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A global analysis of climate-relevant aerosol properties retrieved
from the network of GAW near-surface observatories
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Abstract. Aerosol particles are essential constituents ef Harth’s atmosphere, impacting the earth radiabialance
directly by scattering and absorbing solar radmgtend indirectly by acting as cloud condensatiociei. In contrast to most
greenhouse gases, aerosol particles have shorspltedc residence time resulting in a highly heger@®ous distribution in
space and time. There is a clear need to docurhéntvariability at regional scale through obsemasi involving, in
particular, the in-situ near-surface segment ofaimeospheric observations system. This paper wilNige the widest effort
so far to document variability of climate-relevantsitu aerosol properties (namely wavelength ddpan particle light
scattering and absorption coefficients, particlenbar concentration and particle number size distidn) from all sites
connected to the Global Atmosphere Watch netwoigghHjuality data from more than 90 stations worldevhave been
collected and controlled for quality and are repdrfor a reference year in 2017, providing a veitgreded and robust view
of the variability of these variables worldwide. €flnange of variability observed worldwide for lightattering and
absorption coefficients, single scattering albedd particle number concentration are presentecthegeavith preliminary
information on their long-term trends and comparisath model simulation for the different statiorithe scope of the
present paper is also to provide the necessarg etiinformation including data provision procedjrquality control and
analysis, data policy and usage of the ground-basedlsol measurements network. It delivers to usktke World Data
Centre on Aerosol, the required confidence in gataducts in the form of a fully-characterized valtigain, including

uncertainty estimation and requirements for coatiitg to the global climate monitoring system.

1 Introduction

Climate change is perceived as one of the worltéatgst threats with the potential to underminetlihee social, economic
and environmental pillars of sustainability. Chamggatmospheric composition is one of the importinters of climate
change acting both on the global scale (i.e. wagmétated to long-lived greenhouse gases such & @l on the regional
scale where atmospheric compounds with shortetinfile may enhance or slightly reduce warming fromghived

greenhouse gases.
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Aerosol particles are essential constituents ofEheth’s atmosphere, impacting the earth’s radiabalance directly by
scattering and absorbing solar radiation, and éudly by acting as cloud condensation nuclei. lnrdcent IPCC Reports on
Climate Change (AR5), the impact of aerosols orati@osphere is widely acknowledged as still onthefmost significant
and uncertain aspects of climate change projec(iitSC, 2013, Bond et al., 2013). The magnitudaeosol forcing is
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 lledemore recent study by Lund et al (2018) repaetosol direct
radiative forcing of-0.17 W m™2 for the period 1750 to 2014, significantly weakean the IPCC AR5 2011-1750 estimate.
Differences are due to several factors, includimgnger absorption by organic aerosol, updatedmpeterization of Black
Carbon (BC) absorption in the applied model, amtiiced sulfate cooling.

The mechanisms by which aerosol particles influgheeEarth’s climate have been subject to numestudies in the last
decades and are well understood, yet the uncertairihe anthropogenic forcing still remains thegksst uncertainty among
the factors influencing changes in climate. In casit to most greenhouse gases, aerosol particles dieort atmospheric
residence time (days) and undergo transport, mixdhgmical aging, and removal by dry and wet dejposiresulting in a
highly heterogeneous distribution in space and .tiBiéferent parameterizations used to calculateoagpheric mass loads
lead to high diversity among global climate mod@lextor et al., 2006; Huneeus et al., 2011; Tsidjaret al., 2014; Bian et
al., 2017). There are several reasons for the aigtertainty: uncertainties associated with aerasaol aerosol precursor
emissions linked to new particle formation, in gartar for the pre-industrial period; uncertaintiesthe representation of
the climate-relevant properties of aerosol inclgdine representation of the pre-industrial condg)o uncertainties in the
parametrization of sub-grid processes in climatalei®) in particular for cloud processes (updrafbeigy, cloud liquid
water content, cloud fraction; relationship betweéfective radius and volume mean radius, impacthsiorbing impurities
in cloud drop single scattering albedo, etc.); andertainties in providing an adequate charactéoizaf aerosol climate-
relevant properties (spatial and temporal varighiliA study published by Carslaw and coworkersl1@0has shown that
45% of the variance of aerosol forcing arises frgmertainties in natural precursor emissions, @dime with the results of
Lund et al. (2018).

The study of Lund et al. (2018) also highlights ihgportance of capturing regional emissions andfigation with

measurements. Natural and anthropogenic emissiomsnaary aerosol and their gaseous precursors heee estimated at
different scales in many studies and inventoriesrew providing fairly accurate information on bistal emission trends.
Historical emission estimates for anthropogenioserand precursor compounds are key data neededdessing aerosol
impact on climate, but are difficult to obtain wiphecision and there are important discrepanciemgst different estimates
even for key aerosol climate forcers like blackbcar (Granier et al., 2011; Klimont et al., 2017marque et al., 2010;
Wang et al., 2014). For example, in a recent stigilyg ice-core records from Alpine regions, Linaket(2017) showed that

BC emission inventories for the period 1960s—-19%8g be strongly underestimating European anthrapogamissions.
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Providing reliable observations of aerosol progsrtielevant to climate studies at spatial and teatpesolution suited to
users is essential. For example, a measured decheggollutant concentrations would be the ultimatdicator of a

successful policy to reduce emissions. However mhigiires long-term production and delivery of scebased data of
known quality in terms of precision, accuracy amndfisient density of data points over the regionioferest for the

measurements to be representative. Similarly, atialy model performances from comparisons with nlag®ns requires

that sets of high quality data are made availableomparable formats, with known uncertaintieshs tomparisons are
meaningful. Current modelling tools are suitedhe diversity of applications required by the digparspatial and temporal
scales of atmospheric impacts on climate, humatithaad ecosystems. There is still a need for ateurepresentation of
observed aerosol which remains challenging, leattincpnsiderable diversity in the abundance anttibiigion of aerosols

among global models. Capacity exists to deliveorimfation products in a form adapted to climate gyolpplications in

particular, but models need to be validated agaimsasured atmospheric composition both in the sk long-term

(Benedetti et al., 2018).

One major aspect of aerosol forcing on climatdrikeld to its multi-variable dimension: optical pespies of an aerosol
particle population are closely linked to its cheahi physical and hygroscopic properties and atsahe altitude-
dependency of these parameters, which undergdfiseymti short-term (diurnal) temporal variations.eTéffects of aerosol
on climate are driven by both extensive and int@nsierosol properties. Aerosol extensive propedi&gend on both the
nature of the aerosol and the aerosol particle exnation. In contrast, intensive properties amependent of particle
concentration and instead relate to intrinsic proge of the aerosol particles (Ogren, 1995). Tablists properties relevant
to the determination of aerosol climate forcing. Wee the terminology proposed by OSCAR (https://wawo-
sat.info/oscar/) and Petzold et al. (2013) forgpecific case of black carbon. Some of the aenosaperties in Table 1 are
recognized as aerosol Essential Climate Variali#€3/6) products for climate monitoring in the Glol@imate Observing
System (GCOS). The WMO/GAW Report No. 227 (2016)vtes a synthesis of methodologies and procediames
measuring the recommended aerosol variables wttienGAW network. The report identifies a list ofngorehensive
aerosol measurements to be conducted as a prarityell as core measurements to be made at a largerer of stations.

It is clear that neither a single approach to olisgrthe atmospheric aerosol nor a limited sensfruments can provide the
data required to quantify aerosol forcing on clienat all its relevant dimensions and spatial/terapscales (Kahn et al.,
2017; Anderson et al., 2005). Observations frontegarough remote sensing methods are providingifki@ymation to
accurately document extensive properties but drest sufficient to provide information with thequired degree of spatial
and temporal resolution needed for many applicatidurther, remote sensing retrievals have onljtdincapabilities for
determining aerosol chemistry, aerosol particlbtl@psorption, particle size number distributioil, CCN and IN (Kahn et
al., 2017). Instead, in situ observations fronti@tery surface observatories, ships, balloons, @nttaft provide very

detailed characterizations of the atmospheric agroften on limited spatial scales. Non-continuousbile platforms such

5



as aircraft and balloons provide the vertical disien, however, with limited temporal resolution.eTéurrent availability

195 and accessibility of ground-based datasets on tdim&evant aerosol properties vary substantiaiynfplace to place. An
aerosol observing system for climate requires #tlathe types of observations are combined with el@do extrapolate
measurement points to large geographical scaléasigahich satellite measurements can be compaed, (Anderson et
al., 2005, Petgja et al., 2016).

200 The in-situ segment of atmospheric observationgery complex and involves multiple partners, some @ganized in
measurement networks, active at regional or glagales, some are working almost independently. bidisvsupport
consistent, long-term measurements of atmosphariables in order to detect trends and assessnedspthose trends.
Information on the variability of aerosol propestiftom ground-based stations can mainly be divides two types: (i) in-
situ networks driven by policy initiatives, withralatively close relationship to stakeholders aftdrostructured at country

205 scale, providing limited sets of aerosol variabbesd (ii) the research-based networks, organizedoatinental or
international scales particularly focusing on cliezeelevant parameters. The Global Atmosphere W&&W) Programme
of the World Meteorological Organization (WMO) westablished in 1989 and the GAW aerosol measureptegtamme
in 1997 originally dedicated to monitoring of clitearelevant species. Networks contributing to thevigion of climate
relevant aerosol properties are mainly structureth whree different categories, some of them affdd to GAW as

210 contributing networks and some other operating pedeently:

* Networks for the detection of Aerosol Optical DeghOD): AERONET (https://aeronet.gsfc.nasa.gov/AVs
PFR (http://www.pmodwrc.ch/worcc/) and CARSNET (@hiAerosol Remote Sensing NETwork, Che et al.,
2009). Aerosol optical depth (AOD) is one of fivere aerosol variables recommended for long- termicoous
215 measurements in the GAW programme.
* Networks for the detection of aerosol profiles whire internationally organized into GALION (GAW wsol
Lidar Observing Network) and composed of lidarrnstents operating within NDACC (Network for the Betion
of Atmospheric Composition Changes), EARLINET/ACERI(European Atmospheric Lidar Network) and
MPLNET, principally ADNET in Asia and MPLNET. Othdidars (CLN, CORALNET, ALINE) contribute to
220 GALION goals but are not at the same level of nigtar are solely regional in extent.
* Networks for the detection of in-situ aerosol pmtigs, mainly divided into contributions from NOAé&\Federated
Aerosol Network (NFAN), encompassing sites primyaitil North America but also including sites in Epeo Asia,
and the southern hemisphere, including Antarctitessi(NFAN, Andrews et al., 2019) and ACTRIS
(https://actris.eu) in Europe, but also includiitgsother WMO regions (https://cpdb.wmo.int/regiprin Europe,
225 the European Monitoring and Evaluation ProgrammMER (https://www.emep.int), and, in the US, the
IMPROVE network (http://vista.cira.colostate.edudiove/) are also providing key information on aetds-situ

variables (Tarseth et al, 2012). Additional netvgodontributing to the provision of in-situ aerogobperties are

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

Finally specific contributions are brought by ttertical profiles to in-situ observations routinggrformed by IAGOS (In-
flight Atmospheric Observing System), a contribgtinetwork to GAW and by additional ground-based eoiations
operated outside the GAW context, such as SPART#ipS://www.spartan-network.org).

2 Scope of the paper

The scope of the present paper is to provide tlessary suite of information to define a fully #able ground-based
aerosol measurements network, and to give an aeref the state of the operation in the networkaaeference 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, incluglimncertainty estimation and requirements for d@maonitoring.

The paper is limited to a subset of the climatewaht aerosol variables. It focuses on variablasdhe measured or derived
from near-surface measurements, thus excludingpllimnar and profile variables, despite their grolimate relevance. A
second criteria for discussion in the paper is eoted to the fact that long-term information isikalde at sufficient sites
across the globe to derive trends and variabilith wufficient robustness. Clearly, for many of tfeiables listed in Table
1, information is only available from a number tdt®ns that are either almost exclusively docuingnbne single region
(i.e. measurements of aerosol chemical propertitds amline aerosol mass spectrometers in Europg) amlnot numerous
enough to provide a robust assessment. In theafdS€/OC observations for example, information exier many sites in

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

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

concentration, and iv) particle number size disitiim.

For this set of variables, there has been, indsedecades, a significant international efforh@amonize the practice and
methodologies across the frameworks, and strengslystematic observations through different netwouks research
infrastructure in the case of Europe, operatindpaitertain degree of interoperability. All netwsikintly defined Standard

Operation Procedures (SOPs), conduct data coltedtica timely and systematic manner, and promotnagccess and

7
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exchange of data without restriction through a ueigata hub, the WDCA, hosted by NILU in Norwaygkt//www.gaw-
wdca.org/). Operators from these networks perfaimt jassessments and analyses of data resultsgientific publications

that are discussed below.

This paper then provides a full-characterizatiothef value chain for these five aerosol varialhes will serve for defining
the fiducial reference network in the future. Is@lprovides an overview of the variability of thariables, and of some
additional derived variables from the collectiondafta for the reference year 2017. The presentrpspaintly written with
companion papers, three of which one (Collaud Ceeml., (submitted), Gliss et al., (submitted) dvidrtier et al.,
submitted) are submitted in parallel with this pagliss et al., (submitted) and Mortier et alyk{mitted) also belong to the
AeroCom initiative for IPCC. Papers are the follogi
e Collaud Coen et al. (submitted) analyses trends\amibility of SARGAN optical properties using d¢omnous
observations worldwide
 Gliss et al. (submitted) uses the AeroCom (Aero€®dmparisons between Observations and Models,
https://aerocom.met.no/) models to assess perfaasaof global-scale model performance for global wegional
SARGAN variables distributions, variability, ane@mds
» Mortier et al. (submitted) is a multi-parameter lgsis of the aerosol trends over the last two desadmparing the
output from AEROCOM models and observations, inicigdime series of SARGAN aerosol optical variables
» Additional papers are in preparation to analysevidmability of SARGAN physical properties and tovéstigate
the variability of carbonaceous aerosol using ecamus observations worldwide
Some preliminary information on trends and comparsswith models that are further developed in Gall€oen et al.

(submitted), Gliss et al. (submitted) and Mortiealk (submitted) are presented in this paper

This paper is integrated into a larger initiativedled SARGAN (in-Situ AeRosol GAW Network) that wierve as the
equivalent for GALION for the near-surface obseimas of aerosol variables. It is intended to suppduture application

of SARGAN, and possibly other components of the GAWtwork, to become a GCOS associated network
(https://gcos.wmo.int/en/networks). This requites definition of threshold, breakthrough and gdatsspatial and temporal
resolutions that may be used for designing an dipeid aerosol in-situ network suited to global itoring requirements in
GCOS. Finally, this paper documents all elementpiired for establishing the GCOS network by addngsd) the
procedures for collecting and harmonizing measungésnelata, metadata and quality control, 2) progesifor curation and
access to SARGAN data, 3) the available harmongethce observations within SARGAN and status & $tation
network, 5) the present-day distribution of SARGABrosol properties and 5) requirements for usin@SAN for global

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

Controlling and improving data quality and enhagctheir use by the scientific community is an etiakmim within
observational networks. Procedures are continuoesblving as new instruments become commerciallgilable and
because efforts from the scientific community haesulted in more appropriate operation proceduogsnfonitoring
purposes. In the last decade, significant prognassbeen made in the harmonization of measuremettdcpls across the

different networks and to ensure that all informatis made readily available in a coordinated manne

In the GAW program, the individual station and litsst organization are scientifically responsible éonducting the
observations according to the standard operatirgcaotures. This responsibility includes quality assoe of the
instruments, as well as quality control of the dafi@r measurement. In quality assurance, theostttollaborate with
dedicated calibration centers, usually by sendmgy instruments for off-site calibration in regulatervals, and by station

audits performed by relevant GAW Calibration cesiter

3.1 Harmonization of measurement protocolsin SARGAN

Improving data quality and enhancing data use gy sbientific community is an essential aim withid\@ and the

contributing networks. The measurement guidelined standard operating procedures (SOPs) used fosaein situ

measurements within GAW are discussed and prefmr&tientific Advisory Group (SAG) on “Aerosol” aratcepted by
the scientific community through peer-reviewed gsses. The SOPs provide guidelines for good maasutepractice and
are listed in WMO/GAW report #227 (2016) and conadaeports.

The knowledge of the aerosol effect on climate aindjuality as well as the techniques used fordétrmination of the
essential aerosol variables to be monitored at rgidiased sites have evolved considerably in the dasade. The
methodologies, guidelines and SOPs are often edsdmbrand tested within the regional networks suecNBAN 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 alalbsterosol climate-relevant measurements, inodor some of the
most recent aerosol instruments.

The general guidelines for in-situ aerosol measargmin GAW are given in the general WMO/GAW repé2R7 (2016)
and in specific GAW reports such as WMO/GAW Rep#R00 (2011) for particle light scattering and apsion
coefficients. Some of the recommended procedureslap adopted at a level of recommended standgrdsher bodies,
such as EMEP under the UNECE, CEN (Center for EeanpNormalization). This is the case for the measent of the
particle number concentration with condensatiortigdarcounters (CEN/TS 16976) as well as for thetipi@ number size
distribution with mobility particle size spectroraes (CEN/TS 17434).



325

330

335

340

345

350

355

In SARGAN, measurements of the particle light sraiiy coefficient are performed using integratimpinelometers, while
measurements of the particle light absorption ddiefit utilize various filtered-based absorptioroftimeter instruments.
Both particle light scattering and absorption cogfhts are dependent upon the size, shape, angasition of the particles
as well as the wavelength of the incident light.aglerements of the particle light scattering ancbgli®n coefficients
ideally would be performed at various wavelengtha defined relative humidity. In GAW and the cdamiting networks,
in-situ microphysical and optical aerosol measum@sshould be performed for a relative humidity jRéiver than 40%,

although some stations allow measurements up ta 50%

Furthermore, information on the relative amountpaiticle light scattering vs. absorption is regdifor radiative forcing
calculations and is defined by the aerosol singhtering albedogwo, which is the ratio of the particle light scatteyi

coefficient over the particle light extinction ctieient, as defined in Table Iyg = osf/(osp + Gap). In this article,wo is

computed for one specifit (550 nm). The scattering Angstrém exponent, AHjneed by the power-lawsspx Col”E,

describes the wavelength-dependence for scattighgtdaind is an indicator of particle number sizgtribution, and, thus, on
the type of aerosol such as anthropogenic, mirmerst or sea salt. The scattering Angstrém expocembe directly derived

from the measured particle light scattering coédfits at different wavelengths.

Muller et al. (2011) performed an intercomparisorereise for integrating nephelometers to proposecemtures for
correcting the non-ideal illumination due to trutica of the sensing volumes in the near-forward aedr-backward
angular ranges and for non-Lambertian illuminaticom the light sources. Muller's work expanded thigial findings of

Anderson and Ogren (1998), which were for a speo#iphelometer model.

Additionally, measurements of the dependence of gheicle light scattering coefficient on the ralat humidity are

essential for the calculation of aerosol radiagffects in the atmosphere. This enhanced partgi $cattering due to water
take-up is strongly dependent on the particle nunskze distribution and the size-resolved partadenposition. However,
such measurements require an additional instrurhsataip, which has been implemented at only af few stations and,

with few exceptions, only on a campaign basis (Baret al., 2019; Titos et al., 2016).

Petzold and Schonlinner (2004) developed the filesed Multi-Angle Absorption Photometer (MAAP), ioln can

determine the particle light absorption coefficiéirectly, considering the light attenuation thrbuand the backscattering
above the filter. For other filter-based absorptiiotometers, the particle light absorption coéffit is determined from the
light attenuation through the filter, consideringaiering cross-sensitivities and loading effe@tse procedures to correct

for scattering cross-sensitivity in Particle Sodisarption Photometer (PSAP) instruments are desttrih Bond et al.

10



360

365

370

375

380

385

(1999) and Ogren (2010). Several correction proasifor Aethalometers are given in Collaud Coesl.g2010). Recently,
the ACTRIS community developed a harmonized fafdoithe AE31 to determine the particle light absianp coefficient,

based on long-term intercomparison between Aethetlers and the MAAP for different environments aedoaol types
(WMO/GAW report #227, 2016).

The physical aerosol particle properties reportedhis article are derived from the particle numbencentration and
number size distribution limited to the ultrafinadafine range. These measurements are performed gsindensation
particle counters (CPC) and mobility particle sipectrometers (MPSS). Wiedensohler et al. (20&8Fribes procedures
for long-term MPSS measurements and for their ualisurance. Since measurements of particle nusitdistributions
are mainly restricted to ACTRIS sites and at a fither stations, a global assessment on aerosoicghysoperties can be
only derived for the particle nhumber concentratifor sites, where only MPSS data are available,ptmticle number
concentration is determined from the integral abher particle number size distribution measuredhayMPSS (see section
5.2 for discussion). Table 2 below summarizesealhnical information related to the measuremehtsecosol optical and

physical properties in SARGAN.

3.2 Curation and accessto SARGAN data

In the management of data throughout its lifecydkta curation is the activity that collects, aames, verifies, archives,
publishes, presents, and ensures access to alitpatslata sets produced within the measuremantefwork and program.
The main purpose of data curation is to ensuredhta are reliable and accessible for future rebgaurposes and reuse. To
this end, SARGAN data should be traceable to tiggral raw observational data, include version ocolrénd identification
in case of updates, and include rich metadata doéygnd discovery metadata (e.g., variable andastatformation) to use
metadata (instrument description, operating proceesjustation setting, calibration and quality assoe measures and
uncertainties). SARGAN data are archived at WDCAijol is the data repository for microphysical, opkji and chemical

properties of atmospheric aerosol for the WMO/GAgramme.

To ensure traceability of data products, WDCA wssgstem of 3 data levels:
e Level 0: annotated raw data, all parameters pravio instrument, parameters needed for further gusiag,
format is instrument model specific format, “natitiene resolution.
* Level 1: data processed to final parameter, caldomma applied, invalid and calibration episodes oeed, format is
property specific, “native” time resolution, consim to reference conditions of temperature andgue (273.15
K, 1013.25 hPa).
» Level 2: data aggregated to hourly averages, athesgpvariability quantified, format is propertyesgfic.
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Each higher data level is produced from the respgeddwer level as specified by the pertaining epeg procedure. The
templates for data level and instrument are pubtisbn the WDCA homepage and pages referenced fiere,ttogether
with references to the relevant operating procesiurbe templates indicate the metadata and datzeats (discovery and
use metadata) expected when submitting data to WD@#ich have been specified in collaboration witte tGAW
scientific advisory group (SAG) for aerosol and B8AW World Calibration Centre for Aerosol Physid& CCAP) to

ensure that relevant and useful metadata are tadlec

Stations report data to WDCA on an annual basiterAfuality control, the station submits the dataMDCA via an online,
web-based submission tool: https://ebas-submitsidolno. In this process, the tool gives immeditgedback on syntax
errors, and performs checks on semantics and safityth metadata and data. During curation at WDtBA data files are
inspected both automatically and manually for metaccompleteness and consistency, while the datanapected for
outliers, spikes, and sanity. Issues discovereithénprocess are reported back to the station, lmdtation asked to take

corrective action and resubmit the data. The sgpbes for issues discovered after data publication

By joining the GAW programme, stations commit tpaging their observations in a fully and manualyality controlled
version (level 2) on an annual basis, with a deadbf 31 December of the year following the datary® be reported.

WDCA encourages stations to report their datatiaeeable way, i.e. to include data level O andth their submissions.

GAW guidelines for quality control have developetiamproved over the lifetime of the programme.ti#¢ beginning,
quality control reflected the GAW objective of prdivng observations of atmospheric compositions wédlge scale
representativity. For this reason, observationkiémfced by local and regional emissions, or byawrali phenomena, were
flagged invalid during quality control and exclud&dm being archived. Later, it was acknowledgedt thtmospheric
composition data serves multiple purposes and egtfiins. This is reflected by the recommendationrity remove data
affected by instrument issues or contaminationrduguality control, and indicate local or regiomdluence with a flag that
leaves the data valid. This implies, for any amgilan of WDCA data, filtering the data accordingptarpose is the first step.
When using WDCA data, this shift in quality contpproach, which may vary among stations due to gwentific

independence, needs to be taken into account.

The Global Atmosphere Watch, and the affiliateduoeks have agreed on a fair-use data policy engingaan unlimited
and open data policy for non-commercial use, prediadvithout charge, unless noted otherwise. User8VBiCA are
encouraged to contact and eventually offer co-astfip, to the data providers or owners whenevestsmlial use is made
of their data. Alternatively, acknowledgement miistmade to the data providers or owners and t@thject name when

these data are used within a publication. All adatated to the present article are available aVfisCA.
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4 Proceduresfor collecting and har monizing measur ements, quality control, and data curation and access
4.1 A short history of aerosol monitoring networks

The first network designed to make long-term meamants of climate-relevant aerosol properties \hasGeophysical
Monitoring for Climate Change (GMCC) program, forrgy NOAA in the early 1970’s. GMCC was “designeckstablish
and maintain a program of observation and anabfsata representative of the global backgroundedécted gases and
aerosols” This focus on establishing a global bemligd climatology meant that the stations weretkdat remote sites, far
from human emission sources, in order to ascettarextent to which human activities caused chaimgebmate-relevant
aerosol properties. The four initial GMCC statiamesre chosen to sample representative latitudesnalitith hemispheres -
polar, mid-latitude, and tropical, and were locaa¢&outh Pole, Antarctica; Point Barrow, AlaskagiMa Loa, Hawaii; and
Cape Matatula, American Samoa. Two additional loaatwere 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
criteria, the GMCC stations were not positionedcharacterize the climate-forcing properties of ael® in the regions
where the climate forcing was large, a weaknegswha not addressed until the 1990’s when NOAARdisiaed stations in

and downwind of the continental USA and the GAWnmrk was founded.

Aerosol particle number concentration was the fiestosol property measured at the GMCC statioiitgalip with manual
expansion-type, water-based instruments and latbramtomated versions. The rationale for the ahaitthis variable was
that these very small particles “are present ificaiths of combustion [products], such as those femtomobiles, coal or oil-
burning power plants, and other human activitids,si essential to monitor the background tropospheerosol
concentration in order to assess man's possibladtrgn his global environment”. Recognizing thagrasols may play an
important role in the global radiation balance,&ese they influence the heat budget and scattabswrb both incoming
solar radiation and outgoing terrestrial radiationiulti-wavelength measurements of aerosol partiiglat scattering

coefficient using integrating nephelometers werealdat the four GMCC stations in the mid- to |a8&Qd’s.

Although measurements of aerosol particle numbecentration and light scattering coefficient werad® during multiple,
short-term field studies and in long-term studi¢sndividual field stations (e.g., Gras, 1995), thext network to be
established for these measurements was the IMPROWé&agency Monitoring of Protected Visual Envinoents) network
in the USA, which was initiated in 1985 to monitgsibility degradation in US National Parks and Wéitness Areas.
Nephelometer data from 12 IMPROVE sites, most b@gmin 1993, were included in the Collaud Coenle{2013) trend

analysis.
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After the establishment of the WMO GAW program @89, a meeting of experts was convened in 199btsider the
aerosol component of GAW (GAW Report #79). Thisugrdormulated the objective of the GAW aerosol pang to
understand changes in the atmospheric aerosoltwitlspecific tasks:
a) to assess the direct and indirect effect of aerosoktlimate - through aerosol data representativdifterent
regions; and
b) to determine the relative contribution of naturatlanan-made sources to the physical and chemioglepties of
the aerosol at locations representative of differegions.
The objective of the GAW aerosol program was refdated at the first meeting of the GAW ScientifichvAsory Group
(SAG) for Aerosols in 1997 to determine the spatioyporal distribution of aerosol properties relakedlimate forcing and
air quality up to multidecadal time scales andHertrefined in WMO/GAW Report #153 (2003) to deterenthe spatio-
temporal distribution of aerosol properties relatecclimate forcing and air quality on multi-dechdiane scales and on

regional, hemispheric and global spatial scales.

Under the leadership of SAG-Aerosols, the GAW adrogtwork grew slowly through the decade 1997-208ith the
refinement of recommended measurements and samplingedures (WMO/GAW Report #153, 2003), and the
establishment of the World Data Center for Aerog8¥DCA) and the World Calibration Center for Aerb$thysical
Properties (WCAAP). The GAW aerosol network wasagyestrengthened, particularly in Europe, by thtablishment of
the EUSAAR (European Supersites for Atmosphericosel Research) program in 2006 and its successorRAE
(Aerosols, Clouds and Trace gases Research Infcaste) in 2011. The expansion of the GAW aerostivork was further
enhanced by the NOAA Federated Aerosol Network ¢and et al., 2019), which currently supports ne&@ly GAW
aerosol stations with scientific and technical adyidata acquisition software, and streamlined guoes for submitting
quality-controlled data to WDCA.

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

The pioneering works of Bodhaine (1983; 1995), Beland Ogren (2002) for US sites, and Putaud €2@04 and 2010),
and Van Dingenen et al. (2004) for European sitestlze first studies documenting variability ofnetite-relevant aerosol
properties using long term observations perforntethea network scale. Using long term observatiom$gumed at several
sites across the US, Delene and Ogren (2002) iged¢stl the systematic relationships between aemstital properties
and aerosol loadings that can be used to deriveatbiogical averages of aerosol direct radiativeifg. The work of

Putaud et al. (2004 and 2010) and Van Dingenenl.e{2804) gathered information from long and medit@mm

observations from rural, near-city, urban, and kielb sites in Europe to highlight similarities adifferences in aerosol
characteristics across the European network. A reites provided access to longer data sets, tkieseeies of papers
(2010 up to present) addressed the issues of mdgi@miability and trends with more robust statiatiapproaches and

providing a comprehensive view of the aerosol \mlitg to be used for model constraints.
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Variability for the in-situ climate-relevant aerdgwoperties relevant to SARGAN are documentednfiany GAW stations.
Integration of results from different sets of siat addressed different scales, from country ($ah,e2019) to continental
(Sherman et al., 2015, Asmi et al., 2013; Fountmekial. 2014; Zanatta et al., 2016; Cavalli et2016; Crippa et al. 2014;
Pandolfi et al., 2018) to global (Collaud Coen let 2013; Asmi et al., 2013; Andrews et al., 20Ahdrews et al., 2019;
Sellegri et al., 2019).

Generally, the seasonal variability of number comegion, and of the scattering and absorptionfanefits, is much larger
than diurnal variability at all sites (Sherman &t 2015; Asmi et al., 2011) except at mountain esbatories where
meteorology plays a key role (Andrews et al, 20C@jlaud Coen et al., 2018). Typically, changes émoaol intensive
properties can be related to known sources. Timintheir maximum impact leads to well-defined sewdity that varies
widely from site to site with the peak occurring different times of year worldwide (e.g., Schmeisstal., 2018). In
Europe, some aerosol properties at non-urban/pearusites can be divided into different typologoesinected to large
geographical areas (i.e. Central Europe, Nordicuiain, Southern and Western European), for thieréifit properties:
carbonaceous aerosol concentration (Cavalli e2@L6; Zanatta et al., 2016; Crippa et al. 2018)ical properties (Pandolfi
et al., 2018); number concentration (Asmi et a1®); number of cloud condensation nuclei (Schnedlal., 2017) or
chemical composition (Zhang et al., 2007; CrippaleR014). This feature was used by Beddows €P8all4), to propose a
representation of aerosol number size distribuitioBurope with a total of nine different clusteos the whole continent.
Two recent studies addressed variability for sjpeeifeas, using measurements from Arctic stati@adl'QOsto et al., 2019)
and mountain stations (Sellegri et al., 2019).rkgngly, none of the studies detected statidficagnificant regional work-
week or weekday related variation for any of theogel variables, indicating that the stations alatively free from local

emissions and that regional effects dominate aealleffects.

Time series longer than a decade are generallyiresjto derive trends and a lesser number of studie available, in
particular those integrating information from largets of stations. Statistically significant tremdssp (decreasing), were
found at 2 sites of NFAN in the US (analyzing treritom 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 2920 (although less
for some sites) by Collaud Coen et al. (2013); fwrstly European sites by Pandolfi et al., (2018) derosol optical
properties (comparison period ending in 2015) asdifet al. (2013) for aerosol number concentrativhenever a trend
was detected, it was generally decreasing for thprity of the sites for almost all aerosol exteasvariables. Exceptions
(increasing trends) were found at several sitesciiald 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 (g¢X4oon et al., 2016;
Zhao et al., 2017; Ningombam et al., 2018; Sogazhetval., 2018). Decreasing trends in number cdraton are

explained by reduction of anthropogenic emissidngrimnary particles, SO2 or some co-emitted spe@ssalso shown by
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520 Aas et al., (2019) for sulphur species and Tgresethl (2012) for PM10, PM2.5 and sulphate. In patér, Tarseth et al.
(2012) show strong decreases, ca 50%, in the p2€a6a to 2009 in PM10 and PM2.5. Decreasing tréofithe order of a
few %/year for all variables were more pronounagetlorth America than in Europe or at Antarctic sitwhere the majority
of sites did not show any significant trend (e@pllaud Coen et al., 2013).

525 The difference in the timing of emission reductipalicy for the Europe and North American contineigsa likely
explanation for the decreasing trends in aerostitapparameters found for most American sites camag to the lack of
trends observed in Europe. In fact, the decreasgnds in Europe for aerosol optical variables we@e detectable in
Pandolfi et al. (2018) using a 2000-2015 analypagod than in Collaud Coen et al. (2013) using@garison period of a
maximum of 18 years ending in 2010. These studgtsat find a consistent agreement between thelgrefiN and particle

530 optical properties in the few stations with longnei series of all of these properties; this is paplained by the fact that
aerosol light scattering coefficient is dominatgdaldifferent part of the aerosol size distributtban number concentration,

and hence the two parameters are likely to haverdifit sources.

The analysis of trends in aerosol properties ngedse regularly revisited as longer homogeneoug tiaries become
535 available at more sites, providing better spatral &emporal coverage. As shown in previous studiesd and variability
studies of aerosol properties still face some Atiohs due to heterogeneous time series, locattsffinat can only be
addressed by some degree of redundancy among GatWns, etc. It is also important to note that déieim terms of both
statistical significance and sign are very sensitiv the period and the methodology used for theutzion. The fact that
different aerosol variables show opposite trendsahe sites also suggests that further analysiseéxled to better
540 understand how the different aerosol parametersareected to each other in the long term. Thesties highlight the fact
that other than in Europe and North America, afieMaAntarctic stations, no trends can be derived ulack of data from

many areas in the world, as mentioned by Laj g248l10) 10 years ago!

Several studies have recently used in-situ measmenfrom, among others, the GAW network for a bre@aluation of the
545 models, in particular in the framework of the Aeco€initiative (https://aerocom.met.no/):
» Particulate organic matter concentration: Tsigaritial. (2014) have found for 31 AeroCom modatsnmared to
remote surface in-situ measurements in 2008-20h@dian normalized mean bias (NMB) underestimat&586
for particulate organic carbon mass and an ovenasi of 51% for organic aerosol mass. This woulticete
OAJ/OC ratio in the models is too high, howeveilisigenerally rather low and close to 1.4. While biees values
550 are robust at the sites investigated, it is assuthatl the measurement data available at the times wet
representative enough to provide robust global &stisnates for the models in question.
e Dust concentration: Huneeus et al. (2011) have assdt of dust measurements from the SEAREX/AEROCE

networks which are very valuable due to their glabdent and harmonised data. 15 AeroCom modelsrgén
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overestimate the remote site surface concentratwitisin a factor of 10. However, they underestiméte
magnitude of major dust events e.g., in the Pacifiok et al. (2017) suggest from comparison to iin-s
measurements of dust size distribution, among gblaeameters, that AeroCom models do not have aciguft
coarse dust component, which suggests that duser®syhave a warming direct radiative effect.

» Sulphate concentrations: The downward trends 1@dG-20f observed and modelled surface sulphate cirfa
concentrations in the Northern hemisphere have lsbewn to be very consistent by Aas et al. (201L8jng 6
AeroCom models and a unique large collection ofvoet data across Europe, North America and Asia Whrk
convincingly shows the mitigation success of SO2ssimns, which is only possible because of harnszhin-situ
measurements.

e Particle number and particle size distributions: A@roCom models with aerosol microphysics simulatio
capability are evaluated by Mann et al. (2014) énmts of total particle concentrations and numbee si
distributions. Particle number concentrations avdected from 13 global GAW sites operating for H-gears,
while size distributions are mainly from Europe@esof ACTRIS in the years 2008/2009. Number coiregion
is underestimated by the models by 21% on average.

* CCN concentrations: Of even more relevance for sreloud radiative effects is the evaluation cloud
condensation nuclei. 16 AeroCom models are evaluayd-anourgakis et al. (2019) against measurenodéi@EN
at 9 surface sites in Europe and Japan. A modetrestimation of about 30% is found, depending gnsize and

supersaturation assumed and season (larger underesin winter).

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

As mentioned previously, the data provision is aigad independently resulting in a rather complgsteam where data
originates from WMO/GAW Global, Regional, and cdmiiting partner stations which themselves belongrie or more
networks, depending on the station history and iftsndchemes. For example, many stations are labsifeultaneously as
GAW, ACTRIS and EMEP in Europe, or GAW and NOAAte US. Information on station status can be founthe

GAW information system (GAWSIS). Registration to WAdoes not exclude participation in other networ&gher

contributing to GAW or not. WMO/GAW report #207 (%), reviewed the situation with respect to thdedént aerosol
networks operating globally. Although data for te@ort were collected in 2009-2010, the currentasibn is quite similar

to 10 years ago.

According to the GAW information system (GAWSIStgwwww.wmo.int/gaw/gawsis/), as of June 2019 @%&W aerosol
network consists of 33 'Global' Stations', which ancouraged to participate in all the GAW measergrprogrammes and

approximately 250 regional or contributing statioNst all GAW stations are able to measure all s@lrgariables listed in
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Table 1 and SARGAN is, therefore, a subset of @mtatin GAW. Contributors to SARGAN consist prinhardf these
international networks and research infrastructures

»  NOAA-FAN (Federated Aerosol Network, https://wwwla®aa.gov/; Andrews et al., 2019) that consift¥ o
stations located in the US and in 22 additionaatimns Worldwide in 2017. NOAA-FAN documents 3 SARG
variablesiosp,cap and CN. EBAS hosts data from all NOAA-FAN sitescept WLG); aerosol data from NOAA
baseline stations are also available from NOAA(]s site.

* ACTRIS (Aerosol Clouds and Trace Gases Researdtasinéicture, https://www.actris.eu/) that consit36
stations, of which 5 are located outside EuropeTRIS documents all 5 SARGAN variablessp,cap, CN, and
PNSD that are accessible at http:/ebas.nilu.n@ Ebropean Monitoring and Evaluation Programme (BEME
recommends the measurement of most SARGAN variablés monitoring strategy and some ACTRIS in situ
stations are collocated with EMEP sites. For tH@MRGAN variables the quality control procedures @perated
in the context of ACTRIS. These data sets arengftintly labelled ACTRIS/EMEP, and all ACTRIS aBMEP
data are accessible through the EBAS data pomalengoing same data curation and quality contrahatdata
centre.

* In addition to the two main contributors, other g networks have provided information for tteper. These
are the Interagency Monitoring of Protected Visudnvironments (IMPROVE) in the US
(http://views.cira.colostate.edu/fed/QueryWizardidudt.aspx), the Canadian Air and Precipitation Manng
Network (CAPMoN) in Canada, the Acid Deposition Ntoning Network in East Asia EANET
(http://www.eanet.asia/) in East Asia, the Korea Buality Network (KRAQNbD) in South Korea and varo
individuals and data from smaller national or regionetworks including the German Ultrafine AeroBlatwork
(GUAN) in Germany (http://wiki.tropos.de/index.giBJAN).

Historically, there has been limited interactioncang the different networks Worldwide, as mentionmedhe WMO/GAW
report #207 (2013). However, on the specific issaésnonitoring short-lived climate forcers, the matontributing
networks to GAW have managed to integrate manyegieé the data value-chain, from SOPs, to QA/QC datd 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., 2%Edrews et al., 2019; etc...).

5.2 An overview of networks and organisations contributing to SARGAN

All sites are established with the intention of gtieg in the long term. For registration to GAWI¢Bal or Regional status)
a period of successful performance of typicallyethyears is required before a new site is addddsit@k are long term in
nature and, for most, adhere to rigorous sitinteda that aim to avoid local sources as much asipke. Sites have been
and continue to be selected to answer pressingtstiequestions, which evolve with time, and totetg and attribute

changes in climate and climate forcing.
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Currently, 89 different sites Worldwide are conttihg to the provision of at least one SARGAN vhla These sites are
indicated in Figure 1 and Table 3. Note that they potential additional collocated sites not usedhis study. All
information used to compile information for thiaudy is directly derived from NOAA-FAN and ACTRIS/EHMP with
additional contributions from providers listed imldle 2. Except for a few sites, measurements futhreites comply with
the quality assurance and data reporting critesfaned in section 3.1 and 3.2. If the sites are pha contributing network,
inclusion is straightforward in that the contrilngi network will already have met the GAW qualityntol and data
reporting criteria. We have allowed a few excemifor some sites located in WMO regions |, Il,dHd IV to ensure the

widest geographical coverage as possible.

Because of the specific purposes for which NOAA-FAN ACTRIS/EMEP were established, the nature efdites is
clearly biased to provide information relevant ¢ tregional scale. This is why urban and peri-urbis are under-
represented in SARGAN and that a majority of saes sampling in environments far from local emisssources, with a
station footprint that is generally quite large eTibsue of spatial representativeness of obsestatgpns has been addressed
in many papers (e.g., Wang et al., 2018; Sun g2@19), and in particular related to Air Qualitpnitoring (e.g., Joly and
Peuch, 2012). Representativeness of a site desdning the measurements can be used to derive iafammfor a given
time or spatial scale, or for a given kind of enmiment. This information is key whenever groundeldlasbservations are
used to compare with space-based measurements evatuating models. However, defining station esentativeness is
not unambiguous and several papers exist withréiftedefinitions (Joly and Peuch, 2012).

Station representativeness is very often addressedy density plots identifying the most probabhigio of air mass
trajectories terminating at the station over aatertime (typically 3 to 6 days). Many stationsSARGAN can provide such
analyses often performed to discriminate sourcasairgluencing the site for climatological studi€shutgens et al. (2017)
discussed representativeness of ground-based alisess both in terms of spatial and temporal aviegaghowing that
significant errors may remain even after substhatiaraging of data. Joly and Peuch (2012) develapenethodology to

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

In this paper, site characterization is made witlva criteria approach: 1) a criteria describing thain geographical setting
(e.g., polar, continental, coastal, mountain) ahd 2riteria providing indications about the donmih&ootprint (e.g., forest,
rural, desert, urban, pristine, regional backgrouniked). Additional details on some of these categg are warranted.
Mountain sites are not classified solely based lenation (for example, high plateaux such as SP® @UM are not

considered mountain sites) but rather on the fadtthe station is located higher than the surrmgnenvironment.
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For the air mass footprint, “Mixed” is used wheneme dominant air-mass footprint criteria is idéieti. 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 $ite is located far away from any anthropogenicatural sources.
Obviously, no simple site characterization can cletety capture the influences on a location andane aware of the
shortcomings of this classification. In the contektthe paper, this simplistic scheme was consiti¢he easiest way to
organize the statistical results. It should be moeed that site characterization relied on auth&rgwledge of the sites,

along with indications by the corresponding PIs.

5.2 Evolution of data provision in SARGAN

In their 2013 papers, Collaud Coen et al. (2013) Asmi et al. (2013), evaluated trends in aerogical and physical
properties based on times series extending fron3 1©2010. At that time, 24 sites worldwide had ¢hpacity to provide a
>10 year time series for at least one of the opticalhysical properties. In 2018, there are 54dstatcapable 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 throlBTRIS, but there are also now multiple sites inaAwith 10yr time
series through collaboration with NFAN. Figure Pa,c and d illustrate the evolution of data prawisin SARGAN for

optical, and physical properties.

Globally, considering all 3 variables, there hasrba very significant improvement of data provisiorthe last 10 years,
with almost five times more stations operationaslaswn in Figure 3. In 2017, the status is thatfesorption there are 50
sites with 1 year of data, 37 sites with 5 yearslafa, and 20 sites with 10 years of data. Fottesgag, 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 Americé& @mntinental Europe in
Collaud Coen et al. (2013) and Asmi et al. (201®)ile 9 stations outside those regions are nowritnring to Collaud

Coen et al. (submitted). Overall, the total numbemeasurement-years increased substantially whiltrcontribute to a

more robust vision of the state of the atmosph#reemains a fact, however, that the number ofi@tat providing

information in many areas (Africa, South Americajsialia) is too low to draw overarching conclusi@about trends for
those regions.

The number of stations would have been even higkegpt that a few were either closed between 2@iiZzhaw or moved.
This is the case for Mukteshwar station with theglest time series in India (2007-2015) that wasedadwn order to obtain
measurements at another location, thus interruptiegtime series. This is also the case for Vavitdtion (VAV) in

Sweden, moved to another location (Hyltemossa)rdleroto colocate aerosol and greenhouse gasesvatisas and SGP
which shifted buildings and instruments and le& MFAN in September 2017. Other stations actudthged (e.g., THD
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(June 2017) and SMO (July 2017)). CPR was offlmeriany months due to a hurricane (September 204r&ivi2018),
and GSN has only very sparse data (not usabledadtanalysis) since 2016 due to monsoon damage. Global GAW
station of NCO-P in Nepal also stopped operating2016. Closure of some important stations in regiavhere

measurements are lacking is clearly unfortunateércontext of SARGAN.

The access to data through the GAW-WDCA databaséSEBas been monitored since May 2009. The usetensive,
both in volume, number of users and geographicgttidution of download of data. The users of GAW-G/D data are
distributed worldwide. In the period between May206- October 2019, 4110 unique client IPs from if2mént countries
have downloaded data, each of them accessing thbad®s from one to numerous times. Note that darge research
institutes (e.g., NOAA in US) have 1 single IP &rusers. In total, more than 125,000 full measwe®.t years of data have
been downloaded from GAW-WDCA since May 2009. Tlwealopment over time is shown in Figure 4 with @rsg

increase over time.

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

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

insufficient (see criteria below), data from 201&swsed. This is indicated in tables SM1 and SM2.

All sites contributing to SARGAN in 2017 were indled in the analysis. The analysis is based on yalata ofosp, cap

and PNSD. Only validated measurements were useddata following the curation described in sect®o?, and, for an
aerosol parameter, the datasets from the diffesitions were further harmonized (e.g. to ensuaettie time-vectors and
data were of the right format and comparable wabheother). Prior to the calculation of the summstatistics, a few
problematic data points were also removed, follgwaommunication with the PIl. For each site, anrarad seasonal
summary statistics were computed (median, 10th%d quantiles); the results were included only586 of the hourly
data was available over the statistics referenceoogdgwith the exception of BRW, MLO and SPO whasspective

coverage for each aerosol property is detailedlites SM1 and SM2). In cases where the 2017 cozavag not sufficient
(i.e. <75% for all seasons) for an aerosol param@tg., due to instrument failure or natural sisaimpacting the station),
the 2016 data was considered for that parameteradas where the coverage for that aerosol propesyinsufficient also

for 2016 (i.e. <75% for all seasons), the site iscakded from the analysis for that aerosol prgpdfor the sake of
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simplicity, the seasons were attributed using th@mon division December — February, March — MapeJu August and
September — November at all sites, even for th@atawhere other temporal divisions would be medlevant. This is, for
instance, the case for CHC, where meteorologicalitions are affected by two main seasons (May pteSeber and
720 December — March) with tropical characteristics.(dry and wet, respectively). For all station &ya@d time scales (year
and seasons), the discussions are limited to the wihere data availability was sufficient, and ahhstatistics are shown in

the relevant figures and tables.

As mentioned in Table 3, many sites are actuaflyémced by different air-mass types, and soméeit are influenced by
725 anthropogenic sources. For most sites, data frbmiranasses are included in the statistical amalyr BRW, MLO and
SPO, the data included in this overview do notudelall valid measurements collected at these #iteg, but only the data
corresponding to clean air masses. Clearly, ind¢hae, the coverage criteria indicated above dapply. This screening
protocol, performed by the institutes operatingitteruments, results in a lower annual data c@esend in a bias towards

lower levels but ensures data consistency withrthki-decadal data available from these sites.

730 6.1 General criteriafor data selection
6.1.1 Data Handling

108 sites in total contributed in 2016/17 to theR&MN initiative by providing optical aerosol profies: 53 for absorption
and 55 for scattering coefficient data, respecyivédr 29 of these sites was possible to compuse aingle scattering
albedo. Four different types of filter-based absorpphotometers were included in the analysisab: the Multi Angle

735 Absorption Photometer model 5012 (MAAP, by THERMGightific Inc, USA), the Continuous Light Absorptio
Photometer 3-wavelengths (CLAP-3W, NOAA), the Ad&thaeter AE31 (Magee Scientific, USA) and the Péetigoot
Absorption Photometer 3-wavelengths (PSAP-3W, RadiaResearch Inc). It is important to note thatadaibm
Aethalometer AE33 (Magee Scientific, USA) were osed in this study as value for converting the mests attenuation
coefficient to particle light absorption coefficigfwap) is not fixed yet. The MAAP provides absorptair637 nm (Mueller

740 et al, 2011), the CLAP at 461, 522 and 653 nm (®gral., 2017), the AE31 at 370, 470, 520, 59@, BB0, 950 nm
(Hansen et al., 1984) and the PSAP at 467, 530n66GBummary statistics for absorption were basesap at 637 nm for
MAAP and oncap at the wavelength closest to 637 nm for othsiruments. At PDM the absorption was measured by a
single wavelength AE16 at 880 nm: at this site dlatistics were based on absorption adjusted tor37assuming a
constant AAE = 1.

745
For aerosol scattering, the instrument deploygatimmarily the Integrating Nephelometer 3563 (TSt,IWSA), the Aurora
3000 (Ecotech Inc, AU) and the NGN-2 (Optec IncAYSThe only exceptions are at PDM and SRT, wheneofa M9003

(Ecotech Inc, AU) nephelometers are utilized. Sumnsatistics for aerosol scattering coefficientreseomputed at the
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wavelength closest to 550 nm for each instrumemt,ty.e. at 550 nm for the TSI and Optec nephelerseind at 525 nm

750 for the Aurora 3000 and Aurora M9003. Due to theydadependence of scattering on hygroscopicityesbsol, only
scattering coefficients associated with a sampéive humidity less than or equal to 50% were pgeid threshold, slightly
higher than the prescribed 40%, allowed for matessio be included, and was consistent with Panelpéfl. (2018).

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

755 instruments. Fosap by MAAP the data was adjusted to 550 nm assumi@nstant AAE = 1.

For bothcap andosp, the effect of the difference in the instrumeavelength on the comparability of the data usedHe
summary statistics was considered negligible; thlg exception was for the estimatea#p at 637 nm by AE16 and 6ép
at 550 nm by MAAP, for which a constant AAE = 1 veasumed.

760 6.1.2 Global variability of optical properties

The variability of aerosol absorption and scatgiinefficients median is presented in Figures $h5mand in Tables SM1
and SM2 along with other main summary statistidse Tange of variability of bothap andosp is high, spanning several
orders of magnitude, with variability at least parexplained by few main drivers: site latitudetesigeographic
location/footprint and the distance from the maitheopogenic sources. Globally the spatial varigbf scattering and

765 absorption has large similarities, being both fesduby largest variability at mountain sites anchimum variability at
urban polluted sites (e.g. LEI, IPR). Within thedntatitudes, absorption and scattering tend toeimse from sites with a
rural or forest footprint towards those in mixeadlamban conditions. Polar sites, both in the Aratid Antarctic, exhibited
the lowestsap andosp, occasionally below instrumental level of detect{@ OD) for absorption. Besides polar sites, lowest
oap andogp Values are generally observed at mountain sitgs,J&J, ZSF and MLO (whose data is screened &mchir

770 sector and may partly explain the low value), alovith the Pacific coastal background site of CGGsiwilar situation is
observed for the lowest, that, besides pristine sites, are observed fofommmountain sites. Interestingly, the mountate si
of JFJ, in Switzerland has a mediaf and mediarvs, lower than few polar sites i.e. ALT, BRW, PAL, ZE&hd ALT,
BRW, NMY respectively.

775 The variability is generally higher at sites witlwW capandosy, reflecting the contrasting transport, in the oafsgristine sites
between the very low background values and thee&rs® to advection of less clean air masses, anddantain sites, the
contrasting diurnal or seasonal transport pattarmery good example is TIK, showing the largest raed among polar
sites, wheresap Spans over one order of magnitude, reflectingabléection of both clean and polluted air massegstm
likely affected by biomass burning in the hightiadies.

780
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The highest values and the smallest variabilithath 6., andosp are observed for urban/peri urban sites (e.g. ULEBR,
IPR). It is interesting to note that occasionalig tural stations as AMY (East Asia) and KOS (Carfiurope) have median
and range values efp similar to urban sites, despite being locatediial areas far from local sources. PDI and BKdthb
mountain sites in Southeast Asian tropical forestehibit large medians for botbkay and os, compared to other

785 forest/mountain sites due to recurrent impact ymaiss burning (Bukowiecki et al., 2019). Similadbpmass burning
events related to anthropogenic emission from raathiChina also affect via regional transport bdthl another mountain
site in SE Asia, and AMY.

At mountain sites in Southern Europe of MSA, HACdaBMN, a large scattering and absorption rangebiserved,
790 comparable to that at rural background sites. Thigariability partly due to the mixed nature ofthites, to long-range

transport events (e.g., Saharan dust outbreaksbuaao@ng from Eastern Europe) and biomass burbiottp from forest fires

in summer and domestic heating in winter. Sahanst ttansport events partly explain the variabibtyserved in other

Southern European sites, e.g. FKL.

795 The seasonality afap andosp is presented in figures 6a and 6b. The variabilitthe season median is much lower than the
yearly variability reflecting the importance of isport in the variability. The most pronounced ainseasonality is
observed at high mountain sites due to the seasanialion of the boundary layer height and thealagrculation induced
by thermal winds that follow the ground temperattyele. In the case of mountain sites, the seaggiimalso reflecting the
index of boundary layer influence as defined byl&a Coen et al. (2018). Generally, seasonalitarigest at sites in an

800 urban setting (e.g. UGR, NOA, LEI-M) and at thosurrently influenced by transport of either loaal distant
anthropogenic emissions (e.g. IPR, GSN). Also bi&sraurning can have large influence on absorp#éasanality and on
absolute levels, e.g., the Asian sites of GSN, ldrld AMY. In general, the seasonal variations arg ekarly observed at
remote sites, for example at ALT and TIK, where sieasonality of air mass origin bringing high levef aerosol during
some parts of the year dominate the very minimadllemissions.

805

6.2.3 Global variability of single scattering albedo

For stations providing simultaneous measuremenssattering and absorption coefficients, it is gulesto derive the single
scattering albedo which is done at 550 nm. Ovesallis computed for 31 stations and presented in EigurMedianmo
values range from slightly less than 0.8 to alnpastly scattering particles withy close to 1. The highest values are found
810 at coastal and polar sites clearly influenced lmyganic salts and sulfur-rich particles. The lowesare observed at sites in
southern Europe (IPR and UGR), which are impacteddsert dust, biomass burning and local emissiony 6 sites have
medianmo below 0.9 but only the coastal, mountain and psit@s exhibit 25th percentiles constantly abo@ Qariability

of wo is strongly connected to air mass characteristitls, for a single station, a typical range of edility (25th-75th
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percentile) of approx. 0.05 unit @b. The variability at sites characterized as “Mixedhd in particular the mountain sites,
is not higher than at other sites. The switch frioee tropospheric air to boundary layer for the mtain sites does not

appear to significantly affeaio.

6.2.4 Comparison with AeroCom model outputsfor optical properties

The AeroCom initiative has focussed since 2002 be evaluation of global aerosol models with obséoua
(aerocom.met.no). The integration of emission sesignd aerosol processing leading to radiativetsfiequires complex
models, which are increasingly coupled in high idiétageneral circulation models. Quantifying thiémate forcing from
aerosols requires a range of parameterised pracaasederived properties of the global aerosolckviniust be constrained
by observations. The atmospheric dispersion of dbeosol, their optical properties, the attributit;m natural and
anthropogenic sources, the potential of partiaddemfluence clouds, and temporal trends — all tr@saponents need to be
understood to quantify the radiative effect of @efs. A network of in-situ aerosol measurementd] eaibrated and
available for long-term trend characterisation vghovide important insights into the ability of neddl to realistically

compute these radiative effects.

The recent generation of AeroCom models has bdadas provide additional diagnostics on dry scatteand absorption
coefficients at ground level. These are currending analysed by the two companion papers of @lisd. (submitted) and
Mortier et al. (submitted) using 14 model simulasoof present day (2010 emissions and meteoroltmgonstruct an
ensemble mean AeroCom model and aerosol informaidracted from SARGAN surface sites. For detadedlysis of
comparison for variability and trends, readers iar to the two companion papers. Here we simpdyigde an overview
of AeroCom model ensemble with observations fordghecific SARGAN sites. Figures 8a and b compages&om mean
model against the 2017 of measured dry scattenidgasorption coefficients data observed for setesites, as used above

for figure 5. Mountain sites at altitude above 1@0ére excluded, because of missing model diagrsoatimountain 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 pointesponding to the
station location. It shows a normalised mean bifason average, -28% between scattering by AeroCoodets and

observations, pointing to regional deficiencies@rosol models. The normalised mean bias for absors lower (-18%)

but still showing an underestimate by the AeroCoodetfs. Obviously, there is, for both scattering abdorption, a large
station-to-station variability in the bias, showiagher good agreement, under- or over- predictiepending on the site.
There is also a significant variability of the n@lised mean bias between models and observatioes ediculated for each
season. This is also the conclusion of Gliss efsalbmitted) which quantified the biases to -44% &82% for scattering

and absorption, respectively and listed possibieses for the biases such as overestimate of sogtemhancement due to
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hygroscopic growth and the differences in the et of absorption optical properties of black carbdust and organic
aerosol. At this stage, additional investigations meeded to identify what accounts for the obskdiéferences between
model and observations.

6.2.5 Observed and modelled trends of aer osol optical properties

The issue of long-term trends for the aerosol n-siptical properties is specifically addressedCinllaud Coen et al.
(submitted) using data from WDCA extending backdf years for some stations. Collaud Coen deriver tseries of
measured scattering, backscattering and absorpbiefficients as well as the derived single scattpalbedo, backscattering
fraction, scattering and absorption Angstrom expig@t stations with at least 10 years of contisuobiservations. With
respect to the previous trend assessment (Collah €t al., 2013) which used data extending ut®2the number of
stations with time series longer than 10 yearsdoagled (24 in 2010, 52 currently) so that theigbabverage is improved
and various additional environments are coveredurope, North America and in polar regions. The &ations in Asia,
Africa, South America and in Oceania/Pacific regioannot, however, be considered as representativethieir
continents/regions, both because of their small bermand also because mountainous and coastal emérds are

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

Methodologies and results are presented in deta@allaud Coen et al. (submitted) and are simpiyrsarized here for
scattering and absorption coefficients as welliagls scattering albedo (Figure 9). For scattedogfficient, statistically
significant (ss) increasing trends are found aapahd coastal stations with rural background tipesand forest footprints,
whereas the largest ss decreasing trends are pyirfftand at stations with mixed and urban footfsinFew mountainous
stations have a ss scattering coefficient trendigreas all of them have ss decreasing absorptiefficient trends. Almost
all stations have either ss decreasing or notesgl$r in the absorption coefficient; the stationthvimcreasing trends are
influenced by polar or rural background footpririffie single scattering albedo trends seem not tdelpendent on either

the environment or on the footprints, but rathetlmgeographic area (Collaud Coen et al., subdiitte

Analysis of the long-term information provides exite that the aerosol load has significantly dee@aver the last two
decades in the regions represented by the 52 rgai@urrently, scattering and backscattering coiefits trends are mainly
decreasing in Europe and North America and arestatistically significant in Asia. Polar stationghéit a mix of
increasing and decreasing trends. A few increasemgls are also found at some stations in North risaeand Australia.
Absorption coefficients also exhibit mainly deciiegstrends. Generally, these decreases in aerasdeb are expected to
be a direct consequence of decreases in primatiglparand particulate precursors such as &@ NOx due to pollution

abatement policies.
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The single scattering albedo is one of the mosbitamt variables determining the direct radiativgpact of aerosol so that
its trend analysis - derived for the first timerfra large number of stations - has the largestatiomelevance. The global
picture is nuanced with ss positive trends mosthAsia and Eastern Europe and ss negative in WeEigtope and North
America leading to global positive median trend0dd2%/y. 15 stations exhibit a positive single wréaig albedo trend

(relatively more scattering) while 9 stations exthébnegative trend (relatively more absorption).

Trends in scattering and absorption coefficienésadso estimated by Mortier et al. (submitted) gskeroCom and CMIP6
models that have simulated the historical evoluta@dnaerosol properties. For both variables, sinmdatrends are in
agreement with SARGAN derived trends suggestingisagnt decreases found over North America andoger although
the number of models providing trendssig andos, remains limited. Comparison with observationsl$s aestricted to sites
below 1000 m asl which further reduces data pdottgomparisons. However, decreasing trends in ADD sulphate are
observed for North America and Europe for both nhaeaiel observational data. Asian in situ surfada e&ere too sparse to
derive a regional trend for that region. Howevat statistically significant AOD and sulfate trerdsnds are found in the
overall period 2000-2014 over southern and easiasia. This suggests that there are different seindaerosol burden
between North America and Europe and Asia. Fromahddta alone, a global trend can be derived. dliglthe average
model trend for 2000-2014 amounts to an increased %/yr forosp and +1.5%/yr foba, respectively, higher than what

is observed at ground-based stations.

In addition to evaluating trends for the overathdi series, Collaud Coen et al., analyzed the dwoluf the trends in

sequential 10y segments. For scattering and baitésog, statistically significant increasing 10grds are primarily found
for earlier periods (10y trends ending in 2010-205 polar stations and Mauna Loa. For most ofdtaions, the present-
day statistically significant decreasing 10y trenfithe single scattering albedo were precededdbytatistically significant

and statistically significant increasing 10y trendibe effect of abatement policies in continentaltN America is very

obvious in the 10y trends of the scattering cogffit that shift to statistically significant negagitrends in 2010-2011 for
eastern and central US stations.

There are some discrepancies between the work d&u@oCoen et al. (submitted) and Mortier et aubggitted) in
particular regarding trends derived for specifigioms. This may result from different methods udedaggregate
measurements to long time series, or to differemedsme period (2000-2018 versus 2009-2018) bugrall, they both
confirm the shift of polluting activities from thdeveloped countries to the developing countriegnduthe last two decades
and may also demonstrate the relatively higher ataiu of BC-rich emission in some regions, whicHlaffect 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 SARGARrevanalysed to provide an overview of the cond@rsauclei in the
atmosphere. Measurements are performed with coatiens particle counters (CPC) and mobility partichize
spectrometers (MPSS); note that when both CPC an83Awere concurrently run at a site, only MPSS data included
in the analysis, as it allowed additional invediiga of the PNSD. For MPSS measurements, data siemwas performed
by the institutes operating the instruments, andbbth CPC and MPSS, particle number concentratwere reported in
particles per cubic centimetre at STP, i.e., T 3.2 K and P = 101 300 Pa, following the recomméada from
Wiedensohler et al. (2012). As discussed in thewiew of European PNSD and CN conducted by Asnalef2011), the
diameters associated with MPSS data corresporttetggometric mean diameter of the size intervatsl urs the inversion.
MPSS measurements are moreover usually representdtdry aerosol properties, as the operatingguores described in
Wiedensohler et al. (2012) indicate that the retatiumidity of the sample air should be kept beltd%o. In total, after
excluding the datasets with insufficient data alaility (with respect to the criteria reported irec8on 5.1), CPC
measurements collected at 21 stations and MPSSfiaata 36 sites were included in the analysis (TabM3 in the

Supplementary).

To allow for the comparison of CN values derivednfrboth instrument types, particle concentratiothi range between
10 and 500 nm was inferred from MPSS measuremewtsassimilated to total CN (hereafter referredsd\@;). This size
range was selected as it was common to most oMB8S included in this study. In addition, the lovesd of this size
range is comparable to the lower cut-off diamefetdof the 21 CPCs involved in the comparison ¢¢@1 nm), and we
assumed that particles larger than 500 nm onlyritaried little to CPC measurements. The legitimafihis approach was
supported by the fair agreement betweasn derived from collocated CPC and MPSS measurenanteveral sites.
Moreover, using available MPSS data, we found thataverage, particles in the range between 10l&nmam contributed
less than 1% to & (90th percentile of the contribution: 5%), suggesthat such small cut point difference was nataor
issue for N However, the influence of a larger differencelomer cut points could not be discounted; this was,
instance, the case for ETL, ARN and GSN, whereigast down to 2.5 nm were accounted for ig: CN data were
collected with a CPC TSI 3776 at these sites).

Results in the next section are discussed withedp the classification of the stations repoitedable 2, including both
the geographical and footprint criteria. Also, irder to describe the time evolution of CN and PN&oss the year,
observations are categorized by seasons. Diurmaltiems were not studied here, but would be exguktd be strong for

certain site types and conditions (e.g., mountpsiape/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 lowestiglarconcentrations are typically observed undgrditions of minimal
anthropogenic influence, at polar sites, wherelyaaedians of N: are of the order of 2&nt3. Overall, as discussed earlier
by Asmi et al. (2011), these stations also displagry clear seasonal cycle compared to other gpbgral categories, with
a summer maximum of & likely resulting from both enhanced secondary selrdormation, including new particle
formation (NPF), and transport (Croft et al., 20l&minen et al., 2018).

In contrast with polar sites, stations locatediipam areas, both continental and coastal, extibihighest N, with yearly
medians in the range 3@0* cnt®. These sites, all located in Europe, also displdgss pronounced seasonal variation
(Figure 11). Slightly greater median values ara@etbeless, observed during summer, when the atraasgioundary layer
(ABL) height is also increased relative to coldeasons. This suggests the presence of an addisonate of aerosols in
summer which compensates for the ABL height dilutieffect, as recently discussed by Farah et abnf#ited) who
moreover suggested a photochemical or biogenicceodihe overall weak seasonality observed in lowlarban areas is
likely related to the contribution of very localsoes which do not have any strong seasonal cgdg, {raffic). The local
nature of the observations collected at urban $tesipported by the differences between the measmts performed at

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

Remaining sites, including mountain and non-urbantioental and coastal stations, do not exhibiclaar a common
behaviour as the sites located at high latitudes arban areas. They display, on average, inteiatedNo, with yearly
medians of the order of 200° cm-3. The signature of their dominant footprintclear, with lower concentrations and
stronger seasonal contrast observed in forestexs a@mpared to rural background stations, whiledikgnction between
the different geographical categories is in contlass evident. Nonetheless, in agreement withipusvobservations from
Asmi et al. (2011), particle concentrations measwaemountain sites tend to be lower compared @rlnelowland sites
(e.g. SNB vs KOS). Mountain sites, and in spedlimse characterized by mixed footprints, tend toikik somewhat more
pronounced seasonality relative to lowland statidrtgs likely result from the strong impact of ABieight variability
which, together with the topography of the sitesyagns the concentration of particles and theicyrsors transported at
high altitudes (Collaud Coen et al., 2018). Spealfy, the summer enhancement qf:bserved at most of the mountain
sites is certainly tightly connected to the incezhfrequency of ABL injections during this timetbg year (e.g., Herrmann
et al., 2015). Apart from the lower concentratiobisservations collected at non-urban continentdl @astal sites display
similar seasonal variations as in urban areas, hwhie again likely explained by the concurrent afaifity of particle

sources and ABL dynamics.
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In short, particle concentrations are overall higthering warmer seasons at all sites as a resuinbfinced 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 jgéat number concentration also appears as a confemtnre of all
environments. In contrast, the magnitude of thes@ea cycle of N together with the variations of the PNSD, exlsibit
some distinctive behaviour for the different ge@dniaal categories and footprint classes, with aoldil site-dependent
characteristics. However, among other factors (aiclg the nature and proximity of the particlesrses), the level of

anthropogenic influence appears to strongly atteetobservations.

7 Using SARGAN for global climate monitoring applications

Climate observations are fundamental to many aspetated to prediction of future environmentalrades and to meet the
requirements of the UNFCCC and other conventionksagmeements. The establishment of a global netabobservations
for assessment of atmospheric composition chargiptation to climate change, monitoring the eiffeciess of policies
for limiting emission of pollutants and/or develogiclimate information services must define thec#jmeobservational

requirements for efficiently addressing these issue

7.1 Response of SARGAN to GCOS principles

Measurement harmonization procedures allowing foectl comparison of data provided, together with tfuality control
and quality analyses performed all through the gdedaision 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 WMO-IOC-UNEP-ICSU Glob@limate Observing System (GCOS). GCOS is desigoateet
the requirements for climate observation whichesgential to climate monitoring and support impletagon 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 climatébles. Today, there
are 4 aerosol GCOS ECVs: AOD, single-scatteringddh aerosol extinction coefficient profile and ésul Layer Height.
Only single-scattering albedo is directly connedi@d SARGAN although the GCOS aerosol variablescareently being
revised to include ECVs connected to aerosol siamposition and hygroscopic properties. In its entrrstate SARGAN is

able to address the ten basic GCOS Climate Mongd?rinciples as follows (Table 4):

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

long-term stability. For each requirement, one &woldal specification is required to identify 1) Bishold or minimum
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requirement defined as the value that has to betorenisure that data are useful, 2) Goal or maximegmirement defined
as the value above which further improvement givessignificant improvement in performance or costngprovement

would not be matched by a corresponding benefilyiko evolve as applications progress. In betvitbenc Threshold » and
« Goal » levels, the « Breakthrough » level is miedi as an intermediate level that would lead, ipleamented to a

significant improvement for the specific applicatio

It is clear that requirements are defined for dieapplication areas, in this case climate momiiprpplications as defined
in OSCAR (https://www.wmo-sat.info/oscar/applicatweas). The Climate Monitoring application aredafined as such:
“The WMO-IOC-UNEP-ICSU Global Climate Observing 8m (GCOS) is an internationally coordinated netwof
global observing systems for climate, designed &einthe requirements for climate observations, Wwilsie essential to
climate monitoring. Climate observations are fundatal to detect, model and assess climate changppg adaptation to
climate change, monitor the effectiveness of pefidior mitigating climate change, develop climatiimation services,
promote sustainable national economic developmedtraeet other requirements of the UNFCCC and atbaewentions
and agreements” Observational requirements forr @pplication areas have been recently publisheté¢Betti et al., 2018)

or are currently underway as part of the WMO/GAWiaties.

7.1 Response of SARGAN to GCOS principles

With the specific definition, and considering thesults presented in this paper, in companion SARG¥Ners and in

previous studies, the following requirements canl&ined for SARGAN variables.

The threshold for spatial requirements in the lwrial scale for SARGAN can be defined as the digtdmetween two
observing points above which no redundancy is alesewhen measurements are performed in parall&gwApapers have
addressed this issue by investigating the autoltioa function between time series for differemrasol properties
(Anderson, 2003; Sun et al., 2019) and they baodld le similar results related to observations at ghound: temporal
variations of an intrinsic aerosol variable obsdrat the ground are no longer statistically coteglawhen stations are
located more than several hundred km apart. To dxe specific, Sun et al. (2019) suggest that catici 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 distanceafesimilar correlation of 0.5 for particles in treMer size range (10-30
nm) is of the order of 100 km. This, of course, elggs on several parameters including the intergfitgmissions

surrounding the station, and efficiency of remaeaiks (dry and wet deposition). Interestingly, famiemporal correlations
are observed in IAGOS (In-flight Atmospheric Glolabserving System) for aerosol variables in theenpgimosphere

(Ulrich Bundke, personal communication).
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It is fair to consider that two stations locatedrenthan 1000 km apart will, therefore, for aerogatiables relevant to
SARGAN, provide very little redundancy in their elpgations, especially if the stations are locateger dand. Assuming an
advection velocity of 20 km h-1, 1000 km would espond to approximately 2 days, which is shortantthe aerosol
typical lifetime over continents. For observatianser the oceans, it is clear that a larger thresloould be considered,
corresponding to a turn-over time of approximatelyeek (i.e. several thousands of km). The thresforlthe observation
of climate-relevant parameters in SARGAN can, tfeeee reasonably be set at 1000 km, while breaktlincand goals for
the spatial resolution can, accordingly, be s&0&t km and 100 km, respectively. A 100 km spagabtution would serve
the purpose of deriving radiative forcing estimattscales typical of a large urban area, togetfitbrproviding information

extremely relevant for model and space-based obSens. These indicated horizontal requirements tfoeshold,

breakthrough and goal would require models to mg®vnformation on approx. 0.5°x0.5° degree resofutirids for goal,

which is now often achieved.

Considering a total land-area in Europe of appddx.M kn? (thus only including the Russian territory in gemghical

Europe), and 63 measurement stations in operagiem Table), the measurement density in Europ®s$e ¢b requirements
for « breakthrough ». It is even close to the «lgo#&vel if Russia is not considered. In North Aroa, it is close to
«threshold» (28 stations for 24 M Rnand between recommended values for thresholdezakthrough US territory only,
including Alaska (21 stations over approx. 10 M?knfor all other regions of the World, the situatis below that

recommended for minimal sampling, illustrating thege gaps in network density.

Because SARGAN is based on individual observatiointp at the surface, the issue of vertical regmuis not relevant.
However, the value of measuring both in the boupttarer and in the free troposphere is clear fonyrapplications.
Requirements for temporal resolution can be derive@ simpler way, considering that time-seriesadats are often
provided on a month-by-month variation in climateeolong-time periods. Monthly data sets allow masyiations in
climate to be studied and can be considered ashict as long as the data is generated by repedsenbriginal data sets.
Information provided with a temporal resolution bfday are suitable for addressing issues relatedldad cover,
precipitation, impact of temperature, emissions,.eind can be considered as breakthrough whilé-thaur resolution is a

requirement for many applications such as estirgagrosol fluxes or radiative impact of aerosohpds.

The maximum time lag between observations and dlte loeing freely available is, for most applicasioof the order of one
year (threshold), although data providers are naoie more requested to provide information on shaitgescale, with 24

hour delay and near-real-time (6 hour delay) cpuading to « breakthrough » and « goal » levekpeetively.

The definition of requirements for GCOS also ask®stablish a level of uncertainty which accountsdll quantifiable

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

Table 2 for CNgsp andoap Uncertainties ofyo is proposed following procedures of Sherman e(2015).

Stability is defined as the maximum permissible ualative effect of systematic changes of the measert system to
allow long-term climate records compiled from agstdrmeasurement systems. For the optical prope@eltaud 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 decraaginends are observed in other parts of the WoNden statistically
significant, trends derived by Collaud Coen et(atibmitted) for optical properties are of the ordéra few (<2) %l/yr
maximum. This defines, for regions where trendsdatectable, the threshold requirement for stgtsiihce expected trends
would not be detectable with higher stability valu€arslaw et al., (2010) have estimated the changerosol radiative
forcing due to climate feedbacks in emission ofoael precursors from natural systems. They show ghaadiative
perturbation approaching 1 Wnis possible by the end of the century. Detecting attributing changes to a climate
feedback due to changing natural emissions (wédfiBiogenic organic volatile compounds) would feja much lower
uncertainty than currently achieved for CN, G, andoap and consequentlyo. At this stage, without more information on
trends, we are recommending values for stabilityl®§/yr for breakthrough and 0.5%l/yr for goal fot ahriables.

Requirements for the GCOS application area for Sap, CN and SSA are summarized in Table 5.

8 Conclusions and future challenges

The present article must be seen as the foundatimmaework for the observation of aerosol propertcollected near-
surface from ground-based stations Worldwide, i@ tontext 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, SB&N sites share common methodological approaches fo
measurement and data quality control, and a conobg@ttive to open access for all data, that ardeflhed as part of the
Global Atmosphere Watch Scientific advisory group aerosol. Data provision is currently operatiow#th some sites
providing information for more than several decadd® very strong motivation in the early 2000slévelop observations
of aerosol climate-relevant parameters led to atsuitial increase in operating ground-based staima availability of data
time-series with the required level of quality. WWensider that the degree of integration of theedént providers to

SARGAN has reached a mature level which has rabirtenore and more users of the data worldwide.
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The current SARGAN database can be used for maffigretit applications. In this article, it is limiteto very basic
statistical descriptions, comparing variability 4SARGAN parameters at 80 sites and a preliminapr@ach to compare
model and observations for the relevant varialleshe associated companion papers long-term dilogical trends are
derived by Collaud Coen et al. (submitted) for tpical aerosol properties showing for the firshdi an unequivocal
decrease of scattering and absorption coefficiefdurope, following a tendency already detectablthée US several years
ago. Model studies (e.g., Mortier et al, submittiat) similar trends to the observations in Nortmérica and Europe. Open
access to the SARGAN database should enhance thatipb for many other applications. Analysis adrtds for number
concentration is already under way but we assurae SARGAN data can be efficiently used to suppoanymtypes of
studies, related to aerosol impact on air qualigglth or climate, quantification of emission sasror for the development

of early-warning services.

The SARGAN initiative is currently limited to 3 vables, that are directly observed. They are the four climate-relevant
aerosol variables measured near-surface for whicHasively consistent coverage exists worldwideoviRling constraints
on radiative forcing estimates would obviously riegwknowledge of trends and variability for otheariables, such as
aerosol chemical composition or number conceninatib cloud condensation nuclei. Unfortunately, véew sites are
currently including these variables in their obsgian program and they are mostly located in Euiapeart of ACTRIS. It
is clearly a huge and key challenge for the comtyuni extend observations to additional variabiesparticular for sites

located outside Europe.

The distribution of sites providing information 8ARGAN confirms the analysis made in many earkgrorts and in Laj et
al. (2010): a very strong bias still exists in tWorld data coverage, with Europe and the US wgltesented and
observations lacking in many other regions, in ipalar over WMO region Il (Africa) and IV (Latin #erican and
Caribbean), Russia, and large parts of Asia. Cams®sbe connected to difficulties making data asitds through the
World Data Centers in some cases, but for manysarethe World, it is directly related to lackingeasurements. Detecting
atmospheric trends of key atmospheric compoundsines) long (>10 years) high quality records andspite many
initiatives, only a very few stations have managechaintain operations for observing compositioarges over more than

a decade.

Laj et al. (2019) have recently proposed a serfeeecommendations to support atmospheric obsematio emerging
economies. Demonstrating how climate data/ infoiwnahave direct relevance to policy making and axyphg the local
benefits that monitoring atmospheric compositioargfes bring to the country in terms of socio-ecanampacts, in both
the short and longer terms may help engage natistaikholders to commit to maintain and developenlaion sites.
Stimulating the demand for climate observationshate information of the kind provided by SARGANthe user level in

the countries concerned would be absolutely impbrfBhe European concept of Atmospheric Researfthsinuctures was
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key to securing the necessary long-term engageimetite EU countries to support SARGAN in Europe esliations.
1140 Similar approaches can be proposed, adapted diffaeent WMO regions.

In a recent comment in Nature, Kulmala (2018) satgykthe establishment of 1,000 or more well-ecedpground stations
around the world tracking environments and key gstesns, thus sampling beyond the observation ofospimeric
composition only. Establishing observation sitegshwcore measurement capabilities documenting kewospheric

1145 components (greenhouse gases, reactive gasesplaproperties) together with basic meteorology, rafed by skilled
personnel and providing access to measurementinlatauntries where this is still lacking would régua large scale
coordinated effort that is far from being out ofch. Investments for atmospheric monitoring wolddanywhere between
0,5 and 1 M US$ and annual operations between 8060 kUS$ and 2-3 FTEP per site.

1150 There is a growing number of multilateral climateahce initiatives designed to help developing ¢nes address the
challenges of climate change and air quality. Theye a role in capacity building, research, pilptamd demonstrating new
approaches and technologies and are perfectlydstotde used for developing the needed atmospkerigponent of a
global Earth observing system. A “One Nation, Omn&ti8n” approach to establish one or more referestatons in each
country where information is lacking would defimjteadd essential information to large-scale modgllbut also support

1155 local research, national policymakers, and prorbotgness development for environmental serviceb ascearly warnings
for extreme weather and atmospheric hazards.
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Nomenclature

Definition

GCep, Gspl, (Fa\p1

Thevolumetric cross-section for light extinction is commonly called the particle light extinctioaefficient Gep),
typically reported in units of Mrh (10% mY). It is the sum of the particle light scatteringp and particle light
absorption coefficientssép), oep = osp + cap. All coefficients are spectrally dependent.

AOD??

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

0\)02

The aerosol particle single-scattering albedo, defined asospcep, describes the ratio of particle light scattering
coefficient to the particle light extinction coeiffent. Purely scattering aerosol particles (exmmanium sulfate) have
values of 1, while very strong absorbing aerosatigas (e.g., black carbon) may have values ofiado0.3 at 550
nm.

AAOD

The absorption Aerosol optical depth is the fraction of AOD related to light absorpti@amd is defined as
AAOD=(1-mo)xAOD.

9,p

Theasymmetry factor g is the cosine-weighted average of the phase fumctamging from a value of -1 for entirely
backscattered light to +1 for entirely forward-$estd light. Theupscatter fraction p gives the fraction of sunlight
scattered in the upwards direction (back to spast)ch depends on the solar zenith angle as welhassize
distribution and chemical composition of the paesc

AE (or A)

The extinction (scatteringdngstrom exponent is defined as the dependence of AOD @g)] on wavelength),
e.g., AOD-Cor”E where G denotes a wavelength-independent constant. Thestdorg exponent is a qualitative
indicator of aerosol particle size distribution.lias around 1 or lower indicate a particle sizérihistion dominated
by coarse mode aerosol such as typically associgitednineral dust and sea salt. Values of aboutitate particle

size distributions dominated by the fine aerosobengusually associated with anthropogenic souroeskdomass
burning).

AAE

The absorption Angstrém exponent (AAE) desiliee wavelength variation in aerosol absorptip(.)=Cod *AE
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 fielatingosp andoap, respectively, to the mass concentration of the
chemical specieg is used in chemical transport models to evaluia¢eradiative effects of each chemical species
prognosed by the model. This parameter has unit® gf'.

f(RH), g(RH)

f(RH) is the functional dependence of componentthefaerosol particle light extinction coefficigotp, osp, 6ap) ON
relative humidity, expressed as a multiple of thkug at a low reference RH (typically <40%). g(Rslphalogous to
f(RH) but describes the change in size of partiakea function of RH

PNSD

Theparticle number size distribution describes the number of particles in multiple gjmetsize ranges. The PNSD
can provide information about formation processehsas new particle formation, aerosol transpowelsas aerosol
types.
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CN, CCN, IN

Theparticle number concentration (CN) refers to the number of particles per unit volushair (cm?3). TheCloud
Condensation Nuclei (CCN) number concentration is the number of aerosolighest which can activate to a
cloud droplet at a given supersaturations of wateelce Nucle (IN) is the number of aerosol particles onto which
water freezes following various processes. CCN igrnofindicated as a percent of the total CN for specif
supersaturation typical of atmospheric cloud foramatCCN number concentration is sometimes approxchasing
the fraction of particles larger than a given ditenérom the particle number size distribution

FZ((Yep)l’2

The profile of theparticle light extinction coefficient is the spectrally dependent sum of aerosol partiglet
scattering and absorption coefficients per ungi@dmetrical path length.

Aerosol chemica
composition

The chemical composition of aerosol particles iemfexpressed in ug-fFor climate applications, only the main
components of the aerosol composition are relevantinfluencing the aerosol hygroscopic propsraed refractive

index. Total inorganicElemental Carbon (EC) and Organic Carbon (OC) mass concentrations are, in a first
approximation, sufficient.

1615

Table 1: Measured and derived aerosol particle propertievaat to radiative forcing on climate (adaptednfr6AW Report 227).
Wariables currently recognized as core aerosolabies by WMO/GAW?Variables currently recognized as ECVs for Globahtalie

Monitoring application areas (GCOS).
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1620

Aerosol variable I nstrument used Time Associated

resolution Uncertainty

(raw)
particle light| Integrating Nephelometer 3563 (TSI Inc, USA); Aarpt min 10% (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

(ap)

Absorption Photometer (CLAP, NOAA); Aethalometer

other filter-based
photometers)

Particle Numbe
concentration (CN)

(AE16, AE31, AE33) (Magee Scientific, USA).

Particle/Soot Absorption Photometer (PSAP, Radiance

Research Inc)

rCPC & MPSS 1 min (CPC
to 5 min

(MPSS)

10% for particles >15
nm (from Wiedensohler

etal., 2012)

Table 2: Instruments used for the determination of aeroptical and physical properties in SARGAN, originahé resolution for raw
data and associated uncertainties.
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Station Name GAW  Country/ GPScoordinates Site Ow O PNSD CN

Code Region Characteristics starting starting starting starting
year year year year

WMO I, Africa

Cape Point CPT ZA 34°21'S,18° 29'E,230m Coast, RB 0052AN 2005CAN - 2005CAN

Izana 1ZO ES 28°18'N,16°29'W,2373m Mt, Mix 2008* 20064* 2008 2006%

La Réunion - Maido atmospheric observatory RUN  FR 1°435,55° 22'E,2160m Mt, Mix - 20044 2016ACA

Welgegund WGG ZA 26°34'S,26° 56'E,1480m Con, U - - 2010N°T -

WMO I, Asia

Anmyeon —do AMY KR 36°32'N,126° 19'E,46m Coast, RB 20084 2008¢A 201764 -

Gosan GSN KR 33°16'N,126° 10'E,72m Coast, RB 2601 20016AN - 2008°AN

Lulin LLN TW 23°28'N, 120° 52'E,2862m  Mt, F 2068N 2008CAN - 20096AN

Mukstewar MUK IN 29°26'N,79°37'E,2180m Mt, Mix 2068 2006N°T -

Pha Din PDI VN 21°34'N, 103° 30'E,1466m  Mt, F 2608 2008CAN -

Mt. Waliguan WLG CN 36°17'N,100° 54'E,3810m Mt, Mix 2005CANNOT — 50Q5CANNOT 2005CANNOT

WMO |11, South America

Mount Chacaltaya CHC BO 16°12'S,68°5'W,5320m Mtx Mi 2012 CA 201pCAGU 2012 CA.GL -

El Tololo TLL CL 30° 10'S,70°47'W,2220m Mt, Mix 20f7 2016~ - -

WMO IV, North America, Central America and the Caribbean

Acadia National Park-McFarland Hill ACA US 44° 2288° 15'W, 150m Coast, RB 1993! - - -

Alert ALT CA 82° 29'N,62° 20'W,210 m Polar, Coast, P pavjo) 2004°AN - 2004CAN

Appalachian State University, Boone APP us 36° J@IN42'W,1100m  Con, RB 2068N 2009CAN - 2009%AN

Big Bend National Park-K-Bar BBE us 29°18'N,103°WaL056m  Con, DE 1998 - - -

Bondville BND US 40° 2'N,88° 22'W,213m Con, RB 1994 1996CAN - 1994CAN

Barrow BRW US 71° 19'N, 156° 36'W, 11m Polar, CpRst  1998AN 199FAN - 1990¢AN

Cape San Juan CPR PR 18° 22'N,65° 37'W,65m Coast,F 2004AN 2006>AN - 2004CAN

Columbia River Gorge CRG US 45°39'N,121° 0'W,178m  Con, RB 1993¢A! - - -

Egbert EGB CA 44°13'N,79° 47'W,255m Con, RB 2609 2009¢A N - 20116AN

East Trout Lake ETL CA 54° 21'N,104° 59'W,500 m  CBn 2008AN 2008°AN - 2008CAN

Great Basin National Park-Lehman Caves GBN US 390°104° 12'W,2067m  Mt, DE 206%! - - -

Glacier National Park-Fire Weather Station =~ GLR us 8° 30'N,113° 59'W,980m Con, F 2007 - - -
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Station Name GAW  Country/ GPScoordinates Site Ow O PNSD CN
Code Region Characteristics starting starting starting starting
year year year year
Great Smoky Mountains NP GSM US 35° 38'N,83° 5608 Con, F 1993 - -
Grand Teton National Park GTT us 43°40'N,110° Con, F 2011 - - -
36'W,2105m
Hance Camp at Grand Canyon NP HGC us 35°58'N, Bw2267m  Con, F 1997! - -
Mammoth Cave National PaiteuchirMCN US 37° 7'N,86°8'W,236m Con, RB 1993 - -
Meadow
Mount Rainier National Park-Tahoma Woods MRN  US 45N,122° 7'W, 424m Con, F 19988' - - -
Mount Zirkel Wilderness MZW  US 40° 32'N ,106° 40'W,3243r Mt, F 199FA! - - -
National Capitol - Central, Washington D.CNCC  US 38°53'N,77° 2'W,514m Con, U 2003A! - - -
Phoenix PAZ US 33°30'N,112°5'W,342m Con,U 1997¢A! - -
Rocky Mountain NP RMN US 40°16'N ,105°32'W,2760m , RB 2008~ ! - - -
Sycamore Canyon SCN US 35° 8'N,111° 58'W,2046m Con F 19984 ! - - -
Southern Great Plains E13 SGP US 36° 36'N,97° 29'W,318m  Con, RB 1995°AN 1996°AN - 1996°AN
Shenandoah National Park-Big Meadows SHN US 384,318° 26'W,1074m  Con, F 199%' - -
Steamboat Springs Colorado (Storm FSPL us 40°26'N,106° 44'W,3220m  Mt, F 2641 201 AN - 199&AN
Lab.)
Trinidad Head THD us 41° 3'N,124° 9'W,107m Coast, RB 200FAN 200FAN - 200FAN
WMO V, South-West Pacific
Bukit Kototabang BKT ID 0°12'S,100° 19'E,864m At, 20124 20154 - -
Cape Grim CGO AU 40° 40'S,144° 41'E,94m Coast, RB 011% 2014 - 20134
Mauna Loa MLO US 19°32'N,155° 34'W,3397m  Mt, Mix THeAN 2000°AN - 1974AN
Samoa (Cape Matatula) SMO US 14°14'S,170° 33'E,77m  Coast, P - - - 1977FPAN
WMO VI, Europe
Annaberg-Buchholz ANB DE 50° 34'N,12° 59'E,545m Can - 20126ACU 2012A¢v -
Aspvreten APT SE 58°47'N,17°229'E, 20m Coast, RB - 2008AECA 2005AECA -
El Arenosillo ARN ES 37° 6'N, 6° 43'W,41m Coast, F 20057 CAN 2012ACAN  2016ACA 2017A¢A
Birkenes Il BIR NO 58° 23'N, 8° 15'E,219m Con, F 090EcA 2009AECA 2009AECA -
BEO Moussala BEO BG 42° 10'N,23° 34'E,2971m Mt, Mix 2007ACAN 2012A4CAN 2008 GA -
Mt Cimone CMN T 44°10'N,10 ° 41'E,2165m Mt, Mix @pAcA 2011ACA 2006%A 2008ACA
DEM_Athens DEM GR 37° 59'N,23° 48'E,270m Coast, U 0128CA 2012A¢A 2015464 -
Dresden-Nord DRN DE 51° 3'N,13° 44'E,116m Con, U - - 2001¢Y -



Station Name GAW  Country/ GPScoordinates Site Ow O PNSD CN

Code Region Characteristics starting starting starting starting

year year year year

Dresden-Winckelmannstrasse DRW DE 51° 2'N,13° 4®Bm Con, U - - 2018Y -
Deutschneudorf DTC DE 50° 36'N,13° 27'E,660m Con, U - - 2017 -
Lecce (University of Salento) ECO IT 40° 20'N, B8=,30m Coast, F 20154 - - -
Finokalia FKL GR 35°19'N,25° 40'E,250m Coast, RB 026°¢A 2000ACA 2009ACA 2006564
SIRTA Atmospheric Research Obs. GIF FR 48° 42'9,23162m Con, U 201264 2010764 2017A¢A -
Helmos Mountain HAC GR 37°59'N,22° 11'E,2340m Mix 2016ACA 2016ACA 2016ACA -
Hohenpeissenberg HPB DE 47° 48'N, 11°0'E,985m Mt, R 2006*ECA 20044.CA 19984 CACU 1995AECA
Hyytiala HYY  FI 61° 51'N,24° 16'E,181m Con, F 2008 2006ACA 1996ACA 2005ACA
Ispra IPR IT 45°47'N,8° 37'E,209m Con, RB 20bacA 20047ECA  2008AECA -
Jungfraujoch JFJ CH 46° 32'N,7° 59'E,3578m Mt, Mix 1995AECA 2001AEGA 1997AEGA 1995AECA
Kosetice KOS Ccz 49° 34' N,15° 4'E,535m Con, RB 20824 2012AECA  2008AECA -
K-puszta KPS HU 46° 58'N,19°34'E,125m Con, RB 266N 2006AECAN 20064 CA -
Leipzig TROPOS LEI DE 51°21' N,12° 26'E,113m Con, U - 20094¢Y 2010~CcACU -
Leipzig-Eisenbahnstrasse LEI-E DE 51° 20'N,12° 2°Bm Con, U - 2009E6Y  2011ACACU -
Leipzig-Mitte LEI-M DE 51° 20'N,12° 22'E,111m Con, U - 2016°Y  20107¢Y -
Madrid MAD ES 40° 27'N,3° 43'W,669m Con, U - - 2014 -
Melpitz MEL DE 51° 31'N,12° 56'E,86m Con, RB 2097 eV 2007AECAGL 1995CAGU -
Montsec MSA ES 42°3'N,0°43'E,1571m Mt, Mix 2045AN 2013ACAN 20167ACA
Montseny MSY ES 41° 46'N,2° 21'E,700m Mt, Mix 201N 20094CAN 20094 CA 2013A¢A
Neuglobsow NGL DE 53°10'N,13° 1'E,62m Con, F - 20846V 2011AC6ACU -
Obs. Perenne de I'Environnement OPE FR 48° 3330F,392m Con, RB 201 2012A6A 2016~¢A -
Pallas (Sammaltunturi) PAL Fl 67°58'N,24° 6'E,565m P, RB 2000¢A 2007ACA 2000AECA 1996AECA
Payerne PAY CH 46° 48' N,6° 56' E,489m Con, RB - 150 - -
Pic du Midi PDM FR 42°56' N,0° 8'E ,2877m Mt, Mix 201676~ 2013ACA 2017ACA
Prague-Suchdol PRG cz 50° 7'N,14° 23'E,270m Con, U - - 2012AECA -
Puy de Dome PUY FR 45° 46'N,2° 57'E,1465m Mt, Mix 00@”cA 2008AECA 2007AEGA 2005ACA
Rigi RIG CH 47° 4" N,8° 27' E,1031m Coast, RB - 2615 - -
Sonnblick SNB AT 47° 3'N ,12° 57'E,3106 Mt, Mix - - - 2014 E
Schauinsland SSL DE 47° 54'N,7° 54'E, 1205m Con, F - 20094 CACUE 50Q5ACACY -
Summit SUM DK 72° 34'N,38° 28'W,3238m Polar, P 204 2003CAN -
Tiksi TIK RU 71° 35'N,128° 55'E,8 m P, Coast, RB 201% 2007ACA -
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Station Name GAW  Country/ GPScoordinates Site Ow O PNSD CN

Code Region Characteristics starting starting starting starting

year year year year

Granada UGR ES 37° 9'N,3° 36'W,680m Con, U 206" 2006ACAN -
Varrié VAR Fl 67° 46'N,29° 34'E,400m P, RB - - 2080 1992ACA
Vavihill VAV  SE 56°1'N,13° 9'E, 175m Con, F 200684 2008AECA  2001AECA -
Waldhof WAL DE 52° 48'N,10° 45'E,74m Con, F - 201%CU 2009A-CACU
Zeppelin mountain ZEP NO 78°54'N, 11° 53'E,474m  ME,P 2008"¢A 2002A-6A 2000AECA 201056~
Zugspitze-Schneefernerhaus ZSF DE 47° 24'N,10°,38E.m Mt, Mix 2010MECA 2009ACACU  2004CACY -
WMO VII, Antarctica
Neumayer NMY  DE 70° 39'S ,8°15'W,42m P, Coast, Mix 2001E¢# 2006%A - 1995E.¢A
South Pole SPO us 89° 59'S,24° 47'W,2841m P, P 479 2017CAN - 1974CAN
Trollhaugen TRL NO 72°0'S,2° 32'E,1553m P, P A 2014AECA  DQ14AECA -

Table 3: list of sites in the SARGAN network in 2017 or Igstr with data in EBAS used in the present stlidple indicates the starting year for each variable
and the site geographical category: Mountain=MtaR®, Continental=Con, Coastal =Coast, and thenass footprint characteristics: Rural backgrourB=R

Forest=F, Desert=DE, (Sub-)Urban=U, Pristine= PeédixMix, ACTRIS=A, EMEP=E, GAW-WDCA=GA, GUAN=GU, IRROVE=Il, NOAA- FAN=N, Not
in EBAS=NOT. Sites highlighted in grey closed irnLZ0or earlier.
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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 acceptethée standard procedures.
Whenever instruments are custom-made or modifimth tommercial versions (e.g.,
SMPS), they must be intercompared with a refer@meteument 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 theaalti new 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 maulaic 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, toolg fanline quality control of
instrument performance are used to ensure datéyqusl information on data quality
is traceable, including availability of raw infortian, conserved by the data centers.
RAW information (level 0) is available for reprociegsin 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 policivein networks established
a0 respond to EU-directive (local and Europeargaiadity networks), to the Convention
on Long Range Trans-boundary Air Pollution (CLRTAP}h# United Nations
Economic Commission for Europe (UNECE) contributio{MQO’s Global Climate
Observing System (GCOS)

Uninterrupted station operations and observir
systems should be maintained.

dhe analyses of SARGAN data coverage shows thatatwork is composed of
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 mldst 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.

Almost all stations are registered to GAW as aaedi, 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 ofvaté¢ European Research
Infrastructures or networks that are clearly essakeHd 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
systems.

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

Table4: 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 uncertaipty
Osp 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%/yr

Table5: proposed requirements for GCOS application are8ARGAN variables
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Latitude

Longitude

Figure 1: Location of sites contributing to the present studyblue, sites which provided information for tteference year 2017 and in
red, sites that in addition, provided >10year tsedes for optical properties used in Collaud Coead.dsubmitted).
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1650 Figure 3: Cumulative number of sites providing information WDCA for the aerosol variables: a) scattering, byaption and c)
combined size and particle number concentration.
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Figure 4: The use of SARGAN data from GAW-WDCA over the pdriday 2009 - October 2019 as indicated by the nurobéull
years of measurement data downloaded each yea.eRtacts as tailored special delivery (the falladbase for a special purpose) are
1660 notincluded
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