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The manuscripaddresses an important issue on predicting sulphuric acid concentrations when the
measurements are not available. Especially finding an applicable proxy fetimghtoncentrations

would be a significant improvement to existing literature. The manusiotimduces different
variations of the proposed proxy and they seem to fit nicely on the measurements in selected locations.
However, the procedure how the proxy variations were derived and the conditions where the
measurements were made need to be dextin more detail before the applicability of the proxies

can be evaluated and | can recommend the manuscript for publication.

We thank Prof. Santtu Mikkonen for his valuable comments and suggestions, we think that
these improve the applicability of the poxy and the overall quality of the study. We provided
point-by-point answers inpurple. Insertions to the text are inltalics. Line numbers refer to the
ACPD version of the text.

We thank Santtu again for his constructive comments. In order to addressiments and improve
the quality of the manuscript the following developments have been done and their results were added
to the manuscript.

To make the following sections straightforward and understandable we start by answering the specific
commentslO and 1lwhich arerelevant to the method section prior to addressing the rest of the
comments.

Page 6 lines 25254: The predictor variables in the proxy contain high measurement uncertainty.
Does the fminsearch procedure take that account?

Page 6 line254-257: | am happy to see uncertainty estimation for the coefficients made with
bootstrap! Though some details on bootstrap procedure should be provided, e.g. how many resamples
were drawn?

First of all, the measured dasige now divided into independent training and testing data sets. The
training sets are used for the derivation of the proxy equations and the testing data sets are used for
testing the predictive power of the derived proxies. More details about those datreseported in

both the main text and in more detail in the supplementary information.

The training sets are measured in Hyytiala, Agia Marina, Budapest and Beijing. When used for
deriving the proxy equation, 1000 bootstrap resamplesere introducedfor each data set
independently. Bootstrap resampling without disturbance generates extended data from the original
data by randomly replaciren existing data point with another one from the same data set, resulting
in different combinations of the origahdata set.

However, he reviewer is right, the fminsearch procedure does not take into account the measurement
uncertainty of the predicting variableBherefore, we included an estimate of error on each of the
predictor variableas well aonH>SQy, and included those when generating random samples

per variable per data point. Thsasdone by scaling the entire tinseries of a variable by a scalar
drawn from a uniform distributionf potential biases of the respective variable (arisingfample

from uncertainties in calibrations). We&ldhot consider the precision ery@ince the accuracy error
wasconsiderably larger.
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accurate within a factaf 2. Therefore, while the temporal behavior of the varialaisfairly certain

the entire time series mighavebeenup to a factor too low or up to a factor too high. Therefore, we
generatd 10 000 concentrations by multiplying the original measuredcentration by a uniform
randomarraybetween the lower and upper bounds, which are 0.5 and 2 in the case of sulfuric acid.
The same resampling methadhs applied for each of the other predictor variables as welbas
H>SQy independently, and the M0 possible combinations of the disturbed data wete used to
generate 1@00 differentk value combinationgherefore accounting for the erson the variables.

A median of these 1000k valueswasthen used to form one equation per location. Additionally,
using the testing data sets, we explored whether predicting the concentratiomnviianese derive

the concentration from the median k in the resulting equationhenwe derive it by using th&0

000k values and then taking the median concentratrahte differencavasnegligible. A thorough
description of the resampling method is now added to the supplementary infornamaéiddition to

the MATLAB code used. The introduction of the uncertiato the predictor variableshd HoSQy
widened the range of the2and 7% percentiles of th& values (Table +ACPD), while narrovng

the contribution of each source and sink (TabEAZPD).

The main text Line 251 now reads:

The fitting coefficients were obtained by minimizing the sum of the squared logarithm of the ratio
between the proxy values and measured sulphuric acid concentration using the method described by
Lagarias et al. (1998)a buildin functionfminsearchof MATLAB, giving the optimal values for the
coefficients. The dataewe subject to 1M00 bootstrap resamples when getting each of theuesa

as a measure of accuracy in terms of bias, variance, confidence intervals, or predictiofcéoor

and Tibshirani, 194). We accounted for the systematic uncertaimty>SQ; and predictor variables.

For every bootstrap fit, we assumed botbSB: and all predictor variables to be affected by
independent systematic errors between its lower and upper accuracy limits. More details on the
bootstrap resampling method and uncertainty introduction can be found in the supplementary
information. The 2% percentile and 798 percentiles of the coefficients are shown for all locations
together with the median k values in Table 1. The median k values from the bootstrap resamples
used in the equations for derivisglphuricacid concentrations at each site

The complementary section in the SI material now reads:
Bootstrap resampling and sensitivity analyses

When deriving the proxy equation for each site 000 bootstrap resamples were drawn for each
data set independently. Bootstrap resampling without disturbance generates extended data from the
original data by randomly replacing an existing data point with another one from the same data set,
resulting in dfferent combinations of variables from the original data set. We accounted for the
systematic uncertainiyn H.SQ: and predictor variables arising e.g. from calibration uncertainties.
For every bootstrap fit, we assumed b&tbSQ, and all predictor variables to be affected by
independent systematic errors betwdss upper and lower bound of their independent uncertainty
ranges Since the uncertainty related to the measurement accuwasymuch larger than the
precision of the measemeni we only accourdd for the uncertainty arisig from accuracy. In
practice,we scald the entire time series of each variable by a randetofnumbers drawn from a
uniform distribution of possible measurement biases.



Accordingly, afactor of 2 umertaintywasintroducedin the sulphuricacid concentration, a 20%
uncertaintyin the condensation sink measurement, and a itD@&ach trace gas concentration and
global radiation. In the case sulphuricacid concentrations, which have a factor of 2 uncertainty,
the actual concentration dfulphuricacid at a certain point in time could be anywhere between a
factor of 2 lower and a factor of 2 higher. Therefol@, eachsulphuric acid measurementve
gereratad 10 000 concentrations by multiplying the original measured concentration by a uniform
random array between the lower and upper bounds, which are 0.5 and 2 in thesapbwficacid.

The same resampling methwdapplied for each other predictmariable independently, and the 10
000 possible combinations of the disturbed datawets used to generatde fit andto derive the
sulphuricacid proxy equation per sitd median of these 1O k valueeombinations which account
for the error on thepredictor variableswas then used to form one equation per locatidhe
MATLAB code usetb generate the boot resamples is shown in Code 1.



Major Comments

1. The proxies for individual campaigns were derived from the same data they are predicting, these
proxies need to be verified on independent data before they can be generalized even on different
conditions in the same sites.

2. In addition, the data were cotlied from short periods, except for Hyytiala, and it would be
helpful if there would be some discussion on how representative the measurements are compared
to annual level or long term seasonal averages of all variables in the sites. Bootstrap resampling
is good method in the case where not so much comparable data are available but it is not enough
for constructing a generalizable tool if the measurements are not representative.

3. Derivation of nighttime proxies in Hyytiala should be revisited. | would segjgcalculating
separate proxies for dark time without global radiation included, or similarly than in China, as
the chemistry is different during the dark hours. The manuscript suggests that thénmeght
formation of sulphuric acid is mostly driven byi€jee intermediates and thus the coefficient k2
in China was seen to be significantly higher than for daytime and that might be the case also in
Hyytiala.

1. We explored the predictive power of our proxy by testing it on independent data sets.

Each of theproxies of the boreal forest environment, rural background and mega citytac fer
predictive power on independent data sets using extended data sets from the same location or using
measurements from locations with simitéiaracteristicéCS, trace gs concentrationsreference to

Figure 10in ACPD versiol. However, unfortunately our group has not performed any recent
measurements in an urban location similar to the one in Budapest with a similar instrument or
calibration, thereforéor this specift site,we rely on bootstrap resampling only fecounting for
variability in the predictor variablg§igures R1+R15.

Overall, the modelledulphuricacid concentrations correldteell (R = 0.7 Boreal; R = 0.45tRural

and R = 0.83tMegacity) with the measuresllphuricconcentrations with a slope of ~1 for the
testing data set except for the rural site, which could be attributed to the missing alkene source term
resulting from he absence of alkene measurement in the Agia Marina data set. Additionally, we found
that for all of the three testing data sets, the difference between the measured and swdpkiled

acid concentrationsasless than the error on the predication maelf for almost 70% of the data

points Note thathe model prediction erravasestimated as the interquartile range of the modelled
H>SQy concentration of a single point in time arising from @000 different combinations k
values(Figures R, R6, R9and RB).

1.1.Boreal environment:

Thetrainingdatasetused todevelopthe proxy equatiowas fromAugust 18, 2016 t®ecember
31, 2016andfrom March 8, 2018 to February 28, 20FDr testing the predictive power of the
proxy, weusel anindependent testingatasetfrom January 12017 to June 5, 20X®m the same
location

Hyytidla proxyEquation9:.
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The esults from predictingulphuricacid from the testing data sets using the above equation are
shown inFigure R1 belowandtheresults from predictingulphuricacid from 10000 differentk

value combinations specific to the site are shown in figureNege that the 1@00 differentk

value combinations refer to the Q00 iterations performed on each time step including bootstrap
resampling and accounting for predictor bias&gsmplementary error analyses to figureAR&e

shown in figure RB. The detailed method used to determinekivalue combinations from the
training data sets well as the onebtained from thequationabove,are explained in details in

the previous seion. We also show thenodel prediction errorwhich was estimated as the
interquartile range of the modelle@${x concentration of a single point in time arising from the
uncertainty irk valuesfor each of the sites

Moreover, we verified the four fits on the testing data setthe full Equation 2, the equation
without the Stabilized Criegee Intermediates source (Equation 4), the equation without the cluster
sink term (Equation 5) and the equation withoeitherthe Stabilized Criegee Intermediates
sourcenorthe cluster sink ten (Equation 6)Wefound that Fit 1 (Full equation) best defines the
measuredulphuricacid concentration in comparison to the rest with a high correlation coefficient
between the measent and the modelled data (R = 0.70) and a slope of 0.997 (Fi@wd i

diurnal cycle is also nicely described by the Equation 4 which captures both nighttime and daytime

(Figure RY).
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Figure R1 Sulphuric acicconcentrationsmodelledas a functionof measured sulphuric acid adyytidla SMEAR 1l statioithe
concentrationshownare 3-hour medians coinciding with tredkene measuremenesverythreehoursresulting in a total of 87 data
points. The modelled coneogrations are derived using equatidh The coloreddata points refer to the modelled or predicted
concentrations, the dashed blue line refers to thédig(y) = a.log(x)+f the aforementioned data points. The black squares are the
median modelled concentrations inlogarithmically spacedneasuredsulphuricacid bins and their lower and upper whistkers
correspond to 28 and 73" percentiles of the predicted concentrations.
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Figure R2 (A) Sulphuric acidoncentrations modelleds a functionof measured sulphuric acid &tyytidla SMEAR 1l statiofhe
concentrationshownare 3-hour medians coinciding with tredkene measuremenesverythreehoursresulting in a total of 37 data

points. The modelled conagrations are the median derived using 10,000 k value combinations spedcHiegite. Thecoloreddata

points refer to the modelled or predicted concentrations, the dashed blue line refers to the fit (log(y) = a.log(x)+b) of the
aforementioned data pois. The black squares are the median modelled concentratidogarithmically spacetheasuredsulphuric

acid bins and their lower and upper whistkers correspond toa2fl 73" percentiles of the predicted concentratiof8) Cumulative
distribution furction of the model error weightedifference between measured and modeless@ concentration sing 257 data

points)
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Figure RB Sulphuric acid proxy concentration as a function of measured sulphuricbseided at SMEAR 1l station, Hyytiala Finland

using the four different combinations of source and sink teifhe concentrations shown areh®ur medians coinciding with the

alkene measurements every three hours resulting in a total of 257 data plir{is), tte full Equation 2 is used, in (B) the equation
without the Stabilized Criegee Intermediates source (Equation 4), in (C) the equation without the cluster sink term &} quiation

(D) the equation without both the Stabilized Criegee Intermediates sowrce§Z  ope§ €& e¢]Jvl § Eu ~ <y §]}v 0X dZ
the fitting between the measured and the proxy calculated sulphuric acid concentration.
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Figure R} The diurnal variation of sulphuric acid proxy concentrations using different fits and observed concentrations at SMEAR Il in
Hyytiala, Finland. Median values are shown. Fits 1,2, 3 and 4 corresponds to the Equations 2, 4, 5, and 6, respegilieshdeta
is applied using the coefficients reported(Retdja et al., 2009Equation 7). Mikkonen fit shown is applied using the coefficients

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



1.2.Rural location: Agia Marina Equatidt0 (Glob Rad = 50).
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testing the predictive power of the rural proxy equathdote that the rural equation was chosen
over the urban equatipsince the CS and S©oncentrations measured in Helsinki matched those

in Agia Marina (rural location) rather thahose inBudapest (urban locationyeeFigure 10
(ACPD). For testing thepredictive power of the rural background site proxy (Equation 10), we
used measurenens from July 1, 2019 to July 16, 2019 during daytime (GlobRad >= 503V/m
Results show that although the modekedphuricacid concentrationsid not correlate as well

as in other locations (R = @4 the bias could be attributed to the missing source (alkene) in the
original equatioras mentioned in the previous sectibmdeed, looking at the binned data, we
found that at within each concentiati bin the modelledsulphuricconcentrations tend to span

the 1:1 line. Actually, the discrepancy between the measured and the modelled concerdsation
smaller than the model prediction error (FigiR®). Note that the model prediction ernvas
estimaed as the interquartile range of the modelled H2SO4 concentration of a single point in time
arising from the uncertainty in k values. For the rural background site, we also found that the
diurnal cycle is better described when introducing the additionsiering sink ternfFigure R7.
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Figure R5 Sulphuric acid concentrations modelled as a function of measured sulphuric acélsiamkiEMEARIIl station. The
concentrations shown aré-hour medians resulting in a total dfL6 data points. The modelled concentrations are derived using
equation10. Thecoloreddata points refer to the modelled or predicted concentrations, the dashed blue line refers to the fit (log(y) =
a.log(x)+b) of the aforementioned data points. The blackases are the median modelled concentrations in logarithmically spaced
measuredsulphuricacid bins and their lower and upper whistkers correspond t &&d 78" percentiles of the predicted

concentrations.
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Figure R6 Sulphuric acid concentrations modelled as a function of measured sulphuric acidsatkiBMEAR llistation. The
concentrations shown arkehour medians resulting in a total 4.6data points. The modelled concentrations are the median derived
using 10000 k value combinations specificthe site. Thecoloreddata points refer to the modelled or predicted concentrations, the
dashed blue line refers to the fit (log(y) = a.log(x)+b) of the aforementioned data points. The black squares are theaddtian
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75" percentiles of the predicted concentratiof.Cumulative distribution function of the model error weightkiflerence between
measured and modeled,85Q concentration (using 416 data points
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Figure RZ The diurnal variation of sulphuric acid proxy concentrations using different fits and observed concentrations atiSMEAR |
in Helsinkj Finland. Median values are shown. Fits 1,2, 3 and 4 corresponds to the Equations 2, 4, 5, and 6, respectively. Petaja fit
shown is applied using the coefficients reported in Petaja et al. 2009 (Equation 7). Mikkonen fit shown is appliedacgffeciimes

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



1.3. Megacity: Beijing: Equatioi2.
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We applied the equation @n additional independedata set from the same locatibatween
SeptembeB, 2019 and October 15, 2018Bhe results show that the modellsdiphuricacid
concentrations correlatevell (R = 0.81) with the measuresulphuricconcentrationswith a slope

of ~1.1 for the testing data set (Figir®). Also for this site, we tested the four fits on the testing
data set; i.e. the full Equation 2, the equation without the Stabilized Criegee Intermediates source
(Equation 4), the agtion without the cluster sink term (Equation 5) and the equation without
neither the Stabilized Criegee Intermediates source nor the cluster sink term (Equatien 6)
found that Fit 1 (Equation 4) best defines the meassrddhuric acid concentrationni
comparison to the rest of the equatioRise results show a high correlation coefficient between
the measured and the modelled data (R = 0.84) and a slope of 1.03 @§ur&he diurnal
cycle is also nicely described by the Equation 4 which captw#snighttime and daytime
(Figure R1).Similar to the boreal forest and rural site predictions, in Beifing,discrepancy
between the measured and the modelled concentratasoismaller than the model prediction

error (Figure R).
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Figure R Sulphuric acid concentrations modelled as a function of measured sulphuric Beifing The concentrations shown are
1-hour medians resulting in a total @68 data points. The modelled concentrations are derived using equafiomhegray data

points refer to the modelled or predicted concentrations, the dashed blue line refers to the fit (log(y) = a.log(x)+b) of the
aforementioned data points. The black squares are the median modelled concentrations in logarithmically spaneetswéphuric

acid bins and their lower and upper whistkers correspond toa2fel 73" percentiles of the predicted concentrations.
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Figure RO Sulphuric acid concentrations modelled as a function of measured sulphuric Beijing The concentrations shown are
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Figure RLO Sulphuric acid proxy concentration as a function of measured sulphurimbseidedat SMEAR |l station, Hyytidla Finland
using the four different combinatiores source and sink term$he concentrations shown atehour medians resulting in a total of

263 data pointsin each subplotin (A), the full Equation 2 is used, in (B) the equation without the Stabilized Criegee Intermediates
source (Equation 4), in (Be equation without the cluster sink term (Equation 5) and in (D) the equation without both the Stabilized
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Figure RL1 The diurnal variation of sulphuric acid proxy concentrations using different fits and observed concentratidesjatg,

China for the testing data se¥edian values are shown. Fits 1,2, 3 and 4 corresponds to the Equations 2, 4, 5, and 6, respectively.
Petaja fit shown is applied using the coefficients reported in Petdja et al. 2009 (Equation 7). Mikkonen fit shown issipplibd
coefficients repded in Mikkonen et al. 2011 (Equation 8).

1.4Kilpilahti: Equationl0

Finally, we did a very interesting test whexe tested the predictive power of our developed proxy

on a data set measured at an industrial area in close proximity to an oil refitemstingly, the

median CS at the location lies within the interquartile range of the CS measured in Hyytidla and that
measured in Agia Marina. The $€oncentrations at the measurementwige higher than in both
Hyytiala and Agia Marina, but smaller than the ones reported in Budapest. Additionally, we observed
thatalkene concentrations at Kilpilatwiere within the range of those monitored in Hyytjakdhich

is attributed to the green belt the aregSarnela et al., 2015Accordingly, we testd the proxy
equation 9 on the Kilpilahti data set. Our results stbilvat Equation @erived for Hyytialds able

to predict the sulphuric acid concentratiamilpilahti with a high correlation coefficient (R= 0.74)
(FigureR12). Similar to other locations, the Fit 1 (Equation 4) best describes the sources and sinks at
the location (Figur&14). The discrepancy between the measured and the modelled conzemnrat
smaller than the model prediction error for less than 50% of the data points only (Figuréls
observation is consistent with the diurnal cycle (Figri®). During certain mornings (4:0&8:00

LT), when the measured sulphuric concentratese particularly high, the model was unable to
predict the concentrations accurately. These high concentrations were attributed to air masses coming
from the oil refinery(Sarnela et al., 2015ndeed, our proxy was not able to explain these morning
peaks using biogenic alkenes, however, in such an industrial area, anthropogenic sources could play
a role in determining the magnitude of sulphuric acid concentrations. With the condensation sink
being rather low (median ~0.005) the impact of direct ¥5Qs emissions cannot be ruled out either.
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Figure RL2 Sulphuric acid concentrations modelled as a function of measured sulphuric acid. The colored data points refer to the
modelled (predicted) concentratiorst Kilpilahti Finland the dashed blue line refers to the fit (log(y) = a.log(x)+b) of the
aforementbned data points. The black squares are the median modelled concentrations in logarithmically spaced measured sulphuric
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concentrationshown are thour medians resulting in 114 data points. The modelled concentrations are derived using equation 9.
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2. Monthly variation of the sources and sinks in both Hyytiala and Beijing
Since our papearckles mostly the sources and sinks 656, in various locations and not only
aims at deriving a physical proxy and in order to assess the representative qualities of the data
sets we used, we includlenonthlyvariation of the sources and sinkothHyytiala and Beijing
during which we have extended data sets which include nighttitoelations(FigureR16).
The text on Linet01 nowreads:

The Criegee intermediate tershowedts importance mostly when global radiation is low, not
only in nighttime but also during winter (Figure 11) in both Hyytiala and Beijing.

And on Line 414:

The cluster ternis found to contribute most during spring daytime in Hyytiala (FiglizethA &

C), which is the time window during which clustering and thus new particle formation events
happen(Dada et al., 2018; Dada et al., 201The samas observedfor Beijing, where the
clustering term contributed up #% of the total sink terms during daytime (Figug[l).

Additionally, we added a paragraph describing the representative nature of our data sets in
comparison to the whole year for all site by comparing to available literature from each site.

The text on Linel41now reads:

Trace gases measured during the slearhpaign periods in Agia Marirend Budapest are representative

of yearly concentrations in respective locations when compareddger term measuremerdsthe same
site(Salma et al., 2016; Baalbaki, 2020, In Prep.)

and on Line 155:

Condensation sink values obtained during the short campaign periods in Agia Marina, Helsinki and

Budapest are representative of yearly concentrations in respective locatimrs compared ttonger
term measuremeng the same sit€Salma et al., 2016; Baalbaki, 2020, In Prep.)
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Figure RL6 (A) Monthly variation okach source and sink term to the change i8@& concentrationin Hyytiala during the period of
the training data set 2012019 (excluding 2017). (BJonthly variation ofeach source and sink term to the change yS@
concentrationin Beijing using a combined data set between January and DecemberT2@l8ata ouside the training and testing
data set has missing measurediphuricacid concentration and proxy concentrations were used in obtaining this figure.

3. Derivation of night-time proxiesin Hyytidla and Beijing

We agree with the reviewer that the sources o$tiyghuricacid may shift between day and night
KRXUV ,QGHHG GXULQJ GDUN KRXUV WKH &ULHJHH LQWH
think that extenbf the contribution of each source term depends on the concentration of the
precursor vapour rather than on &igself, where kcould be temperature dependseggulting in

a difference between day and nighéverthelesswe did the analysis for day andht separately

We compared the results from the sepai@dy and nightanalysiso those from considering one
equationasin Figure R17.

First, we found that a better fit between the measured and training data set proxy concentrations
is found when using one equation for daytime and nighttime than for daytime alone which has to
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do with the different points in time. Additionally, we founaitlhek values derived fromi0 000
iterations for all day, daytime and nighttime separately have distinct characteristics (Figure R19).
First, ki values derived from all day, daytime alone or nighttime alone are within the range of
each other. Interestingly, thevalues for daytime or nighttime alone are also similar, while when
fitting one equation for daytime and nighttime togetherkhealues show different character

This means that separating the equation into day and night independently would depict the pattern
of the predictor in this case the alkene term (Figure R20). The alkene term has a strong diurnal
and seasonal cycle as shown gufie R20.

We performed the same analysis on the Beijing data set after we reassessed the Global Radiation
data. In order to perform the 4 fits on any data set, the global radiation cannot &soreeowise

Fit 2 fails completely. Therefore, in the easf Beijing we set the global radiation zero values
into half the minimum observed radiation, which is assumed to be equivalent to the detection limit
of the instrument (GlobRagh = 0.03 W/n7%). After reassessing the global radiation data, we came

to the same conclusion as for Hyytiala, which is that one single equation for daytime and nighttime
together is capable of explaining thelphuricacid concentrations without Beijing biased to the
diurnal or seasonal pattern of any of the predictor variables. The only obstacle was that when
fitting one bulk equation for daytime and nighttime together unconstrained, the fit resulted in an
unphysical k valueof the order of 0.01. In order to overconmést we restricted the upper limit

of the k value to the median we get from fitting daytime data only. This assumption is acceptable
since clustering is dominant during daytime. Indeed, when we then compared the daytime alone
fits versus the ones from theulk equation, we observed a better fit (Figure HR2R).
Additionally, different k. values for daytime and nighttinvgere obtainedvhen fit separately, in
general during the nighttime the global radiation is too low, and therefore has too low variability
and therefore for this parameter the nighttime is poorly defimedh explains why theikn this
condition is an order of magnitude higher. When wedithe data together, the knatches the

one from the daytime, which is not poorly defined. Therf@so for Beijing we fied the
daytime and nighttime togeth@figure R23) All in all, we think that introducing the predictive
power of each of the equatiqrassuggested by the reviewaras an excellent idea which helped

in assessing whether usiagulk equation is enough feitherlocation. Indeed, as shown in the
previous sectionfor Hyytidla the bulk proxy equation serves well in predicting both nighttime

and daytime concentrations siilphuricacids during the independent data set period. Similarly,
obtaining the bulk equation from the spring time Beijing training data was able to predict both
nighttime and daytime concentrations during summer and autumn in Beijing during the testing
data set eriod.

However, in order to show the difference between daytime and nighttime in terms of sources or
sinks, we decided to show diurraintribution of those for both Hyytidla in Beijing (Figure R 24

25). Similar to the observations from the monthly cgcline diurnals show that when the global
radiation is available theulphuricacid formation pathway rather goes through the-SoH
mechanism. During dark hours, the Criegee pathway dominatesutpkuric acid source.
Additionally, clustering is domindrduring daytime hours. Please see insertions to the main text
in the section above.
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observed concentrations of theatning data set are measured in 2019 using\RiToF and are-hour medians resulting in a total of
877 data points. In (A), the full Equation 2 is used, in (B) the equation without the Stabilized Criegee Intermediates satime (Eq
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Specific comments:

Pointby-point replies to the specific comments are added below.
1. Page 2 line 76: provedsuggested

Modified.

2. Page 2 lines 993: Bold statements, considering the comments in this revision regarding
generalizability

Modified.

In order to evaluate our hypothesized sources and sinks and derive the proxy equations, we utilize
measurements from four different locations: (1) Hyytidla, Finland, (2) Agia Marina, Cyprus, (3)
Budapest, Hungary and (4) Beijing, China, representing a-peistine boreal forest environment,

rural environment in the Mediterranean area, urban environment and heavily polluted megacity,
respectively. To evaluate the predictive power of the derived proxies, the eqasditursher tested

on independent dataets. We further compare the coefficients of production and losses in each
environment in order to understand the prevailing mechanism of #8&Hbudget in each of the
studied environments. As a result of this investigation, adedihed sulphuric acid@oncentration

can be derived for multiple areas around the world and even extended in time during times when it
was not measured (such as: gap filling, forecast, prediction, estimation, etc.).

3. Page 3, lines 10204: Were all the measurements made onaheeplatform?

Measurements of different variables within the same location are performed at the same platform
except for Hyytidla and HelsinkiVe addedletails related to the measurement platforms of every
variable to section 2.2.

4. Page 3, lines 13034:1 have recently learnt that calibrating-8Pi-ToF is not an easy task (Talk
by Ylisirnio et al. EAC2019). Were the instruments calibrated such that the results between sites
are comparable and are the measured concentrations of realistic magnitude?

We agee that different organic compounds calibrations are still mystery (Talk by Ylisirnio et al.
EAC2019), however, calibrations of sulphuric aare straightforward and robugthe instruments

in all four locations were calibrated in a similar way usingrtieghod presented ¥ urten et al.,
2012)and the results are comparable.

We addedhe following to the Linel34:

In all locations the CI-APi-ToF instruments were calibratad a similar wayprior to the campaign
using the methodresented b¥urten et al. (2012)o ensure the results asmmparable

5. Page 4, lines 14555: CS was reported in Hyytiala with RH correction and in other sites no such
correction is defined. The CS measures should be consistently defined if the results are being
generalized.

We agree with the reviewer thatluding a hygrosopic growth correction for only the boreal forest
resulsin adiscrepancy when interomparing.Therefore, we reassessed the fits for the boreal forest
location using condensation sink values calculated in the same way as in the rest of the studied
locations. The results of this fit would be suitable for comparing the sources and sinks in various
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locations.We replaced the equation and related k values in the main text with those reassessed, see
figure R26.

However we think that the boreal forest environment has been studied thoroughly over srengear
it is ideal to use the best data we have ahthe information we couldn case any of the readers is
interested in calculatg a sulphuricacid proxy from Hyytiala, we recommend that they use the
equation which includes corrected CS for hygroscropic growth.

In fact,we found that the fit witthehygroscopic correction is better than that withibig correction.
See figure R (no correction) in comparison to figur&(with correction)

The results and equations are added into the supplementary information and the related text in main
text.Line 302 now reads:

Furthermore, we derived an additionaloxy equation using CS corrected for hygroscopic grqidiakso et
al., 2004)to be used when calculating a more robust proxy for Hyytidla. The details, equation and results are
shown in the supplementary information (Figul€-S12).
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6. Page 5, lines 18384 and Figures S87: Why Pearson correlationeaficients? The data are
most probably not normally distributed and they contain outliers, which violate the basic
assumptions of Pearson correlation.

The reviewer is rightWe used the scatter plots between the variables to decide which coefficient we
should useWe replaced the Pearson with a Spearman coefficients in Fig2he& S

7. Page 5, lines 26309: How the sink termsgH2S04F is defined? It needs to be clarified here
for usability of the proxy

8. Pages %, Equations: Overall, the notation of #hguations is somewhat confusing. First term is
clear, does the second term refer similarly as the first one thatitimsds ozone concentration
times Alkene concentration times SO2 concentration? In addition, does [H2SO4] in third term
refer to sulphtic acid concertation or that the CS is calculated for sulphuric acid? Does in last
term [H2S0O4] 2 refer to squared concentration, and if yes, drawn from where? | suggest
clarification of the equations.

As per the suggestion of the two previous commerdkarication has been added to the text to
explain the % and 4" terms of the Equation 1

xﬂ'xigEO?L GA*25 L?EGA,2HHGRIAF %5 s587F G>*45%7 (1)

The text on line 201 now read:
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The third term irEquation 1 represents the loss of3@: into pre-existing aerosol particles, known

as condensation sink (CS) and is calculated by multiplyin@ealculated for sulphuric acigith

the concentration cdulphuricacid monomer. The fourth term in Equation 1 is defined as the square
of sulphuricacid concentration multiplied by clustering coefficiept khe square adulphuricacid
represents the collision of twsulphuricacid monomers forming sulphuricacid diner, whichwas

found to be the first step of atmospheric cluster formation (Yao et al., 2018). Therefore, this term
takes into account the additional loss ofS&@; due to cluster formation not included in the term
containing CS. This is necessary becausés@aly inferred from sizdistribution measurements at
maximum down to 1.5 nm, i.e. not containing any cluster concentrations and hence losses onto these
clusters. This term is written in the form of sulphuric acid dimer production, which seems to be the
first step of cluster formation once stabilized by bag@smala et al., 2013; Almeida et al., 2013;

Yao et al., 2018)

9. Page 6, lines 24249: It is not surprising to see that the Petgja proxy had some difficulties, as it
is constructed only with data from Hyytiala. Already in Mikkonen et al. (2011) it was seen that
the Pet&ja proxy is not alway®rking well outside of Hyytiala. Thus, it would be interesting to
see comparisons on proxy from Mikkonen et al., which has been shown to work in varying
environments.

We compared our proxies with Mikkonen et al. 2011 in all 4 locations, and added the diurnal
Mikkonen plot to the main tex{Figures2,4, 6 and Bwhile the scatter plotbetween measured
sulphuricacid concentrations and both of Petdja and Mikkonen prdxiesg daytime (GlobRad >=

50 W/n?) in Figures S13 and S14, respectively
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Figure RBO Scatter plot showing the correlation between measured sulphuricacidhe sulphuric acid concentrations derived from
the Mikkonen et al2011proxyat the 4 locationsluring daytimgGlobRad >= 50 W/ Hyytiédla, Agia Marina, Budapest and Beijing.

10. Page 6 lines 25254: The predictor variables in the proxy contain higleasurement

uncertainty. Does the fminsearch procedure take that account?
11. Page 6 lines 25257: | am happy to see uncertainty estimation for the coefficients made with
bootstrap! Though some details on bootstrap procedure should be provided, e.g. how many

resamples were drawn?
Answers to question 10 and 11 are added to the beginning of this document.

12. Page 6 lines 26@65: How does the AIC reflect the probability of over undetfitting in these
analyses? As calculating ldigzelihood for AIC might be sesitive for number of observations
was it checked that the N was the same for all proxies in certain site? With multiple instruments
in use, there might be gaps in data indifferent time points.

The reviewer is right that the AIC criterion is sensitive\@redriven by the N. lorder to avoid the
bias due to number of observatipaints per fif we selected the data points when all variables are
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available simultaneouslyVe also add dable S which shows th@arameters included deriving
the AICin each siteSee alsmext comment.

13. Page 7, line 273 and Figure 1: Are the numbers of data points the same in each subplot?

For each location separately, e subplots contaithe same number of points. Although it might

be possible to include more points in the panels where no alkene term is included, yet for
comparability reasons, especially for the AIC we kept a constant number of data points per subplot.
The number of poistto each of the subplot for all 4 locatiaashownin the corresponding figure
caption A table S4 describing the statistics included in the AIC calculation such as the number of
points, correlation coefficients, slope .. etc. is added to the suppbmypéerformation.

14. Figure 2 and related text in chapter 4.1: Do | read the figure correctly that the proxy values from
23-02 are missing? If this is due to missing global radiation, this could be corrected by the
suggestion above to derive separate Righé proxy.

There is no missing data except that the PTR measurements for alkenes are every\Behatgs.
sorry for the typo in the figure 1 caption. Now it is corrected.

15. 3DJH OLQH 3«SURYHV WKH WUXWKIXOQHVV«” LV TXLW

We agreewith the reviewer that using the same data set for deriving and predicating is not a valid
method for a proxy derivatiofBesides adding a complete section on the predictive powers of the
derived proxiesywe modified the aboveentence into:

The correlatimn between the measured and proxy concentrationn®0Orvas 0.88 (96 data points)
which shows that the choseoredictors were able to explain the measured sulphuric acid
concentration largely (Figure 3).

16. Figure 5: Why the scale is from 42@hen the data starts from *POOverall, the observed
concentrations seem rather low for urban environment. Were the conditions somewhat unusual
during the measurement campaign?

The figure is fixed. Concerning the overall concentrations, we do not tlatthtére were any unusual
conditions. The measured concentrations are within the range of observations between Hyytidla and
Beijing. We added a time series of theasuredi.SQy in Budapest in the supplementary information
(Figure S1)o help show the variation in th&:SQ: concentrations upon changes in meteorology.

17. Page 9, lines 38889: Clarify how the predicted fractions were drawn for table 2 and fig 9

Line 389 now reads:
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The contribution of the various source and sink termbeochange of ¥8Q concentrations are determined
using Equation 2. The median derivadis and k values together withthe measured $#$Q, CS, trace gases

and GlobRad per sitevere used to calculate each of the terms. Source term 1 refers @GlalRad x [SQ|,

source term 2 refers ta k [O3] x [Alkene] x [SQ], sink term 3 refers tosk [H2SQj]?and sink term 4efers

to CS x [HSQ]. The contribution of each term is then calculated as the median or percentiles of the
normalized term to the suaofi all terms.

18. Table 2: 27th percentile?
This was a typo, we changed it td"75

19. Figure 10: Global radiation distribution is missing. The basic statistics could also be given in
(supplement) table. Sulphuric acid concentration in Megacity seems also low.

Global radiation distribution and &able of basic statisticsvas addedto the supplementary
information.

20. Page 10, lines 43840: It is stated that the coefficients did not vary substantially, | might
disagree. But regardless of that, did you try to gbeldata from different sites an calculate a
combined data proxy? Naturally with Equation 4 which could be calculated for all sites. Would
this give a more generalizable proxy?

We agree with the reviewer that unifying the parametrization with the aimnaihgoup with 1

equation would be nicén this sense, we unified the day and night time equations wherever possible
and present now unified equations each for Beijing and Hyytiala. These equations perform well in
explaining the dirnalvariability atthe HVSHFWLYH VLWH 8QLI\LQJ ZDVQYW SF
Budapest datasets because of misalkgnedata. Merging Hyytiala and Beijing to come up with a

single proxies would require accounting for different alkene mixes (boreal forest dominated by
biogenic VOCs, Beijing strongly impacted by anthropogenic VOCs)d Aes, we revisited our k
values,illustrated inFigure R3] the ko related to thesulphuricacid formation through Criegee
intermediatess clearly different at both location8dditionally, with the different sizes of data sets

from each of the locations, when we tried to assess one parametrization using Equation 4, as suggestec
with the reviewer, the fit was bias to the Hyytiala data which has the highest contribtigéoetoe,

we @t here not to further unify, yetgree with the reviewer that such efforts should be targeted in
future results together with distinguishing further chemical processes such as the contribution of
different VOC classes.
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21. Discussion and suggestions section: It would be helpful to give here the direct equations for
calculating the proxies irach site. It would probably increase the future use of the derived
proxies. Equations could also be an appendix.

The equation8-12 are addedo Table 1
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5HYLHZ RI 'DGD HW DO 36RXUFHV DQG VLQNV GULYLQJ VXO
HQYLURQPHQWY LPSOLFDWLR\QOMyR®@s 8&feRdd FDOFXODWLRQV ™ E

7TKH PDQXVFULSW S6RXUFHY DQG VLONV GULYLQJ VXOSK?;
HQYLURQPHQWY LPSOLFDWLRQV RQ SUR[\ FDOFXODWLRQV
estimating gas phase H2SO4 concentrations using relatively common meadsireifiee
development of these seDOOHG 3SUR[LHV™ IRU + 62 LV LPSRUWDQW D
global models for simulating the timing and intensity of new particle formation events. Additional
proxies are especially needed for representingnsghat were not include in previous attempts (e.g.,
China) or during time periods that we not considered previously (e.g., nighttime). Thus, this
manuscript is potentially valuable and is, in principle, worthy of publication in ACP. | do however,
wish topoint out a one main item and a few minor issues that | would like the authors to respond to
prior to recommending publication.

We thankthe reviewefor theirvaluable comments and suggestions, we think that tredgenprove
thepresentatiof the poxy and the overall quality of the study. We provided pbipoint answers

in purple Insertions to the text are Itelics. Line numbers refer to the old version of the ACPD
version of the text.

As a major concern: In the abstract of this manusenptthroughout the text the authors claim that
WKH QHZ SUR[\ LV 3D PRUH IOH[LEOH DQG DQ LPSRUWDQW LF
may be true, we only are provided a comparison to the previous proxy developed in a pristine boreal
forest atmospere (the Petaja proxy). Nowhere do the authors compare their new proxy to that
developed by Mikkonen et al. First of all, this makes little sense as the Mikkonen model was
developed for a broader range of conditions than the Petaja model. If therelid season to
disregard the Mikkonen model then the authors should state that, or else they should show model
predictions from that on all relevant figures as they did with the Petaja model. Otherwise they should
remove the statement that the model imgprovement over other proxies, as they are only comparing

to one.

We agree with the reviewer that it is rather crucial to compare to Mikkonen et al. as it has been
developed for several locations including a broad range of condittwwgever, gice our proxy
includesperiods that wdnavenot considered previously (e.g., nighttimeje still think that it is an
improvement over previous proxies

We compared our proxies with Mikkonen et al. 2011 in all 4 locations, and added the diurnal
Mikkonen plot tothe main text (Figures 2,4, 6 and 8) while the scatter plots between measured
sulphuricacid concentrations and both of Petdja and Mikkonen proxies during daytime (GlobRad >=
50 W/n?) in Figures S13 and S14, respectively.
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Figure R1 The diurnal variation of sulphuric acid proxy concentrations using different fits and
observed concentrations. Median values are shown. Fits 1,2, 3 and 4 corresponds to the Equations
2, 4,5, and 6, respectively. Petaja fit shown is applied using thicterets reported in Petgja et al.

2009 (Equation 7) and Mikkonen et al. 2011 (Equation 8).
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Figure R2 Scatter plot showing the correlation between measured sulphuric acid and the sulphuric
acid concentrations derived from the Petgja et al. 2009 proxy at the 4 locations during daytime
(GlobRad >= 50 W/rf): Hyytiala, Agia Marina, Budapest and Beijing.
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Figure R3 Scatter plot showing the correlation between measured sulphuric acid and the sulphuric
acid concentrations derived from the Mikkonen et al. 2011 proxy at the 4 locations during daytime
(GlobRad >= 50 W/rf): Hyytiala, Agia Marina, Budapest and Beijing.



AS minor issues:

1. Line 27: Just to be slightly fussy with wording, H2SO4 is important in new particle formation
for actually two reasons: it has low volatility and also has strong intramolecular bonding
abilities. Merely mentioning low volatility misses qualities that mike compound special.

We agree with the reviewer thai$u is distinct for its strong hydrogen bonding abilititich makes
it possible to interact with other species and is found to be important for the first step of cluster
formation. We have modifietherelevant sentencen Line 58to the following:

Sulphuric acid (HSQ), which has a very low saturation vapor pressared strong hydrogen bonding
capability (Zhang et al., 2011 has been found to be the major precursor of atmospheric (MRIber et al.,

1996; Kulmala et al., 2004; Sihto et al., 2006; Sipila et al., 2010; Erupe et al., 2011; Lehtipalo et al., 2018;
Ma et al., 2019and is often used in global models for simulating the occurrence and intensity of new particle
formation events

2. Line 64: | suggest that the authors put a sentence or two here to statesaihpibrtant to
GHYHORS D SUR[\ IRU + 62 O0DQ\ UHDGHUV PD\ EH DZDUH
to do and will be a great benefit to those who would otherwise be left wondering why so much
effort is being placed in this.

We added the followingentences as per recommendation from the reviewer:

Line 60: Sulphuric acid (HSQ), which has a very low saturation vapor pressure, has been found to be the
major precursor of atmospheric NR®Veber et al., 1996; Kulmala et al., 2004, Sihto et al., 2006; Sipila et
al., 2010; Erupe et al., 2011; Lehtipalo et al., 2018; Ma et al., 2@H@) is often used in global models for
simulating the occurrence and intensity of new particle formation e{@atse et al., 2016)

and to Line80:

Besides the abovementioraebviouslydeveloped proxies, an additional proxy is still needed for
representing nighttime periods which were not considered previously.

3. Line 75: I notice that Dr. Mikkonen is a reviewer of this article, so perhapsllh@ake this
point (and | hope he also raises the concern that | express above). While the statement that his
parameterization does not include condensation sink it technically correct, | believe that he
considered this in his statistical analysis anahfib that condensation sink, or rather higher
aerosol loading, is associated both with the source and sink of H2S0O4, and that is the reason
why on average it does not appear in the parameterization. If true then perhaps more accurate
to state it this way ther than to leave the reader to conclude that this model overlooked the
potential role of condensation sink.

We did not intend to say that Mikkonen et al. (2011) have overlooked the potentiabfrole
condensation sinkve have however referred to theintnce in the abstract copied below.

6HQWHQFH IURP 'D Broxids devBldped bylikkenen et al. (2011¥uggested that the
sulphuric acid concentration depends mostitloe available radiation and $€oncentration, with
OLWWOH LQIOXHQFH RI &6 °



6HQWHQFH IURP OLNNRQHQ HW DO 3, QWHUHVWLQJO\ WK
was only minor, since similarly accurate proxies could be constructedlotibl solar radiation and
62 FRQFHQWUDWLRQ DORQH ~

4. /LQH , VXJIJHVW \RX FKRRVH D EHWWHU ZRUG WKDQ 3JF
We modified the sentence to the following:

In order to evaluate the accuracy of the our hypothesized sources and sinks and derive the proxy
equations goodness of our new proxy, we utilize measurements from four different locations: (1)
Hyytialda, Finland, (2) Agia Marina, Cyprus, (3) Budapest, Hungary and (4) Beijing, China,
representing a sengristine boreal forest environment, rural environmigrthe Mediterranean area,

urban environment and heavily polluted megacity, respectively. To evaluate the predictive power of
the derived proxies, the equations are further tested on independent data sets.

5. Line 249: this reference to Petaja paperseWUDQJH K\ ZDVQYIW VWDQGDL
is referring to Equation 7 in the text (e.g., on line 245)?

We thank the reviewer for noticing; we modified the related text to the following:

We also refitted the data using the simple proxy proposed by Retaja(2009) by excluding the
formation of sulphuric acid via stabilized Criegee intermediates source pathway and loss of sulphuric
acid via the cluster formation pathway using Equation 6 and evaluated it by comparing to the original
Petaja et al. (2009proxy using Equation 7.
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Sources and sinks driving sulphuric acid concentrations in contrasting environmernts
implications on proxy calculations
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Abstract

Sulphuric acid has been shown to be a key driver for new particle formation and subsequent growth
in various environmentsainlydue to its low volatility +t RZHYHU GLUHFW P HDKRDNHH P H
VX O S XU GFD WH. WY @ Y D QEBEBQHYKQ@E IDXUGFSUR[LHY ARQQRW
H[DP SOB\L J K WARIQFFHH Q VRWD WHRRQOW LQ VLJIQLILFDQW GLVFUHSE
Here we define the sources and sinkssefiphuricacid in different environments amtgrive a new

physical proxy for sulphuric acid to be utilizéd locations andduring periods wherit is not
measuredWe usedH>SOQs measurementérom four different locationsHyytiala, Finland Agia

Maring Cyprus Budapest Hungary and Beijing, China represernihg semipristine boreal forest,

rural environmenin the Mediterraneararea urban environment and heavily polluted megacity,
respectively.The new proxy takes intaccount the formation of sulphuric acid from S@a OH

oxidation and other oxidation pathways, specifically thatstahilized Criegee IntermediateEhe

sulphuric acid sinks included in the proxy are its condensation sink (CS) and atmospheric clustering
starting from HSQ dimer formation. Indeed, we found that thebserved sulphuric acid
concentration cahe explained by the proposed sources and sitkssimilar coefficients in the four
contrasting environments where we have testethiis, WK QIS R[\ PRWH IOH[LEOH D
LPSRUWBQRYHRRH@WHYLRXV)BOBRAHWI WKH UHFRPPHQGDWLR!
D SUR[\IRU D VSHFLILF ORFDWLRQ FDQ EH GHULYHG

Keywords:sulphuricacid, proxy, boreal, rural, urban, megacity
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1. Introduction

AtmosphericdNew Particle formation (NPFvents and their subsequenowth have beenobserved
to take placalmost everywhere in the wor{ulmala et al., 2004; Kerminen et al., 2018any of
theseobservation are based orcontinuousmeasurementand some include mor¢ghana yearof
measurementlata (Nieminen et al., 2018)The importance oNPF eventson the global aerosol
budget andtloud candensation nuclei formation hagenwell establishedSpracklen et al., 2008;
Merikanto et al., 2009; Spracklen et al., 2010; Kerminen et al., 2012; Gordon et al. R&deftly,
the contribution of NPF to haze formatj which wasstill controversialjs beinginvestigated iran
increasing number of studié®m Chinese megaciti€S&uo et al., 2014)

Sulphuric acidH2SQy), which hasa very lowsaturationvaporpressureD Q G VWURQJ K\GURJH (

FDSDEE®RDWY HW, ba®beefund to be thenajorprecursonf atmospheridNPF(Weber

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

et al., 2018; Ma et al., 2019ndis often used in global models for simulating thecurrenceand

intensity of new particle formation everfBunne et al., 2016However, atmospherimeasurements

of gasphasesulphuric acid are rarenainly due to its low concentratigf0® 40’ x P R O $xFP&@ H

below) that can only be measuradingstateof-the artinstrumentgMikkonen et al., 20113uch as

the &« KHPLFDO ,RQL]DWLRQ DWPRVSKHULF SUHVVXUSBLIRWHUID
(LVHOH DQG 7DQQHWO . ThBréfdr€aHpysidally and chemically sound proxy

is neededo estimatdH>SQy concentrations in various environmgnthereNPFevents arebserved

but HoSOy concentratiosarenot continuouslymeasured.

Due to its importanparticipationin clusteringand thusn theNPFprocessseveral studies have tried
to produce proxies for #3$Qs in order to fill gaps in data. For exampRetaja et al. (200@eveloped
an approximatiorof gasphaseH>SQs concentrationin Hyytidla, southern Finlandising its source
from reactions between S@nd OH radicals, anits loss by condensation onto prexisting particles
(condensation sink, CS)ater, Mikkonen et al. (2011)developed HSQs proxies based on
measurements at six urban, rural and forest are&siropean and North American sit€yoxies
developedy Mikkonen et al. (20113uggestethatthesulphuricacid concentratiodepends mostly
on the available radiatioand SO, concentrationwith little influence by CSHowever,Lu et al.
(2019) who developed daytimeproxy based on measurement in Beijing Chprayedsuggested
the need ofaking intoaccounthe CSwhenapproximating gaseous8Qs, especially in areas where
the condensational sink can be relatively high. prexy developed by u et al. (2019)akes into
consideration the formation pathways HSQy via OH radicals from both the conventional
photolysis of @and from the phatysis of HONQ as well asthe losof H.SOQs via CS._Besides the
abovementionedpreviouslydeveloped proes anadditional proy is still needed for representing
nighttimeperiodswhich werenot considered previously.

Here we derive a new proxy which takes into account theymtoon ofgaseousulphuric acidrom
SO with oxidation byOH andstabilized Criegee Intermediat@glauldin et al., 2012)eactions, and
its lossesonto preexisting aerosol particles (condensation sink) aoe to molecular cluster
formation In order to evaluatdie-acecuracy-of-theur hypothesized sources and sinks @advethe
proxy equationgieedness-eburnewproxy, we utilize measurementsom four different locations
(1) Hyytiala, Finland,(2) Agia Marina, Cyprus(3) Budapest, Hungaryand (4) Beijing, China,
represating asemtpristine boreal forestnvironmentrural environmenin the Mediterranean area
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urban environmerand heavily polluted megacity, respectively. evaluatelie predictive power of
thederived proxiesthe equationarefurthertested onndependentlata setsWe further compare the
coefficients of production and losses in each environment in order to understand the prevailing
mechanism otheH>SQy budgetin each of the studied environmerAs a result of this investigation,

a welldefined sulphuric acid concentration can be derived for multiple areas around the world and
even extended in time during times when it was not measured (such as: gap bHeaast,
prediction, estimation, etc.).

2. Measurement locations, observations and instrumeation

BN /RFDWLRQV
6HPIULVERIUHPOHYWLURQPHQW +\\WLIOI )LQODQG

OHDVXUHPHQWYV ZHUH FRQGXW¥W B @& WV MRKH | ROJ$EMD, VBVBILPQ J
$WPRVSKHUH SOHRFDWM@R @WWLIDI  f P D WDUL DQG .XOPD
VRXWKHUQ )LQODQG +HUI|HJFZFH$<XVJH(G’WW%\IQ>£KD{-IQ’_HHQWV
DQG IURP O0DUFK WR JK CHDONCX ZHHHB H-CB\ NRES
DERWHMMRXOG7EHYEDWD IURP {X/DMQBG DV D WUDRQLQJ
GHYHORSLQJ WKH SKILR]H HATEHD \@ DEADY VUHIED WHVWLQJ WKH SUH (
RI WKH GHYH®R$XBPBUR[\RU DOO ORFDWLRQV DQG U®VWUXHF

WUDLQLQJ GDWD VHWYV DQG 6 WHVWLQJ GDWD VHWYV

S5XUBDFNJURXWIE $JLD ODULQD &\SUXV

OHDVXUHPHQWYV ZNMNUWKMRXEXPWHHRS PKHULF22EVHUYDWRU\ &
P Dv OD UXUDO B/ RMIRIBRKANER] LD 0 D,VQ QDWMROXEMHMAZHHQ )HEUX
DQODUFK JRU PRUH GHWDL O3L N\MUHH DR/UHRMKCBECS O MV D VHW U

ORFDWLRQ LV XVHG VROHO\ DV D WUDLQLQJ GDWD VHW

6HPXUEDQ VLWH +HOVLQNL )LQODQG

OHDVXUHPHQWY ZHUBOKRRE® GXWW WERQVN WKHDWHG LQ fAHOVLQN
P DVRU PRUH GHWDLOV DERXW WKNVHAD WWREBOWHE HRU H |

PHDVXUHG IURP -XO\ D WR WHIVWLQJ GDWD VHW

SUEDRFDWLRQ %XGDSHVW +XQJDU\

7KH PHDVXUHPEBDRMH DVMRRWKIS % XGDSHVW SODWIRUP IRU $HUI
S5HVHDUFK /DIERUID WRE\E — g28' 30" E 103" 45" PDVO RIWKH.
S8QLYHUVLW\ VLWXDWHG REHWRH H® QN EEKWEBIQmQ XEKH VLWH
UHSUHVH®WM G RPMBODJH DWPRVSIEBOR R HW KIROEH. & DIVHDQ WHUWH
WKLV ORFDWLRQ LV XVHG VROHO\ DV D WUDLQLQJ GDWD VHW

SBROOXWHG PHIJDFLW\ %HLMLQJ &KLQD
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+HUREVHUYDNULIR@®WWH ® KH ZH V Wb HFIDWLSXY IBRIL YRH U KHPLFDO 7HF
f1 f( GXULORHPEHU  WR -DOXDUEHW ZHHLF K DQG
-XOQH ZHUH RVHGWGDWIMIOH REVHUBB®WROFEHURP WR 2
ZKHUH XVHG DV D7WHWWDPEOGOQ W RRINS O D F H DWW RWHKRIX W \
IORMRIUD XQLYHUVLW\ EXLOGLQJ DGMDFHQW WHR[DPEROW W \DOH
=KRX HW DO

1HDU DOHRIL@PWBXVWULDOSDOBBWL )LQODQG

7KH PHDVXUHPHQW WRRN SODFH DWfI13AE\ PHD ¥ KWHPMHOQ® G/QD \
-XQH /KHWH LV ZLWKLQ NP FORVH WR 1HVWH 2\ RLO U
JRU PRUH LOIRUPDWLRQ KRQUWKB D/ HWHOCHS G BB WYHVWHAMHIURP WKI
XVHG VROOWHONSDWD VHW

B QVWUXPHQWDWLRQ

7TUDFH *DVHV

$ VXPPDU\ IRU DOO ORFDWLRQV D QG VEQVQNY BORHDY Y D WR R Q WL\
GLIIHUHQWZYWHKLREWKM VDPH SHREFIRWPRG DW WKHVSHP HILSHOD
RWKHUQLBEX@RFDWLRQV WKH VXOSKXULF DFLG FRQFHQWUDYV
,RQL]DWLRQ DWPRVSKHULF SWBKWXWYSHEQW RIBRONHY\M RFHH DRI G
7DQQHU "-RNLQEBERQWKWD®OD UHDDEQWQBQ\]HG XVLQJ D WRI
EDVHG RQ 0$7/$%-XQ QX BDBIWHH WQDIORD WWEKGIS&IZR) LOQVWUXPHC
ZHUH FDOLEUDWHG LQ D VLPLODU ZD\ SULRU WRXW KH @ DHVS [D
WR HQVXUH IWRPA GHN X OMOAV FRIP\S,FDV BB O/ H | O/ X OASKBXAUL IGF
FROFHQWHIPMIDR/QDMWH & KH WRZHU P DER ¥ H QWIRNBNDG MMMIFO
FROFHQWUDWLRQV ZHYK RADNXRIH G | UR B BVRKHHRJ UNRKKHD & QOLHY YHHU
EXLOBGMDEHQWWR WKH 60($5 ,,Q WWDAMLQR® % HK M LERIQ G 2
FRQFHQWHIPMHDR/QUWH®@J DMQ®D\]HU ORGHO L 7KHUPR 86$%
OLPLW RI DQSSEMOWJRGBHD 7KHUPRUB&®HFWLYWHNW®L | OU BVKH
JDVHR'QFHQWUDWLRQV ZHUH PHWDNMER WG DUWR XEXFIHDPREAGDUL W K
FROFHQWUDWLRQV ZHUH PRQLWRUHG DW ®VL&B QRZBIKV B WQV
+RULED $36,%%\SUBIVD 0DB2PRGRUH PRQLWRUHG XVLQJ (FRW
DQG UHVSHRVRIQFHHMW U D WQ RXGRISEHYW ZHUH PHDVXUHG |
<VVHOEDFK & ZLWK D WLPH UHVROXWLRQ RI K DW D VWDW
NP LXSZHIYG SUHYDLOLQJ GLUHFWLRQ IURP WKH %S$57 VL
DYHUDJFHR®F HQ WEHHNV LIRIXYG BHQWUDO %XGDSHVW DURXRWG L (
ODUVEDWLDO BDOD®DHQWE 1pPHWK OLNNRQHQSH@WDRW® L
FROQFHQWUDWLR QXY HRKH BPRR \GFWEHIGRVG HIQ F 1$ GRO\WW ULHV@/ H 2
UHILGHDFH JDVHV PHDVXUHG GXULQJ WKH VKRUW FDPSDLJQ
UHSUHVHQWDWLYH RI \HDUO\ FROQFHZAXWMOQDRRREDUHG WRV ORI
PHDV XU HDRH Q/\K M VEDPOP D LMWK D O E %DDOEDNL ,Q 3UH!
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SDUWLFOH QXPEHU 6L]H 'LVWULEXWLRQ

7KHRB G HQV D VISR Q MDLGDANCOILV@H GV KH P HW K.X® BL®RDS RIH GRE
QXPEHU VL]H GLVWULEX@ LR\QVPIIODV YWKHP SQWWLFOH QXPEHU
PHDVXUHG XVLQJ D WZLQ GLIIHUHQWL$I]DGDWREI—LW-EDAQU—8—&BWSLLFK)
al WEIRIEKE VK H& FQLEI D\ DDLU Q PL J
SDUWLFOH QXPEHU VL]H GLVWULEXWLRQ EHWZHHQ D@®  (
$LUHO 1$,6 FIHXIVGEWLU ,RQ 6SHFQRIRPHIGVAE, 6036 EALMQYLQ.
SDUWLFOH 6LQRUQ +HOVMINEBEDV\VWEPDPHWHQPZDV XVHG WHE
PROQLWRU WKH SDUWLFOH, @ YPEGDSHVW GNK/KV S DEXVL ERDH Q X P

PHDV XU GORZLWFKLQJ W\SH '036D.QUIP IGMIRPPHWRU QP LQ WK
SDUWLFOHV 5+ LQ FKDQQHOV ZLWK D WLPH, QHVHRIOKIVOLIF
WKH SDUWLFOH QXPEHW XHHQ G LYRV 2 QEBXR.IREX DS 0 DWILRAH 6L
'"LVWULBXWHRPQ 86X HW DO&RQGHQVDWLRQ VLON REBVDILXIHG ® \
IURP SDUWLFOH QXPEHU VL]H GLVWULEXWLAR® W KR X XK HK® YL\

GLXUQDR Q@ GGV IFW L R Q EWV. DENO W DO X MMOHP YEIRIOWNSHULRGYV LQ $

DOQG XGDSHVW DUH UHSUHVHQWDWLYH RI \HRHOQ\FRPGEHBHIGG

ORQJHU WHUP PMDWXUbH\FEHFMRYLMMA D O E %DDOEDNL

5DGLDWLRQ

,Q +\\WLIOI *OR EDOR BSIBR/DMHIRXOXIWBEGDVRODU S\UDQRPHWHU )
DQG DIXMLWQIEOWRODU S\ KO RPHIWHKW HEBH QMWD RFD W H C

P KHLIJKW WRILRQWEUXDU\ *OREDO 5DGLDWLRQ IURP WKH
PRQLWRALIYE D ZHDWKHU BWWIDHMLWRIQ LB RERSEQONL WKH JOREL
PHDVXUHG XV ID)QIG =RQMHW PRDERYH JURXQG OHYHO LQ,@KH 6

%XGDSHVW JOREX®W PEDYWUHG E\ DQ 603 S\UDQRPHWHU
IHWKHUODQGVY RQ WKH URRI Rl WKH EXLOGLQJ FRPSOH[ ZLW
FKHFNHG E\ FRPSDULQJ WKH PHDVXUHG GDWD ZLWK WKRVH F
SHUIRUPHG E\ D &03 S\UDQRPHWHU .LSS DQG =RQQHQ 7
OHWHRURORJLFDQDAH GY VD QHOH R | NP 7KH DQQXDO PHDQ

WKH YDOXHV IRU WKH %S$57 DQG +06 VWDWLRQW ZHAKH FK *“

FKDQJHG WR “ Z KB G GRROQFRGBWAWVN\ FROGHWNMRQY *ORTE
LOWHOQRPWOP WR QP ZDV PHDVXUHG®RR W EN LORRI @R 3 VRIQ

S\UDQRPHWHU .LSS DRKHHRNBOBDQGWHOINKH UDGLRPHWHU ZDV

HOVXUH WKH ORFDWLRQXRUGHRWWRBROER WEE FIOMWDOJ IRU WK

ZHUH UHSODFHG E\ WKH GHWHFWLRQ OKHPWWHRP MXH XK VWD X

UDMBWLRQ.LOSLODKWL QR JOREDO UDWDDOWRG@GHP H BINMGH KDRRIQRA

CGDWD DFTXLVLWLRGQ VAVWHP  S$:6 3: &/ OHWFRQ

GDWD PHDVXUHG DW WKH 60($5 ,,, VWDWLRQ Z KL Q% HD MR XQ
2D LR R\Z ADKID LV

$ONHQHYV

9RODWLOH RUJD Q2 & \F RZRISRKI\GYDSRBNRIQNW U D Q V XEIX 8RO A WPIDR/C
VSHFWURPHWHWRQIFRQ $QDO\WLN *PE+ LQ +\\WLIOI $PELHQV



HYHU\ WKLUG KRXU IURP VHYHUDQQGWKH VY HQYK B ® RZNHKEISAR ED QW
FROFHOWW®RPWLR@® KHLJKW 7KH LQVWUXPHQW LV FDOLEUDW
5LHPHU (QYLURQRBRQIIDMH HWFKIOVDPH LOWWEBIPHOMG WR PHLC
PRORWHUSHOH ERQEPDSWUWDKWROYHU\ KRXU

Q %HLMEWHUH PHDVXVHGIEMLRKRWR Q R.IRQLLIOWY LPROQYY W I/ B H F W
6306 5 +H[LQ ODVV 6SHFWURPHWU\ ZLWKD®HW PMYRPUHVF
6HSWHPEHUWRBD\ 7KH DONHQHWHDREHOR G MEH WHOHQH EXWD
LVRSUHGPH DIPGWKH[HQH $V WKH LQVWUXPHQW W R D B5RQ EBHL \
KH[HQH FRXOG DOVR EH F\FORKRWQW B QW LIRIG FRAORKIHHB WV E
YDULDEOHV XVHG LQ REKDWLRYE\ DLOHDOKR FROXUQO)LIXUHYV 6

OHWHRURORJLEDO SDUDPHWHUYV

/THPSHUDWXUH 7 DQGSYWHOQDWMYEOHXPHOVWUHG DWZLUHP3XVLC

VHOWRUMBHODWLYH KXPLGLW\ VHOQVRUV 5RWURQLF 6\JURPF
5RWURQLF $* %DVVHUVGRVS$HE@WMWEHWD 0BG 5+ ZHUH PHD
XVLQJ D ZHDWKHU VWDWLRQ &DPQ@EHOZGIRILHH @ WD MYEURNE B S\t
URRIWRS P DERYH JURXQG OHYHO DQG P QRUWKHDVW ||
VHQVRU DGG39DLWDO D VIWPH WIMHQV EYXHEOATIHYAW S+ ZHUH PHDVXUH
9DLVDOD +03 ' KXPLGLW)\ DQ ®WHKRSIHDWD W QR UWH WHRERORJILFDC
ZLWKLQ D NP UDGLXV |1U RPWHK M 19SS P W MWRDWRRRILFDO SD!
E\ ®DLVDOD :HDWKHU VWDWLRQ GDWD DFTXLVLWLRQ V\VWHP

3. Derivation of the new proxy

We applied the following equationto describe the timevolution of gasphasesulphuric acid
concentration

XA 1Ey?

L GX*25 L?E G, 2#HG RBAF % 5 55?F G*s535% (1)

+H UMU H S U RVIEEIROAM VL F L 16 @ S/URRIGHX F WE R IQMERIBRY RZQ 82 UHDFWLRC
3HWIM| HWDIBELW KRHIILFEBQWURIG X FW WOE KQDHIGHH ,QWHUPH
V& SURGXRHWKH R]JRQRO\VLODROCLQONHYHBBUH ZIDY)OMLWDEOF
PRQRWHUSHQH FRQFHQWUDWLR®@ +0WDE WK IS\URJ\HI RUK B GNRHPQ B
LQ WKH ERUHDO IRUBINROBQWURQPHQW +HOOpPQ HW D&U

%BHLMLQJ XDED/IRPLQDWLQJSNVURRDMIEFPBIONKMQHRHQWY DUF
QHLWKHU $JLD ODULQD QRU %XGDSHVW WDHE EOHCHEHS POMHH W K H GS
VRXUFHWHVRPSRUWDQW WRHQIR WLHH K MAUEER GWKABNP L\NDRMELUHRVP

SODFH WR SODFH G XH QNRWEXDEUBYHABHM QW SURGXFWLR
GLITHUHQW DO NRWQHODSHFWHB O 67LKSH. G\ KHLWI GD @THKWDRV L R Q
UHSUHVHQWV6WR®WR BYWRILOJ DHURVRO SDUWLFOHV DNJRRZQ
LV FDOFXODWHG ER\6PHKEDOFLXSID WHIG W B HWWKX &Y K KX B R EVAEHENSEK X I/ W .
DFLG PR QKMHIR X UWRX\WWWR G ILQHG DW WE S KRIDEFB R QRFFIH Q W U
PXOWLSOLHG E\ FOXVWHKYLQTXDRME HREWLBROWHSIUHVHQWY WKH F
VXOSK¥UWIGFPROQRPHUVXIRYBPEQIGHEL PKAFYR XQG WR EH WKH ILU
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DWPRVSKHULF FOXIVRVHW IR R B WH RRQJ HV DWH.W MORMURP DFFRX QW
ORRV 62 GXH WR FOXVWHU IRUPDWLRQ QRW LQFOXGHG LQ W
EHFDXVH &6 LV RQO\ GQVNMUULLEX WLR® WPHBVXUHPHQWY DW PD
QRW FRQWDLQLQJ DQ\ FOXVWHU FRQ¥HPWNUWHRYV TKQE KHQ
WKH IRUP RI VXOSKXULF DFLG GLPHU SURGRFWDRKY WHKL FR UV
RQFH VWDELOLKO® E® B HWH\D O $OFHR. GBI HDVWD D O

6LQFHDVXW KB&JFR QF H QUWKD\W DRI@ HLLMING G DEIHWWKEI %U D G LD W L R (
LOQWHQ@KLWK KDV EHH@NRRRZ G WRRKERAR Q F HQ WAHUNLRKHLP HYV
/X HW DO 5RKUHU D G® IR H WXSPBHHH@®R W P H D@XOWH G
WHKHHHOG \FRRGLBW $06/ KU QBEI/RIESHEIR PP RBPIOD VXX WHEYGV WR
FRUUHODWH ZHOO ZLWK 89% DX 6@ YIHRWEHIDNOO \HWHSODFH L
FRQILWPKHHE URRUUHBEBWEIRI® UDG DMWRREDO UD GLZRVOR 6DMWYL R
+\WWWLDMBHLMLRWAHA I $SFFRUGLQJO\ WWHKHH FIR FUHLISFABIRHW WKH F
+62 SURGXRWHREWDWLRE SURKHYEBLRQ OO R E 500G W K HWSRU EH
FRQVLVWH Q\IRMIM \OERFDUML BRDW ZDV QRW PHDVXUHG $JLD Ol

x>A 1Eg?
x¢

L G)HK>45@?E G, 2#HG RBA?F % F:55?F G*5%% (2

%\ DVVXPMVQHDGENWDHEHNSURGXFWLRQ B 6L FRRVFW QWE® VELHR Q
VROYHG GLWHFOWOLRQRP

] 5

> <7 5 . 6
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In order to evaluate the importance of each of the source terms in determining the change in sulphuric
acid concentration, we refitted the data after excluding tdtglized Criegeentermediates source
pathwayas shown irfEquation 4.

XA 1Ey?

L G)HK>45@F % Fc55?F G*:557 (4)

In order to evaluate the importance of each of th& terms in determining the sulphuric acid
concentrationwe refited the data after excluding thess of sulphuric acid via the cluster formation
pathway using Equatiof

x>A 1Eg?
¢

L G)HK>456 @PE G>1,2# HG REA?F % ¥ 4547 (5)

we alsorefitted the datausing the simple proxy proposed by Petdja et al. (209®xcluding the
formation of sulphuric acid viaabilized Criegeéntermediates sourgathwayand loss of sulphuric
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acid via the cluster formatiqmathway using Equatighand evaluated it by comag to the original
Petdja et al(2009) proxy using Equation 7and Mikkonen et al(2011) using Equation 8The
calculation of thescaledreaction constarkused in Equation B given in thesupplementary material
section 1

X*"-X"QE()?L G)HK > 45 @?F % 5 45 17 (6)
ATE? | SxTsr? T)HK > @242 5 1,2 HK > 42F@6 5 45 1 ? (SeePetiji et
ak2009)  (7)

> 55?L z4s Tsr’’ G)HK > 45 @460 g ;2487 (8)

7KH HTXDWLRQV GHULYHG IRU HDFK RI7WHMWWL®QH\FEZEHMEL EHH I
REWDLQHG E\ PLQLPL]JLQJ ORHDVUXW RP RH\WMWAHIHEIDWHIR SUR[\ Y
PHDVXUHG VXOSKXULK\WDFRQLE WIRKY PHHQWK BIDMBURQFW HEAHDB EEX\L O G
LQQRWPRQVHIOWBR/$% JLYLQJ WKH RSWLPD O THiddatxversvadsR U W K |
subject tdl0,000bootstrapresamplesirgwhen gettingeach othek values as a measure of accuracy
in termsof bias, variance, confidence intervads prediction erroEfron and Tibshirani, 1994)Ve
accountedor the systematic uncertainty Ho.SOQ, andpredictor variabls. For every bootstrap fit, we
assumed both #$0; and all predictor variables to be affected by independent systematic errors
between its lower and upper accuracy limits. More details on the bootstrap resampling method and
uncertainty introduction can beudnd in the supplementary informatidihe median,25" percentile
and 7% percentiles of the coefficients are shawifor all locations together with the medilamalues
in Table22. The mediark valuesfrom the bootstrap resamples weageed in the equations for deriving
sulphuricacid concentrations at each skguresS2-S6 present the correlation matrix between the
different variables participating in28Qs formation and loss all locations ,Q % HLMLQJ WKH $
$92&V KDMNMHIBQW SDWWHUQV LQ GD\ DQG QLJKW ZKLFK IRUFI
GD\WLPH DQG QLJKWWLPH 7WKH RE CRIH®YWRJR MEIMIGEANW IDQIGZ D
HYDOXDWHSNXIW.K L WMRHPDWLRQ FWWKWHRK LIIRQYVR IIXRFD&HYV WK
LQ HTXDWLRQV DQGWKHAKWDIPSQWPIWH]BIQR MR WXV EHU |
SDUDPHWHWAWY LQ WKH HVXPWRRE TXMUEH @/ KHH/ W L PG MY RW LHRUQ
SUHGLFWHG | $RB LFFAEWXDODOLEN W RP WM WKH TXDOLW\ RI HDFK
RI WKH RW DKW PBRKRVMOVGHY PHDQV IROFRRGHOWKIOHFWLRQ
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4. Results and Discussions
B 'KH VXOSKXULF DFLG SUR[\ IRU +\\WLIOI 60(%$5 ,, VWDWLR

Figurel shows the scatter plot between the observe&fidconcentrations and that derived by the
proxy using the full Equation Z’he correlation coefficient was8k-84 (2089 1860data points)The
data were related tel®ur medians, as the monoterpene concentration was measured only every third
hour. In Figure 1BD, the proxy is refitted after removing one of the source or sink terms (Equations
4-6), in order to evaluate the sensitivity of the proxy to each of the terms and to show the improvement
of the proxy using the additional source and sink (f&dLA) in comparison to the simple proxy that
was used by Petgja et al. (2009) (Figure 1D). Our results show tlatetip@tion of additional terms
of HSQy formation (i.e. thestabilized Criegee Intermediajes®nd loss (atmospheric cluster
formation gives the new proxy the ability tccuratelycapturethe diurnal variatiorof the HoSQy
concentrationdemonstrating a cleanprovemenbverthe earlier physical proxy (Petaja et al., 2009).
, QLIXUWWMVKH FRUUHYV SREKRZAVINGBEMY NWEHPXDWLRRH FRUUHOD!
L V-3 Q- HAVPOEOWMMIXGID N O W KD QWZHKKRKO H TYHAWLRRUH L PZAHR UW D (
FDQAERWILWEWAWULEXWLRQ RI WKH DONHQH WHUR IXRENLKH VX
DV WKHWRWWR LQ DQ XQSK\VLFDO FRHIIEBMWHIDWHNMDIED WKW H
ILW IDLOV WR FDSWXUH WKH GLXUQDO SDWWIHW XIBXULYWGO
WKH GDWD ZLWKRXW WKH FO X WYNKHHU F\R i3 R i FOHDIEW. HIRRE/K ( TRK D YL C
\HWKH JRRGQHVV RI WKH ILW LV QRW DV JRRG DV ZKHE OHKH |
6 JLIXH)XUWKHUPRUH ZH GHWUYRG HTX DWEGR Y DRQMA &6 |
K\JURSEF JURVYDWWR HW W8 EH XVHG ZKHQ FDOFXODWLQJ D
+\\WLIOI 7KH GHWDLOV HTXDWLRQ DOG UKYRORMDMWILRK VKR X(
6
1RWH WKDW ZH RSWHG IRU GHULYLQJ D EXON SURJ[\ GD\WL
LOGHSGHOQW SUR[LHV RQH IRU GD\WLPH DQG RQH IRU QLJKWW
HTXDWLRQ LV DEOH WR/ XJ]S ®XFUGFWEBONHNWH\RW LDOQIG QLIKWWLPH
$GGLWLRQDOO\ VHSDUDWLQJ WKHEXDWLR DX D WH YRX0 WQY/WIRQ W
SDWWHUQ RI RQH RI WKH SUHGLRWROUOXHDGXDEQHY: D)\RVU RKD VR
RI JOREDO UDGLDWLIR@ ORKINOWKMKBDWORH RI DONHQHYV 7KHUH
UHIOHRM WIKHXKP RI VRXUFH DQG VLON WHIGPROK K UERXX MK RSAWMR
$GGLWLRQDOO\ RQH EXON HIXONVRUGFARQB HQ MW WIRWS RIDFLE W
QLIKWWLPH ZLWK KLJK DFFXXDWKHMOBEREOXNVYHG LQ VHFW

7KH ILW ZDWHBEHGBKWR XOSKXULF DFLG FRQFHQWUDWLRQ LQ V
FOXVWHU WHUYPW )LJSHWKDSY GXH WR ORZ FRQFHQWUDWLROQ\
LQ +\\WHIHQIHW DA QDOO\ WKH FRUUHVSRQGLQJ GDWDP DIQ\K R >
FOXVWHU IRUPDWLRQ VRXUFXHUWHKRRZV (DXDMOLNRKU FRUUHODW
PHDVXUHG DQG PRGHOOHG VXOSKXWEXWDERGH-RPFRQWNQWQ K

I[URP WKH OLQH GXULQJ ERWKUEB)\WA PW DY G PCIRIKW/INQAW HV
WKDW ZKHQ GHULYLQJ WKH 3HWIMI SUR[\ 3HWIMI HW DO
$SULO DQG -XQH ZKLFK FRXOG H[SODLQ WKH PLVILW ZLWK

WKH ZKROHH\BDDWR ILIJXUHV 6 DQG 6 IRU VFEFDWW 8 B KSKIUHGW V|
FRQFHQWUDWKHRW V D LA VDK ESHOWM M INDHONGE DO NN R Q H QUHHW SSHF W LY F
,Q JHOQKWULDAO DOO IRXU WHUPV LQ HTXDYWHWR@ O OV IRRZAWVH UPBSRIF
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(TXDWLRQWY WHUPV RI QRW RQO\ FRUUHODWLRQ FRHIILFLHC
PHDVXUHG DQG FDOFXODWHG FRQFHQWUDWLRQV Rl VXOSKXU
D EHWWHU JRR GQKR/ZQRIEQN K H) L DWUBEWEH Q XVLQJ WKH $,& VWDW|
7KH ILQDO HTXDWLRQ IRU WKH ERUHDO IRUHVW HQYLURQPHOQ

Bl 6 XOSK¥RULG SUR[\ DW D 5XUDO 6LWH $JLD ODULQD &\SUX

6LQFH ZWKBHR -G LUHFW PHDV X UHRIHQ VD IRH GRDG FEHM [EQ XGH WK
RI 62 LQ WKH R[LGDWLRQ E\DW&H UWHR R GMKARSHDRGD \W LB R +
SUR[\ FRQFHQWUDWLRQ 7KH FRUUHODWLR QDBHVRIGRDDWKH P

GDWD SILGMLR ZV WKDW)SWHIEELFHWR/[H—IV ZHUH DEOH WR H]
VXOSKXULF DFL® [FBISEIROWWAHD WA RIDIQFHRYL IXUHRZHYHU WK}
VORSH GHYLD\AM-R\OLL(DFHPIZWK[BIIG EH D W VDS IGEXWR R@DWIRLARKD QL VP V
WKDW ZBRAREORBGH ZLWK WIRH HWHW H@MHGEDAGDWLRQ RI WKH F
VKRZYRWLAERPBSE®RNHPHQW RYHU WKH %L BS 0 H7&HRA O X \QM)H U XQR!
VWDUWYV WR EHFRPH PRUH LPSRUWDQW L QVVERIUHD® U RO HVQW |
FRXOG EH GXH RRFBQWUBRMERQLRIQJ EDVHV LQ $JLD 0DULQD
$OWKRXJK FEIRWKDIWHDRSQ VKRZ VLPLODU GLXUQDOWDWRGE QV
ORVV WHUPBBEKBXWR HU IRUPDWLRQ LPSURYHG WKHWUHFLVL
$FFRUGLQJ WR WKH VWDWLVWLFDO $,& PHWKRG- WKR-JRRGQH!
ZLWK DQG ZLWKRXW WHHS FG W\ WWHORLZQU AVIH PRI HYHQ ZLWK
DONHQH WHOWPG WEKRMBBEZLHQWY LPSURYHG WKH SUR[\ LQ FRP
DQG OLNNRQHQ HWVBBMAQXMOH6 DQG BKH ILQDO HTXDWLRQ IRU
FDQ EH IRXQG LQ 7DEOH (TXDWLRQ

Bl 3UR[\ IRU XUEDQ H @ XIGIDFRSGRONDN \

1H[W ZH WU\ WR XQGHUVWDQG WKH PHFKDQLVPV RI VXOSKXL
FRPIS[IQYLURQPHQW VXFK DMJIJXUEHNQ %BRGBSEWWUIKYR GLUHF
PHDVXUHPHQWW KR4 QIHQ WHKGIMVL WD WFURF WHM SHEOKY RU DQWKUR
RUJDQLF FRESRMQGEWG WKH VXOMSKXRG DK H GYRSEKE W\CAE LO L] H
QULHIHMHUPHGLDWH SDWKZM FRP $QUITOW WRQW K H%VEP SOH ¢
262263 data points W FRUUHODWLRQ EHWZHHQ WKH PHDA2XUHG I
LPSURYHG ZLWK WKH DGGLWLRQ Rl WKH ORVV WHYP7IGKH WI
FRUUHODWLRQ EHWZHHQ PHDVXUHG DQG PRGHOOHG YDOXHYV
FRPSDULVRQ WR +\\WLIOI DQG $JLD 0D WIRQD PRALH K RRSOIE[ HH
DQG DGGLWLRQDO SDWKZD\V RI VXOSKXULF DFLG IRUPDWLRG
62 FRQFHQ WKDWLIRPOG /K HRF DPISE LSIRVVAEW WR VXGGHQ FKDQ.
PHWHRURORJ\ DR DWU ZEY¥KWRFRDXO/G DOVR H[SEOHH QLWXWBIHZ 6 D
7KH ORVV WHBPGERHUWRDWLRQ LPSURYHG WKH SUHFLVLRQ RI
WRKHPSOH PRGHO THWZMDBWRLOWKKH 0LNNR Q H6(H BIWMIRQV KR Z Q
LQLIXUBH DOG 6H WKLQN WKDW WKH FBHNUSNNREN PEDHAFIDR(Y H- @R IV
GHSHQBK WKHEBDWLR 7KH SURGHIWM RHEGILQ@BOGALIOI DQG ZKF
VDPH FRHMIRF®%XGW S HV W HWV.LLPYDHAHIGL FRRIGUS D QMHEHB/BRLDRIDY G H
62 &UDWVR/PDOOHU }IQ]%XHEDBMKRMKIK S UR [\HGHEAHRNNRS HQ HW
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KDVKRZQ WR ZRUN LQ YDUWQJF GPNUDR RFYHHQWSHKIEEGW H
FROFHQWUDWLRQ LQ %XGDSHVW WRUGHHSUHKQIESHQ Sk HROWNPRIN UG-DI
DOVR YLVLEOH INREGNKDWUMKH DGGLWLRQ RI WKH GEPMWWWHDW
FDSWWKIH O F2HRQFHQWUDWLRQV LQ FRPSDULVRQ WR ILWWL
WHUP ,Q FRPSDULVRIQDWR &RMWKODWWQD WKH FRHIILFLHQW D
LQ %XGDSHVW LVZKQEBKKRDOY VEHI1E MW HD BWR MNKHRD YOD SRV V L E ¢
FOXVWHULQJ GXH WRI KMWREBEUORFX@GER¥HV VXFKGDVFEXFVGIGVL
VHFWLERQ7KH ILQDO HTXDWLRQ IRU WKH XUEDQ HQYLURQPHQ)\

Bl 3UR[\ IRU OH%DBIEMER®LQD

,Q PHIDFLWLHYV LQ RXU FDVH %HLMLQUIV WIH W XIOXSXXWa F K
QLIKWXKUAFK FRQILUPV WKH QHHG IRU GHWHUPLQLQJ WKH F
UDGLDWLRQ WR LWV IRUPDKWVRH 2K H RRERHULY IDBAKIVRICRQ HRPISW
ZLWKRXW FRQVLGHULQJ WKI.OREBRBPWRIJZKHRXRXOFRR QBMFW O\ 'XL
LV HQKDQFHG GLPHUL]DWLRQ DQG FOXVWHU IRUP B RIQ &®>XCH

:H DVVHVVHG WKH GHULYDWLRQ RI WKH SUR[\ HTXDWLRQ
VHSDU DWIBOANR XOXGF KV ODWHSDUDWORXQS KWHIFWHNILOFH FOXV!
YHLMLQJ KDSSHQV PRWWRX GIXW D@K L&/DREVMDFOH ZDV DOVR
GHULYLQJ D EXTRWWHURBRPWNARY DQ XSSHINYDPXW CRBBMKH QHG
IURP WKH ILWWLQJ*RREID®LIPA GDKMHDUHDVRQ REY HMXHFKWD Q C
WrREHN L ERQVW XFK D FRPSOH[ HQYLURQPHQW VXOSKXULF DFLG
WKH RQHV ZH DFFRXQWHG VMRHY FILO RX\U GEDJORERX G DVRKRIOAN KWK U R
K\GURRBRZLURUPHG IURPWISFL[RCFHVD’HH\HW DO $¥D—@—I‘—5‘HWOW

JJ—K—R—ZQ—)—IH—X—U—IB%—@QD—G—G—LMM\IHQHV RU YRODWLOH RUJDQLF FI
DUH GLITHUHQW IURP WEKRE H GXUIL YD Q L EKAKWAKMHIHR XIDGV RID \D W
WR D GLIITHERHRSRVOWHERDI) WKRVHWWHPHLINRJIJHOD@JDHW LDXa W\

+tRZHYWKH GHULYHG GIHMDYH®R QURP LWSDEQH GDRVBUHGLFW W

QLJ KV\X/\MDPSHD)FULGFFRQFHQWMX)W\HJH:{UD\/ IZOOWXJ—IECPLR&JHHFWLR—Q—RU

—DQG—Q—H—K—W—W—L—QH—*QRESDG P

,Q JLIXUMHH DQ LPSURYHPHQW RI WHKHK ¢RP SRR XIBRVINRD] \
(TXDWIGRHQY L Y3HONVHEWI DO DV WKH IRUPHU WDNHV LQWR WKH DFF

DQG VLGMN2 RKLFK ZHUH QRW FRQVLGHUGHG! DD BREHEIRXNM Z
,QWURGWBDQHQH SURGREWRR ®G/FH WRB FN K62 F R Q F H Q- W@HDVK MR

+RU-GCDBD VYW YRHOBROGODEBINK GD\WLBKWRNUIRHBYG ZKLWXKSSRUWYV
RXWVVXPSWIHOBBIRUPDWLRQ GXULQJ QWID\HM@.LIPI].HHGEIVHGLQLWH—HKDPHH\'

,Q)LJXUH ZHL}?EHUVWPOI-QFH RI DOO VRXUFHV DQG VLQNYV SUH
(TXDWLRQ SUHGLFWV EHVW WKH PHDS\GGILHGL R X0 80X UD F FIRF
VWDWLVWLFDO $,& PHWKRG XVLQJ WKH |XGG XHDF WLRGE HWDWY
HVWLPDWXQS HMWKUHGF F R Q F HIQMWAIBW LRRU H R WHIUV F @/HKBIUD\G KD W L R
WKH FOXWWH® YHOINFLW\ HQYLUR QRHRIGBW Y HU AR ® MUH.E YGXIHR Q



491
192
493
194

495
196
497
498
499
500
01
502
503
504
505
506
07
508
509
510
11
512
513
b14
515
16
17
518
519
520
521
22
523
624
525
526
27
528
529
530
531
532
533
34
535
36
537
538
539
540
b41
p42

+62HVSHFLDOO\ GXH WR KLJKHU FRQFHQWUDWLRQV RIPVWDE
SDUWLFOH FRQFHQWUDWLRQ DUH3KRK KW KXW L@ B ® LHTHMY:-
IRU WHKID FFIDMD\ EH IRXQG LQ 7DEOH (TXDWLRQ

Bl 3UHGLEFWLYH SRZHU Rl SUR[\ HTXDWLRQ

(DFK RI WKH SUR[LHV RI WKH ERUHDO IRUHVW HEWHYRWHABAQW
SUHGLFWLYH SRZHU RQ LOGHSHQOGHQW GDWD VHWV XVLQJ HJ
PHDVXUHPHQWY IURP ORFDWL R@\K M K® & ALGFF R Q) FFHKQW D DW H £
RI WKHVH ORFDWLROV LV PRGW R PHE XIVQ QNI SHKUR\HRPOUZFEMD WIQD IR
VLIVIG FRPSDUHG WR WKH P HON GUHHGE YENGIERSER UBAKE RREG W Q W U |
XVLQJ FRPELQDWLRQV RI N YDOXHV DV ZHOO DV WKH ¥
VXSSOHPHQWDU\RVOHRWRDW WVRIOH WHVWLOJ GDWD VHWV DUH Q
RU XQFHUWDLOW)\ DWGBIGHW XR/®IG EXW VD LR UDHVWLQJ WKH SUH
SURJ\

%RUHDO IRUHVW\WQYQAIURQPHQW

JRU WHVWLQJ WKH S BRGJIHMNG YRUFERDNMU. RBWKH DQ LOQGHSHQG
GDWD VWWHWPRPPH ORFDWLRIQRBDODVXWRGXORBHYXOWW KKR Z
WKH PREGKOOSKIGUWIGF FROFHOWUDWLRQV FRUUHODWWXDEERAUBF
FROFHOWUDWLRQV ZLMMK WKWOWR SN WIIXUBDAWDE YVRWHRYHU ZH
WHWWKHGIRXU ILWYVY RQ WKH WHVWLQJ GDWD VHW L H WKH IX
&ULHIJHH OWHUPHGLDWHY VRXUFH (TXDWLRQ WKH HTXDW
DQG WKH HTXDWLRQ ZLWKRXW, QWIHWIIR HG MDRWHH & WWREXUOA H HBR & U
(TXDWLRQ DOG IRXQG WKDW )LW (NVOOONELKRE GFERIY MWH QG W/1WL
LQ FRPSDULVRY) WRHWMKIHK DXEVAIRONKH GLXUQD® FFXO®MWFD\DEIRG
B WKH (TXDWLRQ ZKLFK FDSWXUHV EBWK QLJKWWLPH DQG C

6HPXUEDQ ORFDWLRQ +HOVLQNL

JRU WHVWLQJ WKH SUHGHXEFEWML YHD SRZHRX @G WKW HZ I RN DX
LOGHSHQGHQW WHDWHIER U EDIRW D WIHRN) 1IUR B PIVIVXNIH-GODYRP QG

WR -XO\ GXULQJ GD\WWLPH *OREEKBIGUXUDOFEDENJURXQG VI
LYV XVHG DV WKH FROGHEOROMHRWUDVDOINR DOV G BFBWKH WHVWLC
LOWHUTXDUWLOK DASIDID RRAHRKPLBKRBB Q WAMBHV K GBW YV VKW E RXKR W
WKHRGHUREBSKHXWUWGFFRQFIBQRWRRNJIBREBO@® LQ RWKHYE ORFDWLRC
WKHDV FRXOG EH DWWULEXWHG WR WKH PLVVLQ@IXMRXUBEH
,OGHHG ORRNLQJ DW WKH ELAAOWKGE Q5 QY BK Q7 U@ MHR RSM KOOW CD
VX0 S KRQLFH Q WMHIWGEL RVRVV SD OQFWKB OO\OMXKHH GLVFUHSDQF\ EH
DQG WKH PRGHOOHG FROFHOWUDWLRQ LYLVROBDORWHWWWBOQ W K
PRGHO SUHGLHWWR © DHMHIEWMB W WAKKOHR W IPERKE HD QB BROFHOQWUDWL|
D VLQJOH SPMUOW LIOW MH XD F H UYADBOLYRW\ W RHNU X UDO EDFENJUR X(
IRXQG WEIDW IV AWM HU GHVFULEHG ZKHQ LOWURGXFLQJ

)LIXUH 6
OHIJDHHWMLQJ

JRU WHVWLQJ WKH SUMHGIOFFRIMARH SRZBWRR QUKHH DQ LQGHSHQG
GDWD VHW IURP W KoiH VNPIPHINORPHEW BIRRPPP EH W RFW R E H U
SHVXOWYVY VKRZ W K\DIWD KB IBFARFFRHIOCFAHIDGVUDW LR QV FRIUW K ODR\H
PHDVXXIDG KRQIEHQWUDWLRQV FRW K PHVW R 8 W/ IRY USGIHOWIR VR W
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WKLV VWWHMWHAKE WKH IRXU ILWV RQ WKH WHVWLQJOGDIW\X MW
WKH 6WDELOL]J]HG &ULHJHH OWHUPHGLDWHY VRXUFH (TXDWL
(TXDWLRQ DOG WKH HTXDWLRQ ZLWKRXW QHLWKHU WKH ¢
FOXVWHU VLON WHUP (TXDWLRQTXDWQRQARXDBIGVWROMIE KXWV LW
DFLG FRQFHOQWUDWLRQ K] WKMHS B DA U RQRTRKW KGIL B WO F\FO
GHVFULEHG E\ WKH (TXDWLRQ ZKLFK FDSWXUHV ERWK QLJK)

LQGXVWULD®OSDOBRWL

JLODODHODWHVWHG WKH SUHGLFWLYH SRZHU RI RXU GHYHORSHC
DUHD LQ FORVH SUR[ILBRGWANHW R VO/PHEGSIBODVK M KH ORFDWLRQ O
LOWHUTXDBWMWXHH RBOBHDV XUMHMGGLY KDWV PIKODV XUHGDEQHSBLD
JLIXUH7TKH BROFHOQWUDWLRQV DW WKH PHIVEBWKHOWVY LAV HD Q
ODULQD EXW VPDOOHU WKDQ WKHGRQWYROBDOROWNEAKBHREAYV bb
FROFHOWUDWLRQV DW LWESDOW KW LU DAKIH R IDW K FDWHWRHR G IXWVRHU
WKH JUHHQ EHGEWUQH AKX HVISBIORUGLQJO\ ZH WHVW WKH SUR
LOSLODKWKXWG DWDX\OHWW VKRZ WKDW (TXDWLRQ LV DEOH WR

LQ .LOSLODKWL ZLWK D KLJK FRUUBOWWGLRPQ AFIRUWH INMAE LRVDRAH U5
W KHW (TXDWLRQ EHVWFBWVFQGEWNVNO WK HO WRWKH/ KOHRFDW
GLVFUHSDQF\ EHWZHHQ WKH PHDVXUHG DQG WKH PRGHOOF
SUHGLFWIRRQOHWMYRWKD D S RRIQWR/HR®W 7 KLL\K R iE V6N/UFRDOWLLRVQNV F
ZLWK WKH GLXUQDO FXRIEBRU)\RBRXDW BJ + 17 ZKHOPWBWXUHG

VXOSKXULF FROESHOWURXMMRKDY\ARGIHO ZDV XQDEOH WR SUHG
DEFEXUDKMHHVH KLJK FRQFHOWNWWDMEXRHGZWBHDLU PDVVHV FRPL
6DUQHOD HWOBEBHGURXWZDYV QRWSOWE@RVR LOIXTHOB\ELRIHQ
DONHKRPHYWXFK DQ LOQGXVWULD & RXUHARKEDWGON KDUBB R HHIQQ F5 H V
WKH PDIJQLWXGH RI VXOSKXULF DFLG FROFHOQOWUDWLRQV LW
a V WKH LPSIDAW2RMHPLVVLROQV FDOQRWEHUUXOHG RXW

EEENd O6HQVLWLYLW\ RI WIKE \BRIRYHMDRG W K B N

The variations of coefficients related to Equation 3 can be used to get insights into the general
chemical behavior under current atmospheric conditions, as well as into the mechasisipisuic

acid formation and losses in various environments. The contribution of different terms in different
locations seem to vary significantly. The new loss term taking into account clustering starting from
dimer formation needs to be taken into agtan all the environments in daytime. On the other hand,
without alkene term it is in practice impossible to get nighttime concentratorect

In Table1-2, we have presented the fitted coefficients (&tpn 3) for all our sites, whereas the
contributions of the different terms in the balance equation are diwemg daytiman FigureS-11

and Table23. 7KH FROQWULEXWLRQ RI WKH YDULRXV VRXWBLRH DQG
FROQFHOQWUDWLRQV DUH GHWHUPLQHG XVINDOPGYRDWHRQWRJIKI
ZLWK WKH P&DV&E WMEGUDFH JDVHVY DQG *ORE5DG SHU VLWH Zl
WHUPYV 6RXUFH WHUPRBDIGE@® \>BRAXMER UH[HAR® WRIOWNHQHG@
>620 VLQN WHUP[ >WRIGLQ/GCWR QIN WHUP WBRI@UYKWRFRQO W BHE
RI HDFK WHUP LV WKHQ FDOFXODWHG DV WKH PHGLDQ RU SH
WHURKWH YDULDELOLW\ RI WKHFRHAHDEL BY WWKH WH@HDWLYH FR(
WR WKH WRWDO VXOSKXULF_ _DFERBXBPRQBEFHWWUYDWKRE O H DIE®It
PHFKDQLVPV UHVXOWLQJ LQ V XO 3Kskhdy btaiz FHqGatidR R) Riiz\wbuiee® D Q
and sinks are in balance with each other during both daytime and nighttime, but there were clear
differences in the individual contributionRU LQVWDQFH NIFFRODQWGEDEMHALEBRHL QY R Y|
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LQ 2+ VRXGPRPHMPY $OWKRXIK LQ XUEDQ ORFDWLRQV 2+ VL

WKHUMWMRIBEH ORZHU DGGLWLRQDO VRXUFHV RI 2+ DUH DYDLC
=KDQJ HW DOk alkene/Criegee intermediate term was found to be an impori&ax H

source (Figureg, 2, 7 and8), as without it we are not able prednght or morning concentrations

of H.SQy properly The alkene source term contributed up to almost 100% of i8&tsources

during nighttime in Beijing and up t8290% of the sourcesiurlng nlghttlme |n Hyytlala%able

2F|gure Q)

mtermedlate ternshowed i$ importance mostlv When qlobal radlatlon is low, not only in nnmlett

but also during wintefFigure P) in both Hyytiald and Beijinglt is important to note here that
Criegee intermediates vary between locations, they also form in different yield percentages from
different alkenegNovelli et al., 2017; Sipila et al., 2014)hese stabilized Criegee intermediates also
react differently under different environmental conditions.

The CS ternhad the highest contribution to the tatadk in Hyytidla. ts contribution decreased when
moving towards more polluted environments (Figli® to become in Beijingregardless of the
relatively high condensation sink in Megacitismaller than that of the cluster sink tefloaakso et

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

might be attributed to decreased effectiveness of condensation sink in more polluted environments
(Kulmala etal., 2017) but also to increased contribution of the clustering sink term in such
environments where the concentration of stabilizing bases is higaestularly in daytime <DR HW
DO <DQ HW,WO/KRXOG FPHI MRXNHHE MEKVDW R1 DPPRQLD DQG
UDUWRKHLU H[DFW FRQWULEXWLKRH AWXG MM HLLF XMW RN RV HNRW DRSD
GXUNQUG@IWLO H\\WILOXUHS & ZKLIPRNK WKH WLPH ZLQGRZ GX
FOXVWHWIKQGMD GGUWLFOH IRUPDWIGPDQHAMW BQWYV KD BGi HW D C
same is observddr Beijing, where the clustering term contributed a@@% of the total sink terms

during daytime (Figuré2-D) especially during summer when the CS is lowWPsing et al., 2020)

5. Conclusionsand recommendations

6XOSKMELE LV DSMIBWHDWRPSRXQG OLQNHG WR VHFRQGDU\
DWPRVSKHUH 7KH WRQBEWFWEOWLWRHRUIDYV SKDVH LV JRYHUC
WHUPV ,Q WRHVLSMHSWK ZNWRXUBRWD QaHU VY AEWRIKAVLFDOO\ D
VRXQG SUR[\ IRU WKH VXOSKXUPHDFLGHFRGRWODWOWLGRF?
LQFOXGLQJ ERUHDO IRUHVW H QU XWRD@PH-QGN. WH UNJLDIDGH D)@ M
DUHD %XGDSHAMW FQVG : K-HS M 16 U L BFALKIDIQWHOW QS K X OIS DX GF

FRQFHQWUDWLRQ XDW W\RZFRN VIRQWEK HD RARU P V SKRWRFKHPLFL
DQGVXOSKWFUGFRULJLQDWLQJ IURPDFONIRQN DQVG DEENRORHHIO W H (
UDGLFDO SDWKZD\ )RU WKH VLQN WHUP VH PIH ARIQRIVEE®! (GHHY F U
E\ FRQGHQVDWLRQ VLQ/NOB®&UGEPRQRBEWHKE RH WR FOXVWHU

,Q JHQHUDO WKH YDULDWLRQ LQ WKH HQYLURQPHQWDO FR
SROOXWDQWY DIIHFWV W KW KFHRIJHHIR BHHQW \L \G HP S RH & IDIME W F
FRHIILFLHQWY 7KH G H ULQWIG WW H HLFH.GIQWD/O JE X BIQICE W® HE H K I
PHFKDQLVRPUSEI¥UGFIRUPDWLRQ DQG ORVVEV LB SURYLHPHQWY
SURXNMO\ GHULYHG SUR[LHV62ZIRW R R XM R/QK S DIMOK\ZHDQ HLW LV LQ

WR JHW QLJKWWLPH) ARIQH HRQVWKHE G R QUEFRRVMGD @ HUP WDNLQJ L(
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FOXVWHULQJ GWPHRWPQ YMB®R EH WDNHQ LQWRHDFERRQWHIQQ
HVSHFLDOO\ WKRVH ZLWK KLJKHU FOXVWHU IRUPDWLRQ SURE

7KH FRHIIGRUKERNVGRW BEVWDQWLDOO\ EHWZHHDKW KSHREDIGH U F
WKHUEHRYBIMR FDWILWRVQR GUPRD VX UH B QWLNOHIGHWKDWLUR QP +
FRQGLWLRQV DUH D S\SRRVHOPRQHH @1 WIKFH. OFDXU URWH W SHIVIEIUE B
WH SURFKEE KW WRL GHI0R IPHHIGW D VRMW62 FRQFH QW WIKWER @R X O G
HVVHQWLDO LQ SHUIRUPLQJ Y D@ LRXHNLW B \GRUWUH /& D QRQ
FRQFH QWD WH RROR/P HQ G KGR-MXMRIH QLR LEEBDWAHVV X OSKXULF DFLG F|
DUWLUHFWO\ PHDVXUHG UDWRIRUDW K B Q GA VG BKIHWAKKER REMXEIL H V X
GHSHQGV RQ WKH DYDLODEQORDNMHRD OWKHQ BY VRV RWK WILW IS U R|
VXOSKXULF DFLG LIVWRHREDY R UFHRGH MKHRIXEDEEWEAQGT R DW LR Q Q F
QHLWKHU DONHQHV QRU WKHLU SUR[LHV DUH PHDVXUHG EXV
WKHUHIRUH WKH SURID QREHGENW L BB (RIXOWERQPBISKXULF DFLG
PHD V XRIQH®RD O F X ODXYVOH MMKUIGFSUR[\ XVLQJ WKH (T X®DHWEIHRIG L RU
RZKHWKHU WKH DOQNBEEHGRW O R WK DWHEB\HS AR WILY HIOHQW YV VXJJt
ZKLFK DUH UHOHYDQW WR WKH VLWH RI LQWHUHVW ,Q RUGH
— FDQ EH IRMORBBEU WR GHFLGH ZKLFK GHVFULSWLRQ ILV
LQVWDQFH LQ FDVH WKH FRQ G HIY® W [\R QD QIGQ WRRNQEH QV\& 1 1D @/
LV ORZHU WRRQHFKXOHRRHIPLFLHQWYV RI +\\WLIOI RU WKH ERUH
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Tables and Figures

Tablel Equations forsulphuricacid proxy derivation agach of the measurement locations.
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Table12: Coefficients used in the proxy equation in all four environments. Numbers in parenthesis
represent the ¥5and 7% percentiles of boot strapped data, respectivéie supplementary section

2 for more details.

+RFDWLR|*OQRE5DPG- : A N—P——V- | N——FPV N——FPV-
+\\ W] 0] >=0

$31LDb 0D >=50 1-$

2%XGDSH) >=50 )
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/IRFDWLR| *ORE5DG : AN P v N- FPV N- FPV
+\\WLIOI >0

$JLD 0DU >=50 19

%XGDSH) >= 50 19

SHLMLQJ >0 + + -

Table23: Fraction of each source and sink termie thange imtaltH>SQs concentrationMedian
of bootstrappingstrap resamplingesults and their 25and7527" percentiles are shown.

GlobRad :
2 SeourceTFerms SinkTerms
5L 2P | AR R PP | B —?
Hyytigla (6-080.43) (6-060.41) (6-060.29) (6.21-0.44)




716

717
718

719

Lo >=50 05 8] 0:20 030
Budapest | »=50 65 0 6.2 028
(0.2440.35) | (0.1520.26) (0.1840.34) | (0.140.30)
(0.0240.13) | {(0.36-20.48) (0.11.0.35) (0.150.39)
GlobRad(W/m?) Source Terms Sink Terms
5 2'2 67 62722 ¢? | Fey>g gP| F >4 g?
Hvwviila >0 0.34 0.16 0.16 0.34
mt (0.10:0.44) (0.08-0.40) (0.08026) | (024042
Agia >=50 05 0 0.24 0.26
Marina (0.19-0.29) (0.21:0.31)
Budapest | >=50 0.5 0 0.26 0.24
(0.18031) | (0.190.32)
Beiiin >0 0.28 0.22 0.29 0.21
IIng (2E-420.41) | (0.09 +0.50 (0.19 +0.39) | (0.11 +0.31)
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720
721 Figure 1: Sulphuric acid proxy concentration as a function of measured sulphuricQ@izseirvation
r22 at SMEAR Il station, Hyytiala Finland@he observed concentratiofrem the training data sedre
723 measured 2022019 using GIAPI-ToF and aret3-hour medians resultingn a total 0f2089-1860
724  data points.In (A), the full Equation 2 is used, in (B) the equation without the Stabilized Criegee
725 Intermediates source (Equation 4), in (C) the equation without the cluster sink term (Equation 5) and
726 in (D) the equation withouioth the Stabilized Criegee Intermediates source and the cluster sink term
727 (TXDWLRQ 7KH p)LWYT UHIHUV WR WKH ILWWLQJ EHWZHHQ !
|728 acid concentratiorflog(y) = a.log(x)+b)
729
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732 Figure 2: The diurnal variation of sulphuric acid proxy concentratiamsing different fitsand
733 observed concentrations at SMEARIHyytiala, Finland Median values are showits 1,2, 3 and
734 4 corresponds to the Equations 2, 4, 5, and 6, respectively. P&t&fgofvn is applied using the
';35 coefficients reported in Petdja et al. 2009 (EquationMikkonen fit shown is applied using the

36 coefficients reported in Mikkonen et al. 2011 (Equation 8).
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740 Figure 3: Sulphuric acid proxy concentiah as a function of measured sulphuric acid. Observation
741 at Agia Marina, Cyprus, excluding the Alkene terithe observed numbers contrations are
742 measured during FetMar 2018using CFAPI-ToF and arehourly medians resultig in a total of 96
743 data poins. Sulphuric acid proxy concentration as a function of measured sulphuric acid. In (A), the
744  equation without thé&tabilized Criegee Intermediatesurce (Equatio) and in 8) the equation
45  without both theStabilized Criegee Intermediatesurce and thelaster sink term (Equatio). The
46 WHLWT UHIHUV WR WKH ILWWLQJ EHWZHHQ WKH PHDVXUHG DQ(

47  (log(y) = a.log(x)+b).
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Figure4 The diurnal variation of sulphuric acid proxies and obsem@ucentrations in Agia Marina,
Cyprus. Hourly median values are showits 2 and 4 corresponds to the Equatiodsand 6,
respectivelySee also Figure 3A and B, respectivéhetaja fit shown is applied using the coefficients
reported in Petdja et al. 9 (Equation7)._ Mikkonen fit shown is applied using the coefficients

reported in Mikkonen et al. 2011 (Equation 8).
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Figure 5 Sulphuric acid proxy as a function measured sulphuric acid at Budapest station, excluding
the Alkenedrm. The observed numbers are measured during spring 2018 uskigi-CbF and are

1-hour medians coinciding with the measurement of trace gases and Global radiation every one hour
resulting in a total of262-263 data points.In (A), the equation without th8tabilized Criegee
Intermediatessource (Equatiod) and in B) the equation without both th&tabilized Criegee
Intermediatesource and the cluster sink term (Equat®jn 7 KH p)LW{ UHIHUV WR WKH
the measted and the proxy calculated sulphuric acid concentraflog(y) = a.log(x)+b)
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767 Figure 6 The diurnal variation of sulphuric acid proxies anmgasured concentrations Budapest.

768 Hourly median values are showfits 2 and 4 correponds to the Equationsand 6, respectively.

769 Petaja fit shown is applied using the coefficients reported in Petgja et al. 2009 (Equation
770 Mikkonen fit shown is applied using the coefficients reported in Mikkonen et al. 2011 (Equation 8).
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Figure 7 (A) Sulphuric acid proxy concentratiarsing-Glebradas a function of measured sulphuric

acid. Observatiorat Beijing, China The observedumbersconcentrationf the training data set

are measuredbetweer2018-in 2019 using GIAPI-ToF and arel-hour medians resulting in a total

of 875877 data points In (A), the full Equation 2 is used, in (B) the equation without the Stabilized
Criegee Intermediates source (Equation 4), in (C) the equation without the cluster sink term
(Equatin 5) and in (D) the equation without both the Stabilized Criegee Intermediates source and
the cluster sink term (Equation 6). Coefficients shown on top of the subplots relate to the daytime
values.7KH pW)LWY UHIHUV WR WKH ILWWLQJ EHWZHHQ WKH PHDYV

concentrationlog(y) = a.log(x)+b)
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Figure 8 The diurnal variation of sulphuric acid proxy concentratiamsing different fitsand
obsened concentrations aBeijing China, Finland Median values are showkits 1,2, 3 and 4
corresponds to the Equations 2, 4, 5, and 6, respectively. Petgja fit shown is applied using the
coefficients reported in Petdja et al. 2009 (EquationMikkonen fitshown is applied using the

coefficients reported in Mikkonen et al. 2011 (Equation 8).
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Figure 9 Characteristic predictor variables and>SQ: concentrations in diffrerent environement

Oz and Alkenesdata are availablefrom the boreal forest (Hyytidla) and megacity (Beijing)
environments. This figure could be used in order to chooseedb@ation andcoefficients for
calculating sulphuric acid proxyat a new location The alkenes in the boreal environment are
monoterpendg.g alphapinene)and in the Megacity are anthropogenic volatile organic compounds
(butylene, butadiene, isoprene, p@rd and hexeneThe concentrations are displayed as violin plots
which are a combination of boxplot and a kernel distribution functioeamt side of the boxplots.
The white circles define the median of the distribution and the edges on the inner grey boxes refer to
the 28" and 79" percentiles respectivelyWhole day data is shown for Hyytiala and Beijing, while
daytime datgGlobRad > 50W/n¥) for Agia Marina and Budapesbaytime data (GlobRad > 50
W/n?) is shown in Figure B5. The correlations between the different variables at each site are shown
in Figures & +$5.
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Figure 10 Sulphuric acid concentrations modelled as a function of measured sulphuriosucgl

testing data setJ he colored data points refer to the modellpcdicted)concentrations, the dashed

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

are the median modelled concentrations in logarithmiegsiigced measuresilphuricacid bins and

their lower and upper whiskers correspond to™2&nd 7% percentiles of the predicted

concentrations.(A) Hyytidla SMER 1l station: the concentrations shown areh®ur medians

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

The modelled concentrations are derived using equatiof@®Helsinki SMEAR |1l stationthe

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

concentrations are derived using equation (0) Beijing: the concentrations shown arehbur

medians resulting in a total ¢#68 data points. The modelled concentrations are derived using

equation12. (D) Kilpilahti: the concentrations shown arehbur medians resulting in 114 data

points. The modelled concentrations are derived using equation 9.
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Figure 11 Fraction contributionof each source and sink term teetchange itH2SQ: concentration
Figure 9-11 is complementary to TablS. The boreal, rural, urban and megacity labels refer to
Hyytiala, Agia Marina, Budapest and Beijing sitesspectively. Note that the fraction of the alkene
term contribution is not zero for the rural or urban sites, but is due to unavailable alkene data from
these-Budapestand-Cyprsites.In (A) we show all day medians for Hyytiala and Beijing and in (B)
we show daytime medians for all sites.
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B32  Figure 12 (A) Monthly variation okach source and sink terimaction contributionto the change in
B33 H2SQ: concentrationin Hyytiala within the training data set 208%19. (B) Monthly variation of
B34 each source and sink term to the change i8® concentrationn Beijing within the trainingand
B35 testingdata ses 2019 the data outside the training and testing datas $ets missing measured
B36  sulphuric acid concentratios, soproxy concentrations werused in obtaining this figure (C)
B37 Diurnal variation ofeach source and sink term to the change i#8® concentrationin Hyytidla
B38  within the training data set. (D) Diurnal variation @&ach source and sink term to the change in
B39 H2SQ: concentrationn Beijing within the training and testing data sets
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