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Abstract. This study presents the development and perfor-
mance evaluation of an ozone differential absorption lidar
system. The system could effectively obtain vertical profiles
of lower-tropospheric ozone in an altitude range of 0.3 to
4 km with high spatiotemporal resolutions. The system emits
three laser beams at wavelengths of 276, 287 and 299 nm by
using the stimulated Raman effect of carbon dioxide (CO2).
A 250 mm telescope and a grating spectrometer are used to
collect and separate the backscattering signals at the three
wavelengths. Considering the influences of aerosol interfer-
ence and statistical error, a wavelength pair of 276–287 nm
is used for the altitude below 600 m and a wavelength pair
of 287–299 nm is used for the altitude above 600 m to in-
vert ozone concentration. We also evaluated the errors caused
by the uncertainty of the wavelength index. The developed
ozone lidar was deployed in a field campaign that was con-
ducted to measure the vertical profiles of ozone using a teth-
ered balloon platform. The lidar observations agree very well
with those of the tethered balloon platform.

1 Introduction

Tropospheric ozone is an important greenhouse gas and plays
an important role in the Earth’s radiation budget with an es-
timated direct radiative forcing of 0.4 W m−2 during the in-
dustrial era (Chen et al., 2020). At the surface, ozone is an

important air pollutant that impacts the oxidative capacity of
the atmosphere (Wang et al., 2017). It is highly reactive with
the oxidative potential to damage biological tissue and ad-
versely impact human health, vegetation, crop yield and crop
quality. As a result of ozone’s high reactivity, the lifetime
of ozone in the lower troposphere is short with significant
differences in spatial and temporal distributions. For a spe-
cific region, tropospheric ozone mainly originates from the
photochemical production of local anthropogenic and bio-
genic emissions (Koo et al., 2012; Chi et al., 2018), region-
ally advection transport (Schuepbach et al., 1999; Wang et
al., 2021), and stratosphere–troposphere exchange (Clain et
al., 2010; Olsen et al., 2004; Wang et al., 2023). With such
dynamic sources, it is essential to monitor both vertical and
temporal distributions of tropospheric ozone for making ef-
fective control strategies of ozone pollution.

At the surface, in situ ultraviolet analyzers can measure
ozone concentrations with high temporal resolutions and a
high accuracy of within 5 % (Sullivan et al., 2014). A na-
tional network of surface ozone monitoring has been grad-
ually established covering nearly all the cities in China over
the past few decades. The measurements of these surface sta-
tions are typically in 8 h averaged or hourly averaged values,
which are effective for analyzing surface ozone trends. How-
ever, it is essential to analyze vertical variations in lower-
tropospheric ozone when dramatic changes of surface ozone
occur. There are several useful methods, including tethered
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balloon (Li et al., 2018), sounding balloon (Lokoshchenko
et al., 2009) and aircraft (Langford et al., 2019), that have
been successfully used to obtain vertical profiles of lower-
tropospheric ozone. However, the measurements made by
these methods have limited spatial and temporal variations
and cannot fully characterize the distribution and evolution
patterns of ozone in the lower troposphere. Ozone profiles
from the Tropospheric Emission Spectrometer and the Ozone
Mapping Instrument have been reported (Osterman et al.,
2008; Worden et al., 2007; Qian et al., 2021), while the ver-
tical resolution for tropospheric ozone is strictly limited.

The continuous vertical and temporal distributions of
ozone in the troposphere can be detected by differential ab-
sorption lidars with much higher frequency and accuracy.
Dating back to the 1970s, this technique was first used to
monitor water vapor. The technique was then successfully
modified and utilized for accurate ozone detection. For ozone
detection, the differential absorption lidars can be divided
into two groups according to the types of laser technol-
ogy: tunable-laser technology and fixed-frequency conver-
sion technology. The advantage of tunable laser technology
for ozone detection relies on its optimal detection wave-
lengths, which contributes to optimal detection sensitivity
improvements including small aerosol and other gas inter-
ference. The second harmonic of Nd:YAG lasers pumps the
dye laser and produces a series of waves in the range of 272–
310 nm via the double-frequency crystal as the light source
of ozone detection. Most ozone lidars use two separate dye
lasers to generate both on and off wavelength pairs at the
same time (Kuang et al., 2013). The differential absorption li-
dar based on this technique usually has a complex system and
requires a wavelength stabilization feedback device to moni-
tor and control the laser wavelength in real time. In addition,
dye lasers need to be replaced frequently due to a limited life-
time of the dyes, some of which contain carcinogens and are
harmful for the operators’ health. Given these drawbacks, for
the purpose of optimizing ozone detection, researchers have
developed a pulsed optical parametric oscillator with intra-
cavity sum frequency mixing, generating lasers in the wave-
length range of 281–293 nm (Fix et al., 2002).

Moreover, excimer lasers or Nd:YAG lasers are also used
in some studies as the pumping lasers. H2 and D2 Raman
gases are pumped to produce Stokes lights for ozone detec-
tion (Hwang et al., 1993; Fan et al., 2024). The National
Oceanic and Atmospheric Administration (NOAA) deployed
a scanning four-wavelength ultraviolet differential absorp-
tion lidar (Machol et al., 2009). The lidar system measures
tropospheric ozone and aerosols by utilizing the Raman shift
wavelengths generated from D2 and H2 gases. However,
there are two primary challenges associated with employing
the D2 and H2 dual Raman cells: (1) shared laser resource –
the D2 and H2 Raman cells are both pumped by the same
frequency-quadrupled Nd:YAG laser. This shared resource
places increased demands on the pump laser’s performance
and stability. The laser must provide sufficient energy to ef-

fectively pump both Raman cells. (2) The second is receiver
field of view and laser divergence overlap – this challenge
arises from the varying overlaps between the receiver’s field
of view and the divergences of the laser beams for the D2 and
H2 Raman cells. These differences can result in a larger blind
area during ozone detection. The blind area refers to the re-
gion where the lidar system is unable to accurately measure
ozone concentrations due to the geometric constraints of the
laser beam and the receiver’s field of view. This can lead to
incomplete or inaccurate data regarding the ozone levels in
the troposphere. In contrast, an ozone lidar system utilizing a
CO2 single Raman cell has the potential to address these is-
sues. The single Raman cell design simplifies the system by
eliminating the need to manage two separate Raman cells,
thereby reducing complexity and the need for Nd:YAG. Fur-
thermore, the single Raman cell system may offer a more
consistent overlap between the receiver’s field of view and
the laser beam, which can help to minimize the blind area
and enhance the accuracy of ozone detection.

However, until now, only a few studies developed the
ozone lidar using a single CO2 Raman cell to detect
ozone in both the planetary boundary layer and the free
troposphere simultaneously. Many uncertainties including
aerosol-interference-induced errors and the system errors
caused by wavelength index uncertainty are worth a more
thorough investigation conducted by researchers.

In this paper, we present an ozone differential absorption
lidar system based on the single CO2 Raman cell and the
grating spectrometer. The wavelength selection and theoret-
ical analysis of aerosol interference errors are discussed in
Sect. 2. The design and architecture of the ozone lidar are
introduced in detail in Sect. 3. An analysis of statistical er-
rors and the system errors caused by Angstrom wavelength
index uncertainty is discussed in Sects. 4 and 5, respectively.
Finally, the Sect. 6 provides a typical field validation for the
ozone lidar developed in this study by using ozone vertical
observations of a tethered balloon platform.

2 Theoretical analysis

According to the dual-wavelength differential absorption al-
gorithm, the ozone concentration N(z) can be expressed as
follows (Dolgii et al., 2017).
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1
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Here P(λi,z) is the atmospheric backscatter echo signal at
wavelength λi and range z; i is on or off; 1δ = δλon − δλoff is
the differential absorption cross section of ozone; B, Ea and
Em are the systematic errors from atmospheric backscatter-
ing, aerosol extinction and molecular extinction; Egas is the
systematic error introduced by the absorption effect of other
trace gasses; β(λi,z) is total atmospheric volume backscat-
ter coefficient at wavelength λi and range z; α(λi,z) is total
atmospheric optical extinction coefficient neglecting ozone
absorption at wavelength λi and range z; 1δgas is the differ-
ential absorption cross section of other trace gases; Ngas

′ is
the concentration of other trace gases; and αa and αm are the
extinction coefficients of atmospheric particulate matter and
molecular, respectively.

The distribution of molecules in the atmosphere is stable,
exhibiting less variability. Therefore, the atmospheric molec-
ular extinction coefficient is directly used to correctEm. Gen-
erally, B and Ea cannot be neglected in the measurements of
boundary layer ozone when using the differential absorption
method due to the atmospheric backscattering and aerosol
extinction coefficients exhibiting strong wavelength depen-
dence. Given that 1λ= λoff− λon is small, the aerosol ex-
tinction correction Ea and the backscatter correction B can
be estimated using the following equations (Nakazato et al.,
2007).

Ea ≈−
1λ

1δλoff
kαa (λoff,z) (7)
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(4−µ)
2dz1δ

·
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·

[
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SF=
1

1δ
1λ
λoff

(9)

Here k and µ are the power-law exponents for backscattering
and extinction, Soff(r) is the aerosol backscatter ratio, and SF
is referred to as the spectrum factor or the differential aerosol
backscatter sensitivity. Ea and B are proportional to SF. Ea
is proportional to k, and B is proportional to (4−µ). As re-
ported in previous studies, the Angstrom wavelength index
was generally in the range of 0.6 to 1.4 and exhibited strong
spatial and temporal variations Therefore, it is assumed that
the values of k and µ vary in this range. However, the values
of k and µ were assumed to be 1 when calculating aerosol
correction terms using measured data. Due to the changes in
k and µ, Ea had an error of 40 %; the B error is within 13 %.
The aerosol interference is inevitable if the values of k and

Table 1. SF of the differential absorption wavelength pairs.

Wavelength 1δ 1λ SF
pairs (nm) (10−20 cm2) (nm) (10−16 cm2)

289/316.4 152.61 27.4 5.67
299.1/316.4 39.79 17.3 13.74
289/299.1 112.82 10.1 3.01
266/289 773.4 23 1.03
276.2/287.2 335.43 11 1.14
287.2/299.1 152.21 11.9 2.61

µ are uncertain, which makes it crucial for the choice of SF.
Theoretically, the smaller the SF is, the smaller the influence
of aerosol interference on ozone retrieval results is.

The Nd:YAG quad-frequency laser, when used to pump a
single D2 Raman tube, generates both first-order and second-
order Stokes light. These correspond to the differential ab-
sorption wavelengths of 289 and 316 nm, respectively. The
pumped D2 Raman tube and H2 Raman tube produce first-
order Stokes light, corresponding to the differential absorp-
tion wavelengths of 289 nm and 299 nm, respectively. 289 nm
and 316 nm, 289 nm and 299 nm, and 266 nm and 289 nm are
common differential absorption wavelength pairs for ozone
retrieval. An Nd:YAG quad-frequency pump laser is used
to excite a single CO2 Raman tube, which generates first-
order, second-order and third-order Stokes light at corre-
sponding differential absorption wavelengths of 276.2, 287.2
and 299.1 nm, respectively. Table 1 lists the SF of the dif-
ferential absorption wavelength pairs. The SF of the differ-
ential absorption wavelength pair of 276.2 and 287.2 nm is
nearly half of that of the 287.2 and 299.1 nm pair, indicating
that Ea and B of the wavelength pair of 276.2 and 287.2 nm
are nearly half of that of the wavelength pair of 287.2 and
299.1 nm. Due to the strong absorption of ozone at 276 nm
and the strong atmospheric backscatter at this wavelength,
the detection height of the 276 nm wavelength signal is lim-
ited. As shown in Fig. 1, the signal-to-background ratio of
the 276 nm signal is greater than 100 below 600 m, which
meets the detection requirements with a sufficient signal-to-
noise ratio. Above 800 m, it quickly drops below 100. To ac-
commodate different aerosol types and weather influences,
and considering that aerosols are mainly distributed below a
height of 600 m, a height of 600 m was adopted as the stitch-
ing height for the differential wavelength pair. Above 600 m,
we adopted the wavelength pairs of 287.2 and 299.1 nm for
ozone detection. The SF of the wavelength pair of 287.2 nm
and 299.1 nm is slightly smaller than the wavelength pair of
289 nm and 299.1 nm, which is the most widely used wave-
length pair in gas Raman tube technology, indicating that Ea
andB of 287.2 and 299.1 nm are smaller. The SF of the wave-
length pair of 287.2 nm and 299.1 nm is half that of the wave-
length pair of 289 and 316.4 nm, so the aerosol interference
term is half that of the wavelength pair of 289 and 316.4 nm.
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Table 2. The interference of NO2 and SO2.

Wavelength SO2 NO2 O3 NO2 SO2
pairs (nm) (e−20 cm2) (e−20 cm2) (e−20 cm2) interference interference

276.2 and 287.2 30 3.3 335.43 0.98 % of the 8.9 % of the
NO2 concentration SO2 concentration

287.2 and 299.1 52.8 5.4 152.21 3.5 % of the 34.7 % of the
NO2 concentration SO2 concentration

Figure 1. The signal-to-background ratio at 276 nm wavelength.

Figure 2. The absorption cross sections of O3, NO2 and SO2 at
276.2, 287.2 and 299.1 nm.

According to Eq. (5), the influence of NO2 and SO2 on
the O3 retrieval can be determined. Figure 2 shows the ab-
sorption cross sections of O3, NO2 and SO2 at 276.2, 287.2
and 299.1 nm. Table 1 analyzes the extent of interference
from NO2 and SO2 gases. The interference from NO2 at the
276.2 nm and 287.2 nm wavelength pair and the 287.2 nm
and 299.1 nm wavelength pair is 0.98 % and 3.5 % of the
NO2 concentration, respectively, which can be neglected.
The impact of SO2 on ozone is more significant, with im-
pacts of 8.9 % and 34.7 % of the SO2 concentration at the
two wavelength pairs. The typical environmental concentra-

Figure 3. Schematic diagram of the ozone lidar system based on the
single CO2 Raman cell.

tion of SO2 is a few micrograms per cubic meter (µg m−3).
If assessed at 10 µg m−3, its impact would be approximately
0.89 and 3.5 µg m−3, which is relatively small compared to
other sources of error and is therefore usually not considered.

3 Ozone lidar system architecture

We designed a differential absorption lidar based on a sin-
gle CO2 Raman cell for measuring boundary-layer and free-
tropospheric ozone. Compared with the D2 and H2 Raman
tube, this system has a smaller SF to reduce the aerosol inter-
ference, which makes it particularly suitable for the detection
of lower-tropospheric ozone. Figure 3 shows the schematic
diagram of the ozone lidar system developed in this study.
The key parameters of the ozone lidar system are listed in
Table 2. The ozone lidar is mainly composed of three parts:
laser transmitting unit, optical receiving and subsequent opti-
cal unit, and data acquisition unit. The whole system is based
on the same optical plate with a compact and stable mechan-
ical structure.
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Table 3. The key parameters of the differential absorption lidar sys-
tem.

Cell name Parameters

Transmitter pumped laser Nd:YAG (266 nm)
Pulse repetition rate 10 Hz
Pulse energy 90 mJ
Raman-shifted wavelength 276, 287, 299 nm
Output energy 8.4 mJ, 7.7–4.2 mJ
Divergence angle receiver telescope 0.3 mrad Cassegrain
Telescope diameter 250 mm
Detector Photomultiplier tube
Data acquisition Analog digitizer

System parameters

Detection range 0.2–4 km
Temporal resolution 15 min
Spatial resolution 75 m
Statistical error < 15 % (below 3 km)

3.1 Laser transmitting unit

A flashmap-pumped Nd:YAG laser (Quantel, Q-Smart 850),
which provides 90 mJ output at the wavelength of 266 nm
and the pulse repetition rate of 10 Hz, is used as the pump
source for the CO2 Raman cell. Considering the volume of
the final equipment and the CO2 stimulated Raman opti-
mization experiment, the Raman cell with a length of 1 m
is adopted. The Raman cell is filled with 16 bar (1.6 MPa)
pure CO2 with 99.999 % purity. It has high strength and good
tightness. The 266 nm laser is focused near the center of the
Raman cell with a 15 mm inner diameter using a 500 mm fo-
cal length lens. The Raman cell incident lens and the achro-
matic lens group constitute a triple beam expansion system,
and the laser divergence angle is 0.3 mrad. The energy output
of the laser at wavelengths of 276, 287 and 299 is 8.4, 7.7 and
4.2 mJ, respectively. The purpose of adopting an achromatic
lens is to minimize the difference of the laser divergence an-
gle at the wavelengths of 276, 287 and 299 nm; to reduce the
influence of geometric factors in the lidar transition zone on
ozone retrieval; and to increase the lower detection height of
the ozone lidar. The arrangement of coaxial transmission and
reception was also adopted to further reduce the maximum
height of the lidar transition zone.

3.2 Optical receiving and subsequent optical unit

This system deployed a Cassegrain telescope with a diame-
ter of 250 mm and a focal length of 2500 m. The primary and
the secondary mirrors of the Cassegrain telescope are hyper-
boloid mirrors. The telescope is mounted on a rigid optical
bench together with the laser transmitting unit. An ultraviolet
multiwavelength grating spectrometer is used to separate the
echo signals at the wavelengths of 276, 287 and 299 nm. The
grating spectrometer includes an aperture, a high-reflection

collimator, a high-resolution holographic grating, three sets
of high-reflectivity plano-concave reflectors and three sets of
photomultiplier tubes. These components are mounted on an
optical plate and sealed by a closed black box to avoid the
light interference. The 2 mm aperture is mounted on the fo-
cal plane of the receiving telescope, and the received field
of view angle of the ozone lidar system is about 0.5 mrad.
The echo signals at the wavelengths of 276, 287 and 299 nm
are converged by the receiving telescope to form a divergent
beam with a numerical aperture of 10. When the signals are
transmitted to the grating spectrometer, the lights are colli-
mated by the plano-concave mirror. Through the reflection
of the plano-concave mirror, the parallel light arrives at the
diffraction grating. The high-resolution planar holographic
grating is the core part of the grating spectrometer. Echo
signals at the wavelengths of 276, 287 and 299 nm can be
separated into different angle positions due to their differ-
ent diffraction angles. The three sets of high-reflection flat
concave mirrors are constructed using JGS1 quartz material,
which is chosen for its superior optical properties and resis-
tance to laser damage, ensuring high reflectivity and dura-
bility in the system. The plating of high-reflection dielectric
film increases the reflectivity to more than 98 % for the op-
tical signals in the ultraviolet band. By adjusting the angles
of the three sets of the high-reflection flat concave mirrors,
the echo signals could precisely converge on the three sets
of photomultiplier tubes. R7400 photomultiplier tubes pro-
duced by Hamamatsu are applied, with an effective receiv-
ing aperture of 8 mm, short response time and high quantum
efficiency in the ultraviolet band of 200–300 nm.

3.3 Data acquisition unit

A 20 M, 12-bit analogue/digital (A/D) data acquisition sys-
tem is selected to record single-shot raw data, providing a
vertical spatial resolution of 7.5 m that is good enough for
ozone measurements with vertical resolution ranging from
75 to 200 m. The maximum number of samples is set to
3000 to monitor the sky background noise. Therefore, var-
ious background baseline distortions due to the presence of
electromagnetic interference or SIN effects in the tail of the
lidar signals can be monitored. The echo signals are averaged
for as many as 4000 shots (400 s acquisition time) by the
software. In order to meet the long-term monitoring require-
ments and increase the service life of the laser, we stop the
flash lamp for 300 s after each echo signal averaging. Thus,
the time resolution of the system is 700 s. In order to reduce
the influence of the A/D electronic noise on the atmospheric
echo signal, amplifiers of 2 times and 48 times are adopted
for the same echo signal for the low-altitude signal and the
high-altitude signal, respectively. The signal obtained from
15 to 16 km is selected as the background signal, and the
standard deviation is calculated as the electronic noise. Tak-
ing the echo signal of 287 nm as an example, the influence of
different amplifier magnification times on the effective de-
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Figure 4. The echo signal at 287 nm wavelength and the signal-to-
background ratio.

tection of the signal is illustrated in Fig. 4, with the echo
signal at 287 nm and the signal-to-background ratio defined
as the ratio of the echo signal to the standard deviation of
the background signals. Below 500 m, the signal collected
by the acquisition card is saturated with the 48-times ampli-
fication of the 280 nm echo signal. The detection heights of
the 2-times amplified and 48-times amplified signal are 2.49
and 4.19 km, respectively, when the signal-to-background ra-
tio (SBR) is 30. It can thus be seen that a large magnification
can effectively increase the dynamic range of the echo sig-
nal as well as improve the detection range of the echo signal.
Within the range of 0.5–1 km, the echo signals of the 2-times
and 48-times magnification are fused using the least-squares
method.

4 Inversion errors analysis

4.1 Analysis of statistical error

The ozone lidar was initially located at the Anhui Institute of
Optics and Fine Mechanics in Hefei, China. The experiment
was first conducted from 26 October to 3 November 2018, as
shown in Fig. 5. Below 600 m, the signals at 276 and 287 nm
were used to retrieve the ozone concentration profile; above
600 m, the signals at 287 and 299 nm were used. This image
was created by analyzing the measurement results from the
4000 laser pulses emitted to construct a complete profile of
the atmosphere from 0.3 to 4 km with a vertical resolution
of 100 m. During the observation period, ozone concentra-
tions below 2 km exhibit a distinct diurnal distribution pattern
and experienced the processes’ gradual accumulation, aggra-
vation and dissipation. High ozone mixing ratios exceeding
60 ppb occurred in most of the afternoon periods from 30 Oc-
tober to 1 November. The statistical error of ozone lidar data
is inversely proportional to the absorption cross-section dif-
ference, the difference distance, the unknown gas concentra-

Figure 5. Time series of ozone vertical profiles obtained from the
ozone lidar between 26 October and 3 November 2018.

Figure 6. Signal-to-noise ratio of the echo signal at 299.1 nm wave-
length.

tion and the signal-to-noise ratio (SNR) of the ozone data.
The statistical error of the ozone lidar not only is related to
the hardware of the device but can also be considered con-
stant in the short term, aside from its dependence on atmo-
spheric conditions and solar irradiance. Generally, due to the
influence of solar irradiance, the SNR of daytime signals is
typically lower than that of nighttime signals. During the ob-
servation period from 26 October to 3 November 2018, the
SNR of the 299.1 nm signal remained essentially stable, as
shown in Fig. 6. Therefore, the statistical error of ozone from
11:00 to 12:00 LST (local standard time) on 26 October 2018
was used to analyze the performance of the ozone lidar. It is
important to note that an ozone lidar is an in situ measure-
ment device that is closely related to atmospheric conditions
and that its SNR can drop sharply during extreme weather
conditions such as rain or fog, leading to a significant in-
crease in statistical error. Six profiles measured by the ozone
lidar from 11:01 to 12:03 LST on 26 October 2018 were se-
lected for statistical analysis. As shown in Fig. 7, the sta-
tistical error in the height range of 200 to 600 m gradually
increased from 2.35 % to 6.9 % and it was accompanied by
the decrease in the ratio of signal to noise for the echo signals
of 276 nm. The statistical error of ozone from 0.6 to 2.7 km
was basically within 3 %. From 2.7 to 3.9 km, the statistical
error gradually increased to about 18 %, which is due to the
gradual deterioration of the signal-to-background ratio with
the increase in height.
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Figure 7. Ozone vertical profile measured by the ozone lidar and its
statistical error.

4.2 Analysis of system errors caused by wavelength
index uncertainty

The signals at 299 nm is used to retrieve the aerosol backscat-
tering coefficient and extinction coefficient due to the ozone
absorption at this wavelength being negligible. In addition,
the signals at 299 nm are also used to obtain real-time correc-
tion terms for aerosol extinction and backscattering. Figure 8
shows the time series of the vertical profiles of the aerosol
extinction coefficient at 299 nm obtained by the ozone lidar
between 26 October and 3 November 2018 at a time resolu-
tion of 12 min. During the observation period, the boundary
layer height had an obvious diurnal variation pattern before
30 October. The boundary layer height was about 2 km, and
the aerosol extinction coefficient was lower than 0.3 km−1.
The boundary layer height decreased from 31 October to
3 November, during which the maximum boundary layer
height was about 1.4 km. Meanwhile, the concentration of
particulate matter in the boundary layer increased signifi-
cantly, and the maximum aerosol extinction coefficient was
1.2 km−1. From 31 October to 1 November, the downward
transport of aerosols occurred within the height range of 1.4
to 2 km. During the observation period, the aerosols in the
boundary layer and free troposphere had distinct distribution
patterns with relatively higher concentration levels of about
0.3 to 1 km−1 in the boundary layer. The vertical observa-
tions of the aerosol extinction coefficient could also effec-
tively capture the transport of aerosol in the lower free tropo-
sphere, as shown in Fig. 8. In addition, the aerosol observa-
tions could be used to study the influence of the spatial vari-
ations and aerosol concentration levels on the uncertainty of
ozone retrieval.

The aerosol correction term (Ea+B) was shown in Fig. 9.
Values of the aerosol correction were small when the aerosol
extinction coefficient was lower than 0.5 km−1 before 30 Oc-
tober. However, when the aerosol concentration sharply in-
creased and strongly varied (such as from 31 October to
3 November), particularly on the boundary layer top and dur-
ing the aerosol transport process, the aerosol correction term
also increased suddenly, often exceeding 15 ppb, which can-
not be ignored.

Figure 8. Time series plot of the aerosol extinction coefficient at
299 nm from the ozone lidar between 26 October and 3 Novem-
ber 2018 at a 12 min temporal resolution.

Figure 9. Time series of the vertical profiles of the aerosol correc-
tion term (Ea+B) between 26 October and 3 November 2018.

Figure 10a shows the aerosol correction term (Ea+B)

obtained at 300, 500, 1500 and 2000 m from 26 October
to 3 November 2018. The 300 m height is basically within
the boundary layer, and the aerosol correction term fluctu-
ated around 10 ppb. Before 30 October, the aerosol correction
terms were below 5 ppb at altitudes of 500, 1000, 1500 and
2000 m. From 30 October to 3 November, when the aerosol
concentration in the boundary layer was high and the aerosol
transportation was found outside the boundary layer from
1.4 to 1.8 km, the aerosol correction terms changed dramati-
cally, which was consistent with the boundary layer charac-
teristics. The maximum value of the aerosol correction term
reached about 20 ppb. The vertical distribution characteris-
tics of aerosol correction terms were analyzed at typical sam-
pling periods. As shown in Fig. 10b, at 18:00 LST on 27 Oc-
tober and 17:58 LST on 29 October 2018, the aerosol con-
centrations were relatively low, and the aerosol correction
terms decreased with the increase in height between 0.3 and
3.5 km. The aerosol correction terms were about 10 ppb at
300 m. Above 500 m, it rapidly dropped to below 4 ppb and
became smaller with the increase in height, which had little
influence on the retrieval of ozone. At 17:58 LST on 31 Oc-
tober, the vertical profile of the aerosol correction term also
changed dramatically between 1.5 and 2.2 km, resulting in a
bimodal distribution pattern. In the boundary layer where the
aerosol concentration was high, the aerosol correction term
also exhibited a bimodal distribution pattern with dramatic
changes from the lowest level of 4 to 14 ppb. The analysis in-
dicates that the aerosol correction term exhibits rapid fluctu-
ations during the transport of aerosols, particularly when the
concentration of boundary layer aerosols is elevated. There-
fore, it is necessary to correct the ozone retrieval results in
real time using the aerosol correction term.
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Figure 10. Aerosol correction terms at different heights and times
between 26 October and 3 November 2018.

Figure 11. Aerosol correction term errors when k and µ are
changed from 1 to 0.

Figure 11 shows the errors in aerosol correction terms
caused by changes in k and µ from 1 to 0.6. From Eq. (2)
it can be seen that when the variation in k and µ of both was
0.4, the resulting aerosol correction term errors were basi-
cally the same, and the maximum aerosol correction term er-
rors caused by dramatic changes in aerosol were about 5 ppb.
Figure 12 shows the aerosol correction term errors of k and
µ from 1 to 1.4 at different heights and times. Before 30 Oc-
tober, the errors of the aerosol correction term in the range
of 300 m–3.5 km were all less than 2 ppb. At 17:58 LST on
31 October 2018, the maximum error of aerosol correction
term was 5 ppb during aerosol transport between 1.5 and
2.2 km; the error showed a single-peak distribution pattern.
The aerosol correction error is acceptable for ozone monitor-
ing and meets the detection requirements to study the char-
acteristics of ozone diurnal variations and the upper-ozone
transport.

5 Field validation with vertical observations of a
tethered balloon

The developed ozone lidar was deployed in a field campaign
that was conducted to make vertical observations of air pollu-
tants using a large tethered balloon platform. The campaign
was carried out in December 2018 in the city of Baoding,
Wangdu County, Hebei Province, China, which is located in
the center of the Beijing–Tianjin–Shijiazhuang economic tri-
angle shown in Fig. 13a. It is a typical site for studying air
pollution in the Beijing–Tianjin–Hebei region. The tethered
balloon is equipped with a high-performance mini air sta-

Figure 12. Aerosol correction term errors when k and µ are
changed from 1 to 1.4 at different heights and times.

Figure 13. (a) Field campaign in Wangdu County during Decem-
ber 2018. (b) MAS-AF300 air quality monitoring system.

tion (MAS-AF300 Sapiens, Hong Kong) (Sun et al., 2016)
which can measure up to six gaseous pollutants simultane-
ously, including O3 concentration at different heights from
where the tethered balloon was launched. It shows reliable
performance under the wide range of environmental condi-
tions, which warrants its application in the vertical measure-
ment of ozone concentration under fast-changing meteoro-
logical conditions. Figure 13b shows the instrument.

During the campaign, an O3 analyzer (model 49i, Thermo
Fisher Scientific Inc., USA) was used for ground-level ob-
servations. Figure 14 shows the measurement result compar-
isons of MAS-AF300 and model 49i O3 analyzer at 5 min
resolution during 15 to 16 December before the field ex-
periments. MAS-AF300 showed strong correlation to model
49i (R2 > 0.9). The average concentration differences found
were 2.3 ppb based on error analysis results. The compari-
son results indicated that the sensor could be accepted as a
reference data source to evaluate the O3 lidar performance.

Figure 15 presents the observations of the O3 lidar from
19 to 22 December. The vertical resolution is 100 m, and the
temporal resolution is 700 s. Ozone concentrations were on
average 34.8 ppb in the range of 0.3 to 2 km. The ozone con-
centrations observed below 700 m exhibit a significant diur-
nal variation pattern with high values occurring in the after-
noon period. The ozone peak value at 300 m on 20 and 21 De-
cember is 49 and 54 ppb, respectively. However, the ozone
concentration rose to 46 ppb at 03:46 LST on 21 December,
corresponding to 23 ppb at 19:21 LST on 20 December. As
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Figure 14. Comparison of the O3 concentration from MAS-AF300
and model 49i: (a) time series plot and (b) correlation between
MAS-AF300 and model 49i.

Figure 15. Time series plot of O3 concentrations at different heights
measured by O3 lidar.

shown in Fig. 15, ozone concentrations in the height range of
700–1000 m are rapidly mixed down to a height of 300 m, re-
sulting in a sudden increase in ozone concentration at night.

The vertical profiles of ozone were obtained when the bal-
loon was controlled to ascend or descend, and the pollutant at
a fixed height could be studied when the balloon was hover-
ing. The maximum operating height of the tethered balloon
is 900 m, while the lowest detection height of the ozone li-
dar is about 300 m, so the profiles measured by the two in-
struments ranging from 300 to 900 m are mainly compared.
While the ozone concentration profiles measured by ozone
lidar are the cumulative averages of 400 s worth of data, the
temporal resolution of the ozone data measured by MAS-
AF300 is 1 min. The balloon recorded ozone data during a
landing that took 25 to 30 min. The vertical resolution of the

Figure 16. The vertical resolution of ozone data measured by a cap-
tive balloon.

ozone data recorded by the balloon varied with the rise rate of
the tethered balloon, as shown in Fig. 16. The average of the
vertical resolution is 33.7 m. Figure 17 shows comparisons
of the O3 concentration from ozone lidar measurements and
tethered balloon for vertical profiles determined at different
times periods on 20 December and for the time segments of
ozone concentration at fixed heights of 400 and 500 m. In
general, the lidar results are very consistent with the tethered
balloon observations. The relative difference is 5 ppb within
most altitude ranges and at most times at fixed heights of
400 and 500 m, so possible reasons for the difference may be
caused by the different vertical resolution and temporal res-
olution of the lidar and the tethered balloon. In particular, as
shown in Fig. 15, the ozone air mass within 800–1000 m was
transported almost to the near ground, which was confirmed
by the tethered balloon at 500 m, as shown in Fig. 17d. As can
be seen in this figure, under the influence of the descending
ozone air mass, the ozone concentration observed by both the
ozone lidar and the tethered balloon increased from 35 ppb at
00:00 LST to approximately 50 ppb at 03:00 LST at 500 m,
which then gradually fell.

6 Conclusions

In this paper, a differential absorption lidar for the simultane-
ous observations of lower-tropospheric ozone is described in
detail, which was based on a single CO2 Raman cell and the
high-resolution grating spectrometer. A flashmap-pumped
Nd:YAG laser, which provides 90 mJ output at a wavelength
of 266 nm and a 10 Hz pulse repetition rate, is used as the
pump source for the CO2 Raman cell. The CO2 Raman cell
is filled with 16 bar (1.6 MPa) pure CO2 at 99.999 % purity.
The laser energy outputs of 276, 287 and 299 nm are 8.4, 7.7
and 4.2 mJ, respectively. A 250 mm telescope and the grating
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Figure 17. Comparison of the O3 concentrations from the tethered
balloon and O3 lidar measurements for vertical profiles determined
at different times on 20 December and at fixed heights of 400 and
500 m.

spectrometer compose the lidar receiver. For signal acquisi-
tion, in order to reduce the influence of the A/D electronic
noise on the atmospheric echo signal, amplifiers of 2 times
and 48 times are adopted for the same echo signal, respec-
tively for the near-altitude signal and the long-altitude signal.
Within the range of 500 m–1 km, the echo signals of 2-times
magnification and 48-times magnification are fused using the
least-squares method.

Take SF and SNR into account: below 600 m, the signals
at the wavelengths of 276 and 287 nm were used to retrieve
the ozone concentration profile; above 600 m, the signals at
287 and 299 nm were used. The statistical error from 200 to
600 m gradually increased from 2.35 % to 6.9 %. The statisti-
cal error of ozone from 600 m to 2.7 km was basically within
3 %. From 2.7 to 3.9 km, the statistical error gradually in-
creased to about 18 %. We also evaluated the errors caused
by wavelength index uncertainty. Some examples at different
aerosol distributions and concentrations at Hefei are provided
to illustrate the errors caused by Angstrom wavelength index
uncertainty, while the results, ranging from 0.6 to 1.4, re-
vealed that the maximum error of the aerosol correction term
was 5 ppb; the error displayed a single-peak distribution.

The developed ozone lidar was deployed in a field ex-
periment conducted with vertical profile observations using
a tethered balloon. The observed lidar ozone results exhib-
ited good agreement with those observed by the tethered bal-
loon, confirming that the ozone lidar measurements are ac-
curate. The bind zone of the ozone lidar is about 300 m. In
future work, we plan to design a 100 mm telescope to extend

the observation range starting from the near surface (about
100 m) and study the exchange between near-surface and tro-
pospheric ozone.
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