California during
wintertime: Results from high resolution aerosol mass spectrometry, J. Geophys. Res.-Atmos., 117, 15,
10.1029/2012jd018026, 2012.

Goldstein, A. H., and Galbally, I. E.: Known and unexplored organic constituents in the earth's atmosphere, Environ. Sci.
Technol., 41, 1514-1521, 10.1021/es072476p, 2007.

Grieshop, A. P., Logue, J. M., Donahue, N. M., and Robinson, A. L.: Laboratory investigation of photochemical oxidation of
organic aerosol from wood fires 1: measurement and simulation of organic aerosol evolution, Atmos. Chem. Phys., 9,
1263-1277, 2009.

Guenther, A., Hewitt, C. N., Erickson, D., Fall, R., Geron, C., Graedel, T., Harley, P., Klinger, L., Lerdau, M., McKay, W. A.,
Pierce, T., Scholes, B., Steinbrecher, R., Tallamraju, R., Taylor, J., and Zimmerman, P.: A GLOBAL-MODEL OF
NATURAL VOLATILE ORGANIC-COMPOUND EMISSIONS, J. Geophys. Res.-Atmos., 100, 8873-8892,
10.1029/94jd02950, 1995.

Guenther, A. B., Jiang, X., Heald, C. L., Sakulyanontvittaya, T., Duhl, T., Emmons, L. K., and Wang, X.: The Model of
Emissions of Gases and Aerosols from Nature version 2.1 (MEGANZ2.1): an extended and updated framework for
modeling biogenic emissions, Geoscientific Model Development, 5, 1471-1492, 10.5194/gmd-5-1471-2012, 2012.

Hallquist, M., Wenger, J. C., Baltensperger, U., Rudich, Y., Simpson, D., Claeys, M., Dommen, J., Donahue, N. M., George,
C., Goldstein, A. H., Hamilton, J. F., Herrmann, H., Hoffmann, T., linuma, Y., Jang, M., Jenkin, M. E., Jimenez, J. L.,
Kiendler-Scharr, A., Maenhaut, W., McFiggans, G., Mentel, T. F., Monod, A., Prevot, A. S. H., Seinfeld, J. H., Surratt,
J. D., Szmigielski, R., and Wildt, J.: The formation, properties and impact of secondary organic aerosol: current and
emerging issues, Atmos. Chem. Phys., 9, 5155-5236, 2009.

Hayes, P. L., Ortega, A. M., Cubison, M. J., Froyd, K. D., Zhao, Y., Cliff, S. S., Hu, W. W., Toohey, D. W., Flynn, J. H.,
Lefer, B. L., Grossberg, N., Alvarez, S., Rappenglueck, B., Taylor, J. W., Allan, J. D., Holloway, J. S., Gilman, J. B.,
Kuster, W. C., De Gouw, J. A., Massoli, P., Zhang, X., Liu, J., Weber, R. J., Corrigan, A. L., Russell, L. M., Isaacman,
G., Worton, D. R., Kreisberg, N. M., Goldstein, A. H., Thalman, R., Waxman, E. M., Volkamer, R., Lin, Y. H., Surratt,
J. D., Kleindienst, T. E., Offenberg, J. H., Dusanter, S., Griffith, S., Stevens, P. S., Brioude, J., Angevine, W. M., and
Jimenez, J. L.: Organic aerosol composition and sources in Pasadena, California, during the 2010 CalNex campaign, J.
Geophys. Res.-Atmos., 118, 9233-9257, 10.1002/jgrd.50530, 2013.

Heald, C. L., Henze, D. K., Horowitz, L. W., Feddema, J., Lamarque, J. F., Guenther, A., Hess, P. G., Vitt, F., Seinfeld, J. H.,
Goldstein, A. H., and Fung, I.: Predicted change in global secondary organic aerosol concentrations in response to
future climate, emissions, and land use change, J. Geophys. Res.-Atmos., 113, 10.1029/2007jd009092, 2008.

Heald, C. L., Ridley, D. A., Kreidenweis, S. M., and Drury, E. E.: Satellite observations cap the atmospheric organic aerosol
budget, Geophysical Research Letters, 37, 5, 10.1029/2010gl045095, 2010.

Heald, C. L., Coe, H., Jimenez, J. L., Weber, R. J., Bahreini, R., Middlebrook, A. M., Russell, L. M., Jolleys, M., Fu, T. M.,
Allan, J. D., Bower, K. N., Capes, G., Crosier, J., Morgan, W. T., Robinson, N. H., Williams, P. I., Cubison, M. J.,

26



10

15

20

25

30

DeCarlo, P. F., and Dunlea, E. J.: Exploring the vertical profile of atmospheric organic aerosol: comparing 17 aircraft
field campaigns with a global model, Atmos. Chem. Phys., 11, 12673-12696, 10.5194/acp-11-12673-2011, 2011.

Henze, D. K., and Seinfeld, J. H.: Global secondary organic aerosol from isoprene oxidation, Geophysical Research Letters,
33, 10.1029/200691025976, 2006.

Henze, D. K., Seinfeld, J. H., Ng, N. L., Kroll, J. H., Fu, T. M., Jacob, D. J., and Heald, C. L.: Global modeling of secondary
organic aerosol formation from aromatic hydrocarbons: high- vs. low-yield pathways, Atmos. Chem. Phys., 8, 2405-
2420, 2008.

Hewitt, H. T., Copsey, D., Culverwell, 1. D., Harris, C. M., Hill, R. S. R., Keen, A. B., McLaren, A. J., and Hunke, E. C.:
Design and implementation of the infrastructure of HadGEMS3: the next-generation Met Office climate modelling
system, Geoscientific Model Development, 4, 223-253, 10.5194/gmd-4-223-2011, 2011.

Hinks, M. L., Brady, M. V., Lignell, H., Song, M. J., Grayson, J. W., Bertram, A. K., Lin, P., Laskin, A., Laskin, J., and
Nizkorodov, S. A.: Effect of viscosity on photodegradation rates in complex secondary organic aerosol materials, Phys.
Chem. Chem. Phys., 18, 8785-8793, 10.1039/c5¢cp05226b, 2016.

Hinks, M. L., Montoya-Aguilera, J., Ellison, L., Lin, P., Laskin, A., Laskin, J., Shiraiwa, M., Dabdub, D., and Nizkorodov, S.
A.: Effect of relative humidity on the composition of secondary organic aerosol from the oxidation of toluene, Atmos.
Chem. Phys., 18, 1643-1652, 10.5194/acp-18-1643-2018, 2018.

Hodzic, A., Kasibhatla, P. S., Jo, D. S., Cappa, C. D., Jimenez, J. L., Madronich, S., and Park, R. J.: Rethinking the global
secondary organic aerosol (SOA) budget: stronger production, faster removal, shorter lifetime, Atmos. Chem. Phys.,
16, 7917-7941, 10.5194/acp-16-7917-2016, 2016.

Hoyle, C. R., Berntsen, T., Myhre, G., and Isaksen, I. S. A.: Secondary organic aerosol in the global aerosol - chemical transport
model Oslo CTM2, Atmos. Chem. Phys., 7, 5675-5694, 2007.

Jayne, J. T., Leard, D. C., Zhang, X. F., Davidovits, P., Smith, K. A., Kolb, C. E., and Worsnop, D. R.: Development of an
aerosol mass spectrometer for size and composition analysis of submicron particles, Aerosol Science and Technology,
33, 49-70, 10.1080/027868200410840, 2000.

Jimenez, J. L., Canagaratna, M. R., Donahue, N. M., Prevot, A. S. H., Zhang, Q., Kroll, J. H., DeCarlo, P. F., Allan, J. D., Coe,
H., Ng, N. L., Aiken, A. C., Docherty, K. S., Ulbrich, I. M., Grieshop, A. P., Robinson, A. L., Duplissy, J., Smith, J.
D., Wilson, K. R., Lanz, V. A., Hueglin, C., Sun, Y. L., Tian, J., Laaksonen, A., Raatikainen, T., Rautiainen, J.,
Vaattovaara, P., Ehn, M., Kulmala, M., Tomlinson, J. M., Collins, D. R., Cubison, M. J., Dunlea, E. J., Huffman, J. A.,
Onasch, T. B., Alfarra, M. R., Williams, P. I., Bower, K., Kondo, Y., Schneider, J., Drewnick, F., Borrmann, S,
Weimer, S., Demerjian, K., Salcedo, D., Cottrell, L., Griffin, R., Takami, A., Miyoshi, T., Hatakeyama, S., Shimono,
A., Sun, J. Y., Zhang, Y. M., Dzepina, K., Kimmel, J. R., Sueper, D., Jayne, J. T., Herndon, S. C., Trimborn, A. M.,
Williams, L. R., Wood, E. C., Middlebrook, A. M., Kolb, C. E., Baltensperger, U., and Worsnop, D. R.: Evolution of
Organic Aerosols in the Atmosphere, Science, 326, 1525-1529, 10.1126/science.1180353, 2009.

27



10

15

20

25

30

Kanakidou, M., Seinfeld, J. H., Pandis, S. N., Barnes, 1., Dentener, F. J., Facchini, M. C., Van Dingenen, R., Ervens, B., Nenes,
A., Nielsen, C. J., Swietlicki, E., Putaud, J. P., Balkanski, Y., Fuzzi, S., Horth, J., Moortgat, G. K., Winterhalter, R.,
Myhre, C. E. L., Tsigaridis, K., Vignati, E., Stephanou, E. G., and Wilson, J.: Organic aerosol and global climate
modelling: a review, Atmos. Chem. Phys., 5, 1053-1123, 2005.

Kaser, L., Karl, T., Yuan, B., Mauldin, R. L., Ill, Cantrell, C. A., Guenther, A. B., Patton, E. G., Weinheimer, A. J., Knote, C.,
Orlando, J., Emmons, L., Apel, E., Hornbrook, R., Shertz, S., Ullmann, K., Hall, S., Graus, M., de Gouw, J., Zhou, X.,
and Ye, C.: Chemistry-turbulence interactions and mesoscale variability influence the cleansing efficiency of the
atmosphere, Geophysical Research Letters, 42, 10894-10903, 10.1002/2015g1066641, 2015.

Khan, M. A. H., Jenkin, M. E., Foulds, A., Derwent, R. G., Percival, C. J., and Shallcross, D. E.: A modeling study of secondary
organic aerosol formation from sesquiterpenes using the STOCHEM global chemistry and transport model, J. Geophys.
Res.-Atmos., 122, 4426-4439, 10.1002/2016jd026415, 2017.

Kipling, Z., Stier, P., Schwarz, J. P., Perring, A. E., Spackman, J. R., Mann, G. W., Johnson, C. E., and Telford, P. J..
Constraints on aerosol processes in climate models from vertically-resolved aircraft observations of black carbon,
Atmos. Chem. Phys., 13, 5969-5986, 10.5194/acp-13-5969-2013, 2013.

Kroll, J. H., Ng, N. L., Murphy, S. M., Flagan, R. C., and Seinfeld, J. H.: Secondary organic aerosol formation from isoprene
photooxidation under high-NOx conditions, Geophysical Research Letters, 32, 4, 10.1029/2005g1023637, 2005.

Kroll, J. H., Ng, N. L., Murphy, S. M., Flagan, R. C., and Seinfeld, J. H.: Secondary organic aerosol formation from isoprene
photooxidation, Environ. Sci. Technol., 40, 1869-1877, 10.1021/es0524301, 2006.

Kulmala, M., Lehtinen, K. E. J., and Laaksonen, A.: Cluster activation theory as an explanation of the linear dependence
between formation rate of 3nm particles and sulphuric acid concentration, Atmos. Chem. Phys., 6, 787-793, 2006.

Lamarque, J. F., Bond, T. C., Eyring, V., Granier, C., Heil, A., Klimont, Z., Lee, D., Liousse, C., Mieville, A., Owen, B.,
Schultz, M. G., Shindell, D., Smith, S. J., Stehfest, E., Van Aardenne, J., Cooper, O. R., Kainuma, M., Mahowald, N.,
McConnell, J. R., Naik, V., Riahi, K., and van Vuuren, D. P.: Historical (1850-2000) gridded anthropogenic and
biomass burning emissions of reactive gases and aerosols: methodology and application, Atmos. Chem. Phys., 10,
7017-7039, 10.5194/acp-10-7017-2010, 2010.

Lin, G., Penner, J. E., Sillman, S., Taraborrelli, D., and Lelieveld, J.: Global modeling of SOA formation from dicarbonyls,
epoxides, organic nitrates and peroxides, Atmos. Chem. Phys., 12, 4743-4774, 10.5194/acp-12-4743-2012, 2012.

Lin, G., Sillman, S., Penner, J. E., and Ito, A.: Global modeling of SOA: the use of different mechanisms for aqueous-phase
formation, Atmos. Chem. Phys., 14, 5451-5475, 10.5194/acp-14-5451-2014, 2014.

Mann, G. W., Carslaw, K. S., Spracklen, D. V., Ridley, D. A., Manktelow, P. T., Chipperfield, M. P., Pickering, S. J., and
Johnson, C. E.: Description and evaluation of GLOMAP-mode: a modal global aerosol microphysics model for the
UKCA composition-climate model, Geoscientific Model Development, 3, 519-551, 10.5194/gmd-3-519-2010, 2010.

Martin, S. T., Andreae, M. O., Althausen, D., Artaxo, P., Baars, H., Borrmann, S., Chen, Q., Farmer, D. K., Guenther, A.,
Gunthe, S. S., Jimenez, J. L., Karl, T., Longo, K., Manzi, A., Muller, T., Pauliquevis, T., Petters, M. D., Prenni, A. J.,

28



10

15

20

25

30

Poschl, U., Rizzo, L. V., Schneider, J., Smith, J. N., Swietlicki, E., Tota, J., Wang, J., Wiedensohler, A., and Zorn, S.
R.: An overview of the Amazonian Aerosol Characterization Experiment 2008 (AMAZE-08), Atmos. Chem. Phys., 10,
11415-11438, 10.5194/acp-10-11415-2010, 2010.

McNeill, V. F., Woo, J. L., Kim, D. D., Schwier, A. N., Wannell, N. J., Sumner, A. J., and Barakat, J. M.: Aqueous-Phase
Secondary Organic Aerosol and Organosulfate Formation in Atmospheric Aerosols: A Modeling Study, Environ. Sci.
Technol., 46, 8075-8081, 10.1021/es3002986, 2012.

Meskhidze, N., Xu, J., Gantt, B., Zhang, Y., Nenes, A., Ghan, S. J., Liu, X., Easter, R., and Zaveri, R.: Global distribution and
climate forcing of marine organic aerosol: 1. Model improvements and evaluation, Atmos. Chem. Phys., 11, 11689-
11705, 10.5194/acp-11-11689-2011, 2011.

Mohr, C., DeCarlo, P. F., Heringa, M. F., Chirico, R., Slowik, J. G., Richter, R., Reche, C., Alastuey, A., Querol, X., Seco, R.,
Penuelas, J., Jimenez, J. L., Crippa, M., Zimmermann, R., Baltensperger, U., and Prevot, A. S. H.: Identification and
quantification of organic aerosol from cooking and other sources in Barcelona using aerosol mass spectrometer data,
Atmos. Chem. Phys., 12, 1649-1665, 10.5194/acp-12-1649-2012, 2012.

Morgenstern, O., Braesicke, P., O'Connor, F. M., Bushell, A. C., Johnson, C. E., Osprey, S. M., and Pyle, J. A.: Evaluation of
the new UKCA climate-composition model - Part 1: The stratosphere, Geoscientific Model Development, 2, 43-57,
10.5194/gmd-2-43-2009, 2009.

Myhre, G., Samset, B. H., Schulz, M., Balkanski, Y., Bauer, S., Berntsen, T. K., Bian, H., Bellouin, N., Chin, M., Diehl, T.,
Easter, R. C., Feichter, J., Ghan, S. J., Hauglustaine, D., Iversen, T., Kinne, S., Kirkevag, A., Lamarque, J. F., Lin, G.,
Liu, X., Lund, M. T., Luo, G., Ma, X., van Noije, T., Penner, J. E., Rasch, P. J., Ruiz, A, Seland, O., Skeie, R. B., Stier,
P., Takemura, T., Tsigaridis, K., Wang, P., Wang, Z., Xu, L., Yu, H., Yu, F., Yoon, J. H., Zhang, K., Zhang, H., and
Zhou, C.: Radiative forcing of the direct aerosol effect from AeroCom Phase Il simulations, Atmos. Chem. Phys., 13,
1853-1877, 10.5194/acp-13-1853-2013, 2013.

Myriokefalitakis, S., Vignati, E., Tsigaridis, K., Papadimas, C., Sciare, J., Mihalopoulos, N., Facchini, M. C., Rinaldi, M.,
Dentener, F. J., Ceburnis, D., Hatzianastasiou, N., O'Dowd, C. D., van Weele, M., and Kanakidou, M.: Global Modeling
of the Oceanic Source of Organic Aerosols, Advances in Meteorology, 10.1155/2010/939171, 2010.

Ng, N. L., Chhabra, P. S., Chan, A. W. H., Surratt, J. D., Kroll, J. H., Kwan, A. J., McCabe, D. C., Wennberg, P. O., Sorooshian,
A., Murphy, S. M., Dalleska, N. F., Flagan, R. C., and Seinfeld, J. H.: Effect of NOx level on secondary organic aerosol
(SOA) formation from the photooxidation of terpenes, Atmos. Chem. Phys., 7, 5159-5174, 10.5194/acp-7-5159-2007,
2007a.

Ng, N. L., Kroll, J. H., Chan, A. W. H., Chhabra, P. S., Flagan, R. C., and Seinfeld, J. H.: Secondary organic aerosol formation
from m-xylene, toluene, and benzene, Atmos. Chem. Phys., 7, 3909-3922, 2007b.

Ng, N. L., Kwan, A. J., Surratt, J. D., Chan, A. W. H., Chhabra, P. S., Sorooshian, A., Pye, H. O. T., Crounse, J. D., Wennberg,
P. O,, Flagan, R. C., and Seinfeld, J. H.: Secondary organic aerosol (SOA) formation from reaction of isoprene with
nitrate radicals (NO3), Atmos. Chem. Phys., 8, 4117-4140, 2008.

29



10

15

20

25

30

O'Connor, F. M., Johnson, C. E., Morgenstern, O., Abraham, N. L., Braesicke, P., Dalvi, M., Folberth, G. A., Sanderson, M.
G., Telford, P. J., Voulgarakis, A., Young, P. J., Zeng, G., Collins, W. J., and Pyle, J. A.: Evaluation of the new UKCA
climate-composition model - Part 2: The Troposphere, Geoscientific Model Development, 7, 41-91, 10.5194/gmd-7-
41-2014, 2014.

Odum, J. R., Hoffmann, T., Bowman, F., Collins, D., Flagan, R. C., and Seinfeld, J. H.: Gas/particle partitioning and secondary
organic aerosol yields, Environ. Sci. Technol., 30, 2580-2585, 10.1021/es950943+, 1996.

Odum, J. R., Jungkamp, T. P. W., Griffin, R. J., Flagan, R. C., and Seinfeld, J. H.: The atmospheric aerosol-forming potential
of whole gasoline vapor, Science, 276, 96-99, 10.1126/science.276.5309.96, 1997.

Poschl, U., von Kuhlmann, R., Poisson, N., and Crutzen, P. J.: Development and intercomparison of condensed isoprene
oxidation mechanisms for global atmospheric modeling, J. Atmos. Chem., 37, 29-52, 10.1023/a:1006391009798, 2000.

Pye, H. O. T., and Seinfeld, J. H.: A global perspective on aerosol from low-volatility organic compounds, Atmos. Chem.
Phys., 10, 4377-4401, 10.5194/acp-10-4377-2010, 2010.

Rattanavaraha, W., Chu, K., Budisulistiorini, H., Riva, M., Lin, Y. H., Edgerton, E. S., Baumann, K., Shaw, S. L., Guo, H. Y.,
King, L., Weber, R. J., Neff, M. E., Stone, E. A., Offenberg, J. H., Zhang, Z. F., Gold, A., and Surratt, J. D.: Assessing
the impact of anthropogenic pollution on isoprene-derived secondary organic aerosol formation in PM2.5 collected
from the Birmingham, Alabama, ground site during the 2013 Southern Oxidant and Aerosol Study, Atmos. Chem.
Phys., 16, 4897-4914, 10.5194/acp-16-4897-2016, 2016.

Reynolds, R. W., Smith, T. M., Liu, C., Chelton, D. B., Casey, K. S., and Schlax, M. G.: Daily high-resolution-blended analyses
for sea surface temperature, Journal of Climate, 20, 5473-5496, 10.1175/2007jcli1824.1, 2007.

Robinson, A. L., Donahue, N. M., Shrivastava, M. K., Weitkamp, E. A., Sage, A. M., Grieshop, A. P., Lane, T. E., Pierce, J.
R., and Pandis, S. N.: Rethinking organic aerosols: Semivolatile emissions and photochemical aging, Science, 315,
1259-1262, 10.1126/science.1133061, 2007.

Robinson, A. L., Grieshop, A. P., Donahue, N. M., and Hunt, S. W.: Updating the Conceptual Model for Fine Particle Mass
Emissions from Combustion Systems, Journal of the Air & Waste Management Association, 60, 1204-1222,
10.3155/1047-3289.60.10.1204, 2010.

Sarrafzadeh, M., Wildt, J., Pullinen, 1., Springer, M., Kleist, E., Tillmann, R., Schmitt, S. H., Wu, C., Mentel, T. F., Zhao, D.
F., Hastie, D. R., and Kiendler-Scharr, A.: Impact of NOx and OH on secondary organic aerosol formation from beta-
pinene photooxidation, Atmos. Chem. Phys., 16, 11237-11248, 10.5194/acp-16-11237-2016, 2016.

Scott, C. E., Rap, A., Spracklen, D. V., Forster, P. M., Carslaw, K. S., Mann, G. W., Pringle, K. J., Kivekas, N., Kulmala, M.,
Lihavainen, H., and Tunved, P.: The direct and indirect radiative effects of biogenic secondary organic aerosol, Atmos.
Chem. Phys., 14, 447-470, 10.5194/acp-14-447-2014, 2014.

Scott, C. E., Spracklen, D. V., Pierce, J. R., Riipinen, I., D'Andrea, S. D., Rap, A., Carslaw, K. S., Forster, P. M., Artaxo, P.,
Kulmala, M., Rizzo, L. V., Swietlicki, E., Mann, G. W., and Pringle, K. J.: Impact of gas-to-particle partitioning

30



10

15

20

25

30

approaches on the simulated radiative effects of biogenic secondary organic aerosol, Atmos. Chem. Phys., 15, 12989-
13001, 10.5194/acp-15-12989-2015, 2015.

Shiraiwa, M., Li, Y., Tsimpidi, A. P., Karydis, V. A., Berkemeier, T., Pandis, S. N., Lelieveld, J., Koop, T., and Poschl, U.:
Global distribution of particle phase state in atmospheric secondary organic aerosols, Nat. Commun., 8, 7,
10.1038/ncomms15002, 2017.

Shrivastava, M., Easter, R. C., Liu, X. H., Zelenyuk, A., Singh, B., Zhang, K., Ma, P. L., Chand, D., Ghan, S., Jimenez, J. L.,
Zhang, Q., Fast, J., Rasch, P. J., and Tiitta, P.: Global transformation and fate of SOA: Implications of low-volatility
SOA and gas-phase fragmentation reactions, J. Geophys. Res.-Atmos., 120, 4169-4195, 10.1002/2014jd022563, 2015.

Shrivastava, M., Cappa, C. D., Fan, J. W., Goldstein, A. H., Guenther, A. B., Jimenez, J. L., Kuang, C., Laskin, A., Martin, S.
T.,Ng, N. L., Petaja, T., Pierce, J. R., Rasch, P. J., Roldin, P., Seinfeld, J. H., Shilling, J., Smith, J. N., Thornton, J. A.,
Volkamer, R., Wang, J., Worsnop, D. R., Zaveri, R. A., Zelenyuk, A., and Zhang, Q.: Recent advances in understanding
secondary organic aerosol: Implications for global climate forcing, Rev. Geophys., 55, 509-559,
10.1002/2016rg000540, 2017.

Shrivastava, M. K., Lane, T. E., Donahue, N. M., Pandis, S. N., and Robinson, A. L.: Effects of gas particle partitioning and
aging of primary emissions on urban and regional organic aerosol concentrations, J. Geophys. Res.-Atmos., 113,
10.1029/2007jd009735, 2008.

Slinn, W. G. N.: PREDICTIONS FOR PARTICLE DEPOSITION TO VEGETATIVE CANOPIES, Atmos. Environ., 16,
1785-1794, 10.1016/0004-6981(82)90271-2, 1982.

Song, C., Na, K. S., and Cocker, D. R.: Impact of the hydrocarbon to NOx ratio on secondary organic aerosol formation,
Environ. Sci. Technol., 39, 3143-3149, 10.1021/es0493244, 2005.

Spracklen, D. V., Jimenez, J. L., Carslaw, K. S., Worsnop, D. R., Evans, M. J., Mann, G. W., Zhang, Q., Canagaratna, M. R.,
Allan, J., Coe, H., McFiggans, G., Rap, A., and Forster, P.: Aerosol mass spectrometer constraint on the global
secondary organic aerosol budget, Atmos. Chem. Phys., 11, 12109-12136, 10.5194/acp-11-12109-2011, 2011.

Stockwell, C. E., Veres, P. R., Williams, J., and Yokelson, R. J.: Characterization of biomass burning emissions from cooking
fires, peat, crop residue, and other fuels with high-resolution proton-transfer-reaction time-of-flight mass spectrometry,
Atmos. Chem. Phys., 15, 845-865, 10.5194/acp-15-845-2015, 2015.

Tasoglou, A., and Pandis, S. N.: Formation and chemical aging of secondary organic aerosol during the beta-caryophyllene
oxidation, Atmos. Chem. Phys., 15, 6035-6046, 10.5194/acp-15-6035-2015, 2015.

Tiitta, P., Vakkari, V., Croteau, P., Beukes, J. P., van Zyl, P. G., Josipovic, M., Venter, A. D., Jaars, K., Pienaar, J. J., Ng, N.
L., Canagaratna, M. R., Jayne, J. T., Kerminen, V. M., Kokkola, H., Kulmala, M., Laaksonen, A., Worsnop, D. R., and
Laakso, L.: Chemical composition, main sources and temporal variability of PM1 aerosols in southern African
grassland, Atmos. Chem. Phys., 14, 1909-1927, 10.5194/acp-14-1909-2014, 2014.

Tsigaridis, K., and Kanakidou, M.: Global modelling of secondary organic aerosol in the troposphere: a sensitivity analysis,
Atmos. Chem. Phys., 3, 1849-1869, 2003.

31



10

15

20

25

30

Tsigaridis, K., and Kanakidou, M.: Secondary organic aerosol importance in the future atmosphere, Atmos. Environ., 41, 4682-
4692, 10.1016/j.atmosenv.2007.03.045, 2007.

Tsigaridis, K., Daskalakis, N., Kanakidou, M., Adams, P. J., Artaxo, P., Bahadur, R., Balkanski, Y., Bauer, S. E., Bellouin,
N., Benedetti, A., Bergman, T., Berntsen, T. K., Beukes, J. P., Bian, H., Carslaw, K. S., Chin, M., Curci, G., Diehl, T.,
Easter, R. C., Ghan, S. J., Gong, S. L., Hodzic, A., Hoyle, C. R, lversen, T., Jathar, S., Jimenez, J. L., Kaiser, J. W.,
Kirkevag, A., Koch, D., Kokkola, H., Lee, Y. H., Lin, G., Liu, X., Luo, G., Ma, X., Mann, G. W., Mihalopoulos, N.,
Morcrette, J. J., Muller, J. F., Myhre, G., Myriokefalitakis, S., Ng, N. L., O'Donnell, D., Penner, J. E., Pozzoli, L.,
Pringle, K. J., Russell, L. M., Schulz, M., Sciare, J., Seland, O., Shindell, D. T., Sillman, S., Skeie, R. B., Spracklen,
D., Stavrakou, T., Steenrod, S. D., Takemura, T., Tiitta, P., Tilmes, S., Tost, H., van Noije, T., van Zyl, P. G., von
Salzen, K., Yu, F., Wang, Z., Wang, Z., Zaveri, R. A, Zhang, H., Zhang, K., Zhang, Q., and Zhang, X.: The AeroCom
evaluation and intercomparison of organic aerosol in global models, Atmos. Chem. Phys., 14, 10845-10895,
10.5194/acp-14-10845-2014, 2014.

Tsimpidi, A. P., Karydis, V. A., Pandis, S. N., and Lelieveld, J.: Global combustion sources of organic aerosols: model
comparison with 84 AMS factor-analysis data sets, Atmos. Chem. Phys., 16, 8939-8962, 10.5194/acp-16-8939-2016,
2016.

Tunved, P., Korhonen, H., Strom, J., Hansson, H. C., Lehtinen, K. E. J., and Kulmala, M.: Is nucleation capable of explaining
observed aerosol integral number increase during southerly transport over Scandinavia ?, Tellus Series B-Chemical and
Physical Meteorology, 58, 129-140, 10.1111/j.1600-0889.2006.00176.x, 2006.

Utembe, S. R., Cooke, M. C., Archibald, A. T., Shallcross, D. E., Derwent, R. G., and Jenkin, M. E.: Simulating secondary
organic aerosol in a 3-D Lagrangian chemistry transport model using the reduced Common Representative
Intermediates mechanism (CRI v2-R5), Atmos. Environ., 45, 1604-1614, 10.1016/j.atmosenv.2010.11.046, 2011.

van der Gon, H., Bergstrom, R., Fountoukis, C., Johansson, C., Pandis, S. N., Simpson, D., and Visschedijk, A. J. H.:
Particulate emissions from residential wood combustion in Europe revised estimates and an evaluation, Atmos. Chem.
Phys., 15, 6503-6519, 10.5194/acp-15-6503-2015, 2015.

van der Werf, G. R., Randerson, J. T., Giglio, L., Collatz, G. J., Mu, M., Kasibhatla, P. S., Morton, D. C., DeFries, R. S., Jin,
Y., and van Leeuwen, T. T.: Global fire emissions and the contribution of deforestation, savanna, forest, agricultural,
and peat fires (1997-2009), Atmos. Chem. Phys., 10, 11707-11735, 10.5194/acp-10-11707-2010, 2010.

Volkamer, R., Martini, F. S., Molina, L. T., Salcedo, D., Jimenez, J. L., and Molina, M. J.: A missing sink for gas-phase
glyoxal in Mexico City: Formation of secondary organic aerosol, Geophysical Research Letters, 34, 5,
10.1029/20079g1030752, 2007.

Wang, Q., Jacob, D. J., Fisher, J. A., Mao, J., Leibensperger, E. M., Carouge, C. C., Le Sager, P., Kondo, Y., Jimenez, J. L.,
Cubison, M. J., and Doherty, S. J.: Sources of carbonaceous aerosols and deposited black carbon in the Arctic in winter-
spring: implications for radiative forcing, Atmos. Chem. Phys., 11, 12453-12473, 10.5194/acp-11-12453-2011, 2011.

32



10

15

20

25

30

Woodward, S.: Modeling the atmospheric life cycle and radiative impact of mineral dust in the Hadley Centre climate model,
J. Geophys. Res.-Atmos., 106, 18155-18166, 10.1029/2000jd900795, 2001.

Yassaa, N., Peeken, I., Zollner, E., Bluhm, K., Arnold, S., Spracklen, D., and Williams, J.: Evidence for marine production of
monoterpenes, Environ. Chem., 5, 391-401, 10.1071/en08047, 2008.

Yokelson, R. J., Burling, I. R., Gilman, J. B., Warneke, C., Stockwell, C. E., de Gouw, J., Akagi, S. K., Urbanski, S. P., Veres,
P., Roberts, J. M., Kuster, W. C., Reardon, J., Griffith, D. W. T., Johnson, T. J., Hosseini, S., Miller, J. W., Cocker, D.
R., Jung, H., and Weise, D. R.: Coupling field and laboratory measurements to estimate the emission factors of
identified and unidentified trace gases for prescribed fires, Atmos. Chem. Phys., 13, 89-116, 10.5194/acp-13-89-2013,
2013.

Yu,J. Z., Cocker, D. R., Griffin, R. J., Flagan, R. C., and Seinfeld, J. H.: Gas-phase ozone oxidation of monoterpenes: Gaseous
and particulate products, J. Atmos. Chem., 34, 207-258, 10.1023/a:1006254930583, 1999.

Zhang, K., O'Donnell, D., Kazil, J., Stier, P., Kinne, S., Lohmann, U., Ferrachat, S., Croft, B., Quaas, J., Wan, H., Rast, S.,
and Feichter, J.: The global aerosol-climate model ECHAM-HAM, version 2: sensitivity to improvements in process
representations, Atmos. Chem. Phys., 12, 8911-8949, 10.5194/acp-12-8911-2012, 2012.

Zhang, Q., Jimenez, J. L., Canagaratna, M. R., Allan, J. D., Coe, H., Ulbrich, I., Alfarra, M. R., Takami, A., Middlebrook, A.
M., Sun, Y. L., Dzepina, K., Dunlea, E., Docherty, K., DeCarlo, P. F., Salcedo, D., Onasch, T., Jayne, J. T., Miyoshi,
T., Shimono, A., Hatakeyama, S., Takegawa, N., Kondo, Y., Schneider, J., Drewnick, F., Borrmann, S., Weimer, S.,
Demerjian, K., Williams, P., Bower, K., Bahreini, R., Cottrell, L., Griffin, R. J., Rautiainen, J., Sun, J. Y., Zhang, Y.
M., and Worsnop, D. R.: Ubiquity and dominance of oxygenated species in organic aerosols in anthropogenically-
influenced Northern Hemisphere midlatitudes, Geophysical Research Letters, 34, 6, 10.1029/2007g1029979, 2007.

Zhang, X., Cappa, C. D., Jathar, S. H., McVay, R. C., Ensberg, J. J., Kleeman, M. J., and Seinfeld, J. H.: Influence of vapor
wall loss in laboratory chambers on yields of secondary organic aerosol, Proceedings of the National Academy of
Sciences of the United States of America, 111, 5802-5807, 10.1073/pnas.1404727111, 2014.

Zhao, D. F., Kaminski, M., Schlag, P., Fuchs, H., Acir, I. H., Bohn, B., Haseler, R., Kiendler-Scharr, A., Rohrer, F., Tillmann,
R., Wang, M. J., Wegener, R., Wildt, J., Wahner, A., and Mentel, T. F.: Secondary organic aerosol formation from
hydroxyl radical oxidation and ozonolysis of monoterpenes, Atmos. Chem. Phys., 15, 991-1012, 10.5194/acp-15-991-
2015, 2015.

33



Table 1 — Reaction kinetics for SOA precursors in UKCA.

Reaction

Rate coefficient (cm3s?)

monoterpene + OH

1.2 x 1071 exp(444/;)

monoterpene + 03

1.01 x 10735 exp(=732/;)

monoterpene + NO;

1.19 x 1072 exp(499/,)

isoprene + OH

2.7 x 1071 exp(390/T)

isoprene + O3

10 x 107 exp(~1995/;)

isoprene + NO;

315 x 10712 exp(~450/;)

VOC,yr + OH

1.2 x 107 exp(444/)

VOCy, + OH

1.2 x 1071 exp(444/;)
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Table 2 — Summary of simulations carried out in study. Reaction kinetics for each source are shown in Table 1. For the BBsSlow simulation,

VOCag assumes the reactivity of naphthalene (Atkinson and Arey, 2003).

Simulation SOA sources included Reaction yield / %
Control monoterpene 13
monoterpene 13
Iso .
isoprene 13
monoterpene 13
BB
VOCgg 13
monoterpene 13
Ant
VOCant 13
monoterpene 13
isoprene 13
AllSources
VOCgs 13
VOCant 13
monoterpene 13
Iso (3%) )
isoprene 3
monoterpene 13
Ant (40%)
VOCant 40
monoterpene 13
BB_slow*
VOCgs 13
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Table 3 — Global annual SOA production from this study and the literature (Tg (SOA) a%). In this study, estimates derived from the isoprene (1s0(3%))
and anthropogenic (Ant(40%)) sensitivity simulations in this study are indicated. All remaining estimates from this study are based on simulations using
identical reaction yields of 13 %. From the literature, estimates derived from top-down and observation methods are indicated. The remaining estimates

form the literature are based on bottom-up approaches.

SOA production / Tg (SOA) a!

Component
This study Literature
Biogenic 23.92 -395 46.4 (Khan et al., 2017)
26.8 (Henze et al., 2008)
Monoterpene = 19.9 27.6 (Farina et al., 2010)
18.6 (Tsigaridis and Kanakidou, 2007)
Isoprene = 4% - 19.6 55 (Hoyle et al., 2007)

14.9 (Henze and Seinfeld, 2006)

97.5 (Hodzic et al., 2016)

13 (Spracklen et al., 2011)"

Biomass burning 9.5 15.5 (Hodzic et al., 2016)

3-26 (Spracklen et al., 2011)

44-95 (Shrivastava et al., 2015)

1-15 (Cubison et al., 2011)*

34 (Hallquist et al., 2009)"
Anthropogenic 24.6 —70.0° 1.6 (Farina et al., 2010)

3.1 (Heald et al., 2011)

19.2 (Hodzic et al., 2016)

100 (Spracklen et al., 2011) "

Total 48.5% - 74.0 - 119.4° 132 (Hodzic et al., 2016)

19 (13 — 121) (Tsigaridis et al., 2014)
12-70 (Tsigaridis and Kanakidou, 2007)
140 (50-380) (Spracklen et al., 2011)
250 (50 — 450) (Heald et al., 2010) *
26.5 (Heald et al., 2011)

280 — 1820 (Goldstein and Galbally, 2007) *

2 Estimated using an isoprene yield of 3 %
b Estimated using an anthropogenic yield of 40 %

* Estimated using top-down methods
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* Estimated using observations
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Table 4 — Summary of statistics for simulated SOA against observed oxygenated OA for simulations described in Table 2. NMB represents the normalised mean

bias. Measurements cover period 2000-2010, model results are for the year 2000.

Obs Model (UKCA)
b (AMS) Control Iso BB Ant AllSources Ant(40%) 1s0(3%)
number
] mean mean mean mean mean mean mean mean
of sites ( ( NMB ( NMB ( NMB ( NMB ( NMB ( NMB ( NMB
m m
Hg Hg %) Hg %) Hg %) Hg %) Hg %) Hg %) Hg %)
3) 3) m-3) m-3) m-3) m-3) m-3) m-3)
all sites 37 3.68 0.33 -91 0.59 -84 0.38 -90 1.30 -65 1.83 -50 3.32 -10 0.39 -89
site type
urban 14 4,76 0.36 -93 0.64 -86 0.42 -91 1.28 -53 1.92 -60 3.17 -34 0.42 -91
urban
) 6 3.93 0.59 -85 1.07 -73 0.63 -84 1.85 -53 2.55 -35 4,50 14 0.70 -82
downwind
remote 17 2.70 0.22 -92 0.38 -86 0.26 -90 1.12 -58 1.50 -44 3.02 12 0.26 -90
Continent
Europe 13 4.20 0.15 -93 0.24 -88 0.16 -92 0.84 -58 0.97 -52 2.25 12 0.18 -91
North
. 12 2.02 0.70 -83 1.26 -70 0.79 -81 1.68 -60 2.64 -37 3.72 -12 0.83 -80
America
Asia 12 4,77 0.11 -98 0.22 -95 0.16 -97 1.35 -72 1.81 -62 3.94 -17 0.14 -97
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Table 5 — Summary of statistics for simulated POA against observed hydrocarbon-like OA for simulations described in Table 2. NMB indicated normalised mean

bias. Measurements cover period 2000-2010, model results are for the year 2000.

Obs Model (UKCA)
b (AMS) Control Iso BB Ant AllSources Ant(40%) 150(3%)
number
. mean mean mean mean mean mean mean mean
of sites ( ( NMB ( NMB ( NMB ( NMB ( NMB ( NMB ( NMB
m m
HY Hg %) HY %) HY %) HY %) Hg %) Hg %) Hg %)
%) %) m3) m3) m3) m'3) m'3) m'3)
all sites 37 1.25 0.71 -43 0.70 -43 0.69 -45 0.69 -44 0.69 -45 0.68 -45 0.72 -41
site type
urban 14 2.79 0.84 -70 0.82 -71 0.82 -71 0.82 -70 0.82 -71 0.82 -71 0.84 -70
urban
) 6 0.78 0.45 -41 0.46 -41 0.45 -42 0.45 -42 0.45 -42 0.45 -42 0.46 -40
downwind
remote 17 0.14 0.70 410 0.69 400 0.67 391 | 0.67 384 0.66 375 0.65 373 0.70 | 409
Continent
Europe 13 0.77 0.32 -59 0.31 -59 0.31 -59 0.31 -59 0.31 -60 0.31 -60 0.32 -58
North
. 12 1.65 0.58 -65 0.56 -66 0.55 -67 0.56 -66 0.56 -66 0.56 -66 0.58 -65
America
Asia 12 1.28 1.26 -2 1.25 -2 1.22 -5 1.22 -5 1.20 -6 1.20 -7 1.27 -1
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Table 6 — Summary of statistics for simulated OA against observed OA for simulations described in Table 2. NMB indicated normalised mean bias. Measurements

cover period 2000-2010, model results are for the year 2000.

Obs Model (UKCA)
b (AMS) Control Iso BB Ant AllSources Ant(40%) 150(3%)
number
. mean mean mean mean mean mean mean mean
of sites ( ( NMB ( NMB ( NMB ( NMB ( NMB ( NMB ( NMB
m m
HY Hg %) HY %) HY %) HY %) Hg %) Hg %) Hg %)
3) 3) m-3) m-3) m-3) m-3) m-3) m-3)
all sites 37 4.95 1.05 -79 1.30 -74 1.07 -78 | 1.99 -60 2.51 -49 4.00 -19 1.11 -78
site type
urban 14 7.62 1.20 -84 1.47 -81 1.23 -84 2.10 =72 2.74 -64 3.98 -47 1.26 -83
urban
) 6 4.72 1.05 -78 1.52 -69 1.08 =77 2.30 -51 3.01 -36 4.95 -5 1.65 -75
downwind
remote 17 2.83 0.92 -67 1.07 -62 0.93 -67 | 1.79 -37 2.15 -24 3.68 30 0.97 -66
Continent
Europe 13 2.78 0.47 -83 0.55 -80 0.47 -83 1.15 -58 1.28 -54 2.56 -7 0.50 -82
North
. 12 5.92 1.28 -78 1.82 -69 1.34 -78 2.24 -62 3.20 -46 4.27 -28 141 -76
America
Asia 12 6.05 1.38 =77 1.47 -76 1.37 =77 2.56 -58 3.00 -50 5.14 -15 141 =77
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Figure 1: Annual-total SOA precursor emissions from the different global VOC sources; monoterpene and isoprene taken from Guenther et
al. (1995), VOCgs taken from EDGAR, and VOCant taken from Lamarque et al. (2010) Units are g (VOC) m2 a2,
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Figure 2 — Seasonality of global SOA precursor emissions from the different VOC sources:
(blue) and VOCes (green) (Tg (VOC) month-1).
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Figure 3 — Global map showing the 40 surface AMS observations, originally compiled Zhang et al. (2007) classified as urban (red
triangles), urban downwind (blue squares) or remote (green circles). Of the surface observations, 37 have been classified as
hydrocarbon-like OA and oxygenated-OA. Observations from 10 aircraft campaigns, originally compiled by Heald et al. (2011),

are also shown (light blue diamonds). These remain as total OA.
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a) SOA production b) SOA burden
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Figure 4—- Monthly average global SOA (a) production (Tg (SOA) month) and (c) burden (Tg (SOA)), simulated by UKCA for the
control simulation in black. For the other UKCA simulations described in Table 2, the monthly average global SOA production and burden

are shown relative to the control simulation.
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a) Control b) AllSources
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Figure 5 — Annual-average surface SOA concentrations (g m3) for Control (monoterpene) and AllSources (monoterpene, isoprene,
5 VOCgs, VOCanT) simulations described in Table 2.
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a) AllSources - Control b) Iso - Control
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5 Figure 6 — Differences in annual-average SOA concentrations (gm2) relative to the control run for simulations (a) AllSources, (b) Iso, (c)
BB and (d) Ant Simulations are described in Table 2.
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a) Iso(3%) - Control b) Ant(40%) - Control
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Figure 7 - Differences in annual-average SOA concentrations (ugm-) relative to the control run for further sensitivity simulations (a) Ant
(40%), (b) Iso (3%). Simulations are described in Table 2.
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a) total b) hydrophobic
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Figure 8 — Annual-average surface (a) total (hydrophilic and hydrophobic), and (b) hydrophobic only, POA concentrations (ugm-3) for the

Control simulation. Within UKCA, all POA is emitted into the hydrophobic modes and re-distributed into the hydrophilic modes through
5 condensation-ageing.
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a) Isop — Control b) BB — Control

c) Ant — Control d) AllSource— Control
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Figure 9 — Differences in annual average surface total POA concentrations (ugm-) relative to the control run for simulations (a) AllSources,
(b) Iso, (c) BB and (d) Ant, which are described in Table 2. Regions of decreased POA correspond to regions of increased SOA
concentrations, availability of hydrophobic POA and efficient wet removal.
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Figure 10 — Simulated versus observed (a) SOA and (b) POA concentrations (g m-). Observed oxygenated-OA is assumed to be
comparable to simulated SOA, whereas observed hydrocarbon-like OA is assumed to be comparable to simulated POA. Simulated
concentrations are taken from the control run for the year 2000, described in Table 2. Observations for the time period 2000-2010 are
classified as urban (red triangles), urban downwind (blue squares) or remote (green circles). The 1:1 (solid), 1:2 and 2:1 (dashed), and 1:10
and 10:1 (dotted) lines are indicated. Model-observation statistics for SOA, POA and OA are shown in Tables 4, 5 and 6, respectively.

50



a) AllSources b) Iso

10.00 10.00 - .7 S
e ’ .7
o N
1.00 1.00 - KA
. AA -
. [ ] S
- - . . “m
£ £ - A -
E @ g B B, @
= N .’ - - A
3 0.10 3 0.10 . e T
3 3 S o P&
H = - ’ A
S A%
P e -,
0.01 <. - 0.01 -~ P ®
A urban L - A A
B urban downwind e L7
® remote L ’
0.00 - . - o .
0.00 0.01 0.10 1.00 10.00 0860 0.01 0.10 1.00 10.00
Observations / ugm* Observations / pg m™
c) BB d) Ant
10.00 - I y 10.00 - I ,
- - ’ ’ - - - 7
- I L L M
// [4 - 2 -]
. - i . ‘ A
1.00 g A . § ﬂ 1.00 e .
. > o L
7 e e . . - -
£ . A E 0 e A A
2 A 2 T g
3 0.10 = P ”2 e 0.10 = T ™
g - e ® ' ® £ - .
s L A L7 e
0.01 L7 e ‘ x 0.01 Pis .
- 4 - L7
L e A L7 Ve
< . 4 /’
s R e R
0.00 z - - 0.00 z - -
0.00 0.01 0.10 1.00 10.00 0.00 0.01 0.10 1.00 10.00
Observations / ug m* Observations / ug m*

Figure 11 — Simulated versus observed SOA (ug m) for simulations (a) AllSources, (b) Iso, (c) BB, and (d) Ant, described in Table 2.
Observations for the time period 2000-2010 are classified as urban (red triangles), urban downwind (blue squares) or remote (green circles).
Observed oxygenated-OA is assumed to be comparable to simulated SOA. The 1:1 (solid), 1:2 and 2:1 (dashed), and 1:10 and 10:1 (dotted)

lines are indicated. Model-observation statistics for SOA are shown in Table 4.
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Figure 12 — Simulated versus observed SOA (g m3) for sensitivity simulations (a) Iso (3%) and (b) Ant (40%), described in Table 2.
Observations for the time period 2000-2010 are classified as urban (red triangles), urban downwind (blue squares) or remote (green
circles). Observed oxygenated-OA is assumed to be comparable to simulated SOA. The 1:1 (solid), 1:2 and 2:1 (dashed), and 1:10 and

10:1 (dotted) lines are indicated. Model-observation statistics for SOA are shown in Table 4.
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Figure 13- Simulated and observed OA surface concentrations (ug m-=) over an urban environment, (a) Santiago (Chile) and remote
environments, (b) Manaus (Brazil) and (c) Welgegund (South Africa). Bars indicate observed (pink) and simulated OA surface
concentrations from the control (black), Iso (brown), BB (light blue), Ant (dark blue), AllSources (green), Ant (40%) (yellow) and Iso (3%)
(grey). Model simulations are described in Table 2.
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Figure 14 — Mean vertical profile of OA (ug m=) for 10 field campaigns {pink)-with the mean UKCA for the simulations described in

Table 2. The standard deviation of the binned observations at each model layer are shown (peach envelope). Colours used are identical to

Figure 13.
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