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� Ozone photostationary state

� Ozone formation reactions

� Ozone suppression reaction

� Ozone control strategy

Ozone Tropospheric Chemistry
Introduction

Introduction
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� NO + O3 � NO2 + O2

� NO2 +   hn (l � 420 nm) � O(3P) + NO

� O(3P) + O2 (M) � O3 (M)

� [O3] =    jNO2
[NO2] / KNO+O3

[NO]

However, this is a do-nothing cycle as long as (new) ozone 
formation is concerned.

Ozone photostationary state (Lighton, 1961)

Introduction
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Ozone formation reactions

P(O3) = [NO] {k [HO 2]+ � ki [RO2i]}
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Yasin Elshorbany Physikalische Chemie

VOC
RO2O2

OH

HONO + hv
HCHO + hv

O3 + hv
Alkenes + O3



Ozone suppresion

Under low NOx conditions:
� HO2 + HO2 � H2O2 + O2

� HO2 + RO2 � ROOH + O2

� RO2 + RO2 � Products
Ozone may be even also destroyed due to its reaction with HO2:

� HO2 + O3 � OH + 2O2

Introduction

Under high NOx conditions:
� OH +   NO2 + M � HNO3 +M
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� Ozone sensitivity
Determine the chemistry of the air matrix as VOC-sensitive 
or NOx-sensitive.

Ozone Control Strategy

� Ozone formation potential
Determine the contribution of the different VOCs to the ozone 
formation considering their kinetic and mechanistic point of view.

“how much reductions in VOC or NOx or both would be required to 
reduce the peak O3 concentrations to the air quality standards”

Introduction
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1. OH radical calculated by both the PSS assumption and 
MCM were in excellent agreementa......Why?

Motivation
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aElshorbany, et al.: Oxidation capacity of the city air of Santiago, Chile,Atmospheric 
Chemistry and Physics, 9, 2257-2273, 2009.
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OH 

RO2 

HONO+h� :  6.23  (5.6) 
Alkenes+O3:  0.30 (0.58) 
O3+h� :   0.01 (0.27) 

NO: 3.7 (4.2) 
NO2: 3.6 (3.4) 

VOC: 12.6 (24.9) 

CO: 0.79 (0.48) 
HCHO:  0.31 (1.1) 
OVOCs: 0.83 (1.95) 

HO2 

NO:  
14.1 (28.4) 

POH (others): 0.5 (1.1) 

LOH(VOC+OH): 
14.5 (28.4) 

POH(sec.): 
14.4 (28.9) 

HCHO+h� : 0.23 (0.54) 
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Motivation

BR = 1.0

R2 = 1.0

0

6

12

18

24

0 6 12 18 24

LOH(OH� HO2) + LOH(OH� RO2)

[107 molecule cm -3 s-1]

P
O

H
(H

O
2�

O
H

)
[1

0
7 

m
ol

ec
ul

e 
cm

-3
 s-1

]

Santiago, winter

TORCH, summer

MCMA-2003, spring

Santiago, summer

PUMA, summer

PUMA, winter

aElshorbany, et al.,  Seasonal dependence of the oxidation capacity in Santiago de Chile, 
Atmospheric Environment, in press, 2009.



2- Santiago's photochemical episode

Santiago de Chile is facing frequently pollution episodes with 
very high ozone concentration. 

Health problems associated with Air pollution in Santiago 
includes daily mortality and hospital admissions for 
respiratory illnesses. 

Development of an effective ozone control strategy requires 
explicit sensitivity analysis and  the determination of the 
contribution of each hydrocarbon to the ozone formation.

Yasin Elshorbany Physikalische Chemie
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I Field Measurements

Summer campaign: Mar 08-20, 2005 

Measured Parameters: 
� HONO: (LOPAP) 
� HCHO: (AeroLaser Hantzsch instrument), 
� NO: (Chemiluminescence’s instrument), 
� NO2: (OPSIS, Optical system), 
� O3 (short-path UV absorption), CO (IR absorption) and metrological 

data: obtained from the data of a nearby station), 
� Photolysis frequency, j values: (filter radiometers).
� VOC: GC-FID 
� PAN: GC-ECD

Methodology
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Modelling approach

The Master Chemical Mechanism, MCMv3.1

� MCMv3.1 is a near-explicit chemical degradation mechanism 

� methane and 135 primary emitted non-methane VOCs

� containing ca. 5900 species and 13500 reactions. 

� Base model was run constrained with average campaign 10 min data

of all measured parameters except O3, NO2 and PAN. 

Methodology
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Results and discussion
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Results and discussion
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� VOC [ppbC] / NOx [ppb]rule: 

< 10 � VOC limited and > 20 � NOx limited

� Santiago:  8 (rush hour), ~27 (at noon) with a day average of ~ 14.
In addition not all VOC could be quantified

� Even higher VOC/NOx ratio should be considered!
High ratios previously reported in Santiago (Jorquera et al., 2000)!

Disadvantages: Impact of VOC reactivity?!
Shown to fail in more sophisticated photochemical models 
(Sillman et al., 1999)

O3-VOC-NOx sensitivity
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Results and discussion



Ozone sensitivity analysis

NO sensitivity:
O3 increas as NO decrease followed
by decraese at 5 % of NO levels:

� Radical termination by NO2+ OH
� VOC sensitive
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Results and discussion
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VOC sensitivity:
O3 increase as VOC inrease:
� O3 is VOC sensitive
� 400 X VOC is required to 
consume the current NO levels.

� VOC sensitive



Potential Indicator Relationships
“Afternoon values of the indicator relationships determine the ozone  
formation as NOx-sensitive or VOC-sensitive (Sillman, 1995)”

� H2O2 / HNO3 (modeled): 0.014
(VOC-limited chemistry: < 0.4)

� HCHO / NOy (NOy = NOx + NOz): 0.08
(VOC-limited chemistry: < 0.28)

� O3 / NOz : 1.41, (NOz = HONO +HNO3+� RONO2+� PANs+N2O5)

(VOC-limited chemistry: < 7)

� VOC sensitive environment

Yasin Elshorbany Physikalische Chemie
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Ozone production efficiency, OPE

“Number of O3 molecules generated / molecules of NOx oxidized”

Reasons:high NOx � NO2 + OH ® HNO3 � NOz ­ and O3 ¯

Intercept  � ozone background, 23 (global background, 24-42) ;
Slope � OPE, ~1.5 � very low  (OPE range, 1.5 -10)
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Ox = 1.48×NOz + 23.0 ppbv
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Ozone Tendency
“is a measure of the ozone productivity of an air mass neglecting the 

deposition process (Salisbury et al, 2002) ”
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P(O3) = [NO] (k(HO2+NO)[HO2] + � k(RO2+NO)i [RO2] i)

L(O3) = k(OH+NO2)[OH][NO2][M] + P(RNO3)

N(O3) = P(O3) - L(O3) 

Results and discussion
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� N(O3) is higher than other urban studies.
� High N(O3) and low OPE 
� Anti-correlation between N(O3) and NO

� Highly polluted urban environment subject to high NOx levels



Photochemical Incremental Reactivity, PIR

“the number of O3 molecules formed per molecules of VOCi added”

Yasin Elshorbany Physikalische Chemie

aElshorbany, et al.,  Summertime Photochemical Ozone Formation in Santiago de Chile, 
Atmospheric Environment, in press, 2009.

� Individual PIR values of all measured VOC was calculateda

� Anthropogenic VOC contribute ~77 %,
� Biogenic hydrocarbons (isoprene and a-pinene), 23 %

Results and discussion

compound name PIR PIRadjusted
**

DODODODO3333/D/D/D/DVOC average median max
propene 0.25 0.39 3.80 1.56 38.8
1,3-butadiene 1.05 0.13 0.15 0.12 0.41
trans-2-butene 2.13 0.23 0.18 0.11 0.86
cis-2-butene 1.64 0.16 0.16 0.10 0.67
3-methyl-1-butene 0.72 0.10 0.19 0.14 1.22
1-pentene 0.70 0.13 0.30 0.18 1.77
isoprene 2.85 1.47 0.67 0.51 1.84
trans-2-pentene 2.13 0.30 0.24 0.14 1.41
cis-2-pentene 2.77 0.27 0.15 0.10 0.74
2-methyl-2-buten 2.97 0.58 0.33 0.20 2.10
1-hexene 0.94 0.13 0.20 0.14 0.80
2,3-dimethyl-2-butene 6.56 0.39 0.10 0.06 0.52
aaaa-pinene 2.15 0.57 0.41 0.27 1.95
propane 0.01 0.07 41.8 11.5 475
i-butane 0.03 0.05 2.95 1.57 18.0
n-butane 0.04 0.10 3.89 2.32 18.3
i-pentane 0.08 0.32 5.75 4.08 27.6
3-methylpentane 0.10 0.09 1.40 0.92 6.09
2-methylhexane 0.10 0.02 0.35 0.22 1.71
n-heptane 0.06 0.03 0.55 0.42 2.50
n-octane 0.06 0.01 0.34 0.23 1.82
benzene 0.02 0.03 2.13 1.43 9.22
toluene 0.18 0.74 6.30 4.11 32.7
n-decane 0.07 0.03 0.60 0.42 2.94
ethylbenzene 0.25 0.29 1.38 1.14 6.06
o-xylene 0.60 0.91 1.81 1.50 7.72
n-propylbenzene 0.20 0.05 0.36 0.26 1.68
1,3,5-trimethylbenzene 2.35 0.90 0.58 0.38 2.79
4-ethyltoluene 0.47 0.10 0.30 0.21 1.40
1,2,3-trimethylbenzene 1.44 0.24 0.27 0.17 1.31
styrene 0.46 0.07 0.22 0.16 1.02
**PIRadjusted  scales were calculated by multiplying the median v alue
of the mixing ratio of each VOC with the correspond ing scale.

mixing ratio (ppbv)

VOC)(VOCMean 
model base��� ean
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Ozone diurnal structure
VOCs contributing most to the ozone formation

� Daytime at ~15:00 h: 1,3,5-trimethylbenzene, toluene, o-xylene
� Afternoon at ~17 h:isoprene, a-pinene (ozone afternoon shoulder).
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Results and discussion

Other biogenic VOC may contribute, ....meteorological conditions....
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Ozone diurnal structure
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Results and discussion

Rappenglück et al. (2005): isoprene contribute to the afternoon ozone 
shoulder because of it afternoon emission profile.
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HONO contribution
� Ozone is a photochemical oxidation product.
� OH initiation is mainly driven by HONO photolysis.
� Role of HONO photolysis to ozone formation is a controversial issue.

(mainly: estimated HONO)

Yasin Elshorbany Physikalische Chemie

Results and discussion
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� Average daytime (8-19 h), ~37 %
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� Future Policies in Santiago (CONAMA) planes include the 
reduction of NOx emissions by 50 % by 2010.

Based on this Study:

� Reducing the NMHCs emissions should be also considered and 
specially those contribute most to the ozone formation (PIR scale).

� Reducing traffic emissions (by the further extended use of catalyst-
equipped vehicles) and gasoline vapor leaks from pump stations 
may significantly decrease ozone formation.

Impacts on Ozone Control Strategy

Yasin Elshorbany Physikalische Chemie

Results and discussion



� Ozone formation in the urban area of Santiago is VOC sensitive.

� The low OPE and high N(O3) is an evidence of the highly polluted 
urban area that are subjected to high NOx emissions.

� Ozone forming potential determined based on a PIR scale.

CONCLUSION
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� Isoprene and a-pinene contribute most to ozone formation afternoon 
but further investigation of the other emitted BVOC is required to 
elucidate the ozone afternoon shoulder in Santiago.

� HONO photolysis contribute ~37 % and therefore, should be 
measured and constrained to models simulating ozone formation

� On local scale, ozone control strategy in Santiago requires the 
reductions of VOC emissions in addition to NOx especially those 
contribute most to ozone formation.

CONCLUSION
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� Scenario_1: base scenario, MCM constrained to all parameters 

except O3, NO2 and PAN

� Scenario_2: Ozone sensitivity at different VOC/NOx regimes

� Scenario_3: To determine the individual hydrocarbons potentials

� Scenario_4: Diurnal contributions of different categories

� Scenario_5: HONO contributions

� Scenario_6: Reducing total VOC and NOx by 50 % both.

Methodology
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Model scenarios:



Ozone photochemical simulation
Results and discussion
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� Aromatics may overpredict ozone ~50% (Bloss et al., 2005).
� Average camapign data � Individual day simulations.
� Missed meteorological and topographical paramiterization.
� Other reasons (e.g., PBL depth, zero box modelling,..)
� Several reasons may account for this overestimation
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Ozone sensitivity analysis
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Results and discussion
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Ozone Tendency
“is a measure of the ozone productivity of an air mass neglecting the 

deposition process (Salisbury et al, 2002) ”
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P(O3) = [NO] (k(HO2+NO)[HO2] + � k(RO2+NO)i [RO2] i)

L(O3) = k(OH+NO2)[OH][NO2][M] - P(RNO3)
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Results and discussion

L(O3) contribute ~7 % to N(O3)



Photochemical incremental Reactivity, PIR

VOC)(VOCMean 
model base��� ean

 
VOC

�
PIR

333

-
)_-( 

=
D

D
=

i

 i

i

O3i is the ozone simulated as a result of a 5 % increase in the 
VOC species of interest, VOCi

“the number of O3 molecules formed per molecules of VOCi added”
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aElshorbany, et al.,  Summertime Photochemical Ozone Formation in Santiago de Chile, 
Atmospheric Environment, in press, 2009.

� Individual PIR values of all measured VOC was calculateda

� Anthropogenic VOC contribute ~77 %,
� Biogenic hydrocarbons (isoprene and a-pinene), 23 %

Results and discussion



compound name PIR PIRadjusted
**

DODODODO3333/D/D/D/DVOC average median max
propene 0.25 0.39 3.80 1.56 38.8
1,3-butadiene 1.05 0.13 0.15 0.12 0.41
trans-2-butene 2.13 0.23 0.18 0.11 0.86
cis-2-butene 1.64 0.16 0.16 0.10 0.67
3-methyl-1-butene 0.72 0.10 0.19 0.14 1.22
1-pentene 0.70 0.13 0.30 0.18 1.77
isoprene 2.85 1.47 0.67 0.51 1.84
trans-2-pentene 2.13 0.30 0.24 0.14 1.41
cis-2-pentene 2.77 0.27 0.15 0.10 0.74
2-methyl-2-buten 2.97 0.58 0.33 0.20 2.10
1-hexene 0.94 0.13 0.20 0.14 0.80
2,3-dimethyl-2-butene 6.56 0.39 0.10 0.06 0.52
aaaa-pinene 2.15 0.57 0.41 0.27 1.95
propane 0.01 0.07 41.8 11.5 475
i-butane 0.03 0.05 2.95 1.57 18.0
n-butane 0.04 0.10 3.89 2.32 18.3
i-pentane 0.08 0.32 5.75 4.08 27.6
3-methylpentane 0.10 0.09 1.40 0.92 6.09
2-methylhexane 0.10 0.02 0.35 0.22 1.71
n-heptane 0.06 0.03 0.55 0.42 2.50
n-octane 0.06 0.01 0.34 0.23 1.82
benzene 0.02 0.03 2.13 1.43 9.22
toluene 0.18 0.74 6.30 4.11 32.7
n-decane 0.07 0.03 0.60 0.42 2.94
ethylbenzene 0.25 0.29 1.38 1.14 6.06
o-xylene 0.60 0.91 1.81 1.50 7.72
n-propylbenzene 0.20 0.05 0.36 0.26 1.68
1,3,5-trimethylbenzene 2.35 0.90 0.58 0.38 2.79
4-ethyltoluene 0.47 0.10 0.30 0.21 1.40
1,2,3-trimethylbenzene 1.44 0.24 0.27 0.17 1.31
styrene 0.46 0.07 0.22 0.16 1.02
**PIRadjusted  scales were calculated by multiplying the median v alue
of the mixing ratio of each VOC with the correspond ing scale.

mixing ratio (ppbv)



Geographic Characteristics

Introduction

Area of Santiago: ~ 2.1% of Chile.

85.7 % of this area mountains

3.3 % urban Area

11 % agricultural area

Central Chile

� Urban Photochemical Reactor

Yasin Elshorbany Physikalische Chemie

Population: ~6 million,
~40 % of Chile population



II Modelling Approach

� POH = jHONO[HONO] – kNO+OH[NO][OH] + 
2jHCHO(rad)[HCHO] + JO1D [O3]� OH + 
� (kO3+Alkenes[Alkene]� OH)

� LOH = kNO2+OH[NO2][OH]
Considering high NOx conditions a

OH Photostationary state, PSS:
� OH = POH / kNO2+OH[NO2]

1     Simple Quasi-Stationary State assumption, PSS

Methodology

aElshorbany, et al.,  Summertime Photochemical Ozone Formation in Santiago de Chile, 
Atmospheric Environment, in press, 2009.
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Measurements Results Analysis

� HONO, CO : 
winter > summer

� j(NO2) and j(O1D) 
winter < summer

� Oxidation products:
summer > winter

� HONO/NOx: 
2nd peak �

Strong daytime source
Summer > winter 

� Strong Seasonal dependency 

Results and Discussion
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Oxidation Capacity

Day average contributions to the oxidation capacity:

� Summer:OH (89.4 %), O3 (10.3 %), NO3 (0.3 %) 

� Winter: OH (93.4 %), O3 (5.9 %), NO3 (0.7 %)

� OH is the dominant oxidant during summer and winter

Results and Discussion
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Radical Production and Destruction
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� Production / Destruction ratio : ~1
� P&D rates are 2 times higher in summer than in winter
Reasons:  Higher NOx levels and lower photochemical activity in winter

Results and Discussion
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Comparison with other Studies

BR = 1.0

R2 = 1.0

0

6

12

18

24

0 6 12 18 24

LOH(OH� HO2) + LOH(OH� RO2)

[107 molecule cm -3 s-1]

P
O

H
(H

O
2�

O
H

)
[1

0
7 

m
ol

ec
ul

e 
cm

-3
 s-1

]

Santiago, winter

TORCH, summer

MCMA-2003, spring

Santiago, summer

PUMA, summer

PUMA, winter

Results and Discussion

)ROOH(L)HO(OHL
OH)(HOP

BR
2OH2OH

2OH

®+®
®

=

Yasin Elshorbany Physikalische Chemie



Simulated OH Radical Levels
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Radical Initiation
On a 24 h basis, 
during summer and winter,
POH(HONO) :~52%, ~81% 
POH(alkenes): ~29%, ~12.5% 
POH(HCHO): ~15%, ~6.1% 
POH(O3):         ~4 %, ~0.4 % 

� POH(HONO): dominant source

� Strong seasonal dependence of      
the radical initiation sources

Results and Discussion
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