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ABSTRACT

From July 4 to 11,2006 at Back Garden site (23°28°86”N; 113°02°’91”E), nighttime nitrate radical (NO;) was measured
with a long path differential optical absorption spectroscopy (DOAS) during an intensive field campaign in the Pearl River
Delta of China. The NO; concentration in polluted air masses varied from 3.6 to 82.5 ppt with an average level of 21.8 +
1.8 ppt. NO; at these levels can play a significant role in oxidation of volatile organic compounds (VOCs). The calculated
production rate of nitrate radical ranged from 8 x 10° to 2.98 x 107 cm™ s, while its lifetimes spanned from between just
several seconds to 650 seconds, with an average of 89 seconds. N,Os levels were calculated with the average of 620 + 93 ppt
during this campaign. The possible scavenging processes for the nitrate radical were obtained by using a statistical analysis of
the correlation between NO; and NO levels, NO; concentration and its production rate, and the NO; lifetime and NO, levels,
respectively. Results showed that the direct losses were of importance at Back Garden in summer Pearl River Delta, China.
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1. INTRODUCTION

Nocturnal chemistry and physics play a crucial role in
the conversion and removal of air pollutants such as nitro-
gen oxides and volatile organic compounds (VOCs), which
determines the initial conditions for photochemistry dur-
ing the following day (Platt et al. 1980; Wayne et al. 1991;
Heintz et al. 1996; Geyer et al. 2001; Vrekoussis et al. 2004;
Wood et al. 2005; Brown et al. 2006a). This is particularly
true for the nitrate radical (NO,). Following its first detec-
tion in the troposphere (Noxon et al. 1980; Platt et al. 1980),
NO; has been measured in polluted and clean background
air under both continental and marine conditions (Platt et
al. 1980; Wayne et al. 1991; Heintz et al. 1996; Geyer et al.
2001; Vrekoussis et al. 2004; Wood et al. 2005; Brown et al.
2006b). The nitrate radical has been identified as a key oxi-
dant in the nighttime, which is responsible for the removal
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of many VOCs, especially monoterpenes. In addition, it has
been surmised that the nitrate radical plays an important role
in the non-photochemical conversion of nitrogen oxides to
HNO; (Platt et al. 1990; Bey et al. 2001; Geyer et al. 2001;
Wood et al. 2005; Brown et al. 2006a).

The Pearl River Delta (PRD) is one of the areas which
have experienced the fastest economic development in Chi-
na. Urbanization in the PRD is characterized by city clusters
with three mega-cities (Guangzhou, Hong Kong and Macao)
and many medium-small cities (such as Zhuhai, Dongguan
and Zhaoqing) linked by dense highway networks. Fueled
by higher demands for energy, mobility and communica-
tions, the economy has increased at an impressive speed
for decades. In consequence, coal smog and traffic exhaust
together cause serious photochemical smog and particulate
pollution problems on a large scale both in urban and re-
gional areas (http://www.info.gov.hk/info/gprd/).

In this paper, we present the measurements of NO;
by long path differential optical absorption spectroscopy
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(DOAS) and an examination of other gases (NO,, O; and
NO), which were carried out from July 4 to 11,2006 at Back
Garden (23°28°86”N; 113°02°91”E) in Guangzhou during
an intensive field campaign in PRD, China. Our main pur-
pose was to determine the concentrations, production rates,
lifetimes, and possible loss processes of the nitrate radical
during this field campaign in the PRD, China.

2. THE EXPERIMENT

2.1 Location

The concentrations of nitrate radical were monitored
using a long path DOAS instrument (Li et al. 2007) from
July 4 to 11, 2006 at Back Garden located in the northwest
quadrant of the Pearl River Delta, which was included as a
part of the PRD-2006 summer field campaign. The DOAS
setup was deployed on the third floor of a 4-floor building
and an array of retro-reflectors was placed in another build-
ing, 10 m above the ground, resulting in a total atmospheric
optical path of 3.1 km on average. A lake with dense foliage
was beneath the optical path located around the measure-
ment site. Figure 1 shows the map of monitoring site during
PRD summer field campaign. Analysis of the NO, NO,, and
O; were carried out using Thermo-Fisher chemiluminescent
detectors [Model 42C (NO,) and 49C (O;), respectively].

2.2 Measurement System for Nitrate Radical

The DOAS system during PRD field campaign has
been used in a past field campaign. The details of its opera-

tion have been presented elsewhere (Li et al. 2007); here,
only a short description is given. Figure 2 shows the im-
portant parts of the DOAS system for measuring the nitrate
radical. A Cassegrain telescope was used to transmit and
receive light, which was reflected by an array of 13 retro-
reflectors. The light was transmitted to the spectrograph and
then to the detector via a 7 x 0.1 mm diameter fiber bundle,
which was regulated by a mode mixer to reduce the inter-
ference fringe produced by the total reflections inside the
fiber of the light leaving the fiber. The spectrograph was an
Andor Shamrock SR-303i with a focal length of 303 mm,
a linear dispersion of 2.6 nm mm, and diffraction grating
with 600 groves mm. In order to reduce dark current, the
Andor iDUS CCD detector was cooled down to -45°C by
a Peltier cascade. A 610 nm long pass red filter, to reduce
stray light effects below 610 nm, was placed in the fiber
optic coupler. Finally, the spectral signal was stored and an-
alyzed in a computer. The integration time of the measure-
ment spectra was adjusted automatically to the incoming
light intensity, so the nitrate radical could be retrieved every
2 - 15 minutes while evaluating the spectral range between
647 and 677nm.

3. NITRATE RADICAL CHEMISTRY IN THE
BOUNDARY

The nitrate radical is formed by the reaction of NO,
with Oj; in the boundary layer (Noxon 1980; Wayne et al.
1991; Geyer et al. 2001; Brown et al. 2003a; Platt et al. 2002;
Vrekoussis et al. 2004):

Fig. 1. Map monitoring the site during PRD summer field campaign.
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Fig. 2. Schematic view of a LP-DOAS experimental setup for NO,
measurement.

NO,+ 0O, - NO,+0, €))

with the reaction rate: k; = 1.4 x 103 exp (-2470/T) cm?® s,
k, (298 K) =3.55 x 1077 cm® s7! (http://www.iupac-Kinetic.
ch.cam.ac.uk).

The nitrate radical reacts further with NO, to produce
N,Os, some of which thermally decomposes to produce NO;
and NO, again:

NO,+NO,+M = N,0,+M )

The strongly temperature dependent equilibrium rate is
K. (T) =9.7 x 10" (T/300)**' exp (-11080/T) cm? s°'.

During the daytime, NO; has a very short lifetime of
about 5 s (Heintz et al. 1996; Geyer et al. 2001; McLaren et
al. 2004) due to its rapid photolysis. The photolysis frequen-
cy for solar zenith angles below 70° is about 0.2 s (Geyer et
al. 2001; Platt et al. 2002; Vrekoussis et al. 2004):

NO, +hv — NO, + O(’P) 3)
NO,+hv - NO+O0, 4)

A rapid loss mechanism is the gas phase reaction with
NO in the polluted boundary (Geyer et al. 2001; Platt et al.
2002):

NO, +NO — NO, + NO, (5)

The reaction rate is ks = 1.8 x 10" exp (110/T) cm?s™!,
ks (298 K) = 2.6 x 10!'! cm® s!. Reaction (5) is a daytime
sink for NOj; that can be much more important than photoly-
sis under polluted conditions. For instance, lifetime of NO;
is about 0.1 - 0.5 s at NO levels of 2.5 - 0.5 ppb. However,

if the NO is recently injected into the air mass sampled, then
a decomposing N,Os source could support some level of
steady state NO; before it is quenched by NO (Brown et al.
2003b).

In addition, NO is rapidly oxidized by the reaction with
ozone:

0,+NO - NO, +0, (6)

Rate constant is ks (298 K) = 1.8 x 10"* cm? s/, result-
ing in typical lifetime of NO of the order 1 minute at 30 ppb
ozone.

In a marine atmosphere, the reaction of NO; with dim-
ethylsulfide (DMYS) is of importance (Carslaw et al. 1997;
Allan et al. 1999; Vrekoussis et al. 2004). However, the
discussion will be restricted to the nitrate radical in the con-
tinental boundary layer, which reacts with VOCs, in par-
ticular alkenes (e.g., monoterpenes) (Mihelcic et al. 1993;
Smith et al. 1995; Carslaw et al. 1997; Geyer et al. 2001).
Nitrate radicals can noticeably contribute to the degradation
of several hydrocarbons in the nighttime atmosphere. Some
rate constants for the reactions with NO; are even compa-
rable to that with OH (e.g., Atkinson et al. 1990; Heintz et
al. 1996; Geyer et al. 2001).

Since NO; is in equilibrium with N,Os, the sink process
for N,Os will affect the NO; concentration and its lifetime.
The homogeneous reaction with water vapor is a possible
sink of N,Os, producing gaseous HNO;, and rate constant is
about 3 ~ 9 x 102 cm?® s! (Carslaw et al. 1997; Allan et al.
1999; Vrekoussis et al. 2004):

N,O. +H,0 — 2HNO, 7

On the other hand a heterogeneous reaction on wet par-
ticulate surfaces form particulate nitrate:

N,O,+H,0,, — 2HNO, , (8)

(p)
The reaction of N,Os on aerosol surfaces is another
possible sink of N,Os. N,Os can also be removed by dry

deposition to the ground (Geyer et al. 1999, 2001; Stutz et
al. 2004).

4. RESULTS AND DISCUSSION
4.1 Meteorological Data

Figure 3 gives an overview of the meteorological data
at Back Garden. A multitude of meteorological parameters
including temperature, relative humidity, wind speed and
wind direction were monitored at the measurement site. The
temperature and relative humidity were a typical diurnal
variation with mean values of 303 K and 79%, respectively.
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Fig. 3. Time series of the meteorological parameters.

Usually, wind speed was below 6 m s at an average of
2.1 m s'. The frequency distribution of the wind direction
was shown in Fig. 4. The prevailing wind direction was
characterized by southeast during this campaign. The mea-
surement site (seen in Fig. 1) was located in the northwest
of the Pearl River Delta, and measurement was sampling
outflow from the PRD mega-cities.

4.2 The Concentrations of NO;, O;, NO, and NO,

The nitrate radical was measured from July 4 to 11,
2006 at Back Garden during an intensive field campaign in
PRD region. Figure 5a shows the time series of NO; concen-
trations. Its nighttime average was about 21.8 + 1.8 ppt with
the detection limits of about 3.6 ppt. NO; at this level can
play a significant role in oxidation of volatile organic com-
pounds (VOCs). The level was slightly higher than those
shown in several previous studies that also used the DOAS
method (Heintz et al. 1996; Geyer et al. 2001; McLaren et
al. 2004). Recently, Brown et al. (2003a, b, 2006b) using a
cavity ring-down spectroscopy (CaRDS) instrument for in
situ quantification have indicated NO; and N,Os are signifi-
cantly higher.

The data in Fig. 5 display several interesting features
whose description and analysis will be discussed in the next
section. These include the influence of NO concentrations
on the NO; and N,Os levels, the equilibrium between NO,,
NO; and N,Os.

Figures 5b and ¢ show the concentrations of O; and NO,
respectively. The concentration of O; showed a typical diur-
nal variation with maximum mixing ratios of 118 ppb and
an average of 38 ppb. As for NO, its average was at 8 ppb
during this campaign. The time series of the NO, concentra-

tion were showed in Fig. 5d, whose average was 18 ppb in
the nighttime.

Figure 6 shows the rose plots of NO;, NO, NO, and
O; concentrations with wind direction. For NO; is a kind of
highly reactive radical species with short atmospheric life-
time, NO; remained at a low level and showed no obvious
relationship with regard to a wind direction. The distribu-
tions of NO and NO, were a consistent tendency when the
southeast wind was popular during the field campaign. As
a secondary pollutant, O; was manly distributed when the
wind direction was southeast. Its sources were transporta-
tion and the local photochemical formation. Figure 7 shows
the average diurnal patterns of NO, NO, and the NO,-to-
NO; ratio, respectively. The diurnal trend of NO and NO,
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Fig. 4. A frequency distribution of wind direction.
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Fig. 7. Average diurnal patterns of NO, NO, and the NO,-to-NO, ratio.
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was similar, and the NO,-to-NO, ratio was bigger than 0.5
(Jenkin 2004). Therefore, these results further indicated that
NO and NO, came from the PRD.

4.3 Production Rate and Lifetime of Nitrate Radical

Since the only significant source of NOs is reaction (1),
the production rate of nitrate radical, P(NOs) , could be cal-
culated:

P(NO,) =[NO, ][O, k, )

Figure 8 was the calculated production rate of NO;
when the data were available. The production rate generally
varied from 1 x 10° cm™ s to 3.7 x 107 cm™ s with an aver-
age value of 5.1 x 10°cm™ s,

A steady state occurred considerably more rapidly at
a warmer temperature, for example 300 K (Brown et al.
2003a, b). Therefore, we assumed that it was in a steady
state; lifetimes were given by (Heintz et al. 1996; Geyer et
al. 2001; Brown et al. 2006a):

[NO,] _ [NO,]
[NO.]J[O,]k, ~ P(NO,)

T(NO,) = (10)

The calculated lifetimes of NO; were in the range sev-
eral to 650 seconds with an average value of 89 seconds
(seen Fig. 9).

4.4 Time Series of N,O;

Although N,Os could not directly be measured with
DOAS, its equilibrium concentration can be calculated from
the measured levels of NO,, NO;, and temperature:

[N205]= K (T)[NOJ[NOJ (1D

Field studies of this equilibrium in which all three
components were measured showed that it was in agree-
ment with the calculated equilibrium to within 30% (Brown
et al. 2003a); therefore, this was a reasonable estimate for
the uncertainty of the calculated N,Os. The calculated peak
mixing ratio of N,O5 was 2054 ppt with the average of 298
+ 89 ppt (seen in Fig. 10).

4.5 Possible Loss Process

Because of the lack of ancillary measurement (e.g.,
VOCs), it is not possible to quantitatively identify the nature
of the sinks for NOs. Several possibilities can be obtained
by analyzing the correlation between NO; and its produc-
tion rate [P(NO,)] , NO; lifetime [ T(NO,)] and NO,, NO;
and NO, respectively (Allan et al. 1999; Geyer et al. 2001).

As a first step, the correlation between NO; and its
productive rate was studied to estimate the impact of direct
sinks at Bark Garden in Guangzhou. Figure 11 showed NO;
concentration as a function of its production rate separated
in the intervals of P(NO,) of length 5 x 10° cm™ s™'. The
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data was in good agreement with a regression coefficient R
= 0.8 between P(NO,) and [NO,], which indicated that the
direct loss of the nitrate radical are much important under
polluted air masses at the measurement site.

The reaction of NO; with NO can be a very rapid direct
sink for NO; under a polluted air mass. Nocturnal concentra-
tions of NO, however, are generally quite small because the
reaction with ozone converts this compound into NO, with-
in a few minutes. In the absence of photolytic conversion of

NO, back to NO, the concentration of NO falls essentially
to zero. But local sources can provide nonzero levels of
NO, which in turn have a clear impact on observed NO; and
N,Os concentrations. A clear tendency of higher NO; levels
at lower NO is found in Fig. 12. Sometimes both NO and
NO; were high in the morning in several later peaks. Based
on a technical characteristic between NO and NO; measure-
ment, this may be caused by the difference in the measuring
condition (different air mass etc.). NO; was measured along
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Fig. 8. Time series of the productive rate of NO;.
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Fig. 9. Time series of the lifetimes of NO;.
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Fig. 11. The NOjs concentration as a function of its production rate.

with optical path of 3.1 km on the average. Analysis of the
NO was carried out using point-instrument.

A negative correlation between the NO; lifetime and
NO, concentration, which is usually presented as evidence
of the predominance of N,Os loss over NOj; loss mechanisms
(Geyer 2000), was only found to exist in relative humidity
above 58% (Wood et al. 2005). The mean relative humid-
ity was about 79% during this campaign, which is near the
deliquescence relative humidity of many common aerosol
systems suggesting that most aerosol particles were in a lig-
uid phase. Uptake of N,Os is, in general, much faster onto

aqueous aerosols than onto solid aerosols. Therefore, in or-
der to prove the existence and importance of indirect loss
pathways the correlation between the lifetime of NO; and
concentration of NO, was studied (Fig. 13). The analysis
was restricted to data with NO; and NO, above the detection
limits. The lifetime of NO; rapidly dropped at NO, higher
than 40 ppb, for T(NO,) is inverse proportion to NO, from
Eq. (10). A linear fit was performed for the statistical val-
ues of NO, and T(NO,) yielding a correlation coefficient
R =-0.52 indicating indirect sinks play a role in determining
NO; concentrations during this campaign.

Therefore, there was evidence from statistical analysis
of correlations showing adirect loss process was much more
significant at the Back Garden site during this campaign.
Under polluted conditions, possible sinks for NO; were
similar to those in Los Angeles and in Colorado (Platt et al.
1980; Brown et al. 2003b).

5. CONCLUSIONS

The nighttime nitrate radical was measured by using
long path DOAS in the continental boundary layer in the
Pearl River Delta (PRD). The mean value of the nitrate radi-
cal was 21.8 + 1.8 ppt during this campaign. An assessment
of NO; lifetimes using concentration of O; and NO, aver-
aged 89 seconds. The calculated peak mixing ratio of N,Os
was 3424 ppt with the average of 620 + 93 ppt. The pos-
sible loss processes of NO; were also discussed basing on
statistical analysis of the correlation of nitrate radical and
supporting parameters in this paper. The direct losses were
important sinks for NO; at Back Garden in summer Pearl
River Delta.
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