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Abstract 46 
Laboratory experiments suggest that water-soluble products from the gas-phase oxidation 47 

of volatile organic compounds can partition into atmospheric waters where they are further 48 

oxidized to form low volatility products, providing an alternative route for oxidation in addition 49 

to further oxidation in the gas-phase.  These products can remain in the particle phase after water 50 

evaporation forming what is termed as aqueous secondary organic aerosol (aqSOA).  However, 51 

few studies have attempted to observe ambient aqSOA.  Therefore, a suite of measurements, 52 

including near real-time WSOC (water-soluble organic carbon), inorganic anions/cations, 53 

organic acids, and gas-phase glyoxal, were made during the PEGASOS (Pan-European Gas-54 

AeroSols-climate interaction Study) 2012 campaign in the Po Valley, Italy to search for evidence 55 

of aqSOA.  Our analysis focused on four periods: Period A on 19-21 June, Period B on 30 June, 56 

1-2 July, Period C on 3-5 July, and Period D on 6-7 July to represent the first (Period A) and 57 

second (Periods B, C, and D) halves of the study.  These periods were picked to cover varying 58 

levels of WSOC and aerosol liquid water.  Plus back trajectory analysis suggested all sites 59 

sampled similar air masses on a given day.  The data collected during both periods were divided 60 

into times of increasing relative humidity (RH) and decreasing RH with the aim of diminishing 61 

the influence of dilution and mixing on SOA concentrations and other measured variables.  62 

Evidence for local aqSOA formation was only observed during Period A.  When this occurred, 63 

there was a correlation of WSOC with organic aerosol (R2 = 0.84), aerosol liquid water (R2 = 64 

0.65), RH (R2 = 0.39), and aerosol nitrate (R2 = 0.66).  Additionally, this was only observed 65 

during times of increasing RH, which coincided with dark conditions.  Comparisons of WSOC 66 

with oxygenated organic aerosol (OOA) factors determined from application of positive matrix 67 

factorization analysis on the aerosol mass spectrometer observations of the submicron non-68 

refractory organic particle composition suggested that the WSOC differed in the two halves of 69 

the study (Period A WSOC vs. OOA-2 R2 = 0.83 and OOA-4 R2= 0.04 whereas Period C WSOC 70 

vs. OOA-2 R2= 0.03 and OOA-4 R2 = 0.64).  OOA-2 had a high O/C (oxygen/carbon) ratio of 71 

0.77, providing evidence that aqueous processing was occurring during Period A.   Key factors 72 

for local aqSOA production during Period A appear to include: air mass stagnation, which allows 73 

aqSOA precursors to accumulate in the region; the formation of substantial local particulate 74 

nitrate during the overnight hours, which enhances water uptake by the aerosol; and the presence 75 

of significant amounts of ammonia, which may contribute to ammonium nitrate formation and 76 

subsequent water uptake and/or play a more direct role in the aqSOA chemistry. 77 

 78 
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1.  Introduction 91 
The formation of secondary organic aerosol (SOA) remains a major source of uncertainty 92 

in predicting organic aerosol concentrations and properties that affect visibility, health, and 93 

climate [Kanakidou et al., 2005].  SOA can form through gas-to-particle partitioning of semi-94 

volatile organic compounds formed from gas-phase oxidation of VOCs (volatile organic 95 

compounds) [Seinfeld and Pankow, 2003].  However, laboratory experiments and predictions 96 

suggest that water-soluble products from the gas-phase oxidation of VOCs can also partition into 97 

atmospheric waters (i.e., clouds, fogs, and aerosol water) and react to form low volatility 98 

products.  These products can remain in the particle phase after water evaporation, forming what 99 

is termed aqueous secondary organic aerosol (aqSOA) (e.g. [Blando et al., 2000; Altieri et al., 100 

2006; Carlton et al., 2007; de Haan et al., 2009; Galloway et al., 2009; Ervens and Volkamer, 101 

2010; Sun et al., 2010; Lee et al., 2012; Monges et al., 2012; Nguyen et al., 2012; Tan et al., 102 

2012; Gaston et al., 2014]). 103 

Evidence that aqSOA may be a contributor to ambient SOA includes a gap between 104 

observed SOA and SOA predicted by models that only include SOA formed via gas-phase 105 

oxidation and gas-particle partitioning [de Gouw et al., 2005; Heald et al., 2005].  In addition, 106 

there is a tendency for smog chamber experiments (generally conducted under dry conditions) to 107 

form SOA that is less oxygenated and hygroscopic than ambient SOA, suggesting a missing 108 

source of SOA [Aiken et al., 2008].  In some locations, SOA surrogates have been shown to be 109 

more strongly correlated with liquid water than organic aerosol [Hennigan et al., 2008; Zhang et 110 

al., 2012], contrary to partitioning theory.  Lastly, the abundance of ambient oxalate, an 111 

important product of aqSOA mechanisms [Carlton et al., 2007; Ervens et al., 2011], cannot be 112 

explained solely by gas-phase chemistry. 113 

While it is important to study aqSOA, there have been few studies designed to observe 114 

aqSOA formation in the ambient atmosphere.  Therefore, a suite of near real-time measurements 115 

was assembled with the goal of identifying evidence of aqSOA formation in the Po Valley of 116 

Italy during the summer of 2012.  A key measurement for this analysis was water-soluble 117 

organic carbon (WSOC), which previous research has suggested is a good proxy for SOA (e.g., 118 

[Sullivan et al., 2004; Miyazaki et al., 2006; Kondo et al., 2007]).  Fog measurements in the Po 119 

Valley have been well documented (e.g., [Facchini et al., 1999; Fuzzi et al., 2002]).  Fog is 120 

unlikely to occur in the summer.  But even in summer, the region does have high relative 121 

humidity (60% to 80%) and is polluted, providing favorable conditions for aqSOA formation in 122 

wet aerosols. 123 

Herein, we present an approach for the investigation of aqSOA formation in the ambient 124 

atmosphere and provide results from such analyses.  We examine WSOC as a function of known 125 

parameters likely to be associated with aqSOA, such as relative humidity (RH), aerosol liquid 126 

water (ALW), and organic aerosol (OA) concentration.  We also look at the relationship of 127 

oxalate with sulfate and gas-phase glyoxal; oxalate and sulfate are both produced by cloud 128 

processing and glyoxal is a known precursor to aqSOA formation [Yu et al., 2005; Tan et al., 129 

2009; Ervens and Volkamer, 2010; Lim et al., 2010; Sorooshian et al., 2010].  This study aims to 130 

identify conditions conducive to aqSOA formation in this region. 131 

 132 

2.  Methods 133 
Measurements were conducted within the Italian field campaign of the European Project 134 

PEGASOS (Pan-European Gas-AeroSOls-climate interaction Study) in June and July 2012, 135 
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focusing on the Po Valley.  PEGASOS was a European wide study to address regional to global 136 

feedbacks between atmospheric chemistry and climate in different locations as well as in the 137 

laboratory.  The observations included airborne measurements using a Zeppelin and multiple 138 

ground sites to study surface-atmosphere exchange, assess the vertical structure of the 139 

atmosphere, and study boundary layer photochemistry. An auxiliary site was located in Bologna.  140 

Our measurements were made at the main ground site in San Pietro Capofiume (SPC, Fig. 1 and 141 

2).  The SPC field station is located approximately 40 km northeast of Bologna and 30 km south 142 

of the Po River in flat terrain of agricultural fields (Fig. 1). 143 

Our measurements included running a Particle-into-Liquid Sampler – Ion 144 

Chromatography (PILS-IC) [Orsini et al., 2003] system for inorganic cations, inorganic anions, 145 

and light organic acids and a Particle-into-Liquid Sampler – Total Organic Carbon (PILS-TOC) 146 

system [Sullivan et al., 2004] for particle-phase WSOC.  A PILS collects the ambient particles 147 

into purified water, providing the liquid sample for analysis.  Both systems operated at 15 LPM 148 

with a 2.5 m size-cut cyclone.  Two annular denuders coated with sodium carbonate and 149 

phosphorous acid to remove inorganic gases were placed upstream of the PILS-IC and for the 150 

PILS-TOC an upstream activated carbon parallel plate denuder [Eatough et al., 1993] was used 151 

to remove organic gases.  In addition, for the PILS-TOC, a normally open actuated valve 152 

controlled by an external timer was periodically closed every 2 hours for 30 min forcing the 153 

airflow through a Teflon filter before entering the PILS.  This was to allow for a real background 154 

measurement to be determined.  Ambient PM2.5 WSOC concentrations were calculated as the 155 

difference between the filtered and non-filtered measurements.  The background was assumed to 156 

be constant between consecutive background measurements.  Based on comparison with 157 

integrated quartz filter WSOC measurements, it appears the difference between filtered and non-158 

filtered measurements was being overestimated by ~20% before the carbon denuder was 159 

switched out on June 25.  Therefore, the WSOC concentrations before this date have been 160 

corrected for this. 161 

For the PILS-IC, the liquid sample from the PILS was split between two Dionex ICS-162 

1500 ion chromatographs.  These systems include an isocratic pump, self-regenerating anion or 163 

cation SRS-ULTRA suppressor, and conductivity detector.  The cations were separated using a 164 

Dionex IonPac CS12A analytical (4 x250 mm) column with eluent of 18 mM methanesulfonic 165 

acid at a flowrate of 1.0 ml/min.  A Dionex IonPac AS15 analytical (4 x 250 mm) column 166 

employing an eluent of 38 mM sodium hydroxide at a flowrate of 1.5 ml/min was used for the 167 

anion analysis.  A new chromatogram was obtained every 30 min with a sample loop fill time of 168 

8 min.  The limit of detection (LOD) for the various anions and cations was approximately 0.02 169 

g/m3.  These inorganic PILS data were also used to determine ALW from the Extended Aerosol 170 

Inorganics Model (E-AIM, [Wexler and Clegg, 2002]) run in a metastable state.  More 171 

information on the ALW calculations can be found in Hodas et al. [2014]. 172 

In the PILS-TOC, the liquid sample obtained from the PILS was pushed through a 0.2 173 

m PTFE liquid filter by a set of syringe pumps to ensure any insoluble particles were removed.  174 

The flow was then directed into a Sievers Model 800 Turbo TOC (Total Organic Carbon) 175 

Analyzer.  This analyzer works by converting the organic carbon in the liquid sample to carbon 176 

dioxide through chemical oxidation involving ammonium persulfate and ultraviolet light.  The 177 

conductivity of the dissolved carbon dioxide formed is determined.  The amount of organic 178 

carbon in the liquid sample is proportional to the measured increase in conductivity.  The 179 
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analyzer was run in on-line mode providing a 6 min integrated measurement of WSOC with a 180 

LOD of 0.1 g C/m3. 181 

Other measurements presented here include 2.5 min integrated organic aerosol (OA) 182 

concentrations determined by a High Resolution - Time-of-Flight Aerosol Mass Spectrometer 183 

(HR-ToF-AMS) [Drewnick et al., 2005; DeCarlo et al., 2006; Canagaratna et al., 2007].  184 

Positive matrix factorization (PMF) analysis of the AMS OA data was performed using the 185 

Multilinear Engine algorithm (ME-2) [Paatero, 1999] implemented within the toolkit Solution 186 

Finder (SoFi) developed by Canonaco et al. [2013].  More details on the AMS ME-2 analysis 187 

can be found in the supplement text and Fig. S1-S7.  Gas-phase glyoxal was determined by the 188 

Madison Laser-Induced Phosphorescence (Mad-LIP) instrument [Huisman et al., 2008] at a time 189 

resolution of 51 s, hourly integrated ammonia was determined by a Monitor for AeRosols and 190 

Gases (MARGA) [ten Brink et al., 2007] in SPC and 30 min ammonia was determined by 191 

AiRRmonia [Erisman et al., 2001] in Bologna, and relative humidity was collected at an 1 min 192 

time resolution from a Vaisala weather transmitter WXT510.  All data presented throughout is 193 

hourly averaged starting at the top of the hour.  194 

 195 

3.  Results and Discussion 196 

3.1.  Overview 197 
As previously mentioned, WSOC is key to our analysis, since in the absence of biomass 198 

burning (see supplement for more details on the source apportionment of the AMS OA), the 199 

main contributor to WSOC has been found to be SOA [Sullivan et al., 2006].   Figure 3 shows 200 

the time series for WSOC during the entire study at SPC.  Overall, the WSOC concentration was 201 

higher in the first half of the study (before 25 June) compared with the second half.  The WSOC 202 

concentration peaked on 19 June then steadily decreased through 22 June.  During this time the 203 

concentration ranged from about 1 to 7 g C/m3.  During July, the WSOC was relatively 204 

constant at around 2 g C/m3. 205 

Therefore, our analysis will focus on comparing these two different halves of the study.  206 

Given our interest in examining for evidence of aqSOA we picked four periods with varying 207 

levels of WSOC and ALW.  We also picked cases with both sites sampling similar air masses on 208 

a given day.  Period A represents the first half of the study and covers 19-21 June.  Period A has 209 

elevated WSOC and moderate ALW.  As indicated by the difference in the length of the back 210 

trajectories [Draxler and Rolph, 2013; Rolph, 2013] shown in Fig. 2, Period A occurred during 211 

the end of a stagnation.  Period B (30 June, 1-2 July), Period C (3-5 July), and Period D (6-7 212 

July) represent three different cases in the second half of the study.  Period B has moderate 213 

ALW, Period C has low ALW, and Period D has the highest ALW observed during the study.  214 

As indicated by Fig. 2, all three of these periods represent typical background conditions 215 

influenced by regional transport, but with slightly different flow patterns.  The flows of Periods 216 

A and C are most similar.  Due to changes in the WSOC concentrations and a non-consistent 217 

flow pattern on a daily basis, no periods between 23-29 June were examined. 218 

Cloud cover, as indicated from satellite measurements, showed that the days preceding 219 

Period A were generally cloud free whereas clouds developed west of the ground sites preceding 220 

Periods B, C, and D (not shown).  The presence of clouds was determined by examining satellite 221 

pictures set to the view of Europe at 11:00 LT provided by Sat24 (http://en.sat24.com/en/eu).  222 

Also, wet scavenging was not likely important as there was very little precipitation at SPC or 223 

west of the site during the entire study period.  Only two cases of light rain lasting ~30 min, 224 
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which occurred on the afternoons of 23 June and 6 July, were recorded at SPC.  Table 1 provides 225 

a comparison of the various concentrations and parameters observed during all four periods.  226 

With the exception of WSOC mentioned above, only the OA and NOx (nitric oxides) 227 

concentrations across all of Period A are noticeably elevated compared to Periods B, C, and D. 228 

Each period will be examined in terms of the times when RH increased from 40 to 70% 229 

(times of RH increasing) and then when the RH decreased from 70 back to 40% (times of RH 230 

decreasing).  This was done to try to diminish the influence of dilution and mixing on SOA 231 

concentrations and measurements of other key variables, since measurements of a conserved 232 

tracer were not available.  The idea being that the times of RH increasing would represent a time 233 

with a stable nocturnal boundary layer.  The switch in regimes on average occurs at 05:00 LT, 234 

but varied from 03:00 to 08:00 LT.  Therefore, the times of RH increasing primarily occurred in 235 

the dark.  Table S1 provides a list of the exact times used for the times of RH increasing and 236 

decreasing in each period. 237 

We first will compare all four periods to examine for evidence of aqSOA.  Then we will 238 

provide a further examination of aqueous aerosol tracers and WSOC for the two periods with 239 

similar air flow (Periods A and C).  Our analysis will largely be based on least square regression 240 

correlation analysis to examine the relationship between various species and provide a general 241 

approach to examine for evidence of aqSOA.  We have chosen to examine R2 values as opposed 242 

to p-values since R2 values can provide a useful tool for explaining the amount of observed 243 

variance in a dependent variable that is explained by variation in an independent variable.  p-244 

values merely indicate whether a relationship is statistically significant without information 245 

about the amount of variance explained.  To help categorize the fraction of variance explained, 246 

we consider a high correlation as R2 values greater than 0.7, a moderate correlation as R2 values 247 

between 0.3 to 0.7, and a low correlation as R2 values less than 0.3. 248 

 249 

3.2.  Evidence for aqSOA 250 
WSOC is shown as a function of RH for the times of RH increasing (Fig. 4a and 4b) and 251 

decreasing (Fig. 4c and 4d) during Periods A, B, C, and D.  For Periods B, C, and D, WSOC had 252 

no relationship with RH.  Only during the times of increasing RH did Period A have a 253 

relationship of increasing WSOC with RH, consistent with local aqSOA formation.  This can 254 

further be illustrated by examining the correlation of WSOC vs. organic aerosol (OA), aerosol 255 

liquid water (ALW), and RH for Periods A, B, C, and D during the times of RH increasing (Fig. 256 

5 and S8).  In general, WSOC had a strong relationship with OA, but only Period A additionally 257 

had a moderate correlation of the WSOC with both ALW (Period A R2 = 0.65 vs. Period B R2 = 258 

0.15, Period C R2 = 0.29, and Period D R2 = 0.01) and RH (Period A R2 = 0.39 vs. Period B R2 = 259 

0.01, Period C R2 = 0.12, and Period D R2 = 0.07).  The good correlation between WSOC and 260 

ALW is in agreement with a previous smog chamber study that found that ALW is a key 261 

determinant of SOA yield [Zhou et al., 2011].  This also supports a recent study that observed 262 

ambient aqSOA formation during the nighttime as evident by the increased partitioning of gas-263 

phase WSOC to the particle-phase with increasing RH [El-Sayed et al., 2015].  The study by El-264 

Sayed et al. [2015] found the increase in the fraction of total WSOC in the particle phase (Fp) at 265 

the two highest RH levels (70-80%, >80%) to be statistically significant compared to the Fp 266 

values at RH < 60%.  The main focus of their work was to investigate if the uptake of gas-phase 267 

WSOC to aerosol water occurs through reversible or irreversible pathways.  The data suggested 268 

the aqSOA was formed irreversibly.  We investigate this with our data in section 3.3.2. 269 
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Figures 6 and S9 show the correlation of WSOC vs. nitrate, oxalate, and sulfate for the 270 

times of RH increasing.  Nitrate and WSOC are strongly correlated only during the times of RH 271 

increasing for Period A.  Early morning nitrate peaks were observed at SPC during the first part 272 

of the study, but were absent at the upwind Bologna site (Fig. 7).  The occurrence of these peaks 273 

overlaps with Period A.  (Note, the nitrate event observed on 6 and 7 July during Period D will 274 

be discussed in Sect. 3.4.)  This additionally suggested that the nitrate formation or the 275 

ammonium-nitrate-ammonia-nitric acid equilibrium at SPC was locally controlled since the back 276 

trajectory analysis indicated both the SPC and Bologna sites were sampling similar upwind air 277 

masses to each other in each period (Fig. 2).  Therefore, the correlation with locally formed 278 

particulate nitrate suggests local formation of WSOC.  (Note, increased nitrate also results in 279 

higher ALW at the same RH.)  This argues that aqSOA formation was predominately local 280 

during Period A. 281 

 282 

3.3.  Further Examination of Oxalate, Sulfate, and WSOC During Periods A and C 283 

3.3.1.  Oxalate and Sulfate 284 
To help better understand the potential for aqSOA formation, correlations with oxalate 285 

and sulfate can be examined.  Oxalate and sulfate are known tracers for aerosol formation 286 

through cloud processing [Yu et al., 2005; Sorooshian et al., 2010], although sulfate does also 287 

have a substantial, albeit slower, gas-phase formation pathway [Seinfeld and Pandis, 2006].  As 288 

shown in Fig. 8a and 8b for Periods A and C, during both the times of RH increasing and 289 

decreasing, there is a positive linear relationship between oxalate and sulfate (R2 ranged from 290 

0.39 to 0.68).  The association between oxalate and sulfate but not oxalate and WSOC in Period 291 

A suggests that the local aqSOA formed in wet aerosols during Period A has little effect on 292 

oxalate.  This result supports the supposition that oxalate is not a universal marker for aqSOA.  293 

This is further illustrated in our data by examining the correlation of oxalate vs. gas-phase 294 

glyoxal, a known precursor for aqSOA [Tan et al., 2009; Ervens and Volkamer, 2010; Lim et al., 295 

2010], and ALW (Fig. 8c-f).  Laboratory experiments suggest a relationship between oxalate and 296 

gas-phase glyoxal when there is in-cloud processing as oligomers have been proposed to be the 297 

dominant products from processing in aerosol water when hydroxyl radical concentrations are on 298 

the order of 10-12 M [Lim et al., 2010; Tan et al., 2010].  Oxalate could be produced in aerosol 299 

water at lower hydroxyl radical concentrations, such as 10-13 M, due to insufficient organic 300 

radical concentrations for oligomer formation [Lee et al., 2011].  Although the hydroxyl radical 301 

concentrations are unknown, there is only a relationship between oxalate and gas-phase glyoxal 302 

for Period C during times of RH decreasing (R2 = 0.44), which is when clouds were observed 303 

west of the site.  In addition, there is no important relationship observed between oxalate and 304 

ALW for either period (all R2 < 0.17). 305 

 306 

3.3.2.  WSOC 307 
The above analysis suggests that the majority of the WSOC observed during the first half 308 

of the study, as illustrated by Period A, is formed locally via chemistry in aerosol liquid water.  309 

Clearly, WSOC in the second half of the measurements appears to be different and to derive 310 

from different sources.  As illustrated by Period C, the WSOC during this time is likely more 311 

regional with contributions from gas-to-particle partitioning and possibly in-cloud aqSOA. 312 

To further explore this idea of different types of WSOC, the WSOC observations were 313 

compared to positive matrix factorization (PMF) analysis of the AMS OA data collected at SPC.  314 
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Five factors, one HOA (hydrocarbon-like OA) and four OOA (oxygenated OA), were found.  315 

The four OOA factors include one semi-volatile type (OOA-1) and three low volatility types 316 

(OOA-2, OOA-3, and OOA-4).  More details on the AMS ME-2 analysis can be found in the 317 

supporting information. 318 

As shown in Fig. 9, the measured WSOC from the first half of the study is dominated by 319 

OOA-2 and the second half by OOA-4.  This can be further illustrated by looking at the 320 

correlation of WSOC vs. OOA-2 and OOA-4 during the times of RH increasing for Periods A 321 

and C (Fig. 10).  The WSOC in Period A is most strongly correlated with OOA-2 (R2 = 0.83) 322 

and in Period C with OOA-4 (R2 = 0.64). 323 

To estimate how each AMS ME-2 factor contributed to WSOC and what fraction of each 324 

factor was water-soluble, a multilinear regression analysis was tentatively performed using the 325 

method proposed by Timonen et al. [2013].  The results are shown in Table S2 and Fig. 11.  This 326 

approach seeks to reproduce the total WSOC as a linear combination of the different factors, 327 

whilst minimizing the residuals and, unlike in Timonen et al. [2013], capping the individual 328 

factor contributions at 1 to allow conservation of the carbon mass.  The regression analysis was 329 

carried out with a zero intercept like in Timonen et al. [2013], as well as with a non-zero 330 

intercept to account for possible instrumental biases between the AMS and PILS methods.  Only 331 

the four OOA factors were considered, while HOA was assumed to be completely insoluble.  All 332 

concentrations are in carbon mass units, which for the AMS factors were derived from organic 333 

mass concentrations through factor-specific OM/OC ratios.  The results of the regression are 334 

reported for the whole PILS measurement period and also for Periods A and C separately. 335 

The results for the whole measurement period indicate that the largest contributions to the 336 

WSOC must be attributed to the OOA types which were simply the most abundant (OOA-3 and 337 

OOA-4), but the water-soluble fractions as reflected in the regression coefficients were greatest 338 

for OOA-2 and OOA-4 in agreement with their high correlation coefficients with WSOC.  339 

Interestingly, OOA-2 and OOA-4 are also the factors possessing the highest O/C ratios (0.77 and 340 

0.76, respectively), with respect to the other two (O/C = 0.48 for OOA-1 and 0.36 for OOA-3).  341 

Therefore, in this study the factor-specific WSOC fractions seem related to the oxygen contents 342 

measured by the AMS. 343 

The multilinear regression analysis performed on the Period A measurements suggests 344 

that the largest water-soluble fractions are exhibited by OOA-1 and OOA-2, whose 345 

concentrations were observed to increase along with RH and WSOC for all the days in this 346 

period of the campaign.  Due to the very different absolute average concentrations, the second 347 

factor (OOA-2) provided the largest contribution to WSOC, accounting for more than one third 348 

of the total water-soluble organic carbon concentration.  Interestingly, the diurnal trend of OOA-349 

1 indicated that its partitioning to the aerosol phase was largely reversible, and its concentrations 350 

declined steeply in the late morning hours when RH and ALW decreased (Fig. 12a).  In the same 351 

hours of the day, the OOA-2 concentrations were largely unaffected by RH indicating (a) that 352 

OOA-2 mainly accounted for oxidized compounds stable in the aerosol phase and (b) that 353 

boundary layer growth is not the reason for the decrease in OOA-1 as this should have affected 354 

all factors.  OOA-1 and OOA-2 can therefore be hypothesized as two aging stages of aqSOA 355 

formation during Period A. 356 

Interestingly, some OOA-2 is also produced in Periods B and D.  Although the 357 

concentrations levels of OOA-2 observed are similar between Periods A and D, OOA-2 358 

concentrations are much more sustained across the day in Period A.  In addition, as illustrated in 359 
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the diurnal profiles for these periods (Fig. S10) the OOA-2 follows along more closely with 360 

OOA-1, RH, and ALW in Periods B and D, likely due to the differences in meteorology and/or 361 

chemistry of these periods compared to Period A.  Regardless of these differences the 362 

observations all still point to the strong relationship between OOA-1, OOA-2, and ALW. 363 

The results obtained for Period C show again that the greatest coefficients (hence the 364 

largest water-soluble fractions) were found for OOA-2 and OOA-4.  However, due to its very 365 

small concentrations in this period, OOA-2 provided a negligible contribution to WSOC (1%), 366 

while OOA-4 was estimated to account for more than half of the WSOC carbon content.  The 367 

examination of time trends indicates that OOA-4 is mainly a background component of the 368 

aerosol, showing no appreciable increase at the time when RH increased for a few hours on the 369 

mornings of 5 and 6 July.  Similar to Period A, here again the times when RH and ALW were 370 

high showed relatively high concentrations of OOA-1 (Fig. 12b), which represented an 371 

additional (though small compared to OOA-4) contribution to WSOC.  Period C provides a case 372 

where significant OOA-1 is formed, but not OOA-2. 373 

Overall, whilst not without uncertainty, the above findings support the idea that two 374 

different types of WSOC occurred during these two different periods.  They also support the idea 375 

that aqueous processing is dominating during the times of RH increasing during Period A and 376 

OOA-2 represented the most important component.  The high O/C ratio of OOA-2 is expected 377 

for SOA formed through aqueous-phase reactions, because precursors are water-soluble and thus 378 

have low carbon numbers and high O/C ratios.  Average O/C ratios of ~0.7 to 1.1 have been 379 

observed in the oligomeric products formed from laboratory experiments involving hydroxyl 380 

radical oxidation and/or aqueous photolysis of methylglyoxal, glycolaldehyde, and phenolic 381 

compounds [Altieri et al., 2008; Tan et al., 2009; Perri et al., 2010; Sun et al., 2010].  The high 382 

O/C ratios observed for the other main WSOC component, OOA-4, which dominates Period B, 383 

could be explained by extensive aging of non-aqueous SOA [Lambe et al., 2011].  However, in-384 

cloud aqueous-phase reactions could have occurred upwind of the Po Valley, as indicated by the 385 

occurrence of oxalate and clouds previously discussed.  Our measurements are fully consistent, 386 

in indicating that OOA-4 was mainly transported to the site and was not a product of the local 387 

aqueous-phase heterogeneous chemistry in the Po Valley atmospheric surface layer. 388 

 389 

3.4.  Conditions for local aqSOA 390 
 What leads to strong local aqSOA formation during Period A at SPC?  High ALW was 391 

present throughout the study (Fig. 3b).  It was observed that the days with the highest ALW also 392 

had the highest aerosol loading in the lowest layers of the atmosphere.  However, no other day 393 

outside of Period A, except for 23 June, had a relationship of WSOC with RH during the times of 394 

RH increasing.  This suggests that high ALW or aerosol loading alone are not sufficient for local 395 

aqSOA formation. 396 

 As previously mentioned, during Period A early morning nitrate peaks were observed 397 

only at the SPC ground site and not at the urban site.  However, just the presence of high nitrate 398 

(above 2 g/m3) does not seem to lead to aqSOA as no relationship of WSOC as a function of 399 

RH was observed on 6 and 7 July (Period D) when nitrate in concentrations similar to those of 400 

Period A were observed at SPC.  Interestingly, the nitrate observed on these days was also 401 

observed in Bologna (Fig. 7).  The timing of the peak nitrate concentration also differed from 402 

Period A; it occurred later in the morning, around 07:00 LT, whereas during Period A nitrate 403 

peaked around midnight or 01:00 LT and then again around 07:00 LT.  This suggests that the 404 
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presence and timing of elevated nitrate, which is a strong determinant of ALW, may be 405 

important for local aqSOA production and resulting WSOC aerosol concentrations in this region. 406 

 As previously mentioned, an examination of possible gas-phase precursors (e.g., aromatic 407 

VOCs and glyoxal, Table 1) shows no noticeable decline in concentration from the first to 408 

second half of the measurement period.  Therefore, a possible explanation for the difference 409 

between Period A and the other periods is meteorology.  Period A featured an anticyclonic 410 

condition that led to air stagnation; the other periods featured stronger transport and ventilation.  411 

Therefore, during Periods B, C, and D intermediate products needed to form appreciable 412 

concentrations of aqSOA are less likely to quickly accumulate in the local boundary layer. 413 

 It is possible that another key ingredient in the chemistry is ammonia.  Recent studies 414 

have suggested possible aqSOA formation processes mediated by ammonia and other 415 

atmospheric bases [Galloway et al., 2009; Nozière et al., 2009; Ortiz-Montalvo et al., 2014; Yu et 416 

al., 2011].  Ammonia is prevalent in the Po Valley due to agricultural activities.  During Period 417 

A, high ammonia concentrations (greater than ~30 g/m3) were observed only at SPC (Fig. 13a). 418 

Overall, the data suggest that local aqSOA production during the stagnation of Period A 419 

is not due to cloud processing.  Our results also suggest that this aqueous chemistry occurs in the 420 

dark, which likely provides the favorable low temperatures and high RH for nitrate aerosol and 421 

ALW [Hodas et al., 2014].  Based on other measurements at SPC, the stagnation conditions and 422 

elevated nitrate around midnight occurred each day from 14 June through 23 June, suggesting 423 

that the local aqSOA formation actually commenced five days earlier.  When all these conditions 424 

were met, each day ~1 g C/m3 of new WSOC (determined as the change in WSOC 425 

concentration during the times of RH increasing) can be attributed to this process. 426 

 427 

4.  Summary 428 
Measurements were conducted during the PEGASOS Study in the Po Valley of Italy 429 

during June and July 2012 in San Pietro Capofiume (SPC).  The goal was to look for evidence of 430 

aqSOA in the ambient atmosphere.  Measurements included near real-time WSOC (a good proxy 431 

for SOA), inorganic anions/cations, and organic acids.  The data were analyzed in terms of the 432 

times when RH increased from 40 to 70% (times of RH increasing) and then when the RH 433 

decreased from 70 back to 40% (times of RH decreasing) in order to diminish influences from 434 

dilution and mixing on ambient measurements.  The analysis focused on four periods: Period A 435 

on 19-21 June, Period B on 30 June, 1-2 July, Period C on 3-5 July, and Period D on 6-7 July. 436 

Evidence for local aqSOA formation in wet aerosols was observed during Period A.  437 

When this occurred there was a correlation of WSOC with OA, ALW, RH, and nitrate.  438 

Additionally, this was only observed during times of RH increasing, suggesting the aqSOA was 439 

formed in the dark.  The aqSOA formation is thought to be local because elevated nitrate, the 440 

driver for aerosol water, was only observed at the main ground site in SPC even though the 441 

auxiliary site in Bologna was sampling similar upwind air masses at the time. 442 

A comparison of Periods A and C suggested Period C differed from Period A.  The 443 

WSOC during Period C was likely formed regionally.  Interestingly, during Period C as well as 444 

Period A a correlation was found between oxalate and sulfate.  This suggests that oxalate 445 

concentrations were not strongly affected by local aqSOA formation.  More importantly, it 446 

indicates that oxalate is not a good universal marker for aqSOA. 447 

A comparison of WSOC with the AMS PMF OOA factors showed that Period A featured 448 

high O/C ratios, consistent with aqSOA formation.  However, they also reinforce the conclusion 449 
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that the composition of the WSOC differed between the two halves of the study.  Periods A and 450 

C were dominated by two different OOA factors, OOA-2 (locally produced) and OOA-4 (long-451 

range transported), respectively. 452 

Overall, by examining the conditions observed in Period A, the data suggest that the local 453 

aqSOA formation observed is not due to cloud processing and occurs in the dark.  The timing of 454 

elevated nitrate concentrations is critical (around midnight local time) to provide the liquid water 455 

reservoir needed for aqueous chemistry.  Approximately 1 g C/m3 of new WSOC was formed 456 

through this process each day these conditions were met, indicating the importance of aqSOA as 457 

a source of ambient OA in this region. 458 
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Figure Captions 764 
Figure 1.  Maps created using Google Earth (version 7.1.5.1557) to show the areas surrounding 765 

the (a) Bologna and (b) SPC sampling sites. 766 

 767 
Figure 2.  Characteristic 72 h air mass back trajectories for (a) Period A, (b) Period B, (c) Period 768 

C, and (d) Period D at the PEGASOS ground sites of Bologna and SPC.  All back trajectories are 769 

based on the NOAA ARL HYSPLIT trajectory model. 770 

 771 

Figure 3.  Times series of hourly averaged measured (a) WSOC, (b) calculated ALW, (c) RH, 772 

and (d) Temperature at SPC.  Any gaps in ALW are due to missing PILS-IC data.  The dashed 773 

vertical lines indicate midnight local time (UTC+2).  Periods A, B, C, and D are also indicated. 774 

 775 

Figure 4.  Hourly averaged WSOC as a function of RH for (a) Periods A and C and (b) Periods 776 

B and D during the times of RH increasing and (c) Periods A and C and (d) Periods B and D 777 

during the times of RH decreasing at SPC.  The WSOC was binned into 10% RH bands starting 778 

at 40% RH.  The error bars represent the standard deviation at each bin.  Numbers above or 779 

below points represent the number of data points in each bin. 780 

 781 

Figure 5.  Correlation of hourly averaged WSOC vs. OA for (a) Period A and (b) Period C, 782 

ALW for (c) Period A and (d) Period C, and RH for (e) Period A and (f) Period C at SPC.  All 783 

plots are for during the times of RH increasing. 784 

 785 

Figure 6.  Correlation of hourly averaged WSOC vs. nitrate for (a) Period A and (b) Period C, 786 

oxalate for (c) Period A and (d) Period C, and sulfate for (e) Period A and (f) Period C at SPC.  787 

All plots are for during the times of RH increasing. 788 

 789 

Figure 7.  Times series of hourly averaged AMS nitrate observed at (a) SPC and (b) Bologna.  790 

The dashed vertical lines indicate midnight local time (UTC+2).  Periods A, B, C, and D are also 791 

indicated. 792 

 793 

Figure 8.  Correlation of hourly averaged oxalate vs. sulfate for Periods A and C during the 794 

times of RH (a) increasing and (b) decreasing, gas-phase glyoxal for Periods A and C during the 795 

times of RH (c) increasing and (d) decreasing, and ALW for Periods A and C during the times of 796 

RH (e) increasing and (f) decreasing at SPC. 797 

 798 

Figure 9.  Times series of hourly averaged WSOC with AMS ME-2 factors (a) OOA-1, (b) 799 

OOA-2, (c) OOA-3, and (d) OOA-4 at SPC.  The units for each factor have been converted from 800 

g/m3 to g C/m3 using their calculated OM/OC ratio (OOA-1 = 1.81, OOA-2 = 2.15, OOA-3 = 801 

2.13, and OOA-4 = 1.62).  The dashed vertical lines indicate midnight local time (UTC+2).  802 

Periods A, B, C, and D are also indicated. 803 

 804 

Figure 10.  Correlation of hourly averaged WSOC vs. AMS ME-2 factors OOA-1 for (a) Period 805 

A and (b) Period C, OOA-2 for (c) Period A and (d) Period C, OOA-3 for (e) Period A and (f) 806 

Period C, and OOA-4 for (g) Period A and (h) Period C at SPC.  All plots are for during the 807 

times of RH increasing. 808 
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 809 

Figure  11.  Time series of hourly averaged AMS ME-2 OOA factors, WSOC measured, and 810 

WSOC reconstructed for the whole measurement period (top), Period A (bottom left), and Period 811 

C (bottom right) at SPC.  The units for each OOA factor have been converted from g/m3 to g 812 

C/m3 using their calculated OM/OC ratio. 813 

 814 
Figure 12.  Diurnal profile of WSOC, OOA-1, OOA-2, RH, temperature, ALW, and nitrate for 815 

(a) Period A and (b) Period C at SPC. 816 

 817 
Figure 13.  Times series of hourly averaged ammonia observed at (a) SPC and (b) Bologna.  The 818 

dashed lines indicate midnight local time (UTC+2).  Periods A, B, C, and D are also indicated. 819 

 820 

 821 
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Table 1.  Average concentrations of aerosol and gas-phase species along with various meteorological parameters observed during the 
times of RH increasing and decreasing during Periods A, B, C, and D at SPC. 
 OA 

(g/m3) 
WSOC 

(g 
C/m3) 

Glycolate 
(g/m3) 

Acetate 
(g/m3) 

Formate 
(g/m3) 

Chloride 
(g/m3) 

Sulfate 
(g/m3) 

Oxalate 
(g/m3) 

Nitrate 
(g/m3) 

Sodium 
(g/m3) 

Ammonium 
(g/m3) 

Potassium 
(g/m3) 

Magnesium 
(g/m3) 

Calcium 
(g/m3) 

ALW 
(g/m3) 

Period A 
RH 
Increasing 

8.93 4.73 0.28 0.40 0.43 0.13 3.49 0.24 2.91 NA NA NA NA NA 6.81 

Period A 
RH 
Decreasing 

9.63 5.09 0.30 0.33 0.47 0.17 3.23 0.23 5.61 NA NA NA NA NA 7.29 

Period B 
RH 
Increasing 

4.06 2.87 0.22 0.24 0.24 0.09 3.22 0.12 1.67 0.01 1.04 0.43 0.10 0.37 4.21 

Period B 
RH 
Decreasing 

3.78 2.89 0.22 0.24 0.23 0.09 2.69 0.11 1.56 0.01 1.04 0.48 0.09 0.13 4.34 

Period C 
RH 
Increasing 

2.05 1.55 0.24 0.28 0.23 0.11 2.80 0.13 1.18 0.04 0.92 0.51 0.11 0.26 2.89 

Period C 
RH 
Decreasing 

2.01 1.54 0.22 0.32 0.23 0.10 2.75 0.12 1.28 0.04 0.94 0.54 0.09 0.06 2.64 

Period D 
RH 
Increasing 

2.89 1.92 0.17 0.18 0.21 0.11 3.38 0.12 1.31 0.02 1.07 0.48 0.10 0.32 4.10 

Period D 
RH 
Decreasing 

3.02 1.99 0.19 0.19 0.24 0.14 4.89 0.13 3.56 0.03 2.00 0.55 0.10 0.20 7.90 
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 Ozone 

(g/m3) 
NOx 

(g/m3) 
SO2 

(ppb) 
Benzene 
(g/m3) 

Toluene 
(g/m3) 

Xylene 
(g/m3) 

Glyoxal 
(ppb) 

T (oC) RH (%) 

Period A 
RH 
Increasing 

47.42 28.90 0.65 0.21 1.21 0.26 0.05 24.47 64.49 

Period A 
RH 
Decreasing 

63.70 17.75 1.14 0.27 1.78 0.34 0.09 26.09 57.66 

Period B 
RH 
Increasing 

76.6 10.94 0.68 0.19 0.83 0.53 0.06 26.74 60.87 

Period B 
RH 
Decreasing 

51.6 9.30 0.69 0.29 1.43 0.66 0.07 26.2 61.20 

Period C 
RH 
Increasing 

61.29 9.72 0.40 0.17 1.18 0.40 0.05 23.31 60.60 

Period C 
RH 
Decreasing 

75.40 8.08 0.51 0.17 1.11 0.44 0.07 25.02 53.88 

Period D 
RH 
Increasing 

87.21 8.93 0.30 0.12 0.52 0.23 0.05 25.63 63.45 

Period D 
RH 
Decreasing 

93.73 5.12 0.38 0.15 0.85 0.28 0.07 27.32 54.92 
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Figure 4 
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Figure 8 
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Figure 10 
                                            Period A                                        Period C 

8

6

4

2

0

W
S

O
C

 (
g

 C
/m

3 )

0.60.40.20.0

OOA-1 (g C/m
3
)

R
2
 = 0.41

(a)

4

3

2

1

0

W
S

O
C

 (
g

 C
/m

3 )

0.80.60.40.20.0

OOA-1 (g C/m
3
)

R
2
 = 0.02

(b)

 
 

8

6

4

2

0

W
S

O
C

 (
g

 C
/m

3 )

43210

OOA-2 (g C/m
3
)

R
2
 = 0.83

(c)

4

3

2

1

0

W
S

O
C

 (
g

 C
/m

3 )

40x10
-33020100

OOA-2 (g C/m
3
)

R
2
 = 0.03

(d)

 
 

8

6

4

2

0

W
S

O
C

 (
g

 C
/m

3 )

3.02.01.00.0

OOA-3 (g C/m
3
)

R
2
 = 0.06

(e)

4

3

2

1

0

W
S

O
C

 (
g

 C
/m

3 )

1.00.80.60.40.20.0

OOA-3 (g C/m
3
)

R
2
 = 0.01

(f)

 
 

8

6

4

2

0

W
S

O
C

 (
g

 C
/m

3 )

2.01.51.00.50.0

OOA-4 (g C/m
3
)

R
2
 = 0.04

(g)

4

3

2

1

0

W
S

O
C

 (
g

 C
/m

3 )

1.20.80.40.0

OOA-4 (g C/m
3
)

R
2
 = 0.64

(h)

 



Figure 11 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PERIOD C



Figure 12 
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