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Abstract  25 

 26 

Sulphuric acid has been shown to be a key driver for new particle formation and subsequent growth 27 

in various environments mainly due to its low volatility. However, direct measurements of gas-phase 28 

sulphuric acid are oftentimes not available, and the current sulphuric acid proxies cannot predict for 29 

example its nighttime concentrations or result in significant discrepancies with measured values. 30 

Here, we define the sources and sinks of sulphuric acid in different environments and derive a new 31 

physical proxy for sulphuric acid to be utilized in locations and during periods when it is not 32 

measured. We used H2SO4 measurements from four different locations: Hyytiälä, Finland; Agia 33 

Marina, Cyprus; Budapest, Hungary; and Beijing, China, representing semi-pristine boreal forest, 34 

rural environment in the Mediterranean area, urban environment and heavily polluted megacity, 35 

respectively. The new proxy takes into account the formation of sulphuric acid from SO2 via OH 36 

oxidation and other oxidation pathways, specifically that via stabilized Criegee Intermediates. The 37 

sulphuric acid sinks included in the proxy are its condensation sink (CS) and atmospheric clustering 38 

starting from H2SO4 dimer formation. Indeed, we found that the observed sulphuric acid 39 

concentration can be explained by the proposed sources and sinks with similar coefficients in the four 40 

contrasting environments where we have tested it. Thus, the new proxy is a more flexible and an 41 

important improvement over previous proxies. Following the recommendations in the manuscript, a 42 

proxy for a specific location can be derived. 43 

 44 
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1. Introduction 47 

 48 

Atmospheric New Particle formation (NPF) events and their subsequent growth have been observed 49 

to take place almost everywhere in the world (Kulmala et al., 2004; Kerminen et al., 2018). Many of 50 

these observations are based on continuous measurements and some include more than a year of 51 

measurement data (Nieminen et al., 2018). The importance of NPF events on the global aerosol 52 

budget and cloud condensation nuclei formation has been well established (Spracklen et al., 2008; 53 

Merikanto et al., 2009; Spracklen et al., 2010; Kerminen et al., 2012; Gordon et al., 2017). Recently, 54 

the contribution of NPF to haze formation, which was still controversial, is being investigated in an 55 

increasing number of studies from Chinese megacities (Guo et al., 2014). 56 

 57 

Sulphuric acid (H2SO4), which has a very low saturation vapor pressure and strong hydrogen bonding 58 

capability (Zhang et al., 2011), has been found to be the major precursor of atmospheric NPF (Weber 59 

et al., 1996; Kulmala et al., 2004; Sihto et al., 2006; Sipilä et al., 2010; Erupe et al., 2011; Lehtipalo 60 

et al., 2018; Ma et al., 2019) and is often used in global models for simulating the occurrence and 61 

intensity of new particle formation events (Dunne et al., 2016). However, atmospheric measurements 62 

of gas-phase sulphuric acid are rare, mainly due to its low concentration (106–107 molecules cm−3 or 63 

below)  that can only be measured using state-of-the art instruments (Mikkonen et al., 2011) such as 64 

the Chemical Ionization atmospheric pressure interface time of flight spectrometer (CI-APi-ToF) 65 

(Eisele and Tanner, 1993; Jokinen et al., 2012). Therefore, a physically and chemically sound proxy 66 

is needed to estimate H2SO4 concentrations in various environments where NPF events are observed 67 

but H2SO4 concentrations are not continuously measured.  68 

 69 

Due to its important participation in clustering and thus in the NPF process, several studies have tried 70 

to produce proxies for H2SO4 in order to fill gaps in data. For example, Petäjä et al. (2009) developed 71 

an approximation of gas-phase H2SO4 concentration in Hyytiälä, southern Finland, using its source 72 

from reactions between SO2 and OH radicals, and its loss by condensation onto pre-existing particles 73 

(condensation sink, CS). Later, Mikkonen et al. (2011) developed H2SO4 proxies based on 74 

measurements at six urban, rural and forest areas in European and North American sites. Proxies 75 

developed by Mikkonen et al. (2011) suggested that the sulphuric acid concentration depends mostly 76 

on the available radiation and SO2 concentration, with little influence by CS. However, Lu et al. 77 

(2019), who developed a daytime proxy based on measurement in Beijing China, suggested the need 78 

of taking into account the CS when approximating gaseous H2SO4, especially in areas where the 79 

condensational sink can be relatively high. The proxy developed by Lu et al. (2019) takes into 80 

consideration the formation pathways of H2SO4 via OH radicals from both the conventional 81 

photolysis of O3 and from the photolysis of HONO, as well as, the loss of  H2SO4 via CS. Besides the 82 

previously-developed proxies, an additional proxy is still needed for representing nighttime periods 83 

which were not considered previously. 84 

 85 

Here, we derive a new proxy which takes into account the production of gaseous sulphuric acid from 86 

SO2 with oxidation by OH and stabilized Criegee Intermediates (Mauldin et al., 2012) reactions, and 87 

its losses onto pre-existing aerosol particles (condensation sink) and due to molecular cluster 88 

formation. In order to evaluate our hypothesized sources and sinks and derive the proxy equations, 89 

we utilize measurements from four different locations: (1) Hyytiälä, Finland, (2) Agia Marina, 90 

Cyprus, (3) Budapest, Hungary and (4) Beijing, China, representing a semi-pristine boreal forest 91 

environment, rural environment in the Mediterranean area, urban environment and heavily polluted 92 



3 

 

megacity, respectively. To evaluate the predictive power of the derived proxies, the equations are 93 

further tested on independent data sets. We further compare the coefficients of production and losses 94 

in each environment in order to understand the prevailing mechanism of the H2SO4 budget in each of 95 

the studied environments. As a result of this investigation, a well-defined sulphuric acid concentration 96 

can be derived for multiple areas around the world and even extended in time during times when it 97 

was not measured (such as: gap filling, forecast, prediction, estimation, etc.).  98 

 99 

2. Measurement locations, observations and instrumentation 100 

 101 

 Locations 102 

Semi-pristine boreal forest environment: Hyytiälä, Finland 103 

 104 

Measurements were conducted at the SMEAR II-station (Station for Measuring Ecosystem–105 

Atmosphere Relations), located in Hyytiälä (61.1° N, 24.17°E, 181 m a.s.l. (Hari and Kulmala, 106 

2005)), southern Finland. Here we used measurements from August 18, 2016 to June 5, 2017 and 107 

from March 8, 2018 to February 28, 2019. The data from 2016, 2018 and 2019 was used as a training 108 

data set for developing the proxy equation, while the data from 2017 was used for testing the 109 

predictive power of the developed proxy. A summary for all locations and instrumentation is given in 110 

Tables S1 (training data sets) and S2 (testing data sets). 111 

 112 

Rural background site: Agia Marina, Cyprus 113 

 114 

Measurements were conducted at the Cyprus Atmospheric Observatory (CAO) (35.03° N, 33.05° E; 115 

532 m a.s.l.), a rural background site located close to Agia Marina Xyliatou village, between February 116 

22 and March 3, 2018. For more details, see for example Pikridas et al. (2018). The data set from this 117 

location is used solely as a training data set. 118 

 119 

Semi-urban site: Helsinki, Finland 120 

 121 

Measurements were conducted at the SMEAR III-station, located in Helsinki (60.20° N, 24.96° E, 122 

25 m a.s.l.). For more details about the location see for example Hussein et al. (2008). Here, we 123 

measured from July 1, 2019 to July 16 2019 as a testing data set. 124 

 125 

 126 

Urban location: Budapest, Hungary 127 

 128 

The measurements took place at the Budapest platform for Aerosol Research Training (BpART) 129 

Research Laboratory (47.47° N, 19.06° E, 115 m a.s.l.) of the Eötvös University situated on the bank 130 

of the Danube between March 21 and April 17, 2018. The site represents a well-mixed average 131 

atmosphere of the city centre Salma et al. (2016a). The data set from this location is used solely as a 132 

training data set. 133 

  134 

Polluted megacity: Beijing, China 135 

 136 

Here, observations performed at the west campus of Beijing University of Chemical Technology 137 

(39.94° N, 116.30° E) between March 15, 2019 and June 15, 2019 were used as a training data set 138 
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while observations from September 8, 2019 to October 15, 2019 where used as a testing data set. The 139 

sampling took place from outside the window at the 5th floor of a university building adjacent to a 140 

busy street. For more details, see for example Lu et al. (2019); Zhou et al. (2020).  141 

 142 

Near an oil-refinery industrial area:  Kilpilahti, Finland 143 

 144 

The measurement took place at Nyby measurement station (60.31° N, 25.50° E) between June 07 and 145 

June 29, 2012. The site is within 1.5 km close to Neste Oy. oil refinery and Kilpilahti industrial area. 146 

For more information on the site, please see Sarnela et al. (2015). The data set from this location is 147 

used solely as a testing data set. 148 

 149 

 Instrumentation 150 

 151 

Trace Gases 152 
 153 

A summary for all locations and instrumentation is given in Tables S1and S2. Measurements of 154 

different variables within the same location are performed at the same platform unless specified 155 

otherwise. In all locations, the sulphuric acid concentrations were measured using a Chemical 156 

Ionization atmospheric pressure interface time of flight spectrometer (CI-APi-ToF) (Eisele and 157 

Tanner, 1993; Jokinen et al., 2012) with NO3
- as a reagent ion and analyzed using a tofTools package 158 

based on MATLAB software (Junninen et al., 2010). In all locations, the CI-APi-ToF instruments 159 

were calibrated in a similar way prior to the campaign using the method presented by Kurten et al. 160 

(2012) to ensure the results from different sites are comparable. In Hyytiälä, the sulphuric acid 161 

concentrations were measured at the tower 35 m above ground level. In Helsinki, the sulphuric acid 162 

concentrations were measured from the 4th floor window (~12 m above ground level) of the university 163 

building adjacent (~200 m) to the SMEAR III station. In Hyytiälä, and Beijing, the SO2 and O3 164 

concentrations were measured using an SO2 analyzer (Model 43i, Thermo, USA), with a detection 165 

limit of 0.1 ppbv, and O3 analyzer (Model 49i, Thermo, USA), respectively. In Hyytiälä, the trace 166 

gases concentrations were measured at the tower 16.8 m above ground level. In Helsinki, the SO2 167 

concentrations were monitored at a 32 m tower at the SMEAR III station using UV-fluorescence 168 

(Horiba APSA 360). In Agia Marina, SO2 and O3 are monitored using Ecotech Instruments (9850 and 169 

9810, respectively). Concentrations of SO2 in Budapest were measured by UV fluorescence 170 

(Ysselbach 43C) with a time resolution of 1 h at a station of the National Air Quality Network located 171 

1.7 km in the upwind prevailing direction from the BpART site. It was shown earlier that the hourly 172 

average SO2 concentrations (See Figure S1) in central Budapest are ordinarily distributed without 173 

large spatial gradients (Salma and Németh, 2019; Mikkonen et al., 2020). In Kilpilahti, SO2 174 

concentration were measured using Thermo Scientific ™ Model 43i SO2 Analyser at Neste Oil 175 

refinery. Trace gases measured during the short campaign periods in Agia Marina, and Budapest are 176 

representative of yearly concentrations in respective locations when compared to longer term 177 

measurements at the same site (Salma et al., 2016b; Baalbaki, 2020, In Prep.; Mikkonen et al., 2020).  178 

 179 

Particle number Size Distribution 180 
 181 

The condensation sink (CS) was calculated using the method proposed by Kulmala et al. (2012) from 182 

number size distribution measurements. In Hyytiälä, the particle number size distribution was 183 

measured using a twin differential mobility particle sizer (DMPS) (Aalto et al., 2001). In Agia Marina, 184 
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the particle number size distribution between 2 and 800 nm was reconstructed from two instruments:  185 

an Airel NAIS (Neutral cluster and Air Ion Spectrometer, 2-20 nm) and TSI SMPS (Scanning 186 

Mobility Particle Sizer, 20-800 nm). In Helsinki, a twin-DMPS system (diameter 3–950 nm) was used 187 

to monitor the particle number size distribution. In Budapest, the particle number size distribution 188 

was measured by a flow-switching type DMPS in a diameter range from 6 to 1000 nm in the dry state 189 

of particles (RH<30%) in 30 channels with a time resolution of 8 min (Salma et al., 2016a). In Beijing, 190 

the particle number size distribution between 3 nm and 850 nm was measured using a Particle Size 191 

Distribution System (PSD,(Liu et al., 2016)). Condensation sink obtained at Kilpilahti was acquired 192 

from particle number size distribution measured using a DMPS (6- 1000 nm). Although having a 193 

diurnal cycle, condensation sink values obtained during the short campaign periods in Agia Marina 194 

and Budapest are representative of yearly concentrations in respective locations when compared to 195 

longer term measurements at the same site (Salma et al., 2016b; Baalbaki, 2020, In Prep.). 196 

 197 

Radiation 198 
 199 

In Hyytiälä, Global radiation (GlobRad) was measured using a SK08 solar pyranometer until August 200 

24, 2017 and after that using a EQ08-S solar pyranometer. The measurements were relocated from 201 

18-m height to 37-m height on February 14, 2017. Global Radiation from the Agia Marina is 202 

monitored using a weather station (Campbell Scientific Europe). In Helsinki, the global radiation is 203 

measured using Kipp and Zonen CNR1 at 31 m above ground level in the SMEAR III station. In 204 

Budapest, global radiation was measured by an SMP3 pyranometer (Kipp and Zonnen, The 205 

Netherlands) on the roof of the building complex with a time resolution of 1 min. Its operation was 206 

checked by comparing the measured data with those obtained from regular radiation measurements 207 

performed by a CMP11 pyranometer (Kipp and Zonnen, The Netherlands) at the Hungarian 208 

Meteorological Service (HMS) at a distance of 10 km. The annual mean GlobRad ratio and SD of the 209 

1-h values for the BpART and HMS stations were 1.03±0.23 for GlobRad > 100 W m-2, which 210 

changed to 1.01±0.05 when considering  clear sky conditions. In Beijing, GlobRad intensity from 285 211 

nm to 2800 nm  was measured at the rooftop of the 5-floor building using a CMP11 pyranometer 212 

(Kipp and Zonnen, Delft,  The Netherlands). The radiometer was maintained weekly to ensure the 213 

location horizontally and clean. In order to do the fitting for the nighttime data, zero values were 214 

replaced by the detection limit of the instrument assumed to be half the minimum measured radiation. 215 

In Kilpilahti, no global radiation measurements were available, so we relied on radiation data 216 

measured at the SMEAR III station which is around 32 km from the measurement site. 217 

 218 

Alkenes 219 
 220 

Volatile organic compounds (VOCs) were measured with a proton transfer reaction quadrupole mass 221 

spectrometer (PTR-MS, Ionicon Analytik GmbH) in Hyytiälä. Ambient mixing ratios are measured 222 

every third hour from several different measurement heights. In this study, we use monoterpene 223 

concentration from 16.8 m height. The instrument is calibrated regularly with standard gas (Apel-224 

Riemer Environmental, Inc.) (Taipale et al., 2008). The same instrumentation was used to measure 225 

monoterpene concentrations in Kilpilahti every 1 hour.  226 

In Beijing, VOCs were measured using single photon ionization time-of-flight mass spectrometer 227 

(SPI-MS 3000R, Hexin Mass Spectrometry) with unit mass resolution (UMR) (Gao et al., 2013) from 228 

September 27, 2018 to  May 28, 2019. The alkenes included here are butylene, butadiene, isoprene, 229 

pentene and hexene. As the instrument cannot distinguish conformers, the pentene and hexene could 230 
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also be cyclopentene and cyclohexene. Correlation coefficients between the different variables used 231 

in our study in all four locations are shown in Figures S2-S6.  232 

 233 

Meteorological parameters 234 
 235 

Temperature (T) and relative humidity (RH) in Hyytiälä were measured at 16.8 m using a 4-wire PT-236 

100 sensors, and relative humidity sensors (Rotronic Hygromet MP102H with Hygroclip HC2-S3, 237 

Rotronic AG, Bassersdorf, Switzerland), respectively. In Agia Marina, T and RH were measured 238 

using a weather station (Campbell Scientific Europe). T and RH were measured at the Physicum 239 

rooftop 26 m above ground level and 220 m northeast from SMEAR III using a Pentronics PT100 240 

sensor and Vaisala HMP243 transmitter, respectively. In Budapest, T and RH were measured using a 241 

Vaisala HMP45D humidity and temperature probe, at the Hungarian Meteorological Service (HMS) 242 

within a 10 km radius from the BpArt station. In Beijing, meteorological parameters are monitored 243 

by a Vaisala Weather station data acquisition system (AWS310).  244 

 245 

3. Derivation of the new proxy 246 

 247 

We applied the following equation to describe the time-evolution of gas-phase sulphuric acid 248 

concentration:   249 

 250 
𝑑[𝐻2𝑆𝑂4]

𝑑𝑡
= 𝑘0[𝑂𝐻][𝑆𝑂2] + 𝑘2[𝑂3][𝐴𝑙𝑘𝑒𝑛𝑒][𝑆𝑂2] − 𝐶𝑆[𝐻2𝑆𝑂4] − 𝑘3[𝐻2𝑆𝑂4]2       (1) 251 

 252 

Here, ko represents the coefficient of H2SO4 production term due to the well-known SO2 - OH reaction 253 

(Petäjä et al., 2009) and k2 is the coefficient of H2SO4 production via stabilized Criegee Intermediates 254 

(sCI) produced by the ozonolysis of alkenes (Mauldin et al., 2012). Here we use available 255 

monoterpene concentration (MT) as a proxy for alkenes in Hyytiälä as they are the dominating species 256 

in the boreal forest environment (Hakola et al., 2012; Hellén et al., 2018; Rinne et al., 2005). For 257 

Beijing, we use urban dominating aromatic alkenes. As no VOC measurements are performed in 258 

neither Agia Marina nor Budapest, we evaluate the proxy without the stabilized Criegee Intermediate 259 

source term. It is important to note here that the coefficient for sCI is a “bulk” term, and it varies from 260 

place to place due to the differences in sCI structures and different production efficiency from 261 

different alkene species (Novelli et al., 2017; Sipilä et al., 2014). The third term in Equation 1 262 

represents the loss of H2SO4 onto pre-existing aerosol particles, known as condensation sink (CS) and 263 

is calculated by multiplying the CS calculated for sulphuric acid with the concentration of sulphuric 264 

acid monomer. The fourth term in Equation 1 is defined as the square of sulphuric acid concentration 265 

multiplied by clustering coefficient k3. The square of sulphuric acid represents the collision of two 266 

sulphuric acid monomers forming a sulphuric acid dimer which was found to be the first step of 267 

atmospheric cluster formation (Yao et al., 2018). Therefore, this term takes into account the additional 268 

loss of H2SO4 due to cluster formation not included in the term containing CS. This is necessary 269 

because CS is only inferred from size-distribution measurements at maximum down to 1.5 nm, i.e. 270 

not containing any cluster concentrations and hence losses onto these clusters. This term is written in 271 

the form of sulphuric acid dimer production, which seems to be the first step of cluster formation 272 

once stabilized by bases (Kulmala et al., 2013; Almeida et al., 2013; Yao et al., 2018).  273 

 274 
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Since measuring the OH concentration is challenging, we first replaced it with the UVB radiation 275 

intensity, which has been shown to be a good proxy for the OH concentration (Berresheim et al., 276 

2002; Lu et al., 2019; Rohrer and Berresheim, 2006). Unfortunately, UVB was not measured in all 277 

the field studies considered here. Alternatively, GlobRad, a commonly measured quantity, tends to 278 

correlate well with UVB and can generally replace it, as used previously by Petäjä et al. (2009). We 279 

confirmed the strong correlation between UVB radiation and Global radiation in two locations, 280 

Hyytiälä and Beijing (Figure S7-S8). Accordingly, the coefficient k1 here replaces the coefficient of 281 

H2SO4 production ko terms (Equation 2). We proceed here using only GlobRad in the proxy to be 282 

consistent with the two other locations where UVB was not measured (Agia Marina and Budapest). 283 

 284 

 285 
𝑑[𝐻2𝑆𝑂4]

𝑑𝑡
= 𝑘1𝐺𝑙𝑜𝑏𝑅𝑎𝑑[𝑆𝑂2] + 𝑘2[𝑂3][𝐴𝑙𝑘𝑒𝑛𝑒][𝑆𝑂2] − 𝐶𝑆[𝐻2𝑆𝑂4]  − 𝑘3[𝐻2𝑆𝑂4]2       (2) 286 

 287 

 288 

By assuming a steady state between H2SO4 production and loss, the H2SO4 concentration can be 289 

solved directly from Equation (2): 290 

 291 

[H2SO4] = −
CS

2k3
+ [(

CS

2k3
)

2

+
[SO2]

k3

(k1GlobRad + k2[O3][Alkene])]

1
2

                          (3)  292 

 293 

In order to evaluate the importance of each of the source terms in determining the change in sulphuric 294 

acid concentration, we refitted the data after excluding the stabilized Criegee intermediates source 295 

pathway as shown in Equation 4.  296 

 297 
𝑑[𝐻2𝑆𝑂4]

𝑑𝑡
= 𝑘1𝐺𝑙𝑜𝑏𝑅𝑎𝑑[𝑆𝑂2] − 𝐶𝑆[𝐻2𝑆𝑂4]  − 𝑘3[𝐻2𝑆𝑂4]2      ( 4) 298 

 299 

In order to evaluate the importance of each of the sink terms in determining the sulphuric acid 300 

concentration, we refitted the data after excluding the loss of sulphuric acid via the cluster formation 301 

pathway using Equation 5.  302 

 303 
𝑑[𝐻2𝑆𝑂4]

𝑑𝑡
= 𝑘1𝐺𝑙𝑜𝑏𝑅𝑎𝑑[𝑆𝑂2] + 𝑘2[𝑂3][𝐴𝑙𝑘𝑒𝑛𝑒][𝑆𝑂2] − 𝐶𝑆[𝐻2𝑆𝑂4]             ( 5) 304 

 305 

we also refitted the data using the simple proxy proposed by Petäjä et al. (2009) by excluding the 306 

formation of sulphuric acid via stabilized Criegee intermediates source pathway and loss of sulphuric 307 

acid via the cluster formation pathway using Equation 6 and evaluated it by comparing to the original 308 

Petäjä et al. (2009) proxy using Equation 7 and Mikkonen et al. (2011) using Equation 8. The 309 

calculation of the scaled reaction constant k used in Equation 8 is given in the supplementary material 310 

section 1.  311 

 312 
𝑑[𝐻2𝑆𝑂4]

𝑑𝑡
= 𝑘1𝐺𝑙𝑜𝑏𝑅𝑎𝑑[𝑆𝑂2] − 𝐶𝑆[𝐻2𝑆𝑂4]        ( 6) 313 

 314 
𝑑[𝐻2𝑆𝑂4]

𝑑𝑡
= 1.4𝑥 10−7𝑥 𝐺𝑙𝑜𝑏𝑅𝑎𝑑−0.7[𝑆𝑂2][𝐺𝑙𝑜𝑏𝑅𝑎𝑑] − 𝐶𝑆[𝐻2𝑆𝑂4]                              ( 7) 315 

 316 
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[𝐻2𝑆𝑂4] = 8.21 𝑥 10−3 𝑘 𝐺𝑙𝑜𝑏𝑅𝑎𝑑[𝑆𝑂2]0.62(𝐶𝑆. 𝑅𝐻)−0.13      ( 8) 317 

 318 

 319 

The equations derived for each of the sites can be found in Table 1. The fitting coefficients were 320 

obtained by minimizing the sum of the squared logarithm of the ratio between the proxy values and 321 

measured sulphuric acid concentration using the method described by Lagarias et al. (1998), a build-322 

in function fminsearch of MATLAB, giving the optimal values for the coefficients. The data were 323 

subject to 10,000 bootstrap resamples when getting each of the k values as a measure of accuracy in 324 

terms of bias, variance, confidence intervals, or prediction error (Efron and Tibshirani, 1994). We 325 

accounted for the systematic uncertainty in H2SO4 and predictor variables. For every bootstrap fit, we 326 

assumed both H2SO4 and all predictor variables to be affected by independent systematic errors 327 

between its lower and upper accuracy limits. More details on the bootstrap resampling method and 328 

uncertainty introduction can be found in the supplementary information. The 25th percentile and 75th 329 

percentiles of the coefficients are shown for all locations together with the median k values in Table 330 

2. The median k values from the bootstrap resamples were used in the equations for deriving sulphuric 331 

acid concentrations at each site. Figures S2-S6 present the correlation matrix between the different 332 

variables participating in H2SO4 formation and loss in all locations. In Beijing, the Alkenes (AVOCs) 333 

have different patterns in day and night which forces us to have two separate equations for daytime 334 

and nighttime. The goodness of the fit and the probability of overfitting or under-fitting was evaluated 335 

using the Akaike information criterion (Figure S9), which also compares the proxies given in 336 

equations 2, 4, 5 and 6. The criterion uses the sample size (number of points), the number of 337 

parameters (terms in the equation) and the sum of squared estimate of errors (SSE: deviations 338 

predicted from actual empirical values of data) to estimate the quality of each model, relative to each 339 

of the other models and thus provides means for model selection (McElreath, 2018). 340 

 341 

  342 
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4. Results and Discussions 343 

 344 

 The sulphuric acid proxy for Hyytiälä SMEAR II station 345 

 346 

Figure 1 shows the scatter plot between the observed H2SO4 concentrations and that derived by the 347 

proxy using the full Equation 2. The correlation coefficient was 0.84 (1860 data points). The data 348 

were related to 3-hour medians, as the monoterpene concentration was measured only every third 349 

hour. In Figure 1B-D, the proxy is refitted after removing one of the source or sink terms (Equations 350 

4-6), in order to evaluate the sensitivity of the proxy to each of the terms and to show the improvement 351 

of the proxy using the additional source and sink (Figure 1A) in comparison to the simple proxy that 352 

was used by Petäjä et al. (2009) (Figure 1D). Our results show that the integration of additional terms 353 

of H2SO4 formation (i.e. the stabilized Criegee Intermediates) and loss (atmospheric cluster 354 

formation) gives the new proxy the ability to accurately capture the diurnal variation of the H2SO4 355 

concentration, demonstrating a clear improvement over the earlier physical proxy (Petäjä et al., 2009).  356 

In Figure 1B the corresponding data are shown without the alkene term (Equation 4). The correlation 357 

is substantially weaker (0.70) than with the full equation. Even more importantly, we cannot estimate 358 

the contribution of the alkene term to the sulphuric acid concentration (Figure 2 – Fit 2) as the fit 359 

results also in an unphysical coefficient for cluster formation (Kürten et al., 2015) and the fit fails to 360 

capture the diurnal pattern during dark hours after 16:00 (Figure 2 – Fit 2). When fitting the data 361 

without the cluster source term (Equation 5), the correlation coefficient is high (Figure 1C), yet the 362 

goodness of the fit is not as good as when the cluster source term is taken into account (Table S4 - 363 

Figure S9). Furthermore, we derived an additional proxy equation using CS corrected for hygroscopic 364 

growth (Laakso et al., 2004) to be used when calculating a more robust proxy for Hyytiälä. The 365 

details, equation and results are shown in the supplementary information (Figure S10-S12).  366 

Note that we opted for deriving a bulk proxy (daytime and nighttime together) instead of two 367 

independent proxies, one for daytime and one for nighttime separately. Our results show that one bulk 368 

equation is able to explain the Hyytiälä sulphuric acid daytime and nighttime sources accurately. 369 

Additionally, separating the bulk equation into two distinct equations results in bias towards the 370 

pattern of one of the predictor variables. For instance, the k1 value during daytime follows the cycle 371 

of global radiation, while that of k2 follows the cycle of alkenes. Therefore, in order to accurately 372 

reflect the continuum of source and sink terms throughout the day, we decided on the bulk proxy. 373 

Additionally, one bulk equation was able to predict sulphuric acid concentrations during daytime and 374 

nighttime with high accuracy (slope of ~1) as further discussed in section 4.5. 375 

The fit was able to reproduce the sulphuric acid concentration in such clean environment without the 376 

cluster term (Figure 2 – Fit 3), perhaps due to low concentrations of bases participating in clustering 377 

in Hyytiälä (Jen et al., 2014). Finally, the corresponding data without both the alkene source term and 378 

cluster formation source term (Equation 6, Figure 1D) shows a weaker correlation between the 379 

measured and modelled sulphuric acid concentration (0.70), but more importantly, it deviates far from 380 

the 1:1 line during both daytime and nighttime (Figure 2 – Fit 4). It is important to note here that 381 

when deriving the Petäjä proxy (Petäjä et al. 2009), the model relied on summer data between April 382 

and June 2007 which could explain the misfit with the current data from Hyytiälä which spans the 383 

whole year. See also figures S13 and S14 for scatter plots comparing the measured sulphuric acid 384 

concentrations of the training data set with Petäjä et al. 2009 and Mikkonen et al. 2011, respectively. 385 

In general, using all four terms in equation 2 shows improvement over all other combinations 386 

(Equations 4-6) in terms of not only correlation coefficients and accurate diurnal cycle between 387 

measured and calculated concentrations of sulphuric acid as shown in Figures 1 and 2, but also show 388 
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a better goodness of the fit as shown in Table S4 and Figure S9 when using the AIC statistical method. 389 

The final equation for the boreal forest environment can be found in Table 1, Equation 9.  390 

 391 

 392 

 Sulphuric Acid Proxy at a Rural Site: Agia Marina, Cyprus 393 

 394 

Since there were no direct measurements of alkenes in Agia Marina, we had to exclude the formation 395 

of H2SO4 in the oxidation by sCI from the proxy, and therefore we derived only the daytime H2SO4 396 

proxy concentration. The correlation between the measured and proxy concentration of H2SO4 was 397 

0.88 (96 data points) which shows that the chosen predictors were able to explain the measured 398 

sulphuric acid concentration largely (Figure 3). However, the slope deviates from the 1-to-1 line 399 

which could be attributed to the additional formation mechanisms that we could not include with the 400 

current data. However, the addition of the cluster loss mechanism shows a noticeable improvement 401 

over the simple proxy, in Figure 3B (R = 0.80). The cluster loss term starts to become more important 402 

in this rural environment in comparison to the boreal forest, which could be due to a higher 403 

concentration of stabilizing bases in Agia Marina compared with Hyytiälä. Although both fits of, 404 

Equation 4 and 6, show similar diurnal patterns (Figure 4, Fits 2 and 4), the loss term due to H2SO4 405 

cluster formation improved the precision of the new proxy (Figures 3). According to the statistical 406 

AIC method, the goodness of the fit has improved from 70 to 33, with and without the clustering 407 

term, respectively, as shown in Figure S9. Also, even without the alkene term, the newly derived 408 

coefficients improved the proxy in comparison to Petäjä et al. (2009) and Mikkonen et al. (2011) as 409 

shown in Figures 4, S13 and S14. The final equation for the rural site can be found in Table 1, 410 

Equation 10. 411 

 412 

 Proxy for urban environment: Budapest, Hungary  413 

 414 

Next we try to understand the mechanisms of sulphuric acid formation and losses in an even more 415 

complex environment, such as urban Budapest (Figures 5 & 6). Since there were no direct 416 

measurements of alkenes there, neither its proxies such as monoterpenes or anthropogenic volatile 417 

organic compounds, we derived the sulphuric acid proxy excluding the formation due to stabilized 418 

Criegee Intermediate pathway, as in Equation 4. In comparison to the simple proxy (Figure 5B; R = 419 

0.49; 263 data points), the correlation between the measured and proxy concentration of H2SO4 420 

improved with the addition of the loss term due to cluster formation, R = 0.59 (Figure 5A). The 421 

correlation between measured and modelled values of sulphuric acid became weaker in Budapest in 422 

comparison to Hyytiälä and Agia Marina, which could be attributed to a more complex environment, 423 

and additional pathways of sulphuric acid formation and losses. Additionally, we observed a sudden 424 

SO2 concentration change in the middle of the campaign, possibly due to sudden change in local 425 

meteorology and airmass transport, which could also explain the weaker correlation (See Figure S1). 426 

The loss term due to H2SO4 dimerization improved the precision of the new proxy in comparison to 427 

the simple model as well as the Petäjä et al. (2009) or the Mikkonen et al. (2011) derivation, as shown 428 

in Figure 6, S13 and S14). We think that the overestimation in the Petäjä proxy is because of its 429 

dependence on the SO2/CS ratio. The proxy is originally derived in Hyytiälä and when we apply the 430 

same coefficients to Budapest it gives higher estimated concentration compared to the measured since 431 

SO2/CS ratio is smaller in Budapest (Figure 9). Although the proxy developed by Mikkonen et al. 432 

(2011) has shown to work in varying environments, it clearly overestimates the sulphuric acid 433 

concentration in Budapest for perhaps the same reasons (its dependence on the SO2/CS ratio).  It is 434 
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also visible from Figures 5 and 6, that the addition of the dimerization term was capable of better 435 

capturing the lower H2SO4 concentrations in comparison to fitting the data without the dimerization 436 

term. In comparison to both Hyytiälä and Agia Marina, the coefficient associated with dimerization 437 

in Budapest is slightly higher, which can be attributed to the availability of a possibly facilitated 438 

clustering due to higher abundance of stabilizing bases such as amines and ammonia (discussed in 439 

section 4.6). The final equation for the urban environment can be found in Table 1, Equation 11. 440 

 441 

 Proxy for Megacity: Beijing, China 442 

 443 

In megacities, in our case Beijing, the sulphuric acid concentration is particularly high during 444 

nighttime, which confirms the need for determining the contribution of sources other than OH 445 

(radiation) to its formation. Our observations emphasize the contribution of the alkene pathway, as 446 

without considering this route we would not replicate morning hours correctly. During daytime, there 447 

is enhanced dimerization and cluster formation due to the abundance of stabilizing bases (Yao et al., 448 

2018). We assessed the derivation of the proxy equation first using daytime data and nighttime data 449 

separately, and found that such a separation results in an unphysical k3 value since clustering in 450 

Beijing happens mostly during daytime(Zhou et al., 2020). This obstacle was also observed when 451 

deriving a bulk equation. To overcome it, we set an upper limit for the k3 value at 7 x 10-9 obtained 452 

from the fitting of daytime data (GlobRad >= 50 W/m2). The reason for such an observation is that, 453 

in such a complex environment, sulphuric acid might originate from sources other than the ones we 454 

accounted for in our calculation especially during nighttime, for example through the hydrolysis of 455 

SO3 formed from non-photochemical processes (Yao et al., 2020, In Rev.). The alkenes or volatile 456 

organic compounds during daytime are different from those during nighttime, and might vary between 457 

seasons, which could be attributed to a different fleet composition during those times or the biogenic 458 

activity (Yang et al., 2019). However, the derived equation 12 (derived from spring data) is able to 459 

predict the daytime and nighttime sulphuric acid concentrations during summer and autumn (See 460 

more in section 4.5)  461 

 462 

In Figure 7, we see an improvement of the new proxy (Equation 2) in comparison to the simple proxy 463 

(Equation 6) derived by Petäjä et al. (2009) as the former takes into the account the additional sources 464 

and sinks of H2SO4 which were not considered in previous works (See also Figure S9). Introducing 465 

the alkene production term improved the accuracy of the H2SO4 concentration during both daytime 466 

and nighttime (Figures 7 and 8), which supports our assumption that H2SO4 formation during 467 

nighttime is driven by stabilized Criegee Intermediates. In Figure 7B we show the proxy without the 468 

alkene term is unable to capture the nighttime concentrations. In Figure 9, we see the importance of 469 

all sources and sinks predicted for sulphuric acid, as Fit 1 (Equation 2) predicts best the measured 470 

sulphuric acid concentration. Additionally, according to the statistical AIC method, using the full 471 

equation has the least probability of inaccuracy and error in estimating the sulphuric acid 472 

concentration (Figure S9). Moreover, it is clear that the addition of the cluster sink term in Megacity 473 

environment is required due to its large contribution as a sink for H2SO4 especially due to higher 474 

concentrations of stabilizing molecules, the cluster mode (sub-3 nm) particle concentration, are the 475 

highest in Chinese Megacities (Zhou et al., 2020). The final equation for the megacity can be found 476 

in Table 1, Equation 12. 477 

 478 

 Predictive power of proxy equations 479 
 480 
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Each of the proxies of the boreal forest environment, rural background and megacity were tested for 481 

predictive power on independent data sets using extended data sets from the same location or using 482 

measurements from locations with similar characteristics. The sulphuric acid concentrations at each 483 

of these locations is modelled using the equation (with median k per source/sink term) relevant to the 484 

site and compared to the measured concentrations. The derivation of the sulphuric acid concentrations 485 

using 10,000 combinations of k values as well as the error on the predictions are shown in the 486 

supplementary information. Note that the testing data sets are not subject to any boot strap resampling 487 

or uncertainty additions, but are rather used as is for testing the predictive power of the suggested 488 

proxy. 489 

 490 

4.5.1 Boreal forest environment: Hyytiälä  491 

 492 

For testing the predictive power of the boreal forest proxy (Equation 9), we use an independent testing 493 

data set from the same location measured from January 1, 2017 to June 5, 2017. Results show that 494 

the modelled sulphuric acid concentrations correlate well (R = 0.7) with the measured sulphuric 495 

concentrations with a slope of 0.997 for the testing data set (Figure 10A and S16). Moreover, we 496 

tested the four fits on the testing data set; i.e. the full Equation 2, the equation without the Stabilized 497 

Criegee Intermediates source (Equation 4), the equation without the cluster sink term (Equation 5) 498 

and the equation without neither the Stabilized Criegee Intermediates source nor the cluster sink term 499 

(Equation 6), and found that Fit 1 (Equation 4) best defines the measured sulphuric acid concentration 500 

in comparison to the rest of the equations (Figure S17). The diurnal cycle is also accurately described 501 

by the Equation 4 which captures both nighttime and daytime (Figure S18). 502 

 503 

4.5.2. Semi-urban location: Helsinki 504 

 505 

For testing the predictive power of the rural background site proxy (Equation 10), we use an 506 

independent testing data set from a semi-urban location in Helsinki, Finland measured from July 1, 507 

2019 to July 16, 2019 during daytime (GlobRad >= 50 W/m2). The rural background site equation 10 508 

is used as the condensation sink and SO2 concentrations in the testing location are within the 509 

interquartile span of the Agia Marina measurements (Figure 9, Table S3). Results show that although 510 

the modelled sulphuric acid concentrations do not correlate as well as in other locations (R = 0.44), 511 

the bias could be attributed to the missing source (alkene) in the original equation (Figure 10B). 512 

Indeed, looking at the binned data, we find that at within each concentration bin the modelled 513 

sulphuric concentrations tend to span the 1:1 line. Actually, the discrepancy between the measured 514 

and the modelled concentration is smaller than the model prediction error (Figure S19). Note that the 515 

model prediction error is estimated as the interquartile range of the modelled H2SO4 concentration of 516 

a single point in time arising from the uncertainty in k values. For the rural background site, we also 517 

found that the diurnal cycle is better described when introducing the additional clustering sink term 518 

(Figure S20).  519 

 520 

4.5.3. Megacity: Beijing 521 

 522 

For testing the predictive power of the megacity proxy (Equation 12), we use an independent testing 523 

data set from the same location (Beijing) measured from September 1, 2019 to October 15, 2019. 524 

Results show that the modelled sulphuric acid concentrations correlate well (R = 0.83) with the 525 

measured sulphuric concentrations with a slope of ~1.1 for the testing data set (Figure 10C). Also for 526 

this site, we tested the four fits on the testing data set; i.e. the full Equation 2, the equation without 527 

the Stabilized Criegee Intermediates source (Equation 4), the equation without the cluster sink term 528 

(Equation 5) and the equation without neither the Stabilized Criegee Intermediates source nor the 529 

cluster sink term (Equation 6), and found that Fit 1 (Equation 4) best defines the measured sulphuric 530 

acid concentration in comparison to the rest of the equations (Figure S22). The diurnal cycle is also 531 

described by the Equation 4 which captures both nighttime and daytime (Figure S23).  532 
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 533 

4.5.4. Industrial area: Kilpilahti 534 

 535 

Finally, we tested the predictive power of our developed proxy on a data set measured at an industrial 536 

area in close proximity to an oil refinery. Interestingly, the median CS at the location lies within the 537 

interquartile range of the CS measured in Hyytiälä and that measured in Agia Marina (Table S3, 538 

Figure 9). The SO2 concentrations at the measurement site are higher than in both Hyytiälä and Agia 539 

Marina, but smaller than the ones reported in Budapest. Additionally, we observed alkene 540 

concentrations at Kilpilahti, which are within the range of those monitored in Hyytiälä attributed to 541 

the green belt in the area (Sarnela et al., 2015). Accordingly, we test the proxy equation 9 on the 542 

Kilpilahti data set. Our results show that Equation 9 is able to predict the sulphuric acid concentrations 543 

in Kilpilahti with a high correlation coefficient (R= 0.74) (Figure 10D). Similar to other locations, 544 

the Fit 1 (Equation 4) best describes the sources and sinks at the location (Figure S25). The 545 

discrepancy between the measured and the modelled concentration is smaller than the model 546 

prediction error for less than 50% of the data points only (Figure S24). This observation is consistent 547 

with the diurnal cycle (Figure S26). During certain mornings (4:00 – 8:00 LT), when the measured 548 

sulphuric concentrations are particularly high, the model was unable to predict the concentrations 549 

accurately. These high concentrations were attributed to air masses coming from the oil refinery 550 

(Sarnela et al., 2015). Indeed, our proxy was not able to explain these morning peaks using biogenic 551 

alkenes, however, in such an industrial area, anthropogenic sources could play a role in determining 552 

the magnitude of sulphuric acid concentrations. With the condensation sink being rather low (median 553 

~0.005 s-1), the impact of direct H2SO4 emissions cannot be ruled out either.    554 

 555 

 Sensitivity of the proxy to the H2SO4 sources and sinks 556 

 557 

The variations of coefficients related to Equation 3 can be used to get insights into the general 558 

chemical behavior under current atmospheric conditions, as well as into the mechanisms of sulphuric 559 

acid formation and losses in various environments. The contribution of different terms in different 560 

locations seem to vary significantly. The new loss term taking into account clustering starting from 561 

dimer formation needs to be taken into account in all the environments in daytime. On the other hand, 562 

without alkene term it is in practice impossible to get nighttime concentrations correct. 563 

 564 

In Table 2, we have presented the fitted coefficients (Equation 3) for all our sites, whereas the 565 

contributions of the different terms in the balance equation are given during daytime in Figure 11 and 566 

Table 3. The contribution of the various source and sink terms to the change of H2SO4 concentrations 567 

are determined using Equation 2. The median derived k1, k2 and k3 values, together with the measured 568 

H2SO4, CS, trace gases and GlobRad per site, were used to calculate each of the terms. Source term 569 

1 refers to k1 x GlobRad x [SO2], source term 2 refers to k2 x [O3] x [Alkene] x [SO2], sink term 3 570 

refers to k3 x [H2SO4]
2 and sink term 4 refers to CS x [H2SO4]. The contribution of each term is then 571 

calculated as the median or percentiles of the normalized term to the sum of all terms. The variability 572 

of the coefficients (Table 2), as well as the relative contributions of each term to the total sulphuric 573 

acid concentration (Table 3), could give valuable information on the mechanisms resulting in 574 

sulphuric acid formation and losses. At steady state (Equation 2), the sources and sinks are in balance 575 

with each other during both daytime and nighttime, but there were clear differences in the individual 576 

contributions. For instance, a variation in k1 could be due to variations in OH sources and sinks. 577 

Although in urban locations OH sinks are expected to be higher and therefore k1 to be lower, 578 

additional sources of OH are available in such locations, for example HONO (Zhang et al., 2019). 579 

The alkene/Criegee intermediate term was found to be an important H2SO4 source (Figures 1, 2, 7 580 

and 8), as without it we are not able predict night or morning concentrations of H2SO4 properly. The 581 

alkene source term contributed up to almost 100% of the H2SO4 sources during nighttime in Beijing 582 

and up to 90% of the sources during nighttime in Hyytiälä (Figure 12). The Criegee intermediate term 583 
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showed its importance mostly when global radiation is low, not only in nighttime but also during 584 

winter (Figure 12) in both Hyytiälä and Beijing. It is important to note here that Criegee intermediates 585 

vary between locations, they also form in different yield percentages from different alkenes (Novelli 586 

et al., 2017; Sipilä et al., 2014). These stabilized Criegee intermediates also react differently under 587 

different environmental conditions. 588 

 589 

The CS term had the highest contribution to the total sink in Hyytiälä. Its contribution decreased when 590 

moving towards more polluted environments (Figure 11), to become in Beijing, regardless of the 591 

relatively high condensation sink in Megacities, smaller than that of the cluster sink term (Laakso et 592 

al., 2006; Monkkonen et al., 2005; Monkkonen et al., 2004; Yao et al., 2018).. This observation might 593 

be attributed to decreased effectiveness of condensation sink in more polluted environments (Kulmala 594 

et al., 2017), but also to increased contribution of the clustering sink term in such environments where 595 

the concentration of stabilizing bases is highest, particularly in daytime (Yao et al., 2018; Yan et al., 596 

2018). It should be noted that measurements of ammonia and similar bases are rare, so their exact 597 

contribution is difficult to estimate. The cluster term is found to contribute most during spring daytime 598 

in Hyytiälä (Figure 12 – A & C), which is the time window during which clustering and thus new 599 

particle formation events happen (Dada et al., 2018; Dada et al., 2017). The same is observed for 600 

Beijing, where the clustering term contributed up to 70% of the total sink terms during daytime 601 

(Figure 12-D) especially during summer when the CS is lowest (Deng et al., 2020).  602 

 603 

5. Conclusions and recommendations 604 

 605 

Sulphuric acid is a key gas-phase compound linked to secondary aerosol production in the 606 

atmosphere. The concentration of sulphuric acid in the gas phase is governed by source and sink 607 

terms. In this paper we define the sources and sinks of H2SO4 and derived a physically and chemically 608 

sound proxy for the sulphuric acid concentration using measurements at 4 different locations, 609 

including boreal forest environment (Hyytiälä, Finland), a rural Mediterranean site (Cyprus), an urban 610 

area (Budapest) and a megacity (Beijing). When describing the change in gas phase sulphuric acid 611 

concentration, we took into account two source terms: 1) photochemical oxidation of sulfur dioxide 612 

and 2) sulphuric acid originating from alkene and ozone reactions and associated stabilized Criegee 613 

radical pathway. For the sink terms, we considered 3) the loss rate to the pre-existing aerosol described 614 

by condensation sink, and 4) loss rate of sulphuric acid monomer due to clustering process. 615 

 616 

In general, the variation in the environmental conditions and difference in concentrations of air 617 

pollutants affects the coefficients derived and therefore it is important to derive location specific 618 

coefficients. The derived coefficients give insights into the general chemical behavior and into the 619 

mechanisms of sulphuric acid formation and losses in various environments. As improvements from 620 

previously derived proxies, without the alkene H2SO4 formation pathway, it is in practice impossible 621 

to get nighttime concentrations. On the other hand, the additional loss term taking into account 622 

clustering starting from dimer formation needs to be taken into account in all the environments 623 

especially those with higher cluster formation probabilities due to availability of stabilizing bases.  624 

 625 

The coefficients derived do not differ substantially between the different locations. The proxy could 626 

therefore be used at locations with no prior H2SO4 measurements, provided that the environmental 627 

conditions are approximately similar to those in one of the four sites described here. More specifically, 628 

the proxies could be utilized to derive long-term data sets for H2SO4 concentrations, which would be 629 



15 

 

essential in performing various kinds of trend analyses. In order to derive the long term sulphuric acid 630 

concentrations, we recommend deriving in-house coefficients in case sulphuric acid concentrations 631 

are directly measured rather than using the ones from already derived studies. The choice of equation 632 

depends on the availability of the data on site. In case alkenes or their proxies are measured and 633 

sulphuric acid is measured, derivation of the coefficients should be based on Equation 2. In case 634 

neither alkenes nor their proxies are measured but sulphuric acid is measured, the coefficients and 635 

therefore the proxy for daytime only can be derived, using Equation 4. In case, sulphuric acid is not 636 

measured, one can calculate the sulphuric acid proxy using the Equation 2 or Equation 4, depending 637 

on whether the alkene data is available or not, respectively, using the coefficients suggested in Table 638 

1 which are relevant to the site of interest. In order to make the best choice for the coefficients, Figure 639 

9 can be followed in order to decide which description fits the location of interest best. For instance, 640 

in case the condensation sink is between 2 x 10-3 and 6 x 10-3 s-1, and the SO2 concentration is lower 641 

than 2 x 109 molecules. cm-3, coefficients of Hyytiälä or the boreal forest are to be used. 642 
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Tables and Figures  681 

 682 

 683 

Table 1 Equations for sulphuric acid proxy derivation at each of the measurement locations. 684 

 685 

[𝐻2𝑆𝑂4]𝑏𝑜𝑟𝑒𝑎𝑙 = −
𝐶𝑆

2 𝑥 (4.2 𝑥 10−9)

+ [(
𝐶𝑆

2 𝑥 (4.2 𝑥 10−9)
)

2

+
[𝑆𝑂2]

 (4.2 𝑥 10−9)
(8.6 x 10−9 𝑥 𝐺𝑙𝑜𝑏𝑅𝑎𝑑 + 6.1 x 10−29[𝑂3][𝐴𝑙𝑘𝑒𝑛𝑒])]

1/2

 

 

(9) 

[𝐻2𝑆𝑂4]𝑟𝑢𝑟𝑎𝑙 = −
𝐶𝑆

2 𝑥 (2.2 𝑥 10−9)
+ [(

𝐶𝑆

2 𝑥 (2.2 𝑥 10−9)
)

2

+
[𝑆𝑂2]

 (2.2 𝑥 10−9)
(9.7 x 10−8 𝑥 𝐺𝑙𝑜𝑏𝑅𝑎𝑑)]

1
2

 

 

(10) 

[𝐻2𝑆𝑂4]𝑢𝑟𝑏𝑎𝑛 = −
𝐶𝑆

2 𝑥 (9.8 𝑥 10−9)
+ [(

𝐶𝑆

2 𝑥 (9.8 𝑥 10−9)
)

2

+
[𝑆𝑂2]

 (9.8 𝑥 10−9)
(1.57 x 10−9 𝑥 𝐺𝑙𝑜𝑏𝑅𝑎𝑑)]

1
2

 

 

(11) 

[𝐻2𝑆𝑂4]𝑚𝑒𝑔𝑎𝑐𝑖𝑡𝑦 = −
𝐶𝑆

2 𝑥 (7.0 𝑥 10−9)

+ [(
𝐶𝑆

2 𝑥 (7.0 𝑥 10−9)
)

2

+
[𝑆𝑂2]

 (7.0 𝑥 10−9)
(1.94 x 10−8 𝑥 𝐺𝑙𝑜𝑏𝑅𝑎𝑑 + 1.44 x 10−29[𝑂3][𝐴𝑙𝑘𝑒𝑛𝑒])]

1/2

 

(12) 

 686 

 687 

Table 2: Coefficients used in the proxy equation in all four environments. Numbers in parenthesis 688 

represent the 25th and 75th percentiles of boot strapped data, respectively. See supplementary section 689 

2 for more details. 690 

 691 

Location GlobRad (W/m2) k1(10-8 m2 W-1 s-1) k2(‧10-29 cm6 s-1) k3 (‧10-9 cm3 s-1) 

Hyytiälä  >0 0.85(0.60-1.21) 6.10(4.27-8.57) 4.26(2.98-5.99) 

Agia Marina >= 50 0.92(0.64-1.34) N/A 2.21(1.27-3.79) 

Budapest >= 50 0.16(0.09-0.27) N/A 9.80(9.79-9.81) 

Beijing  > 0 1.94(1.12 – 3.50) 1.45(0.93 – 2.26) 7.0  

 692 

 693 

Table 3: Fraction of each source and sink term to the change in H2SO4 concentration. Median of boot 694 

strap resampling results and their 25th and 75th percentiles are shown.  695 

 696 

 GlobRad (W/m2) Source Terms Sink Terms 

  k1Glob[SO2] k2[O3][A][SO2] −k3[H2SO4]2 −CS[H2SO4] 

Hyytiälä 
>0 0.34 

(0.10-0.44) 

0.16 

(0.08-0.40) 

0.16 

(0.08-0.26) 

0.34 

(0.24-0.42) 

Agia 

Marina 

>= 50  0.5 

 

0 0.24 

(0.19-0.29) 

0.26 

(0.21-0.31) 

Budapest >= 50 0.5 

 

0 0.26 

(0.18-0.31) 

0.24 

(0.19-0.32) 

Beijing 
> 0  0.28 

(2E-4– 0.41) 

0.22 

(0.09 – 0.50) 

0.29 

(0.19 – 0.39) 

0.21 

(0.11 – 0.31) 

 697 

 698 

 699 
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 700 
Figure 1: Sulphuric acid proxy concentration as a function of measured sulphuric acid. Observation 701 

at SMEAR II station, Hyytiälä Finland. The observed concentrations from the training data set are 702 

measured 2016-2019 using CI-APi-ToF and are 3-hour medians resulting in a total of 1860 data 703 

points. In (A), the full Equation 2 is used, in (B) the equation without the Stabilized Criegee 704 

Intermediates source (Equation 4), in (C) the equation without the cluster sink term (Equation 5) and 705 

in (D) the equation without both the Stabilized Criegee Intermediates source and the cluster sink term 706 

(Equation 6). The ‘Fit’ refers to the fitting between the measured and the proxy calculated sulphuric 707 

acid concentration (log(y) = a.log(x)+b).  708 

 709 

 710 

 711 
Figure 2: The diurnal variation of sulphuric acid proxy concentrations using different fits and 712 

observed concentrations at SMEAR II in Hyytiälä, Finland. Median values are shown. Fits 1,2, 3 and 713 

4 corresponds to the Equations 2, 4, 5, and 6, respectively. Petäjä fit shown is applied using the 714 

coefficients reported in Petäjä et al. 2009 (Equation 7). Mikkonen fit shown is applied using the 715 

coefficients reported in Mikkonen et al. 2011 (Equation 8). 716 

 717 

 718 
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 719 
Figure 3: Sulphuric acid proxy concentration as a function of measured sulphuric acid. Observation 720 

at Agia Marina, Cyprus, excluding the Alkene term. The observed numbers concentrations are 721 

measured during Feb- Mar 2018 using CI-APi-ToF and are hourly medians resulting in a total of 96 722 

data points. Sulphuric acid proxy concentration as a function of measured sulphuric acid. In (A), the 723 

equation without the Stabilized Criegee Intermediates source (Equation 4) and in (B) the equation 724 

without both the Stabilized Criegee Intermediates source and the cluster sink term (Equation 6). The 725 

‘Fit’ refers to the fitting between the measured and the proxy calculated sulphuric acid concentration 726 

(log(y) = a.log(x)+b). 727 

 728 

 729 
Figure 4 The diurnal variation of sulphuric acid proxies and observed concentrations in Agia Marina, 730 

Cyprus. Hourly median values are shown. Fits 2 and 4 corresponds to the Equations 4 and 6, 731 

respectively, See also Figure 3A and B, respectively.  Petäjä fit shown is applied using the coefficients 732 

reported in Petäjä et al. 2009 (Equation 7). Mikkonen fit shown is applied using the coefficients 733 

reported in Mikkonen et al. 2011 (Equation 8). 734 

 735 



20 

 

 736 
 737 

Figure 5 Sulphuric acid proxy as a function measured sulphuric acid at Budapest station, excluding 738 

the Alkene term. The observed numbers are measured during spring 2018 using CI-APi-ToF and are 739 

1-hour medians coinciding with the measurement of trace gases and Global radiation every one hour 740 

resulting in a total of 263 data points. In (A), the equation without the Stabilized Criegee 741 

Intermediates source (Equation 4) and in (B) the equation without both the Stabilized Criegee 742 

Intermediates source and the cluster sink term (Equation 6). The ‘Fit’ refers to the fitting between 743 

the measured and the proxy calculated sulphuric acid concentration (log(y) = a.log(x)+b). 744 

 745 

 746 
Figure 6 The diurnal variation of sulphuric acid proxies and measured concentrations in Budapest. 747 

Hourly median values are shown. Fits 2 and 4 corresponds to the Equations 4 and 6, respectively. 748 

Petäjä fit shown is applied using the coefficients reported in Petäjä et al. 2009 (Equation 7). 749 

Mikkonen fit shown is applied using the coefficients reported in Mikkonen et al. 2011 (Equation 8). 750 

 751 

 752 
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 753 
Figure 7 (A) Sulphuric acid proxy concentration as a function of measured sulphuric acid. 754 

Observation at Beijing, China. The observed concentrations of the training data set are measured in 755 

2019 using CI-APi-ToF and are 1-hour medians resulting in a total of 877 data points. In (A), the 756 

full Equation 2 is used, in (B) the equation without the Stabilized Criegee Intermediates source 757 

(Equation 4), in (C) the equation without the cluster sink term (Equation 5) and in (D) the equation 758 

without both the Stabilized Criegee Intermediates source and the cluster sink term (Equation 6). 759 

Coefficients shown on top of the subplots relate to the daytime values. The ‘Fit’ refers to the fitting 760 

between the measured and the proxy calculated sulphuric acid concentration (log(y) = a.log(x)+b). 761 

 762 
Figure 8 The diurnal variation of sulphuric acid proxy concentrations using different fits and 763 

observed concentrations at Beijing China, Finland. Median values are shown. Fits 1,2, 3 and 4 764 

corresponds to the Equations 2, 4, 5, and 6, respectively. Petäjä fit shown is applied using the 765 

coefficients reported in Petäjä et al. 2009 (Equation 7). Mikkonen fit shown is applied using the 766 

coefficients reported in Mikkonen et al. 2011 (Equation 8). 767 

 768 
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Figure 9 Characteristic predictor variables and H2SO4 concentrations in diffrerent environement.s 769 

O3 and Alkenes data are available from the boreal forest (Hyytiälä) and megacity (Beijing) 770 

environments. This figure could be used in order to choose the equation and coefficients for 771 

calculating sulphuric acid proxy at a new location. The alkenes in the boreal environment are 772 

monoterpenes(e.g. alpha-pinene) and in the Megacity are anthropogenic volatile organic compounds 773 

(butylene, butadiene, isoprene, pentene and hexene). The concentrations are displayed as violin plots 774 

which are a combination of boxplot and a kernel distribution function on each side of the boxplots. 775 

The white circles define the median of the distribution and the edges on the inner grey boxes refer to 776 

the 25th and 75th percentiles respectively. Whole day data is shown for Hyytiala and Beijing, while 777 

daytime data (GlobRad > 50 W/m2) for Agia Marina and Budapest. Daytime data (GlobRad > 50 778 

W/m2) is shown in Figure S15. The correlations between the different variables at each site are shown 779 

in Figures S2 – S6.  780 

 781 

 782 

 783 

 784 
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 (A) 

 

(B) 

 
(C)

 

(D) 

  
Figure 10 Sulphuric acid concentrations modelled as a function of measured sulphuric acid using 786 

testing data sets. The colored data points refer to the modelled (predicted) concentrations, the dashed 787 

blue line refers to the fit (log(y) = a.log(x)+b) of the aforementioned data points. The black squares 788 

are the median modelled concentrations in logarithmically-spaced measured sulphuric acid bins and 789 

their lower and upper whiskers correspond to 25th and 75th percentiles of the predicted 790 

concentrations. (A) Hyytiälä SMEAR II station: the concentrations shown are 3-hour medians 791 

coinciding with the alkene measurements every three hours resulting in a total of 257 data points. 792 

The modelled concentrations are derived using equation 9. (B) Helsinki SMEAR III station: the 793 

concentrations shown are 1-hour medians resulting in a total of 416 data points. The modelled 794 

concentrations are derived using equation 10. (C) Beijing: the concentrations shown are 1-hour 795 

medians resulting in a total of 268 data points. The modelled concentrations are derived using 796 

equation 12. (D) Kilpilahti: the concentrations shown are 1-hour medians resulting in 114 data 797 

points. The modelled concentrations are derived using equation 9. 798 

 799 
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(A)

 

(B) 

 
 800 

Figure 11 Fraction contribution of each source and sink term to the change in H2SO4 concentration. 801 

Figure 11 is complementary to Table 3. The boreal, rural, urban and megacity labels refer to 802 

Hyytiälä, Agia Marina, Budapest and Beijing sites, respectively. Note that the fraction of the alkene 803 

term contribution is not zero for the rural or urban sites, but is due to unavailable alkene data from 804 

these sites. In (A) we show all day medians for Hyytiälä and Beijing and in (B) we show daytime 805 

medians for all sites.  806 

  807 
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 808 

(A)

 

(B) 

 
(C) 

 

(D)

 

Figure 12 (A) Monthly variation of each source and sink term fraction contribution to the change in 809 

H2SO4 concentration in Hyytiälä within the training data set 2016-2019. (B) Monthly variation of 810 

each source and sink term to the change in H2SO4 concentration in Beijing within the training and 811 

testing data sets 2019, the data outside the training and testing data sets has missing measured 812 

sulphuric acid concentrations, so proxy concentrations were used in obtaining this figure.  (C) 813 

Diurnal variation of each source and sink term to the change in H2SO4 concentration in Hyytiälä 814 

within the training data set. (D) Diurnal variation of each source and sink term to the change in 815 

H2SO4 concentration in Beijing within the training and testing data sets. 816 
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