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A B S T R A C T

In this paper, we present the development and evaluation of a new designed light emitting diodes (LEDs) based
optical fiber coupling long-path differential optical absorption spectroscopy (LP-DOAS) instrument for atmo-
spheric SO2, O3 and NO2 detections. The strongest absorption structures of these trace gases scattered along a
wide spectral range which could not be covered by a single LED. Therefore, a new fiber optic coupling telescope
was developed to combine multiple LEDs with different spectral emission ranges as broad band light source for
atmospheric trace gas detections. Details of the experimental setup, measurement and retrieval procedure, error
analysis and the atmospheric measurement results are presented. The new LED LP-DOAS measurement results
show perfect agreements with a co-located Xenon Lamp coaxial LP-DOAS observations with Pearson correlation
coefficient (R) larger than 0.9 for SO2, O3 and NO2 observations. The estimated background light contributes
about 3–10% of the total measurement error during daytime, which is improved by a factor of 3–10 compared to
previous study. Diurnal analysis of the measurement results shows a similar diurnal pattern of NO2 and SO2

which implies that they are probably originated from similar emission sources. Satellite observation and
backward trajectories analysis indicated local and regional transports of pollutants have significant impacts on
the air quality in Hefei. Analysis of the wind speed and wind direction show that elevated NO2 and SO2 levels
were related to the emissions of the power plant and factories located at the east and northeast of the mea-
surement site.

1. Introduction

Sulfur dioxide (SO2) is a major atmospheric pollutant which is
emitted to the atmosphere from both anthropogenic and natural
sources. The major sources of anthropogenic SO2 are the energy
transformation and industrial sectors (Akimoto and Narita, 1994). SO2

in the atmosphere can also be oxidized to form sulfuric acid (Warneck,
1989) and sulfate aerosols which are the important precursors of en-
vironmental acidification (Ayers, 1991; Yadav and Kumar, 2014). In
addition, SO2 in high concentration can cause a series of adverse effects
on human health, e.g. irritation of the respiratory system and chronic
impacts lung function (Lübkert-Alcamo and Krzyzanowski, 1995;
Wyzga and Folinsbee, 1995; Kampa and Castanas, 2008). Nitrogen di-
oxide (NO2) is an atmospheric trace gas, playing an important role in
both tropospheric and stratospheric chemistry. It acts as an ozone (O3)

precursor in the troposphere, while participates in catalytic destruction
of stratospheric O3 (Solomon et al., 1980). Nitrogen oxides (NOx),
namely nitric oxide (NO) and nitrogen dioxide (NO2), is also a sig-
nificant precursor of secondary aerosols (Jang and Kamens, 2001). The
major anthropogenic sources of NO2 in urban environment are vehicle
emissions, industrial activities and power generation (Akimoto and
Narita, 1994; Chan et al., 2017). NO2 in the atmosphere can also lead to
acid rain, which is harmful to both soil and water ecosystems (Krug,
1991; Paerl, 1997; Paerl et al., 2002). Ozone is one of the most im-
portant oxidants in the atmosphere. It can be produced by photo-
chemical reactions with precursor pollutants (Toro et al., 2014) such as
NOx and volatile organic compounds (VOCs) (Tang et al., 2009; Duan
et al., 2008) in the troposphere. Ozone in high concentration is also
harmful to human health (Fann and Risley, 2013; Jörres et al., 2000;
Folinsbee et al., 1988). With increasing number of vehicle and rising
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trend of industrial emissions, these pollutants, i.e., SO2, O3 and NO2,
have become the major causes of the serious air pollution problems in
most of the cities in China. In recent years, air quality monitoring data
shows that ozone becomes the primary pollutant in the summer in most
areas in China (Lee et al., 2009). The atmospheric levels of SO2, O3 and
NO2 vary rapidly in urban areas, therefore, accurate SO2, O3 and NO2

measurements with a high time resolution are necessary for air pollu-
tion control and management.

Conventional long path differential optical absorption (LP-DOAS)
instrument usually uses high power arc lamps as the light source. These
light sources do not only show smooth thermal spectra, but also fea-
tured with high frequency structures which similar to trace gas ab-
sorptions. The characteristic emission lines of these arc sources often
vary in both intensity and spectral shape within their lifetime. In ad-
dition, broadband arc lamps also leads to cause stray light problems in
the spectrograph. The recent development of light emitting diodes
(LEDs) offers alternate options of artificial light source for active DOAS
measurements (Kern et al., 2006; Xu et al., 2008). Compared to the
traditional arc lamps, modern LEDs have longer life time and higher
power efficiencies, some of the high power LEDs even provide higher
intensities over their emitting spectral range. LEDs also feature with
small in physical size, light in weight and easy for maintenance.
However, some LEDs also show characteristic spectral structures, which
potentially interferes the detection of trace gases. Although the modern
LEDs have already demonstrated their capability for atmospheric trace
gases measurements (Kern et al., 2006; Chan et al., 2012a, b; 2017), the
number of species measured by a single measurement system is limited
due to the relative narrow emission band of a single LED. Therefore, a
new experiment design is necessary to extend the measurement of the
capability of the LED LP-DOAS.

In this paper, we present a new LP-DOAS experimental setup of the
fiber optic coupling telescope to combine multiple LEDs with different
spectral ranges as broad band light source for atmospheric trace gas
detections. Details of the experimental setup as well as the spectral
analysis are presented in section 2. The instrument was used to measure
atmospheric SO2, O3 and NO2 in Hefei, China. The measurement results
were validated by comparing to a co-located Xenon Lamp LP-DOAS. In
addition, a detailed error analysis of the LP-DOAS measurement is
presented in section 3.1. Investigation of the temporal variation of at-
mospheric pollutants in Hefei is presented in section 3.2. The atmo-
spheric measurement results are also used to investigate the major
pollution sources in Hefei. Analysis of the spatial distribution and the
transportation of the pollutants are also presented in section 3.3.

2. Methodology

2.1. LED LP-DOAS

2.1.1. Experimental setup
Schematic diagram of the multiple light sources optical fiber cou-

pling long-path DOAS is shown in Fig. 1a. The instrument consists of 3
UV LEDs with different emission bands as the light source, a telescope
with diameter of 220 mm and focal length of 650 mm acting as the
transmitting and receiving component and a spectrometer. A retro re-
flector array is placed at the other end of the absorption path, realizing
an optical path of 700 m. The retro reflector array consists of 3 quartz
prism retro reflectors, each with a diameter of 60 mm. Similar experi-
mental setups with a single LED as the light source have been demon-
strated by Merten et al. (2011); Chan et al. (2012a, b). Lights from the
three UV LEDs are directed to the telescope through the transmitting
fiber bundle and transmitted towards to the retro reflectors. Reflected
light from the retro reflectors is received by the same telescope and
redirected by the receiving fiber to the spectrograph for spectral ana-
lysis. The design and the cross section of fiber bundle are shown in
Fig. 1b. The fiber bundle manufactured by Nanjing Chunhui Science
and Technology Industrial Co., Ltd. The combined end of the fiber

bundle is located close to the focal point of the telescope main mirror
(see Fig. 1a). In this study, an Andor SR-303i-A spectrometer with an
Andor iDus 420 charge-coupled device (CCD) detector was used. The
wavelength range of the spectrometer was adjusted to 248.2–387.9 nm
with a full width half maximum (FWHM) spectral resolution of
0.46 nm.

As the strongest differential absorption signals of SO2, O3 and NO2

scatter along a wide spectral range, three LEDs with different spectral
ranges were used for simultaneous measurement of SO2, O3 and NO2. A
UV TOP 280 FW UV LED (275–287 nm, FWHM) with peak optical
power output of 0.6 mW was dedicated for the O3 measurement, while
the strong absorption band of SO2 was covered by a UV TOP 295 FW UV
LED (290–301 nm, FWHM) with peak optical power output of 0.5 mW.
A LZ1-00U605 UV LED (366–377 nm, FWHM) with peak power optical
output of 320 mW was used for the NO2 measurement. Detailed in-
formation of the UV LEDs used in this study is summarized in Table 1.
As the optical power output of LZ1-00U605 UV LED is much higher

Fig. 1. (a) Experimental setup of the multiple LEDs optical fiber coupling long-path dif-
ferential optical absorption spectroscopy instrument. (b) Schematic diagram of the fiber
bundle dedicated for the multiple light sources LP-DOAS. The cross sections of both ends
of the fiber are shown. The cross section of the receiving fiber (E) is indicated in yellow
(e) which is positioned at the center of the whole fiber bundle. The cross sections of the
emitting fiber bundles are indicated in blue (b), green (c) and purple (d), each of them
consist of 6 emitting fibers to transmit light from (b) LZ1-00U605 UV LED, (c) UV TOP
280 UV LED and (d) UV TOP 295 UV LED to the telescope. All the optical fibers used in
the fiber bundle are identical with diameter of 200 μm and numerical aperture of 0.22. (c)
An overview of the location of the measurement site and the optical path of the LED LP-
DOAS.
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