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Based on atmospheric chemical kinetics, the rate constant of overall pseudo-first order oxidation re-
moval of gaseous pollutants (K,,.7) is proposed to characterize the atmospheric oxidation capacity in
troposphere. Being a quantitative parameter, K,,.r can be used to address the issues related to at-
mospheric oxidation capacity. By applying this method, the regional oxidation capacity of the atmos-
phere in Pearl River Delta (PRD) is numerically simulated based on CBM-IV chemical mechanism. Re-
sults show the significant spatio-temporal variation of the atmospheric oxidation capacity in PRD. It is
found that OH initiated oxidations, heterogeneous oxidation of SO,, and photolysis of aldehydes are
the three most important oxidation processes influencing the atmospheric oxidation capacity in PRD.
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A large amount of pollutants emitted by natural proc-
esses and human activities to the atmosphere, such as
sulfur dioxide (SO,), nitrogen oxides (NOy), carbon
monoxide (CO) and hydrocarbons (RH), are converted
from reduced forms to oxidized forms, such as sulfate,
nitrate, carbon dioxide and various oxidized organics by
oxidation processes, and then removed from the atmos-
phere through dry and wet deposition. These oxidation
reactions are sometimes referred to as atmospheric
cleansing process, and the rate of cleansing trace sub-
stances by oxidations indicates atmospheric oxidation
capacity!’ *, which is the essential feature of the at-
mosphere!”’.

In recent years, along with rapid economic develop-
ment and urbanization in China, regional air pollution
complex appears in more and more fast developing ar-

(6781~ Atmospheric oxidation capacity is the driving

eas
force of air pollution, and also influences climate change
as well as human health®™. Atmospheric oxidation ca-
pacity is a key point in many researches on air pollution
complex, therefore, it is very important to quantitatively

characterize the oxidation capacity in troposphere.

In a sense, oxidants determine the lifetimes and con-
tents of trace substances in the atmosphere, and the
concentrations of oxidants are usually used as the meas-
ure of atmospheric oxidation capacity''”. Important
oxidants involved in the tropospheric chemical proc-
esses include ozone (0;), OH radical, peroxyl radicals
(HO; and RO,), peroxides (H,O, and ROOH), as well as
NO; radical and halogen radicals. Because of reacting
with hundreds of species, OH is referred to as the “tro-
pospheric vacuum cleaner” and is usually taken as the
indicator of atmospheric oxidation capacity. Some tech-
niques have been developed to determine ambient OH

(4117151 Begides, total oxidant Ox (ap-

concentrations
proximately equal to O3;+NQO;) is an alternative way to
indicate atmospheric oxidation capacity. OH plays a key
role in tropospheric daytime chemistry, while NOs3, N,Os
and O3 become important in nighttime chemistry[m].

However, it is quite difficult to accurately determine the
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spatio-temporal variations of OH and NO; due to their
high chemical reactivities, low concentrations and short
lifetimes in ambient air. Therefore, it is especially im-
portant to explore other methods to quantitatively char-
acterize atmospheric oxidation capacity. In this paper,
we propose a new method for the quantitative charac-
terization of atmospheric oxidation capacity based on
the principles of atmospheric chemical kinetics, and then
conduct a preliminary application in the numerical
simulation study on regional air pollution in Pearl River
Delta (PRD).

1 Methodology

If oxidation reactions removing reduced trace substances
in tropospheric atmosphere are referred to as the oxida-
tion removal process of the atmosphere, the rate of the
removal process or the average lifetime of reduced spe-
cies in the atmosphere may be used as a measure of the
strength of atmospheric oxidation capacitym]. The
strong oxidation capacity of the atmosphere would result
in the fast removal, i.e. the short residence time in the air,
of reduced species.

The elementary oxidation reaction removing a re-
duced species, C, in the atmosphere is given below:

C+X=Ck,
where X is the oxidant in the reaction, C' represents the
product, and £ is the reaction rate constant. The time rate
of change of concentration of C is calculated as
S —-xC). (1)

Consider the above removal of C as a pseudo-first
order process, k[X]
pseudo-first order oxidation reaction, expressed as K,

is the rate constant of the

of which the reciprocal is the lifetime of C in the at-
mosphere (also called residence time, expressed as 7),

K, =kX]=—. 2)

If C reacts with more than one kind of oxidants in the
atmosphere, the following hold:

C+Xl:Cl: k],
C+X2 =C2, kz,
c+X,=C,, k.

Then the overall removal rate of C by all the above
oxidation reactions in the atmosphere is equal to the sum

of every specific oxidation reaction rate:

A _ S prxgrc). 3)
i-1

dt

where X; represents the ith oxidant, and %; is the rate
constant of the ith oxidation reaction. Consider the re-
moval of C as a pseudo-first order process:

d[C]

F - por[C] . (4)

By combining eq. (3) with eq. (4), the rate constant of
the overall pseudo-first order oxidation reaction remov-
ing C is obtained:

Kporzzki[xi]' (5)
i=1

In general, more than one kind of reduced species ex-
ists in the atmosphere. The total concentration of re-
duced species in the atmosphere, [C]r, is calculated as

(], =3[c,]. ©6)

j=l
where C; represents the jth reduced species, and m is the
number of kinds of reduced species. In ambient air, the
overall removal rate of all reduced species by oxidation
reactions is equal to the sum of that of every specific
reduced species:

dicl _ i{d[cj]} :i{—KW iIC1} =
de I de i3 S (7

-2 {[Cj] D kX, []},
= s

where k;; represents the rate constant of the reaction of
the jth species with the ith oxidant, and K, that of the
pseudo-first order oxidation reaction removing the jth
species.

Consider the overall removal of all the above reduced
species as a pseudo-first order process:

dic 3
[dl]T = _Kpor,T [C]T = _KPor,T Z[CI] ’ (8)
=i

where K,,.r represents the rate constant of overall
pseudo-first order oxidation reaction removing reduced
species in the atmosphere. Combining eqgs. (7) and (8),
we obtain

z{[cj]-zkg[xi]}
Kpor] = = m = : (9)

2161

J=1

According to eq. (9), the rate constant of overall
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pseudo-first order oxidation reaction (K,..r) is essen-
tially the concentration weighted average of the pseudo-
first order oxidation removal rate constant (K,,.;) of
every specific reduced species (C;). K7 directly de-
scribes the rate of the removal of trace substances by
oxidations in the atmosphere and reflects the atmos-
pheric oxidation capacity.

K,or,r describes the atmospheric oxidation capacity
from three aspects. First, K, r reflects the influence of
ambient oxidant concentrations on the oxidation capac-
ity. According to eq. (9), K, increases as oxidant con-
centrations (i.e. [X;]) increase, which is consistent with
the method using the concentrations of one or several
kinds of oxidants, such as OH or Ox, to indicate atmos-
pheric oxidation capacity. Second, the atmospheric oxi-
dation capacity depends on not only the concentrations
of oxidants, but also the kinetic mechanism of oxidation
reactions. K,,.7 also describes the chemical processes
and kinetic features of the removal of trace substances
(through k;). Since oxidation rate constants (i.e. k;) are
affected by temperature and radiation, K,,.r actually
involves the influence of meteorological conditions on
atmospheric oxidation capacity. Third, even with the
same oxidants (composition and concentrations) and
meteorological conditions, the atmospheric oxidation
removal processes may vary greatly with the composi-
tion of reduced substances (e.g. urban ambient air with
elevated NO4 and VOCs emitted by a large amount of
anthropogenic sources, polluted air with high level of
SO,, or air in remote areas with much biogenic VOCs).
K,or,r can reflect the influence of the composition of re-
duced species on atmospheric oxidation capacity. There-
fore, K, is a more comprehensive physical parameter
to characterize atmospheric oxidation capacity.

In order to obtain K,,.r, the concentrations of oxi-
dants and reduced substances as well as the rate con-
stants of oxidation reactions are needed. However,
measuring ambient concentrations of some species like
reactive free radicals is quite difficult. At present, air
quality modeling can solve the above problem. While
conducting numerical simulation, the adopted numerical
model, chemical mechanism, as well as oxidants and
reduced species involved in the calculation will influ-
ence the value of K, ; however, when the above condi-
tions are fixed, K,,.r can be used as a measure to de-
scribe the spatio-temporal variation of the atmospheric
oxidation capacity on global, regional or urban scales.
According to eq. (9), relative contributions by different

oxidants, different oxidation processes, or different re-
duced substances may be calculated to reveal their rela-
tive importance to atmospheric oxidation capacity.

The factors influencing atmospheric oxidation capac-
ity are quite complicated, some oxidation processes,
such as heterogeneous oxidation reactions, are still
under research. The calculation of K,,.r, can easily
involve newly discovered oxidation processes, which
shows the compatibility of the proposed method to new
oxidation mechanisms.

In this paper, a two-dimensional air quality model is
adopted to simulate K,,.r, and then K, r is used to
study the atmospheric oxidation capacity on a region
scale. K, r has dimensions of reciprocal of time, and is
given in units of min~' in the following discussion. For
the convenience of quantifying atmospheric oxidation
capacity, the value of K,,.r is multiplied by 104, ex-
pressed as K,

K}, =10000K ,,, 7. (10)

2 A preliminary application in PRD

The rapid economic development and serious air pollu-
tion problems make PRD an important area focused by
many air quality researches in China. In recent years,
PRD has been considered a typical region in China with
air pollution complex which characterized by co-exis-
tence of high concentrations of O; and PM; s as well as
severe visibility degradation. In this paper, based on the
simulation of the air pollution complex in PRD, the
method developed in this paper (see Section 1) is ap-
plied to study the features of atmospheric oxidation ca-
pacity in this area.

The horizontal modeling domain selected in PRD is a
region measuring 225 km X225 km with the origin point
of 113°3625"E, 22°4'19"N and the grid resolution of 15
km. The simulation period covers from October 18 to
October 24, 2004 with the first two days as spin-up.

2.1 A brief model description

The 2-D air quality model adopted in this paper has been
introduced in detail elsewhere!'™. The revised Carbon
Bond IV (CBM-IV) chemical mechanism"® is used to
describe gaseous chemical reactions, including the oxi-
dation processes removing reduced pollutants such as
CO, SO;, NOy, and primary and secondary hydrocar-
bons. A total of 15 reduced species and 7 oxidation
pathways are listed in Table 1. Preparations of source
emissions and meteorological input data as well as ini-
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Table 1

Reduced species and the removal pathways by oxidations in CBM-IV mechanism

) Photolysis Oxidations Oxidations

Species of aldehydes by OH by O;

Oxidations Other
by NO, oxidations”

Oxidations Oxidations

NO, v

Cco

PAR

ETH

OLE
FORM <
ALD2 \
XYL

TOL

ISOP

APIN

BPIN

CRP

HUM

2 2 2 2 2 2 2 2 2 2 2 2 2 =2

SO,

2
2 2 2 2

\/

a) PAR stands for paraffin, ETH ethylene, OLE the alkenes other than ethylene, FORM formaldehyde, ALD2 the aldehydes other than formaldehyde,
XYL xylenes, TOL toluene, ISOP isoprene, and APIN, BPIN, CRP and HUM represent a-pinene, B-pinene, phellandrene and humulene emitted by bio-

genic sources, respectively. b) Heterogeneous oxidation reaction of SO,!"".
tial and boundary conditions for the 2-D air quality
model are also described in [18].

2.2 Results

221
air quality model is used to obtain the value of K,
from October 20 to October 24, 2004 in PRD. The av-

!

erage diurnal variation of K, during the episode on

Diurnal variation of K',, in PRD. The above

domain-wide scale is then calculated (see Figure 1).
K'p,- increases at 6:00 LST, and reaches peak value
around 12:00 LST, then gradually decreases to a rela-
tively low level at 17:00 LST, and keeps the low level
during the nighttime. The maximum hourly value of
K'por in a whole day is 3.2x 10~ min".

3.6
30t
E 24}
£
L 18}
12t
o
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Figure 1 Diurnal variation of K’,,, in PRD.

2.2.2 Spatial distribution of K, in PRD. The simu-
lated results on October 22, 2004 are taken as an exam-
ple to characterize the spatial distribution of K',, in
PRD (Figure 2). The value of Ky, is very low in the
whole domain at 3:00 LST, and experiences a certain
increase in Guangzhou, Dongguan, Shenzhen, Hong
Kong, Zhuhai, Zhongshan and Foshan at 9:00 LST,
reaches peak value of the whole day at noon. The K',,,, is
found to be highest in the coastal areas of southern PRD
and to be low in the northeast and northwest. Hereafter,
K'por gradually decreases to a very low level in the eve-
ning. In general, K, is higher in southern PRD than in
northern areas in the daytime.

The spatio-temporal variation of K',,. in PRD is re-
lated to that of oxidants in ambient air. The simulated
results show that the peak concentration of OH radical
usually appears at noon (Figure 3(a)), and that of ozone
occurs around 14:00 LST (Figure 3(b)). Because of the
large emissions of precursor pollutants in Guangzhou,
Shenzhen, Dongguan and Hong Kong and the transport
by dominant northerly wind, the elevated OH and ozone
usually occur in Pearl River Estuary and southern
coastal areas during the episode, while the concentra-
tions are relative low in northern areas of PRD. The spa-
tio-temporal variation of X'y, is consistent with that of
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Figure 2 Spatial distribution of K, in PRD on October 22, 2004 (Unit: 10~ min™").

oxidants, suggesting the influences of reactive oxidants
on K',,.

2.2.3 Influences of oxidants on K',,,.. Figure 4 shows
the time series of domain-wide average Ky, and simu-
lated concentrations of OH, NOs, O, O3 and Oy, to as-
sess the influences of different oxidants on atmospheric
oxidation capacity. Both XK', and the concentrations of
OH and O reach the corresponding peaks at around
12:00 LST, while peak concentrations of Oz usually ap-

pear at around 14:00 LST. The peak Oy in the daytime
occur with the similar timing as that of Os, and Oy also
show high levels in the nighttime due to the accumula-
tion of NO,. The elevated NO; generally appear at
nightfall.

The contributions of seven kinds of oxidation reac-
tions to K',, are calculated by applying Counter Species
Method[20], shown in Table 2. In PRD, the oxidation re-
actions initiated by OH radicals are the most important

1106 CHENG YanlLi et al. Sci China Ser B-Chem | Nov. 2008 | vol. 51 | no. 11 | 1102-1109



0.0003

0.0002

0.0001

9E5

6E-5

200
180

160
140

120

100
80

60
40

20

Figure 3 Spatial distributions of elevated concentrations of oxidants in
PRD on October 22, 2004 (Unit: mg-m™). (a) OH at 12:00 LST; (b) O at
14:00 LST.

with an average contribution of 76% to K',,,, followed

Table 2 Contributions of seven kinds of oxidations to XK', (%)

by photolysis of aldehydes with the contribution of 13%,
and heterogeneous oxidation reaction of SO, with the
contribution of 8% to X',,,, while all the contributions of
oxidations by O3, NO;, O and NO; are less than 3%. The
results suggest the significant differences in contribu-
tions of different oxidation processes to atmospheric
oxidizing capacity, and are helpful to explain the occur-
rence of peak K',, at noon. In general, the noontime is
the period having the strongest solar radiation associated
with the most active photochemical reactions in a day, in
which OH radicals reach peak levels due to the fast gen-
eration from photolysis of O3, HONO and aldehydes. As
a result of significant contributions of oxidations initi-
ated by OH and photolysis of aldehydes, ambient air
usually shows the strongest oxidation capacity in the
noontime.

400 80
E
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Figure 4 Temporal variations of domain-wide average K',,. and oxi-
dants. 1, K’y x100; 2, OHx107; 3, Ox5x107; 4, 04/5; 5, 0,/30; 6,
NO;x5x10°

Sites Photolysis of Oxidations Oxidations Oxidations Oxidations Oxidations ch(_:r
aldehydes(/v) by OH by Os by NOs by O by NO, oxidations
Luhu 12.9 70.1 1.6 0.2 0.03 0.002 15.0
Conghua 13.7 82.6 2.7 0.3 0.01 0.001 0.7
Jinguowan of Huizhou 15.3 80.9 2.4 0.2 0.01 0 1.2
Wangqingsha 14.9 64.8 1.7 0.4 0.05 0.002 17.9
Quanwan 12.8 78.9 1.3 0.3 0.02 0.001 6.6
Dongyong 13.2 80.4 1.2 0.4 0.01 0.001 4.8
Tamen 11.8 82.5 1.3 0.2 0.01 0 42
Monitoring station 13.0 68.9 1.6 0.2 0.03 0.002 16.1
of Guangdong
Xinken 14.9 69.4 1.6 0.5 0.04 0.001 13.5
Dongguan 11.9 79.6 1.8 0.5 0.01 0.001 6.1
Foshan 12.2 70.8 1.6 0.3 0.02 0.001 15.2
Huizhou 12.6 83.4 1.8 0.2 0.01 0 2.1
Jiangmen 12.9 74.5 1.7 0.6 0.02 0.001 10.2
Zhongshan 14.1 78.4 1.6 0.6 0.03 0.001 5.4
Zhuhai 134 81.9 1.2 0.5 0.01 0 2.8
Average 13.3 76.4 1.8 0.4 0.02 0.001 8.1
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In addition, the simulated results indicate the dif-
ference in relative importance of some kind oxidation to
K’ between daytime and nighttime (Figure 5). The
oxidations by OH radicals dominate the atmospheric
oxidation capacity in the daytime, while the heteroge-
neous oxidation of SO, becomes more important to K',,,,
in the nighttime. However, the absolute K',, in the
nighttime is an order of magnitude lower than that in the
daytime.

100

53 (a) o Daytime

g 80F e Nighttime

Z 60

g

S 40

2

é—; 201

{] Ll L 1 L -—% 1 L | L 1
OH O NO, O, NO, hv other
Oxidizing path

=

£ 0.20

= _ (b) 2 Daytime

'2 0.16 = Nighttime

o

g 0.12 ¢

£ 0.08 |

g

51

z 0.04

= 0 |:|

Z n i P 1 1 :@_
< OH O NO, O, NO, hv  other

Oxidizing path

Figure 5 Contributions of seven kinds of oxidations to K'j,,. (a) Relative
contribution; (b) absolute contribution.

Various oxidations also show different relative im-
portance to K',,, at different observation sites (Table 2).
Especially, heterogeneous oxidation of SO, shows sig-
nificantly different contributions in rural sites (e.g.
Conghua, Jinguowan and Huizhou), urban sites (e.g.
Guangdong Provincial Environment Monitoring Station)
and downwind sites (e.g. Xinken and Wangqingsha),
among which, the relative contribution in Conghua is
smallest, only accounting for 0.7 percent, while that in
Wanggqingsha is 17.9 percent of K',,,.

3 Discussion

(1) Quantitative characterization of atmospheric oxi-
dation capacity has been a difficult problem for quite a

long time, and K,,.r is proposed as an alternative
method to solve the above problem in this paper. The
simulated results have shown that K, r could be used to
describe the spatio-temporal variation of the atmos-
pheric oxidation capacity. Being a preliminary applica-
tion, the oxidation processes removing SO,, CO, pri-
mary and secondary hydrocarbons are taken into account
in the calculation of K,,.r. Due to the complexity of ni-
trogen oxides in chemical reactions, only the removal
process of NO, oxidized by OH is considered in the ap-
plication. The following work will involve more oxida-
tion processes in characterizing atmospheric oxidation
capacity.

(2) The results show that both peak K,.r and peak
OH appear in the noontime, and the OH initiating oxida-
tions play the most important role to K, r, which sug-
gests that the proposed method here is consistent with
the one using OH concentration to indicate atmospheric
oxidation capacity. On the other hand, heterogeneous
oxidation of SO, is the most important oxidation process
in the nighttime, moreover, photolysis of aldehydes and
heterogeneous oxidation reaction of SO, contribute
more than 20 percent of regional average K,,.r, which
suggests that K,,.r gives us more comprehensive de-
scriptions of atmospheric oxidation capacity than other
methods.

(3) In this paper, only a five-day simulation on K. r
in PRD is conducted. In the following researches, more
applications of the proposed method will be carried out
to study the features of K, in different regions and in
different seasons to understand in depth the relationship
between atmospheric oxidation capacity and ambient air
pollution complex.

4 Conclusions

(1) Kpor,1» the rate constant of overall pseudo-first or-
der oxidation removal of gaseous pollutants in tropo-
spheric atmosphere, is proposed to characterize atmos-
pheric oxidation capacity. Being a quantitative parame-
ter, K,o.r can be used to address the issues related to
atmospheric oxidation capacity.

(2) In the preliminary application in PRD, it is found
that K.,y has significant spatio-temporal variation, the
peak value of which usually appears in the noontime,
similar to the timing of occurrence of peak OH, and the
elevated value of which also has similar spatial distribu-

1108 CHENG YanlLi et al. Sci China Ser B-Chem | Nov. 2008 | vol. 51 | no. 11 | 1102-1109



tion to that of elevated OH and Os;. Among various oxi-
dation processes, the OH initiating oxidations are the
most important to atmospheric oxidation capacity in
PRD, accounting for 76 percent of regional average
Kpor.1, followed by photolysis of aldehydes and hetero-
geneous oxidation of SO, with the contribution of 13%
and 8% to K,,.r» respectively. Other processes only
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