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Atmospheric composition
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» 99.9% of the atmosphere is chemically inert

» The remaining atmospheric gases are termed as “trace gases” with very small atmospheric mixing ratios:

opm — ppq (0. 0001% - 0.000000001%)

—

Trace gases

» Trace gases are not chemically inert. They react with atmospheric radicals such as OH, O, NO;...

(Free radicals are highly reactive atoms that have one unpaired electron)



What are the Volatile Organic Compounds?

» Trace gases with very small concentrations and high reactivity: ppb — ppqg (0.0000001% - 0.000000001%)

—_

Volatile . Vapor pressure > 0.27 kPa at 20°C.
Organic  : Carbon containing
Compound : Stable entity, distinct from radicals

— > 10000 compounds
NMHC : Non Methane Hydrocarbons
OVOC : Oxygenated Volatile Organic Compounds
SVOC . Semi-volatile Organic Compounds B
» This excludes the big 3: ' ﬂ’
1. CO,=410ppm

2. CH,= 1.8 ppm
3. CO =0.1ppm



Something to relate...
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VOC sources
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Emission

Biogenic VOC sources

Y = Ccg LAl'yT Yp YA YsmM Yc

-

©

/]

0N

=

L

Temperature PPFD
A A
s| T T 5

g g Growing
, , U . season
Soil Moisture Month

Ambient CO2

Courtesy: A. Guenther



Anthropogenic VOC sources
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Spatial distribution of VOC sources
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Emission uncertainties

Emission rate  Uncertainty range
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VOC importance : Ecology and Biology

Plant protection against stress

- Thermotolerance

£ __ Oxidative stress tolerance
E J Photoprotection

|

Plant reproduction

Pollination
Fruit and Seed dispersal
Plant defense

Indirect defense against herbivores

Direct defense against pathogens

Plant-plant interaction

Direct defense against o
herbivores Communication

Allelopathy

Penuelas and Staudt, 2010

» Biogenic VOCs : The doctor, arsenal and language of ecosystems



VOC importance: Ozone (O,) formation

Photochemical smog

VOCs Ground-level Ozone
Heat & Sun NOx Volatile organic 03
Nitrogen Oxides compounds
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Emissions, Industrial processes, Soils, Solvents, fumes,
combustion Energy production vegetation petroleum products

Leads to poor air quality for human health
Reduces forests growth and habitat quality
Reduces species diversity

Ozone negatively impacts vegetation




VOC importance: Ozone (O,) formation

Photochemical smog

VOCs Ground-level Ozone
Heat & Sun NOx Volatile organic 03
y Nitrogen Oxides compounds O
&
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Emissions. Industrial processes, Soils, Solvents, fumes,
combustion Energy production vegetation petroleum products —
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Leads to poor air quality for human health x&
Reduces forests growth and habitat quality 200
Reduces species diversity x&
Ozone negatively impacts vegetation o o
Disturbs ecosystem signals between plants and insects I 5-0cirane BMSanct ionc MLosiool Mc-Pinane IB-Cayophyins

Renu et al., Front. Physiol., 2019
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NOXx reduction is effective
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VOC importance : Atmospheric Physics
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 VOC oxidation products contribute to the growth of Secondary Organic Aerosols
— Alter cloud properties and precipitation patterns
— Have an indirect radiation effect
— Offer beautiful views (“blue haze”) Mt. Troodos (credit: Ya Tshey)




The ‘big picture’
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The datasets

NMHC data (CAO-INEIA, CAO-NIC): Weather data:
* Alkanes (ethane, propane, butanes, pentanes)  Temperature, radiation, wind speed and
* Alkenes (ethene, 1-butane) direction, pressure...

* Aromatics (benzene, toluene, xylenes)

VOC data (CAO-AMX, CAO-INEIA):

* Terpenes(isoprene, monoterpenes, sesquiterpenes)

 Aromatics (benzene, toluene, xylenes, naphtalene)

 0xVOC (Methanol, acetone, acetaldehyde, MVK, furan...) /
* Acids(formic acid, acetic acid, fulminic acid)

* Nitrogen containing (acetonitrile)

e Sulfur containing (DMS, DMDS)

Trace gases (all stations): (‘ \
* 0, NOx, CO, SO, ’

Rain

GHGs (all stations):
- CO,, CH,



Behind the VOC datasets

Chromatography Mass Spectrometry
lonization with electrons lonization with protons
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The Cyprus Atmospheric Observatory (CAO)
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The CAO-Ineia station (Data from CYPHEX 2014)
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Summertime observations at Ineia vs Nicosia
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OxVOCs
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Exemplary approach (NMHCs) The AQABA ship campaign
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ip campaign

The AQABA shi

Mediterranean Sea

Exemplary approach (NMHCs)
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Pentane concentrations as source identification tool
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The excess NMHC mole fraction (EMF)
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VOC sinks

photolysis NO; reaction 03 reaction
initiation carbonyls, alkenes, dienes, alkenes, dienes,
reactions ROOH, RC{O)JOOH aldehydes and and unsaturated
and RONO, ethers oxygenated products
I
Y
excited Criegee stabilised Criegee
reactions of [RCOORT RC(OOIR
intermediates stabilisation reaction with H,0,
decomposition NO, NO,, CO and 50,
products

Master Chemical Mechanism, Leeds Univ.



VOC sinks : a-pinene oxidation by OH
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Chemical lifetimes

Compound Atmospheric lifetime (approx.) | Characteristic sources
Greenhouse gas Chemical symbol Lifetime (years) Ethane 1.5 months Natural gas, biomass burning
Carbon dioxide Co0, 5-200 Acetylene 15 days Vehicle emissions, biomass burning
Methanol 12 days Plants, VOC oxidation
Methane CH,4 12 Y L
: : Propane 11 days Liquefied petroleum gas, natural gas
Nitrous oxide N-0 114 . — - —=- , -
- Benzene 10 days Industrial emissions, vehicle emissions, biomass burning
Sulphur hexafluoride | SF 3 200 iso/n-Butane | 5 days Vehicle emissions, liquefied petroleum gas
CFC-12 CCLF, 102 Ethanol 4 days Plants, biofuel
HCF(C-22 CHCIF, 12 iso/n-Pentane | 3 days Vehicle emissions, gasoline evaporation
Perflouromethane CF, 50 000 Toluene 2 days Solvents, vehicle emissions
Ethene 1 day Vehicle emissions
. . Formaldehyde | 1da VOC oxidation, biomass burnin
Ibtisam and Karim, 2016 . ’ . g
Isoprene 3 hours Plants
WHQO, 2016
[ [
Superheroes of atmospheric chemistry
£\ Tsoprene Ton To Ton Tors
‘ 1.4h 1.3d Methacrolein 41h 15d
Methyl vinvl ketone 6.8 h 36d
3-Methyl furan 1.5h 19h
Monoterpenes ToH o Toy Toa
Limonene 49 min 2h Limononaldehyde 1.26 h 2d
Terpinolene 37 min 13 min 4-Methyl-3-cyclohexenone 1.5h I.T.
o-Pinene 26h 46h Pinonaldehyde 29h >2.4 year
[-Pinene 1.8 h I.1d Nopinone 12h >4.5 year
A'-Carene 1.oh ITh Caroaldehvde 29h >2.3 year
Sabinene 1.2h 46h Sabinaketone 18.8d >0.9 year
Camphene 26h 18d Camphenilone 23d >4.5 year
Sesquilerpenes Ton T
B-Caryophyllene 42 min 2 min
o-Humulene 28 min 2 min
a-Cedrene 21h 14h
a-Copaene 1.5h 25h
Alcohols Tod Tod ToH To3
2-Methyl-3-buten-2-ol 24h 1.7d 5-Methyl-5-vinyltetrahydrofuran-2-ol 1.56.d 87d
cis-3-Hexen-1-ol 13h 62h
Linslool 52 min 55 min
1.8-Cineole 1.0d >110d
Methanol 12d =4.5 year

Ciccioliet al., 2014



Photochemical clocks: Lifetime-variability relationship

X, Y

A/T

Source

Measurement
X = short lifetime, Y = long lifetime

X
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FIG. 3.5  Variability in the concentration of atmospheric gases, expressed as the coefficient of variation among mea-

surements, as a function of their esimated mean residence imes in the atmosphere. Modified from [unge (1974), as
updated by Slinn (1988).
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Lifetime-variability on VOCs

S(n(X)) = A-7<b
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Bourtsoukidis et al., 2019
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Identifying radical chemistry

Oxidative triangles
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Identifying radical chemistry

Oxidative triangles

x 1071
T T T 3
ﬁ-hexang
i-hexane
@ N-pentane i
.n~butane
@
i-pentane
® |
propane i-butane
© ¢
ethane
toluene
\ ¢ benzene , ,
0 1 2 3 4
kOH X 1 0-1 2

In (i-butane / n-butane)

3 LS. E— | T T T T I
| © All data ,
: - Kl exhaust 621 \ 50:1 25:1 Cl only
e AG 100:1
2 * RSN
L| o CS1AG .
| & CS2, o 200:1 ’
1o css o g
. O Fiye 0
~~ <. _930:1 a
0 _11‘95-‘1 s . -‘
i OH only ».n ,,“
[ ALBR BT o,
s AcR ® &
aF & Sl 4 O
- A A ' ‘ ~0 1234567 {
I &AA@AAQ aAAA A £a 063018 p—
[ Age (days)
_2 L 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L 1 1 1 1 L 1
-5 4 .5 o2 1 0
In (i-butane / propane)
Bourtsoukidis et al., 2019
OH —80

Cl o+02

e.g.0=-0.63 - OH/Cl = 186:1




loannina, Greece : Residential combustion

Higher than what was measured
in polluted megacities (Delhi,
Tokyo, London, Beijing etc)
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Diurnal cycles
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The OH reactivity

Total OH reactivity is defined as the total loss rate of reaction of the hydroxyl
radical OH with atmospheric chemical compounds. It represents the inverse of
the OH radical lifetime. Since OH is the main atmospheric oxidant during
daytime, measuring the total OH reactivity represents an estimate of the total
loading of reactive molecules in the atmosphere.
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The OH reactivity
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Summary

nature

* POLIGCY & ETHICS )
Hr e Anthropocene Now: Influential

e Panel Votes to Recognize Earth’s
New Epoch

The atomic age would mark the start of the current geologic time unit, if proposal receives final
approval

By Meera Subramanian, Nature magazine on May 22, 2019
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