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The differential absorption lidar (DIAL) has been proposed as an effective method for detecting
ozone in the atmosphere. An important factor affecting its detecting precision is the asynchronous
offset between backscattered signals at different wavelengths. Recently, a DIAL was built by our
group, and the impact of the asynchronous offset was tested and studied. The simulation results
show that the measurement error caused by the offset is negatively correlated with the altitude.
Meanwhile, the offset has an additional effect in areas with sharp ozone concentration changes.
Comparative experiments were carried out by our DIAL system and an airborne atmospheric
monitoring system in the Nanjing test site. The results show thata 15 m offset in DIAL led to serious
errors in retrieval results. These errors are inversely related to the detection altitude and reach
up to 13 ppb, which is consistent with the results from simulations. After controlling the relative
position of the backscattered signal to minimize the asynchronous offset, the maximum error was
reduced to 2 ppb. Then the optimized DIAL was used for 48-hour continuous observation with
a proven ozone analyzer. It shows that the optimized DIAL has high detecting accuracy and sta-
bility as point-fixed instruments.
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1. Introduction

Ozone is one of the most important trace gas in the atmosphere. The ozone layer in
the stratosphere protects life by absorbing ultraviolet radiation from the sun. However,
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excessive ozone near the ground can harm human health and plant growth. In recent
years, as PM2.5 and VOCs concentrations have decreased, ozone has become one of
the major pollutants in China. Therefore, it is important to detect surface ozone with
high precision, which can provide sufficient data for understanding the interaction be-
tween surface and upper-altitude air, validating satellite retrievals, and evaluating air-
quality models [1,2].

DIAL system is suitable for long-term ozone monitoring as a complement to sat-
ellite and ozonesonde measurements [3,4]. However, its detecting accuracy can be af-
fected by many factors, such as the absorption of other gases (i.e. NO,, SO,, O,), the
interference of aerosols, and the extraction of backscattered signals from noise [5-6].
A multiwavelength lidar system, using either Rayleigh/Mie signals or the Raman
nitrogen signal, has been discussed and verified as a way to efficiently correct the ozone
measurements from the systematic bias due to aerosol and other gases [7,8]. Then,
a Fernald-DIAL algorithm in these systems was introduced to retrieve ozone concen-
tration and extinction coefficient simultaneously and reduce the impact [6]. In addition,
optimizing the power ratio of two emitted lights and reducing the spatial resolution
can also suppress the noise floor and improve the retrieval accuracy of ozone concen-
tration [6,9].

Furthermore, the DIAL technique is very sensitive to asynchronous offset in the
time domain [10]. DIAL system has two detecting wavelengths. The first data point
of backscattered signal for each wavelength should corresponds to the same reference
altitude, so the following data points can have one-to-one correspondence in altitude [11].
However, several factors break this correspondence and lead to an asynchronous offset
(i.e. the time delay between the trigger of the photodiode and the data acquisition card,
the internal delay in the different channels of the function generator, and the internal
delay in the data acquisition card [10-14]). KUANG et al. found that when the offset
is greater than 0.5 m, the retrieval errors are unacceptable (>10%) below 200 m.
FERNANDO et al. revealed that an overestimation of about 0.5%1018 m—3 can be intro-
duced, which led to a 50% error at 100 m, for the offset observed between the two tran-
sient recorders (23 ns or 3.45 m) [11]. In previous publications, few reports have been
noted on the asynchronous offset in the DIAL system.

This paper describes an optimization by minimizing the asynchronous offset to im-
prove the performance of DIAL. The structure of this paper is as follows: in Section 2,
the DIAL structure and work principles are described; in Section 3, we analyzed the
effect of the asynchronous offset on the ozone retrieval accuracy; in Section 4, we have
improved our DIAL and carried out comparative experiments to verify its perfor-
mance; in Section 5, a summary of the key achievements and an outlook for future are
presented.

2. Materials and methods

In the DIAL system, a laser emitting at 266 nm with a pulse energy of 50 mJ operates
at a 20 Hz repetition rate. The laser light is then divided into two beams, each carrying
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Table 1. Key parameters of the DIAL.

Transmitter
Emitting wavelengths 289 nm/299 nm
Output energy 10 mJ@289, 8 mJ@299
Divergence angle 0.2 mrad

Receiver

Telescope aperture 300 mm
Telescope focal length 1.2m
Stop 0.3 mm
Distance between receiving and emitting axes 0.2 m

System specifications

Sampling rate of the acquisition card 40 MHz
Temporal resolution Adjustable (5 min, 10 min, 15 min, 20 min)
Detection range From 0.05 to 3 km

equal energy. Each beam is then focused into a Raman cell, 1.2 meters long, capped
with sapphire windows. One cell is filled with D2 at a pressure of 3200 kPa, shifting
the wavelength from 266 to 289 nm. The other cell contains H2 at 3500 kPa, altering
the wavelength from 266 to 299 nm. After collimation and expansion, both beams pass
through the cells and are then transmitted into the atmosphere.

Turning mirrors are mounted on motor-controlled holders, enabling beam align-
ment. The receiver, a Cassegrain telescope with a 1.2 m focal length, collects the
backscattered light. A dichroic lens reflects the 289 nm backscattered signal and trans-
mits the 299 nm signal. To suppress solar noise, a narrowband interference filter with
a 1.0 nm full-width half maximum is used. Each light beam is focused into its respec-
tive photomultiplier tube (PMT). A stop is placed in the focal plane to narrow the field
of view [15]. Table 1 presents the DIAL system’s key parameters.

In DIAL technology, we can use the 4 gy to denote the strong absorbing wavelength
and the 4 opp to denote the weak absorbing wavelength. By applying the Lidar equa-
tion [16-17], we obtain the ozone number density Ny,, as follows:

i{ln Popp(2)

. Pon(®) } — Aoy N,(z) - [ZigAaig(z)Nig(z)}

No () = (1)

—Aop(z) +AP(z) + An(z) + AZ(z)

where, Ao, and Aoy, are the difference of 0zone absorption cross-section and molec-
ular cross section in A gy and A gpp, Poy and Pogp are the power of backscattered signal
converted by each PMT, N, is the air number density, Ag;, and N;, are the differential
absorption cross section and number density of other absorbing molecules besides ozone,
Ap is the difference of the atmospheric backscattered coefficient in A5y and 4 gpp,
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Fig. 1. The method for determination of asynchronous offset.

An represents the difference in efficiency of both receivers and 4Z is synchronization
difference between each channels.

AR, called asynchronous offset in this paper, is the main contribution of A4 Z. It is
the shift in meters of the ON channel with respect to the OFF channel for backscattered
signal. AR is an integer multiple of the spatial resolution (SR) which depends on the
sampling rate of the acquisition card (SRAC). In our DIAL system, the SRAC is
40 MHz, so the SR is 7.5 m. The asynchronous offset can be reduced by adjusting the
relative position of the data points between two backscattered signals at different wave-
length. In practice, the determination of offset, which can be obtained through the
method as shown in Fig. 1, is related to the bias for DIAL and the calibrated measuring
instrument (CMI).

In Fig. 1, an iteration is executed to find the system asynchronous offset depending
on the bias between DIAL and CMI. This iteration involves three variables (i, Errorl and
Error) and a settable constant(Error0), which are initialized at the beginning. The var-
iable i determines the direction in which the 289 nm signal moves. A negative i indicates
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that the 289 nm backscattered signal should be moved to the right, while a positive i
indicates that the 289 nm signal should be moved to the left. The ozone concentration
profile is retrieved by using the moved 289 nm signal and the original 299 nm signal.
Suml and Sum?2 are the averages of the ozone profile in the range 50 to 1000 m for
Lidar and CMlI,respectively. Their difference is calculated and passed to error. If an
error is less than Error0, the iteration is completed and the value of asynchronous offset
is obtained by SR-i. Otherwise, error and Errorl are compared for further iteration.
i is updated based on the comparison and Errorl is updated by Error, which will par-
ticipate in the next iteration.

AR has a great impact on 4 Z. Hence, the study of AR is important for improving
detection accuracy in DIAL.

3. Simulation and analysis

We simulated and analyzed the effect of AR with the system parameters. The total at-
mospheric scattering and extinction coefficient were obtained from the 1976 U.S.
Standard Atmosphere [18]. The different values of AR were selected by the integer
multiples of 7.5 m. The raw signals converted by the photodetector at detection wave-
lengths were calculated based on the parameters in Table 1, the Lidar equation, and
a reference ozone profile with 50 ppb at all altitudes. The AR is introduced to control
the asynchronous offset between the raw signals. The calculated ozone profile was re-
trieved based on Eq. (1).

3.1. The effect of asynchronous offset on same ozone concentrations

In Fig. 2, eight revised ozone profiles were retrieved with different AR values (7.5,
15,22.5, and 30 m) that were introduced into the 289 nm signal and 299 nm signal sep-
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Fig. 2. Ozone concentration profiles at different AR.
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arately. The reference ozone profile with 50 ppb at all altitudes was also plotted for
comparison and analysis.

The results show that: i) In the 289 nm/299 nm DIAL system if there is an offset in
the 299 nm signal, the obtained ozone concentration will be higher than the reference
ozone concentration. Conversely, if there is an offset in the 289 nm signal, the concen-
tration will be lower than 50 ppb. ii) Under the same altitude, the larger the AR, the more
the retrieval results deviate from the reference profile. iii) For the same AR, the re-
trieval error has an exponentially decaying relationship with the measurement altitude.
Away from the laser emitter, the retrieval error decreases rapidly, and the retrieval re-
sult quickly approaches the reference profile. The results show that increasing AR leads
to larger errors in ozone retrieval.

3.2. The effect of asynchronous offset on different ozone concentrations

The following section investigates the relationship between ozone concentration and
retrieval accuracy under the same AR in the DIAL system.

The reference ozone concentration profile was reconstructed with the following
steps: a uniform ozone concentration of 50 ppb was assumed from 0 to 750 m. From
750 to 787.5 m, a rapid increase in ozone concentration at a rate of 5 ppb/m was set.
The high ozone area ranged from 787.5 to 862.5 m, with ozone uniformly distributed
at 75 ppb. From 862.5 to 937.5 m, the ozone concentration was assumed to decrease rap-
idly at a rate of 5 ppb/m, eventually returning to a concentration of 50 ppb from 937.5
to 5000 m.

Based on the reconstructed ozone concentration profile, the raw signals in the
289 nm/299 nm DIAL system are calculated. The value of AR is selected as 15 m to
retrieve the ozone concentration with offset at 299 nm. Figure 3 shows the effect of AR
on DIAL for different ozone concentrations.
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Fig. 3. Effect of AR on DIAL for different ozone concentrations. (a) The reconstructed and retrieval ozone
concentration profiles. (b) Retrieval error curve.
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In Fig. 3(a), the black curve shows the reconstructed ozone concentration profile,
while the red curve depicts the profile retrieved after introducing AR. Figure 3(b) dis-
plays the error curve for both profiles. Calculations reveal that: i) The offset similarly
affects ozone retrieval accuracy in both high and low concentration areas, with com-
parable impacts at 50 and 75 ppb. ii) The offset significantly influences areas with
abrupt ozone concentration changes, adding an error to the retrieval result during tran-
sitions from low to high concentrations, evident in Fig. 3(b)’s peak. This deviation in-
creases the overall error for transitions from low to high concentrations, while
transitions from high to low result in a decreased overall error. iii ) The additional error
directly correlates with the ozone concentration change rate.

Calculations show that the AR affects the boundary region of high ozone values.
Specifically, the overall error increases in the rising boundary region due to the gen-
eration of additional errors and decreases in the falling boundary region.

It can be seen that the offset can affect the measurement accuracy of the DIAL sys-
tem obviously. In particular, the effect is more pronounced in regions with lower de-
tection altitudes. If this offset is not minimized, the performance of DIAL will seriously
degrade. Continuous field observations are carried out for the DIAL system to confirm
the theoretical analyses and ensure the higher detection accuracy and reliability of the
equipment by an optimization method.

4. Experiments and discussion

The experiments were performed on 12th, 20th, and 21th—23th May 2022 at the play-
ground of the Xianlin Campus of Nanjing University (118°57'10" E, 32°06'57" N).
The weather during the experiment was mostly cloudy, with winds mainly from the
southeast and northwest. The temperature ranged from 20 to 31°C, and the average
relative humidity was 21% RH, 34% RH, 86% RH, 74% RH, and 30% RH for each day.
Figure 4 shows the experimental location and the deployment of the observing equip-

Microstation

i .

»
. e
%) o MAGRER
Xianlin Campus, Nanjing University
East longitude of 118°57 10" and north latitude of 32°06 57"

Fig. 4. The diagram of field experiments including location and observation instrument.
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ment, which included a DIAL lidar, a unmanned aerial vehicle (UAV) with an atmos-
pheric monitoring system, and a micro-station with an ozone analyzer.

4.1. Verification experiment

The concentrated verification experiments were carried out using the atmospheric
monitoring system and DIAL system on May 12th, 20th, 23th, 2022. Then, the DIAL
system was optimized if the system offset was verified to exist and the value did not
change from these experiments.

The UAV carried an airborne atmospheric monitoring system which was launched
from a location approximately 2 m away from the lidar. The temporal resolution of the
DIAL system is 10 minutes. One observation time of the UAV is approximately 30 min-
utes, thus the Lidar comparative data comes from the average of the three profiles.
The UAV’s flight speed and sampling frequency are not strictly uniform, and multiple
hover observations are required at key heights. Therefore, these data need to be con-
verted into a resolution of 7.5 m, which is consistent with the resolution for Lidar.

Two sets of typical comparative measurement profiles were selected from the con-
tinuous observation data for validation and analysis. These profiles are shown in Fig. 5.
Figures 5(a) and (b) show ozone concentration profiles from the UAV and DIAL sys-
tem on May 12th and 20th, respectively. The black profile represents the data obtained
from the UAV, while the blue profile represents the original ozone concentration profile
inferred by the Lidar. Other profiles represent the ozone concentration profiles re-
trieved by correcting the 289 nm backscattered signal offset at different values, respec-
tively.

In Fig. 5, there is a larger gap between the original ozone concentration profile and
the UAV data. The consistency has improved and the error has decreased due to cor-
recting the 289 nm signal offset at a value of 7.5 m. However, there is still a big error
between 150 and 450 m. The consistency is the best and the error is relatively small
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Fig. 5. Comparison of lidar and UAV data. (a) Experiment conducted on May 12th, 2022. (b) Experiment
conducted on May 20th, 2022.
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Fig. 6. Temperature and wind profile detected by UAV. (a) Experiment conducted on May 12th, 2022.
(b) Experiment conducted on May 20th, 2022.

after correcting the 289 nm signal offset by 15 m. The consistency gradually deterio-
rates and the overall error becomes larger when the 289nm signal offset is corrected
by 22.5 and 30 m. It is worth noting that the UAV data shows drastic changes at 200 and
500 m, which may be due to the existence of a boundary layer near these heights.

Figure 6 shows the temperature and wind speed data from 0 to 1000 m. It can be
seen that there are sudden changes at heights of 200 and 500 m, where a boundary layer
exists and the airflow is unstable.

Figure 7 shows the typical error curves from the experiments. The blue curve repre-
sents the original error between the UAV and DIAL. The black curve represents the
error of the DIAL system corrected by deleting the 289 nm backscattered asynchronous
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Fig. 7. Error curve for DIAL system. (a) Experiment conducted on May 12th, 2022. (b) Experiment con-
ducted on May 20th, 2022.
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offset. In Fig. 7, there is an offset in ozone concentration at all altitudes with a larger
error closer to the ground. On May 12th, the maximum error in uncorrected data was
6.4 ppb corresponding to a height of 210 m, while 2 ppb corresponding to the height
of 700 m after correction. On May 20th, the maximum error in uncorrected data was
13 ppb corresponding to a height of 300 m, while 2 ppb corresponded to the height of
800 m after correction. In addition, the error in corrected data was decreased obviously.

The verification experiments show that the asynchronous offset in the DIAL system
led to large errors in retrieval results. These errors have an inverse relationship with
the detection range. The detection accuracy can be improved by reducing the asyn-
chronous offset.

4.2. Reliability experiment

The continuous observation experiments were carried out with the DIAL system and
the ozone analyzer as a reference, on May 20th—23th, 2022.

The ozone analyzer, which utilizes UV spectrophotometry with high accuracy, was
installed in the Microstation about 10 m away from the DIAL. The key parameters of
the analyzer are listed in Table 2.

Table 2. Key parameters of ozone analyzer.

Items Specification
Model 0342M
Measurement range 0-10

Accuracy 0.1 ppb

Power durability 60 min

Response time 20s

Weight 9kg

Dimension 483x545x 133 mm®
Work temperature 0-35°C

Because the DIAL has about a 50 m blind range, the data averaged from the height
of 50 to 300 m was selected and compared with the ozone analyzer. The temporal res-
olution of the ozone analyzer is 1 minute, while the DIAL is 5 minutes. Hence, the five
-date points from the analyzer should be averaged.

Figure 8 illustrated that the test data of the DIAL before moving out the offset (blue
line) was less than the data from the analyzer (red line). There was a large error between
the uncorrected data (blue line) and analyzer data (red line) with the maximum error
of 29.1 ppb near 19:00 on May 21th, 2022. However, the corrected data from DIAL
(black line) shows a relative improvement with the maximum error of 7.8 ppb near
17:00 on May 21th, 2022, and has good consistency with analyzer (red line). The de-
tection accuracy of the improved DIAL has been further improved. It can be seen that
there is poor consistency near 17:00 on 20th May. The reason is the humidity reached
90% RH, which affected the detection accuracy significantly. The reliability experi-
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Fig. 8. Comparison measurements between the analyzer and the DIAL over 48 hours.

ment reveals that the optimized DIAL system has high stability during continuous ob-
servation. The trend consistency of improved DIAL is closer to that of fixed-point
instruments. This optimized DIAL system can be used as another means to monitor
the trend of ozone concentration at the ground, which expands the applications of ozone
Lidar.

5. Conclusion

This study describes the ozone DIAL system utilized in both simulations and experi-
ments, introducing a retrieval algorithm for measuring ozone concentration. Subsequent-
ly, numerical simulations analyzed the impact of asynchronous offset on the accuracy
of DIAL detection. Simulation results indicate a direct correlation between the mag-
nitude of asynchronous offset and the error in ozone retrieval. Under identical asyn-
chronous offset conditions, a lower altitude corresponds to a greater error in ozone
retrieval. Additionally, the presence of an asynchronous offset in the system exacer-
bates errors in ozone retrieval, especially during rapid ozone concentration changes.
To validate the analytical findings, continuous observational experiments were conduct-
ed. The study proposes an optimization method aimed at enhancing the DIAL system’s
detection accuracy. To ascertain the optimization method’s stability, the DIAL was op-
erated continuously for 48 hours. Moreover, the enhanced DIAL system closely aligns
with the ozone analyzer trends and can nearly substitute for the ozone analyzer in de-
tecting near-surface ozone concentrations.

In our future research, we aim to enhance the DIAL system’s detection accuracy
further. To address the asynchronous offset, we intend to develop a cost-effective, high-
precision acquisition card tailored for the DIAL system. Furthermore, we will conduct
long-term field experiments to test the correction method’s effectiveness and the sys-
tem’s stability across different weather conditions.
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