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Abstract. We introduce a four-year (in 2006—2010) continu- residential and long-range transported aerosol (two separate
ous data set of aerosol optical properties at Puijo in Kuopio,cloud events) were found to be decreased by clouds. The ef-
Finland. We study the annual and diurnal variation of thefect was stronger for the scattering than absorption, indicat-
aerosol scattering and absorption coefficients, hemispheriing preferential activation of the more hygroscopic aerosol
backscattering fraction, scatterinﬁglgstrbm exponent, and with higher scattering characteristics.

single scattering albedo, whose median values over this pe-
riod were 7.2Mnm1! (at 550nm), 1.0 Mm?! (at 637 nm),
0.15, 1.93 (between 450 and 550 nm), and 0.85, respectively.

The scattering coefficient peaked in the spring and autumnl  Introduction

being 2—4 times those in the summer and winter. An excep-

tion was the summer of 2010, when the scattering coefficienf\ccording to the Intergovernmental Panel on Climate
was elevated to~300MnT! by plumes from forest fires Change the direct effect of aerosols to radiative forcing is still
in Russia. The absorption coefficient peaked in the winterhighly uncertain (IPCC, 2007). The direct effect arises from
when soot-containing particles derived from biomass burn-ight extinction by aerosol particles, i.e. due to the combined
ing were present. The higher relative absorption coefficient<€ffect of aerosol light scattering and absorption. Evaluation
resulted in lower single scattering albedo in winter. The op-Of the direct effect’s magnitude is complicated, because these
tical properties varied also with wind direction and time of Properties depend on the wavelength of the incident light and
the day, indicating the effect of the local pollutant sourcesthe angular distribution of the scattered light, which, in turn,
and the age of the particles. Peak values in the single scaflepends, e.g., on the size, concentration, and chemical com-
tering albedo were observed when the wind blew from a paposition of the aerosol particles. Particles that contain sulfate,
per mill and from the sector without local pollutant sources. Nitrate, and organic carbon predominately scatter light, and
These observations were linked, respectively, to the sulphatanrtideS that contain black carbon absorb it. Furthermore,
rich aerosol from the paper mill and the oxygenated organicdnternal mixing (e.g., of organics and black carbon) may dra-
in the aged aerosol, which both are known to increase thanatically influence the aerosol optical properties (Shiraiwa
scattering characteristics of aerosols. Decreases in the singf al-, 2010).

scattering albedo in the morning and afternoon, distinct in  1he optical properties of aerosol particles are usually
the summertime, were linked to the increased traffic densityetrieved from remote sensing instruments, such as Lidar

at these hours. The scattering and absorption coefficients dflett, 1981; Ansmann et al., 1990), or from in situ instru-
ments, either airborne (e.g., Shinozuka et al., 2011; Chen et

Published by Copernicus Publications on behalf of the European Geosciences Union.



5648 A. Leskinen et al.: Seasonal cycle and source analyses of aerosol optical properties

al., 2011) or ground-based (e.g., Bodhaine, 1983; Bodhaine,
1995; Virkkula et al., 2011). The extinction can be measured,
e.g., with a pulsed cavity ring-down spectrometer (Baynard
et al., 2007), scattering with nephelometers (Heintzenberg el
al., 1996; Anderson et al., 1996), and absorption with pho-
tometers (Arnott et al., 1999; Petzold and &alnner 2004).
Other important intensive properties, such as the single scat:
tering albedo (SSA), can be derived from the measured val-
ues. The SSA can be used to determine whether an aerosc
layer causes net heating or cooling. If multi-wavelength in-
struments are use&ngstrbm exponents can be derived for
scattering &) and absorption ). The Angstiom expo-
nents depend inversely on the size of the aerosol particles
A small exponent indicates large aerosol particles, such as
sea salt and dust, whereas a large exponent is connected 1
smaller aerosol particles (Bohren and Huffman, 1983), orig-
inating, for example, from combustion processes. However,
one should be careful, because faealso depends on the
imaginary part of the refractive index, especially for highly
absorbing aerosol (Bond et al., 2009).

Measurements of aerosol optical properties have been con
ducted worldwide. Long-term and campaign-wise measure-
ments have been carried out to study climatologies at mul-
tiples sites (e.g., Bodhaine, 1983, 1995; Delene and Ogren
2002; Andrews et al., 2011) as well as for a single site (e.g.,
Aaltonen et al., 2006; Hyarinen et al., 2009; Collaud Coen Fig. 1. Map of Kuopio showing E’uijo (1) and its surroundings. The
etal, 2011; Virkkula et al., 2011). The advantage of focusingdark gr_ey areas are lakes, the light grey areas _resndentla_l are_as, and
on measurements at a single site is that it allows for morethe white areas forest. Also sh_own are t_he Iocgtlon of Savilahti mea-

. . surement station (2), a peat-fired district heating plant (3), a paper
in-depth e?(plorathn of, _e.g., what causes t.emporal cycles. Ir?nill (4), and a highway (5). The lines emerging from Puijo define
most studies, particle s!ze and con'centratlon have been COWectors for local source analysis. The direction of North and a dis-
pled to the aerosol optical properties, but, for example, theance bar of 3 km are also shown in the figure.

chemical composition and the optical properties of aerosols

have been analyzed in parallel only in few studies.

In this study we introduce a previously unpublished four- 2 Methods
year data set of aerosol optical properties and meteorological
parameters measured at a semi-urban measurement statignil  Site description
230 m above the surroundings, in an observation tower at
Puijo in Kuopio, Finland (Leskinen et al., 2009). We inter- The measurement station at Puijo {6234’N,
pret the annual and diurnal variation of the aerosol scatterin@7°3919’E) is on the top of an observation and re-
and absorption coefficients, single scattering albedo, scattetransmitting tower, which is a 75m high building on the
ing Angstrbm exponent and hemispheric backscattering frac-Puijo hill (elevation 150 m), approximately 2 km northwest
tion. We classify the optical properties, as well as aerosolof the city center of Kuopio (population 97 000). The
chemical composition obtained from aerosol mass spectrommeasurements are carried out at the height of 306 ma.s.l.
etry, according to the wind direction in order to inspect the and 224 mabove the surrounding lake level. Puijo hill is
effect of the local sources. Finally, we examine how the scat-in the southern boreal climatic zone and the surroundings
tering and absorption coefficients behave before, during, andis characterized by forests with conifer (mostly pine and
after a cloud event, i.e. a time period when the station wasspruce) and deciduous (mostly birch) trees, an undulating
covered by clouds. terrain with rocky soil and moderate hills and many lakes

(Fig. 1).

We categorize the Puijo measurement station as a semi-
urban measurement station, because there are local pollutant
sources (traffic routes, residential areas, industrial plants) in a
particular sector (0—24%seen from the Puijo tower, whereas
the remaining sector (245-390represents a “cleaner” sec-
tor with almost no local sources. This enables studying
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the effects of fresh emissions on various aerosol propertieglometer calibration was checked periodically (every three
(Leskinen et al., 2009). Furthermore, its elevated locationmonths) with pure carbon dioxide and filtered air. The data
enables studies of the interaction of aerosols with low-levelcollection frequency in the nephelometer was either 1 or
clouds (Portin et al., 2009). 5min. The relative uncertainty in the scattering coefficient,
Since its establishment in 2005 by the research groups ateported in the literature, is 10 % (Anderson et al., 1996).

the Finnish Meteorological Institute in Kuopio and Helsinki ~ We measured the aerosol absorption with a multi-angle
and at the University of Eastern Finland (Kuopio), we have absorption photometer (Thermo Model 5012 MAAP). The
instrumented the station for continuous measurements oMAAP (Petzold and Sainlinner, 2004) determines aerosol
aerosols, cloud droplets, weather parameters and trace gasdight absorption by illuminating a particle-loaded filter with
In 2009, the Puijo measurement station became a part of thé37 nm (Miller et al., 2011) light and measuring simulta-
Station for Measuring Forest Ecosystem — Atmosphere Reneously the radiation passing through the filter. It also mea-
lations network as its fourth member (SMEAR 1V). More sures the light scattered from the filter at several detection
details about the measurement station and an overview of thangles in order to resolve the influence of aerosol compo-
activities in its early stages are given in Leskinen et al. (2009)nents that scatter light creating a scattering aerosol artifact.

and Portin et al. (2009). This compensation of light-scattering effects improves con-
siderably the aerosol absorption measurement in filter-based
2.2 Instrumentation appliances (Bond et al., 1999), especially in the MAAP (Pet-

zold and Schbnlinner, 2004). The MAAP was connected to

We measured the meteorological parameters (temperatur¢he interstitial sample line and the flow rate through it was
relative humidity, atmospheric pressure, horizontal wind5.01min~1. We performed periodic checks and flow calibra-
speed and direction, visibility and precipitation intensity and tions for the instrument, and collected the MAAP data every
type) on the roof of the Puijo tower with a time resolution of 1 1 min.
min. The temperature and relative humidity transmitters, and The MAAP provides the absorption information as an
the ultrasonic wind anemometer (Thies UA2D) are 2 m andequivalent black carbon concentration (EBC), which is ob-
5m above the roof, respectively. The present weather sensdained by dividing the measured absorption coefficient by
(Vaisala FD12P) and a weather camera, facing northwardsa mass absorption coefficient (MAC) of 6.6, recom-
are attached to a vertical pole at 2 m height. mended by the manufacturer. To obtain the absorption coef-

The aerosol instruments are located in the space below thiicient (cape37), we multiplied the EBC by the same MAC
roof of the tower. Sample air for the instruments is drawn (6.6 m?g~1). It must be noted that the MAC for a specific
through two parallel sampling lines: One, called the intersti-aerosol can vary during its lifetime and due to changes in
tial inlet, is equipped with an impactor with a 10-um cut-off its chemical composition, which causes uncertainty in the
size, followed by a cyclone with a 1.0-um cut-off size (2.5 um EBC, if a constant value of MAC is used. For example, val-
before 20 November 2009), and the other, called the total aiues ranging from 6.9—-11.65g~1 have been reported (Knox
inlet, with a heated inlet and snow-hood in order to dry theet al., 2009; Pandolfi et al., 2011). However, as we used
cloud droplets. The total air inlet has the same constructiorthe same MAC value as the MAAP in our calculation, we
as that used and designed by Weingartner et al. (1999), whoonsider that the variability in MAC as a source of uncer-
reported that the cut-off size of the inlet is 40 um when thetainty can be neglected. For the absorption coefficient, a rel-
wind speed is below 20 nT$, which is the case most of the ative uncertainty of 12 % has been reported by Petzold and
time at Puijo. This two-inlet setup enables simultaneous in-Schinlinner (2004).
terstitial and total air (interstitial + cloud drop residual) mea- We analyzed the chemical composition of the aerosols in
surements when the tower is covered by clouds. Unless othan intensive campaign 16 September—20 October 2008 by us-
erwise noted, all measurements described in this paper werag aerosol mass spectrometry (AMS). The AMS measures
made through the interstitial inlet. the chemical composition of submicron aerosol particles on-

We measured the aerosol total and backscattering coeffiline and in real time. The collection efficiency at the detec-
cients at 450 nmdsp 450 and obspas0), 550 Nm gsps50 and tor approaches 100 % for particles in the size range of 70—
Obsp550), and 700 nm €sp 700 and obsp700) by using an in- 500 nm (Jayne et al., 2000). The particles are introduced into
tegrating nephelometer (TSI Model 3563) (e.g., Anderson ethe AMS through a critical orifice and an aerodynamic lens
al., 1996). The nephelometer illuminates the sample volumessembly, producing a narrow aerosol beam that enters an
from the side and detects the light scattered by the aerosadbnization chamber, where non-refractory components flash-
particles and gas molecules in the sample with a photomultivaporize and positive ions are detected by Quadrupole mass
plier tube over an angle of 7-170The aerosol backscatter- spectrometer (Q-AMS). A more detailed description of the
ing coefficient is measured when an internal shutter restrictsnstrument is given by Jayne et al. (2000). The AMS used in
scattering to between 90-1%70rhe nephelometer drew the this study gave the concentration of particulate sulphate and
sample out of the interstitial sample line with a flow rate of organics, and the ratio @i/z 44 tom/z 43, which indicates
8.0Imin~! (10Imin~! before 8 October 2009). The neph-

www.atmos-chem-phys.net/12/5647/2012/ Atmos. Chem. Phys., 12, 5&659 2012



5650 A. Leskinen et al.: Seasonal cycle and source analyses of aerosol optical properties

the degree of oxygenation of organics: the higher the ratiorameter values each month. We excluded rainy periods with

the more oxygenated the organics. a precipitation intensity more than 0.2 mm¥fwhose occur-
rence was, on an average, 11 % of the time. We also excluded
2.3 Data processing cloudy periods lasting more than 15min (4% of the valid

data), i.e. the periods when the tower was covered by low-

We analyzed the nephelometer and MAAP data coveringevel clouds. The indication of the presence of a cloud was
the time range 1 September 2006—-30 September 2010. Firsidopted from Portin et al. (2009), who defined a cloud event
we ruled out the unusable data due to abnormal peaks, caby a sudden drop in the horizontal visibility below 200 m and
ibrations, maintenance, flow checks, and autozeroing. Seca burst in cloud droplet concentration measured by a Cloud
ondly, we omitted the scattering data with the relative hu-Droplet Probe.
midity higher than 50 % in the nephelometer inlet, because In order to examine the effect of cloud events on the
the increasing water content increases the scattering coeffaerosol optical properties we separated the optical properties
cient (Fierz-Schmidhauser et al., 2010) too much comparedneasured from the interstitial and total sampling lines for a
to dry particles, which we wanted to inspect. We then cor-four-day period (7—11 October 2010). For this special case,
rected the valid measured scattering coefficients for truncathe nephelometer and MAAP were connected to a four-valve
tion errors arising from the physical limitations of the neph- system, which changes the sampling inlets of the instruments
elometer (the actual measuring angle is 7170t 0-180),  in 6-min cycles. During the cycle 1 the MAAP was connected
by using the values for no cut at the inlet, given by Andersonto the interstitial line and the nephelometer to the total air line
and Ogren (1998), and normalized them to standard tempefand during the cycle 2 vice versa. In this setup the MAAP
ature and pressure (273.15K and 101325 Pa), as describeflow was increased to 8.0 mitt in order to maintain equal
e.g., in Hanel (1998). flow rates in both inlets.

We calculated hourly averages of the valid data for each
instrument and used them in the following data analysis. )
Based on the scattering and absorption coefficients we calé-4 Local source analysis
culated three intensive propegrties: the hemispheric backscat-
tering fraction p), scatteringAngst®m exponent&s), and  We divided the measured and calculated parameters accord-
the single scattering albedo (SSA). All three are dimension4ng to the prevailing wind direction into (1) equal, 22.5-
less and independent of the amount of particles. degree sectors and (2) five sectors described below, in order

The b is the ratio of aerosol scattering to the backward to analyse the effect of the local pollutant sources. Further-
hemisphere to the scattering in all directions, and can be useghore, we inspected the average diurnal cycles for each month
to estimate how much of the incoming solar radiation is re-in order to identify the effects of daily (e.g., traffic) and sea-
flected backwards.We calculated that the wavelengths of sonally (e.g., domestic wood combustion) time-dependent
450, 550 and 700 nm for the periods 1 September—30 Novemsources. The major point sources around Puijo are a paper
ber 2006 and 1 October 2009-30 September 2010. At othemill (5 km in the direction of 38) and a district heating plant
times the backscatter mode in the nephelometer was inactivg3.5 km, 160). A distinct line source, the Route 5/E63 high-
We calculated thés for each pair of wavelengths: 700 and way, runs from north (§ to south (192). The most im-
450 nm @s 700-450), 700 and 550 nmé& 700-550), and 550  portant area sources are the eastern residential areas (1.2—
and 450 nm &s 550-450) by using the equatiofs;1 2 =-  4.0kmin the sector of 45-12)) the city center (1.6—-3.2 km,
[log (ospai/ospiz) /10g (A1/22)]. 120-158), the southern residential areas (3.4-10 km, 155—

The SSA is defined as the ratio of the scattering coef-245), and the western residential areas (1.5-3.5km, 245—
ficient to the extinction coefficient (the sum of the scat- 36(). Based on the distances and bearings of the pollutant
tering and absorption coefficients) at a certain wavelengthsources, the chosen sectors were (1) O-4fcluding the
Since the wavelengths of the nephelometer and MAAPnorthern highway and the paper mill, (2) 45-15®cluding
do not match, we determined the scattering coefficient athe city center and the eastern residential areas, extending
637 nm Gsp637) by using theAngst®m power lawpspez7= up to 4km, (3) 155-21% including the district heating plant
Osp550° (637/550) 8:700-550 The SSA at 637 nm was then and the southern residential areas extending up to 10 km, (4)
calculated as SSf37 = osp637/(0ape37+ osp637)- By apply- 215-2485, including the southwestern residential areas ex-
ing the law for propagation of errors to the relative uncertain-tending up to 4 km, and (5) 245-380ncluding the western
ties in the scattering and absorption coefficients given aboveresidential areas, extending up to 1-3 km.
we obtained an upper limit of 13% for the relative uncer- It must be noted that the measurements were made ap-
tainty in the SSA. proximately 230 m above the release height of the traffic

We calculated monthly averages for the scattering and aband domestic emissions, which are diluted before they reach
sorption coefficients and the SSA, and sorted the data fothe measurement point. Furthermore, when the mixing layer
each month in order to calculate the 10th, 50th (median) andheight is below the top of the tower (e.g., in the winter in
90th percentiles as an indicator for the variability of the pa-the nighttime), the emissions from the very nearby sources
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Table 1.Number (V), average, standard deviation (std), 10th, 50th, and 90th percentiles, and maxima (max) of valid observations for aerosol
scattering and backscattering coefficients at 450, 550, and 70@&{As0, ohsp4a50: Osp550: Thsp550 Osp 700 aNdopsp700 iN Mm~1),
hemispheric backscattering fractions at 450, 550, and 70@x#g, 0550, andb7oo), ,&ngstrbm exponents between 550 and 450 nm, 700 and

450 nm, and 700 and 550 niés(550-450. &s,700-450 8s,700-550), absorption coefficient at 637 Nigp 637N Mm~1) and single scattering

albedo at 637 nm (SSA7) based on hourly averages. *N/A =not available.

percentiles
parameter N average std 10 50 90 max
Osp 450 20530 17.2 20.7 3.1 108 383 396.2
Osp,550 20482 11.6 143 2.2 7.2 259 300.7
Tsp 700 20492 6.9 8.9 14 44 150 216.3
Ohsp450 4500 24 3.6 0.3 14 55 476
Obsp550 4493 1.9 2.7 0.3 11 41 358
Thsp700 3860 2.0 28 01 12 45 332
baso 4500 0.15 0.13 0.09 0.14 0.21 N/A*
bsso 4492 0.18 0.21 0.12 0.17 0.25 N/A
b700 3860 0.55 25 013 0.22 0.73 N/A

é5,550_450 20530 1.87 071 111 193 250 13.9
&s700-450 20483 195 062 121 202 247 10.7
4s700-550 20492 202 086 116 210 256 19.5
Oap 637 26820 1.6 1.8 0.3 1.0 3.4 38.9
SSAg37 20288 0.84 009 0.73 0.85 0.93 0.99

might pass under the measurement point and would not b8 Results and discussion
observed.

3.1 Meteorological parameters
2.5 Trajectory analysis

, The temperature, relative humidity and horizontal visibil-
In order to explore long-range transport of air masses to th‘?ty had clear seasonal cycles (Fig. 2), with averages over

site, we calculated 120-hour backward trajectories for they four-year period of 3.2C, 80 % RH, and 28 km. Febru-
period from September 2006 to September 2010 in three:,:Iry 2007 and January—February 2010 were found to be

hour intervals, using the FLEXTRA trqjectory model (Stohl exceptionally cold subperiods, with average temperatures
et al., 1995). We adopted from Leskinen et al. (2009) theOf —12.8°C and—12.5°C, and minimum temperatures of
classification of the trajectories into five air mass arrival sec-_ 55 goc and —27.4°C réspectively The July 2010 was
t%s,lng(;neg asrfrfgg (ng—ixsz\\X/ ctic/ K;;)Ig (32_7193' EEast in turn, exceptionally warm throughout the Eastern Europe
(70-160), South (160-239 and West (235-315. The East Barriopedro et al., 2011), with a maximum hourly average
and South sectors represent the continental air/sources frolk 55 goc 4t Puijo (Fig. 2a). The median of the relative hu-
Russia and Europe, respectively. The West sector covers thr%idity was, in general, below 80% in Apri-August, and
Northern Atlantic and the Arctic sector the Arctic Ocean. We oy ccaded 95 % in October—December (Fig. 2b) The 10th
furthermore divided the Arctic sector into two sectors in or- ercentile of the visibility was, in general bélow '200 m in

der to separate the Kola Peninsula sources from the C'?a%ctober—April (Fig. 2¢). The periods with high relative hu-
Arctic air. We classified eachtrajectory according to |'Fs ma'nmidity and low visibility are optimal for investigating low-
sector, i.e. the sector where it had spent most of the time durfevel clouds. as will be discussed in Sect. 3.6

ing the last 120 h. It must be noted that these sectors do not
match with the wind direction sectors determined by the Io-?’.2 Aerosol scattering and absorption
cal pollutant sources. Therefore, we calculated, for each loca

source sector, the percentages of time that the air masses h@during the measurement period (2006-2010) the average
spent in each long-range transport sector before arriving a . .
Puijo Scattering coefficients, based on 20 500 hourly-averaged ob-

servations of the total scattering at 450, 550, and 700 nm,
were 17.2, 11.6, and 6.9 Mm, respectively (Table 1). The
average of theospsso is somewhat lower than that ob-
served at another Finnish site in Hyld, 200 km from Puijo

(18 Mm1; Virkkula et al., 2011) but higher than those ob-
served at remote Arctic sites (e.g., Delene and Ogren, 2002;

www.atmos-chem-phys.net/12/5647/2012/ Atmos. Chem. Phys., 12, 5&659 2012
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Fig. 2. Monthly minimum (triangle up; only for temperature), 10th

percentile (lower error bar), median (square), 90th percentile (uppeFig. 3. Monthly 10th percentile (lower error bar), median (square),
error bar), and maximum (triangle down; only for temperature) of and 90th percentile df) total scattering coefficient at 550 niftn)

(a) temperature(b) relative humidity, andc) horizontal visibility =~ back scattering coefficient at 550 nm, gejiabsorption coefficient
at Puijo in September 2006—September 2010. at 637 nm at Puijo in September 2006—September 2010.

Aaltonen et al., 2006). The long-time average of éage37 when this measurement was active. This results in an average
at Puijo was 1.6 Mm?, which is again lower than the value (41 standard deviation) hemispheric backscattering fraction
in Hyytiala (2.1 MnT1; Virkkula et al., 2011) but higher than  of 0.134-0.04 at 550 nm. For the backscattering coefficient
the values at Arctic sites (e.g., Delene and Ogren, 2002). Thiat 550 nm (Fig. 3b) a seasonal trend cannot be determined
comparison puts Puijo into a relatively clean class, when re-due to inactive backscatter mode in the nephelometer be-
garding the aerosol optical properties. However, as we willtween 1 December 2006—-31 October 2009, but overall the
discuss in Sect. 3.5., the aerosol scattering and absorptiomonthly median of the hemispheric backscatter fraction var-
coefficients at Puijo occasionally reach values comparable téed between 0.10-0.15 (Fig. 4a). Theneasured at Puijo is
those in highly polluted areas. in the same range @&sreported for a wide variety of location
The annual cycle obspsso showed strong seasonality, types (e.g., Delene and Ogren 2002; Aaltonen et al., 2006;
with its peak 90-percentile values in the spring (February,Virkkula et al., 2011).
March, or April, depending on the year) and autumn (August, The oape37 peaked, depending on the year, in January—
September, or October, depending on the year) (Fig. 3a). ThMarch, when the monthly median was 1.8-3.2 Mm
seasonal variation was similar also at 450 nm and 700 nm(Fig. 3c). The maximum of the hourly averages, 38.9Mm
The summer of 2010 was an exception to this pattern, bewas observed in January 2008. During the other months the
cause long-transported aerosol from forest fires in Russia inmedian ranged between 0.5-1.7 MnThe higher values in
creased the total scattering coefficients, as will be discussethe early spring are connected to low temperatures observed
in Sect. 3.5. The gaps in the data in Fig. 3a are due to maineluring these months (Fig. 2a). During cold weather and dark
tenance of the instrument or its deployment at another meamonths the heating and power plants are operating at full
surement site. stretch and people tend to increase wood burning in domestic
The average of the backscattering coefficient at 450, 550combustion appliances, which produces, among others, parti-
and 700 nm was 3.3, 2.5, and 2.6 Minfor the 12 months  cles that contain more black carbon, a good absorber of light.
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Fig. 4. Monthly 10th percentile (lower error bar), median (square), Fig. 5. (a) Mean single scattering albedo (S&% classified ac-

and 90th percentile ofa) hemispheric backscattering fraction cording to 10-Mnv? bins of the scattering coefficient at 550 nm

at 550nm, (b) scatteringAngstdm exponent between 450 and (0sp550), (0) mean scatteringngstdm exponent between 550 and

550 nm, and(c) single scattering albedo at 637 nm at Puijo in Sep 700 nm classified according to 10-Mrh bins of the scattering co-

2006-Sep 2010. efficient at 550 nmdsp 550), and(c) mean scatterinéngsﬂbm ex-
ponent between 550 and 700 nm classified according to 0.02 bins of
the single scattering albedo (S&&).

The seasonal variation — as well as the long-term statistics —
of oape37 Was similar to that observed in Hyiita (Virkkula

etal., 2011). means that fewer coarse particles are nowadays present in
the sample, which increases thevalues, because the depen-
3.3 ScatteringAngstrom exponent and single dence of the light scattering on the wavelength of the incident
scattering albedo light is stronger for smaller particles.

The SSA was lowest in the winter and highest in the sum-

The long-time averages of thiy for each pair of wave- mer (Fig. 4c). The averaget(l standard deviation) SSA
lengths (450/550 nm, 450/700nm and 550/700 nm) werewas (0.83t 0.09), which is somewhat lower than the SSA
nearly equal, ranging between 1.87 and 2.02 (Table 1). Fromat 550 nm, observed in Hyy# (0.884+ 0.07; Virkkula et
here on, we designate the scatterﬁm_rgstrbm exponent for  al., 2011). Since the SSA is wavelength dependent, we es-
the 450/550 nm pair bys. The &s is lowest in the winter-  timated, by using the data from Virkkula et al. (2011), the
time, with its median being lowest, 1.17, in December 2006 SSA at 637 nm in Hyy#la to be 0.89.
and highest, 2.6, in June 2010 (Fig. 4b). The averagat We adopted the analysis for the SSA vs.dhgssoand the
Puijo is somewhat higher than the averdgeof 1.7-1.8 at  &s vS. osp550 from Delene and Ogren (2002) and found that
Pallas (Aaltonen et al., 2006) and the averag®f 1.7 in the SSA at Puijo increases with increasingsso (Fig. 5a).
Hyytiala (Virkkula et al., 2011). This indicates that at Puijo Our conclusion is, similarly to that made by Delene and
the scattering aerosol particles are relatively small in size. Ogren (2002) for Barrow, Alaska, that the absorption at

It must be noted that th&s values increased, on an aver- Puijo does not increase as rapidly as the scattering. The
age, by 39 % after November 2009 (achieving the maximumas vs. ospss0, in turn, shows a more complicated relation-
value 2.59 in June 2010), when we changed the cut-off sizeship (Fig. 5b). First, at lovssys50 values, theds increases,
of the interstitial inlet from 2.5 pm to 1.0 pm (Fig. 4b). This peaking at the 10—20 Mrm-bin. When theospsso further
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Table 2. The averages of the aerosol optical parameters over the chosen sectors with emission sources: highway, paper mill, city center,
district heating plant, and residential areas (RA) extending up to 10 km. Please see caption of Table 1 for explanation of the parameters.

Sector 0-4%, 45-155°, RA 155-215°, RA 215-24%, RA 245-360°, RA
highway and  (0-4 km) and (0-10km) and (0—4 km) (0-3km)
paper mill city center  district heating plant
Osp 450 19.5 21.5 22.1 16.8 10.6
Osp550 13.2 14.4 15.0 11.4 7.2
Tsp700 7.8 8.5 9.0 6.8 4.4
Obsp450 15 3.3 3.1 2.9 1.4
Obsp550 1.1 25 2.3 2.1 1.1
Obsp700 1.2 2.6 2.7 2.1 1.3
baso 0.15 0.15 0.15 0.14 0.15
bss0 0.17 0.19 0.19 0.17 0.18
b700 0.31 0.67 0.57 0.32 0.52
85 550450 1.92 1.99 1.92 1.83 1.76
0ap637 1.2 2.0 2.5 1.6 0.9
SShg37 0.87 0.83 0.79 0.83 0.85
increases, th@s starts to decrease, which is similar to the 40

35+
30

findings of Delene and Ogren (2002) in Barrow, Alaska. But
when theospss0 value of 80 MnT? is exceeded, thés in- >
creases again. On the contrary, the scattefingstom ex- g1l } } [ l

ponent is almost constant with increasing SSA until the SSA : 4 ‘ e N ‘ I 1 _ 1 I
exceeds 0.9 (Fig. 5c¢). For higher SSA values the scattering 0 45 9 185 180 225 270 315 360
,&ngstrbm exponent decreases rapidly. This indicates that the
scattering is more effective than absorption for large particles —~ i
with a low &s. $ of] ]

It must be noted that the scattering coefficient at Puijo was 23] l I I
measured at relatively dry conditions (Rtb50%). There- ; ] I 1 1 ! 1
fore, the ambient scattering coefficient and SSA may be un- o e 0 135 180 295 o7
derestimated, because the actual scattering coefficient at am .
bient conditions can be several times larger for the same o951

aerosol than at dry conditions (Zieger et al. 2010). A cor- 00321 f { } { l 1 1 } I { I I C

50 (Mm)

oLI=LINCIWNAIINS
i

FLE]

60

rection to match the ambient conditions would probably in- 3 0.8
crease the in situ SSA. However, as we have not deter- 0075

mined the scattering enhancement factor at Puijo, we can 0-65‘0
only present the SSA based on the scattering coefficient at

45 90 135 180 225 270 315 360

dry conditions. gg
8.2 . d
il 1 { } {
3.4 The effect of local sources on aerosol optical and 214
chemical properties S'é
0.4 : : T : : -
i . . . 0 45 90 135 180 225 270 315 360
The osps50 is highest when the wind blows from the direc- wind direction (degrees)

tions .Of traffic, industry, a.md residential aref"‘s (Table 2). It Fig. 6. The 10th percentile (lower error bar), median (square), and
experiences a_local ma_\XImgm when the wind bloyvs fr9m 90th percentile of(a) total scattering coefficient at 550 nrfh)
th_e northeast, i.e. th_e direction where the paper m'" reSIde%lbsorption coefficient at 637 nnf¢) single scattering albedo at
(Fig. 6a). In our earlier study we found that the air massesg37 nm, and(d) scatteringAngstibm exponent between 450 and
coming from this direction were rich in sulphur dioxide (Le- 550nm as a function of wind direction at Puijo in Sep 2006-Sep
skinen et al., 2009), which quickly converts into sulphate and2010. The vertical lines are the limits for the geographical sectors
particulate sulphate, one of the main anthropogenic scatterfor local source analysis.
ing components.

The oape37 is largest with southerly winds and above the
long-time average of 1.6 M when the wind blows from
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the southern highway and larger residential areas (Fig. 6b). 4
These are line and areal sources of diesel particles and emis  **]
sons from small-scale, biomass-fired (mainly wood) combus- « E 25‘
tion appliances, respectively. Their emissions contain, among 2 2

other, soot, which absorbs light efficiently. As expected, we g 151

observed the lowestyp 637 With winds from the sector 245— 0_;: 1 i 1 I 1 I

360° with least local sources (Fig. 1; Table 2). 0 ! : : S Y P
The effect of the the local sources can be seen more clearly 0 4 %0 s e Es 20 81 360

from the variation in the SSA and tlé with the wind direc-
tion (Fig. 6¢—d). Theds is larger, indicated by higher 10th 851
percentiles, for the directions of local sources, whose parti- +~ z ‘ b

cles are fresh and smaller in size than the aged particlescom 2 |

Organics (;Lg/m3

ing from longer distances. The SSA, inturn, reaches its maxi- £ ;5. T

mum value of 0.90 when the air masses come from the north- § 1 { 1 I 1
easterly sector, indicating highly scattering aerosol from the o5 % : o
paper mill, and its minimum value of 0.81 when the wind N

blows from the southerly sector with highway and large res-
idential area (Fig. 1; Table 2).

The AMS analysis showed a 2—-3-fold larger particulate
sulfate concentration with northeasterly winds compared to 1172 . c
other wind directions (Fig. 7a). The peak concentration from 1_2'5_ } }
the direction of the paper mill gives an explanation to the el- N ]
evated scattering from this direction. The emissions from the ¢ |
south contain 4-5-fold organics than those from the north ‘ . . . '

(Fig. 7b). With northwesterly winds the degree of oxygena- "o 45 9 135 180 225 270 315 360
tion is higher (Fig. 7c), which is due to the oxygenated or-
ganics in the aged aerosol particles (e.g., Aiken et al. 2008
from theld|rect|on _W'_th less local sources. tration, and(c) the ratio of mass numbers 44 to 43 in non-refractory

The diurnal variation of theapes7 and the SSA showed  gypmicron particles as a function of wind direction at Puijo, aver-

morning (at ~06:00-08:00UTC+2) and afternoon (at aged over the time period of 16 September—20 October 2008. The
~17:00-19:00UTC + 2) peaks in May—August (Fig. 8ab). vertical lines are the limits for the geographical sectors for local
This is linked to the increased traffic at these hours. We sugsource analysis.
gest that in the winter the emissions from traffic are masked
by a higher amount of more absorbing particles from other
local sources, such as domestic biomass burning appliances.
These sources are expected to be active mainly during thang the smoke episodes. A similar finding was done by Fis-
daytime and in the evenings. The nightty, 637 was lower  cher et al. (2010), who found that in an aged pollution plume
than that in the daytime in all months, with a correspond-the SSA was higher than in another plume originating nearer
ing decrease in scattering, resulting in higher SSA values athe source.

Ratio of m/z 44 to m/z 43

ig. 7. The 10th percentile (lower error bar), median (square), and
Oth percentile ofa) sulphate concentratioy) organics concen-

night. At Puijo the air masses entering from the northwest-
erly sector (245—-360 can be considered as background air.
3.5 The effects of long-range transported aerosol There are only a small amount of residential sources in this

sector (Fig. 1). When the wind blows from the northwest-
The Puijo station was influenced by long-transported aerosoérly sector, the air masses have spent most of the time (73 %)
from forest fires in Russia on 29 July and 8 August 2010. Onduring the last 5 days over the Arctic and West long-range
these episode days the average ofathgsso was 169 MnT1, transport sectors (Fig. 9), which are considered clean. Fur-
which is 23.5 times the average of the off-episeggsso val- thermore, with less local or nearby sources, the air masses
ues. Accordingly, the average of thgpe37 On the episode from this sector can be regarded as a representative of an
days was 8.12 Mm!, which is 12.5 times the average of aged aerosol. For the aged aerosol the SSA was higher than
the off-episoderap 637 values (Portin et al., 2012). The max- for the aerosol emerging from local sources (excluding the
imum hourly average of thespsso and oapesy during the  paper mill) in the southerly sector (Fig. 6¢). Also the statistic
episodes was 301 Mntand 14.3 Mnt?, respectively. The of the Angstiom exponent showed considerably many low
forest fire episodes did not increase thges7 as much as  values (Fig. 6d), indicating larger aerosol particles, which
the osp 550, Which could be explained by the domination of is often true for an aged aerosol (e.g., Seinfeld and Pandis,
aged aerosol particles with less absorptive constituents dur2006).

www.atmos-chem-phys.net/12/5647/2012/ Atmos. Chem. Phys., 12, 5&659 2012



5656 A. Leskinen et al.: Seasonal cycle and source analyses of aerosol optical properties

Jan Feb Mar
3 3 3 Jan Feb Mar
1 1 1
25 25 Q-SJ\’\
T 2% 2 2
£ £ £ 0.9 : 0.9 : : 0.9
S 15 S 15 S 15 < < <
& 1 g 1 g 1 @ 9] %] %
o e e 08N 08T N ] 08
0.5 0.5 0.5
0 0 0
0 4 8121620 0 4 8121620 0 4 8121620 0.7 0.7 0.7
0 4 81216 20 0 4 81216 20 0 4 8 12 16 20
Apr Ma Jun
3 ° 3 d 3 Apr May Jun
1 1 1
25 25 25
2 2 2
£ /ﬂ/\ £ £ 0.9 0.9 0.9 —
S 15 S 15 S 15 < < T | < W
= = =~ (2} )] 9]
g 1 & 1M & 1M 1) \/\/\/\/W » %]
© © ® 0.8 0.8 0.8
0.5 0.5 0.5
Oo 4 8121620 0o 4 8121620 00 4 8121620 0.7 0.7 0.7
"0 4 81216 20 "0 4 81216 20 "0 4 8121620
Jul A S
3 Y 3 19 3 °p Jul Aug Sep
1 1 1
25 25 25
|E 2 |E 2 |E 2 0'9_/\\/—-\_,.\/ 0.9 R R 0.9 : .
s 1'5J\_A S 15 S 15 < < /\’\/\/\/ <
=~ =~ ~ [} )] 9]
I & 1 & 1 2 (2 & [\
© © © 0.8 0.8 0.8
0.5 0.5 0.5
0 4 12 16 2 0 4 12 16 2 0 4 12 16 2 0.7 0.7 0.7
0 8 620 0 8 620 0 8 620 "0 4 8121620 "0 4 81216 20 "0 4 8121620
Oct Nov Dec Oct Nov Dec
3 3 3 1 1 1
25 25 25
e 2 e 2 e 2 09 09 v 0.9
215 TN\ 2 1Sl TN 28| e s s
& 1 g 1 & 1 @ w LY @
© © © 0.8 0.8 081 TN
0.5 0.5 0.5
0o 4 8121620 0o 4 8121620 0o 4 8121620 0.7 0.7 0.7
hour (UTC+2) hour (UTC+2) hour (UTC+2) 0 4 8 12 16 20 0 4 812 16 20 0 4 812 16 20

hour (UTC+2) hour (UTC+2) hour (UTC+2)
Fig. 8. The(a) absorption coefficient at 637 nm aifo) single scattering albedo at 637 nm as a function of hour (UTC +2) and month at

Puijo. The months of the years 2006—2010 were combined. The local noon is at 13:00 o’clock during the daylight saving time in Europe and
at 12:00 o’clock at other times.

60

- , - 3.6 A case study for cloud effects on aerosol

-:lkrctic . .
I Arctic/Kola - optical properties
[ East
50 H I South 1
et We investigated the effect of a cloud event on aerosol opti-
wl | cal properties for a four-day period on 7-11 October 2010
- ] (Fig. 10). During this period we observed two cloud events.
% M The first event started on 8 October 2010, 10:45 and lasted
g %07 1 2.5h, while the second event started on 8 October 2010,
3 21:45 and lasted 8 hours. Before the first cloud event the
2ok i wind was blowing from the southwestern sectors (2002250
with residential areas, resulting in a higlagp 37, compared
to that observed after the second cloud event, when the wind
o7 ] was blowing from the northwesterly sector (245-36With
relatively clean and aged aerosol. There was no rain until 10
s 45155 5015 15045 o560 October 2010, 08:00, i.e. well after the second cloud event.

Wind direction sector During the two investigated cloud events both the intersti-
tial and total aerosol scattering and absorption coefficients
decreased (Fig. 10). The effect is stronger for the scatter-
ing than for absorption. The scattering and absorption coef-
ficients of the interstitial particles are by more than 90 % and
30% smaller than that of the total aerosol particles during

Fig. 9. The distribution of air mass origins (trajectory sectors) with
each local source sector.
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Absorption coefficient (637 nm) 07.10.2010-10.10.2010 tometer, respectively. By interpreting a four-year data set we
cloud ev. were able to determine the annual and diurnal variation of
i the aerosol scattering and absorption coefficients, single scat-
tering albedo, scatterinéngstrbm exponent and the diurnal
cycle of hemispheric backscattering fraction. When we in-
spected these parameters and results from aerosol mass spec-
trometry as a function of wind direction, we could see the ef-
fect of local sources (a paper mill, traffic, and residential ar-
eas) on the aerosol optical and chemical properties. We com-
w0 Scatteing coefficlent (637 nm) 07.10.2010-10.10.2010 pared the measured parameters to those obtained at Arctic
_‘.‘Q Ao | o e sites and nearby measurement stations, and concluded that
ﬂ‘.ﬁ@@ -"l = total b Puijo can be regarded as a relatively clean site, regarding
5 . the aerosol optical properties. As a case study, we examined
how the scattering and absorption coefficient were affected
by cloud events.
In our earlier study (Leskinen et al., 2009) we found that
12 18 00 06 12 18 00 when the wind blows from the northeast, where the paper
mill resides, the sulphur dioxide concentration is elevated.
In this study we found that also the sulphate concentration
in aerosol particles is higher for the NE sector than for the
other directions. We conclude that the increase in the scatter-
ing coefficient and single scattering albedo results from the
sulphate-rich aerosol from the paper mill, since aerosols con-

00 06 12 18 00 06 12 18 00 06 12 18 00

0.8

637

0.6

SSA

] loud ev. o .

o4 o interst taining sulphate are known to be good scatterers of light.

o2d—++ . M . B L-oee When the wind blows from the sectors with traffic and
R - small scale wood combustion, the absorption coefficient

and organic concentration increases, while single scattering
Fig. 10. The(a) total scattering coefficient at 637 nifln) absorp-  albedo decreases. We conclude that the air masses from these
tion coefficient at 637 nm, ar(d) Slngle Scattering albedo at 637 nm sectors Contalned fresh' Sooty and Organlcs_nch aerosol from
(SShe3y) of total and interstitial (interst.) aerosol particles at Puijo {raffic and from small scale biomass combustion in residen-
7-11 October 2010, when two cloud events (cloud ev.) took place. tial biomass-fired appliances. Thgarlgstrbm exponent was

larger in the direction of the city center than the residential ar-

the second cloud event, respectively. This results in an apgas, suggesting that the aerosols emitted by traffic are smaller

proximately 20 % decrease in the SSA. A similar drop in the size than those in the residential emissions. We conclude

SSA from~1 to 0.8 was observed by Berkowitz et al. (2011) _tgat tl'n Ithe wmterurr;)e thet.effe.ct Otf em|53|tc;1ns f;ﬁn: ;he reti-
in a foggy situation. The scavenging is less efficient duringI ential areas on apsorption 1S stronger than that from the

the first cloud event when there are local, fresher emissiongg:ﬂf.’ogeccs:f?ié?ﬁ mg;';mr? t?]r;d af;?r;n;?r;qgealésr;n;]r;e If(la bd
mixed in the sampled air. This is in line with the conclusion sorptl IGIeTi, S ! sy ime, W S

by Sellegri et al. (2003) that aging enhances scavenging oPy the more absorbmg aerosqls from Fhe re3|dent|gl areas.

. We observed an increase in the single scattering albedo
carbonaceous aerosols in clouds. when the wind blew from the northwesterl tor with |
During the 4-year period, there were altogether 260 cloud enthe ew from the no esterly secto ess

local sources. From this direction thengsttdom exponent

events, resulting in 1082 h of in-cloud data. These IOW_Ievelwas low indicating larger aerosol particles. Furthermore, the
cloud events occurred mainly in the autumn and early winter glarg P ' ’

(Portin et al., 2009), when the relative humidity was at its aerosol mass spectrometry revealed that in this direction

highest (Fig. 2b). The analysis of all the cloud events will bei‘erergirr? nsort(; o>t<rygent{;1t::d c;]rglan;c an?ro?d?tlr? th?r ?r']r Mass.
done in a separate paper. ccording to the trajectory analysis, most of the air masses

with northwesterly wind directions originate from the Arctic
region. Therefore, we conclude that the increase in the SSA
4 Summary and conclusions arises from the presence of long-range transported aerosol,
which are known to be larger in size and more oxygenated
We examined aerosol optical properties at a semi-urban meahan the fresh emissions.
surement station, 230 m above the surroundings, in an obser- We found that during a cloud event both the interstitial and
vation tower at Puijo in Kuopio, Finland, by measuring light total aerosol values for scattering and absorption coefficients
scattering and absorption by aerosol particles with a threedecreased, and that the effect is stronger for the scattering
wavelenght nephelometer and a multi-angle absorption phofa 90 % decrease) than for the absorption (a 30 % decrease).
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What happens to the aerosol optical properties during a cloud the temperature record map of Europe, Science, 332, 220-224,
event when the air masses come from different directions doi:10.1126/science.1201222011.

with different local sources, is under a more detailed inspecBaynard, T., Lovejoy, E. R., Petterson, A., Brown, S. S., Lack, D.,
tion. Also, more aerosol mass spectrometry data will be an- Osthoff, H., Massoli, P, Ciciora, S., Dube, W. P., and Ravis-
alyzed in order to strengthen our knowledge about the role Nankara, A. R. Design and application of a pulsed cavity ring-

. P . . .. down aerosol extinction spectrometer for field measurements,
of t_he _chemcal composition of the aerosol particles in their Aerosol Sci. Technol., 41, 447462, 2007,
activation into cloud droplets.
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