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Abstract. New pathways to form secondary organic aerosolindicate that a mechanism based only on a reactive (surface
(SOA) have been postulated recently. Glyoxal, the smallestimited) uptake coefficient leads to higher SOA vyields from
dicarbonyl, is one of the proposed precursors. It has bothglyoxal compared to a more detailed description that con-
anthropogenic and biogenic sources, and readily partitionsiders aerosol phase state and chemical composition. In the
into the aqueous phase of cloud droplets and deliquescenhore detailed simulations, surface uptake is found to give the
particles where it undergoes both reversible and irreversibldighest SOA mass yields compared to a volume process and
chemistry. In this work we extend the regional scale chem-reversible formation. We find that the yields of the latter are
istry transport model WRF-Chem to include detailed gas-limited by the availability of glyoxal in aerosol water, which
phase chemistry of glyoxal formation as well as a state-of-is in turn controlled by an increase in the Henry’s law con-
the-science module describing its partitioning and reactionsstant depending on salt concentrations (“salting-in”). A time
in the aerosol aqueous-phase. A comparison of several pradependence in this increase prevents substantial partition-
posed mechanisms is performed to quantify the relative im-ing of glyoxal into aerosol water at high salt concentrations.
portance of different formation pathways and their regionallf this limitation is removed, volume pathways contribute
variability. The CARES/CalNex campaigns over California > 20% of glyoxal-SOA mass, and the total mass formed
in summer 2010 are used as case studies to evaluate tl{6.8 % of total SOA in the LA basin) is about a third of
model against observations. A month-long simulation overthe simple uptake coefficient formulation without consider-
the continental United States (US) enables us to extend ouation of aerosol phase state and composition. Results from
results to the continental scale. the continental US simulation reveal the much larger poten-
In all simulations over California, the Los Angeles (LA) tial to form glyoxal-SOA over the eastern continental US. In-
basin was found to be the hot spot for SOA formation from terestingly, the low concentrations of glyoxal-SOA over the
glyoxal, which contributes between 1% and 15% of the western continental US are not due to the lack of a potential
model SOA depending on the mechanism used. Our resultto form glyoxal-SOA here. Rather these small glyoxal-SOA
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concentrations reflect dry conditions and high salt concentrapartitioning behavior was hence already studied at urban and
tions, and the potential to form SOA mass here will strongly global scales. Previous box-model studies were locally con-
depend on the water associated with particles. strained by observations but were run in idealized conditions
and lack most of the variability due to emissions, transport
and chemistry found at the regional scale. Global-scale 3-D
simulations on the other hand lack the degree of detail in their
1 Introduction description of the glyoxal atmospheric processing necessary
for accurate simulations. Most previous studies did not con-
Organic matter is a major contributor to atmospheric aerosokider aerosol properties other than surface area, or included
load. While a fraction of it is directly emitted as primary par- reversible partitioning of glyoxal into deliquesced droplets.
ticles into the air, a substantial contribution — often the major-Li et al. (2013 investigated formation of SOA from deli-
ity — is generated within the atmosphere through chemistryquesced particles and cloud droplets on the regional scale in
The progressive oxidation of precursor gases (volatile orthe Pearl River Delta with a simple surface uptake param-
ganic compounds, VOCs) leads to semivolatile products thageterization.Waxman et al(2013 is the only study that in-
have lower volatility and higher water solubility than their corporated recent findings regarding the “salting-in” of gly-
parent precursors, and can form secondary organic aerosolxal, that is, the strong~ 3 orders of magnitude) increase
(SOA). The large number of organic compounds involvedin the effective Henry’s law constant due to glyoxal interac-
proves to be challenging for both measurement and modeltions with salts Kampf et al, 2013. They concluded that
ing communities (e.g.Goldstein and Galbally2007). Re-  the catalytic reaction of NE! (Noziere et al.2009 exceeds
cent studies further indicate that SOA formation in the aque-reactions by OH radicals to form SOA from glyoxal, and
ous phase may be importarirh et al, 201Q Ervens etal.  pointed out the importance of particle pH, and phase state for
2017). Here we investigate SOA formation from glyoxal in or the rate of SOA formation from glyoxal. There is no previ-
on deliquesced particles. Glyoxal is the smallest dicarbonylous study of glyoxal-SOA formation within deliquesced par-
produced by oxidation of both anthropogenic and biogenicticles incorporating these findings in a 3-D regional model.
precursors. It is short-lived, so it can serve as an indicator forA model capable of representing detailed aerosol characteris-
recent VOC oxidation processes in the atmospheotké- tics, like pH, size resolved chemical composition, and phase
mer et al, 2005. Laboratory measurements for glyoxal con- state could provide valuable information to assess which pa-
firmed that it partitions into the particle phase under atmo-rameters determine the regional variability of glyoxal SOA.
spheric conditions due to its high solubility in water and its  In this study we investigate the life cycle of glyoxal in
subsequent aqueous-phase chemistrgl{ et al., 2005 Lig- the atmosphere at the regional scale over California and the
gio et al, 2005 Carlton et al. 2007, Noziere et al.2009 continental scale over the United States. We choose summer
Galloway et al. 2009 Volkamer et al. 2009. In particu- 2010 as our study period as the Carbonaceous Aerosols and
lar, recent work has shown that concentrated salt solutionfRadiative Effects Study (CAREQaveri et al, 2012 and the
strongly shift the partitioning of glyoxal towards the liquid- Research at the Nexus of Air Quality and Climate Change
phase Kampf et al, 2013, where it is a source for SOA (CalNex,Ryerson et a).2013 campaigns took place in Cal-
with a high oxygen-to-carbon ratidMaxman et al.2013. ifornia during that time, and provide measurements that al-
Finally, Holzinger et al(2013 found that a multi-phase pro- low constraining glyoxal sources, concentrations, and sinks.
cess might be needed to explain the aerosol nitrogen conte® number of studies using this data set investigated SOA
in the very region and time period we will focus on. formation Quong et al. 2011, Ahlm et al, 2012 Gentner
Formation of SOA from glyoxal has been studied with etal, 2012 Liu et al, 2012ab; O’'Brien et al, 2012 Rollins
box models Yolkamer et al. 2007 Lim et al, 201Q Mc- et al, 2012 Zhang et al.2012 Hayes et aJ.2013 Hersey
Neill et al, 2012 Waxman et al. 2013 and with a 1-D et al, 2013 Setyan et a).2012 Shilling et al, 2013 Zhao
transport model employing the Master Chemical Mechanismet al, 2013, the oxidative environmenPUusede and Cohen
(Washenfelder et gl2011) with the difference between mea- 2012 Warneke et a).2013 and emissions of compounds
sured and modeled glyoxal concentrations attributed to amelated to SOA formation like VOCSBprbon et al. 2013,
aerosol loss proces¥olkamer et al.(2007) find that gly- NOyx (McDonald et al. 2012 Brioude et al. 2013 Baidar
oxal could contribute up to 15 % to total SOA in Mexico City et al, 2013, or ammonia llowak et al, 20129. We em-
for the period investigatedVashenfelder et a{2011) how- ploy the mesoscale chemistry transport model WRF-chem
ever derive lower uptake coefficients over California and con-(Grell et al, 2005 which we extended to include a more de-
clude that glyoxal contribution to total SOA is in the range tailed description of gas-phase chemistry producing glyoxal
of 0-4 %. Uptake coefficients derived higgio et al.(2005 as well as a new module to describe its partitioning into the
were used in global 3-D simulations with simplified chem- aerosol phase. In our study, substantial effort has been put
istry (Fu et al, 2008 where they found that glyoxal con- into improving existing emission inventories for the Califor-
tributes additional 2.6 Tg C# to the global SOA source of nia domain, and in evaluating the model against measure-
17.5TgCa? from a traditional mechanism~<(13%). The  ments. Several pathways to form SOA from glyoxal within
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Table 1.Chosen parameterization for selected physical processes ir CO emissions at 00 UTC (weekday) kg km2 hr™"
WRF. 44 150
42

Process Method

Cloud microphysics Morrison double-moment scheme

Radiation RRTMG short- and longwave 40 7

Land surface Noah Land Surface Model

Urban surface Urban Canopy Model

Planetary boundary layer Mellor-Yamada Nakanishi and Niino 2.5 38 -

Cumulus parameterization  Grell 3-D ensemble

latitude

36

deliquesced particles were added, including reversible par-
titioning. We present results from a number of simulations
over California in which we considered (combinations of)
several approaches to this partitioning, and investigate rela-
tive contributions and their regional variability. We further
show the importance of these processes on the continenta
scale. In Sect2 we describe the modeling system, includ-
ing updates made to emissions and gas-phase chemistry, amure 1. Model domain and schematic illustrating the emissions
the modeling of glyoxal partitioning into the particle phase. merging (see text), with CO emissions (kgk#hr1) as vi-
Section3 shows how our simulations compare against mea-sual guideline in the background. Measurement “supersites” from
surements made during the CARES/CalNex CampaignS, an@ARES and CalNex shown: TO American River CO”ege, Sacra-
emphasizes the improvements due to the updated emissiofeento. T1 Northside _School, Coql. BAK quperative Extension
inventory. In Sect4 we investigate the partitioning behavior Kern County, Bakersfield. LA Cahfqrnla Institute of Technology _
of glyoxal based on the different pathways and its regionalcampus, Pasadena. Two focus regions are marked: the LA basin

Abilit d tth tofth i tal lesi (red, in the following called “LA"), and the isoprene-rich eastern
variabiiity, and present the result ot the continental-scale Slm'slopes of the Central Valley (purple, called “ESCV”).

-125 -120 -115
longitude

ulation.

2 Modeling organic aerosol is considered to be inert, evaporation and
subsequent oxidation and recondensation is not considered.

2.1 Model setup To account for this we lowered the SOA formation yields

from 80 pg nT3 ppmv-1 to 40 pg nT3 ppmv-1. Treatment of
Simulations and developments are based on the Weathdsiogenic SOA followsShrivastava et a(2011).
Research and Forecasting Model coupled with Chemistry The regional model domain (Fid.) covers the state of
(WRF-chem) Grell et al, 2005 Fast et al. 2006 in ver- California including adjacent states and parts of the Pacific
sion 3.4.1. Tabld lists the options chosen for physical pa- Ocean, and is represented as a 28IB0x 40 cell grid on
rameterizations. The chemical mechanism of the Model fora Lambert conformal conic projection with a horizontal reso-
Ozone and Related Chemical Tracers, version 4 (MOZART-lution of 4 km, extending vertically up to 10 hPa. Our simula-
4, Emmons et a).2010 is employed to calculate gas-phase tions over this region are conducted for the period of 29 May
chemical reactions, with the fast Tropospheric Ultraviolet- until 15 June 2010. The simulation at the continental scale
Visible (fTUV) module (Tie et al, 2003 used for calculat- covers the continental United States (CONUS) at a horizon-
ing photolysis rates. Aerosol dynamics and associated physital resolution of 36 km and spans the whole month of July
cal and chemical processes are represented by the Model f@010.
Simulating Aerosol Interactions and Chemistry (MOSAIC, All simulations are initialized and forced at the lateral
Zaveri et al, 2008 using four size bins (39-156 nm, 156— boundaries by 6 hourly analysis data from the NCEP Global
625nm, 625-2.5um, 2.5-10pum). Inorganic aerosol therforecast System (GFS) at 1.€esolution for meteorology
modynamics within MOSAIC are solved using the multi- (NCEP, 2000, and 6 hourly MOZART-GEOS5 simulations
component equilibrium solver for aerosols (MESZqveri (based on Emmons et a).2010 at 19 x 2.5° resolution
et al, 2005. Secondary organic aerosol (SOA) formation for chemistry and aerosol. Simulations are nudged to GFS
from anthropogenic VOCs and semi/intermediate volatility analyses above the boundary layer throughout the simula-
compounds (S/IVOCSs) is parameterized with the method oftion. Sea surface temperature (SST) analyses updated ev-
Hodzic and Jimenef011), where an SOA is formed based ery 6 hours from the US Navy Fleet Numerical Meteorol-
on a tracer co-emitted with carbon monoxide. By reactionogy and Oceanography Centéittp://www.usgodae.org/ftp/
with OH this tracer is then converted into an SOA. Primary outgoing/fnmoc/models/ghrsst/docs/ghrsst _docarse used
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Table 2. Emissions scaling factors (E 5k Scaling Factor), for
2010 relative to 2005/2008.

Species Scaling factor
SO, 0.55

NO, NO, 0.8

CO 1.2

NH3 1.0
glyoxal, methylglyoxal 1.0

all other gaseous emissions 0.65

all aerosol emissions 1.0

instead of default climatologies. The simulations were con-
ducted using the National Center for Atmospheric Research
(NCAR) high performance computing system “Yellowstone”
(CISL, 2012.

2.2 Emissions

Anthropogenic emission estimates over California were cre-
ated as a combination of the National Emission Inven-
tory data set for 2005 (NEI 2005), the California Air Re-
sources Board emission estimates for 2008 (CARB 2008),
the inversion-based CO and N®missions for the LA basin
as presented bBrioude et al.(2013, and VOGCO emis-
sion ratios ofBorbon et al.(2013. The following steps are
applied to create the final anthropogenic emission data set
(see also Figl). The NEI 2005 emissions data set was used
as basis. Over California, it is first replaced by the CARB
2008 inventory. VOCs in both the NEI and CARB inven-
tory were originally speciated for the SAPRC99 mechanism
(Carter et al. 2000, and were translated to species avail-
able in MOZART. Emissions are then reduced by 35 % for
most species to account for the changes between 2005/2008
and 2010 (Tabl®). CO and NQ emission amounts for grid
points in the LA basin are replaced with inversion estimates
from Brioude et al(2013.

VOC/CO emission ratios reported Borbon et al(2013
were used to create VOC emission fields for selected VOCs,
using the spatial distribution and temporal behavior of the
CO emissions created as described above. These relation-
ships were derived from measurements in the Los Angeles
basin during 2010, and are more recent and considered more
accurate than estimates from the CARB and NEI inventories.
We replaced the VOC emission estimates from the invento-

ries with our inversion based inventory for the species avail-Figure 2. VOC emissions in the LA basin (rectangular box from
able inBorbon et al.(2013. Figure2 shows that there are 33.6°N, 119.0 W, to 34.3 N, 117.7 W) for selected MOZART-4
considerable differences in the estimates of speciated VOGpecies as given by the CARB 2008 inventory (red), scaling factors

emissions between the CARB inventory and the amounts egh Borbon et al.(2013 multiplied by CARB 2008 CO emissions
(blue), and the final emissions used, a result of the emissions prepa-

ration procedure outlined in the text (yellow).

timated from the CO inversion and the measured YOO
emission ratios in the LA basin. An investigation of these
differences would be beneficial for the modeling community,
but is out of the scope of this work.
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The final emissions used in our simulations over Califor- et al. (2011 based on nighttime decreases of glyoxal at the
nia are a result of an iterative approach to reconcile simu-LA ground site. Wet deposition is not considered.
lated concentrations with observations. Note that for acetone,
benzene, and xylenes, the emission amounts based on CQ:3.1 Updates to the MOZART-4 gas-phase mechanism
VOC ratios fromBorbon et al(2013 are much higher than
reported in CARB. Simulations made with these inversion-Table 3 lists new and updated species, Tablthe new and
based amounts showed strongly overestimated concentraltered reactions, and Tabk the added photolysis reac-
tions compared to surface measurements. Hence we reducgidns. All changes presented are relative to the mechanism
these emissions so that simulated concentrations agreed witfescribed irEmmons et al(2010.
measurements. Interestingly, the resulting emission amounts Formation of glyoxal in the gas-phase is described in the
for these species were very similar to the ones reported ilMOZART mechanism, which already treats glyoxal as an
the inventory. A comparison of a simulation using the origi- explicit species Emmons et aJ.2010. Four main forma-
nal emissions as given from the combination of NEI/CARB tion pathways are considered: oxidation of isoprene, of aro-
inventories and our updated inventory against measurememhatic compounds, of MBO (2-methyl-3-buten-2-ol), and of
data is discussed in Seét. ethyne. We updated the description of isoprene oxidation
Biogenic emissions from vegetation are calculated asn MOZART by adding a 2% molar yield of each glyoxal,
a function of ambient conditions with the Model of Emis- methylglyoxal, glycolaldehyde, and hydroxyacetone from
sions of Gases and Aerosols from Nature (MEGAN) versionthe reaction of the isoprene peroxy radical with NO and with
2.04 Guenther et al.2006. During evaluation we found NOg, the former having recently been observed in labora-
a large underestimation of isoprene compared to measurdery experiments \{olkamer et al. 2005 Galloway et al.
ments in urban areas like the LA basin (LA ground site), 2011, Thalman et al., 2013). We further included a more
while no such underestimation was found in rural environ-explicit treatment of C5 unsaturated hydroxycarbonyl chem-
ments (Bakersfield, T1 sites). We attribute this to an insuffi-istry, a potential additional secondary glyoxal source. Note,
cient description of vegetation in urban areas in the MEGANhowever, that while this formation of glyoxal is expected
land use database (A. Guenther, NCAR, personal communitheoretically, it has not been observed in recent laboratory
cation, 2012) and have hence increased emissions of all bicexperiments (Thalman et al., 2013). We have further speci-
genic VOCs as determined in MEGAN by a factor of 2.5 over ated the aromatics (previously lumped as one surrogate) into
grid points with an “urban” land use type in WRF-chem. benzene, toluene and lumped isomers of xylenes with corre-
For the CONUS simulation we used anthropogenic emis-sponding glyoxal yields for each precursdblkamer et al.
sions from the National Emission Inventory for 2008 (NEI 2001, Calvert et al. 2002). The treatment of these aromatic
2008) updated by the U.S. Environmental Protection Agencyspecies is taken from the Leeds Master Chemical Mechanism
(EPA) to reflect emissions of the year 2010 within the Air (Bloss et al.2005 http://mcm.leeds.ac.uk/MCWM/although
Quality Model Evaluation International Initiative (AQMEIIl, the chemistry of some later-generation products is ignored
http://agmeii.jrc.ec.europa.pwithout further modifications.  as these multi-functional species are likely prone to hetero-
Biogenic emissions from MEGAN were used without the geneous removal, are oxidized far from the source region,
modifications for the simulations over California described and/or are not significant sources of glyoxal. MBO chem-
above. istry, initiated via reaction with OH, N®and ozone, is also
added to the model. Note that glycolaldehyde is a signif-
icant product of the OH-initiated oxidation of MBO, and
that further reactions of glycolaldehyde lead to glyoxal pro-
duction. Ethyne has also been added as an explicit species
The MOZART mechanism describes the formation of gly- and its oxidation chemistry is included; the rate coefficient
oxal in the gas phase. Direct anthropogenic emissions of glyfor its reaction with OH is from the JPL evaluatioGgnder
oxal are included according to the CARB emissions inven-et al, 2011 and products are frotdatakeyama et a{1986.
tory, but were found to be negligible<(0.1 % contribution =~ HONO is now considered as an additional source of OH rad-
to average surface glyoxal production), which is consistenticals through photolysis.
with earlier findings based on ambient time-series analysis
in Mexico City (Volkamer et al.2005. Glyoxal is removed 2.3.2 Pathways of interaction between gas-phase
from the atmosphere by photolysis, oxidation through reac- glyoxal and particles
tion with the OH radical, dry deposition and through parti-
tioning into particles. A detailed description of the aerosol There is no clear scientific consensus on how glyoxal might
sink for glyoxal follows in sectior?.3.2 and the reader is form SOA. Irreversible SOA formation via both a surface
invited to consult Figurd4 showing the effect of this sink uptake and volume reactions have been propokede(s
on gas-phase glyoxal concentrations. A constant dry deposiand Volkamer 2010 and references therein). Reversible
tion velocity of 2mms? is used as derived Washenfelder partitioning and oligomerization reactions are observed in

2.3 The modeled glyoxal life cycle

www.atmos-chem-phys.net/14/6213/2014/ Atmos. Chem. Phys., 14, 6 BP39 2014
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Table 3. New/updated chemical species in MOZART-4.

C. Knote et al.: SOA formation from glyoxal in a 3-D model

Symbolic name  Atomic composition Comments
C2H2 GH» ethyne
HCOOH HCOOH formic acid

HOCH200 HOCHOO

HONO HONO
TOLUENE CsHs(CHa)
BENZENE GsHe

PHENOL GsH50H
BEPOMUC GHgO3

BENZO2 GsHg(OH)(00),
PHENO2 GHs(0OH)2(00);
PHENO GHs(OH)2(00)0

PHENOOH GHs(OH)2(00)O0H

C6H502 GHs502

C6H500H GHsO0H

BENZOOH GsHg(OH)(O0)O0H

BIGALD1 HC(=O)CH=CHCH=0

BIGALD2 CH3C(=0)CH=CHCH=0

BIGALD3 HC(=0)C(CH3)=CHCH=0

BIGALD4 CH3C(=0)CH=C(CH3)CH=0
(and isomers)

MALO2 HC(=0O)CH=CHC(=0)00

PBZNIT CgH5C(O)OONG,

TEPOMUC GHgO3

BZOO CsHs5CH200

BZOOH CsH5CH,OOH

BZALD CgHs5CHO

ACBZ0O2 CsHs5C(O)O0

DICARBO2 CHzC(=0)CH=C(CH3)C(=0)00
and isomers

MDIALO2 HC (=0)C(CH3)=CHC(=0)00
and isomer

XYLENES CgH4(CH3)2

XYLOL Isomers of GGH3(CH3)2(OH)

XYLOLO2 Isomers of
CgH3(CH3)2(0OH)2(00);

XYLOLOOH Isomers of

CgH3(CH3)2(0OH)2(O0O)O0H

XYLENO2 Isomers of
CgH4(CH3)2(OH)(O0),
XYLENOOH Isomers of

CgH4(CH3)2(OH)(O0)O0H

MBO CHy=CH—C(OH)(CHg)>
MBOO2 HOCH,—CH(O0)—C(OH)(CHg)>
MBONO302  GNOCH,—CH(O0)—C(OH)(CHz)2
MBOOOH HOCH,—CH(OOH)—C(OH)(CHs)>
HMPROP (CHg)2C(OH)CH=0

HMPROPO2  (CH3)2C(OH)C(0)00

radical formed in H@ addition
to formaldehyde

unlumped, represented sum of benzene
+ toluene+ xylenes in old version

Unsaturated epoxide-dialdehyde
Bicyclic peroxy radical from

OH addition to benzene

Bicyclic peroxy radical from

OH addition to phenol

Bicyclic oxy radical from OH
addition to phenol

Bicyclic hydroperoxide from OH
addition to phenol

Bicyclic hydroperoxide from OH

addition to benzene

Unsaturated dialdehyde
Unsaturated dicarbonyl
Unsaturated dialdehyde

Unsaturated dicarbonyls from
xylene oxidation

Acyl radical from “BIGALD1"

photolysis

Peroxybenzoyl nitrate

Unsaturated epoxide-dialdehyde

Peroxy radical formed following OH

abstraction from toluene

Benzaldehyde

Acylperoxy radical obtained from

benzaldehyde

Acylperoxy radical obtained from
photolysis of unsaturated dicarbonyls

Acylperoxy radical obtained from
photolysis of unsaturated dicarbonyls

Lumped isomers of xylene

Bicyclic peroxy radical from OH
addition to xylenols

Bicyclic hydroperoxide from OH
addition to xylenols

Bicyclic peroxy radicals from OH
addition to xylenes

Bicyclic hydroperoxides from OH
addition to xylenes
2-methyl-3-buten-2-ol

Peroxy radical from OH + MBO
Peroxy radical from N@+ MBO
Dihydroxy-hydroperoxide formed
in reaction of MBOO2 with HQ
2-hydroxy-2-methyl-propanal
Peroxy radical formed from

OH + HMPROP reaction

Atmos. Chem. Phys., 14, 6213%239 2014
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Table 4. New/updated gas-phase reactions. ({CO2} indicates G@ot included in the model solution.)

Reactants Products Rate constant(s)
C2H2+ OH — .65-GLYOXAL +.65- OH+.35- HCOOH+ .35- HO2+.35. CO ko=5.5E-30;
ki =8.3x 10713.(300/T)"2; f=0.6
HCOOH+ OH —  HO2+H20+{C02} 45x10°13
CH20+ HO2 —  HOCH200 9.7x 107 15. exp(625/T)
HOCH200 —  CH20+HO2 2.4E12 exp(~7000/T)
HOCH200+NO  — HCOOH+ NO2+ HO2 2.6x 10712 exp(265/T)
HOCH200+HO2 — HCOOH 7.5x 10713, exp(700/T)
ISOPO2-NO — .08-ONITR+.92-NO2+.23- MACR +.32- MVK 4.4 x 10712, exp(180/T)
+.33-HYDRALD +.02- GLYOXAL + .02- GLYALD
+.02- CH3COCHO+ .02- HYAC +.55- CH20+.92- HO2
ISOPO2+NO3 —  HO2+NO2+ .6- CH20+ .25- MACR + .35- MVK 2.4 x 10712
+.36-HYDRALD +.02- HYAC +.02- CH3COCHO
+.02- GLYOXAL + .02 GLYALD
XO2+NO —  NO24HO2+ .25.CO+.25- CH20+4- .25 GLYOXAL 2.7 x 10712, exp(360/T)
+.25. CH3COCHO+ .25 HYAC + .25- GLYALD
X02+NO3 —  NO24HO2+ .25.CO+ .25- CH20+4 .25 GLYOXAL 2.4 x10°12
+.25. CH3COCHO+ .25 HYAC + .25. GLYALD
X024 CH302 — .2.CH30H+.8-HO2+ .8 CH20+ .2- CO+.1- GLYOXAL 5.0 x 10~13. exp(400/T)
+.1. CH3COCHO¥ .1- HYAC +.1- GLYALD
X024 CH3CO3 — .25.CO+.25- CH20+ .25- GLYOXAL + CH302+ HO2 1.3x 10712. exp(640/T)
+.25- CH3COCHO+ .25- HYAC + .25 GLYALD +{CO2}
OH+BENZENE  — .53 PHENOL+ .12 BEPOMUG+ .65 HO2+ .35 BENZO2 2.3 10712, exp(-193/T)
OH-+ PHENOL — .14 PHENOZ2} .80 HO2+ .06 PHENO 4.3 10713 exp(1220/T)
PHENO2+ NO — HO2+ .70 GLYOXAL + NO2 2.6x 10712 exp(365/T)
PHENO2+ HO2 — PHENOOH 7.5< 10~ 13. exp(700/T)
OH+PHENOOH — PHENO2 3.8< 10712. exp(200/T)
PHENO+ NO2 > M 2.1x10712
PHENO+ O3 —  C6H502 2.8¢< 10713
C6H502+ NO —  PHENO+NO2 2.6x 1072 exp(365/T)
C6H502+ HO2 —  C6H500H 7.5¢ 10-13. exp(700/T)
OH+C6H500H — C6H502 3.8< 10712. exp(200/T)
BENZO2+ NO —  NO2+ GLYOXAL +.5 BIGALD1 + HO2 2.6x 10712. exp(365/T)
BENZO2+ HO2 —  BENZOOH 7.5x 10~13. exp(700/T)
OH+BENZOOH — BENZO2 3.8x 10712. exp(200/T)
MALO2 + NO2 - M ko = 8.5E-29- (300/TF-5;
ki=1.1x 10~11.(300/T); f=0.6
MALO2 +NO — .4 GLYOXAL + .4 HO2+ .4 CO 7.5x 10712, exp(290/T)
MALO2 + HO2 — .16 GLYOXAL +.16 HO2+ .16 CO 4.3< 1013, exp(1040/T)
OH+TOLUENE  — .18 CRESOL+.10 TEPOMUGH .07 BZOO+ .65 TOLO2 1.7x 10712, exp(352/T)
+ .28 HO2
OH+ CRESOL — .20 PHENO2t .73 HO2+ .07 PHENO 4% 10711
BZOO+HO2 — BZOOH 7.5x 10713 exp(700/T)
OH+ BZOOH —~ BzOO 3.8x 10712 exp(200/T)
BZOO+ NO —  BZALD 4 NO2+HO2 2.6x 10712 exp(365/T)
OH+BZALD — ACBzO2 5.9x 10712 exp(225/T)
ACBZO2+NO2 —  PBZNIT ko= 8.5E-29- (300/Tf-5;
ki=1.1x 10~11.(300/T); f=0.6
PBZNIT — ACBZO2+NO2 k(ACBZO2+NO?2)
-1.111E28 exp(—14 000/T)
ACBZ02+NO —  C6H502+NO2 7.5x 10712 exp(290/T)
ACBZO2+ HO2 — .4 C6H502+.4 OH 4.3x 10~13. exp(1040/T)
TOLO2+NO —  NO2+ .6 GLYOXAL + .4 CH3COCHO+ HO2+ .2 BIGALD1 2.6x 10712, exp(365/T)
+ .2 BIGALD2 + .2 BIGALD3
DICARBO2+HO2 — .4 OH+ .07 HO2+ .07 CH3COCHG .07 CO+ .33 CH302 4.3 10713, exp(1040/T)
DICARBO2+NO  — NO2+.17 HO2+ .17 CH3COCHO¥ .17 CO+ .83 CH302 7.5¢ 10712 exp(290/T)
MDIALO2 +HO2 — .4 OH+ .33 HO2+ .07 CH3COCHGH .14 CO+ .07 CH302+ .07 GLYOXAL  4.3x 10~13. exp(1040/T)
MDIALO2 +NO  — NO2+ .83 HO2+ .17 CH3COCHG} .35 CO+ .17 CH302 7.5¢ 10712 exp(290/T)
+.17 GLYOXAL
DICARBO2+NO2 — M ko=8.5x 10~29. (300/TP-5;
ki=1.1x 10~11.(300/T); f=0.6
MDIALO2 +NO2 — M ko =8.5x 10729. (300/TF->;

ki=1.1x 10~11.(300/T); f=0.6
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Table 4. Continued.

Reactants Products Rate Constant(s)
OH+ XYLENES — .15 XYLOL +.23 TEPOMUG+ .06 BZOO+ .56 XYLENO2 1.7x 10711
+.38 HO2
OH+ XYLOL — .30 XYLOLO2+ .63 HO2+ .07 PHENO 8.4¢ 10711
XYLOLO2 + NO —  HO2+NO2+ .17 GLYOXAL + .51 CH3COCHO 2.6¢ 10712, exp(365/T)
XYLOLO2 +HO2  — XYLOLOOH 7.5x 10713 exp(700/T)
OH+XYLOLOOH — XYLOLO2 3.8x 10712. exp(200/T)
XYLENO2+HO2 — XYLENOOH 7.5x 10713, exp(700/T)
OH+XYLENOOH — XYLENO2 3.8x 10712. exp(200/T)
XYLENO2 + NO —  NO2+HO2+ .34 GLYOXAL + .54 CH3COCHO 2.6¢ 10712, exp(365/T)
+.06 BIGALD1 + .2 BIGALD2 + .15 BIGALD3 + .21 BIGALD4
MBO + OH — MBOO2 8.1x 10712. exp(610/T)
MBO + 03 — .1 CO+.5 CH20+ .1 CH3COCH3+ .9 HMPROP+ .25 HCOOH+ .25 CO 1.0x 10717
+.06 HO2+ .06 OH
MBO + NO3 —~ MBONO302 4.6x 10714 exp(~400/T)
MBOO2+NO —  HO2+ .67 GLYALD + .67 CH3COCH3}+ .33 HMPRORY- .33 CH20+ NO2 2.6x 10712, exp(365/T)
MBOO2+CH302  — .917 CH20+ HO2+ .25 CH30H+.333 GLYALD +.333 CH3COCH3 3.7% 10 13. exp(=40/T)
+.167 HMPROP
MBOO2+ HO2 — MBOOOH 7.5x 10713, exp(—700/T)
MBONO302+HO2 — 4.3x 10713. exp(1040/T)
MBONO302+NO  — .25 HMPROR}- .25 CH20+ 1.25 NO24-.75 ONIT+ .75 CH3COCH3F.75 HO2  2.6x 10712 exp(365/T)
MBONO302+NO3 — .25 HMPROP} .25 CH20+ 1.25 NO2+ .75 ONIT+ .75 CH3COCH3t .75 HO2  2.4x 10712
MBOOOH+ OH - .5MBOO2+.50OH 3.8x 10~12. exp(200/T)
HMPROP+ OH —  HMPROPO2 1410711
HMPROPO2+NO  — NO2+ HO2+ CH3COCH3+{CO2} 2.6 x 10712. exp(365/T)
HMPROPO2+ HO2 — .4 OH+ .4 HO2+ .4 CH3COCH3¢{.4 - CO2} 4.3% 10~13. exp(1040/T)

Table 5. New photolysis reactions. xJis the photolysis rate for compour calculated by fTUV.)

Reactant Products Rate
HONO+ hv — OH+NO Jono
BIGALD1+hv  — .6-MALO2 +HO2 0.140 J\o,
BEPOMUC+hv — BIGALD1 +1.5-HO2+1.5-CO 0.100 JN02
TEPOMUC+hy — 5.CH3CO3+HO2+1.5-CO 0.100 Jno,
BIGALD2 + hv —- .6-HO2+ .6-DICARBO2 0.200 JN02
BIGALD3 + hv —- .6-HO2+ .6-CO+.6-MDIALO2 O.200-.JNO2
BIGALD4 + hv — HO2+ CO+ CH3COCHO+ CH3CO3 0.006 no,
MBOOOH+hv - OH+4HO2+ .67-GLYALD +.67- CH3COCH3  &n,0,H

+.33- HMPROP+ .33- CH20

HMPROP+ hy 2.HO2+ CO+ CH3COCH3 &LvALD

¥

laboratory studies{ampf et al, 2013, including a substan- constant by up to three orders of magnitude (compared to
tial increase in effective Henry's law constant due to glyoxal- the value over pure water) in particles containing ammonium
salt interactions. We have included all these proposed pathsulfate. This increase of the effective Henry’s law constant,
ways into WRF-chem, and investigate their relative impor- K eq Was attributed to salt—glyoxal interactions (“salting-
tance with simulations where only selected processes are adn”). Our implementation oKh, qfollows Eq. (3) inKampf
tive. Below we describe how each process is implemented. et al.(2013:

Glyoxal can patrtition into the aerosol phase reversibly and ,
irreversibly (Fig.3): Kn, eq= Kn, watey/ 10(70-24Min(12.0,(cast-can))) 1)

(i) Reversible formation of monomer species (glyoxal,
glyoxal monohydrate, and glyoxal dihydrate, pool 1 species)WhereKn, water= 4.19x 10° M atm~1 is the Henry’s law con-
and oligomers (pool 2 species) are included baseldampf stant of glyoxal over water-0.24 the “salting-in” constant
et al. (2013, who observed an increase in the Henry’s law of ammonium sulfate, andas and can the concentrations

(molkg™1) of ammonium sulfate and nitrate respectively.
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with Gly,, the current glyoxal monomer concentration in the
aerosol liquid phase and the characteristic time scale for
the monomer pool 1. Using the values derive&ampf et al.
NFL pH (2013 for ammonium sulfate particles, we assume again that
“Salting-n* (k_,f ammonium nitrate behaves like ammonium sulfate and use
S e 11 =2.5x 10?s for (cas + can) < 12M, and 44 x 10*s for

glyoxal glyoxal - i i i i
CHOCHO (9 § G ,5=.‘ ofgomers | (castcan) > 12 M. Phase-separation of organic material with

SOA

from
ammonium
reaction

function of

_ Gy, Glyp 71 low O/C (e.g.Bertram et al.2011) was not considered in the
______ R i calculation of the liquid-phase concentration.
kon The oligomer pool is in equilibrium with the monomer
function of pool, with the flux defined similarly as
OH
aGlyp, 1
o o (Glyp2,eq— Glyp2) 4)

with 1o the characteristic time scale for the oligomer

Figure 3. Schematic of pathways that can lead to SOA formation pool, and GI¥2 the current glyoxal concentration in the

from glyoxal. y is the uptake coefficient of the surface reaction. ™ )
k; the rate constant of the ammonium-catalyzed reactign, the ~ °ligomer pool. In this workrp = 5.5 x 10°s for (cas+ can)

one for the OH reaction andr» are the characteristic time scales < 12molkg™, and 47 x 10%s for (cas+ can) > 12mol kg™t

to fill the monomer/oligomer pool (Gl and Gly,, respectively, ~ (based on values for ammonium sulfate Kampf et al,

as defined irKampf et al, 2013. SOA in monomer and oligomer 2013.

reservoirs is reversible. SOA in surface uptake, and ammonium and (ii) Three pathways for irreversible formation are consid-
OH reaction reservoirs is irreversible. ered: an ammonium-catalyzed volume pathway as presented
in Noziere et al.(2009, an OH reaction volume pathway,
Kampf et al.(2013 derived the “salting-in” constant for am- inedr goslu(;face uptake (both presentedtivens and Volka

gﬁ?lluumnr?u;gaeijor:flt?r?i;svxf/grrko\t/\?;;:jri:?r:g(tj;;rir:ni(ijur: The ammonium-catalyzed pathway is parameterized as
-ty . ' . . a bulk (volume) reaction with a rate constant that depends
nitrate acts like ammonium sulfate and their effects are ad-

ditive. The suncas+ can in the calculation above is limited g??ﬁgiﬁlﬂgn&nmbi%tr dzar';cﬁoazfé?gyegpgzzzré%tzj acgls\{lty
to 12 molkg?, per the results okampf et al.(2013, who Ha): 99

found no further increase ik at higher concentrations a second-order rate constant from a two step reaction, but
. ° Ih, eq at NI . could not identify the second-order rate limiting step. We use
(of ammonium sulfate) within the time scales of their exper-

iments. this rate constant expressididziere et al.2009 Eq. 12) as

The oligomerization constarnkqjig (as used byErvens
and Volkamer2010) defines the equilibrium partitioning be- ki = 2 x 1070 exp(1.5- ann,) - exp(2.5 - pH), (5)

tween monomers (pool 1) and oligomers (pool 2) as (in M~1s71) and convert into an apparent first-order rate

constantk;) by multiplying with the particulate glyoxal con-

Gl
lyp2,eq = Kolig, (2)  centration. We approximateyn, as its concentrationfm,
Glyp1,eq = ¢NH,) because the thermodynamic module used (MESA

Zaveri et al, 2009 does not provide activity coefficients for
individual ions. The relationship between reversible and ir-
reversible pathways is not well understood. On one hand,
assuming that the ammonium-catalysis channel forms only
irreversible products probably represents an upper limit es-
timate of the SOA formed from this volume process. On

: L . She other hand, reversibly formed oligomers do not evapo-
for gas-particle partitioning of monomer species (glyoxal, oo . )
rate easily; in fact the oligomer formation may even be ac-

monohydrate, and dihydrate) is on the order of minutes at . .
1 1 celerated as the concentration of monomer building blocks
cas< 12molkg -+, and several hours ats> 12molkg .

Both of these time scales are larger than a typical model timd'creases during the water evaporation procéss kiaan

step in WRF-chem (30 s). To capture this time dependence ir(1at al, 2009. Furthermore, we assume that the total con-

our model we calculate explicitly the glyoxal flux from the centration in the monomer pool, which includes hydrated

: forms, is the only particulate glyoxal concentration available
gas-phase to the monomer pool or vice versa as . . .
to the ammonium-catalyzed reaction. In practice also other

9GlI forms of reversibly formed oligomers may be available for
ypl 1 . .
o T (Glyp1,eq— Glypy) (3)  the ammonium-catalyzed reaction.

with Glyy; eq @and Gly,, o4 the concentrations in each pool
at equilibrium. Kampf et al.(2013 determined thatKjig

is approximately unity, forcas < 12molkg? and 0.5 for
cas > 12molkgt. They also showed a significant time-
dependence of the rate at which the Henry's law equilib-
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Table 6. List of simulations conducted.

BASE Reference simulation where glyoxal does not interact with particles.

RAW Like BASE, but using the unmodified emission inventories.

SIMPLE Only surface uptake, active independent of aerosol phase state or composition, with
y =3.3x% 103, Comparable to global model simulations (eku,et al, 2009.

VOLUME Reversible partitioning, OH and ammonium-catalyzed volume reactions.

HYBRID  Reversible partitioning, OH and ammonium-catalyzed volume reactions, and
surface uptake, witly = 1.0 x 10~3. Also surface uptake considers phase state.
Comparable t&Waxman et al(2013.

FAST Like HYBRID, but glyoxal partitions into the liquid-phase (monomers, pool 1)
instantaneously.

FAST_PH Like HYBRID, but keeping fast time scales for the oligomer pool at high salt
concentrations. Further the dependence of SOA formation of the ammonium-
catalyzed channel shifted kypH = —2.

The OH pathway is a simplified version of what has beenin each size bin are treated as prognostic variables and hence
developed irErvens and Volkamg2010. Liquid-phase OH  subject to all physical processes acting upon particles in
is assumed to be in equilibrium with the gas phase withWRF-chem.

a Henry’s law constant of 25 M atm. Glyoxal is converted

irreversibly into SOA by reaction with OH with a rate con- 2.4 Comparison of the formation pathways for

stantkon = 1.1 x 10° M~1s~1 (Buxton et al, 1997). This glyoxal-SOA over California

rate constant has been derived for dilute solutions (cloud

droplets), and is suggested to be a lower limit for more We conducted a total of seven simulations over the domain of
concentrated solutions like particlegrgens and Volkamer ~ California listed in Tables to evaluate our model and inves-
2010. Like the ammonium reaction, the OH reaction also tigate the effects of different pathways and their interactions.
uses the total glyoxal concentration in the monomer pool. In RAW and BASE, glyoxal has no interactions with parti-

The third irreversible pathway describes a surface uptakeles. The BASE simulation is used to evaluate model perfor-

as mance against measurement data. In the RAW simulation we
aGly use the unmodified emission inventories to show the effects
5 £-025-y-4 0w Gly, (6) of our updated inventory. The SIMPLE case emulates previ-

ous modeling studies likeolkamer et al.(2007); Fu et al.
wherey = 1.0x 102 is the uptake coefficientj the aerosol  (2008; Washenfelder et a2011), or Li et al. (2013, in
surface area concentration (8om—3), andw the mean gas- which SOA formation from glyoxal is parameterized as sur-
phase velocity of glyoxal under current conditions (cth)s face uptake, only depends on available aerosol surface area,
This latter pathway was used in previous glol¥al ét al, and does not consider aerosol chemical composition. Here,
2008 Stavrakou et al.2009, regional i et al,, 2013, and  we implemented it without consideration of the phase state
other model studiesVblkamer et al. 2007 Washenfelder of the aerosol to estimate an upper limit of SOA production
et al, 2011 Waxman et a.2013 for scenarios without ex-  from glyoxal. Notably;Trainic et al.(2011) observed that sur-
plicit glyoxal gas-to-particle partitioning and particle-phase face limited uptake was highest under conditions when only
chemistry;y here represents the probability of an irreversible interfacial water was present, and reproduced surface uptake
reactive uptake of glyoxal into the particle. There is evidencelimited SOA formation rates reported iriggio et al.(2005.
that the chemical composition of the seed aerosol could havdhe VOLUME case assumes that SOA is formed through
considerable effect on the uptake coefficienggio et al, volume pathways — rather than a surface process. In the HY-
2005 Trainic et al, 2011), a fact that we did not include BRID case, both volume and surface processes are active,
in our simulations due to the lack of an experimentally sup-and both require a mixed-phase or deliquesced aerosol. In
ported parameterization. both the VOLUME and HYBRID studies reversible parti-
The system of equations is integrated numerically usingtioning is also considered, and the increase in the Henry’s
a 4th-order Runge—Kutta methdaress1992 ateach callto  law constant due to “salting-in'Kampf et al, 2013 poten-
the chemistry subsystem in WRF-chem for each size bin intially increases the glyoxal available in the aqueous phase.
MOSAIC. Only size bins which MOSAIC considers mixed- Two additional sensitivity studies were made: FAST assumes
phase or completely deliquesced are considered, except fdhat the increase in Henry’s law constant due to “salting-
the simulation in which only consider surface uptake (“SIM- in” does not have a time dependence. Hence in FAST gly-
PLE”, see next paragraph). All four glyoxal-SOA reservoirs oxal in the monomer pool (pool 1) is assumed to be in in-
(two reversible pools, volume pathway and surface uptakektantaneous equilibrium with the gas phase according to the
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“salted-in” Henry’s law constant. The behavior of glyoxal ing transport patternd=@st et al. 20113 and meteorology
oligomers (pool 2) is unchanged. With FAST_PH we investi- (Angevine et al.2012 over California. Comparison against
gate how the kinetic limitation of glyoxal partitioning at high CARB station data allowed for a general overview of model
salt concentrations affects contributions from oligomers, andperformance over the whole domain of California for rou-
assess the potential contribution of glyoxal to SOA in antinely measured quantities. Evaluation plots can be found in
environment with reduced aerosol acidity. As described inthe supplement, which we summarize here. The mean frac-
the previous section, the characteristic time scales to fill theional bias is given as quantitative measure in parentheses.
monomer and oligomer pools change for salt concentrationdVe found no significant biases in temperatuel@s), short-

> 12molkg L. This translates into a slower partitioning of wave downwelling radiation4{12 %) and relative humid-
glyoxal into the particle-phase, and consequently no furtheiity (—2 %). The diurnal variability of modeled temperature
increase in glyoxal for the ammonium-catalyzed reactionand relative humidity is underestimated. The model tends to
pathway. FAST PH is based on FAST, hence also here we a®verestimate wind speed (50 %). The height of the planetary
sume instantaneous equilibration for pool 1 (monomers). Inboundary layer (PBLH) was additionally evaluated against
FAST_PH we additionally keep the fast characteristic timeceilometer data at the LA ground site, where we find that
scales for pool 2 (oligomers) at high salt concentrations.nighttime and morning hours PBLH is comparable to mea-
We further calculate ammonium-catalyzed reaction rates asurements, while the modeled heights during the afternoon
a pH increased by 2 over the actual value. The exponentiadre lower than the observed heights (Fdp.Biases in mod-
dependence of the ammonium-catalyzed reaction in Bq. ( eled concentrations and diurnal cycles of @ %), NG
suggests a much stronger contribution at higher pH, and in{10 %), CO (23 %) and S£X(59 %) in the BASE simulation
deed this dependence is largely responsible to explain findare reasonable, except for @orning and evening (rush
ings in Mexico City Molkamer et al. 2007 Waxman et al. hour) peaks observed in NGiare also found in the model
2013, where up to 15 % of SOA is formed from glyoxal. The results. A similar morning peak in observed CO concentra-
aerosol phase state is calculated by the MOSAIC module ations is not represented in the model, probably due to a lack
each time step. In all simulations, with the exception of SIM- of such a peak in the CO emissions inventory.2Moncen-
PLE, SOA formation from glyoxal is shut off if the aerosol trations are overestimated (78 %), while RMs underesti-

is dry. mated (17 %), possibly indicating a wrong patrtitioning of
emissions between different size bins. Dust and sea salt emis-
sions are the most probable emission candidates responsible
for these discrepancies.

In order to investigate the atmospheric fate of glyoxal, the All three main precursors to glyoxal, aerosol properties,
. nd glyoxal itself were measured at least at one of the su-
model needs to accurately simulate meteorology (tranSpor?ersites (Fig.1) during CARES/CalNex. In Fi we
patterns, radiation), the gas-phase precursors of glyoxal (isogompare avgraged digrnal cycles of me;asurerge.nts at the su
rene, aromatics, ethyne), the oxidation capacity of the atmo-"" " ) . )
P yne) pacity ersites (TO, T1, Bakersfield, Pasadena) against the results

sphere (OH), photolysis, and ambient aerosol characteristics. . . .
We performed a simulation over the domain of California in fom our WRF-chem simulations, and .ShO.W the improve-
which glyoxal does not interact with particles (BASE, Ta- ments made through the updated emission inventory.

ble 6) and compared this against a combination of long-term Gas-phase precursors ~were measured by gas

ground measurements (CARB networktp:/www.arb.ca chromatography-mass spectrometry techniques at all
govfagmis2/agqmis2.phpas well as a numt;er of s.upe-rsitles supersites. Benzene is overestimated at T1 and Pasadena and

with advanced instrumentation (Fit), and flights of several matches observations at TO (F4. Note that this is the case

instrumented research aircraft during the CARES/CaINexOIeSp'te the fact that we did not use the even higher benzene

campaigns. The aerosol modeling test Heast et al. 20110 emissions_ fromBorbon et al._(2013. Modeled toluene _
provided these measurements in a common format, and wi grees with measu[)ements n Pasadeng and quersﬁeld
used it to extract the corresponding model variables that en* FB of —1 and 13. % respectively), and is overestlmated
able the statistical and graphical evaluation of the simulationsat T aqd underestimated at TO. The model overesﬂmatgs
listed in Tables. The mean fractional bias xylenes in Pasadena (28 %) and Bakersfield (41 %) and again
shows too low values at TG-47 %). GH> (only measured
2 & /mode} — obs at Pasadena) is above measurements during nighttime and
MFE = N Z <m> ' () exhibits a larger diurnal variability than the data, but there
i=1 is significant improvement over the results with the original
in %, with N the number of hourly observations (gpand  emission inventory. Isoprene at Pasadena shows a too early
model results (modg), is used as quantitative metric for onset during morning hours, with a tendency to underesti-
model comparison throughout the following section. mate concentrations midday. There is a substantially high
Previous studies showed that similar configurations ofbias in isoprene concentrations at Bakersfield (86 %) which
WRF as used in this study have good skills in reproduc-has been amplified by the changes we made to the emissions

3 Model evaluation
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Figure 4. Averaged (29 May 00:00 UTC—-16 June 00:00 UTC) diurnal cycles of measurements at the supersites (black) and model results
using the original (RAW, blue) and updated emissions inventory (BASE, red) for the main precursors of glyoxal. Shown are the mean as solid
line and the 25-75 % range as shaded areas. MFB indicates mean fractional bias against measurements.

inventory. The diurnal cycle of isoprene is not captured atat TO, T1 and Bakersfield are low<(0.2 ug n3), and even
TO, but absolute values are reproduced, in contrast to Tlsmall errors in the calculations of thermodynamic equilib-
where the model correctly simulates the diurnal cycle, butrium can lead to complete evaporation of nitrate in the model.
concentrations are too low. There is a tendency of the model to overestimate aerosol sul-
Measurements of aerosol chemical composition by thefate except at Pasadena which we attribute to overestimated
aerosol mass spectrometer (AMS) were available at all foubackground concentration by the MOZART boundary con-
supersites, and component analysis (positive matrix factorditions. Ammonium concentrations seem reasonable, if not
ization, PMF) provided estimates of SOA concentrations atsomewhat too low in Pasadena. The model represents the
T1 (Setyan et a).2012), Bakersfield (iu et al, 2012h, and  diurnal evolution and absolute amounts of organic aerosol
PasadenaHayes et al.2013. In Fig. 5 we show a com- (OA) concentrations reasonable at TO, T1 and Bakersfield,
parison against our model results. For this comparison thavhile exhibiting a slight underestimation at Pasadena. Eval-
modeled size distribution is convolved with the AMS trans- uation of SOA concentrations against PMF OOA factors at
mission function (se&note et al.(201]) for a method de- T1, Bakersfield, and Pasadena shows stronger underestima-
scription). While nitrate concentrations are comparable durtions than total OA, indicating that the simplified parameteri-
ing the first half of the day, concentrations drop to zero at TO,zation ofHodzic and Jimene@011) with the reduced yields
T1 and Bakersfield sites — in contrast to observations. This igs insufficient to represent SOA at these locations. Overall we
not observed at the Pasadena site. We suggest that this is nfimd good agreement, lending some credibility to results that
a major shortfall of the model, as the concentrations observedepend on the chemical composition of ambient aerosol.
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Figure 5. Averaged (29 May 00:00 UTC—-16 June 00:00 UTC) diurnal cycles of model results (BASE, red) against aerosol mass spectrometer
(AMS) measurements (black) at the four supersites for nitrate, sulfate, ammonium and organic sub-micron non-refractory aerosol mass.
Lowest row shows comparison of modeled SOA against the sum of positive matrix factorization (PMF) factors MO-OOA plus LO-OOA
(more and less oxidized oxygenated organic aerosol) at T1, and LVOOA plus SVOOA (low volatility and semivolatile oxygenated organic
aerosol) at Bakersfield and Pasadena (see text for details). MFB indicates mean fractional bias against measurements.

The comparison of glyoxal against the two instrumentsobserved glyoxal concentrations between 500gi.aand
stationed at the LA ground site (Fi§) shows that our sim-  the surface, agrees within uncertainties with measurements
ulations can capture the diurnal evolution, even though arbetween 500 and 2000 ntd., and overestimates glyoxal
underestimation of nighttime concentrations is found, andabove 2000 m.g.|.. Direct measurements of glyoxal at the
absolute values are slightly lower than observations. Notesurface (not shown) agree with the AMAX-DOAS profile
that there is no interaction between glyoxal and particles inresults. We interpret this result as follows: the local condi-
the BASE/RAW simulations used in this comparison, mean-tions at Bakersfield are not well reproduced by the model,
ing that the underestimation will likely be even larger once while the regional conditions — represented by the values
the aerosol sink is added. Panel 2 in Fégformaldehyde) between 500 and 2000 ngd. — are reasonably captured.
shows that the model captures the diurnal cycle of chemi-The inability of the model to simulate local conditions may
cally similar compounds. Vertical profiles of glyoxal have stem from strongly overestimated isoprene concentrations
been retrieved from AMAX-DOAS measurements onboardat Bakersfield (Fig4), which would lead to a suppression
the NOAA Twin Otter Baidar et al.20133. Only one pro-  of OH, and consequently to an underestimation of glyoxal
file was available during the period investigated (on 15 Juneconcentrations. At least part of the overestimation above
for a low approach over Bakersfield), and a comparison is2000 m ag.|. may be due to glyoxal consumption by SOA
shown in Fig.7. We find that the model underestimates

www.atmos-chem-phys.net/14/6213/2014/ Atmos. Chem. Phys., 14, 6 BP39 2014



6226 C. Knote et al.: SOA formation from glyoxal in a 3-D model

025 7 — measurement Glyoxal __ \oan 1BBCEAS Vertical profile at Bakersfield (35.3E, -119N)
0z | — S it om) --- CULED-CE-DOAS
: 4000 —o— AMAX-DOAS obs.
0.15 —o— 4km_base_OLD
E:
0.10 -
005 4 3000 |
0.00 -
5 | — measurement FOTmaldehyde
—— BASE (MFB 12%) 3
RAW (MFB  14%) =
4 -
3 /\ 2 2000
2 ee— 5
2 N , S Nl K
|
1 -
o J 1000
0.25 | — measurement OH
—— BASE (MFB -15%)
0.20 RAW (MFE  21%) 500 —
250
0.15
= 0 -
Q
0.10 [ I I I T T T 1
0 0.5 1 15 2 25 3 35
0.05 glyoxal (10° molecules cm™)
0.00 - ‘ ' ‘ '
1200 — —— measurement . PBLH 0 005 01 015
1000 | — BRAAS‘E:EES ;4,1) glyoxal (approx. ppbv at surface pressure)
800 Figure 7. Comparison against vertical profiles of glyoxal as mea-
E 600 1 sured by AMAX-DOAS (black) on 15 June (low approach over
400 Bakersfield Baidar et al. 20130 at about 21:25-21:40UTC. As-
200 | cent and descent averaged level errors). Model (red) error
o bars are 1 standard deviation of the 3 hourly values (11:00, 12:00,
T T T T 1 ;
0 8 12 18 24 13:00 LT)'

hour LT (UTG -7 h)

Figure 6. Averaged (29 May 00:00 UTC—16 June 00:00 UTC) diur- Ping photolysis rates of @D), NO,, methylglyoxal and

nal cycles of glyoxal, formaldehyde, OH and boundary layer heightg!yoxaI against m_easurem_ents onboard the NOAA WP-3D
(PBLH) at the LA ground site with model results using the orig- aircraft (see also Figure S3 in the supplement). There were no
inal (RAW, blue) and updated emissions inventory (BASE, red). major precipitation events during the period of study, hence
Glyoxal has been measured by two instruments at the LA groundvet deposition is negligible (and not included in our simu-
site which are shown separately: Incoherent Broad Band Cavity Enfations). We did not consider uptake and possible chemical

hanced Absorption Spectroscopy (IBBCEABJgshenfelder etal.  reactions of glyoxal in cloud droplets.

2008 and University of Colorado at Boulder Light Emitting Diode

Cavity Enhanced Differential Absorption Spectroscopy (CU LED-

CE-DOAS) Thalman and VolkameR010. 4 Regional variability of glyoxal and its SOA formation

In the following we give a general overview of the regional
) o variability of glyoxal and associated SOA formation over the
formation within cloud water (refer e.g., @arlton et al.  cajifornia model domain, and focus on two regions with dis-
(2008), which we did not considerinthis study. ~tinct characteristics (Fid): the LA basin region as represen-
The main sinks for glyoxal in the model are reaction with ative of the densely populated South Coast Air Basin, and
OH, photolysis, and dry and wet deposition. OH concentra-ihe eastern slopes of the Central Valley, as more rural region
tions (Fig.6) are on average underestimated in the modelyity high isoprene emission®teyfus et al, 2002. We dis-
when compared to measurements at the Pasadena grougfss the relative importance of the different pathways in this

site. While there is substantial uncertainty in how well mod- yegion, before we present the results of the continental-scale
els represent the hydroxyl radical, OH measurements havgjmulation.

large uncertainties as welM@o et al, 2012. Further, lo-

cal conditions at the Pasadena ground site might not reflect
the average concentrations over grid cell under consideration
(4 x 4 km). No significant biases have been found when com-
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Figure 8. Relative importance of different photochemical sources and sinks of glyoxal in the LA basin and eastern slopes of the Central
Valley focus region as time average over the simulation period in the lowest model level (pies), and its vertical variability (bar plot). Direct
emissions of glyoxal were found to be minor (<0.1%) and are not included in the plots. Results shown are from the BASE simulation where
glyoxal does not interact with particles.

4.1 The photochemical budget of glyoxal over in the LA basin (60 %), due to strong pollutant sources and
California consequently higher radical concentratiogashenfelder
et al. (201)) find a comparable result in Pasadena, even

Photochemical source and sink strengths were trackeghough the photolysis sink is larger than the reaction with
throughout the BASE model run (where glyoxal does not in-OH in their analysis, consistent with previous studies on lo-
teract with particles) and used to derive mean budgets for theal (Volkamer et al. 2007) and on global scalesMyrioke-
two focus regions (Fig8). Within the LA basin, aromatics falitakis et al, 2008. Here again we suggest that these dif-
(37 %), isoprene (28 %) and ethyne (35%) contribute withferences are likely due to the fact that we are analyzing an
comparable shares to glyoxal formation. This is in contrastaverage air mass over the LA basin.
to the findings oWashenfelder et a{2011), where aromat- When analyzing the vertical variability of sources and
ics and isoprene contribute in total about 87 % with equalsinks, we find a local maximum of both glyoxal produc-
shares, with ethyne only 11 %. This difference is likely due tion and removal rates between 500 and 1000gm.gabout
to the fact that we account for averaged regional contribu-the top of the boundary layer) in LA, which is not seen on
tions from the whole LA basin, compared to the budget at thethe eastern slopes of the Central Valley. This is caused by
Pasadena site itself as reportedigshenfelder et a2011).  higher concentrations of isoprene in these layers, probably
Pasadena is a rather residential neighborhood with more veghe result of advection from regions with higher vegetation
etation (i.e., isoprene) emissions and less strong emitters afensity. This hypothesis is further supported by the fact that
aromatics and ethyne than other, more industrial and trafficnet photochemistry is negative in these layers, indicating ad-
intense areas in the LA basin. It is informative to comparevection of glyoxal. The eastern slopes of the Central Val-
this against a source budget over the isoprene-rich easteriey were explicitly chosen as a region with high (local) iso-
slopes of the Central Valley. Here, isoprene gains importancerene emissions, hence ground level isoprene concentrations
as expected, now being responsible for three quarters of glyare the highest and the maximum is not seen aloft. These
oxal formation (74 %). high local emissions of precursors also lead to a positive net

OH and photolysis sinks both contribute substantially to photochemical budget near the ground in ESCV as advection
total photochemical loss of glyoxal, with an equal share overmoves glyoxal out of this area.
the eastern slopes of the Central Valley, and OH being larger
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Figure 9. Maps of averaged aerosol related quantities in the lowest model layer (from top-left row{ajs#grosol surface arefq) gas-

phase glyoxal(c) aerosol waterd) aerosol pH(e) ammonium sulfate an(f) ammonium nitrate salt concentrations in aerosol water. White

lines delineate land mass. Regions with predominantly dry particles (avg. water cerfiehfig m*3) were masked. Salt concentrations

and pH show mean for time steps where an aqueous aerosol phase existed. Red and purple outline indicate LA and ESCV focus region:s

respectively.

4.2 Environmental parameters affecting SOA the SIMPLE case. The LA basin is the hot spot for both
formation from glyoxal aerosol surface area as well as gas-phase glyoxal. Addition-
ally, the eastern slopes of the Central Valley (our second
The pane|s in F|gg give an overview of averaged quanti_ focus region) show elevated glyoxal concentration due to
ties that affect the interactions of glyoxal with particles. Re- high availability of its precursors isoprene and MBO. Only
gions where the aerosol is usually dry (aerosol water conslightly higher aerosol surface area concentrations are ob-
tent < 0.1ug nT3 on average) are masked. As the glyoxal- Served there. As expected, highest aerosol water concentra-
aerosol interactions most likely require a liquid-phase, notions are found over the oceans, but also several kilometers
SOA formation occurs there in our simulations, except in onshore. Only towards the northern part of the domain does

Atmos. Chem. Phys., 14, 6213%239 2014 www.atmos-chem-phys.net/14/6213/2014/



C. Knote et al.: SOA formation from glyoxal in a 3-D model 6229

pg/m®

SOA mass SIMPLE ng/m° VOLUME
- 10 S 1 . .

9
8
7
6 I |
SOA from == R i SOA from
5 glyoxal 9 0.5 glyoxal
i o 9
. ”
3
2
1
0

latitude

-130 -125 -120 -115

3
04 ug/m

SOA from SOA from

02 glyoxal | 02 glyoxal

e go et o N
ot I 59% ot I 59%
0.12 ! 0.12

i % L

[ 19%

latitude

0 32
-130 -125 -120 -115 130 -125 -120 -115 130 -125 -120 -115

longitude longitude longitude

Figure 10.Average total SOA (BASE simulation, top left panel) and glyoxal-SOA masses (all other panels) in the lowest model vertical layer
for the different studies. Note the differing scales. For each study, a histogram of the relative mass contribution of glyoxal to total SOA mass
in the LA (red outline) and ESCV (purple) focus regions, as well as the average, is shown in the lower left corner of each panel. Histograms
are based on the percent contribution of glyoxal SOA to total SOA for all grid points in the focus region at every hour of the simulation
period.

the aerosol have substantial water concentrations further insusceptible to formation of SOA from glyoxal, as all pre-
land. Note the sharp contrast in aerosol water content berequisites (deliquesced aerosol, high surface area, high in-
tween the LA basin and its surroundings. The pH of aerosolorganic salt concentrations) are fulfilled in these regions.
particles ranges between 1.5 and 5 and is typically aroundNote that while the surface uptake in HYBRID, FAST and
3.5, close to the values of 3.880.34 (mean and std (stan- FAST_PH currently only depends on the availability of
dard deviation)) derived by explicit thermodynamic model- a mixed-phase or deliquesced aerosol, both the reversible
ing of the conditions at the LA ground site presentedLiin and ammonium-catalyzed pathway have additional depen-
et al. (20123. Clearly visible is the pH lowering effect of dencies on the chemical characteristics of the aerosol: (i)
emissions in the sea shipping lanes (e.g., parallel t3).5 The ammonium-catalyzed reaction has an exponential de-
Aerosol-phase ammonium salt concentrations are in genergdendence on the activity of the ammonium ion and aerosol
highest over land due to higher emissions and lower watepH (Noziere et al. 2009. (i) The increase in the Henry’s
concentrations. Ammonium sulfate and ammonium nitratelaw constant for the reversible processes depends exponen
concentrations nonetheless exhibit very different spatial pattially on the total concentration of ammonium sulfate in deli-
terns. A stronger background contribution leads to a morequesced particles, with an upper limit at 12 motkgKampf
dispersed pattern for sulfate concentrations, and we find thet al, 2013. A substantial area of the model domain is above
highest values over Nevada and the northern end of the Certhis limit on average, especially if we assume (as done in
tral Valley. Ammonium nitrate concentrations on the other this work) that ammonium nitrate has the same effect as am-
hand are only substantial within the Central Valley and themonium sulfate and that their effects are additive. This in-
LA basin. Note that we show salt concentration in the liquid dicates that “potential” for SOA formation from glyoxal is
phase of aerosol, which is not equivalent to absolute aerosaduppressed kinetically, possibly as a result of the increasing
mass concentrations. For example, ammonium sulfate conparticle viscosity at very high salt concentrations.
centrations (in air) are comparably low over Nevada, but due
to the low aerosol liquid water content in this region we find 4.3 SOA formation from glyoxal over California
high values of the concentration in the aerosol water.

This combination of environmental factors makes coastalp previous study using a surface uptake parameteriza-

regions (extending several tens of kilometers from the shoretion by Washenfelder et a2011) concluded that glyoxal
line) with strong biogenic and anthropogenic emissions verywould make a small contribution to SOA mass, between
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Figure 11. Averaged diurnal cycles (left panels) and vertical evolution (right) of environmental parameters affecting SOA formation from
glyoxal in the two different focus regions: salt concentration in deliquesced partigiesnol kg—1), aerosol water content (p?mm*?’),

particle acidity (pH), and aerosol surface area A%pumn_3). Note different scales for water content between LA and ESCV. Values for pH
andctot masked above 1200 ml. in LA due to too few data points for statistically sound averaging.

0-0.2 ug 13 or 0 and 4 %, in California at the time period surface uptake in HYBRID, FAST and FAST_PH. The VOL-
investigated. It is nonetheless instructive to look at the differ-UME simulation shows that all volume processes if used
ent total amounts and spatial patterns of SOA formed fromas parameterized based on previous studies contribute about
glyoxal in the different sensitivity studies (Fig0). In the LA 1% of SOA in the LA basin (0.22% in ESCV). Once we
basin (BASE simulation) we find average SOA concentra-add a surface process (now dependent on a liquid-phase in
tions between 5 and 10 ugth Depending on the pathways the aerosol) about 5% (LA) of SOA are formed from gly-
investigated, glyoxal contributes between 1.0 % (VOLUME) oxal. Removing the kinetic limitation of gas-particle parti-
and 15 % (SIMPLE) of this SOA concentration. In the Cen- tioning in FAST adds 0.3% in the LA basin and 0.1% in
tral Valley, SOA mass is typically between 1 and 4pg®n  ESCV. Shifting the pH in FAST_PH adds an additional 0.1 %
with highest values above the eastern slopes, and contribuef SOA in ESCV and less than 0.1 % over LA.

tions from glyoxal between 0.22% (VOLUME) and 9.5%

(SIMPLE). 4.3.2 Diurnal evolution and vertical distribution

4.3.1 Spatial distribution In Fig. 11 we present diurnal cycles and vertical distribution
for the relevant parameters affecting glyoxal-SOA produc-
All simulations show that the LA basin is the hot spot for tion efficiency. Figurel2shows the average diurnal cycle and
SOA contribution from glyoxal over California, due to the vertical distribution of different glyoxal-SOA reservoirs in all
high availability of precursors and existing aerosol. Most four size bins, for all five simulations over the LA focus re-
simulations also show elevated glyoxal-SOA concentrationggion. Figurel3 shows the same for the eastern slopes of the
over the eastern slopes of the Central Valley. In SIMPLE Central Valley (ESCV) focus region.
the highest amounts of glyoxal-SOA are formed, HYBRID, Inboth focus regions we find (Figl) that average particle
FAST and FAST_PH form about half the amounts of SIM- acidity is decreased at sunrise (increase in average particle
PLE, and the VOLUME simulation a factor of 15 less. pH to 4.0-4.5) which lasts until around noon, when acidity
In SIMPLE we do not consider aerosol phase state, whichdrops back to base levels (pH of 3). We suggest that strong
allows for constant SOA production as long as there iscontributions from local, fresh emissions in the morning in
aerosol surface area available. All other simulations requiréboth LA and ESCV lead to this observed increase in particle
the presence of a liquid-phase in the aerosol, including thegH. This is accompanied by an increase in salt concentrations
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Figure 12. Contributions of different formation pathways to glyoxal-SOA in the LA basin focus region for the different studies given as
diurnal cycle in the lowest model layer averaged over the simulation period (left panels), and as average vertical distribution (panels on the
right). Size bins start with the smallest (1: 39-156 nm, 2: 156—625nm, 3: 625 nm-2.5 um, 4: 2.5-10 um). Note the different scales for each
run.

and (in LA) decreasing aerosol water content. In ESCV thedry out above 500 m.g.l. and become almost completely
aerosol water content is very low, and remarkably constantry above 1000 m.g.l.. This is in sharp contrast to the find-
throughout the day. The same holds true for aerosol surfacengs for ESCV, where aerosol water content is even increas-
area with average values of 30-503cm—23 in ESCV com-  ing with height. Here we also find decreasing pH values and
pared to 100-200 pftm—2 in LA. There, a diurnal cycle salt concentrations with height.

is visible with lower values in the morning and an early af- In all simulations we find that (where applicable) the sur-
ternoon peak. Vertically, particles in the LA basin quickly face uptake and the OH pathway are the main contributors to
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Figure 13.Like Fig. 12, but for the ESCV focus region. Note the different scales.

SOA formed from glyoxal (Figsl2 and13). In LA (Fig. 12) of different origins of glyoxal-SOA: locally produced (LA)
the simulations show a distinct noon peak in aerosol massersus advected (ESCV).
both from the surface uptake (corresponding to the peak in Comparison of the different formation pathways reveals
surface area) and the OH pathway (due to highest OH conthat glyoxal SOA formed through the volume pathways alone
centrations at noon, Figh). The picture is different over (VOLUME) is a factor of 15 lower than from an irreversible
the eastern slopes of the Central Valley (ESCV, Hig). reactive surface uptake (SIMPLE), even though the diurnal
Here, the peak of glyoxal-SOA mass is shifted towards thecycles are similar (Figsl2 and13). Within the volume path-
evening without any of the governing environmental param-ways, OH reaction is the dominant source of SOA, with the
eters showing a good correlation. This is a strong indicationammonium pathway contributing about 5% (10 % in ESCV)
and reversible partitioning: 5 % mass.
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Once we combine a surface process with a volume pro- o AGLY GLY - 80
cess (HYBRID), now considering aerosol phase-state in the . T L 0
surface uptake, we form aroundl@ ug n3/0.001pg nr3 3 s 4 ‘//\ -
in LAIESCV respectively. Around 80% (90 % in ESCV) of & & , -
this mass is from the surface uptake. If we assume that gas 8 2
particle partitioning of glyoxal has no time dependence (in- 0 4 e mer® Lo
stantaneous equilibration, FAST simulation), then the con- 0 — VOLUME ——FAST_PH :IZZ
tribution of volume pathways increases notably, now form- 5 x\/\J/\ o
ing about 40% of SOA from glyoxal in LA and 20% in < & | \/\f\ Heo &
ESCV. Still, the OH pathway is dominant. Finally, if we as- s . [%
sume that there is no kinetic limitation at high salt concentra- — 20
tions and we pretend to be in an environment with less acidic @ * ——————— —————————— °
particles (FAST_PH) we find that, while the overall contri- s (‘UZTC B ;)8 s (‘UZTC B ;)8 #

bution of volume pathways to glyoxal-SOA stays the same,

between 10-20 % of this contribution is now from the ammo- Figure 14. Changes in gas-phase glyoxal due to the different pa-

nium pathway, and further we can identify 5-10 % of massrameterizations of the aerosol sink relative to the BASE simulation.

as oligomers. Shown are diurnal cycles for differences relative to the BASE simu-
Looking at the vertical distribution we find in the ESCV lation (Ieft' plots) and absolute conc.entrati.ons (right plots) in the two'

focus region (Figl3) that concentrations almost linearly de- chus regions, averaged over the03|mulat|on penod. Shaded areas in

crease with altitude, comparable to the vertical evolution ofd'ﬁerences represent the 25-759% value region.

glyoxal turnover rates (Fig8). In LA we find that all sim-

ulations except HYBRID show a constant or even increas-oces during nighttime. In LA we find larger absolute dif-

ing glyoxal-SOA mass between 0 and 750.gnla. Notably, ferences {1 pptv for VOLUME, around—5 pptv for HY-

in FAST and FAST_PH the relative contribution of volume BRID, FAST and FAST_PH, and-10 pptv for SIMPLE)
processes to total glyoxal SOA increases with height inthesq:NhiCh translate to relative changes up to 20% in absolute
levels. . . o i concentrations. Interestingly, and in contrast to what e.g.,
_ The FAST_PH simulation was a sensitivity study t0 INVes-\yashenfelder et a(2011) show, we only see a clear daytime
t|gat.e thg partitioning behavior in regions where the aerOSOImaximum in the differences against the BASE simulation if
pH is higher on average. In Mexico City the higher pH \ e 150k at the VOLUME, FAST or FAST_PH simulations.
strongly increases the contrlbuthn of glyoxgl to SWX The surface process does not show a noon maximum, to the
man et al, 2013. However, we find only minor increases o yary in ESCV it even has a distinct minimum at that
over FAST over California, where the limiting factor is not .- |t \we now assume that the differences founieashen-

thg _ammonlum—ce_ltalyzed regcuon rate (E)]l.bu_t the avail- felder et al.(2017) are indeed attributable to an aerosol sink
ability of glyoxal in the particle phase. This illustrates the yis \would indicate that a volume process is more likely than
strong impact that a kinetic limitation in reversible partition- , ¢\, face uptake.

ing _has on inhibiting the rate of glyoxal-SOA formation over No glyoxal is produced from gas-phase precursors at night
California. in our simulations. However, glyoxal-SOA concentrations

In te_rms of size distribution, the reversible and are sustained throughout the night in LA (Fig) due to
ammonium-catalyzed pathway put most glyoxal-SOA yhe il high levels of aerosol surface area on which avail-

mass into bins 2 (156-625nm) and 3 (625 nm-2.5 um), withypy e gas_phase glyoxal (Fif) continues to be converted to

the ammonium-catalyzed pathway favoring bin 3. This is 5o "I contrast to ESCV, where we see a clear downward
different for the surface uptake, Which a_lso adds substantia{rend in gas-phase glyoxal throughout the night (Fig),
amount of mass tp the_ smallest size bin (33-156 nm), ar‘Q:oncentrations in the LA basin remain constant throughout
adds the majority into bin 2 (156-625 nm). the night. This appears to be the result of direct emissions
of glyoxal versus dilution and the aerosol sink. Interestingly,
a depletion of gas-phase glyoxal was regularly observed dur-

) ) ing the morning rush-hour in Mexico City (see Fig. 2 in
To understand the impact of the aerosol sink for glyoxaIVoIkamer et al, 2005 which we do not observe in LA.

on its gas—phase conpentra‘uons we show 'f’“’eraged a‘}’SO'UWe note that particle surface area is much larger in Mexico
concentrations and differences against a simulation withougj, anq the associated time scales are shorter. The effect of

aerosol sink (BASE) in FiglL4. o fresh emissions on glyoxal uptake to aerosol deserves further

In ESCV the effects of all parameterizations tested on gasinvestigation
phase glyoxal concentrations are negligible except for the '
SIMPLE case. Here, we find an average decrease of 5 pptv

(or 10 % of a 50 pptv daily average), with the largest differ-

4.3.3 Effects of the aerosol sink on gas-phase glyoxal
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Avg. surtace conc. of glyoxal in July 2010 ppty volume (and inorganic salts) to shift substantial amounts of
80 ; T o Y 2 200 . . . "
» '& X =i glyoxal to the particle-phase while the humid conditions keep
o T g e 150 the salt concentrations in deliquesced particles below the lev-
100 els where the kinetic limitation would come into play.

40
75

50

latitude

5 Conclusions

30 25

10 We presented a detailed investigation of plausible formation

5 processes and the resulting regional variability of SOA from

20 e . glyoxal using the WRF-chem model. Several parts of the
140 100 % &0 model were extended to represent the glyoxal life cycle in
Avg. surface conc. of SOA from glyoxal in July 2010 pg/m® , more detail. We added several hypothetical mechanisms to

® form SOA from glyoxal: a very simple parameterization was

compared with a number of more complex mechanisms. We

considered surface as well as volume processes, and added

reversible formation based on recent laboratory studies.

o1 We then employed the model over the domain of Califor-

005 nia during the CARES/CalNex measurement campaigns to

comprehensively evaluate its performance against measure-

ments and to compare different ways to form SOA from gly-

0.01 oxal, as well as on a coarser resolution simulation over the

o . ) . continental United States to identify regions most suscepti-
140 100 & %0 ble to these SOA formation mechanisms.

Results from the simulations over California showed that
the LA basin had the highest overall concentrations of SOA
Figure 15. Average surface level concentration of gas-phase gly-from glyoxal of the whole study domain in all simulations.
oxall(top) and .SOA from egpxaI (pottom) in July 2010 over the p comparison of the simple surface uptake approach (SIM-
contlner_ltal _Unlted States. Simulation based on the VOLUME pa’PLE) and ones considering aerosol phase state, volume and
rameterization. reversible processes (VOLUME, HYBRID) revealed that the

simple approach leads to much higher concentrations (on av-

erage 0.5ug m° or 15% of total SOA for SIMPLE, com-
4.4 SOA from glyoxal over the continental US pared to 0.04 pg m? (1%) for VOLUME and 0.15 ug m3

(5.5%) for HYBRID). The phase-state constrained surface
We employed the model system as described above, usingptake in the more complex simulation (HYBRID) dom-
the VOLUME parameterization for glyoxal-SOA formation, inated with minor contributions< 20 %) from reversible
to conduct a simulation over the continental US for the wholeformation and volume pathways. A kinetic limitation caps
month of July 2010. Thereby we could investigate the contri-the increase in the Henry’s law constant and reduces the
bution of glyoxal to SOA at the continental scale. In Fi§.  time scales for its increase above the precipitation concen-
we show the average concentration of gas-phase glyoxal anglation of ammonium sulfate in aerosol water (phase tran-
SOA from glyoxal in the lowest model level. While glyoxal- sition). Once we remove this limitation for the gas-particle
SOA concentrations over the western and central US argoartitioning of glyoxal and assume instantaneous equilibra-
low, the eastern part of the US exhibits concentrations oftion (FAST) the volume pathways contribute around 40 % to
up to Q8pg nT3 (15% of total SOA) with the highest val- glyoxal-SOA mass (20 % in ESCV). Further keeping a fast
ues located over Ohio/Pennsylvania. Gas-phase glyoxal corequilibration rate with the oligomer pool at high salt con-
centrations over the northeastern US are comparable to theentration leads to contributions up to 5% glyoxal-SOA
ones over California, yet the northeastern US has higher conmass from oligomers (FAST_PH). We find a minor fur-
centrations of glyoxal-SOA. As we showed above, the gasther increase in glyoxal-SOA formed from the ammonium-
particle transfer of glyoxal (and hence SOA production from catalyzed pathway at the expense of the OH pathway once
glyoxal) is hampered under dry conditions by a kinetic lim- we artificially increase the aerosol pH handed over to the
itation in the increase in Henry's law constant. The com- glyoxal-SOA module (FAST_PH). This increase is not ex-
parison between the Northeast and California clearly showsgonential, as was expected from the exponential depen-
this effect: while precursor concentrations are comparabledence of the rate constant. This is explained by the fact
the amount of SOA produced from glyoxal is higher in the that, based on our current parameterization, the volume path-
Northeast, as pollution levels there provide ample aerosolvays are always limited by the availability of glyoxal in the

40 —

latitude

30 —
0.025

longitude
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sults. HYBRID uses both, as do FAST and FAST_PH. The(NA11OAR4310160) and the US DOE ASR program under
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no laboratory evidence so far to remove the kinetic limitation,

and no basis to increase the pH value. Measurements of the
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pathways we consider it a lower limit on SOA production
from glyoxal. As the surface uptake in SIMPLE does not de-

pend on particle properties and is active as soon as surfaclseferences

area is available, we can consider it an upper limit.

The effect of the aerosol sink on average gas-phase egA

oxal concentrations in the LA basin ranges between 0 and
15 %, with volume reactions (and not surface uptake) being
the pathway able to reproduce a noon maximum difference
in concentrations as previously found.

Results from the month-long 36 km resolution simulation
over the domain of the continental United States revealed
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