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Atmospheric photochemistry of 0:;-NOx-RH were considered theoretically, to clarify the reasons for the dif-
ferent trends of between the formation of photochemical oxidants (Ox) and its primary pollutants for the Low-
and High-NOx regimes. Equations of OH, HO,, and production of ozone (O3) as a function of nitrogen oxides
(NOx) and reactive hydrocarbons (RH) were represented in this study. For the Low-NOx regime, HO; radical
is proportional to RH but independent of NOx. OH radical is proportional to NOx but inversely-proportional to
RH. O; production is proportional to NOx but has a weak dependence on RH. For the High-NOx regime, OH
and HO; radicals concentrations and O; production are proportional to RH but inversely-proportional to NOx.
In addition, the Osaka Bay and surrounding areas of Japan were evaluated with the mass balance of odd-hy-
drogen radicals (Odd-H) using CBM-IV photochemical mechanism, in order to distinguish the Low- and
High-NOx regimes. The Harima area (emission ratio, RH/NOx = 6.1) was classified to the Low-NOx regime.
The Hanshin area (RH/NOx = 3.5) and Osaka area (RH/NOx = 4.3) were classified to the High-NOx regime.
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1. Introduction

It is considered significantly today that photo-
chemical oxidants (Ox) such as ozone (O;) and per-
oxy-acyl-nitrate (PAN) are generated by complicated
chemical reactions' ™
and its emission of primary pollutants such as nitro-
gen oxides (NOx) and reactive hydrocarbons (RH) in
the atmosphere. A great number of individual chem-
ical reactions have been identified in the formation of
photochemical oxidants, and the mechanisms involved
in the generation of these substances have not yet
been thoroughly worked out. Specifically, Os occupies
the most of photochemical oxidants, and has been
considered in many studies in recent years in order to
reduce photochemical Ox. Os in the stratospheric pro-
tects the Earth's surface from high levels of bio-
logically damaging ultraviolet radiation, which is

involving solar ultraviolet rays
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known to be a significant risk factor for skin cancers,
eye cataracts, and immune system suppression.
However, surface O; as one of the photochemical Ox
causes photochemical smog, and has effects on human
health and plants, such as bronchitis, asthma, leaf in-
jury, crop reduction. This surface photochemical O; is
also one of the most remarkable pollutants today, and
high level O; which exceeds twice as high as the en-
vironmental standard is often observed in the big ur-
ban areas’ . Therefore, it is necessary to decreasing
photochemical O; for improvement of air quality.
The relationship between photochemical O; and its
primary pollutants such as NOx and RH has been a
focus of many studies in recent years in order to find
ways to decrease O; in the atmosphere. However, it
has been difficult to determine whether O; production
during specific events is associated with the chemistry
of Low- and High-NOx regimes®™'". The chemistry
of Low-NOx regime, also known as the RH-rich sys-
tem, appears in polluted rural and small urban areas
with high RH/NOx emission ratios where small artifi-
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cial NOx emission sources and high levels of bio-
genic hydrocarbon from forests exist. The chemistry
of High-NOx regime, also called the NOx-rich system,
appears in urban areas with low RH/NOx emission ra-
tios in which large artificial NOx emission sources are
contained” ™', The different results for the Low- and
High-NOx regimes from their studies on the relation-
ship between photochemical O; and primary pollutants
such as.NOx and RH were reported, due to the mete-
orological and geographical dependence of the
0;-NOx-RH chemistry in objected areas. Generally,
for the Low-NOy regime, the reduction in NOx emis-

“sion was- effective-in decreasing O; level. For- the-

High-NOx regime, the reduction in RH emission was
very effective in decreasing O; level, and reduction in
NOyx emission led to an increase in Os; concentration
above its uncontrolled value.

In this study, the atmospheric photochemistry of
0;-NOx-RH were considered theoretically, to clarify
the reasons for the different trends of between photo-
chemical O; and its primary pollutants for the Low-
and High-NOx regimes. In addition, the Osaka Bay
and surrounding areas of Japan were evaluated with
the mass balance of odd-hydrogen radicals (Odd-H)
using CBM-IV (Carbon Bond Mechanism IV) photo-
chemical mechanism by Gery et al.”, in order to dis-
tinguish the Low- and High-NOx regimes.

2. General Photochemistry

The photochemical oxidants such as O; and PAN
are generated by complicated chemical reactions in-
volving solar ultraviolet rays and its emission of pri-
mary pollutants NOx and RH in the
atmosphere. O3 production results from photolysis of
NO,, reaction (R1), when an oxygen atom generated
by the photolysis rapidly combines with molecular
oxygen (0;) to produce Os.

such as

(R1) NO; + hv + O, — NO + O3

NO; production occurs by reaction of RO, or HO,
with NO, reactions (R4) and (R5). RO, and HO, are
produced by reactions of OH with RH and CO, re-
spectively (reactions (R2) and (R3)). The oxidation
pathways for RH discussed in more detail by
Atkinson'”. HO, is also produced by the reaction of
RO, with NO, reaction (R4). Thus, the major photo-
chemical pathway for O; production by reaction (R1)

is through NO, formation via reaction (RS). In (R4),
RCHO represents intermediate organic species, typi-
cally including aldehydes and ketones. Here, RH in
reaction (R2) was defined as the sum of RH species.
For example, the species of RH important in photo-
chemical reactions are classified as PAR, OLE, ETH,
TOL, or XYL on the basis of the similarity of their
chemical bonding in CBM-IV® as a popular photo-
chemical reaction mechanism. PAR stands for paraffin
species with a carbon single bond, OLE for olefin
species with a carbon double bond, ETH and TOL
for ethene and toluene species with mono-al-
kyl-benzene -groups, respectively, and XYL for xylene
species with di- or tri-alkyl-benzene groups.

(R2)
(R3)
(R4)
(R5)

RH+OH+ 0, — RO; + H,O
CO+0H + 0, — HO; + CO,
RO; + NO + O, — RCHO + HO, + NO,

HO; + NO — OH + NO,

The major photochemical pathways for removal of
03 are photolysis, reaction (R6), and reactions with
NO and HO,, reactions (R7) and (R8). Also, for-
mation of nitric acid (HNO3), reaction (R9), is im-
portant for removal of O; because it involves con-
sumption of OH radical, which produces RO; and
HO; in the chain-terminating steps in reactions (R2)
and (R3).

(R6) O; + hy+HO0 — 20H+ 0O,
R7) NO + 0, — NO, + 0,

(R8§) HO, + O; — OH + 20,
(R9) . OH + NO, — HNO;

The photolysis of formaldehyde (HCHO) and
RCHO produces HO,, reaction (R10), and RO, re-
action (R11), respectively.

(R10) HCHO + hv + 20,
(R11) RCHO + hv + 20,

— 2HO, + CO
— RO; + HO, + CO

In this study, it is used that a definition of odd-hy-
drogen radicals (Odd-H) includes RO; and RCO; spe-
cies (e.g., CH30, CH3COs), in addition to OH and
HO,'®. Major sinks for Odd-Hinclude formation of
hydrogen peroxide (H;O), higher peroxides (ROOH),
and HNO; by reactions (R12), (R13), and (R9),
respectively.

(RIZ) HO; + HO, — H;0;, + O,
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(R13) RO, + HO; — ROOH + O,

Formation and sink processes for PAN occur by re-
actions (R14) and (R15), respectively. These PAN
mechanisms also represent sink and formation re-
actions for peroxyacyl radical (RCO;). However, the
main formation and sink processes for RCO; occur by
reactions (R16) and (R17), respectively.

(R14)
(R15)
(R16)
(R17)

RCO; + NO; — PAN

PAN — RCO; + NO;

RCHO + OH + 0, — RCO; + H,O
RCO; + NO + O, — RO; + NO; + CO,

3. Theoretical Considerations of photochemistry

3.1. Theoretical Considerations

The -theoretical considerations for the photo-
chemistry of oxidants based on Sillman et al.'’,
Milford et al.'””, and Sillman' are described. Several
common terms such as OH radical, peroxy radicals
(RO;, HO,, and RCOs), PAN, and O; production are
also presented and defined here.

Fig. 1 shows the schematic diagram for O3;-NOx-RH
photochemistry and radical reactions cycles based on

above reactions (R1)~(R17). Odd-H (represented by
gray squares) plays a key role in the photochemical
mechanism. The sink of PAN and photolysis of Os,
HCHO, and RCHO produce Odd-H (represented by
double circles) by reactions (R15), (R6), (R10), and
(R11), respectively. The sinks of Odd-H (represented
by diamonds) include formation of HNOs;, Hy0,,
ROOH, and PAN by reactions (R9), (R12), (R13),
and (R14), respectively. Therefore, the Odd-H balance
is expressed as follows in Eq. (1), where, k; repre-
sents the rate constant for each reaction.

2k6[ O3] + 2k 1o[HCHO] + 2k [RCHO] +kis[PAN]
=ko[OH]INO,] + 2k 1o{HO,) + 2k 5[RO,][HO.]
+ku[RCO3][NO;] (1

Reaction of RCHO with OH (R16) represents its
major sink, and photolysis (R10) provides an addi-
tional sink for HCHO. Consequently, the steady state
concentration of RCHO is proportional to RH but in-
dependent of OH, and HCHO concentration is also
proportional to RH but depends weakly on OH'.
Therefore, Odd-H production by photolysis of HCHO
and RCHO in Eq. (1) are represented as follows:
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Fig. 1. Schematic diagram of Oy-NOx-RH and radical reaction cycles involved in the production and sink of photochemical Oj.
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k,[HCHO] = A'[OH][RH] @)
k,[RCHO} = B'[RH] A3)

In typical summer conditions, the lifetime of PAN
is short, and PAN may be assumed to be in steady
state'>'"”: the reaction rate of PAN production (R14)
must be equal to that of PAN sink (R15). Thus, PAN
is represented as follows:

[PAN] = X1 [RCO,JNO, ]

k, “4)

Hence, Eq. (1) can be rewritten as follows using Eq.
(2), 3), and (4).

2k [O;1+ A[OH][RH]}+ B{RH]
= k,[OH][NO, ]+ 2k,,[HO, }’ + 2k ,{RO, ]{HO, ]

)

In Eq. (5), the A (=2A’) and B (=2B') terms ac-
count for the sources of Odd-H from photolysis of
HCHO and RCHO, respectively.

Peroxy radicals (HO;, RO;) play a key role in O,
production. Production of HO, radical mainly occurs
by reactions of CO with OH, reaction (R3), and NO
with RO,, reaction (R4). The RO, radical production
mainly occurs by reaction of RH with OH, reaction
(R2). In this major mechanism of O; production, the
peroxy radical balance is expressed as follows:

k,[OH}[RH] +k,[CO}J[OH] = k,[HO,][NO] (6)

Here, k, is the concentration-weighted mean rate for
reaction of OH with the ambient mix of RH. OH
concentration, as implied by Eg. (6), can be repre-
sented as follows:

k,[HO,][NO]

(OH = [RH) + k,[CO] )

0; production rate, P(Os) is proportional to the pro-
duction of the peroxy radicals in reactions (R2) and
(R3), can be represented by Eq. (8). Eq. (8) shows
that production of O3 depends significantly on RH
and NOx involving Odd-H radicals cycle.

P(O;) ~ [OH)k,[RH] +k,[CO]) = k,[HO,][NOJ ()

The chemistry of PAN may have a major effect on
NOx levels and on Os production. RCO; balance in

the steady state'” can be also be written as:

kis[PAN] +kis[RCHOJ[OH]=kis[RCO3]NO;] +kir(RCOsJNO]
®

Here, Eq. (9) can be rewritten as follows using Eq.
(4) in steady state.

k,, [RCHOJ[OH]

ky, (NO] (10)
Also, the steady state relationship for O; NO and
NO," is

[RCO ;] =

O.)_Kipq )
[NOJ] K, (1)

Hence, Eq. (4) is represented as follows, using Eq.
(10) and (11).

k, k,k
=21 14 T8 IRCHOYNO
[PAN] = {134 S[RCHOIIOH] [O] )

It can be understood by Eq. (12) that the concen-
tration of PAN was proportional to Os.

3.2. Low- and High-NOx Regimes

For the Low-NOx regime, the oxidation pathways
for RH play a key role in O; production, due to the
low artificial NOx emission sources and the high lev-
els of biogenic hydrocarbon from forests. Thus, in
this system, higher RO, production resulting from ac-
tive reaction of RH with OH, reaction (R2) produces
HO,; by reaction with NO, (R4). OH and RO, radicals
therefore are lost mainly by reactions (R2) and (R4),
and the dominant sink for Odd-H is reaction of HO;,,
(R12). Hence, in the Low-NOx regime, OH and RO,
sinks may be ignored in Eq. (5). The resulting ap-
proximate solution for Eq. (5) is

2k,[0,]+ B[RH] = 2k ,[HO, 1’ (13)

Thus, HO; concentration for the Low-NOx regime
from Eq. (13) is

2% [0 ;) + BIRH] )"
2k |, (14)

[HO Z]Low -NO ¢ = (

OH concentration for the Low-NOx regime is repre-
sented as follows from Eq. (7) and (14).

___k;  (2k,[0,]1+ B[RH]) "> -[NO]
T2k, k,[RH] + k,[CO}

[OH] Low -NO g

(15)
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P(O3) for the Low-NOx regime is represented as fol-
lows from Eq. (8) and (15).

K (2K,[0,]+ BRH]Y" -[NO]

P(Oy)Lowno, ~ TR (16)

Eq. (14) shows that HO. radical is proportional to
RH but independent of NOx. Eq. (15) shows that OH
radical is proportional to NOx but inversely-propor-
tional to RH. Eq. (16) shows that Os; production is
proportional to NOx but has a weak dependence on
RH in the Low-NOx regime.

For the High-NOx regime, HO; and RO; radicals
are lost mostly by reaction with NO, reactions (R4)
and (R5), due to the large artificial NOx emission
sources. Hence, the dominant sink for Odd-H is for-
mation of HNOs, (R9). Thus, both HO; and RO, sink
terms may be ignored in Eq. (5). The resulting ap-
proximate solution for Eq. (5) is

2k[O;]+ A[OH][RH] + B[RH] = k,[OH][NO,] (17)

Thus, OH concentration for the High-NOx regime
from Eq. (17) is
2k [0, }+ B[RH}
OH),, el 1l e o
[ ]ngh-NOX kg[NOZJ—A[RH] (18)

HO: concentration for the High-NOyx regime is repre-
sented as follows from Eq. (7) and (18).

[HO, L . = (2k([O,]+ BIRH]) - (k,[RH] + k,[CO])
2 IHigh-NOy kS[NO] (kg[NOZ] — A[R}I]) (19)

P(0s) for the High-NOx regime is represented as fol-
lows from Eq. (8) and (19).

. {2k 0,1+ BIRH]) - (k,[RH] +k,[CO])
k,{NO,} - A[RH] (20)

PO, )High -NO

Eq. (18), (19), and (20) show that in the High-NOx
regime, OH and HO, radicals concentrations and O;
production are proportional to RH but inversely- pro-
portional to NOx.

4. Evaluation for the Osaka Bay and Surrounding
Areas of Japan
4.1. Method

The Osaka Bay and surrounding areas of Japan
(shown in Fig. 2) were evaluated by three-dimensional

180 km (45 Mesh)

180 km (45 Mesh)
over 700 m

Fig. 2. Site location and horizontal simulation area of the
Osaka Bay and surrounding areas. The points (@)
represented the 106 monitoring stations.

simulation using CBM-IV” photochemical mechanism,
in order to distinguish the Low- and High-NOx
regimes. The black points in Fig. 2 represented the
106 monitoring stations of ambient air pollutants and
meteorological conditions in Hyogo and Osaka of the
simulation area. Based on the result of the hier-
) of observed O; concen-
trations for the typical summer days in the month of
August from 1991 to 1995 at the 106 ambient air
pollutants monitoring stations, Harima (36 km x 28
km), Hanshin (32 km x 32 km), and Osaka areas {28
km x 36 km) were selected”. The spatial mean values
of predicted results for these 3 areas were used to
evaluate the Low- and High-NOx regimes in this
study.

The meteorological conditions and air quality were
simulated for the typical summer day of fair weather
with clear skies when photochemical reactions gen-
erating oxidants were significantly active, because it
was purposed to investigate the atmospheric photo-
chemistry for the typical summer day in the simu-
lation area. Initial and boundary conditions of the
simulations in this study were set according to
Kondo' and Kondo er al*”. The calculations were
started at 0900 LST of the first day, and carried out
for a period of 48 hours. In this study, only results in
the vertical third mesh 20 m as a ground-level from

. .18
archical cluster analysis
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the second simulated day were discussed, when a di-
urnal cycle of chemistry, diffusion, advection, and
pollutants concentrations were steady state, and the in-
itial concentrations in the model domain no longer in-
fluenced the results.

NOx and RH emission data estimated by Kondo et
al™ in the simulation area were used. The amounts
of NOx and RH emissions from the anthropogenic
.. sources-were estimated 820 ton/day and 1200 ton/day
in “the whole simulation area, respectively. The
amounts of NOx and RH emissions for the Harima,
Hanshin, and Osaka areas were shown in Table 1.
The lower levels of NOx and RH emission were
showed in the Harima area, and the amounts of NOx
and RH emissions were estimated 25.4 [ton/day] and
154.7 [ton/day], respectively. The higher levels of
NOx and RH emissions were shown in the Hanshin
and Osaka areas. The total amounts of NOx and RH
emissions from the ' anthropogenic sources in the
Hanshin area were estimated 55.4 [ton/day] and 193.9
[ton/day], respectively. In the Osaka area, the total
amounts of NOx and RH emissions were estimated
64.3 [ton/day] and 276.3 [ton/day], respectively. In
addition, RH/NOy ratios for the Harima, Hanshin, and
Osaka areas were 6.1, 3.5, and 4.3, respectively.

4.2. Evaluation for the Harima, Hanshin, and Osaka

areas

The Harima area was estimated as a small-urban or
a rural area with the lower emission levels, and the
Hanshin and Osaka areas were estimated as an urban
and a coastal area with the higher emission levels by
Table 1 and previous researches™””. In this study, the
Harima, Hanshin, and Osaka areas in Fig. 2 were
evaluated, in order to distinguish the Low- and
High-NOx regimes.

The A and B terms in Eq. (5) were empirically in-
vestigated by simulations for typical summer con-
ditions in the Harima, Hanshin, and Osaka areas, and
the results were shown in Table 2. Table 2 showed
the values for A and B terms at 1200 LST, and also
showed the literature values for the polluted rural

Table 1. The amounts of NOx and RH emissions

NOy [ton/day] RH [ton/day] RH/NOx
Harima - ... 254 1547 6.1
Hanshin 554 193.9 35
Osaka 64.3 276.3 43

Table 2. Typical values for A and B terms in Eq. (5) at

1200 LST
A [ppm'l 5] B [x10° - 5]
Osaka area 1.9 1.1
Hanshin area 2.0 1.1
Harima area 5.1 23
Sillman et al."” 49 3.0

"Literature values with the mechanism of Lurmann et al."
in polluted rural areas of the United States.

areas of the United States by Sillman er al.'” using
the photochemical mechanism of Lurmann ef al*".
The values in Table 2 showed similar order but dif-
ferent values, because each term depends on different
primary pollutant emissions and meteorological con-
ditions in simulation area and details of the used
chemical mechanism. In addition, it was suggested
that the values in the Harima area agreed reasonably
well with the literature values due to rural conditions.
The Harima, Hanshin, and Osaka areas were eval-
uated with the Odd-H balance in Eq. (5). Fig. 3
showed the production and sink terms for Odd-H in
Eq. (5) as a mean concentration from 1200 LST to
1500 LST for each area. For the Harima area, the
simulation results suggested that the reaction rates of
the OH and RO; sinks (P2, S1, and S3 in Fig. 3(a))
were relatively low, and the OH and RO; sink terms
may be ignored in Eq. (5). It was suggested that Eq.
(5) was rewritten as Eq. (13) for the Harima area.
Thus, the Harima area may be defined the Low-NOx
regime. In contrary, for the Hanshin and Osaka areas,
the simulation results suggested that the reaction rates
of HO; and RO, sinks (S2 and S3 shown in Fig. 3(b)
and (c)) were relatively low, and both HO; and RO»
sink terms may be ignored in Eq. (5). It was sug-
gested that Eq. (5) was rewritten as Eq. (17) for the
Hanshin and Osaka areas. Thus, the Hanshin and
Osaka areas may be defined the High-NOx regime.

5. Conclusions

In this study, the atmospheric photochemistry of
03-NOx-RH were considered theoretically for the
Low- and High-NOx regimes. Equations of OH, HO,,
and production of O; as a function of NOx and RH
were represented. For the Low-NOyx regime, HO, radi-
cal is proportional to RH but independent of NOx.
OH radical is proportional to NOx but in-
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(a) Harima (b) Hanshin (c) Osaka
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Fig. 3. Production and sink *values of Odd - H in each terms in Eq. (5) for (a) Harima, (b) Hanshin, and (c) Osaka areas.
The values ar¢ mean concentrations from 1200 LST to 1500 LST.

" versely-proportional to RH. Os production is propor-
tional to NOx but has a weak dependence on RH.
For the High-NOx regime, OH and HO; radicals con-
centrations and O; production are proportional to RH
but inversely-proportional to NOx. In addition, the
Osaka Bay and surrounding areas of Japan were eval-
uated with the Odd-H balance by three-dimensional
simulation. The simulation results showed that the re-
action rates of the OH and RO, sinks were relatively
low for the Harima area, and the reaction rates of
HO, and RO, sinks were relatively low for the
Hanshin and Osaka areas. Thus, it was suggested that
the Harima area may be defined the Low-NOx re-
gime, and the Hanshin and Osaka areas, the
High-NOx regime.

Roselle and Schere'”, Sillman er al.'", Milford et
al'*? ) researched the relationship be-
tween O; and its primary pollutant emissions in the
United States, using a three-dimensional model. They
reported that for the Low-NOx regime, the process of
0; formation is controlled almost entirely by NOx
and is largely independent of RH. On the other hand,
0; production for the High-NOx regime decreases
with RH at higher NOx emission levels, but a de-
crease in NOx leads to an increase in levels of OH
and peroxy-radicals (HO; and RO,) and corresponds

, and Sillman"!

to increasing Os. Their results also can be considered
with equations in this study.

Therefore, the theoretical considerations of atmos-
pheric photochemistry of O3;-NOx-RH is needed to
clarify the reasons for the different trends of between
photochemical O; and its primary pollutants, and to
suggest the balanced reduction policy of NOx and RH
emissions for decrease in O; concentration.
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