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Abstract. We have analysed the trends of total aerosol parti-
cle number concentrations (N ) measured at long-term mea-
surement stations involved either in the Global Atmosphere
Watch (GAW) and/or EU infrastructure project ACTRIS.
The sites are located in Europe, North America, Antarc-
tica, and on Pacific Ocean islands. The majority of the sites
showed clear decreasing trends both in the full-length time
series, and in the intra-site comparison period of 2001–2010,
especially during the winter months. Several potential driv-
ing processes for the observed trends were studied, and even
though there are some similarities betweenN trends and air
temperature changes, the most likely cause of many north-
ern hemisphere trends was found to be decreases in the an-

thropogenic emissions of primary particles, SO2 or some co-
emitted species. We could not find a consistent agreement
between the trends ofN and particle optical properties in the
few stations with long time series of all of these properties.
The trends ofN and the proxies for cloud condensation nu-
clei (CCN) were generally consistent in the few European
stations where the measurements were available. This work
provides a useful comparison analysis for modelling studies
of trends in aerosol number concentrations.
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1 Introduction

Aerosol particles have a wide range of effects on health, vis-
ibility, and climate. In general, higher aerosol concentrations
are usually associated with increased health risks (e.g.Dock-
ery and Pope, 1994; Donaldson et al., 1998; WHO Work-
ing Group, 2003), decreased visibility (e.g.Charlson, 1969;
Schichtel et al., 2005; Pitchford et al., 2005), and, for non-
absorbing particles, cooling of the atmosphere (e.g.IPCC,
2007), although all of these effects are very much dependent
on aerosol size distribution and composition. Notably, the
number concentration of potential cloud condensation nuclei
(CCN) particles is a key parameter controlling the aerosol-
cloud interaction, and changes in the global CCN concentra-
tions could affect the climate system significantly (Lohmann
and Feichter, 2005).

This is the second part of the aerosol trends analysis initia-
tive, with the companion paper concentrating on the trends of
aerosol optical properties (Collaud Coen et al., 2013). In this
paper, we provide information on the particle number con-
centration and (on more limited scale) particle number size
distribution trends, compare the results of the two papers, and
explore some potential drivers of the observed trends. Due to
this two-paper format, we refer to the companion paper for
more in depth literature review of aerosol climate, air quality,
and visibility impacts, and on the past explorations of aerosol
trends.

One key aspect of aerosol populations is the number con-
centration of aerosol particles. Number concentrations were
one of the first quantitative measures of aerosol concentra-
tions in ambient air (Aitken, 1889), and subsequent develop-
ments in instrumentation (McMurry, 2000) have made them
a semi-standard measurement at many long-term air obser-
vatories (Global Atmosphere Watch, 2003). Aerosol number
concentrations (N , or condensation nuclei, CN) measured
with condensation nuclei counters are a bulk property of the
aerosol number size distribution, and thus integrate over a
wide range of aerosol properties and sensitivities to differ-
ent processes. Particle lifetimes are highly variable: both the
smallest (less than around 50 nm in diameter) and largest
end (dp > 1000 nm) of the aerosol number size distributions
have much lower lifetimes in the atmosphere than the main
part of the distribution, concentrated around the Aitken and
accumulation modes (Jaenicke, 2008). The aerosol number
concentration variability thus has contributions from rela-
tively short time-scale processes of small and large parti-
cles, and relatively long time-scale processes dominating the
Aitken and accumulation modes. This is one of the reasons
why size selective number concentration measurements are
of particular use for aerosol-climate trend analysis. Unfortu-
nately, long datasets of such measurements are scarce (four
stations in this analysis), and concentrated in Europe. Al-
though recently significant improvements in the site density
for such measurements have been done globally in the con-

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
equally relevant to climate. Numerous and highly variable
nano-particles with diameters less than approximately 50 nm
do not act as CCN before they grow to larger sizes, (e.g.Mc-
Figgans et al., 2006) although they can make up the bulk of
the aerosol number population. In contrast, long-lived accu-
mulation mode particles (usually between 100 nm and 1 µm
diameter) are generally good CCN, can scatter light effi-
ciently, and, especially in polluted areas, often contain black
or brown carbon. Thus climate impacts of aerosols are not,
even in clean areas, necessarily proportional to total particle
number concentration. Particle growth processes (especially
condensation and cloud processing) are important in mov-
ing the small nanoparticles to particle sizes with long life-
time and more climate relevance (Pierce and Adams, 2007).
Condensational growth does not directly affect the particle
number concentration total, but should, in the end, increase
the long-term number concentration average, as the particles
live longer in the atmosphere.

New particle formation creates particles at the smallest end
of the aerosol number size spectrum, which has the tendency
of increasing number concentration variability and the mean
number concentration, but, until the particles grow signifi-
cantly, will not have a strong effect on climate (Kerminen
et al., 2012). Most nucleation events happen during daytime
(Kulmala et al., 2004b), in contrast to seemingly more local-
ized and rare night-time nucleation (e.g.Ortega et al., 2012),
and the initial growth to more CCN-relevant particle sizes
usually happens in continental atmospheres within the same
day or the next night (Sihto et al., 2011). Modelling stud-
ies indicate that on a global scale the fraction of particles
originating from new particle formation accounts for a large
fraction of the total particle number concentration (Spracklen
et al., 2006, 2010; Makkonen et al., 2009). Mechanisms in-
volved in the formation of secondary aerosols are complex
and influenced by gaseous precursors, concentrations of ex-
isting aerosol, and atmospheric conditions (e.g. RH,T , radi-
ation, presence of clouds). A recent modelling study of the
aerosol particle number concentration trends evaluated the
possibility that increasing air temperatures might decrease
particle nucleation rates and thus globalN concentrations
(Yu et al., 2012).

The long-term variability of aerosol particle number con-
centration is relevant for climate research, as it can reveal
important feedback mechanisms that need to be accounted
for in projection studies, provide important information on
past drivers of climate change, and give a useful comparison
parameter for long-term simulations of atmospheric chem-
istry. Analyses of the variability of aerosol number con-
centration and size have been performed by many studies,
in particular from regionally representative stations of the
Global Atmosphere Watch (GAW) network or affiliated to
the EU-Infrastructure ACTRIS. Measurements are reported
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for stations located within the planetary boundary layer at
rural and remote sites (e.g.Mäkel̈a et al., 2000; Birmili et al.,
2003; Tunved et al., 2003; Rodŕıguez et al., 2005), in the
Arctic atmosphere (Komppula et al., 2003), in marine en-
vironment (e.g.Yoon et al., 2007), and in the free tropo-
sphere (Nyeki et al., 1999; Weingartner et al., 1999; Ven-
zac et al., 2009; Boulon et al., 2010; Hallar et al., 2011).
Bodhaine(1983) reported measurements at the NOAA base-
line stations. In general, aerosol number concentrations and
size distributions at remote continental sites show high sea-
sonality, suggesting that biogenic processes can significantly
affect the number concentrations in these regions and that
photochemical processes can also affect this variability. The
high seasonality can easily mask any other long-term vari-
ability, if not properly taken into account. At other loca-
tions, such as Central European sites, the aerosol background
does not show such high seasonal variability and appears to
be controlled more directly by the emission intensity (Asmi
et al., 2011). As noted in the companion paper, aerosol num-
ber concentration trends have not been so widely studied
as trends in other aerosol properties, especially particulate
matter mass concentrations (PM) and aerosol optical depth
(AOD).

It is necessary to have access to time series over suffi-
cient duration to distinguish between short-term variability
and long-term trends. Continuous measurements of aerosol
number concentration and size were initiated in the mid-70’s
at some stations (South Pole, Barrow, American Samoa and
Mauna Loa) as part of the NOAA network (Bodhaine, 1983),
but it is only from the early 90’s that reporting aerosol num-
ber concentrations or number size distributions have become
more common. As of today, nearly 30 stations are regularly
reporting number concentration information, many including
the number size distribution information, to the World Data
Center for Aerosols (WDCA) but very few records span over
more than 5 yr. As discussed inCollaud Coen et al.(2013),
analyses of long-term trends for aerosol physical properties
require at least 10 yr long records, which explains why very
few studies have been published on aerosol particle number
concentration trends.

Our aim is to provide reliable information on aerosol num-
ber concentration decadal trends. We study the similarities to
aerosol optical properties trends (using results from the com-
panion paper) and discuss potential causes for the long-term
trends. We also evaluate the trends of aerosol number size
distributions in locations where such information is avail-
able, and study the applicability of aerosol particle number
concentration trends to CCN-sized aerosol properties in these
environments. The results are meant to be consistent and ro-
bust for end-user groups from aerosol specialists to climate
modellers.

2 Theory and methods

2.1 Measurement sites

Table1 summarizes the sites and the instrumentation used in
this analysis. Most of the sites used in this study are in the
Global Atmosphere Watch (GAW) program, with associated
quality control and measurement standards (Global Atmo-
sphere Watch, 2003). Some additional European sites, with
long time series of size distribution data used standard op-
erating procedures that have been implemented within the
European infrastructure EUSAAR and ACTRIS or within
the GUAN network in Germany (Philippin et al., 2009; Bir-
mili et al., 2009; Wiedensohler et al., 2012). Notably, all sta-
tions in this study are located at regional background loca-
tions, which in this context means that the stations are not
near (within a few kilometres) obvious strong anthropogenic
sources, such as cities, factories or highways. This is not to
say that there is no anthropogenic influence: even Antarctic
stations have the potential of pollution from the station it-
self. The sites are described in detail in Table1. Additional
site information is found in the companion paper (Collaud
Coen et al., 2013), in Asmi et al.(2011) for Hyytiälä, Pallas,
Melpitz and Vavihill,Laakso et al.(2003) for Värriö, Borys
and Wetzel(1997) for Storm Peak Laboratory, andBodhaine
(1983) for American Samoa.

2.2 Instrumentation

The aerosol particle number concentrations were measured
with a variety of condensation particle counters (condensa-
tion nuclei counters), which differed significantly in type and
performance from site-to-site (Table1). The sites generally
operated similar or often the very same instrument through
the analysis period, and if the instrumentation change was
considered major, the data were either split into two parts
(stations SPO and SMO) or a part of the time series was not
included in the analysis (e.g. station MHD measurements in
1990’s). The main criterion for having a dataset of one sta-
tion was at least 10 yr of relatively continuous measurements.
Longer gaps are mentioned in Table2, and can affect the
trend results.

The number size distribution measurements were obtained
by custom-made mobility particle size spectrometers (differ-
ential mobility particle sizer, DMPS) systems, which stayed
relatively unchanged during the whole measurement period.
In Hyytiälä, the DMPS inversion routine has changed during
the period, but the measurements were considered to be com-
parable by the data providers. All of the stations included in
the size distribution analyses had either constant monitoring
of the instrument by measurement personnel (Hyytiälä) or
effective site calibration routines.
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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
as a nominal value from the instrument manufacturer (Liu and 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 70.67◦ S 8.27◦ W 42 TSI 3022 7 1995-11-31 NMY
South Pole ANT 90.00◦ S 24.80◦ W 2841 GE CNC NO7006 9 1974-01-01 SPO1

TSI 3760 15 1989-01-01 SPO2
Hohenpeissenberg EUR 47.80◦ N 11.01◦ E 985 TSI 7610 15 1995-06-01 HPB
Jungfraujoch EUR 46.55◦ N 7.99◦ E 3580 TSI 3010 10 1997-03-13 JFJ

TSI 3772a 10 2009-02-13
Mace Head EUR 53.33◦ N 9.89◦ W 5 TSI 3025 3 2000-01-01 MHD
Pallas EUR 67.97◦ N 24.12◦ E 560 TSI 3010 10 1996-01-01 PAL
Bondville NCA 40.05◦ N 88.37◦ W 213 TSI 3760 15 1994-06-20 BND
Barrow NCA 71.32◦ N 156.61◦ W 11 TSI 3760 15 1995-06-01 BRW
Southern Great Plains NCA 36.60◦ N 97.50◦ W 318 TSI 3010 10 1994-01-01 SGP
Storm Peak Laboratoryb NCA 45.460◦ N 106.74◦ W 3220 TSI 3010 10 1998-02-11 SPL
Mauna Loa SWP 19.54◦ N 155.58◦ W 3397 TSI 3760 15 1999-06-01 MLO
Samoa SWP 14.25◦ S 170.56◦ 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
Hyytiälä EUR 61.85◦ N 24.29◦ E 179 DMPS 20–500 1996-01-19 HYY20

DMPS 100–500 HYY100
Pallas EUR 67.97◦ N 24.12◦ E 560 DMPS 20–500 2000-04-11 PAL20

DMPS 100–500 PAL100
Melpitz EUR 51.54◦ N 12.93◦ E 87 DMPS 20–500 1996-03-26 MPZ20

DMPS 100–500 MPZ100
Värriö EUR 67.76◦ N 29.61◦ E 390 DMPS 20–500 1997-12-08 VAR20

DMPS 100-500 VAR100
Vavihill EUR 56.01◦ 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,
a Identical specification with TSI 3010,b “Steamboat Springs” in GAWSIS 2.2 and in WDCA metadata.

2.3 Data selection

A crucial choice is to use eitherN or log10(N ) as the main
property of the study. There are many reasons to support the
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 % yr−1), 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 ofN (with
units of cm−3 yr−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

using the sample median as the divisor, when using the
Mann-Kendall (MK) methodology (see Sect.2.5).

2. 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 (Sect.2.5.1), which like any least squares
method, can be sensitive to extreme outlier values.

3. 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
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(e.g.Gultepe and Isaac, 1999), or directly to the relative
change of the CCN number concentration (Platnick and
Twomey, 1994).

Based on these reasons, we concentrated on the relative
trends of theN , calculated using log10(N ) datasets. The addi-
tional MK trends were calculated using a linear scale, result-
ing in cm−3 yr−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
of Aitken mode can not be directly obtained from theN data
only. As mentioned previously, strong connections exist be-
tween modelled number concentrations of particles and their
concentrations in the CCN particle size range (Spracklen
et al., 2010; Reddington et al., 2011). In this paper, we
have used stations reporting size distribution datasets, and we
studied the size-dependence of the observed trends by calcu-
lating bothN20 concentrations (particle diameters from 20
to 500 nm) andN100concentrations (diameters from 100 to
500 nm), with the assumption thatN100 will represent the
CCN sized particle number concentration.

2.4 Data handling and pre-processing

The data were divided into several datasets for the use of this
study. In GLS trend analyses (Sect.2.5.1) two kinds of daily
means were calculated for logarithmic datasets, one with the
whole day data, and the other using only the periods between
21:00–09:00 of local solar time. This was done to test the
sensitivity of trends to day-time nucleation bursts, and to po-
tentially generate trends that are more dominated by trends
in the Aitken and/or accumulation mode.

The station at Pallas (PAL) has frequent inside-cloud sit-
uations, which can affect the aerosol particle number con-
centrations, as the data used were from instruments that did
not use a total aerosol inlet. For this reason, we followed the
approach fromKivekäs et al.(2009), and pre-screened the
data for only the periods where the local visibility was above
3000 m, indicating cloud-free conditions. At other stations
with frequent inside-cloud situations, a heated total aerosol
inlet was used, and the in-cloud situations should not affect
the detected concentrations.

The daily means were, in the case ofN , a suitable param-
eter to use, as the tests done with the full hourly time se-
ries did not show strong variation between hourly and daily
mean values for theN trends. This is not necessarily true
for many other aerosol properties and thus we do not support
this methodology without checking the dataset sensitivity for
such averaging. For MK trends, hourly values were used for
consistency with the companion paper methodology.

2.4.1 Quality assurance

The quality assurance protocol for this study was similar to
the companion paper. As some of the data were from non-
GAW stations, a similar procedure as in the GAW station
quality assurance was adapted for this data. The overall pro-
cedure of the data checking was

– 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.

– A questionnaire about changes in instruments, operat-
ing procedures, and data handling was sent to the data
providers. The information from this questionnaire was
used to detect potential disruptions in the dataset.

– The submitted data were independently visually in-
spected in log and in linear scales by the main author
of this work. Questions, especially concerning rapid or
un-characteristic changes in concentration or variability
were then sent to the data providers for resolution.

– 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
was only temporary, and the data were again accepted
when the signal returned to close-to-normal level after
the next instrument check-up.

Notably, this quality assurance removed significant parts of
the data from some of the stations. The updated versions of
the datasets were submitted to the GAW-WDCA database in
NILU EBAS (http://ebas.nilu.no/) for more general use by
other studies. The resulting improvement in the quality of
data highlights the benefits of close interaction between data
users and data providers to long-term monitoring.

2.5 Trends and confidence intervals

Aerosol number concentrations are not usually normally dis-
tributed in either concentration or size space. Traditionally,
the size distribution function is assumed to consist of rela-
tively log-normal modes (Seinfeld and Pandis, 2006). Sim-
ilarly, the aerosol number and mass concentration are also
generally relatively log-normally distributed (van Dingenen
et al., 2004; Asmi et al., 2011). There are some cases how-
ever, where this does not necessarily hold, such as moun-
tain and coastal sites, where particle number histograms can
be formed from several (semi)lognormal modes (Asmi et al.,
2011).

A common feature in almost all atmospheric datasets, and
in particular aerosol number concentrations, is a high auto-
correlation (persistence) of the concentrations (Asmi et al.,
2011). In essence this means that the variability of concen-
tration time series is affected by long wavelength (slow)

www.atmos-chem-phys.net/13/895/2013/ Atmos. Chem. Phys., 13, 895–916, 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 (CIs) for the GLS method are calculated using
an autoregressive bootstrap (ARB) method, showing the 5th and 95th percentile CIs. Mann-Kendall trends and significances are calculated
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 (CIs are the same
sign for GLS trends, for MK trends the trend passes the significance test withp < 0.05, see companion paper for MK test details). For data
quality assurance, see text.

Trend of daily means (yr−1) Trend of night-time means (yr−1)
Dataset Region Period GLS CI (ARB) MK GLS CI (ARB) Notes

NMY ANT 1995–2010 0.2 % −0.5 % 1.0 % 0.8 % 0.4 % −0.3 % 1.1 %
SPO1 ANT 1974–1988 −2.2 % −3.4 % −1.0 % −4.6 % −2.2 % -3.4 % −1.0 % HA
SPO2 1989–2011 −1.5 % −2.4 % −0.5 % −3.4 % −1.5 % −2.3 % −0.6 %
HPB EUR 1995–2011 −0.2 % −1.1 % −0.2 % 0.3 % −0.1 % −0.5 % 0.4 %
JFJ EUR 1997–2010 −1.0 % −2.6 % 0.5 % 0.5 % −0.4 % −1.1 % 0.2 % HA
MHD EUR 2000–2010 0.7 % −2.7 % 3.9 % −0.5 % 1.3 % −2.5 % 4.7 % 1

PAL EUR 1996–2010 −1.5 % −2.6 % −0.4 % −1.0 % −1.3 % −2.2 % −0.2 %
BND NCA 1994–2011 −2.7 % −3.5 % −1.9 % −4.8 % −2.9 % −3.7 % −2.2 %
BRW NCA 1998–2011 0.4 % −1.0 % 2.4 % 1.1 % 0.9 % −0.7 % 2.5 %
SGP NCA 1997–2011 −2.6 % −3.3 % −1.8 % −2.3 % −2.6 % −3.3 % −2.0 %
SPL SPL 1998–2010 −2.4 % −4.5 % −1.1 % −2.6% −2.5 % −4.3 % −1.3 % HA
MLO SWP 1999–2011 −4.0 % −4.7 % −3.3 % −3.1 % −4.5 % −5.3 % −3.6 % HA
SMO1 SWP 1977–1992 −3.7 % −4.3 % −3.0 % −4.0 % −3.5 % −4.0 % −2.9 %
SMO2 1992–2011 −1.1 % −1.7 % −0.4 % −0.3 % −1.2 % −1.9 % −0.4 % 2

Size distribution datasets

HYY20 EUR 1996–2011 −1.3 % −1.9 % −0.8 % −1.0 % −1.2 % −1.8 % −0.6 %
HYY100 −1.5 % −2.5 % −0.5 % −1.9 % −1.6 % −2.6 % −0.7 %
VAR20 EUR 1997–2011 −2.9 % −3.7 % −2.1 % −4.6 % −2.8 % −3.7 % −1.8 %
VAR100 −3.5 % −4.8 % −2.4 % −3.2 % −3.6 % −4.8 % −2.6 %
PAL20 EUR 2000–2010 0.1 % −1.0 % 2.6 % 0.0 % 0.7 % −1.0 % 2.1 % 3,4

PAL100 2.6 % 0.5 % 5.3 % 5.0 % 2.9 % 0.7 % 5.2 % 3,4

MPZ20 EUR 1997–1998 and 0.4 % −0.4 % 1.2 % 1.6 % 0.5 % −0.2 % 1.4 % 5

MPZ100 2004–2010 0.2 % −0.8 % 1.3 % 2.7 % 0.5 % −0.6 % 1.9 % 5

VHL20 EUR 2001–2011 −1.5 % −2.9 % −0.1 % −0.4 % −1.5 % −3.1 % −0.1 %
VHL100 −2.6 % −4.0 % −0.1 % −0.8 % −2.2 % −4.3 % −0.2 %

HA = High altitude station, ANT = Antarctica, EUR = Europe, NCA = North America and Caribbean, SWP = South West Pacific.1 Several instances of exceeding the
instrumental measurement limits in the daytime datasets due to coastal nucleation – gap in 2001.2 Long gap from 1994 to 2004 – significant chance of error or bias in the
analysis, especially as the instrument changed from 2004 on. See Table1. 3 Several data gaps in the last years of dataset, potential bias to trend.4 Station commonly
in-cloud. Trends given for cloud-screened datasets.5 Long gap from 1998 to 2002 – significant chance of error or bias in the analysis.

changes, and thus each measurement of aerosol properties in
the typical measurement time interval is strongly connected
to the previous measurements. This has an effect on the in-
formation content of the time series and can invalidate many
statistical methods that assume independence of the data (von
Storch and Zwiers, 1999). In the context of aerosol trends,
this makes trend fitting using ordinary least squares (OLS)
methods less reliable.

The concept of a trend has an implicit assumption that the
time series of observationsx(i), t (i), i = 1. . .n can be sen-
sibly broken down to a (log) linear long-term change (the
trend) and short-term noise or periodic variability. As particle
number concentrations have typically high autocorrelation, it
is useful to include such effects into the data model. The sim-
plest way is to model the data as lag-1 autoregressive process.

Then, as the seasonality plays a strong role in the aerosol par-
ticle number concentrations, it is useful to take such effects
into account as a stationary seasonal signal�(t(i)). The time
series is thereby separated to:

x(i) = β1 + β2t (i) + �(t(i)) + αr(i − 1) + S(i)e(i) (1)

whereβ1 and β2 are the trend parameters (base level and
slope),�(t) is the seasonal signal,α is the lag-1 autocor-
relation coefficient,S is the magnitude of the random noise
component,e is the random noise term andr(i − 1) is the
total noise term (autocorrelation and random noise) of the
previous observation (i − 1).

Two methods for trend fitting were used: (1) the non-
parametric Mann-Kendall trend analysis (MK) is based on
rank and is associated with the Sen’s slope estimator allowing
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detection of the presence of a trend and its magnitude, re-
spectively (Gilbert, 1987). To correct for autocorrelation in
the data, a pre-whitening procedure was applied to the data
prior to the trend detection (Wang and Swail, 2001; Zhang
and Zwiers, 2004). Both methods were applied to linear
space slope determination, which was then converted to rel-
ative trends by dividing by the sample median. The specifics
of the MK methodology and related significance testing are
described in the companion paper. (2) The generalized least
square (GLS) trends, with either autoregressive or block
bootstrap confidence intervals for statistical significance test-
ing. The GLS approach is adapted fromMudelsee(2010)
with minor modifications (notably assuming that variability
and autocorrelation will not change strongly in the time se-
ries, i.e.α andS are assumed to be time invariant, and by
adding the seasonal components), and thus we only describe
the method in an abbreviated form. Interested readers are rec-
ommended to readMudelsee(2010) Chapters 2, 3 and 4, with
references therein.

2.5.1 Generalized least squares (GLS) trends

GLS fit parametersβ (two trend parameters and four sea-
sonal parameters) are calculated by minimizing the sum of
squares to get the trend parametersβ (Mudelsee, 2010, algo-
rithm 4.3):

SS = (x + Tβ)′V−1(x + Tβ), (2)

where the data arrayx is defined as:

x =

 x(1)
...

x(n)

 , (3)

the time arrayT as:

T =

1 t (1) �1(t (1)) �2(t (1)) �3(t (1)) �4(t (1))
...

...
...

...
...

...

1 t (n) �1(t (n)) �2(t (n)) �3(t (n)) �4(t (n))

 , (4)

where seasonal components�1...4(t) are four seasonal sinu-
soidal components defined as:

�1 = sin
(

2πt
(1yr)

)
,�2 = sin

(
4πt
(1yr)

)
,

�3 = cos
(

2πt
(1yr)

)
,�4 = cos

(
4πt
(1yr)

)
. (5)

The covariance (n, n) matrixV was defined as:

V(i1, i2) = Ŝ2exp

(
−

|t (i1) − t (i2)|

τ̂ ′(α)

)
(6)

where Ŝ is the standard deviation of the analysed signal,
and τ ′(α) is the estimated persistence time approximation
(Mudelsee, 2010, Chapter 2) with autocorrelation bias cor-
rection fromKendall(1954). In our case, the solution for the

minimization of Eq. (2) was obtained using the Matlab func-
tion lscov, which uses either Cholesky or orthogonal decom-
position ofV, depending on the condition ofV (MathWorks,
Inc., 2010).

The GLS fit first approximated theβ factors directly from
the sample, using Eq. (2) with autocorrelation and standard
deviation of the time series. Using the obtained trend and
seasonal signal, the time series was then split into trend, sea-
sonal signal and the residuals (Eq.1). The GLS fitting was
then iterated using the autocorrelation and standard deviation
of the residuals to update theV, until the relative difference
between the trends from the last two iterations was below
1 % of the trend slope.

2.5.2 Bootstrap confidence intervals (CI)

Fitting a trend does not itself tell if there is a significant linear
(or log-linear) change in the time series. Strong seasonality
and noise of the datasets makes the trend detection difficult,
potentially generating spurious trends and tendencies, even
when using non-parametric methods. One approach to esti-
mate the significance of the detected trends is by using sta-
tistical significance tests. The traditional statistical tests, as-
suming a specific shape of the distribution and independent
measurements, are not directly applicable to aerosol particle
number concentration datasets. In this paper, we concentrate
on the bootstrap methods to evaluate the trend significance.

In this context, “bootstrapping” means that we estimate
the robustness of the observed trend by calculating similar
trends from re-sampled datasets, which are generated by ran-
domly sampling (with replacement) the noise terms of the
data model (Eq.1). Figure1 shows the two methods used for
such re-sampled dataset generation in a schematic way.

The autoregressive bootstrap (ARB) approach used is di-
rectly applied from theMudelsee(2010), algorithm 3.5. By
randomly selecting (with replacement) the last part of the
Eq. (1) (e) and re-building the datasets with the original auto-
correlation, trend and seasonality, a semi-random realization
of the time series is created.

For studies of individual monthly trends, we used a mov-
ing block substitution bootstrap process (MBB) (Mudelsee,
2010, algorithm 3.3). This approach is natural for the
monthly data, as the monthly datasets provide compact
blocks of the time series that contain a significant part of
the time series autocorrelation (persistence), and are short
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
randomized selections of the month-sized blocks of residuals
from different years. In monthly data analyses, no seasonal
fitting was implemented (i.e. the� terms in Eq. (4) were ab-
sent).

In both cases, the same trend analysis method as in
the original GLS fit was then done to the bootstrapped
time series (using the original co-variance matrix) to obtain
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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 time
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 fromMudelsee(2010).

bootstrapped trend parametersβ ′. The process was then re-
peated 1000 times in the analyses done in this paper to get the
distribution ofβ ′s, and the confidence intervals were then de-
termined by selecting the 5th and 95th percentiles of this set.
If the confidence interval of the slopes does not include zero
(i.e. CI is either in the increasing or decreasing trend side),
we consider the trend “sign” to be “statistically significant”
(s.s.) at the 95 % confidence level.

3 Results

The trends of number concentrations for the whole period of
study are shown in Table2 and in graphical form in Figs.2–
4. The time periods are not the same for all stations, but an
overall negative trend is evident for stations where a statis-
tically significant trend was observed, with one exception:
CCN-sized (N100) particle number concentrations at Pallas
in Northern Finland. Notably, there is a lack of trend at the
Central European sites JFJ, HPB and MPZ, although in the
case of MPZ, the trend significance and even direction could
be severely affected by the large gap in the data. The lack of
trend in JFJ is in agreement withCollaud Coen et al.(2007).

The trends of night-time concentrations follow the over-
all trends very closely for most stations, showing that the
trends in general are not very sensitive to diurnal variations
in aerosol particle number concentrations. This suggests that
either the trends are controlled by longer-lived aerosol pop-

ulations in the Aitken and accumulation modes rather than
by N formed during nucleation bursts, or that the frequency
and/or intensity of such bursts are relatively unchanging over
the period studied.

The Mace Head (MHD) station data for the daily aver-
ages should be considered with some caution, as relatively
persistent and strong coastal nucleation events had the ten-
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
clearly changed several times during the measurement pe-
riod. Nevertheless, night-time trends for this station have al-
most the same long-term behaviour as the whole-day trends,
even though there were no such nucleation peaks in the night-
time time series. This indicates that the lack of a detected
trend is robust with respect to nucleation events, or that the
signals from the day-time nucleation peaks were diminished
by the upper detection limit of the instrument.

The MK and GLS/ARB methods of trend/significance
testing agreed closely, especially in the sign and significance
of the detected trends. The MK method gave s.s. trends,
which the GLS/ARB method did not only in two cases (BRW
and MHD), even though the MK trends were within the ARB
confidence interval. The MK method gives slightly larger ab-
solute trend values than GLS/ARB for theN datasets, al-
though this result is not universal. Overall, the relatively good
agreement between the two methods on the trend sign, and to
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Table 3.N trends for the period 2001–2010 for stations with at least
9 yr of data in that period. Notation as in Table2. Trends are shown
only for the all-day means, but as in Table2, the differences with
night-time mean trends are minimal.

Trend of daily means (yr−1)

Dataset GLS CI (ARB) MK

NMY 3.3 % 1.7 % 5.1 % 3.7 %
SPO2 4.8 % 0.7 % 9.4 % 1.7 %
HPB 0.4 % −0.2 % 1.1 % 0.3 %
JFJ −2.2 % −3.3 % −1.0 % −1.6 %
MHD 0.9 % −2.6 % 4.8 % 0.9 %
PAL −2.6 % −4.3 % −0.9 % −3.0 %
BND −4.6 % −6.0 % −3.3 % −7.2 %
BRW −0.4 % −2.9 % 2.5 % −1.3 %
SGP −5.7 % −6.6 % −4.5 % −5.3 %
SPL −5.6 % −7.7 % −4.3 % −7.3 %
MLO −2.1 % −3.0 % −1.3 % −3.5 %

Size distribution datasets
HYY20 −2.8 % −3.7 % −1.9 % −3.3 %
HYY100 −2.4 % −3.8 % −0.7 % −1 %
PAL20 0.4 % −0.3 % 1.3 % 0.0 %
PAL100 0.3 % −0.8 % 1.4 % 5.0 %
VAR20 −3.0 % −4.2 % −1.3 % −1.6 %
VAR100 −3.2 % −5.1 % −1.2 % −2.9 %
VHL20 −1.5 % −2.9 % −0.1 % −0.4 %
VHL100 −2.2 % −4.2 % −0.1 % −0.8 %

a lesser degree the trend magnitude, gives credibility to the
technical robustness of the observed trends.

3.1 Trends of 2001–2010

We also calculated the trends for a shorter period, 2001
through 2010 (inclusive). This timeframe was chosen as a rel-
atively long period whenN , scattering, and light absorption
data from many stations were available, to enable compari-
son of trends for different aerosol properties. The trends for
N are shown in Table3. Notable changes from the all-time
trends are the increase of concentrations at the Antarctic sta-
tions (obvious increase in SPO in Fig.2a) and s.s. decrease at
JFJ. Overall, the trends in this period agreed with the longer-
period trends, which may be attributed to the fact that the
full record from some stations was not very different from
the period 2001–2010.

3.2 Monthly trends

Strong seasonality of aerosol number concentrations in many
locations makes the long-term trends of different months in-
teresting to study. The potential of biogenic organic emis-
sions, or possibly seasonal anthropogenic emissions, to affect
number concentrations can influence the trends. We used the
GLS/MBB method of trend evaluation and bootstrap confi-
dence intervals to detect the trends for each month. A similar

analysis was also done with the MK methodology, but the
results are not shown here, because they were similar in sta-
tistical significance.

The results are shown in Fig.3. The stations in the cen-
tral USA have a similar decreasing overall trend but different
seasonal behaviour, with BND decreases concentrated in the
fall months, SGP decreases more in the spring-summer pe-
riod, and SPL having no month with statistical significance
in agreement withHallar et al.(2011). The Pacific stations
have very stable decreasing trends with no clear seasonal ef-
fects. In Antarctica, the apparent decrease of the South Pole
datasets is especially clear from September to May (SH sum-
mer) for SPO1, but no clear seasonal differences in the trends
could be seen at NMY. In Northern Europe, the decreases are
concentrated to wintertime for all PAL, VAR20 and HYY20
datasets. The PAL20 dataset does not agree in its seasonal or
overall trend with the other datasets, most likely due the data
gaps (see next section). The VHL station in Southern Swe-
den shows much weaker winter-time decreasing signal than
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-
ing wintertime, but as this is balanced by increases in other
seasons (especially in the MPZ spring-summer trends), the
overall trends are minimal. The high-alpine JFJ shows a de-
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
coastal station MHD, the only s.s. trend seems be during fall,
when the concentrations are decreasing.

4 Discussion

4.1 Trends of particle number concentrations vs. trends
of “CCN”

As mentioned earlier, different particle sizes have different
impacts on the climate system. Particles larger than 100 nm
have much greater chance to act as cloud condensation nu-
clei and have much higher scattering coefficients. Long-term
measurements of the number size distribution make it possi-
ble to study the trends of different aerosol sizes separately.
Unfortunately, long-term DMPS time series are only avail-
able from European sites, 3 of 5 in Finland, which reduces
the applicability of these trends in a global context. Com-
bined with night-time means, the time series can provide
some information on the direct impact of the new particle for-
mation on the long trends (i.e. on the effect of the “peak” of
the particle number concentration spectra during the nucle-
ation event), and on the possibility to generalize theN trends
to CCN. TheN20andN100GLS/ARB trends agreed almost
perfectly on most available datasets on trend direction, mag-
nitude and significance. For Northern European conditions,
the trends seem to be uniform over the size distributions, and
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Fig. 2. Generalized least squares trends ofN at 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 period
of 2001–2010 (dashed lines). Data coverage per season is shown below each subplot. For SPO and SMO separate trends for datasets with
different instruments are shown.
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Fig. 3.Monthly trends ofN andN20time series, calculated from daily mean values with GLS/MBB methodology for all data available. See
insert for symbol explanation. Symbols and circles inside of the zero line show decreasingN trends (blue) and outside increasingN trends
(red). Black circles and small symbols denote no s.s. trend.
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the observed decrease in theN20is applicable to “CCN” con-
centrations in this area and for this period. The general lack
of difference between all-day and night-time mean trends
demonstrates that the observed trends are robust represen-
tations of the relatively long-lived part of the size distri-
bution, or that the frequency and intensity of new particle
formation events are relatively constant. The similar long-
term behaviour ofN20andN100is in agreement with earlier
studies of short time (2 yr) comparisons of 30–100 nm and
100–500 nm size class concentrations at European stations,
where both concentrations showed a general tendency to fol-
low each other (Fig. 13 inAsmi et al., 2011).

Measurements at PAL are a particular case in this con-
text, as the station has bothN and size distribution (N20
andN100) measurements. The calculated trends do not agree
well (Table2), as the size distribution trends are either in-
creasing or indicate no trend, while the totalN is decreasing.
This could be problematic, as the size cut-off difference be-
tweenN20 andN concentrations is relatively small, 10 nm,
and a large difference in trends suggests high sensitivity to
the smallest particle sizes. However, we found that a pos-
sible reason for this apparent discrepancy is data availabil-
ity, as the later years of the Pallas DMPS measurements had
long gaps during periods with unusually low concentrations
for the season, which effectively removed these low concen-
trations from the trend analysis. This was tested by replac-
ing the missingN20 measurements withN measurements
(which should actually overestimate theN20concentrations
for the period), which results in significantly decreasingN20
concentrations for the measurement period, similar to theN

time series. In another test, we only did trend analyses for
bothN20andN for the period when both were available. In
that test, both time series failed to produce a s.s. trend. This
is not to say thatN20andN are the same series though, even
though there is clear similarity in their behaviour (R2

= 0.61,
n = 2446, for daily mean log10(N)). A similar test could not
be done for theN100 concentrations. However, this analy-
sis shows that gaps of even few months can affect the trend
fitting for such relatively short time series, especially if the
seasonality and overall variability is high.

4.2 Trend reliability

The sensitivity of trend fitting to data gaps, as evidenced in
the PAL station data above, can be problematic in some of
the observed trends. As we do not have similar comparison
datasets for other stations, different amounts of gaps in dif-
ferent seasons and different parts of the datasets can cause
a bias in the observed trends. Graphs under each station’s
time series in Figs.2 and4 show the seasonal data coverage
for each dataset. Highly seasonal datasets (usually located in
extreme latitudes) are perhaps more sensitive to data gaps,
especially in the monthly trends (Fig.3). In the overall trend
calculation, both MK and GLS methods included a fitted sea-
sonal component. This seasonal component fitting makes the

trends less sensitive to seasonal gaps, although the trends will
still be sensitive to gaps that happen during unusually low or
high concentrations for that time of the year. This was the
reason for the trend sign difference at PAL, and there is no
clear way to make sure the same has not happened at stations
with many (or long) data gaps. Even in the best case, the lack
of one season’s data could still affect the fitting of the sea-
sonal component, influencing the detected trends indirectly.

The monthly trends do not have seasonal components for
obvious reasons. This makes them more sensitive to the lack
of data for specific years, especially at either end of the
dataset. By going through the data coverage per season in
Figs.2 and4 and trying to find seasons with particularly low
representation in the dataset, or very one-sided datasets (e.g.,
consisting of mostly data from the beginning of the mea-
surement period), we identified some specific times of the
year when the monthly trends could be affected by data gaps.
These are shown in Fig.3 as gray arcs. The gaps cast doubt
on the the spring-summer increase at MPZ and on the BND
autumn decrease. The above discussion is, however, a sub-
jective analysis of potential errors due the data gaps, and the
true errors, especially at stations with long gaps in the mid-
dle, remain unknown.

4.3 Comparison with optical and mass property trends

In the companion paper, the long-term trends of several
aerosol optical properties are studied. Unfortunately, the long
time series of aerosol particle number concentrations and op-
tical measurements do not have high overlap. Table4 shows
the MK trends ofN and optical properties for the period
2001–2010 for stations with data available onN and either
scattering and/or absorption. Globally, the trends do not have
strong similarities. Only the continental US stations (BND
and SGP) show some similarity betweenN and scattering,
but that could easily be coincidental. Similarly, there is lit-
tle evidence of strong similarity betweenN and absorbing
aerosol trends for this period. As the scattering measure-
ments are more sensitive to the aerosol number concentration
in the larger end of the accumulation mode than to smaller
particles, this casts some doubt on the possibility to gener-
alize N trends to trends in larger particle sizes. When the
similarity between all-day and night-timeN trends is also
considered, the poor agreement ofN and optical property
trends suggest that theN trends are controlled by particles in
the larger range of the Aitken mode and smaller range of the
accumulation mode, i.e. ca. 50–150 nm diameter. Another in-
terpretation of the differences could be that theN trends are
more sensitive to the emissions than are the scattering or ab-
sorption coefficients. From these comparisons of in-situ mea-
surements, it does not seem that the different integral prop-
erties of the aerosol population have high agreement in their
trends.
Satellite and ground based measurements show s.s. decreas-
ing trends of AOD in Europe and North America since the
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Table 4. Comparison of trends and trend significances betweenN

and optical properties (from companion paper). The period of study
is 2001–2010. Only MK trends are shown.

Dataset CN Scattering Abs.
Trend coeff. coeff.
(MK) (MK) (MK)

(% yr−1) (% yr−1) (% yr−1)

NMY 3.7 2.5 −2.5
HPB 0.3 1.7 −3.9
JFJ −1.6 −1.2 −1.0
MHD 0.9 2.7 −2.0
PAL −3.0 −0.9 −

BND −7.2 −1.9 −2.0
BRW −1.3 2.4 −6.5
SGP −5.3 −2.0 −

MLO −3.5 2.7 9.0

late 1990’s, in general agreement with theN trends shown
here (de 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 evident (Hand et al., 2012), also shown in the global mod-
elling study ofLeibensperger et al.(2012). Although the de-
creases in Europe and US are similar inN , 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 example,Wang
et al. (2012) showed significant differences between PM2.5
and PM10 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 ofN data
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 is−5.7 % yr−1 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
analyses were done with data from 2001–2010 (inclusive)
only, to include the maximum number of stations and to keep

them comparable to each other. This is thus more of a study
of behaviour during the past decade, rather than longer-term
trends.

The mechanisms compared are:

1. Yu et al. (2012) proposed that increasing air tempera-
tures lead to decreasing trends of aerosol number con-
centrations. The mechanism was based on the principle
of higher temperatures increasing the saturation vapour
pressure of the nucleating species, thereby decreasing
the nucleation rate and finally the aerosol particle num-
ber concentration. As saturation vapour pressures are
generally exponentially-dependent on air temperature,
the approximate relationship between nucleation rate
(J ) and temperature trends (tr) would be tr(log(J ))∼-
tr(T ). As the model calculations inYu et al.(2012) had
a similar (but weaker) response onN as for the nucle-
ation rates, a similar approximate relationship is here
assumed to exist betweenN andT trends as well. No-
tably, Yu et al. (2012) compared surface temperature
trends from an IPCC report with modelledN 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◦

× 2.5◦) product of lower troposphere temperatures
from http:www.remss.com. The data would then sup-
port theYu et al. (2012) hypothesis and theMerikanto
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 observedN values.

2. In continental areas, surface temperatures have poten-
tial impacts on volatile organic compound (VOC) emis-
sions from biogenic sources (Schurgers et al., 2009).
Oxidation of VOCs can affect aerosol formation rates
(Kulmala et al., 2004a; Paasonen et al., 2010) and
mass concentration (Leaitch et al., 2011). Tunved et al.
(2006) showed that increase in monoterpene emissions
do, at least in the Boreal zone, increases bothN and
CCN. As the emission rate is related to the exponen-
tial of the temperature (as in case I, above), the ex-
pected functional form would be tr(log(N ))∼tr(T ). 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 applethttp://data.giss.
nasa.gov/gistemp/maps/1 (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

1with the settings
GHCN GISSHR2SST1200kmTrnd011220012010
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from land vegetation, it should not influence stations in
marine or polar environments The temperature-VOC-N

relationship can also be much more complex than pre-
sented in this analysis.Metzger 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. SO2 is 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
SO2 and PM10 emission inventories for the years 2000–
2008 from EDGARv4.2 global emission inventory2.
The timeframe is slightly different than for theN 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
emissions, and thus the comparison was aimed at the
question: are the relative trends similar forN and the
potential anthropogenic precursors?

4. Aerosols affect the meteorology, but meteorology also
affects the aerosol. Besides the temperature effects (1
and 2 above), two other potential meteorological ex-
planations for the aerosol number trends were consid-
ered: (i) precipitating clouds are a major sink for the
CCN-sized particles, and thus changes in precipitation
should also influence the long-term aerosol number con-
centrations. An increase in rainfall should thus be as-
sociated with a decrease in particle concentrations. (ii)
Aerosol and aerosol precursor emissions are generally
at ground level, but the concentration is affected by
the height of the mixed layer. If there is a consistent

2Downloaded fromhttp://edgar.jrc.ec.europa.eu/overview.php?
v=42 as IPCC level 1 datasets, summed for all sectors. Source:
European Commission, Joint Research Centre (JRC)/Netherlands
Environmental Assessment Agency (PBL). Emission Database for
Global Atmospheric Research (EDGAR), release version 4.0.http:
//edgar.jrc.ec.europa.eu, 2009.

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 heights3 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 onN trends. Recently,Tai et al.
(2012) showed that the interannual variability of PM2.5
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 events (Kerminen et al.,
2001). Thus an increase of precipitation could also in-
creaseN .

For all the datasets described above, we did a simple ordinary
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
normally distributed. For relative trends, the fit was done to
the logarithm of the data. No tests of statistical significance
were done for these comparison datasets, and thus the main
idea was to identify possible qualitative similarities between
N trends and these potential controlling factors. The result-
ing trends are shown in Fig.5; as aerosol particles have a
life time of approximately one week, we will concentrate on
the changes in the regional behaviour of the potential trend
drivers.

Free tropospheric temperatures have decreased or stayed
the same near almost all of the stations (Fig.5a), which
does not agree with the expectations of case (1) above. We

3Data were downloaded with times 00:00 and 12:00 with step of
12 h. The monthly means of daily forecast accumulations of precip-
itation were obtained by summing both monthly values as described
in http://www.ecmwf.int/products/data/archive/datafaq.html. The
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 concentrationsN20 (black dots) andN100(green dots). The notation is the same as in Fig.2,
except for the dot colour.

can not compare the results near the Antarctic stations due
the limitations of the RSS MSU coverage, but for the other
stations the qualitative agreement in the trends between FT
temperature andN is evident. Even if the nucleation is actu-
ally dominated by the surface temperatures, the high similar-
ity between FT temperature trends and surface instrumental
trends (Fig.5b) do not provide support for case (1) for this
time period, as the trends are generally in the same direc-
tion or non-existent. The disagreement between the spatial
variability of different satellite-derived FT temperature prod-
ucts creates some uncertainty in this analysis (Xu and Pow-
ell, 2011). The surface temperature trends (Fig.5b) resem-
ble theN trends at continental sites where mechanism (2)
could apply, especially considering that the prevailing winds
in Northern Europe are from the western direction. The ma-
rine sites do not have visible temperature trends in the GISS
dataset, and the similarity between AntarcticN andT trends
is most likely co-incidental, as there is no vegetation to emit
VOCs in that region. Overall, of the temperature-based trend
mechanisms, case (2) seems to have better agreement with
the measurements for this time period. However, when the
time period studied is increased to cover the period from
1995–2010 (Fig.6), the picture for the case (2) changes: even
though the number concentration trends for this time period
are still negative in Northern Europe and the continental US,
the surface temperature has actually increased in Northern
Europe over the period. This change in the temperature trend,

depending on the period studied, but not observed in theN

trends, suggests that the overallN trends are not consistently
affected by air temperature changes. This results casts doubts
on the global explanatory power of both theories (1) and (2)
as a dominating effect4. Additionally, the locations where the
2000–2010 surface temperature andN trends agree most evi-
dently, central USA and Northern Europe, have most of their
N decreases during wintertime – a period of decreased or
non-existent BVOC emissions.

According to the EDGARv4.2 inventory, anthropogenic
emissions have changed in the period from 2000–2008
(Fig. 5c–d). The trends in SO2 and PM10 emissions in Eu-
rope and North America have many similarities with theN

trends, especially for SO2. In the Pacific region, increases
from shipping emissions do not have similar behaviour as the
N trends, suggesting that the trends there are not sensitive
to the anthropogenic emissions of these species, or that the
inventories are incomplete. The inventoried anthropogenic
emissions are zero for Antarctica, but there are indications
that emissions from the South Pole base itself might affect

4We also compared the theN trends with the trends of an-
other instrumental temperature dataset: CRUTEM4v (Jones et al.,
2012), which resulted in qualitatively similar results (see Supple-
ment Fig. S1), with the main difference being that the for 1995–
2010 period, the region around Continental US sites had generally
no trend in the temperature records.
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Fig. 5. Comparison of different potential explanatory mechanisms for GLS/ARBN trends 2001–2010, blue symbols indicate statistically
significant decreasing trends, red symbols s.s. increasing trends and black symbols indicate no s.s. trend. For DMPS datasetsN20 was
used. Comparison trends were calculated with OLS.(a) RSS Lower troposphere temperature from satellite microwave sensors;(b) GISS
surface instrumental temperature trend;(c–d) EDGARv4.2 emission inventory trends for SO2 and PM10, 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 SPO5. Overall, anthropogenic SO2
emissions generally have similar behaviour asN trends in
this period, and we could not find opposing trends betweenN

concentrations and PM10 emissions, making the trend model
(III) for SO2 a possible partial explanation of the aerosol
particle number concentration trends. Notably, the trends of
the SO2 emission datasets are also decreasing in the 1995–
2008 period (not shown), making the anthropogenic influ-

5Construction of the IceCube neutrino observatory began in
winter 2006–2007, which involved a large amount of drilling and
snow moving, as the large detectors were buried deep beneath the
ice surface. Moreover, the number of personnel at the station (at
least over the summer seasons) has increased substantially.

ences a potential explanation of the observedN trends on that
timescale as well. However, the absence of a decreasingN

trend at MPZ and HPB, even with the decrease in Central Eu-
ropean SO2 emissions, shows that this process is not neces-
sarily linearly correlated in polluted environments, presum-
ably due to multiple complex feedbacks in aerosol growth
and dynamics (Hamed et al., 2010).

Total precipitation trends were generally weakly increas-
ing near the measurement stations (Fig.5e), and further anal-
ysis (not shown) with separate large-scale and convective
precipitation did not change this weak connection between
the two. The largest changes in total precipitation were con-
centrated in the tropics, where no long-term measurements

Atmos. Chem. Phys., 13, 895–916, 2013 www.atmos-chem-phys.net/13/895/2013/
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Fig. 6.Same as Fig.5, but for period of 1995–2010. Note that some
of the stations’ CN trends are not for the complete period of 1995–
2010, see Table2 for the maximum coverage.

of N are yet available. Boundary layer heights did not ei-
ther show high similarity with the observed trends, especially
as in most of Europe the boundary layer height actually de-
creased during this period. We also did not find a similarity
of mountain station (JFJ, MLO, SPL)N trends and boundary
layer height trends. Overall, we did not find clear evidence of
an impact of these meteorological parameters on theN con-
centration trends.

5 Conclusions

Trend analyses showed that the near-surface concentrations
of atmospheric aerosol particles decreased at most observa-
tion points since the 1990’s. These changes are visible and
statistically significant in most locations studied in this pa-
per, covering Northern Europe, North America, Antarctica,
and the Pacific Ocean. The derived negative relative trends
are generally slightly lower in magnitude than the reduction
of anthopogenic SO2 emissions over the last decades in EU
and in US. However, the low number of stations with long
datasets does not allow us yet to conclude that such decreas-
ing trends are universal, regionally or globally.

Aerosol number concentration trends showed clear sea-
sonal variations, with Northern European stations especially
showing decreasingN trends during wintertime. As the win-
tertime concentrations should also be less influenced by bio-

genic sources of aerosol particles and aerosol precursors, this
result suggests that the decrease in Northern Europe is more
due to anthropogenic sources than biogenic ones. In the cen-
tral USA, the three stations showed clearly decreasingN

trends, although in different seasons. In the Pacific, the ob-
served decreases did not have a seasonal cycle.

At stations where size distribution measurements were
available, the trends of number concentrations of over 20 nm
particles and over 100 nm particles generally agreed very
closely with each other, suggesting that, at least for North-
ern European conditions, the observed decreasing trends are
happening for bothN and CCN size ranges.

Comparison with results from the companion paper do
not show clear similarities between theN and optical prop-
erties trends, although the locations where this comparison
could be made was limited. We also observed that gaps in
the dataset can affect the resulting trends, especially at loca-
tions with large seasonal cycles. Based on this, we can not
recommend using short time campaign-type measurements
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.

The high level of agreement between the two fitting meth-
ods used in this paper demonstrates the technical reliability
of the trend fitting procedures. However, the overall relia-
bility of the trends is also dependent on the data availabil-
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-
vide us with the only qualified estimations of long-termN
behaviour in these environments. Overall, we consider the
observed trends to be the best available information on the
trends ofN at present.

There is no real reason to assume that there is only one
process affectingN trends at one station, or that the same
process would be effective globally. The low number of sta-
tions, and especially the lack of long-duration measurements
in Asia and in the tropics, still limits the applicability of this
kind of trend analysis for more effective conclusions of the
factors affecting global aerosol loadings. The strongest sup-
port for the observed decrease inN during 2001–2010 pe-
riod, of the limited set of potential reasons for these trends
that was considered, is the reduction in the anthropogenic
sources of aerosols and aerosol precursors, SO2 in partic-
ular. Another possible driver could be from the regional
cooling of the atmosphere in Europe and Northern Amer-
ica during this period, decreasing the secondary biogenic
aerosol mass in these regions. However, further analysis with
longer time periods and seasonal variation did not support
such a temperature-based effect. We could not find evidence
of temperature-nucleation feedback suggested byYu et al.
(2012) based on free tropospheric or surface temperature
trends. This does not mean that such processes could not af-
fect the atmosphere in different regions, over different time-
scales and different periods of time. We could also not find
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clear similarity betweenN trends and trends of total precip-
itation or boundary layer height. The two Central European
low-land stations did not show statistically significant trends.
However, there are decreasing trends in monthly-analysed
winter-time concentrations measured at these stations. As the
role of biogenic emissions should be lessened during winter-
time (making the anthropogenic emissions more prominent),
this could indicate a role of human-induced emission de-
creases also in HPB and MPZ dataset trends, which are
masked by biogenic emission increases during the summer.
This hypotheses, if true, hints that a simplified one-driver
model of aerosol number concentration trends is not ade-
quate, and future analyses of aerosol trend drivers must be
able to include competing processes affecting the aerosol
concentrations. A rigorous determination of which factors
are actually behind the decreasing trends is left to future stud-
ies.

The past trends are useful for determining the mechanisms
and sources behind the aerosol number concentrations. Until
the cause of the trends is better constrained, however, draw-
ing strong conclusions about the future of aerosol number
concentrations is not possible. If the anthropogenic influ-
ences, suggested by part of the datasets, are really behind
these significant decreases in the particle number, and the as-
sumption thatN trends are representative of CCN trends is
valid, the strong warming forcing of pollution controls sug-
gested byBrasseur and Roeckner(2005) could have some
support from these results. There are indications that, in some
areas, this change in emissions has already happened, making
this decrease of particle number only of historical importance
in those regions (Leibensperger et al., 2012), but the global
effects of further air quality controls could still be adverse to
climate (Kloster et al., 2008; Makkonen et al., 2012).

Keeping the long time series consistent requires consider-
able financial and human effort. The trend analyses in this
paper and the companion paper clearly show the importance
of long time commitments to atmospheric aerosol measure-
ments. Detecting changes in aerosol properties and identi-
fying potential feedback mechanisms resulting from envi-
ronmental changes will require sustained efforts done within
GAW, IMPROVE, EMEP, and GUAN networks, supporting
activities such as EUCAARI (Kulmala et al., 2011), and con-
tinuous support to aerosol observing infrastructures such as
EUSAAR or ACTRIS in the EU. Currently, there are aerosol
particle number concentration time series from 27 stations,
and 14 stations with size distribution datasets in the EBAS
database (http://ebas.nilu.no). Most of these measurements
are ongoing, and in about 5 yr they start to be long enough to
qualify for trend analyses. However, even with this increased
data availability, there is and will be still a clear inadequacy
in the measurement network density in many areas of the
world, which limits the assessment of aerosol variability at
the global scale, and makes it even harder to increase our un-
derstanding of future changes in the atmosphere.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/13/
895/2013/acp-13-895-2013-supplement.pdf.
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der Messreihen”). W. B. thanks Birgit Wehner and Thomas Tuch for
their involvement in collecting TDMPS data at Melpitz. The authors
appreciate the dedication, commitment, and effort of Randolph Bo-
rys, Douglas Lowenthal, Ian McCubbin, and Peter Atkins towards
the long-term measurements of aerosol concentration at Storm Peak
Laboratory (SPL). Instrumentation at Storm Peak Laboratory used
in this analysis was purchased via a grant AGS-0079486 from the
US National Science Foundation. The authors would like to thank
the numerous, but unfortunately unnamed technical and scientific
staff members of the stations included in these analyses, working in
the last decades to make the stations operable.

The authors also like to thank the two anonymous reviewers for
their useful and perceptive comments on the manuscript.

Edited by: M. C. Facchini

Atmos. Chem. Phys., 13, 895–916, 2013 www.atmos-chem-phys.net/13/895/2013/

http://ebas.nilu.no
http://www.atmos-chem-phys.net/13/895/2013/acp-13-895-2013-supplement.pdf
http://www.atmos-chem-phys.net/13/895/2013/acp-13-895-2013-supplement.pdf
http://ebas.nilu.no/
http://data.giss.nasa.gov/gistemp/maps/
http://data.giss.nasa.gov/gistemp/maps/


A. Asmi et al.: Aerosol decadal trends – Part 2 913

The publication of this article is financed by CNRS-INSU.

References

Aitken, J.: On improvements in the apparatus for counting the dust
particles in the atmosphere, Nature, 16, 134–172, 1889.

Asmi, A., Wiedensohler, A., Laj, P., Fjaeraa, A.-M., Sellegri, K.,
Birmili, W., Weingartner, E., Baltensperger, U., Zdimal, V.,
Zikova, N., Putaud, J.-P., Marinoni, A., Tunved, P., Hansson, H.-
C., Fiebig, M., Kivek̈as, N., Lihavainen, H., Asmi, E., Ulevicius,
V., Aalto, P. P., Swietlicki, E., Kristensson, A., Mihalopoulos,
N., Kalivitis, N., Kalapov, I., Kiss, G., de Leeuw, G., Henzing,
B., Harrison, R. M., Beddows, D., O’Dowd, C., Jennings, S. G.,
Flentje, H., Weinhold, K., Meinhardt, F., Ries, L., and Kulmala,
M.: Number size distributions and seasonality of submicron par-
ticles in Europe 2008–2009, Atmos. Chem. Phys., 11, 5505–
5538,doi:10.5194/acp-11-5505-2011, 2011.

Birmili, W., Berresheim, H., Plass-D̈ulmer, C., Elste, T., Gilge,
S., Wiedensohler, A., and Uhrner, U.: The Hohenpeissenberg
aerosol formation experiment (HAFEX): a long-term study
including size-resolved aerosol, H2SO4, OH, and monoter-
penes measurements, Atmos. Chem. Phys., 3, 361–376,
doi:10.5194/acp-3-361-2003, 2003.

Birmili, W., Weinhold, K., Nordmann, S., Wiedensohler, A.,
Spindler, G., M̈uller, K., Herrmann, H., Gnauk, T., Pitz, M.,
Cyrys, J., Flentje, H., Nickel, C., Kulhbusch, T., Lschau, G.,
Haase, D., Meinhardt, F., Schwerin, A., Ries, L., and Wirtz,
K.: Atmospheric aerosol measurements in the German Ultrafine
Aerosol Network (GUAN) – Part 1: Soot and particle number
distributions, Gefahrstoffe Reinhalt. Luft, 69, 137–145, 2009.

Bodhaine, B. A.: Aerosol measurements at four background sites,
J. Geophys. Res., 88, 10753–10768, 1983.

Borys, R. D. and Wetzel, M. A.: Storm peak laboratory: A research,
teaching, and service facility for the atmospheric sciences,
Bull. Amer. Meteor. Soc., 78, 2115–2123,doi:10.1175/1520-
0477(1997)078¡2115:SPLART¿2.0.CO;2, 1997.

Boulon, J., Sellegri, K., Venzac, H., Picard, D., Weingartner, E.,
Wehrle, G., Collaud Coen, M., B̈utikofer, R., Fl̈uckiger, E., Bal-
tensperger, U., and Laj, P.: New particle formation and ultrafine
charged aerosol climatology at a high altitude site in the Alps
(Jungfraujoch, 3580 m a.s.l., Switzerland), Atmos. Chem. Phys.,
10, 9333–9349,doi:10.5194/acp-10-9333-2010, 2010.

Brasseur, G. P. and Roeckner, E.: Impact of improved air quality on
the future evolution of climate, Geophys. Res. Lett., 32, L23704,
doi:10.1029/2005GL023902, 2005.

Charlson, R. J.: Atmospheric visibility related to aerosol mass
concentration: review, Environ. Sci. Technol., 3, 913–918,
doi:10.1021/es60033a002, 1969.

Colette, A., Granier, C., Hodnebrog, Ø., Jakobs, H., Maurizi, A.,
Nyiri, A., Bessagnet, B., D’Angiola, A., D’Isidoro, M., Gauss,
M., Meleux, F., Memmesheimer, M., Mieville, A., Rouı̈l, L.,
Russo, F., Solberg, S., Stordal, F., and Tampieri, F.: Air quality

trends in Europe over the past decade: a first multi-model assess-
ment, Atmos. Chem. Phys., 11, 11657–11678,doi:10.5194/acp-
11-11657-2011, 2011.

Collaud Coen, M., Weingartner, E., Nyeki, S., Cozic, J., Hen-
ning, S., Verheggen, B., Gehrig, R., and Baltensperger, U.:
Long-term trend analysis of aerosol variables at the high-
alpine site Jungfraujoch, J. Geophys. Res., 112, D13213,
doi:10.1029/2006JD007995, 2007.

Collaud Coen, M., Andrews, E., Asmi, A., Baltensperger, U.,
Bukowiecki, N., Day, D., Fiebig, M., Fjaeraa, A., Flentje, H.,
Hyvärinen, A., Jefferson, A., Jenning, S. G., Kouvarakis, G., Li-
havainen, H., Lund Myhre, C. L., Malm, W. C., Mihapopoulos,
N., Molenar, J. V., O’Dowd, C., Ogren, J., Schichtel, B. A., Sheri-
dan, P., Virkkula, A., Weingartner, E., Weller, R., and Laj, P.:
Aerosol decadal trends – Part 1: In-situ optical measurements at
GAWand IMPROVE stations, Atmos. Chem. Phys., 13, 869–894,
doi:10.5194/acp-13-869-2013, 2013.

de Meij, A., Pozzer, A., and Lelieveld, J.: Trend analysis in
aerosol optical depths and pollutant emission estimates be-
tween 2000 and 2009, Atmospheric Environment, 51, 75–85,
doi:10.1016/j.atmosenv.2012.01.059, 2012.

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bid-
lot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer,
A. J., Haimberger, L., Healy, S. B., Hersbach, H., H.-L., E. V.,
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G., and Bastian, S.: Mobility particle size spectrometers: har-
monization of technical standards and data structure to facili-
tate high quality long-term observations of atmospheric parti-
cle number size distributions, Atmos. Meas. Tech., 5, 657–685,
doi:10.5194/amt-5-657-2012, 2012.

Xu, J. and Powell, A. M.: Uncertainty of the strato-
spheric/tropospheric temperature trends in 1979–2008: multiple
satellite MSU, radiosonde, and reanalysis datasets, Atmos.
Chem. Phys., 11, 10727–10732,doi:10.5194/acp-11-10727-
2011, 2011.

Yoon, Y. J., Ceburnis, D., Cavalli, F., Jourdan, O., Putaud,
J. P., Facchini, M. C., Decesari, S., Fuzzi, S., Sellegri, K.,
Jennings, S. G., and O’Dowd, C. D.: Seasonal characteris-
tics of the physicochemical properties of North Atlantic ma-
rine atmospheric aerosols, J. Geophys. Res., 112, D04206,
doi:10.1029/2005JD007044, 2007.

Yu, F., Luo, G., Turco, R. P., Ogren, J. A., and Yantosca, R. M.:
Decreasing particle number concentrations in a warming atmo-
sphere and implications, Atmos. Chem. Phys., 12, 2399–2408,
doi:10.5194/acp-12-2399-2012, 2012.

Zhang, X. and Zwiers, F.: Comment on “Applicability of prewhiten-
ing to eliminate the influence of serial correlation on the Mann-
Kendall test” by Sheng Yue and Chun Yuan Wang, Water Resour.
Res., 40, W03805,doi:10.1029/2003WR002073, 2004.

Atmos. Chem. Phys., 13, 895–916, 2013 www.atmos-chem-phys.net/13/895/2013/

http://dx.doi.org/10.5194/acp-10-4775-2010
http://dx.doi.org/10.5194/acp-12-3131-2012
http://dx.doi.org/10.5194/acp-12-3131-2012
http://dx.doi.org/10.5194/acp-3-2183-2003
http://dx.doi.org/10.1126/science.1123052
http://dx.doi.org/10.5194/acp-9-1465-2009
http://dx.doi.org/10.5194/acp-12-9387-2012
http://www.euro.who.int/document/e79097.pdf
http://dx.doi.org/10.5194/amt-5-657-2012
http://dx.doi.org/10.5194/acp-11-10727-2011
http://dx.doi.org/10.5194/acp-11-10727-2011
http://dx.doi.org/10.1029/2005JD007044
http://dx.doi.org/10.5194/acp-12-2399-2012
http://dx.doi.org/10.1029/2003WR002073

