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Abstract

Atmospheric aerosol in the Tibetan Plateau (TP) and its surroundings has reeeived

widely-attracted significant scientific eeneerninterest in recent decades ewingdue to its

significantnotable impacts on regionalregionally climatic and cryospheric changes,

ecological and environmental securities, and_the hydrological cycle. However, our
understanding on the atmospheric aerosol in this remote region is highly limited by the
seareelyscarcity of available dataset—due, owing to the extremely harsh natural
conditions. This eenditionchallenge has been #mprevedmitigated in recent decades by

construetinga-fewstableestablishing field observatories at typical sites eawithin the TP
and its surroundings. A continuous project was-carried-out-sinee-initiated in 2015 aims

to investigateexplore the properties and sources of atmospheric aerosols, as well as their
regional differences-in-the-vast TP regionsbyperforming, through multiple short-term

intensive field-observations usingacross this vast region utilizing a suite of high-time-

resolution online instruments. This paper presents a systematic hourly scaled dataset of
the-high-time-reselution-(heurly-seales)aerosol physicochemical and optical properties
at eight different—sites everacross the TP and its surroundings derived from the
ebservation-project;-includingthe. It includes size-resolved chemical compositions of
submicron aerosols,—standard high-resolution mass spectra and sources of organic
aerosols, size distributions of particle number concentrations, particle light scattering
and absorption coefficients, particle light absorptions fremattributed to different
carbonaceous substances efincluding black carbon and brown carbon, and number
concentrations of cloud condensation nuclei. In brief, atmospheric aerosols in these
remote sites were all well-mixed and highly aged-due-te, reflecting their dominated

regional transport sources. However, the southern TP region exhibited high

contributions of carbonaceous organic aerosols, neutralized bulk submicron aerosols,
and a relatively higher light absorption eapability—were-observed—in-the-southern1P
regioncapacity, whereas in the northern TP region, secondary inorganic species
contributed-dominantlywere the main contributors to the overall acidic submicron
aerosols-in-the-northern TP resion—tnadditionte-the. Beyond providing insights into
the regional differences enin aerosol sources and properties iacross the wast-TP

regionsand its surroundings, the datasets arewill also usefulfor-the simulationbenefit

simulations of aerosol radiative forcing and the-evaluationevaluations of interactions

among different eemponents-of-the-Earth system components in numerical models: in



64  this region. The datasets are avatlablefremaccessible through the National Cryosphere

65  Desert Data Center, Chinese Academy of Sciences
66  (https://doi.org/10.12072/ncdc.NIEER.db2200.2022; Xu, 2022).
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1 Introduction

Tibetan Plateau (TP), with amean-altitade-ofover4000an average elevation exceeding

4,000 m above sea level (a.s.l-.) and spanning a-huge surface area of approximately

2.5%10% kma® —is-the— million square kilometers, stands as the highest plateau on the
Earth. Thelts high-altitude mountain ranges-en-the- FP-and-itssurroundings-are, integral

to one of the world’s most i#mpertantcrucial cryospheric regions-i-, have earned the TP

the werld-—Therefore;the TP-hasbeen-widelyknownas-themonikers “roof of the world”,
the-“Third Pole”, ertheand “Asian Water Tower” (Qiu, 2008; Yao et al., 2019). The TP

and its surroundings have-significantimpaets—inplay a pivotal role in influencing the

global and regional climate systems, hydrological cycles, and cryospheric changes

through its hugevast and complex topography and_its function as a significant heat
source (Duan and Wu, 2005; Yao et al., 2012; Chen et al., 2021). Over-thepastfewln

recent decades, one-of the-mostconecerns-on-the TP-and-its-surroundingsa major concern
has been—focusing on the significant climatic warming and the rapid eryospherie

changes in_the cryosphere of this region (Kang et al., 2010), which shewexhibits a
higherwarming rate-thantrend that exceeding that of the Northern Hemisphere (0.34 vs.
0.29 °C/decade) (You et al., 2021; Zhou and Zhang, 2021).

As-Atmospheric aerosols, as one of the most complex and impertant-compenentcritical
components in the atmosphere, atmespherie—aerosels—play—significant—roles—in

thesignificantly influence climatic warming and cryospheric changes in the TP regions
through—their. They exert crucial direct and indirect effects on selar
racdiattenatmospheric_energy budget and the albedos of snow and ice surfaces,
impacting Earth’s climate system (Xu et al., 2009; Kang et al., 2019b). Atmespherie

aerosols;partienlarhy-the- two-impertantNotably, light-absorbing carbonaceous aerosols
(CAs) efsuch as black carbon (BC) and brown carbon (BrCj;—<an) directly absorb the

solar radiation-direethy~warm, warming the atmosphere; and finally-leadcontributing to
a positive forcing on Earth’s energy budget (Ramanathan et al., 2007; Kopacz et al.,

2011). For exampleinstance, Li et al. (2018) has-simulateddemonstrated that BC causes
significantly higher—averagegreater albedo reduction (~46%) and instantaneous

radiative forcing (7-64 W m2) eaused-by-BC than mineral dust that depesited-on aged
snow i-the-surfacesurfaces of a TP glacierJtn—=addition_than mineral dust. Moreover,

aerosol particles over the TP alse-exertsignificant-impaets—onsignificantly affect ice

cloud properties and cloud development through their semi-direct effects (Liu et al.,
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2019). Sinee-the-direct-observation—of-atmespheric-aerosels—overGiven the vast and
remote nature of the TP-regions—isremarkablydiffienlt-dueto—the, coupled with its

complex topography-an€, meteorology, and harsh environment, thein-sifu observation

of atmospheric aerosols poses substantial challenges. Consequently, numerical model
siratlationsimulations based on reanalysis data has-become-one-of the-mestpopularand
eritieal-ways-ever-the-pasthave emerged as a predominant and crucial method in recent
decades. Ferexample;Notable studies include Lau et al. (2006)-evaluated, who assessed
the significant-impact of atmospheric aerosols everthe-FP-on the intensification-of the

Asian summer monsoon by—intensification using the NASA finite-volume general
circulation model

humidity; Kopacz et al. (2011)-investigated, who explored the origin and radiative
forcing of BC transperted-tein the TP and Himalayas by-usingwith the GEOS-Chem

global chemical transport model-based-on-the-global BC-emissions-inventory-data;; and
Liu et al. (2015)—investigated, who examined the transport of summer dust and

anthropogenic aerosols ever—the-FP-by-using a three-dimensional aerosol transport—

radiation model with thesatellite data inputs. Despite the significant insights gained

from

fepefted—ffem—fh%%n&meﬂeal—medel—these simulations, the—in-situ
observationobservations of atmospheric aerosols ever-the FPregions-has-become-meore
erueial-andurgent due-to-their keyreles-in the TP are increasingly recognized as critical

for evaluating and #mpreving-theenhancing model perfermanees—over-theaccuracy in
this remote fegieﬁ—ljaekmgarea The absence of in-situ ebservatienal—aerosol

data to refine models

introduces considerable uncertainty ininto the results. In-addition;Furthermore, while

model simulations in-the- FP-mesthyfoeusedprimarily focus on the-spatial distribution

overalargerange-butrarely-on-theacross broad regions, they often overlook temporal
variations or the inherent evolution mechanism-withmechanisms at high timetemporal

resolution-as-these-frem, which in-situ observations could illuminate.

With-great-tmprovementsRecent advancements in observational eenditionstechniques
and nstruments;instrumentation have enabled numerous in-situ measurements—have

been—condueted-inmeasurement within the TP and its surroundings-during, aiming to
delineate the past-few-years-to-characterize-the-aereselphysical, chemical, and optical

properties;_of aerosols, along with their potential sources, transport pathways, and
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regional distributions. A—cemprehensive—summaryA detailed compilation of direct
measurements—en—ambient aereselsaerosol measurements in the TP—asing—various,

employing a variety of observational methods and instruments—has—been—tisted, is

presented in Table S1 in the supplementary—Ameng-them;-the material. Notably, off-
line atmospheric filter sampling was-one-ofthe-mestimpertantandpopularhas emerged
as a key in-situ aerosol collection appreachmethod in the TP-beeause-it-wasrelatively,
favored for its low-cost and easy—to-earry—outfeasibility under the extremebyregion’s
harsh natural-conditions and Hsait-logistical suppertsconstraints. This appreachmethod

has been—suceessfully—condueted—to—characterize—the—compositions.—sizescffectively
captured the composition, size, light abserptiensabsorption properties, sources, and

variations of ambient aerosols, especially-these-different-CAs-constituents-including

diverse CAs components such as BC, BrC, organic carbon (OC), water-soluble OC

(WSOC), humic-like substances (HULS), and polycyclic aromatic hydrocarbons
(PAHs);) in the remote TP region (Cao et al., 2009; Zhao et al., 2013; Xu et al., 2014a;
Zhang et al., 2014; Cong et al., 2015; Wan et al., 2015; Xu et al., 2015; Kang et al.,
2016; Li et al., 2016b; Xu et al., 2020). In-addition;charaeterizingFurthermore, off-line

filter sampling has been instrumental in mapping the regional aerosol distribution ef

atmospherie-aerosols-overalarge-areaofacross the TPwas-another tmpeortantadvantage
of, facilitated by its simplicity and the eff-Jinefilter sampling-through-theirability to

conduct simultaneous observations at multiple sites—due—to—the—relatively—easy
instromental-operationslocations (Li et al., 2016a; Chen et al., 2019; Kang et al., 2022).

Despite these advancements, off-line filter samphings-are-stibsearce-andfar meeting
the-demand-at-present—These-observational-sampling studies in the TP’s remote regions

remain _insufficient for current needs. The gathered data wasis generally
seatteredfragmented and unsystematic—with—relatively, characterized by low
timetemporal resolution, fewlimited aerosol property parameters, and lesssparse data
points-beeause-meost-of themwere—earried-outat-certainsite—using. Typically, these

studies have been localized to specific sites, utilizing single instruments with

timetemporal resolutions ranging from days to weeks duringa-shert-term-period—The
over brief periods. Such low timetemporal resolution meastrement-worldHmitlimits

the accurate understanding of aerosols’ temporal evolution preeesses-and underlying

mechanisms-ef-aerosel-properties, especially during a-fast-andrapid, short-term event:
Meantime—these—observationalevents. Additionally, integrating and comparing data

6
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fromacross different research groups was—alse—diffieultto—compare—andintegrate
because-mostofthem-had-differentis challenging due to variations in research eoneerns;

measurementfocuses, measured parameters, sampling flewsmethodologies, laboratory
filter treatmentprocedures;—processing, and data analysis methods,—ete—Besides;

although-the-techniques. Moreover, despite the relative ease of off-line sampling-is

a zalv eacy to U O bere are se TP rag

extensive areas of the TP still lack such observational efforts. To date, comprehensive

research  focusing on multiple aerosol physicochemical—and—optical
propertiesparameters through the-real-time online consecutive measurements (with

high temporal resolutions from minute to hour scales) at multiple sites are—stit

rareremains a rarity in the TP.

StudiesResearch on atmospheric aerosols hawvein China has achieved ereat-progress
duringsignificant advancements over the lastpast decade-in-China. The Aerodyne high-
resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS) was-one-of-the

most—peopularhas become a widely used online instrument—that—sueeessfally
implemented—in—, enabling numerous aeresel—chemistry—observationsstudies to

characterize the real-time, size-resolved chemical compositions and sources of
submicron aerosols (Li et al., 2017; Zhou et al., 2020). However, the-utilization-of HR-
FoE-AMS-en-its application in the TP was—still-verysearee-duehas been limited, a
situation attributed to the high—instramentalinstrument’s demanding operational
requirements but-extremely-harshand the area’s challenging observation conditions.

Since 2015, our research group has initiated a continuous and systematic observation

project, aiming to investigate the regional differences on aerosol sources and properties
nacross the different TPregi
This effort involves annual deployments of the HR-ToF-AMS measurement

andalongside other high-resolution, real-time online instruments at differentvarious

sites-during-almest-every-yearIndeed. Remarkably, our dataset wasrepresents the first
and only set-ef-datasetfoeusing-on-abundant-collection that extensively covers a wide

range of aerosol parameters (including the-physical, chemical, and optical properties
and their diverse sources) atacross multiple different—types—oef—sitegeographic

environments (e.g., the—urban, remote, high-altitude mountain, grassland, and

subtropical forest=o bt bosionlbpemnn s e Blenn DD poeion o Lol o b
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within the TP and its surroundings. This is achieved through real-time and high-time-

resolution online observations-in-the-FP-and-its-surroundings—hese-datasetsprovide
net-enly, providing a comprehensive dataresource for the-understanding ef-regional

baste-inputsaerosol variations and serving as essential input for thesimlation-of future
aerosol radiative forcing and—the—assessments—of interactions—ameng —different
compeonents—of—the—simulations and Farth system in—futare—medels:interaction
assessments. The eententsstructure of this paper are-erganizedis as—-Seets:_follows:

Sections 2 and 3 describe the observation sites, instrumental deployments, and data
processing-methods;—Seet.. Section 4 intredueespresents the high-time-resolution data

ef-aerosol_data, encompassing physical, chemical, and optical properties as well as

seurees;-while-thesource information. The limitations and the uniqueness of our dataset

are discussed in Seet-Section 5.

2 Observation site descriptions

ContinweusBetween 2015 and 2022, intensive observations of atmospheric aerosol
chemistry were eenduetedcarried out at eight sites #across the differentregionsof TP
and its surroundings-frem201-5-t0-2022-The-. These sites inelidecomprise seven remote
sites (QOMS, Motuo, NamCo, Ngari, Waliguan, LHG, and Bayanbulak) and one urban

site (Lhasa)-whiehis-tsed), the latter serving as a contrast for eemparisen-comparative
analysis. Figure 1 illustrates the geographical locations of these sites and-the-pieture

efalong with photographs during each observation. Table 1 prevides—detailed
informationdetails the specifics of each site as—weH—asincluding the sampling

pertedperiods and avaiablethe instruments deployed during each field campaign. The
following—text—gives—asubsequent sections provide brief deseription—ef—each

sitedescriptions these sites, arranged geographically from the seuthsouthern to nerththe

northern parts of the TP.

2.1 QOMS

The Qomolangma Station for Atmospheric and Environmental Observation and
Research, Chinese Academy of Sciences (86.56°E, 28.21°N; 4276 m a.s.l.; abbreviated
as QOMS fer-shoert-in this study-and-similarly-hereinafter, with similar abbreviations
for other sites:86-56°E,28-21°N:-4276-m-a-s-1)_hereafter), is situated in the basin-ef

Rongbuk valley inbasin on the northern slope of Mt. Everest. The climate in the
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northern slope of Mt. Everest has obvious seasonal variation-under, heavily influenced
by the-influenee-of Indian monsoon system (Bonasoni et al., 2010; Cong et al., 2015).
During the pre-monsoon season (generalytypically March=_to May), the
dominateddominant westerlies play—important—roles—infacilitates the long-range
transport of atmospheric pollutants from these-pelutedregions—in-South Asia, which
makesmaking QOMS an ideal high-altitude observatory aton the south edge of the TP

for studying-theexamining transboundary pollutant transport efatmespherie-petlutants
from-Seuth-Astateinto the inner PR Puringplateau’s interior. In the summer monsoon

season in—suvmmer—(June—August), theprevailing southerly winds prevail-and-bring
warm and wet airflow from the Indian Ocean, leading to this—region—with
inereastngincreased humidity and precipitation in the plateau.

2.2 Motuo
Motuo eeunty—isCounty, located in the lower reaches of the Yarlung Tsangpo River

andon the southern slepeslopes of the eastern Himalayas and Gangrigab Mountains in
the southeast edge of the TP. The county-sits-at-a, sited halfway up a mountain-and-has,
enjoys a subtropical humid climate withcharacterized by relatively high

temperataretemperatures and abundant rainfall. Pue—te—the—minerWith a small
population {~of ~15,0003};, Motuo eeunty-isalso-arelativelyCounty remains one of the
TP’s most pristine region—in—the-FPregions. The sampling site in Motuo (29.30°N,
95.32°E; 1305 m a.s.l.) was at—the—summit—eflocated atop a hill that—tewards

teoverlooking the Yarlung Tsangpo Grand Canyon;-whiech. This vantage point makes it

a—veryan ideal site—in—the—southeast—edge—of—the—TFP tolocation for directly
menitermonitoring the transboundary transport of atmospheric pollutants and moisture

from Southeast Asia and the Indian Ocean teinto the TP.

2.3 NamCo

The Nam Co Station for Multisphere Observation and Research, Chinese Academy of
Sciences (NamCo; 90.95°E, 30.77°N; 4730 m a.s.l.) is a high-altitude observatory atin
the south-central part of the TP. Fhis-station-is-sitvatedSituated at the southeast shore of

Nam Co Lake—FThesurrounding-ofthis, the station is surrounded by a pristine regionin

the-FP-and isolated frommajorpoepulatedareas-area. The region is—generallyaffected
by—theexperiences a typical semi-arid plateau monsoon climate—with—mere,

characterized by increased precipitation during the summer monsoon season. Fhe
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NamCo is the-mostimpertantsite-ina pivotal inland efsite within the TP-and-deminated,

predominantly influenced by air massmasses from_the south and west.

2.4 Ngari

The Ngari Station for Desert Environment Observation and Research, Chinese
Academy of Science (Ngari; 79.70°E, 33.39°N; 4270 m a.s.l.) leeatesis located in the
Rutog County; within the Ngari Prefecture; of the Tibet Autonomous Region, China.
This regionarea is_at the southwestern edge of the TP and belengs-tois characterized by

its semi-arid areas-with-barrenland-surfaceclimate, sparse vegetation, and strengintense

solar radiation. As the-majora key member of-the “high-cold region observation and

research network for land surface processes & environment of China”, the Ngari station

is—one-of the-mest-impertantfiled-stationsfor-plays a crucial role in monitoring the
changes—in-climate, hydrology—atmespherehydrological, atmospheric, and ecological

envirenmentenvironmental changes in the TP’s western region-of-the FP-andfurther
revealing—the—interactionterritories. Additionally, it contributes to understanding the

interactions between the Indian monsoon system and the sesterbybeltwesterlies.

2.5 Waliguan
The Waliguan Baseline Observatory (Waliguan; 100.9°E, 36.28°N; 3816 m a.s.l.) is one
of the twenty-nine baseline stations of Global Atmosphere Watch (GAW) efunder the

World Meteorological Organization (WMO). The-ebservatory-is-situatedSituated at the
top of the-Mt. Waliguan-(meuntain-height of~600-m);, which is-alse-arelativelyrises

approximately 600 m, the observatory is located in a pristine region with httle-influenee
frem—minimal human aetivities— Fheactivity impact. Waliguan is an
impertantrepresented as a key observatory ion the rertheastnortheastern edge of the

TP-and-dominated, predominantly influenced by air massmasses from the northeast

during the summer-seasen;—which-makes—itanideal siteto-studythe-influenee. This

location is strategic for studying the transport and impact of air pollutants from the

industrial areasregions in the-northwestern China to the TP in this study.

2.6 LHG

The Qilian Observation and Research Station of Cryosphere and Ecologic Environment,
Chinese Academy of Sciences (LHG; 39.50°N, 96.51°E; 4180 m a.s.l)-lecates—near
the-.), is located approximately 1km from the terminus (—km)-of the-Laohugou Glacier

No.12;-whieh. This glacier is eneamong the largest mountain glacier in the northern

10
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slope of the western Qilian Mountains. LHG isserves as another representativenotable
station in the northeastern TP-and-significanthy—iselated, distinctly remote from the

human hvingareassettlements. The climate in this region is atypieallypredominantly
arid and continental-elimate-and-deminated, influenced by the East-Asian monsoon in

the-summer and the Westerlies in the-winter. StronghyA pronounced mountain-valley
breeze is—formed-during summer which—eanbring—air—massfacilitates the upward

transport of air masses from lower altitudezonesto-mountainregions—herefore,itis
alse—wel-suitedaltitudes, making LHG an ideal site for sampling-the-background air

mass sampling and studyingfor investigating the transport-mechanisms and potential

impacts of air pollutants from its-surrounding regiensareas.

2.7 Bayanbulak

The Bayanbulak National Basic Meteorological Station (Bayanbulak; 84.35° N, 42.83°
E; 2454 m a.s.l.) lecatesis located in the Bayanbulak grassland-at-the, northwest of
Hejing eeuntyCounty in the Xinjiang Uygur Autonomous Region, China. The
Bayanbulak is—situated—inlies within an intermontane basin in the central Tianshan
Mountains-and, surrounded by numerous snow mountains with altitudes more than

3000 m. The climate in Bayanbulak grassland belengs-te-theis characterized by a typical

temperate continental mountain climate, with an annual average precipitation of

abeutranging between 200=_to 300 mm. Fhe-Bayanbulak town has-Hmitedexperiences

minimal human activities and traffic—transpertation, maintaining its pristine

environment.

2.8 Lhasa
Lhasa (29.65°N, 91.03°E; 3650 m a.s.l.) is the capital eity=of the Tibet Autonomous
Region, China-that, and located in the south-central part of the TP. The city lies in a

flatbroad river valley—with-thesurreunding, surrounded by mountains reaching-that
reach up to 5500 m-and, with the Lhasa River passing through the city from west to

east. TheOur observation site is located in Fhasa-is-in-the Binhe Park-near, adjacent to
the Lhasa River. TheNotably, the Norbulingka scenic area, one of the main activity
centers for local Tibetans te-eelebratecelebrating their religious festivals {e-gsuch as
the Sho Dun festivaly;, is located ~1 km to the northwest of the sampling site;—while.
Moreover, the Potala Palace, the center of Tibetan Buddhism, is ~1.8 km to the northeast.

Sinee-the-Given Lhasa’s unique energy structure and differentresidential-habitinthasa

11
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comparing—with—these—remete—sites;—athe distinct living habits of the residents,
comparative ebservation-is-eondueted-inobservations are carried out at this urban site

ferstudying. These studies aim to investigate the primary aerosol properties and sources,

particularly from various residential combustion activities.

3 Online sampling, instrumental setup, and data processing

3.1 Online real-time aerosol sampling over the TP

Fhe—online-based-Atmospheric _aerosol observations ef-atmespheric—aerosels—were

earried—outconducted at each site using a suitsuite of real-time, high-resolution
instruments;-usuatly—ineluding. This instruments typically included a HR-ToF-AMS
(Aerodyne Research Inc., Billerica, MA, USA) feraequiringto determine the chemical

eompeosttienscomposition (organic aerosol (OA), nitrate, sulfate, ammonium, and
chloride) of non-refractory submicron aerosol (PMi}-a); A scanning mobility particle
sizer (SMPS, model 3936, TSI Inc., Shoreview, MN, USA) foraequiringwas used to
measure the size distribution efand number concentration of submicron particles;a; A
photoacoustic extinctiometer (PAX, DMT Inc., Boulder, CO, USA) was used for
aeguiring-theobtaining particle light absorption, scattering, and extinction coefficients
(Babs, Bscat, and Bext) andalong with single scattering albedo (SSA) at 405 nm, as
well as theBC mass concentration-ef BC—an; An Aethalometer (model AE33/AE31,
Magee Scientific Corp., Berkeley, CA, USA) was used for acquiring the Bass atacross
seven fixed-wavelengths (370—950 nm}-and-a); A cloud condensation nuclei (CCN)
counter (model CCN-100, DMT Inc., Boulder, CO, USA) for-acquiring-the-measured
CCN number eonecentration-at-differentsupersaturation(SS)-efconcentrations at various

water vapor: supersaturations (SS). The measurement uncertainties for each instrument

are difficult to quantify based on data from a single instrument. The uncertainty

showing below are referred from other studies: <30% for HR-ToF-AMS (Jimenez et al.,
2016) and SMPS. <40% for Aethalometer (Backman et al., 2017), <10% for PAX
(Selimovic et al., 2018), and <25% for CCNC (Rose et al., 2008). Details on the specific
instramental-deploymentinstruments deployed and the sampling peried-duringperiods

for each observation campaign isare summarized in Table 1.

The HR-ToF-AMS;-serving-as was the primarycornerstone instrument for-ebserving
atmospheric aerosol chemistry,—was-deployved-threugheut observations across all field
campaigns. The SMPS was utiizeddeployed at QOMS, Motuo, LHG, and Lhasa,
whilewhereas the PAX was employed at QOMS, Motuo, Ngari, Waliguan, and Lhasa.
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Additionally—theThe Aethalometer was utilized at QOMS, NamCo, and Waliguan,
andwith the CCN-100 operational at Motuo, Waliguan, and LHG. Field observations in
the southern, western, erand central FP-regions of the TP were predominantly

conducted during the pre-monsoon pertods—season, aimed to study the transboundary

transport of pollutants from South Asia into the TP, under the influence of Westerlies

and the Indian monsoon. For instance, observations took place from 12 April to 12 May

at QOMS, Motuo from 26 March to 22 May-at Metae;, NamCo from 31 May to 1 July
atNamCe, and Ngari from 1 Jun to 5 July-atNgari;—which-were—to—investigate-the

monseen—. On the other hand, measurements in the remote regions of the northern TP

and its surroundings were carried out during the summer— to track aerosol transport

from surrounding polluted areas, considering the effects of the Westerlies or the

intensified East Asian monsoon. Specifically, observations occurred from 1 to 31 July

at Waliguan, from 4 to 29 August at LHG, and from 29 August to 26 September at

Bayanbulak.

intensified—East—Asian—menseon—The observation inat Lhasa was conducted

betweenfrom 31 August andto 26 September, focusing on capturing the strengestpeak
atmospheric oxidation eapabiitycapacity during the summer-seases.

3.2 Instrumental setup

Despite the variations in the-instruments-used-duringinstrumentation across different
observation campaigns, the core setup for sampling settings—remain—generallywas
largely consistent. Figure 1b illustrates the fundamentalstandard sampling setup
employedconfiguration for each campaign—AH—instruments—are typically heused

involved housing all instruments within an air-conditioned trailer or room. The inlets

arewere induced to the instruments from the roof with a-fine-partiele cyclone (model
URG-2000-30EH, URG Corp., Chapel Hill, NC, USA) in the front of the inlet to
eliminate particles with an aerodynamic diameter (Dva) exceeding 2.5 um. Subsequenthy;
theThese fine particles are-directed-into-were then passed through a Nafion dryer via
1/2-inch stainless steel tabestubing to remeve-meoisturefromdehumidify the airflows:

Lastlythe-partieles-aresampled-into-a-series-efonline—_before being directed into the
instruments for real-time measurementsanalysis. For a—mere—comprehensive
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wnderstandingdetailed information on the setup and methodology of the instromental
setups;-pleaserefertoinstruments, it can be found in our previous publications (Xu et
al., 2018; Zhang et al., 2018; Zhang et al., 2019; Zhao et al., 2022).

3.3 Instrumental operation and data processing

The measurement principles, operation procedures, calibration methods, and data
analysis for these instruments are—extensivelydeseribedused in detailthis study are
thoroughly detailed in FextTexts S1—44ntheS4 of supplementary materials-ofthisstady:
Onlyafew-essentialmaterial. Here, we highlight only key descriptions and #mpertant

settings—are—emphasized—herecritical setting as follows: (1) The HR-ToF-AMS
instraments—werewas operated at the-V-mode during almest-almost of the eight field

campaigns;—considering to accommodate the relatively low aeresel-masstevels—and

signal-to-noise ratios everdue to low aerosol mass loading in the TP regions. (2) Bue-te

chopper-malfunetionin-the HR-ToE-AMS particleParticle size observations were not

conducted during the NamCo and LHG campaigns- due to a chopper malfunction in the

HR-ToF-AMS. (3) Different relative ionization efficiency (RIE) values were used for

ammonium and sulfate according to the ionization efficiency calibrations of HR-ToF-

AMS in different campaigns;—while—default—values—were—used—to—rest-speeies.. (4)

Different size parameters were achieved according to the particle sizing calibrations in
different campaigns;,—which—ultimately—resulted—in—thedistinetsizeranges—of non-
refractoryPMi-. (5) Elemental ratios of OA;—+e such as oxygen-to-carbon (O/C),
hydrogen-to-carbon (H/C), organic matter-to-organic carbon (OM/OC), and nitrogen-
to-carbon (N/C), were determined using the improved method (Canagaratna et al.,
2015). (6) DefaultA default collection efficiency (CE) walsesvalue of 0.5 were
employed to the HR-ToF-AMS measurements during the QOMS, NamCo, Ngari,
Waliguan, and Lhasa campaigns in consideration of their overall neutralized bulk
submicron aerosols, whereas thea composition-dependent CE (Middlebrook et al., 2012)
values-arevalue was adopted at Motuo, LHG, and Bayanbulak, where bulksubmieron
aerosols were slightly acidic. (7) Source appertienmentsapportionment of OA during
all observations were performed by the positive matrix factorization (PMF) analysis

method:. The details of the PMF solution determination for each site are not presented

here but can be referenced in our previous publication for select campaigns (Xu et al.,

2018; Zhang et al., 2018; 2019). (8) Only the chemical compositions of non-refractory

PM: are reported duringfor the Bayanbulak campaign due to the absence of BC

14



427
428
429
430
431
432
433
434
435
436
437
438

439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459

observations. (9) The sample and sheath flow rates of SMPS were set at 0.3 and 3.0 L
min !, respectively, at both QOMS and Lhasa, measuring particlescovering a particle

size range between 14.6 and 661.2 nm in mobility diameter (Dm), whereas 0.5 and 5.0
L min"! at LHG and Motuo sites with a particle size range of 10.9-495.8 nm in D. (10)
Aecthalometer measurementmeasurements were corrected for beth—the—filter-based
loading effeet-and multiple scattering effeeteffects. A traditional absorption Angstrém
exponents (AAE) method (Zhang et al., 2021) was adopted to guantitativel-apportion
the-total Baps into two parts fremof BC and BrC (Baps,sc and Babs,s-c). (11) Duringthe
Metuo, - Walisuan,and EHG-eampaiens;the- CCN number concentrations ef-CEN-were
condueted—consecutivelymeasured at five different SS values of 0.2%, 0.4%, 0.6%,
0.8%, and 1.0% every-S5-minutesat a 30-min cycle during the Motuo, Waliguan, and

LHG campaigns.

4 Aerosol properties, sources, and radiative forcing over the TP

4.1 Mass loading and chemical composition of submicron aerosols

Figure S1 prevides—an—overview—of-the—high-time-reselutionpresents the temporal
variations of PM1 chemical species (OA, nitrate, sulfate, ammonium, chloride, and BC)
duringobserved across the eight observations in the TP and its surroundings. Generally;

the—The mass concentrations of PMi and its echemical—species—varied
dynamieatlycomponents exhibited distinct variations, with alterratinga few periods of

high andlew-mass loading observed throughout theeach campaign’s sampling period
of each—eampaign.. Despite differencesvariations in sampling years (2015—2022),
seasons (March—September), and altitudes (1350—4730 m a.s.l.) atacross these sites, the

signifieantly—distinct PM1 mass concentrations and chemical compositions ean
effeetively—refleetclearly illustrate the regional difference in—aereselmass—tevels;

properties;—and-sourees—at-different regions-among these sites. On average, the-mass
coneentration-eftotal PM1 mass concentrations across the eight campaigns ranged from

1.9 to 9.1 pg m> (Fig. 2 and Table 2). The highest PMi-mass concentration was
observed at Waliguan-due-to, driven by the+apid transport of anthropogenic aerosols
and gaseous pollutants from urban areascenters in northwestern China. Coenverselyln
contrast, the lowest values were measuredobserved at NamCo and Bayanbulak,
attributed—toreflecting their background and pristine environmental conditions. The
average PMi mass level iacross the TP and its surroundings was comparable to

valuaesthose observed at other high-altitude, coastal, forest, and remote background sites
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weorldwideglobally (0.46—15.1 pg m; Table 3), butyet remains significantly lower than
those observed at densely urban (34.4-71.5 ug m™>) and suburban (21.4—44.9 ug m™)
sttesareas in other regionsparts of China (Li et al., 2017);-suggesting. This suggests the
predominantly clean nature—ofatmesphere—eonditionatmospheric conditions in the

remote and high-altitude regions of the TP.

The chemical compositions of PMi also exhibited significant regional difference
differences across the TP (Fig. 2), indieating-distinethighlighting varied aerosol sources
seresnin different Fi—sesiome O e D0 oeniher cosmpmboied e baeb
64-9=85"7%areas of the total PMi-mass—at-theTP. At five sites of-(QOMS, Motuo,
NamCo, Ngari, and Lhasa-thatare) located in the southern, western, or central TP-, OA
and BC together accounted for as high as 64.9—85.7% of the total PM; mass (Table 2).
TFheseThis high eentributions—were—mainlycontribution was largely attributed to the
frequent transport of biomass-burning-related emissions from petutedregionsin-South
and Southeast Asia to the-remote-sites-of TP during the pre-monsoon season (Bonasoni
et al., 2010; Cong et al., 2015; Zhang et al., 2018)-as—wel-asthe-intense, along with

significant local biomass burning emissiens-from religious activities in the-urban-area
efLhasa (Cui et al., 2018; Zhao et al., 2022). In eontrarycontrast, at the three northern

sites (Waliguan, LHG, and Bayanbulak), inorganic species (sulfate, nitrate, and

ammonium; referred to as SNA) accounted for more than 60% of the total PM-at-three
ad. Sulfate
was the most deminant-econtributionssignificant component of SNA (38.1-46.0%)),
conststentaligning with theresults-ebserved-atobservations from another high-altitude

site in the northeastern TP (Menyuan; 28%) and ethervarious rural and remote sites

(19-64%) in East Asia;-indicating-theregional-transperted-seurees (Du et al., 2015).
The highpronounced SNA contributions-efSNA., particularly the-sulfate, in the northern

TP and its surroundings, were mainly related to the regional transport of anthropogenic
aerosols and gaseous precursor emissions-from surreundingnearby urban areas as well
as important in-cloud aqueous reactions during the transportation to the mountains

(Zhang et al., 2019).

4.2 Bulk acidity, size distribution, and diurnal variation of submicron aerosols

Particle phase acidity is-an—impertant-parameter—affeeting—thesignificantly influences

aerosol physicochemical properties-efaerosol-with-significantimpacts-onhyeroseopie
erowth, affecting hygroscopicity, toxicity, and heterogeneous reactions—ef—aerosel
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partieles. The bulk acidity of submicron aerosols was evaluated at each site following
the method in Zhang et al. (2007b) and Schueneman et al. (2021) based-enusing AMS
measurements. A detailed description of this method can be found in_Text S5 of the

supplementary material or our previous publications (Zhang et al., 2018; Zhang et al.,

2019) or i Fest S5-in 4 | s of thi Lo Ttis . ind
that-the bullcacidityof submicron—-aerosols—exhibited-distinet. Notably, we observed
clear regional differencevariations between the southern and northern TP—(Fig—3);
primarty—attributedto—variations—, largely due to differences in aerosol sources and
compesitiens-composition (Fig. 3). Linear regression slopes werefitted-to-be+21+15
0-98,—and—1-18—at—thefour—sites—efat QOMS, NamCo, Ngari, and Lhasa that
leeates(located in the southern, western, or central TP) were fitted to be 1.2, 1.11, 0.98,
and 1.18, respectively, indicating the submicron aeroselparticles-acrosols at these sites
were generally neutralized, and-in-seme-eases;shewedoccasionally showing an excess

of ammonium. The findingresult is consistent with previous ebservations-offindings on
high ammonia availabilityresulted from agriculture emissions in the South Asia (Van
Damme et al., 2015). In-additienMoreover, as reported in our previous publications,
atmospheric aerosols at QOMS and NamCo were significantly influenced by the
transport-of-biomass-burning-related emissions from South and Southeast Asia during
the pre-monsoon season (Xu et al, 2018; Zhang et al., 2018), while—various

residentialand Lhasa experienced intense biomass fuels—were—burned—intensebyfuel
burning during these-frequent religious festivals inurban-areas-of Lhasa-(Zhao et al.,

2022). In contrast, the-submicron particles at the remaining four sites, particularly LHG

and Bayanbulak in the north, were overall acidic, with regression slopes ranging from

0.73 to 0.86—+—theremainine ot —eeseeinl b in he poe poetBen e UL nin ]

Bayanbulak);, where sulfate significanthy—contributedto—the—toetalwas a major PMi
component (46.0% and 41.6%). Similar ebservationsfindings of acidic submicron

aerosol particles have also been observed at Menyuan and LHG in the northern TP in
previous studies (Du et al., 2015; Xu et al., 2015), mainly related to the transport of the

enriched SNA species or their gaseous precursors from the industrial areas in

northwestern China-te-theremoteregionsin-the-northern 1P,

The size distributions of non-refractory PMi chemical species, obtained from HR-ToF-
AMS measurement, provide valuable insights into aerosol sources, oxidation degrees,

mixing states, formation, transformation, and growth mechanisms as well as their
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impacts on CCN activity. Typically, the-size distributions for SNA species and oxidized
OA peaked atin the accumulation mode (~400—600 nm in Dva)-ferthese-SNA-speeies
and-exidized-OA-—compenents), as a result of their-secondary formation_processes. In
contrast, fresh organics from primary emission sources hadexhibit smaller sizessize
(Zhang et al., 2005b; Aiken et al., 2009). In this study, bethwe focus on organics and
the sum-efcombined three SNA species were-seleeted-to Hustrate-thehighlight regional
differeneevariations in size distributions across the different-TP-regions. As shown in
Figs. 4a and S2 and Table 2, the peak diameters in-the-size-distribution-of OA and SNA
size distributions varied significantly, ranging-from 584.4 and 634.5 nm at Ngari to a

smaller size of 228.1 and 250.0 nm at Lhasa, respectively. This variation suggests the
distinctly different sources and aging processes of atmospheric aerosols i
differentacross the TPregions, particularly between those high-altitude remote sites and
urban sites. For exampleinstance, bulk PM1 at QOMS was reported to be internally
well-mixed and aged-at-QOMS-due, attributed to long-range transport aereselseurees
of-from biomass-burning-related emissions fremin South Asia (Zhang et al., 2018),

whereas local primary sources, including cooking, traffic exhausts, and biomass
burning-tegether-eontributed-, totally accounted for more than 60% of the total OA at
thein urban sie-in-Lhasa (Zhao et al., 2022). The crucial influence of aerosol sources
on size distributions is further supported in—Fig—4a—by the quantitative
relationshipcorrelation between the mode size and O/C ratios of OA (R* = 0.74) (Fig.
4a).

The diurnal variations of PMi chemical compositions are typically influenced by
multiple factors, including the—meteorological conditions (steh—ase.g., planetary
boundary layer (PBL) height, wind direction and speed, temperature, relative humidity),
differentvarious primary emission sources (sueh-as-intensee.g., vehicle exhausts during
traffic rush hours, cooking emissions, and coal combustion emissions fremfor heating
aetivities), and distinct formation mechanisms (steh—ase.g., daytime photochemical
oxidation-preeesses, nighttime heterogeneous reactions, and gas-particle partitioning of

secondary species). Fherefore;aA comprehensive understanding of thethese diurnal

s esehietesnie o il een s s L el osien L cnsms i o ariaions 18 Bst
enly-benefietalcrucial for investigating their-exploring the dynamic evolution preeesses

but—also—helpfulin—understandingof aerosol compositions and identifying the key
faetersprimary drivers (source, meteorology, or secondary formation) that-drivebehind
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the variations efin different chemical species.-Clearly-different

Distinct diurnal wariation-patterns efin the total PM1 mass concentrations were observed
during-theacross different field campaigns (Fig. 4b). The-divrnal-variations-at-those-At
remote sites {sueh-asof QOMS, LHG, NamCo, and Waliguan), located either-in the
valeyvalleys or atop mountains, variations were mosthy
contreHedlargely governed by the-eirenlation-ef mountain-valley wind circulation and
the-variation-ofchange in PBL height-duringthe-day.. For instance, QOMS exhibited a

distinct diurnal pattern with continuously decreasing concentrations during the daytime,
but relatively higher concentrations at night. The minimum-#ass occurred at around
~15:00 in this valley site, mainbylikely due to the-strong dewn-slepeafternoon glacier
winds with-high-wind-speed-and enhaneeda higher PBL heightin-the-afterneon-(Zhang
et al., 2018). Converselyy, LHG and NamCo experienced lower PMi maass

eoneentrationconcentrations from night to early morning-and-continneushyinereasing

mass—eoneentrations, with increase in the afternoon, attributed at LHG were-tightly
assoetated-with-theto up-slope wind transport efand at NamCo to aerosols adveeted-by

aeroselsdescending from higher layer—to—the—ground surface,—as—well-aslayers and
enhanced aeresel-plame-afternoon transport from these—relatively—poHuted—wvestern

regions—during-the-afterneon-the west (Xu et al., 2018). A-+relatively complex diurnal
variation-pattern of tetal PM| was observed at the-tep-of Mt-Waliguan, which-ceuld-be

attributed-to-the-combined-effeets-of variabilitiesin-influenced by diffusion conditions
(suchas PBL height)., wind directions (such as mountain-valley wind circulation),, and

air mass sources—(sueh—as—enhaneed—, including afternoon air massmasses from the

northeast m, which

likely carried industrial areas)pollutants (Zhang et al., 2019). At Motuo, the diurnal
variationpattern of PM| mass-coneentration-was relatively stable, exeeptforwith two

weak peaks linked to local combustion activities in the late morning and evening;+which

" H ; sy, Ngari
exhibited relatively high-masshigher nighttime loadings atnight—whereastow—values

were-observed-during-theand lower daytime_loadings, mainly due to the variations of
PBL height. Bayanbulak, on the other hand, had relatively low and stable PMi mass
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throughout the entire day;primarily due to its background featurelocation. In contrast

tothepomeatesites the urban sHe—a-Lhasa shovedaelons dinnlonelnGon oo eith
displayed two pronounced peaks areund-8:00—9:00-and20:00—21:00Thispattern-could
be-attributed-to-strongcorrelating with primary aeresel-emissions from-vehicle-exhausts;
cooking—and-biomass—burningactivities—during the-morning and evening timesrush
hours (Zhao et al., 2022). Although the diurnal wvariatienspattern of-tetal PM1 were
mainly affeetedshaped by the-variabilities—in-mountain-valley wind-eirewtationwinds

and PBL height in those remote sites, and primary emissions in the urban site in this

study, thesecondary formation processes, including photochemical oxidation and

aqueous-phase reactions were also twe—impertantplayed a key role in the formation
pathways-of seecondary-inorganic and organic aerosol species. This could be ebserved
elearlyevidenced by these-identifiedthe afternoon peaks of oxygenated OA (OOA)

components atobserved across almost all the sites, which were commonly shewed

peaks-during the-afterneenformed by photo-chemical processes (Xu et al., 2018; Zhang
etal., 2018; Zhang et al., 2019; Zhao et al., 2022).

4.3 High-resolution mass spectrum and elemental ratios of organic aerosol

The high-resolution mass spectrum (HRMS) and elemental ratios of OA were
determined to identify the possible sources, formation and evolution mechanisms, as
wel-as-the-and oxidation states ef-these-eomplex-OA-compeonents-at each site. The-A
direct comparison of the average O/C ratios efthe-OAs-from the eight field campaigns
were—compared—direetly(was presented in Fig. 5a).. It is evidentapparent that the

average-O/C ratios of OAs-were-generally-elose-to-orlarger-than1-0-at the remote sites
of QOMS, Motuo, NamCo, Ngari, Waliguan, and LHG;-whereas _typically reached or

exceeded 1.0, indicating highly oxidized OA. In contrast, Bayanbulak exhibited a lower

O/C ratio of 0.69-was-ebserved-at Bayanbulak-and, and the urban site of Lhasa showed
an even lower O/C-ratio of 0.44—was—observed—at—the—urban-—site—inthasa.. These

variations in O/C ratios across sites primarily reflect differences in O/C—+atios—were

mainby-attributed-to-the-variationsin-OA sources and aging processes-aeross-different

e domaeponed poelioe pbmse s bopie vepoenle fa e memaete [Lomole sites in the TP
were generally asseetated—with-received well-mixed and aged OA due to long-range

transportfrom-surrounding-areas;henee-the OAs-were generally-well-mixed-and-h

2018; Zhang et al., 2018; Zhang et al., 2019). HeweverMeanwhile, local fresh-OAs
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emittedemissions from warieus—residential—activities sueh—aslike cooking, traffic
exhausts, and biomass burning predeminatedsignificantly contribute to the tetalOA atin

urban Lhasa, resulting in a comparatively low O/C ratio (Zhao et al., 2022)—which

This pattern of higher O/C ratios at remote sites and lower ratios at urban sites were
observed in previous studies-infindings across China—Ferinstanee;higher, such as O/C
ratios of 0.98, 1.11, and 1.16 were-measured-atremeote-sitesinobserved at Mt. Wuzhi
(Zhu et al., 2016), Mt. Yulong (Zheng et al., 2017), and LHG (Xu et al., 2015),

whierespectively, versus urban sites where O/C ratios ef-OAs—were-generallylower
thantypically fell below 0.5 at most urban sites (Zhou et al., 2020). The Van Krevelen

diagram—{, which plots H/C versus O/C),—a—widehy—used—approach ratios to depiet
theillustrate changes in theOA elemental composition ef-OA-—resultingfrem-due to

atmospheric aging-proeessing-is-displayed-inFig—5b—An, shows an overall slope of
—0.66 was—ebserved—for the bulk OAsOA across the—eightfield—measurementall
campaigns-in-eur-study-whieh-. This result is comparable to theseslopes of —0.58 and
—0.47 obtained from-diffcrent-synthesized-datasctsfrom-diverse-ficld-obscrvations-in
previous studies, further illustrating common pathways in OA aging (Chen et al., 2015;
Zhou et al., 2020).

The average HRMSs of OA between the remote site (Waliguan) and the urban site
(Lhasa) were directly compared to investigate the imherent-difference in ienionic
compositions (Fig. 5c¢). Waliguan was ehosen—as-an-example-beeause-the-selected for
comparison due to its representation of overall highly- aged OA-nature, a characteristic
shared with very-simiar HRMSs-amengthe sevenother remote sites;asshownin—_(Fig.
S3-in the supplementary materials. It is cvident that the ). The HRMS of OA HRMSs
exchibieddin e neltome Bl e thene boo e o Dot o] Waliguan e
and Lhasa displayed significant differences. At Waliguan, the m/z 44, which
ispredominantly composed tetally—byof CO; and ene-of the-mostreliable-markersa

key marker for OOA, was the basemost prominent peak (18%) in the OA HRMS. The
CO; and its related fous-ions (CO", H,O", HO" and O") together contributed mere
thanover 41% of the total OA signals. Additionally,-the two oxygenated ion fragments
(CXHyOT and CXHyOZ) accounted for as much as 66% of the total OA signals (Fig.

S5cy-At-thesefeatures-demonstrated), suggesting the everall-highly oxygenated nature
of OA at thethis remote background-sitesin-the-FPsite. In contrast, the OA HRMS at
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Lhasa was remarkably similar to those observed at—mestin urban eities:

Fheenvironments, with significant contributions from four m/zs-valaez values at 43, 55,

57, and 60;-whieh. These ions are recognized as importantmass-speetral-tracersmarkers
for less oxidized OA cempeunds-or primary emissions related to traffic, cooking, and

biomass burning-aetivities (Zhang et al., 2005a; Alfarra et al., 2007; He et al., 2010),
shewedmaking up a significant eentributionscontribution to the tetal-OA signals in this
urban-site-Lhasa. Specifically, thenon-oxygenated ion fragment-of-C;fragments QCXH;)
contributed as highermuch as 64.5% of the total OA signal-in Lhasa, whereas the twe
oxygenated ion—fragments eentributedaccounted for only 33.6%. Fhe—high
contribution This pattern of fresh ion fragments in the OA HRMS in Lhasa is

comparable to those measured at other urban cities, such as 56% and 59% in Lanzhou
(Xu et al., 2014b; Xu et al., 2016), 51.2% in Nanjing (Wang et al., 2016), and 51.2% in
New York (Sun et al., 2011).

4.4 OA components from PMF source apportionment

Source apportionments of OA were performed using PMF analysis on OA HRMS data
for each field campaign. Figure 6 presents the average mass contributions of different
OA components from the selected 2—4 factor solutions ameng-theacross eight different
field campaigns, while Figure S4 details the specific HRMS efsignatures for each OA
component—is—displayed—in—Fig—S4—DPue—to—the. In regions with limited local
seureesemissions but deminated-seureessignificant influence from regional transport,
oenbysuch as NamCo, LHG, and Bayanbulak, two secondary OOAOA factors with

different oxidation degrees, namely a less oxidized OOA (LO-OOA) and a more
oxidized OOA (MO-OOA), were identified-during the NamCo, LEHG-and Bayanbulak
campaigns—On-average. For instance, during the NamCo campaign, the MO-OOA and
LO-0O0A accounted for 59.0% and 41.0% of the total OA mass, with average O/C ratios
of 0.96 and 0.49, respectively,aececountedfor-59-0%and-41+-0%of the-total OA-mass:
Similarly—the-. The Bayanbulak campaign exhibited eentributions—efa similar result,
with MO-OOA (average O/C of 1.12) and LO-OOA (average O/C of 0.55) to-tetal-OA

mass—ataccounting for 66.3% and 33.7%;% of the OA mass, respectively.
HeweverContrastingly, the LHG campaign shewed-enlyrevealed a different pattern,
with 24.9% e£MO-0O0A and 75.1% efLO-O0A, albeit with relatively-highhigher O/C
ratios of 1.29 and 1.08, respectively. BesidesNote that the tweproperties of each OOA

factorsfactor could be different across the locations in the TP despite the same name.
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691  Additionally, biomass-burning-related OA (BBOA) was also widely—identifieda
692  prevalent component in the TP+egions. At QOMS, the tetal-OA mass-was composed by
693  42.4% e£MO-0OO0A, 43.9% ofBBOA, and 13.9%-ef nitrogen-containing OA (NOA),
694  with average O/C ratios of 1.34, 0.85, and 1.10, respectively. The high O/C ratio and
695  significant contributions fremof BBOA and NOA at QOMS were asseciated-with-the

696  transpert-eflinked to biomass burning emissions transported from pelutedregionsin

697  South Asia-te-the Himalaya-and-inland- TP regions during the pre-monsoon season
698  (Cong et al., 2015; Zhang et al., 2018; Kang et al., 2019a). At Waliguan, the tetal-OA

699  mass—was composed by 34.4% of-MO-OOA, 40.4% ef-relatively aged BBOA
700  (agBBOA), 18.3% e£BBOA, and 6.9%-ef hydrocarbon-like OA (HOA), with average
701 O/C ratios of 1.42, 1.02, 0.69, and 0.33, respectively. The twe-BBOA-—compenents;
702 partienlarh-agBBOA; exhibited an enhanced contribution to tetal-OA as the OA mass
703 concentration increased, ranging from enly-~10% to-as-high-as 70% when OA mass

704  varied from <1.0 ug m > to 7 ug m > (Zhang et al., 2019). In-addition, seurce-analysis
705 indicated-that-the-highHigh contributions of the-twe-BBOA compenents-at Waliguan

706  were associated with the-regional transport of biomass burning emissions from the
707  residential-areas in nertheastern-Waliguanthe northeast (Zhang et al., 2019). At Ngari,
708  the total OA mass-was composed by 43.7% e£MO-00A, 28.5% e£LO-O0A, and 27.8%
709  of—BBOA, with average O/C ratios of 1.43, 1.00, and 0.56, respectively. In
710  eemparisencontrast, the eentributions-ofthe-three-Motuo exhibited OA components at
711  Metuesite-were-of 36.9%;% MO-OO0A, 46.9%% LO-OO0A, and 16.2%% BBOA, with
712 O/C ratios of 1.30, 1.11, and 0.25, respectively. The BBOA factorat Motuo-exhibited

713 relativelyThe lower massBBOA contribution and O/C ratio eempared-to-those-observed

714 at-QOMS,Ngari,—and Waliguan,—suggesting—weakat Motuo suggest a weaker local
715  seuree—frem-biomass burning—Feur emissions. At urban Lhasa, four OA factors were

716  identified including an OOA eempenent-with O/C ratio of 0.54 and three primary OA
717 components, i.e., &= BBOA with-(O/C of 0.13;2), cooking-related OA (COAY-with, O/C
718 0f0.12;), and a HOA with-(O/C of 0.11;-wereidentified-at-the urbansite-inLhasawhieh
719 were-distinetly). These components were markedly different swithfrom those ebserved
720  at the above remote sites—Fhe with the three primary OA components tegether

721  eentributedaccounting for more than 60% of the total O A-mass-atthasa, suggesting the

722 abundant primary aerosol sources from the residential activities. In addition, the BBOA

723 contribution increased ebvieuskysignificantly (up to 36%) during a grandmajor local

724  festival atin Lhasa, suggesting the crucial aerosol source from biomass burning during
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religious activities in the city (Zhao et al., 2022). In-summary,-distinet-types—of-OA

In summary, our study identified diverse OA components with varying O/C ratios at

different sites, indicating the heterogeneity of sources and oxidation states of OA across

the TP regions.

4.5 Number concentrations of submicron aerosols and cloud condensation nuclei

eamipa+g~ns—€Q9MS—Me%&e—H4G—aﬁel—I:hasaé—The measurement of partlcle number
size distribution (PNSD) was-net-enly-an-tmpertant-auxiliary-datafor-ealibrating-and
verifyingthe-aceuraey—of HR-ToE-AMS-data,but-alse—very useful for studying the

formation and growth mechanisms of aerosol particles in the atmosphere. Figure 7a

shows the high-resolution temporal variations of the PNSDs during the—four field

site-and-showed-distinetvariations—+n— (QOMS, Motuo, LHG, and Lhasa), revealing

significant variability in number concentrations and size distribution pattern
amongpatterns across the feurdifferent eampaignssites. On average, the total number
coneentrations—wereconcentration was 709.3 and 3994.4 cm™ at QOMS and Lhasa,
respectively, while they—wereit was 1639.2 and 1462.0 cm ™ at Motuo and LHG.
InterestinglyNotably, the differeneevariations in particle number concentrations were

not consistent with these—in-mass concentrations measured from the HR-ToF-AMS
amongat the four eampaienssites (Table 2). For exampleinstance, although the PMi
mass concentration at Lhasa was comparable to that at QOMS (4.7 versus 4.4 pg m™>),
the number concentration at Lhasa was more than five times higher than that at QOMS.
This inconsistency may-bewas mainly related to the distinethydifferentdifference on
size distribution at different sites. As diseussedmentioned above, submicron aerosols at
QOMS were eoverall-highly—agedpredominantly secondary due to the-long-range
transported-soureestransport from South Asia and deminatedcharacterized by aeresels
at-accumulation mode size-mode—whereas—more—fresh. In contrast, Lhasa exhibited

fresher aerosols, emitted from local residential activities and deminatedcharacterized
by aeresels—ef-Aitken size-mode were-observed-atthasasize. The differentsizes—of
variation in submicron aeresels—amengaerosol sizes across the different-TP regions
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eould-bewas further eenfirmedevidenced by the peak diameters in the average mass and
number size distributions ef-mass-and-number-coneentrations—(Figs. 4a and 7b). For

exampleinstance, the average OA mass size distributions-exhibited-peakdiameters-of
distribution peaked at 510.2 and 430.5 nm in Dva atfor QOMS and Motuo, respectively;

whie. Meanwhile, the average number size distributions at these two sites had peak

diameters-ofat 109.4 and 131.0 nm in Dm-atthe same-sites.. In contrast, Lhasa displayed

significantly smaller peak diameters of only 228.1 nm in Dva and 28.9 nm in Dm.

New particle formation (NPF) events were also-observed at a—fewseveral sites in our
study. Typically, an NPF event is characterized by a rapid burst in nucleation mode
followed by the subsequent growth into larger particles, as defined as banana-shaped
temporal developments in the PNSD (Dal Maso et al., 2005). As-shewn-inFig-Figure
Ta;—frequent—_displays the cases of banana-shaped variatien—patterns in the PNSD,
which were frequently observed at Ehasa;suggesting-thefrequent-oceurrence-of NPE
at-this-urban region—PuringlLhasa. Throughout the 27-day Lhasa campaign-27-days);,
a total of 10 NPF events were observed (Zhao et al., 2022). In contrast, thissuch banana-

shaped pattern in the PNSD was relatively rare at the other three remote sites; (QOMS,
Motuo, and [LHG), which might be related to their predominated

transpertpredominance of long-range transported aerosol seurees;with overall highly-

aged states; and limited gaseous precursors.

Cloud condensation nuclei (CCN) is a distinct class of atmospheric aerosol particles
which could be activated as cloud droplets at a certain supersaturated water vapor
condition and played important roles in cloud formation, atmespherie-precipitation,
theclimate change, and regional-ehmateas-wel-as-the hydrological cycle (Andreae and
Rosenfeld, 2008). BuringAcross the TP field campaigns, real-time—enline—CCN
measurements ef-CEN-number—conecentrations—were conducted at three sites—-e=:
Motuo—in—the——seutheastern—FPwhile, Waliguan, and LHG—in—thenertheastern—TP
Generally,—the.  The  temporal wariatienvariations of CCN  number
coneentrationconcentrations at each SS exhibited a eensistentsimilar trend with the total

number concentration from the SMPS measurement er—tetaland the PMi mass
concentration from the HR-ToF-AMS measurement during each campaign. On average,
at-Metues;the CCN number concentrations at Motuo were 974.0, 1142.6, 1240.1, 1296.5,
and 1337.9 cm™ at different-SS valueslevel of 0.2%, 0.4%, 0.6%, 0.8%, and 1.0%,
respectively. At Waliguan, relatively comparable average values of 507.0,-805233.7,
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857.8, 1138.7, 1313.1, 1673.31230-6-and 1336-61407.0 cm™> were observed at the
same—SS-steps;respeetively—Heowever—atcorresponding SS levels. In contrast, LHG;
these—average—values_exhibited significantly deereasedto—83-93443,429.9430-8;
lower average CCN concentration of 120.5, 340.1, 417.8. 468.0, and 5+6-+504.5 cm™

at the same SS levels, respectively (Table 2). The lower CCN number concentrations at
LHG compared to Waliguan and Motuo were consistent with the—relativelyits lower
PM1 mass loading-at-the EHGsite—TFhe. Comparing with other regions, the CCN

number concentrations at the three TP sites were almost an order of magnitude lower
than those observed in polluted urban atmespheresenvironments or emissions—offrom
specific combustion seurees;—sueh—asemissions. For instance, CCN concentrations
reached 12963 cm ™ (SS'= 0.70%) in Wuqing, 9890 cm ™ (S5 = 0.86%) in Beijing (Deng
et al., 2011; Gunthe et al., 2011), 7913 cm™ (SS = 0.70%) at Panyu in the Pearl River
Delta, as well as 11565 cm ™ (SS'= 0.87%) and 10000 cm > (SS = 0.80%) during unique
biomass burning plumes (Rose et al., 2010; Zhang et al., 2020). However, eurthe CCN
values from our study were comparable to those (228=2150-em > —with-SS-of0-87%)
measured at eight remote marine sites in the South China Sea (228-2150 cm * at S5 =
0.87%) and 94+-em >SS =0.74%)in-the amazon rain forest (941 cm > at SS = 0.74%)
(Pohlker et al., 2016; Atwood et al., 2017). These comparisons again highlight the

overall clean atmospheric condition in the TP.

4.6 Aerosol optical properties and light absorptions from BC and BrC

projeetstudy, the parameters of Bscar, Babs, and SSA of fine particles at 405 nm were
observed duringfiveat the field campaigns;—+e-_of QOMS, Motuo, Waliguan, Ngari,
and Lhasa, to explore the differeneesvariations in aerosol optical properties at
differentacross the TPregions. On average, the Bscar and Babs at 405 nm during the five
campaigns were 121.9, 44.9, 36.3, 8.9, and 2.1 Mm ' and 10.8, 7.0, 4.1, 3.6, and 1.9

Mm™!, respectively;whichfinallyresulted-in. These values yielded average SSA values
of 0.89, 0.83, 0.86, 0.67, and 0.52, correspondingly (Fig. 8a and Table 2). FheseThe

Bscar and Baps values at the five- TP sites were both-significantly lower than those reported
atin various urban sitesareas in China, such as 459.5 and 47.2 Mm ! +espeetively; at
630 nm in Beijing (Xie et al., 2019), 272 and 31 Mm™ ', respeetively; at 532 nm in Xi'an
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(Zhu et al., 2015), and 418 and 91 Mm ' —respeetively; at 540 nm in Guangzhou
(Andreae et al., 2008),-onee again suggesting the overall clean atmospheric condition
in the TP. Although the PM| mass concentrations at QOMS was comparable to or even
lower than those at the other four sites, QOMS exhibited the highest Bscar, Babs, and SSA
values-were-ebserved-at- QOMS-Theseresults. This discrepancy may be attributeddue

to the-differencesvariations in aerosol chemical compositions and their mass scattering

and absorbing efficiencies. In contrast, Lhasa exhibited a significantly lower SSA
compared to the other four remote sites, suggesting a prevalence of fresh aerosols in the
urban areaenvironment. On the other hand, aerosols at the four remote sites were highly
aged, whichresultedin-leading to significant photobleaching #of BrC chromophores
and an obvious decrease in their light absorptivity-at-thesesites.

In—this—study,—realReal-time online measurements of particle Bass at seven fixed
wavelengths {ranging from 370= to 950 nmj} were also conducted using an acthalometer
at QOMS, NamCo, and Waliguan, respectively, to explore the—regional
differeneevariations in aerosol absorption properties #across the different-TP-+regions.
Overall, the muti-wavelength Bars decreased significantly with the increasing
wavelength during al-the three measurement campaigns, with fittingfitted AAE values
to-beof 1.73, 1.28, and 1.12, respectively (Fig. 8b). The average Buass at the shortest
wavelength of 370 nm was 13.40, 3.25, and 2.66 Mm ! at the three sites, respectively
(Table 2). AttheughDespite a relatively low PM1 mass was-ebservedconcentrations at
QOMS, the Baprs at 370 nm was five times higher than that at Waliguan, mainly asdue
to a-result—ofthe higher contribution of light-absorbing aerosol components in the
southern TP—regions—FHor—example. Specificallyy, OA and BC together
contributedaccounted for nearly 80% of the total PMi1 at QOMS, whereas this
contribution decreased to only 37.5% at Waliguan. The obviously higher AAE at
QOMS also suggested a dominant light-absorbing contribution from BrC or the
significant lensing effect of ren-BC—materials—coated enBC—atthissouthern—siteBC
(Zhang et al., 2021). Asshewn-in-theThe inserted plots in Fig. 8b;both-BC-and BrC
compeonents—showed illustrate significant deerease-efdecreases in particle Bass—+.5c and

Babs se-andprc to total Babss-c) with increasing wavelength, butyet their contributions to
total Babs (fBabs.sc and fBabs,src) varied inversely. BC was the primary light-absorbing
component atacross all the three sites, contributing 66.9%, 78.7%, and 77.6% to the

total Baps at 370 nm at QOMS, NamCo, and Waliguan sites, respectively;—and; its
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contribution increased apparently with longer wavelengths (Table 2). Conversely, BrC
showed more significant contributions to total Bass at shorter wavelengths. For
exampleinstance, the average Bass-c at 370 nm were 4.42, 0.69, and 0.60 Mm ™! at the

three sites, respectively, which-finally-centributedultimately contributing 33.1%, 21.3%,
and 22.4% efto the total Babs. The significantly higher values of total Bass, Babssc,

Babs.src, and fBabs,src in the southern TP region could be related to the important
contributions of light-absorbing CAs from transported biomass burning emissions (Xu

etal., 2020, 2022).

4.7 Estimation of aerosol radiative forcing in the different TP regions

Atmospheric aerosols have-beenfound-to-significantly-impaettheplay a significant role
in impacting Earth’s climate systems through affecting solar radiation and exerting a

positive forcing on the energy budget (Bond and Bergstrom, 2006). In this study,
aerosol direct radiative forcings (DRF) caused by BC, organic carbon (OC), and water-
soluble ions (WSIs) are estimated, respectively, by-the-widelyusedusing Santa Barbara
DISORT (Discrete Ordinate Radiative Transfer) Atmospheric Radiative Transfer
(SBDART) model (Ricchiazzi et al., 1998). A detailed introduction and operation
preeess of this model are described in Text S6 in the supplementary material. Since the
model’s performance is evaluated and calibrated by comparing the values with
measurements from the-Aethalometer and PAX instrumentsresults, the aerosol DRF
estimations are limited to the-threesiteso£QOMS, NamCo, and Waliguan;-which-have

. Furthermore, these

three sites are located in the southern, central, and northern regions of the TP,

respectively, which enables—us—to—explore—theallows for an exploration of regional
variations in aerosol DRF across differentthe TPregions.

Figure 9 presents the modeledresults of DRFs eaused-byattributed to BC, OC, and
WSIs duringacross the three campaigns. BC  exhibiteddemonstrated a
stegntfieantpronounced warming effect at the top of the atmosphere, with average DRF
values of +2.5 £ 0.5, +2.1 £ 0.1, and +1.9 £ 0.1 W m? during the QOMS, Waliguan,
and NamCo eampaigncampaigns, respectively. In contrast, BC exhibited a noticeable
cooling effect eaused-byBC—was—observed-at the earth’s surface, with average DRF
values of 4.7 £ 0.8, —4.1 £ 0.2, and —3.7 £ 0.1 W m 2 across the three campaigns. The

combination of warming effect-at-the top-of the-atmosphere-and-coolingeffe

earth’s—surface—these two effects resulted in significantly high net atmospheric
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fereingsforcing by BC, amounting to +7.3 + 1.2, +6.2 £ 0.3, and +5.6 £ 0.2 W m >
duringfor the QOMS,—Waliguan,—andNamCethree campaigns;—respeetively=. These
findingsresults suggest the important radiative effect eauwsed—byof BC in the TP,
especially in the southern FP-region;—which-was-significantly influenced by the-long-
range transported biomass burning emission from South Asia. Eerln contrast, OC and

WSIs; exhibited cooling effects—were-observed at both the top of the atmosphere and

the earth’sEarth’s surface, characterized by negative and relatively low average DRFs.
Consequently, the net atmospheric forcings for OC and WSIs were significanthynotably
lower compared to BC across the three campaigns, with values of +2.0 = 1.2, +0.7 +
0.2,and +0.9 £ 0.7 Wm 2 for OC, and +1.9 + 0.8, +1.4 + 0.6, and +1.2 + 0.2 W m 2 for
WSIs at QOMS, Waliguan and NamCo, respectively. Interestingly, at QOMS, the
average atmospheric DRF of OC accounted for 27.3% of that of BC, whereas at
Waliguan and NamCo, the fractions were only 11.1% and 15.7%, respectively. The
higher atmospheric DRF observed at QOMS suggests a dominant contribution from

light-absorbing BC and BrC aerosols; compared to Waliguan and NamCo.

It was worth noting that the simulations of DRF effects in this study were only
conducted at three specific sites duringover limited periods. Therefore;Future research
should focus on long-term comprehensive measurements and DRF simulations

overacross the entire TP regions—under—different seasens—areneededinthe—futureto

enhance our understanding of aerosol impacts on regional climate.

4.8 Long-range transport of aerosols from surrounding areas

To further understand the potential sources and specific transport pathways of air
massesaerosols at each site, particularly for those remote sites-whereregtonal-transport
dominated, three- or five-days air mass back trajectories were calculated during each
measurement period at an ending height of 500 m above ground level every 6h using
the Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model

(Draxler and Rolph, 2003). The cluster analysis on the trajectories was based on the

total spatial minimum variance method. Figure 10 displaydisplays the average
backward trajectory clusters duringacross all the-eight field campaigns-and-the-major

: ] e cod.swi] i circlos in difh lots.

In general, distinct air mass sources were identified amengacross the different-TP

regions. The five sites (QOMS, Motuo, Lhasa, NamCo, and Ngari) located in the

29



922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950

951
952
953
954

southern or south-central part of the TP generally showed deminant—air mass
soureesmasses from—the south or southwest with different transport distances and
pathways during their measurement periods—in—pre-monseon—seasen—. For
exampleinstance, during the QOMS campaign, 38% of the air masses originated from
the west, covering a censiderably-long—transpert distance, while another 40% was
originated from the southwest, covering a relatively—shorter distance. In the Motuo
campaign, two major clusters were-both originated from the southwest,—but—their
transpert_with different distances were—distinethy—different-(77% at shorter distance
compared to only 13% at a longer distance). Similarly, during the NamCo campaign,
two different-major clusters with comparable contributions (37% and 34%) and
transport distances; but different transpert-pathways; were feundidentified from the
south. Fheln the Ngari campaign-alse-ebserved-, air masses showed similar transport
distances, with 56% ef-the-air-masses-originating from southwest and 26% from the

south-efthesite. These air mass clusters originating from the south of the TP generally
traverse heavpolluted regions in South Asia; such as the Indo-Gangetic Plain, Nepal,
and Bangladesh, carrying significant amounts of pelluted—aereselspollutants,
particularly the-biomass-burning-related emissions from-the-seuree-originstointo the
inland of the TP. In contrast, air masses at the-northern sites were primarily influenced
by the-prevailing-Westerlies wind-and East Asian monsoon during the-summer season
measurementperiods.. In the campaigns of Bayanbulak-eampaign;-the-major, air masses
were-at-originated from the west ef thesite-with varying transpertdifferent distances,
i.e., 69% in relatively shorter distance versus 18% in a longer distance).. During the
LHG campaign, the air masses originated from the northwest of the site with 63% in
longer transpert-distance but 27% in shorter distance. For the Waliguan campaign, the
air mass elusters—originated from two distinetly—differentdistinct directions. Fhe
majorityMost of-the air masses (57%) came from the northeast of the site eoveringwith

a relativebyshorter distance-and-fastertransport-speed, while the remaining elastersair
masses originated from the west and northwest ef-the site-covering significantlywith

longer distances.

In summary, significant differeneesvariations in air mass sources and transport
pathways were identified-amengobserved across the-different TP-regions, particularly
between the-southern and the-northern FP-regions. These differences are-the-primary

factors—contributingto—the—signifieanthyplay a crucial role in shaping the different
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physiochemical and optical properties of aerosols #across the-different TP regions.

5 Dataset limitations and applications

Our dataset was achievedcompiled from multiplecight short-term intensive field
observations eenducted-at-eight-different-sites-ofacross the TP during-theirhish-mass-
loadingperiods-utilizing a suite of high-resolution online instruments. However, it is
important to acknewledgenote that our dataset hasdoes have certain limitations due-te

objeetiverestrietions-that wereproved to be quite challenging to evereemeaddress in

these remote regions.

The primary limitation revelves—areundstems from the short and inconsistent
measurement periods across different observational years and seasons at different sites-
FhisHimitation-hinders-the-abilityto-makea, impeding robust eemparisercomparisons
of aerosol properties across the wastFPregion—TP. This limitation also hampers the
ability to ascertain long-term and seasonal wariatien—characteristics;—and—apply—the
current-data-and-findings-to-other-different-seasens.. The harsh natural environments,
challenging weather conditions, limited logistical support;-sele-avatlability-efeour-high-

reselution—_and instruments, and the-stringent instrumental requirements (e-g-such as

the reednecessity for comprehensive field stations with uwrinterrupted-and-stable power
supply) were—the—mestpresented significant challenges—we—faced during our field
observations in these remote TP regions. It is worth noting that online HR-ToF-AMS
observations, such as the enesone we conducted, are predominantly short-term and

intenseintensive observations carried out worldwide due to the stabiityinstability issues

and its challenging maintenance duringrequired for long-term

measurementmeasurements. The short-term intensive measurement ean—wellis enough
to capture and characterize the dynamic evolution of aerosol properties at a high-time-
resolution (Jimenez et al., 2009; Li et al., 2017). Untilnow,tongLong-term high-time-
resolution observation utilizing HR-ToF-AMS have been rarely been-conducted_thus
far, even atin urban sitesenvironment with relatively favorable observational
environmentsconditions and logistic support compared to our remote TP sites.

Consequently, performing continuous long-term observations or simultaneous

comparison at multiple sites in these high-altitude remote and-challenging TPregions;
witheut-stablepower—supplhy—is—nearly—impessible TP regions, without stable power

supply, is exceedingly challenging. Furthermore, assessing the representativeness of

each observation for the spatial scale is particularly challenging due to the limited
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number of observatories across the TP. Actually, these observatories have been

strategically established based on the representation of specific geographic and climatic

features.

Heweverln addition to the limitations above, our team has made significant efforts to

conduct thethis comprehensive observation project over the past ten—yearsdecade,
aiming to study the regional differences in aerosol sources and properties across the
ditferent-TP-regions. The dataset generated from our project represents the first and
seteexclusive high-time-resolution dataset focusing on atmospheric aerosol
physicochemical and optical properties, eering-thecovering most partregion of the TP.
The applications of this dataset in atmospheric science ean-be-summarized-asfolows:

firsthyare _multifaceted. Firstly, the high-time-resolution observations offer crucial

advantages_in understanding the rapid evolution and diurnal variations of aerosol
properties during a short period or special event. AdditienallyFurthermore, these
observations are wvaluableinvaluable for model simulation and verification, as—they
provide-suffieientproviding a wealth of data points- that can be utilized for assessing

aerosol loading, chemical composition, size distribution, and other parameters essential

for model accuracy and validation. Such advantages are not achievable with traditional

off-line samplings, which hawvetypically exhibit low time resolutions ranging from days

to weeks. Secondly, the eight sites ineladedencompassed in our project effectively
represent a wide range of the TP. This is particularly noteworthy considering the limited

availability of ebservational stationsobservatories on the plateau—Furthermeore;theseTP.

These sites provide—exeelent-oppeortunitiesforcomparingfacilitate comparisons of
aerosol sources and properties among different types—ef—ﬁfees—wﬁ-h—vafymg—a%&&des—

seale—atmeospherie—eirenlationsregions. Thirdly, our observations encompass a wide

range of aerosol physical, chemical, and optical parameters, including aerosol mass

loadings, chemical compositions, size distribution, diurnal variations, number
concentrations, light scattering and absorption coefficients, and so on. This

comprehensive dataset isplays a crucial fer-a-thereughrole in fostering a profound

understandlng of aerosol properties in the TP—F%gL}GﬂS—Q’v‘%PaH—H—}S—WGFFh—HG{—}Hg—Fha{
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Overall, it is noteworthy that our online observational aerosol datasets, focusing on

multiple parameters with at least hourly-scale resolution at various sites across the TP,

are the only ones reported to date.

6 Data availability

The high-resolution online measurement datasets, encompassing aerosol physical,
chemical, and optical properties over the Tibetan Plateau and its surroundings in our
observation project have been released and are now available for download from the
National Cryosphere Desert Data Center
(https://doi.org/10.12072/ncde.NIEER.db2200.2022). These datasets are provided in an

Excel file comprising eight worksheets. The first sheet of the Excel file contains a
concise description of the dataset, including the dataset name, observation stations,
sampling periods, online instruments used, and corresponding references. The
remaining seven sheets present the high-resolution measurement data obtained from the
online instruments employed during the eight campaigns. These instruments include

HR-ToF-AMS, SMPS, PAX, aethalometer, and CCN-100.

7 Conclusions

AThis study presents a comprehensive dataset ineladingencompassing aerosol

physicochemical and optical properties, espeetatly-thewith a particular focus on high-

resolution size-resolved chemical characteristics and sources of submicron aerosols,

conducted threughreal-time-online-measurements—at-at eight different sites of the TP
and its surroundings-is-presented-n-thisstudy-. The objective-of thisstudy-isto-elucidate

S AL A et lometerand CCR 00T hedatascls collected debnsetpeesidethe

offer insights into temporal and diurnal variations-as—well-as—the, size distribution
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patterns-of PM1 chemical compositions, thestandard-hich-resolution-massspeetraand
tempeoral-variations-of OAHRMS and chemical components;-the-temperal-variations-of
particle—number—size—distribution_of OA, particle light scattering and absorption
coefficients, particletight-abserptions—{rom-different CAs-of BCand BrC-and CCN
number concentrations at different supersaturationin-each-eampatgnsupersaturations in

different campaigns.

The datasets prevideoffer valuable insights into—the regional variations in aerosol
properties and sources. In the southern TP region, atmospheric aerosols were feund-te
be—primarily influenced by biomass burning emissions transported from pelluted
regions-n-South Asia,~whieh resulted in high mass contributions (>70%) of CAs and
overall neutralized PM1, as well as an enhanced light absorption capability of theight-
abserbing BC-and-BrC-aerosols. In contrast, in the northern TP, secondary inorganic
species, particularly sulfate, contributed significantly to total PM due to the regional
transport of anthropogenic aerosol and gaseous precursor emissions from urban areas
in northwestern China. Furthermore, in contrast to the well-mixed, highly-aged, and
regionally transported aerosols observed in the remote sites, atmospheric aerosols in
the urban Lhasa were mainly originated from local primary sources such as cooking,
traffic vehicle exhausts, and biofuel combustion during the residential activities.
Consequently, these aerosol particles were relatively fresh, characterized by small size

and low oxidation degree, but exhibited a high frequency of NPF origins.

Appendix A: Main Abbreviations

TP Tibetan Plateau

HR-ToF-AMS high-resolution time-of-flight acrosol mass spectrometer
SMPS scanning mobility particle sizer
PAX photo-acoustic extinctiometer
CCN cloud condensation nuclei

SS supersaturation

PM; submicron aerosol

BC black carbon

BrC brown carbon

OA organic aerosol

SNA sulfate, nitrate, and ammonium
Dny mobility diameter

Dya aerodynamic diameter

CE collection efficiency

HRMS high-resolution mass spectrum
PBL planetary boundary layer

o/C oxygen-to-carbon ratio
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H/C hydrogen-to-carbon ratio

N/C nitrogen-to-carbon ratio

OM/OC organic matter-to-organic carbon ratio
PMF positive matrix factorization

OO0OA oxygenated organic aerosol

LO-O0A less oxidized oxygenated organic aerosol
MO-0O0A more oxidized oxygenated organic aerosol
BBOA biomass-burning-related organic aerosol
agBBOA aged biomass-burning-related organic aerosol
NOA nitrogen-containing organic aerosol

HOA traffic-related hydrocarbon-like organic aerosol
COA cooking-related organic aerosol

PNSD particle number size distribution

NPF new particle formation

Bscar light scattering coefficient

Bups light absorption coefficient

Bext light extinction coefficient

SSA single scattering albedo

AAE absorption Angstrém exponents

Babs,pc light absorption coefficient from BC
Bavsarc light absorption coefficient from BrC

ocC organic carbon

WSIs water-soluble ions

DRF direct radiative forcing
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Figure 1. (a) Geographical locations of the observation sites (see Table 1 for full name and
characteristics of each site) in the Tibetan Plateau and its surroundings in this study (The
geographical base map is created with ArcGIS). Fieldwork photographs illustrate the real
observation conditions and surroundings at each site. (b) The normal sampling setups of instruments

during the online aerosol observations.
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Figure 2. Regional distribution of average mass concentrations (values marked in the central of
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chart) of submicron aerosols (PM;) during the eight online aerosol field measurements in the Tibetan

Plateau and its surroundings (The geographical base map is created with ArcGIS). The concentration

at each site is presented in ambient condition.
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Figure 3. Regional difference of bulk acidity of submicron aerosols based on the scatterplot analysis
and linear regression of measured NH4" versus predicted NH4™ during the eight aerosol field
measurement campaigns in the Tibetan Plateau and its surroundings (The geographical base map is

created with ArcGIS).
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Figure 5. (a) Box plots of the average O/C ratios and (b) Van Krevelen diagram of H/C versus O/C
among the eight field measurement campaigns in this study. (¢) The average HRMSs of OA colored
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1454  with different ion categories during the Waliguan and Lhasa measurement campaigns. The whiskers
1455  of boxes indicate the 90™ and 10" percentiles, the upper and lower boundaries of boxes indicate the
1456 75™ and 25™ percentiles, the lines in the boxes indicate the median values, the markers indicate the

1457  mean values, and similarly hereinafter.
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Figure 6. Regional distribution of OA components from PMF source apportionment during the eight
online aerosol field measurements in the Tibetan Plateau and its surroundings (The geographical
base map is created with ArcGIS). Values marked in the central of each pie chart are average OA
mass with unit of pg m, while the percentage values around the pie chart are the mass contributions

of each OA component. The O/C ratio of each OA component is also marked around each pie chart.
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Figure 7. (a) Temporal variations of the size distributions of particle number concentrations during
the aerosol field measurement campaigns at QOMS, Motuo, LHG, and Lhasa sites. (b) The average

size distribution of particle number concentration during entire measurement period at each site.
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Figure 8. Box plots of (a) the average particle light scattering coefficient (Bscar), light absorption
coefficient (Buss), and single scattering albedo (SSA) during the five aerosol field measurement
campaigns at QOMS, Motuo, Waliguan, Ngari, and Lhasa sites, and (b) the particle B, at seven
wavelengths measured by aethalometers at QOMS, NamCo, and Waliguan sites. The dashed lines
in the boxes in (b) show the power-law fit of the average B, as a function of wavelength. The
inserted plots in (b) are the apportioned contributions of BC and BrC to total B, at different

wavelengths.
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Figure 9. Box-plots of the modelled direct radiative forcing (DRF) at the top of the atmosphere
(TOA), the atmosphere (ATM), and the earth’s surface (SUR) caused by black carbon (BC), organic
carbon (OC), and water-soluble io ns (WSIs) during the QOMS, NamCo, and Waliguan campaigns.
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Figure 10. The—averageAverage air mass backward trajectory clusters during the eight field
campaigns in the Tibetan Plateau and its surroundings in our study (The geographical base map is
created with ArcGIS). The major trajectory clusters belengbelonging to each field campaign are
displayed using the relatively large solid circles in different colors with contributions marked-in-the

coerresponding brackets, while the rest clusters with less contributions are exhibited in small dots.
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1436 Tables
1487  Table 1. Detailed information about the full name and geographic characteristic of observation
1488  station, sample period, online instruments, and corresponding references during each aerosol field
1489  measurement campaigns over the Tibetan Plateau and its surroundings in this study.
Lat L Al s ) Online Instruments
. . at. ong. . ample
Station Full Station Name ©N) CE) (m) Period HR-ToF-AMS SMPS PAX Aethal CCN  References
MS PToF ometer -100
Qomolangma Station Zhang et al. (2018)
for Atmospheric and
Environmental 12 April to An etal. (2019)
QOMS . 28.36 86.95 4276 N Xu et al. (2020)
Observation and 12 May 2016
. Zhang et al. (2021)
Research, Chinese Xu et al. (2022)
Academy of Sciences uetal
Motuo County, Linzhi
City, Tibet 26 Mar to .
Motuo Autonomous Region, 29.30 9532 1305 22 May 2021 v This study
China
Nam Co Station for
Multisphere
NamCo Observation and 077 9095 amo My uct al't(zlo(ljgzl)
Research, Chinese uly ang et al.
Academy of Sciences
Ngari Station for Desert
Environment 1 Jun to 5 Jul
Ngari Observation and 33.39 79.70 4270 4 4 J This study
X 2022
Research, Chinese
Academy of Sciences
China Global Zhang et al. (2019)
Atmospheric Watch 1 July to Zhang ctal. (2020)
Waliguan . 36.28 100.90 3816 v Xu et al. (2020)
Baseline Observatory, 31 July 2017
Mount Waliguan Base Zhang et al. (2021)
Xu et al. (2022)
Qilian Observation and
fesat St
LHG YOSp! X 39.50 96.51 4180 29 August J This study
Ecologic Environment, 2020
Chinese Academy of
Sciences
Bayanbulak Town,
Hejing County,
Bayingolin Mongolian 29 August to
Bayanbulak ~ Autonomous 42.83 84.35 2454 26 September N This study
Prefecture, Xinjiang 2021
Uygur Autonomous
Region, China
Lhasa City, Tibet 31 August to
Lhasa Autonomous Region, 29.65 91.03 3650 26 September v Zhao et al. (2022)
China 2019
1490
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1491 Table 2. Summary of the average values measured with various instruments during the eight aerosol
1492  field measurement campaigns in the TP and its surroundings in this study.
Measurement items QOMS Motuo NamCo Ngari Waliguan LHG Bayanbulak Lhasa
HR-ToF-AMS measurements
PM mass conc. (ug m™) 4.4 5.7 2.0 4.1 9.1 3.0 1.9 4.7
PM; chemical compositions (%)
OA 54.4 57.0 68.0 56.3 34.5 23.1 38.4 82.6
Sulfate 9.3 21.1 15.0 19.8 38.1 46.0 41.6 34
Nitrate 5.1 2.3 2.0 5.7 8.1 5.7 5.4 5.4
Ammonium 5.8 7.3 7.0 9.2 15.2 14.4 13.6 4.7
Chloride 0.4 0.2 0 0.4 1.1 1.2 1.0 0.7
BC 25.0 12.1 8.0 8.6 3.0 9.7 N/A 3.1
Peak diameter in mass size distribution (nm)
OA 510.2 430.5 584.4 405.5 350.8 228.1
SNA 510.2 471.9 634.5 504.7 379.6 250.0
OA components (%)
MO-O0A 422 36.9 59.0 437 34.4 24.9 66.3
LO-O0A 46.9 41.0 28.5 75.1 33.7
OOA 34.0
BBOA 3.9 16.2 27.8 18.3 13.8
agBBOA 40.4
NOA 13.9
HOA 6.9 16.9
COA 353
OA elemental ratios
o/C 1.19 0.99 1.07 0.98 0.99 1.14 0.69 0.44
H/C 1.29 1.55 1.48 1.33 1.41 1.05 1.52 1.76
OM/OC 2.70 2.48 2.57 2.44 2.45 2.62 2.09 1.74
N/C 0.030 0.020 0.016 0.019 0.008 0.011 0.026 0.001
SMPS measurements
Number conc. (cm™) 709.3  1639.2 1462.0 3994 .4
Peak diameter in PNSD (nm) 109.4 131.0 429 28.9
PAX measurements
Bscar (Mm™) 121.9 44.9 8.9 36.3 2.1
Baps (Mm™") 10.8 7.0 3.6 4.1 1.9
Bex (Mm™) 132.7 51.9 12.6 40.4 4.0
SSA 0.89 0.83 0.67 0.86 0.52
Aethalometer measurements
Babs.370 (Mm™) 13.40 3.25 2.66
Absorption Angstrém exponent 1.73 1.28 1.12
Babs.src,370 (Mm™) 4.42 0.69 0.60
Babs,pc.370 (Mm'") 8.94 2.56 2.06
fBabs,Brc,370 (%) 33.1 21.3 22.4
Babs.5C.370 (%) 66.9 78.7 77.6
CCN-100 measurements (cm™)
CCN number conc. (SS 0.2%) 974.0 %% 839%
CCN number conc. (SS 0.4%) 1142.6 805 l% 344'3(%
CCN number conc. (SS 0.6%) 1240.1 H7 3'*‘% 42;';7%
CCN number conc. (SS 0.8%) 1296.5 ’ % ’ 8478
CCN number conc. (SS 1.0%) 1337.9 ’ % ’ :—(5]

1493
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Table 3. Summary of the average PM; mass concentrations (ug m ) measured by the Aerodyne

AMSs at various high-altitude and remote sites worldwide.

Latitude

Longitude

Altitude

PM1 mass

Observation Sites ©N) CE)  (masl.) (g m) References

QOMS, China 28.36 86.95 4276 4.4 This study & Zhang et al. (2018)
Motuo, China 29.30 95.32 1305 5.7 This study

NamCo, China 30.77 90.95 4730 2.0 This study & Xu et al. (2018)
Ngari, China 33.39 79.70 4270 4.1 This study

Waliguan, China 36.28 100.90 3816 9.1 This study & Zhang et al. (2019)
LHG, China 39.50 96.51 4180 3.0 This study

Bayanbulak, China 42.83 84.35 2454 1.92 This study

Lhasa, China 29.65 91.03 3650 4.7 This study & Zhao et al. (2022)
NamCo, China 30.77 90.95 4730 1.06 Wang et al. (2017)

Mt. Yulong, China 27.20 100.20 3410 5.7 Zheng et al. (2017)

Menyuan, China 37.61 101.26 3295 114 Du et al. (2015)

Mt. Wuzhi, China 18.84 109.49 958 10.9 Zhu et al. (2016)

Mt. Jungfraujoch, Switzerland 46.55 7.98 3580 0.55 Frohlich et al. (2015)

Mt. Jungfraujoch, Switzerland 46.55 7.98 3580 2.24 Zhang et al. (2007a)

Mt. Bachelor, USA 43.98 -121.69 2800 15.10 Zhou et al. (2017)

Mt. Whistler, Canada 50.01 -122.95 2182 1.91 Sun et al. (2009)

Mt. Cimone, Italy 44.18 10.70 2165 4.5 Rinaldi et al. (2015)

Puy de Dome, France 45.77 2.95 1465 5.58 Freney et al. (2011)
Sub-Antarctic Bird Island -54.00 -38.04 0.46 Schmale et al. (2013)

Mace Head, Ireland 53.30 -9.80 1.53 Zhang et al. (2007a)

Hyytiala, Finland 61.90 24.30 2.04 Zhang et al. (2007a)

Storm Peak, USA 40.50 -106.70 2.11 Zhang et al. (2007a)

Duke Forest, USA 36.00 -79.10 2.82 Zhang et al. (2007a)
Chebogue, Canada 43.80 -66.10 291 Zhang et al. (2007a)

Okinawa Island, Japan 26.87 33.51 7.89 Jimenez et al. (2009)

Fukue Island, Japan 32.69 128.84 12.03 Takami et al. (2005)

Cheju Island, Korea 33.51 126.50 10.66 Jimenez et al. (2009)

2only non-refractory PM; is reported at Bayanbulak due to the absence of BC observation.
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