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Motivation

Climate Change 2021
The Physical Science Basis

Carbonaceous aerosols are the largest and
often dominant fraction of PM2.5

WHO global
air quality
guidelines

S rattor FM, , 304 TW,
wpet, gt b,

Impact on Earth’s radiation balance

« Direct:Light absorptionand scattering
black carbons the second highest contributor
to global warming, afte€O2

@)

WHO, 2021

« Indirect: cloud nucleation, albedo change
(darkening snow and ice)

Impact on health

 Carbonaceous aerosols are more hazardous
than other PM2.5 compounds

« Deep penetration into tissues
« High potential to inflict oxidativetress




Motivation

« Air pollution is now recognized as the single biggest
environmental threat to human health

* New EU directive includes mandatory
measurements oBlack CarbonUltra Fine
Particlesand Oxidative Potentialat supersites

Pollutant Averaging time AQG level
PM, , pg/m? Annual 5
WHO global
air quality 24-hour® 15
guidelines
oy o PM,, Hg/m? Annual 15
(7 1 ol 24-hour? 45

WHO, 2021



— Black Carbon (BC) as part of PM10

PM10
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Larger aerosols dominate the mass concentration

PM10
PM2.5
BC
>

2.5 um 0.3 um

2r(BC) ~ 300 nm =0.3 ym

2r(PM10) ~ 332r(BC)
m(PM10) ~36.000- m(BC)



Carbonaceous aerosols

Elemental / Absorbing/
organic non-absorbing

Primary / Natural /
secondary anthropogenic




— Chemical composition of CA C A~ carbonaceousierosols
BC { Blackcarbon

ECt HementalCarbon

OA t OrganicAerosols
CA BC ®A BrC t srowncarbon

TC — BC + OC 1 TCtTotaIGarbon

OC t OrganicCarbon

Fresh B@articles on AE33 filter tape
(Helium lon Microscopy)

BC(bIack carbon)

- soot

- graphite like carbon

- fractal structure

- pure, elemental carbon
- refractory

- chemically inert

- combustion tracer

- light absorbing




— Chemical composition of CA C A= carbonaceouseerosols
BC { Blackcarbon

ECt HementalCarbon

CA — BC @A OA 1 organicrerosols

TC is carbon OC is carbon BrC t srown carbon
fraction of CA TC — BC + OC fraction of OA TC t otal carbon

OC t OrganicCarbon

Organic aerosols

- other elements:
U KU EU "U Y

" - chemically not inert:
l chemical
%i‘ transformations
- aging:
oxidation

- Complex structure



— Sources of CA Secondary OA
VOC + oxidation

I X
Oy P )

Photo-oxidation NO,* oxidation

0 Primary OA
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Optical properties of CA

CA =BC ®A
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Aethalometer- filter photometer for measuring BC

AE36(7A)

3(7N)

CPERATION TR ABOUT

BC 4135 ng/m?

BIOMASS BURNING 26 %
REPORTED FLOW (AMCR) 5.0
TIMEBASE

TAPE ADV. LEFT

STATUS @ o
24 Nov 2015 11:16:45

45335040001}

Running

AERDSOL
MAGEE SCIENTIFIC




Aethalometer- principle of operation
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Aethalometer- principle of operation

Light source

Light attenuation

Detector
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Aethalometer- principle of operation
- Light source
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AethalometerDualSpotM- real-time loading effect correction
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— Aethalometer multtrwavelength measurements
7 (AE33, AE36) é@r (AE36swavelengths

Visible Light
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Aethalometer multtrwavelength measurements

Brown carbon (BrC) model

(Zhang et al.Sci. Total Environ., 2020; SaleRGurr. Pollut. Rep., 2020

Aethalometer Sandradewji model

(Sandradewet al.,Environ.Sci.Technol., 2008;Zotter et al.,ACP , 2017)

BCs

80
T; 60
=
% BrC (@880 nm) =
= BCyp

20 BC (@880 nm) BG: + BG,,

0 B (liquid/fossil fuelsAAE~ 1.011.15

370 470 520 590 660 880 950

A (nm)

BG,, (solid fuels/biomass burnindAE,~ 2.0
Approx:BrC (@880 nm) =5 BC is only LAA @880 nm

s AAR.~AAE ~ 1.0-1.15
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BC (ugm )
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Aethalometer source apportionment model

|
00:
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BCyp

Biomass burning
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— Total Carbon Analyzer TCAO8

21

Simplified thermal protoco|900°C

2 chambers
1 for sampling & 1 for analyzing
-> Continuous operation




o CASS: Carbonaceous aerosol specification system
TGBCQA) method

TCAOQS:
CASS - Simplified thermal protocol for TC
« Two chambers continuous data
« 20 min t24 h time resolution

Aethalometer (AE33 or AE36s or AE36):
* Optical method: D ,optical absorption
« Up to 1s time resolution

» Optical attenuation> BC mass OC
« BC~EC

CASS:
(Rigler et al.Atmos. Meas. Tech., 2020; OC(t) - TC(t) - BC(t)

Drinovec et al.Atmos. Meas. Tech., 2015;
IA v ] $ci. ¥ Environ., 2022)




— CASS: TBCA) method OCtorganic carbon

TC = BC®C % ”ﬂf x
otal carbon “‘w y 15’% @ OH

cl
OH

b NO2
3 O 0

oo

23 j



— 1D EC (BC) tracer model

(Turpin &Hunticker Atmos.Environ., 1995,
IA v ] Sci ¥Mnviron., 2022)

0C
POC(t) = (—) - BC(t),
BC prim

SOC(t) = 0C(t) — POC(v)

Black ¢ VR Secondary
carbon e e OC

POC 1 free model parameter: (OC/B(3)

2 Primary OC



— 1D EC (BC) tracer model

(Turpin &Hunticker Atmos.Environ., 1995, 1.0
IA v ] Sci ¥Mnviron., 2022)
oc \ -0.8
POC(t) = (B—C> | - BC(t),
prim 0.6
SOC(t) = 0C(t) — POC(v)
-0.4
I k 0.2
Blac ¢ VR Secondary
carbon fged @) OC , . . . . 0.0
0 2 4 6 8 10

Hyp. (OC/BC)

POC (OC/BG);,, from minimum R (MRS)
25 Primary OC (Wu&Yy Atmos.Chem.Phys2016)



— 1D EC (BC) tracer model 2D BC tracer model

(Turpin &Hunticker Atmos.Environ., 1995, ~/A v ] n&nueckddin preparation)
IA v ] Sci ¥Mnviron., 2022)

OC
POCg(t) = BC - BCgr (1),
OC prim,ff
POC(t) = B_C - BC(t), 0C
prim POCp (1) = (B_C) - BCpp (D),
prim,bb

SOC(t) = 0C(t) — POC(t)
SOC(t) - OC(t) - POCff(t) - POCbb(t),

carbon & e OC
TC
Traffic POC Biomass PO
1 free parameter:
P
(OC/BGhm 2 free parameters:

26 Primary OC (OC/BGYimt & (OC/BGir v Secondary OC
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Hyp. (OC/BC)«
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R SOChypothetical

2D BC tracer model

~/A v ]

n&nueckgd in preparation)

OC
POCg(t) = BC - BCgr (1),
prim,ff

OC
POCpp (1) = (B_C) - BCpp (1),
prim,bb

SOC(t) - OC(t) - POCff(t) - POCbb(t),

Traffic BC

Traffic POC

Secondary OC

Biomass BC

Biomass PO



Hyp. (OC/BC),,
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Ljubljana 2024 Winter

(1.3,4.3)

3 6 9
Hyp. (OC/BC),

1.0
0.8
06 32
8.C
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o _08
0.2 %0.6*
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Q 0.4+
0.0 i

2D BC tracer model

~/A v ] n&nueckddin preparation)

OC
POCg(t) = BC - BCgr (1),
prim,ff

OC
POCpp, (D) = (B_C) + BCpp (D),
prim,bb

SOC(t) - OC(t) - POCff(t) - POCbb(t),

—— X-cross-section
—— y-cross-section

2 4 6 8 10
Hyp. (OC/BC)
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BC (ugm )
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Black carbon typical diurnal profiles

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)
6 71 —BC T
4 _
2

0000 0600 1200 1800 0000 0600

Higher concentrations in winter

Lower temperatures
-> Higher demand for heating

Lower planetary boundary (PBL)
Shorter day

||||||||||

1200 1800 0000 0600 1200 1800 0000 0600 1200 1800

Lower concentrations in summer
- Higher temperatures
-> No need for heating

- Higher planetary boundary (PBL)
-> Higher volume available for mixing

- Longer day



— Black carbon diurnal profiles & source apportionment

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)
— BC
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Aethalometer model: traffiaelated BG; and biomass burningelated BG,,

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)

— BCﬁ
Sy BCbb
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BC concentrations decrease in Ljubljana 2612025

Bl BG, * Newer carst new emission
B B standards

- -> lower emissions

->> lowerBG

~

~: 11 & 0 Prefrintaeegukbhere, 2029

Milder winters
-> lower need for heating
->> lowerBG,,

——
o .
—

2013/2014
2014/2015
2015/2016
2016/2017

2017/2018
2018/2019
2019/2020
2020/2021
2023/2024
2024/2025

» BG, has no trend between

Yearto-year variations: / 2020 t 2025
Si

Weather conditions change
no significant emission improvements




)
OC (ugm )

— Organic carbon typical diurnal profiles

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)

—_ Q0

0000 0600 1200 1800 00:00 0600 1200 1800 0000 0600 1200 1800 0000 0600 1200 1800

Similar pattern to BQ highest concentrations in winter and lowest in summer
- Lower planetary boundary (PBL) & shorter day in winter

- Higher planetary boundary (PBL) & longer day in sumti&tter mixing of pollution
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— Organic carbon typical diurnal profiles & apportionment

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)

—_ Q0

0000 0600 1200 1800 00:00 0600 1200 1800 0000 0600 1200 1800 0000 0600 1200 1800

2D BC tracer model: split betweenimary andsecondaryOC Sumer afternoon

SOC peak
Winter (DJF) Spring (MAM) Summer (JJA) /ﬂ\utumn (SON)

00:00 0600 1200 1800 0000 0600 1200 1800 0000 0600 1200 1800 0000 0600 1200 18:00
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o TC apportionment: Aethalometer + BC tracer models

Winter Spring Summer Autumn
12 Primary aerosols i

9 / (B&POQJ dominate ; HighersecondaryOCin summer afternoons

TC (ug/m’)
(0)]

-
o
o

TC fraction (%)

20

00:00 12:00 00:00 12:00 00:00 12:00 00:00 12:00
ME BC, MW POC, mm SOC m POC, i BC,

35




Traffic (#/h)

— Intercomparison of traffic density an@®C: diurnals

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)

— Traffic
2000 -~ - = -

0- ] \ .
SRR Fre v TN L N A [Porr . EFrToos I I vyt '
00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 000 12:00 :

-
o
o
o

|

|

1 1

Traffic counters
- The same pattern in all 4 seasons

- Slightly lower traffic in summer due

to holidays Morning rush hour: Afternoon rush hour:
from home to work from work to home

+ afternoon activities
-> higher traffic
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— Intercomparison of traffic density an@C: diurnals

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)

— Traffic
2000 -~ - - =
0

Traffic (#/h)
o
o
o
|

00:00 0600 1200 1800 00:00 0600 1200 1800 00:00 0600 1200 1800 00:00 0600 1200 1800

BG: does not follow the traffic pattern

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)
= BCff

0000 0600 1200 1800 0000 0600 1200 1800 00:00 0600 1200 1800 0000 0600 1200 1800
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— Traffic &BC; diurnals and planetary boundary layerPBL

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)

— Traffic
2000 -~ - - =
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— PBLHcavET

00:00 0600 1200 1800 00:00 0600 1200 1800 0000 0600 1200 1800 0000 0600 1200 1800




Emission & production rates + meteorology

% :
0—0> b et

00:00 600 1200 1800  00:00  6:00

Emissions from traffic PBLt planetary boundary layer
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Emission & production rates + meteorology

QS _\O/_ £
DS D
1000 .~ P B
800 /
\ + = N Mixed
O_O) 2007 Stable ﬁ
00:00 600 1200 1800  00:00  6:00
Emissions from traffic PBLtplanetary boundary layer
Emission or Exchanged by entrainment
Concentration (C) ~ Production  becayed or shrinking of PBL
in column of air es o remaning o , ‘. dh
0 [ ‘ , - [ Co(h — hy)e (ko) - for I <0
Ch = EAT #{Cohge ™ (=t + : L
I ' : A (t— :
S em = T :\Cresidual(h — ho)e A'(t=to) ! for E > Oj

~'"E P} E ] Atmds. Ghant) Phys., 2020)




— Concentrations: Emission rate + meteorological conditions

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)

— BCff

=3
BC (ugm )

0000 0600 1200 1800 0000 0600 1200 1800 00:00 0600 1200 1800 0000 0600 1200 1800

l BG: concentrations> Emission rateEMRfrom traffic - better characterization of sources

41

~'"E P} E ]Atmbs. Ch¥ot) Phys., 2020)



— Concentrations: Emission rate + meteorological conditions

Winter (DJF) Spring (MAM)

Summer (JJA)

Autumn (SON)

— BCﬂ'

0000 0600 1200 1800 0000 0600 1200 1800

00:00 0600 1200 1800

0000 0600 1200 1800

l BG: concentrations> Emission rateEMRfrom traffic - better characterization of sources

5 Winter (DJF) Spring (MAM)

Summer (JJA)

Autumn (SON)

— EMR,

00:00 0600 1200 1800 0000 0600 1200 1800
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~'E P}E]

Atmids. @h¥mJ Phys., 2020)



SOC (ugm )

Winter (DJF)

Concentrations: Production rate + meteorological conditions

Spring (MAM) Summer (JJA) Autumn (SON)

00: 00 06 00
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1200 1800 0000 0600 1200 1800 0000 0600 1200 1800 0000 0600 1200 1800

1 SOCconcentrations> Production rate

~'"E P} E ]Atmbs. Ch¥ot) Phys., 2020)



SOC (ugm )

EMR (ugm h ')

— Concentrations: Production rate + meteorological conditions

Winter (DJF) Spring (MAM)

Summer (JJA)

Autumn (SON)

N

0

— S0C

lllllllllllllllllllllllllllllllllll

0000 0600 1200 1800 0000 0600 1200 1800

00 00 06 00

12: OO

18: 00

0000 0600 1200 1800

SOConcentrations> Production rate - high volume availablin afternoon, huge production

Winter (DJF) Spring (MAM)

Summer (JJA)

Autumn (SON)

— EMRgoc

—r 1_r & % 1 q " 1T 1 r r 1 °
00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00
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- Conclusions

Carbonaceouaerosols
* Publichealth
« Climatechange

CASSIGBC(,) TCA8
« TCA+ Aethalometer +
Aethalometer

* Online OC/EChightime resolution
* Primary and secondary CA
» Typical seasonal & diurnal profiles

BCemission rateg

SOAproductionrates

* |solate anthropogenic activity,
weather influenceexcluded

-> Better trends
* Productionrate for bulk SOA

45
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Thank you for your attention!

mivancic@aerosolmageesci.com

This study was supported by Slovenian Research and Innovation
Agency, research project 4B86.






— Planetary Boundary Layer
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PBLH (m)

— Planetary Boundary Layer ‘, o

MeteorOIOglcaI mOdeI (ALAD'N @ALM E)I' 1000 =
« Empirical equations

Residual Residual

00:00 600 1200 1800  00:00  6:00

Mixed

Stable

Radon Rn) as tracer:
« Known decay time
» Stable exhalation from soil and rocks on a monthly scale
« Main daily variation Rn concentration due to the change of PBL

Winter (DJF) Spring (MAM) Summer (JJA) Autumn (SON)

— PBLHca mET
— PBLHg,
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Hyp. (OC/BC),,

2023

2021

2022

2024

Winter

Spring

(1.2, 4.3)

(1.1,4.8)

T

(1.5, 4.4)

(1.0, 5.1)

(1.3, 5.6)

(1.3, 4.3)

(1.4,4.2)

5 10 0 5 10

Summer Autumn
(1.2,4.2) (1.2, 4.4)
1.5, 3.9) (1.0, 4.6)
1.0

(1.0, 4.7)

O.C

o)

()

o

0.0

Hyp. (OC/BC)«

2D BC tracer model
~/A v ] n&nueckddin preparation)

OC
POCg(t) = BC - BCer (1),
prim,ff

0C
POCub(t) = | 5 - BCpp (1),
prim,bb

SOC(t) = OC(t) — POCff(t) — POCbb(t),

—— X-cross-sections

—— y-cross-sections

0 2 4 6 8 10

Hyp. (OC/BC)
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Ljubljana
(Urban background)

Barcelona
(Urban background)

Velenje(Rural)
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Normalized absorption coefficient

Analyses of absorption spectral features: AE36s
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Reconstructed from: Yuan et al., ACP, 2020



— Analyses of absorption spectral features: AE36s

] ZI34O
.- I.

Normalized absorption coefficient
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Reconstructed from: Yuan et al., ACP, 2020
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Analyses of absorption spectral features: AE36s
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X
AAE9O950

~'E& P} &E]manuscapXiklpreparation)

Reconstructed from: Yuan et al., ACP, 2020
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Results- measurement campaign in Athens
Advanced 9vavelength apportionment

Normalized absorption coefficient
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SPECTRAL
CLUSTERING

low-dimension embedding
of the affinity matrix
between samples
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Cluster daily profiles

» C1 - Fresh traffic
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Cluster daily profiles

» C1 - Fresh traffic

« C2 - Night time

0-5 1 1 0-5 | 1 1
0.5 1.0 1.5 2.0 -0.4 -0.2 0.0
A 340
0.0+
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«C1 «C2 «C3 (4 Cluster daily profiles
3.5 7

» C1 - Fresh traffic
3.0 -

« C2 - Night time
C3 - Aged with
® transparent coating

C4 - Aged with brown
° coating (cooking?)

0-5 1 1 ]
0.5 1.0 15 2.0
0.0-
o
&3 -0.2 1
<]
~0.41
0.5 2.0 400 600 800 0 6 12 18

AAE 54 _g50 A (nm) Hour of the day



«C1 «C2 «C3

0.5 1.0 15

AAESQO =930

« C4 < C5 Cluster daily profiles

3.5 1
3=

» C1 - Fresh traffic

C2 - Night time

C3 - Aged with
® transparent coating

C4 - Aged with brown
° coating (cooking?)

C5 - Large particles

18
Hour of the day



«Cl1 -C2 -C3 -C4 3' cs5 - C6 -C7 Cluster daily profiles
B

s C1 - Fresh traffic
3.0

« C2 - Night time
82.5- -

C3 - Aged with
transparent coating

C4 - Aged with brown
coating (cooking?)

o C5 - Large particles

C6 - Saharan dust

« C7 - Wildfire

C7

6 12 18 0 6 12 18
AAE 599 - 950 Hour of the day



The New ork Times

Athens Turns Orange Under
a Saharan Dust Cloud

In Photos

600 700 800 900
A (nm)

400 500

——



AAE 40 - 590=2.80

500

A (nm)

600 700 800

900




«Cl +C2 «C3 «C4 «C5 -C6 +C7 Cluster daily profiles

« C1 - Fresh traffic

. C2 - Night time

C3 - Aged with
* transparent coating

C4 - Aged with brown
* coating (cooking?)

o C5 - Large particles

C6 - Saharan dust

« C7 - Wildfire

C7

Cé

6 12 18 0 6 12 18
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Future research work




