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Abstract

Atmospheric concentrations of chlorine atom (Cld), chlorine monoxide radical (ClOd), and hydroxyl radical (HOd) in the coastal

marine boundary layer are estimated in this study. A steady-state approach to their concentrations in equilibrium with other

atmospheric chemical species is used. Measurements of atmospheric trace species, HCl, Cl2, HCHO, H2O2, CH3OOH, CH4, CO, SO2,

NO, NO2, and O3, were performed at four sites in Taiwan during the spring of 1999. The results indicate that the concentrations of

the Cld atom and the ClOd and HOd radicals decrease significantly with cloud cover. The calculated average daytime concentrations

of Cld, ClOd, and HOd are 3� 105, 1� 107, and 6� 105molecules/cm3, respectively. Due to the high reactivity of Cld with

hydrocarbons and its concentration level competitive to that of HOd, Cld should be a significant sink for hydrocarbons in these cases.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The Cl atom converted from chloride originating
from sea salt particles plays a significant role in the
chemistry of the marine boundary layer (Finlayson-
Pitts, 1983; Finlayson-Pitts et al., 1989; Kerminen et al.,
1998; Pszenny et al., 1993). Chloride enters the atmo-
sphere in the form of sea spray, and then transfers to the
gas phase as HCl in the presence of H2SO4 or HNO3

(Seinfeld and Pandis, 1998):

2NaClðsÞþH2SO4ðgÞ2Na2SO4ðsÞþ2HCl;
NaClðsÞþH2SO4ðgÞ2NaHSO4ðsÞþHCl;
NaClðsÞþHNO3ðgÞ2NaNO3ðsÞþHCl:

On the other hand, Cl2, ClNO2, and NOCl are
produced in some polluted areas via the following
reactions of sea spray with atmospheric pollutants
(Finlayson-Pitts et al., 1989; Seinfeld and Pandis, 1998):

N2O5ðgÞþNaClðsÞ-ClNO2ðgÞþNaNO3ðsÞ;

2NO2ðgÞþNaClðsÞ-NOClðgÞþNaNO3ðsÞ;

ClONO2ðgÞþNaClðsÞ-Cl2ðgÞþNaNO3ðsÞ:
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The gaseous products of the above reactions, HCl,
ClNO2, NOCl, and Cl2, are potential precursors of the
chlorine atom through photolysis in the troposphere.
Among these products, HCl is the main gas-phase
species leading to Cl atom formation, due to the
following reaction with the hydroxyl radical (Singh
and Kasting, 1988):

HClþHOd-Cld þH2O:

Similar to hydroxyl radicals, chlorine atoms are
strong oxidants in the marine boundary layer. Chlorine
atoms in polluted areas oxidize volatile organic com-
pounds (VOCs) and lead to the subsequent oxidation
reactions. In fact, the reaction rates of chlorine atoms
with VOCs in the atmosphere are faster than those
of the hydroxyl radical. For example, the reaction
rate constant of the chlorine atom with CH4 in the
atmosphere is 1.0� 10�13 cm3/molecule/s, while that
of hydroxyl is 6.2� 10�15 cm3/molecule/s at 25�C
(Atkinson et al., 1997). In general, reaction rate
constants of chlorine atoms with most VOCs in the
gas phase are two orders of magnitude larger than those
of the hydroxyl radicals (Atkinson, 1990; Atkinson and
Aschman, 1985; Atkinson et al., 1997; Wallington et al.,
1988).
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The atmospheric concentrations of Cld reported by
several investigators essentially fall within the range of
103–106molecules/cm3 (Finlayson-Pitts, 1983; Hewitt
et al., 1996; Pszenny et al., 1993). For example, Singh
and Kasting (1988) calculated the vertical profile
(0–10 km) of the Cld average concentration to be ca.
103molecules/cm3 at the marine troposphere by using a
one-dimensional photochemical model with detailed
chlorine–hydrocarbon photochemistry in the marine
troposphere. Pszenny et al. (1993) computed the
steady-state concentrations of gas-phase chlorine species
other than HCl by using a standard chemistry mechan-
ism with HCl+HOd as the primary Cld source.
According to their results, the noon concentrations of
Cld vary from 103 to 105molecules/cm3. Jobson et al.
(1994), based on the reactions of Cld with several
hydrocarbons, estimated the averaged Cld concentration
to be in the range of 3.9� 103–7.7� 106molecules/cm3

in April at Alert, Northwest Territories, England. These
investigations illustrate that the concentration level of
Cld may be significant in the marine troposphere.
However, the importance of Cld in predicting the
magnitude of HOd and ClOd radicals is still not clear.
In this study, a photochemistry mechanism based on

Cantrell et al. (1996) and Singh and Kasting (1988) is
proposed to calculate the Cld atmospheric concentra-
tion. The equations are simplified because some of the
reactions do not occur in the lower troposphere.
Furthermore, H2O2, CH3O2H, and HCHO, in addition
to HCl and Cl2, were sampled and analyzed to enhance
the estimation of Cld, HOd, and ClOd concentrations.
2. Materials and methods

A chemistry model consisting of many important
atmospheric chemical species was proposed in this
study. Field experiments were conducted in four sites
to monitor the concentrations of many species in the
atmosphere, including Cld, ClOd, and HOd.

2.1. Chemistry

A steady-state assumption for reactive radicals was
applied in this study to estimate their atmospheric
concentrations. Because the transient species (Cld, ClOd,
and HOd) are very reactive compared to other atmo-
spheric chemical species, it is reasonable to assume that
they exhibit steady-state concentrations at a given
instant in the troposphere (as illustrated by Pszenny
et al., 1993). If the concentrations of all trace gases and
the physical parameters that control these radicals are
measured, then it is feasible to calculate their concen-
trations. This approach is similar to that of Cantrell et al.
(1996) for predicting peroxy radicals.
We assumed that photo-dissociation of chlorinated
hydrocarbons did not occur in this study because the
short UVC wave of solar radiation does not easily reach
the lower troposphere. Some atmospheric species, such
as Od, ClONO2, ClONO, NOCl, and HOCl, were
neglected because their typical concentration levels in
marine boundary layers are usually too low to affect
other of species interest. The radical ClOOd is mainly
produced by the reaction of Cld with O2, dissociating
back to Cld and O2 much faster than it forms. Therefore,
this reaction was also neglected in this study. Three key
radicals (Cld, ClOd, and HOd) and two related radicals
(HO2

d and CH3O2
d) were considered. A set of equations

for these radicals was established to represent their
chemical production and loss due to atmospheric
photochemical reactions. In the steady state, their
concentration time dependencies (dC=dt) were set to
zero compared to other atmospheric species. These
equations were solved simultaneously by a numerical
method to obtain the equilibrium concentrations of
these radicals in the atmosphere. All atmospheric
reactions considered in this study are summarized in
Table 1. Cl-related reactions were adopted from Singh
and Kasting (1988). Kinetics data were obtained from
Atkinson et al. (1997) and DeMore et al. (1992).

2.2. Field observations

The four sites, Wanli, Kaohsiung, Hengchun, and
Chaochou, are designated as Sites A–D (Fig. 1). A is
located in northern Taiwan and faces the East China
Sea. Site B, a major metropolitan city surrounded by
industrial areas, is the most polluted site of the four. Site
C was selected for its low pollution level as the
background site. These three sites (A–C) are near the
ocean. Site D is more inland, with its shortest distance
to the ocean being about 30 km.
During the four seasons at four sites, separate air

samples were taken for analyses of the following species:
HCl, Cl2, CH4, HCHO, H2O2, and CH3O2H. The
concentrations of these species are required for the
determination of the key radicals as shown in Table 1;
e.g., HCHO is involved in reactions 6, 13, 23, 26, and 35.
Furthermore, CH3O2

d and HO2
d radicals were also

calculated simultaneously with HOd, Cld, and ClOd

because they are needed to describe the production and
loss of key radicals. Futhermore, the measured HCl and
Cl2 concentrations, (shown in Fig. 4) were used to
validate the predicted results of HCl and Cl2 concentra-
tions with modeling. Aerosol samples were also taken
with glass fiber filters to measure atmospheric Na+ and
Cl� concentrations in the aerosol phase. The experiment
periods and sample durations for each site are tabulated
in Table 2.
Samples were taken about 12m above the ground at

four sites. Different air samples were taken for different
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Table 1

Atmospheric chemical reactions

Reaction Rate coefficient (cm3/molecule/s) Ref.

(1) O3+hn-Od � (1D)+O2 jO3

c a

(2a) Od (1D)+H2O-2 HOd 2.2� 10�10 a

(2b) Od (1D)+O2-Od (3P)+O2 3.2� 10�11e(67/T) a

(2c) Od (1D)+N2-Od (3P)+N2 1.8� 10�11e(107/T) a

(3) HOd+CH4(+O2)-H2O+CH3O2
d 2.3� 10�12e(�1765/T) a

(4) HOd+CO(+O2)-HO2
d+CO2 1.3� 10�13 (1+0.6P/bar)� (300/T)1.0 a

(5) HOd+O3-HO2
d+O2 1.9� 10�12e(�1000/T) a

(6) HOd+HCHO(+O2)-H2O+HO2
d+CO 8.6� 10�12e(20/T) a

(7) HOd+H2O2-H2O+HO2
d 2.9� 10�12e(�160/T) a

(8) HOd+CH3O2H-H2O+CH3O2
d 1.9� 10�12e(190/T) a

(9) HOd+H2(+O2)-H2O+HO2
d 7.7� 10�12e(�2100/T) a

(10) HOd+SO2(+O2)-SO3+HO2
d 2� 10�12 a

(11) HOd+NO2+M-HNO3+M 6.7� 10�11(T/300)�0.6 a

(12) HOd+ HO2
d-H2O+O2 4.8� 10�11e(250/T) a

(13a) 2CH3O2
d-CH3OH+HCHO+O2 k13a+k13b+k13c=1.1� 10�13e(365/T) a

(13b) 2CH3O2
d-2CH3O

d+O2
a

(13c) 2CH3O2
d-CH3OOCH3+HCHO+O2

a

(14) CH3O2
d+NO-CH3O

d+NO2 4.2� 10�12e(180/T) a

(15) HO2
d+CH3O2

d-O2+CH3O2H 3.8� 10�13e(780/T) a

(16) HO2
d+HO2

d-H2O2+O2 2.2� 10�13e(600/T) a

(17) HO2
d+NO-HOd+NO2 3.7� 10�12e(240/T) a

(18) HO2
d+O3-HOd+2O2 1.4� 10�14e(�600/T) a

(19) ClOd+NO-Cld+NO2 6.2� 1�12e(294/T) a

(20) Cld+CH4(+O2)-HCl+CH3O2
d 9.6� 10�12e(�1350/T) a

(21) Cld+O3-ClOd+O2 2.9� 10�11e(�260/T) a

(22) Cld+H2O2-HCl+HO2 1.1� 10�11e(�980/T) a

(23) Cld+CH3O2H-HCHO+HOd+HCl 5.9� 10�11 a

(24) Cld+H2(+O2)-HCl+HO2
d 3.7� 10�11e(�2300/T) a

(25a) Cld+HO2
d-HCl+O2 1.8� 10�11e(170/T) a

(25b) Cld+HO2
d-ClOd+HOd 4.1� 10�11e(�450/T) a

(26) Cld+HCHO(+O2)-HCl+HO2
d+CO 8.4� 10�11e(�34/T) a

(27) HOd+ClOd-HO2
d+Cld 1.1� 10�11e(120/T) a

(28) HOd+HCl-H2O+Cld 2.4� 10�12e(�330/T) a

(29a) HO2
d+ClOd-HOCl+O2 k29a+k29b=4.6� 10�13e(�710/T) a

(29b) HO2
d+ClOd-HCl+O3

a

(30) HOd+Cl2-HOCl+Cld 1.4� 10�12e(�900/T) a

(31) Cld+CO+M-ClCO+M 1.3� 10�33(T/300)�3.8[N2]
a

(32) Cld+NO+M-ClNO+M 2.3� 10�12(T/300)�1.6 b

(33a) Cld+NO2+M-ClONO+M 1.6� 10�11 b

(33b) Cld+NO2+M-ClNO2+M 3.6� 10�12 b

(34) ClOd+NO2+M-ClONO2+M 2.4� 10�12 b

(35) HCHO+hn-2HO2
d+CO jHCHO

c a

(36) H2O2+hn-2HOd jH2O2

c a

(37) CH3O2H+hn-CH3O
d+HOd jCH3O2H

c a

(38) Cl2+hn-2Cld jCl2
c a

aAtkinson et al. (1997).
bDeMore et al. (1992).
cThe Photolysis rate constant was estimated by Atkinson et al. (1997).
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species. Samples for HCl analysis were collected using
an SKC pump with a Supelco ORBO-53 adsorber. Cl2
was also retained by the SKC pump with a silver
membrane filter, extracted and stabilized into chloride
by the Na2S2O3 solution, and analyzed by an ion
chromatograph. Both HCl and Cl2 were sampled in 3-h
intervals during the day (06:00–18:00) and 6-h intervals
at night (18:00–06:00). Formaldehyde was adsorbed in
the 2,4-dinitrophenylhydrazine-HCl-CH3CN solution
during the same intervals and analyzed by high-
performance liquid chromatography, as suggested by
Lee and Zhou (1993). Samples for H2O2 and CH3OOH
were collected in the midpoint of 3- or 6-h experiment
intervals and analyzed by an automated fluorometric
method (Lazrus et al., 1985). CH4 was measured with an
autoanalyzer. At each site was also a monitoring station
operated by the Taiwan Environment Protection
Agency (TWEPA), which provided the hourly atmo-
spheric CO, SO2, NO, NO2, and O3 concentration data
for this study. The manufacturers and detection limits of
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Fig. 1. Experiment field sites. Site A, 121�410E, 25�110N; Site B,

120�190E, 22�110N; Site C, 120�320E, 22�330N; Site D, 120�430E,
22�010N.

Table 2

Sampling period and total hours at each experimental site

Site no. Site name Period (date and time) Total hours

A Wanli 1/29 at 18:00–1/31 at 18:00 24

B Kaoshuang 2/3 at 18:00–2/6 at 18:00 72

C Henchun 2/7 at 00:00–2/10 at 12:00 84

D Chaucho 4/29 at 06:00–4/30 at 18:00 36

Table 3

Detection limit and manufacturer of analyzers used in this study

Species Detection limit Manufacturer and model of analyzer

Cl2 50 ppt Dionex DX-120

HCl 100 ppt Dionex DX-120

CH4 10 ppb Signal Model 3000

H2O2 30 ppt Turner Designs TD-700

CH3O2H 50 ppt Turner Designs TD-700

HCHO 270 ppt Waters HPLC 486 Tunable

Absorbance Detector

Cl� 0.016mg/La Dionex DX-120

Na+ 0.008mg/La Perkin–Elmer AA Model 500

aMeasured in the aqueous phase.

Fig. 2. Concentration profiles of (a) NOx and (b) O3 at the four sites.
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the above analyzers are listed in Table 3. Teflon and
quartz filters were used to collect the aerosol, the
collected mass of which can be measured with an electric
balance method under constant humidity and tempera-
ture. To guarantee the reproducibility of the results with
statistical accuracy, the variation within 3% of the
concentration of every species at each site in each season
was maintained for qualitative evaluation of the data
sampling. In addition, the measured species concentra-
tions were determined using the average of at least three
samples.
3. Results

3.1. Field observations

Meteorological parameters, temperature, pressure,
and cloud cover were measured during the experiment
periods at these four sites. For Site A, the weather was
cloudy in the beginning (100% cloud cover) and became
clearer later in the experiment period. The cloud cover at
Sites B and C was less than 50% during the experiment
periods, except on February 10 at Site C, when it was
100%. The cloud cover at Site D was 100% during the
entire experiment period.
Monitoring data obtained from TWEPA for NOx and

O3 are illustrated in Figs. 2a and b, respectively. As
expected, polluted Site B exhibited the highest NOx

concentration levels, whereas the background Site C had
negliable NOx concentrations. For O3 concentration, a
diurnal pattern was noted at all four sites, specifically at
Site B, with O3 concentrations ranging from 4 to 67 ppb.
The high NOx emissions from Site B react with O3 at
night, resulting in insignificant O3 levels at that time. O3

at Site C remains at almost the same concentration
(40 ppb) because of the negliable NOx concentration
used to consume O3.
Time-series plots of Cl2 and HCl at all sites are shown

in Fig. 3. The observed atmospheric concentrations of
HCl and Cl2 at all samples ranged from BD (below the
detection level) to 3900 ppt and BD to 580 ppt,
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Fig. 3. Measured concentration profiles of HCl and Cl2.

Fig. 4. Comparison between the measured
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respectively. In Fig. 3, the Cl2 and HCl concentrations at
Sites A–C were comparable while those at Site D were
almost negligible. A larger deficit of aerosol chloride was
also observed at Site D, as shown in the Cl/Na ratio
column in Fig. 3. The Cl/Na ratio ranged from 0.2 to
1.2, which was significantly less than that at the other
sites. This is due to the distance from the ocean. Without
any other significant sources, gaseous HCl and Cl2 are
mainly produced from chloride in sea aerosol in the
presence of H2SO4, HNO3, NOx, and other atmospheric
pollutants. The chloride concentration and gaseous
HCl/Cl2 in Site D were less than the values in the other
sites; as the air mass containing sea aerosols must travel
a longer distance to Site D, the chloride is removed by
deposition and reactions with pollutants.
The diurnal pattern of HCl/Cl2 was not significant in

this study; most of the daytime concentration levels were
greater than those measured at night. The trends of the
Cl2 and HCl concentration profiles, however, were
similar at Sites A–C for most of the experiment. Pszenny
et al. (1993) deduced in his study that the diurnal trend
of Cl2 is opposite to that of HCl. Our results are
somewhat different from his findings.

3.2. Estimated radical concentrations

In this study, the measured and predicted concentra-
tions of Cl2 were compared to validate the simulation
model. As shown in Fig. 4 the peaks of the measured Cl2
concentrations were almost the same as those of the
predicted Cl2. The estimated performances of the model
were accurate, although the measured values were
slightly greater than the predicted values.

3.2.1. Chlorine atom

Time-series plots of estimated atmospheric Cld con-
centrations are shown in Fig. 5. The calculations of
these radicals are based on the measurements of the
chemical species shown in Fig. 3 and the data obtained
from TWEPA. The pressure data shown in Fig. 3 were
and predicted concentrations of Cl2.
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Fig. 5. Time series of calculated Cld concentrations.

Fig. 6. Time series of calculated ClOd concentrations.
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used to convert the data units. The Cld concentration at
Site D was insignificant, possibly due to two factors: (1)
100% cloud cover and (2) negligible concentrations of
HCl/Cl2, the most likely source of Cld in the atmo-
sphere. Conversely, the high HCl concentration levels
with less than 50% cloud cover (as in Site C) certainly
produce more Cld. The Site C results further show a
typical diurnal pattern with a daytime (06:00–18:00)
average of about 7� 105molecules/cm3. The Cld con-
centrations at Site B were less than those at Site C
because many pollutants (NOx, CO, and VOCs)
generated at Site B eventually consume Cld in the
atmosphere, as in reactions 26 and 31–33 in Table 1.

3.2.2. Chlorine monoxide radical

The profiles for the ClOd concentrations were similar
to those of Cld radial, except that the concentrations at
Site B were insignificant (Fig. 6). The ClOd radical is
produced from Cld (Reactions 21 and 25b in Table 1)
and consumed by reactions with NOx (Reactions 19 and
34 in Table 1). Since Site B was near several industrial
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parks, the atmosphere was polluted with NOx, resulting
in insignificant ClOd concentrations. Again, concentra-
tions at Site C show a diurnal pattern with an average
peak concentration of about 8� 107molecules/cm3 and
average daytime level of 2.5� 107molecules/cm3.

3.2.3. Hydroxyl radical

The HOd concentration profiles in the atmosphere for
all sites are shown in Fig. 7. The daytime maximum
(noon) concentrations ranged from 1� 105 to
4� 106molecules/cm3. The average daytime concentra-
tion for all sites is 6� 105molecules/cm3, which is the
Fig. 7. Time series of calculated HOd concentrations.
same level as that reported by others (Graedel, 1979;
Mather et al., 1997; Singh and Kasting, 1988). The HOd

concentration levels at Site C were the greatest of the
four sites, with those at Site D being the lowest.
Different cloud conditions at the four sites may have
caused different HOd concentration levels. More solar
radiation (less cloud cover) leads to more HOd produc-
tion (Reaction 36 in Table 1). This is exemplified at Site
A, where HOd concentrations were low initially (when it
was cloudy) and then reached a much higher level later
concurrent with increasing sunny weather. The low
concentration level at Site D (100% cloud cover) also
supports this elucidation.
4. Discussion and conclusions

The most important of these finding is that concen-
tration levels of the Cld atom, and the ClOd and HOd

radicals decrease significantly with cloud cover. Since
most atmospheric chemistry mechanisms applied in air
quality modeling do not consider Cld and other related
chlorine species, an assessment of the influence of Cld on
HOd was evaluated in this study. If chlorine photo-
chemistry is not considered in calculating the concentra-
tion of HOd, i.e., if reactions 19–34 and reaction 38 in
Table 1 are ignored in calculating the concentration of
HOd, the results (not shown) are lower than those for
which Cld is considered, as low as 20% in some cases.
Both Cld and HOd radicals are consumed by their
reactions with hydrocarbons, and as discussed earlier,
the Cld reaction with hydrocarbons is faster than that of
the HOd radical. This results in a lesser amount of HOd

being ‘‘consumed’’ in the presence of Cld. In addition,
the oxidized hydrocarbon Rd radicals may lead to the
further production of HOd in subsequent reactions with
O2. Thus, lower HO

d concentrations would be expected
if chlorine photochemistry were not considered. How-
ever, chlorine photochemistry had no effect at Site D
due to the overcast conditions. There is nearly no
difference between the two estimated concentrations of
HOd. Overcast conditions prevent the production of
both Cld and HOd, as shown in Fig. 8.
Measurement data at four sites show that Site B is

much more polluted with respect to NOx and VOCs
than the others, resulting in more ozone consumption at
night. For example, the atmospheric concentration level
of ozone at Site B was only 4 ppb at night, which was
significantly lower than the background concentration
of 40 ppb observed at Site C. The estimated average
daytime concentration levels of Cld, ClOd, and HOd

were 3� 105, 1� 107, and 6� 105molecules/cm3, respec-
tively, at Site B. The Cld and HOd concentration levels
are dominated by solar radiation; this is also true for
ClOd, though atmospheric pollutants also play a
significant role. Distance from the ocean may be an
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Fig. 8. Relationship between chloride concentration and cloud cover.
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important factor in Cld and ClOd concentrations, since
a larger chlorine deficit was observed in sea aerosols at
the inland site.
Since the Cld and HOd concentration levels were in

the same order of magnitude and Cld is more reactive
than HOd with VOCs, the Cl species radical definitely
plays an important role in the marine boundary layer.
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