Swiss Legal Air Pollution Limits

https://lwww.ekl.admin.ch/inhalte/dateien/pdf/EKL-231120_de_orig.pdf

Pollutant Averaging time WHO AQG Current FCAH
2021 OAPC ambient recommen-
limit value dation 2023
Sulphur dioxide (S02), Annual average and
Hg/m? (see Chapter 8) new mean value over - 30° 200
winter half-year
95 % of 2h mean
value for a year - ULy remove
24h mean value 40°¢ 100¢ 40°¢
Nitrogen dioxide (NOz), Annual average 10 30 10
Wg/m? (see Chapter 7) 95 % of ¥5h mean
value for a year B 1 remove
24h mean value 25°¢ 8o 25¢
Carbon monoxide (CO), 24h | 4 g 4
mg/m? (see Chapter 9) mean value
Ozone (Os), pg/m* Summer season® 60 = 60
(see Chapter 6) 98 % of %5h mean _ 100 100
value for a month
8h mean value 100¢ - -
1h mean value - 1209 1204
Suspended particulates / Annual average 15 20 15
particulate matter
(PM10), pg/m? . . .
(see Chapter 4) 24h mean value 45 50 45
Sus!)ended particulates / Annual average 5 10 5
particulate matter
PM2.5), pg/m?®
{ h b 24h mean value 15¢ - 15¢

(see Chapter 5)

a Ambient air quality standard, which also includes the protection of animals and plants, their biological
communities and habitats according to Article 1 paragraph 1 EPA, and corresponds to the state of knowledge

when the Air Pollution Control Ordinance was adopted in 1985.

b Value stipulated in the 2000 WHO AQGs (WHO, 2000) for the protection of forests and other seminatural

ecosystems. Valid as an annual average as well as for the winter half-year. (October—March).
¢ 99th percentile (i.e. limit value may be exceeded three times per year).

dMay only be exceeded once per year.
€ Average of the maximum daily 8h mean value ozone concentrations in the six consecutive months with the
highest six-month average for ozone concentration. For Switzerland, this corresponds to April to September.
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Why is NO, an air pollutant?

Direct health effect:
* Lung irritation (NO, + H,O => HNO,)

Indirect health/environment effect:

Photolysis of

1. Formation of O, HNO, s, Adehyoes, HONO

* Plant damage >\ /

* Greenhouse effect 2 e —2voc
2. Formation of HNOj (nitric acid) /G(
» Aerosol precursor 0,

* Deposition ﬁﬁﬂoé
— Forest decline roor
— Acidification of lakes and soils
—  Feritilising natural ecosystems
—  Production of N,O (nitrous oxide) in soils (greenhouse effect)

EPFL 2024



Fluxes of NO, in the atmosphere

Sources NO, (as N):

Anthropogenic (34 Tg N/y )

fossil fuel/industrial combustion: 26 Tgly

Biomass/biofuel burning: 6 Tgly

Agriculture: 1.5 Tgly

Natural (12 Tg N/y)

Natural soils: 7 Tgly

Lightning: 5 Taly

Total 46 Tgly
Sinks:

1. Wet deposition (as NO;)
2. Dry deposition (as NO,)

Source IPCC 4AR
EPFL 2024



Christian Friedrich Schonbein. 1799-1868

History of ozone (O;) in the atmosphere

1839
1845
-1950
1950-

O; is detected by C.F. Schonbein in Basel
Schdnbein detects O; in the atmosphere

O; in troposphere is from stratosphere

Link of O3 with photosmog (Los Angeles)

Basel, Miinsterplatz

Los Angeles, smog

EPFL 2024



Photochemical smog (NOx + VOCs = Ozone)

Initiation RO,
Photolysis of
HNO3 03, AIdehydes, HONO

Two coupled radical

reactions:
No, (green):NO,NO,
NO, G —tvoC RO, (red): VOCs, OH-,

HOZ', RO, ROZ

/o NO,

03 NO \

+

ROO 2

0,

from Staehelin, ETHZ EPFL 2024



Definition of NO,/NO,

EPFL 2024



Anthropogenic production of NO, (NO + NO,)
from fossil fuel combustion

l II = y
. s =
- =

B Thermic NO, & Prompt NO,

B Reaction of N, and O, in hot X Oxidation of organic nitrogen Reaction of N, from air with
&89 air in motor > 1300 °C . in fuels ("old proteins") X hydrocarbon-radicals=» CN-
f AH = +90.4 ki/mol ** radical & Oxidation to NO

8 N, - 0=>NO+N IC~N+02=>NO
f' N+0O,=>NO+0
@ N + OH =>NO + H

'l [ ] [ ]
B N+ RH 9 CN'+0,

=-)NO

N\

~ 95%NO
»4l 5% N02




NO, emissions in Europe

] KQT }%.
o ' N \/’;f
0 475 950 1.900 2.850 3.800 .
5 = | E— KilDrnBtBl{ 'i,. " ; \ (JJ/

EMEP Status report 2018 EPFL 2024



NO, Reduction using 3-way catalysts
Principle: reduction of reaction energy on catalytic surface

Reaction:

Reduction (using Rhodium):
A) 2NO=>N,+0,0r2NO,=>N,+20,

Oxidation (using Platin/Palladium)
B)2CO + 0O, =>2CO,

C) VOCs (unburnt gasoline) + O, => CO, + H,O

parts:

Lambda-Sonde for regulation of oxygen (O,)

Palladium/Platin/Rhodium auf ceramic

E

7F___ N

En

Edukie

Produkte

- ) Reaktionskoardinate
Reduction of activation energy (in red)

Ceramic

Expanding mat
Insulates, seals and T
provides an unhmhhlﬂ_ﬁ,_{.

mwmmm . I, e
rmlilh:_'f;:,;ﬁ

1

N, B
3 = Ceramiy monolith
Lambda ‘ ' A
::I:::m the - ey Catalytic layer of
residual oxygen ' noble metal
content in the Washcoat
exhaust gas Ceramic substrate
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Lambda A:
the magic sign of exhaust science

Air which is needed for a complete conversion of fuel into CO,:

~ 14.7 kg air A= L

1 kg petrol

min Lmin

A =1: best reduction efficiency (Lambda-window)

100 e
%
A >1 (too much air): less reduction of NO/NO, =
A <1 (too much fuel): less reduction of CO/unburnt fuel “% = e
g
E 40 -~
25
0.7 0.9 1.1 1.3

Luftverhiditnis A EPFL 2024



Diesel NO, reduction strategies
in Diesel: no 3-way catalyst as there is Lambda > 1 (too much air)

1st strategy, mostly used in cheaper cars:
Lean NO, traps (LNT) in principle a 3-way catalyst but NO is stored actively

Diesel fuel

. COM MG . CGOHHC .
;TTJ".ijQ];;:g-g S T

Storage: Lambda >1 Regeneration: Lambda <1

EPFL 2024



Diesel NO, reduction strategies
in Diesel: no 3-way catalyst as there is Lambda > 1 (too much air)

2nd strategy, mostly used in more expensive cars :

Selective Catalytic Reduction (SCR): urea is actively injected

4 AdBlue )

Harnstoff- Tank fur
Dosiersystem Harnstoff-Losung

L 1]
— . —

000000 “]
il ) a 0
—

N J

NO +NO, +2NH; + O, 2 2N, +3 H,O + O,

EPFL 2024



The Volkswagen scandal, g ‘i
September 2015 %

0
4

=

L

Tests found that the levels of NO, emitted by a Volkswagen Jetta (using LNT) were
15-35 times greater than dictated by the US standard (31 milligrams per kilometre),
depending on road and driving conditions.

Those for a Volkswagen Passat (using SCR) were 5-20 times greater.

The findings prompted the US Environmental Protection Agency (EPA) to launch
investigations into Volkswagen tests in the United States. The EPA also threatened to
withdraw its approval for all Volkswagen diesel vehicles approved for sale there;
Volkswagen responded by admitting that it had tricked emissions tests by using
software that senses when the car is being tested, and switches on full emissions
control.

Comment in Nature, 2015

EPFL 2024



14

Emission limits EU and US
https://de.wikipedia.org/wiki/Abgasnorm

EU: Gasoline

14

EURO 1 EURO 2 EURO 2 ELIRO4 EUROS EUROE EURO 1 EURO 2 EURD 3 EURD 4 EURO S EURD B
E :4 > =
CRF) 1.2
o E
S —4=CO =
% e il [\ 0 X +H )
£ Nox ]
E' 0.8 =g=NMH z 0.8 —4=CO
2 PM = =#=Nox+HC
n z Nox
E b 4]
= 06 T o8 HC
" 1 § ! —e—NMHC
s | g . T ® . PM
z 04 E 0,4 I
8 ? 8
= 1 =
2oz -_'3_ 0,2
: — S
0 - - - - ‘ 0 . ; !_
1980 1995 2000 2005 2010 2015 2 1990 1995 2000 2005 2010 f 2015 2020
First Day of TA (Type Approval) 0 08 /k First day for TA [Type approval) Only SIDI
.08 g/km
StandardEmission Limits at 50,000 miles Emission Limits at Full Useful Life (120,000 miles)
NOx [NMOG CO PM HCHO NOx  [NMOG CO PM HCHO
(g/mij(g/mi) {g/mi) |(g/mi)j(g/mi) (g/mi)(g/mi) (g/mi) [ig/mi}(g/mi}
Federal Bin 1 - - - - - 0 0 0 0 0
EE US: Dlesel Bin 2 - - - - - 0.02 0.01 2.1 0.01 0.004
f— Bin 3 - - - - - 0.03 0.055 2.1 0.01 0.011
L = - - - - 0.07 2.1 0.01 0.011
Bin 5 | 0.05 0.075 3.4 - 0.015 0.07 0.09 4.2 0.01 0.018
Bine | 0.08 0.075 3.4 - 0.015 0.1 0.09 4.2 0.01 0.018
Bin 7 | 0.11 0.075 3.4 - 0.015 0.15 0.09 4.2 0.02 0.018
Bin& | 0.14 0.100 / 0.125 3.4 - 0.015 0.2 |0.125 f 0.156 4.2 0.02 0.018
Bin QD 0.2 |0.075 7 0.140 3.4 - 0.015 0.3 |0.090 / 0.180 4.2 0.06 0.018
Bin IDb 0.4 |0.125 7 0.160(3.4 f 4.4 - |0.015 f 0.018 0.6 |0.156 f 0.230/4.2 / 6.4 0.08 |0.018 [ 0.027
Bin IID 0.6 0.195 5 - 0.022 0.9 0.28 7.3 0.12 0.032
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The Volkswagen scandal,
September 2015

|

Analysierte Faktoren
| | | |

Position des  Geschwin- Dauer des  Barometrischer

Lenkrades digkeit Motorbetriebs Druck
L J

[- Modus des Autos? --]

Test stand drlvmg cycle TEST/ PRUFSTAND NORMALER BETRIEB
FTP-75 cycle, old, unrealistic 8= n
Modus schaltet auf Modus schaltet auf
Priifstand-Funktion Straenfunktion
I |
Ergelsbnts Ergelbnis
Moter erzeugt Effektivitat des
Emissionen im Reinigungssystems wird
i zulassigen MaRe reduziert, NOX-Werte

steigen auf ein Niveau, das 10-40 Mal
tber den Grenzwerten liegt

200 400 600 80O 1000 1200 1400 1600 1800 2000 Sowrce: U.S. Environmental Protection Agency

test stand at Empa So funktioniert Volkswagens Betrugs-Software
T /‘ b “Umschalt”-Software
&=

Die Software im Kontrollmodul fiir die Elektronik des Wagens (ECM) erkennt
ob das Auto gefahren wird, indem es verschiedene Faktoren analysiert:

Time (s)

software blocks effective action of the lean nitrogen
oxide (NOx) trap (LNT) in 11 million Volkswagen Group

cars ‘including VWI AudiI SkodaI Sea’rz

EPFL 2024



Results: real world vs. test stand
ICCT, May 2014

50 |
o I Route 1: highway
® ] Rt [ | Route 2: urban (LA)
s 40b------— -] [ ]Route 3: rural-up/downhill
I [ 1Route 4: urban (San Diego)
= -k I Route 5: urban (San Francisco) H
3 [ ]FTP-75'Bag-3' (Chassis Dyno)
o O~ m=um s m Tier2-Bin5 Standard I
& 25p---- e I T -
w
2 ol- I _______________________________________ |
; T
o~ I | O =1 ------ - ______ -
Q" 15 I
% o--8 || -8l - -
[0}
2 TBURIR T RIR| W | L ]

nd nd nd
U IHIHH-F-IHI-. lq’-’lFl L sl 11 | [ | .-i.-.-l

VW Jetta (LNT) VW Passat (SCR) BMW X5 (SCR)

Figure 4.4: Average NO, emissions of test vehicles over the five test routes expressed as deviation
ratio; repeat test variation intervals are presented as 1o, ‘R’ designates routes including a test with

DPF regeneration event, ‘nd’ - no data available

EPFL 2024



Update 2018-2021

NZZ, 12.09.18

Absprache-Verdacht deutscher
Autobauer zu Adblue-Tanks erhartet
sich

Der Mitte 2017 erstmals aufgetauchte Vorwurf, die grossten deutschen
Autokonzerne hatten sich auf zu kleine Tanks flir die Abgasnachbehandlung
geeinigt, scheint sich nach «Handelsblatt»-Informationen zu bestéatigen.

Tanks for Adblue were too small: 1.0 Liter instead of 1.2 Liter!

So producers talked together and switched the Adblue off.

EU verhangt Millionenstrafe
gegen VW und BMW

(dpa) - Die deutschen Autobauer Volks-
wagen und BMW miissen im seit Jahren
laufenden EU-Kartellverfahren tief in
die Tasche greifen. Wegen rechtswidri-
ger Absprachen zu Adblue-Tanks fir
eine bessere Abgasreinigung soll BMW
knapp 373 Mio. € zahlen, Volkswagen
gut 502 Mio. €, wie die Kommission am
Donnerstag in Briissel mitteilte. Daim-
ler kommt wegen der Kronzeugenrege-
lung ohne Busse davon. «Alle Unterneh-
men haben ihre Kartellbeteiligung einge-
rdaumt und einem Vergleich zugestimmt»,
hiess es von der Briisseler Behorde. Sie
wirft den Autobauern vor, sich in unzulis-
siger Weise iiber die Grosse der Adblue-
Tanks abgesprochen zu haben. Die Tanks
gehoren zur Abgasreinigung in Diesel-
autos. Sie nehmen eine spezielle Harn-
stoff-Losung auf, mit denen in neueren
Katalysator-Generationen giftige Stick-
oxid-Emissionen gesenkt werden sollen.



Real test on streets
RDE: Real Driving Emissions

RDE-Messungen NOXx: Diesel-Modelle

200 4 CF: Conformity Factor

. 168 mg/km RDE-Grenzwert CF-Faktor 2,1 Uncertainty of the PEMS measurement
= 4
o 150
E 114 mg/km RDE-Grenzwert CF-Faktor 1,43
= 5
S 100 | gg mg/km WLTC-Grenzwert i
e e e S e Euro 6d Diesel
o Worldwide harmonized Light vehicles Test Prodedure
a 50
E
b
z 9 §& FESSI $S S 8§ 55 53 £ 68 88 S0

2 2 Fe Fa 89 a8 PN PR N~ S5 5% §§

§& $§° 85 FP Fo T F FV & FF T8 S5

S @ S §5 I~ ¢ £ 3 &=

& &

ADAC Bericht 2019

https://www.adac.de/rund-ums-fahrzeug/abgas-diesel-
fahrverbote/abgasnorm/rde-messungen-cf-faktor/

PEMS (Portable Emission Monitoring System) EPFL 2024


https://www.adac.de/-/media/images/motorwelt/rde-messung-2019-volvo-720x540.jpg?bc=white&as=0&mw=900&hash=2C1AC01BB2393E10CDB4AF579F8A7FD5CE96AB99

NO, measurements Canton Zirich
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air pollutants
in OPair

greenhouse gases
in Kyoto Protocol

Overview of measurement-techniques for
tropospheric trace compounds

SO, XX X
NO, XX X
CO XX X X X
Oj (Troposph.) XX (X)
Particles X (X)
VOCs (X) X

CO, XX X XX (X)
CH, X XX XX X
N,O XX X (X)
Halocarbons™ X (X)

XX: best available method
X: good method * also causing ozone depletion
(X): possible

EPFL 2024




Official Method:
NO, Measurement after conversion to NO, using a metal catalyst

EUROPEAN STANDARD prEN 14211
NORME EUROPEENNE

EUROPAISCHE NORM May 2003

ICS

English version

Ambient air quality - Measurement method for the determination
of the concentration of nitrogen dioxide and nitrogen monoxide
by chemiluminescence

7.2 Converter
The converter converts the amount of nitrogen dioxide in the sampled air to nitrogen monoxide.

The converter shall consist of a heated furnace maintained at a constant temperature and is made of material such
as stainless steel, copper, molybdenum, tungsten or spectroscopically pure carbon. It shall be capable of
converting at least 95 % of the nitrogen dioxide to nitrogen monoxide. The conversion efficiency has to be checked
according to 8.4.14. A mathematical correction for the NO, concentration shall be made when the converter
efficiency is between 95 % and 100 %.

EPFL 2024



Converter for NO, measurements

—>—| NO, NO, + NO=A
NO
Air Converter
_ NO =B

Converter efficiency Ex < 1:

NO, = "NO," - (1/E¢)

EPFL 2024



Nitrogen Oxides NO, with different converters

metal catalyst and photolysis

"NO," = NO, + a PAN + b HNO; + ¢ HNO, + d NO3; + e 2 N,Os + f org. Nitrate + g NH3 +

Selectivity of converter for various N-Compounds

Converter NH3 HNO, HNO3 PAN
Monitor Labs 8841 molybdenum 0-10% 100 % 0% 100 %
Monitor Labs 9841A molybdenum 1-10 % _b) _b) _b)
Horiba APNA 350E Oxid 1% 80 % 0 % 100 %
ECO Physics CLD 700 |molybdenum 0-10 % _b) _b) _b)
ECO Physics CLD 770 photolysis <0.1% <20 % <0.1% <1-5%%?
(CRANOX)
a) Depending on Temperature (according to Manual)
b) No Information from the Manifacturer

Photolysis: state-of-the art

EPFL 2024



"NO2" = NO2 + a PAN + b HNO3 + c HNO2 + d NO3 + e 2 N2O5 + f org. Nitrate + g NH3 + .....



		

		Converter

		NH3 

		HNO2

		HNO3

		PAN



		Monitor Labs 8841

		molybdenum

		0 – 10 %

		100 %

		0 %

		100 %



		Monitor Labs 9841A

		molybdenum

		1 – 10 %

		(b)

		(b)

		(b)



		Horiba APNA 350E

		Oxid

		1 %

		80 %

		0 %

		100 %



		ECO Physics CLD 700

		molybdenum

		0 – 10 %

		(b)

		(b)

		(b)



		ECO Physics CLD 770 (CRANOX)

		photolysis

		< 0.1 %

		< 20 %

		< 0.1 %

		<1 – 5 % a) 





a) Depending on Temperature (according to Manual)


b) No Information from the Manifacturer



Overestimation of NO, by molybdenum converters
example Rigi: photolysis (BLC vs. molybdenum)

NO, (molybdenum converter) >> NO, (photolysis converter)

—&— NO2 (BLC)
8] ? -0 - NO2 (Mo) g ©
. O
?& 6 - © 04
— o
5 8895
O 4 @ %
i (@] -’
3 -
2 e
. . : . I D - T T T T |
Jan 2006 Jan 2008 Jan 2010 0 2 4 6 8
NO2 RIG (BLC) (pph)

Reasons:
% In summer, PAN and HNO, are most likely the dominating interfering species.

% In winter, particulate nitrate sampled at the inlet filter and subsequently evaporated might
also contribute significantly.

Remedy:
% multiple linear model approach by comparing with concurrent measurements at a similar site.
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Annual limit CH

NEW

NO, concentration Switzerland (1981-2022)

yearly average

Hg/m?
70 Bern
60 | Lausanne
i Lugano
50 -
Zrich
40 - Basel
30 A Dibendorf
Harkingen
20 A
Sion
10 - o ———— S BN BN N R NN N S SN RN S - = Grenzwert
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0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
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70 Magadino
60 - Payerne
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50 -
L&geren
40 1 Berominster
30 | Chaumont
— Rigi-
20 Seebodenalp
Davos

= = Grenzwert

81 84 87 90 93 96 99 02 05 08 11 14 17 20

der LRV
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East Asia

North America

average

-

.

I e e
. s &

NO, by satellites:
weekend/weekday in USA and China

mid week - Fri mid week - Sat
- 1‘.'};

-

-

Wenig, Gleason et al.
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Photochemical smog (NOx + VOCs = Ozone)

Initiation RO,:
Photolysis of
HNO3 O3, Aldehydes, HONO |
Two coupled radical
/ reactions:
5 No, (green):NO,NO,
" oHT —YoC RO, (red): VOCs, OH-,

/o NO,

03 NO \

+

ROO 2

0,

from Staehelin, ETHZ EPFL 2024



Sources of atmospheric VOCs

Anthropogenic (~200 TgC/y)

fossil fuel
«combustion
sevaporation

biofuel
*heating

Biogenic (~400-1200 TgC/y)

ol iy - ;

major: vegetation

minor: soil/ocean

consumer products
solvents
refrigerants
foams

«cooking

biomass burning

5 LS

Isopren

Limonen

EPFL 2024



The oxidising atmosphere of the earth

Oxidation and deposition are the removing processes of trace
gases from the atmosphere

Oxidation is mostly initiated by OH radicals
(OH = the detergent of the atmosphere)
reacts with most trace gases (VOCs, CO, CH,,
NO,) and controls their atmospheric lifetime

[OH]= 1.1 x 10 molecules/cm?3 (~0.04 ppt)

*average life-time is about 1 second

*mixing ratio is highest in summer during s
day hours and, conversely, lowest in | L\ ; | y
winter and during the night i

EPFL 2024



Oxidation of Alkanes CH;-(CH,),-CH; (e.g. n-butane)
in polluted air (withﬁ)

blackboard
CH,CH,CH,CH;,
o
"o
]
alkyl radical CH;CH,CHCH; + H,0
O -0-NO
loz I organic nitrate
oo WO v CH,CH2CHCH,
I ¥
peroxy radical: RO2 CH,CH,CHCH, O,
I >~ 5 O
- v > NO;photolysis ~ NO+0O 3
0.

I
alkoxy radical: RO CH,CH,CHCH;———1___ 2 )
y o * thermigc— CH,CH,+ CH,C_ aldehyde

o, ~H
/ 102/ -/ O,

ketone Il ¢ o o
S
CH3CHZCCH3+H|02 HO, + CH,C_ y  aldehyde
B —— vo. o,
° o
OH OH

EPFL 2024



Photochemical smog (NOx + VOCs = Ozone)

Initiation RO,
Photolysis of
HNO3 03, AIdehydes, HONO

Two coupled radical

reactions:
No, (green):NO,NO,
NO, G —tvoC RO, (red): VOCs, OH-,

HOZ', RO, ROZ

/o NO,

03 NO \

+

ROO 2

0,

from Staehelin, ETHZ EPFL 2024



air pollutants
in OPair

greenhouse gases
in Kyoto Protocol

Overview of measurement-techniques for
tropospheric trace compounds

SO, XX X
NO, XX X
CO XX X X X
Oj (Troposph.) XX (X)
Particles X (X)
VOCs (X) X

CO, XX X XX (X)
CH, X XX XX X
N,O XX X (X)
Halocarbons™ X (X)

XX: best available method
X: good method * also causing ozone depletion
(X): possible
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Online measurement methods for VOCs

« Technique based on gas chromatography (GC)
— Pre-concentration
— Separation (gas chromatography)
— Analysis
« flame ionization detection (FID)
* mass spectrometry (MS)

EPFL 2024



Canister based VOC measurements

"whole air”-samples taken in suitable canisters taken daily or weekly at the

sites or on campaigns
ability to serve different measurement sites with one instrument

very few measurements of hydrocarbons on a global scale and over longer
periodes of time

Az
"y
e H‘\. -
L]
e [ TOD — {.'_:;".|

O"W oW G 20°W

NOAA world-wide network EPFL 2024




The preconcentration of VOCs from the atmosphere

preconcentration of VOCs from 400 ml of air

gas
chromatograph

/ \ Adsorption: - 44 °C
Desorption: 245 °C

EPFL 2024



gas chromatography for analysis of VOC

GC-column

| Gasflow (He) >

{») “ @? ‘ %Detector

Higl LQWT Column
affinity to affinity to
stationary stationary
phase phase
FID1 A, (AFPROTVWPROZOZO.0)
£

cie-Butene ©

== 28.377 - |zooctan

[—== 26010 . Heptan ™

[==13603- |sobutentMTBE

12748 - 1-Butene

13043

12.504 - trans-2-Butene

b 10,6668
(= 14232 -
14.661

fo—=33.750- o-Xylo|™

T
35

GC-chromatogram with VOCs
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gas chromatography — detectors

1. Flame ionization detection (FID)

collector

igniter ..
sensitivity dependent on
number of C-atoms

air
burner jet

hydrogen

| End of column
application: j\_j\.) u k

VOCs, (OVOCs)

thane
ethane
propane
butane

e

instruments: Agilent, Varian, SIS, Airmotec usw.
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gas chromatography — detectors

2. mass spectrometer (MS)

Detector

resonant ion ; I

Source

|
| dc and ac voltages

application:
VOCs, OVOCs, halocarbons

instruments: Agilent, Varian
EPFL 2024






O,-rationale for legislation

Effects on human health

* Lung irritation

* Indirect effect

» O, oxidation of terpenes leads to aerosols

Radiative forcing of climate between 1750 and 2005
Radiative Forcing Terms

Effects on the environment
* phytotoxic {
« greenhouse effect |

EPFL 2024



O;-damages on tree leaves
http://www.ozone.wsl.ch/

birch, Birke hornbem,
Hagebuche

evening primrose,

Nachtkerze
clover,

Klee

EPFL 2024



air pollutants
in OPair

greenhouse gases
in Kyoto Protocol

Overview of measurement-techniques for
tropospheric trace compounds

SO, XX X
NO, XX X
CO XX X X X
O; (Troposph.) XX (X)
Particles X (X)
VOCs (X) X

CO, XX X XX (X)
CH, X XX XX X
N,O XX X (X)
Halocarbons™ X (X)

XX: best available method
X: good method * also causing ozone depletion
(X): possible

EPFL 2024




Swiss Legal Air Pollution Limits

https://lwww.ekl.admin.ch/inhalte/dateien/pdf/EKL-231120_de_orig.pdf

Pollutant Averaging time WHO AQG Current FCAH
2021 OAPC ambient recommen-
limit value dation 2023
Sulphur dioxide (S02), Annual average and
Hg/m? (see Chapter 8) new mean value over - 30° 200
winter half-year
95 % of 2h mean
value for a year - ULy remove
24h mean value 40°¢ 100¢ 40°¢
Nitrogen dioxide (NO2), Annual average 10 30 10
pg/m3 (see Chapter 7) 95 % of %h mean
value for a year - 1t remove
24h mean value 25°¢ 8od 25¢
Carbon monoxide (CO), 24h | 4 g 4
mg/m? (see Chapter 9) mean value
Ozone (Q3), pg/m* Summer season® 60 = 80
(see Chapter 6) 98 % of %:h mean _ 100 100
value for a month
8h mean value 100¢ - -
1h mean value - 1209 1204
Suspended particulates / Annual average 15 20 15
particulate matter
(PM10), pg/m? . . .
(see Chapter 4) 24h mean value 45 50 45
Sus!)ended particulates / Annual average 5 10 5
particulate matter
PM2.5), pg/m?®
{ h b 24h mean value 15¢ - 15¢

(see Chapter 5)

a Ambient air quality standard, which also includes the protection of animals and plants, their biological
communities and habitats according to Article 1 paragraph 1 EPA, and corresponds to the state of knowledge

when the Air Pollution Control Ordinance was adopted in 1985.

b Value stipulated in the 2000 WHO AQGs (WHO, 2000) for the protection of forests and other seminatural

ecosystems. Valid as an annual average as well as for the winter half-year. (October—March).
¢ 99th percentile (i.e. limit value may be exceeded three times per year).

dMay only be exceeded once per year.
€ Average of the maximum daily 8h mean value ozone concentrations in the six consecutive months with the
highest six-month average for ozone concentration. For Switzerland, this corresponds to April to September.

EPFL 2024



Absorption spectra and measurement principle of ozone

Ozone UV-absorption spectrum The Law of Lambert-Beer
A 1 T [
max.: 254 nm c = ° ° pO O 10 9 . 10g _O
aL T, p 1%
C ozone mixing ratio [ppb]

T = gas temperature in Kelvin
T0 = standard temperature: 273 K
P =  pressure [mbar]
PO = standard pressure: 1013 mbar
' ' ' 10 = light intensity with zero air

200 nm 250 nm 300 nm 11 = light intensit y with ozone
o = absorption coefficient 134 atm -1 cm™]
L = optical lenght [cm]

— e G I
Iy
li———
L
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max.: 254 nm







300 nm







250 nm







200 nm












O; Detection Method: UV Absorption
Schematic of a O; monitor

Removes the ozone
Fressure Sensar  Flow Sensor

"I

Sample Out

T2 -
Detectar LIV
Lamp )

L
P!

3
i CELL"B" }—f Sample In

Flow Sensor

Example: Thermo, Model 49C O; Analyzer

http://www.thermo.com/eThermo/CMA/PDFs/Product/productPDF_12775.pdf

EPFL 2024



O; precursors: VOCs and NO

HgCH4/m?
250

VOCs

200

-75%
100 - ‘isal

50 A e o
L J ‘Eigi’ = Berm
\ w—— |_alisanne
0 —— ——— e — 80 1 NO
86 88 90 92 94 96 98 00 02 -~ o 618 20 22
01 1 Lugano

Zirich

Basel
40
Dubendorf
20 A Harkingsn
Sion
0

81 B84 87 90 93 9% 99 02 05 08 11 14 17 20
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Swiss Legal Air Pollution Limits
Luftreinhalteverordnung

Stunde
oo sanExceedance hours of >120 ug/m? (1-h average)
1800 Bern
1600 _ ? Lausanne
1400 A u

J =— | ugano
1200 ~

1 Zirich
1000 ~

1 Basel
800 A
600 : Dibendorf
400 Harkingen
200 Sion

0 A I R —

90 93 96 99 02 05 08 11 14 17 20
Stunden
pro Jahr
1800 | e \lagadino
1600 _ Payerne
1400 _ Tanikon
1200 A

J Lageren
1000 A

J Beromunster
800 A

J Chaumont
600 A

_ Rigi-
A00 4 Seebodenalp

4 Davos
200 A

Jungfraujoch

(1 e e T e e e e B e B B e e B R B e na e T o o i e e |
90 93 96 99 02 05 08 11 14 17 20
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O; 98% Percentiles (maximum monthly mean)

2003

Ozon: Maximales monatliches 98er Perzentil: 2003

150 pg/m®

Grenzwert:
100 pgfm®

http://www.bafu.admin.ch/luft/luftbelastung/schadstoffkarten/ EPFL 2024



What happens if climate change happens?

Sommertage
Beobachtungen, 1980-2003 Summer ‘ ||‘|| |
m |
: ||||‘ ~ 2000 2000: ~ every 1000 yr
1864-20007 41 ‘” . L ,
0 12 14 16 18 20 22 24 26 28
Summer |
> | 1864-2003
 2050: ~ every 10 yr
g 2030-2070 i y

A | o

10 12 14 16 18 20 22 24 26 28

Summer | |
1864-2003

sos02120 | 2100: ~ every 2 yr

Frequency

A

10 12 14 16 18 20 22 24 26 28

Temperatur
>25°C
Anzahl Sommertage
| i 51: 1[0 115 20 40 60 80 100 SCNAT’ 2016
Schar et al., Nature, 2004 EPFL 2024
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Particles in the atmosphere

Introduction

Sources and sinks
Particles in Switzerland
Measurement techniques

Effects
— regional

— global
— health

EPFL 2024



historic development of particles

regional

How do you want to be known:
As the discoverer of fire or as the
first man to pollute the
atmosphere?

global

EPFL 2024


http://www.nzz.ch/dossiers/klimawandel/international/index.html

Beijing Monday 23.04.12 -~Wednesday 25.04.12

ug/m3

PM2.5 1h-Mittelwert [ug/m3]

350

300

250

200

150

100

50

,,*00

23. Apr

24. Apr 24. Apr 25. Apr 25. Apr

26. Apr
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Beijing Monday 23.04.12 -~Wednesday 25.04.12

23.05.2012 25.05.2012
300 ug/m3 PM 2.5 30 ug/m3 PM 2.5
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Fine Particles
Characterization of by size: PM10, PM1

Primary particles Gases (SO,, NO,, Primary particles from
from fossil fuel VOC, NH;, H,0 street abrasion,
burning . dispersion of natural
3 < ' |dust
5D :
o 2 ;
Secondary E
particles :
A . v .
i E i
coagulation ! E v
7] 1 1
© ! \ 4 : C
< X X .' aerodynamic
: Adsorption ! I Sedimentation parameter in um
T — >

10 100

A
0.01
<4—— PM25 —P EPFL 2024



Mechanistic pathways
Penetration depth of pollutants in the respiratory tract

Nose, throat: particles < 30 um

Trachea, particles < 10 um,
bronchi, bronchioli: S0,, NO,, Ozone

Pulmonary alveoli: particles < 2-3 um,

NO,, Ozone
Pulmonary tissue, Ultrafine particles < 0.1 pm
circulation:

Vorlesung Umweltsystem Atmosphdre: Luft+Gesundheit R.Rapp EPFL 2024



The size of particles

€PM2s
Combustion particles, organic
HUMAN HAIR compounds, metals, etc.
50-70um <2.5um (microns) in diameter

(microns) in diameter

& PM1o
Dust, pollen, mold, etc.

<10 um (microns)in diameter

&
™

= ‘I-"ﬁ—
-

90 um (microns) in diameter
FINE BEACH SAND

EPFL 2024



Swiss Legal Air Pollution Limits

https://lwww.ekl.admin.ch/inhalte/dateien/pdf/EKL-231120_de_orig.pdf

Pollutant Averaging time WHO AQG Current FCAH
2021 OAPC ambient recommen-
limit value dation 2023
Sulphur dioxide (S02), Annual average and
Hg/m? (see Chapter 8) new mean value over - 30° 200
winter half-year
95 % of 2h mean
value for a year - ULy remove
24h mean value 40°¢ 100¢ 40°¢
Nitrogen dioxide (NO2), Annual average 10 30 10
pg/m3 (see Chapter 7) 95 % of %h mean
value for a year - 1t remove
24h mean value 25°¢ 8od 25¢
Carbon monoxide (CO), 24h | 4 g 4
mg/m? (see Chapter 9) mean value
Ozone (Os), pg/m* Summer season® 60 = 60
(see Chapter 6) 98 % of %5h mean _ 100 100
value for a month
8h mean value 100¢ - -
1h mean value - 1209 1204
Sus!aended particulates / Annual average 15 20 15
particulate matter
(PM10), pg/m? . . .
(see Chapter 4) 24h mean value 45 50 45
Sus!aended particulates / Annual average 5 10 5
particulate matter
PM2.5), ug/m?®
( h ¥ 24h mean value 15¢ - 15¢

(see Chapter 5)

a Ambient air quality standard, which also includes the protection of animals and plants, their biological
communities and habitats according to Article 1 paragraph 1 EPA, and corresponds to the state of knowledge

when the Air Pollution Control Ordinance was adopted in 1985.

b Value stipulated in the 2000 WHO AQGs (WHO, 2000) for the protection of forests and other seminatural

ecosystems. Valid as an annual average as well as for the winter half-year. (October—March).
¢ 99th percentile (i.e. limit value may be exceeded three times per year).

dMay only be exceeded once per year.
€ Average of the maximum daily 8h mean value ozone concentrations in the six consecutive months with the
highest six-month average for ozone concentration. For Switzerland, this corresponds to April to September.
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PM,, —annual means in Switzerland

pg/m?

Bern

Lausanne
—— Lugano
Zurich

Basel

Diubendorf

Harkingen

new

Sion

- == Grenzwert

der LRV
a1 94 97 00 03 06 09 12 15 18 21
pg/m?
60
— \lagadino
50 4 Payerne
Tanikon
40 - -
Beromunster
30 - Chaumont
Rigi-
20 4 Seebodenalp
Davos
new
10 + Jungfraujoch
~ —"_ |= = Grenzwert
0 e der LRV
a1 94 a7 00 03 06 09 12 15 18 21
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concentrations of particles (PM2.5) in Switzerland

1998-2020

pg/m?
30

25

20 4

15 1

10 A

new 5 -

e BEFH
Lausanne
—— | g ano

Zirch

Basel
Diabendorf
Harkingen

Sion

Magadino
Payemne
Chaumaont
Tanikon
Rigi-Seebodenalp

== == [Richtwertder WHO
I LRV-IGW
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Frost candles and PM10 concentration

Wallis, April 2016

Feinstaub PM10 in pg/m?

_

]
L
o

200

150

100

50

o

ygr 1dy gz
YGT dy '8z
Yy ZT14dy 8z
Y60 114dy '8z
Y90 114dy '8z
YEo 1dy 8z
Yoo 11dy '8z
Yy 1z Mdy L
Yy 8T Mdy 4z
YGT udy 4z
YzTmdy 4z
Y60 Mdy /2
Ygo mdy Lz
Yeo udy /2

Yoo mMdy £z
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PM,, —In Lausanne/Payerne summer

100 160 ug/m?3

80

60

ug/m3

40

20 -

0

26.07 27.07 28.07
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PM 2.5 around 1st August in Switzerland

30 July 2003

1 August 2003

Tl *

. *d
H

3007 2003 3107 2003 01 .08 2003 007 08 #0053
Date

Observed daily average PM, ; concentrations (ug/m?)
calculated as the average PM, . across all 99
operating sites in Switzerland

31 July 2003

Daily PM,s [0 >16-18 [ ] >30-32
pg/m? >18 - 20 [0 >32- 34
B <0 [ ]>20-22 [ >34-36
B >10-12[ | >22-24 [ >36- 38
B >12-14 [ | >24-26 [ >38- 40
I >14a-16 [ | >26-28 [ >40
[ ]»>28-30 ’,x

120 :
Kilometers N

de Hoogh et al., Environ. Poll., 2017
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Particles in the microscope
railway break, asbestos, pollen, diesel soot, Sahara dust, special guest

EPFL 2024



Saharan dust event Tuesday 15 Mar 2022

Station| DUE BAS BER BRM CHA HAE LUG MAG |PAY SIO ZUE LAU TAE JUN ZZD

Messw | PM10_ | PM10_ | PM10_ | PM10_ | PM10_ | PM10_ | PM10_ PM10_ | PM10_ PM10_| PM10_ PM10_ | PM10_ | PM10_ PM10_
Mw-Ty| MM10 | MM10 | MM10 | MM10 | MM10 | MM10  MM10 | MM10 | MM10 vv1io | MM10 | MM10 | MM10 | MM10 MM10
Muster —

ug/m3 _
" Jungfraujoch

12.03.22-20:50 MEZ 16.03.22-07:40
EPFL 2024



Saharan dust event Tuesday 15 Mar 2022

1 day before

500 ug/m3 = estimated 1km height
0.5g/m? above Switzerland

=> 21°000 t dust above Switzerland

=>» 1000 railway cars = 10 km freight train

A R

R T
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Sources of particles in Switzerland

E secondary formation

B gasoline engines

O diesel engines

O heating (oil and gas)

MW heating (wood)

O burning of forestry waste

B other burning processes

E agriculture/forestry
M building machines
O industry

0 heavy duty vehicles
M diesel cars

O pick-ups

M buses

O rest

EPFL 2024



Diagramm1

		secondary formation

		gasoline engines

		diesel engines

		heating (oil and gas)

		heating (wood)

		burning of forestry waste

		other burning processes



0.56

0.01

0.17

0.01

0.08

0.07

0.1



Diagramm2

		agriculture/forestry

		building machines

		industry

		heavy duty vehicles

		diesel cars

		pick-ups

		buses

		rest



0.35

0.21

0.05

0.12

0.11

0.09

0.03

0.04



Tabelle1

		

						3500 t/y				anthropogenic

				diesel

										secondary formation				56%				agriculture/forestry				0.35

										gasoline engines				1%				building machines				0.21

										diesel engines				17%				industry				0.05

										heating (oil and gas)				1%				heavy duty vehicles				0.12

										heating (wood)				8%				diesel cars				0.11

										burning of forestry waste				7%				pick-ups				0.09

										other burning processes				10%				buses				0.03

																		rest				0.04





Tabelle2

		





Tabelle3

		










Types of secondary aerosols

1. Sulphate aerosols

SO, (anthropogenic/volcanic) and DMS (dimethylsulfide, ocean)
are oxidised to H,SO, and build aerosols.

NH; (agriculture) + H,SO, => Ammoniumsulphate aerosol

2. Nitrate aerosols
NH; + HNO; (fossil fuel burning) => Ammoniumnitrate aerosol

3. Organic aerosols (SOA)

oxidation of volatile organic compounds (VOCs) leads to SOA.
Global production from biogenic VOCs (mostly terpenes) is much
higher than from anthropogenic VOCs (unburnt fossil fuel)

EPFL 2024



Nitrate and Sulfate Aerosols from
NH; and NO/SO, as Precursors

Swiss NO emission inventory Swiss NH, emission inventory

kgNha'a'
o=

% L R -'.- ™,

: : e . o [ 1-10

P Al e 4 B )~ [ 10-20
e FE Al yEms X [ 20-30

" oA o ! :_77 X s r o3 1
St gl i ol e
0__ : : PR
F: ! ‘}I

[T 30-40
M 40-50
M ss0
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3. secondary organic compounds (SOA)
Importance of oxidation of VOCs

dddddddd OH Abstractio
003

Wyche, ACP, 2009

Oxidation of trimethyl benzene
leads to products which are

- less volatile

- more polar

= particle formation/adsorption

EPFL 2024



Particles from volcanoes

Eyjafjallajokull &

EPFL 2024



detection of mass

detection of properties

Methods for measurements of particles in the atmosphere

Gravimetry

On-line method

FIDAS

Scanning Mobility Particle Sizer
(SMPS)

B 1 T .
presau - | S 7 loma

S—C

uuuuuu

Aerosol Mass Spectrometer (AMS)

Particle Beam Aerodynamic Particle
Generation Sizing Composition
Mass Spectmmeter-\_‘
Bea
Chopper
o ®
pTOF: The_rm I
Region Vaporézal:lon
Electr
Impact
lonizati
Pump Pump

EPFL 2024



Gravimetric particle measurements
= reference method

off-line analysis:
«conditioning of filter (air moisture)

«weighting of conditioned, clean filter
eone-day exposure (720 m?3 of air)
sre-weighting of exposed filter

Human breath volume/day? 0.5 L x 14 breath/min ~10 m3

Advantage : high volume = high amount of particles
(useful for further analyses)

Disadvantage: non-continuous analysis, laborious

EPFL 2024



N

Gravimetric particle measurements
the high volume sampler

inlet

o
N EREE |
H

1 sampling tube
2 filter

3 flow meter

4 flow check

5 flow regulation

6 pump

EPFL 2024



Gravimetric particle measurements
the high volume sampler

EPFL 2024



Inlets for
gravimetric measurement of particles

e SN )
WM
/ - AR /
— VRN
/ \ 7 )N /
! == P
GINT I 0 _
Y ,‘\“‘Tg‘ | &
| %%é{ f

Total particles (TSP) PM10 (particles <10 pm) = 0

ﬂﬂ

LIIJ LIIJ

EPFL 2024



i e ey 3
! - Inlets for

gravimetric measurement of particles
e.g. Haerkingen (near highway)

TSP

oMy PM10 G Folly
' v, ¢

/

-

I YembH
: \tﬂ‘-"i‘
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Impactor inlets for
gravimetric measurement of particles
the theory

EPFL 2024



on-line measurements of particle mass
FIDAS

LED light source
polychrom

Intensity (Voltage)
P

.

scattered light " At
detector

awiy

Mirror

Ry P2
Air probe\

1. Particle Counter:
Each particle is detected by its scattered light beam

2. Gravimetry/size distribution
The intensity of the light beam is dependent on the size

EPFL 2024



comparison of

on-line measurements of particle mass

FIDAS

LED Lichtguelle
(pe

Streillichtdetektar ™
Phot

s on-line
+» fast response
¢ high time-resolution

Gravimetry

% less interference
% samples used for
further analyses

(e.g. carcinogens)

EPFL 2024



measurement of particle size and number
Scanning Mobility Particle Sizer (SMPS)

Polydisparse Asrosol In

Heat Exchangar

Sheath AirIn | |

—-

High-Voltage - .
Rod

sistance Haater

Confrol Orifice )

Lesar [+
Diode -

Collifating Lens | .

Focusing Lens

led
ndenser

ter-Aemoval
Solkenoid

Resistance Heater

CPC

| pma

—
1-liter
Butanol
Resarvoir
Fin | -
Solenocid | -
. ‘- . I Monodisperse
Excass Air Out ‘l‘ Aerosol Out

1.Differential Mobility Analyzer (DMA)

Particles are charged and are then separated depending

on their size.

Changing the conditions leads to different sizes exiting

the DMA.

2. Condensation Particle Counter (CPC)

Selected particles are immersed in a n-butanol flow.
Subsequent cooling leads to enlargement of particles.

Extinction measurement in a laser beam.

Counts |E6]
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1.

measurement of particle ingredients
Aerosol Mass Spectrometer (AMS)

on-line analysis of particulate composition Particle Beam

Generation
elements: C, H, O, N, Fe, Zn, Pb, Hg

Aerodynamic Particle

Sizing Composition

and PAHs 1 P

Mass Spectrometer A
2 m N
- opper 3 \ 3
G Dot .5%_0}3( .. AES

mic
Lens

Particle Inlet (1 atm) Pump

Aerosol particles (0.04-1um) are sampled into
a vacuum system and focused

A rotating beam chopper provides packages
of particles

Size separation with the time-of-flight (TOF)
technique

Detection of elements by quadrupole mass
spectrometry

-
pTOF/
Regio

Pump

Aerodyne and TSI

|

|/ — Thermal
Vaporization
&
Electron
Impact
lonization
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Determination of particles by Aerosol Optical Depth
(AOD) from satellites and

AMAZONASS

Haze over China ] o ]
Biomass burning in Brazil, 2019

EPFL 2024



Natural

Human activities

processes

particles as a greenhouse drivers
(more in the greenhouse effect section)

Radiative forcing of climate between 1750 and 2005

Radiative Forcing Terms

Long-lived
greenhouse gases

Ozone

Stratospheric
water vapour

Surface albedo

Direct effect
Total

Aerosol | Cloud albedo
effect

Linear contrails

Stratospheric

| (-0.05)

I
|
I
|
n
|
|
|
|
|
|
I
|
|
|
|

Halocarbons
Tropospheric

Black carbon
on snow

|

Solar irradiance

Total net
human activities

-2

-1 0

.

2

Radiative Forcing (watts per square metre)
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co,

GREENHOUSE GASES
Anthropogenic Radiative Forcing in AR5

Compon
1T 1 1T 1T 1 I I 1T 1
- | co,
5 _ g
o CH, T |
= HCF&S CO, -
= | HaloCarbons _ | |
2 N0 | :
|
H,0O(Strat.
. | HFC—PFCs-SF, | ! (stret) BN
9 | T | i
[w]
8 | -~ | | Cco
B |
¢ | ~ | NMVOC
2
I‘~lhm1‘e I i | |
5 | Hima | | NO,
v | it Sulphate | ! NH;
|
o |
o Sulphate BC on | SO,
2l mw N7 - - |
(8]
@ >\\\\ £—|| Black Carbon
o . |
o - | Organic Carben
g IBlomuss| |
lBurnm
0 | | Mineral Dust
o | | |
g —-1.2¢ ERFaci | | Aerosol—Cloud
=T
| |
| Contrails | | Aircraft
|
1
A | | Land Use
E Surface Albedo |
o Solar Irradiance
11 1 I L1 1 1 L1 1 1 I L1 1 1 ‘ 1 L1 1 I 1 11
-0.5 0.0 0.5 1.0 1.5

Radiative Forcing [W m™]
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IPCC ARS5: Sources and sinks of CO,

How to convert CO, in C?

Volcanism 0.1
Rock weathering 0.3

[Ca 18
g%
- o]
28
= 5%
P =)
>
= Y s — )
g Al 4
0% tv ~na
o
Ev 8| €
25 I I
© .
o " &
o]
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air pollutants
in OPair

greenhouse gases
in Kyoto Protocol

Overview of measurement-techniques for
tropospheric trace compounds

SO, XX X
NO, XX X
CO XX X X
Oj (Troposph.) XX (X)
Particles X (X)
VOCs (X) X

co, XX X XX (X)
CH, X XX XX X
N,O XX X (X)
Halocarbons™ X (X)

XX: best available method
X: good method * also causing ozone depletion
(X): possible

EPFL 2024




CO, measured at Mauna Loa — a very important data set

420
2010-2020: growth rate 2.8 ppml/year

400
380
a 360
340

320 V#M

300
1950 1960 1970 1980 1990 2000 2010 2020 2030

http://scrippsco2.ucsd.edu/data/atmospheric_co2/primary_mlo_co2_record EPFL 2024



CO, measured world-wide

ion

<
Ee oo o 8 22
gl & 8 0@ %o
ot + ® o 0Zg

CO- mole fract

Latitude

1995 2000
1990 Year I !

1985

340 360 380 400 420 ppm
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CO, measurement methods

non-dispersive, infrared (NDIR) gas analyzer
A -

14 cm Optical Path

Alarm
Jumpers

Alarm LEDs

& [ & it}
RS-232 Purt/ | /

Adr Inlet/Outlet Ports

LI-COR

Remowvable terminal
atrip face

High stability with low zero and span drift

< 1 ppm signal noise at 390 ppm for CO,

http://www.licor.com/env/Products/GasAnalyzers/li840/840.jsp

EPFL 2024



CRD Laser from Picarro (G2301)

CO,, CH,, H,0

Gas
molecules

under test —Cavity

Detector

Laser .
Shutoff die

Precision (1 stand. dev.)
5sec: <0.070 ppm
300 sec: 0.025 ppm

FPhoto Detector

Photo Detector

No Molecules Present =

Long Ring-Down Time

v

Time (us)

Molecules Present =
Short Ring-Down Time

Time (us)

EPFL 2024



CO, measurement methods
Satellites

http://www.jaxa.jp/projects/sat/gosat/index_e.html http://oco.jpl.nasa.gov

- b ks I TR
Jid L A e
— : Gho oo Pt T

Orbiting Carbon Observatory (OCO, NASA)

Ibuki (,vitality”) on GOSAT Japan
Ibuki-1 launched in January 2009 OCO-1 launched in February 2009, but destroyed

Ibuki-2 launched in 2018 OCO-2 was launched in July 2014
Resolution ~1000 km?

OCO-3 was launched in May 2019

- 2
Resolution 4 km EPEL 2024



Latitude [deg.]
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CH,

Anthropogenic Radiative Forcing in AR5

Aerosols and Precursors Short Lived Gases Well Mixed GHG

Others

GREENHOUSE GASES

Components of Radiative Forcing

HaloCarbons
N,O

HFC—PFCs—SF,

|

|

|

| | |
| g Co

|

| g | NMVOC

I‘~lhm1‘e I i |
NO,

l |-= | |
| it Sulphate | NH;
Sulphate lHC on SC,

Black Carbon

Surface Albedo

|
|
|
|
|
Il
|
|
|
|
|
|
|
|
%now |
|
|
|
|
|
|
|
|
|

Solar Irradiance

N - Organic Carbon
' N (i) g
'B .
| uring Mineral Dust
|
-1.2€ ERFaci | Aerosol—Cloud
| .
| Contrails | Aircraft
|
1
| | Land Use
| |
|

|
-0.5

0.0 0.5 1.0
Radiative Forcing [W m™]

1.5

EPFL 2024



natural

global budget of CH,
IPCC AR5 (Chapter 6.3.3)

Sources (678 Tg, 2000-09)

Fossil fuel 14%
Livestock, ruminants 13%
Rice paddies 5%
| Landfill 11%
| Biomass/biofuel burning 5%
~ Natural wetland 32%
& Other natural 19%
Sinks
Oxidation by OH/Cl radicals 887%
Soil uptake 4%
Stratosphere 8%
Lifetime: GWP100;
12 years 28

anthropogenic
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global behaviour of CH,
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Possible reasons for reincrease

- warmer and wetter tundra

- thawing of Siberian permafrost soils?

- emissions from dissolving gas hydrates? EPFL 2024



air pollutants
in OPair

greenhouse gases
in Kyoto Protocol

Overview of measurement-techniques for
tropospheric trace compounds

SO, XX X
NO, XX X
CO XX X X
Oj (Troposph.) XX (X)
Particles X (X)
VOCs (X) X

CO, XX X XX (X)
CH, X XX XX X
N,O XX X (X)
Halocarbons™ X (X)

XX: best available method
X: good method * also causing ozone depletion
(X): possible
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Measurement method for CH,;
CRD Laser from Picarro (G2301)
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N,O

Anthropogenic Radiative Forcing in AR5

Aerosols and Precursors Short Lived Gases ell Mixed GHG

Others

GREENHOUSE GASES

Components of Radiative Forcing
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global sources/sinks of N,O
IPCC 5AR

Sources 17.9 Tg (2006-11)

natural (soils/oceans) 61%
Anthropogenic 39%
Agriculture soils/manure 23%
Industry/fossil fuel 4%
Biomass/biofuel burning 4%
Other anthropogenic 8%
Sinks
Stratosphere
Lifetime: GWP100;
123 years 265
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1. 6C-ECD

slow, high accuracy
Non-linear

Detection limit
~ 0.2 ppb (10 min)

Measurement methods for N,O:

2a. CRD laser 2b. QCL-laser

fast, high accuracy
Linear Linear

Detection limit
~ <0.2 ppb (30s) 0.1 ppb (100s)
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N,O measurement data
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ftp://ftp.cmdl.noaa.gov/data/greenhouse _gases
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