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Supplementary Tables:

Table S1.Aqueous phase equilibrium used in TM4-ECPL. Disatien constants are taken from Lim et
al. (2005) unless referred differently. Dissociati@mnstants are expressed in iidland are calculated as

follows: ke ke 1 1
. ex _ = —
28 XD R T 298
ks —

Aqueous Phase Equilibrium 298 R
H,0O HO + H' 1.0 10% -6716
HO, O, +H 3.510° 2
H.O, HO, +H* 2.2 10122 -3730
SO,.H,0 HSOy + H 1.3 10%° 1960
HSOy SOZ + H' 6.6 108° 1500
HNO, NO; + H' 2.21d 1800
NH3.H,0 NH,"+ HO 1.77 10° -560
CO,.H,0 HCO;y + H' 4.310° 913
HCO; COZ +H' 4.69 101 -1820
HCOOH HCOO + H' 1.77 10° 12
CH,COOH CH,COO+ H* 1.75 10° 46
PRV PRV + H' 3.210°
GLX GLX + H' 3.47 10° -267
OXL OXL + H' 5.6 10° -453
OXL- OXLZ + H' 5.42 10° -805

2 Seinfeld and Pandis (1998)

Table S2.Effective Henry’'s law constants for pure waterduge TM4-ECPL. Effective Henry constants
are taken from Sander (1999) unless referred éifity. Effective Henry constants are expressed ah m

L™ atmi* and are calculated as follows: w0 101
w &P TRT T 208
Species Hooe —
R
O 1.3 10? 2000
OH 3.014d 4500
HO, 4.610° 4800
H,0, 8.610° 6500
NO,; 2.0 2000
HNO, 2.410 8700
SO, 1.4 2800
NH, 6.110" 4200
Co, 3.5 10 2400
HCHO 3.210 6800
GLYAL 4.110 4600
GLY? 4.1910° 62200/R
MGLY 3.710° 7500
HCOOH 8.910° 6100
CHy;COOH 4.10° 6300
PRV 3.110 5100
GLX @ 1.0910° 40000/R
OXL P 3.2610°

21p et al. (2009); R=8.314 J moK™ is the universal gas constant
® Brimblecombe et al. (1992); The temperature depeceleffective Henry’s value is calculated as ff{H+ -9.45
+ 7285/T



Table S3.Location of stations with OXL observations, tinsggtion classification, concentrations (in ng
m®) and analytical method taken into account forrttuelel validation in Fig. 6.

. . Station . Analytical
Location Time e Measurements Filters v Reference
Classification Method
June — Kawamura et al
California, USA September,  Urban - Surface 490 Quartz GC-MS v
1985
1984
24 August — 3
Monterey, CA September, Urban - Air 140+30 PTFE IC Crahan et al., 2004
2002
Mexico City,  17-30 March, o S rface 13304620 Quartz  HPLC-MS/MS  Stora.e2010
Mexico 2006
July-August,
Chicago, USA 2002 and Urban - Surface 118+0 Quartz IC FOSC_O and
Schmeling, 2006
July, 2003
11-19 Nylon-
Claremont, CA September,  Urban - Surface 210 Y IC Grosjean, 1988
Nylon
1985
Sao Paulo, Brazil July, 1996 Urban - Surface 11408012 PTFE IC Souza et al., 1999
16-18
Vienna, Austria February, Urban - Surface 86125 Quartz GC/MS Limbeck et @105
1999
. . Limbeck and
Vienna, Austria June, 1997 Urban - Surface 340 RQuar GC-FID-MS Puxbaum, 1999
December,
. 2005 — .
Lahore, Pakistan Urban - Surface 600+520 PTFE IC Biswas et al., 2008
February,
2006
10-15
Baoji, China February, Urban - Surface 816+172 Quartz GC-MS Wang et allp2
2008
. . 1-6 April,
Baoji, China 2008 Urban - Surface 5324247 Quartz GC-MS Wang et allp2
April, 1988 - Kawamura and
Tokyo, Japan February, Urban - Surface 270+190 Quartz GC-MS .
lkushima, 1993
1989
24-26 Sempere and
Tokyo, Japan February, Urban - Surface 521-650 Quartz GC-MS P
Kawamura, 1994
1992
22-23 July, Sempere and
Tokyo, Japan 1992 Urban - Surface 1352-1680 Quartz GC-MS Kawamura, 1994
T April-May, .
Helsinki, Finland 2006 Urban - Surface 91+110 Quartz IC Saarnio et allp20
July and
Helsinki, Finland  September,  Urban - Surface 50+37 Quartz IC Saarnio et al.0201
2006
. . 23 -28
Chennai, India Urban - Surface 472.4+136.9 Quartz GC-MS Pavubai.e2010
January, 2007
November
. . 2006— 1431 Miyazaki et al.,
New Delhi, India February Urban - Surface (396-4531) Quartz GC 2009
2007
July and
Denver, USA August, 1981  Rural - Surface <180 PTFE IC Norton et al., 1993
and 1982
July and .
N. Carolina, USA  September,  Rural - Surface 10-200 PTFE IC Lewandowski et al.,
2003 2007




Station

Analytical

Location Time L Measurements Filters Reference
Classification Method
27 April - 31 Glass Martinelango et al.,
Sydney, FL May, 2002 Rural - Surface 290 fiber IC 2006
Amazon Basin, - July-August, o\ Ay 158459 PTFE IC Talbot et al., 1988
Brazil 1985
8 September - .
Rondonia, Brazil 11 November, Rural - Surface 22-1340 Quartz- IC Falkovich et al.,
PTFE 2005
2002
1 September- 1356
Rondonia, Brazil 25 October, Rural - Surface Quartz GC Kundu et al., 2010
(695-2059)
1999
16- 26
Rondonia, Brazil September, Rural - Surface 140-1330 Quartz IC Graham et aD220
2002
o July, 2002 — Legand et al., 2007 /
Aveiro, Portugal Rural - Surface 262+117 Quartz IC CARBOSOL
June, 2004 .
consortium
*Puv de Dome Sezpégrznf)er, Legand et al., 2007 /
y ‘ Rural - Surface 137+85 Quartz Ic CARBOSOL
France September, consortium
2004
*Schauinland October, 2002 Legand et al., 2007 /
' — September, Rural - Surface 223+105 Quartz IC CARBOSOL
Germany .
2004 consortium
. Legand et al., 2007 /
K-Pustza, July, 2002 = o o1 - Surface 288+93 Quartz IC CARBOSOL
Hungury May, 2004 .
consortium
Goldlauter, 7-8 and 26-27
- > - .
Germany October, 2001 Rural - Surface 104 Quartz GC-MS Muller et al., 200
Fichtelgebirge, 5 ' 5002 Rural - Surface 69+19 Quartz GC-MS Pleeti., 2006
Germany
Salzburg, Austria July, 2002 Rural - Surface 153 Qua GC-MS Limbeck and
9 Y Puxbaum, 1999
Nylsvley, South Limbeck and
Africa May, 1997 Rural - Surface 193 Quartz GC-MS Puxbaum, 1999
Mt. Rax, Austria 12—12:9,3pnl, Rural - Surface 57+32 Quartz GC-MS Limbeck et @02
Bangui, Central November, Glass
- +
Africa 1996 Rural - Surface 140450 fiber IC Ruellan et al., 1999
11 September 200
Valencia, Spain - 19 October, Rural - Surface Quartz IC Vianna et al., 2008
(100-400)
2006
Mount Tai, China 22_22(?0?5“”& Rural - Surface 365+85 Quartz GC/FID Wang et al. 9200
15 September He and Kawamura
Mangshan, China -5 October, Rural - Surface 760 Quartz GC '
2010
2007
* April-
Mace Head, September, Marine - Surface 101+47 Quartz CE Kleefeld et @102
Ireland
1998
22 January -
*Alert, Canada 20 April, Marine - Surface 21 Quartz GCIMS Kawamura et al.,
(7-65) 2005
1992
Azores. Terceira October, Legand et al., 2007 /
IsI:slnd 1998 — Marine - Surface 54427 Quartz IC CARBOSOL
March, 1999 consortium
January - .
“Finokalia, Greece December, Marine - Surface 155+60 PTFE IC Mihalopoulos, N.,
2005 2011, pers. com.




Station

Analytical

Location Time L Measurements Filters Reference
Classification Method
. May, 2003 - .
Amsterdam December, Marine - Surface 11.3+2.2 Quartz IC Sciare, J, 2011,
Island pers. com
2004
Syowa Station, 19 March -29 . Kawamura et al.,
Antarctica April, 1991 Marine - Surface 1.59 Quartz GC 1996
Syowa Station, 13 May -9 . Kawamura et al.,
Antarctica June, 1991 Marine - Surface 3.12 Quartz GC 1996
. 29 August —
Syowa St.atlon, 29 October, Marine - Surface 3.26 Quartz GC Kawamura et al,
Antarctica 1996
1991
28 November
Syowa Station, -31 . Kawamura et al.,
Antarctica December, Marine - Surface 10.29 Quartz GC 1996
1991
Indian Ocean - February — . .
- +
Arabian Sea March, 1999 Marine - Ship 103162 Quartz GC/MS Neussus et abD220
13 - 29 April, . .
Jesu Island, Korea 2001 Marine - Surface 430£290 PTFE IC Topping et alQ420
April, 2003 — . 458
Jesu Island, Korea April, 2004 Marine - Surface (92-1293) Quartz GC Kundu et al., 2010
11 October Baboukas et al
Atlantic Ocean 2 November, Marine - Ship 46+43 PTFE IC v
2000
1996
o 29 July - . .
North Pacific 19 August, Marine - Ship 47+18 Quartz GC Miyazaki et al.,
Ocean 2008 2010

"Monthly means have been used for the comparisdntivt model results

*PTFE : poly Tetra Fluoro ether



Table S4.ANOVA statistics for model evaluation (model vessabservations) based on monthly data at
specific stations as depicted in Fig. 5 (seasoaat) all data listed in Table S4 on monthly basis as
depicted in Fig. 6 (global).

Station Simulation Slope 2r N a F-value Prob>F
Urban s1 0.64+1.19 20.04 19 005 0.290 0.597
Rural s1 0.92+0.24 0.18 64  0.05 14.842 2.798 10

Global Marine s1 1.13+0.17 0.46 50 0.05 42.653 3.85% 10
Rural + Marine s1 1.16+0.14 036 114  0.05 65.598 7.48%10
All Observations s1 1.29+0.20 023 133  0.05 41.346 2.188 10
S1 0.72+0.19 0.54 12 005 13.779 0.004
okl s2 0.73+0.19 0.54 12 005 13.805 0.004
Finokalia s3 0.95+0.22 0.61 12 005 18.124 0.002
s4 0.96+0.23 0.60 12 005 17.247 0.002
s1 0.90+0.25 0.52 12 005 13.054 0.005
Amsterdam s2 0.91+0.25 0.53 12 005 13.234 0.005
Island s3 0.90+0.22 0.59 12 005 16.754 0.002
sS4 1.28+0.65 0.21 12 005 3.887 0.077
s1 0.37+0.11 0.50 11 005 11.086 0.009
Mace Head s2 0.37+0.11 0.50 11 0.05 11.084 0.009
ace Hea s3 0.43+0.11 0.60 11 0.05 16.134 0.003
S4 0.58+0.13 0.63 11 005 18.230 0.002
s1 0.45+0.13 0.50 12 005 12.192 0.006
Ave s2 0.46+0.13 0.51 12 005 12.257 0.006
VEIro S3 0.46+0.15 0.44 12 005 9.669 0.011
S4 0.48+0.15 0.46 12 005 10.396 0.009
Seasonal

s1 0.05+0.09 -0.07 12 005 0.292 0.601
s2 0.06+0.09 -0.07 12 005 0.291 0.601

Azores
s3 0.06+0.10 -0.05 12 005 0.461 0.512
S4 0.17+0.13 0.06 12 005 1.719 0.219
s1 0.35+0.12 0.42 12 005 9.007 0.013
Schavinsland S2 0.34+0.12 0.41 12 005 8.715 0.014
s3 0.21+0.15 0.09 12 005 2.071 0.181
sS4 0.22+0.15 0.09 12 005 2.111 0.177
s1 0.57+0.12 0.66 12 005 22.750 0.001
buv de D S2 0.57+0.12 0.39 12 005 22553 0.001
Uy de Lome s3 0.52+0.13 057 12 0.05 15.433 0.003
sS4 0.56+0.14 0.58 12 005 16.018 0.002
s1 0.01+0.31 -0.10 12 005 0.001 0.983
K Pustza S2 0.01+0.31 -0.10 12 005 0.002 0.964
s3 0.22+0.25 -0.02 12 005 0.825 0.385
sS4 0.23+0.25 -0.01 12 005 0.837 0.382
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Figure S1.a) Annual mean OC ¢C mi®) and annual mean contributions to total OC (canp@ss ratio)

of: b) Primary OC from land —POCland, c) Primar@ @om oceans — POCocean, d) Secondary OC from
precursors of biogenic origin — SOCb, e) Secon@xtyfrom precursors of anthropogenic origin — SOCa,
f) Secondary OC from precursors of oceanic origGCocean, g) Aged Secondary OC — SOCaged and
h) OXL expressed in carbon mass — OCoxl, as cdbkuilby the model for S1 Simulation; for surface
(left), 500 hPa (middle), and zonal mean (right).



Comments relevant to Figure S1:

TM4-ECPL accounts for soluble and insoluble fornisanthropogenic and marine primary OA that is
ageing chemically by reaction with3Cas described in Tsigaridis and Kanakidou (2003DASis
chemically formed by gas phase oxidation of terpeared other reactive volatile organics (represehted
a- and b- pinenes), isoprene and aromatics (remexsd®dy toluene and xylene) and dimethylsulfide ASO
is also allowed to age chemically by reaction Wikl radical as in Tsigaridis and Kanakidou (2003).
Accounting also for the primary OC and its agedn®rwe use a total of 19 tracers in our model to
simulate organic aerosol components that are gbupeé major categories: SOA from anthropogenic
volatile organics (SOAa), SOA from biogenic volatibrganics (SOAb), methanesulfonic acid (MSA),
Marine Amines Salts, Oxalate (OXL), aged SOA, pmm®C from fossil fuels, biofuels and biomass
burning processes, primary marine OC.

2000 -

00+ Observations

1600 . ™ TM4-ECPL

1400
@
€ 1200
J 1000 -
S . y = 0.04x +90.99 P
5 800 R2=0.44 ‘—/_,_—
[ ”—"

600 - P

400 - 'y

200 - y =0.03x + 43.67

R2=0.53
0 T T T 1
0 4000 8000 12000 16000 20000
ng(SO%) m-3

Figure S2. OXL (ng-OXL m® as a function of S§ (ng-SQ* m>) mass concentrations from
observations (red squares) and as calculated bgntuel for S1 Simulation (blue diamonds), based on
monthly mean values. Observations are taken froah&r et al. (2004), Fosco and Schmeling (1988),
Biswas et al. (2008), Saarnio et al. (2010), Ledrahal. (2007), Koulouri et al. (2008) and Scidre
unpublished data.



TM4-ECPL(S1) 2005 - OC ( gC m?)

Measurements 2005 — OC ( gC m™)
Figure S3. Comparison of OC computed by TM4-ECPL (S1 Simalgtifor 2005 (y-axis) with OC -

PM2.5 observations (x-axis) igC m* from Bahadur et al. (2009), Sciare et al. (2009) Koulouri et
al. (2008), for urban (brown crosses), remote (g@esses) and marine (blue crosses) locations.
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fraction to water soluble organics (OXL/WSOC), ttal OC (OXL/OC), to sulfate (OXL/SH) and
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Figure S5: Ratio of OH total concentrations in June to thims@anuary for surface (left panel) and zonal
mean (right panel) as calculated by the model foEBnulation.

Comments relevant to Figure S5:

TM4-ECPL model output provides the total OH radicahcentration (i.e. Ofdy=OH) + OHaqy See Eq.

(4) in section Al) instead of the concentrationghie gas and aqueous phases. Figure S5 depiatstitne

of OH total concentrations in June to those in dayitor surface and the zonal mean, as calculatetie
TM4-ECPL model. Note that, higher biogenic concatidns during summer compete with OH
photochemical production, with the net result delegm on the location’s characteristics.

Hermann et al. (2005) calculated that the most mapd sources of OH radicals in the droplets gréng
Fenton reaction between ¥eand HO, accounting for about 33%, (ii) the photolytic dequpsition of
H,0, with a contribution of about 25% and (iii) upta#EOH radicals into the droplets which accounts
for about 21% of the total source of OH in the detgp In TM4-ECPL we account for the last two
mechanisms of OH sources in the aqueous phasarthéioth driven by photochemistry and account for
about 63% and 37% of the OH sources in the aqupbase, respectively, on an annual basis. Photolysis
of NOs™ and the reaction of {aq) with Q" do not significantly contribute to OH radical faatron in the
aqueous phase 0.11%) on an annual basis. It is therefore expetttatithe aqueous-phase OH radical
concentrations are strongly supported by the gaselOH concentrations and their transfer to the
agueous-phase.

According to our calculations, the OH radical fotima in the aqueous phase in January is by ab&ab 2.
higher than in June on the global scale. This is tui) a 7.8% higher OH water uptake in January
compared to June, which may be attributed to theach of biogenic emissions on the gas-phase OH
radical concentrations during summer, and ii) &4 I8wer formation of OH radicals in the aqueous-
phase by the photolysis of,8, in January than in June. However, in the Northdemisphere, OH
aqueous-phase formation is calculated to be mane Zhtimes higher in June compared to January. The
uptake of gas-phase OH radicals in the aqueousphakune is also enhanced by about 2 times and the
production of OH radicals by the,8, photolysis in the aqueous-phase is calculatedetalmost 2.5

times higher than in January.
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Al Exchange between gas and aqueous phase

Aqueous—phase chemistry is simulated in the moslel first-order, first degree homogeneous, ordinary
equation:

dC.
— P LC,
dt i i~ (1)

whereC; is the concentratior®; is the chemical production of the spedieandL; is the pseudo-first-
order loss term of the speciesBecause of the stiffness of the simultaneoustisolwf gaseous and
aqueous phase chemistry (lifetime of the speciéferdi by many orders of magnitude), the Euler
backward iterative EBI) method is used, as suggested by Barth et al.3j200he Barth-EBI
approximation is a stable, implicit method whiclves Eq. (1) as:

1 C" Pt
nlil
C 1 Lnl.i t (2)

wheren is the current time step;+1 is the next time stept is the time step duration, and i represents the
number of iterations. This method uses 0.01% fer ttireshold convergence criterion for all species.
Important parameters for the solubility of gasesloud droplets are the liquid water conteC) and

the temperaturel]. The solubility of gases in water is governedthy Henry’s law constantH{) (Table
S3). For a giver, H and LWC, the phase ratio (), which represents the amount of gas in a given
volume of air which resides in the aqueous-phasive to the amount in the interstitial gas-phase
(Lelieveld and Crutzen, 1991; Barth et al., 20@3¥alculated by:

, H(@T) RT LwWC (3)

where,H(T) is the temperature dependent effective Henry'sdanstantR is the universal gas constant
(0.0821 L atm mdi KY), Tis the temperaturé) andLWCis the liquid water conter{ent H,O cm? air).
The concentration of a speciesd ; in molecule cii) in the liquid phase in connection with the total

concentrationG in molecule cil) is calculated using Eq. (3) as,

However, a chemical species may not achieve equilibon the timescales of the model's time step
because of mass transfer kinetic limitations betwgleases (Schwartz, 1986). The rate of change of a

chemical specieis due to mass transfer between gas and liquid pteasee defined as:
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wherek; is the transfer coefficientsf), r the droplet radiusnf), D4 the gas-phase diffusion coefficient
(m’s), the mean molecular speed €%) and the mass accommodation coefficient (Table S3).0he

and the are defined as:

2
3 (6
D, 19Mw)3 ()
8k,TN , z
(MW ) (7)

where MW is the molecular weightks the Boltzmann constant.8 10 dyn cm K) and the
Avogadro numberg,023:10”> molecule mat).

For the present study only OH, H@nd NQ radicals are considered to be subjected to kitiatitations.
Barth et al. (2003) showed that OH, Hénd NQ radicals are not in equilibrium between the gag an
aqueous phases. For those two radicals, the malellates thek; by taking into account mass
accommodation coefficients of 0.05, 0.01 and 0.6@40H, HG, and NQ radicals respectively, as
suggested by Herrmann et al. (2000). Droplet radauges between ~3.6 - >16.51 for remote clouds, 1-
15 m for continental and ~1-25m for polluted clouds (Herrmann, 2003). For thisdy we used an
average cloud droplet radius of Bn over continents, where most of the emission ofLQXecursors
occurs, and above oceans we used a cloud drogletsraf 10 m which is more representative for
remote clouds. Note, however, that according to (B}. gas transfer to small droplets is faster tt@an
large droplets, which is a result of the largerfaze-to-volume ratio of smaller droplets. Although,
Lelieveld and Crutzen (1991) suggested that vardiraplet sizes does not affect the calculationshmuc

because gas-transfer processes are generally mstehn than the chemical processes involved.
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