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Abstract. Aerosol particles are essential constituents of the Earth’s atmosphere, impacting the earth radiation balance
directly by scattering and absorbing solar radiation, and indirectly by acting as cloud condensation nuclei. In contrast to mos
greenhouse gases, aerosol particles have short atmospheric residence time resulting in a highly heterogeneous distribution
space and time. There is a clear need to document this variability at regional scale through observations involving, in
particular, the in-situ near-surface segment of the atmospheric observations system. This paper will provide the widest effor
so far to document variability of climate-relevant in-situ aerosol properties (namely wavelength dependent particle light
scattering and absorption coefficients, particle number concentration and particle number size distribution) from all sites
connected to the Global Atmosphere Watch network. High quality data from almost 90 stations worldwide have been
collected and controlled for quality and are reported for a reference year in 2017, providing a very extended and robust view
of the variability of these variables worldwide. The range of variability observed worldwide for light scattering and
absorption coefficients, single scattering albedo and particle number concentration are presented together with preliminar
information on their long-term trends and comparison with model simulation for the different stations. The scope of the
present paper is also to provide the necessary suite of information including data provision procedures, quality control anc
analysis, data policy and usage of the ground-based aerosol measurements network. It delivers to users of the World Da
Centre on Aerosol, the required confidence in data products in the form of a fully-characterized value chain, including
uncertainty estimation and requirements for contributing to the global climate monitoring system.

1 Introduction

Climate change is perceived as one of the world’s greatest threats with the potential to undermine the three social, econom
and environmental pillars of sustainability. Changing atmospheric composition is one of the important drivers of climate
change acting both on the global scale (i.e. warming related to long-lived greenhouse gases sgcinaiso@Ghe regional

scale where atmospheric compounds with shorter lifetime may enhance or slightly reduce warming from long-lived

greenhouse gases.
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Aerosol particles are essential constituents of the Earth’s atmosphere, impacting the earth’s radiation balance directly b
scattering and absorbing solar radiation, and indirectly by acting as cloud condensation nuclei. In the recent IPCC Reports o
Climate Change (AR5), the impact of aerosols on the atmosphere is widely acknowledged as still one of the most significan
and uncertain aspects of climate change projections (IPCC, 2013, Bond et al., 2013). The magnitude of aerosol forcing i
estimated to be —0.45 (-0.95 to +0.05) W far aerosol alone and —0.9 (-1.9 to —0.1) W when aerosol/cloud feedbacks

are accounted for, both with medium confidence level. A more recent study by Lund et al (2018) report aerosol direct
radiative forcing of-0.17 W m™2 for the period 1750 to 2014, significantly weaker than the IPCC AR5 2011-1750 estimate.
Differences are due to several factors, including stronger absorption by organic aerosol, updated parameterization of Blac!

Carbon (BC) absorption in the applied model, and reduced sulphate cooling.

The mechanisms by which aerosol particles influence the Earth’s climate have been subject to numerous studies in the la
decades and are well understood, yet the uncertainty of the anthropogenic forcing still remains the largest uncertainty amon
the factors influencing changes in climate. In contrast to most greenhouse gases, aerosol particles have short atmosphe
residence time (days) and undergo transport, mixing, chemical aging, and removal by dry and wet deposition, resulting in ¢
highly heterogeneous distribution in space and time. Different parameterizations used to calculate atmospheric mass loac
lead to high diversity among global climate models (Textor et al., 2006; Huneeus et al., 2011; Tsigaridis et al., 2014; Bian et
al., 2017). There are several reasons for the high uncertainty: uncertainties associated with aerosol and aerosol precurs
emissions linked to new particle formation, in particular for the pre-industrial period; uncertainties in the representation of
the climate-relevant properties of aerosol including the representation of the pre-industrial conditions); uncertainties in the
parametrization of sub-grid processes in climate models, in particular for cloud processes (updraft velocity, cloud liquid
water content, cloud fraction; relationship between effective radius and volume mean radius, impact of absorbing impurities
in cloud drop single scattering albedo, etc.); and uncertainties in providing an adequate characterization of aerosol climate
relevant properties (spatial and temporal variability). A study published by Carslaw and coworkers (2013) has shown that
45% of the variance of aerosol forcing arises from uncertainties in natural precursor emissions, also in line with the results o
Lund et al. (2018).

The study of Lund et al. (2018) also highlights the importance of capturing regional emissions and verification with

measurements. Natural and anthropogenic emissions of primary aerosol and their gaseous precursors have been estimatel
different scales in many studies and inventories are now providing fairly accurate information on historical emission trends.
Historical emission estimates for anthropogenic aerosol and precursor compounds are key data needed for assessing aero
impact on climate, but are difficult to obtain with precision and there are important discrepancies amongst different estimates
even for key aerosol climate forcers like black carbon (Granier et al., 2011; Klimont et al., 2017; Lamarque et al., 2010;
Wang et al., 2014). For example, in a recent study using ice-core records from Alpine regions, Lim et al. (2017) showed tha

BC emission inventories for the period 1960s—-1970s may be strongly underestimating European anthropogenic emissions.
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Providing reliable observations of aerosol properties relevant to climate studies at spatial and temporal resolution suited t
users is essential. For example, a measured decrease in pollutant concentrations would be the ultimate indicator of

successful policy to reduce emissions. However this requires long-term production and delivery of science-based data o
known quality in terms of precision, accuracy and sufficient density of data points over the region of interest for the

measurements to be representative. Similarly, evaluating model performances from comparisons with observations require
that sets of high quality data are made available in comparable formats, with known uncertainties so that comparisons ar
meaningful. Current modelling tools are suited to the diversity of applications required by the disparate spatial and temporal
scales of atmospheric impacts on climate, human health and ecosystems. There is still a need for accurate representation
observed aerosol which remains challenging, leading to considerable diversity in the abundance and distribution of aerosol
among global models. Capacity exists to deliver information products in a form adapted to climate policy applications in

particular, but models need to be validated against measured atmospheric composition both in the short- and long-terr
(Benedetti et al., 2018).

One major aspect of aerosol forcing on climate is linked to its multi-variable dimension: optical properties of an aerosol
particle population are closely linked to its chemical, physical and hygroscopic properties and also to the altitude-
dependency of these parameters, which undergo significant short-term (diurnal) temporal variations. The effects of aerosc
on climate are driven by both extensive and intensive aerosol properties. Aerosol extensive properties depend on both th
nature of the aerosol and the aerosol particle concentration. In contrast, intensive properties are independent of particl
concentration and instead relate to intrinsic properties of the aerosol particles (Ogren, 1995). Table 1 lists properties relevar
to the determination of aerosol climate forcing. We use the terminology proposed by OSCAR (https://www.wmo-

sat.info/oscar/) and Petzold et al. (2013) for the specific case of black carbon. Some of the aerosol properties in Table 1 ar
recognized as aerosol Essential Climate Variables (ECVs) products for climate monitoring in the Global Climate Observing
System (GCOS). The WMO/GAW Report No. 227 (2016) provides a synthesis of methodologies and procedures for
measuring the recommended aerosol variables within the GAW network. The report identifies a list of comprehensive
aerosol measurements to be conducted as a priority as well as core measurements to be made at a larger number of station
It is clear that neither a single approach to observing the atmospheric aerosol nor a limited set of instruments can provide th
data required to quantify aerosol forcing on climate in all its relevant dimensions and spatial/temporal scales (Kahn et al.,
2017; Anderson et al., 2005). Observations from space through remote sensing methods are providing key information tc
accurately document extensive properties but are still not sufficient to provide information with the required degree of spatial
and temporal resolution needed for many applications. Further, remote sensing retrievals have only limited capabilities for
determining aerosol chemistry, aerosol particle light absorption, particle size number distribution, Condensation Nuclei
(CN), Cloud Condensation Nuclei (CCN) and Ice Nuclei (IN) (Kahn et al., 2017). Instead, in situ observations from

stationary surface observatories, ships, balloons, and aircraft provide very detailed characterizations of the atmospheri

5
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195 aerosol, often on limited spatial scales. Non-continuous mobile platforms such as aircraft and balloons provide the vertical
dimension, however, with limited temporal resolution. The current availability and accessibility of ground-based datasets on
climate relevant aerosol properties vary substantially from place to place. An aerosol observing system for climate requires
that all the types of observations are combined with models to extrapolate measurement points to large geographical scal
against which satellite measurements can be compared (e.g., Anderson et al., 2005, Petéja et al., 2016).

200
The in-situ segment of atmospheric observations is very complex and involves multiple partners, some are organized ir
measurement networks, active at regional or global scales, some are working almost independently. Networks suppor
consistent, long-term measurements of atmospheric variables in order to detect trends and assess reasons for those trer
Information on the variability of aerosol properties from ground-based stations can mainly be divided into two types: (i) in-

205 situ networks driven by policy initiatives, with a relatively close relationship to stakeholders and often structured at country
scale, providing limited sets of aerosol variables and (ii) the research-based networks, organized at continental or
international scales particularly focusing on climate-relevant parameters. The Global Atmosphere Watch (GAW) Programme
of the World Meteorological Organization (WMO) was established in 1989 and the GAW aerosol measurement programme
in 1997 originally dedicated to monitoring of climate-relevant species. Networks contributing to the provision of climate

210 relevant aerosol properties are mainly structured with three different categories, some of them affiliated to GAW as

contributing networks and some other operating independently:

* Networks for the detection of Aerosol Optical Depth (AOD): AERONET (https://aeronet.gsfc.nasa.gov/), GAW
PFR (http://www.pmodwrc.ch/worcc/) and CARSNET (China Aerosol Remote Sensing NETwork, Che et al.,
215 2009). Aerosol optical depth (AOD) is one of five core aerosol variables recommended for long- term continuous
measurements in the GAW programme.
« Networks for the detection of aerosol profiles which are internationally organized into GALION (GAW Aerosol
Lidar Observing Network) and composed of lidar instruments operating within NDACC (Network for the Detection
of Atmospheric Composition Changes), EARLINET/ACTRIS (European Atmospheric Lidar Network) and
220 MPLNET, principally ADNET in Asia and MPLNET. Other lidars (CLN, CORALNET, ALINE) contribute to
GALION goals but are not at the same level of maturity or are solely regional in extent.
« Networks for the detection of in-situ aerosol properties, mainly divided into contributions from NOAA'’s Federated
Aerosol Network (NFAN), encompassing sites primarily in North America but also including sites in Europe, Asia,
and the southern hemisphere, including Antarctic sites (NFAN, Andrews et al.,, 2019) and ACTRIS
225 (https://actris.eu) in Europe, but also including sites other WMO regions (https:/cpdb.wmo.int/regions). In Europe,
the European Monitoring and Evaluation Programme' EMEP (https://www.emep.int), and, in the US, the
IMPROVE network (http://vista.cira.colostate.edu/Improve/) are also providing key information on aerosol in-situ
variables (Tgrseth et al, 2012). Additional networks contributing to the provision of in-situ aerosol properties are

6
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the Canadian Air and Precipitation Monitoring NetlwdgCAPMoN), the Acid Deposition Monitoring Netwoik
East Asia (EANET) and the Korea Air Quality NetwdKHRAQND)

Finally specific contributions are brought by thertical profiles to in-situ observations routing@lgrformed by IAGOS (In-
flight Atmospheric Observing System), a contribgtinetwork to GAW and by additional ground-based epbations
operated outside the GAW context, such as SPARTHpE://www.spartan-network.org).

2 Scope of the paper

The scope of the present paper is to provide tlvessary suite of information to define a fully #able ground-based
aerosol measurements network, and to give an aerof the state of the operation in the networkafoeference year. The
paper should deliver to users of the World Datat@eon Aerosol (WDCA), the required confidence atadproducts in the
form of a fully-characterized value chain, inclugliancertainty estimation and requirements for d@maonitoring.

The paper is limited to a subset of the climatevaht aerosol variables. It focuses on variablesate measured or derived
from near-surface measurements, thus excludingphlimnar and profile variables, despite their sgrolimate relevance. A
second criteria for discussion in the paper is eoted to the fact that long-term information isitalde at sufficient sites
across the globe to derive trends and variabilith wufficient robustness. Clearly, for many of teiables listed in Table
1, information is only available from a number tdtons that are either almost exclusively docuimgnone single region
(i.e. measurements of aerosol chemical propertits amline aerosol mass spectrometers in Europg) amlnot numerous
enough to provide a robust assessment. In theafdS€/OC observations for example, information &xfsr many sites in

different WMO regions but many of them no longecdmented at the WDCA.

Finally, the last criteria is connected to the gwalintercomparability and accessibility of measments worldwide,
meaning that all information used in the paper ntiestvell documented with rich metadata, traceablprovenance and
quality, and accessible for all. This clearly lismthe scope of the paper to the four independénttd-relevant variables
mentioned above: i) particle light scattering cmédht, ii) particle light absorption coefficientii) particle number

concentration, and iv) particle number size disttitmn.

For this set of variables, there has been, indakedecades, a significant international efforhaomonize the practice and
methodologies across the frameworks, and strengslystematic observations through different netwoidks research
infrastructure in the case of Europe, operatindhaitertain degree of interoperability. All netwsikintly defined standard

operation procedures (SOPs), conduct data colledtioa timely and systematic manner, and promotnogccess and
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exchange of data without restriction through a unique data hub, the WDCA, hosted by NILU in Norway (https://www.gaw-
wdca.org/). Operators from these networks perform joint assessments and analyses of data resulting in scientific publication

that are discussed below.

This paper then provides a full-characterization of the value chain for these four aerosol variables that will serve for defining
the fiducial reference network in the future. It also provides an overview of the variability of the variables, and of some
additional derived variables from the collection of data for the reference year 2017. The present paper is jointly written with
companion papers, three of which one (Collaud Coen et al., (submittefl)eiG#l., (submitted) and Mortier et al.,
submitted) are submitted in parallel with this paperp @tial., (submitted) and Mortier et al., (submitted) also belong to the
AeroCom initiative for IPCC. Papers are the following:
¢ Collaud Coen et al. (submitted) analyses trends and variability of SARGAN optical properties using continuous
observations worldwide
e Glip et al. (submitted) uses the AeroCom (Aerosol Comparisons between Observations and Models,
https://aerocom.met.no/) models to assess performances of global-scale model performance for global and regiong
SARGAN variables distributions, and variability,
« Mortier et al. (submitted) is a multi-parameter analysis of the aerosol trends over the last two decades comparing the
output from AEROCOM models and observations, including time series of SARGAN aerosol optical variables.
« Additional papers are in preparation to analyse the variability of SARGAN physical properties and to investigate
the variability of carbonaceous aerosol using continuous observations worldwide
Some preliminary information on trends and comparisons with models that are further developed in Collaud Coen et al.
(submitted), G} et al. (submitted) and Mortier et al. (submitted) are presented in this paper. Additional manuscript are in

preparation to further investigate variability of the optical and physical properties.

This paper is integrated into a larger initiative called SARGAN (in-Situ AeRosol GAW Network) that will serve as the
equivalent for GALION for the near-surface observations of aerosol variables. It is intended to support a future application
of SARGAN, and possibly other components of the GAW network, to become a GCOS associated network
(https://gcos.wmo.int/en/networks). This requires the definition of threshold, breakthrough and goals for spatial and temporal
resolutions that may be used for designing an operational aerosol in-situ network suited to global monitoring requirements ir
GCOS. Finally, this paper documents all elements required for establishing the GCOS network by addressing 1) the
procedures for collecting and harmonizing measurements, data, metadata and quality control, 2) procedures for curation ar
access to SARGAN data, 3) the available harmonised surface observations within SARGAN and status of the station
network, 5) the present-day distribution of SARGAN aerosol properties and 5) requirements for using SARGAN for global

climate monitoring applications.
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3 Proceduresfor collecting and har monizing measur ements, quality control, and data curation and access

295 Controlling and improving data quality and enhagctheir use by the scientific community is an eisbraim within
observational networks. Procedures are continuoesblving as new instruments become commerciallgilable and
because efforts from the scientific community haesulted in more appropriate operation procedueesnfonitoring
purposes. In the last decade, significant prognassbeen made in the harmonization of measuremetucpls across the
different networks and to ensure that all informatis made readily available in a coordinated manne

300
In the GAW program, the individual station and fitsst organization are scientifically responsible éonducting the
observations according to the standard operatimeceuiures. This responsibility includes quality assoe of the
instruments, as well as quality control of the dafer measurement. In quality assurance, theosttollaborate with
dedicated calibration centers, usually by sendigr instruments for off-site calibration in regulatervals, and by station

305 audits performed by relevant GAW Calibration cesiter

3.1 Har monization of measurement protocolsin SARGAN

Improving data quality and enhancing data use Iy dbientific community is an essential aim withi\\@ and the
contributing networks. The measurement guidelined standard operating procedures (SOPs) used fosaein situ
measurements within GAW are discussed and prefar&tientific Advisory Group (SAG) on “Aerosol” aratcepted by

310 the scientific community through peer-reviewed psses. The SOPs provide guidelines for good measuatepractice and
are listed in WMO/GAW report #227 (2016) and coniadaeports.

The knowledge of the aerosol effect on climate aimdjuality as well as the techniques used fordégrmination of the
essential aerosol variables to be monitored at rgtdased sites have evolved considerably in the dasade. The
315 methodologies, guidelines and SOPs are often eddxbrand tested within the regional networks suiciNBAN or the
European research infrastructure ACTRIS, and teared to the GAW program to be adopted as Guidelime more
operational SOPs. SOPs are now available for alalbsierosol climate-relevant measurements, inolydor some of the

most recent aerosol instruments.

320 The general guidelines for in-situ aerosol measergmin GAW are given in the general WMO/GAW repi2R7 (2016)
and in specific GAW reports such as WMO/GAW Rep#200 (2011) for particle light scattering and absion
coefficients. Some of the recommended procedureslap adopted at a level of recommended standardsher bodies,
such as EMEP under the UNECE, CEN (Center for EeaopNormalization). This is the case for the memsent of the
particle number concentration with condensationigarcounters (CEN/TS 16976) as well as for theigia number size

325 distribution with mobility particle size spectroraes (CEN/TS 17434).
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In SARGAN, measurements of the particle light scattering coefficient are performed using integrating nephelometers, while
measurements of the particle light absorption coefficient utilize various filtered-based absorption photometer instruments.
Both particle light scattering and absorption coefficients are dependent upon the size, shape, and composition of the particle
as well as the wavelength of the incident light. Measurements of the particle light scattering and absorption coefficients
ideally would be performed at various wavelengths at a defined relative humidity. In GAW and the contributing networks,

in-situ microphysical and optical aerosol measurements should be performed for a relative humidity (RH) lower than 40%,

although some stations allow measurements up to 50%.

Furthermore, information on the relative amounts of particle light scattering vs. absorption is required for radiative forcing
calculations and is defined by the aerosol single scattering albedwhich is the ratio of the particle light scattering
coefficient over the particle light extinction coefficient, as defined in Tableols osf(osp + oap). In this article,wo is

computed for one specifit (550 nm). The scattering Angstrom exponent, AE, defined by the powessa@o\*E,

describes the wavelength-dependence for scattered light and is an indicator of particle number size distribution, and, thus, @
the type of aerosol such as anthropogenic, mineral dust or sea salt. The scattering Angstrém exponent can be directly derive

from the measured particle light scattering coefficients at different wavelengths.

Muller et al. (2011) performed an intercomparison exercise for integrating nephelometers to propose procedures for
correcting the non-ideal illumination due to truncation of the sensing volumes in the near-forward and near-backward
angular ranges and for non-Lambertian illumination from the light sources. Miiller's work expanded the initial findings of
Anderson and Ogren (1998), which were for a specific nephelometer model. Additionally, measurements of the dependenc:
of the particle light scattering coefficient on the relative humidity are essential for the calculation of aerosol radiative effects
in the atmosphere. This enhanced particle light scattering due to water take-up is strongly dependent on the particle numbe
size distribution and the size-resolved particle composition. However, such measurements require an additional instrumente
set-up, which has been implemented at only at very few stations and, with few exceptions, only on a campaign basis (Burgo
et al., 2019; Titos et al., 2016).

Petzold and Schénlinner (2004) developed the filter-based Multi-Angle Absorption Photometer (MAAP), which can

determine the particle light absorption coefficient directly, considering the light attenuation through and the backscattering
above the filter. For other filter-based absorption photometers, the particle light absorption coefficient is determined from the
light attenuation through the filter, considering scattering cross-sensitivities and loading effects. The procedures to correc
for scattering cross-sensitivity in Particle Soot Absorption Photometer (PSAP) instruments are described in Bond et al.

(1999) and Ogren (2010). Several correction procedures for Aethalometers are given in Collaud Coen et al. (2010). Recently
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the ACTRIS community developed a harmonized factor for the AE31 to determine the particle light absorption coefficient,
based on long-term intercomparison between Aethalometers and the MAAP for different environments and aerosol types
(WMOJ/GAW report #227, 2016).

The physical aerosol particle properties reported in this article are derived from the particle number concentration and
number size distribution limited to the ultrafine and fine range. These measurements are performed using condensatiol
particle counters (CPC) and mobility particle size spectrometers (MPSS). Wiedensohler et al. (2012) describes procedure
for long-term MPSS measurements and for their quality assurance. Since measurements of particle number size distributior
are mainly restricted to ACTRIS sites and at a few other stations, a global assessment on aerosol physical properties can |
only derived for the particle number concentration. For sites, where only MPSS data are available, the particle nhumber
concentration is determined from the integral over the particle number size distribution measured by the MPSS (see sectio
5.2 for discussion). Table 2 below summarizes all technical information related to the measurements of aerosol optical an
physical properties in SARGAN.

3.2 Curation and accessto SARGAN data

In the management of data throughout its lifecycle, data curation is the activity that collects, annotates, verifies, archives.
publishes, presents, and ensures access to all persistent data sets produced within the measurement framework and progr
The main purpose of data curation is to ensure that data are reliable and accessible for future research purposes and reuse.
this end, SARGAN data should be traceable to the original raw observational data, include version control and identification
in case of updates, and include rich metadata going beyond discovery metadata (e.g., variable and station information) to u
metadata (instrument description, operating procedures, station setting, calibration and quality assurance measures at
uncertainties). SARGAN data are archived at WDCA, which is the data repository for microphysical, optical, and chemical

properties of atmospheric aerosol for the WMO/GAW programme.

To ensure traceability of data products, WDCA uses a system of 3 data levels:
* Level O0: annotated raw data, all parameters provided by instrument, parameters needed for further processing
format is instrument model specific format, “native” time resolution.
« Level 1: data processed to final parameter, calibrations applied, invalid and calibration episodes removed, format is
property specific, “native” time resolution, conversion to reference conditions of temperature and pressure (273.15
K, 1013.25 hPa).

« Level 2: data aggregated to hourly averages, atmospheric variability quantified, format is property specific.

11
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Each higher data level is produced from the respective lower level as specified by the pertaining operating procedure. Thi
templates for data level and instrument are published on the WDCA homepage and pages referenced from there, togeth
with references to the relevant operating procedures. The templates indicate the metadata and data elements (discovery &
use metadata) expected when submitting data to WDCA, which have been specified in collaboration with the GAW
scientific advisory group (SAG) for aerosol and the GAW World Calibration Centre for Aerosol Physics (WCCAP) to

ensure that relevant and useful metadata are collected.

Stations report data to WDCA on an annual basis. After quality control, the station submits the data to WDCA via an online,
web-based submission tool: https://ebas-submit-tool.nilu.no. In this process, the tool gives immediate feedback on synta;
errors, and performs checks on semantics and sanity of both metadata and data. During curation at WDCA, the data files al
inspected both automatically and manually for metadata completeness and consistency, while the data are inspected f
outliers, spikes, and sanity. Issues discovered in the process are reported back to the station, and the station asked to te
corrective action and resubmit the data. The same applies for issues discovered after data publication.

By joining the GAW programme, stations commit to reporting their observations in a fully and manually quality controlled
version (level 2) on an annual basis, with a deadline of 31 December of the year following the data year to be reported

WDCA encourages stations to report their data in a traceable way, i.e. to include data level 0 and 1 with their submissions.

GAW guidelines for quality control have developed and improved over the lifetime of the programme. At the beginning,
quality control reflected the GAW objective of providing observations of atmospheric compositions with large scale
representativity. For this reason, observations influenced by local and regional emissions, or by regional phenomena, wer
flagged invalid during quality control and excluded from being archived. Later, it was acknowledged that atmospheric
composition data serves multiple purposes and applications. This is reflected by the recommendation to only remove dat
affected by instrument issues or contamination during quality control, and indicate local or regional influence with a flag that
leaves the data valid. This implies, for any application of WDCA data, filtering the data according to purpose is the first step.
When using WDCA data, this shift in quality control approach, which may vary among stations due to their scientific

independence, needs to be taken into account.

The Global Atmosphere Watch, and the affiliated networks have agreed on a FAIR-use data policy encouraging an unlimitec
and open data policy for non-commercial use, provided without charge, unless noted otherwise. Users of WDCA are
encouraged to contact and eventually offer co-authorship, to the data providers or owners whenever substantial use is mau
of their data. Alternatively, acknowledgement must be made to the data providers or owners and to the project name whe

these data are used within a publication. All data related to the present article are available at the WDCA.

12
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4 Proceduresfor collecting and har monizing measur ements, quality control, and data curation and access
425 4.1 A short history of aerosol monitoring networks

The first network designed to make long-term meaments of climate-relevant aerosol properties WasGeophysical
Monitoring for Climate Change (GMCC) program, forgy NOAA in the early 1970’s. GMCC was “designecdestablish
and maintain a program of observation and analysiata representative of the global backgroundedécted gases and
aerosols” This focus on establishing a global bemtigd climatology meant that the stations weretledat remote sites, far

430 from human emission sources, in order to ascetterextent to which human activities caused chaimgeimate-relevant
aerosol properties. The four initial GMCC statiavere chosen to sample representative latitudesniliitith hemispheres -
polar, mid-latitude, and tropical, and were locaa¢&outh Pole, Antarctica; Point Barrow, Alaskeguvia Loa, Hawaii; and
Cape Matatula, American Samoa. Two additional locatwere initially planned, on the west coasthaf USA and on or
eastward of the east coast of the USA, but wereestatblished until much later. As a consequencthefsite selection

435 criteria, the GMCC stations were not positionedcharacterize the climate-forcing properties of ael® in the regions
where the climate forcing was large, a weaknessviaa not addressed until the 1990’'s when NOAAR#istiaed stations in
and downwind of the continental USA and the GAWwrmk was founded.

Aerosol particle number concentration was the festosol property measured at the GMCC statioiitgalip with manual

440 expansion-type, water-based instruments and laterautomated versions. The rationale for the ahoitthis variable was
that these very small particles “are present ificaths of combustion [products], such as those featomobiles, coal or oil-
burning power plants, and other human activitids,isi essential to monitor the background troposphaerosol
concentration in order to assess man's possibladhgn his global environment”. Recognizing thatoaels may play an
important role in the global radiation balance, dese they influence the heat budget and scattabswrb both incoming

445 solar radiation and outgoing terrestrial radiationulti-wavelength measurements of aerosol partigat scattering
coefficient using integrating nephelometers werdealdat the four GMCC stations in the mid- to a8 d’s.

Although measurements of aerosol particle numbeceatration and light scattering coefficient werada during multiple,
short-term field studies and in long-term studiésndividual field stations (e.g., Gras, 1995), thext network to be
450 established for these measurements was the IMPRO¥& agency Monitoring of Protected Visual Envineents) network
in the USA, which was initiated in 1985 to monitasibility degradation in US National Parks and tidiiness Areas.
Nephelometer data from 12 IMPROVE sites, most bh@gmin 1993, were included in the Collaud Coenle{2013) trend

analysis.

13
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After the establishment of the WMO GAW program in 1989, a meeting of experts was convened in 1991 to consider the
aerosol component of GAW (GAW Report #79). This group formulated the objective of the GAW aerosol program to
understand changes in the atmospheric aerosol, with two specific tasks:
a) to assess the direct and indirect effect of aerosol on climate - through aerosol data representative of different
regions; and
b) to determine the relative contribution of natural and man-made sources to the physical and chemical properties of
the aerosol at locations representative of different regions.
The objective of the GAW aerosol program was reformulated at the first meeting of the GAW Scientific Advisory Group
(SAG) for Aerosols in 1997 to determine the spatio-temporal distribution of aerosol properties related to climate forcing and
air quality up to multidecadal time scales and further refined in WMO/GAW Report #153 (2003) to determine the spatio-
temporal distribution of aerosol properties related to climate forcing and air quality on multi-decadal time scales and on
regional, hemispheric and global spatial scales.

Under the leadership of SAG-Aerosols, the GAW aerosol network grew slowly through the decade 1997-2007, with the
refinement of recommended measurements and sampling procedures (WMO/GAW Report #153, 2003), and the
establishment of the World Data Center for Aerosols (WDCA) and the World Calibration Center for Aerosol Physical

Properties (WCAAP). The GAW aerosol network was greatly strengthened, particularly in Europe, by the establishment of
the EUSAAR (European Supersites for Atmospheric Aerosol Research) program in 2006 and its successor ACTRIS
(Aerosols, Clouds and Trace gases Research Infrastructure) in 2011. The expansion of the GAW aerosol network was furthe
enhanced by the NOAA Federated Aerosol Network (Andrews et al., 2019), which currently supports nearly 30 GAW

aerosol stations with scientific and technical advice, data acquisition software, and streamlined procedures for submitting

quality-controlled data to WDCA.

4.2 An overview of recent studies of variability and trends of aer osol in-situ optical and physical properties

The pioneering works of Bodhaine (1983; 1995), Delene and Ogren (2002) for US sites, and Putaud et al. (2004 and 2010
and Van Dingenen et al. (2004) for European sites are the first studies documenting variability of climate-relevant aerosol
properties using long term observations performed at the network scale. Using long term observations performed at sever:
sites across the US, Delene and Ogren (2002) investigated the systematic relationships between aerosol optical properti
and aerosol loadings that can be used to derive climatological averages of aerosol direct radiative forcing. The work ol
Putaud et al. (2004 and 2010) and Van Dingenen et al. (2004) gathered information from long and medium term
observations from rural, near-city, urban, and kerbside sites in Europe to highlight similarities and differences in aerosol
characteristics across the European network. As more sites provided access to longer data sets, the next series of pap
(2010 up to present) addressed the issues of regional variability and trends with more robust statistical approaches an
providing a comprehensive view of the aerosol variability to be used for model constraints.

14
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Variability for the in-situ climate-relevant aerdgwoperties relevant to SARGAN are documentednfiany GAW stations.

490 Integration of results from different sets of sias addressed different scales, from country ($ah,€2019) to continental
(Sherman et al., 2015, Asmi et al., 2013; Fount®ekial. 2014; Zanatta et al., 2016; Cavalli €t20116; Crippa et al. 2014;
Pandolfi et al., 2018) to global (Collaud Coen let 2013; Asmi et al., 2013; Andrews et al., 20Abdrews et al., 2019;
Sellegri et al., 2019).

495 Generally, the seasonal variability of number comiegion, and of the scattering and absorptionfamefits, is much larger
than diurnal variability at all sites (Sherman &t 2015; Asmi et al., 2011) except at mountain evbatories where
meteorology plays a key role (Andrews et al, 20Callaud Coen et al., 2018). Typically, changes é@nosol intensive
properties can be related to known sources. Timintheir maximum impact leads to well-defined sewsity that varies
widely from site to site with the peak occurringdifferent times of year worldwide (e.g., Schmeisstal., 2018). In

500 Europe, some aerosol properties at non-urban/pearusites can be divided into different typologiesmnected to large
geographical areas (i.e. Central Europe, Nordicuain, Southern and Western European), for thierdifit properties:
carbonaceous aerosol concentration (Cavalli e2@l6; Zanatta et al., 2016; Crippa et al. 201@ical properties (Pandolfi
et al., 2018); number concentration (Asmi et a1D); number of cloud condensation nuclei (Schnedlal., 2017) or
chemical composition (Zhang et al., 2007; Crippale2014). This feature was used by Beddows €28lL4), to propose a

505 representation of aerosol number size distribuitioBurope with a total of nine different clusteos the whole continent.
Two recent studies addressed variability for speeifeas, using measurements from Arctic statid@dl'Osto et al., 2019)
and mountain stations (Sellegri et al., 2019).reggngly, none of the studies detected statisyicadnificant regional work-
week or weekday related variation for any of theoael variables, indicating that the stations aatively free from local
emissions and that regional effects dominate aealleffects.

510
Time series longer than a decade are generallyiregfjto derive trends and a lesser number of studie available, in
particular those integrating information from largets of stations. Statistically significant trendsss, (decreasing), were
found at 2 sites of NFAN in the US (analyzing treritbm mid 90’s to 2013) (Sherman et al., 2015miir results for a
more globally representative set of sites wereinbthfor a comparison period of up to 18 years 12820 (although less

515 for some sites) by Collaud Coen et al. (2013); fwstly European sites by Pandolfi et al., (2018) derosol optical
properties (comparison period ending in 2015) aschifet al. (2013) for aerosol number concentrativhenever a trend
was detected, it was generally decreasing for thprity of the sites for almost all aerosol extersvariables. Exceptions
(increasing trends) were found at several sitelsdiiald be explained by local features or by infice of emissions from the
Asian continent. Decreasing trends have been regant the literature for columnar AOD as well (eXjoon et al., 2016;

520 Zhao et al.,, 2017; Ningombam et al., 2018; Sogazhetval., 2018). Decreasing trends in number cdre@on are
explained by reduction of anthropogenic emissiongrisnary particles, S@or some co-emitted species, as also shown by
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Aas et al., (2019) for sulfur species and Tgrseth et al (2012) for PM10, PM2.5 and sulphate. In particular, Tarseth et al
(2012) show strong decreases, ca 50%, in the period 2000 to 2009 in PM10 and PM2.5. Decreasing trends (of the order of
few %l/year for all variables were more pronounced in North America than in Europe or at Antarctic sites, where the majority

of sites did not show any significant trend (e.g., Collaud Coen et al., 2013).

The difference in the timing of emission reduction policy for the Europe and North American continents is a likely
explanation for the decreasing trends in aerosol optical parameters found for most American sites compared to the lack ¢
trends observed in Europe. In fact, the decreasing trends in Europe for aerosol optical variables were more detectable i
Pandolfi et al. (2018) using a 2000-2015 analyzing period than in Collaud Coen et al. (2013) using a comparison period of ¢
maximum of 18 years ending in 2010. These studies did not find a consistent agreement between the trends of N and partic
optical properties in the few stations with long time series of all of these properties; this is partly explained by the fact that
aerosol light scattering coefficient is dominated by a different part of the aerosol size distribution than number concentration,
and hence the two parameters are likely to have different sources.

The analysis of trends in aerosol properties needs to be regularly revisited as longer homogeneous time series becon
available at more sites, providing better spatial and temporal coverage. As shown in previous studies, trend and variability
studies of aerosol properties still face some limitations due to heterogeneous time series, local effects that can only b
addressed by some degree of redundancy among GAW stations, etc. It is also important to note that trends in terms of bo
statistical significance and sign are very sensitive to the period and the methodology used for the calculation. The fact tha
different aerosol variables show opposite trends at some sites also suggests that further analysis is needed to bett
understand how the different aerosol parameters are connected to each other in the long term. These studies highlight the fe
that other than in Europe and North America, and a few Antarctic stations, no trends can be derived due to lack of data fron

many areas in the world, as mentioned by Laj et al. (2010) 10 years ago!

Several studies have recently used in-situ measurements from, among others, the GAW network for a broad evaluation of th
models, in particular in the framework of the AeroCom initiative (https://aerocom.met.no/):

« Particulate organic matter concentration: Tsigaridis et al. (2014) have found for 31 AeroCom models, compared to
remote surface in-situ measurements in 2008-2010, a median normalized mean bias (NMB) underestimate of 15%
for particulate organic carbon mass and an overestimate of 51% for organic aerosol mass. This would indicate
OAJ/OC ratio in the models is too high, however, it is generally rather low and close to 1.4. While the bias values
are robust at the sites investigated, it is assumed that the measurement data available at the time were nc
representative enough to provide robust global bias estimates for the models in question.

« Dust concentration: Huneeus et al. (2011) have used a set of dust measurements from the SEAREX/AEROCE

networks which are very valuable due to their global extent and harmonised data. 15 AeroCom models generally

16



https://doi.org/10.5194/amt-2019-499 Atmospheric
Preprint. Discussion started: 11 February 2020 Measurement
(© Author(s) 2020. CC BY 4.0 License. Techniques

560

565

570

575

580

585

Discussions

overestimate the remote site surface concentrations within a factor of 10. However, they underestimate the
magnitude of major dust events e.g., in the Pacific. Kok et al. (2017) suggest from comparison to in-situ
measurements of dust size distribution, among other parameters, that AeroCom models do not have a sufficien
coarse dust component, which suggests that dust may even have a warming direct radiative effect.

e Sulphate concentrations: The downward trends 1990-2015 of observed and modelled surface sulphate surfact
concentrations in the Northern hemisphere have been shown to be very consistent by Aas et al. (2019), using €
AeroCom models and a unique large collection of network data across Europe, North America and Asia. The work
convincingly shows the mitigation success of,®@issions, which is only possible because of harmonised in-situ
measurements.

* Particle number and particle size distributions: 12 AeroCom models with aerosol microphysics simulation
capability were evaluated by Mann et al. (2014) in terms of total particle concentrations and number size
distributions. Particle number concentrations were collected from 13 global GAW sites operating for 5-25 years,
while size distributions were mainly from European sites of ACTRIS in the years 2008/2009. Number concentration
was underestimated by the models by 21% on average.

« CCN concentrations: Of even more relevance for aerosol cloud radiative effects is the evaluation cloud
condensation nuclei. 16 AeroCom models were evaluated by Fanourgakis et al. (2019) against measurements @
CCN at 9 surface sites in Europe and Japan. A model underestimation of about 30% was found, depending on dry

size and supersaturation assumed and season (larger underestimate in winter).

5 Current status of the SARGAN station network
5.1 An overview of networks and organisations contributing to SARGAN

As mentioned previously, the data provision is organized independently resulting in a rather complex system where date
originates from WMO/GAW Global, Regional, and contributing partner stations which themselves belong to one or more
networks, depending on the station history and funding schemes. For example, many stations are labelled simultaneously ¢
GAW, ACTRIS and EMEP in Europe, or GAW and NOAA in the US. Information on station status can be found in the
GAW information system (GAWSIS). Registration to GAW does not exclude participation in other networks, either
contributing to GAW or not. WMO/GAW report #207 (2012), reviewed the situation with respect to the different aerosol
networks operating globally. Although data for the report were collected in 2009-2010, the current situation is quite similar

to 10 years ago.

According to the GAW information system (GAWSIS, http://www.wmo.int/gaw/gawsis/), as of June 2019 the GAW aerosol
network consists of 33 'Global' Stations', which are encouraged to participate in all the GAW measurement programmes an
approximately 250 regional or contributing stations. Not all GAW stations are able to measure all aerosol variables listed in
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Table 1 and SARGAN is, therefore, a subset of atatin GAW. Contributors to SARGAN consist priniarof these

international networks and research infrastructures

NOAA-FAN (Federated Aerosol Network, https://wwwiasoaa.gov/; Andrews et al., 2019) that consifts o
stations located in the US and in 22 additionalatmns Worldwide in 2017. NOAA-FAN documents three
SARGAN variablesosp, oap and CN. EBAS hosts data from all NOAA-FAN sitexdept WLG); aerosol data
from NOAA baseline stations are also available fld®AA’s ftp site.

ACTRIS (Aerosol Clouds and Trace Gases Researadtasinéicture, https://www.actris.eu/) that consibt36
stations, of which 5 are located outside EuropeTRIS documents all four SARGAN variablesp, oap, CN, and
PNSD that are accessible at http://ebas.nilu.n@ Ebropean Monitoring and Evaluation Programme (BPME
recommends the measurement of most SARGAN varidblés monitoring strategy and some ACTRIS in situ
stations are collocated with EMEP sites. For ther fSARGAN variables the quality control procedude
operated in the context of ACTRIS. These dataaet®ften jointly labelled ACTRIS/EMEP, and all ARIS and
EMEP data are accessible through the EBAS datalparidergoing same data curation and quality cbatrthe
data centre.

In addition to the two main contributors, other @img networks have provided information for theppr. These
are the Interagency Monitoring of Protected Visudnvironments (IMPROVE) in the US
(http://views.cira.colostate.edu/fed/QueryWizardéndt.aspx), the Canadian Air and Precipitation Naning
Network (CAPMoN) in Canada, the Acid Deposition Ntoring Network in East Asia EANET
(http://www.eanet.asia/) in East Asia, the Korea Buality Network (KRAQND) in South Korea and var®
individuals and data from smaller national or regionetworks including the German Ultrafine AeroBlatwork
(GUAN) in Germany (http://wiki.tropos.de/index.giJAN).

Historically, there has been limited interactioncang the different networks Worldwide, as mentioimethe WMO/GAW

report #207 (2013). However, on the specific issaésnonitoring short-lived climate forcers, the matontributing

networks to GAW have managed to integrate manyegied the data value-chain, from SOPs, to QA/QCdatd access.

Data sets have also been jointly exploited in sdveapers (Asmi et al., 2013; Collaud Coen et2013; Andrews et al.,
2011; Pandolfi et al., 2018; Zanatta et al., 204&jrews et al., 2019; etc...).

5.2 An overview of networks and organisations contributing to SARGAN

All sites are established with the intention of igtimg in the long term. For registration to GAWI¢@Gal or Regional status)

a period of successful performance of typicallyethyears is required before a new site is addddsit&s are long term in

nature and, for most, adhere to rigorous sitinteiia that aim to avoid local sources as much asipte. Sites have been

and continue to be selected to answer pressingitiequestions, which evolve with time, and totet# and attribute

changes in climate and climate forcing.
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Currently, 89 different sites worldwide are contributing to the provision of at least one SARGAN variable. These sites are
indicated in Figure 1 and Table 3. Note that they are potential additional collocated sites not used in this study. All
information used to compile information for this study is directly derived from NOAA-FAN and ACTRIS/EMEP with
additional contributions from providers listed in Table 2. Except for a few sites, measurements from all sites comply with
the quality assurance and data reporting criteria defined in Section 3.1 and 3.2. If the sites are part of a contributing network
inclusion is straightforward in that the contributing network will already have met the GAW quality control and data
reporting criteria. We have allowed a few exceptions for some sites located in WMO regions |, I, 1l and IV to ensure the

widest geographical coverage as possible.

Because of the specific purposes for which NOAA-FAN and ACTRIS/EMEP were established, the nature of the sites is
clearly biased to provide information relevant on the regional scale. This is why urban and peri-urban sites are under-
represented in SARGAN and that a majority of sites are sampling in environments far from local emission sources, with a
station footprint that is generally quite large. The issue of spatial representativeness of observing stations has been address
in many papers (e.g., Wang et al., 2018; Sun et al., 2019), and in particular related to air quality monitoring (e.g., Joly and
Peuch, 2012). Representativeness of a site describes how the measurements can be used to derive information for a giv
time or spatial scale, or for a given kind of environment. This information is key whenever ground-based observations are
used to compare with space-based measurements or for evaluating models. However, defining station representativeness

not unambiguous and several papers exist with different definitions (Joly and Peuch, 2012).

Station representativeness is very often addressed using density plots identifying the most probable origin of air mas:
trajectories terminating at the station over a certain time (typically 3 to 6 days). Many stations in SARGAN can provide such
analyses often performed to discriminate source areas influencing the site for climatological studies. Schutgens et al. (2017
discussed representativeness of ground-based observations both in terms of spatial and temporal averaging showing tr
significant errors may remain even after substantial averaging of data. Joly and Peuch (2012) developed a methodology t

build a classification of European air quality monitoring sites, mostly based on regulated pollutants.

In this paper, site characterization is made with a two-criteria approach: 1) a criterion describing the main geographical
setting (e.g., polar, continental, coastal, mountain) and 2) a criterion providing indications about the dominant footprint (e.g.,
forest, rural, desert, urban, pristine, regional background, mixed). Additional details on some of these categories are
warranted. Mountain sites are not classified solely based on elevation (for example, high plateaux such as SPO and SUM a

not considered mountain sites) but rather on the fact that the station is located higher than the surrounding environment.
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For the air mass footprint, “Mixed” is used wheneme dominant air-mass footprint criterion is idéetl. This is often the
case, for example, for mountain sites where airpdadnduring night differs from air sampled duringyd due to local
orographic effects. “Pristine” is used whenever dite is located far away from any anthropogenicatural sources.
Obviously, no simple site characterization can cletefyy capture the influences on a location andane aware of the
shortcomings of this classification. In the contektthe paper, this simplistic scheme was constti¢he easiest way to
organize the statistical results. It should be mo@ed that site characterization relies on authkngwledge of the sites,

along with indications by the corresponding Pls.

5.2 Evolution of data provision in SARGAN

In their 2013 papers, Collaud Coen et al. (2013) Asmi et al. (2013), evaluated trends in aerogtical and physical
properties based on times series extending fron3 1®2010. At that time, 24 sites worldwide had ¢apacity to provide a
>10 year time series for at least one of the opticgihysical properties. In 2018, there are 52atatcapable of providing
>10 year time series for optical or physical projsttThe increase in number is clearly driven bynynBuropean sites
initiated between 2000-2005, in particular throdgBTRIS, but there are also now multiple sites inaAsith 10 year time
series through collaboration with NFAN. Figure Pa,c and d illustrate the evolution of data pramisin SARGAN for

optical, and physical properties.

Globally, considering all four variables, there haen a very significant improvement of data priovisn the last 10 years,
with almost five times more stations operationaslaswn in Figure 3. In 2017, the status is thattwsorption there are 50
sites with 1 year of data, 37 sites with 5 yeardafla, and 20 sites with 10 years of data. Fortestag, the parallel
development is: 56 sites with 1 year, 45 sites Witlears and 30 sites with 10 years of data.

It is worth noting that, besides Antarctic stations stations were located outside North Ameriad @ntinental Europe in
Collaud Coen et al. (2013) and Asmi et al. (201®)ile 9 stations outside those regions are nowritnriing to Collaud
Coen et al. (submitted). Overall, the total numbemeasurement-years increased substantially whilthcontribute to a
more robust vision of the state of the atmosphetreemains a fact, however, that the number ofiatat providing
information in many areas (Africa, South Americajsialia) is too low to draw overarching conclusiabout trends for

those regions.

The number of stations would have been even higkespt that a few were either closed between 26#izhaw or moved.
This is the case for Mukteshwar station with theglest time series in India (2007-2015) which wasedan order to obtain
measurements at another location, thus interrupttiegtime series. This is also the case for Valvitétion (VAV) in

Sweden, moved to another location (Hyltemossa)rdemoto colocate aerosol and greenhouse gasesvabeas, and
Southern Great Plains (SGP) which shifted buildiagg instruments and left the NFAN in September720Qther stations
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actually closed (e.g., THD (June 2017) and SMOy(R017)). CPR was offline for many months due thuaricane
(September 2017-March 2018), and GSN has only gparse data (not usable for trend analysis) sifid6 Hue to
monsoon damage. The Global GAW station of NCO-Reépal also stopped operating in 2016. Closureofesimportant

stations in regions where measurements are ladkicigarly unfortunate in the context of SARGAN.

The access to data through the GAW-WDCA databaseSEBas been monitored since May 2009. The usetensixe,
both in volume, number of users and geographicgttidution of download of data. The users of GAW-G/® data are
distributed worldwide. In the period between May26- October 2019, 4110 unique client IPs from if2m@ent countries
have downloaded data, each of them accessing thbadss from one to numerous times. Note that darge research
institutes (e.g., NOAA in US) have 1 single IP &lrusers. In total, more than 125,000 full measeet years of data have
been downloaded from GAW-WDCA since May 2009. Tlewealopment over time is shown in Figure 4 with @
increase over time.

6 Present-day variability of aerosol physical and optical propertiesderived from SARGAN stations
6.1 General criteriafor data selection

The present article provides an updated overvieth@tistribution of aerosol properties based enitifiormation available
in EBAS from sites listed in Table 3. The analyisibased on data collected in 2017 to provide thetrapdated view of
measurements worldwide. The analysis is restritted very basic statistical overview (yearly andssmal median,
percentiles, average) that is completed, for somagoss, by the trend analysis performed as pa€dfaud Coen et al.
(submitted). To perform this analysis, we prefeigdlyt used data collected in 2017. In case the @y for 2017 was

insufficient (see criteria below), data from 2018swsed. This is indicated in tables SM1 and SM2.

All sites contributing to SARGAN in 2017 were indeed in the analysis. The analysis is based on ydatk ofosp, cap and
PNSD. Only validated measurements were used,ate.fdllowing the curation described in section, &2d, for an aerosol
parameter, the datasets from the different statieere further harmonized (e.g. to ensure thatithe-vectors and data were
of the right format and comparable with each othBrjor to the calculation of the summary statsstia few problematic
data points were also removed, following commuiecawith the Pl. For each site, annual and seassumaimary statistics
were computed (median, 10th and 90th quantileg);réisults were included only if 75% of the hourbtalwas available
over the statistics reference period (with the ptoa of BRW, MLO and SPO whose respective covefageach aerosol
property is detailed in tables SM1 and SM2). Inesashere the 2017 coverage was not sufficient<#8% for all seasons)
for an aerosol parameter (e.g., due to instrumaibtiré or natural disaster impacting the statichg 2016 data was
considered for that parameter. In cases whereawerage for that aerosol property was insufficedab for 2016 (i.e. <75%

for all seasons), the site was discarded from ttadyais for that aerosol property. For the saksiofplicity, the seasons
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were attributed using the common division December — February, March — May, June — August and September — Novembe
at all sites, even for the stations where other temporal divisions would be more relevant. This is, for instance, the case fo
CHC, where meteorological conditions are affected by two main seasons (May — September and December — March) witl
tropical characteristics (i.e. dry and wet, respectively). For all station types and time scales (year and seasons), th
discussions are limited to the sites where data availability was sufficient, and which statistics are shown in the relevant

figures and tables.

As mentioned in Table 3, many sites are actually influenced by different air-mass types, and some of them are influenced b
anthropogenic sources. For most sites, data from all air masses are included in the statistical analysis. For BRW, MLO ani
SPO, the data included in this overview do not include all valid measurements collected at these three sites, but only the da
corresponding to clean air masses. Clearly, in that case, the coverage criteria indicated above do not apply. This screenir
protocol, performed by the institutes operating the instruments, results in a lower annual data coverage and in a bias towarc
lower levels but ensures data consistency with the multi-decadal data available from these sites.

6.1 General criteriafor data selection
6.1.1 Data Handling

Sixty-four sites in total contributed in 2016/17 to the SARGAN initiative by providing optical aerosol properties: 53 for
absorption and 55 for scattering coefficient data, respectively; for 29 of these sites was possible to compute also single
scattering albedo. Four different types of filter-based absorption photometers were included in the ana}ys$ised¥lulti

Angle Absorption Photometer model 5012 (MAAP, by THERMO-Scientific Inc, USA), the Continuous Light Absorption
Photometer 3-wavelengths (CLAP-3W, NOAA), the Aethalometer AE31 (Magee Scientific, USA) and the Particle/Soot
Absorption Photometer 3-wavelengths (PSAP-3W, Radiance Research Inc). It is important to note that data from
Aethalometer AE33 (Magee Scientific, USA) were not used in this study as a unique value for converting the measured
attenuation coefficient to particle light absorption coefficienf) (has not been fixed. The MAAP provides absorption at 637

nm (Mueller et al, 2011), the CLAP at 461, 522 and 653 nm (Ogren et al., 2017), the AE31 at 370, 470, 520, 590, 660, 880
950 nm (Hansen et al., 1984) and the PSAP at 467, 530, 660 nm. Summary statistics for absorption werehas&3on

nm for MAAP and orogp at the wavelength closest to 637 nm for other instruments. At PDM the absorption was measured
by a single wavelength AE16 at 880 nm: at this site the statistics were based on absorption adjusted to 637 nm assuming
constant AAE = 1.

For aerosol scattering, the instrument deployed is primarily the Integrating Nephelometer 3563 (TSI Inc, USA), the Aurora
3000 (Ecotech Inc, AU) and the NGN-2 (Optec Inc, USA). The only exceptions are at PDM and SRT, where Aurora M9003
(Ecotech Inc, AU) nephelometers are utilized. Summary statistics for aerosol scattering coefficient were computed at the
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wavelength closest to 550 nm for each instrumeme,ty.e. at 550 nm for the TSI and Optec nephelerseind at 525 nm
for the Aurora 3000 and Aurora M9003. Due to theggadependence of scattering on hygroscopicity esbsol, only

scattering coefficients associated with a sampégive humidity less than or equal to 50% were usieid threshold, slightly
higher than the prescribed 40%, allowed for maessio be included, and was consistent with Paneio#l. (2018).

Single scattering albedo was computed at 550 nngubie optical properties closest to 550 nm fomalltiple wavelength

instruments. Fosap by MAAP the data was adjusted to 550 nm assumicgnatant AAE = 1.

For bothoap andosy, the effect of the difference in the instrumentvelangth on the comparability of the data usectfier
summary statistics was considered negligible; tiig exception was for the estimateaf at 637 nm by AE16 and ef, at
550 nm by MAAP, for which a constant AAE = 1 wasased.

6.1.2 Global variability of optical properties

The variability of aerosol absorption and scatgipefficient medians is presented in Figures $h%mand in Tables SM1
and SM2 along with other main summary statistidse Tange of variability of botha, andosp is high, spanning several
orders of magnitude, with variability at least paréxplained by a few main drivers: site latitudste geographic
location/footprint and the distance from the maimhaopogenic sources. Globally the spatial varigbf scattering and
absorption has large similarities, being both fesduby largest variability at mountain sites andhimum variability at
urban polluted sites (e.g. LEI, IPR). Within thedntatitudes, absorption and scattering tend toeiase from sites with a
rural or forest footprint towards those in mixedlamban conditions. Polar sites, both in the Aretid Antarctic, exhibits
the lowestoa, andosp, 0ccasionally below instrumental level of deteat{tOD) for absorption. Besides polar sites, lowest
oap andosp values are generally observed at mountain sitgs, JEJ, ZSF and MLO (whose data is screened &anchir
sector and may partly explain the low value), alent the Pacific coastal background site of CGGsiilar situation is
observed for the lowest, which, besides for pristine sites, are observedriountain sites. Interestingly, the mountain site
of JFJ, in Switzerland has a mediap andosp lower than a few polar sites, i.e. ALT, BRW, PAIEP, and ALT, BRW,
NMY respectively.

The variability is generally higher at sites witlwloapandosy, reflecting the contrasting transport, in the oafsgristine sites
between the very low background values and theeas® to advection of less clean air masses, anddantain sites, the
contrasting diurnal or seasonal transport pattekngery good example is TIK, showing the largestdiaes among polar
sites, wheressp spans over one order of magnitude, reflectingcibléection of both clean and polluted air massesstm
likely affected by biomass burning in the hightiadies.
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The highest values and the smallest variability in kaghandos, are observed for urban/peri urban sites (e.g. LEI, UGR,
IPR). It is interesting to note that occasionally the rural stations as AMY (East Asia) and KOS (Central Europe) have median
and range values e, similar to urban sites, despite being located in rural areas far from local sources. PDI and BKT, both
mountain sites in Southeast Asian tropical forests, exhibit large medians foroho#imd os, compared to other
forest/mountain sites due to recurrent impact by biomass burning (Bukowiecki et al., 2019). Similarly, biomass burning
events related to anthropogenic emission from mainland China also affect via regional transport both LLN, another mountain
site in SE Asia, and AMY.

At mountain sites in Southern Europe (MSA, HAC and CMN), a large scattering and absorption range is observed,
comparable to that at rural background sites. This variability is partly due to the mixed nature of the sites, to long-range
transport events (e.g., Saharan dust outbreaks, coal burning from Eastern Europe) and biomass burning both from forest fire
in summer and domestic heating in winter. Saharan dust transport events partly explain the variability observed in othel
Southern European sites, e.g. FKL.

The seasonality afap andosp is presented in Figures 6a and 6b. The variability of the season median is much lower than the
yearly variability reflecting the importance of transport in the variability. The most pronounced annual seasonality is
observed at high mountain sites due to the seasonal variation of the boundary layer height and the local circulation induce
by thermal winds that follow the ground temperature cycle. In the case of mountain sites, the seasonality is also reflecting the
index of boundary layer influence as defined by Collaud Coen et al. (2018). Generally, seasonality is largest at sites in ar
urban setting (e.g. UGR, NOA, LEI-M) and at those recurrently influenced by transport of either local or distant
anthropogenic emissions (e.g. IPR, GSN). Also biomass burning can have large influence on absorption seasonality and ¢
absolute levels, e.g., the Asian sites of GSN, LLN and AMY. In general, the seasonal variations are very clearly observed a
remote sites, for example at ALT and TIK, where the seasonality of air mass origin bringing high levels of aerosol during

some parts of the year dominate the very minimal local emissions.

6.2.3 Global variability of single scattering albedo

For stations providing simultaneous measurements of scattering and absorption coefficients, it is possible to derive the singl
scattering albedo which is done at 550 nm. Ovesallis computed for 31 stations and presented in Figure 7. Median

values range from slightly less than 0.8 to almost purely scattering particlesowitise to 1. The highest values are found

at coastal and polar sites clearly influenced by inorganic salts and sulfur-rich particles. Theavesibserved at sites in
southern Europe (IPR and UGR), which are impacted by desert dust, biomass burning and local emissions. Only 6 sites ha\
medianwo below 0.9 but only the coastal, mountain and polar sites exhibit 25th percentiles constantly above 0.9. Variability
of wg is strongly connected to air mass characteristics with, for a single station, a typical range of variability (25th-75th
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percentile) of approx. 0.05 units @6. The variability at sites characterized as “Mixediid in particular the mountain sites,
is not higher than at other sites. The switch frioe® tropospheric air to boundary layer for the mtain sites does not

appear to significantly affeato.

6.2.4 Comparison with AeroCom model outputsfor optical properties

The AeroCom initiative has focussed since 2002 be éevaluation of global aerosol models with obsiona
(aerocom.met.no). The integration of emission sesignd aerosol processing leading to radiativetsfiequires complex
models, which are increasingly coupled in high itiétageneral circulation models. Quantifying thémate forcing from
aerosols requires a range of parameterised pracassederived properties of the global aerosolclwiust be constrained
by observations. The atmospheric dispersion of dkeosol, their optical properties, the attributiom natural and
anthropogenic sources, the potential of partiatemfiluence clouds, and temporal trends — all treesaponents need to be
understood to quantify the radiative effect of aels. A network of in-situ aerosol measurementd) walibrated and
available for long-term trend characterisation vgtovide important insights into the ability of nedd to realistically

compute these radiative effects.

The recent generation of AeroCom models has bdexdae provide additional diagnostics on dry scatteand absorption
coefficients at ground level. These are currendind analysed by the two companion papers df &ial. (submitted) and
Mortier et al. (submitted) using 14 model simulatioof present day (2010 emissions and meteoroltmgypnstruct an
ensemble mean AeroCom model and aerosol informatktnacted from SARGAN surface sites. For a dedadlpalysis of
comparison for variability and trends, readers iar to the two companion papers. Here we simpbyide an overview
of the AeroCom model ensemble with observationsthier specific SARGAN sites. Figures 8a and b campeeroCom
mean model against the 2017 data of measured dttesng and absorption coefficients for seleciggssas used above for

figure 5. Mountain sites at altitude above 1000sireae excluded, because of missing model diagratimountain tops.

Overall, the performance of the model ensembleegagreatly as a function of station location, fothbscattering and
absorption coefficients. Figure 8 compares obsematand model ensemble results for the grid poantesponding to the
station location. It shows a normalised mean bifson average, -28% between scattering by AeroCoodets and
observations, pointing to regional deficienciega@rosol models. The normalised mean bias for abeorjs lower (-18%)
but still showing an underestimate by the AeroCoouets. Obviously, there is, for both scattering abdorption, a large
station-to-station variability in the bias, showiagher good agreement, under- or over- predictiopending on the site.
There is also a significant variability of the nalised mean bias between models and observatioes ediculated for each
season. This is also the conclusion of3@& al. (submitted) which quantified the biases#% and -32% for scattering and
absorption, respectively and listed possible cadgeshe biases such as overestimate of scattamiancement due to
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hygroscopic growth and the differences in the treatment of absorption optical properties of black carbon, dust and organic
aerosol. At this stage, additional investigations are needed to identify what accounts for the observed differences betwee

model and observations.

6.2.5 Observed and modelled trends of aer osol optical properties

The issue of long-term trends for the aerosol in-situ optical properties is specifically addressed in Collaud Coen et al.
(submitted) using data from WDCA extending back to 40 years for some stations. Collaud Coen derived time series of
measured scattering, backscattering and absorption coefficients as well as the derived single scattering albedo, backscatteri
fraction, scattering and absorption Angstrom exponents at stations with at least 10 years of continuous observations. Wil
respect to the previous trend assessment (Collaud Coen et al., 2013) which used data extending up to 2010, the number
stations with time series longer than 10 years has almost doubled (24 in 2010, 52 currently) so that the spatial coverage

improved and various additional environments are covered in Europe, North America and in polar regions. The few stations
in Asia, Africa, South America and in Oceania/Pacific region cannot, however, be considered as representative for their
continents/regions, both because of their small humber and also because mountainous and coastal environments a

overrepresented relative to the continental environment with rural, forest or desert footprints.

Methodologies and results are presented in detail in Collaud Coen et al. (submitted) and are simply summarized here fo
scattering and absorption coefficients as well as single scattering albedo (Figure 9). For scattering coefficient, statistically
significant (ss) increasing trends are found at polar and coastal stations with rural background, pristine and forest footprints
whereas the largest ss decreasing trends are primarily found at stations with mixed and urban footprints. Few mountainou
stations have a ss scattering coefficient trends, whereas all of them have ss decreasing absorption coefficient trends. Almo
all stations have either ss decreasing or not ss trends in the absorption coefficient; the stations with increasing trends ai
influenced by polar or rural background footprints. The single scattering albedo trends seem not to be dependent on eithe

the environment or on the footprints, but rather on the geographic area (Collaud Coen et al., submitted).

Analysis of the long-term information provides evidence that the aerosol load has significantly decreased over the last twc
decades in the regions represented by the 52 stations. Currently, scattering and backscattering coefficients trends are mair
decreasing in Europe and North America and are not statistically significant in Asia. Polar stations exhibit a mix of

increasing and decreasing trends. A few increasing trends are also found at some stations in North America and Australi
Absorption coefficients also exhibit mainly decreasing trends. Generally, these decreases in aerosol burden are expected
be a direct consequence of decreases in primary particles and particulate precursors sp@n@NS§due to pollution

abatement policies.
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The single scattering albedo is one of the most important variables determining the direct radiative impact of aerosol so tha
its trend analysis - derived for the first time from a large number of stations - has the largest climatic relevance. The global
picture is nuanced with ss positive trends mostly in Asia and Eastern Europe and ss negative trends in Western Europe at
North America leading to global positive median trend of 0.02%l/y. 15 stations exhibit a positive single scattering albedo

trend (relatively more scattering) while 9 stations exhibit a negative trend (relatively more absorption).

Trends in scattering and absorption coefficients are also estimated by Mortier et al. (submitted) using AeroCom and CMIP6é
models that have simulated the historical evolution of aerosol properties. For both variables, simulated trends are in
agreement with SARGAN derived trends suggesting significant decreases found over North America and Europe, althougt
the number of models providing trendssig andcsp remains limited. Comparison with observations is also restricted to sites
below 1000 m asl which further reduces data points for comparisons. However, decreasing trends in AOD and sulphate ar
observed for North America and Europe for both model and observational data. Asian in situ surface data are too sparse 1
derive a regional trend for that region but it is worth indicating that not statistically significant AOD and sulphate trends are
found in the overall period 2000-2014 over southern and eastern Asia. This suggests that there are different trends in aeros
burden between North America and Europe and Asia. From model data alone, a global trend can be derived. Globally, th
average model trend for 2000-2014 amounts to an increase of +0.2 %dyy &md +1.5%/yr fosap, respectively, higher

than what is observed at ground-based stations.

In addition to evaluating trends for the overall time series, Collaud Coen et al., (submitted) analyzed the evolution of the
trends in sequential 10y segments. For scattering and backscattering, statistically significant increasing 10-yr trends ar
primarily found for earlier periods (10-yr trends ending in 2010-2015) for polar stations and Mauna Loa. For most of the
stations, the present-day statistically significant decreasing 10-yr trends of the single scattering albedo were preceded by ni
statistically significant and statistically significant increasing 10-yr trends. The effect of abatement policies in continental
North America is very obvious in the 10-yr trends of the scattering coefficient that shift to statistically significant negative
trends in 2010-2011 for eastern and central US stations.

There are some discrepancies between the work of Collaud Coen et al. (submitted) and Mortier et al. (submitted) in
particular regarding trends derived for specific regions. This may result from different methods used to aggregate
measurements to long time series, or to differences in the time period (2000-2018 versus 2009-2018) but, overall, they bot
confirm the shift of polluting activities from the developed countries to the developing countries during the last two decades
and may also demonstrate the relatively higher reduction of BC-rich emission in some regions, which will affect aerosol

forcing estimates.
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6.3 Global distribution of aerosol physical properties
6.3.1 Data Handling

Data collected at 57 sites contributing to SARGAN were analysed to provide an overview of the condensation nuclei in the
atmosphere. Measurements are performed with condensation particle counters (CPC) and mobility particle size
spectrometers (MPSS); note that when both CPC and MPSS were concurrently run at a site, only MPSS data were include
in the analysis, as it allowed additional investigation of the PNSD. For MPSS measurements, data inversion was performec
by the institutes operating the instruments, and, for both CPC and MPSS, particle humber concentrations were reported i
particles per cubic centimetre at STP, i.e., T = 273.15 K and P = 101 300 Pa, following the recommendations from
Wiedensohler et al. (2012). As discussed in the overview of European PNSD and CN conducted by Asmi et al. (2011), the
diameters associated with MPSS data correspond to the geometric mean diameter of the size intervals used in the inversic
MPSS measurements are moreover usually representative of dry aerosol properties, as the operating procedures describec
Wiedensohler et al. (2012) indicate that the relative humidity of the sample air should be kept below 40%. In total, after
excluding the datasets with insufficient data availability (with respect to the criteria reported in Section 5.1), CPC

measurements collected at 21 stations and MPSS data from 36 sites were included in the analysis (Table SM3 in th

Supplementary).

To allow for the comparison of CN values derived from both instrument types, particle concentration in the range between
10 and 500 nm was inferred from MPSS measurements and assimilated to total CN (hereafter refeNigjl fbhéassize

range was selected as it was common to most of the MPSS included in this study. In addition, the lower end of this size
range is comparable to the lower cut-off diameter of 14 of the 21 CPCs involved in the comparison (10 or 11 nm), and we
assumed that particles larger than 500 nm only contributed litlg:td he legitimacy of this approach was supported by the

fair agreement betweeNix derived from collocated CPC and MPSS measurements at several sites. Moreover, using
available MPSS data, we found that, on average, particles in the range between 10 and 11 nm contributed lessNBan 1% to
(90th percentile of the contribution: 5%), suggesting that such small cut point difference was not a major Ngue for
However, the influence of a larger difference in lower cut points could not be discounted; this was, for instance, the case foi
ETL, ARN and GSN, where particles down to 2.5 nm were accounted fag ifCN data were collected with a CPC TSI

3776 at these sites).

Results in the next section are discussed with respect to the classification of the stations reported in Table 2, including bot
the geographical and footprint criteria. Also, in order to describe the time evolution of CN and PNSD across the year,
observations are categorized by seasons. Diurnal variations were not studied here, but would be expected to be strong f

certain site types and conditions (e.g., mountain upslope/downslope, urban local traffic, etc.).
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6.3.2 Global variability of physical propertiesat SARGAN sites

As shown in Figure 10 and Table SM3, the lowest particle concentrations are typically observed under conditions of minimal
anthropogenic influence, at polar sites, where yearly mediaNg afe of the order of 2&n7e. Overall, as discussed earlier

by Asmi et al. (2011), these stations also display a very clear seasonal cycle compared to other geographical categories, wi
a summer maximum oRy likely resulting from both enhanced secondary aerosol formation, including new particle
formation (NPF), and transport (Croft et al., 2016; Nieminen et al., 2018).

In contrast with polar sites, stations located in urban areas, both continental and coastal, exhibit theidightsyearly

medians in the range 3@0* cnt®. These sites, all located in Europe, also display a less pronounced seasonal variation
(Figure 11). Slightly greater median values are, nonetheless, observed during summer, when the atmospheric boundary lay
(ABL) height is also increased relative to colder seasons. This suggests the presence of an additional source of aerosols
summer which compensates for the ABL height dilution effect, as recently discussed by Farah et al. (submitted) who
moreover suggested a photochemical or biogenic source. The overall weak seasonality observed in lowland urban areas
likely related to the contribution of very local sources which do not have any strong seasonal cycle (e.g., traffic). The local
nature of the observations collected at urban sites is supported by the differences between the measurements performed

neighbouring sites (e.g., LEl and LEI-E).

Remaining sites, including mountain and non-urban continental and coastal stations, do not exhibit as clear a commor
behaviour as the sites located at high latitudes or in urban areas. They display, on average, intdimeditteyearly

medians of the order of #00°* cn®. The signature of their dominant footprint is clear, with lower concentrations and
stronger seasonal contrast observed in forested areas compared to rural background stations, while the distinction betwe:
the different geographical categories is in contrast less evident. Nonetheless, in agreement with previous observations fror
Asmi et al. (2011), particle concentrations measured at mountain sites tend to be lower compared to nearby lowland site
(e.g. SNB vs KOS). Mountain sites, and in specific those characterized by mixed footprints, tend to exhibit somewhat more
pronounced seasonality relative to lowland stations. This likely results from the strong impact of ABL height variability
which, together with the topography of the sites, governs the concentration of particles and their precursors transported &
high altitudes (Collaud Coen et al., 2018). Specifically, the summer enhancenheqtobserved at most of the mountain

sites is certainly tightly connected to the increased frequency of ABL injections during this time of the year (e.g., Herrmann
et al., 2015). Apart from the lower concentrations, observations collected at non-urban continental and coastal sites displa
similar seasonal variations as in urban areas, which are again likely explained by the concurrent variability of particle

sources and ABL dynamics.
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In short, particle concentrations are overall higtiering warmer seasons at all sites as a resutinbfinced sources, in
connection with ABL dynamics for mountain sites.dddition, based on available MPSS data, the n@atribution of
Aitken mode particles (30-100 nm) to the total jgéet number concentration also appears as a confewtnre of all
environments. In contrast, the magnitude of thesweal cycle ofNi, together with the variations of the PNSD, exlsibit
some distinctive behaviour for the different geqdniaal categories and footprint classes, with aoloil site-dependent
characteristics. However, among other factors (idiclg the nature and proximity of the particlesrses), the level of

anthropogenic influence appears to strongly atfeetobservations.

7 Using SARGAN for global climate monitoring applications

Climate observations are fundamental to many aspetdted to prediction of future environmentalrgdes and to meet the
requirements of the UNFCCC and other conventionksammeements. The establishment of a global netabdbservations
for assessment of atmospheric composition charsgkstation to climate change, monitoring the eiffeciess of policies
for limiting emission of pollutants and/or develogiclimate information services must define thecgjeobservational
requirements for efficiently addressing these issue

7.1 Response of SARGAN to GCOS principles

Measurement harmonization procedures allowing forctl comparison of data provided, together with ¢uality control
and quality analyses performed all through the getaision chain have considerably improved theigalf SARGAN as an
essential piece of the in-situ segment of Earthe®lagions for its specific climate-relevant variehl SARGAN addresses to
all 10 basic principles of the WMO-IOC-UNEP-ICSU0BAI Climate Observing System (GCOS). GCOS is desigo
meet the requirements for climate observations e essential to climate monitoring and suppoglémentation of
UNFCCC and other climate conventions and agreements

Considering the importance of aerosol propertieghia Earth Climate system, it is important to defithe GCOS

requirements for a number of variables that arenay be in the future, defined as essential climat@ébles. Today, there
are four aerosol GCOS ECV products: AOD, Singlett8cag Albedo, Aerosol Extinction Coefficient Pilefand Aerosol

Layer Height. Only Single-Scattering albedo is die connected to SARGAN although the GCOS aeresoiables are
currently being revised to include ECVs connectederosol size, composition and hygroscopic praggertn its current
state SARGAN is able to address the ten basic GClid&ate Monitoring Principles as follows (Table 4):

These requirements must include the spatial angdeathresolution of the observations, and theiuaacy, precision, and

long-term stability. For each requirement, one aoidal specification is required to identify 1) Bshold or minimum
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requirement defined as the value that has to betanensure that data are useful, 2) Goal or maximeguirement defined
as the value above which further improvement givessignificant improvement in performance or costnaprovement
would not be matched by a corresponding benefifyiko evolve as applications progress. In betwedireshold » and «
Goal », « Breakthrough » is defined as an interatedevel that would lead, if implemented to a gigant improvement

for the specific application.

It is clear that requirements are defined for dpeepplication areas, in this case climate momigrapplications as defined
in OSCAR (https://www.wmo-sat.info/oscar/applicatioeas). The Climate Monitoring application aredefned as such:
“The WMO-IOC-UNEP-ICSU Global Climate Observing &m (GCOS) is an internationally coordinated nefwof
global observing systems for climate, designed &etnthe requirements for climate observations, Wik essential to
climate monitoring. Climate observations are fundatal to detect, model and assess climate changppg adaptation to
climate change, monitor the effectiveness of peticior mitigating climate change, develop climatiimation services,
promote sustainable national economic developmedtraeet other requirements of the UNFCCC and atbawventions
and agreements”. Observational requirements foero#ipplication areas have been recently publisBehddetti et al.,

2018) or are currently underway as part of the WBIQWN activities.

7.1 Response of SARGAN to GCOS principles

With the specific definition, and considering thesults presented in this paper, in companion SARGXNers and in
previous studies, the following requirements canléined for SARGAN variables.

The threshold for spatial requirements in the horal scale for SARGAN can be defined as the distametween two
observing points above which no redundancy is elesewhen measurements are performed in parall&wApapers have
addressed this issue by investigating the autoetiza function between time series for differemrasol properties
(Anderson, 2003; Sun et al., 2019) and they batld ® similar results related to observations at ghound: temporal
variations of an intrinsic aerosol variable obseret the ground are no longer statistically coteglawhen stations are
located more than several hundred km apart. To & specific, Sun et al. (2019) suggest that catigel of absorption
coefficient time series from stations located 500 &part is still approximately 0.5. A similar resid found for particle

number in the 200-800 nm range, while distanceafemilar correlation of 0.5 for particles in tr@wer size range (10-30
nm) is of the order of 100 km. This, of course, efgfs on several parameters including the intensfitgmissions

surrounding the station, and efficiency of remaeaés (dry and wet deposition). Interestingly, samiemporal correlations
are observed in IAGOS (In-flight Atmospheric Glolabserving System) for aerosol variables in theeagimosphere
(Ulrich Bundke, personal communication).
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It is fair to consider that two stations located more than 1000 km apart will, therefore, for aerosol variables relevant to
SARGAN, provide very little redundancy in their observations, especially if the stations are located over land. Assuming an
advection velocity of 20 km-h 1000 km would correspond to approximately 2 days, which is shorter than the aerosol
typical lifetime over continents. For observations over the oceans, it is clear that a larger threshold could be considered
corresponding to a turn-over time of approximately a week (i.e. several thousands of km). The threshold for the observatior
of climate-relevant parameters in SARGAN can, therefore, reasonably be set at 1000 km, while breakthrough and goals fo
the spatial resolution can, accordingly, be set at 500 km and 100 km, respectively. A 100 km spatial resolution would serve
the purpose of deriving radiative forcing estimates at scales typical of a large urban area, together with providing information
extremely relevant for model and space-based observations. These indicated horizontal requirements for threshold
breakthrough and goal would require models to provide information on approx. 0.5°x0.5° degree resolution grids for goal,
which is now often achieved.

Considering a total land-area in Europe of approx. 10 M {hus only including the Russian territory in geographical
Europe), and 63 measurement stations in operation (see Table), the measurement density in Europe is close to requireme!
for « breakthrough ». It is even close to the « goal » level if Russia is not considered. In North America, it is close to
«threshold» (28 stations for 24 M Rnand between recommended values for threshold and breakthrough for US territory
only, including Alaska (21 stations over approx. 10 MPkrRor all other regions of the World, the situation is below that

recommended for minimal sampling, illustrating the huge gaps in network density.

Because SARGAN is based on individual observation points at the surface, the issue of vertical resolution is not relevant
However, the value of measuring both in the boundary layer and in the free troposphere is clear for many applications.
Requirements for temporal resolution can be derived in a simpler way, considering that time-series datasets are oftel
provided on a month-by-month variation in climate over long-time periods. Monthly data sets allow many variations in

climate to be studied and can be considered as threshold as long as the data is generated by representative original data
Information provided with a temporal resolution of one-day are suitable for addressing issues related to cloud cover,
precipitation, impact of temperature, emissions, etc... and can be considered as breakthrough while the 1-hour resolution is

requirement for many applications such as estimating aerosol fluxes or radiative impact of aerosol plumes.

The maximum time lag between observations and the data being freely available is, for most applications, of the order of on«
year (threshold), although data providers are more and more requested to provide information on shorter timescale, with 2.

hour delay and near-real-time (6 hour delay) corresponding to « breakthrough » and « goal » levels, respectively.

The definition of requirements for GCOS also asks to establish a level of uncertainty which accounts for all quantifiable

uncertainties. In the case of in-situ aerosol variables, requirements for the measurement uncertainties can be derived from t
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observed variability on the different temporal ssalwhich is quite large. We have used suggesteeriainties provided in

Table 2 for CNpsp andoap Uncertainties ofo is proposed following procedures of Sherman e{(2015).

Stability is defined as the maximum permissible uolative effect of systematic changes of the measent system to
allow long-term climate records compiled from assdrmeasurement systems. For the optical prope@ietaud Coen et
al., (submitted) observed mainly decreasing trdndscattering and absorption coefficients in Eer@md North America
while no trend or a mix of increasing and decregasmnends are observed in other parts of the WaNten statistically
significant, trends derived by Collaud Coen et(aubmitted) for optical properties are of the ordéra few (<2) %l/yr
maximum. This defines, for regions where trendsdatectable, the threshold requirement for statslihce expected trends
would not be detectable with higher stability vau€arslaw et al., (2010) have estimated the changerosol radiative
forcing due to climate feedbacks in emission ofoaef precursors from natural systems. They show ahaadiative
perturbation approaching 1 Wtnis possible by the end of the century. Detecting attributing changes to a climate
feedback due to changing natural emissions (weédfibiogenic organic volatile compounds) would rega much lower
uncertainty than currently achieved for G, andoap and consequentlyo. At this stage, without more information on
trends, we are recommending values for stabilityl®6/yr for breakthrough and 0.5%/yr for goal fot whriables.

Requirements for the GCOS application areasfgroa,, CN andwy are summarized in Table 5.

8 Conclusions and future challenges

The present article must be seen as the foundatfcaraework for the observation of aerosol propsrtcollected near-
surface from ground-based stations Worldwide, ie tiontext of GAW. SARGAN completes a ground-basetbsol
observing system composed additionally of the GA¥oaiated networks GALLION and PFR. SARGAN relies its
regional constituents in the different WMO region$, which ACTRIS in Europe and NOAA-FAN in the USeathe

principal contributors.

Although not fully implemented and operational, SBM/N sites share common methodological approaches fo
measurement and data quality control, and a conwbgettive to open access for all data, that ardeflhed as part of the
Global Atmosphere Watch Scientific advisory group aerosol. Data provision is currently operationih some sites
providing information for more than several decadéw® very strong motivation in the early 2000slévelop observations
of aerosol climate-relevant parameters led to atamtial increase in operating ground-based st availability of data
time-series with the required level of quality. Wensider that the degree of integration of theedét providers to
SARGAN has reached a mature level which has resitenore and more users of the data worldwide.
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The current SARGAN database can be used for many different applications. In this article, it is limited to very basic

statistical descriptions, comparing variability of four SARGAN parameters at 89 sites and a preliminary approach to

compare model and observations for the relevant variables. In the associated companion papers long-term climatologice
trends are derived by Collaud Coen et al. (submitted) for the optical aerosol properties showing for the first time an
unequivocal decrease of scattering and absorption coefficient in Europe, following a tendency already detectable in the U¢
several years ago. Model studies (e.g., Mortier et al, submitted) find similar trends to the observations in North America and
Europe. Open access to the SARGAN database should enhance the potential for many other applications. Analysis of trenc
for number concentration is already under way but we assume that SARGAN data can be efficiently used to support many
types of studies, related to aerosol impact on air quality, health or climate, quantification of emission sources or for the

development of early-warning services.

The SARGAN initiative is currently limited to four variables that are directly observed. They are the only four climate-

relevant aerosol variables measured near-surface for which a relatively consistent coverage exists worldwide. Providinc
constraints on radiative forcing estimates would obviously require knowledge of trends and variability for other variables,
such as aerosol chemical composition or number concentration of cloud condensation nuclei. Unfortunately, very few sites
are currently including these variables in their observation program and they are mostly located in Europe as part of
ACTRIS. It is clearly a huge and key challenge for the community to extend observations to additional variables, in

particular for sites located outside Europe.

The distribution of sites providing information to SARGAN confirms the analysis made in many earlier reports and in Laj et
al. (2010): a very strong bias still exists in the World data coverage, with Europe and the US well-represented and
observations lacking in many other regions, in particular over WMO region |l (Africa) and IV (Latin American and
Caribbean), Russia, and large parts of Asia. Causes may be connected to difficulties making data accessible through tt
World Data Centers in some cases, but for many areas of the World, it is directly related to lacking measurements. Detectini
atmospheric trends of key atmospheric compounds requires long (>10 years) high quality records and, despite man
initiatives, only a very few stations have managed to maintain operations for observing composition changes over more thai

a decade.

Laj et al. (2019) have recently proposed a series of recommendations to support atmospheric observations in emergin
economies. Demonstrating how climate data/ information have direct relevance to policy making and explaining the local
benefits that monitoring atmospheric composition changes bring to the country in terms of socio-economic impacts, in both
the short and longer terms may help engage national stakeholders to commit to maintain and develop observation site:
Stimulating the demand for climate observations/ climate information of the kind provided by SARGAN at the user level in

the countries concerned would be absolutely important. The European concept of Atmospheric Research Infrastructures

34



https://doi.org/10.5194/amt-2019-499 Atmospheric
Preprint. Discussion started: 11 February 2020 Measurement
(© Author(s) 2020. CC BY 4.0 License. Techniques

1145

1150

1155

1160

1165

1170

Discussions

such as ACTRIS, was key to securing the necessary long-term engagement in the EU countries to support SARGAN

observations. Similar approaches can be proposed, adapted to the different WMO regions.

In a recent comment in Nature, Kulmala (2018) suggested the establishment of 1,000 or more well equipped ground station
around the world tracking environments and key ecosystems, thus sampling beyond the observation of atmospheric
composition only. Establishing observation sites with core measurement capabilities documenting key atmospheric
components (greenhouse gases, reactive gases, aerosol properties) together with basic meteorology, operated by skill
personnel and providing access to measurement data in countries where this is still lacking would require a large scal
coordinated effort that is far from being out of reach. Investments for atmospheric monitoring would be anywhere between
0,5 and 1 M US$ and annual operations between 50 and 100 kUS$ and 2-3 FTEP per site.

There is a growing number of multilateral climate finance initiatives designed to help developing countries address the
challenges of climate change and air quality. They have a role in capacity building, research, piloting and demonstrating nev
approaches and technologies and are perfectly suited to be used for developing the needed atmospheric component of
global Earth observing system. A “One Nation, One Station” approach to establish at least one reference stations in eac
country where information is lacking would definitely add essential information to large-scale modelling but also support

local research, national policymakers, and promote business development for environmental services such as early warning

for extreme weather and atmospheric hazards.
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Nomenclature

Definition

Gep, O'Spl, Gapl

The volumetric cross-section for light extinction is commonly called the particle light extinction coefficiesy),
typically reported in units of Mrh (10 ml). It is the sum of the particle light scatteringy( and particle light
absorption coefficientssép), oep = osp + cap. All coefficients are spectrally dependent.

AOD??

Aerosol optical depth, defined as the integral over the vertical column of the aerosol particle light extinction
coefficient.

0302

The aerosol particle single-scattering albedo, defined asospcep, describes the ratio of particle light scattering
coefficient to the particle light extinction coefficient. Purely scattering aerosol particles (e.g., ammonium sulphate
have values of 1, while very strong absorbing aerosol particles (e.g., black carbon) may have values of around 0.2
550 nm.

AAOD

The absorption Aerosol optical depth is the fraction of AOD related to light absorption and is defined as
AAOD=(1-wo)xAOD.

g, p

Theasymmetry factor g is the cosine-weighted average of the phase function, ranging from a value of -1 for entirely
backscattered light to +1 for entirely forward-scattered light. dfeeatter fraction p gives the fraction of sunlight
scattered in the upwards direction (back to space), which depends on the solar zenith angle as well as the ¢
distribution and chemical composition of the particles.

AE (or A)

The extinction (scatteringdngstrom exponent is defined as the dependence of AOD (@f)] on wavelength’),

e.g., AOD-Col"E where G denotes a wavelength-independent constant. The Angstrom exponent is a qualitative
indicator of aerosol particle size distribution. Values around 1 or lower indicate a particle size distribution dominate:
by coarse mode aerosol such as typically associated with mineral dust and sea salt. Values of about 2 indicate part
size distributions dominated by the fine aerosol mode (usually associated with anthropogenic sources and bioms
burning).

AAE

The absorption Angstrém exponent (AAE) describes the wavelength variation in aerosol absesitlsrColAAE
where G denotes a wavelength-independent constant.

MSCi, MACi

Themass scattering cross-section (M SCi) and mass absor ption cross-section (M ACi) for species, often calculated

as the slope of the linear multiple regression line relatip@ndoap, respectively, to the mass concentration of the
chemical specieg is used in chemical transport models to evaluate the radiative effects of each chemical specie
prognosed by the model. This parameter has unit$ gf'm

f(RH), g(RH)

f(RH) is the functional dependence of components of the aerosol particle light extinction coeffigiestp, (cap) on
relative humidity, expressed as a multiple of the value at a low reference RH (typically <40%). g(RH) is analogous t
f(RH) but describes the change in size of particles as a function of RH

PNSD

Theparticle number size distribution describes the number of particles in multiple specified size ranges. The PNSD
can provide information about formation processes such as new particle formation, aerosol transport as well as aerc
types.
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CN, CCN, IN

Theparticle number concentration (CN) refers to the number of particles per unit volume of airfcnTheCloud
Condensation Nuclei (CCN) number concentration is the number of aerosol particles which can activate to a
cloud droplet at a given supersaturations of water.I€aé&uclei (IN) is the number of aerosol particles onto which
water freezes following various processes. CCN is often indicated as a percent of the total CN for specifi
supersaturation typical of atmospheric cloud formation. CCN number concentration is sometimes approximated usit
the fraction of particles larger than a given diameter from the particle number size distribution

Fz(cep)**

The profile of theparticle light extinction coefficient is the spectrally dependent sum of aerosol particle light
scattering and absorption coefficients per unit of geometrical path length.

Aerosol chemica|
composition

The chemical composition of aerosol particles is often expressed in*u§an climate applications, only the main
components of the aerosol composition are relevant, i.e. influencing the aerosol hygroscopic properties and refracti
index. Total inorganicElemental Carbon (EC) and Organic Carbon (OC) mass concentrations are, in a first
approximation, sufficient.

Table 1: Measured and derived aerosol particle properties relevant to radiative forcing on climate (adapted from GAW Report 227).

Wariables currently
1620 Monitoring applicatio

recognized as core aerosol variables by WMO/®AaNables currently recognized as ECVs for Global Climate
n areas (GCOS).
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Aerosol variable Instrument used Time Associated
resolution Uncertainty
(raw)
particle light| Integrating Nephelometer 3563 (TSI Inc, USA); Awarpt min 0% (from Sherman
scattering coefficient3000 (Ecotech Inc, AU); NGN-2 (Optec Inc, USA); A al., 2015, extended to
(oep) M9003 (Ecotech Inc, AU) other nephelometers)
particle light| Multi Angle Absorption Photometer model 5012 (MAAR, min 20% (from Sherman et
absorption coefficientby THERMO-Scientific Inc. USA); Continuous Light al., 2015, extended to
(cap) Absorption Photometer (CLAP, NOAA); Aethalometer other filter-based
(AE16, AE31, AE33) (Magee Scientific, USA). photometers)
Particle/Soot Absorption Photometer (PSAP, Radiance
Research Inc)
Particle NumbefCPC & MPSS 1 min (CPC) 10% for particles >15
concentration (CN) to 5 min|nm (from Wiedensohler
(MPSS) etal., 2012)

Table 2: Instruments used for the determination of aeroptical and physical properties in SARGAN, originahé resolution for raw
1625 data and associated uncertainties.
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GCOS Principles

SARGAN Response to GCOS Principles

The impact of new systems or changes to
existing systems should be assessed prior to
implementation.

All instruments used in SARGAN should be acceptethe standard procedures.
Whenever instruments are custom-made or modifith tommercial versions (e.g.,
SMPS), they must be intercompared with a referamteument operated by a
calibration center.

A suitable period of overlap for new and old
observing systems should be required.

While this was not necessarily implemented in thstpit is now the case that any
upgrade in the instrumental deployment at a SARGA&Ishould be made by
maintaining side-by-side measurements with theaaldinew instruments for an
extended measurement period.

The results of calibration, validation and data
homogeneity assessments, and assessments
algorithm changes, should be treated with the
same care as data.

All results from intercomparison exercises are maulalic and should be conserved by
tife Calibration Centers.

A capacity to routinely assess the quality and|
homogeneity of data on extreme events,
including high-resolution data and related
descriptive information, should be ensured.

Within the contributing networks to SARGAN, tools fanline quality control of
instrument performance are used to ensure datéyquel information on data quality
is traceable, including availability of raw inforti@n, conserved by the data centers.
RAW information (level 0) is available for reprocissin case it is required for
analyzing specific events

Consideration of environmental climate-
monitoring products and assessments, such
IPCC assessments, should be integrated into
national, regional and global observing
priorities.

SARGAN supports the implementation of UNFCCC policiwein networks established
ato respond to EU-directive (local and Europeamaiity networks), to the Convention
on Long Range Trans-boundary Air Pollution (CLRTAP}he United Nations
Economic Commission for Europe (UNECE) contributioW{MO’s Global Climate
Observing System (GCOS)

Uninterrupted station operations and observinghe analyses of SARGAN data coverage shows thatetveork is composed of

systems should be maintained.

stations that are, for the most part, providingtitmous data; some sites have been
doing so for decades.

A high priority should be given to additional
observations in data-poor regions and region
sensitive to change.

While we acknowledge that the situation is stilt satisfactory, a number of stations
shave been implemented in the framework of GAW mItist decade or so and have
improved availability of data from regions wherevemge was, previously, totally
lacking.

Long-term requirements should be specified
network designers, operators and instrument
engineers at the outset of new system design
implementation.

AImost all stations are registered to GAW as aamrai, global or contributing station
and are documented in the GAWSIS metadata base.
and

The carefully-planned conversion of research
observing systems to long-term operations
should be promoted.

This work is supported by the establishment ofuai¢ European Research
Infrastructures or networks that are clearly essakl in the long-term with
commitments at country ministerial levels

Data management systems that facilitate acc|
use and interpretation should be included as
essential elements of climate monitoring

e€ansiderable work has been carried out in recentyedacilitate access to all
SARGAN information through the development of toiol$VDCA to facilitate uptake
and accessibility of information.

systems.

Table 4: a description of the status of SARGAN with resgedhe requirements for GCOS networks
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Threshold

Breakthrough

Goal

Resolution

Spatial Resolution: Horizontal
All SARGAN variables

1000 km

500 km

100 km

Spatial Resolution: Vertical
All SARGAN variables

Not applicable

Not applicable

Not applicable

Temporal Resolution 1 month 1 day 1 hour
All SARGAN variables
Timeliness annual 24h-delay 6h-delay
All SARGAN variables
Uncertainty| Required measurement uncertainty
Gsp 10% 10% 5%
Gap 20% 20% 10%
CN 10% 10% 5%
o 20% 20% 10%
Stability for users
osp andoap, CN, wo 2 %lyr 1%lyr 0,5%l/yr

Table5: proposed requirements for GCOS application are84RGAN variables
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Figure 1: Location of sites contributing to the present studyblue, sites which provided information for tlederence year 2017 and in
red, sites that in addition, provided >10year tseees for optical properties used in Collaud Coeal.gsubmitted).
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Figure 3: Cumulative number of sites providing information WDCA for the aerosol variables: a) scattering, byaption and c)
1655 combined size and particle number concentration.
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Figure 8a: AeroCom-SARGAN comparison of seasonal means of phisarcoefficients at selected surface sites.
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Figure 8b: AeroCom-SARGAN comparison of seasonal means ofesoagt coefficients at selected surface sites.
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Figure 9: Annual trends for (a) the scattering coefficiefy the absorption coefficient and (c) the singlatt®eing albedo derived for
SARGAN stations providing 10yr time series ending2D16-2018. The larger symbols represent staltisignificant trends at 95%
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