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Abstract. We have analysed the trends of total aerosol parti-thropogenic emissions of primary particles, S8 some co-

cle number concentration®/j measured at long-term mea- emitted species. We could not find a consistent agreement
surement stations involved either in the Global Atmospherebetween the trends &f and particle optical properties in the
Watch (GAW) and/or EU infrastructure project ACTRIS. few stations with long time series of all of these properties.
The sites are located in Europe, North America, Antarc-The trends ofV and the proxies for cloud condensation nu-
tica, and on Pacific Ocean islands. The majority of the sitesclei (CCN) were generally consistent in the few European
showed clear decreasing trends both in the full-length timestations where the measurements were available. This work
series, and in the intra-site comparison period of 2001-2010provides a useful comparison analysis for modelling studies
especially during the winter months. Several potential driv-of trends in aerosol number concentrations.

ing processes for the observed trends were studied, and even

though there are some similarities betweénrends and air

temperature changes, the most likely cause of many north-

ern hemisphere trends was found to be decreases in the an-
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896 A. Asmi et al.: Aerosol decadal trends — Part 2

1 Introduction text of the GAW network or the ACTRIS EU-Infrastructure
project, they will only benefit future studies.

Particles across the whole particle size spectrum are not
Aerosol particles have a wide range of effects on health, vis-equally relevant to climate. Numerous and highly variable
ibility, and climate. In general, higher aerosol concentrationsnano-particles with diameters less than approximately 50 nm
are usually associated with increased health risks Qmgk- do not act as CCN before they grow to larger sizes, (da.
ery and Popel994 Donaldson et a].1998 WHO Work- Figgans et a).2006 although they can make up the bulk of
ing Group 2003, decreased visibility (e.dCharlson 1969 the aerosol number population. In contrast, long-lived accu-
Schichtel et a].2005 Pitchford et al. 2009, and, for non-  mulation mode particles (usually between 100 nm and 1 um
absorbing particles, cooling of the atmosphere (EP€C diameter) are generally good CCN, can scatter light effi-
2007, although all of these effects are very much dependentiently, and, especially in polluted areas, often contain black
on aerosol size distribution and composition. Notably, theor brown carbon. Thus climate impacts of aerosols are not,
number concentration of potential cloud condensation nucleeven in clean areas, necessarily proportional to total particle
(CCN) particles is a key parameter controlling the aerosol-number concentration. Particle growth processes (especially
cloud interaction, and changes in the global CCN concentracondensation and cloud processing) are important in mov-
tions could affect the climate system significantlpfimann  ing the small nanoparticles to particle sizes with long life-
and Feichter2005. time and more climate relevanceiérce and Adam<007).

This is the second part of the aerosol trends analysis initiaCondensational growth does not directly affect the particle
tive, with the companion paper concentrating on the trends ohumber concentration total, but should, in the end, increase
aerosol optical propertie€pllaud Coen et a12013. In this the long-term number concentration average, as the particles
paper, we provide information on the particle number con-live longer in the atmosphere.
centration and (on more limited scale) particle number size New particle formation creates particles at the smallest end
distribution trends, compare the results of the two papers, andf the aerosol number size spectrum, which has the tendency
explore some potential drivers of the observed trends. Due t@f increasing number concentration variability and the mean
this two-paper format, we refer to the companion paper fornumber concentration, but, until the particles grow signifi-
more in depth literature review of aerosol climate, air quality, cantly, will not have a strong effect on climat&grminen
and visibility impacts, and on the past explorations of aerosolet al, 2012. Most nucleation events happen during daytime
trends. (Kulmala et al, 20048, in contrast to seemingly more local-

One key aspect of aerosol populations is the number conized and rare night-time nucleation (e@rtega et al.2012),
centration of aerosol particles. Number concentrations werend the initial growth to more CCN-relevant particle sizes
one of the first quantitative measures of aerosol concentrausually happens in continental atmospheres within the same
tions in ambient airAitken, 1889, and subsequent develop- day or the next nightSihto et al, 2011). Modelling stud-
ments in instrumentatioMcMurry, 2000 have made them ies indicate that on a global scale the fraction of particles
a semi-standard measurement at many long-term air obseoriginating from new particle formation accounts for a large
vatories Global Atmosphere Watcl2003. Aerosol number  fraction of the total particle number concentrati@p(acklen
concentrations N, or condensation nuclei, CN) measured et al, 2006 2010 Makkonen et aJ.2009. Mechanisms in-
with condensation nuclei counters are a bulk property of thevolved in the formation of secondary aerosols are complex
aerosol number size distribution, and thus integrate over and influenced by gaseous precursors, concentrations of ex-
wide range of aerosol properties and sensitivities to differ-isting aerosol, and atmospheric conditions (e.g. RH;adi-
ent processes. Particle lifetimes are highly variable: both theation, presence of clouds). A recent modelling study of the
smallest (less than around 50 nm in diameter) and largesherosol particle number concentration trends evaluated the
end (d, > 1000 nm) of the aerosol number size distributions possibility that increasing air temperatures might decrease
have much lower lifetimes in the atmosphere than the mairparticle nucleation rates and thus glol¥lconcentrations
part of the distribution, concentrated around the Aitken and(Yu et al, 2012.
accumulation modesléenicke2008. The aerosol number The long-term variability of aerosol particle number con-
concentration variability thus has contributions from rela- centration is relevant for climate research, as it can reveal
tively short time-scale processes of small and large partiimportant feedback mechanisms that need to be accounted
cles, and relatively long time-scale processes dominating théor in projection studies, provide important information on
Aitken and accumulation modes. This is one of the reasongast drivers of climate change, and give a useful comparison
why size selective number concentration measurements angarameter for long-term simulations of atmospheric chem-
of particular use for aerosol-climate trend analysis. Unfortu-istry. Analyses of the variability of aerosol number con-
nately, long datasets of such measurements are scarce (fouentration and size have been performed by many studies,
stations in this analysis), and concentrated in Europe. Al-in particular from regionally representative stations of the
though recently significant improvements in the site densityGlobal Atmosphere Watch (GAW) network or affiliated to
for such measurements have been done globally in the corthe EU-Infrastructure ACTRIS. Measurements are reported
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for stations located within the planetary boundary layer at2 Theory and methods

rural and remote sites (e glakeh et al, 200Q Birmili et al.,

2003 Tunved et al. 2003 Rodiiguez et al. 2009, in the 2.1 Measurement sites

Arctic atmosphereKomppula et al. 2003, in marine en- ) ) ] ) )
vironment (e.g.Yoon et al, 2007, and in the free tropo- Tablel summarizes the sites and the instrumentation used in

sphere Klyeki et al, 1999 Weingartner et al.1999 Ven- this analysis. Most of the sites used in this st'udy are i'n the
zac et al, 2009 Boulon et al, 201Q Hallar et al, 2011). Global Atmosphere Watch (GAW) program, with associated

Bodhaine(1983 reported measurements at the NOAA base-duality control and measurement standar@éobal Atmo-
line stations. In general, aerosol number concentrations angPhere Watch2003. Some additional European sites, with
size distributions at remote continental sites show high seal-ong, time series of size distribution (_jata used standar_d op-
sonality, suggesting that biogenic processes can significantigrating procedures that have been implemented within the
affect the number concentrations in these regions and tharuropean infrastructure EUSAAR and ACTRIS or within

photochemical processes can also affect this variability. Thdn® GUAN network in GermanyRnilippin et al, 2009 Bir-

high seasonality can easily mask any other long-term variMill €t al. 2009 Wiedensonhler et 312012. Notably, all sta-

ability, if not properly taken into account. At other loca- tONS in this study are located at regional background loca-
tions, such as Central European sites, the aerosol backgrourtPns: which in this context means that the stations are not
does not show such high seasonal variability and appears 182" (Within a few kilometres) obvious strong anthropogenic
be controlled more directly by the emission intensitysii sources, such as cities, factories or highways. This is not to
etal, 2011). As noted in the companion paper, aerosol num-S& that there is no anthropogenic influence: even Antarctic
ber concentration trends have not been so widely studie§tations have the potential of pollution from the station it-
as trends in other aerosol properties, especially particulat§€!T- The sites are described in detail in TableAdditional

matter mass concentrations (PM) and aerosol optical deptf§it¢ information is found in the companion pap&o(laud
(AOD). Coen et al.2013, in Asmi et al.(2011) for Hyytiala, Pallas,

It is necessary to have access to time series over suffiMelpitz and Vavihill,Laakso et al(2003 for Varrio, Borys
cient duration to distinguish between short-term variability 21d Wetze(1997) for Storm Peak Laboratory, afigbdhaine

and long-term trends. Continuous measurements of aeroséft983 for American Samoa.
number concentration and size were initiated in the mid-70’s 5
at some stations (South Pole, Barrow, American Samoa ané '
Mauna Loa) as part of the NOAA networB¢dhaing 1983, 1he aerosol particle number concentrations were measured
butitis only from the early 90's that reporting aerosol num- it 5 variety of condensation particle counters (condensa-
ber concentrations or number size distributions have becomg,, nhuclei counters), which differed significantly in type and

more common. As of today, nearly 30 stations are regularlyyertormance from site-to-site (Tablg. The sites generally
reporting number concentration information, many including operated similar or often the very same instrument through
the number size distribution information, to the World Data 1, analysis period, and if the instrumentation change was

Center for Aerosols (WDCA) but very few records span over ¢onsigered major, the data were either split into two parts

more than Syr. As discussed @ollaud Coen et ak2013,  (sations SPO and SMO) or a part of the time series was not
analyses of long-term trends for aerosol physical propertiegncj,ded in the analysis (e.g. station MHD measurements in
require at least 10yr long records, which explains why very1gg¢:s). The main criterion for having a dataset of one sta-
few studies have been published on aerosol particle numbef,, a5 at least 10 yr of relatively continuous measurements.

concentration trends. _ _ Longer gaps are mentioned in Taleand can affect the
Our aim is to provide reliable information on aerosol nUM- +.and results.

ber concentration decadal trends. We study the similarities to  Tha number size distribution measurements were obtained
aerosol optical properties trends (using results from the compy ¢;stom-made mobility particle size spectrometers (differ-
panion paper) and discuss potential causes for the long-termgyiia| mopility particle sizer, DMPS) systems, which stayed
trends. We also evaluate the trends of aerosol number Sizgatively unchanged during the whole measurement period.
distributions in Iocatlons. Whgre such mformatu_)n is avail- |, Hyytiala, the DMPS inversion routine has changed during
able, and study the applicability of aerosol particle numbery,o neriod, but the measurements were considered to be com-
concentration trends to CCN-sized aerosol properties in thesga apje by the data providers. All of the stations included in
environments. The results are meant to be consistent and e jze distribution analyses had either constant monitoring

bust for end-user groups from aerosol specialists to climatgy the instrument by measurement personnel (Higi or
modellers. effective site calibration routines.

Instrumentation

www.atmos-chem-phys.net/13/895/2013/ Atmos. Chem. Phys., 13, 82B5:2013
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Table 1. Measurement sites and instrumentation used in the trend analysis. The lower detection limit in particle diameter (LDL) is indicated

A. Asmi et al.: Aerosol decadal trends — Part 2

as a nominal value from the instrument manufactukér énd Kim (1977 for GE CNC NO7006), and the particle range used for the size

distribution measurements. The start times of each measurement are given in ISO 8601 format (YYYY-MM-DD). Last column lists the

dataset acronym.

Site Area  Coordinates Elev.(m) Instrument  LDL (nm) Start time Dataset
Acronym
Neumayer ANT 70.67S 8.27 W 42 TSI 3022 7 1995-11-31 NMY
South Pole ANT  90.00S 24.80 W 2841 GE CNC NO7006 9 1974-01-01 SPO1
TSI 3760 15 1989-01-01 SPO2
Hohenpeissenberg EUR 47890 11.0rE 985 TSI 7610 15 1995-06-01 HPB
Jungfraujoch EUR 465N 7.99E 3580 TSI 3010 10 1997-03-13 JFJ
TSI3772 10 2009-02-13
Mace Head EUR 53.33N9.89 W 5 TSI 3025 3 2000-01-01 MHD
Pallas EUR 67.97N24.12E 560 TSI 3010 10 1996-01-01 PAL
Bondville NCA 40.05N 88.37 W 213 TSI 3760 15 1994-06-20 BND
Barrow NCA 71.32N156.6PW 11 TSI 3760 15 1995-06-01 BRW
Southern Great Plains NCA 365N 97.50 W 318 TSI 3010 10 1994-01-01 SGP
Storm Peak Laborato'?y NCA 45.460 N 106.74 W 3220 TS13010 10 1998-02-11 SPL
Mauna Loa SWP  19.5M 155.58 W 3397 TSI 3760 15 1999-06-01 MLO
Samoa SWP 14.25170.56 W 77 GE CNC NO7006 9 1973-06-01 SMO1
TSI 3760 15 1992-05-01 SMO2
TSI 3010 10 2004-02-21
Size distribution datasets
Hyytiala EUR 61.83N24.29E 179 DMPS 20-500 1996-01-19 HYY20
DMPS 100-500 HYY100
Pallas EUR 67.97N24.12E 560 DMPS 20-500 2000-04-11 PAL20
DMPS 100-500 PAL100
Melpitz EUR 5154N1293E 87 DMPS 20-500 1996-03-26 MPZ20
DMPS 100-500 MPZ100
Varrio EUR 67.76 N29.6F E 390 DMPS 20-500 1997-12-08 VAR20
DMPS 100-500 VAR100
Vavihill EUR 56.0P N 13.09 E 172 DMPS 20-500 2001-11-23 VHL20
DMPS 100-500 VHL100

ANT = Antarctica, EUR = Europe, NCA = North America and Caribbean, SWP = South West Pacific,
2|dentical specification with TSI 3018,“Steamboat Springs” in GAWSIS 2.2 and in WDCA metadata.

2.3 Data selection

A crucial choice is to use eithé¥ or logio(N) as the main

property of the study. There are many reasons to support the 2.

log-scale as the natural scale of study for aerosol particle

number concentration trends:

1. Usually, one is interested more in the relative trends of

the property in question (with units of %), as this

is the approach which enables comparison in the trend
from stations with different background concentrations.
If the trend is calculated from a linear scale/f(with

units of cnm3yr—1), one must then choose the concen-
tration that is used to divide the linear trend to get the
relative trend. This additional degree of freedom can
produce some bias in the resulting trend. For agreement
with the companion paper methodology, where logarith-
mic transformation was not used for practical reasons,
we also calculated similar linear-to-log relative trends

Atmos. Chem. Phys., 13, 898416 2013

3.

using the sample median as the divisor, when using the
Mann-Kendall (MK) methodology (see Se2th).

The log-scale is arguably more natural to study aerosol
concentrations. Not only is the shape of the histogram
more balanced (often close to normal) on a log-scale,
but also individual outlier values have much less ef-
fect on the trend fitting in logarithmic space. This is
especially important for the generalized least squares
(GLS) method (Sec®.5.1), which like any least squares
method, can be sensitive to extreme outlier values.

The aerosol-cloud interaction is more connected to the
relative changes in the aerosol properties than to the
absolute changes of the concentrations. This is evident
in many of the semi-empirical CCN-to-CDNC (cloud
droplet number concentration) formulas presented in
the literature, where the CDNC count is typically re-
lated to the logarithm of the CCN number concentration

www.atmos-chem-phys.net/13/895/2013/
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(e.g.Gultepe and Isaad 999, or directly to the relative  2.4.1 Quality assurance
change of the CCN number concentrati®atnick and
Twomey, 1994). The quality assurance protocol for this study was similar to
the companion paper. As some of the data were from non-
Based on these reasons, we concentrated on the relativGAw stations, a similar procedure as in the GAW station

trends of theV, calculated using log(N) datasets. The addi- quality assurance was adapted for this data. The overall pro-
tional MK trends were calculated using a linear scale, resultcedure of the data checking was

ing in cm~3yr~1 trends, which were then changed to relative
trends by dividing by the sample median.

Another issue is the climate relevance of the resulting
trend. CCN are only a small part of the total aerosol parti-
cle number concentration, and accurate knowledge of con-

centrations in the accumulation mode and at the larger end _ A questionnaire about changes in instruments, operat-
of Aitken mode can not be directly obtained from thedata |ng proceduresi and data hand”ng was sent to the data

only. As mentioned previously, strong connections exist be-  providers. The information from this questionnaire was
tween modelled number concentrations of particles and their  ysed to detect potential disruptions in the dataset.
concentrations in the CCN particle size ran@priacklen ) ) ) ]
et al, 201Q Reddington et a).2011). In this paper, we — The sub_mltted datz?\ were independently V|Sl_JaIIy in-
have used stations reporting size distribution datasets, andwe ~SP€cted in log and in linear scales by the main author
studied the size-dependence of the observed trends by calcu-  ©f this work. Questions, especially concerning rapid or
lating bothN20 concentrations (particle diameters from 20 un-characteristic changes in concentration or variability
to 500 nm) andN100concentrations (diameters from 100 to were then sent to the data providers for resolution.

500 nm), with the assumption th&tL00 will represent the
CCN sized particle number concentration.

— The data were initially collected and pre-screened by
the institutions responsible for the dataset. These data
were submitted to the GAW database at NILU and then
downloaded for the use in this study.

— If a change in the instrumental conditions was co-
incident with a clear change in the concentration level
or variance, the data of the changed period were not
included in the analysis. In many cases, the disruption

The data were divided into several datasets for the use of this Va5 only te_mporary, and the data were again accepted

study. In GLS trend analyses (Se25.1) two kinds of daily when thg signal returned to close-to-normal level after

means were calculated for logarithmic datasets, one with the the next instrument check-up.

whole day data, and the other using only the periods betweenlotably, this quality assurance removed significant parts of

21:00-09:00 of local solar time. This was done to test thethe data from some of the stations. The updated versions of

sensitivity of trends to day-time nucleation bursts, and to po-the datasets were submitted to the GAW-WDCA database in

tentially generate trends that are more dominated by trendslILU EBAS (http://ebas.nilu.nd/for more general use by

in the Aitken and/or accumulation mode. other studies. The resulting improvement in the quality of
The station at Pallas (PAL) has frequent inside-cloud sit-data highlights the benefits of close interaction between data

uations, which can affect the aerosol particle number con-users and data providers to long-term monitoring.

centrations, as the data used were from instruments that did

not use a total aerosol inlet. For this reason, we followed the2.5 Trends and confidence intervals

approach fronKivekas et al.(2009, and pre-screened the , .

data for only the periods where the local visibility was above Agrosol !'lum_ber concentrations are not usually norrr_h’?llly dis-

3000 m, indicating cloud-free conditions. At other stations t”bUt?d In.elt'her'concentrano'n or size space. Trgd|t|ona||y,

with frequent inside-cloud situations, a heated total aerosof€ Size distribution function is assumed to consist of rela-

inlet was used, and the in-cloud situations should not affecfVely 10g-normal modesSeinfeld and Pandi2008. Sim-
the detected concentrations. ilarly, the aerosol number and mass concentration are also

The daily means were, in the caseMfa suitable param- generally reIatingy log-normally distributeddgn Dingenen
eter to use, as the tests done with the full hourly time se-€t &l, 2004 Asmi et al, 2011). There are some cases how-
ries did not show strong variation between hourly and daily €V€" where this does not necessarily hold, such as moun-
mean values for thev trends. This is not necessarily true tain and coastal sites, where particle number histograms can
for many other aerosol properties and thus we do not supporg€ formed from several (semi)lognormal modasrti et al,

this methodology without checking the dataset sensitivity for D. , i
such averaging. For MK trends, hourly values were used for A common feature in almost all atmospheric datasets, and

consistency with the companion paper methodology. in partiqular aerqsol number concentration's, is a high auto-
correlation (persistence) of the concentratioAsn{i et al,

2011). In essence this means that the variability of concen-
tration time series is affected by long wavelength (slow)

2.4 Data handling and pre-processing

www.atmos-chem-phys.net/13/895/2013/ Atmos. Chem. Phys., 13, 82B5:2013
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Table 2. Trends of aerosol number concentrations for the entire period available for each dataset. Trends for daily means are calculated in
logarithmic space for the GLS method (Generalized Least Squares). The confidence intervals (Cls) for the GLS method are calculated using
an autoregressive bootstrap (ARB) method, showing the 5th and 95th percentile Cls. Mann-Kendall trends and significances are calculatec
in linear space, and the relative trends are obtained by dividing the absolute trend by the sample median concentration. Night time trends
are calculated from night time (21:00-09:00 local (solar) time) means. The bolded trends have statistically significant sign (Cls are the same
sign for GLS trends, for MK trends the trend passes the significance tespwit.05, see companion paper for MK test details). For data
quality assurance, see text.

Trend of daily means (yrl) Trend of night-time means (y) |
Dataset Region Period GLS CI (ARB) MK GLS CI (ARB) Notes
NMY ANT 1995-2010 02% -05% 1.0% 0.8 % 0.4% —-0.3% 1.1%
SPO1 ANT 1974-1988 —22% -34% -10% —-46% | —22% -3.4% —-1.0% HA
SPO2 1989-2011 -15% -24% -05% -34% | —-15% -23% —0.6%
HPB EUR 1995-2011 —-02% -11% -02% 0.3 %| —-0.1% —-05% 0.4%
JFJ EUR 1997-2010 -10% -26% 0.5% 05% —-04% —-11% 0.2% HA
MHD EUR 2000-2010 0.7% —-2.7% 39% -05% 1.3% -25% 4.7% 1
PAL EUR 1996-2010 -15% -26% -04% -10%| -13% -22% —-0.2%
BND NCA 1994-2011 —27% -35% -19% —-48% | -29% —-3.7% —2.2%
BRW NCA 1998-2011 04% —-1.0% 2.4% 1.1% 09% —-0.7% 2.5%
SGP NCA 1997-2011 —-26% -33% -18% —-23% | —26% -3.3% —-2.0%
SPL SPL 1998-2010 —-24% -45% -11% —-26% | —25% —-43% -1.3% HA
MLO SWP 1999-2011 —-40% —-47% -33% -31% | —45% -53% —-3.6% HA
SMO1 SWP 1977-1992 -37% -43% -30% -—-40% | -35% —-4.0% —2.9%
SMO2 1992-2011 -11% -17% -04% -03% | -12% -19% —-0.4% 2

Size distribution datasets

HYY20 EUR 1996-2011 ~13% -19% -08% -10% | -12% —1.8% —0.6%
HYY100 —15% -25% -05% -19% | —1.6% —2.6% —0.7%
VAR20  EUR 1997-2011 —29% -37% -21% -46% | —28% -3.7% ~1.8%
VAR100 —35% —48% -24% -32% | —3.6% —4.8% —2.6%
PAL20 EUR 2000-2010 01% -10% 26% 0.0% 07% -—1.0% 21%| 34
PAL100 2.6% 05% 53% 50% | 29% 0.7% 520 34
MPZ20  EUR 1997-1998 and 0.4% -0.4% 1.2% 1.6%| 05% —0.2% 1.4% 5
MPZ100 2004-2010 02% -08% 13% 27% 05% —06% 1.9% 5
VHL20 EUR 2001-2011 —15% -29% -0.1% -04%| —-15% —3.1% —0.1%
VHL100 —26% —-40% -0.1% -0.8% | —22% —4.3% -0.2%

HA =High altitude station, ANT = Antarctica, EUR = Europe, NCA = North America and Caribbean, SWP = South West p&gfieral instances of exceeding the
instrumental measurement limits in the daytime datasets due to coastal nucleation — gap fnL.20@igap from 1994 to 2004 — significant chance of error or bias in the
analysis, especially as the instrument changed from 2004 on. SeelTalgeveral data gaps in the last years of dataset, potential bias to4r8tation commonly
in-cloud. Trends given for cloud-screened data&lsmg gap from 1998 to 2002 - significant chance of error or bias in the analysis.

changes, and thus each measurement of aerosol propertiesTinen, as the seasonality plays a strong role in the aerosol par-
the typical measurement time interval is strongly connectedicle number concentrations, it is useful to take such effects
to the previous measurements. This has an effect on the innto account as a stationary seasonal sigh@li)). The time
formation content of the time series and can invalidate manyseries is thereby separated to:
statistical methods that assume independence of thewaata
Storch and Zwiers1999. In the contzxt of aerosol trendsf x(D)=prtPat () + QD) +ar@ —D+SWe@) (1)
this makes trend fitting using ordinary least squares (OLS)where 8, and > are the trend parameters (base level and
methods less reliable. slope),Q(¢) is the seasonal signal, is the lag-1 autocor-
The concept of a trend has an implicit assumption that therelation coefficients is the magnitude of the random noise
time series of observationgi),?(i),i = 1...n can be sen-  componentg is the random noise term andi — 1) is the
sibly broken down to a (log) linear long-term change (the total noise term (autocorrelation and random noise) of the
trend) and short-term noise or periodic variability. As particle previous observation (- 1).
number concentrations have typically high autocorrelation, it Two methods for trend fitting were used: (1) the non-
is useful to include such effects into the data model. The simparametric Mann-Kendall trend analysis (MK) is based on
plestway is to model the data as lag-1 autoregressive procesgank and is associated with the Sen’s slope estimator allowing
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detection of the presence of a trend and its magnitude, reminimization of Eq. ) was obtained using the Matlab func-
spectively Gilbert, 1987). To correct for autocorrelation in  tion Iscoy, which uses either Cholesky or orthogonal decom-
the data, a pre-whitening procedure was applied to the datposition ofV, depending on the condition &f (MathWorks,
prior to the trend detectionNang and Swajl200%, Zhang  Inc., 2010.

and Zwiers 2004. Both methods were applied to linear  The GLS fit first approximated thg factors directly from
space slope determination, which was then converted to relthe sample, using Eq2) with autocorrelation and standard
ative trends by dividing by the sample median. The specificsdeviation of the time series. Using the obtained trend and
of the MK methodology and related significance testing areseasonal signal, the time series was then split into trend, sea-
described in the companion paper. (2) The generalized leastonal signal and the residuals (EJ. The GLS fitting was
square (GLS) trends, with either autoregressive or blockthen iterated using the autocorrelation and standard deviation
bootstrap confidence intervals for statistical significance testof the residuals to update th& until the relative difference
ing. The GLS approach is adapted fratudelsee(2010 between the trends from the last two iterations was below
with minor modifications (notably assuming that variability 1 % of the trend slope.

and autocorrelation will not change strongly in the time se-

ries, i.e.a and S are assumed to be time invariant, and by 2.5.2 Bootstrap confidence intervals (Cl)

adding the seasonal components), and thus we only describe

the method in an abbreviated form. Interested readers are re¢itting a trend does not itself tell if there is a significant linear
ommended to reablludelseg2010 Chapters 2, 3and 4, with  (or log-linear) change in the time series. Strong seasonality

references therein. and noise of the datasets makes the trend detection difficult,
_ potentially generating spurious trends and tendencies, even
2.5.1 Generalized least squares (GLS) trends when using non-parametric methods. One approach to esti-

) mate the significance of the detected trends is by using sta-
GLS fit parameterg (two trend parameters and four sea- yigtica) significance tests. The traditional statistical tests, as-

sonal parameters) are calculated by minimizing the sum 0§, ming a specific shape of the distribution and independent
squares to get the trend paramef@i®ludelsee201Q algo- e gurements, are not directly applicable to aerosol particle

rithm 4.3): number concentration datasets. In this paper, we concentrate
_ ny—1 on the bootstrap methods to evaluate the trend significance.
§§ =+ THV Z(x+Th). @ In this context, “bootstrapping” means that we estimate
where the data array is defined as: the robustness of the observed trend by calculating similar
B trends from re-sampled datasets, which are generated by ran-
x(1) domly sampling (with replacement) the noise terms of the
x= : , (3) data model (Eql). Figurel shows the two methods used for
x(n) such re-sampled dataset generation in a schematic way.
- The autoregressive bootstrap (ARB) approach used is di-
the time arrayl as: rectly applied from thevludelsee(2010, algorithm 3.5. By
B randomly selecting (with replacement) the last part of the
11(1) Qa(1(1)) Q2((1)) Q3(2(1)) Q2a(t(1)) EQg. () (e) and re-building the datasets with the original auto-
T=|: : : : : : , (4) correlation, trend and seasonality, a semi-random realization
i 1 t(n) Q1(t(n)) Qa2(t(n)) Qa(t(n)) Qulr(n)) of the time series is created.

For studies of individual monthly trends, we used a mov-
where seasonal componeiftg_4(t) are four seasonal sinu- ing block substitution bootstrap process (MBB)Judelsee

soidal components defined as: 201Q algorithm 3.3). This approach is natural for the
s o monthly data, as the_ monthly data_lsets _pro_v_ide compact

Q= S'”(m) S2= Sln((j__yr))’ blocks of the time series that contain a significant part of
omt dnt the time series autocorrelation (persistence), and are short
Q23 = COS(<l_yr)> Sl = C°s<<1_yr))‘ (5) enough to have large enough pool of blocks for the resam-

pling. MBB calculates the GLS trend as above for each
month and constructs the bootstrapped time series by using
|t(i1) —t(i2)] randomized selections of the month-sized blocks of residuals
_W> 6) from different years. In monthly data analyses, no seasonal
fitting was implemented (i.e. th@ terms in Eq. 4) were ab-
where § is the standard deviation of the analysed signal,sent).
and 7’(«) is the estimated persistence time approximation In both cases, the same trend analysis method as in
(Mudelsee 201Q Chapter 2) with autocorrelation bias cor- the original GLS fit was then done to the bootstrapped
rection fromKendall(1954). In our case, the solution for the time series (using the original co-variance matrix) to obtain

The covariancen(, n) matrixV was defined as:

V(i1,i2) = §2exp<
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Fig. 1. Block diagram of GLS-ARB (above) and GLS-MBB (below) methods used for confidence interval generation. In the GLS-ARB, the
time series is divided into trend, seasonal, autoregressive and noise parts. By randomly selecting the noise terms, and reconstructing the tim
series, another realization of the trend fitting can be made. From a number of these realizations, an ARB confidence interval is constructed.
For trends of specific months, the GLS-MBB method randomly selected the residual term of the GLS fit in one-month long blocks (i.e.
replacing the original residual with random year’s residual for the month in question). From these random realizations, a MBB confidence
interval is constructed. The methods are adapted fvurdelseg2010.

bootstrapped trend parametgd’s The process was then re- ulations in the Aitken and accumulation modes rather than
peated 1000 times in the analyses done in this paper to get tHey N formed during nucleation bursts, or that the frequency
distribution ofB’s, and the confidence intervals were then de-and/or intensity of such bursts are relatively unchanging over
termined by selecting the 5th and 95th percentiles of this setthe period studied.
If the confidence interval of the slopes does not include zero The Mace Head (MHD) station data for the daily aver-
(i.e. Cl is either in the increasing or decreasing trend side)ages should be considered with some caution, as relatively
we consider the trend “sign” to be “statistically significant” persistent and strong coastal nucleation events had the ten-
(s.s.) at the 95 % confidence level. dency to create number concentrations that were above the
upper detection limit of the instrument. This could result in
biased trends, especially as the instrument upper limit had
3 Results clearly changed several times during the measurement pe-
riod. Nevertheless, night-time trends for this station have al-

The trends of number concentrations for the whole period ofmost the same long-term behaviour as the whole-day trends,
study are shown in Tab®and in graphical form in Fig— even though there were no such nucleation peaks in the night-
4. The time periods are not the same for all stations, but arfime time series. This indicates that the lack of a detected
overall negative trend is evident for stations where a statisirend is robust with respect to nucleation events, or that the
tically significant trend was observed, with one exception: Signals from the day-time nucleation peaks were diminished
CCN-sized 100 particle number concentrations at Pallas by the upper detection limit of the instrument.
in Northern Finland. Notably, there is a lack of trend at the The MK and GLS/ARB methods of trend/significance
Central European sites JFJ, HPB and MPZ, although in thdesting agreed closely, especially in the sign and significance
case of MPZ, the trend significance and even direction couldPf the detected trends. The MK method gave s.s. trends,
be severely affected by the large gap in the data. The lack ofvhich the GLS/ARB method did not only in two cases (BRW
trend in JFJ is in agreement wi@ollaud Coen et a(2007.  and MHD), even though the MK trends were within the ARB
The trends of night-time concentrations follow the over- confidence interval. The MK method gives slightly larger ab-
all trends very closely for most stations, showing that thesolute trend values than GLS/ARB for the datasets, al-
trends in general are not very sensitive to diurnal variationsthough this resultis not universal. Overall, the relatively good
in aerosol particle number concentrations. This suggests tha&greement between the two methods on the trend sign, and to
either the trends are controlled by longer-lived aerosol pop-
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Table 3. N trends for the period 20012010 for stations with at least analysis was also done with the MK methodology, but the

9yr of data in that period. Notation as in Tat@leTrends are shown  results are not shown here, because they were similar in sta-
only for the all-day means, but as in Tatdlethe differences with  tistical significance.

night-time mean trends are minimal. The results are shown in Fig. The stations in the cen-
tral USA have a similar decreasing overall trend but different
Trend of daily means (yrt) seasonal behaviour, with BND decreases concentrated in the
Dataset GLS Cl (ARB) MK fall months, SGP decreases more in the spring-summer pe-
Ny 33% 7% c1%  37% _r|od, and SPL hgvmg no month with statlst|ce}IIS|gn|f|.cance
SPO2 4.8% 0'7% 9'4% 1'7% in agreement witiHallar gt al.(2011. The Pacific stations
HPB 6.4 % _0:2 % 1:1 % 6.3 % have very stable_ decreasing trends with no clear seasonal ef-
IEJ 2920 -33% —10% —16% fects. In Antarcnc_a, the apparent decrease of the South Pole
MHD 09% -—26% 4.8 % 0.9 % datasets is especially clear from September to May (SH sum-
PAL _26% -43% -09% —3.0% mer) for SPO1, but no clear seasonal differences in the trends
BND —46% —6.0% -33% —-72% could be seen at NMY. In Northern Europe, the decreases are
BRW -04% -29% 25% —-1.3% concentrated to wintertime for all PAL, VAR20 and HYY20
SGP -57% —-6.6% -45% -53% datasets. The PAL20 dataset does not agree in its seasonal or
SPL —-5.6% —77% -43% -73% overall trend with the other datasets, most likely due the data
MLO —2.1% -30% -13% -35% gaps (see next section). The VHL station in Southern Swe-
Size distribution datasets den shows much weaker winter-time decreasing signal than

HYY?20 —28% -37% -19% -33%
HYY100 —-24% -38% —-0.7% -1%
PAL20 04% —-0.3% 1.3% 0.0%
PAL100 03% —-0.8% 14% 50%

other Nordic stations, probably due the influence of long-
range transport from Central Europe. In Central Europe, both
MPZ and HPB seem to have decreases of concentrations dur-

VAR20 —3.0% —42% —-13% —1.6% ing wintertime, but as this is balanced by increases in other
VAR100 -32% -51% —-12% —2.9% seasons (especially in the MPZ spring-summer trends), the
VHL20 -15% -29% -0.1% -0.4% overall trends are minimal. The high-alpine JFJ shows a de-
VHL100 -22% —-42% -0.1% -0.8% creasing concentration tendency in summer (significant de-

crease in June) when the site is partially influenced by plan-
etary boundary layer air (see also companion paper). At the

a lesser degree the trend magnitude, gives credibility to thé:c;]astalhstatlon MHD, the onIyds.s. trend seems be during fall,
technical robustness of the observed trends. when the concentrations are decreasing.

3.1 Trends of 2001-2010
4 Discussion

We also calculated the trends for a shorter period, 2001

through 2010 (inclusive). This timeframe was chosen as arel4.1  Trends of particle number concentrations vs. trends
atively long period whemV, scattering, and light absorption of “CCN”

data from many stations were available, to enable compari-

son of trends for different aerosol properties. The trends forAs mentioned earlier, different particle sizes have different
N are shown in Tabl@. Notable changes from the all-time impacts on the climate system. Particles larger than 100 nm
trends are the increase of concentrations at the Antarctic stdlave much greater chance to act as cloud condensation nu-
tions (obvious increase in SPO in FRp) and s.s. decrease at clei and have much higher scattering coefficients. Long-term
JFJ. Overall, the trends in this period agreed with the longermeasurements of the number size distribution make it possi-
period trends, which may be attributed to the fact that theble to study the trends of different aerosol sizes separately.
full record from some stations was not very different from Unfortunately, long-term DMPS time series are only avail-

the period 2001-2010. able from European sites, 3 of 5 in Finland, which reduces
the applicability of these trends in a global context. Com-
3.2 Monthly trends bined with night-time means, the time series can provide

some information on the direct impact of the new particle for-
Strong seasonality of aerosol number concentrations in manynation on the long trends (i.e. on the effect of the “peak” of
locations makes the long-term trends of different months in-the particle number concentration spectra during the nucle-
teresting to study. The potential of biogenic organic emis-ation event), and on the possibility to generalizeshrends
sions, or possibly seasonal anthropogenic emissions, to affeéd CCN. TheN20andN100GLS/ARB trends agreed almost
number concentrations can influence the trends. We used thgerfectly on most available datasets on trend direction, mag-
GLS/MBB method of trend evaluation and bootstrap confi- nitude and significance. For Northern European conditions,
dence intervals to detect the trends for each month. A similathe trends seem to be uniform over the size distributions, and
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904

South Pole, Antarctica (SP1, SP2)

1980 1990

2000

2010

Pallas, Finland (PAL)

1995 2000

2005

2010

A. Asmi et al

Neumayer, Antarctica (NMY)

.. Aerosol decadal trends — Part 2

Barrow, Alaska, USA (BRW)

b)

c)

1995 2000 2005 2010

Jungfraujoch, Switzerland (JFJ)
10

e)

2000 2005 2010

4Soulhern Great Plains, USA (SGP)

2000 2005 2010

| e |

yohenspeissenberg, Germany (HPB)

f

2000 2005 2010

Bondville, USA (BND)

i Mace Head, Ireland (MHD)
10— — 10 10" —
g - h) . i)
- -
£ S
2 2
b =
03 Sk 03 e . o X
2000 2005 2010 1995 2000 2005 2010
s Mauna Loa, Hawaii, USA (MLO) A{nerican Samoa, USA (SMO1, SMO2)
10 10 -
&
E
2
=
10°
102 ; k ;
2000 2005 2010 2000 2005 2010 1980 1990 2000 2010
. e
r = 5 | o | | e D
Seasonal data coverage

Seasonal data coverage
Negative trend

Seasonal data coverage

| B OUF I MAM [ JUA -SONl |

Fig. 2. Generalized least squares trendsVoét the GAW stations. Different colours of the dots show the time series split into 4 seasons as
shown in the legend (DJF: December—February, MAM: March—May, JJA: June—August and SON:September—November). Lines show the

GLS trend (increasing: red, decreasing: blue, no s.s. trend: black). Each plot includes the GLS trend and, where possible, the trend for perioc
of 2001-2010 (dashed lines). Data coverage per season is shown below each subplot. For SPO and SMO separate trends for datasets wi

No trend

Positive trend ‘

different instruments are shown.

Atmos. Chem. Phys., 13, 89946 2013 www.atmos-chem-phys.net/13/895/2013/



905

Aerosol decadal trends — Part 2

A. Asmi et al.:

19s 8y Jo 158l
0} pasedwoo
uosess sy ul sdeb ejep jo jo
:eaue fai
1K/9%, Ul spusi)
puai}
Yiuow \ BI8AD
Siy} jo puasy

ueoyubis g w

ALY

puall

10 puas |Iesen0

(Buisessoep -eniq  auy| puas-0i87
Buisealou| -paJ)
puay}
juedyiubis ‘s JoN

2h%t'0
h puail

calculated from daily mean values with GLS/MBB methodology for all data available. See

Fig. 3. Monthly trends ofNV andN20time series

insert for symbol explanation. Symbols and circles inside of the zero line show decraasiegds (blue) and outside increasiNgtrends

(red). Black circles and small symbols denote no s.s. trend.

Atmos. Chem. Phys., 13, 8955-2013

www.atmos-chem-phys.net/13/895/2013/



906 A. Asmi et al.: Aerosol decadal trends — Part 2

the observed decrease in ti20is applicable to “CCN” con-  trends less sensitive to seasonal gaps, although the trends will
centrations in this area and for this period. The general lackstill be sensitive to gaps that happen during unusually low or
of difference between all-day and night-time mean trendshigh concentrations for that time of the year. This was the
demonstrates that the observed trends are robust represereason for the trend sign difference at PAL, and there is no
tations of the relatively long-lived part of the size distri- clear way to make sure the same has not happened at stations
bution, or that the frequency and intensity of new particle with many (or long) data gaps. Even in the best case, the lack
formation events are relatively constant. The similar long-of one season’s data could still affect the fitting of the sea-
term behaviour oN20andN100is in agreement with earlier sonal component, influencing the detected trends indirectly.
studies of short time (2yr) comparisons of 30—100nm and The monthly trends do not have seasonal components for
100-500 nm size class concentrations at European stationspvious reasons. This makes them more sensitive to the lack
where both concentrations showed a general tendency to fobf data for specific years, especially at either end of the
low each other (Fig. 13 iAsmi et al, 2017). dataset. By going through the data coverage per season in
Measurements at PAL are a particular case in this con+igs.2 and4 and trying to find seasons with particularly low
text, as the station has botk and size distributionN20  representation in the dataset, or very one-sided datasets (e.g.,
andN100 measurements. The calculated trends do not agreeonsisting of mostly data from the beginning of the mea-
well (Table 2), as the size distribution trends are either in- surement period), we identified some specific times of the
creasing or indicate no trend, while the tadais decreasing.  year when the monthly trends could be affected by data gaps.
This could be problematic, as the size cut-off difference be-These are shown in Fi@.as gray arcs. The gaps cast doubt
tweenN20and N concentrations is relatively small, 10 nm, on the the spring-summer increase at MPZ and on the BND
and a large difference in trends suggests high sensitivity tautumn decrease. The above discussion is, however, a sub-
the smallest particle sizes. However, we found that a posjective analysis of potential errors due the data gaps, and the
sible reason for this apparent discrepancy is data availabiltrue errors, especially at stations with long gaps in the mid-
ity, as the later years of the Pallas DMPS measurements hadle, remain unknown.
long gaps during periods with unusually low concentrations
for the season, which effectively removed these low concen4.3 Comparison with optical and mass property trends
trations from the trend analysis. This was tested by replac-
ing the missingN20 measurements witth measurements In the companion paper, the long-term trends of several
(which should actually overestimate thi20 concentrations  aerosol optical properties are studied. Unfortunately, the long
for the period), which results in significantly decreashtig0  time series of aerosol particle number concentrations and op-
concentrations for the measurement period, similar ta\the tical measurements do not have high overlap. Tatdhows
time series. In another test, we only did trend analyses fothe MK trends of N and optical properties for the period
bothN20andN for the period when both were available. In 2001-2010 for stations with data available 8nand either
that test, both time series failed to produce a s.s. trend. Thiscattering and/or absorption. Globally, the trends do not have
is not to say thaN20andN are the same series though, even strong similarities. Only the continental US stations (BND
though there is clear similarity in their behavio®?(= 0.61, and SGP) show some similarity betwe&hand scattering,
n = 2446, for daily mean logy(N)). A similar test could not  but that could easily be coincidental. Similarly, there is lit-
be done for theN100 concentrations. However, this analy- tle evidence of strong similarity betweéw and absorbing
sis shows that gaps of even few months can affect the trenderosol trends for this period. As the scattering measure-
fitting for such relatively short time series, especially if the ments are more sensitive to the aerosol number concentration

seasonality and overall variability is high. in the larger end of the accumulation mode than to smaller
particles, this casts some doubt on the possibility to gener-
4.2 Trend reliability alize N trends to trends in larger particle sizes. When the

similarity between all-day and night-tim¥ trends is also
The sensitivity of trend fitting to data gaps, as evidenced inconsidered, the poor agreementéfand optical property
the PAL station data above, can be problematic in some ofrends suggest that thié trends are controlled by particles in
the observed trends. As we do not have similar comparisorthe larger range of the Aitken mode and smaller range of the
datasets for other stations, different amounts of gaps in difaccumulation mode, i.e. ca. 50—150 nm diameter. Another in-
ferent seasons and different parts of the datasets can causerpretation of the differences could be that fi¢rends are
a bias in the observed trends. Graphs under each stationimore sensitive to the emissions than are the scattering or ab-
time series in Figs2 and4 show the seasonal data coverage sorption coefficients. From these comparisons of in-situ mea-
for each dataset. Highly seasonal datasets (usually located isurements, it does not seem that the different integral prop-
extreme latitudes) are perhaps more sensitive to data gapsryties of the aerosol population have high agreement in their
especially in the monthly trends (Fig). In the overall trend  trends.
calculation, both MK and GLS methods included a fitted sea-Satellite and ground based measurements show s.s. decreas-
sonal component. This seasonal component fitting makes thimg trends of AOD in Europe and North America since the
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Table 4. Comparison of trends and trend significances betwéen them comparable to each other. This is thus more of a study

and optical properties (from companion paper). The period of studyof behaviour during the past decade, rather than longer-term
is 2001-2010. Only MK trends are shown. trends.

The mechanisms compared are:

Dataset CN  Scattering Abs.
Trend coeff. coeff. 1. Yu et al. (2012 proposed that increasing air tempera-
(MK) (MK) (MK) tures lead to decreasing trends of aerosol number con-
yr ) ©yrl (@yrd centrations. The mechanism was based on the principle
NMY 37 >5 o5 of higher temperatures increasing the saturation vapour
HPB 0.3 1.7 _39 pressure of the nucleating species, thereby decreasing
JFI _16 _12 ~1.0 the nucleation rate and finally the aerosol particle num-
MHD 0.9 2.7 -20 ber concentration. As saturation vapour pressures are
PAL -3.0 -0.9 - generally exponentially-dependent on air temperature,
BND -7.2 -19 -20 the approximate relationship between nucleation rate
BRW -13 24 —6.5 (J) and temperature trends (tr) would be tr(ldy)~-
SGP —-5.3 -2.0 - tr(T). As the model calculations ivu et al.(2012 had
MLO -35 2.7 9.0

late 1990's, in general agreement with tNetrends shown
here (le Meij et al, 2012 Hsu et al, 2012. In the Pacific
region, the AOD trends have been increasing in contrast to
the N trends. PM mass concentration trends in many parts
of Europe have been decreasing during the 1998-2008 pe-
riod, a feature relatively well captured by regional air quality
models Colette et al.2011). Similarly, the decrease of sul-
phate concentrations and deposition in the Continental US
are evidentifland et al.2012), also shown in the global mod-
elling study ofLeibensperger et a{2012. Although the de-
creases in Europe and US are similarNin PM and AOD,

this does not necessarily mean that the trends are similar in
other periods of time, or different locations. Different aerosol
properties have different dominating sources and sinks, and
the trends of them might be different. For exampiéang

et al. (2012 showed significant differences between M
and PMg trends in Europe and US.

4.4 Possible drivers of aerosol number concentration
trends

This paper provides, for the first time, global information on
N trends for all stations reporting at least 10 yr dfdata

to GAW-WDCA. With few exceptions, the results show a
general, significantly decreasing trend, of the order of a few
%yr-1 (max GLS negative trend is5.7 % yr ! at SGP). A

full explanation of the causes of these trends would require
a chemical transport model with detailed aerosol processes
and observed meteorology, which is far beyond the scope of
this article. Instead, we explore possible explanations for the
trend strengths and directions to assess which are consistent
(or inconsistent) with the observations. There is no reason
to assume that there would be a single over-arching factor
determining the aerosol trends at all stations. All of these

a similar (but weaker) response dhas for the nucle-
ation rates, a similar approximate relationship is here
assumed to exist betwe@h andT trends as well. No-
tably, Yu et al. (2012 compared surface temperature
trends from an IPCC report with modelled trends.

A modeling study byMerikanto et al(2009 concluded
that most of the aerosol number concentration formed
by nucleation, especially for CCN sizes, are actually
formed in the free troposphere (FT). For this reason,
we downloaded the RSS MSU satellite monthly mean
(2.5° x 2.5°) product of lower troposphere temperatures
from http:www.remss.com. The data would then sup-
port theYu et al. (2012 hypothesis and th®lerikanto

et al. (2009 result if the linear trend of FT tempera-
tures was similar in magnitude but opposite in sign to
the trend of the logarithm of observedvalues.

2. In continental areas, surface temperatures have poten-

tial impacts on volatile organic compound (VOC) emis-
sions from biogenic sourcesc¢hurgers et gl.2009.
Oxidation of VOCs can affect aerosol formation rates
(Kulmala et al, 20043 Paasonen et al2010 and
mass concentratiorh aitch et al. 2011). Tunved et al.
(2006 showed that increase in monoterpene emissions
do, at least in the Boreal zone, increases hstland
CCN. As the emission rate is related to the exponen-
tial of the temperature (as in case |, above), the ex-
pected functional form would be tr(loy())~tr(7). The
biosphere is located at the surface, so surface tempera-
tures are the only reasonable comparison. We obtained
surface temperature trends directly from the instrumen-
tal GISS temperature trends web appitp://data.giss.
nasa.gov/gistemp/maps(Hansen et al.2010. A rea-
sonable expectation for this mechanism is that an in-
crease in the regional temperatures would lead to an in-
crease in aerosol particle number concentrations. How-
ever, as this process is connected to biogenic emissions

analyses were done with data from 2001-2010 (inclusive)

with the settings

only, to include the maximum number of stations and to keepGHCN_.GISSHR2SST1200kmTrnd01122001.2010
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from land vegetation, it should not influence stations in
marine or polar environments The temperature-V®C-
relationship can also be much more complex than pre-
sented in this analysidletzger et al(2010 presented
results suggesting that organic vapours could directly
participate in the actual nucleation mechanism, making
the functional form potentially much more complex and
sensitive to VOC emissions than described above. An-
other complexity could come from the condensing or-
ganics on existing larger particles, increasing coagula-
tion sink of small particles and thus decreasing particle
concentrations. These kinds of complex feedbacks are
outside of the scope of this analysis.

3. Anthropogenic emissions are, of course, a major source
of aerosol particle number concentrations. 2S® a
major precursor of secondary particles, sulphuric acid
— the most important species in new particle forma-
tion — and sulphates produced from in-cloud oxidation.
Changes in primary particles can, however, act in both
directions: they can increase the particle number di-
rectly, or they can reduce the new particle formation
rate by acting as sinks for particles and condensible
vapours. We considered these changes by obtaining the
SO, and PMg emission inventories for the years 2000—
2008 from EDGARV4.2 global emission inventéry
The timeframe is slightly different than for thé mea-
surements due to limitations of the available emission
data, and the data were annual averages, giving only
8 datapoints per pixel. We averaged the annual emis-
sion rates over a 0.5 0.5° grid before trend-fitting for
computational reasons. For this mechanism, one would
expect the concentrations to have similar trends as the
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relative change in the mixing layer height, this could
lead to relative changes in aerosol concentrations, even
when surface emissions are constant. An increase in
the general boundary layer heights could also act as a
proxy of possibility of incursions of boundary layer air
to high altitude stations. To study these two parame-
ters, we collected the “synoptic monthly means” 2001—
2010 datasets of both total precipitation and boundary
layer heightd from the ECMWF ERA-INTERIM re-
analysis athttp://data-portal.ecmwf.int/data/d/interim
full_mnth/ (Dee et al., 2011). The monthly means of
daily-accumulated total precipitation were assumed to
represent changes in regional precipitation of the sta-
tion, and the boundary layer heights were assumed to
represent the changes in the mixing layer behaviour.
These proposed mechanisms should not be considered
to be exhaustive of the potential effects of the meteo-
rological parameters oV trends. RecentlyJai et al.
(2012 showed that the interannual variability of B

in the US Midwest is strongly correlated with cyclone
frequency. Although part of this sensitivity could be
captured by the precipitation product of meteorological
re-analysis used above, systematic changes in advection
would require complex model studies to resolve. An-
other example of a complexity not considered here is
the sensitivity of new particle formation to background
aerosol concentration. The below-cloud scavenging of
larger particles can radically decrease the coagulation
sink of small particles, leading to more prevalent and
strong new particle formation eventserminen et al.
2001). Thus an increase of precipitation could also in-
creasen.

emissions, and thus the comparison was aimed at thé&or all the datasets described above, we did a simple ordinary

question: are the relative trends similar f§rand the
potential anthropogenic precursors?

least squares (OLS) trend fit for each map grid point over the
period 2001-2010 (2001-2008 for EDGAR emissions), i.e.

we assumed that the comparison series are independent and

. Aerosols affect the meteorology, but meteorology alsonormally distributed. For relative trends, the fit was done to

affects the aerosol. Besides the temperature effects (the logarithm of the data. No tests of statistical significance
and 2 above), two other potential meteorological ex-were done for these comparison datasets, and thus the main
planations for the aerosol number trends were consididea was to identify possible qualitative similarities between
ered: (i) precipitating clouds are a major sink for the N trends and these potential controlling factors. The result-
CCN-sized particles, and thus changes in precipitationing trends are shown in Fidy; as aerosol particles have a
should also influence the long-term aerosol number condife time of approximately one week, we will concentrate on
centrations. An increase in rainfall should thus be as-the changes in the regional behaviour of the potential trend
sociated with a decrease in particle concentrations. (ii)drivers.

Aerosol and aerosol precursor emissions are generally Free tropospheric temperatures have decreased or stayed
at ground level, but the concentration is affected bythe same near almost all of the stations (Fg), which

the height of the mixed layer. If there is a consistent does not agree with the expectations of case (1) above. We

2Downloaded fromhttp:/edgar.jrc.ec.europa.eu/overview.php?

3Data were downloaded with times 00:00 and 12:00 with step of

v=42 as IPCC level 1 datasets, summed for all sectors. Sourcel2 h. The monthly means of daily forecast accumulations of precip-
European Commission, Joint Research Centre (JRC)/Netherlandgation were obtained by summing both monthly values as described
Environmental Assessment Agency (PBL). Emission Database foin http://www.ecmwf.int/products/data/archive/ddsa.html The

Global Atmospheric Research (EDGAR), release versiontttp:
/ledgar.jrc.ec.europa.ep009.
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data were re-gridded by the ECMWF dataserver to 1x1 degree res-
olution.
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Fig. 4. Trends of size size-specified aerosol concentrathti?@(black dots) andN100(green dots). The notation is the same as in Bjg.
except for the dot colour.

can not compare the results near the Antarctic stations dudepending on the period studied, but not observed imthe
the limitations of the RSS MSU coverage, but for the othertrends, suggests that the ovensitrends are not consistently
stations the qualitative agreement in the trends between Faffected by air temperature changes. This results casts doubts
temperature and/ is evident. Even if the nucleation is actu- on the global explanatory power of both theories (1) and (2)
ally dominated by the surface temperatures, the high similaras a dominating effettAdditionally, the locations where the

ity between FT temperature trends and surface instrument&2000—-2010 surface temperature antrends agree most evi-
trends (Fig.5b) do not provide support for case (1) for this dently, central USA and Northern Europe, have most of their
time period, as the trends are generally in the same direcN decreases during wintertime — a period of decreased or
tion or non-existent. The disagreement between the spatiaion-existent BVOC emissions.

variability of different satellite-derived FT temperature prod-  According to the EDGARvV4.2 inventory, anthropogenic
ucts creates some uncertainty in this analyXis and Pow-  emissions have changed in the period from 2000-2008
ell, 2011). The surface temperature trends (F39) resem-  (Fig. 5¢c—d). The trends in Spand PMg emissions in Eu-

ble the N trends at continental sites where mechanism (2)rope and North America have many similarities with tkie
could apply, especially considering that the prevailing windstrends, especially for SO In the Pacific region, increases

in Northern Europe are from the western direction. The ma-from shipping emissions do not have similar behaviour as the
rine sites do not have visible temperature trends in the GISSV trends, suggesting that the trends there are not sensitive
dataset, and the similarity between Antardfi@ndT trends  to the anthropogenic emissions of these species, or that the
is most likely co-incidental, as there is no vegetation to emitinventories are incomplete. The inventoried anthropogenic
VOCs in that region. Overall, of the temperature-based trendemissions are zero for Antarctica, but there are indications
mechanisms, case (2) seems to have better agreement withat emissions from the South Pole base itself might affect
the measurements for this time period. However, when the

time period studied is increased to cover the period from
1995-2010 (Fig6), the picture for the case (2) changes: even  4we also compared the th¥ trends with the trends of an-
though the number concentration trends for this time periodother instrumental temperature dataset: CRUTEM4v (Jones et al.,
are still negative in Northern Europe and the continental US,2012), which resulted in qualitatively similar results (see Supple-
the surface temperature has actually increased in Northerfment Fig. S1), with the main difference being that the for 1995

Europe over the period. This change in the temperature trenc?010 period, the region around Continental US sites had generally
no trend in the temperature records.

www.atmos-chem-phys.net/13/895/2013/ Atmos. Chem. Phys., 13, 8255:2013
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Fig. 5. Comparison of different potential explanatory mechanisms for GLS/ARBends 2001-2010, blue symbols indicate statistically
significant decreasing trends, red symbols s.s. increasing trends and black symbols indicate no s.s. trend. For DMPi$20atasets

used. Comparison trends were calculated with OlapRSS Lower troposphere temperature from satellite microwave serfepiGiSS

surface instrumental temperature tre(@:;d) EDGARv4.2 emission inventory trends for $@nd PMg, note the period from 2001-2008;

(e—f) ERA-Interim re-analysis trends for 2001-2010 for monthly mean of daily forecast accumulated total precipitation and boundary layer
height. South Pole station shown at middle lower edge of the plot.

number concentrations at SP@verall, anthropogenic SO ences a potential explanation of the obserdeends on that
emissions generally have similar behaviourMgrends in  timescale as well. However, the absence of a decredging
this period, and we could not find opposing trends betwéen trend at MPZ and HPB, even with the decrease in Central Eu-
concentrations and P)d emissions, making the trend model ropean S@ emissions, shows that this process is not neces-
(1 for SO, a possible partial explanation of the aerosol sarily linearly correlated in polluted environments, presum-
particle number concentration trends. Notably, the trends ofbly due to multiple complex feedbacks in aerosol growth
the SQ emission datasets are also decreasing in the 1995and dynamicsfamed et al.2010.
2008 period (not shown), making the anthropogenic influ- Total precipitation trends were generally weakly increas-
5c - _ _ ing near the measurement stations (B, and further anal-

' onstruction of th_e I(_:eCube neutrino observatory_l?egan |nysis (not shown) with separate large-scale and convective
winter 2006—-2007, which involved a large amount of drilling and ’frecipitation did not change this weak connection between

snow moving, as the large detectors were buried deep beneath t fie two. The largest changes in total precipitation were con-

ice surface. Moreover, the number of personnel at the station (a . -
centrated in the tropics, where no long-term measurements

least over the summer seasons) has increased substantially.
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RSS MSU Lower Tropospheric T Trend (1995-2010) genic sources of aerosol particles and aerosol precursors, this
a) o 02 result suggests that the decrease in Northern Europe is more
o ﬁ due to anthropogenic sources than biogenic ones. In the cen-
45N ; Q® ©) 0.1 tral USA, the three stations showed clearly decreasing
o trends, although in different seasons. In the Pacific, the ob-
. served decreases did not have a seasonal cycle.
O At stations where size distribution measurements were
45'S

available, the trends of number concentrations of over 20 nm
. particles and over 100nm particles generally agreed very
-0.2

o
| o
)
OLS trend (K/yr)

- O closely with each other, suggesting that, at least for North-
180 WI35 W90 W45 W 0 45 E ' ern European conditions, the observed decreasing trends are
happening for bottv and CCN size ranges.
GISS Instrumental surface T Trend (1995-2010) Comparison with results from the companion paper do
b) o 0-2 not show clear similarities between theand optical prop-
o erties trends, although the locations where this comparison
45'N Q® 0§ could be made was limited. We also observed that gaps in
o the dataset can affect the resulting trends, especially at loca-
. tions with large seasonal cycles. Based on this, we can not
O recommend using short time campaign-type measurements
45'S

=
=Y

as the basis for trend analyses of aerosol properties, at least
without further knowledge of the seasonal and inter-annual

. variability of N concentrations in the area.

e The high level of agreement between the two fitting meth-

ods used in this paper demonstrates the technical reliability

Fig. 6. Same as Figb, but for period of 1995-2010. Note that some of the trend fitting procedures. However, the overall relia-

of the stations’ CN trends are not for the complete period of 1995_bi|ity of the trends is also dependent on the data availabil-

2010, see Table for the maximum coverage. ity, which was unfortunately not optimal at some stations.

However, due the overall lack of long duration data series,

. , . . these are the pieces of information we have and they pro-
of N are yet available. Boundary layer heights did not ei vide us with the only qualified estimations of long-tetn

ther show high similarity with the observed trends, especiallyb havi in th : s O I ider th
as in most of Europe the boundary layer height actually de->c v /o' N theSe eNVironments. Lveral, we consider fhe

creased during this period. We also did not find a Sim"arity?rﬁ?jtsvgg\}raetndrse:;nae the best available information on the
of mountain station (JFJ, MLO, SPIY trends and boundary P '

layer height trends. Overall, we did not find clear evidence of rg::srs ;fg(c;)tigeal :riifj()snz;?oistasi?;(;c::atc):htig 't?]eoglgr:ge
an impact of these meteorological parameters onmitean- b v .

centration trends. process would bg effective globally. The Iqw number of sta-
tions, and especially the lack of long-duration measurements
in Asia and in the tropics, still limits the applicability of this
5 Conclusions kind of trend analysis for more effective conclusions of the
factors affecting global aerosol loadings. The strongest sup-
Trend analyses showed that the near-surface concentratioqert for the observed decrease Ahduring 2001-2010 pe-
of atmospheric aerosol particles decreased at most observaiod, of the limited set of potential reasons for these trends
tion points since the 1990’s. These changes are visible anthat was considered, is the reduction in the anthropogenic
statistically significant in most locations studied in this pa- sources of aerosols and aerosol precursors, iB(Qartic-
per, covering Northern Europe, North America, Antarctica, ular. Another possible driver could be from the regional
and the Pacific Ocean. The derived negative relative trendsooling of the atmosphere in Europe and Northern Amer-
are generally slightly lower in magnitude than the reductionica during this period, decreasing the secondary biogenic
of anthopogenic S@emissions over the last decades in EU aerosol mass in these regions. However, further analysis with
and in US. However, the low number of stations with long longer time periods and seasonal variation did not support
datasets does not allow us yet to conclude that such decreasuch a temperature-based effect. We could not find evidence
ing trends are universal, regionally or globally. of temperature-nucleation feedback suggested/iet al.
Aerosol number concentration trends showed clear seaf2012 based on free tropospheric or surface temperature
sonal variations, with Northern European stations especiallyirends. This does not mean that such processes could not af-
showing decreasingy trends during wintertime. As the win-  fect the atmosphere in different regions, over different time-
tertime concentrations should also be less influenced by bioscales and different periods of time. We could also not find

o
1 o
o
OLS trend (K/yr)

o

™
180°W135 W90 W45 W 0 45 E
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clear similarity betweemwv trends and trends of total precip- Supplementary material related to this article is

itation or boundary layer height. The two Central Europeanavailable online at: http://www.atmos-chem-phys.net/13/
low-land stations did not show statistically significant trends. 895/2013/acp-13-895-2013-supplement.pdf

However, there are decreasing trends in monthly-analysed

winter-time concentrations measured at these stations. As the
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