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During the measurement of atmospheric nitrate radical by long-path differential optical absorption spec-
troscopy, water vapor strong absorption could affect the measurement of nitrate radical and detection limits
of system. Under the tropospheric condition, the optical density of water vapor absorption is non-linearly
dependent on column density. An effective method was developed to eliminate the effect of water vapor
absorption. Reference spectra of water vapor based on the daytime atmospheric absorption spectra, when
fitted together with change of cross section with water vapor column densities, gave a more accurate fitting
of water vapor absorptions, thus its effect on the measurements of nitrate radical could be restricted to
a minimum and detection limits of system reached 3.6 ppt. The modified method was applied during an
intensive field campaign in the Pearl River Delta, China. The NO3 concentration in polluted air masses
varied from 3.6 ppt to 82.5 ppt with an average level of 23.6+1.8 ppt.

Key words: Nitrate radical, Water vapor absorption, Long-path differential optical absorption spectroscopy,

Detection limit

I. INTRODUCTION

Nocturnal chemistry and physics are important to
conserve air quality, which determines initial conditions
for photochemistry during the following day. Nitrate
radical (NO3) has been found to act as important ini-
tiator of the nighttime degradation of many volatile or-
ganic compounds (VOCs) and dimethylsulphide [1-5].
The nitrate radical also plays a key role in the non-
photochemical conversion of nitrogen oxides to HNOs3
[6-10].

The in-time and in-line measurement of NO3 is an in-
strument challenge because of its extremely low ambient
concentration and high spatial and temporal variabil-
ity. Several measurement techniques have been success-
fully established: long path differential optical absorp-
tion spectroscopy (LP-DOAS) [1,4-6], cavity ring-down
spectroscopy (CRDS) [2,7], ion drift chemical ionization
mass spectrometry (ID-CIMS) [8], and matrix isolation
electron spin resonance (MIESR) [10]. DOAS is used
as a standard for the instrument inter-comparison be-
cause it is inherently calibrated. DOAS uses the narrow
molecular absorption bands to identify trace gases and
their absorption strength to retrieve trace gases concen-
tration. The major advantage of DOAS is the ability to
measure concentration of trace gases without disturbing
their chemical behavior. The other techniques require
frequent sophisticated field calibrations or need to sam-
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ple from ambient air. Therefore, LP-DOAS is developed
to measure the NOg radical [9-13].

Following its first detection using LP-DOAS in the
troposphere by Platt et al. [11], the study on oxida-
tion capacity and loss processes of nitrate radical has
become one of the international advanced areas of re-
search. With the method of LP-DOAS, we have started
to measure nighttime atmospheric nitrate radical in
China since December, 2005 [6,12]. Due to its low con-
centration, water vapor strong absorption in the mea-
suring band could affect evaluation of nitrate radicals,
and the absorption of water vapor is non-linearly de-
pendent on column density.

In this work, an effective method was presented. It
was possible to account for non-linearity and varying
water vapor columns by fitting together with reference
spectra of water vapor and change of cross section with
water vapor column densities. Finally, the modified
method was applied during an intensive field campaign
in the Pearl River Delta, China.

1. DOAS MEASUREMENT FOR NO;

The NOg radical was measured along a 3.0 km op-
tical path using LP-DOAS. Figure 1 is the schematic
view of a LP-DOAS experimental setup for NO3. The
light source was a 150 W Xenon high pressure lamp.
A Cassegrain telescope is used to transmit and re-
ceive light, which is reflected by an array of 13 retro-
reflectors. Through a 7x0.1 mm diameter fiber bun-
dle, which is regulated by a mode mixer to reduce
the interference fringe produced by the total reflec-
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FIG. 1 Schematic view of a LP-DOAS experimental setup
for NO3.

tions inside the fiber of the light leaving the fiber, the
light is transmitted to the spectrograph and then to
the detector. The spectrograph is an Andor Shamrock
SR-303i with focal length of 303 nm, a linear disper-
sion of 2.6 nm/mm and a diffraction grating with 600
grooves/mm. In order to reduce dark current, the An-
dor 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, is placed in the
fiber optic coupler. Finally, the spectral signal is stored
and analyzed in the computer. The integration time of
the measurement spectra is adjusted automatically to
the incoming light intensity [12].

The concentration of NOg can be retrieved by apply-
ing the Lambert-Beer’s law [13-23]:

n

1) = T exp { Y- [=0i(A) = oi(N) -

i=1

en(A) = en(WINL | + B(V) (1)

where, I(\) and Iy()) are the light intensities with and
without absorption by the trace gas at the wavelength
A and optical path L. The cross section o;(\) and o/ (\)
represent the narrow spectral structures and the broad
spectral features, respectively. The Rayleigh extinction
and Mie extinction of aerosols are described by eg()\)
and ep(A). N; denotes the concentration of trace gas
and the noise B(A). A polynomial of a specified de-
gree is used to filter the broad variation. The remained
narrow structure is defied as the optical density:

Iy <& ,
In— = ; o, N;L + B'()\) (2)

Concentration of NOg is retrieved using least-squares
fits of NOj reference spectra to the optical density.

I1l. THE EFFECT OF WATER VAPOR ON NO;

The analysis of the nitrate radical is carried out in
the visible red spectral region from 640 nm to 680 nm
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FIG. 2 Calculated absorption lines of water vapor absorp-
tion at the high resolution of 5 pum.
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FIG. 3 Calculated optical densities of water vapor absorp-
tion at low resolution.

to include the NOj radical absorption peak centered at
662 nm. Water vapor strong absorption is also found
in this region. The influence of water vapor is critical
for the NO3 evaluation because overtone bands of the
water vapor peak at 651.5 nm are very close to NOs,
which could affect the precision and detection limits of
the DOAS system [23-27].

In the DOAS technique, reference cross sections must
be subjected to a linear fit to the measured optical
density. It is implicit that the reference cross section
does not change shape with changing of column den-
sity. Under tropospheric conditions, water vapor mix-
ing ratios usually vary from 0.01% to 5%, giving col-
umn densities from 1.36x10%! molecules/cm? to 6.8x
10%% molecules/cm?. At these high water vapor column
densities, the linearity assumed by the Lambert-Beer
law breaks down and saturation of some absorption lines
is often achieved.

Figure 2 is the calculated absorption lines by HI-
TRAN at the high resolution of 0.005 nm. Calculated
optical densities of water vapor absorption using the
low resolution of the spectrograph (0.48 nm) and max-
imum mixing ratios of 0.18, is shown in Fig.3. But the
maximum value reached up to 0.18, while the maximum
value of the measured optical density based on DOAS is
below 0.09 (see Fig.4). What appears at low resolution
to be a fairly weak absorption (Fig.4) is actually com-
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FIG. 4 Measured optical densities at the low resolution.

posed of a number of very strong absorption lines seen
at high resolution (Fig.2). The nonlinearity of water va-
por absorption is obvious in the DOAS measurement.
Therefore, the convoluted cross section of water vapor
is not used to retrieve the absorption of water vapor.

But nitrate radical only exists at detectable con-
centrations during the nighttime. The daytime atmo-
spheric absorption spectra (at solar zenith angles <80°)
can serve as reference spectra for eliminating water va-
por absorption, but the column density of water vapor
varies between daytime and nighttime.

Although the overall cross section is not a linear func-
tion of column density of water vapor, the cross sec-
tion of water vapor was found to be a different linear
function at each wavelength over the range of column
density of water vapor [21]. The cross section at a par-
ticular relative humidity is therefore related to that at
another relative humidity for constant pressure by the
following expression:

dUOD
00D = 00D, T+ dRHARH (3)
here, oop, is the reference cross section of water vapor
based on the daytime atmospheric absorption spectra
at a chosen column density of water vapor, opop is the
reference cross section at another column density, and
ARH is the difference between the two relative humidi-
ties. It is possible to adjust the reference cross section
to be at the correct column density in the fitting pro-
cess. doop/dRH, derived from the smoothed reference
cross sections of the daytime atmospheric absorption
spectra, describes the difference between the cross sec-
tion used. Therefore, an achieved reference cross section
that would better describe the water vapor absorption,
is essentially a fit to minimize the residual.

Reference spectra of water vapor were calculated
based on the daytime atmospheric absorption spectra,
and the change of cross section with relative humidity
(doop/dRH) for a particular column amount was fitted
simultaneously with the cross section for that particu-
lar column of water vapor. This process gave a more
accurate fitting of water vapor absorptions.
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FIG. 5 The effect of the interpolated reference spectrum at
close studied night.

IV. SPECTRA ANALYSIS OF NOs3

The absorption feature centered at 662 nm from
650 nm to 680 nm was used for quantification of NOg
concentration [28-35]. The cross section ¢(662 nm)=
2.25x10717 cem? (http://www.atmosphere.mpg.de/)
was used for the NO3 evaluation. Apart from the NOg
radical, the main absorber was water vapor in that re-
gion. The water vapor reference section was achieved
based on the aforementioned processing technique, and
was fitted simultaneously with the reference cross sec-
tion of nitrate radical.

Stay light, electronic offset, and dark current were
corrected from the measured atmospheric spectra. The
logarithm of the resulting spectrum was then numeri-
cally high pass filtered and the result was then low pass
filtered, resulting in the measured optical density. The
reference spectra of NOg and the water vapor were fitted
to the measured optical density simultaneously based on
a least squares routine after they were subjected to the
same filtering technique.

The reference spectrum, which was obtained by in-
terpolating daytime spectra to achieved water reference
spectra at the various relative humidity, was chosen to
fit the water vapor absorption at the same relative hu-
midity, resulting in the best results (see Fig.5). It was
found that the effect of water vapor absorption was re-
stricted to a minimum. The detection limit was 3.6 ppt
according to residual. If only the daytime spectra which
were close to the studied night were interpolated to get
a water vapor absorbing spectrum, the detection limit
was 4.6 ppt according to residual.

This approach was found to be most successful in
removing the water vapor absorption since it offered the
flexibility to account for variations in column densities
of water vapor. The effect of water vapor absorption
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was restricted to a minimum.

The Pearl River Delta is one of the areas which have
experienced the fastest economic development in China.
In consequence, coal smog and traffic exhaust together
cause serious photochemical smog and particulate pol-
lution problems on a large scale both in urban and re-
gional areas. In order to understand the role of NOg
in the nighttime, NO3 was measured by LP-DOAS,
from June 30 to July 10, 2006 in the back garden are
(23°28'86"'N; 113°02'91”E) of Guangzhou during an in-
tensive field campaign in the Pearl River Delta.

LP-DOAS setup was deployed on the third floor and
an array of retro-reflectors was placed in another build-
ing resulting in a total atmospheric optical path of
3.1 km on the average, 10 m above the ground. There
was a lake under the optical path and many trees and
grasses around the measurement site. The integration
time of the measurement spectra was adjusted auto-
matically to the incoming light intensity, so the nitrate
radical could be retrieved every 2-15 min by evaluating
the spectral range between 640 and 680 nm. Figure 6
was the time series of the concentrations of NOg, which
were subjected to the aforementioned processing tech-
nique. Its nighttime average was 23.6+1.8 ppt with the
detection limits 3.6 ppt. NOgs at these levels can play a
significant role in oxidation of VOCs [1,31].

The levels were slightly higher than those shown in
several previous studies that also used LP-DOAS. But
the significantly higher mixing ratios were often found
in polluted air masses by Brown et al. using a cavity
ring-down spectroscopy (CaRDS) instrument for in situ
quantification of both NO3 and N,Os5 [7,16].

V. CONCLUSION

The real-time and in-line measurement of trace-gas
concentration can be performed by LP-DOAS tech-
nique, which is widely applied to study and monitor
the quality of the environment. For the nitrate radical,
LP-DOAS is an appropriate technique. But the strong
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FIG. 6 Time series of the concentrations of NOs.
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absorption of water vapor affects the precise measure-
ment of nitrate radical and the detection limits of the
LP-DOAS system. Reference cross section, when used
together with change of cross section with water vapor
column densities, was found to give better fits for the
purposes of accurate nitrate radical analysis. Using this
technique, the detection limits of the LP-DOAS sys-
tem for nitrate radical reached 3.6 ppt. The modified
method was applied during an intensive field campaign
in the Pearl River Delta, China. The average level of
NOg3 was 23.6+1.8 ppt in polluted air masses.
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