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the reference mechanism from which version 2 of the Mainz
Isoprene Mechanism (MIM2) was developed and optimized
(Tarborrelli et al., 2009). The close agreement of the perfor-
mance of MIM2 and MCM v3.1 has also been confirmed for
a wide range of NOx levels in the recent isoprene mechanism
intercomparison of Archibald et al. (2009), using the same
box model as applied in the present study. Consequently
the results of the sensitivity tests reported here can be com-
pared directly with the magnitude of the model-measurement
discrepancies reported for HOx previously (Lelieveld et al.,
2008; Butler et al., 2008; Kubistin et al., 2008). The sen-
sitivity tests place emphasis on processes for which experi-
mental and/or theoretical evidence has been reported in the
peer-reviewed literature, and aim to identify whether the in-
dividual or collective impacts of the mechanistic changes
are sufficient to account for the previously reported model-
measurement discrepancies.
In the second part of the paper, a parameterized represen-

tation of a consolidation of the mechanistic changes is opti-
mized and implemented into a reduced variant of the Com-
mon Representative Intermediates mechanism (CRI v2-R5),
for use in the STOCHEM global chemistry-transport model,
and the potential global impacts are illustrated and discussed.

2 Chemistry of isoprene degradation in MCM v3.1

The complete degradation chemistry of isoprene, as rep-
resented in MCM v3.1, consists of 605 reactions of 201
species. The chemistry can be viewed and downloaded using
the subset mechanism assembling facility, available as part
of the MCM website (http://mcm.leeds.ac.uk/MCM). The
methodology of mechanism construction has been described
in detail by Jenkin et al. (1997) and Saunders et al. (2003).
Although the chemistry initiated by reaction with OH, O3
and NO3 is represented, the OH-initiated degradation tends
to dominate under atmospheric conditions, and this chem-
istry is therefore the focus of the ensuing description.
The main features of the OH-initiated degradation chem-

istry to first generation products when NOx is present are
summarized in Fig. 1. Oxidation of isoprene in MCM v3.1
proceeds by sequential addition of OH and O2 leading to the
initial formation of four isomeric hydroxyl-substituted per-
oxy radicals (RO2). These are formed from the initial ad-
dition of OH to the terminal carbon atoms (i.e., positions 1
and 4), which is estimated to account for 90% of the reaction,
based on the structure-reactivity method described by Peeters
et al. (1994), as applied with the MCM. The other 10% is es-
timated to proceed via addition to the internal carbon atoms.
These minor channels are not represented in MCM v3.1, the
branching ratios for addition of OH at positions 1 and 4 being
scaled pro rata.
The relative importance of initial OH addition at posi-

tions 1 and 4 is also based on the structure-reactivity method
of Peeters et al. (1994), but is also broadly consistent with
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Figure 1. MCM v3.1 representation of the OH initiated degradation of isoprene to first 3 

generation products, in the presence of sufficient NOx such that NO provides the dominant 4 

reaction partner for the peroxy radicals. Species names correspond to those appearing in 5 

MCM v3.1. Closed-shell products are displayed in boxes, along with their molar yields. 6 

Fig. 1. MCM v3.1 representation of the OH initiated degradation
of isoprene to first generation products, in the presence of sufficient
NOx such that NO provides the dominant reaction partner for the
peroxy radicals. Species names correspond to those appearing in
MCM v3.1. Closed-shell products are displayed in boxes, along
with their molar yields.

a number of more recent estimates (e.g., Greenwald et al.,
2007). In each case, this leads to formation of an organic rad-
ical possessing an allyl resonance, such that the subsequent
addition of O2 can occur at two positions. As described by
Saunders et al. (2003), addition of O2 at the more substituted
site is assumed to be favoured in each case, and is assigned
a probability of 75%, leading to the initial distribution of the
RO2 radicals shown in Fig. 1.
The subsequent chemistry in the presence of relatively

high NOx levels leads predominantly to the formation of
carbonyl products, as a result of chemistry propagated by
reactions of peroxy (RO2) and oxy (RO) radical interme-
diates. For example, the initial oxidation sequence involv-
ing ISOPDO2 proceeds via the following catalytic cycle (see
Fig. 1 for species identities):

OH+isoprene(+O2) ! ISOPDO2 (R6)

ISOPDO2+NO! ISOPDO+NO2 (R7a)

ISOPDO!MACR(methacrolein)+CH2OH (R8)

CH2OH+O2!HCHO+HO2 (R9)

HO2+NO!OH+NO2 (R2)
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The peroxy radicals (RO2 and HO2) thus provide the cou-
pling with the chemistry of NOx, which leads to NO-to-
NO2 conversion, and formation of O3 upon photolysis of
NO2 (via Reactions R3 and R4). The subsequently-formed
oxy radicals determine the identities of the carbonyl prod-
ucts generated from the degradation. In MCM v3.1, the �-
hydroxyalkenyloxy radicals, ISOPBO and ISOPDO, are as-
sumed to undergo exclusive C-C bond scission, leading to
the formation of HCHO and the well-established C4 car-
bonyl products, methacrolein (MACR) and methylvinyl ke-
tone (MVK), resulting in respective molar yields of about
68%, 22% and 34% from the NOx-propagated chemistry, in
good agreement with those reported in the literature (e.g.,
Calvert et al., 2000 and references therein). On the ba-
sis of the results of Ruppert and Becker (2000) and Yu et
al. (1995), a minor decomposition channel is also included
for ISOPBO, leading to the formation of hydroxymethylvinyl
ketone (MVKOH) with a molar yield of about 11%, as shown
in Fig. 1, although it is noted that this process is not supported
by the results of Benkelberg et al. (2000).
The �-hydroxyalkenyloxy radicals, ISOPAO and ISOPCO,

are assumed to generate the closely-related C5 hydroxycar-
bonyl products 4-hydroxy-2-methyl-but-2-enal (HC4CCHO)
and 4-hydroxy-2-methyl-but-2-enal (HC4ACHO), which
have also been reported in the literature (Calvert et al., 2000;
Zhao et al., 2004; Baker et al., 2005; Paulot et al., 2009b).
In MCM v3.1, this is assumed to occur in each case via
a 1,5-H atom shift isomerisation, followed by reaction of
the resulting ↵-hydroxy organic radical with O2, in agree-
ment with the appraisals of Zhao et al. (2003) and Park et
al. (2004). It should be noted that the same products would
be formed (albeit from the alternative oxy radical) if ISOPAO
and ISOPCO reacted directly with O2. As shown in Fig. 1,
the resultant total molar yield of C5 hydroxycarbonyl prod-
ucts from the NOx-propagated chemistry is about 22%, in
reasonable agreement with that reported (Calvert et al., 2000;
Zhao et al., 2004; Baker et al., 2005; Paulot et al., 2009b).
The chemistry discussed above, and represented in reac-

tion sequence Reactions (R6)–(R9) and (R2), consists en-
tirely of propagation reactions which conserve the radical
population. Although that chemistry dominates when NOx
is present, some radical removal occurs as a result of the al-
ternative terminating channels for the reactions of the peroxy
radicals with NO, which form the corresponding organic ni-
trate product, e.g.:

ISOPDO2+NO! ISOPDNO3 (R7b)

As indicated by the total nitrate product yields shown in
Fig. 1, the weighted average branching ratio, k7b/(k7a+k7b)
for first generation nitrate product formation in MCM v3.1
is assigned a value of 10%, based on an evaluation of re-
ported yields (e.g., see Pinho et al., 2005), such that the suite
of oxy radicals (ISOPAO, ISOPBO, ISOPCO and ISOPDO)
is formed from the propagating chemistry with a yield of
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Figure 2. MCM v3.1 representation of the OH initiated degradation of isoprene to first 3 

generation products, in the absence of NOx (routes to formation of initial peroxy radicals are 4 

as shown in Figure 1). Species names correspond to those appearing in MCM v3.1. Closed-5 

shell products are displayed in boxes, along with their molar yields (N.B., HCHO, 6 

HC4ACHO and HC4CCHO are generated by more than one displayed reaction, such that 7 

their respective total molar yields are 30.7%, 5.8% and 9.9%). The yields correspond to 8 

conditions representative of traditional NOx-free chamber experiments with no primary HO2 9 

source (see text). 10 

Fig. 2. MCM v3.1 representation of the OH initiated degrada-
tion of isoprene to first generation products, in the absence of
NOx (routes to formation of initial peroxy radicals are as shown
in Fig. 1). Species names correspond to those appearing in MCM
v3.1. Closed-shell products are displayed in boxes, along with their
molar yields (N.B., HCHO, HC4ACHO and HC4CCHO are gener-
ated by more than one displayed reaction, such that their respective
total molar yields are 30.7%, 5.8% and 9.9%). The yields corre-
spond to conditions representative of traditional NOx-free chamber
experiments with no primary HO2 source (see text).

90%. It is noted that reported laboratory determinations of
the yields of isoprene nitrates from the OH-initiated chem-
istry show some variability, although the more recent studies
report values lying in the range 7–12% (Sprengnether et al.,
2002; Patchen et al., 2007; Paulot et al., 2009b; Lockwood et
al., 2010). The value applied in MCM v3.1 is therefore con-
sistent with these determinations, and is also in agreement
with the recent recommendation of the IUPAC data evalua-
tion panel (IUPAC, 2010).
The OH-initiated degradation chemistry to first generation

products when NOx is absent, as represented in MCM v3.1,
is summarized in Fig. 2. Under these conditions, removal of
the peroxy radicals occurs either via parameterized “permu-
tation reactions” with the “pool” of available organic peroxy
radicals (denoted “RO2”), or via reaction with HO2. e.g.:

ISOPDO2(+RO2) ! ISOPDO(+RO+O2) (R10a)

ISOPDO2(+RO2) ! ISOPDOH(+R�HO+O2) (R10b)

ISOPDO2(+RO2) !HCOC5(+ROH+O2) (R10c)

ISOPDO2+HO2! ISOPDOOH+O2 (R11)

Atmos. Chem. Phys., 10, 8097–8118, 2010 www.atmos-chem-phys.net/10/8097/2010/
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Fig. 4. Changes in mixing ratios of OH, HO2 and RO2, and the
HO2/OH ratio, for each mechanistic variant relative to MCM v3.1
(Mechanism 0). Continuous changes as a function of the simulated
NOx level obtained by interpolation of the data shown in Fig. 3.

k19a/k19 = 0.85; k19b/k19 = 0.15 (IUPAC, 2010). These com-
bined changes resulted in no new species being formed rela-
tive to the base case mechanism and only an increase of 15 in
the number of reactions. The resultant mechanism is denoted
Mechanism 1 (see Table 1).
The impact of usingMechanism 1, compared with the base

MCM v3.1 (Mechanism 0), is shown in Figs. 3 and 4. The
changes logically result in generally increased mixing ratios
of OH, HO2 and RO2, but the effect is small. The simu-
lated increases in OH mixing ratios are about 2% at the high
end of the NOx range (about 10 ppb NOx), and consistently
about 5–7% over the sub-ppb NOx range. This is consis-
tent with the results of a similar sensitivity test performed by
Pugh et al. (2010a) for the conditions of the OP3 campaign
in Malaysian Borneo, which resulted in a 4% increase in the
peak mixing ratio of OH. The increases in HO2 mixing ra-
tios are about 2–3% over the entire NOx range, with those
in RO2 gradually increasing with decreasing NOx, over the
approximate range 2–7% (see Fig. 4).

3.3 Implementation of updated chemistry for
first-generation hydroperoxides

As described above in Sect. 2, the OH-initiated degradation
of all the hydroperoxide products formed from isoprene in
the first generation of degradation is simplified inMCM v3.1,
in accordance with protocol rules which were designed to
maintain a manageable representation of the intermediates in
the degradation of the parent VOCs. Whereas the simpli-
fications applied to the primary and secondary hydroperox-
ides quantitatively regenerate OH, and are probably a rea-
sonable compromise for those formed in the isoprene system
(ISOPAOOH, ISOPCOOH and ISOPDOOH), the simplifica-
tion for tertiary hydroperoxides is much more severe and may
have implications for the representation of the degradation of
the major isoprene-derived hydroperoxide, ISOPBOOH.
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Figure 5. Schematic representation of the revised OH initiated degradation chemistry of the 2 

isoprene-derived hydroperoxides and epoxydiols in Mechanisms 2a and 2b. The chemistry is 3 

based on the mechanism of Paulot et al. (2009a), involving initial OH catalysed conversion 4 

into epoxydiols (IEPOXA, IEPOXB and IEPOXC). The main features of the further 5 

degradation are shown for the major isomer, IEPOXB. Initiation rate coefficients in units 10-6 
12 cm3 molecule-1 s-1. Propagating channels for the reactions of HO2 with the !"oxo peroxy 7 

radicals in this mechanistic extension were only represented in the consolidated Mechanism 4.  8 

Fig. 5. Schematic representation of the revised OH initiated
degradation chemistry of the isoprene-derived hydroperoxides and
epoxydiols in Mechanisms 2a and 2b. The chemistry is based
on the mechanism of Paulot et al. (2009a), involving initial
OH catalysed conversion into epoxydiols (IEPOXA, IEPOXB and
IEPOXC). The main features of the further degradation are shown
for the major isomer, IEPOXB. Initiation rate coefficients in units
10�12 cm3 molecule�1 s�1. Propagating channels for the reactions
of HO2 with the �-oxo peroxy radicals in this mechanistic extension
were only represented in the consolidated Mechanism 4.

The degradation of all the hydroperoxides was updated
on the basis of the mechanism of Paulot et al. (2009a),
with the major features of the chemistry shown schemati-
cally in Fig. 5. The results of Paulot et al. (2009a) sug-
gest that the reactions of OH with the hydroperoxides lead
predominantly (90%) to the formation of isomeric epoxydi-
ols, with associated regeneration of OH. In the present sen-
sitivity tests, it is assumed that the reactions proceed exclu-
sively to form the epoxydiols, so the upper limit impact of
the mechanism is being assessed. Subsequent explicit degra-
dation chemistry of the epoxydiol isomers was developed on
the basis of experimental information provided by Paulot et
al. (2009a) for the closely related species, cis-2,3-epoxy-1,4-
butanediol, supplemented where necessary by the structure-
reactivity method of Kwok and Atkinson (1995), and other

Atmos. Chem. Phys., 10, 8097–8118, 2010 www.atmos-chem-phys.net/10/8097/2010/
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Figure 7. Schematic representation of the degradation of the HPC42CHO as initiated by 2 

reaction with OH in Mechanisms 3a – 3d, and as initiated by photolysis in Mechanisms 3b – 3 

3d (see text). The boxed chemistry is unchanged from MCM v3.1, although it is noted that 4 

Peeters et al. (2009) suggest additional HOx formation may occur following isomerisation of 5 

HC4ACO3. For clarity, only the main propagating routes are shown, but competing reactions 6 

for peroxy radicals were fully represented in the mechanisms. Propagating channels for the 7 
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represented in the consolidated Mechanism 4.  9 

Fig. 7. Schematic representation of the degradation of the
HPC42CHO as initiated by reaction with OH in Mechanisms 3a–
3d, and as initiated by photolysis in Mechanisms 3b–3d (see text).
The boxed chemistry is unchanged from MCM v3.1, although it
is noted that Peeters et al. (2009) suggest additional HOx forma-
tion may occur following isomerisation of HC4ACO3. For clarity,
only the main propagating routes are shown, but competing reac-
tions for peroxy radicals were fully represented in the mechanisms.
Propagating channels for the reactions of HO2 with the acyl peroxy
radicals in this mechanistic extension were only represented in the
consolidated Mechanism 4.

HPC41CHO+h� (R22)
!HC(O)C(CH3) =CHCH2O+OH

HPC42CHO+h� (R23)
!HC(O)CH=C(CH3)CH2O+OH
The impact of representing these reactions with ap-

propriately elevated photolysis rates (daylight average
J22 = J23⇡5⇥10�4 s�1) was therefore also considered
(Mechanism 3b). Photolysis at this rate would generally
represent the dominant loss process for the hydroperoxy-
methyl-butenal isomers.

The impact of using Mechanisms 3a and 3b, relative to
the base MCM v3.1 (Mechanism 0) is shown in Figs. 3 and
4. Implementation of the isomerisation reactions without an
elevated photolysis rate for HPC41CHO and HPC42CHO
(Mechanism 3a) has a notable impact on the levels of OH,
HO2 and RO2, with the effect becoming progressively larger
as the NOx level decreases. The respective mixing ratios of
OH and HO2 were simulated to increase by about 13% and
50% at the low end of the NOx range, with that of RO2 simu-
lated to decrease by about 40% (see Fig. 4). The changes for
HO2 and RO2 mainly reflect the enhanced conversion of the
latter to the former via the 1,6 H-shift isomerisation chem-
istry for the cis-�-hydroxyalkenyl peroxy radicals, whereas
the increase in OH is mainly a result of its direct formation
from the implementation of the 1,5 H atom shift isomerisa-
tion reactions for the �-hydroxyalkenyl peroxy radicals. An-
other feature, apparent in Fig. 3, is that the implementation of
the chemistry inMechanism 3a leads to slight increases in the
simulated mixing ratios of NOx for the given NOx input rates
towards the low end of the range. The NOx increases are
mainly due to a further reduced ability of the newly imple-
mented chemistry to form oxidised organic nitrogen species
(in particular isoprene nitrates via Reaction R7b), owing to
the direct competition of the RO2 isomerisation reactions as
implemented in Mechanism 3a. Indeed, reductions in first-
generation isoprene nitrate formation were simulated across
the entire NOx range, with these reductions ranging from
about a factor of 2 towards the high end of the considered
NOx range, to about a factor of 6 at the low end of the
range. It is noted that phenomenological reductions of this
type could potentially help to reconcile laboratory determina-
tions of isoprene nitrate yields, which are typically reported
to be about 7–12% (see discussion in Sect. 2) with the lower
values of about 4%, which have been obtained through opti-
mising this aspect of a conventional mechanism on the basis
of field observations (e.g., Horowitz et al., 2007), although
it is recognised that such conclusions are also influenced by
assumptions regarding the fate and lifetime of the nitrates
(Perring et al., 2009) .
As shown in Figs. 3 and 4, implementation of the en-

hanced photolysis of HPC41CHO and HPC42CHO via Re-
action (R22), in conjunction with their formation via the 1,6
H-shift isomerisation reactions of the cis-�-hydroxyalkenyl
peroxy radicals (Mechanism 3b), leads to a much increased
impact on HOx radical levels, in particular on those of OH.
The impact on both OH and HO2 mixing ratios progres-
sively increases with decreasing NOx, up to respective in-
creases of about 230% and 65% at the low end of the NOx
range, relative to Mechanism 0 (see Fig. 4). This result
further illustrates that mechanistic changes which are re-
quired to yield the enhancements in OH levels which ap-
proach those which have been inferred from field observa-
tions require not only recycling of HOx, but also signifi-
cant net formation of OH via processes which are effectively
chain branching; in this case through the combination of the

www.atmos-chem-phys.net/10/8097/2010/ Atmos. Chem. Phys., 10, 8097–8118, 2010
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concentrations greater than about 50ppbv have been associated with 
health problems). 
 
 
Table 1.1: Composition of the Troposphere 
 

   
Major constituents Mole fraction Lifetime /yr  

   
N2 0.781 1.6 x 107  
O2 0.209 9000 
Ar 0.0093 4.5 x 109 

CO2 0.00039 5 
H2O 0 -  0.04 5 days 
CH4 1700 ppb 10 
H2   550 ppb 4 

N2O 320ppb 150 
CO 40 - 200 ppb 0.2 
O3 20 - 80 ppb 0.05 

C2H6 1 ppb 0.2 
SO2 0.1 ppb 5 days 
NO2 0.1 ppb 2 days 
OH 0.1 ppq <0.1 s 

 
 
The composition depends on a balance between the sources and sinks.  
Input may be from atmospheric, land or oceanic sources which may be 
purely natural or man-influenced.  Removal can occur over a range of 
timescales and may involve chemical and physical processes occurring 
in the atmosphere or deposition at the land or ocean surface.  Because 
the sources and sinks are non-uniform, the balances between source 
and sink fluxes are complex and involve interactions between 
chemistry and transport in the atmosphere. 

(ppb	  =	  10-‐9,	  ppt	  =	  10-‐12,	  ppq	  =	  10-‐15)	  



Ozone	  in	  the	  atmosphere	  
Distribu7on	  of	  O3:	  
• Non-‐uniform	  –	  maximum	  mixing	  ra7os	  seen	  in	  
the	  mid	  stratosphere	  (the	  ozone	  layer).	  

DU	  

[O3]dz∫Total	  column	  =	  	  



What	  is	  a	  chemistry	  scheme?	  
	   •  You	  can	  think	  of	  a	  chemistry	  scheme	  as	  being	  a	  massive	  

paramaterisa7on	  for	  the	  very	  complex	  chemistry	  that	  goes	  
on	  in	  the	  atmosphere.	  	  

•  The	  chemistry	  scheme	  contains	  informa7on	  about	  the	  
reac7ons	  which	  are	  being	  modelled;	  the	  stoichiometry	  of	  the	  
reac7ons,	  the	  kine7cs,	  the	  yields,	  all	  these	  data	  are	  used	  in	  
the	  model	  to	  calculate	  the	  con7nuity	  equa7on:	  

∂ x"# $%
∂t

= −U•∇ x"# $%+ Px − Lx

U	  =	  wind	  vector	  
Px	  =	  chemical	  (local)	  source	  
	  	  	  	  	  	  	  of	  chemical	  x	  
Lx =	  chemical	  or	  physical	  (local)	  
sink	  



What	  is	  a	  chemistry	  scheme	  cont.	  
	   •  Most	  of	  the	  work	  you	  will	  probably	  do	  will	  be	  adding	  to	  

exis7ng	  chemistry	  schemes.	  

•  In	  UKCA	  we	  have	  developed	  a	  number	  of	  chemistry	  schemes.	  
These	  different	  schemes	  are	  defined	  by	  the	  number	  of	  
tracers	  (or	  chemical	  species),	  the	  number	  of	  reac7ons	  (for	  
which	  there	  are	  several	  types	  –	  see	  later)	  and	  the	  use	  of	  
certain	  boundary	  condi7ons	  (now	  becoming	  a	  bit	  defunct).	  	  

•  For	  most	  applica7ons	  of	  UKCA	  you	  will	  probably	  use	  a	  
combined	  tropospheric	  and	  stratospheric	  chemistry	  scheme:	  
We	  call	  this	  CheST,	  in	  the	  code	  it	  is	  referred	  to	  as	  stra?rop.	  	  



What	  is	  a	  chemistry	  scheme	  cont.	  
	   •  CheST	  contains	  all	  the	  tracers	  and	  reac7ons	  for	  simula7ng	  

the	  chemistry	  of	  ozone	  from	  the	  boundary	  layer	  to	  the	  
stratopause	  (0	  –	  84km).	  	  

•  What	  does	  that	  mean?	  	  

•  It	  means	  that	  CheST	  has	  a	  “comprehensive”	  non-‐methane	  
hydrocarbon	  (NMHC)	  chemistry	  and	  the	  chemistry	  of	  the	  Ox,	  
NOx,	  HOx	  and	  halogen(chlorine	  and	  bromine)	  	  families	  
appropriate	  for	  the	  stratosphere.	  

•  There	  are	  ~	  80	  tracers	  which	  compete	  in	  ~	  300	  reac7ons.	  	  	  



Reac7ons	  in	  the	  atmosphere.	  
	  Photolysis	  reac7ons:	  
When	  a	  photon	  (energy	  =	  hν)	  is	  absorbed	  by	  a	  molecule	  it	  can	  
promote	  the	  molecule	  to	  an	  excited	  state	  	  

	  A	  +	  hν	  -‐>	  A* 	  (excited	  ‘A’	  molecule)	  
	  
The	  excited	  molecule	  has	  extra	  energy	  (=	  hν),	  it	  can	  release	  this	  
energy	  back	  out	  as	  radia7on:	  

	  A*	  -‐>	  A	  +	  hν 	
 	
(photo	  fluorescence)	

	

Or,	  the	  excited	  molecule	  may	  poses	  a	  bond	  which	  can	  break	  and	  so	  
turn	  into	  other	  products:	  

	  A*	  -‐>	  products 	   	  (photo	  dissocia7on)	  
	  
Whether	  or	  not	  a	  molecule	  will	  absorb	  a	  photon	  depends	  on	  the	  
molecules	  absorp7on	  cross	  sec7on:	  



The	  O3	  absorp7on	  cross	  sec7on.	  
	  

(Image	  from	  www.iup.uni-‐bremen.de)	  



Reac7ons	  in	  the	  atmosphere.	  
	  Photolysis	  reac7ons:	  
Whether	  or	  not	  a	  molecule	  will	  absorb	  a	  photon	  depends	  on	  the	  
molecules	  absorp7on	  cross	  sec7on:	  
	  
But	  whether	  or	  not	  a	  molecule	  will	  “react”	  also	  depends	  on	  the	  
quantum	  yield	  for	  the	  photo	  dissocia7on	  (θ),	  and	  the	  amount	  of	  
photons	  over	  the	  wavelengths	  that	  the	  molecule	  absorbs	  at	  (I).	  
	  
We	  can	  say	  that	  the	  photolysis	  rate	  constant	  (s-‐1)	  can	  be	  calculated	  
from:	  
	  
	   Ji = θi,vσ i,vIv

v=0

v=∞

∫
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Fig 2.17 Photolysis rates for selection of species. 

Reac7ons	  in	  the	  atmosphere.	  
	  



Reac7ons	  in	  the	  atmosphere.	  
	  Gas	  phase	  collision	  reac7ons:	  
Collisions	  between	  phase	  molecules	  can	  lead	  to	  a	  number	  of	  
outcomes:	  
	  
A	  +	  B	  -‐>	  A	  +	  B 	   	  (elas7c	  scaEering)	  
A	  +	  B	  -‐>	  A*	  +	  B-‐* 	  (inelas7c	  scaEering)	  
A	  +	  B	  -‐>	  products 	  (reac7ve	  collisions)	  
	  
It	  is	  only	  the	  last	  type	  of	  collision	  that	  we	  are	  interested	  in.	  There	  are	  
many	  text	  books	  which	  discuss	  the	  theore7cal	  (quantum	  mechanical)	  
nature	  of	  why	  these	  sorts	  of	  reac7ons	  happen.	  We	  don’t	  need	  to	  go	  
into	  that	  level	  of	  detail	  here.	  	  
	  
Instead	  we	  need	  to	  note	  that	  there	  are	  two	  general	  type	  of	  gas	  phase	  
reac7ons.	  
	  
	  



Reac7ons	  in	  the	  atmosphere.	  
	  Gas	  phase	  collision	  reac7ons:	  
	  
Bimolecular	  reac7ons:	  
A	  +	  B	  -‐>	  products	  
	  
The	  rate	  constant	  for	  this	  reac7on	  can	  be	  wriEen	  as:	  
kA+B(T)	  =	  A	  x	  (T/300)n	  x	  exp(-‐Ea/RT) 	   	  cm3	  s-‐1	  molecule-‐1	  
	  
Where	  A	  is	  a	  constant,	  determined	  experimentally,	  Ea	  represents	  the	  
ac7va7on	  energy	  for	  the	  reac7on	  (the	  energy	  barrier	  to	  overcome	  if	  A	  
and	  B	  collide	  to	  produce	  products,	  R	  is	  the	  gas	  constant,	  T	  is	  absolute	  
temperature	  (K)	  and	  the	  coefficient	  n	  is	  found	  from	  a	  fit	  of	  the	  
observed	  rate	  constant	  over	  a	  range	  of	  temperatures	  (this	  is	  oren	  
blank/missing).	  
	  



Reac7ons	  in	  the	  atmosphere.	  
	  Gas	  phase	  collision	  reac7ons:	  
	  
Bimolecular	  reac7ons:	  
Br	  +	  Cl2O2	  -‐>	  BrCl	  +	  Cl	  +	  O2	  
	  
The	  block	  of	  code	  below	  comes	  from	  ukca_chem_strattrop.F90	  	  
It	  includes	  a	  comment	  line	  telling	  us	  where	  the	  kine7c	  data	  came	  
from	  to	  calculate	  k(T).	  	  

! B001 JPL2011
ratb_t('Br        ','Cl2O2     ','BrCl      ','Cl        ','O2        ',& 
'          ',  5.90E-12,  0.00,    170.00, 0.000, 0.000, 0.000, 0.000), & 

A	   n	   (-‐Ea/R)	  
No	  frac7onal	  (<1)	  yields	  (up	  to	  4	  products)	  



Reac7ons	  in	  the	  atmosphere.	  
	  Gas	  phase	  collision	  reac7ons:	  
Special	  bimolecular	  reac7ons:	  
HO2	  +	  NO	   	  -‐>	  OH	  +	  NO2 	  (a)	  

	   	   	  -‐>	  HONO2 	   	  (b)	  
	  
The	  second	  channel	  in	  this	  reac7on	  is	  “special”.	  It	  depends	  on	  temp.	  
and	  pressure	  but	  does	  not	  follow	  the	  normal	  form	  of	  a	  bimolecular	  
reac7on.	  	   ! B060a added Alex 

ratb_t('HO2       ','NO        ','HONO2     ','          ','          ',& 
'          ',  3.60E-12,  0.00,   -270.00, 0.000, 0.000, 0.000, 0.000) ,&  

! HO2 + NO -> HONO2 (with extra temp and pressure dependence)
! Added by Alex 2012  
rk(1:n_points,iho2no)=rk(1:n_points,iho2no)*                    & 
         ((530.0/t(1:n_points)) + 8.53E-4*(1E-2*p(1:n_points))-1.73)/100.0 


The	  block	  above	  is	  from	  asad_bimol.F90,	  the	  
rou7ne	  used	  to	  calculate	  k(T).	  	  



Reac7ons	  in	  the	  atmosphere.	  
	  Gas	  phase	  collision	  reac7ons:	  
	  
Termolecular	  reac7ons:	  
A	  +	  B	  +	  M	  -‐>	  products	  
	  
The	  rate	  constant	  for	  this	  reac7on	  can	  be	  wriEen	  as:	  
	  
	  
	  
	  
	  
Which	  is	  a	  complex	  func7on	  of	  k(T)	  expressions	  analogous	  to	  those	  
for	  bimolecular	  reac7ons	  (i.e.	  func7ons	  of	  Ea,	  T	  etc).	  	  
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Formally, the mathematics for more complex systems is itself more 
complex but the decay rate is still an excellent indicator. In practice, 
radical species have short time constants and steady state is a very 
good approximation. 
Note that for a system of two first order (or psuedo first order) 
reactions 
                                           k1 

                               A        ⇔      B 
                                           k2 
the system approaches equilibrium with a time constant of (k1 + k2)-1 secs. So, only need 

k1 or k2 to be large for τeq to be small → can then apply steady-state. 
 
 

1.1 Gas phase kinetics 
Before we go on to examine the composition and structure of the 
atmosphere we will review the forms of rate coefficients for gas phase 
reactions.  

 
 
Bimolecular rate coefficients: 
A + B = products  
!obs(T) = !×exp!(−!"/!") molecules-1 cm3 s-1  
 
Termolecular rate coefficients: 
A + B + M = products 
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The pressure dependence comes about through, 
 

A+B$⇄!A∙B∗ ! !"#$%&'( 
 
 
 
 



Reac7ons	  in	  the	  atmosphere.	  
	  Gas	  phase	  collision	  reac7ons:	  
Termolecular	  reac7ons:	  
ClO	  +	  ClO	  +	  M	  -‐>	  Cl2O2	  +	  M	   	  (N.B.	  M	  is	  not	  a	  tracer!	  So	  it	  does	  not	  
need	  to	  be	  conserved	  in	  the	  chemistry	  reac7ons)	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

! T006 JPL 2011
ratt_t('ClO       ','ClO       ','Cl2O2     ','m         ',     0.6,    & 
  1.60E-32, -4.50,     0.00,  3.00E-12, -2.00,     0.00, 0.000, 0.000), & 	  

No	  frac7onal	  (<1)	  yields	  (only	  
two	  products)	  

F	  

Parameters	  to	  
calculate	  k0(T),	  the	  low	  
pressure	  limit	  (A,	  n	  
factor	  and	  -‐Ea/R).	  

Parameters	  to	  calculate	  
kinf(T),	  the	  high	  pressure	  
limit	  (A,	  n	  factor	  and	  -‐
Ea/R).	  



Reac7ons	  in	  the	  atmosphere.	  
	  Gas	  phase	  collision	  reac7ons:	  
Special	  termolecular	  reac7ons:	  
HO2	  +	  HO2	  +	  M	  -‐>	  H2O2	  +	  O2	  +	  M 	   	  	  
	  
	  
	  
	  
	  
	  
	  
	  

! T010 JPL 2011 see also asad_trimol.F90 
ratt_t('HO2       ','HO2       ','H2O2      ','O2        ',     0.0,    & 
  2.10E-33,  0.00,  -920.00,  0.00E+00,  0.00,     0.00, 0.000, 0.000), & 

F	  

! HO2 + HO2 [+ M]
!         h2o is an advected tracer
          DO jl = 1, n_points
            rk(jl,iho2) = rk(jl,iho2) *                                &
            ( 1.0 + 1.4E-21*f(jl,ih2o)*EXP(2200./t(jl)) )
          END DO

Extra	  code	  on	  the	  ler	  
is	  from	  
asad_termol.F90	  
which	  is	  used	  to	  
calculate	  k(T).	  In	  this	  
case	  kHO2+HO2(T)	  has	  an	  
extra	  term	  for	  [H2O]	  
dependence.	  	  



Forma7on	  of	  an	  O3	  layer.	  
Stratospheric	  Ozone:	  
•  The	  Chapman	  mechanism:	  

1.  O2	  +	  hv	  -‐>	  O	  +	  O	   	   	   	  (J1) 	   	  Slow	  
2.  O	  +	  O2	  +	  M	  -‐>	  O3	  +	  M 	   	  (k2) 	   	  Fast	  
3.  O3	  +	  hv	  -‐>	  O	  +	  O2 	   	   	  (J3) 	   	  Fast	  
4.  O	  +	  O3	  -‐>	  O2	  +	  O2 	   	   	  (k4) 	   	  Slow	  

•  The	  layered	  like	  structure	  of	  O3	  (maximum	  mixing	  
ra7o	  ~	  10	  hPa)	  occurs	  due	  to	  the	  compe77on	  of	  
these	  reac7ons.	  	  



Simple	  mechanism	  overes7mates	  [O3]	  
Ver7cal	  profile	  of	  [Ox]:	  
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concentrations in the uppermost layer are computed first, allowing the O3 
overheard column and thus absorption to be evaluated for successive layers at 
lower altitudes. Results from this (obviously highly idealised) model are 
shown in figure 9.2.  
 

 
Figure 9.2 Comparison of observed O3 in the present day atmosphere with 
simplified model calculations based on Chapman chemistry. 

A plausible O3 ‘layer’   is   seen,   although   stratospheric   O3 concentrations 
overestimate the observed values by ~ a factor 2. This overestimation is 
discussed  (and resolved) in section 11. However, we have a model suitable 
for exploring some facets of the early atmosphere of the Earth, and we will 
return to some of its deficiencies later. 
 

 
Section 9. Key points 

x The Chapman reactions can be used to derive a steady state O3 concentration in an 
‘oxygen  only’  atmosphere. 

x A rapid steady state is established between O and O3, leading to the concept of odd 
oxygen.  

x The photochemical lifetime of O3 is determined by the lifetime of odd oxygen. 

x Chapman  ’oxygen  only’  O3 overpredicts observed O3, by ~ factor 2. 
 

•  Clearly	  need	  
other	  loss	  
processes	  for	  
Ox	  to	  explain	  
observed	  
profile.	  



Cataly7c	  O3	  loss	  reac7ons	  needed.	  
e.g.	  NOx	  mediated	  Ox	  destruc7on:	  

•  Effec7vely	  we	  need	  to	  speed	  up	  reac7on	  4	  in	  the	  
Chapman	  mechanism:	  

•  	  For	  NOx,	  X	  =	  NO	  
	  

NO	  +	  O3	  -‐>	  NO2	  +	  O2	   	  k5~	  1.8E-‐14	  cm3	  s-‐1	  
NO2	  +	  O	  -‐>	  NO	  +	  O2	   	  k6~	  1E-‐11	  cm3	  s-‐1	  

NET: 	   	  O3	  +	  O	  -‐>	  O2	  +	  O2	  
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Figure 3.3 Variation of total ozone as a function latitude and season 
showing highest values at high latitudes just after the polar night. 
Photochemical theory alone would predict highest ozone over the tropics; 
the observed distribution is clearly influenced by large scale tranport. 
 

For many years it was thought that Chapman's model could 
adequately explain the distribution of stratospheric ozone. 
However, with improved measurements - both in the laboratory 
and in the atmosphere - it became apparent that reaction 3.4 only 
removes about 25% of the odd oxygen produced by oxygen 
photolysis. Calculations based on just the Chapman reactions will 
seriously overestimate stratospheric ozone concentrations. 

 
 

3.2  Catalytic cycles 
Reaction 3.4 has an unexpectedly high activation energy ((Ea ∼ 

17.5kJmol-1) for such an exothermic reaction (ΔH ∼ -390 kJmol-1). It 
was realised that, at stratospheric temperatures (200-290K), odd 
oxygen could be removed efficiently in catalytic cycles which 
achieve the same result as reaction 3.4 without loss of the catalytic 
species X or XO 

 
 
               X + O3       →       XO + O2 
                XO + O   →        X  + O2   
net          O + O3     →        O2 + O2              (i.e. reaction 3.4) 



How	  well	  does	  this	  compare	  with	  obs?	  
Observed	  vs	  (early)	  modelled	  Ox	  loss:	   
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Figure 4.3 Modelled % change in O3 for a change in ClOx from around 
1ppbv to 3ppbv (left panel). Observed rate of change of ozone %/yr (right 
panel). 
 
Reductions of greater than 20% are seen at ~40 km at high 
latitudes – note that as CH4 mixing ratios fall toward high 
latitudes, the reaction converting ClOx to HCl slows: 
 

 Cl + CH4 → HCl + CH3  
 

allowing more ClOx to remain in active form leading to greater O3 
loss.  
 
Ozone depletion has indeed been detected in the upper 
stratosphere. Do these calculations also explain the observed loss 
of ozone in Antarctica, first reported in 1985, where the total ozone 
column falls from > 300 DU to ~ 100 DU in a six week period each 
springtime? The answer is ‘No’. Despite the large percentage 
change in local O3 calculated above, the change in the total column 
O3 is small: 
 
Concentration of O3 at 40 km:      ~ 1012 cm-3   
ΔO3 assuming a 20% reduction over 5 km: 5×105×0.2×1012= 1017cm-2  
Total O3 column (e.g., Fig 3.3) = 400 D.U. = 400×2.69×1016 = 1019cm-2 
Percentage change in total O3 due to 40 km loss:  = 1% 
 
So, the large observed change in Antarctic is not explained by 
these upper stratospheric losses. Our theory of catalytic cycles is 
correct, in that it explains ozone behavior away from polar regions 
(eg the observed loss in the upper stratosphere) but it is 
incomplete.  
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13. Model predictions of changes in present day global O3  
13.1 Chlorine 
On the basis of the previous discussion, the rate of change of ozone (odd 
oxygen) can be written as: 
 

d([O]+[O3])/dt = 2.Ja[O2] – 2 ka[O][O3] – 2kb[O][NO2] – 2kc[O][HO2] 
- 2 kd[O][ClO] – 2ke[O][BrO] - etc… 

 
It was realised in the 1970s that an increase in the concentration of the radical 
catalysts (e.g. NOx emitted directly into the stratosphere by aircraft, or ClOx 
following degradation of CFCs, or HOx either directly from changing CH4, 
from aviation or through a changing climate) would change the balance in the 
above equation, leading to lower ozone.  

In the case of the CFCs, the largest O3 depletion was predicted to be at about 
40km, this being the altitude at which ClO was predicted to peak. The 
chlorine-driven loss was predicted to be small in the low stratosphere where 
[O] is low and ClOx was thought to be in the form of reservoirs ClONO2 and 
HCl. Figure 12.1 shows the modelled change in O3 for a change in ClOx from 
around 1ppb to 3ppb (somewhat below present values). 
 

  
Figure 13.1 Modelled % change in O3 for a change in ClOx from around 
1ppb to 3ppb. 
 
Reductions of greater than 20% are seen at ~40 km at high latitudes – note 
that at CH4 mixing ratios fall toward high latitudes, the reaction converting 
ClOx to HCl slows: 
 

 Cl + CH4 o HCl + CH3  
 

Remember the rate of 
O3 loss for the ClOx 
cycle is 2.[ClO].[O] – 
i.e. it depends on [O]. 
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that ozone is declining at rates approaching 1% per year at middle and high 
latitudes, with significant losses at all except equatorial latitudes (see figure 
13.5). Most recent observations suggest something of a recovery (figure). 
 

 
Figure 14.5 Observed trends in total ozone from 1980 to the mid 1990s. The 
shaded regions show trends which are not statistically significant. 

 
Figure 14.6 Observed trends in total ozone from the SBUV and TOMS-
SAGE satellites for 35qN - 60qN and 35qS - 60qS. It is likely a major volcanic 
eruption in 1991 has perturbed the trend, particularly in the northern 
hemisphere (see later). 

 
Figure 14.7 Trends in the vertical profile of O3 for 35qN - 60qN and 35qS - 
60qS. Note the marked reductions at 40 km, but also those at lower altitudes. 
 



Antarc7c	  O3	  deple7on.	  
Significant	  O3	  deple7on	  over	  Antarc7ca	  only.	  
Why?	  

 

 i 

Prologue 
 
There are many gases (and particles) that interest atmospheric 
chemists. In this course though, our main focus will be on 
understanding the atmospheric chemistry of ozone (O3). Ozone 
was discovered by C.F. Schönbein c.a 1840 – being named for it’s 
peculiar odour (ozein being Greek for smell). The first atmospheric 
measurements of ozone were made towards the end of 19th century 
at surface sites. Measurements of the atmospheric column (the 
total amount of ozone integrated between the earth surface and 
the top of the atmosphere) were made in the 1920s and it became 
obvious that most ozone must lie in a ‘layer’ above the surface. 
Measurements of the profile (Figure P1 shows examples from 
Antarctica) were made soon thereafter.  

 
 
Figure P1 Ozone profile measurements during the development of the 
Antarctic Ozone Hole. The profile on 21 August is ‘normal’; 6 weeks 
later there is almost complete destruction between 14-18km. 
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4.1 Polar stratospheric ozone hole 
 
So what are we missing? Are there reactive gases we have not 
accounted for or missing processes? The search for an answer to 
this problem consumed some of the greatest minds in atmospheric 
chemistry and eventually led to the Nobel prize for chemistry 
being awarded in 1995 for their work on the subject to Crutzen, 
Molina and Rowland.  
Halogen chemistry was assumed to be involved in the mystery of 
the Antarctic ozone hole very early on (Farman et al. 1985) but the 
key to understanding what was going on also relied on 
understanding why this phenomenon was happening only over 
Antarctica.  
 
PSC formation 
During the Antarctic winter, a relatively isolated vortex forms - 
strong westerly winds build up in the low stratosphere which 
inhibit north-south mixing of air. In the isolated vortex 
temperatures fall, reaching 180-190K by mid-winter. Once 
temperatures fall below a certain threshold, clouds form in the low 
stratosphere. These clouds are termed Polar Stratospheric Clouds 
(PSCs). 
 

 
Figure 4.4 Development of Antarctic polar vortex. 
 
The PSCs form on liquid sulfate aerosols (volcanoes can contribute 
to these) and nitric acid trihydrate particles (NAT = HNO3.3H2O). 
PSCs are important as they provide a reactive surface for 
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1) Rapid loss of ozone in a region where the 'standard' catalytic cycles could 
not work efficiently (insufficient [O], see section 5.1). Other 
destruction cycles must be operating. 

2) The appearance of high concentrations of ClO. Model calculations 
assuming only gas phase reactions partition the available chlorine into 
the reservoirs HCl and ClONO2, with only very small amounts of 
ClO. 

3) The appearance of the depletion over Antarctica in springtime. 

4) The very rapid onset of the depletion since the mid-1970's. 

The polar ozone loss mechanism is now thought to be as follows: 

15.1.2 Polar Stratospheric Cloud Formation 
During the Antarctic winter, a relatively isolated vortex forms - strong 
westerly winds build up in the low stratosphere which inhibit north-south 
mixing of air. In the isolated vortex temperatures fall, reaching 180-190K by 
mid-winter. Once temperatures fall below a certain threshold, clouds form in 
the low stratosphere. These clouds are termed Polar Stratospheric Clouds 
(PSCs).  

 
Figure 15.2 Schematic of Antarctic polar vortex structure. 

It is now known that the clouds are formed on liquid sulphate aerosols. H2O 
and HNO3 co-condense at temperatures 5-7K above the frost point (the 
condensation temperature for H2O) to form HNO3.3H2O  (nitric acid 
trihydrate or NAT) particles. The formation of the clouds at warmer 
temperatures is significant because it enlarges the volume of atmosphere 
which can be exposed to PSCs considerably over that in which pure ice 
clouds could form. Clouds have been observed by satellite at altitudes of up 
to 30 km. 

15.1.3 Heterogeneous Reactions on Polar Stratospheric Clouds. 
PSCs provide surfaces which can catalyse certain reactions which cannot 
proceed in the gas phase.  While the mechanistic details are uncertain, it is 
likely that chemisorption, or possible ionisation may take place on or in the 
particles which greatly reduces the activation energy barrier over that in the 

Ox	  loss	  
happens	  in	  
spring	  
when	  
[ClOx]	  
should	  be	  
low	  

(JHCl	  and	  JClONO2	  small)	  
	  



Chemistry	  in	  the	  dark.	  	  
Cold	  temperatures	  found	  in	  the	  vortex	  allow	  Polar	  
Stratospheric	  Clouds	  to	  form	  
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heterogenous reactions to occur. The most important reaction that 
happens on PSCs is: 
 

HCl s +ClONO2(g)
PSC Cl2(g)+HNO3(s) 

 
The net effect of this reaction is that inactive reservoirs of Cl are 
converted to an active form. Cl2 undergoes rapid photolysis as the 
sun rises in spring to produce atomic Cl, which reacts with O3 to 
produce ClO.  
 
The loss of O3 observed over Antarctica occurs in a region of the 
stratosphere where [NO2] is very low. This then allows [ClO] to 
increase to very high levels.  
 
The final piece of the puzzle was the role of the ClO dimmer. 
 
 ClO + ClO + M ! Cl2O2 + M   ka 
 Cl2O2 + hν ! Cl + ClO2    jb 
 ClO2 + M ! Cl + O2 + M   kc 
 2{Cl + O3 ! ClO + O2}    kd 
 
We can show that using this series of reactions, 
 
d[O3]/dt = -2ka[ClO]2[M] 
 
 
 

 
Figure 4.5 Temporal evolution of the O3 hole and the processes 
involved.  
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The ClO dimer can also thermally decompose back to 2 ClO molecules: 

  Cl2O2 + M o ClO + ClO + M   ke  

Using the usual methods (evaluating d[O3]/dt) the photolysis of the ClO 
dimer (reaction kb) is the rate limiting step for O3 loss by this chain. Dimer 
thermal decomposition occurs more rapidly at higher temperatures, and 
competes more effectively with photolysis, rendering the above cycle less 
efficient. 

The rate of O3 destruction by this chain of reactions ignoring thermal 
decomposition of the dimer is given by: 

  d[O3]/dt  =  - 2 ka [ClO]2 [M] 
The factor 2 arises as 2 O3 molecules are destroyed each iteration. 

At 50 mbar, with ClO mixing ratios of 1.5 ppb, ka is ~9u10-32cm6s-1 (low 
pressure limit) and the net ozone loss rate is thus: 

 2 [M] [ClO]2 ka = 2 (1.3u1018)3u (1.5u10-9)2u9u10-32  

 = ~9u105 mols/sec 

which for a typical ozone mixing ratio of 2 ppm implies a time-constant for 
ozone loss of ~3u106 seconds or ~ 60 days (with 50% sunlight) . This is of 
the correct order, but somewhat underestimates the observed rate of ozone 
decline. 

Note that as O3 is not itself involved in the RDS, O3 removal by the ClO 
dimmer cycle can be almost complete, as is observed. 

In fact there are additional loss mechanisms involving BrO which are thought 
to increase the ozone loss rate by around 30%, improving the agreement 
between observations and models. 

The overall processes involved in the polar ozone depletion are shown 
schematically in figure 15.3. 

 

 
Figure 15.3 Processes involved in the different stages of the Antarctic O3 hole. 
 
 
15.1.6 The Appearance of the Antarctic Ozone Hole 

Note that this now 
differs from the earlier 
rate determining steps 
in not involving [O]. 

All	  the	  NOx	  is	  
locked	  up	  in	  
HNO3	  –	  this	  
solidifies	  under	  
the	  cold	  T.	  



Heterogeneous	  chemistry	  wins!	  
PSC	  mediated	  Ox	  destruc7on:	  

	   	   	   	  HCl	  +	  ClONO2	  -‐>	  Cl2	  +	  HONO2	   	  γ=	  0.6	  

ClO	  +	  NO2	  -‐>	  Cl	  +	  NO	   	   	  	  
	  

ClO	  +	  ClO	  +	  M	  -‐>	  Cl2O2	  +	  M 	  k1~	  9E-‐12	  cm6	  s-‐1	  
Cl2O2	  +	  hv	  -‐>	  Cl	  +	  ClO2	   	   	  J2~	  1E-‐2	  s-‐1	  
ClO2	  +	  M	  -‐>	  Cl	  +	  O2 	  	   	   	   	  k3~	  9E-‐34	  cm3	  s-‐1	  
	  

d[O3]/dt	  =	  -‐2k1[ClO]2[M]	  

PSC	  



VOC	  propagated	  O3	  produc7on	  

VOC 
carbonyl 

product(s) 

OH HO2 

RO2 RO 

NO NO2 

NO NO2 

O2 rxn with O2, 
decomposition or 
isomerisation. 

hυ	
 O3 
O2 

hυ	


O2 

O3 



VOC	  propagated	  O3	  produc7on	  

VOC 
carbonyl 

product(s) 

OH HO2 

RO2 RO 

NO NO2 

NO NO2 

O2 rxn with O2, 
decomposition or 
isomerisation. 

hυ	
 O3 
O2 

hυ	


O2 

O3 

NO2 + hυ → NO + O(3P) 
O(3P) + O2 (+M) → O3 (+M) 



VOC	  propagated	  O3	  produc7on	  

VOC 
carbonyl 

product(s) 

OH HO2 

RO2 RO 

NO NO2 

NO NO2 

O2 rxn with O2, 
decomposition or 
isomerisation. 

hυ	
 O3 
O2 

hυ	


O2 

O3 
RO2 + NO → NO2 + RO 
UM-UKCA ~  1,716 Tg/yr 
FRSGC-UCI ~ 1,734 Tg/yr 



VOC	  propagated	  O3	  produc7on	  

VOC 
carbonyl 

product(s) 

OH HO2 

RO2 RO 

NO NO2 

NO NO2 

O2 rxn with O2, 
decomposition or 
isomerisation. 

hυ	
 O3 
O2 

hυ	


O2 

O3 

HO2 + NO → NO2 + OH 
UM-UKCA ~  2,201 Tg/yr 
FRSGC-UCI ~ 3,023 Tg/yr 



VOC	  propagated	  O3	  produc7on	  

VOC 
carbonyl 

product(s) 

OH HO2 

RO2 RO 

NO NO2 

NO NO2 

O2 rxn with O2, 
decomposition or 
isomerisation. 

hυ	
 O3 
O2 

hυ	


O2 

O3 

P	  
Prod.	  O3	  =	  ΣRO2+NO	  +	  HO2+NO	  +	  …	  	  

	   	   	   	   	   	  (33	  –	  45%) 	   	  (66	  –	  55%)	  
	  
NOT	  the	  fast	  cycles	  (O(3P)	  +	  O2	  +	  M	  and	  NO2	  +	  hv)	  



NO2	   	  	  	  	  	  	  	  	  L:	  
	  	  	  	  	  O3	  +	  HO2	  
	  	  	  O3	  +	  OH	  
O(1D)	  +	  H2O	  
O3	  +	  alkenes	  

O3	  deposi7on	  

O3	  
O(3P)	  	  O(1D)	  

PAN	  

HNO3	  

HO2NO2	  

NO3	  

N2O5	  

dep	  

dep	   	  	  +	  other	  net	  
	  	  	  loss	  terms	  

Defining	  O3	  loss	  
NOy	  loss	  

O3	  loss	  



NO2	   	  	  	  	  	  	  	  	  L:	  
	  	  	  	  	  O3	  +	  HO2	  
	  	  	  O3	  +	  OH	  
O(1D)	  +	  H2O	  
O3	  +	  alkenes	  

O3	  deposi7on	  

O3	  
O(3P)	  	  O(1D)	  

PAN	  

HNO3	  

HO2NO2	  

NO3	  

N2O5	  

dep	  

dep	   	  	  +	  other	  net	  
	  	  	  loss	  terms	  

Defining	  O3	  loss	  
NOy	  loss	  

O3	  loss	  

HONO2 depositon 
UM-UKCA ~  173 Tg/yr 
FRSGC-UCI ~ 209 Tg/yr 



NO2	   	  	  	  	  	  	  	  	  L:	  
	  	  	  	  	  O3	  +	  HO2	  
	  	  	  O3	  +	  OH	  
O(1D)	  +	  H2O	  
O3	  +	  alkenes	  

O3	  deposi7on	  

O3	  
O(3P)	  	  O(1D)	  

PAN	  

HNO3	  

HO2NO2	  

NO3	  

N2O5	  

dep	  

dep	   	  	  +	  other	  net	  
	  	  	  loss	  terms	  

Defining	  O3	  loss	  
NOy	  loss	  

O3	  loss	  

Other NOy loss 
UM-UKCA ~  12 Tg/yr 
FRSGC-UCI ~ 8 Tg/yr 



NO2	   	  	  	  	  	  	  	  	  L:	  
	  	  	  	  	  O3	  +	  HO2	  
	  	  	  O3	  +	  OH	  
O(1D)	  +	  H2O	  
O3	  +	  alkenes	  

O3	  deposi7on	  

O3	  
O(3P)	  	  O(1D)	  

PAN	  

HNO3	  

HO2NO2	  

NO3	  

N2O5	  

dep	  

dep	   	  	  +	  other	  net	  
	  	  	  loss	  terms	  

Defining	  O3	  loss	  
NOy	  loss	  

O3	  loss	  

HO2 + O3 → 2O2 + OH 
UM-UKCA ~ 1,375 Tg/yr 
FRSGC-UCI ~ 1,163 Tg/yr 

O3 + OH → O2 + HO2 
UM-UKCA ~ 525 Tg/yr 
FRSGC-UCI ~ 488 Tg/yr 

O(1D) + H2O → 2OH 
UM-UKCA ~ 2,716 Tg/yr 
FRSGC-UCI ~ 2,618 Tg/yr 

O3 deposition 
UM-UKCA ~ 877 Tg/yr 
FRSGC-UCI ~ 943 Tg/yr 



NO2	   	  	  	  	  	  	  	  	  L:	  
	  	  	  	  	  O3	  +	  HO2	  
	  	  	  O3	  +	  OH	  
O(1D)	  +	  H2O	  
O3	  +	  alkenes	  

O3	  deposi7on	  

O3	  
O(3P)	  	  O(1D)	  

PAN	  

HNO3	  

HO2NO2	  

NO3	  

N2O5	  

dep	  

dep	   	  	  +	  other	  net	  
	  	  	  loss	  terms	  

Defining	  O3	  loss	  
NOy	  loss	  

O3	  loss	  

Loss	  =	  ΣO(1D)+H2O	  +	  HO2+O3	  +	  OH+O3	  +	  	  
	   	   	   	  (60	  –	  54%)	   	   	  	  	  	  (26	  –	  34%)	   	  (12	  –	  14%)	  

	   	   	  O3	  dry	  dep	  +	  …	  



Distribu7on	  of	  NCP	  
Diagnosed	  dO3/dt	  from	  the	  solver 	   	  ppbv/hr	  
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Other	  radical	  termina7on	  reac7ons	  

VOC 
carbonyl 

product(s) 

OH HO2 

RO2 RO 

NO NO2 

NO NO2 

O2 rxn with O2, 
decomposition or 
isomerisation. 

H2O2 

HO2 

HO2 + HO2 → H2O2 
UM-UKCA ~  2,212 Tg/yr 
FRSGC-UCI ~ 2,280 Tg/yr 



Other	  radical	  termina7on	  reac7ons	  

VOC 
carbonyl 

product(s) 

OH HO2 

RO2 RO 

NO NO2 

NO NO2 

O2 rxn with O2, 
decomposition or 
isomerisation. 

HNO3 

NO2 

H2O2 

HO2 

NO2 + OH → HONO2 
UM-UKCA ~  111 Tg/yr 
FRSGC-UCI ~ 178 Tg/yr 



Other	  radical	  termina7on	  reac7ons	  

(R’O2	  =	  ΣRO2+HO2)	  

VOC 
carbonyl 

product(s) 

OH HO2 

RO2 RO 

NO NO2 

NO NO2 

O2 rxn with O2, 
decomposition or 
isomerisation. 

ROOH 

HO2 

ROH + R-HO 

RO2 

HNO3 

NO2 

H2O2 

HO2 

CH3O2 + R’O2 → ROOH/ROH 
UM-UKCA ~  1,390 Tg/yr 
FRSGC-UCI ~ 1,765 Tg/yr 



Other	  radical	  termina7on	  reac7ons	  

VOC 
carbonyl 

product(s) 

OH HO2 

RO2 RO 

NO NO2 

NO NO2 

O2 rxn with O2, 
decomposition or 
isomerisation. 

ROOH 

HO2 

ROH + R-HO 

RO2 NO 

RONO2 

NO2 

RO2NO2 

HNO3 

NO2 

H2O2 

HO2 

ISOPO2 + NO → ISON 
UM-UKCA ~  73 Tg/yr 
FRSGC-UCI ~ NA 



What	  is	  missing	  from	  CheST?	  
	   •  So	  what	  doesn’t	  CheST	  do?	  

•  The	  comprehensive	  NMHC	  chemistry	  is	  similar	  in	  detail	  to	  
that	  used	  in	  most	  other	  CCMs	  (e.g.	  CESM,	  GEOS-‐CCM,	  
CHASER)	  and	  CTMS	  (e.g.	  TOMCAT,	  GEOS-‐chem)	  but	  is	  s7ll	  far	  
from	  complete.	  We	  have	  a	  very	  limited	  coverage	  of	  reac7ve	  
hydrocarbons	  (e.g.	  butane,	  alkenes)	  and	  no	  aroma7c	  
compounds	  (e.g	  benzene).	  

•  The	  coverage	  of	  stratospheric	  chemistry	  is	  good,	  but	  we	  lump	  
many	  of	  the	  CFCs	  and	  their	  replacements	  into	  a	  small	  number	  
of	  emiEed	  compounds.	  	  	  



What	  is	  missing	  from	  CheST	  cont.	  
	   •  So	  what	  doesn’t	  CheST	  do?	  

•  There	  is	  no,	  zero,	  relevant	  mesospheric	  chemistry.	  There	  is	  
only	  one	  model	  that	  is	  really	  any	  good	  in	  the	  mesosphere	  
(WACCM).	  	  

•  Whilst	  bromine	  and	  chlorine	  are	  well	  represented	  in	  the	  
stratosphere,	  there	  is	  scope	  for	  more	  inclusion	  of	  
tropospheric	  compounds	  (e.g.	  CHBr2Cl	  and	  other	  VSLS).	  

•  There	  is	  no	  Iodine	  chemistry.	  



Building	  a	  chemistry	  scheme.	  
	   1.  Define	  the	  problem	  you	  want	  to	  look	  at:	  

•  Am	  I	  interested	  in	  fast	  photo	  chemistry	  (radicals)	  or	  are	  the	  
life7mes	  of	  the	  things	  I’m	  interested	  in	  intermediate?	  	  

•  Am	  I	  going	  to	  compare	  the	  results	  to	  observa7ons,	  if	  so	  what	  
type	  (satellite,	  ground	  based,	  aircrar	  etc)?	  

•  Do	  I	  need	  to	  run	  a	  complex	  model	  –	  can	  I	  “get	  away	  with”	  a	  
back	  of	  the	  envelope	  or	  box	  model?	  

2.  Develop	  a	  comprehensive	  scheme:	  
•  Include	  as	  many	  reac7ons	  as	  you	  can.	  If	  the	  scheme	  is	  based	  

on	  a	  published	  scheme	  use	  that.	  If	  it’s	  specula7ve	  do	  your	  
home	  work!	  There	  are	  many	  reac7on	  data	  bases	  out	  there	  
(e.g.	  	  hEp://kine7cs.nist.gov/kine7cs/index.jsp)	  



Building	  a	  chemistry	  scheme.	  
	  



Building	  a	  chemistry	  scheme.	  
	  

The	  NASA	  JPL	  data	  evalua7on	  
team.	  
	  
Each	  member	  has	  relevant	  
experience	  (senior	  posi7on)	  and	  
is	  an	  accredited	  expert	  in	  their	  
field.	  
	  
Predominantly	  stratospheric	  
focus.	  



Uncertainty	  in	  JPL	  recommenda7ons	  
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Examples of symmetric and asymmetric error limits are shown in Figure 1. 

 
Figure 1.  Symmetric and Asymmetric Error Limits 

 
The assigned uncertainties represent the subjective judgment of the Panel.  They are not determined 

by a rigorous, statistical analysis of the database, which generally is too limited to permit such an analysis.  
Rather, the uncertainties are based on knowledge of the techniques, the difficulties of the experiments, and 
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extrapolation of data. In several cases where sufficient data exist, reactions of this type are treated in Table 
2. 

The rate constant tabulation for second-order reactions (Table 1) is given in Arrhenius form:  

E/R
k(T)=A exp -

T
§ ·
¨ ¸
© ¹

<  

and contains the following information: 

1. Reaction stoichiometry and products (if known).  The pressure dependences are included, where 
appropriate. 

2. Arrhenius A-factor: A 
3. Temperature dependence (“activation temperature”):  E/R 
4. Rate constant at 298 K: k(298 K) 
5. Rate constant uncertainty factor at 298 K: f(298 K) (see below) 
6. A parameter used to calculate the rate constant uncertainty at temperatures other than 298 K: g 

(see below) 
7. Index number for a detailed note containing references to the literature, the basis of 

recommendation and in several cases, alternative methods to calculate the rate constant. 
For a few reactions, the A-factor, E/R and k(298 K) are italicized.  These represent estimates by the Panel 
in cases where there are no literature data or where the existing data are judged to be of insufficient quality 
to base a recommendation. 

1.2 Uncertainty Estimates 
For bimolecular rate constants in Table 1, an estimate of the uncertainty at any given temperature, 

f(T), may be obtained from the following expression: 

1 1
f(T)=f(298 K)exp g

T 298
§ ·�¨ ¸
© ¹

 

Note that the exponent is an absolute value.  An upper or lower bound (corresponding approximately 
to one standard deviation) of the rate constant at any temperature T can be obtained by multiplying or 
dividing the recommended value of the rate constant at that temperature by the factor f(T).  The quantity 
f(298 K) is the uncertainty in the rate constant at T = 298 K.  The quantity g has been defined in this 
evaluation for use with f(298 K) in the above expression to obtain the rate constant uncertainty at different 
temperatures.  It should not be interpreted as the uncertainty in the Arrhenius activation temperature (E/R).  
Both uncertainty factors, f(298 K) and g, do not necessarily result from a rigorous statistical analysis of the 
available data.  Rather, they are chosen by the evaluators to construct the appropriate uncertainty factor, 
f(T), shown above. 

This approach is based on the fact that rate constants are almost always known with minimum 
uncertainty at room temperature.  The overall uncertainty normally increases at other temperatures, because 
there are usually fewer data at other temperatures.  In addition, data obtained at temperatures far distant 
from 298 K may be less accurate than at room temperature due to various experimental difficulties.  

The uncertainty represented by f(T) is normally symmetric; i.e., the rate constant may be greater than 
or less than the recommended value, k(T), by the factor f(T).  In a few cases in Table 1 asymmetric 
uncertainties are given in the temperature coefficient.  For these cases, the factors by which a rate constant 
is to be multiplied or divided to obtain, respectively, the upper and lower limits are not equal, except at 298 
K where the factor is simply f(298 K).  Explicit equations are given below for the case where g is given as 
(+a, –b): 

For T > 298 K, multiply by the factor 

1 1a
298 Tf(298 K)e

ª º§ ·�¨ ¸« »© ¹¬ ¼  

and divide by the factor 
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Table 1-1.  Rate Constants for Second-Order Reactions 

Reaction A-Factora E/R k(298 K)a f(298 K)b g Notes 

O× Reactions       

 O + O2 
M�o�  O3 (See Table 2)      

 O + O3 o O2 + O2 8.0×10–12 2060 8.0×10–15 1.10 200 A1 

O(1D) Reactions      A2 

 O(1D) + O2 o O + O2 3.3×10–11 –55 3.95x10-11 1.1 10 A3 

 O(1D) + O3 o O2 + O2 1.2×10–10 0 1.2x10–10 1.2 50 A4 

     o O2 + O + O 1.2×10–10 0 1.2×10–10 1.2 50 A4 

 O(1D) + H2 o OH + H 1.2×10–10 0 1.2×10–10 1.15 50 A5 

 O(1D) + H2O o OH + OH 1.63×10–10 -60 2.0×10–10 1.08 20 A6 

 O(1D) + N2 o O + N2 2.15×10–11 –110 3.1×10–11 1.10 20 A7 

 O(1D) + N2 
M�o�  N2O (See Table 2-1)   

 
  

 
O(1D) + N2O o Overall 
                       o  N2 + O2 
                       o NO + NO 

1.19x10-10 
4.63x10–11 

7.25x10–11 
-20 

1.27x10-10 

4.95x10–11 
7.75x10–11 

1.10 
1.10 
1.10 

25 
25 
25 

A8 

 O(1D) + NH3 o OH + NH2 2.5×10–10 0 2.5×10–10 1.20 25 A9 

 O(1D) + CO2 o O + CO2 7.5×10–11 –115 1.1×10–10 1.15 20 A10 

 

O(1D) + CH4 o Overall 
                      o CH3 + OH 
           o CH3O or CH2OH + H 
                       o CH2O + H2 

1.75x10–10 
1.31x10–10 
0.35x10–10 
0.09x10–10 

0 
1.75x10–10 
1.31x10–10 
0.35x10–10 
0.09x10–10 

1.15 
1.15 
1.15 
1.15 

25 
25 
25 
25 

A11 

 O(1D) + HCl o Quenching and Reaction 1.5×10–10 0 1.5×10–10 1.10 25 A12 

 O(1D) + HF o Quenching and Reaction 5.0×10–11 0 5.0×10–11 1.50 25 A13 

 O(1D) + NF3 o Quenching and Reaction 2.05x10-11 -50 2.4x10-11 1.20 25 A14 

 O(1D) + HBr o Quenching and Reaction 1.5×10–10 0 1.5×10–10 1.50 25 A15 
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1 1b
298 Tf(298 K)e

ª º§ ·�¨ ¸« »© ¹¬ ¼  

For T < 298 K, multiply by the factor 

1 1b
T 298f(298 K)e

ª º§ ·�¨ ¸« »© ¹¬ ¼  

and divide by the factor 

1 1a
T 298f(298 K)e

ª º§ ·�¨ ¸« »© ¹¬ ¼  

Examples of symmetric and asymmetric error limits are shown in Figure 1. 
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the potential for systematic errors. 



Building	  a	  chemistry	  scheme,	  cont.	  
	   	  3.  Simplify	  things	  	  

•  Probably	  the	  hardest	  job!	  	  
•  Break	  the	  problem	  down,	  are	  there	  several	  different	  

approaches	  you	  can	  make	  to	  simplifying	  things?	  
•  Can	  you	  split	  up	  the	  problem	  into	  different	  7me	  scales,	  

remove	  the	  fast	  steps	  (steady	  state	  approxima7on)	  
•  Are	  there	  reac7on	  channels	  that	  only	  a	  small	  frac7on	  of	  the	  

reactants	  go	  through:	  
	  
A	  +	  C	  -‐>	  L	  (0.01	  %	  loss	  of	  A)	  vs	  A	  +	  B	  -‐>	  K	  (99.99%	  loss	  of	  A)	  



Building	  a	  chemistry	  scheme,	  cont.	  
	  	  3.  Simplify	  things	  	  

•  Lumping	  (structural	  vs	  reac7vity)	  

•  E.g.	  The	  Common	  Representa7ve	  
Intermediates	  approach	  (Jenkin	  et	  
al.)	  looks	  at	  the	  number	  of	  
reac7ve	  bonds	  a	  molecule	  has	  (C-‐
H,	  C=C,	  C=O)	  and	  assigns	  an	  index	  
to	  these.	  The	  maximum	  number	  
of	  RO2/HO2	  +	  NO	  interconversions	  
a	  molecule	  can	  promote	  is	  related	  
to	  this	  index.	  

Modelling tropospheric chemistry using NAME. 
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Figure 4.4. Comparison of level of detail in CRI (top - red) and MCM (bottom - blue) for the 

initial steps in the oxidation of some C6 compounds. 



Building	  a	  chemistry	  scheme,	  cont.	  
	  

Have	  fun	  using	  
UKCA!!	  


