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Motivation: Air Pollution

e Particulate Air Pollution: World's single biggest environmental health risk
[WHO, 2016]

* Human health, global climate and sensitive ecosystems
* 92 % of World population live with unsafe levels of air pollution

* PM, . is believed to cause 3.3 million premature death per year, especially
In Asia

PMQ is number one mortality causing air pollutant

* Health effects are rather underestimated to date: lack of chemical
speciation and knowledge of aerosol morphology



Background

PM; : Chemical Composition

(PM; . ="airborne particulate matter with aerodynamic size < 2.5 um)

B Elemental and
Organic Carbon

[ Sulphate

Bl Nitrate

B Ammonium

B Chloride

B Insoluble mine rals

B Na, K, Mg, Ca
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Background: What is Black Carbon?

e Terminologies:
e Black Carbon
~» Elemental Carbon

he consensus is:
BC is a carbonaceous material
Produced during incomplete combustlon of carbon fuels &
solid form of mostly pure carbon i v scac
e absorbing light at all wavelengths




Motivation: Black Carbon

Black Carbon

Ybal Warming

Climate Change

PAHs (BaP etc.)

Health Effects

e BC is most polymerised and refractory carbon of combustion origin
* Important component of PM, < (contributes up to 50% to PM, ;)



o impaired cognitive
and motor function
strokes

3 seizures

. chronic and acute

L respiratory diseases
| including:

o lung damage

o lung cancer

o bronchitis

o asthma

o cardiovascular
disease
o heart attack

liver and kidney
damage

urinary and
bladder cancer

in females:
birth defects
infant mortality
cancer risk

in males:
infertility
cancer risk

I Climate
Partners

climate. america.gey




Black Carbon (BC) Aerosol Processes in the Climate System

Aircraft emissions
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Literature Review

BC Variability Between Countries

Location Environment Study period BC conc. (pug m™>) Reference
Range Mean

Toulon, France (43.14°N, 6.01°E) Semi-urban, coastal Jun. 2005-0ct. 2006 01-25 0.95 (winter) Present study

045 (summer)
Marseille, France Urban, coastal Jun. 2001 11-4.0 272 ESCOMPTE, Despiau et al.

(Personal communication)

Paris, France Urban Aug.-Nov. 1997 1.1-49 143 Ruellan and Cachier, 2001
La Réunion, France (21.5°S, 55.5°E) Semi-urban, island MNov. 1996-0ct. 1998 0.27-0.65 - Bhugwant et al., 2000
Vienna, Austria (48.22°N, 16.35°E) Urban Oct.-Dec. 1994 - 8.8 Hitzenberger et al., 1996
Helsinki, Norway Urban Nov. 1996-Jun. 1997 1.2-15 1.38 Pakkanen et al, 2000
Voerde-Spellen, Germany Rural Sep.-Oct. 1997 - 20 Kuhlbusch et al., 2001
Finokalia, Greece (35.32°N, 25.83°E) Marine boundary layer Jul.-Aug. 2001 - 1.09 Sciare et al., 2003
Uniontown, USA Sub-urban Summer 1995 0.5-9.0 20 Allen et al,, 1999
Trivandrum, India (8.55°N, 77.0°E) Semi-urban, coastal Aug, 2000-0ct. 2001 0.4-8.0 1.5 (wet) Babu and Moorthy, 2002

5.0 (dry)
Goa, India (15.75°N, 73.13°E) Semi-urban, coastal Dec. 1998-Mar. 1999 1.0-5.0 - Leon et al., 2001
Nainital, India (29.4°N, 79.5°E) Remote, high altitude Dec. 2004 02-27 14 Pant et al., 2006




Literature Review

BC Variability Within India

Sl. no. Location Geography Time period BC mass concentration (pg/m’) References

1. Anantapur (14.62°N, 77.65°E) Rural, semi-and Jan-Dec 2010 3.03x0.27 (Mean) Reddy et al. 2012

2, Pune (18°32'N, 73°51'E) S emi-urban Jan-Dec 2005 4.1 (mean) Safa et al. 2007

3. Guwahat (26°11'N, 91°44'E)  Brahmapuira River Valley Jan-Feb 2011 0-41 (median) Chakrabarty et al. 2012

4. Manora Peak (29.4°N, 79.5°E) Cenftral Himalayas Nov 2004-Dec 2007 1. 10£0.06: Dry 0.53+0.02:Wet Dumka et al. 2010

5. Kolkata (22.57°N, B8 42°E) Urban, mega city December 09-10 22-51 range of daily mean, 35 monthly mean Verma et al 2012

6. Ahmedabad (23.03°N, 72.5°E) Urban Sept 2003-June 2005 Monthly mean (0.21£0.16 to 10.02£5.69) Ramachandran and

Rajesh 2007

7 Kanpur (26°26'N, 80°20'E) Urban December 2004 620 Tripathi et al. 2005

8. Dell (28.6°N, 77.2°E) Urban megacity Wmnter and Spring 2007 4.2-70.5 Entire penod Snvastava et al. 2012a, b
Hyderabad (17.47°N, 78.58°E) Urhan Jan-Dwec 2010 Monsoon (4.6+2) summer (5.3£3) Swanmy et al 2012

winter (10.3x6)

10. CGadanka (13.5°N, 79.2°E) Rural (2 km village) Apr-Nov 2008 Monsoon (~1) pre-/post- (~4) Cradhawi and Jayaraman 2010

11. Trvandrum (8.55°N, 77°E) Tropical coastal Aug 2000-0ct 2001 -0.5-8 Babu and Moorthy 2002

12. Dibrugarh (27.3°N, 94.6'E) Roural June 2008-May 2009  Monthly mean (1.1£0.05 to 1 8.7£2.5) Pathak et al 2010

3. Bhubaneswar 21 °15'N-&5°15E) Urban coastal June 2010-May 2012

Winter (5.6), post-monsoon (4.05),
monsoon (3.02), pre-monsoon (2.46)

Present study




Literature Review

BC Variability Within Shanghai

Annual average Cgc of three districts of Shanghai.

Location

Sampling Period

Cac (pg/m?)

Reference

Xujiahui
Xujiahui
Xujlahul
Yangpu
Pudong

2008.01-2008.10
2010.01-2010.12
2011.01-2011.12
2011.01-2012.01
2008.01-2012.12

3.9
3.8
3.3
2.3
3.5

Wang et al. (2010)
Feng et al. (2014)
Feng et al. (2014)
Zha et al. (2014)
This study




Literature Review

Einies i ksg atmasphac Radiative forcing by emissions and drivers Level of
compound drivers confidence
| ! | T |
8 co, Co, ' I ' 1.68[1.33102.03] [ VH
S I I I
8 L [ I | '
2 CH, Co, H.O | | : | 0.97[0.74t01.20]| H
5 Halo l ; l I l l
o = s -
8 carbons HCFCs [ I I—o-lI | I | I 0.18[0.01100.35] | H
; | | | | | |
2 NO N,O ' ' I I I : 0.17[0.13t0021] | VH
[ I l I I
I I I [
E co CO, | | e : | : | 0.23[0.16t00.30] | M
g E | | I I I !
s B NMVOC co, I I e I I | I 0.10[0.05t00.15]| M
<z " | I | !
= I [ l ' l |
3 NO, (., I [ 0.15[-0.34100.03]| M
L ' ' I . BC L 4 !
-]
2 Aerosols and ' | /I l
E precursors Organic carbon Black carbon | . . .
o Cloud sdustmant L - N (direct + indirect
el 4 oud adjustments I | | ]
Organic carbon —— -0.55 [-1.33 to -0.04 .
and Black carbon) | due to aerosols | , | | | ! 2 effect of BC with 90%
| | I T
Albedo change ' ' .
I 0.15 [0.25 to -0.04
due to land use | S | : | l == Uncerta|nt)
f Changes in I I l . l |
E sl I | ol | | | 0.05[0.00t00.10] | M
3 solar irradiance | | | I | I I
2.29[1.13 t0 3.33]
. 2011 H
Total anthropogenic |
) 1980 | 1.25[0.64t01.86] | H
RF relative to 1750 i |
1950 | | 0.57[0.29t00.85]| M
| 1 | | 1 |
-1 0 1 2 3

[IPCC, 2013] changed modified after [Bond et al., 2013] Radiative forcing relative to 1750 (W m ?)



Knowledge Gaps

* No systematic BC data are available for SE Asia, including Singapore

e Health impacts and climate related impacts are poorly understood
because of lack of speciation of PM, . i.e

e There is a lack of detailed information on BC and its contribution to
PM; 5 3 "
|I

i



Knowledge Gaps

Singapore PM2.5 Concentrations .
e Singapore Annual

30
S i Average
2 1
g 20 1 17 17 1 200 18
o 16 t ° ° ? . Sustainable
o £ ° _
S ?:2 Blueprint 2020
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n Target
N . .
= — \WHO Guideline
o 0
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
Year

e Singapore has set air quality targets 2020.

* From 2017 onwards, air quality will be categorized by PM, - bands

e BCis neither measured nor mentioned.



Biomass Burning, BC and Knowledge Gaps

e 1997, 2002, 2006, 2009, 2013 and 2015
haze events in SE Asia [Balasubramanian
et al., 1999; Balasubramanian et al., 2003;
Sailesh N. et al., 2015, Page et al., 2016]

e 110,000 additional deaths each year for
SE Asia [Johnston et al., 2016]

e 27015 Haze in maritime SE Asia

e 69 millions continuously exposed to unhealthy air
e short term exposure caused approximately 11,880 more severe particulate emission
excess death counts [Crippa et al., 2016] characteristics [Geron and Hays,
. _ 2013] with strong adverse health
 total estimated 100,300 excess deaths [Koplitz et al., impacts [Kim et al., 2014: Rappold et
2016] al., 2011]




Sources of Black Carbon

 anthropogenic activity dominates the BC emissions [Hansen,

Global BC Emissions, 2000 (7,600 Gg)

2005]

U.S. BC Emissions in 2005 (0.64 Million Tons)
05% 0.7%

1.1%

o
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25.1% 1.0%
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Figure A. BC Emissions by Major Source Category. (Source: Lamarque et al., 2010 and U.S. EPA)
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Research Goals and Objectives

* The goal of this study is to provide insights into BC with respect to its sources,
fate and transport in urban tropical air.

Objectives
e Study temporal variations of BC under diverse weather conditions;

* Understand the contribution of BC to PM, . in the tropical urban atmosphere
during haze and non-haze periods;

 Compare the characteristics of traffic and biomass burning-derived BC

 Examine temporal and spatial variations of traffic-derived BC in the urban
atmosphere of Singapore.



Research Goals and Objectives

Additional Objectives:

e Quantify BrC in SE Asia (Climate relevance, Public health)

* Investigate the morphology of carbonaceous aerosols in the tropical
urban atmosphere

e Examine the relation between fine/ultrafine aerosols and light-
absorbing carbon within the tropical urban atmosphere



Preliminary Research: Measurement of BC

& MAGEE
@{-\('{ltf\.\(\{il IC

Reference I,

ATN =In (1,/1)

Sensing /
WPsld Detectors l

Light Source
Filter with EEIQISIE bATN ~ AATN

e Aethalometer measures the “blackness” of the air sample on a
continuously forwarding filter tape roll in real time



Statistical Summary of BC Measurements

e Measurements were conducted from
;(1)1Sg,ptember 2015 to 3 October

e Arithmetic mean value 3317 + 2153
ng/m?3

e 83% of the BC values being less than
5000 ng/m?3

e Skewness: due to very high
concentrations which do not fit into
the average population of BC within
the urban atmosphere of Singapore

* More than 82.94 % of the PM,
values are below 31 pg/m?
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Biomass Burning in SE Asia

Java Sea

Photo: NASA



Singapore Haze 2015 | e
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Influence of Meteorology on BC in Singapore

——Daily Avg BC [pug/m3] ——Monthly Avg BC ——Annual Avg BC Wind Speed (m/s)
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* Monthly average BCis 3317 + 2153 ng/m?3, maximum concentration during September 2015/ minimum BC
concentration February 2016

e Average wind speed was 2.23 + 1.35 m/s and ranged from 0.2 m/s to 8.7 m/s

* Negative correlation between the BC concentration and the wind speed (Pearson -0.77 R? 0.67)



ypical Diurnal Variations of BC
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* The mean value during weekdays is around 23% higher than during
Sundays

e This suggests that the local traffic makes an important contribution
to the BC concentrations in Singapore



BC No Haze [pg/m3]

Impact of the 2015 Haze of SE Asia on BC

HH stands for Haze, NH stands for No Haze. ‘

——No Haze BC [ug/m®] —#-25 Sep BC [ug/m?] —+-26 Oct BC [ug/m’] —=—PM2.5 HH/NH Ratio —+BC HH/NH Ratio
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Transboundary transport of biomass burning plumes overshadows diurnal patterns of BC

The haze to no haze Ratio for BC implies that BC concentrations during haze events were
elevated by about 50%

The proxy for biomass burning BC, shows a trend similar to the BC haze to non-haze ratio. This
comparison shows that biomass burning becomes a significant source of BC.

Increase in PM, . was more evident than that for BC.

other species than BC contributing to the PM, ., for example organics, as the UVPM almost
always exceeded the BC values
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Sources of Black Carbon on a Hazy Day
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Light Absorbing PM
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Source Apportionment: Absorption Angstrom

Exponent and Loading Factor “k”

e Aerosol Angstrom Exponent
e Fresh Diesel smoke has a higher amount of BC

 Wood smoke has higher amount of organics (aromatics and PAHs)-enhanced UV
absorption

e Using Aerosol Angstrom Exponent: measure for dependency of aerosol light
extinction on wavelength (typically AAE at 880 nm of 1.1 traffic and 1.8- 1.9 for
Biomass Burning

* Filter Loading Parameter “k”

 Th same filter spot is used several times- causing a filter loading effect being
measured

» K indicative for coating thickness of BC (k of 7.2 x10-® and AAE of 1.4 for Pine
Needles, 5.5 x103 and 1.04, for Diesel exhaust [Drinovec et al., 2016]



Future Research

e BrC: Light Absorbing Organic Carbon (brownish, strong absorption of
AY))

* Biomass burning is the biggest source of carbonaceous aerosol mass,
contributing 88 % [Bond et al., 2004]

 UVPM is significant in Singapore throughout a year [preliminary
result]

* Most of the BC is internally mixed with BrC, which would lead to
absorption enhancement and a lensing effect [Schwartz et al., 2008]

Goal: Imaging of Aerosol Particles (EM) to gain further insights into the
morphology of BC and BrC and their subsequent mixing state



Future Research

* BC concentrations are usually monitored at fixed measurements sites
[Balasubramanian et al., 2003; See et al., 2006, 2007]

* These measurements do not provide reliable results in terms of human
exposure within a city

04/10/2016
(R

05/10/2016
%) o 7

Goal:

Investigate intra-urban as well as
inter-urban spatiotemporal
variations of BC, PM, ; and PM, .
relate these variations to personal
exposure

High : 8. 49785

BUS m - ; . . mnum




Summary of Preliminary Results

* BC contributed 20.85 + 4.17% to the locally measured PM,  concentrations of
Singapore during episodes without haze.

* In the presence of haze, the BC contribution was only 9.88 + 2%.

e This decrease implies that other chemical species contribute significantly to the
PM, . during biomass burning episodes.

reducing BC would be a great achievement for reducing PMQ mass concentrations.

* BC/PM, . ratio is significantly correlated with the rainfall and relative humidity
Sindicates fresh BC, and PM2.5 containing other water soluble species

e Sandradewi et al. used an AAE of 1.8- 1.9 as marker for biomass burning, the
values measured during the haze were slightly higher.

 While the marker for traffic of 1.1 is far below AAE s measured in Singapore. In

general, the variance of the AAE in Singapore was relatively low, ranging between
2.58 and 1.62

—>hint for presence of organics
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Supplementary



Global BC Emissions, 2000 (7,600 Gg)
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Figure A. BC Emissions by Major Source Category. (Source: Lamarque et al., 2010 and U.S. EPA)

U.S. BC Emissions in 2005 (0.64 Million Tons)

1.1%

a]
52 39 35.3%

3.6%

6.8%
1.0%

B Domestic/Residential
Industry
Other




Light-Absorption Classification Thermal-Optical Classification

More

light-absorbing More refractory

F 3 F 3 4 +
Black Elemental
carbon carbon
Light- (BC,) (EC.)
absorbing v
carbon Brown *
(LAC) carbon I
(BrC)
Organic
v carbon
(OC,)
L J v ¥
Less Less refractory

light-absorbing

* Measurementtechnigue-specific split point

Figure A1-1. Measurement of the Carbonaceous Components of Particles. Black carbon
and other types of light-absorbing materials can be characterized by measuring their
specific light-absorbing properties, as seen on the left side of the figure (BCa/BrC/LAC).
This contrasts with other approaches to characterizing particles based on measurements
of the refractory nature of the material (inertness at high temperatures), as seen on the
right-hand side of the figure (ECa and OCa). (This figure is also as shown as Figure 5-1.)
(Source: U.S. EPA)



Future Perspectives

e SE Asia is fast growing- increased human activity

e Even if anthropogenic BC reduced wildfires bear potential to
compensate by end of 21th century [Veira et al., 2016]

e understanding of wildfires and their mechanism and interactions
within the global climate system is little to this date [Keywood et al.,
2013] besides BC high emissions of BrC

Needs:

e reduce uncertainties in future predictions for climate modelling and disease
burden

e Help validate standard methods for monitoring of BC, CA



Filter Loading Effect- K Parameter
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Filter Loading Effect- K Parameter
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AMS/ACMS derived Coating Factor vs Filter
Loading Parameter
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Compensation parameter and sum of anorganic secondary aerosol + organic aerosol correlate well.

(Note: Inverted scale for k6) Measurement during summer in Paris, [Drinovec et al., 2016]



Future Perspectives

Should BC be considered as part of air quality standards, in other words
as one of the criteria air pollutants?

Perhaps we have to do even more research on BC and PM2.5.



Aethalometer Principle

vi¢
QpCV)QD

Light source

Filter

Optical detectors

Reference I )

Sensing I

Optical attenuation:

Flow:

Attenuation coefficient:

Absorption coefficient:

Black carbon concentration:

Loading effect compensation:

Final equation:

ATN = =100 = In(1 /1) Io = reference signal;
I = spot signal
Fin = Foue * (1 =) Fyyue = measured flow

{ = leakage factor

S+(AATN/100
baen = % S = spotarea; t = time
in
b
Daps = "c"‘ C = multiple scattering parameter
(Weingartner et al. 2003)
BC = :"—"‘ O4ir = Mass absorption cross-section
air

BC = BCmeasurea/(1 — k » ATN)

k = compensation parameter

r S+(AATN,/100)
T Fy(1-0)%0 45+C+(1-k+ATN, )+At

BC




Enhanced Climate Impact

e coating as well as internal and external mixing of the BC particles can
increase its radiative fOrcing s, s woreo,

e compounds found in urban air can enhance light absorption by an
amplification factor of 2.4 ...

e volatile organic compounds (VOC) and sulfate are thought to increase
the mass absorption cross section of BC aerosols .. i weres, o



Climate Impacts of Black Carbon

Aerosols: one of the biggest sources of uncertainties for future climate
estimates

e BC has strong regional and global influence:

e Direct Effect

e Absorption of solar radiation (heating atmosphere and surfaces)

e Global warming
e Regional: causing heat inversions (surface cooling, air in vicinity of high BC warms)
=) inhibited mixing
 Indirect Effect
e Cloud interactions (cloud condensation nuclei, ice nuclei)

e impact hydrological cycle (change in Monsoon patterns, extreme events such as
droughts etc.)

Total radiative forcing estimated +1.1 W/m? (direct+indirect effects)




Source Apportionment: Ultraviolet absorbing
Particulate Matter

e At wavelength shorter than 400 nm organic compounds such as PAHs
and other aromatic compounds absorb

 commonly referred to as UV absorbing Particulate Matter (UVPM)

e UVPM cannot be quantified easily but is measured qualitatively (BC
equivalent) 100.00

* Typical BC/UVPM Ratios for peat
burning and smouldering

Peat
]

10.00 | memme Forest
1

1.00

BC/UVPM Concentration Ratio

Time hh:mm:ss
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i 1.6 Top of the 0.9
atmosphere
1 W/m?2
Total BC forcing:
1.4 1 Atmosphere 2.6 . . .
direct + indirect
lr l l 1,1 W/m?
Surface (Bond et al 2013)
1.6 0.6 1.7

All GHGs Co, BC (direct)

L)

Lifetime days to weeks: Short lived Climate Pollutant

V. Ramanathan, G. Charmichael, Nature Geosci (2008) 221






Literature Review

Mean Std.Dev.

Location Sample Period [ng/m3] [ng/m3]

[Santoso et al.,

Jan- Dec 2011 No 3.37 2013]

Singapore Sep 2015- Oct 2016 Yes 3.3 1.54 this study

[Sahu et al,
Bangkok Apr 2007- Mar 2008 Yes 3 1.2 2011]

[Cheng et al.,
Tsok Hui Jun 2004- May 2005 Yes 2.4 1.8 2006]

[Santoso et al.,

Yogyakarta Jan- Dec 2011 No 2.2 2013]

[Saha et al,
Toulon Jun 2005- Oct 2006 No 0.7 2009]

[Bycenkiene et

2008- 2009 Yes 0.6 al., 2011]




Literature Review

e BCis a bigger risk for adverse health outcomes
compared to other components of PM, . [Lit et
al., 2016; Turner et al., 2015; Gan et al., 2011;
Peng et al., 2009; Olstrup et al., 2016; Janssen
et al., 2012; Janssen et al, 2011]

e Concentration- response coefficient  for BC
up to ten times that for PM, .

e BCis emitted from human activity- emitted
where humans are exposed

[Drew Shindell, et al. 2012]

Annually avoided
premature
deaths

Pakistan
L L 006K
.

.
L)

Annually avoided °
premature *a®
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