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Abstract. and number size distributions between 30 and 500 nm of
Two years of harmonized aerosol number size distributiondry particle diameter. Spatial and temporal distribution of
data from 24 European field monitoring sites have been analaerosols in the particle sizes most important for climate ap-

ysed. The results give a comprehensive overview of the Euplications are presented. We also analyse the annual, weekly
ropean near surface aerosol particle number concentratiorgnd diurnal cycles of the aerosol number concentrations, pro-
vide log-normal fitting parameters for median number size

distributions, and give guidance notes for data users. Em-

Correspondence toA. Asmi phasis is placed on the usability of results within the aerosol
BY (ari.asmi@helsinki.fi) modelling community.
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We also show that the aerosol number concentrations of_,, .o 1 Nomeclature
Aitken and accumulation mode particles (with 100 nm dry
diameter as a cut-off between modes) are related, although
there is significant variation in the ratios of the modal num-

Symbol  meaning unit

ber concentrations. Different aerosol and station types are 4» electrical mobility particle diameter nm
distinguished from this data and this methodology has po- @r gi‘;r:'irr‘]"t’irslna"lea“) diameter of measured nm

tential for further categorization of stations aerosol number
size distribution types. "

The European submicron aerosol was divided into char-  dn(,)
acteristic types: Central European aerosol, characterized by 4/og10dp
single mode median size distributions, unimodal number N3p_50 aerosol number concentration between cm=3

number concentration (of a size range cm 3
or a interval)

size distribution function cm3

concentration histograms and low variability in CCN-sized 30 and 50 nm

aerosol number concentrations; Nordic aerosol with low Nsg aerosol number concentration between cm—3
number concentrations, although showing pronounced sea- 50 and 500 nm

sonal variation of especially Aitken mode particles; Moun-  N1oo aerosol number concentration between —cm~3
tain sites (altitude over 1000 ma.s.l.) with a strong seasonal 100 and 500 nm

cycle in aerosol number concentrations, high variability, and V250 aerosol number concentration between  cm-3
very low median number concentrations. Southern and West- 250 and 500 nm (Append)

ern European regions had fewer stations, which decreases thex Arithmetic mean ofx same as
regional coverage of these results. Aerosol number concen- * Geometric mean of same asg
trations over the Britain and Ireland had very high variance #p)  p-thpercentleok same as
and there are indications of mixed air masses from several 7 (linear) standard deviation of same as

o7(x) 10-logarithmic standard deviation of -

source regions; the Mediterranean aerosol exhibit high sea- AL(r) Autocorrelation (1-h) of i

sonality, and a strong accumulation mode in the summer. The

greatest concentrations were observed at the Ispra station in

Northern Italy with high accumulation mode number concen-

trations in the winter. The aerosol number concentrations aparticle formation in the marine environme@'Dowd et al,

the Arctic station Zeppelin in Nydesund in Svalbard have 2003, BIOFOR for biogenic aerosol productiokyimala

also a strong seasonal cycle, with greater concentrations dft al, 2001), or ACE-2 for aerosol-cloud interactionBées

accumulation mode particles in winter, and dominating sum-et al, 2000. However, this kind of information is sensitive

mer Aitken mode indicating more recently formed particles. t0 the representativeness of the data on temporal and often

Observed particles did not show any statistically significantalso on spatial scales.

regional work-week or weekday related variation in number The EUSAAR (European Supersites for Atmospheric

concentrations studied. Aerosol Research) project of the Sixth Framework Pro-
Analysis products are made for open-access to the resear@f@mme of the European Commission is one of the steps to-

community, available in a freely accessible internet site. Thewards a reliable and quality-controlled network of measure-

results give to the modelling community a reliable, easy-to-ments Philippin et al, 2009. The EUSAAR project has im-

use and freely available comparison dataset of aerosol sizeroved and homogenized 20 European sites for measuring
distributions. aerosol chemical, physical and optical properties following a

standardized protocol of instrument maintenance, measure-
ment procedures and data delivery in common format to a
common data basa\jedensohler et §l2010. EUSAAR
1 Introduction also provided intercomparison and calibration workshops as
well as training for the station operators. The improvements
Atmospheric aerosols have multiple effects on climate, airin EUSAAR stations have already proven to be extremely
quality, human health and atmospheric visibility (eCgparl- useful in other European aerosol-related projects, such as
son 1969 Horvath 1993 Laden et al.2006 Lohmann and EUCAARI (Kulmala et al, 2009. The German Ultrafine
Feichter 2005 Pope and Docker2006 Stevens and Fein- Aerosol Network (GUAN) is a network of multiple Ger-
gold, 2009. To understand the effects of aerosol particlesman institutes with an interest on submicron aerosol prop-
on climate and health, measurements of their chemical anérties Birmili et al., 20093, which has been established in
physical properties, e.g. size distributions and concentration2008. The methodologies of number size distribution mea-
in the atmosphere, are needed. Several European campaigsdrements and data handling procedures in both GUAN and
type projects have provided important information on the at-EUSAAR networks are very similar and the size distribu-
mospheric aerosol properties in Europe, usually by concention measurements results are comparable between the two
trating on specific aerosol problems e.g. PARFORCE on newnetworks.

Atmos. Chem. Phys., 11, 5505538 2011 www.atmos-chem-phys.net/11/5505/2011/
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Users of field experiment data may not be experts on the The representative minimum dry diameter for CCN activa-
measurement techniques, or be aware of the typical errofion is often considered to be between 30 to over 100 nm, de-
sources of experimental atmospheric data. Knowledge ompending on particle composition, used water supersaturation
e.g. how the measurements were made, or which kind of datand other factors (e.dusek et al. 2006 Kerminen et al.
are usable for different purposes are questions which are n®2005 Andreae and Rosenfel@008. In modelling stud-
always clearly answered in all experimental datasets. Thees, representative CCN numbers are often calculated directly
use of the data requires very close co-operation with the exfrom dry aerosol size spectrum using a nominal cut-off diam-
perimentalist providing the data — a step not always easy t@ter, such as 70 nnspracklen et al2005 Makkonen et al.
do and sometimes regrettably overlooked by data users. 2009 or 50 nm Pringle et al. 2009. The CCNSs are not,

This article provides an easy-to-use reference on aerosdiowever, linearly connected to CDNCs, as the water deple-
number concentrations and size distributions for dry diam-tion and other cloud processes can increase the actual cut-off
eters between 30 and 500 nm for the years 2008 and 200diameter of cloud activation. In field experiments done at the
at the EUSAAR and GUAN stations. We present numbertop of mountains, a semi-direct measurement of the activated
concentrations of different aerosol size ranges and study th&action to CDNC can be sometimes made, with activation
diurnal, weekly and seasonal variability of aerosol numberdiameters observed from 40 nm to over 200 riferining
concentrations at the stations. The analysis focuses on partét al, 2002 Sellegri et al. 2003 Lihavainen et al.2008.

cle sizes with most potential for climate applications. Nevertheless, fixed activation diameters have been used as
surrogates in several CCN-to-CDNC parameterizations (e.g.
1.1 Relevant metrics and properties of sub-micron Jones et a]1994 Lin and Leaitch 1997).
size distributions The controlling variable for aerosol indirect effect is usu-

ally considered to be the number of particles activated. Par-
The intent of this article is to produce relevant metrics de-ticle number concentrations are usually dominated by parti-
scribing the aerosol number size distributions observed at 24les with dry diameters less than 500 nm. We approximate
EUSAAR and GUAN stations. Almost all stations have com- the Nsg and N1gg concentrations by integrating the size dis-
parable size distribution measurements in dry particle diam+ribution tod, = 500 nm:
eters between 30 and 500 nanometres, and thus we limit our

analysis to this size range only. oo

The aerosol-climate effects are divided into two groups.NSO(t) - Z ni(dp.1) @)
The direct effect represents the ability of the particle popu- dp=50nm
lation to absorb and scatter short-wave radiation — directlyand
affecting the radiation balance. These direct effects depend 500nm
primarily on the aerosol optical properties and particle size ;1) ~ Z n,»(cfp,t) 2)
distribution Haywood and Bouche200Q Charlson et a. d,~100nm

1992. The indirect effects climate through the effects of
aerosol particles on clouds and is commonly concerned with/vherecfp is the geometric mean diameter of the size inter-
cloud albedo (or Twomey) effect and cloud lifetime effect. val andn; is the measured aerosol number concentration in
The cloud albedo effect is the resulting change in cloud ra-the size interval (cm®). The Nso and N1gg concentrations
diative properties due to changes in cloud droplet numbeipresent two proxies for CCN-sized aerosol number concen-
number concentration (CDNC); The lifetime effect is con- trations. Figurel shows graphically the size ranges used in
nected to the changes in cloud properties and in drizzle anthe analyses. Note that the regions overlap for particle di-
precipitation Twomey, 1974 Albrecht 1989 Lohmann and  ameters larger than 100 nm, and thMgyo(z) < Nso(2), Vt.
Feichter 2005. The cut-off diameters of 50 and 100 nm correspond roughly
The aerosol indirect effect is controlled by the ability of to critical supersaturations of 0.8% and 0.3 % for Finnish
particles to activate to cloud droplets (i.e. Cloud Condensabackground aerosoBfhto et al, 201Q « = 0.18) and 0.4 %
tional Nuclei, CCN) within a cloudAndreae and Rosenfeld and 0.15 % for pure ammonium nitrate particlBeiters and
2008. This ability is a strong function of particle size, water Kreidenweis2007 «=0.67). In high-CCN concentration re-
supersaturation, and particle hygroscopicity (chemical com-gions there is a need for a proxy for even larger sized CCNs,
position) {ohmann and Feichte2005 McFiggans et al.  and we have also calculated similar factor for particles larger
2009. An extensive overview of most of these effects arethan 250 nm diameterMosg). The results, potential error
provided inMcFiggans et al(2006, who specified the par- sources and discussion 8bsg concentrations are shown in
ticle size as the most important pre-requisite to get the acti-AppendixB.
vated fraction of particles correct. We consider the aerosol From the above discussion, it is obvious that number con-
size as the dominating factor for aerosol particle potential tocentrations of particles with dry diameters larger than 50 nm
act as CCN, and thus the proxies of potential CCN are pro-are critical to the climate effects of particles. There are,
duced using only aerosol number size distribution data. however, reasons to study particles with smaller diameters.

www.atmos-chem-phys.net/11/5505/2011/ Atmos. Chem. Phys., 11, 55852011
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Particles withd,, < 100 nm have been widely acknowledged joint EUSAAR-GUAN station.

to have potential for adverse health effects (@gnaldson

et al, 1998 Hoet et al, 2004 Sager and Castrangv2009, 2.1.1 EUSAAR -European Supersites for Atmospheric

although the knowledge which particles property is most im- Aerosol Research

portant for health effects has not yet determinafitimaack

2007, and related online correspondence). The particle deEUSAAR is a EU-funded I3 (Integrated Infrastructures Ini-

position to alveolar region of lungs is assumed to be espetiatives) project carried out in the framework of the specific

cially efficient for particles of diameters between 10-50 nm research and technological development programme “Struc-

(Oberdrster et al.2005. turing the European Research Area — Support for Research
Another reason to study the sub-50 nm particles is relatednfrastructures”. It coordinates and harmonizes aerosol mea-

to aerosol particle dynamics in atmosphere. By providingSurements at 20 stations across Europe (seeZidl9 of

a parameter for the smaller size ranges in the atmosphergvhich are included in this study. All of the EUSAAR sta-

we can take into account smaller particles generated froniions are also EMEP/GAW joint super sites.

new particle formation and combustion sources. This pro- The regional background station Aspvreten is located in

vides an additional parameter for model-measurement comSormland, some 70 km south west of Stockholm. The sta-

parisons and a larger part of the particle spectrum and addition is situated about 2 km from the coast in a rural area cov-

tional particle processes can be taken into account. We deered by mixed coniferous and deciduous forest with some

scribe a concentratioNVzg_5g as the number concentration meadows. The influence from local anthropogenic activities

of particles from 30 nm to 50 nm as is small, and the area around the station is sparsely popu-
50nm lated. The station is operated by the Department of Ap-
N3o_s0(t) = Z ni(dy,1) A3) plied Environmental Science (ITM), Atmospheric Science

unit. The station is considered to be representative of the
regional background in Mid-Sweden.
where the smaller diameter limit of 30 nm comes mainly The Birkenes Observatory (BIR) is located in Southern
from instrumental and site-related limitations and from try- Norway and is run by NILU — Norwegian Institute for Air
ing to limit the effect of actual new particle formation events Research. The terrain is undulating and the site is located
to variance. Particles and ions smaller than 30 nm dry diamin g clearing with relatively free exposure to exchange of air
eter were studied in detail dflanninen et al(2010, using  masses by wind, and with low local sources or pollution. The
instrumentation designed and calibrated for extremely smalktation was moved to a nearby similar location in 2009, and
particle diametersAsmi et al, 2009. the data from July—December 2009 were from the new sta-
Comparisons between measured and modelled concentrgon |ocated in 5823 18’ N8°15 7’ E, 219 ma.s.l.
tions have usually been done using the arithmetic means of The station Pallas (PAL) is run by the Finnish Meteoro-
the relevant quantities. We will show that at many stations|ggical Institute. PAL is located on a top of a treeless hill
concentration histograms are slightly skewed log-normal disi, 3 remote continental area at the northern border of the
tributions. A typical arithmetic mean comparison is of less poreal forest zone in Europe. The station receives polluted
use for these distributions, as the values of linear means areyropean air masses, but also clean marine air from the Arc-
strongly affected by the outlier values. A way to compare tic with very little continental influence. The frequent pres-
the results would then be the ability of a model to reproducegnce of clouds allows measurements of cloud microphysical
the measured concentration histograms. We consider in thiﬁarameters and, during intensive campaigns, cloud chemical
article mostly the percentile values of the number size dism'parameters. The direct aerosol effect results from a combi-
bution to represent the histogram — simultaneously showinghation of aerosol absorption and scattering. The particle ab-
a comparable mean value (median of the distribution) andsprption is primarily controlled by the amount of absorbing
some indication of the histogram shape and the concentracompounds in the particle (e igorvath 1993. Aerosol scat-
tion variance (other percentiles). For practical reasons, moSfering is strongly connected to particle surface area and re-
of the percentile values shown are presented in this articl§yactive indices and is thus not easy to simulate from size dis-
only for the three middle percentile values (16th, 50th andyipytion data. The Preila environmental pollution research
84th) — although the 5th and 95th percentile values are availstation (PLA) is located in western Lithuania at the coast of

zf,,=30nm

able in the comparison database (see 3eb). the Baltic Sea, on the Curonian Spit. The station is operated
by Center for Physical Sciences and Technology, Lithuania.
2 Methods This monitoring site was selected according to strict criteria
designed to avoid undue influence from point sources, area
2.1 Station descriptions sources and local activities.

The SMEAR |l station (Station for Measuring Forest
Data from 24 stations are used in this study; 18 are EUSAAREcosystem-Atmosphere Relations) in Hyi (220 km NW
stations, 5 are from German GUAN network and one is afrom Helsinki) is run by the University of Helsinki, Finland.

Atmos. Chem. Phys., 11, 5505538 2011 www.atmos-chem-phys.net/11/5505/2011/
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pollution, situated in the southernmost part of Sweden. It is

1500
well-suited for studies of the influx of polluted air from con-
— tinental Europe to the Nordic countries along a south-north
§ 1000 . transect.
> The K-puszta station (KPO) is run by the Hungarian Me-
S massred in almost o teorological Service and University of Vezprem. The sam-
S 500¢ gg;“;;fgg'lve 1 pling site is relatively far from anthropogenic sources, it is
% 80km from Budapest in the SE direction and the largest
nearby town is about 15km SE from the station. Samples

collected at K-puszta are considered to be representative of
the Central-Eastern European regional conditions.

The Observatory Kosetice (OBK) is a regional background
monitoring station run by the Czech Hydrometeorological
Fig. 1. Size regions used in the analysis. The red lines show thenstitute within the national Air Quality monitoring network.
si_ze cut-offs from 30 nm to 500 nm. The green area shows the reTq 5erosol measurements are carried out by ICPF. The ob-
gion used fo calculat¥so_s , the orange ared1gp and the total servatory is located in agricultural countryside outside of ma-

area of orange and teal are theg (N1qg is part of N5g). Nogg . . .
concentration (AppendiB) is shown in dotted line. jor p_opulat|on centres in the southe_rn part of the Czech Re-
public far from local source of pollution.

BEO Moussala (BEO) is run by the Bulgarian Academy
of Science. Because of the high elevation of the mountain
observatory and because BEO is located far from any local
source of pollution, the air is considered to be representa-
tive of synoptic scale atmospheric composition of the natural
free-tropospheric backgrounidjarov et al, 2009.

The Cabauw Experimental Site for Atmos. Res. CESAR
(CBW) is situated in an agricultural area in the western part
of The Netherlands, 44 km from the North Sea, in the vicin-
ity of cities such as Amsterdam, The Hague, Rotterdam and
Utrecht, and near major highways. Hence a variety of air
masses can be encountered from modified clean maritime to
continental polluted. The aerosol measurements used in this
paper are done by TNO.

The Finokalia station (FKL) is run by the Environmental
Chemical Processes Laboratory (ECPL) of the University of
Crete. The FKL station is located in the SE Mediterranean
on the island of Crete. It is located far from local sources
of pollution, facing the sea within a sector 27 90¢° and
the air is considered to be representative of synoptic scale
Fig. 2. Geographic distribution of stations used in this article. EU- atmospheric characteristics.

SAAR stations are marked with black and GUAN stations in blue. . . .
Station MPZ belongs also to the GUAN network. Circles denote _The H_arv_vell Statlon_ (HV.VL) is operated by the Univer-
boundary layer sites and triangles sites of relatively high altitude.sIty of _Blrmlngh&lm, primarily on beha_lf of the Department
See Table for stations’ codes. for Environment, Food and Rural Affairs (DEFRA) as a ru-
ral station representative of large scale air masses affecting
Southern England. There are however, periods of easterly
It includes several measurement towers, and a cottage for inwinds where it is directly in the plume from London (ap-
struments and computers. The air quality at the site is conprox 80 km distance) and there are very marked differences
sidered to represent typical regional background conditiondetween air composition from easterly and westerly trajecto-
for higher latitudes of Europe. The air masses are influencedies Charron et a/.2008.
by European pollution but at times very clean Arctic air is  The high Altitude Research Station Jungfraujoch (JFJ) is
observed. The station is located within a Scots pine stand. operated by the International Foundation High Altitude Re-
The station of Vavihill (VHL) is operated since 1984, and search Stations Jungfraujoch and Gornergrat and is part of
additional laboratory facilities and aerosol equipment werenumerous networks. The aerosol measurements are done by
installed by Lund University starting 1999. VHL is a con- PSI. JFJis located far from local sources and is well suited to
tinental regional background site with no local sources ofdetermine the regional background above a continental area.

0 (I L L L
10 10’ 10° 10°
Particle diameter d [nm]

www.atmos-chem-phys.net/11/5505/2011/ Atmos. Chem. Phys., 11, 55882011
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Table 2. Locations and names of stations used in the data analysis. The site altitudes are given in reference to standard sea level. The area
indicated are grouped by European sub-divisions using definitions@amiral Intelligence Agencf{2009. Country codes are given in ISO

3166 standard.

Station name Station code  Country  Coordinates, altitude Cateégotgstrument  Reference

Low altitude sites

(less than 1000ma.s.l.)

Nordic and Baltic
Aspvreten ASP SE 588 N, 177 23 E, 30m DMPS  Tunved et al(2004
Birkened BIR NO 58 23N, 8° 15 E, 190m 2 DMPS  Amunsen et al(1992
Pallas PAL Fl 6758 N, 24° 7 E, 560 m DMPS  Lihavainen et al(2008
Preila PLA LT 5555 N, 21°0'E,5m 6 SMPS  Ulevicius et al.(2010
SMEAR Il SMR Fl 61 51N, 24 17 E, 181 m DMPS Hari and Kulmala2005
Vavihill VHL SE 56°1N,1¥9'E, 172m DMPS  Kristensson et a(2008
Central Europe
Bosel BOE DE 53N, 7°57'E, 16 m SMPS  Birmili et al. (20093
K-Puszta KPO HU 4658 N, 19 33'E, 125m 1 DMPS  Kiss et al.(2002
Melpitz MPZ DE 5P 32N, 12254 E, 87m DMPS  Engler et al(2007)
Kosetice OBK cz 4935 N, 15°5 E, 534 m 1 SMPS  Cervenkowa and \&ha (2010
Hohenpeissenberg HPB DE A28 N, 11°E, 988 m 1 SMPS  Birmili et al. (2003
Waldhof WAL DE 52 31N, 10°46 E, 70m SMPS  Birmili et al. (20093
Western Europe
Cabauw CcBwW NL 5218 N, 4°55 E, 60m 3 SMPS  Russchenberg et §2005
Harwell HWL UK 51°34'N, 1° 19 W, 60 m 3 SMPS  Charron et al(2007)
Mace Head MHD IE 5319'N, 9°53 W, 5m 5 SMPS  Jennings et a(1997)
Mediterranean
Finokalia FKL GR 35820'N, 25°40'E, 250 m 2 SMPS  Mihalopoulos et al(1997)
JRC-Ispra ISP IT 4549 N, 8° 38 E, 209 m 3 DMPS  Gruening et al(2009
Arctic
Zeppelin ZEP NO 7855 N, 11°54' E, 474 m DMPS  Strdm et al.(2003

High altitude sites

(over 1000 ma.s.l.)
Western Europe
Puy de me PDD FR 4546 N, 2° 57 E, 1465m 4 SMPS  Venzac et al(2009
Central Europe
Schauinsland SCH DE 4B5 N, 7°55 E, 1210 m 1 SMPS  Birmili et al. (20093
Zugspitze ZSF DE 4725 N, 10° 59 E, 2650 m 4 SMPS  Birmili et al. (20093
Jungfraujoch JFJ CH 2682 N, 7°59 E, 3580 m 2 SMPS  Juranyi et al.(2011)
Balkans
BEO Moussala BEO BG 210N, 23?35 E, 2971 m SMPS  Nojarov et al (2009
Mediterranean
Monte Cimone CMN IT 4811 N, 1° 41 E, 2165m 4 DMPS  Marinoni et al.(2008

a Station representativeness classification fidemne et al(2010 (if available):
(1) Rural; (2) Mostly remote; (3) Agglomeration; (4) Weakly influenced; (5) Generally remote; (6) Weakly influenced, generally remote
b Station was moved in summer 2009 to locatior?28 N 8°15 E, 219 ma.s.l.

Since the station is within clouds 40 percent of the time,and is managed through the Mace Head Management Com-

aerosol — cloud interactions can be studied as well.

The JRC-Ispra atmospheric research station (ISP) is ru
by the Institute for Environment and Sustainability of the EC
— DG Joint Research Centre.
from local sources of pollution and is generally represen-
tative of the regional (quite polluted) atmospheric regional

background.

ISP is located a tens of km

mittee. MHD is GAW global baseline station a designated

rI1EMEP supersite. MHD has open exposure to the North At-

lantic ocean and is considered to be representative of rela-
gively clean background marine air, although it encounters

some anthropogenic pollution events.

Melpitz (MPZ) is an atmospheric research station in East-

ern Germany, 40km northeast of Leipzig. The station is
The atmospheric research station Mace Head (MHD) is asurrounded by flat and semi-natural grasslands without any
major facility of the National University of Ireland, Galway obstacles, as well as agricultural pastures and forests in the
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wider environment. Atmospheric observations at MPZ canonly from five rural regional background stations in GUAN.
be regarded as representative of regional background cond®ne of them, MPZ, is a joint station of EUSAAR and GUAN
tions in Central Europe, as shown by a multiple-site compar-and was described above.

ison within the GUAN Blrmlll et al., 20093 The air masses Bosel (BOS) is a regu|ar site in the government air qua|-

observed at MPZ tend to partition into Atlantic (westerly) air ity monitoring system of Lower Saxony {IN, Staatliches

masses with low particle mass concentrations, and continensewerbeaufsichtsamt Hildesheim). To the south, the sam-

tal (easterly) air masses with high particle mass concentrapjing site borders agricultural pastures while to the north, it

tions Engler et al. 2007 Spindler et al.2010. MPZis part  touches some residential areas of the village @$&. Some

of the EUSAAR and GUAN networks. noticeable features of the site include its location in an area
The “O. Vittori” Station at Monte Cimone (CMN), hosted of intense livestock production (including enhanced ammo-

in a military site of the Italian Air Force, is run by ISAC-CNR  nja emissions), and the limited distance from the North Sea
and is part of GAW. Monte Cimone is the highest peak of the coast (100 km).

Northern Italia_n Apen_nines (2165ma.s.l.), charactgrized py Waldhof (WAL) is a measurement station of the German
a 360 free horizon. Itis located south of the Po Basin and is Federal Environment Agency (UBA). The site is located

a strategic platform to study chemical and physical character;, the biggest north German forest and heath environment

istics of regional background conditions and air mass trans Lineburger Heide) and is therefore only very little influ-

port. The measurements of atmospheric compounds carried, o by local anthropogenic sources. Measurements here
out at CMN can be considered representative of the Soutfye considered to be representative of the remote regional
European and North Mediterranean free tropospftéeelier 5oy qround in the North German lowlands. The nearest
et al, 2003. Nevertheless, due to enhanced vertical mixing larger cities are Hanover and Hamburg. WAL is also an
and a mountain breeze wind regime, during the warm months\1ep station and a regional GAW site.

an influence from the lowest layer of the troposphere cannot

be ruled out arinoni et al, 2008 Cristofanelli et al.2007). Schauinsland (SSL) is anather key measurement station of

The Puy de Bme station (PDD) is run by OPGC/CNRS- the Ge”’.‘a” Feder{;\! Environment Agency.(UBA), with at-
mospheric composition measurements dating back to 1967.

LaMP and is located a few tens ofkm from Clermont- L L .
! : : . The station is situated on a mountain ridge in the Black For-
Ferrand, France, in the Massif Central mountain chain. Due

o . . .. . est, southwest Germany. SSL is located more than 1000 m
to its high altitude (1465 m a.s.l) the air mass composition is . ) .

. . : above the upper Rhine river valley, where pollution sources

representative of the regional atmospheric background dur-

. . . are ubiquitous. As is usual for a mid-level mountain station,
ing the day and more representative of larger SynOpt'C'Scal%oundary layer dominates during the day, while at night —
air masses during night-time. '

) e especially in winter, the station often resides above the sur-
Thg Zeppelin Observatory in Njesund (ZI.EP) at Sval- .face inversion. The station is well-suited to characterize air
bard is owned and operated by the Norwegian Polar Insti-

. : S masses that approach Central Europe from westerly direc-
tute. NILU is responsible for the scientific programmes atyions. SSL is also an EMEP station.

the station, as part of the largest Arctic research infrastruc- ) ) ]
Hohenpeissenberg (HPB) is a climate observatory of the

ture. The ongoing monitoring is performed in cooperation ) : _ X
with Stockholm University (SU). The site is located in an G€'man Meteorological Service (DWD) hosting a wide
range of atmospheric in-situ and remote sensing observa-

undisturbed Arctic environment. Zeppelin Mountain is an

excellent site for atmospheric monitoring, with minimal con- ons. HPB is also a GAW station. The site is located on

tamination from the local settlement due to its location above®! iSolated mountain, about 60km south of Munich, and

the inversion layer. ZEP is a global GAW site. about 40 km north of Zugspitze, Germany’s highest eleva-
tion on the northern edge of the Alps. Separated from the

21.2 GUAN — German Ultrafine Aerosol Network surrounding countryside by an elevation difference of 300 m,
the HPB site avoids immediate contamination by nearby an-
The German Ultrafine Aerosol Network (GUANBirmili thropogenic sources.

et al, 20093 is a cooperation of federal and state-based en- Zugspitze-Schneefernerhaus (ZSF) is the highest moun-
vironment agencies as well as research institutes. Undetain of the German Alps. It is located in Southern Ger-
the umbrella of the German Federal Environment Agencymany, about 90 km southwest of Munich, at the Austrian
(UBA), GUAN investigates the sources, atmospheric pro-border near the town of Garmisch-Partenkirchen. The GAW
cesses as well as climatological and health effects related toonitoring program is operated jointly by the Federal En-
ultrafine aerosol particles and soot over Germany. To dateyironmental Agency (UBA) and the German Meteorological
GUAN conducts particle number size distribution and sootService (DWD). Its high altitude causes an annual cycle in
measurements at 14 measurement stations across Germaagrosol particle number and mass concentration as a result
The range of sites in GUAN spans remote regional back-of different different boundary layer heights in summer and
ground, rural regional background, urban, as well as roadsidevinter Birmili et al., 20098. The Zugspitze’s elevated posi-
observation sites. In this article, we use measurement daton allows characterisation of air masses that had only little
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contact with the local boundary layer, and may therefore beTable 3. Definition of seasons used in analysis given as Day of

representative of a very large continental area. Year. Note that 2008 was a leap year.
2.2 Instrumentation

Season Months DOY 2008 DOY 2009
Two types of instruments for measuring ultrafine particle size winter ~ Dec, Jan, Feb ~ 1-60, 336-366 1-59, 335-365
distributions were used to obtain the results presented in this Spring Mar, Apr, May 61-152 60-151
article: The Differential Mobility Particle Sizer (or DMPS),  Summer  Jun, Jul, Aug 153-244 152-243
and the Scanning Mobility Particle Sizer (SMPS). Both are Autumn  Oct, Sep, Nov 244-335 243-334

very similar instruments in their operation: they aspirate
dried air, use ionizing radiation to establish an equilibrium
bipolar charge-distribution in the sampled aerosigden-  in the electrical field is identical to the drag force includ-
sohler 1988, use a cylindrical differential mobility analyser ing the Cunningham correctiokijnds, 1999. The choice of

to select particles based on their electrical mobility and use ahis diameter comes naturally from the experimental set-up,
condensation nuclei counter to measure the resulting concerys the size-resolving instruments in this paper (SMPS and
trations in each of the selected size randdsNiurry, 2000 DMPS) use electrical mobility diameter as the basis of their
Laj et al, 2009 Wiedensohler et §12010. The main dif-  size-selection. The most important feature of this diameter
ference between these instruments is the mode of operatiofs that forspherical particleshe electrical mobility diameter

as the DMPS keeps the differential mobility analyser voltagejs identical to the geometric diameter. For DMPS and SMPS
constant during measurement of a single size interval and th@ata, the actually reported diameter is usually ititerval-
SMPS scans with Continuously dif‘fering voltages. The Sizeaverage diameted{p, which is the geometric mean diameter
range and time resolution of a DMPS or a SMPS system deof the size interval used in the DMPS or SMPS inversion.
pends on the system architecture (e.g. the physical dimen- The number concentratioris defined as the number of
sions of the instrument and the flow rates Used) and on US€&4erosol partic]es in a 1 cubic centimetre (iﬁ]*?’) volume
choice (more size channels vs. faster scanning). of air at STP. The difference from the actual environmental
situation on-site can be significant especially for mountain
sites. The size spectra are reported, both in databases and in

size distribution figures of this article, as a particle number
. o . dn(dy,) . . .
Two aspects have to be considered determining the uncesiz€ distribution functiongzz 7. This function provides

tainty of particle number size distributions. First, as known comparable size spectra even thought the widths of intervals
from intercomparison in the pagtfilystov et al, 2001 Dah-  are different in different instruments.

mann et al. 2002, Imhof et al, 2006 Helsper et al.2008

and the EUSAAR calibration workshop¥iedensohler et al.

(2010, the unit-to unit variability between mobility size  The measured aerosol properties are measuredirfor
spectrometer can be up to 25% in the size range 20-500 Nmyerosolsamples. The sample air is dried to relative humidity
The instruments used at the EUSAAR stations performeorH < 40 9% before size selection.

were within 10 % for the size range 20-200 nm against the The results are categorized bgasonWe divided the sea-
EUSAAR reference system under controlled laboratory con-sons according to the calendar year as indicated in Table
ditions, while for sizes up to 500 nm the deviation was up t0 Thjs selection is arbitrary, but should show the main meteo-
25%. The overallVioo concentrations are usually within 10 rojogical and seasonal variations observed in the datasets and
% of the reference instrument (Fig. 7\dfiedensohler etal.  provides a way to compare the results with short-term sim-

2010. This data were achieved after averaging ambient meay|ations as done with regional Chemical Transport Models
surements of atime period of few hours. Additionally, a short (cTs).

term variation due to aerosol flow instability might be up to

5% depending on the internal flow control. These variations2 2.3 Data handling

between the instruments and the short term variability (sta-

bility) of the instruments should be taken into account whenThe processing of raw data to physical quantities is detailed
drawing conclusions on the variabilities and differences be-in Wiedensohler et a2010. The data inversion and pre-

2.2.1 Uncertainty of mobility size
spectrometer measurements

tween aerosol number size distributions. screening were done by the institutes operating the instru-
) ments. The data was flagged for instrument failure or main-

2.2.2  General comments on aerosol properties tenance breaks. Other important features related to the mea-

Particle diameter In this article particle we use electri- 1EUSAAR and GUAN follow GAW (Global Atmosphere

cal mobility diameterd,, which is defined as the diameter Watch) recommendation for STP. The STP air is defined to be
where the electrostatic force of a (single) charged particleT =29315K, P = 101300 PaWMO/GAW, 2003.
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Table 4. Mean values of the station concentratiomss the arithmetic mean concentration in the size section in questisrthe geometric
mean concentration and the, values are the x-th percentage of the concentration distributiogy, or median value, is bolded. All
concentrations are in [cﬁ?] . Refer to Sect2.2.1for details on instrumental uncertainties.

| N3o_50 concentration [crmid] | Nsg concentration [cmi3] | N100 concentration [crmd]

Station Code| 7 A mos M1 Ms0  Mea  Hes | 7 A pos  mie  Ms0  Mea  Hos | 7 i pos 16 MBS0 Mga 195

Aspvreten ASP | 397 279 72 128 284 662 1097 | 1234 959 246 461 1081 1992 2751 | 543 396 97 181 421 904 1362
Birkenes BIR 237 146 27 57 156 393 710 | 706 443 69 156 511 1288 1947 | 327 202 38 69 218 583 1007
Pallas PAL | 198 89 12 25 89 345 739 | 387 187 20 53 205 769 1352 | 211 80 3 20 111 402 782
Preila PLA | 1042 564 120 236 610 1386 2272| 3581 2233 485 1042 2527 4741 7068 | 2030 1149 256 466 1303 2490 4407
SMEAR Il SMR 345 213 41 85 223 562 1063| 1053 779 185 364 878 1730 2487 | 450 320 76 141 341 752 1156
Vavihill VHL 550 396 93 180 440 852 1320| 1539 1231 360 618 1368 2449 3388 | 632 490 136 238 527 1041 1471
Bosel BOS | 1314 1088 411 627 1122 1909 2921| 2973 2417 691 1294 2679 4569 6261 | 1428 1108 275 539 1250 2307 3222
K-Puszta KPO| 979 687 242 372 697 1414 2741| 3669 2992 1098 1764 3120 5613 8017 | 1952 1580 539 901 1660 2976 4366
Kosetice OBK | 958 687 259 386 700 1428 2571| 3518 2900 1098 1791 3194 5198 6945 | 2058 1687 606 1029 1863 3054 4112
HohenpeilRenberg  HPB 502 405 158 229 407 735 1137| 1418 1131 295 556 1325 2200 2916 | 792 594 116 260 739 1270 1657
Melpitz MPZ | 1187 801 222 425 860 1634 3238| 2681 2179 723 1222 2327 4078 5999 | 1487 1193 363 629 1304 2324 3271
Waldhof WAL | 1135 851 252 439 878 1715 2823| 2749 2234 694 1157 2434 4270 5770 | 1341 1081 318 552 1189 2131 2860
Cabauw CBW| 2137 1642 373 846 1914 3401 4599| 2910 2883 568 1290 3387 6487 9105 | 1240 845 159 338 952 2171 3258
Harwell HWL | 770 520 98 211 582 1289 2060| 1833 1270 276 524 1332 3282 4991 | 827 549 131 230 553 1470 2400
Mace Head MHD| 257 107 15 30 105 437 877 632 289 57 95 241 1193 2697 | 337 167 37 61 142 625 1343
Finokalia FKL 316 211 55 90 220 498 918 | 1624 1210 275 542 1345 2707 3861 | 949 691 150 288 779 1600 2368
JRC-Ispra ISP | 1617 1302 476 734 1341 2386 3714| 5571 4165 1040 2032 4448 9334 13918| 2888 1943 363 829 2129 4953 8317
Zeppelin ZEP 82 9 1 2 8 54 147 138 53 3 17 68 213 363 61 27 1 8 37 122 202
Puy de Dme PDD | 402 279 75 127 291 624 1112| 1155 671 80 203 820 2238 3180 | 591 283 19 63 381 1203 1821
Schauinsland SSL| 546 407 127 200 418 854 1349| 1436 1060 220 469 1242 2407 3362 | 790 558 98 234 678 1342 1887
Zugspitze ZSF | 269 183 42 79 197 444 724 | 770 437 66 137 474 1532 2280 | 451 222 26 60 241 945 1470
Jungfraujoch JFJ| 113 76 21 36 79 166 301 | 313 184 29 69 195 575 1012 | 166 81 8 26 87 321 606
BEO Moussala BEO| 272 145 35 56 137 415 936 | 1072 548 50 144 704 2099 3247 | 644 293 20 63 399 1338 1933
Monte Cimone CMN| 343 206 48 92 204 486 1104| 890 503 48 142 667 1643 2519 | 504 238 11 51 356 987 1440

surements were stored in EMEP data flags in the meta datd8 Results

stored together with the dataset. For the results provided in

this paper, only EUSAAR level Il data marked as a “Valid 3.1 Data coverage

measurement” were used. The data are provided in the

database as one-hour geometric or arithmetic mean valuedhe overall seasonal coverage (F#ywas adequate for de-
with EUSAAR current recommendation being arithmetic av- termining main featul’eS Of the Concentl’ations. The data COv-
erage. Before analysing the data for this article, the we teste@rages for both years are also tabulated in TabRithough

the averaging methods using high time resolution data fronthe data coverage was generally good, the coverage was at
stations SMR and JFJ. The differences in time-averaging dicfome stations fragmentary.

not have a substantial effect on any of the concentrations used ] o _ o

in this paper (not shown). The geometric mean value calcu3-2 Seasonality and variability of size distributions

lations had a limit for the low value of concentration, which
is setto 10°° particles per cubic centimetre. This value could
have an effect on the geometric mean values of periods wit

As discussed earlier, the use of only median or mean values
jre not necessarily representative of the concentrations and
size distributions observed. We present number size distribu-

extremely low concentrations of particles. _ . . . -
Before analysis, the files were analysed to ensure that thidons in seasonally calculated percentiles of the size-specific
concentrations. Figureg 5, 6 and7 show the number size

time-vectors and the concentration data were of the right for-

mat and comparable with each other. For stations with mu distribution variation of Nordic and Baltic stations, Central

tiple size resolutions over the analysis period, the size distri—El;]mpean, stations, h'gh Ialtltu?]e (o'r mountz;]un) sLatlonsdgnd
bution functions were interpolated to uniform size intervals, Other stations respectively. The Figures show the median,

This interpolation had no effect on the integrated concentra—lﬁtzagd 84-thbpercentiI560fheacz rgjaﬁured siz_el sectior_w.(;l_’he
tions. Station specific night-time filters were calculated usingS''2¢€C areas etween 16-th an -th percentiles are indica-

a sunrise/sunset algorithm, defining daytime as time wherjivé Of €ach size intervaln/dlog,ed, histogram shape. To
any part of the sun was above the visible horizBuffett- guide the eye on the scales, plots have a horizontal dotted

Smith 1988. For the geometric mean and standard devia—“ne indicatingdn /d0g, o, 0f 1000 cn™. Additionally, we

tion calculation, a filter was used to remove zero concentraittéd log-normal mode or modes to the median size distribu-

tions from the data and replace them with a concentratioﬁ'ons' These fitted parametgrs arg dlsgussed in Appéfdix
106 cm-3. The aerosols at the Nordic stations in Fgshow several

similarities. The number size distributions of particles are
greater in summer than in other seasons, especially for the
Aitken mode particles with dry diameters from 50 to 100 nm.
This elevated number size distributions are accompanied by
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Table 5. Data coverage and standard deviationgz{, in cm™3), geometric standard deviationsg(n), unitless) and 1-h autocorrelation
rates (A1, unitless) of concentrations.

| Data Coverage (%) | N3o_50 \ Nsg \ N100

Stat. \Total 2008 2009‘ o(n) og(n) Al(n) ‘ o(n) og(n) Al(n) ‘ o(n) og(n) Al(n)
ASP 77 61 93| 307 2.25 0.85| 747 2.09 0.95| 383 2.21 0.97

BIR 47 51 43| 209 2.62 0.91] 575 2.73 0.96| 288 2.68 0.97
PAL 80 73 87| 229 3.41 0.91| 404 3.7 0.97| 232 6.02 0.97
PLA 23 0 46| 666 24 0.91| 2202 2.2 0.94| 1385 231 0.94

SMR 98 99 97| 315 2.57 0.89| 686 2.28 0.95| 324 2.26 0.96
VHL 80 80 79| 377 2.21 0.91| 888 1.97 0.95| 397 2.04 0.96
BOS 53 18 87| 724 1.76 0.84| 1615 1.93 0.94) 865 2.07 0.95
KPO 55 45 64| 761 2.67 0.87| 2032 2.0 0.95| 1101 2.01 0.95
OBK 75 64 87| 702 2.67 0.88| 1713 211 0.93| 1018 21 0.94
HPB 59 20 98| 298 1.79 09| 781 2.01 0.94| 467 2.28 0.95
MPZ 89 92 86| 967 2.48 0.82| 1517 1.92 0.94| 854 1.99 0.96
WAL 50 4 97| 774 2.02 0.89| 1510 1.9 0.96| 752 1.94 0.97
CBW 57 57 58| 1238 2.21 0.86| 2225 231 092 931 25 0.95
HWL 64 74 54| 581 2.44 0.91| 1406 2.4 0.96| 685 2.44 0.96
MHD 66 66 67| 272 3.41 0.93| 784 3.14 0.96| 396 2.89 0.96

FKL 27 17 37| 259 2.31 0.92| 1064 2.2 0.95| 654 2.28 0.96
ISP 81 92 71| 985 1.82 0.83| 3868 2.17 0.94| 2392 251 0.96
ZEP 77 78 77| 141 5.33 0.91| 133 4.66 0.93 61 5.4 0.98

PDD 57 81 33| 309 2.23 0.87| 968 3.17 0.95| 552 4.18 0.95
SSL 88 93 83| 379 2.02 0.9| 933 2.29 0.95 535 25 0.96

ZSF 61 24 98| 206 2.36 0.91| 699 3.12 0.97| 450 3.68 0.97
JRJ 76 75 78 89 2.25 0.9 293 2.93 0.95 180 3.67 0.95
BEO 43 0 87| 306 2.69 0.86] 989 3.72 0.95| 620 4.43 0.96

CMN 60 51 68| 341 2.43 0.88| 749 3.39 0.95| 450 4.54 0.95

a slightly larger diameter of median diameter of the Aitken trations in accumulation mode in winter and autumn. The
mode. The number size distributions were consistently lowerconcentrations of sub-30 nm patrticles are elevated at HPB
in winter at all Nordic stations. The influence of nucleation in spring and MPZ and OBK in summer, suggesting con-
for the smallest particles is not clearly visible on the 84th tribution of nucleated particles to the size spectrum. All
percentile size distributions, although some elevated numbesites, except HPB — which is close to being a high-altitude
concentrations of sub-20 nm particles are visible at the SMRsite (988 m) — show remarkably similar median number
and PAL stations in spring and autumn. All of the stations size spectra and concentrations suggesting a relatively sta-
show a bimodal median number size distributions. The moreble number size distribution over the central European plain
northern PAL station size distributions had similar season-from Germany to Hungary.
ality, but number size distribution level was about half that At high-altitude sites (defined as height over 1000 m above
of the other Nordic stations with more pronounced summemean sea level), aerosol number size distributions are simi-
effect than at ASP, SMR or VHL. The Nordic station size dis- lar, even though there are large spatial distances between the
tributions are well in agreement with earlier studigarfved  stations (Fig6). The number concentrations were low com-
et al, 2003 Dal Maso et al.2008. pared to nearby lowland sites. The number size distributions
The Baltic PLA station has different aerosol distribution generally show bimodal behaviour, although the modes are
shapes than Nordic stations. The spring and summer numbeverlapping at some of the stations. The seasonal cycle is
size distributions shapes were close to those observed at AS$milar at all sites, with greater concentrations during sum-
and VHL, but with with a wider, almost unimodal, distribu- mer, especially for particles over 70 nm in diameter. The
tion shape. The winter and autumn concentrations had largentra-seasonal variability is considerable especially in sum-
median diameters, but much lower Aitken mode concentraimertime, suggesting a range of different types of airmasses —
tions. most likely boundary layer air during daytime and clear tro-
The Central European stations in Fl§show generally  pospheric air during nighttime (see e\@nzac et al.2009
greater concentrations than at the Nordic stations. All Cen\Weingartner et al1999.
tral European stations have very similar size distributions re-
gardless of the season, although KPO had elevated concen-
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—— T T T T cle concentration of non-seasalt sulphate and organic aerosol

ASP — _—— — (Yoon et al, 2007).

BIR = At the Mediterranean station FKL, the aerosol number size
PALF=—=- T — | distributions were bimodal for winter with an Aitken mode
PLA = around 50 nm and accumulation mode 150 nm. The spring
s\‘/":'i _ - : and summer were dominated by strong accumulation mode at
50S o _ around 100 nm. At ISP station in Northern Italy (Fif).the

KPO ] concentrations were much greater. The ISP number concen-
OBK — trations were comparable with most polluted Central Euro-

N — pean station number concentrations in summer and autumn.
S —_ The winter and autumn median distributions show extremely
WAL  —— — high number concentrations of accumulation mode particles

= around 100 nm.

= The only Arctic station, ZEP, has a very distinctive sea-
MHD === - ' ] sonal cycle (Fig7). During winter and autumn, the aerosol

concentrations were very low with their maxima at around

lZSEPP - R ] 200 nm. The springtime distributions are dominated by Arc-
oD 3 _ tic haze, strongly increasing the concentrations in accumu-
SSL— _ lation mode. In summertime, the distribution changes to
7SF _ — very clean marine bimodal distribution, with a strong Aitken
iy — i IS — mode around 30nm. This seasonal change is connected
BEO —— —_ to different meteorological situations, daylight as well as
CMN — - e changes in ocean ice cover. Concentrations at ZEP were very

TEMAM T ASONDY FMAM I U ASOND low compared to European mainland concentrations.

2008 2009 3.3 Particle number concentrations in different
Bad or missing data size ranges
Winter
Spring

Summer Number concentrations in different size rang®so_s0 , Nso

Autumn and N1gg) of the stations are presented as histograms of the
number concentrations plotted with logarithmically even size
intervals of 20 sections per decade (R8)y. All of the his-

Fig. 3. Data coverage of the stations. Colours indicate the validtograms are normalized by the total number of valid measure-
data per season. Notable is that all, except one (spring at BIR), ofments, and the sum of the seasonally separated histograms
the stations had at least some coverage in all seasons, and most ines in colour) is equal to the total number concentration
the stations were operating in both years 2008 and 2009. histogram (in black). The annual concentration histogram of
the night-time values (determined as described in Qe213

is shown as shaded area. The part of the total number concen-
tration histogram above the shaded area is the part of the con-

The Western European stations (Fig.top row) show ) X ) i
more inter-station variability. Station CBW size distribu- Centrations coming from the day-time measurements. Fig-
ures9, 10 and 11 show the histograms of th&¥3p_50, N5g

tions have similar behaviour as Central European stations; :
with high concentrations and almost unimodal size distribu-2"dN100 concentrations. , B

tion and small differences between seasons. The HWL and 1Ne stations in Northern Europe are especially sensitive to
MHD stations have high seasonal variation and large vari-2 S€lection bias of day-night difference, as the length of day
ance of intra-seasonal concentrations. The HWL station dati$ Nighly variable between the seasons. Stations PAL and
show a prominent spring-summer maximum in all sizes fromZEP have parts of the year completely in night-time and part

30 to 70 nm. Winter and autumn distributions lack this maxi- COMPpletely in day-time, causing the summer and winter to

mum in the smallest size ranges. During the summer month<’€ Overly represented in night-time and day-time histograms.
MHD presents relatively large variation with number size he percentiles of the concentrations are also tabulated with
distribution maxima in the 30 to 50 nm diameter — with the '€SPective mean values in Tade

rest of the seasons having much lower concentrations. The

variability was probably due to occurrences of both clean At-

lantic and polluted local airmasses and the maximum value at

MHD during summer months can be attributed to enchanted

marine biota activity which increases the sub-micron parti-
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Station of 1914cm3. The HWL and MHD stations’ histograms
ay time . . . .
- Y (Fig. 9n and o) show seasonal variation with greatest con-
5% CMN - :I_ centrations during spring time in HWL, and summertime in
€ t ti . . .
o o0 S MHD. Both stations have a very widely spread histogram
%% oVera”d_ism_buﬁon in all seasons suggesting high variability in concentrations.
2 € 003 ] — HWL N3g_s0 concentration median was 580cfh MHD
e —_— had in general lonV3p_59 concentrations, with an annual
Q5 Spring months : fT13
£ @ 002 ] N3o-50 median at 100 cm.
£ . .
% < Autumn months The FKL station in Greece had great@gfy 5o concen-
58 0.01 ] trations during spring and winter with no apparent day/night
£ Winter months difference. The concentration levels were relatively low, with
gg ° 10 100 1000 10000 amedian concentration of 220 crh ISP histogram has sim-
Number concentration of N, (cm?) Summer months ilar behaviour with the Central European ones with unimodal

log-normal shape and low seasonality, but with high concen-

trations of 1340 cm3.

Fig. 8. Example of the number concentration histograms used in L .
Figs.9-11. The black line shows the histogram (with equal log ZEP station in Svalbard Islands (F), had a unique and

distributed bins) of all available data from the station. The seasonaptrONgN30-50 Sea;sonal cg/cllt(a),OWIth grleat_grnsummég’o_;o
histograms are normalized to total amount of available data; they°Oncentrations of aroun particles cmcompared to

sum up to the total histogram value. The shaded area shows th&/30-50 concentrations of around 10 cthin other seasons.
simi|ar|y normalized histogram of on|y n|ght_t|me samp|esl The Some extreme concentrations were also observed in the win-

white area above is the fraction of the total histogram which wastertime. The day/night cycle at the ZEP station is very

from the day-time samples. strongly connected to the seasonal cycle, with almost all
observations larger than 100 chhN3o_so occurring during
summer when the sun was above the horizon.

All of the N3p_50 histograms at mountain sites (Fizs—x)
have similarities, with almost log-normal shapes, with clear
concentration tails towards greater concentrations, and sim-
SMR and VHL all show similar overall number concentra- llar seasone_ll cycles. The winter conditions, probably more
. . . o . ) representative of the free troposphere, were characterized
tion histograms in this size class, with a fairly log-normal . : )
by lower concentrations. The summertime histograms show

shape and somewhat lower wintertime concentrations. The :
: o reatest concentrations, probably due the planetary boundary
seasonality (change of position or shape of the colourecf’J

lines) is relatively low at the SMR and VHL stations in this ayer and/or valley winds mfluence_. The grgatest congentra

. . ; tions were generally observed during day-time, especially at

concentration range. The day-night cycle did not seem to_,_.: . ;

) . . stations BEO, PDD and CMN. The median concentrations

have a strong influence to number concentrations in thesé_".

. o9 e . Varied between 79 cni? for JFJ and 418 crr for SSL.
stations, indicating low sensitivity in respect to diurnal cy-

cles. The more northern PAL station had some similarities ) )

with the rest of the Nordic stations, but the concentrations3-3-2 CCN-sized aerosol number concentrations

seem to be more variable (i.e. histogram is wider) and the ef-

fect of seasonal changes in day-time length is visible in theThe distributions ofVso and N1go concentrations are shown
differences between the night-time histogram and the totain Figs.10and1l

3.3.1 N3g_50 concentrations

The histograms of Nordic and Balti€zp_50 concentrations
are presented in Fig9a—f. The Nordic stations ASP, BIR,

histogram. The overall mediaN3g_50 of the Baltic PLA The CCN-sized aerosol number concentration histograms
station was also in the same range as most of the Nordic stasf the Nordic stations are similar for botNsg and N1gg
tions as was the shape of the overall annual histogram. (Figs.10a—c, e—f and 1a—c, e—f). The stations in general had

The Central European stations have all a very similar nar-greater concentrations in summertime, although the concen-
row log-normal shape of thi¥30_50 histogram with very low  trations at ASP and PAL were also elevated during spring.
seasonal variation (Fi®g—l). The greatest concentrations The BIR station had bimodal summer histograms with a
were somewhat increased during day-time at MPZ, OBK andower Nso concentration mode around 700 particlesém
HPB, but otherwise no clear day/night variation can be seenThe diurnal cycle was not strongly visible in Nordic sta-
The medianV3g_s50 concentrations varied from 410 crhin tions histograms, except for the PAL station, where the diur-
HPB to 1120 cm? in BOS. nal variation was strongly affected by the seasonal variation.

Of the western European stations, the CBW stationPAL station concentrations have a very wide histogram, es-
(Fig. 9m) has an unimodalN3g_s9 histogram with low  pecially in wintertime, suggesting a wide range of sources af-
seasonal variation, similar to Central European stationsfecting the concentrations observed at the station. The great-
CBW N3p_50 concentrations were high, with a median estNs5g andN1gg concentrations observed at the PAL station
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were observed during the summer. The seasonal variationsles cn3 in Nsg. These high concentrations happened al-
are large at all Nordic stations, except at VHL. most exclusively during night-time.

The Baltic PLA station (Figs10d and11d) has multi- The ZEP station in the Arctic has complex histograms with
modal histograms during springtime, which shows influencehigh seasonality (FigslOr and 11r). The day/night varia-
of both cleaner and more polluted airmasses. For other sedlon was dominated by the seasonal variation of light at the
sons, the PLA station histograms are almost unimodal andtation, with relatively high concentrations of batlgo and
similar to the concentration histograms at Central EuropeN100 in spring and summer daytime.
(below). The Mountain sites all had wide, almost normal distribu-
All Central European sites had similar CCN concentration1on Shaped, histograms (Fighs—x and11s—x). The sea-
histograms (Fig10g—I and.1g—l). The Nso and N1go his- sonal cycle is clearly visible. The wintertime concentrations

tograms have very similar shapes, and they only differ bya.re much lower than on othgr seasons. At most mpuntam
the magnitude of concentrations. There is very little sea-Sites the greatest concentrations were observed during day-

sonal change in the histograms. Most of the greatest concer]Mme sum_mer_and autumn._ Th's daytime effegt could b_e con-
trations were observed during daytime. Thigy and N0 nected with air masses arriving from lower altitudes bringing

concentrations were relatively high at the Central Europear"°"® po"“ﬁfd ar fr?m EeIOV\g Thy5°dar}dN1°O concentra-
stations, with mediaVsg concentrations of between 1325 tions are all strongly skewed towards lower concentrations.

and 3120 cm® at HPB and KPO, andl1oo between 739 and The lowest concentration tails of the distributions are proba-
1863 cnt? at HPB and OBK ' bly indicative of concentrations of the free tropospheric air.

The concentrations of the stations with highest altitude (JFJ,

Western European stations do not have as clear a COMBEQD and ZSF) had a more pronounced clean mode Mith
mon behaviour as the Central European stations (E@gB— concentrations below 100 cra

0 and11lm-o0). Station CBW histogram is similar to Cen-
tral European stations with a unimodal shape, high concens 3 3 aytocorrelations and variations
trations especially foNsg (median 3387 cm®) and the ab-

sence of seasonal variation. The HWL station histogramsstandard deviations, geometric standard deviations and 1-
are, as is the case witNzo_so concentrations, widely dis-  gytocorrelations of the main number concentrations were cal-
persed over the concentration axis with a two-modal his-cyated only for valid datapoints without any data padding.
togram suggesting influence of cleaner and more pollutedrpe autocorrelation values should be considered only as ap-
airmasses. These results agree with earlier cluster analyyroximate values — if the dataset had many instrumental fail-
sis results, where the clean Atlantic and polluted London-res or other unusable data, the relevance of autocorrelation
area/continental airmasses were easily distinguishable fronk gegraded. The autocorrelation was calculated as the corre-
HWL observations Charron et al.2008. The MHD sta-  |ation coefficient between the dataset and dataset shifted with
tion histogram shared a two-modal histogram with HWL. gne hour (i.eA1(n) = Corr(n(t),n(t + 1h))). Large values
Most of the MHD N1qp histogram is located at low concen- f gutocorrelation show that the concentrations are typically
trations with approximately 200 particles cf but with a changing slowly and smoothly.

second mode at about order on magnitude greater concen- Tnhe results are presented in Table The standard devi-

trations. This is well in line with previous studies from the aiions of N3o_s0 number concentrations were rather large
MHD station showing the importance of the difference be- i |east variation observed at stations BOS, ISP and HPB.
tween airmasses arriving over the relatively clean Atlantic|, general, stations with high seasonality had greatest mean
ocean contrasted by polluted airmasses arriving from Britain, g iances. The&Vsg and N1gp had generally smaller geomet-
and mainland EuropeMcGovern et al. 1999. The CCN  yic standard deviations tha¥iso_so , with exception of PAL
concentrations in the mode with greater concentrations Wergiation and the mountain stations, where the variability of
of same magnitude as the more polluted mode of HWL. NoneN100 increased compared 93050 aerosols.

of the Western European stations have strong seasonal sig- the hoyr-to-hour autocorrelation for CCN concentrations

nals inNso Or N1oo concentrations. was very high and uniform at all stations. Autocorrelations
Mediterranean FKL station histograms show peakdds  of N3g_so concentrations are lower and with some station-to-
and N1pg concentrations during spring of over 1000 parti- station variability. The high correlation coefficients suggest

cles cnt3 (Figs.10p and11p). Another smaller mode of low  that the aerosol concentrations rarely changed significantly
concentrations was also visible around 500 particlestm over 1-h timescales.

in both Nsg and N1gp . The ISP station histograms are in

general similar to Central Europe in batyg and N1gg dur- 3.3.4 Weekday variations

ing spring and summer (Figd0Ogq and11qg). The seasonal

changes of these particles are, however, relatively large an@he weekday variations were studied by grouping the daily
ISP histogram has a strong signal from autumn and espeaverages of theVsg_50 , N5g and N1gg concentrations of
cially wintertime CCN concentrations at over 10000 parti- each station on for each day of the week, and analysing the
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resulting concentration histograms. The daily averaging wasn extremely seasonal station such as ZEP, comparisons be-
to remove the high autocorrelation of the concentrations andween modelled and measured concentrations should take
thus providing independent samples for testing. We testedhe seasonality differences into account. Year-to-year vari-
the statistical significance of the difference between thesebilities were generally low for the stations with both years
day of the week concentrations to other weekdays distri-of data.
butions utilising a non-parametric Wilkinson rank-sum test The weekday analysis shows that, for the concentrations
using aranksumfunction in Matlab Higgins 2004 Math- studied, only a few stations per test had any statistically
Works, Inc, 2010. The null-hypotheses was that each week- significant variation of concentrations between weekdays or
day’s concentration distribution (i.e. histogram) was of sim- work-week and weekend. As the analysis was done for the
ilar shape and with a similar median as the combined hiswhole dataset, periods of significant weekly cycles can oc-
togram of all other days of the week. Even at the relatively cur at the stations intermittently and the signal can be over-
highly polluted, and potentially anthropogenic-influenced shadowed by the other changes in concentrations. The par-
Central European stations, the histograms differences couléicle concentrations nearer to sources are known to show a
not be considered statistically significant wjth=0.05. The  weekly cycle in number concentrations Dingenen et al.
only exception is station BO®/190 concentrations, which 2004 Rodriguez et a).2007), but the relative remoteness
showed a statistically significant increase in Wednesday conef most of the stations and annual averaging could have re-
centrations compared to the rest of the weekdays. moved an anthropogenic weekly signal from our analysis. A
As the rank-sum test above only compares the each weekmore comprehensive time-series analysis of these signals us-
day median to the median of other weekdays separatelying e.g. wavelet analysis could provide more information on
we repeated the test using similar non-parametric Kruskalthese cycles.
Wallis test (functiorkruskalwallisin Matlab) to compare the
medians of all weekday samples. The p value gained from#.2  Station representativeness and categorisation
this test is the probability for the null hypothesis that all
samples are drawn from the same populatiérugkal and ~ The aerosol modelling community often works with mod-
Wallis, 1957 MathWorks, Inc, 2010. None of the stations €ls with relatively low spatial resolution, often on a scale
did showed any statistically significant differences betweenof parts of degrees. This low resolution has caused concern
weekdays withp = 0.05 in any concentration tested. To fur- for model-measurement comparisons, especially for polluted
ther extend the analysis the test was also repeated by grougt otherwise potentially heterogeneous regions. The differ-
ing the data only to two groups: one with weekend days (Sat€nces in absolute concentrations shown in this paper can vary
urday and Sunday) and one with work week days (Mondaywithin a region, but in general the size distribution shape,
Tuesday, Wednesday, Thursday and Friday). Here, only HPBlistograms of concentrations and seasonal behaviours of the
Nag_s0 concentrations and ZSF1gg concentrations were aerosol populations are relatively homogeneous over large
different between groupg(< 0.05). geographical areas — even in areas with known anthropogenic
aerosol sources. The high autocorrelations support this, indi-
cating low temporal (and thus most probably — spatial) vari-
4 Discussion ability near the station for the size ranges in question. The
variability is larger forN3g_50 concentrations, than for other
The results shown are relevant to climate and air qual-concentrations, possibly explained through the lower lifetime
ity studies in several ways. Even though the earlier com-0f N3o_so particles and thus larger sensitivity to sources and
parisons brought important aspects, such as mean concefginks (Tunved et al.2004).
trations, of European submicron particle distributions (e.g. The question of representativeness is dependent on which
van Dingenen et 32004 Tunved et al. 2003, this study  kind of representativeness is actually expected by the data
shows the concentrations from comparable regional backuser. Different definitions of representativeness were dis-
ground stations, using the same general period of time angussed irHenne et al(2010, who studied the representative-
using comparable instruments and data analysis methodsiess of @ measurements at ground-based stations in Europe
The results of regional background aerosol number concenfor comparisons with medium-to-large scale models. They
trations and variability should be usable in e.g. model-to-categorized the European stations into 6 groups based on es-
measurement comparisons of regional and potentially globatimated G source and deposition patterns around the catch-

aerosol models. ment areas of the stations. Of the 24 stations in this study, 15
stations were also categorisedignne et aland the result-
4.1 Temporal variation of concentrations ing representability classes are shown in Tébl&€he groups

they determined most useful for large-scale model compar-
The aerosol seasonal variation depends on the site of studisons were classes 5 (generally remote), 2 (mostly remote).
For central European sites, seasonal changes do not haw&ass 3 (agglomeration) was considered to be least represen-
a major effect in CCN concentrations. In comparison, for tative of the area around it.
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times residence time”. The values are from 24 h catchment areas. The colour of the station indicators describe the annual geometric standar
deviations of the concentrations in question and the sizes of the indicators show the annual median humber concentrations.
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If this categorization would be usable directly for num- either variability or median concentrations on either concen-
ber concentrations of aerosol particles, we would assumération studied.
that the variability of the aerosol concentrations would be Overall, theHenne et al(2010 categorization does not
lower in stations categorized as more representative. Esseem to agree well with all aerosol measurements. Based on
pecially the concentration histograms should have relativelythe main parameters used in their categorization, the source
unimodal shape, as several peaks in histograms are signs ¢érm used in their approach do have some similarities with
non-homogenous airmasses. Aerosol number concentrationsbserved aerosol concentrations (i.e. the concentrations were
should also follow the main source and sink parameters usedenerally greater with bigger source term), but the use of dry
in the categorization. deposition parameter as the main sink term does not have
We explore the effectiveness of different categorisationsgood agreement with our results. We recommend caution
in Fig. 12a and c, which show the stations categorized by ge-on using site categorizations derived from non-aerosol pollu-
ographical andHenne et al(2010 categories, also showing tants to describe the expected representability of a station in
the annual median concentrations and geometric standard deerosol number concentration point-of-view.
viations of N3p_50 and N1gg concentrations. The geographic
categorization seems to capture most of the overall concerd.3 Modal concentrations
tration levels quite successfully (i.e. the markers are gener-
ally of same size in vertical columns), and the standard de-The size distribution functions or size range concentrations
viations of the stations seem to be also reasonably similathistograms in Sec8 give statistical information on concen-
HPB, with relatively high altitude, starts to have lower me- trations observed at each station. However, they do not di-
dian concentrations and greatest variability for Central Eu-rectly inform about the correlation between different parti-
ropean stations, a common feature with the SSL mountaircle sizes. We investigate the modal correlations by group-
station. The largest discrepancies are within the Western Euing the data according to geographical regions (see Tble
ropean group, where CBW is much closer to polluted Centraland showing the concentrations of particles between 30 and
European sites and the differences between HWL and MHDLOO nm of dry particle diameter (representing Aitken mode)
are relatively large. as a function ofN1gg concentrations (representing accumu-
From theHenne et al(2010 point of view, the most com-  lation mode). The 100 nm diameter is chosen to present
parable "Generally remote” classification only had one sta-the approximate location of the Hoppel gagoppel and
tion, MHD, which based on particle data and multi-peakedFrick, 1990 between the modes and to be consistent with
histograms does instead show high heterogeneity in particléhe 100 nm cut-off of thév109 concentrations. For data visu-
concentrations. This large variability does not agree withalization purposes, we separated areas with greatest density
high representability in this sense. The Central Europearof observations of each geographical category with contours
sites are categorized in the “Rural” category which from the containing 83 percent of the observations (Hig, see Ap-
ozone point of view was not one of the most representativgpendix C for details on the separation). The shape of the
groupings inHenne et al(2010 (i.e. one could expect high scatter density contour can be interpreted to show the typi-
variability), but from a particle point-of-view show very sim- cal relationship between concentrations of the two modes for
ilar behaviour over a large area with low variability, i.e. po- specific types of stations. If the modal concentrations often
tentially high representativeness for the region. Groupingschange in the same way, the shape of the contour is narrow
where theHenne et al.(2010 produced relatively similar and symmetrical along diagonal lines of the figure. A narrow,
concentrations and variations were “Weakly influenced” andbut not a diagonal shape of the contour suggests that the two
“mostly remote” which both were considered to be usable formodes are correlated, but one of the modes has much greater
model comparison. variability in the size distributions observed at the station. If
As Henne et al(2010 classification did not have overall the shape of the contour is circular, the two mode concentra-
a good agreement with our analysis, we also used the parantions are not strongly correlated.
eters of the classification separately, to find out the reasons The Central European stations concentrations are concen-
for the discrepancies. Fig.2b and d show the stations as trated in a grouping between 500 and 500Q cm 3, with
a function of twoHenne et al(2010 classification param- a relationship between the bimodal concentrations (E3)y.
eters, the 24-h catchment area “population times residencé similar behaviour can be seen in the low-concentration
time” (representing the potential immediate sources of pollu-end of station ISP contour, but with high concentrations of
tants) and the 24-h catchment areg tGtal deposition times  accumulation mode starting to dominate the size distribu-
the residence time” (representing potential sink terms). Thetions at over 2000 c® N1gp concentrations. The Western
N3o-50 concentrations increase as the population parameteEuropean stations are heterogeneous (E&yellow con-
increases, with some indication of decreasing variability. Fortour); Station CBW contributing to the high-concentration
N10g concentrations, the population parameter has less influend, with similar or even greater, concentrations compared
ence on the concentration levels or on variation. The deposito Central European stations; Station MHD contributing to
tion parameter however does not have such a clear trend othe narrow low concentration part of the contour below
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Fig. 13. Scatter plot of particle concentration between 30 and 100 nm as a function of particle concentrations above 100 nm (grey points).
The station groupings are shown with different colours, with the contours showing the areas with greatest density of each station grouping.
The contours are drawn to include 83 % of the each group data points. The colour coded numbers in the plot indicate the coordinates of the

geometric means of both concentrations for each station. The insert shows an interpretation of the approximate aerosol types in the same
axes. See text for details.

500 cnm3 Nigo concentrations and station HWL contribut- station has a unique, very low-concentration contour, where
ing to the concentrations between these extremes. The mouthke two modes are widely varying in their concentrations.
tain stations have a distribution of observations from polluted
Central-Europe-type aerosol concentrations to very low ac- Using the interpretations ofVipo histograms from
cumulation mode and Aitken mode tail. This cleaner end ofSect.3.3.1, we distinguish phenomenological aerosol types
the mountain station concentrations, with dominant Aitkenfrom these Aitken/accumulation mode concentrations (see
mode, is likely descriptive of the free tropospheric air ob- Fig. 13 insert). The Central European and ISP concentra-
served at the highest mountain stations. Nordic stations forntions show the mode concentration range of the polluted and
more round shape in middle concentrations, showing greateyery polluted European background air. The Mediterranean
inter-modal variability and possibly more varied sources of FKL station contour is considered to be representative of typ-
the two modes. Mediterranean FKL station has lower con-ical Mediterranean regional background, with lower concen-
centrations and slightly more accumulation-mode dominatedrations than Central Europe, but strong correlation between
concentrations than Central European stations. Arctic ZERthe modes. We interpret the Nordic station contour as repre-
sentative of clean continental regional background air, with
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The actual choice of what should be used for the models
to compare with, depends on application and complexity
\ needed. The most straightforward way is just to compare
one or more mean parameters, such as median concentra-
tions. This approach is simple to do, but can easily lose many
features of the data, and, in cases of strongly bimodal his-
tograms, can even be misleading. Comparing modelled his-
Fig. 14. Cumulative number concentration of the median size distri- tograms to results should pay attention to the histogram mode

starting from the largest available size. The plot shows how mUChabundance (height) of each mode in the histograms. One
particles were above each diameter in the median size distributio .

interval r?nethqd would be to calculate parametric or non-parametric
statistical error parameters to compare with modelled and
measured distributions.
relatively low concentrations and low correlation between the  Although this paper produces a good comparison dataset
modes. to compare modelled aerosol concentrations, the ability of a
For the other aerosol types, we use the interpretations froninodel to correctly produce the measured size distribution or
the N1gg concentration histograms to separate portions of theCCN-sized aerosol number distributions in some or all of the
contours most likely representing specific aerosol types. Thétations provided is not enough to ensure the correct distri-
low Nigp concentration end of the mountain station con- Pution of actual CCNs let alone CDNCs. Getting the correct
centrations (below 100V1gg cm™3) is identified as possi- size distribution is a critical first step in this process, but only
ble free tropospheric or clean mountain air aerosol, showdhe first step. There are several complications before a model
ing dominant Aitken mode concentrations. This hypothesiscan be considered to have a realistic representation of CCNs,
is supported by removing the relatively low altitude moun- such as limited horizontal spatial coverage of the measure-
tain stations (PDD and SSL, both below 2000 ma.s.l.) fromments, surface measurements instead of cloud-base aerosol
the analysis (not shown), which partially removes the aregconcentrations, implicit assumption that aerosol concentra-
of the mountain contour which overlaps the Central Euro-tion histograms are independent of the cloud formation prob-
pean contour. The low concentration end of station MHD ability, particle composition, size and surface effects and ac-
N10o concentrations is interpreted as clean Atlantic marinetual cloud processes dominating the relative humidities lead-

aerosol. This marine air has low concentrations of accumudng to droplet activation. These kinds of complex processes
lation mode particles, but high variability in Aitken mode. need to be taken into account before realistic cloud activation

The (for the station) high concentrationsiéfog particles in ~ @nd thus realistic aerosol climate effects in the models can be
ZEP station in relation tdVso_so and Nso particles are in-  achieved. o . .
terpreted as instances of Arctic haze, identified as the bottom The datasets used in this paper are available directly as

ZEP— |

/
|
|
|
/

larger particle sizes. For this reason, histograms of an addi-
KPOOBK;PS\\\\ tional CCN number concentratiaiosg are shown and dis-
MPZWALISSS—T— ™~ . .
PA a1 cussed in AppendiB.
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part of the Arctic contour. time-series from NILU EBAS databank at addrdssp:/
ebas.nilu.na/ The data presented in this article (histograms,
4.4 High activation diameters seasonal profiles, etc) are also stored on a publicly available

server athttp://www.atm.helsinki.fi/eusaarMore informa-
The size ranges used in this article are not necessarily thgon on data formats and suggestions on data usage is in Ap-
best choices for all environments. Figuré shows the cu-  pendixC.
mulative annual median distributions at the stations, calcu-
lated from the largest particle size available towards smaller
sizes, showing the median concentration of particles above 8 Conclusions
certain diameter. In Central European stations, station PLA
in Baltic and station ISP in Northern Italy, the median con- This study shows the importance of standardized long-term
centration ofN1gg particles are over 1000 crd. These area measurements to provide reliable information on statistical
high, but not unrealistic, amount of particles to be activatedbehaviour of atmospheric aerosols. Although study encom-
as cloud dropletdartinsson et a)2000. In these relatively  passes a period of only two years, the data already provides
polluted stations, a more useful metric could be derived froma previously unavailable variety of information on the sub-
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STP). The coloured areas are relative to the median concentration observed in each season, and the lower and higher arcs show 16th and 84
percentile concentrations. The colours and location of the segments show different seasons. The locations of the stations are approximate

Stations ZEP (Arctic) and FKL (Mediterranean) are located in inserts.

micron aerosol physical properties and variability in Europe.
Such information would be hard to achieve based on infor-
mation collected from separately managed stations, espe-
cially if the instrumentation and data handling are not har-
monized. The analysis in this paper shows that the aerosol
concentrations in Europe are highly variable spatially. We
consider both the spatial and temporal variations of the
aerosol number concentrations in Europe to be generally
much greater than instrumental uncertainties. The particle
concentrations, derived statistics, size distribution functions
and modal fitting parameters at the stations show groupings 2.
based on geographic location (see Hif):

1. The “Central European Aerosol”, observed at low-land
stations from the Netherlands to Hungary showed low
seasonal changes, high particles concentrations, almost
unimodal median distributions and relatively low vari-
ability. The concentration histograms are practically
log-normal and not strongly affected by diurnal varia-
tion. This aerosol type was observed the stations BOE,

Atmos. Chem. Phys., 11, 5505538 2011

WAL, MPZ, OBK and KPO, although some seasonal
signal was observed in OBK. Stations HPB and SSL
had many similarities with these stations, but due to
their relatively high altitude they also showed similar-
ities with mountain stations, including greater variabil-
ity and skewedN1gp concentrations histograms. The
station CBW in Netherlands has many features in com-
mon with the Central European stations and can be cat-
egorised in this group.

The “Northern European Aerosol”, has clearly lower
concentrations, with decreasing concentrations at
higher latitudes. Although the similarities are not as ob-
vious as in Central Europe, the stations are still similar
enough in regards of seasonal and size distribution be-
haviour that these stations can be described by one type.
The seasonal cycle has a strong effect on the particles in
this region, and the overall variation is relatively large.
The summer concentrations are usually greatest, espe-
cially for smaller particle sizes, which also affects the
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observed differences of day and night-time values duetermined using a combination of methods: comparing sta-
to differing length of day in the northern latitudes. The tion concentrations in a representable area and by observ-
concentration distributions often show multiple modes, ing the histogram widths, seasonality and number of modes
suggesting a combination of more polluted airmassesvisible. A more detailed generalization of the representabil-
and cleaner air from the Arctic or Atlantic oceans. The ity for aerosol number concentrations would require simi-
stations included in this group were BIR, VHL, ASP lar underlying methodology adenne et al(2010, proba-
and SMR. PAL has many similarities with other Nordic bly with longer back-trajectories, including wet deposition as
stations, but had even more extreme seasonal variatiothe main deposition proxy and by including secondary parti-
and thus had some parameters in common with Arcticcle formation as a source of particle number concentrations.
aerosol concentrations and variability. The Baltic PLA However, considering the difficulties of modelling wet depo-
station was only partially similar to the Nordic stations, sition and secondary particle formation this could be a diffi-
with both concentration histograms and size distribu- cult task.
tions showing influence from multiple source areas of We have also shown that even though the aerosol number
particles and some similarities in concentration levelsconcentrations of Aitken and accumulation mode particles
with Central European aerosol. are generally related, there is significant variation in the ratio
] o ) ) of concentrations of these two modes. Different aerosol and
3. “Mountain aerosol” which is characterized by episodes gtation types can be distinguished from these concentrations
of extremely clean air, most probably from the free tro- 5 this methodology has potential for further categorization
posphere, mixed by episodes of relatively polluted air- ¢ siations.
masses, espgmally during daytime in summer. These The measured aerosol number concentrations did not have
changes of_ airmass prodl_Jce c_omplex, Stro_ngly skewecétrong weekly variance in the annual concentration his-
and very wide concentration histograms, with in many yooams  The statistical tests done did not support statis-
cases strong diurnal cycles. The Central European SSlyeq)y, significant differences in CCN-sized aerosol num-
and HPB stations were borderline mountain stationsye, concentrations between individual weekdays or between
with some glmllar|t|es W'th_ boundary Igyer Central Eu- work-week and week-end. This result is different previous
ropean stations. The stations with this kind of aerosolstudi(_‘,S using particle mass or AOT as the aerosol tracer,
were JFJ, BEO, ZSF and CMN. where weekly variation was detected even in multi-year

For the other areas, the number of stations is too low toweekday meand@aumer et a].2008 Barmet et al.2009).

clearly distinguish the aerosol type in this way, as the spa- 11€ produced datasets are designed from the model-
tial coverages of the stations are unknown. We can howevef€asurement comparison point-of-view. The datasets are

state, that with greater uncertainty, the aerosol types are available for the modellers in easy-to-use format for parti-
cle sizes which have potential for climate relevance. This

4. “Arctic aerosol” with high seasonality, very low over- dataset is a valuable comparison toolbox for the use of the
all number concentrations and evidence of Arctic hazeglobal and regional modelling communities.
events during dark winter periods; The main future lines of improvement of such European
) _ ) long-term studies is to make the coverage of the stations a
5. “North Italian aerosol” with very high number concen- e uniform. The lack of stations in Eastern Europe, and
trations, especially during winter in accumulation mode 5 tially in the Mediterranean basin are clear open areas in
and with a unimodal median particle number size distri- s field of study. The only EUSAAR station on the Iberian
bution; Peninsula (MSY, Montseny) was not included in this study
due lack of validated data for this period, but in future this
will somewhat increase our knowledge of the Mediterranean
size distributions in long-term basis.
The EUSAAR and GUAN networks are globally unique
7. “Western European” aerosol with clear influence of both in data quality and relatively dense network. Build-
multiple sources of aerosol (clean and polluted), anding a similar global network is a major undertaking, but
with a high seasonal cycle for smaller particle sizes.would enable the community to efficiently characterize the
This grouping does not have high similarity between theaerosol number distribution, and thus improve the potential
stations. of characterizing the climate impacts of the aerosols in global
boundary layer.

6. “Mediterranean aerosol” with medium number concen-
trations and maximum number concentrations during
summer and spring; and

The site categorisation developed Hgnne et al(2010
does not have extremely good agreement with aerosol propAuthor contributions
erties studied in this paper, the underlying methodology
does have potential also for aerosol studies. The site reprdn author order (only initials used): AA had the original idea
sentability regarding some particle size ranges could be deef the paper jointly with COD, did the data collection from
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Table 6. Modal fit parameters for median size distributions in the statiansis the geometric standard deviation of the modg, is
the mode number concentratiof‘},,m is the geometric mean dry diameter of the mode AAds the coefficient of determination between
observed and fitted size distribution.

\ 1-Mode fit \ 2-Mode fit
Station | o, Nm dpm  R?| ogm Npi dpm1i  Ogm2 Npz dpmz  R?
(cm™3)  (nm) (cm=3)  (nm) (cn3)  (nm)

ASP 2.12 1405 69 0.95 1.87 1233 64 1.36 144 222 0.99
BIR 2.03 700 60 0.91 1.63 539 53  1.41 142 170 1.00
PAL 2.57 337 58 0.84 1.71 221 48  1.45 81 176 0.99
PLA 2.09 3281 80 1.00 2.04 3175 78 1.27 84 207 1.00
SMR | 2.32 1202 63 0.97 1.96 1008 57 1.36 144 201 1.00
VHL 2.17 2069 61 0.97 1.86 1756 56 1.41 253 195 1.00
BOS | 2.77 5500 48 099 1.36 432 21 2.44 4710 57 1.00

KPO 2.32 4353 81 0.9 2.20 2788 54 1.73 1590 134 1.00
OBK 231 4183 87 0.9 2.26 2479 51 1.78 2019 131 1.00

HPB 2.73 2173 66 0.9 2.39 1609 45 1.66 554 148 1.00
MPZ 2.74 3941 65 0.9 2.49 3516 58 1.60 338 203 1.00
WAL 251 4078 61 0.9 2.37 3837 58 1.38 175 194 1.00
CBW 1.82 6352 48 0.9 1.40 1721 35 1.76 4450 60 0.99
HWL 2.43 2568 49 0.9 2.06 2196 46 155 256 196 1.00
MHD 5.00 717 30 0.82 1.79 303 35 1.70 152 174 0.99
FKL 2.06 1613 99 0.9 1.94 1359 86 1.41 228 189 1.00
ISP 2.24 6849 69 0.9 2.19 2828 31 1.87 4344 91 1.00
ZEP 2.20 157 117 0.8 1.65 50 39 1.61 109 150 1.00
PDD 2.57 1482 57 0.9 2.25 1223 48 1.54 207 147 1.00
SSL 271 2109 62 0.9 2.32 1709 51 1.48 322 166 1.00
ZSF 2.76 908 54 0.97, 2.29 729 45 1.49 132 157 1.00
JFJ 2.20 324 60 0.96 1.70 221 47 1.46 84 136 1.00
BEO 2.16 871 90 0.97 1.76 514 60 1.53 330 156 1.00
CMN 2.47 1005 69 0.9 1.98 716 52 1.50 237 157 1.00

ready-made datasets in databank, programmed the analysigersions of them. J-PP was responsible for the data from ISP
wrote most of the article, decided on the chosen metricsstation and he contributed significantly on the early version
methods of analysis and made the figures and tables. AWf the manuscript. AM was responsible for aerosol measure-
was partly in charge of MPZ and GUAN datasets, was thements at Monte Cimone station, she did the day-to-day up-
manager of the size distribution measurement planning, starkeep and data collection and submission to EBAS; She also
dards and intercalibration. He also contributed to writing of commented extensively on the manuscript. PT and HCH
the manuscript. PL was the project manager of the EUSAARwere responsible of the data from ZEP and ASP stations.
network, took a part on the representability analysis and conMF was the instrument operator and took care of the daily
tributed to PDD station data. He also contributed to writing maintenance of station BIR. NK, HL and EA were in charge
of the manuscript. AMF was responsible for the databasepf instrumentation and data handling from PAL station; EA
data format definitions and other characteristics of stationsalso did the modal fitting. VU contributed for the measure-
KS contributed to writing of the manuscript and was respon-ments from station PRL. PPA contributed to day-to-day op-
sible for PDD dataset. WB was in charge of GUAN mea- eration and data quality from SMR and KPO stations. ES
surements and the data from MPZ station. EW and UB werds responsible for the aerosol measurements at the VHL sta-
in charge of JFJ measurements and contributed to writing ofion and designed the DMPS system together with AK. NM
the manuscript. VZ was responsible for calibration of sta-is the FKL station head investigator and NK was in charge
tion OBK, SMPS and its CPC during workshops, installa- of system maintaining, data collecting and analysis. IK was
tion of SMPS, its proper long-term operation, maintenanceresponsible of PLA station data. GK was responsible for the
and enabling the data transfer to the tropos.de and EBAKPO station. GdL and BH were responsible for the CBW
databases. NZ did the statistical analysis of the SMPS datdataset and GdL commented extensively on the document.
from Kosetice station, checked carefully data from the OBK RMH manages the contract under which the HWL station
station given in Figures and Tables and produced correctedperates and supervises the processing of the data. DCSB
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collates the data from the HWL station and conducts datamode was more representative of traditional Aitken mode.
analyses and interpretation. COD and SGJ were responsiblat CBW and ISP, the two modes were strongly overlapping.

for the MHD dataset and COD took a part in the early plan- The geometric standard deviations of 1-mode fit were gen-
ning of this study. HF, KW, FM and LR were responsible of erally large, with an exception in the case of station CBW,

the GUAN aerosol measurements. MK was responsible ofwhere the geometric standard deviation was almost identical
the design of SMR and KPO measurements and took a paiin 1-mode and 2-mode fits.

in the early planning of the work. Not surprisingly, two mode fits improve the goodness of
All authors contributed to the final version of the document fit. The median size distribution of most of the stations can
with their comments. however be rather well captured by a unimodal fit. At the

Nordic stations, Arctic ZEP station and marine-influenced
_ MHD station the bimodal fit is most likely needed to capture
Appendix A the overall shape of the distribution.

Modal fits for median size distributions

: . . ... Appendix B
We fitted log-normal modes to the median size distributions

of the stations. These help to demonstrate the modality of thg,250 concentrations

aerosol population at each station. The fit was done only for

particle sizes larger than 20 nm dry particle diameter to avoidrhe instrumentation used in this article have generally

the need of a third mode and to keep the size distributionyreater discrepancies with the reference instrument on par-

measurements comparable. The was done at least-squarg§ies with diameters larger than 200 nm, due to usually low

sense using either one or two log-normal modes of form  ,ymper concentrations in that range. There however are sta-
N tions where the concentration of these particles is enough for

dn Nin (IOglodP - |0910dp,m> (A1) a metric of this range to be relevant.

= e . .
dlogiodp  /2m100,0(0g m) ® 2(logso(0g.m))° We calculatedV,sq concentrations for particles between
250 and 500 nm diameter similarly as other integrated con-

whereN,, is the modal concentration () ogm is the ge- centrations in this paper. The resulting histograms are shown

ometric standard deviation of the mode ahg, is the mode " F|gf. 16. Tthe ove'ratL)I.Illp; 'C:ﬁ;?‘;s thi?rt;hﬁliso gpncter:'tratlons
peak location (nm)Heintzenberg1994. are of greater variability 100 The Nordic station sea-

The goodness of fit was determined by the coefficient orSonality is similar asVigo, although the summer maximum
determination is of much less prominence compare(_j]‘@m h.|stograms.
The Central European stations had a similar histogram shape
Zf’(yi — fi)? A seasonality as iN1gg cases, although with approximately
_m (A2) one ord_er of magnitude less concentration, Sl_Jggestlng that
! the particles between 100 and 250 nm have similar sources
whereN is the number of size bins used in the fit,are the  and sinks as particles larger than 250 nm in Central Europe.
measured size distribution function values for each biis, The Western Europe, North ltaly, Mediterranean and Arc-
the mean measured size distribution function value and théic concentration histogram shapes were also very similar to
f; are the size distribution function values derived from the N1go, although the greater concentration maxima of MHD
fit for each bin. was much less visible in th&¥,5q distribution. This indicates
Results of the mode fitting are in Tab&e The single- that the polluted mode of the MHD station is mainly from
mode fits have a relatively large? parameter £0.95) for  particles between 100 and 250 nm of diameter. The moun-
Central European stations, PLA, HWL, CBW, FKL, ISP and tain stations had significantly higher variability ¥psg, es-
mountain stations. The single mode fit did less well on thepecially for the lowest concentrations.
more bimodal aerosol populations of the Nordic stations, The results generally show similar patterns compared to
MHD and ZEP, resulting in extremely wide geometric stan- N1gg concentrations, even though the comparability between
dard deviations. The bimodal fitting parameters have veryinstruments is not so good as with other measurements. The
large R? values suggesting that two modes give a very goodNasp histograms can still be useful, as they represent a sig-
approximation of annual median size distribution function. nificant fraction of potential CCN sized aerosol number espe-
The bimodality of the station ZEP distribution is however cially on the relatively high concentration stations in Central
somewhat misleading, as the two modes rarely appear at thEurope and Northern Italy. The usability of this metric in the
same time (see Sectid2 for details). The peak diameter lowest end of the concentration scale is limited, as the instru-
of the smaller (Aitken) mode was for most stations aroundmental noise starts to affect the concentrations significantly,
50-60 nm, with the exception of BOS, where the smallerprobably explaining part of the greater variability of tNesg
mode was fitted on observed nucleation mode, and the largezoncentrations compared to other properties in this article.

R2=1
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Fig. 16. Histograms ofN»5g concentrations in the stations. See Fdor nomenclature. Note the different scale on x-axis compared to
Figs.9-11
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Data availability and suggestions on data usage

The datasets used in this paper are available directly as time-
series from the graphical interface at NILU EMEP database
(EBAS) at address http://ebas.nilu.no/. The data presented in
this article (histograms, seasonal profiles, etc) are also stored S.
on publicly available server dtttp://www.atm.helsinki.fi/
eusaar/

The data format of data presented in this article is ASCII

text files, with a README file to explain the data structuring
used. The datasets are provided for the following aerosol and
supporting data groups:

— Standard size intervals where the size-dependent data

are interpolated

Standard time-axis for using the data (hourly) 6.

Station-specific “bad data” vectors, to possibly remove
those same periods from modelled datasets

Aerosol size distribution medians and percentiles per-
size-bin basis. The data is interpolated to standard
size intervals (above) and presented with total, sea-
sonal, daytime, night-time and ECHAM5-HAM sam-

pling. This data is also available separately for 2008 7.

and 2009.

N3p-50, Nsg and N1pg concentration histograms for g,

identical logarithmically evenly distributed concentra-
tion bins. The data is separated for total, seasonal, day-
time, night-time and ECHAM5-HAM sampling.

For a successful data-measurement comparison, we sug-

gest that the modeller will at least consider the following
steps

1. Make sure you are comparing similar concentrations.

Change the modelled concentrations to particle num-
ber in cn2 under STP condition air and model the
aerosol to low relative humidity conditions to be com-
parable with measurement techniques and conditions of
this paper

. Use long enough datasets to be comparable with the sea-
sonal data provided in this paper. Although e.g. individ-
ual days might be outside of the 16th—84th percentile
range provided in most figures here, they still might be
perfectly reasonable for the most polluted episodes of
the station.

. Do not only compare median concentrations or size
ranges, but instead use histogram information to get
the statistical distributions of the particles correct. The
cloud generation in the model will then at least sample
from similar size distributions of potential CCNs.

www.atmos-chem-phys.net/11/5505/2011/
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If the histogram has multiple peaks, it often suggests
multiple sources of aerosols, e.g. airmasses from dif-
ferent source areas. If your modelled data lacks one
of the peaks detected, the reason might also be on the
model advection scheme instead of aerosol processes or
sources.

Compare all the available size ranges provided. Getting
a single range, e.d\sg correct can easily be interpreted
as getting the CCN-sized aerosol “right” in statistical
sense, but can be “correct” from wrong reasons. Inclu-
sion of the three main provided size ranges gives at least
a more comparable set of different processes related to
aerosols which the model has to get correct. The his-
tograms ofN2s0 (AppendixB) have higher possibility

of error, but can be useful as tracers of the above 100 nm
sub-micron aerosol.

In comparing with mountain sites, consider the effect of
local topography, which is not usually well described in
the large-scale (and often a large-grid-size) models. The
local wind effects will move polluted boundary layer air
to mountain sites, which can make comparison difficult.
In these cases, compare the histograms carefully, with
special attention to the lower concentration "tails” of the
mountain site concentration profiles.

In comparing with Arctic site, the effect of Arctic haze
can dominate the aerosol distribution during wintertime.

A scatterplot of “Aitken” and “accumulation” mode
concentrations can also be useful in trying to see if
the modelled surface concentrations are similar to the
measured ones (see Fi3). A way to quickly calcu-
late approximate modal concentrations from concentra-
tions, approximate the Aitken mode concentration by
N30-100 = Nso — N10o+ N3o-50 and an accumulation
mode with Nigo. The actual method to draw the “83
percent of observations lines” is as follows:

(a) Assumen co-incident observations @f3g_100 and
N100. Divide concentrations axes intq logarith-
mically even intervals between concentrations of 1
and 100000 cm?3. Denote the interval borders as
K;andL; (i=j=1...ny+1) for N3p_100 and
N1o0, respectively.

Calculate the concentration density function for
each size interval’(i, j):

(b)

C(i,j)=)_ A(N3o-100(k), N10o(k), Ki, Ki11,L j, Lj41) (C1)
k=1

foralli =1...ny andj =1...ny, and the summation
function A is defined as

A(C1,C2, M11, M12, M1, M22)

. { 1, if M11 < C1<MirandMoy < Cr < Mo

0, otherwise (C2)
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(c) MapC(i, j) 2D array into a single-dimension array the person responsible for the data quality in the meta-data
Cs1 (D) headers of the data files. This contact is very important not
. .. only for the data user, who gets information on the dataset
Ch, /) =CaD), ¥i,j (C3) and possible caveats of use of the data, but also for the data
where thd =i+ (j — Dny = 1n§ Then sort the  provider who will then know how and how much the data

densities in numerical order (from largest density to is used and can thus partly justify the resources used for the
lowest) upkeep of the station.

Cs =sor(Cs1) = Cs (D) = Cs(1+1),VI (C4) AcknowledgementsThis work was performed in the framework
(d) Find value ofl,, € ! where the cumulative sum of of the Research Infrastructure Action under the FP6 “Structuring
the C, is closest to 83 percent of tmeimber of ob- the European Research Area” Programme, EUSAAR Contract
servations no. RII3-CT-2006-026140. The work has been partly funded

by FP6 Integrated project EUCAARI, Contract no. 36833. The
i ) ! financial support by the Academy of Finland Centre of Excellence
|O'83”_ch(0)| =m'“(|0-83n—ZCs<0>l) (C5)  program (project no. 1118615) is gratefully acknowledged. The

o=1 o=1 authors thank the Italian Air Force for the fruitful collaboration at

of C(i,j) > Cs(,,). We used value of 30 for, support. Authors wish to thank Mila Vana, head of the station KOS

but testing showed that the main properties of thefor his support of EUSAAR measurements. The Harwell station

contours were not sensitive to doublingraf The is operated with financial support from the UK Department for
method could also be described in writing as

Environment, Food and Rural Affairs. The UK National Centre
for Atmospheric Science is funded by the Natural Environment
i. Create equal log separated grid of concentra-Research Council. The authors acknowledge the Swedish Envi-
tions ronmental Monitoring Program. Thanks to the Norwegian Polar

Institute and the technicians that help maintaining the equipment
) g ~"at Zeppelin station. Contributions from OPGC, French National
iii. Sum from the greatest observation density grid agency (ANR) and ADEME to support measurements at PDD is

box towards lower concentration grid boxes un- greatly acknowledged.

til you end up with 83 percent of the observa-

tions. Draw a contour around these grid-boxes. Edited by: |. Riipinen

ii. See how many observations go to each grid box

As a note on the sampling frequency, several large-scale
models do not automatically output information on hourly
basis for performance reasons. As an example ECHAM5References
HAM global climate model outputs data on every six hours
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