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Abstract. We investigated the natural aerosol evolution of and anthropogenic aerosols and their precursors is extremely
biogenic monoterpene emissions over the northern boreathallenging, since they may interact with each other in com-
forest area as a function of temperature using long-term fielchlicated ways (e.goentener et al1996 Hoyle et al, 2011).
measurements of aerosol size distributions and back trajecSecond of all, natural aerosol particles are part of various cli-
tories at two SMEAR (Station for Measuring Ecosystem—mate feedback loops, as their future concentration levels are
Atmosphere Relations) stations, SMEAR | and SMEAR I, expected to change with changing climate conditiofs (
in Finland. Similar to earlier studies, we found that new par- neth et al.201Q Carslaw et a].201Q Korhonen et a].201Q
ticles were formed via nucleation when originally clean air Quinn and Bate2011; Kulmala et al, 2004 2013.
from the ocean entered the land, after which these particles Biogenic secondary organic aerosol (BSOA) originating
continuously grew to larger sizes during the air mass transfrom biogenic emission presents a major fraction to the
port. Both the travelling hour over land and temperature in-global submicron aerosol budgdfgnakidou et al. 2005
fluenced the evolution of the particle number size distributionGoldstein and Galball)2007). The BSOA affects climate di-
and aerosol mass yield from biogenic emissions. Averageectly by scattering solar radiation and indirectly by aerosol—
concentrations of nucleation mode particles were higher atloud interactions (e.gMakkonen et al.2012. The latter
lower temperatures, whereas the opposite was true for accieffect is tied strongly with atmospheric cloud condensation
mulation mode particles. Thus, more cloud condensation nunuclei (CCN) production, and thereby also with atmospheric
clei (CCN) may be formed at higher temperatures. The overnew particle formation and growtiR({ipinen et al, 2017, Yu,
all apparent aerosol yield, derived from the aerosol masse2011; Kerminen et al.2012 Makkonen et al.2012. Since
against accumulated monoterpene emissions, ranges from ¥®tential BSOA precursor emissions from terrestrial ecosys-
to 37 % with a minor, yet complicating, temperature depen-tems strongly increase with increasing temperatuGse(-
dence. ther et al, 2012, the natural CCN production associated with
BSOA may be enhanced in warmer future climate, which
would lead to a negative climate feedback mechanisot-(
mala et al. 2004. Recent observations and model simula-
1 Introduction tions show support for the enhanced BSOA formation due to
higher temperaturedd@y and Pandis2011 Leaitch et al.
Natural aerosol particles — including sea spray, mineral dust2011 Miyazaki et al, 2012 Makkonen et al.2012 Paaso-
and primary and secondary biogenic particles — are centrahen et al, 2013, yet the exact relation between the ambient
to our understanding of the earth’s climate syst€arélaw  temperature, BSOA formation and natural CCN concentra-
etal, 2010. This s, first of all, because the atmospheric con- tion levels is far from resolved. A major reason for this is

centration levels and properties of natural aerosols need tehat the temperature influences not only the BSOA precur-
be known in order to determine which fraction of the atmo- sor emissions, but also their atmospheric oxidation, resulting
spheric aerosol is of anthropogenic origin. Separating natural
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in gas-particle partitioning and potential heterogeneous reactinental transition over northern boreal forest area. We study
tion in the particle phasé¢oll and Seinfeld2008 Hallquist ~ the particle-size distribution and mass evolution as a func-
et al, 2009 Donahue et a]2012 Riipinen et al, 2012. tion of time spent over land, and then we link them to the
Boreal forests are believed to be globally one of the mostestimated cumulative monoterpene emissions during the air
important sources of BSOA precursorSpfacklen et al.  transport Tunved et al.2008.
2008 Tunved et al.2006. Field measurements have shown
that clean air masses arriving at the boreal forest zone ex2.1 Measurement description
perience a notable BSOA and CCN concentration increase
during the summer part of the yeafuphved et al. 2006 The data set was based on the observations at two Finnish
Lihavainen et al. 2009, with subsequent implications for SMEAR (Station for Measuring Ecosystem—-Atmosphere
aerosol—cloud interactionSpracklen et al.2008. Tunved Relations Hari and Kulmala 2005 stations: SMEAR |
et al. (2008 investigated future BSOA production over the (67°46 N, 29°35 E, 400m a.s.l.) in Varrio, and SMEAR I
boreal forest area by extrapolating the emissions with a pro{61°51' N, 24°17 E, 170 m a.s.l.) in Hyytiala, Finland. A 13-
jected temperature increase, but did not consider the compliyear data set from 1998 to 2010 at the SMEAR | station and
cated nature of the various temperature impacts. 15-year data set between 1996 and 2010 at the SMEAR I
BSOA formation is often treated by considering the station, based on continuous differential mobility particle
aerosol mass yield, namely the fraction of precursor VOCsizer (DMPS) measurements, were used together with back-
that forms aerosol mass. Biogenic monoterpenes are the mostard trajectory data.
commonly assumed aerosol precursors, while other precur- At SMEAR I, the DMPS system measured atmospheric
sor vapours are also considered to play a rblerftel et al, particle-size distributions from 3 to 1000nm during the
2009. However, large-scale models simulating SOA forma- whole observation period, whereas, at the SMEAR | station,
tion on a global scale often only use monoterpenes as the oparticles from sizes 8 to 460 nm were measured before April
ganic precursor, especially for BSOA, even though the frac-2003, and the system was then extended to the same particle-
tion of monoterpenes producing aerosol is not yet well con-size range as in SMEAR 10al Maso et al.2007). We used
strained (e.gSpracklen et a] 2008 Makkonen et al.2012). particle sizes smaller than 450 nm in all calculations to keep
The idea behind this study is similar to thafleinved etal.  the data consistency. Particle size spectrums were divided
(2006 2008, namely to classify observations at field stations into three size modes: nucleation mode with particle diam-
by the amount of time air masses have spent over the boreaters Qp) < 25nm, Aitken mode (25 Dp < 100nm) and
forest, and then to estimate the emissions of biogenic aeros@ccumulation modelf, > 100 nm). Particle number concen-
precursor vapours, and finally to connect these quantities térations at each mode were calculated for every 1-hour pe-
aerosol observations. A clear connection was established inod, averaging from 15 min DMPS measurements. Hourly
these earlier studies. Furthermofenved et al(2008 pro- particle volume concentrations were integrated from the
vided a parameterization where the effect of a temperaturdMPS size distributions assuming spherical particles. Also,
increase on the aerosol size distribution was taken into acthe hourly total aerosol masses were calculated from the total
count. The parameterization assumed that temperature onlgerosol volume concentrations, applying a constant aerosol
affected the biogenic VOC emission. However, it is likely density p = 1500 kg nm3 Kostenidou et a).2007).
that a change in temperature will also change the VOC con-
version efficiency (aerosol yield) into aerosol particles. In2.2 Backward trajectories
this study, we attempt to use similar methods to establish
whether this temperature effect on the aerosol yield can b&he hourly 96 h backward trajectories arriving at 100 m a.g.l.
observed in the data. In addition, the studieSwfived etal.  over the SMEAR | and SMEAR |l stations were calculated
(2006 2008 did not account for particle losses during trans- from the HYSPLIT4 modelDraxler and Hess1997) during
port to the site. By estimating these losses, we can obtain athe whole measurement period. The uncertainty of the tra-
upper-limit estimate for the conversion rate of biogenic emis-jectory calculations has been estimated to be 10-30 % of the
sions into aerosol during transport to the measurement site.travel distance@raxler and Hessl998 Heinzerling 2004).
Each individual travel point of the backward trajectories also
included the air temperature at the travelling height, mixing
2 Measurements and methods layer height, solar flux, precipitation, pressure and relative
humidity. All the meteorological data in the trajectory calcu-
We use a previously developedupved et al. 200§ and lations were from a global data assimilation system (GDAS)
tested Tunved et al.2008 method, focusing on the observed reanalysis archive for data sets after 2004, and from a FNL
temperature impacts at five ascending temperature bins t¢Final) archive for data sets before 2004, provided by the
the natural aerosol loading in this study. The basis setup oNCEP (National Centre of Environmental Predictions). The
the approach is to investigate the characteristic evolution ofuncertainty of the meteorological data set has been mini-
aerosol population in air parcels through clean marine to conmized within the GDAS and FNL reanalysis archive, as it has
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terion, for the reason that this criterion would be in line with
the following calculation of monoterpene emissions.

The total numbers of trajectories from extractions were
6481 for the SMEAR | station and 5086 for the SMEAR I
station. For each selected trajectory, the average trajectory
temperature was calculated from the estimated ground level
temperature at all end points travelling over land along the
whole trajectory. To investigate the aerosol characteristics
under different temperature conditions, we classified all the
selected trajectories into five groups by separating their cor-
responding average trajectory temperature equally into five
bins from 0 to 20C for both stations in this study.

2.3 Calculation of monoterpene emissions

Previous studies have shown that monoterpene emissions are
strongly temperature dependent and can be described well by
Figure 1. The transport sectors of back trajectories at the two a temperature dependent emission algoritfar{n et al,
Finnish SMEAR stations. Area above the red line is the travelling 1997 Tarvainen et a).2005. The predicted monoterpene
zone of selected tl’ajeC'[OI’ieS arl’iVing at the SMEAR |l station. Theem|ss|0ns from the Slmple temperature dependent em|ss|on
blue sector covers the transport area of trajectories arriving at th%lgorithm have shown the correlation of upR%: 0.96 with
SMEAR I station. At both stations, each trajectory should spend atmeasurements'l'arvainen et a).2005. We applied a similar
least 90 % of travelling time inside the transport sectors. algorithm in this study, and the total flux of monoterpenes
was derived from the following equatioBteinbrecher et al.
1999:

combined all the available ground measurements and satel-
: . L F=¢Dy, 1)
lite observations. The travelling time over ocean or land for

each trajectory was determined from topographical dgta. The hereF (ug M2 h—1) is the total flux of monoterpenes from
ground-level temperature was calculated from the air teMyng poreq) forests is the emission potential for coniferous
perature of each trajectory travel point at the actual height byspecies with value 1.5 pg g (dry weighbh—1, andD is the
using a lapse rate of 0.6& per 100 m Einlayson-Pitts and  ¢yjiar hiomass density. Here, we used a foliar biomass den-
Pitts 2000, which was the same approachionved et al. ity of 54 9 pine and 46 % spruce as a function of latitude in
(2008,' ) ) northern European boreal forest zohengfors et al, 1999.

Trajectories from April to September each year were s an environmental correction taking into account the tem-
used. The reasons for that were to guarantee significafberatyre dependency of monoterpene emission rate. It can
monoterpene emissions, to exclude seasonal dependence Qf ~4iculated frony =exp(B(T — Ts)), where = 0.09°C 1
the aerosol population evolution at the receptor sites, and,,q Ts=303.15K. We omitted the ieaf temperature to sim-
to_ minimize anthrop_ogenic influe_nce that was significant in plify the calculation and used the estimated ground-level
winter. A more detailed explanation of the approach can b&emperaturet) from the meteorological profiles along each
found from the supporting text biunved et al(2006. trajectory.

Several criteria, similar to those ifunved et al(2008, gy a5suming that monoterpene emissions were well con-
were used to select the back trajectories for our analysisineq within the well-mixed boundary layer, the concentra-
(1) Wide transport sections of back trajectories were chO+jgn jncrement of monoterpene emissions per unit volume
sen covering mostly clean boreal forest area without aN<uring transport over land) can be derived by =F/L
thropogenic influence from southwest Eyrope. 'I"'hefe includehara 7 is the boundary layer height. Monoterpene emis-
one 180 transport sector 18%-0 N relative to Varrio, and  gjgns from the ocean were set to zero, and the accumulated
travelled only above 60N at the SMEAR | station, and one i qnoterpene emissions were calculated for each trajectory

180 transport sector JON-90 E relative to Hyytiala at the spent over land, disregarding the short lifetime of monoter-
SMEAR || station, seen in Figl. (2) Each trajectory had to  janes in air.

spend its first 5 hours over ocean and travelled at least 90 %
of time inside the transport sectors. (3) Assuming an imag-
inary air parcel travelling along the trajectory, its travelling
height had to be continuously below the mixing layer height
over the land area. Compared to the previous studies, we nar-
rowed down our trajectory selections by adding the third cri-

10°E 20 E
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Table 1. Growth rate fitting parameters and condensation sink values in the five temperature bins, as well as from the whole data set both at
the SMEAR | and the SMEAR |l stations.

SMEAR I, Hyyti&la

Temperature bin°C) 0-4 4-8 8-12 12-16 16-20 All

Initial diameter (nm) 18.3 24.7 295 46.6 80.1 25.1

Dy at Hour-10 (nm) 17.4 23.0 25.7 43.4 121 24.7

Initial hour (h) 13 14 16 16 53 11

Final diameter (nm) 40.9 55.3 775 86.9 130.6 59.5

Final hour (h) 87 85 91 91 85 91

Growth rate (nm hl) 0.31 0.43 0.64 0.54 1.58 0.43

Median CS (51) 137x10°3 144x103 230x103 288x103 361x103 182x10°3

SMEAR |, Varrid

Temperature bin°C) 0-4 4-8 8-12 12-16 16-20 All

Initial diameter (nm) 19.6 28.0 32.7 55.0 - 24.3

Dp at Hour-10 (nm) 20.0 27.6 30.8 39.9 - 23.7

Initial hour (h) 9 11 13 28 - 11

Final diameter (nm) 48.8 60.9 82.8 107.3 - 69.2

Final hour (h) 88 92 90 20 - 91

Growth rate (nm ﬁl) 0.37 0.41 0.65 0.84 - 0.56

Median CS (51) 7.01x 1074 998x 104 165x103 242x10°3 - 136x 1073
3 Results and discussion the continental land mass to the air parcel, and the weaker

relation betweemno and temperature at the SMEAR |l sta-
3.1 Formation of secondary organic aerosol tion could be explained by the fact that air masses arriving
at SMEAR Il needed to undergo the passage over the Baltic

3.1.1 Aerosol mass gain with transport over land Sea. Very quick transit to SMEAR Il resulted in low temper-

. ) . ] . atures o) < 18 h). Overall, we could reproduce the findings
We binned all the trajectories based on their travelling hoursby Tunved et al(2008.

over land (o) before arriving at the receptor sites, and

calculated the average aerosol mass for each hourly bing 1.2 Accumulated monoterpene emissions

The average aerosol mass was only given if there were at

least 10 trajectories travelling the samg. The averaged We classified all the trajectories by grouping them accord-
aerosol masses as a functiongf) are depicted both for ing to their average trajectory temperature into five temper-
the SMEAR Il station and the SMEAR | station in FiB.  ature bins from 0 to 20C for both stations. The accumu-

The aerosol mass increased linearly wigh at these two  |ated monoterpene emissions along trajectories as a function
stations, and the correlation coefficier®é between these of fhol Were calculated in each temperature bin, and their val-

two quantities were 0.75 at the SMEAR 1 station and 0.90ues versus, are plotted in Fig3 for both stations. The fig-

at the SMEAR |l station. The linear fitting slopes indicat- yre demonstrates the effectmp) and air temperature on the

ing the average mass gain per hour at the receptor stationgonoterpene emissions, and one can clearly see the depen-
were 0.02ugm?® per hour at the SMEAR | station and dence between temperature and monoterpene emissions. The
0.04 ug n7 per hour at the SMEAR |l station. The average accumulated monoterpene emissions at the SMEAR Il sta-
aerosol mass increments per hour are 43 % higher than thosfn were slightly higher than those at the SMEAR | station,
previously found for both stations bjunved et al.(200§  yet of the same order of magnitude. The data in the tempera-
(see the fitting slope comparisons with dashed lines inZjg.  ture bin 16—20C at the SMEAR | station were very limited,

but are close to the result reportedTiynved et al(2008 for  so we neglected this temperature bin in the following analy-
the SMEAR Il station. sis.

The average air temperatures of trajectories with the same
thol Were averaged again for each valuengj. Colours of 3.2  Aerosol dynamics and CCN formation
markers indicate the averaged air temperature in Eighe
average temperatures of trajectories arriving at the two staAs can be seen from the results in the previous section, the
tions tended to be higher with longer over-land travel times,observed aerosol at our receptor stations depended on the
and this tendency was more pronounced for the SMEAR lItime in which the air parcel had travelled over the boreal
station. This feature can be attributed to the heat transfer fronforest area, whereas the air temperature during this transport
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Figure 2. Average aerosol mass (particle size smaller than 450 nm) vs. travelling hour over land of trajéajaieke SMEAR Il station,

and(b) at the SMEAR | station. Solid lines represent linear fits from data. Fitting slopes and their intercepts are written in the equations,
together with their coefficients of determinatiaR?). Marker colours indicate the averaged temperature at each hour over land. The dashed
lines are fitting slopes reported frohunved et al(2006 at these two stations.
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Figure 3. Accumulated total monoterpene emissions as a function of hour ovefdaiatithe SMEAR Il station, an¢b) at the SMEAR |
station. The marker colours of legends represent the same binned temperature in both sub-figures.

affected the amount of the assumed aerosol precursor (bidution. Additionally, we investigated the number concentra-
genic monoterpenes) emitted into the air parcel. Thereforetions of aerosol particles in three different size ranges.

we studied the evolution of the average observed aerosol size

distribution as a function of travelled time over land, and

we also looked into the temperature dependence of this evo-
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Figure 4. Aerosol particle-size distributions as a function of hour over land in the first four temperature bins at the SMEAR |l station,
Hyytiala. The black circles are the maxima of the normal size distribution function at each hour, and black line depicts the mode fitting.

3.2.1 Evolution of particle-size distributions to Aitken mode clearly accelerated with increasing tempera-
tures.

We computed the average aerosol size distribution for each A continuous growth of the particles to the Aitken and ac-
thol bin. The resulting average-size evolution distributions in Cumulation mode as a function af can be seen from all
relation totn in the first four temperature bins are depicted Sub-figures at both stations, but the formation of new parti-
both for the SMEAR |l station (Figd) and SMEAR | station cles was not apparent in the average size distributions after
(Fig.5). In each sub-figure of Figd.and5, a normal distribu- 20 h ofhol. The average growth rate of the Aitken and accu-
tion function was fitted to eaclo| for all the three particle- Mulation mode particles was 0.43 nm'hat the SMEAR II
size modes, and the maxima at each fitting mode were theftation and 0.56 nmtt at SMEAR | station, similar to the
calculated, seen from the black circles in all sub-figures. Agrowth rates reported byunved et al(2009. The growth
linear fitting to the hour over land corresponding to the max-fate increased clearly with the increasing temperature at
ima of particle number concentrations at dominant Aitken orboth stations (from 0.31nnTH in the temperature bin 0-
accumulation mode was made, which gives the growth raté#°C to 1.58 nmh* in the temperature bin 16-2C at the
of particles determined by differenty in unitnm 2. The SMEAR |l station, and from 0.37 nnTH in the temperature
average growth rates are listed in Tableogether with the ~ bin 0-4°C to 0.84nm h* in the temperature bin 12-2€
initial and ending diameter of particles during the growth. In at the SMEAR | station). Several previous studigal(Maso
addition, the initial and ending particle diameters were ex-et al, 2005 2007 Yli-Juuti et al, 2011 have shown that
trapolated to the samgo at thethol = 10 h for comparison. growth rates were higher during warmer season and our re-
Figures4 and 5 indicate that new aerosol particles had sults are in line with these observations. The increase in the
been formed when clean air masses entered the northern b8fowth rate implicates an increase in the concentration of
real forest area, and that the newly-formed particles grewcondensable vapours, as expected from the temperature de-
to sizes of 20nm, on average, after 10 hrgf, regardless ~Pendence of the emissions of precursor organics. Therefore,
of temperature. By looking at extrapolated particle sizes atour studies are in line with the assumption that monoterpenes
thol=10h in the first four temperature bins in Tallewe are the main gas precursors for aerosol growth. The average
can see that the particle growth from the nucleation modedrowth rate we observed is lower than growth rates observed
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Figure 5. Aerosol particle-size distributions as a function of hour over land in the first four temperature bins at the SMEAR | station, Varrio.
The black circles are the maxima of the normal size distribution function at each hour, and black line depicts the mode fitting.

from point measurements at single observation stations fotated monoterpene emissions in these five temperature bins
particle formation eventsDal Maso et al. 2005 Yli-Juuti are depicted both for the SMEAR Il station (Figa) and
et al, 2011). This is due to the fact that our growth rates the SMEAR | station (Fig6b). In both figures, each data
were averaged from the whole data set, while growth rates irpoint includes the averaged nucleation mode particle number
other studies have been taken only from selected days witltoncentration and accumulated monoterpene emission from
clear, new particle-formation events. Such days are likely totrajectories travelling the samgy, in each temperature bin,
have above-average condensing vapour concentrations.  and marker colours demonstrate temperature bins in all sub-
The condensation sink (CS) determines the speed of prefigures.
cursor molecules condensing onto the pre-existing aerosol The nucleation mode particle number concentrations
particles, and is strongly dependent on the aerosol size disshowed a negative correlation with the accumulated monoter-
tribution (Lehtinen et al.2003. The median CS values were pene emissions at both stations. This is connected to the oc-
calculated from the evolution of aerosol size distributions ascurrence of new particle formation after longer travel times;
a function oftn in all temperature bins for both stations, and it is likely that nucleation was suppressed by the high values
their values are also included in Table 1. The CS increaseaf CS resulting from particle growth caused by the monoter-
with temperature and was higher at the SMEAR |l stationpene emissions that have been oxidised and grown the par-
compared to the SMEAR | station in the same temperaturdicles through air mass transport. The average number of

bins. nucleation mode particles was lower when the average tra-
jectory temperature was higher. However, when comparing
3.2.2 Particle number concentrations at three size the number of nucleation mode particles at similar levels
modes versus monoterpene emissions of cumulative monoterpene emissions, no clear dependence

on the trajectory temperature could be observed. The avail-
Nucleation mode particles are the seeds of BSOA. To invesable data do not support the idea that air temperature it-
tigate the response of newly formed nucleation mode parself would influence the nucleation mode particle produc-
ticles to the temperature along trajectories, the nucleatioriion process. Rather, a possible temperature dependence of
mode particle number concentrations against total accumunucleation mode particle concentration can be interpreted as

www.atmos-chem-phys.net/14/8295/2014/ Atmos. Chem. Phys., 14, 833H8 2014
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Figure 6. Nucleation mode particle number concentrations vs. total monoterpene emissions among the five temperdajrathins
SMEAR Il station, andb) at the SMEAR | station. Aitken mode particle number concentrations vs. total monoterpene enfissiise
SMEAR I station, andd) at the SMEAR 1 station. Accumulation mode particle number concentrations vs. total monoterpene emissions
(e) at the SMEAR Il station, an¢f) at the SMEAR | station. The marker colours of legends represent the same binned temperatures in all
sub-figures.

a reflection of the feedback between the increased CS anticle number concentrations in the Aitken and accumulation
the particle growth rate; new particles are formed mainly mode versus total accumulated monoterpene emissions in
when CS is low, and when CS is high, condensing vapourthese five temperature bins are illustrated in Fgas the
contributes to aerosol mass formation, but new particles ardast four sub-figures for both stations. The average particle
not formed. Overall, the nucleation mode particle numbernumber concentrations in the Aitken mode did not change
concentration at the SMEAR Il station was about 2—3 timesclearly with the increasing temperature, but rather scattered
higher than that at the SMEAR 1 station. around the average in each temperature bin. The particle
Particles growing continuously to the Aitken mode and number concentrations in the accumulation mode showed
accumulation mode are climatically important, as they cana clear positive dependence on the monoterpene emissions
be activated as CCN, and further form cloud droplets (e.g.and temperature at both stations, but the slopes between ac-
Kerminen et al.2012). In order to examine temperature im- cumulation mode particle number concentrations and accu-
pacts on CCN-sized particles formed along trajectories, parmulated monoterpene emissions became smaller with the
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increased temperature. The projected maxima of the accumwaerosol that was mass produced during transport to the re-
lation mode particle numbers can be seen ca. 150G dor ceptor stations, as well as aerosol losses during transport. We
both stations. Nevertheless, it is certain that more particlegstimated these losses using a simplified aerosol lifetime cal-
had grown to the accumulation mode at higher temperaturesulation, where the aerosol loss as a function of sizes in each
during transport, so more particles may be activated as CCNyo was derived from the following discrete deposition equa-
at higher temperatures. tion:

When investigating the particle concentrations in the light dN; joss(t)
of both monoterpene emissions and temperature, tempera=— — = Yy Ni (7).
ture showed an indirect effect. For a given monoterpene con-
centration, the concentrations of Aitken and accumulationHere,y is the size-dependent particle deposition rate'h
mode particles varied within the same bounds, with higherdNi loss is the number of deposited particles at size by),
temperatures leading to higher particle concentrations in thé@nd d =1 (h) in this case. We used the reverse aerosol life-
studied size ranges. This effect was more pronounced at thémes determined bWilliams et al.(20032) in the mixed layer
SMEAR | station. Our data do not show clear evidence of the(0—1 km) as the average atmospheric aerosol loss rate in this
temperature directly affecting particle concentrations via, forstudy, and interpolated it to the size range of our DMPS mea-
example, lowering saturation vapour concentrations of consurements. This approach takes into account all the particle
densing species. Rather, the average concentration of partioss (dry deposition) mechanisms inside the boundary layer,
cles in the larger size ranges seems to be determined by tH@cIuding their impaction and diffusion losses to the surface.

amount of monoterpenes emitted into the air mass, which isThe used values of aerosol lifetimes are similar to another
dependent on temperature. study byRiuttanen et al(2013. The total deposition loss of

aerosol mass (dpss(?)) in eachrng can then be estimated
by the particle-size distributions of deposited particles, as-
suming spherical particles and using the same particle den-

)

3.2.3 Particle loss from particle-size distribution

evolution ) . .
sity. Therefore, the summation of particle mass losses from
BSOA formation is often discussed in terms of aerosol yield 5| hours Ofthol Tfnd Mioss(t) |, together with the measured
(Hallquist et al, 2009 Odum et al. 1996, which is generally Tend

defined as the fraction of oxidized precursors entering thetotal particle mass at the receptor stations, reveals the total
aerosol phase via condensation or equilibrium partitioningamount of BSOA formed during air mass transport. The to-
(Pankow 1994 Hallquist et al, 2009. In order to estimate tal aerosol masses with deposition loss corrected against the
the aerosol yield, assuming monoterpene as the sole precumeasured aerosol masses are plotted in Figr both sta-

sor in this study, we needed an estimate for the amount ofions. It is noticeable that about one third of the particle mass
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was lost during the transport. Hence, itis important to include 40

i i ; : | Hyyltiéla
aerosol losses in the next calculation of aerosol yield. 35 e

I 05% confidence intervals

3.3 Temperature influence on the apparent aerosol yield

The formation process of BSOA generally includes gas-
phase oxidation of monoterpenes and other compounds at
first, and gas-particle partitioning secondia(lquist et al,
2009. Monoterpenes are highly reactive to the major atmo-
spheric oxidants (e.g. ozone, OH, and §Oso it can be
approximated that nearly all monoterpenes have undergone
primary atmospheric oxidation before arriving at the recep- n 3 12
tor stations when the imaginary air parcel is being trans- Temperature °C)
ported by air mass transport. A certain fraction of the low-

volatility oxidation products of monoterpenes can condensd-igure 9. Estimated aerosol yield (i.e. the direct_ fitFing _slope be-
onto the formed particles through gas-particle partitioning,tween aerqsol mass and total monoterpe_ne emission) in five tem-
which increases aerosol sizes and mass. Therefore, a si grature bins both at the SMEAR | station (blue bars) and the

o L . . . MEAR Il station (red bars). The black bars indicate 95 % confi-
P"f'ed aerosol mas_s gain _|n the imaginary air parcel can bedence intervals from the fitting slopes at both stations.
linked to the certain fraction of the condensable monoter-
pene oxidation products accumulating along the trajectory.

The value of this certain fraction, i.e. the ratio between the

total aerosol mass and the cumulative monoterpene emissioent aerosol yield decreased with an increasing temperature
was defined as the apparent aerosol yield from oxidation ofrom the highest 37.1 % yield in the temperature bin 954
monoterpene emissions along trajectories in this study. to 14.4 % vyield in the temperature bin 1620 The aver-

The total aerosol masses corrected with deposition losage aerosol yield at the SMEAR | station differed from that
and accumulated monoterpene emissions were calculateat the SMEAR Il station, where it was 13.7 and 12.7 % in the
from the grouped trajectories in each temperature binfirst two temperature bins, and slightly increased to 18.5 and
(Fig. 8). The apparent aerosol yields were then obtained froml8.4 % in the next two temperature bins.
linear fittings between these two quantities. The values of ap- The variation in the estimated apparent aerosol yields
parent aerosol yield in each temperature bin are depicted imvas quite large as a function of the simple temperature pa-
Fig. 9 for both stations. At the SMEAR |l station, the appar- rameter and site, which clearly shows that using a simple

20

Apparent aerosol yield (%)

16 20
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parameterization based on monoterpenes is not a sufficientl4 Summary and conclusion
accurate method to model background BSOA formation.
Two features are evident in the yield estimations: firstly, We extended earlier studies to evaluate the potential tem-
aerosol mass production in cooler temperatures is more effiperature impacts on the natural aerosol dynamics and mass
cient for the SMEAR |l station, and the efficiency of VOC Yield from biogenic momoterpene emissions among north-
transformation is higher at this more southern station. Atern boreal forest area, using long-term field measurements of
higher average [rajec'[ory temperatures, the apparent aeros@erosm size distributions and back trajectories at two Finnish
yield from monoterpenes at both stations started to approac®MEAR stations. We found that nucleation prefers to take
values close to each other. place in originally clean marine air masses after they have
The difference between the SMEAR | and SMEAR |l sta- arrived at the boreal forest area. The newly formed particles
tions at low temperatures is difficult to attribute directly to were found to continuously grow to the Aitken mode and fur-
any single cause. It is known from previous studies (e.g.ther to the accumulation mode during air mass transport, and
Dal Maso et al. 2008 that particle number concentrations the nucleation process tends to cease within a day or so of air
tend to follow different annual cycles at these two stations,mass transport over land.
especially in the lower particle-size range. The analysis of Our results suggest that the “averaged air parcel history”
a damped temperature sum parameter has shown that tieethod can be used to obtain valuable information on the
damped temperature sum value close to zero leads to elélevelopment of aerosol over the boreal forest area. For the
vated new particle formation rates and small-particle con-first time, we showed that both travel time over land and air
centrations Dal Maso et al. 2009, which was speculated temperature influenced the evolution of the natural aerosol.
to be caused by Spring recovery of trees |eading to biogenic Nucleation mode particle number concentrations were
emissions with a higher potential to nucleate. As it has beerfligher at lower temperatures, whereas particle number con-
shown that the mixture of biogenic emissions has a clear efcentrations in the accumulation mode were slightly higher at
fect on BSOA formation rate, also in terms of the particle warmer temperatures. This suggests more efficient CCN pro-
mass Wentel et al, 2009, it can be argued that biogenic duction associated with BSOA formation at higher tempera-
emissions at low temperatures have a different chemical mixtures, in line withPaasonen et a(2013. No clear evidence
ture. However, since such an effect would be expected to b&f temperature directly affecting particle production process
visible also for the SMEAR | station, this explanation cannot could be observed, but rather particle number concentrations
be generalized. were determined by the amount of monoterpenes emitted into
Due to its closer proximity to athropogenic sources com-the air mass, which was dependent on temperature.
pared with SMEAR |, air masses arriving at SMEAR llwere ~ The apparent aerosol yield derived from the aerosol
probably more influenced by such sources. While our selecmasses against accumulated monoterpene emissions along
tion of the time period was performed so that winter- and trajectories was of the order of 13—-37 % with a minor, yet op-
spring-time periods which showed elevated,S®ncentra-  POsite, temperature dependence between these two stations.
tions (Lyubovtseva et a] 2005 were screened out, it is pos- Overall, our study suggests that the temperature dependence
sible that emissions from e.g. combustion activities add in-0f BSOA production should be treated with caution, and a
fluence to aerosol mass formation during air mass transportSimple parameterization should be especially avoided in pre-
The apparent aerosol yield in our study is higher than thedicting the aerosol production potential from rising tempera-
previous found byTunved et al(2008, mainly because par- turesin future. Further investigation on the detailed processes
ticle mass losses have been taken into account, yet it is stilPf BSOA yield as a function of temperature would be neces-
higher than the BSOA yield from some plant chamber ex-sary to reveal the actual aerosol distribution and its climate
periments, e.g. 1.9-17.7 % Iiao et al(2011), and 5-10% effects.
from Mentel et al.(2009. However, model studies on SOA
yields have shown much higher variations and uncertainties
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sor. The results, which show a large variation both between

sites and as a function of temperature, demonstrate that ajdited by: S. M. Noe
plying a simple parameterization for the mass yield will not

describe SOA formation adequately. The estimated apparent

mass yield from monoterpenes ranged between 13 and 37 %,

with higher yields obtained for the SMEAR 1l station, influ-

enced more by anthropogenic sources.

www.atmos-chem-phys.net/14/8295/2014/ Atmos. Chem. Phys., 14, 88318 2014



8306

References

L. Liao et al.: Temperature influence on the natural aerosol formation and mass yield over boreal forests

Finlayson-Pitts, B. J. and Pitts, J. N.: Chemistry of the upper and

lower atmosphere: theory, experiments, and applications, Aca-
demic Press, San Diego, CA, 2000.

Goldstein, A. H. and Galbally, I. E.: Known and unexplored organic

Arneth, A., Harrison, S. P., Zaehle, S., Tsigaridis, K., Menon, S.,
Bartlein, P. J., Feichter, J., Korhola, A., Kulmala, M., O'Donnell,

constituents in the earth’s atmosphere, Environ. Sci. Technol., 41,
1514-1521, 2007.

D., Schurgers, G., Sorvari, S., and Vesala, T.: Terrestrial biogeo-Guenther, A. B., Jiang, X., Heald, C. L., Sakulyanontvittaya, T.,
chemical feedbacks in the climate system, Nat. Geosci., 3, 525— Duhl, T., Emmons, L. K., and Wang, X.: The Model of Emissions

532, 2010.

Bertin, N., Staudt, M., Hansen, U., Seufert, G., Ciccioli, P., Fos-
ter, P., Fugit, J. L., and Torres, L.: Diurnal and seasonal course
of monoterpene emissions from Quercus ilex (L.) under natural

of Gases and Aerosols from Nature version 2.1 (MEGANZ2.1): an
extended and updated framework for modeling biogenic emis-
sions, Geosci. Model Dev., 5, 1471-1492, #6i5194/gmd-5-
1471-20122012.

conditions — Applications of light and temperature algorithms, Hallquist, M., Wenger, J. C., Baltensperger, U., Rudich, Y., Simp-

Atmos. Environ., 31, 135-144, 1997.

Carslaw, K. S., Boucher, O., Spracklen, D. V., Mann, G. W., Rae,
J. G. L., Woodward, S., and Kulmala, M.: A review of natu-
ral aerosol interactions and feedbacks within the Earth system,
Atmos. Chem. Phys., 10, 1701-1737, d6i5194/acp-10-1701-
201Q 2010.

Dal Maso, M., Kulmala, M., Riipinen, I., Wagner, R., Hussein, T.,
Aalto, P. P., and Lehtinen, K. E. J.: Formation and growth of fresh

son, D., Claeys, M., Dommen, J., Donahue, N. M., George, C.,
Goldstein, A. H., Hamilton, J. F., Herrmann, H., Hoffmann, T.,
linuma, V., Jang, M., Jenkin, M. E., Jimenez, J. L., Kiendler-
Scharr, A., Maenhaut, W., McFiggans, G., Mentel, T. F., Monod,
A., Prevot, A. S. H., Seinfeld, J. H., Surratt, J. D., Szmigielski, R.,
and Wildt, J.: The formation, properties and impact of secondary
organic aerosol: current and emerging issues, Atmos. Chem.
Phys., 9, 5155-5236, d&.5194/acp-9-5155-2002009.

atmospheric aerosols: eight years of aerosol size distribution datfao, L. Q., Romakkaniemi, S., Yli-Pirila, P., Joutsensaari, J., Ko-

from SMEAR I, Hyytiala, Finland, Boreal Environ. Res., 10,
323-336, 2005.

Dal Maso, M., Sogacheva, L., Aalto, P. P., Riipinen, ., Komp-
pula, M., Tunved, P., Korhonen, L., Suur-Uski, V., Hirsikko, A.,
Kurten, T., Kerminen, V.-M., Lihavainen, H., Viisanen, Y., Hans-
son, H.-C., and Kulmala, M.: Aerosol size distribution measure-

rtelainen, A., Kroll, J. H., Miettinen, P., Vaattovaara, P., Tiitta, P.,
Jaatinen, A., Kajos, M. K., Holopainen, J. K., Heijari, J., Rinne,
J., Kulmala, M., Worsnop, D. R., Smith, J. N., and Laaksonen,
A.: Mass yields of secondary organic aerosols from the oxidation
of alpha-pinene and real plant emissions, Atmos. Chem. Phys.,
11, 1367-1378, ddi0.5194/acp-11-1367-2012011.

ments at four Nordic field stations: identification, analysis and Hari, P. and Kulmala, M.: Station for measuring ecosystem-

trajectory analysis of new particle formation bursts, Tellus B, 59,
350-361, 2007.

atmosphere relations (SMEAR 1), Boreal Environ. Res., 10,
315-322, 2005.

Dal Maso, M., Hyvaerinen, A., Komppula, M., Tunved, P., Kermi- Heinzerling, D.: Automation of HYSPLIT trajectory generation and

nen, V.-M., Lihavainen, H., Viisanen, Y., Hansson, H.-C., and
Kulmala, M.: Annual and interannual variation in boreal forest

subsequent analysis, Washington University, Research for Un-
dergraduates Program 2004, USA, 2004.

aerosol particle number and volume concentration and their conHoyle, C. R., Boy, M., Donahue, N. M., Fry, J. L., Glasius, M.,

nection to particle formation, Tellus B, 60, 495-508, 2008.

Dal Maso, M., Hari, P., and Kulmala, M.: Spring recovery of pho-
tosynthesis and atmospheric particle formation, Boreal Environ.
Res., 14, 711-721, 2009.

Guenther, A., Hallar, A. G., Hartz, K. H., Petters, M. D., Petaja,
T., Rosenoern, T., and Sullivan, A. P.: A review of the anthro-
pogenic influence on biogenic secondary organic aerosol, Atmos.
Chem. Phys., 11, 321-343, dui.5194/acp-11-321-2012011.

Day, M. C. and Pandis, S. N.: Predicted changes in summertime orKanakidou, M., Seinfeld, J. H., Pandis, S. N., Barnes, |., Dentener,
ganic aerosol concentrations due to increased temperatures, At- F. J., Facchini, M. C., Van Dingenen, R., Ervens, B., Nenes,

mos. Environ., 45, 6546—6556, 2011.
Dentener, F. J., Carmichael, G. R., Zhang, Y., Lelieveld, J., and

A., Nielsen, C. J., Swietlicki, E., Putaud, J. P., Balkanski, Y.,
Fuzzi, S., Horth, J., Moortgat, G. K., Winterhalter, R., Myhre, C.

Crutzen, P. J.: Role of mineral aerosol as a reactive surface in E. L., Tsigaridis, K., Vignati, E., Stephanou, E. G., and Wilson,
the global troposphere, J. Geophys. Res.-Atmos., 101, 22869— J.: Organic aerosol and global climate modelling: a review, At-

22889, 1996.
Donahue, N. M., Henry, K. M., Mentel, T. F., Kiendler-Scharr, A.,

mos. Chem. Phys., 5, 1053-1123, d6i5194/acp-5-1053-2005
2005.

Spindler, C., Bohn, B., Brauers, T., Dorn, H. P., Fuchs, H., Till- Kerminen, V. M., Paramonov, M., Anttila, T., Riipinen, I., Foun-

mann, R., Wahner, A., Saathoff, H., Naumann, K. H., Mohler,
O., Leisner, T., Muller, L., Reinnig, M. C., Hoffmann, T., Salo,
K., Hallquist, M., Frosch, M., Bilde, M., Tritscher, T., Barmet, P.,
Praplan, A. P, DeCarlo, P. F.,, Dommen, J., Prevot, A. S. H., and
Baltensperger, U.: Aging of biogenic secondary organic aerosol
via gas-phase OH radical reactions, P. Natl. Acad. Sci. USA, 109,
13503-13508, 2012.

Draxler, R. R. and Hess, G.: An overview of the HYSPLIT_4 mod-
elling system for trajectories, Australian Meteorological Maga-
zine, 47, 1998.

Draxler, R. R. and Hess, G. D.: Description of the Hysplit_4 mod-
elling system, NOAA Tech Memorandum, ERL ARL-224, 1997.

Atmos. Chem. Phys., 14, 8298308 2014

toukis, C., Korhonen, H., Asmi, E., Laakso, L., Lihavainen, H.,
Swietlicki, E., Svenningsson, B., Asmi, A., Pandis, S. N., Kul-
mala, M., and Petaja, T.: Cloud condensation nuclei production
associated with atmospheric nucleation: a synthesis based on ex-
isting literature and new results, Atmos. Chem. Phys., 12, 12037-
12059, doii0.5194/acp-12-12037-2012012.

Korhonen, H., Carslaw, K. S., Forster, P. M., Mikkonen, S., Gordon,

N. D., and Kokkola, H.: Aerosol climate feedback due to decadal
increases in Southern Hemisphere wind speeds, Geophys. Res.
Lett., 37, L02805, doi0.1029/2009GL04132@010.

www.atmos-chem-phys.net/14/8295/2014/


http://dx.doi.org/10.5194/acp-10-1701-2010
http://dx.doi.org/10.5194/acp-10-1701-2010
http://dx.doi.org/10.5194/gmd-5-1471-2012
http://dx.doi.org/10.5194/gmd-5-1471-2012
http://dx.doi.org/10.5194/acp-9-5155-2009
http://dx.doi.org/10.5194/acp-11-1367-2011
http://dx.doi.org/10.5194/acp-11-321-2011
http://dx.doi.org/10.5194/acp-5-1053-2005
http://dx.doi.org/10.5194/acp-12-12037-2012
http://dx.doi.org/10.1029/2009GL041320

L. Liao et al.: Temperature influence on the natural aerosol formation and mass yield over boreal forests 8307

Kostenidou, E., Pathak, R. K., and Pandis, S. N.: An algorithm for Odum, J. R., Hoffmann, T., Bowman, F., Collins, D., Flagan, R. C.,
the calculation of secondary organic aerosol density combining and Seinfeld, J. H.: Gas/particle partitioning and secondary or-
AMS and SMPS data, Aerosol Sci. Tech., 41, 1002-1010, 2007. ganic aerosol yields, Environ. Sci. Technol., 30, 2580-2585,

Kroll, J. H. and Seinfeld, J. H.: Chemistry of secondary organic 1996.
aerosol: Formation and evolution of low-volatility organics in the Paasonen, P., Asmi, A., Petaja, T., Kajos, M. K., Aijala, M., Jun-
atmosphere, Atmos. Environ., 42, 3593-3624, 2008. ninen, H., Holst, T., Abbatt, J. P. D., Arneth, A., Birmili, W.,

Kulmala, M., Suni, T., Lehtinen, K. E. J., Dal Maso, M., Boy, M., van der Gon, H. D., Hamed, A., Hoffer, A., Laakso, L., Laakso-
Reissell, A., Rannik, U., Aalto, P., Keronen, P., Hakola, H., Back, nen, A., Leaitch, W. R., Plass-Duelmer, C., Pryor, S. C., Raisa-
J. B., Hoffmann, T., Vesala, T., and Hari, P.: A new feedback nen, P., Swietlicki, E., Wiedensohler, A., Worsnop, D. R., Ker-
mechanism linking forests, aerosols, and climate, Atmos. Chem. minen, V.-M., and Kulmala, M.: Warming-induced increase in
Phys., 4, 557-562, ddi0.5194/acp-4-557-2002004. aerosol number concentration likely to moderate climate change,

Kulmala, M., Nieminen, T., Chellapermal, R., Makkonen, R., Back, Nat. Geosci., 6, 438—-442, 2013.

J., and Kerminen, V.-M.: Climate feedbacks linking the increas- Pankow, J. F.: An absorption-model of the gas aerosol partitioning
ing atmospheric C®concentration, BVOC emissions, aerosols  involved in the formation of secondary organic aerosol, Atmos.
and clouds in forest ecosystems, Springer Netherlands, 489-508, Environ., 28, 189-193, 1994.
doi:10.1007/978-94-007-6606-8_,12013. Quinn, P. K. and Bates, T. S.: The case against climate regulation

Leaitch, W. R., Macdonald, A. M., Brickell, P. C., Liggio, J., Sjost- via oceanic phytoplankton sulphur emissions, Nature, 480, 51—
edt, S. J., Vlasenko, A., Bottenheim, J. W., Huang, L., Li, S. M., 56, 2011.

Liu, P. S. K., Toom-Sauntry, D., Hayden, K. A., Sharma, S., Riipinen, I., Pierce, J. R., Yli-Juuti, T., Nieminen, T., Hakkinen,

Shantz, N. C., Wiebe, H. A., Zhang, W. D., Abbatt, J. P. D., S., Ehn, M., Junninen, H., Lehtipalo, K., Petaja, T., Slowik, J.,
Slowik, J. G., Chang, R. Y. W,, Russell, L. M., Schwartz, R. E.,  Chang, R., Shantz, N. C., Abbatt, J., Leaitch, W. R., Kerminen,
Takahama, S., Jayne, J. T., and Ng, N. L.: Temperature response V. M., Worsnop, D. R., Pandis, S. N., Donahue, N. M., and Kul-
of the submicron organic aerosol from temperate forests, Atmos. mala, M.: Organic condensation: a vital link connecting aerosol
Environ., 45, 6696-6704, 2011. formation to cloud condensation nuclei (CCN) concentrations,

Lehtinen, K. E. J., Korhonen, H., Dal Maso, M., and Kulmala, M.:  Atmos. Chem. Phys., 11, 3865-3878, d6i5194/acp-11-3865-
On the concept of condensation sink diameter, Boreal Environ. 2011 2011.

Res., 8, 405—-411, 2003. Riipinen, I., Yli-Juuti, T., Pierce, J. R., Petaja, T., Worsnop, D. R.,

Lihavainen, H., Kerminen, V. M., Tunved, P., Aaltonen, V., Kulmala, M., and Donahue, N. M.: The contribution of organics
Arola, A., Hatakka, J., Hyvérinen, A., and Viisanen, Y.: Ob-  to atmospheric nanoparticle growth, Nat. Geosci., 5, 453-458,
servational signature of the direct radiative effect by natu- 2012.
ral boreal forest aerosols and its relation to the correspond-Riuttanen, L., Hulkkonen, M., Maso, M. D., Junninen, H., and
ing first indirect effect, J. Geophys. Res.-Atmos., 114, D20206, Kulmala, M.: Trajectory analysis of atmospheric transport of
doi:10.1029/2009JD012072009. fine particles, S@, NOx and G to the SMEAR Il station in

Lindfors, V., Rinne, J., and Laurila, T.: Upscaling the BIPHOREP  Finland in 1996-2008, Atmos. Chem. Phys., 13, 2153-2164,
Results — Regional Biogenic VOC Emissions in the European doi:10.5194/acp-13-2153-2012013.

Boreal Zone, Tech. rep., Finnish Meteorological Institute, Air Spracklen, D. V., Bonn, B., and Carslaw, K. S.: Boreal forests,
Quality Research, Sahaajankatu 20E, FIN-00810 Helsinki, Fin- aerosols and the impacts on clouds and climate, Philos. T. Roy.
land, 1999. Soc. A, 366, 4613-4626, 2008.

Lyubovtseva, Y. S., Sogacheva, L., Dal Maso, M., Bonn, B., Kero- Steinbrecher, R., Hauff, K., Réssler, J., Dirr, M., and Seufert, G.:
nen, P., and Kulmala, M.: Seasonal variations of trace gases, Monoterpene emission from soils in orange plantations of the
meteorological parameters, and formation of aerosols in boreal valencian citrus belt, Spain, Phys. Chem. Earth Pt. B, 24, 695—
forests, Boreal Environ. Res., 10, 493-510, 2005. 698, 1999.

Makkonen, R., Asmi, A., Kerminen, V. M., Boy, M., Arneth, A., Tarvainen, V., Hakola, H., Hellén, H., Back, J., Hari, P., and
Guenther, A., and Kulmala, M.: BVOC-aerosol-climate interac- Kulmala, M.: Temperature and light dependence of the VOC
tions in the global aerosol-climate model ECHAMS5.5-HAM2, emissions of Scots pine, Atmos. Chem. Phys., 5, 989-998,
Atmos. Chem. Phys., 12, 10077-10096, #0i5194/acp-12- doi:10.5194/acp-5-989-2002005.

10077-20122012. Tunved, P., Hansson, H. C., Kerminen, V. M., Strom, J., Dal Maso,

Mentel, T. F., Wildt, J., Kiendler-Scharr, A., Kleist, E., Tillmann, R., M., Lihavainen, H., Viisanen, Y., Aalto, P. P., Komppula, M., and
Dal Maso, M., Fisseha, R., Hohaus, T., Spahn, H., Uerlings, R., Kulmala, M.: High natural aerosol loading over boreal forests,
Wegener, R., Griffiths, P. T., Dinar, E., Rudich, Y., and Wahner, Science, 312, 261-263, 2006.

A.: Photochemical production of aerosols from real plant emis- Tunved, P., Stroem, J., Kulmala, M., Kerminen, V. M., Dal Maso,

sions, Atmos. Chem. Phys., 9, 4387-4406, Ha5194/acp-9- M., Svenningson, B., Lunder, C., and Hansson, H. C.: The natural
4387-20092009. aerosol over Northern Europe and its relation to anthropogenic
Miyazaki, Y., Jung, J., Fu, P. Q., Mizoguchi, Y., Yamanoi, K., emissions — implications of important climate feedbacks, Tellus

and Kawamura, K.: Evidence of formation of submicrometer B, 60, 473-484, 2008.

water-soluble organic aerosols at a deciduous forest site in northwilliams, J., de Reus, M., Krejci, R., Fischer, H., and Strém, J.:

ern Japan in summer, J. Geophys. Res.-Atmos., 117, D19213, Application of the variability-size relationship to atmospheric

doi:10.1029/2012JD01825Q012. aerosol studies: estimating aerosol lifetimes and ages, Atmos.
Chem. Phys., 2, 133-145, db@.5194/acp-2-133-2002002.

www.atmos-chem-phys.net/14/8295/2014/ Atmos. Chem. Phys., 14, 8 B3H8 2014


http://dx.doi.org/10.5194/acp-4-557-2004
http://dx.doi.org/10.1007/978-94-007-6606-8_17
http://dx.doi.org/10.1029/2009JD012078
http://dx.doi.org/10.5194/acp-12-10077-2012
http://dx.doi.org/10.5194/acp-12-10077-2012
http://dx.doi.org/10.5194/acp-9-4387-2009
http://dx.doi.org/10.5194/acp-9-4387-2009
http://dx.doi.org/10.1029/2012JD018250
http://dx.doi.org/10.5194/acp-11-3865-2011
http://dx.doi.org/10.5194/acp-11-3865-2011
http://dx.doi.org/10.5194/acp-13-2153-2013
http://dx.doi.org/10.5194/acp-5-989-2005
http://dx.doi.org/10.5194/acp-2-133-2002

8308 L. Liao et al.: Temperature influence on the natural aerosol formation and mass yield over boreal forests

Yli-Juuti, T., Nieminen, T., Hirsikko, A., Aalto, P. P., Asmi, E., Yu, F.: A secondary organic aerosol formation model considering
Horrak, U., Manninen, H. E., Patokoski, J., Dal Maso, M.,  successive oxidation aging and kinetic condensation of organic
Petaja, T., Rinne, J., Kulmala, M., and Riipinen, I.: Growth compounds: global scale implications, Atmos. Chem. Phys., 11,
rates of nucleation mode particles in Hyytiala during 2003— 1083-1099, doi:0.5194/acp-11-1083-20,12011.

2009: variation with particle size, season, data analysis method
and ambient conditions, Atmos. Chem. Phys., 11, 12865-12886,
doi:10.5194/acp-11-12865-2012011.

Atmos. Chem. Phys., 14, 8298308 2014 www.atmos-chem-phys.net/14/8295/2014/


http://dx.doi.org/10.5194/acp-11-12865-2011
http://dx.doi.org/10.5194/acp-11-1083-2011

