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Abstract. Gaseous sulphuric acid is a key precursor for newonly minor, since similarly accurate proxies could be con-
particle formation in the atmosphere. Previous experimentaktructed with global solar radiation and $@oncentration
studies have confirmed a strong correlation between the numalone. This could be attributed to $®eing an indicator for
ber concentrations of freshly formed particles and the ambi-anthropogenic pollution, including particulate and gaseous
ent concentrations of sulphuric acid. This study evaluateemissions which represent sinks for the OH radical that, in
a body of experimental gas phase sulphuric acid concentraturn, is needed for the formation of sulphuric acid.

tions, as measured by Chemical lonization Mass Spectrome-
try (CIMS) during six intensive measurement campaigns and

one long-term observational period. The campaign datasets

were measured in Hyyifa, Finland, in 2003 and 2007, in 1 Introduction

San Pietro Capofiume, Italy, in 2009, in Melpitz, Germany,

in 2008, in Atlanta, Georgia, USA, in 2002, and in Niwot Sulphuric acid has been shown to be a key precursor for at-
Ridge, Colorado, USA, in 2007. The long term data were ob-mospheric particle nucleation (Weber et al., 1996; Kulmala
tained in Hohenpeissenberg, Germany, during 1998 to 2000et al., 2004; Kulmala and Kerminen, 2008; Kerminen et al.,
The measured time series were used to construct proximit010; Kuang et al., 2010; Sigilet al., 2010) and a major
measures (“proxies”) for sulphuric acid concentration by us-contributor on the growth of freshly formed particles (Fiedler
ing statistical analysis methods. The objective of this studyet al., 2005; Stolzenburg et al., 2005; Wehner at al., 2005;
is to find a proxy for sulfuric acid that is valid in as many Kulmala et al., 2006; Laaksonen et al., 2008) along with
different atmospheric environments as possible. Our mosaminium salts and other organic compounds (Kuang et al.,
accurate and universal formulation of the sulphuric acid con-2010; Smith et al., 2010). In the atmosphere, the number
centration proxy uses global solar radiation,;S®ncentra-  concentration of freshly nucleated particles is found to have
tion, condensation sink and relative humidity as predictora strong dependency on sulphuric acid levels (Weber et al.,
variables, yielding a correlation measur of 0.87 between  1997; Riipinen et al., 2007; Kuang et al., 2008). In addition,
observed concentration and the proxy predictions. Interestrecent work by Zhao et al. (2010) and Jiang et al. (2011)
ingly, the role of the condensation sink in the proxy was demonstrate the connection between sulfuric acid and the
neutral nucleated clusters. A comprehensive understanding
of the impacts of particle nucleation and growth on atmo-
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phase sulphuric acid concentrations are difficult to measure2 Data
First measurements of atmospheric gas-phase sulfuric acid
have been made on stratospheric balloons and research dft total seven datasets, consisting of six campaign datasets
craft by MPIK-Heidelberg, using PACIMS (Passive Chem- and one long term dataset, were analyzed for this study. Lo-
ical lonization Mass Spectrometry), an innovative methodcations of the measurement sites can be seen in Fig. 1 and
developed by the MPIK-group (Arnold and Fabian, 1980; exact coordinates and times of the campaigns are listed in
Arnold, et al., 1982; Arnold andhrke, 1983; Viggiano and Table 1.
Arnold, 1983; Heitmann and Arnold, 1983). The first mea- Two of the datasets presented in this study were obtained
surements in lower troposphere air have been made using aét the SMEAR 1l (Station for measuring Forest Ecosystem-
tive CIMS (Eisele and Tanner, 1993; Berresheim et al., 2000/Atmosphere Relations) located in Hyafa, Southern Fin-
Fiedler et al., 2005; Sorokin and Arnold, 2007). However, land. The site is situated in a boreal forest environment; de-
the Chemical lonization Mass Spectrometers (CIMS) usedailed information about the continuous measurements and
in these lower troposphere measurements are still relativelyhe infrastructure can be found in Hari and Kulmala (2005).
rare. In addition, the challenges associated with these meaFhe first set of measurements was made during the spring
surements combined with subtle differences between CIMS2003 QUEST measurement campaign (Boy et al., 2005;
instruments have resulted in variations in the measuremeritaaksonen et al., 2008). The second set of measurements
results (Paasonen et al., 2010). were done as a part of 2007 EUCAARI project field cam-
Several studies have provided evidence that high&@  paign (Kulmala et al., 2009; Pagé et al., 2009).
radiation levels contribute significantly to particle formation ~ San Pietro Capofiume is located in Northern Italy, in a flat
(Hyvonen et al., 2005; Mikkonen et al., 2006; Paasonen etural area in the eastern part of the Po Valley (Hamed et al.,
al., 2009; Peija et al., 2009) and growth (Boy et al., 2005; 2007). The distance to the closest cities, Bologna and Fer-
Sihto et al., 2006; Mikkonen et al., 2011), most probably duerara, is about 40km. The Po Valley is the largest industrial,
to their effect on the concentration 0b80, (Weber et al.,  trading and agricultural area in Italy, with a high population
1997). Hamed et al. (2010) provided evidence that lowereddensity and substantial anthropogenic gaseous and particu-
SO, concentrations reduced the frequency and intensity ofate emissions from diffuse sources such as industry, domes-
new particle formation (NPF) events in Melpitz, Germany. tic heating and traffic. However, during the measurements re-
In addition, Jaatinen et al. (2009) found that in polluted ar- ported here, uncommonly clean conditions were encountered
eas SQ concentrations are higher on days when NPF occursyvith the frequent influence of air masses from the Adriatic
and it was proposed to be due to the fact thag 8@he main  Sea (Paasonen et al., 2010).
precursor of gaseous sulphuric acid. In contrast, their find- Melpitz is a rural atmospheric research site in eastern Ger-
ings showed that in a clean environment, Hg#j Finland, = many, operated by the Leibniz-Institute for Tropospheric Re-
SO, concentrations were lower on days when NPF occurredsearch (IfT). The site is situated on flat meadow grasslands
In Hyytiala, NPF usually appears to take place when the consurrounded by agricultural pastures and forests. Even though
densation sink is low, i.e. when air is clean. Melpitz is a rural observation site, the levels of anthropogenic
Boy et al. (2005) introduced a pseudo-steady state chempollution such as sulphur dioxide are higher than, for in-
ical box-model to calculate sulphuric acid and OH concen-stance, Hyytla, Finland, or at the Hohenpeissenberg site
trations. The model was described and successfully verifieqHamed et al., 2010). The present set of sulphuric acid mea-
against measured sulphuric acid data in Hyfgti Pefja et  surements was collected in May 2008 during the intensive
al. (2009) derived three proxies for the sulphuric acid con-measurement period of EUCAARI. The meteorological sit-
centrations by using EUCAARI (European Integrated projectuation during that period was unusual in that continental air
on Aerosol Cloud Climate and Air Quality Interactions) 2007 masses, containing high amounts of anthropogenic particles
campaign data and found that measured concentrations coand trace gases, prevailed most of the time (Hamburger et
related well with proxies derived as well as with detailed al., 2011). This influx of pollution provides, however, a use-
pseudo-steady state chemical model results. However, thiul contrast to the other data sets, for example Hafiti For
authors recognized that the proxies might be site-specific andhore information on atmospheric measurements at Melpitz
should be verified against measurements prior to utilizationincluding the climatology of particle and trace gas concentra-
in other environments. tions, see Engler et al. (2007), Birmili et al. (2008), Birmili
The purpose of this study is to analyze data from six differ- et al. (2009a), and Spindler et al. (2010).
ent measurement sites and find a single proxy for sulphuric The Meteorological Observatory Hohenpeissenberg
acid concentration that can be applied over a greater range ¢HPB) is a GAW (Global Atmosphere Watch) site operated
environments than that developed bydfeet al. (2009). The by the German Weather Service (DWD). It is situated in
robustness of the analysis results will be tested for differentural southern Germany about 30 km north of the Alpine
datasets in order to find a proxy that can be used in placemountain ridge. The observatory stands on top of Hohen-
where direct HSO; measurements have not been made. peissenberg Mountain at an altitude of 985 ma.s.l. and about
300m above the surrounding countryside. At night, HPB

Atmos. Chem. Phys., 11, 113181334 2011 www.atmos-chem-phys.net/11/11319/2011/



S. Mikkonen et al.: A statistical proxy for sulphuric acid concentration 11321

Table 1. Measurement places and times of the campaigns.

Measurement site Measurement time Coordinates

Hyytiala, Finland 17.3.-13.4.2003 ®]1'N, 24°17 E, 181 m a.s.l.
24.3.-28.6.2007
San Pietro Capofiume (SPC), Italy 21.6.-16.7.2009 °392N, 11°37 E, 11 mas.l.

Melpitz, Germany 30.4.-31.5.2008 RWPO N, 1°54 E, 87 m a.s.l.
Niwot Ridge (NWR), Colorado USA  24.6.-15.7.2007 °gQ@ N, 10550 W, 3022 m a.s.l.
Atlanta, Georgia USA 30.7.-31.8.2002 °FF' N, 84°38' W, 275 m a.s.l.

Hohenpeissenberg (HPB), Germany  1.4.1998-31.7.2000°484K, 11°00 E, 985 m a.s.l.

trations (median 1.54 ppb) and condensation sink (CS, me-
dian 1.51x 10-2s71), whereas the cleanest sites are NWR
and Hyytala where median values of both pollution markers
are almost one order of magnitude lower than in Atlanta. In
Melpitz, SG@ measurements between 8-27 May 2008 are re-
moved from the analysis due to instrumental failure. The
highest magnitudes of global radiation were measured in
SPC, with a median value of 376 WTH, whereas Hyy#la
2003 campaign was early in the spring so the median radia-
-100 50 0 tion was only 90 W m?. Only times when it was not com-
pletely dark were counted in the comparison of the Radia-
tion entries. RH was highest in Melpitz (median 74 %) and
lowest in NWR (median 52 %). Ozone concentrations were
highest in Niwot Ridge (median 56.3 ppb) and lowest in At-

usually resides above the nocturnal surface layer inversion@"t@ (median 30.8 ppb). Sulphuric acid concentrations were

. . . . 3
In winter time, HPB may even reside above the daytimeh'ghes'[In '\,/!?,,Ip'tz (medla(?z.% 10° ”g;"eclcm )a3nd Io;/]v—
boundary layer. The surroundings of the mountain are®sStn Hyyta_a 2007 (”.‘e 'an 1.8 10’ moleccnm™). The ,
mainly meadows and forests. For more information Onuncertalnty in sulphuric acid measurements, caused by dif-

previous aerosol and trace gas measurements at HPB, sferences in measurement procedures which in the worst case
Birmili et al. (2003) and Paasonen et al. (2009) might lead up to 50 % differences between the instruments

used in different sites (Paasonen et al., 2010), has to be taken

Niwot Ridge (NWR) is a forested station located on an into account when comparing the sulohuric acid concentras
east—-west oriented ridge in the Front Range of the Rock)) unt w paring uiphun :

Mountains approximately 35 km west of Boulder, Colorado, tions. Note that stgndard deV|at.|ons °f2ﬂ*.04.] and [SO]

USA, with the entire study site lying above 3000 m elevation. ared really I'argel. Tr|1||s'|s due to dlu'r r;]al \]/carlatllon olfzﬂ‘:D4]

The site sits in a broad saddle bounded by low rounded hills;’ln olcca3|ona pollution evekr:_tsﬁ either L(.)n; ocaksources or

and is flanked by an alpine tundra ecosystem. Winds are typ—rom ong range transport, which cause high peaks t]SO

ically westerly at night (downslope drainage) bringing rela-

tively clean air from the continental divide; whereas daytime 3 Experimental

heating creates easterly (upslope) flow, bringing air from the

Denver-Boulder metropolitan area (Boy et al., 2008). A proxy for sulphuric acid concentration is based on the cur-
Atlanta, Georgia, USA, is an urban site where high rel- rently accepted mechanism of atmospheric, 3Ridation

ative humidity (RH) in the morning may influence on sul- (Finlayson-Pitts and Pitts Jr., 2000):

Fig. 1. Locations of the six observation sites for tropospheric sul-
phuric acid.

phuric acid measurements (F. Eisele, personal communicaoHJrSOZ_) HSOs (R1)
tion, 2010). Measurements were made during the 2002
Aerosol Nucleation and Real-time Characterization Experi-HSO;+ 02 — SO;+HO» (R2)

ment (ANARChE) at Jefferson Street Station (JST), which
is located about 4 km northwest of downtown Atlanta and
about 9 km southeast of a coal-fired power station, the latteFirst laboratory investigations of Reaction (R3), yielding
providing a rich source of 50Oy (McMurry et al., 2005). a realistic quantitative rate coefficient and an identifica-
Key variables of the study are compared in Table 2. At-tion of the product HSO4, were conducted by the MPIK-
lanta is the most polluted site, with the highest;S@ncen-  Heidelberg group (Reiner and Arnold, 1993, 1994) using

SO3+2H,0 — HpSOy +H20 (R3)

www.atmos-chem-phys.net/11/11319/2011/ Atmos. Chem. Phys., 11, 1MB333-2011
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Table 2. Mean, median, 5-95 % percentiles and standard deviation (sd) of 10 min averages of the key variables of the study. Detection limits
for [HoSOy] and [SG] measurements are 4@nolec cm3and 0.1 ppb, respectively. In global radiation entries, only times when it was not
completely dark are counted.

SPC Melpitz Hyytala 2003  Hyytala 2007 NWR Atlanta HPB

[H2S0y4] 106 mean 5.40 6.43 1.42 0.43 1.83 12.9 1.70

molec cnt3 (>10%) median 2.40 2.94 0.57 0.18 1.40 2.85 0.61
5-95% percentiles  0.25-18.0 0.42-25.1 0.05-4.9 0.03-1.67 0.17-5.16 0.45-67.2  0.06-6.9
sd 6.50 8.08 1.99 0.67 1.94 31.2 2.85

[SO,] ppb (>0.1) mean 0.35 1.00 0.51 0.32 0.23 3.40 0.40
median 0.24 0.59 0.34 0.21 0.18 1.54 0.26
5-95% percentiles  0.11-0.93 0.13-2.48 0.12-1.57 0.11-0.93 0.11-0.54 0.27-11.9 0.11-1.07
sd 0.28 0.98 0.50 0.32 0.17 7.16 0.46

cs103s7! mean 6.55 13.3 1.99 415 421 15.9 4.87
median 6.33 12.0 1.42 341 3.90 15.1 4.27
5-95 % percentiles 2.6-11.1 5.9-24.7 0.5-5.1 0.6-10.5 1.4-7.8 7.6-28.3 1.0-10.5
sd 2.61 557 1.48 3.33 1.90 6.37 6.79

Radiation W nT2 (>1) mean 405 347 158 221 333 242 277
median 376 296 90 157 207 89 187
5-95 % percentiles 8-894 8-832 5-520 3-647 11-974 3-814 9-821
sd 312 280 174 213 327 288 261

RH % mean 67 73 67 60 56 66 75
median 67 74 66 60 52 67 79
5-95 % percentiles 40-90 41-98 40-95 28-90 21-97 34-93 42-96
sd 17 21 17 20 25 19 29

[O3] ppb mean 37.8 35.8 39.2 35.2 56.6 36.7 41.9
median 38.0 37.0 39.0 35.6 56.3 30.8 40.8
5-95% percentiles  5.5-69.5  5.8-66.4 28-49 21-48 39.5-73.1 2.3-92.1 20.8-64.9
sd 21.9 17.9 5.9 7.9 10.1 29.6 13.3

Temp K mean 296 288 271 281 287 301 281
median 295 288 272 281 287 300 281
5-95% percentiles 290302  278-296 263-280 271-292  280-296  295-308  268-293
sd 4 6 5 7 5 4 8

CIMS-method, which allows sensitive and fast measure-condensing vapour, ami, the correction factor for the tran-

ments of the reagent gas-phase;3@d the gas-phase prod- sition and the free molecular regimes (Fuchs and Sutugin,
uct HSOy. As Reactions (R1-R3) show, the production of 1970). The reaction rate constanis given by,
sulphuric acid is defined by [OH] and [SD It is mainly

removed by condensation, so the time rate of change of sul; _

phuric acid concentration can be written as

d[H2SQy]/dt =k -[OH] - [SCp] — [H2SO4] - CS,

where CS is condensation sink (e.g. Pirjola et al., 1999; Dawhere A = k1 - [M] - (300/7)", [M] = density of the air
Maso et al., 2002) anklis a temperature dependent reaction in molec cnt® = 0.10%(1.381x10237) %, k3 =4 x 10732,
constant (DeMore et al., 1997; Sander et al., 2002). Integratkz = 3.3, k3 =2x 10-1? andks = —0.8.
ing Eq. (1) gives the sulphuric acid concentration at a given To simplify the problem, it can be assumed that th&B,
production and loss are in steady-state. Validity of the as-
sumption will be analyzed later in Sect. 3.1. Applying this

time. The Condensation sink is given by,

o0

CS:ZnD/
0

1)

T (A+kg)

(molecy™?

[HoSOy] =k - [OH]-[SO,]-CSt

where Dy; describes the diameter of the particle in the size
classi and N; is the particle number concentration in the In order to find an easy-to-use proxy for sulphuric acid, it

respective size classD is the diffusion coefficient of the

Atmos. Chem. Phys., 11, 113194334 2011

A-ks .e><|0{k5-[1+I0910(A/k3)2]_1}Cm3

®)

DpBm(Dp)n (Dp)de=277DZﬂi DyiN; (2) assumption to Eq. (1) leads to a proxy function given by

(4)

is not practical to explicitly include [OH] as it is even more

www.atmos-chem-phys.net/11/11319/2011/
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Fig. 2. Average diurnal variation of sulphuric acid, $Qeft axis) and Radiation (right axis) in local time.

difficult to measure than [FBO4]. Recent studies have sug- slope flow, bringing air from the Denver-Boulder metropoli-
gested that the OH radical concentration is strongly corretan area in daytime. In Hy\dla, [SQ] starts to drop at same
lated with the intensity of ultraviolet radiation (Rohrer and time as [(SOy] rises, which indicates that the air is diluted
Berresheim, 2006) despite the complex OH chemistry inby the rise of the boundary layer. Note that the measured
the atmosphere. In datasets from H@#j where ultravio-  values of [SOy] peak at the same times when the intensity
let radiation was measured, it was found that UV correlatedof radiation is at its highest, which supports the proposition
strongly with global radiation. Therefore, due to lack of UV that the main driving force of sulphuric acid production in all
data for most of the campaign data sets, we use the measursites is radiation.
ments of global radiation as a proxy for OH, which gives us
the following function for the steady state proxy: The aerosol condensation sink determines how rapidly
, L molecules will condense onto pre-existing aerosols (Kulmala
[H;SQs] =K'+ Radiation [SC;]- CS ™ ©) g al., 2005), but according to our tests it may not fully ac-
Radiation [SO;] is considered as the f$04] production  count for the losses of sulphuric acid. The CS used in this
term of the proxy. Figure 2 illustrates how these terms fol- study is calculated from the dry mobility diameter of the par-
low the diurnal variation of [HSQy]. In SPC, Melpitz, NWR ticles. Laakso et al. (2004) and Birmili et al. (2009b) pro-
and Atlanta, [SQ] has a significant diurnal cycle similar to vided an independent, but equivalent formulae that corrects
the cycle of [(SOy]. In urban areas diurnal cycle of [SPD  the CS as a result of hygroscopic particle growth. Both stud-
is caused by traffic and industry and in NWR it is due to up-ies, however, are based on experiments made at &lgyti

www.atmos-chem-phys.net/11/11319/2011/ Atmos. Chem. Phys., 11, 1MB333-2011
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Fig. 3. [H2S0y4] (molec cn3) vs. CS (1) in all campaign datasets (only times when Radiatid@ W m~2 and [SG]>0.1 ppb).

Birmili et al. (2003) provided, on the basis of similar hy- icantly better results than the dry size CS. Figure 3 shows
groscopicity measurements, another simple parameterisatiotihe connection between sulphuric acid and CS in all cam-
for hygroscopic particle growth at HPB. However, such pa- paign datasets and no statistically significant correlation can
rameterisations are not available for all measurement sites tbe seen. Taking account the effect of relative humidity by
date. Also, hygroscopic particle growth is expected to dif- multiplying CS with RH (data not shown) gives somewhat
fer between different measurement sites and is, moreover, better correlations. For example in Melpitz the Spearman
function of season and air mass. A careful consideration ofcorrelation for [SQy] and CS is—0.03 but when CS is
the hygroscopic growth effect on CS would thus require con-multiplied by RH the correlation strengthens-+0.38. Sim-
siderable additional effort. ilar behaviour is seen in every other dataset except NWR,
As an alternative solution, we used a CS calculated undewhere the correlation between {8HO,] and CS is 0.56 and
dry conditions (i.e. as measured in the particle size spectromweakens below 0.1 when CS is multiplied with RH.
eters) in all datasets. Sensitivity tests for Hididata indi- Figure 4 shows the hourly averages obF0y] in compar-
cate that the hygroscopicity correction is not of significantison to CS* and (CS RH)~L. The plots show that [;50y]
magnitude to remarkably improve the calculated sulphuricand CS? start to rise nearly at the same time at almost ev-
acid proxies, i.e. the RH-corrected CS did not give signif- ery site; however, the times corresponding to the peaks differ

Atmos. Chem. Phys., 11, 113181334 2011 www.atmos-chem-phys.net/11/11319/2011/
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Fig. 4. Average daily fluctuations of sulphuric acid (left axis), inverse condensation sink and inverse condensation sink multiplied by relative
humidity (right axis).

significantly. The only exception is NWR, where the aver- 3.1 Proxy construction

age behaviour is exactly opposite. The behaviour can be at-

tributed to the afternoon up-sloping urban air, which brings girst we made tests with a linear fitting procedure in order to
with it precursors of HSOy as well as increased aerosol test the different proxy functions, introduced in Table 3. For
loadings. In Atlanta, in addition to afternoon events, plumehe proxies shown in the tablg is a constant, calculated
events were seen mostly in the morning, which is shown infrom the datak is temperature dependent reaction constant
Fig. 4f. When CS is multiplied with RH the changes in the given in Eq. (3), [#SQ4] is sulphuric acid concentration
average curve seems to follow even more clearly the sulin molec cnr3, “Radiation” is global radiation in W T2,

phuric acid curve, even in NWR. Figure 5 from HWI&  [50,] is sulphur dioxide concentration in molec chand
2007 shows that on some days the condensation sink has ats is the condensation sink in%s All observations are 10
most the same diurnal cycle as sulphuric acid but on manyyin averages of the variables and only data points with “Ra-

days there is no such connection. As the Spearman correlgiation” higher than 10 W m? and [SQ] higher than 0.1 ppb
tions suggested, in some cases multiplying CS with relativgyere used in the analysis.

humidity (RH) gives better agreement between the fluctua-

tions The theory suggests that the Proxy L1 should give the

best results but it is outperformed by another proxy in every
dataset except Hohenpeissenberg. The Proxy L1 is basically
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Hyytiala 2007 Table 3. Proxy functions for the linear fitting procedure.

1000

— H,80,(m?)y— cs™(st) — (CSxRH)Y

Proxy Equation

500

L1 B -k-Radiation[SO,]-CS™1

L2 B -k-Radiation[SOy]

L3 B -k-Radiation[SO,]%-°

L4 B -k-Radiation[SO,]-RH1

L5 B -k-Radiation[SOy]-(CSRH)~1

200

100

08/06 09/06 10/06 11/06 12/06 13/06 14/06 15/06

of L2 and L3 were not significantly weaker. Note that Proxy
L4 outperformed Proxy L1 also in Hyytia, NWR and At-
lanta, which suggests that in these data RH might be better
indicator for removal process of f$0,] than CS.

The observation that proxy L3 gives the best overall ap-
proximation using this linear type fitting suggests that the
steady state assumption could be somewhat unrealistic in at-
mospheric conditions, and thus the linear fitting procedure
may not be optimal for proxy construction. However, based
on simultaneous measurements of ,.S@H and HSOy,
Eisele and McMurry (1997) have shown that at least in re-

1506 16006  17/06 18006  19/06 2006 21006 2206 mote areas away from urban sources the steady-state assump-
Date tions should hold. This observation is confirmed by our own
simple box model simulations with UHMA code (Korhonen
Fig. 5. Two week period of measurements ofJBi0y] (left axis), et al., 2004) for several of the Hy@a 2007 campaign days.
CS1 and mean(RHY(CSxRH) ™! (right axis) in Hyytala 2007 |n these simulations, measured values ob S@obal radi-
dataset. ation (used as a proxy for OH), particle size distribution as
well as temperature and relative humidity were read into the
model every 10 min, and the concentration of3@, was

the same that was used in Bjatet al. (2009) and in Hamed calculated according to Eq. (1) (using a model time step 15s).
et al. (2010) except that we took the reaction ratey De- These model runs indicated that the steady-state assumption
More et al. (1997) account in the proxy. The results of lin- holds well for typical atmospheric conditions.

ear type proxies are shown in Table 4. In SPC and both In order to find the optimal parameterization for the proxy,
Hyytiala datasets, the best linear proxy was L3, with Radi-2 nonlinear least squares fitting procedure (Bates and Watts,
ation- [SO,]%%, where correlatiorR between the observed 1988) was applied to all datasets, with fit functions given by
[H-S04] and predicted values given by the proxy were 0.88, Table 5. Nonlinear regression is usually needed when there
0.74 and 0.86, respectively. The square root dependence @€ physical reasons for believing that the relationship be-
[SO,] suggests that it acts also as an indicator for particu-tween the response and the predictors follows a particular
late pollution, which acts as a sink of sulphuric acid or OH functional form. The general form of nonlinear regression
radical, which is needed in the formation of sulphuric acid. model is given by

When all campaign datasets were combined Spearman cory—, = f(5i,B) +¢; )
relation between [Sg) and CS was 0.57. Besides $GDH ' v !

reacts with several different trace gases of anthropogenic oriwhere y; are the measured response observatighss a

gin e.g. CO, VOCs, Clland NG, (e.g. Austin et al., 2002) known nonlinear function of the measured predictor vari-
which can be highly correlated with $@n certain urban set- ablesx;, g are the estimated parameters of the modgl,
tings. This suggestion is supported by the result that in NWR are the random residuals of the model which are usually as-
where the air is the cleanest, the power of $${D the best  sumed to be uncorrelated with mean zero and constant vari-
proxy is 1 (R =0.67). In Atlanta high relative humidity in ance. The advantage of using the nonlinear approach is that
mornings may affect the sulphuric acid concentrations whichthe non-equilibrium conditions are taken account by estimat-
have to be taken account in the proxy. Here the best preing individual powers for proxy variables from the data.
diction was gained with Proxy L5R(= 0.82) but Proxy L3 In Table 5 — f are parameters obtained from the fit to the
also performed well R = 0.80). In Melpitz Proxy L4 with  data,k is temperature-dependent reaction constant given in
RH as the loss term gave the best prediction but the result&q. (3), which is scaled by multiplying it with #8in order

1000

500

200

100
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Table 4. Linear fit with fixed parametersB is the slope of the proxyR is the correlation between observed,50y] and the predicted
values given by the proxy ani? is the coefficient of determination calculated from the sums of squares in the linear fit procedure. Best
correlations for each site are highlighted.

Proxy param SPC Melpitz Hyy2003 Hyy2007 NWR Atlanta HPB
L1 B 8.95x10°  4.74x103  1.83x10° 9.35x107 5.67x10°  4.99x10°  5.28x10°

R 0.85 0.52 0.70 0.71 0.52 0.75 0.66

R? 0.87 0.46 0.70 0.73 0.62 0.65 0.65
L2 B 1.31x10°  6.19x10° 3.72x10° 4.54x10°  9.60%10° 2.16x10°  7.68x10°

R 0.88 0.88 0.68 0.81 0.67 0.71 0.59

R2 0.89 0.87 0.68 0.74 0.69 0.58 0.56
L3 B 1.70x1011  1.44x10'1 4521010 8.62x1010 8.16x101° 1.98x10'1 1.01x10!1

R 0.88 0.88 0.74 0.86 0.51 0.80 0.63

R? 0.91 0.89 0.75 0.87 0.62 0.73 0.65
L4 B 6.19x107  3.36x107  1.61x107  2.18x107  1.93x10"  1.26x107  3.65x107

R 0.83 0.89 0.72 0.81 0.63 0.77 0.61

R? 0.85 0.88 0.71 0.73 0.58 0.65 0.56
L5 B 4.18x10°  2.41x10° 7.62x10% 45210  1.21x10°  2.99x10°  2.38x10°

R 0.80 0.51 0.73 0.73 0.49 0.82 0.65

R2 0.83 0.44 0.71 0.73 0.53 0.74 0.61

the uncertainty of the $50y measurements, and thus varies
greatly between sites. Powkiffor global radiation seems to

be near unity in almost all datasets, varying, with few ex-
ceptions, between 0.8-1.4. This behaviour is independent

Table 5. Nonlinear proxies.

Proxy Equation

N1 a-k-Radiatiod-[SO,]¢-.CS! of the other parameters in the model as expected from the
N2 a-k-Radiatiof [SO,]¢ theory, and suggests that global radiation is good indicator
N3 a-k-Radiatioff-[SO,]¢-RH for OH concentration in this parameterization. This param-
N4 a-k-Radiatiorf-[SOp]*-CS-RH eter can also be approximated with 1 without drastic reduc-
N5 a-k-Radiatio® [SO,]¢-(CSRH)/ tion in the estimating ability of the proxy (results not shown

here). Powet for [SO;] is less than unity in almost all of the
cases, which strengthens the assumption thatc®@centra-
tion acts also as an indicator of air pollution, i.e. factors that
are sinks for OH and thus reduce the sulphuric acid produc-

to get more interpretable estimates for Again, all obser- ) . o . .
g P g gon. The powerc is nearest to unity in Niwot Ridge data,

vations are 10 min averages of the variables and only dat L . .
9 y where the air is the cleanest. At other sites, powdies

points with “Radiation” higher than 100Wm¢ and [SQ] . ; .
higher than 0.1 ppb were used in the analysis. The computa'—n the range 0.48-0.81 and in many cases it can be approx-

tion was made with R-software (R Development Core Team,Imated with 0.5 as done in Proxy_ L3. According '.{O theory,
2010). powerd for CS should be-1 but in our datasets it seems

to be closer to zero. Fitted values vary betweeh58 for

If the steady state assumption applies without any addi+johenpeissenberg to 0.41 for NWR with a median value of
tional chemistry, then in Proxy N1 parametérandc should  _g 15, In addition, the prediction capability of the Proxy
be unity andd should be—1, and as seen from results of N1, where the effect of CS is taken into account, is not sig-
Proxy L1 in some cases it turns out to be an adequate apnjficantly better than Proxy N2 with only radiation and $0
proximation. However, the fitting procedure results in Tablejnclyded (Table 6). This fact indicates that CS is probably
6 show that the powers vary a lot for the best predictive mod-net the best possible sink term for our proxy. If powsis
els and that they are quite far from the theoretical valuesiixed to unity, then powed approaches somewhat the theo-
for Proxy N1 the power, ¢ andd vary in ranges 0.17— retical value of—1; ranging from—0.34 at Melpitz to—0.9
1.41, 0.48-0.88 ane-0.58-0.41, respectively. Paramei€r 5t Atlanta, except for NWR where stays positive, but the

is mainly a scaling factor, which partly takes into account pregictive ability of the proxy is reduced in all datasets.
the use of global radiation instead of [OH], while including
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Table 6. Nonlinear fit results. Parameters- f indicate the powers of proxy functions ards the correlation between observehB0y]
and the predicted values given by the proxy. Best correlations for each site are highlighted.

Proxy param SPC Melpitz Hyy2003 Hyy2007 NWR Atlanta HPB
N1 a  9.0x107% 4.7x107% 1.2x1072 2.23x10°6 24541072 4521072 9.48x<10°°

b 0.90 0.87 0.84 1.05 0.17 1.41 0.77

c 0.69 0.74 0.61 0.81 0.88 0.48 0.73

d —-0.26 —-0.18 —0.03 —0.46 0.41 0.18 —0.58

R 0.89 0.89 0.87 0.82 0.76 0.86 0.67
N2 a 1.3x1072 2.7x1073 2.4x1072 54x1073  7.0x10™°  1.7x10°2 0.25

b 0.89 0.89 0.84 1.08 0.19 1.35 0.77

c 0.63 0.69 0.59 0.57 1.04 0.50 0.52

R 0.88 0.89 0.87 0.77 0.76 0.81 0.63
N3 a 8.1x107° 5.0x10°2 0.18 3.%10°2 2.73x10°3 4.02 11.18

b 0.97 0.78 0.76 0.94 0.09 1.04 0.68

c 0.65 0.70 0.59 0.57 0.96 0.58 0.49

e 0.50 —0.61 —-0.38 -0.34 -0.37 -1.37 —-0.63

R 0.89 0.90 0.87 0.77 0.79 0.84 0.67
N4 a 6.27x107° 7.7x10°3 0.10 221075 2.83x1072 0.13 1.3%10°2

b 0.97 0.76 0.76 0.96 0.09 1.10 0.66

c 0.70 0.75 0.60 0.79 0.89 0.69 0.66

d ~0.27 -0.17 —-0.02 —0.44 0.17 —-0.53 —0.45

e 0.50 —0.60 —-0.38 -0.35 —0.34 -1.92 —0.49

R 0.90 0.91 0.87 0.82 0.79 0.90 0.68
N5 a 8.42x1073 85x107%4 8.24x1073 3.91x107° 1.62x10° 5.4x10°% 9.0x10°3

b 0.88 0.81 0.82 0.93 0.12 1.33 0.66

c 0.65 0.76 0.63 0.79 1.10 0.64 0.67

f —0.08 -0.23 —0.08 —-0.43 -0.29 —0.70 —0.47

R 0.88 0.90 0.87 0.82 0.77 0.87 0.68

Table 7. Correlations of observed sulphuric acid concentrations in different datasets vs. values predicted with the proxy calculated from the
combined campaign data.

location R ProxyN4Eq.(7) RProxyN5EqQ.(8) REQ.(9) RProxyLl1 R ProxylL3
SPC 0.87 0.90 0.93 0.90 0.92
Melpitz 0.85 0.87 0.87 0.59 0.87
Hyytiala 2003 0.87 0.87 0.89 0.78 0.88
Hyytiala 2007 0.77 0.80 0.81 0.76 0.78
NWR 0.62 0.61 0.63 0.61 0.61
Atlanta 0.90 0.88 0.87 0.78 0.83
Hohenpeissenberg 0.65 0.64 0.66 0.66 0.64
HPB winter (DJF) 0.43 0.61 0.63 0.80 0.57
HPB spring (MAM) 0.77 0.78 0.78 0.81 0.75
HPB summer (JJA) 0.80 0.81 0.82 0.82 0.78
HPB autumn (SON) 0.59 0.57 0.6 0.59 0.58

Relative humidity is an important factor in the loss processal. (2011) showed that RH is inversely correlated with radia-
of sulphuric acid; high RH may increase the sticking proba-tion above 60 %, which may affect sulphuric acid formation.
bility of molecules to existing particles and it increases the We first used RH as individual term in Proxy N3 with power
CS because of uptake of water to the particles. Hamed e¢, but it did not make the proxy significantly better. Table 6
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shows that including RH into the sink term together with CS
in Proxies N4 and N5 gives a stronger sink term to the proxy o
and the measured and approximated values 6[B4] come
closer to each other witR varying between 0.68 for Hohen-
peissenberg and 0.9 for SPC and Atlanta. Table 6 shows that
taking RH into account in the proxy makes the fits signifi-
cantly better; the best proxy for all datasets is given by Proxy
N4 where RH is given an individual powerbut the differ-
ence between N4 and N5 is almost negligible.

Performance of the proxies varies slightly between the
sites. The best correlations between observed and predicte
sulphuric acid concentrationsR (> 0.9) were found with
Proxy N4 for SPC and Atlanta, where the air is the most
polluted and with Proxies N3—N5 for Melpitz. The lowest
correlations in general were found for NWR, which is the
cleanest of the sites and maybe the most difficult to model : : : : :
because it is impacted by advection of anthropogenic pollu- 10 10° 100 107 10°
tant. Long term data from Hohenpeissenberg is the most dif- Proxy from combined campaign data (m ™)
ficult to predict due to seasonal variations of meteorological
parameters and opposite seasonal variations gB{¥] and  Fig. 6. Observed [HSOy] in combined campaign data vs. predicted
[SOy]: sulphuric acid concentration is at its highest in the values given by Proxy N5. Diagonal line represents the perfect fit.
summer, when solar radiation is at its highest, bup $@n-
centrations are at their highest in winter time. Still, the cor- e _
relation between observed and predicted values with proxie®°iNts where “Radiation” or [S§} values are small, i.e. the

N4 and N5 can reach almost 0.7, which can be considered"Xy value is small. _ _ _
a good result for a dataset spanning such a long time and To see if the constructed proxy is able to predict sulphuric

containing such varying conditions. In SPC, Melpitz and theaCid concentrations in other datasets, we used the proxies cal-
Hyytiala 2003 datasets the differences between the predictivétated with the combined campaign data (i.e. all datasets ex-
abilities of the proxies are negligible, which indicates that in ¢€P! the long term Hohenpeissenberg data set) to predict the
these data Proxy N2, with only “Radiation” and [§Cis ca- [H2SOy] from Hohe_npe|ssenberg._The correlat!ons between
pable of explaining most of the variation of the sulphuric acid °PServed and predicted values with best two linear (L1 and

concentration and no further parameters are needed. L3) and best two nonlinear (N4 and N5) proxies are shown in
Table 7. Examples of the nonlinear proxies used in the cal-

3.2 Combining campaign datasets culation are given in Egs. (7) and (8), which are derived from
proxies N4 and N5 respectively. Note that tdfmntroduced

A commonly recognized problem in sulphuric acid measure-in Proxy N5c is now zero, since the Hohenpeissenberg data

ments is that the measurement procedure is not standardized/as not used in proxy construction.

which causes variation in the measured values between difEH2504] — 342 10°2. k- Radiatior-23. [SO,]°65

ferent campaign datasets (e.g. Paasonen et al., 2010). This 11 085

variation makes it complex to combine the datasets in order CH.RH )

to define a common parameterization for all data. After sev- - iatiorh45 063

eral tests we found that the data-specific variability can be 125041 =2.42x 107"k -Radiatiorr™- [SC,]

taken into account in the proxy construction by the addition (CS-RH)™01 (8)

qf a constant. Equation (N5c) reflects this fa(_:t with the_a_‘ddi'wherek varied within range 0.8959-1.1740.

tion of the constant; to Eq. (N5), where; defines specific Proxy N5 was slightly better overall than N4 and was able

constant value for each campaign datasesed in the anal- 4 predict sulphuric acid concentrations in HPB quite well

ysIs. (Fig. 7), especially with higher values of radiation. Corre-

[HoSOy] = a -k - RadiatioR - [SOp1¢ - (CS-RH)? +1;  (N50) lation between obse_zrved and predicted values Was_0.6_4 for

the whole Hohenpeissenberg data set (Table 7), which is al-

This addition gives common poweds,b ,¢ andd for all most as good as the prediction made using the individual

data and the resulting proxy can be used in prediction forproxy constructed for HPB. These correlations reached up

different datasets since in any other date: 0. Correlation  to 0.78 in spring (March—-May) and 0.81 in summer months

between observed and predicted values from Proxy N5c iJune—August). Correlation in winter (December—February)

campaign data was 0.87 and Fig. 6 shows that the predicand in autumn (September—November) is worse than in sum-

tive ability of the combined proxy is excellent, except in data mer and in spring due to high radiation dependency of the
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In order to estimate the uncertainty of the proxies we cal-
culated the average absolute errors relative to the dependent-
variable mean, given by Willmot et al. (2009),

Table 8. Relative erros of the proxies.

Proxy Proxy
N4 Eqg.(7) N5Eq.(8) Eq.(9) ProxyLl ProxylL3

n
relative error 0.40 0.40 0.42 0.59 0.48 Err= (n—lz |Yi — % |> ,y—l (10)
i=1

wheren is the number of observationg; are the observed

g - [H2SOy] values, y; are the predicted values given by the
proxy andy is the mean of the observed values. The rela-

° tive errors for the proxies in the final inspection are shown
o o in Table 8. Relative erros for nonlinear proxies given by
0° Egs. (7-9) were 40 %, 40% and 42 %, respectively, which
Ry o can be considered as good values. The relative errors for the
° linear Proxies L1 and L3 were 59 % and 48 %, respectively,
3 BREOR which indicates that the uncertainty related to the linear type
N 2 proxies is somewhat higher than for nonlinear proxies.

Proxy from campaign data

4 Conclusions

We were able to construct a proximity measure (“proxy”) for
tropospheric sulphuric acid concentrations using experimen-
tal data from multiple observation sites and spanning a wide
10° 108 108 107 108 range of conditions (Y0<H»>SOy < 4x 10%). The proxy
which described the overall data set best is an expression
based on global solar radiation, $€oncentration, conden-
Fig. 7. Observed [HSOy] in Hohenpeisenberg vs. predicted values sation_ sink and relative humidity. The best predictive proxy
given by Proxy N5. Observations where Radiati@® W m—2are ~ Was given by

plotted grey and observations from winter months are marked with 3 o 062 013
red triangles. [H2SO4] =8.21x 107 - k - Radiation [SC,]*%- (CS-RH)~ >4 (11)

Observed H,SO, in Hohenpeissenberg

The proxy was additionally validated using long term mea-
surement data from Hohenpeissenberg by comparing the

proxy (b = 1.44), which causes an underestimation of sul- . . . .
) o . . . measured sulphuric acid concentrations to predicted values
phuric acid in low radiation seasons. Due to this underesti-

mation and our earlier finding that it is possible to use a fixed?Ve" by the proxy. N.ote that the data from Hohenpeis-
valueb = 1 for the campaign datasets without drastic Weak-senberg was not used in the proxy construction. Tests sug-

ening of prediction ability of the proxy, a test was made with gest that this universal proxy is suitable for the prediction

roxy given in Eq. (9), where the dependency from “Radia- of sulphuric acid concentration under a wide range of atmo-
tﬁon”%sgreduced 9. ), P y spheric conditions. Note, however, that the proxy has not

been tested for e.g. marine, Arctic or desert conditions. De-
[HaSOu]=8.21x 10~3.k-Radiation[SO,]%62 (CS. RH) 013 (9)  tails of the conditions can be seen in Table 2. The correla-

tion between predicted and observed concentrations was 0.66

Surprisingly, as seen in Table 7, this proxy gave the besin Hohenpeissenberg and higher than 0.9 for campaign data

predictions for almost all datasets, which indicates that therecorded in SPC. This proxy is especially useful in studies of
proxy with the lower radiation dependence is more robustnew particle formation proxy, since in times when new par-
for changes in atmospheric conditions. Proxy L1 yieldedticles are formed there is enough radiation to ensure that the
the best in predictions for the seasonal subsets of winteproxy is accurate; the proxy is constructed for data where Ra-
and spring. This is most probably due to the lower radia-diation> 10 Wni2 but the predictive ability is significantly
tion dependence and the higher [§@ependence. During better when Radiatios 50 Wm 2.
the measurement period opposing seasonal changes betweerThe lower predictive ability for the long term data at Ho-
[H2SO4] and [SQ] were seen, which decreases the under-henpeissenberg indicates that changes in atmospheric condi-
estimation of sulphuric acid in months with high [g@nd tions caused by the changing of the seasons has to be taken
low “Radiation”. Notable is the fact that Proxy L3, with only account in the analysis. An additional source of uncertainty
“Radiation” and the square root of [SPas predictors, per- in Hohenpeissenberg is the mountain site location of the
formed almost equally well as the best nonlinear proxies. station, where it is generally above the nocturnal boundary
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Table Al. Valuesi; (106 m~3) for the proxies derived with the combined dataset.

location Proxy N4 Eq. (7) Proxy NSEq.(8) Eg.(9) ProxyL1l ProxylL3
SPC 3.36 2.23 1.15 5.69 —0.63
Melpitz 2.84 2.20 1.05 6.65 —1.54
Hyytiala 2003 0.29 —-131 -2.44 —6.04 —2.69
Hyytiala 2007 —-1.13 -0.78 -241 —0.85 -3.34
NWR —1.63 —-0.95 -1.43 1.50 —-2.71
Atlanta —3.64 —-3.76 1.59 9.59 4.39
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