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Abstract

:

A sensitive, compact detector for the simultaneous measurement of O3 and NO2 is presented in this work. There are two channels in the detector, namely the Ox channel and the NO2 channel. In the presence of excess NO, ambient O3 is converted to NO2 in the Ox measurement channel. In both channels, NO2 is directly detected via cavity ring-down spectroscopy (CRDS) at 409 nm. At a 10 s integration time, the Ox and NO2 channels have a 1σ precision of 14.5 and 13.5 pptv, respectively. The Allan deviation plot shows that the optimal sensitivity of O3 and NO2 occurs at an integration time of ~60 s, with values of 10.2 and 8.5 pptv, respectively. The accuracy is 6% for the O3 channel and 5% for the NO2 channel, and the largest uncertainty comes from the effective NO2 absorption cross-section. Intercomparison of the NO2 detection between the NO2 and Ox channels shows good agreement within their uncertainties, with an absolute shift of 0.31 ppbv, a correlation coefficient of R2 = 0.99 and a slope of 0.98. Further intercomparison for ambient O3 measurement between the O3/NO2-CRDS developed in this work and a commercial UV O3 monitor also shows excellent agreement, with linear regression slopes close to unity and an R2 value of 0.99 for 1 min averaged data. The system was deployed to measure O3 and NO2 concentrations in Hefei, China, and the observation results show obvious diurnal variation characteristics. The successful deployment of the system has demonstrated that the instrument can provide a new method for retrieving fast variations in ambient O3 and NO2.
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1. Introduction


Ozone is a key atmospheric trace gas that is produced and transported in both the troposphere and stratosphere and influences atmospheric radiation and chemical processes. Ozone precursors come from natural and anthropogenic sources, such as lightning, vegetation, wildfires, and other types of biomass and fossil fuel combustion. In the troposphere, ozone is formed mainly through photochemical reactions of nitrogen oxides and volatile organic compounds, and has important effects on radiation forcing, gaseous photochemistry, and human, animal, and plant health [1,2]. It is the main source of OH free radicals and directly affects atmospheric chemical processes [3]. Tropospheric ozone is also a potent natural and anthropogenic greenhouse gas (IPCC, 2007). In view of the profound influence of ozone in the atmosphere, it is the most commonly measured trace gas in the atmosphere, which is very important in environmental monitoring.



Ozone’s widely varying ambient mixing ratios, which range from parts per billion to parts per million, and its reactivity impose constraints on the sensitivity, dynamic range, and response rate necessary for an instrument making in-situ O3 measurements.



Optical detection technology is widely used in the measurement of environmental trace gases [4,5,6]. A number of different techniques are commonly used for in-situ O3 measurements in environmental research, including UV absorption [7], chemiluminescence [8], differential optical absorption spectroscopy (DOAS) [9], long path absorption photometry [10], and cavity-enhanced spectroscopy [11,12,13]. Because of its absoluteness, overall simplicity, and reliability, the UV absorption technology (UV-O3) is the most widely used, especially in air quality monitoring networks. It uses 254 nm ultraviolet light to measure the concentration of O3, which may be interfered with by volatile organic compounds (VOCs). The detection limit is about 1 ppbv (1 min) [14]. Chemiluminescence technology (NO-CL-O3 technology) measures the chemiluminescence of the electron-excited state of NO2 generated by the reaction of NO and O3 to obtain the concentration of NO or O3, and the detection limit can reach 0.01 ppbv. The technology requires a certain concentration of NO, a vacuum system, and must be calibrated to determine the relationship between the number of photons and the concentration of O3. It has certain applicability, but it may be affected by changes in the atmospheric water vapor concentration [8]. Differential absorption spectroscopy (DOAS) has been applied to the monitoring of atmospheric ozone by Axelsson et al. [15]. Using a high-pressure xenon lamp as the light source, the average concentration of ozone in an absorption optical path of several hundred meters can be obtained by measuring the absorption spectrum in the range of 280–290 nm. Differential absorption spectroscopy has also played an important role in the monitoring of atmospheric conventional pollutants (O3, NO2, SO2) in China.



A few comparative experiments have been conducted between UV-O3 technology, NO-Cl-O3 technology, and DOAS technology in both the ambient atmosphere and the simulation chamber. Ryerson et al. conducted a comparative experiment of airborne O3 observation and found that UV-O3 technology was in good agreement with NO-Cl-O3 technology [16]. Williams et al. found that O3 concentrations measured at an urban/industrial site and onboard a ship using UV-O3 technology were consistent with those measured using NO-CL-O3 technology and DOAS technology [17]. Spicer et al. found that the UV-O3 technique was affected by the absorption of mercury vapor at 254 nm, and the deviation in ozone concentration measured per 1 pptv of mercury vapor was 1 ppbv. At the same time, Spicer et al. also found that the deviation between the conventional UV-O3 monitor and the UV-O3 monitor fitted with a water removal device was ± 4.1 ppbv during the smog season [18]. Ollison et al. found that in hot and humid weather, the deviation between the UV-O3 monitor and NO-CL-O3 monitor may be as high as 6 ppbv [19]. Leston et al. studied the interference of some aromatic compounds on the UV-O3 monitor in the simulation chamber. In mixtures containing high concentrations of toluene and C8 aromatics (o-xylene, p-xylene, and ethylbenzene), the UV-O3 monitor overestimated ozone by 15% and 38%, respectively [20].



The concentration of VOCs and other ozone precursors is very high in China, which poses a great challenge to the accurate measurement of ozone. At the same time, in situ measurements of ozone are often conducted from airborne platforms such as airplanes and balloons to describe the photochemical and dynamic processes of the atmospheric environment. High-time-resolution measurements are needed to observe changes in the ozone mixing ratio in small-scale atmospheric structures, such as power plants, biomass combustion, and the fine structure of stratospheric invasion into the troposphere.



In view of the high sensitivity and time resolution of the cavity ring-down spectroscopy (CRDS) technique, this study applies it to the detection of atmospheric O3. This paper focuses on the accurate measurement of the quantitative conversion of O3 to NO2 using CRDS technology. The composition, performance, and possible measurement interference of the dual cavity ring-down system for measuring Ox (O3 + NO2) and NO2 are further discussed. The system is applied to the actual measurement of O3 and NO2 in the ambient atmosphere, the measured results are compared with those measured using a UV-O3 monitor, and the performance of the CRDS system is analyzed.




2. Experimental Section


2.1. Cavity Ring-Down Spectroscopy


The CRDS measurement principle, which has been described in a previous article [21], is mainly based on the analysis of the ring-down time of the multiple reflection of light in the ring-down cavity to obtain the concentration information of the gas. The concentration of the gas to be measured in the cavity can be obtained by the following equation:


   [ A ]  =    R L    c σ    (   1 τ  −  1   τ 0     )  ,  



(1)







In Equation (1), [A] and σ are the concentration and absorption cross-section of gas A, respectively, and c is the speed of light.    R L    is the ratio of the ring-down cavity length to the single absorption optical path length of the gas in the cavity.    τ 0    is the background ring-down time (when there is no gas A to be measured). τ is the ring-down time (including gas A to be measured). Therefore, when the absorption cross-section of NO2 is known (it can be measured by the system   τ   and    τ 0  )  , the concentration of NO2 can be calculated.




2.2. CRDS Instrument for NO2 and O3 Detection


As shown in Figure 1, the CRDS experimental system mainly includes a diode laser, timing control unit, optical isolator, diaphragm, two high-reflection cavities and two sets of high-sensitive data acquisition and processing systems. The diode laser (IQ μ, Power Technology Inc., USA) produces a continuous 409.05 nm laser with a power of 120 mW. The square wave signal with a modulation frequency of 2000 Hz and duty cycle of 50% is generated by the self-designed timing control unit to control the continuous optical diode laser and cause it to pulse the output. The laser switch response time is about 40 ns, which is far shorter than the ring-down time of the system. The laser passes through an optical isolator (IO-5-405-LP, Thorlabs) to prevent the light reflected by the high-reflection mirror from entering the diode laser and affecting the stability of the laser. After passing through a mirror, the laser is divided into two beams by a 50:50 beam splitter, each of which is directed into a ring-down cavity (along the axis of the high-reflection cavity) composed of two high-reflection mirrors (CRD Optics). Each high-reflection mirror is a 25.4 mm flat concave mirror with a curvature radius of 1 m, and the reflectivity calibrated by the manufacturer is 99.995%. To reduce the impact of the wall collision effect, perfluoroalkoxy (PFA) pipe is used to form a high-reflection cavity (cavity length: 750 mm) and air intake unit. To reduce pollution of the high-reflection mirror, high-purity N2 is used to purge the lens to ensure the stability of the system. After the modulated pulse laser enters the high-reflection cavity, the output optical signal passes through a 10 nm band-pass filter (central wavelength: 405 nm) and is received by the photomultiplier tube (PMT), then is converted into an electrical signal. The signal is averaged and fitted on the computer through the acquisition card (PCI 6132, NI) with a sampling rate of 2.5 MHz controlled by LabVIEW, and the ring-down time is obtained. The pressure in the cavity is monitored in real time through the pressure sensor (ZJ-2Y, Reborn) at the outlet of the ring-down cavity.



The air inlet of the system is mainly composed of a three-way solenoid valve controlled by the timing unit, activated carbon adsorbent, MnO2 adsorbent, and a pressure regulating valve. Once the atmosphere is sampled using the sampling pipe, the flow direction of the gas is controlled by the three-way solenoid valve. When the gas flow passes through the pressure-regulating valve, the ring-down chamber measures the ring-down time (containing absorbed NO2 converted from NO2 or O3). When the gas flow passes through the activated carbon adsorbent and MnO2 adsorbent (the activated carbon adsorbent will adsorb trace gases such as NO2 and O3, and the MnO2 adsorbent will remove any remaining O3), the ring-down cavity measures the background ring-down time (measuring zero air). Through the timing control of the three-way solenoid valve, the ring-down time and the background ring-down time are each measured. The background ring-down time is measured every 10 min to reduce the measurement error caused by small changes. The real-time concentration of NO2 (or Ox) can be calculated according to Equation (1).





3. Results and Discussion


3.1. Effective NO2 absorption cross-section


It is very important to determine the effective absorption cross-section of NO2 for accurately quantifying the concentration of NO2 (or Ox). In this study, the high-resolution absorption cross-section of NO2 is convolved with the laser spectrum to obtain the effective absorption cross-section of the system. The diode laser manufacturer only provides a laser wavelength of 410.2 nm for continuous output, and NO2 has a complex absorption structure in this spectral region. Thus, a more accurate laser wavelength and its half-height linewidth are needed to determine the absorption cross-section of NO2. When the diode laser is externally modulated, its laser wavelength appears as a blue shift. In this system, the diode laser is pulse modulated using a square wave signal with a modulation frequency of 2000 Hz and duty cycle of 50%. The laser wavelength and linewidth of its output are measured using a grating spectrometer (SR303i, Andor). Figure 2 shows that the center wavelength of the modulated laser is 409.05 nm and the FWHM is 0.65 nm. In addition, the water vapor absorption spectrum [22] (as shown by the pink line in Figure 2) obtained from the HITRAN database shows that H2O is not absorbed between 402 nm and 415 nm. The laser wavelength needs to be selected within this range to avoid absorption interference by H2O. This improves the accuracy of the measurement, as there is no need to dry the sampled gas. Figure 2 also shows the absorption cross-section of NO2 [23], and the effective absorption cross-section of the system obtained when convoluting it with the measured laser spectrum is 6.22 × 10−19 cm2 molecule−1. The stability of the laser wavelength was studied, and it is capable of maintaining the accuracy of the effective absorption cross-section of NO2.




3.2. Zero Measurement


The background ring-down time (τ0) must be measured regularly, considering the potential shift of τ0 due to changes in temperature, pressure, mirror reflectance, and the stability of the cavity. The measured background ring-down time, measured by placing zero air without NO2 directly into the sampling system, exhibits good stability. However, because of the extremely low water vapor content in the zero air, which changes the Rayleigh scattering of water vapor, there is still a certain error in the measurement of τ0. At the same time, owing to the need to carry zero air in the field measurement, the operation is not convenient. Therefore, in this system, an automatic switching air circuit was designed through the solenoid valve. Ambient air is directly introduced into the ring-down cavity after absorbing NO2 through activated carbon to measure the background ring-down time. It has very good stability, and the standard deviation of the background ring-down time (time resolution of 1 s) is less than 0.02 μs within a 10 min interval. Since the absorption of water vapor by activated carbon is very small, the influence of the Rayleigh scattering change can be ignored. The adsorption effect of activated carbon was tested in the laboratory. In comparing new activated carbon and activated carbon used for 30 days, there was little difference in their adsorption effects. The background ring-down signal measured by the system is shown in Figure 3, where it shown to have good single exponential characteristics, and thus the background ring-down time can be obtained via fitting.




3.3. O3 conversion Efficiency


Real-time measurement of O3 requires simultaneous measurement of two ring-down cavities. One ring-down cavity measures the concentration of Ox in real time, and the other ring-down cavity measures the concentration of NO2 synchronously. The concentration of O3 can be calculated via the differences between the measurement results of the two ring-down cavities. Therefore, the premise of accurately measuring O3 concentration is to determine the conversion rate of O3 to NO2 according to the following reaction:


  NO +  O 3  →   NO  2  +  O 2  ,  



(2)







The reaction rate of (2) is k = 3.0 × 10−12exp(−1500 K/T), that is, at 298 K, k = 2 × 10−14 cm3 molecule−1 s−1 [24]. NO cylinder gas (502 ppmv, Nanjing special gas) is injected into the sampling gas path through the solenoid valve, and its flow is controlled using a flowmeter. The sampling gas flow of the system is 2 L/min, and the reaction time of NO and O3 in the sampling gas path is about 0.83 s. The relationship between the O3 conversion rate and NO concentration measured in the laboratory is presented in Figure 4, where it is shown to have a very good single exponential relationship. In other words, reaction (2) can be regarded as a pseudo first-order reaction (i.e., NO is completely in excess). Specifically, when the concentration of NO is 10 ppmv, the conversion rate of O3 is 98.6% in the sampling gas flow with an O3 concentration of 220 ppbv. When measuring the atmospheric O3 concentration, the difference between the Ox cavity and the NO2 cavity is corrected using the conversion rate.




3.4. Consistency of NO2 Measurement


To accurately obtain the concentration of O3, it is necessary to ensure that the measurement of NO2 in the two ring-down cavities has very good consistency. During measurement of the actual ambient atmosphere, NO is not added to the sampling gas path, and the two ring-down cavities are both used to measure NO2. The ambient atmospheric NO2 concentration measured continuously for 39 h is shown in Figure 5. The measurement results of the two chambers are very consistent. The correlation analysis shows that the slope is 0.98 and the intercept is 0.31. The small difference between the measurements of the two ring-down cavities will be further corrected to achieve an accurate measurement of O3 concentration.




3.5. NO2 and O3 Detection Performance


The stability of the two ring-down cavities and the deviation of the measured results were investigated by directly measuring the ambient atmosphere after passing through the activated carbon adsorbent and MnO2 adsorbent. Figure 6 shows the results of continuous measurement for 15 h, with a time resolution of 1 s. The measurement results of the NO2 cavity are between −120 and 120 pptv and the measurement results of the Ox cavity range from −150 to 150 pptv (1 s).



The detection limit of the cavity ring-down system can be obtained by the following equation:


     [   O x   ]    min   =    R L    c σ        (   τ 0  − τ  )    min      τ 0 2    =    R L    c σ     Δ τ    τ 0 2    ≅    R L    c σ      2  σ  (   τ 0   )     τ 0 2    ,  



(3)




where [Ox]min represents the detection limit of the Ox gas in the system;    Δ τ   indicates the stability of the background ring-down time, which is generally defined as     2    σ  (   τ 0   )     [25]; and RL is obtained by laboratory measurement, which is 1.09 in this system [25]. The minimum detection limits for the NO2 and Ox channels are determined as 36.9 and 37.5 pptv, respectively, at an integration time of 1 s, which are close to the values obtained from the Allan variance analysis described below. Allan variance analysis was performed to further explore the detection performance of the system, and the results are shown in Figure 6b. The detection limits are 13.5 and 14.5 pptv (10 s) for the NO2 and Ox channels, respectively. The minima in the Allan plots indicate that the optimum average time for optimum detection performance is about 60 s. With a 60 s integration time, the detection limits are 8.5 and 10.2 pptv for the NO2 and Ox channels, respectively, which are more suitable for measuring the background area.



A comparison of detection performance between this system and other O3 instruments is presented in Table 1.



Considering that the error of the NO2 absorption cross-section is about 4% [25], the measurement error of the RL value is about 3%, and other errors (e.g., pressure, temperature) are about 1%, then the total uncertainty of NO2 and O3 measurement via CRDS is estimated to be 5% and 6%, respectively.




3.6. Assessment of O3/NO2-CRDS Measurement Accuracy


The accurate measurement of NO2 was achieved based on cavity ring-down technology, but to determine the measurement accuracy of the O3/NO2-CRDS system, it was necessary to conduct a comparison of O3 measurements in the laboratory. Ozone at a concentration of 500 ppbv was produced using an ozone generator, and two flowmeters were used to control the flows of ozone and N2, resulting in an ozone concentration range of 20 to 200 ppbv. Because the concentration deviation of O3 produced by the ozone generator is relatively large, and in addition there is a certain error associated with obtaining different concentrations of ozone via the dilution method, here the accuracy of the O3/NO2-CRDS measurement was determined by comparing to the measurement of an ozone analyzer. Specifically, the diluted O3 was sampled through a sampling gas path and then divided between the O3/NO2-CRDS and ozone analyzer (Thermo Electron Scientific 49i) for synchronous detection. The measurement results are shown in Figure 7. The results of the two systems have good consistency, with a slope of 0.99, an intercept of only 0.48 ppbv, and a linear correlation of 0.99. The results show that O3/NO2-CRDS has good detection performance, and the calibration of the ozone conversion rate of the system is also very accurate. Furthermore, these results also indicate that this system is suitable for the monitoring of O3 in the ambient atmosphere.




3.7. Field Measurement and Intercomparison


To further verify the field detection performance of the O3/NO2-CRDS, the online measurement of ambient atmospheric O3 and NO2 was conducted at Hefei Science Island in November 2021. Science Island is located in the northwest suburb of Hefei, about 12 km away from the city center. The ambient air was sampled at the top of the laboratory building (28 m tall). A polytetrafluoroethylene (PTFE) filter with a pore size of 0.22 μm (Millipore, 47 mm diameter) was installed at the top of the sampling tube to remove particles that can cause large laser light scattering. The length of the PTFE tube (inner diameter 4.6 mm) from the sampling point to the cavity was 3 m. The ambient air was aspirated through the tube with a diaphragm pump (KNF, N86KNE) at a rate of 2 L min−1. Figure 8 shows the results of the simultaneous measurement of ambient NO2 and O3 for 76 h. The NO2 concentrations in the daytime are relatively lower than those in the nighttime. Photodissociation of NO2 by sunlight and convective mixing in the boundary layer can account for the relatively low level of NO2 in the daytime. The NO2 photodissociation produces the O(3P) atom, which is followed by O3 formation through the recombination reaction. Therefore, the concentration of ozone is high during the day and low at night. NO2 and O3 have obvious diurnal variation characteristics. To further explore the accuracy of the atmospheric O3 measurement, the concentration of O3 in the sample air was simultaneously measured with the ozone analyzer 49i (Figure 8, red line). The ozone concentrations measured using the O3/NO2-CRDS and 49i exhibit very good consistency. The correlation analysis shows that the slope is 1, the intercept is −0.21 ppbv, and the linear correlation is 0.99. The O3/NO2-CRDS system has better field detection ability. Compared with the ultraviolet absorption method (49i), it has a better detection limit and time resolution, and is more suitable for ground-based, vehicle-mounted, airborne, and other multi-platform applications.





4. Conclusions


A cavity ring-down spectrometer with adequate selectivity and sensitivity for in situ simultaneous measurements of O3 and NO2 in the troposphere was developed. It offers accuracy comparable to commercial UV absorption instruments, but with substantially improved sensitivity and time response. The instrument described here demonstrates an accuracy of 6%, detection sensitivity of 14.5 pptv in ambient air after absorption by the activated carbon adsorbent and MnO2 adsorbent, and a 10 s time resolution. The O3/NO2-CRDS instrument was compared in the laboratory and in the field with an 49i ozone analyzer under a variety of sampling conditions. The O3/NO2-CRDS and 49i O3 measurements were highly correlated over wide concentration ranges of O3 and were within the combined stated measurement uncertainties. The combination of simultaneous NO2 and O3 measurements offers additional advantages in convenience and accuracy over existing instruments. Commercial UV absorbance instruments do not offer NO2 measurements. Thus, this instrument represents a simple, robust, and potentially low-cost method for these two related measurements.
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Figure 1. Schematic diagram of the CRDS−Ox/NO2 system. 
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Figure 2. Absorption cross−section of NO2, O3, and water vapor and typical diode laser spectrum. 






Figure 2. Absorption cross−section of NO2, O3, and water vapor and typical diode laser spectrum.



[image: Atmosphere 13 02106 g002]







[image: Atmosphere 13 02106 g003 550] 





Figure 3. Cavity ring−down signal and fitting results. 
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Figure 4. Conversion efficiency of 220 ppbv O3 to NO2 as a function of NO concentration. 
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Figure 5. (a) Time series of ambient atmospheric NO2 concentration sampled using the CRDS instrument in two channels. The time resolution is 1 s. (b) Correlation plot between the data from the two channels. 
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Figure 6. (a) Continuous time series measurement of ambient air after absorption by activated carbon, averaged to 1 s for the NO2 and Ox channels (black dots); the red dots show the data averaged to 10 s. (b) Allan deviation plots for NO2 concentration in two channels. The minimum value equals the optimum integration time. 
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Figure 7. Correlation plot comparing O3 measurements acquired by CRDS and the 49i ozone analyzer. 
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Figure 8. (a) NO2 mixing ratios via CRDS (1 min average). (b) O3 mixing ratios via CRDS and 49i (1 min average). (c) Scatter plots for the O3 dataset from CRDS and the 49i ozone analyzer. The red lines illustrate the linear regression. 
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Table 1. Performance comparison of ozone instruments.
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	Method
	Sensitivity
	Time resolution
	Reference





	UV absorption
	1 ppbv
	1 s
	[26]



	UV absorption
	0.4 ppbv
	0.5 s
	[27]



	CEAS
	31 pptv
	1 s
	[11]



	CRDS
	26 pptv
	1 s
	[13]



	CEAS
	8 ppbv
	10 s
	[28]



	CEAS
	1 ppbv
	0.1 s
	[12]



	CRDS
	14.5 pptv
	10 s
	This work
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