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Abstract

We have developed a new system for measuring photochemical ozone production rates in the
atmosphere. Specifically, the system measures the net photochemical oxidant (Oy: the sum of ozone
(O3) and nitrogen dioxide (NO,)) production rates (P—L(Oy)). Measuring Oy avoids issues from
perturbations to the photostationary states between nitrogen oxides (NO,) and Oj;. This system has
“reaction” and ‘“reference” chambers. Ambient air is introduced into both chambers and Oy is
photochemically-produced in the reaction chamber and not generated in the reference chamber. Air
from the chambers is alternately introduced into an NO-reaction (NO: nitric oxide) tube to convert O
to NO,, and then the Oy concentration is measured as NO, using a laser-induced fluorescence technique.
P—-L(Oy) was obtained by dividing the difference in Oy concentrations between air samples from the
two chambers by the mean residence time of the air in the reaction chamber. In this study, the P—L(Ox)
measurement system was characterized and the current detection limit of P—L(Oy) was determined to
be 0.54 ppbv h™! with an integration time of 60 s (S/N=2), assuming an ambient Oy concentration of

100 ppbv. Field measurements of P—L(Ox) were conducted using the system at a remote forest location.

Keywords

Production rate; Oxidant; Ozone; Laser-induced fluorescence
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1. Introduction

Tropospheric ozone (O3) is a harmful air pollutant in the atmosphere and a key component in
the production of photochemical smog. Ozone hinders the growth of plants,'* and is responsible for
numerous health problems, such as respiratory illnesses.” > Ozone is also an important greenhouse gas
that contributes to climate change.® Appropriate ozone control strategies are required to improve
regional and global air quality.

Tropospheric ozone is generated through reactions involving nitrogen oxides (NO,: the sum of
nitric oxide (NO) and nitrogen dioxide (NO;)) and volatile organic compounds (VOCs) in the presence
of solar ultraviolet (UV) light. Tropospheric ozone is generated in the photolysis of NO;:

NO, + hv (A <420 nm) — NO + OCP), (1)

OCP) + O, + M — O3 + M, )
where M is a third-body molecule such as N, and O, in the atmosphere. The inverse of reactions (1)
and (2) regenerates NO, and destroys ozone:

NO + O3 — NO; + 0. 3)

Photochemical ozone production in the troposphere is substantially controlled by the reaction

of NO with peroxy radicals (RO;; R means an organic group):

RO, + NO — RO + NO,, 4
RO + O, — HO, + carbonyl compounds, (%)
HO, + NO — OH + NO.. (6)

Peroxy radicals are produced by the reaction of OH radicals with VOCs and CO:

OH + VOCs — R + H,0, (7)

R+0,+M — RO, + M, (8)

OH + CO — H + CO,, 9)

H+ 0, +M— HO;, + M. (10)
3
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Reactions (4)—(10) form a chain reaction centered on OH, HO, and RO, radicals to generate
tropospheric ozone. VOCs act as a propagator of the chain reaction. NO, act as both a propagator and a
terminator of the chain reaction while NO, is the direct precursor of ozone. NO, reacts with OH to
generate nitric acid, which is a termination reaction of the chain reaction:

OH + NO, + M — HNO; + M. (11)

Hence the relationship between ozone formation and precursor concentrations is non-linear
and complex. An example of the complexity is the ozone production regime, which consists of
“NO,-limited” and “VOC-limited” (or NO,-saturated) regimes.7’8 Ozone production rates increase with
NO, increases in a NO,-limited regime, while ozone production rates increase with VOCs in a
VOC-limited regime. Ozone production rates do not significantly increase with increased VOC
concentrations under NO,-limited regimes, while ozone production rates decrease when NO,
concentrations increase under VOC-limited regimes. Qualitative relationships between NO,-limited and
VOC-limited regimes can be described using empirical kinetic modelling approach (EKMA) diagrams
and the VOC/NO; ratio is an important factor for determining the ozone production regime.9 Despite
the ozone formation process being well-understood, the quantitative relationship between precursors is
not sufficiently understood, even though a number of studies have focused on this issue.'”"
Highlighting the importance of this issue, ozone concentrations are still increasing, despite a decrease
in the concentrations of NO, and VOCs in some regions.14 One of the aspects hindering quantitative
understanding of the relationship between ozone and its precursors is that there are many different
VOC species. Lewis et al."” identified more than 500 VOCs in urban air using double-column gas
chromatography. The ozone production potential of VOCs varies according to the individual VOC and
it is difficult to quantitatively estimate ozone production rates through considering the contribution of
all VOCs in the atmosphere.

The ozone budget in the boundary layer can be expressed using Equation 12:'°

4
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84 =P~ L(0;)-—%[0;]-V-(0; ), (12)

85  where P—L(0Os3), ug, H and v are the net photochemical ozone production rate, ozone deposition velocity,
86  mixing layer height, and wind velocity, respectively. Ozone concentration variations are affected by
87  meteorological factors such as deposition, advection and vertical mixing, as well as chemical factors
88  such as photochemical ozone production and loss. It is more difficult to evaluate the relationship
89  between ozone and its precursors when considering meteorological factors alongside chemical factors
90  when many different VOCs are present.

91  Recently, a system for directly measuring the photochemical ozone production rate in the atmosphere,
92 the Measurement of Ozone Production Sensor (MOPS), has been developed.!” This system can
93  separate chemical and meteorological factors responsible for ozone concentration variations and
94  significantly improve understanding of photochemical ozone production. In the MOPS, ambient air is
95  introduced into two chambers, a UV-transparent (reaction) and a UV protection (reference) chamber in
96  the presence of solar UV light. Ozone is produced photochemically in the reaction chamber and not
97  formed in the reference chamber. P—L(0O3) is obtained from the difference between O3 concentrations in
98  the reaction and reference chambers. The system does not measure O; concentrations directly; it
99  measures combined ozone and NO, concentrations (abbreviated as Oy). This is because the
100  photostationary states between NO, and Os are different in the reaction and reference chambers,
101 producing variations in ozone concentrations. During the daytime, NO, and O3 rapidly form the
102  photostationary state described by reactions (1)—(3). The reaction rate (1) in the reference chamber is
103 slower than that in the reaction chamber. Reaction (3) dominates in the reference chamber and O;
104  concentrations decrease accordingly. As a result, P—L(O3) is overestimated in this scenario. The Oy
105  concentration is constant during reactions (1)—(3), so measuring the net photochemical Oy production

106  rates (P—L(Oy)) is more practical than measuring P—L(O3). P—L(Oy) has been measured in the urban
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atmosphere using the MOPS.'®'®

The MOPS would be a revolutionary instrument for understanding
ozone budgets, but further improvements to it are required. For example, wall losses of NO; in the
chamber under humid conditions are problematic'”*'®. Also, the Oy detection system could be improved.
In the MOPS, Oy concentrations are measured by the photolytic conversion of NO; to O, followed by
O; detection by an O3 analyzer using the UV-absorption method. The Oy detection system is simple, but
the conversion efficiency of NO; to Oj is not 100% and depends on NO, and O3 concentrations. This
conversion efficiency dependence creates additional uncertainty in the P—L(Oy) measurements. In
addition, the response of the O3 analyzer to changes in temperature and relative humidity causes the
uncertainty'®.

We have developed a new system for measuring P—L(Ox) in the atmosphere. In this article, the
instrumentation used and characterization of the P—L(O) measurement system are described. We also
conducted a field study involving P—L(Ox) measurements in a remote forest area and the results of the
field study are briefly discussed. In this system, Oy concentrations are measured by conversion of O3 to
NO; using a large excess of NO, followed by NO, detection using an NO, analyzer applying
laser-induced fluorescence (LIF). The conversion efficiency of O3 to NO, was almost 100% and was
independent of Oz concentrations. These modifications enable more accurate Oy measurements. Wall

losses of NO; and O3 in the chamber were negligible in this instrument, so that absolute uncertainties of

the P—L(Oy) measurements can be reduced.

2. Instrumentation
2.1. Overview

Figure 1 presents a schematic of the P—L(Ox) measurement system. The system features
reaction and reference chambers with identical dimensions (inner volume of 11.5 L) made of quartz

and Pyrex, respectively. The outer wall of the reference chamber was coated with a UV protection film

6
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131 so that photochemical reactions could not occur. Both chambers can be directly exposed to sunlight
132 outdoors and ambient air is introduced into both chambers. Photochemical reactions then proceed to
133 generate Oy in the reaction chamber, while Oy is not generated in the reference chamber. A Teflon filter
134 was set before the chambers to remove particles. Air passed through the reaction and reference
135 chambers is then alternately introduced into an NO reaction tube every 2 minutes to covert O3 to NO;
136 in the presence of a high concentration of NO. The Oy concentration, as NO,, is then measured using
137 LIF. Gas flow from the reaction or reference chambers to the LIF-NO, analyzer via the NO-reaction
138 tube was switched using two Teflon three-way solenoid valves (FSS-0306YN; Flon Industry) located
139 just before the NO-reaction tube (see Figure 1). The increment of Oy (4Oy) is defined as the difference
140  in Oy concentrations between the reaction and reference chambers. P—L(Oy) is obtained by dividing

141  AO4 by the mean residence time of air in the reaction chamber ({ 7)) (Equation 13).

40,

142 P-1(0,) B (13)

143 The air flow from the chambers that is not introduced into the NO-reaction tube was evacuated by a
144 diaphragm pump to avoid undesirably stacking the air flow in the chambers. The evacuated flow rate is
145  controlled by a mass flow controller and the flow rates in the reaction and reference chambers were
146 always the same.

147

148 2.2. Reaction and reference chambers

149 Figure 2 presents a schematic diagram of the reaction chamber, which consists of a quartz
150  cylinder, two quartz windows, and aluminum flanges to connect the quartz cylinder to the quartz
151  windows. The length and inner diameter of the quartz cylinder are 500 and 171 mm, respectively. The
152 quartz window has a quartz tube (outer diameter of 12.7 mm) for air intake and outflow. For air intake,
153 the quartz tube passes through one quartz window and is bent into an L-shape at the inner surface side

7
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of the quartz window (see Figure 2). The other quartz window is equipped with a straight quartz tube
for air outflow (see Figure 2). The reason for this configuration is explained in detail in Section 3.3.
The quartz windows for air intake and outflow are referred to as “L-shape” and “straight”, respectively,
in the rest of this article. The inner wall of the reaction chamber (i.e. quartz cylinder and windows) was
coated with a clear Teflon film (TC-20; Yoshida SKT) to avoid wall losses (see Section 3.4). The
specifications of the reference chamber were almost the same as those of the reaction chamber, but a
cylinder and two windows are made of Pyrex. The inner wall of the reference chamber (i.e. Pyrex
cylinder and windows) was also coated with a clear Teflon film. Also, the outer wall of the reference
chamber was coated with a UV protection film (SH2CLAR; 3M).

Light transmittance through the clear Teflon and UV protection films was measured using a
commercially available UV-Visible spectrophotometer (V-630; JASCO Corporation) with a spectral
resolution of 1 nm. The light sources for the spectrophotometer are deuterium and halogen lamps for
UV and visible regions, respectively. Two synthetic quartz plates were prepared and one side of the
plate was coated with the clear Teflon or UV protection film. Figure 3 shows transmission spectra of
the quartz plates coated with clear Teflon and UV protection films. Light transmittance through the
clear Teflon film was more than 99.8% at wavelengths longer than 280 nm, highlighting that solar UV
had no trouble penetrating the clear Teflon film. For the UV protection film, the half cut-off wavelength
was measured to be 405 nm and light transmittance was near zero at wavelengths less than 390 nm. We
also investigated solar UV transmittance through the reaction and reference chambers using natural

sunlight. The results of these experiments are described in Section 3.2.

2.3. NO-reaction tube
A PFA tube (outer diameter of 12.7 mm; inner diameter of 10.7 mm; length of 44 cm) was
used as a NO-reaction tube. Sample air was introduced into the NO-reaction tube and was immediately

8
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178  mixed with NO/N; gas (Taiyo Nissan, 98.8 ppmv NO (ppmv = parts per million by volume)) using a
179  PFA Union Tee (Swagelok) to convert Os in the sample to NO,. In advance, the NO/N, gas passed
180  through a cylinder filled with powderized crystals of FeSO47H,0 to reduce NO, in the NO/N, gas
181  cylinder to NO." The flow rate of the NO/N, gas was maintained at 10 cm® min ™' using a mass flow
182 controller (3660; KOFLOC). The total flow rate of the reaction mixture in the NO-reaction tube was
183 controlled by the flow rate of the LIF-NO, analyzer and was measured to be 553 cm® min ' using a
184  bubble film flow meter (Gilibrator 2; Sensidyne).

185 A high concentration of NO (1.79 ppmv) exists in the NO-reaction tube. We evaluated the
186  effect of the reaction of NO, with NO to produce N,O3, which might influence an NO, concentration in
187  the reaction tube and accuracy of the P—L(Ox) measurement. This reaction is an equilibrium reaction
188 and the equilibrium constant is 2.10 x 102° cm® molecule ' s~ at 298 K.** Assuming that NO and NO,
189  concentrations are 1.79 ppmv and 100 ppbv, respectively, the N,O3; concentration is calculated to be
190 2.28 x 10° molecules cm > (0.093 pptv), which is extremely low concentration. We concluded that the

191  reaction NO, + NO — N,0s is negligible as an NO, sink in the NO-reaction tube.

192

193 2.4. NO; measurement using laser-induced fluorescence

194 NO; concentrations were measured using LIF. Detailed descriptions of the technique and
195  instrumentation used have been reported previously.”'** Briefly, ambient air was introduced into the
196  fluorescence detection cell through an orifice (0.254 mm diameter). A second harmonic of a solid-state
197  pulsed Nd:YAG laser (Awave-532nm-8W-10kHz; Advanced Optowave) was produced to excite NO;
198  molecules in the detection cell. The Nd:YAG laser had a frequency of 10 kHz, pulse width of 76 ns,
199  beam diameter of 1 mm and maximum output of 7 W. Fluctuations in laser power were monitored
200  outside the detection cell using a photodiode (S1226-5BQ; Hamamatsu) to correct the sensitivity of the

201  LIF system as fluctuations in laser power occurred. The cell was maintained under vacuum using a

9
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rotary pump (RVS; Edwards) to decrease quenching of excited NO, molecules. Pressure in the cell was
approximately 330 hPa and was measured using a capacitance manometer (Model 720; Setra).
Fluorescence was focused onto a photocathode of a dynode-gated photomultiplier tube
(R928P; Hamamatsu) through two lenses and a sharp cut-off filter (R62; Asahi Technoglass), which
was used to cut off scattered light to the photomultiplier tube. The photomultiplier tube was time-gated
to distinguish fluorescence from scattered light using a dynode gating system that was normally off
(C1392-56; Hamamatsu). The gating system was controlled by a positive transistor-transistor logic
(TTL) pulse that was generated from a delay/pulse generator (DG535; Stanford Research Systems).
The negative output signal from the photomultiplier tube was passed to an amplification/discrimination
unit (C9744; Hamamatsu) for conversion to positive TTL pulses. The number of these pulses during a
single gate period was counted by a photon counting board (M8784; Hamamatsu) that was slotted into
a master computer (Dimension 8250; Dell). Typical gate timing for photon counting ranged between
0.3 and 3.1 ps after the laser pulse. The detection limit of the NO,-LIF instrument was estimated to be
0.053 ppbv (parts per billion by volume) at a signal-to-noise ratio (S/N) = 2 at an integration time of 60

s and laser power of 7 W (see Section 3.5)*" %,

3. Characterization of the instrument
3.1. Solar UV transmittance through glass walls of the reaction and reference chambers

HO, (OH and HO,) radicals play a central role in photochemical Oy production. HO, radicals
are initially generated by the photolysis of species such as ozone, nitrous acid and aldehydes. To obtain
P—L(Ox) with a high accuracy, solar UV transmittance through the reaction and reference chambers
should be sufficiently high and low, respectively. To investigate solar UV transmittance through the
reaction and reference chambers, the solar actinic fluxes in the reaction and reference chambers were
measured using a spectroradiometer (Meteorologie Consult GmBH, Germany). Details of the

10

ACS Paragon Plus Environment



Environmental Science & Technology Page 12 of 33

226 spectroradiometer have previously been described by Kanaya et al.”> and the same radiometer was used
227 in this study. The solar actinic flux in ambient air was also measured for comparison. The
228  measurements were conducted at noon on a sunny day (24 April 2014) on the roof of the B5 building at
229  Osaka Prefecture University, Osaka, Japan.

230 Photolysis frequencies of NO, (J(NO)), O; (J(O3)), HONO (J(HONO)) and HCHO
231  (J(HCHO)) were calculated using their associated measured solar actinic fluxes. The calculation
232 method used in this study is the same as that described by Kanaya et al.” It should be noted that J(O;3)

233 and J(HCHO) are the rate constants for reactions (14) and (15), respectively.

234 O3+ hv— 0, +0('D), (14)
235 HCHO + hv — H + HCO. (15)
236 Table 1 presents the J(NO;), J(O3), JJHONO) and J(HCHO) results for ambient air, and the

237  reaction and reference chambers. Photolysis frequencies in the reaction chamber were in agreement
238  with those measured in ambient air to within 3 %. Conversely, J(O3), JJHONO) and J(HCHO) in the
239  reference chamber were less than 2 % of those in ambient air. These results indicate that the amount of
240  solar UV light in the reaction chamber was nearly the same as that in ambient air and HO, radical
241  production was sufficiently suppressed in the reference chamber. J(NO,) in the reference chamber was
242 12% of that in ambient air. It is reasonable that J(NO,) did not completely diminish in the reference
243 chamber because the half cut-off wavelength for the UV protection film was 405 nm (Section 2.2). It
244 should be noted that J(NO;) is the rate constant for reaction (1) and does not contribute to
245  photochemical Oy production.

246

247 3.2. O3 to NO; conversion efficiency in the NO-reaction tube

248 Quantitative conversion of O3 to NO; in the NO-reaction tube is crucial to measuring P—L(Ox)

249  accurately. The O3 to NO, conversion efficiency (o) was investigated. O3 was generated using a

11
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low-pressure mercury lamp and the ozone concentration ([Os;]yy) was measured using a
commercially-available O3 monitor based on the UV-absorption method (Model 1150; Dylec). A
known concentration of ozone (ozone sample gas) was introduced into the NO-reaction tube for
conversion to NO,, followed by analysis using the LIF-NO; analyzer to measure the NO, concentration
(INOz2]'Lir). The ozone concentrations were controlled within the range 12—158 ppbv. The flow rates of
the ozone sample gas and the NO/N, gas introduced into the NO-reaction tube were 543 and 10 cm’
min ', respectively, and the total flow rate in the NO-reaction tube was 553 cm’ min', which was
controlled by the flow rate of the LIF-NO, analyzer as described in Section 2.3. It should be noted that
the ozone concentration of the ozone sample gas was diluted and [O3;]yv decreased in the NO-reaction
tube through addition of NO/N, gas. Therefore, the relationship between [NO,]'Lir and [Os]uv is

described through Equation 16:
, 543
[Noz]LIF:E[OﬂUVO‘- (16)

Figure 4 presents the relationship between [NO:]r and [Os]uy. [NO;]Lr 1s the corrected
concentration of NO, after dilution in the NO-reaction tube.

553 ,
[NOZ]LIF :%[Noz] LIF * (17)

The slope of the regression line in Figure 4 is the conversion efficiency.
[NO, ] =[O0 ]yve (18)
o was calculated to be 0.990 + 0.006 (1o), showing that complete conversion of O3 to NO; in

the NO-reaction tube was achieved when O3 concentrations were less than 160 ppbv.

3.3. Mean residence time of air in the reaction chamber

The mean residence time of air in the reaction chamber ({7)) is critical for calculating P—L(Ox).

12
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272 As the inner volume and airflow rate in the reaction chamber were 11.5 L and 543 cm’ min_l,
273 respectively, the mean residence time was 21.1 minutes assuming complete plug flow. It should be
274  noted that the airflow rate in the reaction chamber was obtained by subtracting the flow rate of the
275 NO/N, gas introduced into the NO-reaction tube (10 cm® min") from the flow rate of the LIF-NO,
276 analyzer (553 cm® min ).

277 (7) was determined experimentally since the actual flow in the reaction chamber would not be
278  the same as the plug flow. A short pulse of NO, gas (ca.10 ppmv) was introduced into the reaction
279  chamber at 7= 0 and the time profile of NO, concentrations (C(7)) at the exit of the chamber was
280  measured using the LIF-NO; analyzer. The pulse width of the introduced NO, gas was approximately
281 10 s and was sufficiently shorter than (7). The flow rate in the reaction chamber was controlled to be
282 543 cm’ min ' by adding zero air at a rate of 10 cm® min ' between the exit of the chamber and the
283  LIF-NO; analyzer. C(7) was converted into the probability density function (£(7)) by normalizing C(7)

284  using Equation 19.

285 E(r):wCL. (19)
L C(r)dr

286 (7) 1s an expectation value and was calculated using Equation 20.

287 <T> = J.: #(r)dr . (20)

288 Figure 5(a) presents an example time profile of E(7) in the reaction chamber. The

289  measurements were performed five times and (7) was calculated to be 20.5 + 0.4 min, which was close
290  to the value calculated assuming complete plug flow (21.1 min). Figure 5(a) also shows a fitting curve
291  based on a lognormal distribution. The #* value of the fitting curve was calculated to be 5.53 x 10~ and
292 the time profile of E(7) followed a lognormal distribution.

293 Figure 5(b) presents an example of time profiles of E(7) in the reaction chamber when a

13
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“straight” quartz window was used for air intake. The measurements were performed five times and (7)
was calculated to be 22.1 + 0.5 min, which was also close to the value calculated assuming complete
plug flow. A large, sharp peak of E(7) was observed at approximately 40 s and then E(7) decreased
moderately, however. This was likely because the residence time of air around the central axis of the
quartz cylinder was extremely short. We suggest that (7) in the reaction chamber is further from the
actual reaction time when a “straight” quartz window is used for air intake. As such, an “L-shape”

quartz window was used for air intake.

3.4. O3 and NO; loss in the reaction and reference chambers

Wall losses of Oz and NO, decrease the accuracy of P—L(Oy). Inner walls of both reaction and
reference chambers were coated with a clear Teflon film to avoid wall losses (Section 2.2).

To investigate wall losses of O3, it was generated using a low-pressure mercury lamp and then
introduced into the chamber. O; concentrations before the air inlet ([Os]in) and after the air outlet
([O3]out) of the chamber were measured using the NO,-LIF instrument through the NO-reaction tube.
The chamber flow rate was maintained at 543 cm’® min . This experiment was performed under dark
condition. Figure 6 presents the relationship between [O;]i, and [Os]ou for the reaction and reference
chambers. Wall losses of Os; were found to be approximately 10 % for both chambers without clear
Teflon coating. Wall losses decreased to less than 1.5 % when the chambers were coated with Teflon.
This finding shows that Teflon coating of the inner walls of the chambers is necessary to accurately
measure P—L(Oy).

NO, wall losses were also investigated. NO, was generated using a gas-phase titration (GPT)
method and was introduced into the chamber. The details of the GPT method are described elsewhere.”
NO, concentrations before the air inlet ([NO;];,) and after the air outlet ([NO;]oy) of the chamber were

measured using the NO,-LIF instrument. The chamber flow rate was maintained at 543 cm’ min . The

14
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318  measurements were performed under humid conditions because wall losses of NO, increase because of
319  the reaction:

320 2NO; + H,0O(ads.) — HNOs; + HONO, (21)
321  where H,O(ads.) is a water molecule adsorbed on the surface of the inner wall. Humidity was measured
322 using a chilled mirror dew point hygrometer (DPH-501B; Tokyo Opto-Electronics Co., Ltd.). The
323  measurements were carried out under dry condition and relative humidity of about 80% (see Figure 7).
324 The chambers with clear Teflon coatings were used in this experiment. This experiment was also
325  performed under dark condition. Figure 7 presents the results of the comparison between [NO,];, and
326  [NO;]ou for the reaction and reference chambers. The measurements were performed three times for
327  each experimental condition. The values of [NO,],« were in agreement with [NO,]i, within one
328  standard deviation under both dry and humidified conditions. We concluded that there were no
329  significant wall losses of NO, in the chambers. Hence the use of glass chamber with clear Teflon
330  coating improve wall loss effect of Os and NO, under dark condition.

331 Recently, HONO formation at the surface under illuminated condition has been proposed in
332 the simulation chamber experiment,** and the HONO formation might affect photochemical Oy
333  production in the reaction chamber. In addition, HCHO formation, ozone loss under humidified
334  condition, and off-gassing of organic compounds at the surface® might influence photochemical O
335  production in the reaction chamber. Evaluation of these factors might be an issue in the future in order
336 to improve accuracy of the P—L(Oyx) measurement.

337

338  3.5. Detection limit and uncertainties of the instrument

339 The P—L(Ox) detection limit (P—L(Ox)min) using this instrument depends on the detection limit
340  of the NO,-LIF instrument ([NO;]min) and (7). Also, P—L(Oy) is derived using 4Oy, so the P—L(Ox)min
341 also depends on the ambient Oy concentration ([Ox]amp.). The [NO2]min Was estimated by the following
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equation:

[NO, .. S/N,/ “’G (22)

where S/N is the signal to noise ratio at the detection limit, C is the NO, detection sensitivity (cps w!
ppbv '), P is the laser power (W), m and n are the numbers of fluorescence and background
measurement, respectively, Sgg is the background signal count rate (cps W '), and ¢ is the integration
time (s). Under the typical condition, C and Sgg were measured to be 598 cps W' and 63.4 cps W'
ppbv !, respectively, and [NO,]min Was determined to be 0.053 ppbv at SIN=2,1=60s, m=n = 1, and
P=7TW.

For P—L(Ox)min, background signal (S'gg) is affected by [Oxlamb., that is, S'gg is expressed by
the following formula:

S'pG =Spg * C[Ox] (23)

amb. °

P—L(Ox)min can be estimated by the following equation:

P—L( mln_S/N / \/SBG+CO ]amb < >’ (24)

Hence P—L(Oy)min depends on ambient Oy concentrations. Assuming an ambient Oy concentration of 10,

50, and 100 ppbv, the detection limit of P—L(Oy) was estimated to be 0.22, 0.39, and 0.54 ppbv h™',
respectively, at S/N = 2, with an integration time of 60 s. It should be noted that the detection limit
estimated here is under the constant O concentration condition. The actual detection limit must be
higher than those values because there are natural O concentration variations in the atmosphere.

The main uncertainties associated with this instrument arise from (7)'" and the calibration of
the NO,-LIF instrument. The uncertainty in (7) was estimated from the error associated with the
measurement of (7) (¥4 %). The uncertainty in the calibration of the NO,-LIF instrument was the same

as that of the LED-IF (light-emitting diode induced fluorescence) NO, analyzer’® because the same
16
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364  calibration system was used, and arises from NO calibration of the commercially-available NO,
365  analyzer (£10 %) and NO, calibration using the GPT method (+10 %).*°

366

367 4. Atmospheric measurements

368 Field measurements of P—L(Oy) using this instrument were conducted at the Wakayama Forest
369  Research Station (WFRS), Kyoto University, Wakayama Prefecture, Japan, from 27 July, 2014, to 8
370  August, 2014. The WFRS was located at a latitude of 34.02°N, a longitude of 135.02°E, and an altitude
371 of 560 m above sea level. More details about the observatory are described elsewhere.”” Briefly, the
372 observatory is located in a forested valley and there were no large industrial areas near it. The site is
373 about 35 km from the center of the city of Wakayama, which is the largest city in Wakayama Prefecture.
374  The site is in a remote area, but there are significant emissions of biogenic volatile organic
375  compounds.”* Unfortunately, it was not sunny all day during the measurement period and O;
376  concentrations peaked at approximately 10 ppbv over most of the study. NO, concentrations were less
377  than 1 ppbv except when infrequent local emissions of NO, from a nearby road were identified.

378 Figure 8 presents variations of P—L(Oy), J(NO;), Oy and NO, concentrations at WFRS from 5
379  to 7 August 2014. Unfortunately, most of the observation period were rainy days and we could measure
380  P—L(Oy) for those three days only. J(NO;) was measured using the spectroradiometer described in
381 Section 3.1. O3, NO and NO; concentrations were measured using commercially-available instruments
382  based on UV absorption (Model 49C; Thermo Electron), NO-O3; chemiluminescence (Model 42i-TL;
383  Thermo Fisher Scientific) and cavity attenuated phase shift spectroscopy (CAPS-NO;; Shoreline
384  Science Research Inc., licensed by Aerodyne Research Inc.) methods, respectively. P—L(Oy) and Oy had
385  daytime maxima and nighttime minima for all days, indicating that Oy is photochemically produced
386  even in remote areas and under low NO, and Oy concentrations. On 6 August, Oy concentrations

387 increased even though P—L(Oy) values were almost 0 ppbv h™' from 6:00 to 8:00. This result indicates
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that the Oy increase was related to meteorological factors. Specifically, vertical mixing of air is weak at
night and O3 concentrations near the ground’s surface decreases because of processes like deposition.
The ground’s surface is gradually warmed by sunlight in the morning and vertical mixing of air
resumes. Consequently, O3 concentrations increase because of O3 influx from above. P—L(Oy) peaked
up to 10.5 ppbv h™' around noon and photochemical O3 production was active during the daytime.
However, Oy concentrations did not increase around noon. This suggests that Oz increases through
photochemical production competed against O; decreases through non-photochemical factors such as
deposition, advection and reactions of O3 with olefins.

Through the observation, we indicated that ozone can be produced photochemically, even in a
clean (i.e., low NO, and Oy concentrations) environment. In addition, simultaneous measurements of
P-L(0Oy) and Oy concentrations can separate the factors of ozone concentrations variations, that is,
meteorological and photochemical factors. Observational researches of P—L(Oy) are just beginning and
examples of the observations are still quite low. P—L(Ox) measurements can simplify the tropospheric
ozone budget, and significantly improve understanding of ozone budget as described in Section 1.
Accumulation of P—L(Oy) observations in the future must be useful in order to clarify photochemistry

and ozone budget in the troposphere.
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Table 1 Results from photolysis frequency (unit: s ') measurements in ambient air, and the reaction and

reference chambers

Ambient” Reaction'>  Reference > Reac/Amb.* Ref/Amb.”
JINO,) 9.890x10° 9.75x10° 120x10° 0.986 0.121
J(O5) 3.84x10° 395x107° ~0 1.03 ~0
JHONO)  1.70x10° 1.68x10° 2.84x107 0.988 0.017
JHCHO)  275x10° 270x10° 1.34x107 0.984 0.005

*1 Photolysis frequencies measured in ambient air.

*2 Photolysis frequencies measured in the reaction chamber.
*3 Photolysis frequencies measured in the reference chamber.
*4 Reaction / Ambient.

*5 Reference / Ambient.
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Figure captions

Fig. 1. Schematic diagram of the system for measuring photochemical Oy production rates (MFC =

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

mass flow controller).

. Schematic diagram of the reaction chamber. The aluminum flanges are not shown.

. Transmission spectra of synthetic quartz plates coated with (a) the clear Teflon and (b) the UV

protection films.

. Relationship between [O3]yy and [NO, ] r. The solid line shows the regression line. Uncertainty

in the regression formula was one standard deviation (1c). Error bars (15) of the measured data

are within the circles.

. Time profiles of E(7) in the reaction chamber when (a) “L-shape” and (b) “straight” quartz

windows were used for air intake.

6. Relationship between [Os];, and [O3],y in the (a) reaction and (b) reference chambers. Filled and

open circles indicate measurements using the chambers with and without the clear Teflon
coating, respectively. Solid and dashed lines represent the regression lines for filled and open

circles, respectively. Errors are one standard deviation (1c).

. Results of the comparison between [NO,]i, (open bars) and [NO;]. (gray bars) for the (a)

reaction and (b) reference chambers. Error bars are one standard deviation (1c).

. (a) Time series of P—L(Oy) (black line), and J(NO,) (blue line) measured at WFRS from 5 to 7

August, 2014. (b) Time series of P—L(Oy) (black line), Oy (red line) and NO, mixing ratios

(green line) measured at WFRS from 5 to 7 August, 2014.
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Schematic diagram of the system for measuring photochemical O« production rates (MFC = mass flow
controller).
Figure 1
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Schematic diagram of the reaction chamber. The aluminum flanges are not shown.
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Transmission spectra of synthetic quartz plates coated with (a) the clear Teflon and (b) the UV-cut films.
Figure 3
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Relationship between [O3]uy and [NOz]ue. The solid line shows the regression line. Uncertainty in the
regression formula was one standard deviation (10). Error bars (10) of the measured data are within the
circles.

Figure 4
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Time profiles of E(T) in the reaction chamber when (a) “L-shape” and (b) “straight” quartz windows were
used for air intake.
Figure 5
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Relationship between [0s]in and [Os]out in the (@) reaction and (b) reference chambers. Filled and open
circles indicate measurements using the chambers with and without the clear Teflon coating, respectively.
Solid and dashed lines represent the regression lines for filled and open circles, respectively. Errors are one
standard deviation (10).
Figure 6
186x204mm (300 x 300 DPI)
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Results of the comparison between [NO:]in (open bars) and [NO2]out (gray bars) for the (a) reaction and (b)
reference chambers. Error bars are one standard deviation (10).
Figure 7
190x230mm (300 x 300 DPI)
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(a) Time series of P—L(Ox) (black line), and J(NO,) (blue line) measured at WFRS from 5 to 7 August, 2014.
(b) Time series of P—L(Ox) (black line), O« (red line) and NOx mixing ratios (green line) measured at WFRS
from 5 to 7 August, 2014.

Figure 8
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