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Abstract: Aiming at the in situ and mobile observation of urban environmental air pollution, a portable instrument using ultraviolet spectrum retrieval algorithm was developed based on the basis of Differential Optical Absorption Spectroscopy (DOAS) and multiple-pass cell technique. Typical trace gas pollutants, NH3, SO2, and NO2, were explored using their optical spectral characteristics in deep ultraviolet wavelength range from 210 to 215 nm. The gas concentration was retrieved by Lambert-Beer's law and nonlinear least square method. With an optimized optical alignment, the detection limits of NH3, SO2, NO2 were estimated to be 2.2, 2.3, and 36.2 ppb, respectively. The system was used in carrying out some cruise observations in Chengdu, China. During the entire period, the polluted gases showed varied distribution and typical daily average concentrations of NH3, SO2, NO2 were 23.2, 3.5, and 106.0 ppb, respectively. The contributions from different sources were analyzed combined with the HYSPLIT model. Results show that the portable DOAS system is a convenient and effective tool for regional distribution measurement and pollution source monitoring.
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1  Introduction

Along with the urbanization process, industry development and abundant daily material consumption, environmental problems are becoming increasingly prominent. The surrounding areas of residents are now full of pollutant sources, such as industrial factories, waste treatment stations, catering regions, modern farms and vehicle exhaust, which could be collectively called anthropogenic sources. The trace gases produced by human activities, such as sulfur dioxide (SO2), nitrogen dioxide (NO2), nitric oxide (NO), ammonia (NH3), and some volatile organic compounds (VOCs), seriously affect the living environment. In addition, with the rapid development of atmospheric chemical reactions, large amounts of polluted gases and secondary pollutants are discharged into the atmosphere, causing a serious impact on atmosphere and climate, and even human health problems [1–3].

NH3, SO2 and NO2 are three typical pollutants produced from anthropogenic and natural sources in urban environment. NH3 is the most abundant alkaline trace gas and acts as a neutralizer of acid pollutants. It plays a significant role in the process of cloud and rain formation, has effects on visibility, ecosystem and human health [4–6]. SO2 also participates in the formation of acid rain and destroys the ecological circulation system, and high concentration of SO2 might cause burning pain on human respiratory organs [7,8]. NO2 acts as a significant precursor of ozone (O3) and secondary organic aerosols (SOA) in the troposphere, which highly affect the tropospheric air condition [9–11]. The reaction between trace gases in the atmospheric environment is extremely complex. These gases are vulnerable to the influence of sunlight, temperature, humidity and particle condition, which are oxidized and attenuated rapidly, forming regional pollution. Thus, the atmospheric levels of NH3, SO2, and NO2 vary rapidly in urban environment, an effective and sensitive method was needed for their measurements.

Owing to the advantage of non-contacting measurement, great time resolution and high sensitivity, optical methods attract considerable attention on NH3, SO2, and NO2 detection. These methods primarily include Laser Induced Fluorescence (LIF), Differential Optical Absorption Spectroscopy (DOAS), Non-Dispersive Infrared spectroscopy (NDIR) and Fourier Transform Infrared spectroscopy (FTIR). The developments of different technologies provide the potential for trace gas measurements on different locations and platforms [12–16]. However, the measurements are typically carried out at several fixed stations, which could not represent the whole distribution in the urban city. Hence, a portable and sensitive instrument is urged to obtain the spatial and temporal variations of trace gas pollutants.

DOAS algorithm, first proposed by Platt in the 1970s, has been proven to be a powerful detection method for a wide variety of trace gases [17,18]. This method has many advantages, such as non-contacting measurement, on-line continuous monitoring, as well as high precision and low maintenance cost. The method has been developed in recent years and has a very broad application prospect in trace polluting gas monitoring. The DOAS system can collect a wide spectral range at one time, and it simultaneously retrieves the concentration of a variety of different gases.

Following the need for a portable and sensitive detection method for trace gases produced in urban environment, this article describes the setup of DOAS system on the basis of a self-designed multi-pass cell, which met the detection properties of NH3, SO2 and NO2 absorption at deep ultraviolet wavelength, and presents system performance for gas concentration retrieval. The system is integrated as a compact instrument for the laboratory measurement and cruise observation in big cities.

2  Principle of DOAS Method

The DOAS technique is based on the optical narrowband absorption structures of polluted gas molecules in ultraviolet (UV) and visible (VIS) spectrum, and it realizes gas quantitative detection utilizing Lambert-Beer's law [19]. Broadband light beam is emitted from a light source, and the intensity is defined as I0(λ). Then, the light passes through a volume with target absorbers. As the light travels through the whole path length, its intensity is reduced to I(λ) through the absorption and scattering of all relevant trace components. This process can be written in the following formula as Eq. (1):

I(λ)=I0(λ)×exp⁡[−L∑i=1n⁡((σi(λ)ci))+εR(λ)+εM(λ)]⋅A(λ)(1)

where σi(λ) and ci represent the cross section and the concentration of the ith gases in the absorption path. L is the light path length, and n is the total number of trace gases in the absorption volume. εR(λ) and εM(λ) are Rayleigh and Mie scattering coefficients. A(λ) denotes the turbulence and some uncertain effects.

The basic principle of DOAS is to separate broad and narrow band spectral structures in an absorption spectrum. The broad part that has no characteristic relationship with the gas absorptions is removed by digital filtering to obtain differential optical density OD, which is defined as Eq. (2):

OD=lnI0′(λ)I(λ)=L∑i=1n⁡σi′(λ)Ci(2)

The concentration of each trace gas is obtained by fitting the differential optical density with the reference cross sections by Levenberg-Marquardt nonlinear least square method [20,21].

3  Description of the Portable DOAS Instrument

The portable DOAS system consists of a light source, an optical multi-pass cell for absorption, and a micro spectrometer. Fig. 1 shows a schematic diagram of the DOAS system. In the DOAS system, a deuterium lamp (L2D2 lamp, Hamamatsu Photonics) is used as a light source, which has a spectral distribution from 185 to 400 nm. After collimating by lenses, the light is reflected into the self-designed multi-pass cell, and the transmitted light goes back and forth between the high reflection mirrors and interacts with the trace gases in it. Then the light is emitted from another collimating lens at the outgoing hole and coupled to an optical fiber (400 μm diameter core size, NA = 0.22). The detector is an Athermal High-Resolution Spectrometer (AHR, Gratingworks), which has a software for acquiring and analyzing spectrum data in real time.
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Figure 1: Experimental setup of the portable DOAS instrument (MFC: mass flow controller; PC: personal computer)

The multi-pass cell is designed as a typical White cell [22,23], which mainly consists of three concave spherical mirrors. One of them is primary mirror, and the other ones are secondary mirrors. These mirrors have the same curvature radius, and the center spacing between the primary and secondary mirrors is equal to the radius of curvature, specifically 600 mm in our system. In this way, a conjugated cavity is formed, and the light beam is reflected back and forth between the primary mirror and the two secondary mirrors to increase the optical path length. With a fine tune of the tilt angle, these mirrors is adjusted to obtain a variable reflection times, causing the light to be transmitted multiple times with a specific number of frequency (i.e., fixed to 24 times in our experiment) and interacting with the trace gases in the cell. The light path L can be calculated as Eq. (3) by counting the light spot N on the primary mirror:

L=n×d=2(N+1)d(3)

where d is the base length of White cell, and n is the total reflection times. With the base length of 600 mm, the optical path of our designed DOAS system is raised up to 14.4 m. The light path is simulated by optical software Zemax (Fig. 2) to guide for optical path inspection and system integration.
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Figure 2: Light path tracing by Zemax software

AHR series spectrometer is based on patented passive athermal system and asymmetrical Czerny-Tuner configuration. The system exhibits high thermal stability, low stray noise and high resolution. The spectrum drift is lower than 0.003 nm/°C and the readout circuit is quite stable. The spectrometer has a spectral range from 180–380 nm, with a slit size of 25 um and a spectral resolution (FWHM, Full Width at Half Maximum) of 0.3 nm.

All the components of the DOAS system is integrated as an instrument for portable measurement, with an overall dimension of 900 mm × 300 mm × 350 mm. A gas supply system offering certain concentration standard gases together with a mechanical pump is used for laboratory experiment. The pump can be also used for gas sampling during the field observation.

4  System Test of the DOAS System

4.1 Performance of the Detection System

Some laboratory tests were carried out for the established DOAS system to meet the requirement of trace gas measurement. The AHR series spectrometer has minimized optical aberration for high finesse spectral images and low distortion. The noise is white Gaussian and can be easily reduced using averaging. The performance of the detection system is tested. The average dark current is detected and shows a high linearity with the integration time (R2 = 0.99996, Fig. 3a), and the averaged dark counts is 1.2 counts/s. The spectrum range from 180 to 380 nm can be calibrated by the specific line spectra emitted from a pen ray mercury lamp. Fig. 3b shows the high correlation between wavelengths and spectrum channels Different DOAS system have their own response to the optical signals called slit function and is related to spectroscopy resolution, wavelength broadening, and stray signal. The result (Fig. 4) can be used to make a cross section convolution for DOAS fitting.
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Figure 3: Dark counts test (a) and wavelength calibration (b) for the spectrometer
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Figure 4: Slit function of the DOAS system

4.2 Spectral Retrieval of the DOAS Technique

The absorption cross section was referred from the MPI-Mainz UV-VIS spectral atlas (https://www.uv-vis-spectral-atlas-mainz.org), and Fig. 5 illustrates some typical gases in ultraviolet region. Some gases emitted from anthropogenic sources and on-road vehicles, such as NH3, SO2, and NO2, similarly have effective absorption cross sections that reached up to 10−17−10−18 cm2/molecule around 200 nm, and proper DOAS fitting procedure can be simultaneously used to retrieve these gas concentrations. However, other species also have absorption features around the same wavelength, such as NO, CS2, and H2S. Their interferences would be separated by considering their absorption structure in DOAS fitting. The high resolution cross sections obtained from spectral atlas were convoluted with instrumental slit function for forward concentration retrieval.

[image: images]

Figure 5: Cross section of some typical trace gases in ultraviolet wavelength

The actual atmospheric gas concentration was retrieved using the DOAS fit procedure. Moreover, the fitting wavelength was set as 200–215 nm, where the DOAS technique could obtain the concentration of NH3, SO2, NO2, NO and some others gases at the same time. Fig. 6 shows the differential optical density and fitted differential spectrum of SO2 (red curve). The system fitting residual noise is also described at nearly 1.5%, and it can be attributed to unknown absorption structure and some other noises.
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Figure 6: Example for SO2 DOAS fitting

4.3 Laboratory Experiment

Experiments for different levels of NH3 and SO2 were performed by filling the sampling cell with standard trace gases in the laboratory. The mixed ratio was obtained by different gas flow supply of standard gases and nitrogen (N2), which was controlled by several mass flow controllers (CS200A, Sevenstar).

During the laboratory experiment, different concentrations of NH3 and SO2 were tested and the results recorded. The integration time of the spectrometer was set as 20 ms, and the spectra was averaged to reduce noise, which sets the time resolution at approximately 2 s and to be capable for atmospheric trace gas measurement. The standard NH3 and SO2 gases were separately filled into the sample cell. Different concentrations were kept relatively stable for several minutes, and also a dilute procedure was tested for SO2 measurement (Fig. 7).

[image: images]

Figure 7: Laboratory measurement of NH3 (a) and SO2 (b)

Measurement errors of NH3 and SO2 were caused by several reasons, including the stray light and dark current of the spectrometer, the uncertainty of referenced cross section, and the DOAS retrieval errors. For the NH3, SO2 and NO2 measurement in our DOAS system, these errors are estimated to be 0.3%, 3%, and 3%, respectively [24,25]. Together with the path length adjustment and some other errors (2%), the whole measurement error is calculated to be less than 5%.

The limit of detection (LOD) of the system is related to the fitting wavelength, optical path length, and residual structure of gas fitting. The following formula (Eq. (4)) is often used to determine the theoretical detection limit of the system [26]:

Cmin=2τResδ(σ)LN(4)

where δ(σ) is the absorption cross section value of 1 ppb trace gas, and τRes is the standard deviation of the residual structure. L is the optical path length, and N is the number of absorption peaks within the spectral fitting range.

Then LOD is calculated by analyzing the differential absorption, fitting parameters, and residual noise spectrum. The residual was estimated to be 1.5 × 10−3, leading to the detection limits of NH3, SO2 and NO2 estimated as 2.2, 2.3 and 36.2 ppb, respectively, which could meet the requirement in the detection of atmospheric gases.

5  Field Measurement and Cruise Observation for Urban Environment

To verify the detection ability in the actual field environment, the portable DOAS system was integrated as a compact instrument, and placed on a vehicle to carry out the cruise observation experiment in some cities.

On November 2020, our instrument was implemented on some field measurements, primarily in Chengdu City, Sichuan Province, China (Fig. 8). During the observation, the atmosphere was sampled by placing a filter at the air inlet to prevent particles from entering the multiple reflection cell to pollute the reflector. At the same time, to reduce the impact of NOx and benzene series emitted by vehicles on the measurement results, the sampling pipe orifice was placed at approximately 20 cm above the roof. During the experiment, the actual sampling and pumping rate of the system was approximately 6 L/min. The running speed of the vehicle was 30–40 km/h, and the longitude and latitude information during the experiment was recorded by a GPS receiver equipped with the on-board system.

[image: images]

Figure 8: Location of Chengdu City

During the observation period, a portable UV-DOAS system was used to carry out NH3, SO2, and NO2 cruise observation for approximately one week. The equipment reports the concentration contribution of the whole city, and can accurately determine the high-value emission points of each monitoring factor, and check the source of air pollution to achieve the expected effect from industrial sources.

The overall results show a good application of the UV-DOAS system. Fig. 9 shows the typical results of Nov 28, 2020, and the main route was implemented on the 3rd ring road of Chengdu City. The average value of NH3, SO2, and NO2 concentration is 23.2, 3.5, and 106.0 ppb, respectively. Several peak concentrations of NH3 and SO2 appeared on the west and south west part of the route, which might be caused by daily life emissions and industrial pollutions. Moreover, the NO2 concentration is much more related to vehicle exhaust and has more rapid variation.

[image: images]

Figure 9: NH3 (a), SO2 (b), and NO2 (c) concentration of the cruise observation in Chengdu City

The HYSPLIT model (Hybrid Single Particle Lagrangian Integrated Trajectory, https://www.arl.noaa.gov/hysplit/getrun-hysplit/) was used to simulate a backward trajectory over 24 h of air masses arriving at the measurement site. The backward trajectory of wind direction was retrieved as Fig. 10. A northeast wind was found during the measurement, which implies that the peak concentration of trace gases might be caused by the pollution in the center area of the city, possibly some small factories in Qingyang District, Chengdu City. The cruise observation indicated that the portable ultraviolet DOAS system was an effective tool for the regional monitoring of gas pollution distribution.

[image: images]

Figure 10: Wind backward trajectory of Chengdu City

6  Discussion

The established portable DOAS system was applied to detect trace gases in the deep ultraviolet wavelength of 210–215 nm based on an optical multi-pass cell. The system could realize the simultaneous NH3, SO2, and NO2 measurement. Additionally, the integration time is as short as 2 s, which obtained a detection limit of 2.2, 2.3, and 36.2 ppb, respectively. Experimental results indicated that the system can meet the needs of atmospheric trace gas measurement. Moreover, this compact instrument obtained the trace gas concentration distribution and rapid variation in the urban cities.

Choosing proper retrieval parameters, this DOAS system could broaden the applicable wavelength, and could be used for more ambient air measurement. Some future work will focus on the stability of the light source and spectrometer, and interferences caused by other atmospheric components and environmental variations. The portable UV-DOAS algorithm provides a convenient and effective technique for urban environment measurement and can also be applied for pollution source tracing and emergency monitoring in the industrial region, such as unorganized evaluation emission and gas leakage.
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