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Abstract. Scattering and absorption were measured atwas compared with the following weighted mean diameters:
the Station for Measuring Ecosystem—Atmosphere Relationgount mean diameter (CMD), surface mean diameter (SMD),
(SMEAR II) station in Hyytala, Finland, from October 2006 scattering mean diameter (ScMD), condensation sink mean
to May 2009. The average scattering coefficiegp (A = diameter (CsMD), and volume mean diameter (VMD). If
550 nm) 18 MnT! was about twice as much as at the Pallasasp is to be used for estimating some measure of the size
Global Atmosphere Watch (GAW) station in Finnish Lap- of particles, the best choice would be ScMD, then SMD,
land. The average absorption coefficienp (A =550nm)  and then VMD. In all of these the qualitative relationship
was 2.1Mntl. The seasonal cycles were analyzed fromis similar: the larger the&ngstrbm exponent, the smaller
hourly-averaged data classified according to the measurehe weighted mean diameter. Contrary to these, CMD in-
ment month. The ratio of the highest to the lowest aver-creased with increasingsp and CsMD did not have any
ageosp andoap was~1.8 and~2.8, respectively. The av- clear relationship withxsp. Source regions were estimated
erage single-scattering albedogf was 0.86 in winter and  with backtrajectories and trajectory statistics. The geometric
0.91 in summerosp was highly correlated with the volume meanosp andoap associated with the grid cells in Eastern
concentrations calculated from number size distributions inEurope were in the range 20-40 Mfand 4-6 MnT2, re-

the size range 0.003-10 pm. Assuming that the particle denspectively. The respective geometric meanss andoap

sity was 1.5 g cm?®, the PMo mass scattering efficiency was in the grid cells over Norwegian Sea were in the range 5—
3.1+0.9gn2 at» =550nm. Scattering coefficients were 10 Mm~1 and<1 Mm~1. The source areas associated with
also calculated from the number size distributions by us-highaspvalues were norther than those &gfpandoap. The

ing a Mie code and the refractive index of ammonium sul- trajectory statistical approach and a simple wind sector clas-
fate. The linear regression yieldedp(modelled) = 1046x sification agreed well.

osp(measured) for the data with the low nephelometer sam-
ple volume relative humidity (Rkepyq= 30+9%) and
osp(modelled = 0.985 x osp(measured) when Ripy =
55+49%. The effective complex refractive index was ob- 1
tained by an iterative approach, by matching the measured N )
and the modelledsp andoap. The average effective com- The boreal forests are a significant source of both pri-
plex refractive index was (1.5170.057) +(0.019-0.015) ~ Mary and secondary particles that affect climate both di-
at) =550 nm. The iterated imaginary part had a strong Sea_rectly_and indirectly. To study b|osphere_z-atmospher_e n-
sonal cycle, with smallest values in summer and highest iperactions and all aspects of atmospheric agrosols in the
winter. The contribution of submicron particles to scatter- forests, aerosols, trace gases and meteorological parameters

ing was~90%. TheAngstiom exponent of scatteringsp, ha\{e been measured at the SMEAR I (Station for Mea-
suring Ecosystem—Atmosphere Relations) measurement sta-

tion in Hyytiala, southwestern central Finland (60'47” N,

Correspondence toA. Virkkula 24°1742'E, 181mas.l.) continuously since 1996, both
m (aki.virkkula@helsinki.fi) by conducting long-term monitoring and in shorter field
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campaigns (Hari and Kulmala, 2005). Numerous publica-2 Measurements and methods
tions have been written on the properties and processes of i )
aerosols measured at this site, for instance formation and-1 Sampling site

growth, transport and removal of aerosols, their hygroscopic:l_he measurements were conducted at the SMEAR |l mea-

properties, ability to act as CCN, etc. (e.g.akeh et al., surement station in a cottage dedicated mainly to aerosol
1997;: Kulmala et al., 1998, 2000, 2005; Aalto and Kulmala, S5 - 9 Ity
physical measurements (Fig. 1). In addition to these,

2000; Aalto et al., 2001; Dal Maso et al., 2002, 2005; EhnSMEAR Il has instruments for determining aerosol chemi-

et al., 2007; Manninen et al., 2009; Kyet al., 2009). One e . .
) . e cal composition, trace gas concentrations, and meteorologi-
important aspect of aerosols has been paid negligible atten-

o . . . cal instruments at several locations. In this work the wind
tion: light scattering and absorption, in other words those ;.

! . : .~ —direction and speed measured at 8.4 ma.g.l. and at the top of
properties that are responsible for the aerosol direct radiativ

. : he 74m high mast in the immediate vicinity of the aerosol
forcing of climate.

At SMEAR Il aerosol optical properties have been mea- cottage were used for calculating wind roses.

. . : . The station and the aerosol physical measurements were
sured with two instruments. Light absorption has been mea- . oo .
) . .. _audited by the World Calibration Centre for Aerosol Physics
sured in the form of black carbon (BC) concentrations with a

Tuavelengih athalometer since 2004 The B data werdl A% 1 T Sl ey 2098 Lue s e
discussed earlier by Virkkula et al. (2007) and Hywnen h P y

et al. (2011). Actually, the term light-absorbing carbon of absorbing aerosol are the barbecue and saunas by the lake

(LAC) has been suggested to be more appropriate (Bond an?bout 600 m W-WSW of the cottage (Fig. 1) and traffic to the

Bergstrom, 2006). Here the term BC is used for practical ield sta}tion. In this paper the distgrbance to gerosol optical
reasons: it is used in the aethalometer data output and in th%ropemes due the local sources will also be discussed.
paper describing the algorithm applied here to calculate ab2.2  Air sampling arrangement
sorption coefficient from the aethalometer data (Arnott et al.,
2005). Later, when discussing real atmospheric concentraThe aerosol cottage has several sample air inlets. For the
tions the term LAC is used. Light scattering by aerosols hasaerosol optics instruments air is sampled through a Digi-
been measured at Hygta since October 2006 with a TSI tel PMyg inlet, mounted about 1.5m above the roof of the
3-wavelength nephelometer but no analysis of these data hdwilding, lower than the surrounding tree tops. Inside the
been published. We will discuss here only the time periodcabin air flows through stainless steel tubé&s=£ 25 mm)
when both the nephelometer and the aethalometer were o@and is split to the nephelometer and to the Aethalometer.
erational, altogether 32 months. There is no dryer in the sample line but it is inside the cabin
Source area analysis based on combining in situ measurdsuilding about 2 m before entering the nephelometer and the
ments of trace gas or particle concentrations and correspondgethalometer. The cabin temperature is controlled with an
ing back trajectories has proven to be a valuable approachir conditioner and it is>20°C so the sample air warms
in atmospheric research: especially in investigating air pol-up and relative humidity decreases. The nephelometer mea-
lution episodes, but also as a statistical method for tracingsures temperature both at its inleggpH n) and inside the
back the source areas of air masses related to high vs. lowampling volume where also relative humidity (Riby) is
concentrations of trace gases or aerosol particles of differenteasured. When calculated from hourly-averaged data dur-
sizes measured at the receptor site (Stohl, 1998; Scheifingéng the whole measurement period, the average and standard
and Kaiser, 2007; Engler, 2007). From Hylf measure- deviation of the temperature difference betwegspbH in and
ment site’s perspective statistical trajectory methods havdeemperature measured outside the cabin at 8.4 m agu). (
been used for particles of different size modes (Sogacheva etas 174+ 7°C. This warming lead to decreasing of relative
al., 2005) and trace gas concentrations (Kulmala et al., 2000humidity in the nephelometer sample line and thus the av-
Hulkkonen, 2010; Hulkkonen et al., 2010). erage fstd) RHyepn was 32+ 11 % in the period analyzed
The purpose of the paper is to present an analysis of théaere. The 99th and 90th percentiles of fHy were 61 %
light scattering and absorption data measured at Eiaytin- and 49 %, respectively.
cluding their seasonal and diurnal variations. The particle The aerosol hygroscopic growth is usually significant
number size distributions measured at the station will be usedvhen RH increases above 50% and therefore the World
for modelling the scattering coefficients and also to studyMeteorological Organization Global Atmosphere Watch
some basic relationships with particle size distributions and(WMO/GAW) recommends for aerosol monitoring stations
light scattering. Source areas are assessed both simply kp keep sample air RH at 455 % (WMO, 2003). In the
comparing the scattering and absorption data with wind datgpresent data set about 10% of datapngply was >50 %.
and by applying a statistical trajectory method to identify the The exceedances were seasonally distributed so that in winter
origins of air masses that relate to different levels of scatter{December—February), spring (March-May), summer (June—
ing and absorption in Hyydila. August), and autumn (September—November) none, 1%,
42 % and 3 % of RIjepy was>50 %, respectively. In these
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exceedances the averagstandard deviation of RiEpH 24 ngn13, respectively. It can be estimated how these values
was 55+ 4 %. In the rest of the time Rkpy was 304+ 9 %. correspond to noise levels of absorption coefficienp by

The effect on scattering data will be discussed below. multiplying them with the wavelength-dependent mass ab-
_ sorption efficiency of 14 625 frg~nm/i(nm), the value as-
2.3 Scattering measurements sumed in the firmware of the Aethalometer. The respective

. - . estimated noise levels for 60-minute-averaggg were 0.25
Total scattering coefficientsrép) and backscattering coef- and 0.46 ML

ficients eesp) at s = 450, 550 and 700nm were measured o ghove-mentioned way for calculatinge would be

with a TSI 3. nephelometer (Anderson e,t al., 1996). The 5 easy but it has been shown that the relationship between the
LPM flow to the nephelomet_er was provided by an e_xternalBC reported by the Aethalometer angb is not linear. It de-
vacuum pump. The averaging time was set to 5min. Thepends on several parameters, the most important of which are

instrgmen(jt’s performgnltt:je Wg,s checked during dthe aboveyq |ading of the filter and contribution of scattering aerosol.
mentioned WCCAP field audit in May 2009 and at a EU- gg\er4| aigorithms for calculatingap from Aethalometer

ropean Supersi_tes for Atmosphgric AerosoI.Research (Euaata have been presented, e.g., Weingartner et al. (2003),
SAAR) absorption photometer intercomparison at the Ir_"Arnott et al. (2005), and Collaud-Coen et al. (2010). The

stitute for Tropospheric Research, Leipzig, Germany, INalgorithm we presented earlier (Virkkula et al., 2007) was de-
‘]L!Iy 2009'. IF was found to work properly apart from t_he rel- veloped for making the BC data continuous across filter-spot
ative humidity. Rhkepn has probably been overestimated changes but it was not compared with any absolute absorp-
base‘?' on a comparison mad.e durmg Fhe mtercomparls_orhon measurements. We have here chosen to use the Arnott
The linear regression of relgt|ve humidities measgrgd W|thet al. (2005) algorithm, since it has background in multiple
the nephelometer used in this work (Bik) and a similar scattering theory that was used to obtain analytically a filter-
reference nephelometer was Bk = 0.95-RHrer+13%, |554ing and scattering correction function. In that algorithm

2 _ ; Lo . - .
R®=0.97, in the Rhker range 35 55_ %. The ba}ckscatter absorption coefficients at time stef{op,, ) are calculated
shutter was out of order for almost five months in Novem-

from:
ber 2007 through April 2008. The rawsp data were cor-
rected for truncation errors by calculating first thegstiom oary "l
exponents _> Y onp.i
i log(osp1/osp2) OAP _ 5GBG — sospn 1+( - = (2
o O n=
aspi2= _lo9losr1/osp2) 1) M Ta fx

log(r1/A2)

from the non-corrected scattering coefficients and then fol-Where SG is the wavelength-dependent BC mass ab-
lowing the formulas presented by Anderson and OgrenSOrption —efficiency assumed by the manufacturer
(1998) where the tabulated factors for no cutoff at the in-(14625'_’.”;'2 g 'nm/(nm)), BG, the black (?arbon con-

let were used. The pressure and temperature of the neplg€ntration reported by the aethalometer at time steyfter
elometer were used for correcting the scattering coefficientdn€ start of sampling on a new filter spetp,, the scattering

to 1000 mbar and C. coefficient measured simultaneously with a nephelometer,
the scattering correction factor (denotecvais the original
2.4 Absorption measurements article, but heres is used to avoid confusion witkksp

andaap) O the flow rate,A the spot size, andap,; the
A 7). Aethalometer (AE-31) has been used at SMEAR Il for absorption coefficient at time stépzy 7. the filter absorp-
measuring light absorption at=370nm, 470 nm, 520nm, tion optical depth for the filter fraction that has particles
590nm, 660nm, 880nm, and 950nm since 2004. Theembedded in it, and/ a multiple scattering enhancement
Aethalometer reports black carbon (BC) concentrations bufactor. Arnott et al. (2005) report the values tdr s, 74 7
from these data absorption was calculated as will be disand state that value® = 3.688 andt, s, = 0.2338 would
cussed below. The flow was provided by the internal pumpbe more appropriate for ambient measurements at 521 nm.
and it was setto 4.9 LPM. The averaging time was 5 min. TheChow et al. (2009) used these values and assumed that the
instrument was checked in the WCCAP audit in May 2009 wavelength dependency of these factors remains similar,
and at the EUSAAR absorption photometer intercomparisorbut did not present any exact values for the constants. We
in July 2009. During the audit, when a HEPA filter was set in have used here the same approach. Fitting a power function
front of the instrument there were oscillations that could beto the values presented by Arnott et al. (2005) yielgs,
attributed to temperature fluctuations caused by the air con¢y) = 2376179754 and M (1) = 0.656.%181 where 1 is
ditioning system. The standard deviation of the 5-minute-wavelength in nm. The, s, and M values were calculated
averaged data during this zero test was lowest (22n9m  for the aethalometer wavelengths using these relationships,
for the UV wavelength (370nm) and largest (84ngin  the scattering correction factors of Amott et al. (2005) were
for the near-infrared wavelength 880 nm. For 60-minute-used as such.
averages these correspond to noise levels 6T} and
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In the comparison by Collaud-Coen et al. (2010) the slopetions for the whole time period were in good agreement. The
of the absorption coefficient calculated from Aethalometersample air of the TDMPS is not dried but the sheath air of
data with the Arnott algorithm and that measured with aboth DMAs is dried by silica gel dryers. In addition, inside
Multi-Angle Absorption Photometer (MAAP) was 1.77 and the aerosol cottage the sample lines get heated by the room
2.48 for data collected at Cabauw and Hohenpeissenberg aralr compared to the outdoor air, as discussed above, and thus
very high, 15.2 at Mace Head but this station is an outlier be-the sample air relative humidity is clearly lower than in the
cause of its high sea salt concentrations. However, in theioutdoor air even before mixing with the dried sheath air. The
data analysis the Arnott et al. (2005) valuesiffandzy s temperature and relative humidity of both sheath air flows are
were used as such. We have here used the values Arnotheasured. The averagestandard deviation of the sheath air
et al. (2005) recommended for ambient measurements. Itemperature and RH of the two DMPS’s were 22.2.3°C
our data the average ratio 6fp calculated with the Arnott and 16+ 7 %, respectively, in the period discussed in this
et al. (2005) ambien and 4 ;. and the laboratoryy paper.
and 14 rr values was 0.5& 0.03, which would bring also An Aerodynamic Particle Sizer (TSI Model 3321) is used
the Cabauw and Hohenpeissenberg Aethalometer vs. MAARo measure the number size distribution of particles larger
slopes clearly closer to one. Algorithm intercomparisonsthan 0.53 um. The inlet of the instrument is vertical. The
were not conducted in this work. inlet is heated to a temperature of about &Bove ambient.

The scattering coefficients required in the formula were The APS measures concentration of particles at the aerody-
calculated by interpolating and extrapolating the mea-namic diameteD, whereas the DMPS at the mobility diame-
sured and truncation-correctedsp at the nephelome- ter Dm. For spherical particled)n, is equal to the geometric
ter wavelengths Anepy (450, 550, and 700nm) to diameterDp (e.g., DeCarlo et al., 2004). To combine size

the aethalometer wavelengthsae from o SRAaex) = distributions measured with the two instruments and so to
osp(ANEPH) (ANEPHAAE)® Which assumes théngsut')m ex- obtain continuous size distributions the geometric diameters
ponent is constant over the wavelength range. were calculated from the aerodynamic diameters of the APS

After calculatingoap the noise of the data was estimated. data. In principle this is calculated from
The filter test discussed above was conducted during the WC- Cc(Da)
CAP only so it cannot be definitely be said how the noise wasDp =
at other times. However, some estimate of the noise can be Cc(Dy)
calculated by analyzing periods with low absorption coeffi- whereCc(Dp) is the slip correction factopg the unit den-
cients. This was done for periods whexp < 1Mm~1 con-  sity 1 gcnt3, andp the particle densityCc is close to unity
tinuously for more than three hours. The maximum differ- in the size rangeDp > 700 nm so in practice the geometric
ence Bmaoap(3h)=oap(max 3h)—oap(min 3h)) within - giameters were calculated simply fraiy, = Dap~ 2.
each continuous period of 3h was calculated. During the There are two independent estimates of Hyftiaerosol
whole period analyzed here the averagestandard devia-  gensity. Saarikoski et al. (2005) measured the chemical
tion) Amaxoap(3h) was 0.160.13MnT= at 4 =550nm.  composition of the particles collected with a low pressure
The respective averages over winter, spring, SUMMelimpactor and obtained the density of 148.03gcn3
and autumn were 0.140.13MnT?, 0.16+ 0.12 M, for submicron particles. From gravimetric analyses they
0.18+0.13MnT, 0.14+0.14MnT*. The noise was the 5 ng that the average density was 1466.13. Kannosto
largest in summer which supports the interpretation that &y 4. (2008) used a combination of an Electric Low Pres-
significant contribution to the noise came from the air condi-gre |mpactor (ELPI), a DMPS and an APS and found that
tioning system. the density of accumulation mode particles at Hgitivar-
ied from 1.1 to 2gcm?3 , with the average of 1.5gcm .
In this work the valuep = 1.5 gcnm3 was used because it

. . o _ is close to the averages presented in both of the above men-
Particle number size distributions were measured with &ioned studies

custom-made Twin-DMPS (TDMPS) system in the size

range 3—1000 nm (Aalto et al., 2001) and a TSI aerodynami@ 6 Quantities derived from scattering and absorption
particle sizer APS in the aerodynamic diameter size range coefficients

0.53-20 um. In the overlapping range of the TDMPS and the

APS the number concentrations from the TDMPS were usedrhe aerosol properties that vary as a function of particle
up to 700nm. The TDMPS consists of a short Hauke-typeamount, such assp and oap, particle number concentra-
DMA with a TSI Model 3025 CPC as the particle counter tion are called extensive, while properties that relate to the
and a medium-size Hauke-type DMA with a TSI Model 3020 nature of the aerosol are called intensive properties (Ogren,
CPC as the particle counter. During the audit in May 20091995). The intensive optical properties calculated here are
the TMDPS was run in parallel to the travelling standard the,&ngstn")m exponent, the hemispheric backscatter fraction
SMPS of the WCCAP. Average particle number size distribu-and the single-scattering albedo.

3

2.5 Size distribution measurements
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The wavelength dependency of scattering is representec
by the Angstlt')m exponent of scatteringysp. If osp are
available at several wavelengthssp can be calculated for
the whole wavelength range by taking logarithm of scatter- |
ing coefficients and the respective wavelengths and fitting the
data line to the line

In(osp) = —asAn(r) +C (4) )

whereC is a constant irrelevant in this work. Thp pre- L\*?g‘rbequ
sented in the subsequent analyses was calculated over th
nephelometer wavelength range 450—-700 nm. The relation-
ships betweensp and particle size distributions will be dis-
cussed below.

The wavelength dependency of absorption yields informa-
tion on the absorbing material. For pure LAC particles Yy,
is approximately inversely proportional ig in other words
the Angstrbm exponent of absorptiamap ~ 1 over the vis-
ible band (e.g., Van de Hulst, 1957; Schnaiter et al., 2003)
but for aerosol containing also organigsp is higher (e.g.,  Fig. 1. A schematic map of the Hyyila forestry field station. The
Kirchstetter et al., 2004; Schnaiter et al., 2006; Bergstrom emeasurements were conducted in the aerosol cottage that is part of
al., 2007; Lewis et al., 2008). Thngstiom exponent of ab-  the SMEAR |l station.
sorption eap) was calculated over the visible-to-NIR wave-
length range 470-950 nm with the same approachsas
i.e. by fitting the data to Ir{ap ) = —aap IN(A) + C.

The absorption coefficients at the Aethalometer wave-
lengths were interpolated logarithmically to the nephelome-
ter wavelengths to calculate the single-scattering albedo

Mcun
" building *,
|

SMEAR I7

% Aerosol
"-,,.corLage

where D is the fractional day length$p is the solar con-

stant, Ty is the atmospheric transmissioA. is the frac-

tional cloud amount,Rs is the surface reflectance, ad

is the average upscatter fraction calculated fromlf the

non-aerosol-related factors are kept constant and if it is as-

__ 0sP (5) sumed thaid has no zenith angle dependence this formula
osp+oap can be used for assessing the intrinsic radiative forcing ef-

which is a measure of the darkness of aerosols. Atdgw ficiency by aerosols (e.g., Sheridan and Ogren, 1999; De-

values aerosols heat the atmosphere and at high values coleine and Ogren, 2002). The constants used vizre 0.5,

it, depending also oh, and other parameters (e.g., Haywood Sp = 1370 W nT?2, T =0.76, Ac = 0.6, and Rs= 0.15 as

and Shine, 1995).wp is approximately 0.3 for pure LAC suggested by Haywood and Shine (1995) ghevas cal-

particles (e.g., Mikhailov et al., 2006) and 1 for purely scat- culated fromg = 0.817+ 1.849% — 2.96822 (Delene and

tering aerosol, for example ammonium sulfate. It also variesOgren, 2002).

20

as a function of wavelength but belawg only ati. =550 nm It is generally recommended to compare measurgsl

is discussed. with that calculated from size distribution measurements to
The hemispheric backscatter ratio find how close a local optical closure can be achieved. The

b OBSP ©) agreement of scattering and size distribution data was as-

sessed by modelling scattering coefficients at the nephelome-

osp
is a measure related to the angular distribution of light scat—ter wavelengths from

tered by aerosol particles. Frobnit is possible to estimate 7D2 N

; _ p
the average upscatter fractignand aerosol asymmetry pa- osp(l) = / Osp(A, Dp,m)—— i Dp (8)
rameter that are key properties controlling the aerosol direct 4 dlogDp

_radlatlve forcing (e.g., Andrews et al., 2006). The larger |y here Qsp(r, Dp.m) is the scattering efficiency of parti-
is, the more aerosols scatter light to space and cool the atmgsjes with diameteiD, and the complex refractive index=
sphere — or, heat it less if the aerosol is so dark that it heat§h+mil- at wavelength.. The scattering efficiencies were
the atmosphere. This can be shown by using the formula fog5c1ated using the Mie code by Barber and Hill (1990).
aerosol forcing efficiencp F/3, i.e., aerosol forcing perunit  gimijarly also absorption coefficients can be calculated.
optical depth §): An estimate of the effective complex refractive index can
AF 2 be obtained by an iterative approach, by matching the mea-
T:_DSOTat(l_AC)wOﬂ (") sured and the modelledsp and oap. The code used by
{(1 Re)? <2R5> [( 1 ) 1“ Virkkula et al. (2006) was modified in this work to take also
—RZ—( =2 _

B w_o the imaginary refractive index into account. The iteration

www.atmos-chem-phys.net/11/4445/2011/ Atmos. Chem. Phys., 11, 44452011
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Fig. 2. Particle volume concentration, scattering coefficierjrj, and absorption coefficientfp) at A =550 nm measured at SMEAR ||

in 13 October 2006—-31 May 2009. Black line: daily median; the gray shaded area: the 95 percent range (2.5th and 97.5th percentiles) of the
hourly-averaged data in each day.

Table 1. Statistical summary of aerosol optics data measured at 8sy@MEAR |l station in 13 October 2006-31 may 2009/ Ntot,
%: fraction of total number of hoursVfot = 23081). Scattering coefficientsdp) and absorption coefficients{p) in Mm~1 corrected to
STP (1013 mbar, 273.15 K), backscatter fractidﬁg;%ngstrbm exponents of scattering and absorpti@ge, aap), Single-scattering albedo
(wp), real refractive indexrr) and imaginary refractive index) are unitless, aerosol forcing efficiensyF /s in Wm=2.

Percentiles

N/ Ntot, % AVE+STD 1 10 50 90 99
osp(450nm) 97 25+ 27 2.2 5.4 17 56 132
osp(550nm) 97 18+ 20 1.6 4.1 12 40 98
ogp(700nm) 97 1213 1.1 2.8 8 25 63
b (450 nm) 83 0.13-0.03 0.08 0.10 0.12 0.16 0.21
b (550 nm) 83 0.14-0.03 0.09 0.11 0.14 0.18 0.22
b (700 nm) 83 0.19-0.04 0.11 014 019 024 031
oap(450nm) 97 3.1:34 0.2 0.6 2.1 6.7 17
oap(550nm) 97 2224 0.1 0.4 15 4.8 12
oap(700nm) 97 1218 0.1 0.3 1.1 3.7 8.9
asp 97 1.7+0.5 0.4 0.9 1.8 2.2 2.5
aAp 841 1.4+0.3 0.9 1.1 1.4 1.6 2.3
wo(550 nm) 97 0.88-0.07 0.64 0.79 0.89 0.95 0.98
mr 942 1.517+0.057 1.363 1.453 1515 1588 1.659
mij 942 0.019+0.015 0.0026 0.0059 0.016 0.035 0.076
AF/§ 83 —23.0+£5.0 -7.7 -169 -234 -28.8 -32.1

1 The fraction of data used for calculatingp is smaller than that afap because only those data were used whgg(550 nm) was>0.5 Mm1,
2 The fraction of data used for calculating the refractive indices is smaller than thgpahdoap because it also takes breaks in size distribution data into account.

was started with an initial: value of 145+ 0.002. First agreed withint1%. After that the real part was kept con-
the real refractive index was either increased or decreasedtant and the imaginary refractive index was varied similarly
at steps of 0.0001 until measured and modeled scatteringntil the measured and modeled absorption agreed to within
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Fig. 3. Selected intensive aerosol properties at SMEAR Il in October 2006—May 2009: Single-scattering:gjlfeeo550 nm),,&ngstrt')m

exponent of absorptiomyap (2 =470-950 nm)Angstidom exponent of scatteringsp (2 =450-700 nm), and backscatter fractidn(x =

550 nm). Black line: daily median; the gray shaded area: the 95 percent range (2.5th and 97.5th percentiles) of the hourly-averaged data ir
each day.

+1%. Then the modeled scattering had to be reiterated an8 Results and discussion

then again absorption. This was repeated until both absorp-

tion and scattering were within the 1 % limits.. The iteration 3.1 Overview of aerosol optical properties

converged for both real and imaginary refactive index in 97 %

of those hourly-averaged data when both scattering, absorprhe daily medians of the integrated aerosol volume concen-

tion and size distributions were available. For the remainingtration V for particles smaller than 10 um in diameter, to-

3% no solution was not obtained, due either to aerosol opticsal scattering coefficientsp and absorption coefficientap,

or the size distribution data. Here the resultset 550nm  poth ati =550 nm are plotted in Fig. 2. The time series

will be presented. A more detailed analysis of the iterativehave some common feature®. andosp follow each other

process is out of the scope of the present paper. It has to belosely, somewhat better thamp, but all have peak values

kept in mind that this is an effective refractive index of the in the same days. Another common feature is that there is

whole size range, so it is a strong simplification. In reality not a very strong seasonal variation. The daily medians vary

the absorbing particles have different size distribution thanapproximately one order of magnitude, and the 95 % range

the scattering particles and so the real and imaginary refracef hourly averages close to two orders of magnitude. There

tive indices also have different size distributions. were four days when the daily mediagp at A =550 nm
exceeded 100 Mmt, and the highest hourly averages were
close to 200 Mm*,

The respective values of the intensive state parametgrs
aap, asp, andb are plotted in Fig. 3. They all have interest-
ing features. First of all, they all have clearer seasonal vari-
ations tharosp andoap. The lowest 2.5th percentile afy
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Fig. 4. Averages, medians, 1st, 25th, 75th, and 99th percentiles °° | + + f ﬁi
of hourly-averagedogp at Hyytiala (SMR) in October 2006— 08 1
May 2009. For comparison the averagep(550 nm) measured 0.7 1 @,(550 nm)

at the Pallas GAW station in Finnish Lapland (Aaltonen et al., os
2006), Barrow in Alaska (BRW), Southern Great Plains in Okla- 25 ] G

homa (SGP) (Delene and Ogren, 2002), Hungarian plain in summe  2° Jp -l.

(H, S) and in winter (H, W) (Mszros et al., 1998) and in Beijing, 159 + + # -l-

China (Garland et al., 2009) are presented. 104

0.5
259

frequently drops below 0.7, espcially in winter indicating that ii ] T # # %
in these cases a significant contribution to the aerosol is LAC 10 o

The daily medianwg, on the other hand, is close to 0.9 in ~ °°]

0.0

summer but in winter there are several days when it drops be 024 4 b (550 nm)

low 0.8. The time series shows that there seems to be a ne¢ oz

ative correlation between betweeg andoap which means 016 4 4- + 4. + + #
that when aerosol is darkest the shorter wavelengths absor o1z | +

more light compared to longer wavelengths than wiéeiis 0.8 D S P T YRR
>0.9. According to the above-mentioned references this sug MONTH

gests that the darkest aerosol contained more light absorbing

organics than the lighter aerosols. Thgandaspseem to  Fig. 5. Seasonal cycle selected extensive and intensive aerosol op-
be positively correlated which is not that straightforward to tical properties: scattering coefficientdp) and absorption coef-
explain because lowsp is generally assumed to be associ- ficient (oap) single-scattering albedag), Angstibm exponent of
ated with domination of large particles whereas the diameterbsorption ¢ap) and scatteringo(sp), and the backscatter fraction

of fresh LAC particles is typically-100 nm. The backscatter (b), and relative humidity measured in the nephelometer sample
fraction» behaves more independently but also it has maxi-volume (RHyepn in 13 October 2006-31 May 2009. The grey
mum daily medians in summer montfisis inversely related box represents the 25th to 75th percentile range and the thin bars
to particle size. Therefore the positive correlationbaind the 95 percent range (2.5th and 97.5th percentiles) of the hourly-

" : . . averaged data in each month. The black line and the red circle
aspwould support the traditional interpretation of the inverse for the optical properties represent the mean and median of those
relationship between particle size asngh.

data where RNgpH < 50% and the respective blue symbols all
The basic statistical summary of extensive and intensivedata without RH filtering. For RJgpH all data were used for the

aerosol properties are presented in Table 1 and Fig. 4. To putatistics.

the data in some global perspective the scattering coefficients

measured also at five other sites are plotted in Fig. 4: the 3-

year (2001-2004) averagep(550 nm) 7.1 Mn1! atthe Pal-  lene and Ogren, 2002), and the 1-month averagés50 nm)

las GAW station in Finnish Lapland (Aaltonen et al., 2006), 361 Mm1 in Beijing, China (Garland et al., 2009). These

the summer and winter averages 50 Mhand 93 MnT11, re-  comparison stations were selected since Pallas GAW station

spectively, at a Hungarian background sitee@#ros et al., is in Northern Finland, Barrow is a comparable Arctic site,

1998), the 25-month averagep(550 nm) 9.8 MnT? in Bar- the Hungarian site represents Central European continental

row Alaska, the 34-month averagep(550 nm) 46.9 Mt aerosol, SGP is representative of North American continen-

in the Southern Great Plains station (SGP), Oklahoma (Detal aerosol and Beijing is an example of a highly polluted site.
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Fig. 6. Diurnal cycle of scattering coefficient§p), absorption co-  Fig. 7. Diurnal cycle of Angstidm exponent of scatteringeép),
efficient @ap), and relative humidity measured in the nephelome- single-scattering albedang) and backscatter fractiorb) in four
ter sample volume (Rkkph) in four seasons in 13 October 2006— seasons in 13 October 2006-31 May 2009. Red dot: average; black
31 May 2009. Red dot: average; black line: median; grey bar: 25thline: median; grey bar: 25th to 75th percentiles; thin error bar: 2.5th
to 75th percentiles; thin error bar: 2.5th to 97.5th percentiles. Forto 97.5th percentiles. For the summer data the red symbols represent
the summeprgp andopp data the red symbols represent the mean the mean and median of those data whergyBf < 50 % and the
and median of those data where fbH <50 % and the respective  respective blue symbols all data without RH filtering.
blue symbols all data without RH filtering. For Ridpy all data
were used for the statistics. In other seasons all data were used.

The average aerosol forcing efficiencyAF/8=
—23+5Wm~ is comparable to those reported by

) ) ] Delene and Ogren (2002) from four stations in North
much as at the Pallas GAW station. This may be attributeds marica with station averages ranging fron23.5 W n2

both to anthropogenic and biogenic sources since Eiais in the most polluted continental site t625.6 W nT2 at an

closer to urban areas in Finland, Central and Eastern Europgnopogenically influenced marine station. These numbers

and it is in the middle of a forest whereas the Pallas Stationshould be compared with caution, however, especially
is on top of a treeless, barren hill far from significant anthro- becauseap was measured with differént methoc]s
pogenic sources. In Finnish Lapland there are areas where

osp is somewhat higher: in Eastern Lapland at a site that )

is close to the Kola Peninsula industrial emissions the 1-yeas-2 Seasonal and diurnal cycles

(1994-1995) averagesp550 nm) was 16 Mm? (Virkkula et

al., 1997), close to that from the present study. The seasonal cycles were analyzed from hourly-averaged
data classified according to the measurement month (Fig. 5)
and according to the hour of the day in four seasons: win-
ter (December—February), spring (March—-May), summer
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(June—August), and autumn (September—November) (Figs. 6bserved in summer time are closer to pure LAC than in win-
and 7, Table 2). So the latter two figures show diurnal cyclester and that the sources of absorbing aerosol are different in
in different seasons. winter and summer.

Figure 5 shows the averages, medians and 95 and The highestrsp values were observed in spring and sum-
50 percent ranges of the data and also of the relative humidmer indicating the dominance of small particles, smallest in
ity measured by the nephelometer. There it is obvious thatutumn and winter (Fig. 5, Table 2), suggesting the dom-
in July and August the WMO/GAW-recommended RH up- inance of large particles, iksp is interpreted as discussed
per limit of 50 % was frequently exceeded. The descriptiveabove. The relationship efsp with actual size distributions
statistics of the optical properties were calculated twice: bywill be discussed below. The backscatter fraction also has a
keeping all data and by excluding those data wherg i clear seasonal cycle with higher values in summer which also
exceeded 50% (Fig. 5). It is obvious from Fig. 5 that in suggests smaller dominant particle sizes in summer. Because
summer the mean scattering and absorption coefficients areothwg andb have their maxima in summer the aerosol forc-
lower when the data with high humidity are excluded. Theing efficiency reaches minimum, average and meddty§
largest difference is in the August data, fafpthe meanwas were —27.3+ 3.1 and—27.5Wn12 (Table 2). These val-
17.5Mn7 ! and 9.2 MnT? by using all data and by exclud- ues were calculated with all the data but even if only those
ing the higher humidity data. Farap the respective values data are taken into account when fpgy < 50 % the re-
were 1.62 and 0.89 Mnt. Such large differences are not spective values are practically the same27.44 3.2 and
due to hygroscopic growth but due to excluding about 57 %—27.8 W nT2. The main point is that these values are lower
of data in August. Within these excluded data there were pethan those in other seasons. This means that the aerosols ob-
riods when both the measuregp and that modeled from dry  served in summer have the potential to cool the atmosphere
size distributions exceeded several tens of Mpas will be  more efficiently than those observed in winter. In the calcu-
discussed below when comparing the measured and modelddtion of AF/§ the surface reflectanc®s = 0.15. If AF/$§
scattering. Based on this argument all data were taken int@s recalculated withRs > 0.6, more appropriate to that of a
account in the following discussion on the seasonal variationsnow-covered ground, it becomes positive. This means that

Even though the highest hourly scattering coefficientsthe aerosol observed in winter heats the atmosphere.
were observed in winter and spring the seasonal cycle of Another important factor that definitely affects the radia-
monthly averages or medians is not strong. The maximuntive forcing by aerosols is their hygroscopic growth. When
monthly averagesogp > 20 Mm~1) were observed in win- they grow due to increasing RH theify increases which
ter and spring but there were also some summer and autumieads to lowerAF/§. The growth of particles also affects
months with monthly averages close to 20 MinThe high- ~ AF/$ in the other direction: the backscatter fractiomnd
est averagersp (22.4Mnm 1) was in March and the low- so also he upscatter fractighdecrease with increasing par-
est in November (12.2Mm') and almost as low in June ticle size. In addition it should be taken into account that the
(12.9Mn11) so the ratio of the highest to the lowest aver- uptake of water changes the refractive index of the particles.
age was~1.8. If each month of the whole 32-month period A quantitative analysis of these effects and further sensitivity
is taken separately, the ratio of the highest (28.2Mjrto analyses are omitted in this work.
the lowest average (8.2 Mm) was somewhat higher, 3.4. The diurnal cycles were calculated fogp, oap, RHNEPH,

But in what ever way it is calculated, the seasonal cycle ofasp, wp, and b in four seasons in 13 October 2006—
osp at SMEAR Il is weaker than at the Pallas GAW station 31 May 2009 (Figs. 6 and 7). For the summer data the statis-
in Finnish Lapland where the maximum monthly averagestics were calculated twice: including and excluding those
were observed in May-July and they were about 4-5 highedata when RIjepy < 50 %. For other seasons this filtering
than the minima, observed in autumn (Aaltonen et al., 2006)resulted in figures that were so similar to the unfiltered ones

The seasonal cycle of absorption is stronger than that ofhat a difference could not be seen by naked eye. Therefore
scattering. The highest averaggp in Fig. 5 was in Febru-  only the unfiltered statistics are shown in these figures. For
ary (3.1Mn11) and the lowest in July (1.1Mmt) so the  ospa diurnal weak in all seasons observable even though in
ratio of the highest to the lowest average wa®.8. And  spring and summer there is some cycling: the highest mean
again, if each month of the whole 32-month period is takenand median values were observed in the morning and lowest
separately, the ratio of the highest (4.4 Mhnto the lowest  in the evening. It may be argued that the diurnal cycleg
average (0.86 Mm!) was somewhat higher, 5.1. in summer is due to the diurnal cycle of mean and median

The intensive optical properties all have clear seasonaRHngpH that also have maxima in the morning. But Ry
cycles as was already mentioned above. In winter monthslso has maxima in the evening higp does not so this is
the aerosol is darkest, with monthly meanswgf< 0.9 and  not a likely explanation. A comparison with the diurnal cy-
lighter in summer, with monthly means afy > 0.9. The cle ofospin spring supports this because the mean and me-
lowest monthly mediaap values,~1.2, were observed in  dian cycles are very similar to those in summer even though
summer, and the largest valuesl.4 in winter (Fig. 5, Ta- RHngpn has no observable cycle in spring. The low median
ble 2). These values suggest that the light absorbing particlegalues of the RH-filteredsp in summer at 06:00 to 09:00 is
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Winter

| Spring | Summer | Autumn

AVE+STD MED | AVE£STD MED| AVE+STD MED| AVE£STD MED
osp(450 nm) 27429 16 28433 17 25419 21 21423 13
osp(550 nm) 20422 12 20423 12 17413 14 15417 10
osp(700 nm) 13+14 8 13+14 8 10+7 8 10+11 7
b (450 nm) 0.11+£0.02  0.11| 0.13+0.02 0.12| 0.14+£0.03 0.14| 0.13+0.04  0.12
b (550 nm) 0.13+0.02  0.12| 0.1440.02  0.14| 0.16+0.03 0.16| 0.14+£0.03  0.14
b (700 nm) 0.174£0.03  0.16| 0.19+0.05 0.19| 0.21£0.03 021| 0.18+005 0.8
oap(450 nm) 3.8+3.5 2.7 3.3+4.3 2.0 1.9+15 15 3.0+2.8 2.1
oap(550 nm) 2.7+25 1.9 2.3+3.0 1.4 1.4+1.2 1.1 2.1+2.0 1.5
oap(700nm) 2.0+£1.8 1.4 1.8+£23 1.1 1.1+0.9 0.9 1.6+15 1.1
asp 1.52£051 163 1.75+044 185 203+0.35 2.09| 1.55+£053 166
AP 1424017 141 1374017  137| 1204020 1.20| 1.38+£023  1.35
wo(550 nm) 0.86+0.07  0.87| 0.89+0.05 0.90| 0.91+£0.05 0092| 0.85+0.09  0.87
mr 1.514+0.055 1.516| 1.516+0.063 1.509| 1.527+0.043 1527 1.512+0.061 1.511
mi 0.025+0.016 ~ 0.021| 0.016+0.011  0.015| 0.012+:0.008  0.010| 0.024+0.018  0.019
AF/s —-19.9£4.0 -205| -245+34 -248| -27.3+31 -275| -205+£52 -215

4455

Table 2. Statistical summary of hourly-averaged aerosol optics data in winter (December—February), spring (March-May), summer
(June—August), and autumn (September—November). Units as in Table 1.

due to small amount of data points. kg the diurnal cycle  The time series of aerosol volume concentrat{®) and

is much clearer, especially in summer, with or without the osp tracked well each other (Fig. 2) which results in a good
RH filtering (Fig. 6). Minimum average and mediagp is correlation in the scatter plot efsp vs. mass concentration
observed at about noon or afternoon. This may be explaine@Fig. 8). The mass concentration was calculated assuming
with the well-known phenomenon: in summer there is alsothe density of 1.5gcm? as explained in Sect. 2.5. Linear

a strong diurnal cycle of mixing layer height. It is lowest fits yield PMyg mass scattering efficiencies 441.2 nf g1,

at night and highest in the afternoon which leads to dilution3.1+0.9n?g~%, and 2.0:0.9n?g™1, for A = 450nm,

of pollutants, such as LAC in the boundary layer. Why then550nm and 700 nm, respectively. The uncertainties above
is the diurnal cycle obsp clearly weaker? A possible ex- are the standard deviations of the slopes obtained from a
planation is that during the day organics that are formed inlinear fit. Actually the code that was used for calculating
the forest condense on the existing LAC patrticles. It leadsthe regressions returns the standard error of the slope. The
to an increase obg towards noon and afternoon especially above standard deviations were calculated from st@=se,

in spring and summer (Fig. 7). Here the RH filtering has wheren is the number of observations (=21904). The val-
a negligible effect. The diurnal cycle ofsp is clearest in  ues above were calculated from a linear regression but they
summer and qualitatively similar to that ®h, maximum is  can also be calculated from tlwgp—to—PMo ratio at each
reached in the afternoon. The backscatter fraction diurnal cyhour. The averageistandard deviation) mass scattering ef-
cle is weakest of the intensive parameters but there is somficiencies then become 3#71.2nfg1, 2.6+0.8nf g1,
observable cyclic variation in the median and average valuesnd 1.7+ 0.6 n¥g~1, for A =450 nm, 550 nm and 700 nm,

in spring and summer. Contraryd@p andwo, the minimum  respectively. Which ever way they are calculated, the results
of mean and mediah is nhow in the morning from where are in line with other published mass scattering efficiencies,
it grows slowly towards midnight which suggests there is afor instance Hobbs et al. (1997), Malm and Hand (2007). An-
slow decrease in the dominant particle size. A good explanaether point that can be seen in Fig. 8 is that a linear relation-
tion could not be given. ship between Pl andosp is not very good for the whole
range of observations, especially at the lower range of con-
centrations. The power functionsp = 2.12- m(PMyg)1-1?
obviously represents the relationship much better but then no
mass scattering efficiency can be given.

3.3 Scattering coefficient and selected extensive aerosol
properties

3.3.1 Mass Vvsosp
It has been well known for decades that aerosol mass concen-

tration and scattering coefficient are highly correlated (e.g.,
Charlson et al.,, 1967) and it is so at SMEAR 1l as well.
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big. This is because even in the high-humidity data the
RHnepy Was not very high: the averagestandard devi-
ation was 554 %. In the rest of the data Rigpy was
30+ 9%. When the slopes of the regression lines are com-
pared, they are in the right order: in the low-humidity
range the modelledsp is larger than the measured one and
in the high-humidity range the other way round. The re-
gressions yieldssp(modelled) = 1046 x osp(measured) for
y = 2.12x112 the low-humidity data points andsp(modelled) = 0985 x
R? = 0.89 osp(measured) for the high-humidity ones. This plot shows
also a point that was referred to above when the seasonal
cycles were calculated in Figs. 5—-7: neglecting the data at
p=15gcm?3 RHnepH > 50 % would result in too low averages and me-
T T T dians because in these data there were true high scatter-
0.1 1 10 100 ing coefficients that were calculated also from the dry size
m(PM10) (ug m-3) distributions.
There are also large deviations from the regression line
Fig. 8. Relationship of light scattering coefficientat=550nmand ~ €ven in the data with Rkkpn < 50%: 10% of the
aerosol mass concentratioP{ < 10 um) during the whole mea- osp(modelled)-tossp(measured) ratios, calculated for each
surement period. hour, were smaller than 0.9 and 10 % of them, i.e., the 90th
percentile are larger than 1.27. Part of these deviations may
be explained by technical issues, such as noise in either
A=550 nm m_=1.521 the nephelometer or the size distribution measurements but
: R 2 largely by the assumption of a constant refractive index. The
RHyepn< 50 % o i rgal aerosol was also a_bsorbing with the absorption coeffi-
y = 1.046x T .. cientoap varying approximately in the range 0.1-15 M
) i which implies that the imaginary refractive index is not zero.
R*=0.971 -l Also the real refractive index varies because the chemical
. composition varies.
o R ) The iterative procedure discussed above was ap-
S5 ' RHnepy> 50 % plied to all data? From the iterative process ob[3
. ) y = 0.985x tained average effective complex refractive index was
< R?=0.967 (1.517+0.057) +(0.019: 0.015) (Table 1). The real part
0.1 B S S as actually very close to 1.521, i.e., that of ammonium sul-
1 10 100 fate. However, there is a large range of refractive indices
with 98 % of them fitting between 1.363 and 1.659, prob-
O'sp,MEASURED (Mm-1) ably reflecting variations in aerosol chemical composition.
The highest imaginary refractive indices were obtained when
Fig. 9. Measured and modelled, < 10um)osp at 550nm by ~ @erosol was darkest but the relationship betwegmndmi
assuming purely scattering aerosol and using the refractive indeiS not linear. The seasonal averages and medians of the real
of ammonium sulfater§ = 1.521+ 0;) for the whole measurement refractive did not vary much but there was a seasonal cycle in
period and for all particle sizes. the imaginary refractive index (Table 2). The highastval-
ues were obtained for winter and lowest for summer, respec-
tively and in between these values for spring and autumn, in
3.3.2 Measured and modelled sp agreement with the seasonal cycle of single-scattering albedo
discussed above. A more detailed discussion of the effective
The calculation was done first by assuming that the aerosotefractive index will not be presented in the present paper.
is ammonium sulfate, and thus that the refractive index Comparison of the measured and modettegis the most
m=m, = 1.521. The resulting scatter plot (Fig. 9) shows important step in assessing the quality of scattering and size
that this assumption is actually reasonably good. In thedistribution measurements but going one step backwards is
plot the data were again classified according tonR¥  also informative. The integrand in Eq. (8) may actually be
in two groups: those with Riktpy < 50 % and those with  called the scattering size distribution
RHnepH > 50%. The data points measured at the higher
RHnepH were all inside the cluster of those measured at dosp
the lower RH\epH So the effect does not seem to be very M
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88 % in winter, spring, summer, and autumn, respectively,

and 90 % on the average of all data. Of course it has to be

kept in mind that these estimates are based on using constant

AUTUMN refractive index for the whole size distribution and for all

time steps. The average contribution of particles smaller than

100 nm to total scattering (R0.1) was 0.2 % but this number

varied so that in the pollution episodes wétgp > 100 M1

it was only about 0.02 0.01 % and at the end of some new

° b, (m}”° D, ()™ 10000 particle formation events it was as high as 1-2%. The 98th
QY (B) percentile of the cumulative distribution &0.1 was 0.96 %.
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Fig. 10. Average size distribution afgp and aerosol volume con- 3.3.3 Condensation sink vso sp
centration and to the average size distributions fitted two lognormal
modes and their sum in four seasons. Leftisp/dlogDp; right ~ The condensation sink (CS) is a measure of how rapidly
dV /dlogDy. condensable vapor molecules will condense on the existing
aerosol and it is directly (but not linearly) proportional to
aerosol surface area concentration and inversely proportional
The hourly scattering size distributions were averaged oveto the strength of new particle formation so that low values
the whole measurement period and over the four seasongavor new particle formation (e.g., Pirjola et al., 1999; Dal
winter (December—February), spring (March—May), summerMaso et al., 2002; Kulmala et al., 2005). Light scattering on
(June-August), and autumn (September—November). Théhe other hand is also directly, but not linerly proportional to
average size distribution was clearly bimodal so two lognor-surface area. Even though the scattering efficigDgy does
mal modes were fitted to the data, one submicron and on#ot increase monotonically, it is easy to show, even though
supermicron (Fig. 10). The fitting of two lognormal modes omitted here that for realistic particle size distributions the
was done similarly for the volume size distributioi§Dp).  integral of the product oDsp and the surface area concen-
The obtained modal parameters, the geometric mean diantration = D3n(Dp), which is in the integrand of Eq. (8), in-
eter (Dg), the geometric standard deviationsq{ and the  creases monotonically with increasing surface area concen-
mode scattering coefficients and volume concentrations argation. So, CS andsp should in principle be positively
given in Table 3. Above scattering was calculated with thecorrelated and lowsp should favor new particle formation.
constant real refractive index, = 1.521 only, the effect of The CS andrsp were compared here to get information on
varying the imaginary refractive index on the modal structurewhetherosp could be used as a proxy for CS when estimat-
of the scattering size distribution is negligible. ing the potential for new particle formation at sites where
Integration of thessp size distributions and division by no size distribution data are available. The CS was calcu-
the totalosp yields the cumulative and normalizegp size lated from the size distributions as presented by Dal Maso et
distributions that were calculated for the whole data and thedl- (2002) and for dry aerosols only. There is indeed a clear
four seasons (Fig. 11). The average contribution of submi{ositive correlation between the measusedand CS calcu-
cron particles to total scattering was 92 %, 90 %, 88 %, andated from the size distributions (Fig. 12).
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Table 3. The modal parameters of the major modes of scattefirgg50 nm) and volume size distributions obtained from fitting lognormal
modes to the average size distribution of all data, and the averages of the four seagisshe geometric mean angy the geometric
standard deviation of the modsespis the integrated scattering of the mode and the integrated volume of the mode.

Submicron mode \ Supermicron mode

Scattering size distribution

Dg(nm) oy ospMm™Y) | Dg(nm) oy ospMMD)

All 383 1.49 15.3 1704 1.52 1.68
Winter 423 1.53 18.0 1568 1.52 1.41
Spring 377 147 17.2 1689 1.60 1.91
Summer 334 1.44 12.9 1918  1.49 1.70
Autumn 399 152 12.6 1752  1.48 1.64

Volume size distribution

Dg(nm) oy V(umicem=3) | Dgihm) oy V (umPem3)

All 300 1.67 2.53 1951 1.89 1.20

Winter 326 1.66 2.45 1474 181 1.02

Spring 295 161 2.77 2073 1.85 1.25

Summer 252 1.62 2.67 2315 1.67 1.18

Autumn 308 1.67 1.92 2024 1.76 111
3.4 ,&ngstrbm exponent of scattering and particle size 0.1

The Angstiom exponent of extinctionAngstiom, 1929) is
used often as a qualitative indicator of the dominant parti-
cle size, with large values-@2) indicating the dominance of
small particles, and small values 1) the dominance of large
particles. The usage of th@ngstrbm exponent this way is
common in operational sunphotometry (e.g., Holben et al.,
2001; Gobbi et al., 2007) and satellite retrieval of aerosol op- 0001
tical properties (e.g., Higurashi and Nakajima, 1999; King
et al., 1999; Liu et al., 2008) even though it is well known
that this is just a crude approximation. For monomodal

y = 0.0004x%-7118
R?=0.6216

0.01

CS(s?Y)

00001 T ll-l.llll T T T T T T T T T TTITTT

size distributions the relationship holds up to approximately
Dp=1pm at the visible wavelengths but for multimodal size 0.1 1 10 100
distributions the relationship is more complicated: Schuster 05p(550nm), (Mm-1)

et al. (2006) studied both unimodal and bimodal size distri-
bu_tlons _and fou_nd that for bimodal size dlstrlb_utlons the r€-Fig. 12. Relationship of condensation sink (CS) amep at . =
lationship may in some cases become opposite. Garland &f5qpm.
al. (2008) comparedsp with the effective mode diameter of
lognormal fits to submicron aerosol size distribution. .

Here the relationship between particle size distributionsthe volume mean diameter
andaspis studied by comparing the latter with the following D— Y DpiVi

weighted mean diameters: the count mean diameter (12)

Do :N: the scattering mean diameter
CMD = ZN—F’ (10) b

tot ScMD= Z p.iOSP. (13)
the surface mean diameter osp
ZD3 N and the condensation sink mean diameter
> Dp.iSi pilVi

SMD = i ' (11) 2 DpiCS

StOt ZDS,iNi CSMD— T (14)
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In addition, size distributions were also simulated. LOQ- |01 ™ vevores
normal size distributions were generated with the geomet-

ric mean diameteDgy varying from 50 nm to 3.5 um and the
geometric standard deviatiary = 1.5 and 2.0. These size
distributions were used for calculatingp at the nephelome-
ter wavelengthg = 450,550, and 700 nm from Eg. (4) using
the refractive index of ammonium sulfate and subsequently g
asp from Eq. (4). All the above weighted mean diameters ;4 |
were then calculated from these simulated data. Only uni-
modal size distributions were used. The purpose of thest
simulations is only to visualize the qualitative relationship
of increasing particle mean diameter and decreasgpgnd
show whether this is similar for real data. We will not repeat
the analysis of Schuster et al. (2006) by using also simulatet o
bimodal size distributions. 10000

The relationship of the mean diameter arygb in the sim-
ulation is just the typically assumed inverse relationship: the
larger thexsp the smaller the mean diameter of the particle
population (Fig. 13). This applies to all weighted mean diam-
eters of the simulated size distributions. In the real SMEAR
Il data it is somewhat different (Fig. 13). For the CMD the
relationship is just the opposite: the largesp the larger is
the CMD. This is due to the bimodality of the particle num-
ber size distributions. The CsMD did not have a clear de-
pendency orsp at all, also contrary to the values obtained
from simulations with a single mode. For the other mean di- SMD  y= 60311695 1 oo
ameters ScMD, SMD, and VMD the relationships are closer & Ri=0.01
to those from the simulations. Interestingly, the dependency * 10000 |
of ScMD is very similar both calculated by fitting to the real
data (1328 nm)exp(—0.44- asp) and to the simulated data.
There the dependency was (854 neyp(—0.44 asp).

These relationships are qualitatively similar to those ob-

1000 4 CcMD y =29.52e056x

R?=0.32 1 covo

Weighted mean D,, (nm)
o
8

[
=)

1000 <

100 4 s :
y = 256.31e0.08¢ CsMD
R?=0.03

Weighted mean D, (nm)

1000 Frofdisah
o

100 o

ScMD y =1328.80e0-44
R?=0.53

ScMD

Weighted mean D, (nm)

10
10000 4

1000 4 mas -

100 4

hted mean D, (nm)

1000

100 +

ghted mean D,, (nm)

served by Garland et al. (2008) from the data measured ir UMD y=2007. 1803 vmD

Guangzhou, China at a considerably more polluted site. Gar g ‘ ‘ ‘ ‘ ‘ ‘
land et al. (2008) comparegsp with the effective mode di- 0 1 2 - 1 10 100
ameters from monomodal lognormal fits to measured submi: Oigp G5p(550 nm), (Mm-%)

cron size distributions, so the diameters they compared were
not quite the same as in the present work. Still, they alsoFig. 13. Weighted mean diameter®f < 10 pm) as a function of
observed that for the CMD the relationship is not inverseasp andosp. The red lines are exponential curvBg,oexp(—k -

whereas for SMD and VMD it was, just like in the present asp fitted to the data and the blue lines respective weighted mean
work. diameters calculated from simulated lognormal size distributions,

see text for details.
3.5 Relationships of single-scattering albedo

The single-scattering albede at = 550 nm was compared Pins o < 0.5, 0.5-0.6, 0.6-0.7, 0.7-0.8, 0.8-0.85, 0.85—
with osp, oap, CMD, andaap (Fig. 14). The first two com- 0.90, 0.90-0.95, 0.95-1.0. Selected descriptive statistical
parisons were done to find out what were the genera| p0|yalues of the data were calculated for each bin. In addi-
lution levels when the darkest and the ||ghtest aerosol Waéion, the fI’aCtiOI’l Of data in eaCh Of the binS were Calculated
observed.wg was compared witlap since the wavelength ~ (Fig. 14e—f).

dependency of absorption is related to the absorbing mate- The mean and mediaig increased with increasing scat-
rial. wo was also compared with CMD to see whether thetering. The darkest aerosol, i.e., the lowegtwas observed
data available would yield any information on the size of thein the lowestosp range &3 Mm~1) which comprises 4.6 %
absorbing aerosol. For the comparisons all data were classof the data: the mediamg was 0.825 but there was also
fied according tarsp into binsosp < 3.2, 3.2-10, 10-31.6, the largest 95 %wg range, from 0.54 to 0.96 (Fig. 14a and
31.6-100, andrsp> 100 Mm%, and according tawg into e). The range decreased with increasirg so that in the
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Fig. 14. Single-scattering albedag) at A =550 nm as a function
of (A) scattering coefficientigp), (B) absorption coefficientap)
andogp, (C) ,&ngstr'(')m exponent of absorptiorfgp) andogp, and
(D) particle size (count mean diametefff) the fraction of data in
the ogp bins and(F) the fraction of data in thexy bins. In A the

red circle is the average, the blue horizontal line the median, th

app = 1.3+0.1 for particles in diesel exhaust and a range 1.5
to 1.9 for particles in biomass burning smoke. For the darker
aerosol, i.e., whemg < 0.8, 10.1 % of observations, the av-
erage fstandard deviationyap was 1.38+0.12. Atosp>
100Mn7 L the averagexap was very similar, 1.430.11
even at high values abg. Typically wg for wood-burning
smoke is>0.7 whereas for fresh diesel exhaust particles it is
in the range 0f<0.6 (e.g., Bergstrom et al., 2007 and refer-
ences therein).

The effective size of the particles, expressed here as the
count mean diameter (CMD), varied from some tens of nm to
~200 nm (Fig. 14d). The smallest average CMD#3B5 nm
was calculated in the bimg > 0.95 andosp < 3.2 Mm™1,
the 2.5th percentile was 13nm. These CMDs are typi-
cal in new particle formation episodes. The largest CMDs
were in the clear long-range transported pollution episodes:
for ogp> 100 Mm~1 the mean CMD was 16520 nm. In
the darkestwg bin 95% of CMDs varied between 43 and
92 nm, the mean was 2017 nm. Fresh combustion exhaust
aerosol, either from diesel engines or biomass burning is of-
ten in this size range. Most of the particle number emitted
by engines is in the range50 nm (e.g., Kittelson, 1998) but
roadside measurements have shown that LAC mode mean di-
ameter varied from about 50 to 70 nm (Casati et al., 2007).
It is possible that the darkest aerosols were from some diesel
vehicle exhaust: the sizey, and the associateghp are all
in agreement with this.

The aap at highwg should be treated with caution. First,
it cannot be excluded that the large variatiorwap at high
wp IS due to noise in raw aethalometer data at low concen-
trations, as discussed above in Sect. 2.4. Second, a possible
source of large ranges ofip at highwy is in the way absorp-
tion coefficients were calculated from the raw aethalometer

Mata. The algorithm Eq. (2) that was used for this includes

box the 25th to 75th percentile range and the vertical error bar theSubtracting a fraction afsp and summing of all absorption
2.5th to 97.5th percentile range @f in each of the fivergp bins.
In (B), (C), and(D) the symbols are color-coded into the fivgp
bins, the vertical error bars represent the sevghins, the symbol
is the median and the horizontal error bars the 95% range of thguch asxap andwg with time. Collaud-Coen et al. (2010)
respective data.

coefficients since the change of the filter spot. This cumu-
lative nature of the algorithm inherently increases the uncer-
tainty of theoap data and thus also the derived quantities

also noted thatap derived from the Arnott et al. (2005) was
noisy. A full error propagation of the formula has not been
done.

strongest long-range transported pollution episodes £
100 Mm%, ~1 % of data) the mediamg was 0.90 and 95 %
range was 0.86 to 0.95. Light aerosol witly > 0.95 was
observed in albsp bins but the darkest aerosady < 0.6,
0.3 % of data, only in the lowermostp bins (Fig. 14b and  The range of aerosol intensive and extensive optical prop-
f). The low wg values suggest that in these cases aerosol igrties in different air masses was studied by comparing
essentially pure LAC which is supported by the narrow rangethem with wind data measured at SMEAR Il and by com-
of aap (Fig. 14c). bining the data with backtrajectories. HYSPLIT4 (HYbrid
At high values ofwg (>0.95), 9.8 % of data, théngsbm Single-Particle Lagrangian Integrated Trajectory) trajecto-
exponent of absorptiomap varied in a large range from 0.9 ries (Draxler and Hess, 1998; Heinzerling, 2004; HYSPLIT-
to >3. The highaap may be associated with particles in web) were calculated for the arrival heights of 100m and
different types of biomass burning smoke, as found, e.g.500 ma.g.l. with hourly interval, 96 h back in time using
by Lewis et al. (2008). Schnaiter et al. (2005) determinedNOAA FNL-archive data and NCEP/NCAR reanalysis data.

4 Classification according to air masses
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30/03 31/03 4.1 Analysis of 30-31 March 2007

00:00 - 06:00
30/03
18:00 - 24:00

00:00 - 06:00

2 The two-day period of 30-31 March 2007 was selected for

18:00 - 24:00

b, a more detailed analysis since it shows the main features of
' i T variation of aerosol optical properties in different air masses
s (Fig. 15). On 30 March wind was from the SW, the wind di-

A rection was 230—250at 8.4 m, i.e., within the forest canopy

and more stable, 220-22at 74 ma.g.l. This may indicate
4105 SR that there was a counterclockwise spiral in the wind in the
surface layer but further analysis has not been done on this.
The main purpose for plotting the two wind direction time
series was to show a typical situation at the site: wind turns
close to the same direction at all the measured levels if there
is strong enough wind to blow also within the canopy. Dur-
ing the whole analyzed period, for the data for which wind
gD, (om) speed at the 8.4 m level wasl m s~1 95 % of the differences

* x ™ R - in wind directions were between20° and 15, the mean

' S (£standard deviation) difference was2 + 18°. Inspection
of the uppermost plot in Fig. 15, shows that the backtra-

00:00 - 06:00

18:00 - 24:00

rrrrr

(B)

£ 100 . ) . .
© = - — o] jectories that were calculated to arrive at 100m a.g.l. have
' f o . .
0 ! i f ; a common feature with the measurements: the last wind
— 360 direction before arrival at Hyydia is close to that mea-
4 ot . . .
1004 oge . ottr s sured at the site. When the trajectories are followed fur-
o ° o . .
S wnsskein@7am | | oxbyrgaets ° | 315 ther they show that continental air advected from Eastern
o ind direction .4m O o

Europe. It was a relatively highly polluted air mass with
osp> 100 Mm 1 andoap > 10 Mm™~1, with peak values of
146 Mt and 15MnT! at A =550 nm. wp was stable at

’/* 0.89-0.91. In the particle number size distribution there
] AN was only one clear accumulation mode with CMEL60—
01 ; ; A 180 180 nm, N ~ 3600— 4000 cnt3. VMD varied in the range

...
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~ . R 900-1100 nm and aerosol volume concentration in the range
preen AT T 26—29 umi cm~3. Angstivbm exponent of scatteringsp was
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stable at 1.91-1.94.
In the afternoon of 30 March wind direction veered so
that it was first from the west and then later on 30 March
and 31 March from the NW (270-340 The number size
pras distribution changed markedly. The accumulation mode dis-
10 ; ——t 05 appeared and the size distribution was dominated by nucle-
30/0300:00  30/031200  31/0300:00  31/031200  01/0400:00 ation and Aitken mode particles. CMD decreased markedly
. ) ) S ) to 29—40 nm andV to 1200-3000 cm? and V decreased at
Fig. 15. Aerosol Optggl grlor\)/lert'ehs'z(s)g? ?;]Str;.bu“qnso_?gd%massthe same time to 0.6-1.5fnem3. VMD, on the other
transport routes on 30-31 March 2007, the time is : hand increased to 1900-3500 nm. At the same time when
HYSPLIT 4 backtrajectories arriving at SMEAR Il 100ma.g.l; VMD increasedrsp dropped to 34 Mmt andoap 10 0.2—

(B): Backtrajectories arriving at 500 ma.g.[C): Particle num- ] o0 .
ber size distributions(D): ogp, oap, and wind direction at two 0.3Mm™, resulting inwo in the range 0.90-0.93. The com-

altitudes; (E) Volume mean diameter, count mean diameter, andPosition of these large particles is unclear. Sea salt particles
Angstiom exponent of scattering. are in this size range but the site<i400 km from the nearest

coast of the part of the Baltic Sea which at this time of the
year is covered by ice, except shipping routes that are kept
Below a two-day period is analyzed first, then the average®pen by icebreakers. Some sea salt may be blown from these
in wind direction sectors and finally a trajectory statistical open channels but the amount is undoubtedly smaller than in
analysis of selected parameters. summer. Another possibility is that the large particles are soil
or pollen particles in spring. The wavelength dependency of
scattering also changed clearly so thgp decreased to 0.6—
0.9. Clean marine aerosol has been observed to have even
lower asp (e.g., Quinn et al., 2000; Carrico et al., 2003) but

®

100 -

- 1.0
---VMD

Weighted mean diameter, nm
juauodxa wgnsﬂuy
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— 360°,0° it was <0.1 Mm~! andwg > 0.94. Then als@ap increased
and peaked to 1.1-1.6 Mm at 19:00—-22:00 resulting g
Wind at 8.4 m Waiainet e 0.73-0.84, at midnighto was again 0.9. It cannot be ruled
270" a0° 210 o0° out that during the three hours absorption was influenced by

local black carbon emissions. There is no clear indication of
this in the size distributions, however, the growth of particles

> Ave obviously continues as it normally does during the particle
O ave. v formation events.
180° It is clear that the growing nucleation mode patrticles have
180° ©sp 550 NM csp 550 NmM .. . . . .
) A negligible contribution to scattering since they are so small,
O 78 =8 28 Agww © 1o 2o soMm but something did happen also in the optically significant size
range at the same time. The wavelength dependency of scat-
T 360° 0° tering changed againisp grew from<1 before the event to
Wind at 74 m

1.0-1.2 at the beginning of the event and close to 1.5 during
the growth of the particles. A possible explanation is that the
material that is responsible for the growth of the nucleation
mode particles condensed on the larger particles as well and

270 90° 270°% 90°

> ave made them grow and also changed their optical properties.
O ave.v<1 This would be consistent with Lihavainen et al. (2009) and
50 e iaF Ol Tunved et al. (2006). They observed that at the Pallas GAW
100 7 station in Laplandsp increased with increasing residence
© 1 2 3 4 Mm’ o & 2 time over the continent and explained this by condensation

of organics on particles. The case analyzed here is compli-
Fig. 16. Average scattering and absorption coefficients at cated because air mass transport route changed — even though
550 nm andAngstridm exponent of scattering in 12 wind direction not much for those trajectories that arrived at 100 ma.g.l. — at
sectors during the whole analysis period. lbgp the classifica-  the same time as the growth was observed, so the data does
tion was done both by using wind data measured at the lowesh ot prove that the change in optical properties was due to
(8.4ma.g.l) and highest altitudes (74ma.g.l) in the SMEAR Il 441 More cases like this have to be analyzed, the way it
meteorological mast. was done with the above-mentioned Pallas GAW data, to get

statistically significant results.

the values are close to the averagg of 0.77+£0.32 ob- 4.2 Classification into wind sectors

served for particles at the same size rangg£ 10 pm) atan

anthropogenically influenced marine station located in Novalt was shown above that aerosol optical properties clearly

Scotia (Delene and Ogren, 2002). So, even though the neararied with wind direction during the selected two-day pe-

est part of the Baltic sea was covered with ice at the timefiod. To get a more general picture of how wind data is re-

also the it may well be that some sea-salt particles did arrivéated to the optical properties, the statistics obogp, oap,

at Hyytiala. and asp were calculated after classifying the data into 12
On 31 March an obvious new particle formation event andWind sectors of 3dwidth (Fig. 16). Wind measured at 8.4 m

subsequent growth was observed when the air masses cari@0ve ground and 74 m above ground were used. The 13th
from the north, which has been shown to favor new particle€/ass was the measurements that were made at wind speeds

1 . . - . -
formation at several Nordic stations (Tunved et al., 2003).<1MS " Atwind speeds lower than that wind direction is

Also the aerosol optical properties changed during the for-Yery unreliable and they were classified as calm.
The lowest averages and mediansogp, oap, Were ob-

mation and growth event. Just before the appearance of the

new particles at around noon the concentration of the Aitkers€rved in the NW and N sectors and highest in the SE sector,
mode particles aD, ~ 80 nm decreased so that the mode when the wind from the 74 m altitude was used. The wind

almost disappeared and the total number concentration g€ drawn using the 8.4 m wind data shows that the highest
creased from 3008 cnd to 1490 cn3 and so didsp, from averagerspis measured in the southern sector whereas if the
3-4Mm ! to ~1.5MmL. When the freshly-formed parti- /4™ wind data are used the highest sector is the SE, as it

cles first appeared at the observable sizes CMD decreasdd &S0 foroap. There is also a clear dependency of average

from about 40 to<20 nm and subsequently the number size *SP N wind sectors, as was expected from the episode anal-

distributions showed growth of the freshly-formed particles YSiS- Forasp the highest averages (1.91) were directly from
and CMD. Simultaneouskyspincreased from-1.5 at 12:00 the east, and lowest (1.47) from the west, so its wind sector

to ~5.3Mm~L at midnight. Alsaoap varied during the par- distribution is somewhat different than thatadp andoap.
ticle formation and growth event. In the beginning, at noon
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Table 4. Statistics obgpandoap ati =550 nm andAngstiom ex- 1 %8
ponent of scattering in the 74 m altitude wind sectors where average o | 08 5107
ogpwere highest and lowest. Units as in Table 1. 10 4 o O 45 L, 87
% 8 + 55 6.4 6.5 = El o
- 5.1
| 120 | 300 sdon 0 F P
4
| VE+STD MED | AVE£STD MED .
7 0.3
osp(550 nm) 24+21 18 8.84+9.4 5.9 o 0
oap(550 nm) 3.1+27 2.6 1.0+12 071 100 o o
asp 19403 19| 15406 1.6 095 © 6 ,000099°0 0
0.90 O g oo0D 0O 0o [m}
0.85 PERCENTILE
§ 080 © o © o . o o © ° ;Zg'z
The averages, standard deviations and medianssgf 075 | @ o © °° e o 0100
oap, andasp in the wind sectors 120and 300 where the 0.70 ® o o o e ° o| 25
averageosp was highest and lowest are also presented in  oes
Table 4. The average scattering and absorption coefficients g0 | e
were roughly 3 times higher from the SE sector than from the 0 30 60 %0 120 150 180 210 240 270 300 330 V> 1M/

NW sector. Sector center (°) (V> 1 m/s)

The local contamination sources are to the west of the
measurement cottage, as discussed in Sect. 2.1. The effetg. 17. Selected percentiles of cumulative distributionggfin 12
of these can be found in the analysis of selected episodedyind sectors and in the calm data 1 ms?) (lower panel), and
as in the previous section. However, it is not obvious in thethe contribution of data from these sectors (upper panel).
wind roses of absorption, the averagg is almost the low-
est in the western wind sector (Fig. 16). The percentiles of . o
wo cumulative distributions in the different wind sectors and €xplicitly mentioned here that this is not a source-receptor
in the calm data41ms1) are shown in Fig. 17, as well relationship, no emission inventories are used in this kind of
as the contribution of data from these sectors. The media" @pproach, only measurement data at the field station. This
values in each sector are about 0.9 in all sectors and alst$ & frequency of occurrence plot for the motion of air parcel
in the calm data. The lowest median (0.87) is in the sec-{raJeéctories across geographical regions. _
tor 150. But when the lowest 10 percentile of each sector The uncertainty related to calculated HYSPLIT4 trajecto-
and the calm data are considered, the calm data stands oli€s is estimated to be 10 to 30 % of the travelled distance
clearly: the darkest aerosol is observed during when there i§15 to 30 % by Heinzerling (2004), 10 to 20% by Draxler
little wind, which suggests the lowg values are due to local and Hess (1998))_. '_I'o see how m_uch the uncertainty can ef-
aerosol. The low winds represent only a small fraction, 0.3 %fect the result, It it is was taken into account by assigning
of the data. When the wind was greater than Tthfom a weighted concentration value also to grid cells surround-
the western sector (27)) even the lowest 2.5th percentile is ing the trajectory path. Cells closer than 10% of the tra-
not lower than the surrounding sectors, the lowest sectors arigctory travelling distance were given a concentration value

150-210 like in the medians. weighted by 0.70 and those farther than 10 % but closer than
20 % of the travelled distance got a concentration weighted
4.3 Trajectory statistical analysis by 0.30. The choice of factors was made assuming a nor-

mally distributed probability of trajectory error. The result-
In addition to case studies the trajectory and measuremering field was then normalized by the maximum value occur-
data were analyzed statistically. At each time step the mearing in it. This results in a scale from 0 to 1 and the interpre-
sured value of the chosen optical parameter was assigned tation comes down to comparing each cell with the surround-
the grid cells (1 x 1°) along the corresponding back trajec- ing field. The method differs slightly from the so called nine
tory so that the arrival time of the trajectory was equal to thepoint filter suggested by Stohl (1996), where the first guess
measurement time. The geometric mean of values accumueoncentration field is followed by an iterative redistribution
lated to each grid cell was calculated. The result is a concenprocedure to improve spatial resolution.
tration field that suggests for each cell passed by air masses The analysis was done fegp andoap atA =550 nm and
on the way to Hyy&la, whether it contributed to relatively asp(450—-700 nm. The analysis shows that the highest values
high or low values monitored at the receptor site. In order toof osp andoap were associated with trajectories from East-
ensure the statistical significance of the result, the geometriern Europe (Fig. 18). This is in agreement with the wind rose
mean was calculated only if a minimum number of trajecto- analysis above. Also the actual values according to the sta-
ries, set to 10 in this work, crossed a grid cell. It should betistical trajectory method and the wind rose analysis are in
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osp (550 nm) imply that always when it blows from the south at HyJé
air masses have come from Central or Eastern Europe some
days earlier or that when it blows from the north air masses
have come from the Arctic Sea. It may well be just the op-
posite in some episodes and for instance in frontal passages.
However, when statistics of long time series are calculated,
local northern wind directions at Hyyila are associated with
air masses coming from the Arctic Sea and southern winds
with air masses coming from continental Europe.

When taking the trajectory uncertainty into account, it be-
comes clear that no quantitative conclusions can be drawn
with accuracy from the trajectory approach. Qualitatively,
however, the results match with those presented above and
clearly identify sectors of air mass paths that result in high
values of optical parameters observed in Hai

5 Summary and conclusions

The basic aerosol optical properties, scattering and absorp-
tion, measured at the SMEAR Il station in Hya#i, Finland,
from October 2006 to May 2009 were analyzed. Basic statis-
tical values of all data were presented, together with seasonal
and diurnal cycles in four seasons, as well as relationships
with each other and patrticle size distributions. Finally source
regions were analyzed both by comparing the data with local
wind data and by applying a trajectory statistical method.
The average scattering coefficiemgp 18 MM at A =
550 nm was more than twice as much as at the Pallas GAW
station in Finnish Lapland. Also the seasonal cycle was
Fig. 18. Trajectory statistig:s of scattering and absorption coeffi- sgmewhat different than at the GAW station, and the ratio
cients at. =550 nm and thé\ng_str‘c')m exponent of scattering. Leﬁ: of the highest to smallest monthly averagg was smaller
absolute values, right: normalized values, see text for explanatlon.than that at Pallas. A probable explanation to this type of
seasonal cycle is that winter aerosol is dominated by conti-
nental pollution aerosol and in summer by biogenic aerosol,
good agreement: in the SE wind sector (12(he average and in Hyytila the amount of biogenic organic aerosol is
and median obsp were 24 and 18 Mm' (Table 4) and the  higher than in Lapland. The seasonal cycle of absorption was
trajectory statistics show that the geometric megpasso-  muych clearer. The lowest monthly-averaged single-scattering
ciated with the grid cells in Eastern Europe was in the rangey|pedos &o) were observed in winter(0.86) and highest in
of 20-40MnT!. Similarly, the geometric means 6kpin  summer (-0.91). This is most probably due to emissions

the grid cells over Norwegian Sea were in the range of 5—rom heating with wood and coal both in Finland and the rest
10 Mm~* which agrees with the average and medigp in of Europe in the cold season.

(Table 4). Similar agreement is found betwegp andasp  pyt in spring and summer they could be observed in medians
values in Fig. 18 and Table 4. and averages. The minimum efp was in the afternoon but

Additionally, agreement can be found in terms of the ge-s5pdid not have such a clear minimum which lead to a max-
ographical location of the source area of relatively higip ~ imum of wg at noon or afternoon. A possible explanation is
values: both the wind rose and the trajectory method suggeshat this is due to condensation of some low-volatile mate-
it to be norther than that farsp andoap. This suggests that  rial, most probably biogenic secondary organics in a forest,
there are differences in the average particle size distributiongn existing particles. If the existing particles contain light
associated with aerosols coming from the various source reabsorbing carbon (LAC)yo will increase due to the conden-
gion. This will not be analyzed further in the present work, sation.
however. ospWwas highly correlated with the volume concentrations

It has to be emphasized here that the above comparison oftegrated from the size distributions measured with a DMPS
the wind sectors and the trajectory statistical results does nand an APS yielding the P mass scattering efficiency
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of 3.1+ 0.9gn72 at » = 550 nm, assuming that the parti- relationship is qualitatively the same as that for the modelled
cle density was 1.5gcnf. There was also a clear positive monomodal size distribution. For CMD the relationship was
correlation between the measuregh and the condensation opposite and the correlation coefficient was low. This is due
sink (CS) calculated from the size distributions. Models sug-to the small contribution of particles smaller than 100 nm to
gest that high CS limits new particle formation so the goodscattering. So théngstrbm exponent cannot really be used
correlation between CS angp suggest that in case no size for describing the number size distribution. The CsMD did
distribution data are available at some site but there is a nephaot vary significantly as a function afsp.
elometer, thersp could potentially be used for estimating CS  The lowest averages and mediansogp, oap, Were ob-
and thus also the potential for new particle formation. served in the NW and N sectors and highest in the SE sector,
Scattering coefficients were also calculated from thewhen the wind from the 74 m altitude was used. Local con-
number size distributions by using a Mie code andtamination sources to the west of the measurement cottage
the refractive index of ammonium sulfate. The linear were seen in the single-scattering albedo in calm conditions,
regression yieldedrsp(modelled) = 1046 x osp(measured) i.e., when wind speed waslms. The western sectoral
for the data with the low nephelometer relative hu- average of the absorption coefficient was one of the lowest in
midity (RHnepn=30£9%) and osp(modelled) = 0985 x the wind sector analysis.
osp(measured) when Rigpy=55+4%. There were also The trajectory statistical analysis showed that the sources
large deviations from the regression line: 10% of the of the largest scattering and absorption coefficients were in
osp(modelled)-tossp(measured) ratios, calculated for each Eastern Europe. The geometric meap andoap associated
hour, were smaller than 0.9 and 10 %, i.e., the 90th percentilavith the grid cells in Eastern Europe were in the range 20—
are larger than 1.27. These deviations could almost all bet0 Mm~1 and 4-6 MnT?, respectively. The respective geo-
eliminated by taking also absorption and thus the imaginarymetric means ofspandoap in the grid cells over Norwegian
refractive index into account in the Mie modelling. The ef- Sea were in the range 5-10 Miand <1 Mm~1. Interest-
fective complex refractive index was obtained by an itera-ingly, the trajectory statisticatsp values are in close agree-
tive approach, by matching the measured and the modelle¢hent with a similar analysis made etp measured at the
ospandoap. The average effective complex refractive index Sevettiarvi measurement station in Eastern Finnish Lapland
was (1.51A 0.057)+(0.019: 0.015) at A =550nm. The  more than ten years earlier in 1994-1995: there the geomet-
real part was close to that of ammonium sulfate. The iteratedic meanospassociated with grid cells in Central Europe and
imaginary part had a strong seasonal cycle, with smallest valover Norwegian Sea were in the range of 20-30Mrand
ues in summer and highest in winter. 2-5MnT L, respectively (Virkkula et al., 1997). The source
The integrand of the formula for modeling scattering co- areas associated with higlap values were norther than those
efficient can be called the scattering size distribution. Thesdor osp andoap. A good agreement was found between the
were bimodal: they had a large submicron mode with geo-trajectory statistics and the wind sector classification, when
metric mean diameter®y between~300 and 400 nm and wind data from the altitude of 74 m was used.
a smaller supermicron mode withy at ~1.5-1.9 ym. The
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